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Despite significant advances over the last fifty years, cancer remains one of the 

leading causes of death worldwide. Among the most effective and well-studied class 

of chemotherapeutic agents are the FDA- approved platinum-based drugs cisplatin, 

carboplatin, and oxaliplatin. 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, with the hopes that these 

inorganic complexes can overcome some of the challenges with current chemotherapy 

regimens. In Chapter 1 we summarize recent investigations of anticancer agents 

comprising the elements, rhenium, osmium, and iridium. We then explore a subset of 

rhenium(I) tricarbonyl complexes bearing varying axial ligands for their anticancer 

cancer and photoluminescent imaging properties (Chapter 2). After which, we focus 

our attention on mainly rhenium(I) tricarbonyl complexes that utilize light as a 

mechanism for cancer cell targeting (Chapter 3). A novel tricarbonyl rhenium 

isonitrile polypyridyl (TRIP) complex was investigated and found to have potent 

anticancer activity in a variety of cancer cell lines and exhibit a distinct mechanism of 

cell death from that of platinum-based drugs, specifically endoplasmic reticulum stress 

due to accumulation of misfolded proteins (Chapter 4). Due to the interesting 
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mechanism of cell death of the TRIP complex, we explored the in vivo activity of 

TRIP other derivatives of TRIP and determined that they have the same biological 

phenotype as the parent complex, as well high anticancer activity that is dictated by 

the donor strength of the equatorial polypyridyl ligand (Chapter 5). A TRIP-resistant 

ovarian cancer cell was developed and its resistance phenotype was thoroughly 

investigated and its resistance was found to be a consequence of overexpression of the 

efflux transporter P-glycoprotein and the metal detoxifying protein metallothionine 

(Chapter 6). Lastly, novel rhenium(I) tricarbonyl complexes bearing organelle-

targeting ligands were explored for their ability to produce toxic singlet oxygen as 

photodynamic therapeutic agents (Chapter 7). In the final chapter, we switch focuses 

and we highlight outreach activities for middle and high school students that helps 

teach students about radioactivity (Chapter 8). In appendix A, we show the biological 

activity of platinum complexes bearing azobenzene ligands.
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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 Chapter, 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.  

 

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 
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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 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 
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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 Chapter, 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. While the use of rhenium,21–26 osmium,27,28 and 

iridium29,30 as photodynamic therapeutic or photoactivated chemotherapeutic agents 

have been reported, these studies are beyond the scope of this Perspective. 

Collectively, the results summarized in this Chapter highlight the valuable anticancer 

activity of these complexes and demonstrate their growing potential as novel 

chemotherapeutic agents.  
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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. 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.  

 

Rhenium Tricarbonyl Complexes 
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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 
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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. 

                               

 

 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 or through covalent interactions. 

A related series of rhenium diimine complexes bearing sulfonato and carboxylato axial 
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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-[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 
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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 



 

 10 

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 

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.   
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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. 
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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 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 
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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 
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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 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 
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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.  

 

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 



 

 16 

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 
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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. 

 

 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 
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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 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. 
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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 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 (Figure 1.1). 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 
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distribution of established drugs.  

 

 

Figure 1.1. 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 
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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-3� 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 
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probe the mechanisms of 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 
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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 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. 
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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.  

 

 

Higher Oxidation State Complexes 

Rhenium can attain a wide range of oxidation states in addition to the +1 state that was 
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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.50 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.  

 

 Dirhenium(III) complexes, which contain Re–Re quadruple bonds, are another 

class of high-valent rhenium compounds that exhibit anticancer activity.140,141 In a 

recent study, a series of mixed-valent dirhenium(III,II) complexes with bridging 

nitrobenzoate ligands (24a–24c) were investigated for anticancer activity.142 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 
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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.143 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.144 Evidence 

for necroptosis was supported by experiments that show necrostatin-1, a known 

inhibitor of necroptosis,145,146 inhibits cell death induced by these compounds (Figure 

1.2). Further aspects of their cell death mechanism include the 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 
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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.  

 

 

 
Figure 1.2. 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 
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in vivo anticancer activity.147 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.148 Liposomes, simple phospholipid vesicles, are commonly used as drug 

delivery vehicles to increase the cellular uptake and selectivity for cancer cells.149 For 

example, liposomal formulations of cisplatin have successfully been implemented to 

reduce the toxic side effects of this drug.150 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. 
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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 OsO4.151 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-A152,153 and KP1019,154,155 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,156,157 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 
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type and formal oxidation state. 

 

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.158,159 These osmium compounds were initially designed to 

match the corresponding ruthenium analogues, which exhibit potent anticancer 

activity and bind covalently to DNA.157,160 Like the ruthenium compounds, the Os(II) 

arene compounds bind covalently to DNA as well.161 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.162 The somatostatin receptor, which is overexpressed 

in a wide range of cancers, is a valuable target for cancer-selective therapeutic 

agents.163 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 
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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 FT-ICR MS.164 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. 
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Anticancer active tetranuclear Os(II) arene complexes were also investigated 

for their DNA-binding properties.165 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,166,167 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 
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nucleobase ligand substitution.168 Consistent with earlier experimental results,169 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.170 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 (National Cancer 

Institute) cell line panel.171,172 In this panel, the relative efficacy of the complexes in 

60 types of cancer cells was determined. Using the NCI COMPARE algorithm,173 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,174 complexes 
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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,175 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.176 

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, 



 

 35 

many Ru(II) drugs inhibit topoisomerase I through DNA intercalation.177 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.178 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. 

 

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.179,180 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.181 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.  
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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.182 These complexes contain flavonoid-based ligands, which are naturally 

occurring plant constituents183 that have been shown to inhibit topoisomerase IIα.184,185 

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 acids and nucleotides, 

all metal complexes preferentially bind histidine, providing further evidence of the 



 

 37 

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.186 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 
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be utilized to exploit outer-sphere ligand-based reactivity. For example, the thiol-

reactive maleimide groups were conjugated to the osmium complexes, 35a–35e187 and 

36a–36c.188 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

                    

 

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.189 Complexes 

37a and 37b, which differ only by the nature of the halide ligand, exhibit potent 
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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,190 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.191 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-transferase (GST) inhibitor.192 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 
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than its iminopyridine analogue.193 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.194 Complex 38 also operates 

through a ROS-dependent pathway and modulates metabolic processes.195 Because the 

activity of 38 is dependent on GSH concentration, the role of this tripeptide in 

mediating the activity of 38 was further explored.196 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.197 

This technique allows for simultaneous mapping of specific elements based on their 

distinct X-ray emission energies.198 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 (Figure 1.3). 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,199 this result suggests that 38 can trigger this mode of 
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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.200 

 

  

 
Figure 1.3. 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.201 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 



 

 42 

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,202 was employed as a ligand for Os(II) arene complex 40.203 

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.  

 

 Protein kinase inhibitors, a well-established class of anticancer drugs,204,205 

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.206 They 

killed cells via an apoptotic pathway but did not substantially alter the cell cycle. 
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Paullones, another type of cyclic-dependent kinase (Cdk-2) inhibitors,207 were used 

as ligands on the Os(II) arene complexes, 42a and 42b.208 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. 

                    

 An Os(II) arene complex bearing valproic acid (43), a drug used to treat 

bipolar disorder and seizures,209 was investigated for use as an anticancer agent.210 

Valproic acid inhibits HDAC, a property that gives rise to its antiproliferative 

effects.211 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.  
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 The enzyme GST, which catalyzes the conjugation of glutathione to metal-

based anticancer agents to deactivate them, is upregulated in multidrug-resistant 

cancers.212 An inhibitor of GST, ethacrynic acid (EA),213 could therefore help 

overcome drug-resistance in cancer cells. To explore this hypothesis, EA was 

conjugated to osmium to yield complexes 44a, 44b,214 and 45a–45d.215 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.  
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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.216 Sodium dichloroacetate is 

used for the treatment of lactic acidosis.217 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.218,219 

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.  
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 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.220 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 

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.189,190,221–223 

 

 

In Vivo Studies. 

Only a handful of Os(II) arene complexes have been investigated with in vivo models 

of cancer.224–228 Among several of the more recent examples, Os(II) arene complexes 
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bearing alkyl and perfluoroalkyl groups (48a and 48b) were investigated in chicken 

embryos to probe their anti-angiogenic effects.225 Using the chicken embryo 

chorioallantoic membrane (CAM) model,229 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.226 

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.224 For standard in vivo biodistribution studies, animal organs are digested 

with strongly oxidizing acids.230 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 



 

 49 

biological samples, the biodistribution of complex 32b was investigated and compared 

to that of its ruthenium analogue.231 Complex 32b181 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.232 The liver and kidney had the highest 

concentrations of the metal complexes. LA-ICP-MS showed that the ruthenium 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.233 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 Figure 1.4. These 

results highlight the application of LA-ICP-MS for determining the spatial distribution 

of osmium in tissues. 
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Figure 1.4. 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. 
 

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.154,155 This complex is activated both by reduction and ligand substitution 

reactions.234 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.235 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 
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were investigated for their anticancer activity and compared to the ruthenium 

complex, KP1019.236 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.237 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.238 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.  

 

 

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.239,240 Members of this class of 

compounds were also recently discovered to possess anticancer activity. The Os(VI) 
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nitrido complexes bearing pyrazole (54a and 54b)241 and quinolinolato (55)242 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.243,244 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.245 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.246 Because 

cancer stem cells are largely responsible for cancer relapse and patient mortality,247–250 

the ability of this class of compounds to target CSCs provides interesting therapeutic 

possibilities for the use of Os(VI) nitrido complexes.  
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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.251 These in 

vivo studies were prompted by the potent in vitro cytotoxic activity of these 

complexes in glioblastoma cells. 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. Figure 1.5 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.  
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Figure 1.5. 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. 
 

Osmocifen Complexes 

Tamoxifen is an organic nonsteroidal antiestrogenic drug used for the treatment of 

breast and ovarian cancer.252 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.253–255 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.254 The promising preclinical studies 

with ferrocifen have prompted an investigation of the corresponding ruthenium and 
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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.256 The most potent osmocifen complex, 58, is 

significantly cytotoxic in both hormone-dependent and hormone-independent breast 

cancer cells.257 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.258 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,259,260 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 
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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.261 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.  

            

 

Osmium Polypyridyl Complexes 

The biological activity of Os(II) polypyridyl complexes was first investigated in 

1952.262 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,263 a transcription factor that is known to upregulate oncogenic 

pathways in cancer cells.264–266 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 
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cancer cells. Another class of Os(II) polypyridyl complexes were investigated as 

inhibitors of the hypoxia-inducible factor (HIF) pathway.267 HIF regulates the hypoxic 

response in mammals.268 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.269–271 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.270–272 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,273 rendering these complexes an interesting new class of anticancer 

agents.  

           

 

Osmium Nitrosyl and Carbonyl Complexes 

Carbon monoxide (CO) and nitric oxide (NO) mediate a wide range of biological 

processes,274–278 and recent studies have shown that they may possess favorable 

antiproliferative properties for use in cancer therapy.279,280 The application of 
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coordination complexes as selective delivery agents for these gaseous molecules for 

cancer treatment is an expanding field of interest.281–284 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.285 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).286 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.287 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 
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investigated, intracellular levels of cyclic GMP (cGMP), which is produced 

intracellularly upon NO exposure,288 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.289 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.290 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 
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production.291 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.  

 

 

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.292 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.293 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. 
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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, imaging probes, and 

catalysts.223,294–297 Although many of these compounds exhibit cytotoxicity in cancer 

cells, as highlighted in recent review articles,294,298 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. 

 

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.297 

These compounds have also recently been shown to possess useful imaging and 

anticancer properties.299–305 Additionally, some complexes target DNA or inhibit 

specific proteins.301,306–311 For example, complexes 67a–67c,312 and 68313 kill cancer 

cells via an apoptotic mechanism. Molecular docking studies suggest that their activity 
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stems from their ability to bind the minor groove of DNA.  

            

Modifications of the peripheral ligands can substantially alter the activity of 

these complexes. For example, β-carboline alkaloid moieties, which are kinase 

inhibitors,314 were coordinated to cyclometalated Ir(III) complexes 69a and 69b.315 

Complex 69b inhibited the mammalian target of rapamycin (mTOR) signaling 

pathway, a kinase that regulates cell growth and autophagy,316 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.317 These complexes were designed to help understand the cellular processes 

during mitophagy, a type of autophagy that selectively degrades the mitochondria 

(Figure 1.6b).318 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 
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damaged mitochondria after mitophagy. The results also showed increased expression 

of the protein Parkin, a regulator of cancer cell migration.319 As shown in Figure 1.6a, 

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 and modification can impact the mechanism of action 

of these complexes to give rise to substantial anticancer activity.  
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Figure 1.6. (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 318. Copyright (2017), with permission from American Chemical 
Society 

 

 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.320 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.321 Complex 72 induces ROS production and depolarization of the 
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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.322 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.323–327 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.328 

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 
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micromolar range.329 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.  

             

 

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.330 

Benzofuran was chosen based on its known ability to act as an inhibitor of the 

autophagy-regulating kinase, mTOR,331 and phosphoinositide 3-kinase (PI3), an 

enzyme involved in cell growth and proliferation.332 Complex 75a has an IC50 value of 

3 µM and induces antiproliferative effects by directly inhibiting translocation and the 

activities of the transcription factors, STAT3333 and NF-κB,334 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 
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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. 

 

Another cyclometalated iridium complex (76) was studied for in vivo activity 

in a mouse model.335 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.336 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 A1.337,338 Because the 

activity of 76 remains unchanged after co-treatment with these inhibitors, autophagy 
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was ruled out as a possible mechanism. The possibility of paraptosis, which is 

characterized by mitochondrial dilation, was investigated with transmission electron 

microscopy (TEM).339 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. 

 

 

Multinuclear Complexes 

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.340 This 

strategy is also relatively successful for alternative metal ion complexes. In this 

context, several homo- and heteronuclear iridium complexes have been evaluated as 
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anticancer agents. 

A set of highly charged cationic dinuclear Ir(III) complexes were investigated 

for their anticancer activity.341 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 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.342 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.343 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 
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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,344 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. 

 

 The SARs for a series of iridium complexes bearing a ferrocenyl moiety (79a–

79d) were explored.345 As described above for the example of ferrocifen, the presence 

of ferrocene as a functional group may potentiate the biological activity of anticancer 

agents.346 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 (Figure 1.7). As 
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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.  

 

 

 
Figure 1.7. (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 



 

 74 

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 346. 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.347 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 80.348 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.349 

Western blot analysis of the LC3II protein, a diagnostic marker for autophagic cell 

death,350 confirmed that 80 induces autophagy in these cells. 
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Iridium N-Heterocyclic Carbene Complexes 

N-heterocyclic carbene ligands form remarkably stable complexes with late transition 

metal ions.351 As such, they have an increasingly important role in the development of 

new metal-based drug candidates.352 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.353 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.354 Reactivity of 83 with a representative protein, 

horse heart cytochrome c,355 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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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.356,357 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.358 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.359,360 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 
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confirmed by liquid chromatography-mass spectrometry (LC-MS/MS). The Ca2+ 

sensor protein, calmodulin,361–363 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.364 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 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.  
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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.365–372 For 

example, compounds 86a–86c exhibit anticancer activity against lung cancer cells and 

arrest the cell cycle in the G2/M phase.366 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.373  

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 
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biological activity. The previously reported iridium complex,374 87, was prepared with 

the different counterions, Cl–, PF6–, BF4–, SbF6–,  CF3SO3–, BPh4–, and BArF–, where 

BArF– = [3,5-(CF3)Ph]4B–.375 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 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.376 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 
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method can be exploited to probe cytoplasmic nucleosomes that are released during 

the early apoptotic stages caused by DNA fragmentation.377 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.378,379 One such complex, 89, was tested in K562 leukemia 

cell lines, revealing a remarkably low IC50 value of 0.26 µM.380 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 cytochrome c into the cytosol. These results suggest 

that 89 induces cell death through a caspase-dependent apoptotic pathway.  
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 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.200 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.200,381 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.382 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 (Figure 1.8). 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 
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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. 

 

 

 
Figure 1.8. 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.383 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 
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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.384 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.385 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. 

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.384 Upon treatment with these complexes, 
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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.386 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. 

            

 

CONCLUSIONS 

In this chapter, 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 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 
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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 chapter, the structural 

diversity and unique features of these compounds will drive continued research on 

their development as new drug candidates for cancer treatment. In the following 

chapters, we will describe the development of future metal-based complexes, with the 

focus on rhenium, as anticancer agents.  
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CHAPTER 2 

Synthesis, Characterization, and Biological Properties of Rhenium(I) 

Tricarbonyl Complexes Bearing Nitrogen-Donor Ligands  
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ABSTRACT 

Rhenium(I) tricarbonyl complexes have properties that make them valuable for 

various biomedical applications, such as imaging, cancer treatment, and bactericidal 

uses. The ability to modify the ligand coordination sphere of these complexes enables 

researchers to fine-tune and optimize their properties for biological use. In this study, 

we explored the role of axial nitrogen-donor ligands. Specifically, the compounds fac-

[Re(CO)3(phen)(L)]+, where phen = 1,10-phenanthroline, and L = pyridine (Re-py), 

piperidine (Re-pip), morpholine (Re-morph), and thiomorpholine (Re-thio), were 

synthesized and characterized. X-ray crystal structures of these complexes show that 

they obtain an expected pseudo-octahedral geometry with the three CO ligands 

arranged in a facial manner. Additionally, the X-ray crystal structure of a byproduct 

from these reactions, the hydroxo-bridged dinuclear Re compound 

[(CO)3(phen)Re(µ-OH)Re(phen)(CO)3]+, is described. The photophysical properties 

of these complexes were investigated in detail, revealing that they are 

photoluminescent in air-equilibrated pH 7.4 phosphate-buffered saline with quantum 

yields ranging from 1.7 to 3.1%. Both the quantum yields and emission energies were 

found to correlate with the basicity of the axial nitrogen donor, whereby more basic 

ligands give rise to smaller quantum yields and lower-energy emissions. These four 

compounds were further evaluated for their potential as fluorescence microscopy 

imaging agents. Of the four compounds, only Re-py showed detectable intracellular 

luminescence in HeLa cells. Lastly, the cytotoxicity of these compounds in HeLa cells 

were determined. None of the four compounds is significantly cytotoxic as reflected 

by their 50% growth inhibitory concentrations that exceed 30 µM. 
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INTRODUCTION 

Of the three transition metals discussed in Chapter 1, rhenium is by the far the least 

explored in terms of its anticancer activity and biological properties. To help bridge 

this gap, we have focused our research attention primarily on the development of new 

rhenium complexes as potential anticancer agents in Chapters 2–7. The highly stable 

rhenium(I) tricarbonyl, Re(CO)3, structural motif has been explored for decades for its 

novel photophysical and catalytic properties.1,2 It has been realized in recent years that 

these properties make such complexes appealing for biological applications as well. 

Most notably, these Re(CO)3 complexes have found use as imaging agents and have 

shown promise for antibacterial and anticancer applications.3–9 The synthetic ease by 

which these complexes can be modified via straightforward ligand substitution 

reactions has enabled researchers to access a diverse range of complexes with 

spectroscopic and biological properties tuned for different uses in biology. 

 Re(CO)3 complexes bearing diimine ligands of the type 

[Re(CO)3(NN)(X/L)]0/1+, where NN is a diimine ligand and X and L are anionic or 

neutral axial ligands, typically possess the most favorable photophysical properties for 

biological imaging, by virtue of their luminescent metal-to-ligand charge transfer 

(MLCT) excited state.7,10–13 Modifications to the diimine ligand can have a profound 

effect on both the photophysical and biological properties of the Re(CO)3 complex by 

altering the energy of the accepting ligand-based π-orbitals, the rates of axial ligand 

substitution.14 and the overall complex lipophilicity. The nature of the axial ligand 

plays a subtler, albeit important, role in modulating these properties. The use of an 

appropriate axial ligand, for example, can give rise to complexes with enhanced 
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photoluminescent quantum yields.1,2 Additionally, certain ligands, such as phosphines, 

give rise to CO photosubstitution processes by exerting a strong trans influence in the 

excited state.15,16  

 The types of axial nitrogen-donor ligands that have been employed on Re(CO)3 

complexes have been predominately limited to analogues of pyridine.17–30 Thus, there 

remains a need to gain a more comprehensive understanding of the importance of this 

class of ligands for tuning the properties of these complexes. In this chapter, we aimed 

to explore the use of alternative nitrogen-donors to investigate the role of these ligands 

on the photophysical and biological properties of the resulting Re(CO)3 complexes. 

We chose the nitrogen donors piperidine (pip), morpholine (morph), and 

thiomorpholine (thio) based on their differential donor strengths, which are reflected 

by their pKa values that range from 5 to 11. To aid in comparative purposes, we used 

the simple diimine ligand 1,10-phenanthroline (phen) throughout. The photophysical 

and biological properties of these newly prepared compounds were then evaluated. 

This study adds to the growing interest in Re(CO)3 complexes for use in biology and 

further elucidates how the properties of these compounds can be rationally modified 

by the appropriate ligand choice.     

 

RESULTS AND DISCUSSION 

Synthesis and Characterization. 

The three Re(CO)3 complexes fac-[Re(CO)3(phen)(pip)]OTf (Re-pip), fac-

[Re(CO)3(phen)(morph)]OTf (Re-morph), and fac-[Re(CO)3(phen)(thio)]OTf  (Re-

thio), where OTf = trifluoromethanesulfonate, were synthesized by treating fac-
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[Re(CO)3(phen)Cl] with AgOTf in refluxing tetrahydrofuran (THF) to remove the 

axial chloride ligand as insoluble AgCl, followed by the addition of an excess of either 

pip, morph, or thio (Scheme 2.1). Although analytically pure Re-morph was obtained 

as a precipitate directly from the reaction mixture, Re-pip and Re-thio required 

additional purification via crystallization from THF. Re-pip has been previously 

reported, but its synthesis and characterization have not been described in detail.31 For 

comparative purposes, the previously reported complex fac-[Re(CO)3(phen)(py)]OTf 

(Re-py), where py = pyridine, was also prepared in a similar manner, and its 

characterization data are consistent with those in the literature.17,31 Re-pip, Re-morph, 

and Re-thio were characterized by 1H (Figures S2.1–S2.3) and 19F (Figures S2.4–

S2.6) NMR spectroscopy, IR spectroscopy (Figures S2.7–S2.10), electrospray 

ionization mass spectrometry (ESI-MS, Figures S2.11–S2.13), and single-crystal X-

ray diffraction, and their purities were verified by elemental analysis and high-

performance liquid chromatography (HPLC, Figures S2.14–S2.16). Their 1H NMR 

spectra show all of the expected resonances for these compounds. Notably, the axial 

and equatorial hydrogen nuclei of the pip, morph, and thio ligands are inequivalent, 

indicating that chair-chair interconversion of these six-membered cyclic donor ligands 

is slow on the NMR timescale at room temperature.32–34 The 19F NMR spectra of these 

complexes reveal a single resonance at –77 ppm, corresponding to the OTf – 

counterion. IR spectroscopic analysis of these complexes reveals the presence of 

intense CO stretching modes in the range of 1890–1930 cm–1. For Re-pip, Re-thio, 

and Re-py three distinct peaks corresponding to CO stretching modes are apparent. 

This result is consistent with their Cs symmetry, which will give rise to 3 IR-allowed 
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transitions.35 By contrast, the IR spectrum of Re-morph displayed an additional set of 

3 CO stretching modes. Notably, all other characterization data of this complex 

support the conclusion that this complex is a single, pure species. Therefore, we 

hypothesize that the presence of additional CO stretching modes reflects the existence 

of two isomeric forms of this complex. Because the IR timescale is substantially faster 

than that of NMR spectroscopy, the fact that these putative isomers are observed by 

the former technique but not the latter suggests that they are interconverting rapidly (> 

1012 s–1).36 Such timescales may be afforded by isomers that would exist upon rotation 

of the morph ligand about the Re–N vector. For example, dynamic IR spectroscopy 

has been used to probe the fast isomeric interconversion of tricarbonyl(η4-1,5-

cyclooctadiene)iron(0),36–38 in which the carbonyl ligands move between apical and 

basal sites on this complex via a turnstile-like mechanism.  

 
Scheme 2.1. Synthetic scheme for the preparation of fac-[Re(CO)3(phen)(L)]+ 
complexes. 
 

X-Ray Crystallography. 

Single crystals were obtained for all four complexes, and their crystal structures were 

determined by X-ray crystallography. The structures are shown in Figure 2.1, and 

selected interatomic distances and angles are collected in Table 2.1 and Table S2.2. 
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All complexes attain the expected octahedral geometry for a low-spin d6 metal center. 

Notably, the structures of both Re-morph and Re-thio show that the morph and thio 

ligands coordinate to the Re center through the nitrogen atoms rather than the oxygen 

or sulfur donors, respectively. The six-membered pip, morph, and thio ligands all 

attain a stable chair conformation, with the Re center occupying an equatorial site on 

the bound nitrogen. Despite the different pKa values and donor strengths of the axial 

ligands, the Re–Naxial interatomic distances are invariant across the three complexes 

with distances between 2.246(3)–2.257(2) Å. For Re-py, however, this Re–Naxial 

interatomic distance is 2.216(2) Å, somewhat shorter than those for Re-pip, Re-

morph, and Re-thio. This slightly shorter distance may be a consequence of the weak 

π-acceptor capabilities of py in contrast to the pure σ donors pip, morph, and thio. The 

lack of variance in the axial ligand bond distances of Re-pip, Re-morph, and Re-thio 

suggests that the Re–Naxial interatomic separation is a poor metric for the donor 

strength of these axial ligands, which should be related to their pKa values. The Re–

Nequatorial distances are similar among the four complexes with values ranging from 

2.170(2)–2.182(2) Å. In comparison, the four complexes also exhibit similar Re–

COaxial and Re–COequatorial interatomic distances of 1.908(3)–1.923(2) Å and 1.913(3)–

1.927(2) Å, respectively. Lastly, all interatomic angles are relatively invariant between 

the four complexes.  
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Table 2.1. Selected Interatomic Distances (Å).a 
Selected 
Interatomic 
Distances (Å) 

Re-pip Re-morph Re-thio Re-py 

Re-N1 2.182(2) 2.181(2) 2.181(2) 2.178(2) 

Re-N2 2.179(2) 2.175(2) 2.178(2) 2.170(2) 

Re-N3 2.246(3) 2.249(2) 2.257(2) 2.216(2) 

Re-C1 1.908(3) 1.922(3) 1.923(2) 1.918(3) 

Re-C2 1.915(3) 1.913(3) 1.927(2) 1.924(3) 

Re-C3 1.924(3) 1.923(3) 1.921(2) 1.919(3) 

aAtoms are labeled as shown in Figure 2.1. Numbers in parentheses are the estimated 
standard deviations for the last significant figure. 

 

 
Figure 2.1. X-ray crystal structures of Re-pip, Re-morph, Re-thio, Re-py, and 
[(CO)3(phen)Re(µ-OH)Re(phen)(CO)3]+. Ellipsoids are drawn at 50% probability. 
Non-acidic hydrogen atoms and the counterions are omitted for clarity. 
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While attempting to crystallize Re-pip, we serendipitously obtained and 

analyzed a crystal of the dirhenium μ-hydroxo species, [(CO)3(phen)Re(µ-

OH)Re(phen)(CO)3]+ (Figure 2.1, Table S2.3). This complex cation and related 

analogues with 2,2ʹ-bipyridine and 4,4ʹ-dimethyl-2,2ʹ-bipyridine ligands have 

previously been reported.39–43 Although these complexes can be obtained in moderate 

yield from the reaction of [Re(CO)3(NN)(OTf)] with KOH under anhydrous 

conditions, they have more often been isolated in low yields as reaction byproducts 

that arise from the presence of adventitious hydroxide.39 The discovery of 

[(CO)3(phen)Re(µ-OH)Re(phen)(CO)3]+ as an unintended byproduct in our synthesis 

of Re-pip is most likely a consequence of small amounts of water present in the THF 

solution that are deprotonated by the pip ligand. Our observation that this byproduct 

only arises from the reaction with pip is consistent with the fact that this ligand is the 

most basic of the axial nitrogen donors explored in this chapter.  

The structure of [(CO)3(phen)Re(µ-OH)Re(phen)(CO)3]+ reveals that the Re–

(OH)–Re vector is bent with an angle of 133.18(13)°. For the related complexes 

[(CO)3(NN)Re(µ-OH)Re(NN)(CO)3]+, where NN = 2,2ʹ-bipyridine and 4,4ʹ-dimethyl-

2,2ʹ-bipyridine, the Re–(OH)–Re angles range from 132.8(6)–140.50(7)°,39–42 and 

different polymorphs of the Br– salt of [(CO)3(phen)Re(µ-OH)Re(phen)(CO)3]+  

have Re–(OH)–Re angles that range from 130.90(7)–140.70(19)°.43 These data 

indicate that this angle is highly dependent on the solid-state packing of this 

compound. Additionally, the bridging OH ligand within this compound class is known 

to form hydrogen bonds with acceptors in the crystal lattice.43 In the structure reported 

here, a hydrogen bond between this bridging ligand and an acetonitrile solvent 
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molecule is present, as characterized by a O–N distance of 3.043(5) Å (Figure S2.17). 

The distance between the Re centers and the bridging hydroxide ligand in this crystal 

structure are 2.144(3) (Re1–OH) and 2.134(2) (Re2–OH) Å, indicating that this 

interaction is relatively symmetric. The Re–C distances of the carbonyl ligands that 

are trans to the bridging hydroxide are 1.902(4) and 1.918(4) Å. Notably, these 

distances are not significantly different from other Re–C distances in the mononuclear 

structures, indicating that the bridging hydroxide does not give rise to a significant 

trans influence. Generally, these bond metrics are consistent with the previously 

reported bridging hydroxide complexes discussed above.39–43 

 

Photophysical Properties. 

Modifications of the axial ligands of the diimine Re(CO)3 complexes can substantially 

alter their photophysical properties, giving rise to photoreactive and highly 

luminescent compounds.1,2 The appropriate tuning of these properties can render these 

complexes useful for biological applications, such as imaging.10–13 The photophysical 

properties of Re-pip, Re-morph, Re-thio, and Re-py in physiologically relevant air-

equilibrated pH 7.4 phosphate-buffered saline (PBS) with less than 1% acetonitrile are 

reported in Table 2.2. All complexes exhibit similar absorbance profiles (Figure 2.2) 

with peaks at 223 nm, 255 nm, 278 nm, 325 nm, and 367 nm. The higher energy bands 

(< 325 nm) can reasonably be assigned to π–π* intraligand (IL) transitions, and the 

lower energy absorbance maximum at 367 nm arises from the excitation to the MLCT 

state.44–49 Notably, the electronic absorbance spectra of these four compounds are 

effectively identical. This result indicates that the axial nitrogen donor ligands have a 
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small effect on the IL and MLCT transitions. Because the MLCT arises from a 

transition of an electron in a metal d orbital with π symmetry (t2g set) to the diimine π* 

ligand, the absence of a significant effect is consistent with the predominately σ-donor 

nature of these axial ligands.  

 
Table 2.2. Photophysical properties of rhenium complexes. 

Compound λmax, nm (ε, M–1cm–1)  Φlum, % (λmax, nm)a τ (μs)a τ (nitrogen, μs)a,b 

Re-pip 225 (31300 ± 1300), 
257 (18200 ± 800),  
278 (22100 ± 900),  
326 (5100 ± 200),  
368 (3500 ± 100) 

1.66 ± 0.06 (565) 0.31 0.49 

Re-morph 224 (30700 ± 1900), 
256 (17700 ± 1300),  
278 (22400 ± 1600), 
325 (5300 ± 400), 
368 (3400 ± 200) 

2.14 ± 0.16 (560) 0.52 0.70 

Re-thio 222 (32300 ± 1000), 
257 (18400 ± 600), 
278 (23300 ± 800), 
325 (5600 ± 200), 
367 (3700 ± 30) 

2.38 ± 0.31 (560) 0.47 0.97 

Re-py 223 (35300 ± 600), 
254 (22800 ± 400), 
277 (28300 ± 600), 
325 (6400 ± 100), 
367 (3900 ± 100) 

3.09 ± 0.30 (545) 0.62 1.00 

 aλex = 350 nm.  bLuminescence lifetime measured in nitrogen-saturated pH 7.4 PBS. 
 

 Evaluation of the photoluminescence properties of these complexes reveals 

them to have modest emission quantum yields ranging from 1.66–3.09% (Table 2.2) 

under air-equilibrated aqueous conditions. Within this series, Re-pip has the lowest 

quantum yield, and Re-py has the highest. The energies of these emissions, which 

arise from relaxation of the 3MLCT state, vary slightly among these complexes. Re-py 

has the highest energy 3MLCT emission at 18,350 cm–1, whereas Re-pip has the 
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lowest energy 3MLCT emission at 17,700 cm–1. For Re-morph and Re-thio, these 

energies are effectively the same at 17,860 cm–1. These results can be somewhat 

correlated to the basicity of the axial donor ligands. For example, py is the least basic 

(conjugate acid pKa = 5.0) and gives rise to the Re complex with the highest quantum 

yield and emission energy, whereas pip is the most basic (conjugate acid pKa = 11.2) 

and gives rise to the lowest quantum yield and emission energy. Morph and thio, 

which have similar basicities (conjugate acid pKa = 8.4 and 9.0, respectively), also 

confer their Re(CO)3 complexes with nearly identical emission properties that fall 

between those of Re-py and Re-pip. This trend relating basicity of axial donor ligands 

with 3MLCT emission energy has previously been reported.31 The greater effect of the 

axial ligand on the 3MLCT excited state and not on the 1MLCT ground state would 

indicate that the axial nitrogen-donor ligand is contributing more to the triplet excited 

state.  

 
Figure 2.2. UV-vis (left) and emission (right) spectra of Re-pip (blue), Re-morph 
(red), Re-thio (green), and Re-py (purple) in PBS with <1% acetonitrile at 25 °C (10 
μM). 
 

 The excited state lifetimes were also determined for these complexes in air-

equilibrated and deoxygenated PBS (Table 2.2). Lifetimes for all complexes range 
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from 0.3 to 0.6 μs, under ambient conditions (Figure S2.18–S2.21). In the absence of 

oxygen, these lifetimes are approximately twice as long (Figure S2.18–S2.21). This 

result is consistent with the known sensitivity of the 3MLCT state of Re(CO)3 

complexes to quenching by oxygen.50 

 

Biological Properties. 

To assess the suitability of these complexes for biological applications, we carried out 

confocal fluorescence microscopy studies using HeLa cervical cancer cells. The HeLa 

cells were treated with 100 μM of the compounds for 2 h prior to imaging. Of these 

four compounds, only Re-py gave rise to an emission intensity that was 

distinguishable from the background autofluorescence in the cells. Based on 

colocalization studies using LysoTracker Red and MitoTracker Red, Re-py appears to 

not significantly accumulate in either the lysosomes or the mitochondria (Figure 2.3 

and S2.22). Its localization is mostly in the cytosol. Fluorescence microscopy imaging 

studies of A549 lung cancer cells treated with 200 µM of Re-py for 2 h were 

previously investigated.17 In this prior study, however, no significant intracellular 

luminescence from this compound was detected. This discrepancy with the present 

work most likely arises from the use of different cell lines. Thus, the cellular uptake 

and intracellular luminescence of these Re(CO)3 complexes may be highly dependent 

on the type of cells investigated. It is noteworthy that, despite the similar emission 

quantum yields of the four complexes measured in a cuvette, only Re-py could 

effectively be imaged in cells. The failure of Re-pip, Re-morph, and Re-thio for use 

in this application could arise in part due to poorer accumulation of these compounds 
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in cells. Additionally, it has been noted that the photoluminescence properties of 

Re(CO)3 complexes are sensitive to their local environments.51–54 As such, the uptake 

and intracellular localization of these compounds may not be accurately reflected by 

fluorescence microscopy measurements. Non-environment sensitive methods like 

inductively-coupled plasma mass spectrometry or optical emission spectroscopy can 

provide a more accurate assessment of the complex uptake. 

 

 
Figure 2.3. Confocal fluorescence microscopy images of HeLa cells untreated or 
treated with Re-py (100 μM) and LysoTracker Red for 2 h (scale bar = 10 microns).  
 

Given the reported anticancer activity of related Re(CO)3 complexes,3–7 we 

evaluated the in vitro cytotoxicity of Re-pip, Re-morph, Re-thio, and Re-py in HeLa 

cells by the 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide (MTT) assay. The 

resulting dose-response curves are shown in Figure 2.4 and the 50% growth inhibitory 

concentration (IC50) values are collected in Table 2.3. Among these four complexes, 

Re-pip and Re-morph are not active at concentrations below 100 μM. Re-py and Re-
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thio exhibit modest activity as characterized by IC50 values of 51 and 36 μM, 

respectively. Thus, these complexes are significantly less active than the clinically 

approved metal-based drug cisplatin, which exhibits an IC50 value of 6.6 μM in HeLa 

cells, and other Re(CO)3 complexes explored in our lab with IC50 values of less than 

10 μM.55–58 The low activity of these complexes may be related to their low 

intracellular luminescence, which may suggest that they are poorly taken up by cells.  

 

Table 2.3. IC50 values of rhenium complexes and cisplatin in HeLa cells. 
Compound IC50 (μM)  

Re-pip > 164 
Re-morph > 185 

Re-thio 36 ± 3 
Re-py 51 ± 5  

cisplatin 6.6 ± 0.7 
 

 
Figure 2.4. Dose-response curves of Re-pip (blue circles), Re-morph (red diamonds), 
Re-thio (green crosses), and Re-py (purple stars) in HeLa cells. 
 

CONCLUSION 

In this chapter, we have prepared a small set of Re(CO)3 diimine complexes with axial 

nitrogen-donor ligands of differing basicity and evaluated their biological properties. 
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For this class of compounds, the axial ligand appears to have only a minor influence 

on the photophysical properties of these complexes. This minimal effect may be a 

consequence of the σ-donor properties of the ligands evaluated, which interact poorly 

with the π symmetry metal d orbitals that modulate the photophysical properties of 

these complexes. Furthermore, the imaging properties and cytotoxic activities of these 

complexes are poor in comparison to other Re(CO)3 complexes that have been 

evaluated for similar applications.3–9 These results suggest that alterations to the axial 

ligand, involving the use of different donor atoms or ligand types, would be a more 

promising avenue for achieving complexes with greater biological relevance. 

Alternatively, a number of Re(CO)3 complexes bearing py-based axial ligands have 

found use as imaging and cytotoxic agents.18–30 In these cases, more dramatic 

alterations of the py ligand, with targeting groups for example, were able to achieve 

these successful results. The combination of the subtle changes of axial ligand donor 

strength, as evaluated in this chapter, with ligands that are tuned specifically for 

targeting or enhanced biological activity may yield new interesting Re(CO)3 

complexes for probing cellular systems. Although increasing the donor strength of the 

axial ligand decreases the emissive properties of the complex, this characteristic 

appears not to directly correlate with the cytotoxicity of the complexes. This result 

indicates that donor strength of the ligands surrounding the metal center may not be 

the key driver for the anticancer activity of this class of compounds and that other 

factors, such as ligand lipophilicity, may have more profound influences on their 

biological activities. To more thoroughly investigate the effects of the ligands on the 

properties of rhenium complexes, we explored a larger library of complexes bearing 
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strong sigma-donating phosphine ligands and investigated their photophysical and 

biological properties as detailed in Chapter 3.  

 

EXPERIMENTAL  

Methods and Materials. 

Rhenium carbonyl was purchased from Pressure Chemicals (Pittsburgh, Pennsylvania, 

USA). The ligand 1,10-phenanthroline (phen) was purchased from Sigma Aldrich (St. 

Louis, Missouri, USA) and was used as received. Re(CO)5Cl58 and fac-

[Re(CO)3(phen)Cl]59,60 were synthesized as previously described. All solvents were 

ACS grade or higher. All reactions were carried out under ambient atmospheric 

conditions without any effort to exclude water or oxygen. 

 

Physical Measurements. 

NMR samples were prepared as solutions using MeOH-d4 or DMSO-d6 as a solvent. 

NMR spectra were acquired on a Varian Inova 400 MHz spectrometer. 1H NMR 

chemical shifts were referenced to residual solvent peaks versus tetramethylsilane 

(TMS) at 0 ppm. 19F NMR spectra were referenced using an external standard of KPF6 

in D2O (19F δ = –72 ppm vs CFCl3 at 0 ppm). Samples for IR spectroscopy were 

prepared as KBr pellets and were analyzed on a Nicolet Avatar 370 DTGS 

(ThermoFisher Scientific, Waltham, MA). Analytical HPLC was carried out on a LC-

20AT pump with a SPD-20AV UV-vis detector monitored at 270 and 220 nm 

(Shimadzu, Japan) using an Ultra Aqueous C18 column (100 Å, 5 µm, 250 mm × 4.6 

mm, Restek, Bellefonte, PA) at a flow rate of 1 ml/min with a mobile phase containing 
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0.1% trifluoroacetic acid (TFA) in H2O or MeOH. The method consisted of 5 min at 

10% MeOH, followed by a linear gradient to 100% MeOH over 20 min. High-

resolution mass spectra (HRMS) were recorded on an Exactive Orbitrap mass 

spectrometer in positive ESI mode (ThermoFisher Scientific, Waltham, MA) with 

samples injected as acetonitrile/water solutions with 1% formic acid. Elemental 

analyses (C, H, N) were performed by Atlantic Microlab Inc. (Norcross, Georgia, 

USA). UV-visible spectra were recorded on a Cary 8454 UV-vis (Agilent 

Technologies, Santa Clara, CA) or a Beckman Coulter DU800 UV-vis using 1-cm 

quartz cuvettes. Lifetime measurements were collected as described below. 

Luminescence quantum yield measurements were carried out on a Beckman Coulter 

DU800 UV-vis and Varian Eclipse Fluorometer. 

 

X-Ray Crystallography.  

X-ray quality crystals of the complexes were grown by vapor diffusion of diethyl ether 

into acetonitrile or THF solutions of the complex. Low temperature X-ray diffraction 

(100 K) data was collected on a Rigaku XtaLAB Synergy diffractometer equipped 

with a 4-circle Kappa goniometer and HyPix 6000HE Hybrid Photon Counting (HPC) 

detector with monochromated Mo Ka radiation (l = 0.7107 Å). Diffraction images 

were processed using the CrysAlisPro61 software. The structure was solved through 

intrinsic phasing using SHELXT62 and refined against F2 on all data by full-matrix 

least-squares with SHELXL63,64 following established strategies.65 All non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms bound to heteroatoms were 

located in the Fourier difference map and subsequently refined semifreely with the 
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help of distance restraints. The isotropic displacement parameters of all hydrogen 

atoms were fixed to 1.2 times (1.5 times for methyl groups) the Ueq value of the 

atoms that they are linked to. Crystallographic data collection and refinement 

parameters are given in Table S2.1.  

 

Emission Quantum Yield. 

The luminescence quantum yields were measured relative to the standard quinine 

sulfate (Φ = 0.52, 0.05 M H2SO4), which was cross-referenced in our lab to harmaline 

(Φ = 0.32, 0.05 M H2SO4).66 An excitation wavelength of 350 nm was used for the 

samples and standards. The compounds were measured as solutions in pH 7.4 PBS 

with <1% acetonitrile with the absorbance maintained below 0.1 to prevent inner filter 

effects.66 At least five different concentrations of the samples and standards were 

measured by UV-vis and fluorescence spectroscopy, and the absorbance at 350 nm 

was plotted versus the integrated emission intensity. The slopes of the resulting lines 

were used in the equation: 

(2.1)       

 

where Φref is the quantum yield of the reference, quinine sulfate, and S is the slope of 

either the sample or the reference, and η is the refractive index of the solvent.  

 

Lifetime Measurements. 

Laser excitation for the phosphorescence lifetime measurements was provided by 



 

 122 

pulsing the 405 nm laser line from a four-line iChrome MLE laser (Toptica Photonics 

AG, Munich, Germany). The diode laser in the iChrome was triggered by a DG535 

Digital Delay/Pulse Generator (Stanford Research, Sunnyvale, CA) at 100 KHz and 

delivered 100 ns FWHM 405 nm excitation pulses. The 405 nm pulses were fiber-

delivered to a sample-filled cuvette and phosphorescence was collected at 90 degrees 

to a Bialkali photomultiplier tube (HC125, Hamamatsu, Bridgewater, NJ) through a 

470 nm long pass filter (HQ470lp, Chroma Technology, Bellows Falls, VT). The 

time-resolved photon counts were collected in 40 ns time bins using a SR430 Multi-

channel scaler (Stanford Research, Sunnyvale, CA). Data was transferred to a PC via 

the SR430 GPIB bus and fit to the standard exponential decay model using MagicPlot 

Pro software. Measurements were collected in PBS solutions at 30–50 nM. For 

deoxygenated measurements, nitrogen gas was bubbled into the PBS solutions for 30 

min and then the lifetime was determined.   

 

Synthetic Procedures. 

Synthesis of fac-[Re(CO)3(phen)(piperidine)]OTf (Re-pip). A mixture of 

[Re(CO)3(phen)Cl] (0.200 g, 0.42 mmol) and AgOTf (0.106 g, 0.42 mmol) in THF 

(48 ml) was heated to reflux for 3 h in the dark. The white solid AgCl was removed 

via vacuum filtration. To the remaining yellow filtrate, piperidine (0.183 g, 2.1 mmol) 

was added, and the resulting solution was heated to reflux for an additional 24 h. The 

reaction mixture was allowed to cool to room temperature, concentrated to about 5–10 

ml, and then placed in a –20 °C freezer overnight. The yellow crystals that formed 

were then filtered and washed with THF. The crude product was purified by 
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recrystallizing twice by allowing a concentrated solution of the compound in THF (2–

4 ml) to slowly evaporate at room temperature. Yield: 0.050 g (17%). 1H NMR (400 

MHz, MeOH-d4): δ 9.51 (d, 2H), 9.09 (d, 2H), 8.41 (s, 2H), 8.20 (dd, 2H), 4.25 (t, 

1H), 2.89 (d, 2H), 2.69 (m, 2H), 1.50 (m, 1H), 1.36 (m, 3H), 1.15 (m, 2H). 19F NMR 

(376 MHz, MeOH-d4, external stnd: KPF6): –77.08. IR (KBr, cm–1): 2025 s, 1932 s, 

1893 s. ESI-MS (pos. ion mode, CH3CN:H2O 70:30 and 1% formic acid): 536.0945 

m/z ([M]+, calcd. 536.0984). Anal. Calcd. for C21H19F3N3O6ReS: C, 36.84; H, 2.80; N, 

6.14. Found: C, 36.66; H, 2.80; N, 6.12. 

 

Synthesis of fac-[Re(CO)3(phen)(morpholine)]OTf (Re-morph). A mixture of fac-

[Re(CO)3(phen)Cl] (0.200 g, 0.42 mmol) and AgOTf (0.106 g, 0.42 mmol) in THF 

(48 ml) was heated to reflux for 3 h in the dark. The white solid AgCl was removed 

via vacuum filtration. To the remaining yellow filtrate, morpholine (0.183 g, 2.1 

mmol) was added, and the resulting solution was heated to reflux for an additional 24 

h. The reaction mixture was allowed to cool to room temperature, and yellow 

precipitate formed, which was filtered and washed with cold THF (~20 ml). Yield: 

0.134 g (47%). 1H NMR (400 MHz, MeOH-d4): δ 9.52 (d, 2H), 9.10 (d, 2H), 8.41 (s, 

2H), 8.21 (dd, 2H), 4.83 (t, 1H), 3.46 (d, 2H), 3.19 (t, 2H), 2.81 (m, 2H), 2.64 (d, 2H). 

19F NMR (376 MHz, MeOH-d4, external stnd: KPF6): –77.08. IR (KBr, cm–1): 2033 s, 

1940 s, 1919 s, 1903 s. ESI-MS (pos. ion mode, CH3CN:H2O 70:30 and 1% formic 

acid): 538.0739 m/z ([M]+, calcd. 538.0777). Anal. Calcd. for C20H17F3N3O7ReS: C, 

34.99; H, 2.50; N, 6.12. Found: C, 35.07; H, 2.46; N, 6.05. 
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Synthesis of fac-[Re(CO)3(phen)(thiomorpholine)]OTf (Re-thio). A mixture of fac-

[Re(CO)3(phen)Cl] (0.241 g, 0.50 mmol) and AgOTf (0.127 g, 0.50 mmol) in THF 

(52 ml) was heated to reflux for 3 h in the dark. The white solid AgCl was removed 

via vacuum filtration. To the remaining yellow filtrate, thiomorpholine (0.258 g, 2.5 

mmol) was added, and the resulting solution was heated to reflux for an additional 24 

h. The reaction mixture was allowed to cool to room temperature and THF was 

removed by rotary evaporation. The dark yellow solid was then taken up in 65 °C THF 

(3–5 ml). The hot solution was stored at –20 °C, inducing the precipitation of a yellow 

solid. The yellow precipitate was filtered and washed with cold THF. Yield: 0.067 g 

(19%). 1H NMR (400 MHz, MeOH-d4): δ 9.52 (d, 2H), 9.11 (d, 2H), 8.43 (d, 2H), 

8.31 (dd, 2H), 4.58 (t, 1H), 3.20 (d, 2H), 2.90 (m, 2H), 2.45 (m, 2H), 2.26 (d, 2H). 19F 

NMR (376 MHz, MeOH-d4, external stnd: KPF6): –77.08. IR (KBr, cm–1): 2027 s, 

1930 s, 1896 s. ESI-MS (pos. ion mode, CH3CN:H2O 70:30 and 1% formic acid): 

554.0513 m/z ([M]+, calcd. 554.0548). Anal. Calcd. for C20H17F3N3O6ReS2: C, 34.19; 

H, 2.44; N, 5.98. Found: C, 34.40; H, 2.34; N, 6.15. 

 

Synthesis of fac-[Re(CO)3(phen)(pyridine)]OTf (Re-py). fac-

[Re(CO)3(phen)(pyridine)]+ was synthesized as previously described. 17,31 1H NMR 

(400 MHz, DMSO-d6): δ 9.77 (d, 2H), 9.04 (d, 2H), 8.46 (d, 2H), 8.31 (s, 2H), 8.26 

(dd, 2H), 7.86 (t, 1H), 7.32 (t, 2H). 19F NMR (376 MHz, DMSO-d6, external stnd: 

KPF6): –77.04. IR (KBr, cm–1): 2027 s, 1928 sh, 1911 s.  
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Cell Culture and Cytotoxicity. 

HeLa (cervical cancer) cell line was obtained from American Type Culture Collection 

(ATCC) and cultured using Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS). The cell line was grown in a 

humidified incubator at 37 °C with an atmosphere of 5% CO2. Cells were passed at 

80–90% confluence using trypsin/EDTA. Cells were tested monthly for mycoplasma 

contamination with the PlasmoTest™ mycoplasma detection kit from InvivoGen.   

All compounds were dissolved in DMSO to prepare a 10–20 mM stock 

solution, which was diluted in growth media to contain <1% DMSO. Cells were 

grown to 80–90% confluence, detached with trypsin/EDTA, seeded in 96-well plates 

at 4000 cells/well in 100 μL of growth media, and incubated for 24 h. The medium 

was removed and replaced with fresh medium (200 μL) containing varying 

concentrations of the desired compound or media. The cells were then incubated for 

an additional 48 h. The medium was removed from the wells, and MTT in DMEM 

(200 μL, 1 mg/mL) was added. The additional 48 h incubation was performed to 

ensure that the cells were in the logarithmic growth phase and that the cells had 

adequate time to regrow after exposure to the complexes. After 4 h, the MTT/DMEM 

solution was removed, and the formazan crystals were dissolved in 200 μL of an 8:1 

mixture of DMSO and pH 10 glycine buffer. The absorbance at 570 nm in each well 

was measured using a BioTek Synergy HT plate reader. Cell viability was determined 

by normalizing the absorbance of the treated wells to untreated wells. The 

concentrations of the compounds versus % viability were plotted to produce the dose-

response curves, which were analyzed using a logistic sigmoid function fit with 
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MagicPlot Pro software. The reported IC50 values are the average of at least three 

independent experiments with six replicates per concentration level.  

 

Colocalization using Confocal Fluorescence Microscopy. 

A total of 1 × 105 HeLa cells were seeded onto 35 mm glass bottom dishes. After 24 h, 

the cells were treated with the rhenium compounds (100 μM) for 2 h or the specific 

dye for 30 min in DMEM media. After the indicated time, the media was removed and 

the cells were washed with PBS and fresh media was added. Right before imaging, the 

media was removed and imaging buffer was added (20 mM HEPES pH 7.4, 135 mM 

NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 1 mg/mL glucose, and 1 mg/mL 

bovine serum albumin). The cells were imaged with a Zeiss LSM 800 or Zeiss LSM 

880 confocal laser-scanning microscope. The rhenium complex was imaged using a 

405 nm laser excitation with a 410–550 nm emission filter and images were processed 

using ImageJ software. For MitoTracker Red and LysoTracker Red DND-99 

treatment, 1 μL of 100 μM dye was added to 3 mL of medium 30 min prior to imaging 

and the dyes were excited with a 561 nm laser with an emission filter from 630–700 

nm. 

 

SUPPLEMENTARY INFORMATION 

Table S2.1. X-ray Crystallographic Data and Refinement Parameters.a 

 

Compound Re-pip Re-morph Re-thio Re-py 

[(CO)3(phen)
Re(µ-

OH)Re(phen)
(CO)3]+ 

 

Empirical 
Formula 

C21H19F3N3O6
ReS 

C20H17F3N3O7
ReS 

C22H20F3N4O6
ReS2 

C21H13F3N3O6Re
S 

C33H20F3N5  
O10Re2S 
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Formula 
Weight 684.65 686.62 743.74 678.60 1108.00  

a (Å) 8.2863(1) 10.6262(5) 9.9656(2) 13.14230(10) 12.7693(3)  

b (Å) 11.8561(1) 10.5433(6) 11.2508(2) 14.62250(10) 15.8213(3)  

c (Å) 12.6802(2) 20.8670(11) 12.7556(2) 23.3439(2) 17.8864(4)  

α (∘) 85.018(1) 90 83.344(2) 90 90  

β (∘) 88.960(1) 99.858(2) 73.928(2) 90 106.250(2)  

γ (∘) 75.348(1) 90 67.998(2) 90 90  

V (Å3) 1200.67(3) 2303.3(2) 1274.07(4) 4486.07(6) 3469.17(13)  

Z 2 4 2 8 4  

Crystal System Triclinic Monoclinic Triclinic Orthorhombic Monoclinic  

Space Group P   P21/n P  Pbca P21/c  

ρcalc (Mg/m3) 1.894 1.980 1.939 2.010 2.121  

µ (mm–1) 5.213 5.438 5.001 5.580 7.114  

F(000) 664 1328 724 2608 2104  

T (K) 252.99(10) 223.15(10) 100.00(10) 253.00(10) 100.00(10)  

Wavelength 
(Å) 0.71073 0.71073 0.71073 0.71073 0.71073  

2θ range (°) 2.503 – 
27.103 1.981 – 30.034 1.952 – 

27.103 2.259 – 27.096 2.102 – 27.103  

Reflections 
Collected 51681 27525 28335 185263 36461  

Independent 
Reflections 5308 6717 5630 4948 7666  

Complete-ness 
to theta (%) 99.9 99.9 100.00 100.0 100.00  

Rint 0.0492 0.0359 0.0346 0.0497 0.0365  

Number of 
Parameters 319 319 347 316 491  

Largest diff. 
peak and hole 

(e/Å–3)  
0.554/–1.010 0.484/–0.799 0.781/–0.503 0.604/–0.391 2.454/–0.840 

 

GoF 1.087 1.030 1.048 1.067 1.042  

R1/wR2 (all 0.0233/0.0424 0.0324/0.0510 0.0174/0.0367 0.0219/0.0443 0.0285/0.0501  

	1 	1
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aR1= S||Fo|- |Fc||/S|Fo|; wR2 = {S[w(Fo2-Fc2)2]/Sw[(Fo2)2]}1/2 GoF = {S[w(Fo2-Fc2)2]/(n – p)}1/2, where n is 
the number of data and p is the number of refined parameters.    
 
 
Table S2.2. Selected Interatomic Angles (°) for the Rhenium Complexes.a 

Selected 
Interatomic 
Angles (°) 

Re-pip Re-morph Re-thio Re-py 

N1-Re-N2 75.45(8) 75.86(8) 75.72(6) 75.98(8) 

N1-Re-N3 85.51(8) 83.46(8) 85.58(6) 85.11(8) 

N1-Re-C1 92.65(10) 93.74(10) 92.68(8) 92.27(10) 

N1-Re-C2 173.31(10) 172.30(10) 171.84(8) 174.55(10) 

N1-Re-C3 99.12(9) 97.55(11) 98.74(8) 96.89(11) 

N2-Re-N3 85.58(8) 84.79(7) 84.99(6) 82.25(8) 

N2-Re-C1 92.90(9) 93.46(10) 93.72(8) 93.15(10) 

N2-Re-C2 97.88(11) 96.99(11) 96.13(8) 98.70(10) 

N2-Re-C3 174.56(10) 173.13(11) 174.46(8) 171.84(10) 

N3-Re-C1 177.86(9) 176.98(10) 178.05(8) 175.14(10) 

N3-Re-C2 94.66(11) 93.41(10) 94.16(8) 95.44(10) 

N3-Re-C3 93.69(10) 96.51(10) 94.49(8) 93.30(11) 

C1-Re-C2 87.04(3) 89.51(12) 87.43(9) 86.78(11) 

C1-Re-C3 87.68(11) 84.93(11) 86.65(9) 91.08(12) 

C2-Re-C3 87.55(12) 89.69(13) 89.41(9) 88.49(12) 

aAtoms are labeled as shown in Figure 2.1 of the main text. Numbers in parentheses are the 
estimated standard deviations for the last significant figure. 

 
 
 
 
 
 

data) 

R1/wR2 (I 
>2s) 0.0190/0.0409 0.0244/0.0486 0.0159/0.0363 0.0183/0.0423 0.0236/0.0488  
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Table S2.3. Selected Interatomic Distances (Å) and Angles (°) for 
[(CO)3(phen)Re(µ-OH)Re(phen)(CO)3]+.a 

Selected Interatomic Distances (Å) 

Re(1)-N(1) 2.177(3) Re(2)-N(3) 2.178(3) 

Re(1)-N(2) 2.183(3) Re(2)-N(4) 2.185(3) 

Re(1)-C(1) 1.902(4) Re(2)-C(16) 1.918(4) 

Re(1)-C(2) 1.920(4) Re(2)-C(17) 1.926(4) 

Re(1)-C(3) 1.928(4) Re(2)-C(18) 1.918(4) 

Re(1)-O(4) 2.144(3) Re(2)-O(4) 2.134(2) 

Selected Interatomic Angles (°) 

N(1)-Re(1)-N(2) 75.82(11) N(3)-Re(2)-N(4) 75.86(12) 

N(1)-Re(1)-C(1) 94.20(14) N(3)-Re(2)-C(16) 95.85(14) 

N(1)-Re(1)-C(2) 174.67(14) N(3)-Re(2)-C(17) 171.09(13) 

N(1)-Re(1)-C(3) 97.04(14) N(3)-Re(2)-C(18) 99.09(14) 

N(2)-Re(1)-C(1) 95.16(13) N(4)-Re(2)-C(16) 96.90(14) 

N(2)-Re(1)-C(2) 174.67(14) N(4)-Re(2)-C(17) 97.19(14) 

N(2)-Re(1)-C(3) 171.68(14) N(4)-Re(2)-C(18) 174.51(14) 

C(1)-Re(1)-C(2) 84.90(16) C(16)-Re(1)-C(17) 90.47(16) 

C(1)-Re(1)-C(3) 89.57(16) C(17)-Re(1)-C(18) 85.68(16) 

C(2)-Re(1)-C(3) 88.20(16) C(2)-Re(1)-C(3) 87.62(16) 

O(4)-Re(1)-N(1) 82.44(10) O(4)-Re(2)-N(3) 79.93(10) 

O(4)-Re(1)-N(2) 84.65(11) O(4)-Re(2)-N(4) 80.00(10) 

O(4)-Re(1)-C(1) 175.83(13) O(4)-Re(2)-C(16) 175.24(14) 

O(4)-Re(1)-C(2) 98.21(13) O(4)-Re(2)-C(17) 93.49(13) 

O(4)-Re(1)-C(3) 93.29(13) O(4)-Re(2)-C(18) 97.11(13) 

Re(1)-O(4)-Re(2) 133.18(13)   

aAtoms are labeled as shown in Figure 1 of the main text. Numbers in parentheses are the 
estimated standard deviations for the last significant figure. 
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Figure S2.1. 1H NMR spectrum of Re-pip (MeOH-d4, 400 MHz). 
 

 
Figure S2.2. 1H NMR spectrum of Re-morph (MeOH-d4, 400 MHz). 
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Figure S2.3. 1H NMR spectrum of Re-thio (MeOH-d4, 400 MHz). 
 

 
Figure S2.4. 19F NMR spectrum of Re-pip (MeOH-d4, 376 MHz). 
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Figure S2.5. 19F NMR spectrum of Re-morph (MeOH-d4, 376 MHz). 
 

 
Figure S2.6. 19F NMR spectrum of Re-thio (MeOH-d4, 376 MHz). 
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Figure S2.7. IR spectrum of Re-pip (KBr). 

 
Figure S2.8. IR spectrum of Re-morph (KBr). 
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Figure S2.9. IR spectrum of Re-thio (KBr). 
 

 
Figure S2.10. IR spectrum of Re-py (KBr). 
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Figure S2.11. ESI-MS of Re-pip. 

 
Figure S2.12. ESI-MS of Re-morph. 
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Figure S2.13. ESI-MS of Re-thio. 

 
Figure S2.14. HPLC chromatogram of Re-pip. 
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Figure S2.15. HPLC chromatogram of Re-morph. 
 

 
Figure S2.16. HPLC chromatogram of Re-thio. 
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Figure S2.17. X-ray crystal structure illustrating the hydrogen-bonding interaction of 
[(CO)3(phen)Re(µ-OH)Re(phen)(CO)3]+ with an acetonitrile solvent molecule. The 
O–N distance is 3.043(5) Å. 

 
Figure S2.18. Transient emission decay profile of Re-pip in air-equilibrated PBS 
(black circles, solid black line = fit) and deoxygenated PBS (red diamonds, dashed red 
line = fit) at 50 nM. 
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Figure S2.19. Transient emission decay profile of Re-morph in air-equilibrated PBS 
(black circles, solid black line = fit) and deoxygenated PBS (red diamonds, dashed red 
line = fit) at 50 nM. 
 

 
Figure S2.20. Transient emission decay profile of Re-thio in air-equilibrated PBS 
(black circles, solid black line = fit) and deoxygenated PBS (red diamonds, dashed red 
line = fit) at 50 nM. 
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Figure S2.21. Transient emission decay profile of Re-py in air-equilibrated PBS 
(black circles, solid black line = fit) and deoxygenated PBS (red diamonds, dashed red 
line = fit) at 30 nM. 
 
 

 
Figure S2.22. Confocal fluorescence microscopy images of HeLa cells untreated or 
treated with rhenium complexes (100 μM) and MitoTracker Red for 2 h (scale bar = 
10 microns).  
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CHAPTER 3 

Photoactivated In Vitro Anticancer Activity of Rhenium(I) Tricarbonyl 

Complexes Bearing Water-Soluble Phosphines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Reproduced in part with permission from S. C. Marker, S. N. MacMillan, W. R. 

Zipfel, Z. Li, P. C. Ford, and J. J. Wilson, Inorg. Chem. 2018, 57, 1311–1331. 

Copyright 2018 American Chemical Society. S. C. Marker synthesized, characterized, 

and tested the photophysical and biological properties of the complexes. S. N. 

MacMillan ran and solved the crystal structures of all the complexes. W. R. Zipfel 

assisted with the collection and interpretation of all photoluminescent lifetime decays. 

Z. Li performed the studies on the THP-3 complex.  
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ABSTRACT 

Fifteen water-soluble rhenium compounds of the general formula 

[Re(CO)3(NN)(PR3)]+, where NN is a diimine ligand and PR3 is either 1,3,5-triaza-7-

phosphaadamantane (PTA), tris(hydroxymethyl)phosphine (THP), or 1,4-diacetyl-

1,3,7-triaza-5-phosphabicylco[3.3.1]nonane (DAPTA), were synthesized and 

characterized by multinuclear NMR spectroscopy, IR spectroscopy, and X-ray 

crystallography. The complexes bearing the THP and DAPTA ligands exhibit triplet-

based luminescence in air-equilibrated aqueous solutions with quantum yields ranging 

from 3.4 to 11.5%. Furthermore, the THP and DAPTA complexes undergo 

photosubstitution of a CO ligand when irradiated with 365 nm light with quantum 

yields ranging from 1.1 to 5.5% and sensitize the formation of 1O2 with quantum 

yields as high as 70%. By contrast, all of the complexes bearing the PTA ligand are 

non-emissive and do not undergo photosubstitution when irradiated with 365 nm light. 

These compounds were evaluated as photoactivated anticancer agents in human 

cervical (HeLa), ovarian (A2780), and cisplatin-resistant ovarian (A2780CP70) cancer 

cell lines. All of the complexes bearing THP and DAPTA exhibited a cytotoxic 

response upon irradiation with minimal toxicity in the absence of light. Notably, the 

complex with DAPTA and 1,10-phenanthroline gave rise to an IC50 value of 6 μM in 

HeLa cells upon irradiation, rendering it the most phototoxic compound in this library. 

The nature of the photoinduced cytotoxicity of this compound was explored in further 

detail. These data indicate that the phototoxic response may result from the release of 

both CO and the rhenium-containing photoproduct, as well as the production of 1O2.  
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INTRODUCTION  

In an effort to develop rhenium analogues that limit adverse side-effects, but exhibit 

greater potency that the complexes described in Chapter 2, we aimed to synthesize a 

library of rhenium compounds that undergo photoactivation in the presence of light. 

The exploration of a larger library of rhenium complexes in this chapter will allow for 

a more in-depth investigation of the effects of ligand donor strength on the complexes’ 

photophysical and anticancer properties. The approach to increase selectivity and 

minimize toxic side effects utilized in this chapter is to employ drugs that are activated 

by light. This concept, known as photodynamic therapy (PDT)1–4 or photoactivated 

chemotherapy (PACT),5 allows for further spatiotemporal control of the cytotoxic 

effects to maximize cancer cell death, while minimizing healthy cell damage. An ideal 

candidate for a PDT or PACT agent should be non-toxic in the absence of light, and 

therefore only give rise to toxic effects in regions of light exposure.6 The concept of 

PDT is currently employed in the clinic in the form of the FDA-approved porphyrin 

derivatives, Photofrin, Foscan, and Verteporfin.7,8 A potential drawback of the 

currently used PDT agents is that their mechanism of action stems from their abilities 

to photosensitize the formation of singlet oxygen (1O2).1,9–19 In hypoxic tumors, the 

efficacy of these PDT agents is substantially diminished due to the lower 

concentrations of oxygen present.20–23 An additional limitation of these porphyrin 

analogues is their poor aqueous solubility, which requires clever formulation strategies 

for in vivo administration.2,24,25 PACT is currently the subject of significant preclinical 

investigation.5,26 PACT agents generally operate under an oxygen-independent 

mechanism,5 as irradiation with light triggers release of a cytotoxic chemical 
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compound.   

Towards the development of improved PDT27 and PACT5 agents, many 

research efforts have explored the potential of transition metal complexes. In addition 

to functioning as 1O2 photosensitizers for PDT applications, many inorganic 

complexes also undergo photoinduced ligand substitution reactions, which make them 

useful as PACT agents. Following the concept of PACT, these photosubstitution 

reactions can be applied to generate cytotoxic complexes from benign precursors in an 

oxygen-independent manner, rendering them suitable for use in hypoxic conditions.28 

Ruthenium PDT29–49 and PACT22,35,40,42,50,52–55 agents have received the majority of 

focus, because they possess ideal photophysical properties for this application. The 

diversity of photophysical processes accessible for other metal ion complexes have 

prompted researchers to expand their search for new PDT or PACT agents. 

Complexes of rhenium, for example, possess rich spectroscopic and 

photophysical properties that can be leveraged for use in PDT or PACT.56 This 

concept has been demonstrated for several rhenium(I) tricarbonyl complexes, which 

exhibit potent phototoxic effects in vitro.57–61 All of the potential rhenium-based 

phototoxic agents to date, however, induce cell death via production of singlet oxygen, 

and therefore suffer from some of the same limitations as the conventional porphyrin-

based PDT agents. The development of rhenium anticancer PACT agents that act via 

alternative mechanisms of action remains an interesting unmet research objective that 

could provide access to new therapeutic modalities. In this chapter, we describe our 

efforts towards this goal, in which we have developed a series of rhenium(I) 

tricarbonyl complexes bearing phosphine ligands that exhibit potent UVA (365 nm) 
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light-activated toxicity against several types of cancer cell lines. Although the 

biological penetration depth of 365 nm light it too shallow to be useful for in vivo 

applications, this chapter provides a proof of concept for the future development of 

rhenium-based PDT and PACT agents. 

 

RESULTS AND DISCUSSION 

Rationale and Approach.  

Diimine rhenium(I) tricarbonyl complexes are usually inert to photosubstitution 

reactions and exhibit small luminescence quantum yields.62 By contrast, when a 

phosphine is introduced to the inner coordination sphere, the resulting complexes 

[Re(CO)3(NN)(PR3)]+, where NN = diimine ligand and PR3 = phosphine ligand, are 

brightly luminescent63–66 and photolabile.62,67 Upon irradiation with UVA light, the 

CO trans to the phosphine dissociates, forming the dicarbonyl complex 

[Re(CO)2(NN)(PR3)(S)]+, where S is a coordinating solvent molecule.62,68 Complexes 

like these have been investigated as photo CO-releasing molecules (photoCORMS),68–

74 tools to understand the significance of CO as a biological signaling molecule. We 

envisioned an alternative role of these complexes as photoactivated anticancer agents. 

The rhenium(I) dicarbonyl photoproduct with a labile coordination site could interact 

with biological targets, such as DNA, in a manner similar to that reported for 

rhenium(I) tricarbonyl complexes.75–77 In this context, our lab has recently 

demonstrated that rhenium(I) tricarbonyl complexes bearing labile aqua ligands 

exhibit potent in vitro anticancer activity via a mechanism of action that is distinct 

from that of cisplatin.78 Thus, we anticipated that the structurally similar rhenium(I) 
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dicarbonyl phosphine photoproducts would also be active against cancer cells. 

Furthermore, the released CO molecule could elicit an additional cytotoxic effect 

(Scheme 3.1).79–84 Such “dual action” chemotherapeutic agents may be particularly 

effective against drug-resistant forms of cancer.   

In designing our compound library, we employed the phosphines 1,3,5-triaza-

7-phosphaadamantane (PTA), tris(hydroxymethyl)phosphine (THP), and 1,4-diacetyl-

1,3,7-triaza-5-phosphabicylco[3.3.1]nonane (DAPTA) because these ligands 

effectively confer water solubility on their coordination complexes.85–87 To further 

screen for cytotoxic effects of the rhenium photoproducts, we explored five different 

diimine ligands, 1,10-phenanthroline (1), 2,9-dimethyl-1,10-phenanthroline (2), 2,2'-

bipyridine (3), 4,4'-dimethyl-2,2'-dipyridyl (4), or 4,4'-dimethoxy-2,2'-bipyridine (5). 

We hypothesized that this diverse set of compounds would possess a range of 

photophysical and biological properties, some of which would be valuable for use in 

PACT. 

 
Scheme 3.1. The photoreaction of [Re(CO)3(NN)(PR3)]+ releases an equivalent of  CO 
and  a labile rhenium(I) complex, which may both give rise to cytotoxicity in cancer 
cells. (S is a solvent molecule).  
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Synthesis and Characterization.  

From the three phosphines and five diimine ligands, a total of fifteen rhenium 

tricarbonyl complexes were synthesized. The synthetic approach followed a 

previously reported procedure (Scheme 3.2).88,89 In the first step, Re(CO)5Cl and a 

diimine ligand were heated to reflux in toluene to afford the yellow complexes, fac-

[Re(CO)3(NN)Cl]. These complexes were treated with AgOTf to remove the axial 

chloride as insoluble AgCl, and then allowed to react with the desired phosphine in 

refluxing tetrahydrofuran (THF)68 to afford the compounds PTA-1–PTA-5, THP-1–

THP-5, and DAPTA-1–DAPTA-5 (Scheme 3.2). The PTA and DAPTA complexes 

were isolated via precipitation as the triflate salts. By contrast, all of the THP 

complexes, except for THP-5, required additional purification by preparative high-

performance liquid chromatography (HPLC). Because the HPLC mobile-phase 

employed 0.1% trifluoroacetic acid, the THP compounds were isolated as 

trifluoroacetate salts with the exception of THP-5, which was isolated as the triflate 

salt upon recrystallization. All of the complexes exhibited good water solubility, 

enabling the preparation of aqueous solutions at concentrations exceeding 1 mM. By 

contrast, the fac-[Re(CO)3(NN)Cl] starting materials are very poorly soluble in 

water.78 Among the fifteen complexes prepared in this investigation, PTA-1 and THP-

3 have previously been reported and developed as photoCORMs.68,83 
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Scheme 3.2. Synthetic scheme for the preparation of the [Re(CO)3(NN)(PR3)]+ 

complexes. 

 

The complexes were characterized by 1H (Figure S3.1–S3.15), 31P{1H} 

(Figures S3.18–S3.32), and 19F (Figures S3.35–S3.49) NMR spectroscopy, IR 

spectroscopy (Figure S3.50–S3.64), and electrospray ionization mass spectrometry 

(ESI-MS, Figures S3.84–S3.98). Purity of the complexes was verified with elemental 

analysis and HPLC (Figures S3.67–S3.81). The IR spectra of the complexes exhibited 

three distinct CO stretches, as expected for fac-[Re(CO)3(NN)X] (X= H2O, Cl , Br) 

complexes of Cs symmetry.78,90–93 The energy of these stretching frequencies were 

invariant with respect to the coordinating diimine ligands. By contrast, a greater 

dependency on the nature of the axial phosphine ligand was observed. For example, 

PTA-1, THP-1, and DAPTA-1 exhibited pronounced CO stretches corresponding to 

the A′′ mode at 2030, 2040, and 2038 cm–1 respectively and two less intense stretches 

corresponding to the two A′ modes at 1940 and 1920, 1930 and 1910, and 1948 and 

1914 cm–1, respectively (Figures S3.50–S3.64). These values are consistent with other 

fac-[Re(CO)3(NN)(PR3)]+ complexes.68,93 The presence of the axial phosphine shifts 
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the CO stretching frequencies to higher energies compared to the precursor complexes 

fac-[Re(CO)3(NN)Cl], which exhibit stretching frequencies near 2020 and 1880 cm–

1.88 The CO stretching energy of the phosphine complexes is similar to cationic 

complexes, such as fac-[Re(CO)3(NN)(OH2)]+ (νCO = 2030, 1930, and 1900 cm–1)78 

and fac-[Re(CO)3(NN)(pyridine)]+ (νCO = 2036 and 1931 cm–1).94 The higher energy 

CO stretching frequencies of the phosphine complexes may therefore be a result of 

both the π acidity of the trans phosphine ligand and the overall cationic charge of the 

complex, features which decrease π-backbonding to CO π* orbitals.  

The 31P{1H} NMR spectra of the PTA and THP complexes show a single 

resonance. This resonance is shifted downfield from the free ligand, signifying 

coordination to the rhenium center.85,86,95,96 For the DAPTA complexes, two signals in 

the 31P NMR spectra were observed. We attribute the two signals to arise from 

conformational isomers of the DAPTA ligand. As shown in Chart 3.1, the relative 

orientation of the two acetyl groups gives rise to anti and syn isomers, which will 

result in distinct NMR signals if their interconversion is slow. The observations of 

these two isomers in other metal complexes of DAPTA was previously reported.97 The 

1H NMR spectra of the DAPTA complexes similarly display resonances of two 

species that can be attributed to the two conformers. For all of the DAPTA complexes, 

the anti isomer was the major species in solution. This assignment is based on the 1H 

NMR resonances of the methyl groups of the DAPTA ligand, which are inequivalent 

only for the anti isomer. Lastly, the 19F NMR spectra confirm the nature of the 

counterions of these complexes. As expected, the PTA and DAPTA complexes give 

rise to a signal at –79 ppm, which corresponds to the outer-sphere triflate ion, and the 
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THP complexes display a signal at –76 ppm, arising from the TFA counterion, except 

for THP-5, which exhibits a signal corresponding to the triflate counterion at –79 

ppm.  

 
 

Chart 3.1. Syn and anti conformational isomers of DAPTA. 
 

X-Ray Crystallography.  

Single crystals of all fifteen complexes were obtained, and the crystal structures 

(Figures 3.1, S3.99–S3.102), with the exception of the previously reported THP-3,68 

were determined by X-ray crystallography. Crystal structures for PTA-1, THP-1, and 

DAPTA-1 are shown in Figure 3.1, and selected interatomic distances and angles for 

all fourteen structures are collected in Table S3.2. We note that the crystal structure of 

PTA-1 was recently reported, albeit for a different polymorph of this compound;83 a 

comparison of this previously reported structure and ours reveals no significant 

differences with respect to the geometry of the rhenium complex.83 All complexes 

exhibit the expected octahedral geometry for a d6 rhenium(I) center. All DAPTA 

complexes, except for DAPTA-2, crystallized as the anti isomer, which was the major 

species exhibited by NMR spectroscopy. No evidence for rotational disorder of the 

DAPTA acetyl groups was observed in the crystal structures, verifying our conformer 

assignments. The Re–P bond lengths were relatively invariant among complexes 
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bearing different diimine ligands. A more pronounced dependence was observed as 

the phosphine ligand was altered. For example, the Re–P distances in PTA-1, THP-1, 

and DAPTA-1 are 2.4343(6), 2.4602(7), and 2.4449(7) Å, respectively. These values 

are in the range expected for [Re(CO)3(NN)(PR3)]+ complexes.68,83,98 Among the 

fifteen complexes, the THP complexes exhibit a slightly longer average Re–P bond 

distance of 2.4574 ± 0.013 Å (error is the standard deviation over the five THP 

compounds) compared to the PTA and DAPTA complexes, for which the average Re–

P distances are 2.4340 ± 0.0045 and 2.4414 ± 0.0077 Å, respectively. The longer Re–

P distances found in the THP complexes are most likely a consequence of the larger 

cone angle of this phosphine in comparison to PTA and DAPTA.99,100 The Re–CO 

distances trans to the phosphine vary in a manner that is dependent on the nature of the 

phosphine as well. In general, this distance is longest for complexes of PTA and 

DAPTA and shortest for those of THP. For example, the Re–CO distances in PTA-1, 

THP-1, and DAPTA-1 are 1.962(3), 1.953(3), and 1.963(3) Å.68,83 The longer trans 

Re–CO distances in the DAPTA and PTA complexes may reflect a greater π-acidity of 

this ligand relative to THP. For comparison, the axial Re–CO distances of fac-

[Re(CO)3(NN)X]+ complexes, where X is a solvent molecule, range from 1.882–1.917 

Å,  and are therefore approximately 0.036–0.089 Å shorter than the phosphine 

derivatives.78,101,102  
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Figure 3.1. X-ray crystal structures of PTA-1, THP-1, and DAPTA-1. Ellipsoids are 
drawn at the 50% probability level. H atoms bound to C atoms and counterions are 
omitted for clarity. 
 
 
Photophysical Properties.  

UV-vis and emission spectra of all 15 complexes were measured in air-equilibrated 

pH 7.4 phosphate-buffered saline. This data is collected in Table 3.1, and the UV-vis 

spectra of these complexes are shown in Figures S3.103–S3.107.  

 

Table 3.1. Photophysical Propertiesa 
Compound lmax, nm (e, M–1cm–1) 

 
Φlum, %  
(lmax, nm) 

Φrxn, %  tair (µs)b tN2 

(µs)c 

PTA-1 226 (35900 ± 2600), 225 
(22300 ± 600), 274 (26400 ± 
1900), 368 (3200 ± 300) 

<0.1 (n.d.) 0.06 n.d. n.d 

THP-1 226 (36800 ± 1300), 275 
(26800 ± 900), 322 (6400 ± 
200), 366 (3600 ± 100) 

5.1 ± 1.1 
(528) 

1.4 ± 0.4 1.5 4.8 

DAPTA-1 225 (41600 ± 7300), 275 
(27200 ± 4900), 323 (5700 ± 
900), 367 (3200 ± 400) 

10.7 ± 0.6 
(516) 

1.1 ± 0.1 1.9 5.6 

PTA-2 228 (40500 ± 1100), 253 
(26100 ± 600), 283 (26200 ± 
600), 372 (2500 ± 300) 

<0.1 (n.d.) 0.015 n.d. n.d 

THP-2 228 (34600 ± 1200), 286 
(23400 ± 800), 308 (11900 ± 
400), 372 (2100 ± 70) 

4.5 ± 0.4 
(518) 

2.0 ± 0.4 1.0  3.7 

DAPTA-2 227 (36800 ± 6800), 285 
(23800 ± 700), 309 (11500 ± 
300), 373 (2100 ± 50) 

7.2 ± 0.2 
(507) 

1.5 ± 0.1 2.0 7.8 
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PTA-3 248 (24400 ± 800), 307 
(11700 ± 500), 319 (12900 ± 
500), 349 (3300 ± 300) 

<0.1 (538) 0.0044 n.d. n.d. 

THP-3 222 (18900 ± 200), 249 
(20100 ± 1900), 308 (10700 ± 
400), 318 (12500 ± 400), 343 
(3600 ± 700) 

6.1 ± 1.7 
(536) 

1.6 ± 0.1 0.4 0.5 

DAPTA-3 246 (22600 ± 500), 308 
(10700 ± 200), 319 (13000 ± 
300), 345 (3400 ± 100) 

9.1 ± 3.0 
(528) 

2.3 ± 0.5 0.6 0.8 

PTA-4 252 (29200 ± 3600), 303 
(13600 ± 1800), 315 (14700 ± 
2100), 345 (4300 ± 500) 

<0.1 (530) 0.021 n.d. n.d. 

THP-4 252 (24000 ± 3000), 304 
(11800 ± 1500), 315 (13400 ± 
1700), 338 (4600 ± 500) 

6.5 ± 2.0 
(528) 

3.8 ± 0.9 0.4 0.6 

DAPTA-4 250 (8200 ± 4300), 305 
(12800 ± 2000), 315 (14900 ± 
2300), 339 (4000 ± 400) 

11.5 ± 3.9 
(518) 

5.5 ± 0.3 0.6 1.0 

PTA-5 227 (36100 ± 2600), 249 
(32900 ± 2300), 304 (9800 ± 
700), 338 (4400 ± 300) 

<0.1 (520) 0.018 n.d. n.d.  

THP-5 223 (33900 ± 1000), 251 
(30500 ± 900), 303 (8800 ± 
300), 337 (4500 ± 80) 

3.4 ± 1.1 
(537) 

1.2 ± 0.2 0.3 0.4 

DAPTA-5 224 (41400 ± 2000), 251 
(34100 ± 1900), 303 (9600 ± 
500), 332 (4700 ± 300) 

7.1 ± 3.0 
(527) 

1.9 ± 0.1 0.4 0.6 

an.d. = not determined due to weak or undetectable luminescence intensity. 
bLuminescence lifetime measured in air-equilibrated pH 7.4 PBS.  
cLuminescence lifetime measured in nitrogen-saturated pH 7.4 PBS. 
 

Representative spectra of the phen complexes (PTA, THP, DAPTA)-1 and the bpy 

complexes (PTA, THP, DAPTA)-3 are given in Figure 3.2. The overall band shape 

and structures of the absorbance profiles appear to be dependent predominantly on the 

nature of the diimine ligand rather than the phosphine. For example, the spectra of 

PTA-1, THP-1, and DAPTA-1 are nearly superimposable, as are those of PTA-3, 

THP-3, and DAPTA-3. The high-energy (< 325 nm) features in these spectra most 

likely correspond to intraligand π–π* transitions, and are therefore expected to be only 

dependent on the nature of the diimine ligand. The low energy features correspond to 

the metal-to-ligand charge transfer (MLCT) transition,63,93,103–108 a state that dominates 
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the photochemical properties of Re(CO)3 complexes. Similarly, the energy of the 

MLCT transition is almost independent of the nature of the phosphine. This result 

suggests that the phosphine ligands only weakly perturb the energies of metal-based 

donor orbitals, so that variations in the MLCT bands can be attributed to differences in 

the ligand π* orbitals. For the phen complexes (1 series), the MLCT band is centered 

at 367 nm; for the bpy complexes (3 series) this band occurs at 345 nm, consistent 

with the higher energy π* orbitals of this less conjugated ligand. 

 

Figure 3.2. UV-vis spectra in pH 7.4 PBS solutions for complexes (PTA, THP, 
DAPTA)-1 (top) and (PTA, THP, DAPTA)-3 (bottom). 
 
 The luminescence properties of the complexes were also evaluated (Figures 

S3.108–S3.112). Representative emission spectra for complexes (PTA, THP, 
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DAPTA)-1 are shown in Figure 3.3. All complexes bearing the THP and DAPTA 

ligands were emissive in air-equilibrated pH 7.4 phosphate-buffered saline (PBS). The 

quantum yields for emission under these conditions ranged from 3.4–6.1% for the 

THP complexes, depending on the nature of the diimine ligand. The DAPTA 

complexes were generally more emissive with quantum yields ranging from 7.1–

11.5%. Notably, complexes of the PTA ligand were effectively non-emissive under 

these conditions. The energy of the emission, which arises from the 3MLCT 

state,109,110 varies with both the nature of the diimine ligand and the phosphine. For 

example, DAPTA complexes give rise to higher emission energies compared to the 

analogous THP complexes (Table 3.1). This result indicates that the phosphine ligand 

plays a larger role in the 3MLCT compared to the 1MLCT state that was probed by the 

absorption spectra, as described above. The excited state lifetimes were also measured 

in both air-equilibrated (tair) and deoxygenated PBS (tN2)  (Table 3.1, Figures S3.113–

S3.117), and these range from 0.2 to 2.0 μs for the air-equilibrated PBS solutions, 

consistent with triplet-based MLCT excited state lifetimes measured for similar 

rhenium complexes.62,93 Notably, the lifetimes of these complexes are extended under 

nitrogen atmosphere, suggesting that O2 is an effective quenching agent.   
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Figure 3.3. Emission spectra in pH 7.4 PBS (excitation wavelength 350 nm, 
concentration 30 μM) for complexes PTA-1 (solid blue line), THP-1 (large dash red 
line), and DAPTA-1 (small dash green line). 
 
 
 Photolysis of the axial CO ligand was investigated by monitoring the UV-vis 

spectral profiles of the compounds in pH 7.4 PBS as they were irradiated with 365 nm 

light (Figures S3.118–S3.132). Representative spectral changes of PTA-1, THP-1, 

and DAPTA-1 upon irradiation are shown in Figure 3.4. Whereas all complexes of 

PTA were not photoreactive at this excitation wavelength, the THP and DAPTA 

complexes exhibited a marked change in their UV-vis spectra. We note that, in 

contrast to our results, PTA-1 was previously reported to undergo CO loss upon 

excitation at 365 nm.83 We only observed photoreactivity of the PTA complexes when 

they were irradiated with higher energy UVB light (280–300 nm). Upon irradiation of 

the THP and DAPTA complexes, the bands near 340–360 nm decayed with the 

concomitant formation of a new broad feature at lower energies. In all cases, the 

photoconversion of these complexes proceeded cleanly, as evidenced by the presence 

of well-defined isosbestic points. Furthermore, gas chromatographic analysis of three 



 

 160 

representative compounds showed that one equivalent of CO is released per molecule 

(Table S3.3). 

Photochemical quantum yields for these compounds were measured via 

ferrioxalate actinometry and are given in Table 3.1. The non-luminescent PTA 

complexes were generally not photoreactive at this excitation wavelength; upper 

estimates for their photoreaction quantum yields are less than 0.1%. By contrast, the 

DAPTA and THP complexes exhibited quantum yields ranging from 1.1 to 5.5%. 

These values are substantially lower than those previously measured for related 

rhenium phosphine complexes in degassed organic solvents;62,68 the use of aerated 

aqueous solutions in this case may lead to the lower quantum yields measured for the 

compounds described here.  

 

Figure 3.4. UV-vis spectra of the photoreactions of PTA-1 (110 μM, left), THP-1 
(115 μM, middle), and DAPTA-1 (105 μM, right) in pH 7.4 PBS over a 4 h irradiation 
period with 365 nm light. 
 
 

Because PDT agents act by generating singlet oxygen, we investigated the 1O2-

sensitization quantum yields (ΦΔ) for the fifteen rhenium complexes in air-equilibrated 

pH 7.4 PBS solutions (Table 3.2). Upon irradiation with 365 nm light, 1O2 was 

quantified via the N,N-4-dimethyl-nitrosoaniline/histidine assay following previously 
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reported procedures.59,111 The quantum yields were determined in reference to those of 

phenalenone (ΦΔ = 0.98). All PTA compounds exhibited no significant production of 

1O2 upon irradiation. This result suggests that the excited state quenching of these 

complexes occurs in an O2-independent manner. The THP and DAPTA complexes 

produce 1O2 with low to high quantum yields; DAPTA-2 exhibits the largest quantum 

yield of 70%, whereas both THP-4 and DAPTA-4 do not give rise to detectable 

quantities of 1O2 upon irradiation.  

 

Table 3.2.  Singlet Oxygen Quantum Yields  
Compound ΦΔ, % 

PTA-1 <1 
THP-1 48.5 ± 0.5 

DAPTA-1 54.0 ± 1 
PTA-2 <1 
THP-2 45.5 ± 0.5 

DAPTA-2 70.5 ± 2.5 
PTA-3 <1 
THP-3 8.7 ± 0.1 

DAPTA-3 9.1 ± 0.3 
PTA-4 <1 
THP-4 <1 

DAPTA-4 <1 
PTA-5 <1 
THP-5 15.0 ± 0 

DAPTA-5 12.5 ± 0.5 
 

Reinvestigation of the Photophysical Properties of THP-3.  

The photophysical properties of the compound THP-3 were described in one of our 

previous publications.68 In this earlier study, a luminescence quantum yield of 18% 

and a photochemical quantum yield of 21% were reported. Additionally, the 

dicarbonyl photoproduct of THP-3 was found to exhibit photoluminescence with a 
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maximum emission wavelength of 585 nm. Upon reanalysis of THP-3 in this 

investigation, we have found substantially lower luminescence and photochemical 

reaction quantum yields of 6.1% and 1.6%, respectively. Furthermore, the dicarbonyl 

photoproduct, obtained by exhaustive photolysis of THP-3, was found to be 

nonemissive. These contradictory results prompted further investigations of this 

compound in both our labs at Cornell and at UC Santa Barbara. 

 As originally reported, THP-3 was isolated as the triflate salt,68 rather than the 

TFA salt. The triflate salt of THP-3 was independently prepared as previously 

described, and characterized by elemental analysis and X-ray crystallography, which 

gave unit cell parameters that matched the previous report. The photophysical 

properties were investigated using identical conditions to those employed in the 

original study with equipment and facilities at UC Santa Barbara. The 

photoluminescence quantum yield was determined using rhodamine B (Φlum = 65%) as 

a reference standard. Quantum yields in pH 7.4 PBS in deaerated and air-equilibrated 

solutions were determined to be 9.7% and 8.0%, respectively (Figure S3.133). The 

latter value is in reasonable agreement with that measured at Cornell for the TFA 

analogue of THP-3 under similar conditions. Furthermore, after exhaustive photolysis, 

no photoluminescence was detected, demonstrating that the triflate counter ion does 

not alter this aspect of THP-3 either. Lastly, the photochemical reaction quantum 

yield of this compound was reanalyzed using a FieldMaxII-TO power meter from 

Coherent with a thermopile photodetector PM10V1 (calibrated) to measure the light 

intensities. These studies afford a quantum yield of 2.4% (Figure S3.134), in 

reasonable agreement with the value of 1.6% obtained at Cornell. These photoreaction 
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quantum yields are approximately a factor of ten smaller than the value previously 

reported,68 and we speculate that a simple calculation error may account for the error 

in the original measurement. This also may be the case for luminescence quantum 

yield, although another source of such an error would be a partially oxidized 

rhodamine B standard.  The presence of an impurity in the original samples of THP-3 

may explain the claimed photoproduct luminescence.68 A likely candidate is fac-

[Re(CO)3(bpy)(OH2)]+, as this complex is formed by aquation of the fac-

[Re(CO)3(bpy)(THF)]+, the starting material for THP-3. We have independently 

prepared and characterized fac-[Re(CO)3(bpy)(OH2)](OTf) and shown it to have an 

absorption spectrum close to that of THP-3 (Figure S3.135) and to exhibit weak 

luminescence in the region of ~580 nm (Figure S3.136). These results underline the 

importance of confirming the purity of all compounds prior to photophysical 

measurements due to the sensitivity of these measurements to small quantities of 

photoactive impurities.  

 

Density Functional Theory.  

DFT calculations were employed to gain a deeper understanding of the photophysical 

properties of these compounds. The phen compounds, PTA-1, THP-1, and DAPTA-1, 

were explored as a representative subset of all of the complexes. Geometries were 

optimized at the BP86 level112 of theory in the gas phase, and vertical singlet excited 

state energies were calculated with time-dependent DFT (TD-DFT) employing a 

solvent continuum dielectric model for water113 and the hybrid functional PBE0. A 

map of the lowest energy singlet excited states of these complexes is given in Figure 
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3.5. For THP-1 and DAPTA-1, the lowest energy singlet excited states are MLCT in 

character, as can be discerned from the difference density maps that show a shift of 

electron density from the metal to the phenanthroline ligand in the excited state. By 

contrast, the four lowest energy singlet excited states for PTA-1 cannot be reasonably 

described as MLCT states; the difference density maps of these excited states 

represent N 2p à L π* transitions, or ligand-to-ligand charge transfers where the N 2p 

electrons are initially localized on the PTA phosphine. The fifth excited state of PTA-

1 is the definitive MLCT, as indicated by the difference density map. Because the 

MLCT is generally the state which mediates the luminescence and facilitates internal 

conversion to the photoreactive ligand field excited state, the presence of four lower 

energy N 2p à L π* states may enhance non-radiative and non-reactive decay 

pathways to the ground state. One can alternatively think of this as a photoinduced 

electron transfer (PeT) quenching mechanism, one that commonly employs 

modulation of nitrogen lone pair orbital energies to elicit a fluorescent response.114 

The efficient quenching of the MLCT due to the nitrogen lone pairs of the PTA 

complexes would, therefore, explain the lack of observed luminescence for this class 

of compounds. Furthermore, the lack of photosubstitution is also a consequence of the 

efficient quenching of the 1MLCT state, which must occur more rapidly than 

intersystem crossing to states that would enable these photoreactivities.62 We note that 

the DAPTA ligand likewise possesses an N 2p lone pair that may also be available for 

PeT quenching. We hypothesized that the presence of the electron withdrawing acetyl 

groups increase the redox potential of the nitrogen lone pair, such that PeT quenching 

is less thermodynamically viable. This hypothesis was further supported by examining 
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the DFT energies of the nitrogen lone pair orbitals of PTA-1 and DAPTA-1. The 

energy of this orbital in PTA-1 is higher than that of DAPTA-1 by approximately 0.3 

eV. As such, the nitrogen lone pair in DAPTA-1 is less susceptible to oxidation, 

rendering PeT quenching less thermodynamically favored. 

 
Figure 3.5. State energy diagram of PTA-1 (left), THP-1 (middle), and DAPTA-1 
(right), and the corresponding electron density difference maps for relevant excited 
states. Negative (white) and positive (red) electron density illustrates the transitions. 

 
Photoinduced Anticancer Activity.  

To rapidly screen for photoactivated in vitro anticancer activity, HeLa cells were 

treated with the fifteen compounds at a single dose of 200 μM. The cells were 

incubated for 4 h with the rhenium compounds, and then irradiated with 365 nm light 

for 30 min. Another batch of cells, used as the non-irradiated control, was subjected to 

the same conditions in the absence of light. The viability of the cells in the presence of 

the 15 different compounds under the conditions of light irradiation and dark are 

shown in Figure 3.6 and Table S3.10. All compounds at this concentration level, with 

the exception of THP-2, THP-5, and DAPTA-5 exhibited little or no toxicity in the 

dark (within experimental uncertainty). Upon irradiation, all of the THP and DAPTA 
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complexes, with the exception of THP-3 for which that effect was much smaller, 

induced significant cell death, indicating that these compounds are potential PDT or 

PACT agents. Consistent with their lack of photoreactivity, none of the PTA 

complexes exhibited significant cytotoxicity when exposed to light. 

 

 
Figure 3.6. Single-dose (200 μM) cell viability of HeLa cells for all complexes. The 
compounds were tested in triplicate under both light and dark conditions. For light-
irradiated samples, an irradiation time 30 min with 365 nm light at a photon flux (2.38 
± 0.31) × 10–10 Einsteins/s was employed. 

 

Based on this initial screening, the most potent compounds, THP-1, THP-2, 

THP-5, and all DAPTA complexes, were further evaluated in full dose-response 

studies to determine 50% growth inhibitory concentration (IC50) values in HeLa cells. 

These values are collected in Table 3.3 and Figures S3.140–S3.148. Consistent with 

the single-dose studies, the compounds were all non-toxic in the absence of light. 

Under conditions of light irradiation at 365 nm, the compounds exhibited enhanced 
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cytotoxicity. Notably, THP-2 and DAPTA-1 possess IC50 values that are less than 10 

μM. The ratio of IC50 values in the dark over those determined upon irradiation give 

phototoxicity indices (PI) that are >34 for DAPTA-1 (Figure 3.7) and >21 for THP-2. 

The exact phototoxicity indices could not be determined because the compounds do 

not induce cell death in the dark at the highest concentration (200 μM) screened. 

 

Figure 3.7. Dose-response curves for DAPTA-1 in HeLa cells in the presence (red 
dashed) and absence (black solid) 365 nm light irradiation. For light-irradiated 
samples, an irradiation time 1 h with 365 nm light at a photon flux (2.38 ± 0.31) × 10–

10 Einsteins/s was employed. 
 

DAPTA-1 and THP-1 were further evaluated in wild-type (A2780) and 

cisplatin-resistant ovarian (A2780CP70) cancer cell lines (Table 3.4, Figures S3.149–

S3.152). THP-1 exhibited enhanced cytotoxic effects in the presence of light in both 

A2780 and A2780CP70 cell lines. The IC50 values of the irradiated THP-1, however, 

are approximately 6-fold higher in the cisplatin-resistant cell line, indicating that this 

photoactivated product is susceptible to platinum resistance mechanisms. By contrast, 

DAPTA-1 gave rise to light-induced IC50 values of 2.1 and 3.2 μM in the A2780 and 

A2780CP70 cell lines, indicating that this compound can circumvent cisplatin 
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resistance.  

 
Table 3.3. IC50 values in HeLa (cervical cancer) cells in the absence and presence of 
365 nm light.  

 
a Phototoxic index (PI) is the dark IC50 value divided by the light IC50 value. For light-
irradiated samples, an irradiation time 1 h with 365 nm light at a photon flux (2.38 ± 0.31) × 
10–10 Einsteins/s was employed. 
 
Table 3.4. IC50 values in A2780 (ovarian) and A2780CP70 (ovarian cisplatin-
resistant) cells in the absence and presence of 365 nm light. 

 
a Phototoxic index (PI) is the dark IC50 value divided by the light IC50 value. For light-
irradiated samples, an irradiation time 1 h with 365 nm light at a photon flux (2.38 ± 0.31) × 
10–10 Einsteins/s was employed. 
 
 
Identifying the Cytotoxic Species.  

Upon photolysis of this class of compounds in water, both CO and the rhenium 

dicarbonyl complexes fac-[Re(NN)(PR3)(CO)2(OH2)]+ are released, and singlet 

oxygen is produced. We hypothesized that the resulting dicarbonyl rhenium 

photoproduct could induce cytotoxicity by interacting covalently with biomolecules, 

             Compound IC50 Value (µM)   
 HeLa PIa 

Dark Light 
THP-1 >200 26.4 ± 9.2 >7.6 

DAPTA-1 >200 5.9 ± 1.4 >33.9 
THP-2 >200 9.6 ± 4.2 >20.8 

DAPTA-2 >200 19.2 ± 2.9 >10.4 
DAPTA-3 >200 14.9 ± 3.2 >13.4 
DAPTA-4 >200 60.3 ± 18.2 >3.3 

THP-5 72.6 ± 23.2 68.0 ± 4.3 1.1 
DAPTA-5 >200 24.3 ± 9.1 >8.2 

Compound IC50 Value (µM) 
 A2780 PI A2780CP70 PIa 

 Dark Light Dark Light 
THP-1 >200 4.6 ± 1.4 43.5 >200 29.9 ± 7.7 6.7 

DAPTA-1 >200 2.2 ± 1.1 90.9 >200 3.2 ± 0.7 62.5 
Cisplatin 0.18 ± 0.07 – – 5.14 ± 1.1 – – 
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in a similar manner to the corresponding tricarbonyl aqua species that we have 

studied.78 To explore this possibility, we synthesized two dicarbonyl analogues, one of 

DAPTA-1 and the other of PTA-3, for further evaluation of their anticancer activity. 

The dicarbonyl analogue of DAPTA-1 was pursued because DAPTA-1 is the most 

potent compound in our library. By contrast, the dicarbonyl analogue of PTA-3 was 

investigated because this compound exhibits no phototoxicity; this compound would 

enable us to determine if the dicarbonyl species could elicit a cytotoxic response in the 

absence of CO release. The target compounds, fac-[Re(phen)(CO)2(DAPTA)Cl] 

(DAPTA-1A) and fac-[Re(bpy)(CO)2(PTA)Cl] (PTA-3A) were synthesized in two 

steps from DAPTA-1 or PTA-3 (Scheme 3.3). Following previously reported 

procedures,115–118 DAPTA-1 or PTA-3 was treated with trimethylamine-N-oxide 

(TMAO) and NEt4Cl, and heated to reflux in a mixture of CH2Cl2 and CH3OH. This 

reaction induces the liberation of the axial CO ligand as CO2, providing the open 

coordination site that is then occupied by the chloride ions in solution to yield 

DAPTA-1A or PTA-3A as red solids. The compounds DAPTA-1A (Figures S3.16, 

S3.33, S3.65, S3.82) and PTA-3A (Figures S3.17, S3.34, S3.66, S3.83) were 

characterized by conventional spectroscopic methods. The chlorido complexes were 

sufficiently soluble for biological studies after stirring them in water for several hours; 

their dissolution is hypothesized to occur with concomitant aquation of the chlorido 

ligand. Photolyzed solutions of DAPTA-1 give rise to a peak with the same retention 

time on HPLC as DAPTA-1A (Figure S3.153). Furthermore, solutions of photolyzed 

DAPTA-1 exhibit the same UV-vis (Figure S3.154) and 1H NMR spectra (Figure 

S3.155) as DAPTA-1A, confirming this compound to be the photoproduct 
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Scheme 3.3. Synthetic scheme for the photoproducts, DAPTA-1A and PTA-3A. 

 

From the photolysis of DAPTA-1 in D2O (Figure S3.155), single crystals of 

an aqua analogue of DAPTA-1A, fac-[Re(phen)(DAPTA)(CO)2(OD2)]+ (DAPTA-

1A-aqua) precipitated. Crystals of PTA-3A were obtained by vapor diffusion of 

diethyl ether into N,N-dimethylformamide (DMF). The structures of these complexes 

were determined by single-crystal X-ray diffraction (Figure 3.8). The equatorial Re–

CO distances are approximately 0.06 Å shorter than those observed in DAPTA-1 and 

0.03 Å shorter for PTA-3. The decrease in distance presumably arises from the loss of 

a π-accepting CO ligand. PTA-3A also exhibits a notably smaller Cl–Re–P angle of 

168.77(3)°, significantly deviating from linearity. The O–Re–P distance in DAPTA-

1A-aqua is also considerably bent at an angle of 171.70(9)°. This axial ligand bend 

represents an interesting deviation from the corresponding angles found in DAPTA-1 

and PTA-1 and other complexes of the type fac-[Re(CO)3(NN)X], with C–Re–X 

angles between 174–178°.102,119 A similar rhenium phosphine compound, fac-

[Re(CO)2(NN)(PR3)Cl] (PR3 = P(OEt)3), reported exhibits a Cl–Re–P angle of 173°.117 
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Figure 3.8. X-ray crystal structure of DAPTA-1A-aqua (left) and PTA-3A (right). 
Bond lengths and angles are reported in Table S3.2. Ellipsoids are drawn at the 50% 
probability level. H atoms bound to C atoms and counterions are omitted for clarity. 
 
 

With purified DAPTA-1A and PTA-3A in hand, the anticancer activity of 

these photoproducts was analyzed. PTA-3A (Figure S3.156) was non-toxic in HeLa 

cells up to a 200 μM in the dark. DAPTA-1A (Figure 3.9, Figure S3.157) exhibited a 

mild cytotoxic effect at concentrations >50 μM. Additionally, solutions of DAPTA-1 

after its exhaustive photolysis gave rise to a similar cytotoxic response as DAPTA-1A 

(Figure S3.158), supporting the toxic effects of this dicarbonyl complex. The 

cytotoxicity of PTA-3A and DAPTA-1A were further investigated under conditions 

of UVA light irradiation to probe for additional phototoxicity of these complexes. 

Neither complex, however, induced additional cytotoxic effects in the presence of 

light. Taken together, these results indicate that the phototoxicity of DAPTA-1 could 

arise only in part from the dicarbonyl photoproduct and that additional cytotoxicity is 

elicited through a separate mechanism. The lack of cytotoxicity of PTA-3A is 

surprising because related rhenium carbonyl complexes with a labile coordination site 

bind covalently to biomolecules75–77 and induce cell death.78,120–122 Although, we only 
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investigated DAPTA-1A and PTA-3A, we hypothesize that the phototoxicity of the 

other compounds studied here could arise in part from the dicarbonyl product.   

 

Figure 3.9. Dose-response curve for DAPTA-1A (black solid) in HeLa cells in the 
absence of light and DAPTA-1 (red dash) under 365 nm light irradiation. 

 
The limited toxicity of these dicarbonyl complexes could possibly be attributed 

to their different cellular uptake and intracellular distribution compared to the 

tricarbonyl phosphine precursors. Upon photolysis in aqueous solution, dicarbonyl 

aqua complexes, like DAPTA-1A-aqua (Figure 3.8), are formed. When coordinated 

to metal centers, the pKa of water decreases substantially. Depending on their pKa 

values, the photogenerated dicarbonyl complexes could exist either as the charge-

neutral hydroxides or as the cationic aqua complexes at physiological pH. On the basis 

of charge, such species would be expected to have different cellular uptake and 

localization. To investigate the relative abundances of these species, the pKa values of 

aquated solutions of DAPTA-1A, PTA-3A, and the photoproduct of THP-1 were 

determined. These solutions were titrated with base as the pH and UV-vis spectra were 

monitored. Upon basification, a shift in the absorbance spectra from approximately 
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370 to 430 nm was observed. This shift arises from the deprotonation of the aqua 

complex. Based on this data, the pKa values for the dicarbonyl aqua photoproducts of 

DAPTA-1, THP-1, and PTA-3 are 9.51, 10.07, and 8.75, respectively (Figures 

S3.159–S3.164). These values are similar to those measured for related monoaqua 

transition metal complexes,123,124 and they indicate that at physiological pH the 

compounds exist as the cationic aqua complexes.      

 The low cytotoxicity of the rhenium photoproducts, DAPTA-1A and PTA-3A, 

prompted us to consider the potential role of 1O2 and CO in mediating cell death. 

Nearly all of the rhenium complexes in this chapter sensitize the formation of highly 

toxic 1O2 (Table 3.2). No clear direct correlation between ΦΔ and the phototoxicity 

exist, however, indicating that 1O2 sensitization is not the only mechanism of activity 

of these complexes. To further test this hypothesis, the phototoxicity of DAPTA-1 

was investigated under hypoxia, conditions in which 1O2 sensitizers are less effective. 

HeLa cells were treated with DAPTA-1 with a similar procedure as described above, 

except the cells were subjected to hypoxic conditions (5% CO2, 95% N2) before and 

after exposure to 365 nm light for 1 h. Under hypoxic conditions, DAPTA-1 induced 

moderate phototoxicity characterized by an IC50 value of 20 ± 1.5 μM (Figure 

S3.165). This value is somewhat larger than that measured in normoxic conditions 

(Table 3.3), suggesting that 1O2 sensitization does play a role in this compound’s 

mechanism of action. The lack of a complete suppression of phototoxicity under these 

conditions, however, does verify that other factors, namely the dicarbonyl 

photoproduct and CO, may also contribute to the observed activity.  

A third possible contributor to the complexes’ phototoxicity is CO. 
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Understanding the biological effects of CO is an active area of research. CO at low 

concentrations can have therapeutic properties as it elicits anti-inflammatory effects 

and vasodilation.125–134 The application of CO as a cytotoxic agent for the destruction 

of malignant cells has also been explored.72,79–81,84,137–141 CO most likely kills cells by 

binding with high affinity to cytochrome c oxidase,142 thereby inhibiting the 

mitochondrial respiration pathway. Inhibition of the mitochondrial respiration pathway 

in this manner with CO reduces cancer cell proliferation by metabolically exhausting 

cells.143 If the cytotoxic effects of these complexes are mediated solely by CO, then 

the photoactivated anticancer activity could potentially correlate to the quantum yield 

for CO release. Across the fifteen compounds tested, however, we do not observe this 

correlation, suggesting that additional factors are in operation. One possible 

explanation is that the quantum yields measured in buffer are not representative of 

those in the complex biological media where binding to proteins such as albumin may 

alter the values in an unexpected manner. For example, the photophysical properties of 

the organic dye Rose Bengal and TPPS [meso-tetra(4-sulfanatophenyl)porphyrin] are 

dramatically altered in the presence of albumin and the cell membrane environment.144 

Alternatively, differential cell uptake and intracellular localization of these compounds 

due to their different lipophilicities may play a large role in mediating the cytotoxic 

effects of the photoreleased CO and would explain the clear lack of a correlation 

between CO photorelease quantum yield and cytotoxicity.  

 

CONCLUSIONS 

The structural and photophysical properties of fifteen rhenium tricarbonyl complexes 
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bearing one of three water-soluble phosphines and five different diimine ligands were 

investigated. THP and DAPTA complexes exhibited relatively efficient quantum 

yields for luminescence, photosubstitution of CO, and the production of singlet 

oxygen. The lack of photoreactivity of the PTA complexes was attributed to 

quenching from the nitrogen lone pair orbitals, via a photoinduced electron transfer 

mechanism. The photoreactivities of the THP and DAPTA complexes was leveraged 

to generate PDT or PACT agents that simultaneously released CO and a labile 

rhenium complex upon exposure to UV light. The complex DAPTA-1 exhibited the 

most potent cytotoxic effects upon light exposure in HeLa cells and in wild-type and 

cisplatin-resistant ovarian cancer cells. The dicarbonyl photoproduct, DAPTA-1A, 

was only moderately cytotoxic, suggesting that an additional mechanism of cell death 

may be operable, which could be attributed to 1O2 and the released CO. Because no 

direct correlations between phototoxicity and both 1O2 sensitization and CO 

photosubstitution reaction quantum yields could be discerned, we believe that more 

complicated and subtle factors are in operation for this class of compounds. 

Regardless, these compounds represent a new type of combined PDT and PACT agent 

that operates under a multi-action mechanism. They can be easily synthesized, are 

water-soluble, and exhibit high phototoxic indices. Although this class of compounds 

is activated only by UVA light, they represent an important proof of principle for the 

development of new phototoxic rhenium compounds. This chapter spurred the interest 

in developing improved analogues of these rhenium complexes bearing different 

ligand scaffolds that also can induce CO loss upon photoactivation. In Chapter 4, we 

describe a rhenium tricarbonyl isonitrile complex that induces CO loss in the presence 
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of light, but has no additional cytotoxic effects in vitro, and operates via a distinct 

mechanism of action from the complexes discussed in this chapter.  

 

EXPERIMENTAL 

Methods and Materials.  

Rhenium carbonyl was purchased from Pressure Chemicals (Pittsburgh, Pennsylvania, 

USA). Iodobenzene dichloride was synthesized as previously reported.145 The diimine 

ligands, 2,2'-bipyridine (bpy), 4,4'-dimethyl-2,2'-dipyridyl (dmbpy), 4,4′-dimethoxy-

2,2'-bipyridine (dmobpy), 1,10-phenanthroline (phen), and 2,9-dimethyl-1,10-

phenanthroline (dmphen) were purchased from either Sigma Aldrich (St. Louis, 

Missouri, USA), Alfa Aesar (Heysham, England), or Beantown Chemical (Hudson, 

New Hampshire, USA) and were used as received. [Re(CO)3(phen)Cl], 

[Re(CO)3(dmphen)Cl], [Re(CO)3(bpy)Cl], [Re(CO)3(dmbpy)Cl], and 

[Re(CO)3(dmobpy)Cl] were synthesized using a previously reported procedure.88,89 

The phosphine ligands 1,3,5-triaza-7-phosphaadamantane (PTA) and 

tris(hydroxymethyl)phosphine (THP) were purchased from Alfa Aesar (Heysham, 

England) and Acros (Geel, Belgium), respectively, and were both used as received. 

The compound 1,4-diacetyl-1,3,7-triaza-5-phosphabicylco[3.3.1]nonane (DAPTA) 

was synthesized from PTA using a previously reported procedure.86 All solvents were 

ACS grade or higher. All reactions were carried out under ambient atmospheric 

conditions without any effort to exclude water or oxygen. 
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Physical Measurements.  

NMR samples were prepared as solutions using either MeOD-d4, DMSO-d6, DMF-d7, 

and D2O as the solvents. NMR spectra were acquired on a Varian Inova 400 MHz 

spectrometer. 1H NMR chemical shifts were referenced to residual solvent peaks 

versus tetramethylsilane (TMS) at 0 ppm or an external standard, 1,4-dioxane at 3.75 

ppm in D2O. 19F and 31P NMR spectra were referenced using an external standard of 

KPF6 in D2O (19F δ = –72 ppm vs CFCl3 at 0 ppm; 31P δ = –145 ppm vs H3PO4 at 0 

ppm). Samples for IR spectroscopy were prepared as KBr pellets and were analyzed 

on a Nicolet Avatar 370 DTGS (ThermoFisher Scientific, Waltham, MA). The HPLC 

system (LC-20AP) used for purification of the Re-THP complexes (excluding THP-5) 

consisted of a SPD-20AV UV-vis detector monitored at 270 and 220 nm (Shimadzu, 

Japan) and a Epic Polar preparative column, 120 Å, 10 µm, 25 cm × 20 mm (ES 

Industries, West Berlin, NJ) at a flow rate of 14 mL/min using a binary mobile phase 

containing 0.1% trifluoroacetic acid (TFA) and H2O. The method for purification 

consisted of 0–5 min at 10% MeOH, followed by a linear gradient of 100% MeOH for 

over 20 min, then 10% MeOH for 1 min. Analytical chromatography was carried out 

on a LC-20AT pump with a SPD-20AV UV-vis detector monitored at 270 and 220 nm 

(Shimadzu, Japan) using an Ultra Aqueous C18 column (100 Å, 5 µm, 250 mm × 4.6 

mm, Restek, Bellefonte, PA) at a flow rate of 1 mL/min with a mobile phase 

containing 0.1% trifluoroacetic acid (TFA) in H2O or MeOH. The method consisted of 

5 min at 10% MeOH, followed by a linear gradient to 100% MeOH over 20 min. 

High-resolution mass spectra (HRMS) were recorded on an Exactive Orbitrap mass 

spectrometer in positive ESI mode (ThermoFisher Scientific, Waltham, MA) with 
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samples injected as acetonitrile/water solutions with 1% formic acid. Elemental 

analyses (C, H, N) were performed by Atlantic Microlab Inc. (Norcross, Georgia, 

USA). UV-visible spectra were recorded on a Cary 8454 UV-vis (Agilent 

Technologies, Santa Clara, CA) or a Beckman Coulter DU800 UV-vis using 1-cm 

quartz cuvettes. Lifetime measurements were collected as described below. 

Phototoxicity experiments were conducted using a UVA handlamp elevated 8 cm from 

the cells to give a photon flux of (2.38 ± 0.31) × 10–10 Einsteins/s at 365 nm. 

Analytical photochemical measurements were performed using a Newport 

Mercury/Xenon Arc Lamp. The light output was modulated using a combination of a 

Newport heat absorbing glass filter (50.8 × 50.8 mm) with infrared cut-off (Schott 

KG5 filter glass), a Newport mercury line bandpass filter (25.4 mm, center wavelength 

365.0 ± 2 nm), and a Newport visible absorbing filter (50.8 × 50.8 mm, center 

wavelength 340 nm) made of dark optical glass to isolate monochromatic 365 nm 

light. Luminescence quantum yield measurements were carried out on a Beckman 

Coulter DU800 UV-vis and Varian Eclipse Fluorometer. 

 

X-Ray Crystallography.  

Single crystals were grown using vapor diffusion of diethyl ether into solutions of 

methanol or acetonitrile. For compound DAPTA-1A, the crystals were isolated from a 

solution of D2O, and those for PTA-3A were collected from vapor diffusion of diethyl 

ether into DMF. Low-temperature (223 K) X-ray diffraction data for PTA-1, THP-1, 

DAPTA-1, PTA-2, THP-2, DAPTA-2, PTA-3, DAPTA-3, PTA-4, THP-4, 

DAPTA-4, PTA-5, THP-5, DAPTA-5, DAPTA-1A, and PTA-3A were collected on 
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a Bruker X8 Kappa diffractometer coupled to an ApexII CCD detector with graphite-

monochromated Mo Kα radiation (λ = 0.71073 Å). The structures were solved through 

intrinsic phasing using SHELXT146 and refined against F2 on all data by full-matrix 

least squares with SHELXL147 following established refinement strategies.148 All non-

hydrogen atoms were refined anisotropically. Hydrogen atoms bound to carbon were 

included in the models at geometrically calculated positions and refined using a riding 

model. Hydrogen atoms bound to oxygen were located in the difference Fourier 

synthesis and subsequently refined semi-freely with the help of distance restraints. The 

isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the U 

value of the atoms they are linked to (1.5 times for methyl groups). Details of the data 

quality and a summary of the residual values of all the refinements are listed in Tables 

S3.1 and S3.2. 

 

Photochemistry.  

Photochemical reactions were monitored by UV-vis spectroscopy. Stock solutions of 

the rhenium compounds at 1–2 mM concentrations in PBS (pH 7.4) were diluted in 

PBS (pH 7.4) to a final volume of 3 ml at a concentration of approximately 40–150 

µM. The absorbance of these samples was between 0.1 and 0.5 at 365 nm. The 

solutions were stirred in a 1-cm quartz cuvette and irradiated with 365 nm light using 

the UVA handlamp described above. At different time points, the UV-vis spectra were 

acquired. The photoreaction was deemed complete when no further changes in the 

UV-vis spectra were observed. For DAPTA-1, the photoreaction was monitored by 

HPLC (Figure S3.153), UV-vis (Figure S3.154) and 1H NMR spectroscopy (Figure 
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S3.155). 

 

CO Release Measurements.   

These measurements were carried out as previously reported.149 Millimolar stock 

solutions of DAPTA-1, DAPTA-4, and THP-3 were prepared by dissolving a known 

amount of the respective complex in 10 mL of pH 7.4 PBS. A custom designed 

Schlenk cuvette71 (internal volume of 23.6 mL) was loaded with 6 mL of the stock 

solution, a magnetic stir bar, and sealed. The UV-vis spectrum was measured using a 

Shimadzu UV2401 (PC) spectrophotometer. The sample was then exposed to 365 nm 

light using an Oriel 200-500 W/Hg Arc lamp filtered by a 365 nm mercury line 

interference filter. The power of the incident light (50 mW) was measured using a 

Coherent FieldMaxII-TO Power Meter. After 1 h, the UV-vis spectrum was measured 

again.  This was repeated until there were no further significant absorbance changes at 

the λmax (~ 400 nm) of the product, indicating that the photoreaction was complete (~3 

h).  

 A gas tight syringe was used to remove a 100 µL sample from the headspace 

of the cell through a special screw top fitted with a 3-layer laminated silicone GC 

septum.  This sample was analyzed by gas chromatography with thermal conductivity 

detection (GC-TCD) using an Agilent 6890N gas chromatograph fitting with a 

Carboxen 1010 PLOT fused silica capillary column (L × I.D. = 30 m × 0.53 mm, 

average thickness 30 μm). The GC inlet temperature was 230°C.  The oven was held 

at 35 °C for 14 min, then ramped at 20°C/min to 245°C, and finally held at 245°C for 

10 min. The retention time for carbon monoxide (CO) is about 11.2 min and carbon 
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dioxide (CO2) is 21 min. Dioxygen and dinitrogen from ambient air have retention 

times of about 8.2 and 8.4 min, respectively. The ChemStation auto-integration 

function was used to calculate the peak area for CO. 

 The amount of CO in the 100 µL sample was calculated using a calibration 

curve made by injecting known amounts of CO from a Schlenk flask. The moles of 

CO in the headspace of the Schlenk cuvette (SC moles of CO) was calculated using 

the following equation. The volume of the headspace for the Schlenk cuvette (SC 

headspace) is calculated by subtracting the solution volume from the total volume of 

the Schlenk cuvette. 

 

(3.1)     

 

For CO, the partition coefficient between the gas phase and water is ~50 at ambient 

temperature (41 mmoles/liter-atm versus 0.84 mmoles/liter-atm), thus essentially all 

the CO will be in the gas phase. The stoichiometric ratio (moles CO released/mole of 

photoreacted complex) was calculated by dividing the SC moles of CO by the moles 

of complex photolyzed. The average and sample standard deviation of three injections 

is reported. The results are shown in Table S3.3. 

 

Emission Quantum Yield.  

The luminescence quantum yields were measured as previously reported150 and 

described in a Chapter 2 (pg. 121) in PBS (pH 7.4) solutions.  
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Photochemical Reaction Quantum Yield.  

The photochemical reaction quantum yields were determined via potassium 

ferrioxalate actinometry.151 All solutions were prepared with minimal light exposure 

and stored in the dark. To determine the photon flux of our lamp, a 1.5 mL volume of 

potassium ferrioxalate (6.1 mM, 0.05 M H2SO4) was irradiated with monochromatic 

365 nm light for 30 seconds with continuous stirring in a 1-cm quartz cuvette. After 

irradiation, a 0.1 mL aliquot of the ferrioxalate solution was added to 2.9 mL of 1,10-

phenanthroline (5.7 mM, 0.5 mM H2SO4) containing sodium acetate buffer (1.8 M, pH 

5). This procedure was repeated for an identical potassium ferrioxalate solution kept in 

the dark to correct for any thermal reactions. The resulting solution was shaken for 30 

s and then incubated for 1 min. The absorbance was then recorded for both the 

irradiated solution and the dark solution. The equation used to determine photon flux 

is as follows: 

                            (3.2)      

 

where NA is Avogadro’s number, q is photon flux (photons/s), ΔA is the change in 

absorbance at 510 nm for the irradiated solution minus the dark solution, V1 (ml) is the 

total volume after dilution, V2  (ml) is the volume irradiated, and V3 (ml) is the volume 

of irradiated sample diluted into 1,10-phenanthroline, Φ is the quantum yield at 365 

nm, ε is the extinction coefficient (M–1 cm–1), l is path length (cm), and t is time (s). 

For potassium ferrioxalate at 365 nm, Φ = 1.25 and ε = 11,000 M–1 cm–1.151 Photon 

flux and quantum yields were cross-referenced to the actinometer, Reinecke’s salt (Φ 
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= 0.38 at 365 nm) to verify the accuracy of our measurements.151  

The quantum yields of the rhenium compounds were determined by first 

measuring the photon flux of the light source with potassium ferrioxalate, as described 

above. The rhenium compound was irradiated in pH 7.4 PBS with the monochromatic 

365 nm light. The concentration of these samples was such that the absorbance was 

greater than 2 at 365 nm, ensuring that all photons were absorbed by the sample. For 

some samples, a correction factor (1–10–A) was applied to the photon flux if the 

solution was below an absorbance of 2, where A is the absorbance of the sample at the 

irradiation wavelength, 365 nm. This correction factor accounts for the fact that in 

more optically dilute solutions not all photons may be absorbed. After a given time 

period of irradiation, the sample was diluted in 2.5 ml PBS and the UV-vis absorbance 

was measured. This diluted sample was subjected to continued irradiation for 0.5–2 h 

until the photoreaction was complete, enabling us to determine the extinction 

coefficient of the photoproduct. To determine the quantum yield of the rhenium 

compounds, equation 3 was applied to determine Φ, using the photon flux determined 

from the potassium ferrioxalate actinometry. Absorbance change was monitored at 

425–450 nm, depending on the sample.  

 

Lifetime Measurements.  

Laser excitation for the phosphorescence lifetime measurements was provided by 

pulsing the 405 nm laser line from a four-line iChrome MLE laser (Toptica Photonics 

AG, Munich, Germany). The diode laser in the iChrome was triggered by a DG535 

Digital Delay/Pulse Generator (Stanford Research, Sunnyvale, CA) at 100 KHz and 
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delivered 100 ns FWHM 405 nm excitation pulses. The 405 nm pulses were fiber-

delivered to a sample-filled cuvette and phosphorescence was collected at 90 degrees 

through second fiber for delivery to a Bialkali photomultiplier tube (HC125, 

Hamamatsu, Bridgewater, NJ) through a 470 nm long pass filter (HQ470lp, Chroma 

Technology, Bellows Falls, VT). The time-resolved photon counts were collected in 

40 ns time bins using a SR430 Multi-channel scaler (Stanford Research, Sunnyvale, 

CA). Data was transferred to a PC via the SR430 GPIB bus and fit to the standard 

exponential decay model using MagicPlot Pro software. Measurements were collected 

in PBS solutions at 1000 μM. For deoxygenated measurements, nitrogen gas was 

bubbled into the PBS solutions for 15 min and then the lifetime was determined.   

 

Singlet Oxygen Measurements.  

Indirect singlet oxygen measurements were performed using the N,N-dimethyl-4-

nitrosoaniline/histidine assay, where histidine is oxidized by singlet oxygen and the 

oxidized histidine reacts with N,N-dimethyl-4-nitrosoaniline.111 All measurements 

were performed in PBS solutions containing N,N-dimethyl-4-nitrosoaniline (25 μM), 

histidine (10 mM) 59 The reaction was irradiated with monochromatic 365 nm light in 

1 cm glass cuvettes at 2 min increments, and the bleaching of  N,N-dimethyl-4-

nitrosoaniline was monitored at 440 nm. The absorbance at 440 nm was plotted 

against irradiation time. The singlet oxygen quantum yield (Φsample) of the rhenium 

complexes was determined relative to the quantum yield of phenalenone (Φref = 

0.98)152 using the following formula:  
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                  (3.3)        

Where S is the slope of plot of absorbance vs. time and I is the overlap of the lamp 

emission spectra and the absorbance spectra using the formula: 

                  (3.4)         

Where I0 is the light-flux intensity of the lamp and A is absorbance of the compound at 

the irradiation wavelength. The standard, phenalenone was cross-referenced to the 

complex, fac-[Re(CO)3(NNN)]+ where NNN = N,N-bis(quinolin-2-ylmethyl)amino]-

5-valeric acid (Re–COOH), reported by Leonidova et al.59 They reported a singlet 

oxygen quantum yield of 20% in water. Using our experimental setup, we measured a 

value of 33–37%. 

 

DFT Studies.  

All computational calculations were performed using version 3.0.3 the ORCA 

computational package.153 The resolution of identity (RI) approximation was used 

throughout for computational efficiency. Geometry optimizations were performed in 

the gas phase using the functional BP86,112 the basis set def2-TZVP and its auxiliary 

def2-TZV/J,154 and the zeroth-order regular approximation for relativistic effects 

(ZORA).155–157 Optimized geometries were subjected to TD-DFT calculations to 

determine the nature of the relevant excited states.113 For these calculations, the hybrid 

functional PBE0 functional was employed,158 using the same basis sets and ZORA as 
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described above. For the TD-DFT calculations, the SMD solvation model for water 

was employed.159 Twenty singlet excited states were calculated for PTA-1, THP-1, 

and DAPTA-1. All optimized geometry coordinates are listed in the Supporting 

Information in Tables S3.4–S3.6 the lowest energy singlet excited states are 

summarized in Tables S3.7–S3.9, and the frontier Kohn-Sham orbitals are located 

Figures S3.137–S3.139. 

 

Cell Culture and Cytotoxicity.  

HeLa (cervical cancer) cell line was obtained from American Type Culture Collection 

(ATCC) and cultured using Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS). A2780 (ovarian cancer) and 

A2780CP70 (cisplatin-resistant ovarian cancer) cell lines were provided by the Cell 

Culture Facility of Fox Chase Cancer Center160 (Philadelphia, PA). These cells were 

cultured as monolayers with Roswell Park Memorial Institute (RPMI)-1640 culture 

media supplemented with 10% FBS. All cell lines were grown in a humidified 

incubator at 37 °C with an atmosphere of 5% CO2. Cells were passed at 80–90% 

confluence using trypsin/EDTA. Cells were tested monthly for mycoplasma 

contamination with the PlasmoTest™ mycoplasma detection kit from InvivoGen.   

The procedure for determining phototoxicity was modified from the OECD 

Guidelines, except MTT was replaced with Neutral Red for determining cell 

viability.161 All compounds, except for DAPTA-1A and PTA-3A were dissolved in 

PBS at pH 7.4 to prepare a 1–2 mM stock solution. DAPTA-1A and PTA-3A were 

solubilized in water after exhaustive stirring. For single-dose studies, only HeLa cells 
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were used. For both the single dose and full dose response all cells were grown to 80–

90% confluence, detached with trypsin/EDTA, seeded in 96-well plates at 2000 

cells/well for HeLa cells and 4000 cells/well for A2780 and A2780CP70 cells in 100 

μL of growth media, and incubated for 24 h. The medium was removed and replaced 

with fresh medium (200 μL) containing a single concentration of either PTA, THP, or 

DAPTA-1, 2, 3, 4, 5 or media. The cells were then incubated for 4 h and then the cells 

were irradiated with 365 nm for 30 min (one plate under the same dosing conditions 

was kept outside the incubator in the dark as a control). After exposure to light, the 

plates were incubated for an additional 44 h, the medium was removed from the wells, 

and 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide (MTT) in DMEM or RPMI 

(200 μL, 1 mg/mL) was added. The additional 44 h incubation was performed to 

ensure that the cells were in the logarithmic growth phase and that the cells had 

adequate time to regrow after exposure to the complexes. After 4 h, the MTT/DMEM 

or RPMI solution was removed, and the formazan crystals were dissolved in 200 μL of 

an 8:1 mixture of DMSO and pH 10 glycine buffer. The absorbance at 570 nm in each 

well was measured using a BioTek Synergy HT plate reader. Cell viability was 

determined by normalizing the absorbance of the treated wells to untreated wells. The 

% viability data shown is an average of three independent experiments with six 

replicates per concentration. The same procedure was followed as above for the full 

dose response but instead after 24 h, varying concentrations of the desired compounds 

were added and they were incubated for 4 h then irradiated for 1 h. Cell viability was 

again determined by normalizing the absorbance of the treated wells to untreated 

wells. The concentrations of the compounds versus % viability were plotted to 
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produce the dose-response curves, which were analyzed using a logistic sigmoid 

function fit with MagicPlot Pro software. The reported IC50 values are the average of 

three independent experiments with six replicates per concentration level. For hypoxic 

conditions, the cells were dosed with the rhenium complex then incubated in a 

hypoxia chamber (Billips-Rothenburg, Inc., Del Mar, CA, USA), which was purged 

with an atmosphere of 95% N2 and 5% CO2, for 4 h. The chamber was removed from 

the incubator, purged with the hypoxic gas mixture again, and then irradiated with 365 

nm for 1 h. After this irradiation period, the cells were further incubated under 

hypoxia at 37 °C for 16 h. The plates were then removed from the hypoxia chamber, 

and allowed to recover under normoxic (5% CO2, 21% O2) conditions at 37 °C for an 

additional 24 h prior to analysis of cell viability with MTT, as described above. As an 

additional control experiment to test the effect of the UVA light on the cells, cells in 

the absence of rhenium complexes were subjected to the same irradiation conditions. 

The cell viability of the irradiated cells, relative to control cells that were not exposed 

to light, was always >85%, indicating that the direct light exposure alone has only a 

minimal effect on the cells.  

 

pKa Measurements.  

Stock solutions of DAPTA-1, THP-1, and PTA-3A were made in water at 

approximately 2 mM and then diluted to 84–89 μM in water. DAPTA-1 and THP-1 

were irradiated with 365 nm light until the photoreaction was complete as evidenced 

by UV-vis spectroscopy. PTA-3A was dissolved directly for analysis. The solutions 

containing the rhenium complexes were acidified to an approximate pH of 2.0 with 
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perchloric acid. These solutions were titrated with aqueous KOH, and the pH and UV-

vis absorbance spectra were measured at each stage of the titration. The titration 

apparatus consisted of a 100 mL water-jacketed glass vessel at 25 °C. Nitrogen gas 

was passed through the solution containing 30% KOH during the experiment to 

exclude any CO2. The electrode was calibrated using standard buffer solutions prior to 

the experiment. Carbonate-free solutions of KOH were prepared in freshly boiled 

Milli-Q water and standardized against potassium hydrogen phthalate.162 The spectral 

changes resulting from the different pH values were used to determined the pKa values 

using the HypSpec software package.162,163 Species distribution diagrams were plotted 

using HySS.164 The titration curves were fit from a wavelength range of 360–405 nm. 

All absorbance spectra and titration curves are in Figures S3.159–S3.164.    

 

Synthetic Procedures. 

Synthesis of Re(CO)5Cl. A mixture of rhenium carbonyl, Re2(CO)10 (1.90 g, 2.91 

mmol) and CH2Cl2 (20 ml) was stirred until Re2(CO)10 was completely dissolved. 

Then iodobenzene dichloride (0.711 g, 2.59 mmol) was added as a solid to the 

solution, and the reaction mixture was left to stir for 4 h at room temperature. The 

desired product, a white solid, was filtered and washed with hexanes (20–30 mL). 

Yield: 1.268 g (68%). IR (KBr, cm–1): 3435 w, 2462 w, 2157 m, 2035 s, 1958 s, 1002 

w, 942 w, 912 w, 590 s, and 555 s.  

 

Synthesis of [Re(CO)3(phen)(PTA)]OTf (PTA-1). A mixture of [Re(CO)3(phen)Cl] 

(0.224 g, 0.485 mmol) and AgOTf (0.125 g, 0.485 mmol) in THF (50 ml) was heated 
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to reflux at 75 °C for 3 h in the dark. The white solid AgCl was removed via vacuum 

filtration. To the remaining yellow filtrate, PTA (0.0915 g, 0.582 mmol) was added, 

and the resulting solution was heated to reflux for an additional 15 h. The reaction 

mixture was allowed to cool to room temperature, and the THF was removed using 

rotary evaporation. The remaining yellow solid was dissolved in a minimal amount of 

methanol (5–10 ml) and filtered through Celite. The addition of diethyl ether (20–30 

ml) precipitated the desired product as a yellow solid, which was isolated by filtration 

and dried in vacuo. Yield: 0.298 g (78%). 1H NMR (400 MHz, MeOD-d4): δ 9.53 (d, 

2H, J = 5.2 Hz), 9.00 (d, 2H, J = 8.3 Hz), 8.34 (s, 2H), 8.15 (dd, 2H, J = 5.2, 8.3 Hz), 

4.38 (d, 3H, J = 13.1 Hz), 4.26 (d, 3H, J = 13.1 Hz) 3.64 (s, 6H). 19F (376 MHz, 

MeOD-d4, external stnd: KPF6): δ –79.56. 31P{1H} (162 MHz, MeOD-d4, external 

stnd: KPF6): δ –78.24. IR (KBr, cm–1): 3460 m, 2910 w, 2360 m, 2330 m, 2030 s, 

1940 s, 1920 s, 1430 m, 1265 m, 1244 m, 1153 m, 1029 m, 970 w, 950 w, 850 w, 726 

w, 637 m, 440 w. ESI-MS (pos. ion mode, CH3CN:H2O 70:30 and 1% formic acid): 

m/z  608.08745 ([M]+, calcd. 608.08558). Anal. Calcd. for PTA-1×CH3OH 

(C23H24F3N5O7PReS): C, 35.03; H, 3.07; N, 8.88. Found: C, 34.85; H, 3.02; N, 8.81. 

 

Synthesis of [Re(CO)3(phen)(THP)]TFA (THP-1). A mixture of [Re(CO)3(phen)Cl] 

(0.100 g, 0.206 mmol) and AgOTf (0.053 g, 0.206 mmol) in THF (24 ml) was heated 

to reflux at 75 °C for 3 h in the dark. The white solid AgCl was removed via vacuum 

filtration. To the remaining yellow filtrate, THP (0.038 g, 0.309 mmol) was added and 

the solution was heated to reflux for an additional 15 h. The reaction mixture was 

allowed to cool to room temperature and then THF was removed by rotary 
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evaporation. The remaining yellow solid was dissolved in a minimum volume of 

methanol (5 ml) and filtered through Celite. The crude yellow oil (0.167 g) was 

purified using preparatory RP-HPLC using a CH3OH/H2O gradient (0–5 min, 10% 

CH3OH; 5–30 min, 10–100% CH3OH). Purified yield: 0.100 g (69%). 1H NMR (400 

MHz, MeOD-d4): δ 9.56 (d, 2H, J = 5.2 Hz), 8.90 (d, 2H, J = 8.3 Hz), 8.25 (s, 2H), 

8.07 (dd, 2H, J = 5.2, 8.3 Hz), 3.75 (t, 2H), 3.75 (s, 6H). 19F (376 MHz, MeOD-d4, 

external stnd: KPF6):  δ –76.37. 31P{1H} (162 MHz, MeOD-d4, external stnd: KPF6): δ 

2.43. IR (KBr, cm–1) 3420 m, 3210 m, 3070 m, 2830 w, 2780 w, 2650 w, 2040 s, 1930 

s, 1910 w, 1670s, 1520 w, 1430 s, 1200 s, 1130 s, 1050 s, 888 m, 856 s, 800 s, 723 s, 

635 w, 618 w, 538 m, 500 m, 483 w, 436 w. ESI-MS (pos. ion mode, CH3CN:H2O 

70:30 and 1% formic acid): m/z  575.03961 ([M]+, calcd. 575.03763). Anal. Calcd. for 

THP-1×H2O (C20H19F3N2O9PRe): C, 34.05; H, 2.71; N, 3.97. Found: C, 34.02; H, 

2.61; N, 4.03. 

 

Synthesis of [Re(CO)3(phen)(DAPTA)]OTf (DAPTA-1). A mixture of 

[Re(CO)3(phen)Cl] (0.200 g, 0.42 mmol) and AgOTf (0.106 g, 0.42 mmol) in THF 

(47 ml) was heated to reflux at 75 °C for 3 h in the dark. The white solid AgCl was 

removed via vacuum filtration. To the remaining yellow filtrate, DAPTA (0.113 g, 

0.46 mmol) was added, and the solution was heated to reflux for an additional 15 h. 

The reaction mixture was allowed to cool to room temperature, and THF was removed 

by rotary evaporation. The remaining yellow solid was dissolved in a minimum 

amount of methanol (5–10 ml) and filtered through Celite. The addition of diethyl 

ether (20–30 ml) afforded the desired product as a yellow solid, which was isolated by 
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vacuum filtration and dried under in vacuo. Yield: 0.255 g (73%). 1H NMR (400 

MHz, MeOD-d4): DAPTA complexes show the syn and anti isomers in a 1:5 ratio; 

however in the aromatic region the isomers are indistinguishable, δ 9.60 (t, 2H, anti + 

syn), 9.02 (d, 2H, anti + syn), 8.35 (s, 2H, anti + syn), 8.18 (m, 2H, anti + syn), 5.56 

(d, anti), 5.04 (d, syn), 4.75 (d, anti) 4.48 (d, syn), 4.41 (d, anti), 4.12 (m, anti), 3.93 

(d, anti), 3.78 (d, anti), 3.64 (s, syn), 3.41 (d, syn), 3.34 (d, anti), 3.04 (d, syn), 2.95 (d, 

anti) 1.94 (s, syn), 1.91 (s, anti), 1.80 (s, anti).19F (376 MHz, MeOD-d4, external stnd: 

KPF6): δ –79.54. 31P{1H} (162 MHz, MeOD-d4, external stnd: KPF6): δ –44.80 ( 

(syn), –48.75 (anti). IR (KBr, cm–1): 3452 m, 2038 s, 1948 s, 1914 s, 1643 s, 1427 m, 

1330 m, 1278 m, 1258 m, 1225 w, 1148 w, 1029 w, 987 w, 888 w, 849 w, 802 w, 720 

w, 638 s, 540 m, 498 w, 425 w. ESI-MS (pos. ion mode, CH3CN:H2O 70:30 and 1% 

formic acid): m/z  680.10846 ([M]+, calcd. 680.10671). Anal. Calcd. for DAPTA-1 

(C23H24F3N5O8PReS): C, 36.23; H, 2.92; N, 8.45. Found: C, 36.35; H, 2.79; N, 8.66. 

 

Synthesis of [Re(CO)3(dmphen)(PTA)]OTf  (PTA-2).  A mixture of 

[Re(CO)3(dmphen)Cl] (0.243 g, 0.473 mmol) and AgOTf (0.121 g, 0.473 mmol) in 

THF (54 ml) was heated to reflux at 75 °C for 3 h in the dark. The white solid AgCl 

was removed via vacuum filtration. To the remaining yellow filtrate, PTA (0.111 g, 

0.71 mmol) was added, and the solution was heated to reflux for an additional 15 h. 

The reaction mixture was allowed to cool to room temperature, and then the THF was 

removed using rotary evaporation. The remaining yellow solid was dissolved in a 

minimum amount of methanol (5–10 ml) and filtered through Celite. The addition of 

diethyl ether (20–30 ml) afforded the desired product as a yellow solid, which was 
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isolated by vacuum filtration and dried in vacuo. Yield: 0.290 g (78%). 1H NMR (400 

MHz, MeOD-d4): δ 8.80 (d, 2H, J = 8.4 Hz), 8.23 (s, 2H), 8.13 (d, 2H, J = 8.4 Hz), 

4.33 (d, 3H, J = 13.2 Hz), 4.17 (d, 3H, J = 13.2 Hz), 3.42 (s, 6H), 3.34 (s, 6H). 19F 

(376 MHz, MeOD-d4, external stnd: KPF6): δ –79.56. 31P{1H} (162 MHz, MeOD-d4, 

external stnd: KPF6): δ –79.09. IR (KBr, cm–1): 3448 m, 3052 w, 2913 w, 2033 s, 

1958 s, 1934 s, 1445 m, 1384 w, 1266 s, 1222 w, 1150 m, 1031 m, 1013 w, 972 m, 

873 m, 802 w, 743 w, 638 s, 582 w, 509 w, 440 w. ESI-MS (pos. ion mode, 

CH3CN:H2O 70:30 and 1% formic acid): m/z 636.11922 ([M]+, calcd. 636.11743). 

Anal. Calcd. for PTA-2 (C24H24F3N5O6PReS): C, 36.73; H, 3.08; N, 8.92. Found: C, 

36.66; H, 3.09; N, 8.98. 

 

Synthesis of [Re(CO)3(dmphen)(THP)]TFA (THP-2). A mixture of 

[Re(CO)3(dmphen)Cl] (0.209 g, 0.407 mmol) and AgOTf (0.104 g, 0.407 mmol) in 

THF (46 ml) was heated to reflux at 75 °C for 3 h in the dark. The white solid AgCl 

was removed via vacuum filtration. To the remaining yellow filtrate, THP (0.076 g, 

0.612 mmol) was added and the solution was heated to reflux for an additional 15 h. 

The reaction mixture was allowed to cool to room temperature, and then THF was 

removed by rotary evaporation. The crude yellow oil was purified using preparatory 

RP-HPLC using a CH3OH/H2O gradient (0–5 min, 10% CH3OH; 5–50 min, 10–100% 

CH3OH). Purified yield: 0.158 g (53%). 1H NMR (400 MHz, MeOD-d4): δ 8.70 (d, 

2H, J = 8.4 Hz), 8.13 (s, 2H), 8.03 (d, 2H, J = 8.4 Hz), 3.44 (s, 6H), 3.37 (s, 6H). 19F 

(376 MHz, MeOD-d4, external stnd: KPF6):  δ –76.35. 31P{1H} (162 MHz, MeOD-d4, 

external stnd: KPF6): δ 6.53. IR (KBr cm–1): 3036 m, 2837 w, 2449 w, 2044 s, 1945 s, 
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1909 s, 1674 s, 1594 w, 1506 w, 1442 m, 1370 w, 1202 m, 1140 m, 1043 m, 892 w, 

859 m, 837 w, 800 w, 781 w, 722 w, 652 w, 619 w, 552 w, 513 w, 499 w. ESI-MS 

(pos. ion mode, CH3CN:H2O 70:30 and 1% formic acid): m/z 603.07053 ([M]+, calcd. 

603.06947). Anal. Calcd. for THP-2×H2O (C22H23F3N2O9PRe): C, 36.02; H, 3.16; N, 

3.82. Found: C, 36.03; H, 2.90; N, 3.77. 

 

Synthesis of [Re(CO)3(dmphen)(DAPTA)]OTf  (DAPTA-2). A mixture of 

[Re(CO)3(dmphen)Cl] (0.232 g, 0.451 mmol) and AgOTf (0.116 g, 0.51 mmol) in 

THF (54 ml) was heated to reflux at 75 °C for 3 h in the dark. The white solid AgCl 

was removed via vacuum filtration. To the remaining yellow filtrate, DAPTA (0.144 

g, 0.59 mmol) was added, and the solution was heated to reflux for an additional 15 h. 

The reaction mixture was allowed to cool to room temperature and then the yellow 

precipitate was isolated by filtration and washed with a small amount of methanol (5 

ml) and diethyl ether (20 ml). Yield: 0.319 g (83%). 1H NMR (400 MHz, MeOD-d4): 

DAPTA complexes show the syn and anti isomers in a 1:5 ratio; however in the 

aromatic region the isomers are indistinguishable, δ 8.85 (d, 2H, anti + syn), 8.26 (d, 

2H, anti + syn), 8.16 (dd, 2H, anti + syn), 5.51 (d, anti), 4.98 (d, syn), 4.44 (d, anti), 

3.93 (d, anti), 3.55 (m, anti), 3.37 (d, 3H, anti + syn), 2.98 (m, syn), 2.84 (d, anti), 

1.90 (s, syn), 1.84 (s, anti), 1.46 (s, 5H, anti). 19F (376 MHz, MeOD-d4, external stnd: 

KPF6): δ –79.57. 31P{1H} (162 MHz, MeOD-d4, external stnd: KPF6): δ –41.15 (syn), 

–45.58 (anti). IR (KBr, cm–1): 3440 m, 3070 w, 2040 s, 1970 m, 1930 s, 1640 s, 1510 

w, 1420 m, 1380 w, 1340 m, 1270 s, 1150 m, 1030 s, 989 m, 890 m, 867 m, 799 m, 

705 w, 638 s, 551 m, 513 m, 469 w, 417 w. ESI-MS (pos. ion mode, CH3CN:H2O 
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70:30 and 1% formic acid): m/z 708.13962 ([M]+, calcd. 708.13801). Anal. Calcd. for 

DAPTA-2 (C27H28F3N5O8PReS): C, 37.85; H, 3.29; N, 8.17. Found: C, 38.02; H, 

3.24; N, 8.09. 

 

Synthesis of [Re(CO)3(bpy)(PTA)]OTf  (PTA-3). A mixture of [Re(CO)3(bpy)Cl] 

(0.564 g, 1.22 mmol) and AgOTf (0.314 g, 1.22 mmol) in THF (123 ml) was heated to 

reflux at 75 °C for 3 h in the dark. The white solid, AgCl, was removed via vacuum 

filtration. To the remaining yellow filtrate, PTA (0.192 g, 1.22 mmol) was added, and 

the solution was heated to reflux for an additional 15 h. The reaction mixture was 

allowed to cool to room temperature, and then the THF was removed using rotary 

evaporation. The remaining yellow solid was dissolved in a minimum amount of 

methanol (5–10 ml) and filtered through Celite. The addition of diethyl ether (20–30 

ml) afforded the desired product as a yellow solid, which was isolated by vacuum 

filtration and dried in vacuo. Yield: 0.523 g (59%). 1H NMR (400 MHz, MeOD-d4): δ 

9.13 (d, 2H, J = 5.6 Hz), 8.74 (d, 2H, J = 8.3 Hz), 8.40 (t, 2H, J = 8.3 Hz), 7.81 (t, 2H, 

J = 5.6 Hz), 4.47 (d, 3H, J = 13.0 Hz), 4.38 (d, 3H, J = 13.0 Hz), 3.80 (s, 6H). 19F (376 

MHz, MeOD-d4): δ –79.52. 31P{1H} (162 MHz, MeOD-d4, external stnd: KPF6): δ –

77.64. IR (KBr cm–1): 3440 m, 2040 s, 1950 s, 1910 s, 1610 m, 1470 m, 1440 m, 1280 

s, 1260 s, 1140 m, 1100 m, 1030 s, 1010 m, 969 m, 946 m, 903 w, 801 m, 770 s, 740 

m, 631 s, 614 m, 587 m, 573 m, 512 m, 454 m. ESI-MS (pos. ion mode, CH3CN:H2O 

70:30 and 1% formic acid): m/z 584.08746 ([M]+, calcd. 584.08558). Anal. Calcd. for 

PTA-3 (C20H20F3N5O6PReS): C, 32.79; H, 2.75; N, 9.56. Found: C, 32.51; H, 2.76; N, 

9.38. 
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Synthesis of [Re(CO)3(bpy)(THP)]TFA (THP-3). A mixture of [Re(CO)3(bpy)Cl] 

(0.100 g, 0.217 mmol) and AgOTf (0.056 g, 0.217 mmol) in THF (22 ml) was heated 

to reflux at 75 °C for 3 h in the dark. The white solid, AgCl, was removed via vacuum 

filtration. To the remaining yellow filtrate, THP (0.040 g, 0.326 mmol) was added, and 

the solution was heated to reflux for an additional 15 h. The reaction mixture was 

allowed to cool to room temperature, and then THF was removed by rotary 

evaporation. The remaining yellow oil was then dissolved in a minimal amount of 

methanol (5 ml) and filtered through Celite. The crude yellow oil (0.170 g) was 

purified using preparatory RP-HPLC using a CH3OH/H2O gradient (0–5 min, 10% 

CH3OH; 5–30 min, 10–100% CH3OH). Purified yield: 0.070 g (45%). 1H NMR (400 

MHz, MeOD-d4): δ 9.17 (d, 2H, J = 5.8 Hz), 8.64 (d, 2H, J = 8.1 Hz), 8.31 (t, 2H, J = 

8.1 Hz), 7.72 (t, 2H, J = 6.4 Hz), 3.90 (s, 6H). 19F (376 MHz, MeOD-d4, external stnd: 

KPF6): δ –79.34. 31P{1H} (162 MHz, MeOD-d4, external stnd: KPF6): δ 2.50. IR (KBr 

cm–1): 3433 s, 2874 m, 2038 s, 1930 s, 1915 s, 1681 s, 1633 s, 1473 m, 1450 m, 1181 

s, 1030 m, 841 w, 769 m, 731 w, 534 w, 497 w, 417 m. ESI-MS (pos. ion mode, 

CH3CN:H2O 70:30 and 1% formic acid): m/z 551.03927 ([M]+, calcd. 551.03763). 

Anal. Calcd. for THP-3×H2O (C18H19F3N2O9PRe): C, 31.72; H, 2.81; N, 4.11. Found: 

C, 31.68; H, 2.61; N, 4.09. 

 

Synthesis of [Re(CO)3(bpy)(DAPTA)]OTf  (DAPTA-3). A mixture of 

[Re(CO)3(bpy)Cl] (0.236 g, 0.51 mmol) and AgOTf (0.131 g, 0.51 mmol) in THF (55 

ml) was heated to reflux at 75 °C for 3 h in the dark. The white solid, AgCl, 

precipitate was removed via vacuum filtration. To the remaining yellow filtrate, 
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DAPTA (0.150 g, 0.61 mmol) was added, and the solution was heated to reflux for an 

additional 24 h. The reaction mixture was allowed to cool to room temperature and 

then the THF was removed using rotary evaporation. The remaining yellow solid was 

dissolved in a minimum amount of methanol (5–10 ml) and filtered through Celite. 

The addition of diethyl ether (20–30 ml) afforded the desired product as a yellow 

solid, which was isolated by vacuum filtration and dried in vacuo. Yield: 0.204 g 

(48%). 1H NMR (400 MHz, MeOD-d4): DAPTA complexes show the syn and anti 

isomers in a 1:5 ratio; however in the aromatic region the isomers are 

indistinguishable, δ 9.21 (t, 2H, anti + syn), 8.77 (d, 2H, anti + syn), 8.43 (t, 2H, anti + 

syn), 7.84 (t, 2H, anti + syn), 5.65 (d, anti), 5.12 (d, syn), 5.01 (d, anti), 4.92 (m, syn), 

4.53 (d, anti), 4.22 (m, anti), 4.03 (d, anti), 3.91 (d, anti), 3.80 (s, syn), 3.58 (d, anti), 

3.14 (d, anti), 2.01 (s, syn), 1.98 (s, anti), 1.90 (s, anti). 19F (376 MHz, MeOD-d4, 

external stnd: KPF6): δ –79.56. 31P{1H} (162 MHz, MeOD-d4, external stnd: KPF6):  –

44.42 (syn), –48.33 (anti). IR (KBr cm–1): 3457 m, 2965 w, 2880 w, 2037 s, 1958 s, 

1918 s, 1646 s, 1473 m, 1419 m, 1331 m, 1265 s, 1155 m, 1024 s, 987 m, 892 m, 776 

m, 632 s, 515 m, 422 m. ESI-MS (pos. ion mode, CH3CN:H2O 70:30 and 1% formic 

acid): m/z 656.10825([M]+, calcd. 656.10671). Anal. Calcd. for DAPTA-

3×0.5(CH3CH2)2O (C25H29F3N5O8.5PReS): C, 35.67; H, 3.47; N, 8.32. Found: C, 35.17; 

H, 3.49; N, 8.38. 

 

Synthesis of [Re(CO)3(dmbpy)(PTA)]OTf  (PTA-4). A mixture of [Re(CO)3(dmbpy)Cl] 

(0.200 g, 0.43 mmol) and AgOTf (0.111 g, 0.43 mmol) in THF (47 ml) was heated to 

reflux at 75 °C for 3 h in the dark. The white solid, AgCl, precipitate was removed via 
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vacuum filtration. To the remaining yellow filtrate, PTA (0.102 g, 0.65 mmol) was 

added and the solution was heated to reflux for an additional 15 h. The reaction 

mixture was allowed to cool to room temperature and then the THF was removed 

using rotary evaporation. The remaining yellow solid was dissolved in a minimum 

amount of methanol (5–10 ml) and filtered through Celite. The addition of diethyl 

ether (20–30 ml) afforded the desired product as a yellow solid, which was isolated by 

vacuum filtration and dried in vacuo. Yield: 0.254 g (77%). 1H NMR (400 MHz, 

MeOD-d4): δ 8.91 (d, 2H, J = 5.8 Hz), 8.60 (s, 2H), 7.62 (d, 2H, J = 5.8 Hz), 4.47 (d, 

3H, J = 13.2 Hz), 4.37 (d, 3H, J = 13.2 Hz), 3.78 (s, 6H), 2.67 (s, 6H). 19F (376 MHz, 

MeOD-d4, external stnd: KPF6):  δ –79.53. 31P{1H} (162 MHz, MeOD-d4, external 

stnd: KPF6): δ –77.22. IR (KBr cm–1): 3452 m, 2940 w, 2033 s, 1951 s, 1921 s, 1626 

w, 1266 s, 1139 w, 1031 m, 972 m, 948 m, 834 m, 801 m, 740 m, 637 s, 580 m, 500 

m, 436 m. ESI-MS (pos. ion mode, CH3CN:H2O 70:30 and 1% formic acid): m/z 

612.11845 ([M]+, calcd. 612.11743). Anal. Calcd. for PTA-4 (C22H24F3N5O6PReS): C, 

34.74; H, 3.18; N, 9.21. Found: C, 34.97; H, 3.22; N, 9.11. 

 

Synthesis of [Re(CO)3(dmbpy)(THP)]TFA (THP-4). A mixture of 

[Re(CO)3(dmbpy)Cl] (0.200 g, 0.43 mmol) and AgOTf (0.111 g, 0.43 mmol) in THF 

(47 ml) was heated to reflux at 75 °C for 3 h in the dark. The white solid, AgCl, 

precipitate was removed via vacuum filtration.  To the remaining yellow filtrate, THP 

(0.081 g, 0.65 mmol) was added and the solution was heated to reflux for an additional 

15 h. The reaction mixture was allowed to cool to room temperature and then THF 

was removed by rotary evaporation. The crude yellow solid (0.307 g) was purified 
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using preparatory RP-HPLC using a CH3OH/H2O gradient (0–5 min, 10% CH3OH; 5–

30 min, 10–100% CH3OH). Purified yield: 0.073 g (25%). 1H NMR (400 MHz, 

MeOD-d4): δ 8.96 (d, 2H, J = 5.7 Hz), 8.50 (s, 2H), 7.54 (d, 2H, J = 5.7 Hz), 3.88 (s, 

6H), 2.63 (s, 6H). 19F (376 MHz, MeOD-d4, external stnd: KPF6):  δ –76.36. 31P{1H} 

(162 MHz, MeOD-d4, external stnd: KPF6): δ 3.26. IR (KBr cm–1): 3404 m, 2900 w, 

2031 s, 1935 s, 1920 s, 1675 m, 1621 w, 1440 w, 1200 m, 1130 m, 1035 m, 905 w, 

830 m, 723 w, 637 w, 534 w, 508 m, 444 w. ESI-MS (pos. ion mode, CH3CN:H2O 

70:30 and 1% formic acid): m/z 579.07103 ([M]+, calcd. 579.06893). Anal. Calcd. for 

THP-4 (C20H21F3N2O8PReS): C, 32.79; H, 2.75; N, 9.56. Found: C, 32.51; H, 2.76; N, 

9.38. 

 

Synthesis of [Re(CO)3(dmbpy)(DAPTA)]OTf  (DAPTA-4). A mixture of 

[Re(CO)3(dmbpy)Cl] (0.267 g, 0.57 mmol) and AgOTf (0.146 g, 0.57 mmol) in THF 

(65 ml) was heated to reflux at 75 °C for 3 h in the dark. The white solid, AgCl, 

precipitate was removed via vacuum filtration. To the remaining yellow filtrate, 

DAPTA (0.211 g, 0.86 mmol) was added, and the solution was heated to reflux for an 

additional 15 h. The reaction mixture was allowed to cool to room temperature and 

then the THF was removed using rotary evaporation. The remaining yellow solid was 

dissolved in a minimum amount of methanol (5–10 ml) and filtered through Celite. 

The addition of diethyl ether (20–30 ml) afforded the desired product as a yellow 

solid, which was isolated by vacuum filtration and dried in vacuo. Yield: 0.194 g 

(39%). 1H NMR (400 MHz, MeOD-d4): DAPTA complexes show the syn and anti 

isomers in a 1:5 ratio; however in the aromatic region the isomers are 
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indistinguishable, δ 8.99 (t, 2H, anti + syn), 8.63 (s, 2H, anti + syn), 7.65 (t, 2H, anti + 

syn), 5.64 (d, anti), 5.13 (d, syn), 5.00 (d, anti), 4.54 (m, anti + syn), 4.22 (m, anti), 

4.02 (d, anti), 3.89 (d, anti), 3.56 (m, syn) 3.12 (d, anti), 2.68 (s, 3H, anti + syn) 2.02 

(s, syn), 1.98 (s, anti), 1.91 (s, anti). 19F (376 MHz, MeOD-d4, external stnd: KPF6): δ 

–79.53. 31P{1H} (162 MHz, MeOD-d4, external stnd: KPF6): δ  –44.35 (syn), –47.93 

(anti). IR (KBr cm–1): 3433 m, 2038 s, 1943 s, 1924 s, 1648 m, 1420 m, 1333 w, 1262 

m, 1156 w, 1030 m, 986 w, 890 w, 826 w, 782 w, 638 m, 500 w, 421 w. ESI-MS (pos. 

ion mode, CH3CN:H2O 70:30 and 1% formic acid): m/z 684.13967 ([M]+, calcd. 

684.13801). Anal. Calcd. for DAPTA-4×CH3OH (C26H32F3N5O9PReS): C, 36.11; H, 

3.73; N, 8.10. Found: C, 36.31; H, 3.59; N, 8.19. 

 

Synthesis of [Re(CO)3(dmobpy)(PTA)]OTf  (PTA-5). A mixture of 

[Re(CO)3(dmobpy)Cl] (0.200 g, 0.38 mmol) and AgOTf (0.099 g, 0.38 mmol) in THF 

(47 ml) was heated to reflux at 75 oC for 3 h in the dark. The white solid, AgCl, 

precipitate was removed via vacuum filtration. To the remaining yellow filtrate, PTA 

(0.079 g, 0.50 mmol) was added, and the solution was heated to reflux for an 

additional 15 h. The reaction mixture was allowed to cool to room temperature, and 

then the THF was removed using rotary evaporation. The remaining yellow solid was 

dissolved in a minimum amount of methanol (5–10 ml) and filtered through Celite. 

The addition of diethyl ether (20–30 ml) afforded the desired product as a yellow 

solid, which was isolated by vacuum filtration and dried in vacuo. Yield: 0.158 g 

(52%). 1H NMR (400 MHz, MeOD-d4): δ 8.84 (d, 2H, J = 6.5 Hz), 8.26 (d, 2H, J = 

2.6 Hz), 7.34 (dd, 2H, J = 2.6, 6.5 Hz), 4.49 (d, 3H, J = 13.1 Hz), 4.39 (d, 3H, J = 13.1 
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Hz), 4.14 (s, 6H), 3.80 (s, 6H). 19F (376 MHz, MeOD-d4, external stnd: KPF6):  δ –

79.59. 31P{1H} (162 MHz, MeOD-d4, external stnd: KPF6): δ –75.88. IR (KBr cm–1): 

3443 m, 2031 s, 1942 s, 1921 s, 1615 m, 1560 w, 1497 w, 1426 w, 1350 w, 1262 m, 

1242 w, 1147 w, 1029 m, 974 w, 948 w, 899 w, 828 w, 801 w, 741 w, 636 m, 581 w, 

514 w, 429 w. ESI-MS (pos. ion mode, CH3CN:H2O 70:30 and 1% formic acid): m/z 

644.10822 ([M]+, calcd. 644.10671). Anal. Calcd. for PTA-5 (C22H24F3N5O8PReS): C, 

33.33; H, 3.05; N, 8.84. Found: C, 33.39; H, 3.10; N, 8.80. 

 

Synthesis of [Re(CO)3(dmobpy)(THP)]OTf (THP-5). A mixture of 

[Re(CO)3(dmobpy)Cl] (0.297 g, 0.57 mmol) and AgOTf (0.146 g, 0.57 mmol) in THF 

(70 ml) was heated to reflux at 75 oC for 3 h in the dark. The white solid, AgCl, 

precipitate was removed via vacuum filtration. To the remaining yellow filtrate, THP 

(0.092 g, 0.74 mmol) was added, and the solution was heated to reflux for an 

additional 15 h. The reaction mixture was allowed to cool to room temperature, and 

then THF was removed by rotary evaporation, then dissolved in minimal methanol (5 

ml) and filtered through Celite. The crude yellow oil (0.439 g) was recrystallized using 

vapor diffusion of diethyl ether into a solution of methanol to afford yellow crystals. 

Yield: 0.030 g (7%). 1H NMR (400 MHz, MeOD-d4): δ 8.88 (d, 2H, J = 6.6 Hz), 8.16 

(d, 2H, J = 2.7 Hz), 7.27 (dd, 2H, J = 2.7, 6.6 Hz), 4.10 (s, 6H), 3.90 (s, 6H). 19F (376 

MHz, MeOD-d4, external stnd: KPF6): δ –79.57. 31P{1H} (162 MHz, MeOD-d4, 

external stnd: KPF6): δ 3.16. IR (KBr cm–1): 3448 m, 2028 s, 1939 w, 1919 s, 1618 s, 

1560 m, 1500 m, 1343 w, 1270 m, 1182 w, 1031 w, 905 w, 826 w, 639 w, 513 w, 434 

w. ESI-MS (pos. ion mode, CH3CN:H2O 70:30 and 1% formic acid): m/z 611.06037 
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([M]+, calcd. 611.05875). Anal. Calcd. for THP-5 (C19H21F3N2O11PReS): C, 30.04; H, 

2.79; N, 3.69. Found: C, 30.30; H, 2.79; N, 3.89. 

 

Synthesis of [Re(CO)3(dmobpy)(DAPTA)]OTf  (DAPTA-5). A mixture of 

[Re(CO)3(dmobpy)Cl] (0.210 g, 0.40 mmol) and AgOTf (0.103 g, 0.40 mmol) in THF 

(45 ml) was heated to reflux at 75 oC for 3 h in the dark. The white solid, AgCl, 

precipitate was removed via vacuum filtration. To the remaining yellow filtrate, 

DAPTA (0.123 g, 0.52 mmol) was added, and the solution was heated to reflux for an 

additional 15 h. The reaction mixture was allowed to cool to room temperature, and 

then the THF was removed using rotary evaporation. The remaining yellow solid was 

dissolved in a minimum amount of methanol (5–10 ml) and filtered through Celite. 

The addition of diethyl ether (20–30 ml) afforded the desired product as a yellow 

solid, which was isolated by vacuum filtration and dried in vacuo. The solid material 

(0.343 g) was recrystallized using vapor diffusion of diethyl ether into a solution of 

methanol to afford pure yellow crystals. Purified yield: 0.028 g (8%). 1H NMR (400 

MHz, MeOD-d4): DAPTA complexes show the syn and anti isomers in a 1:5 ratio; 

however in the aromatic region the isomers are indistinguishable, δ 8.91 (t, 2H, anti + 

syn), 8.29 (s, 2H, anti + syn), 7.37 (t, 2H, anti + syn), 5.67 (d, anti), 5.15 (d, syn), 5.02 

(d, anti), 4.56 (m, anti + syn), 4.22 (m, anti), 4.15 (s, 3H, anti + syn), 4.05 (d, anti), 

3.92 (d, anti), 3.54 (m, anti + syn), 3.14 (d, anti + syn), 2.03 (s, syn), 1.99 (s, anti), 

1.92 (s, anti). 19F (376 MHz, MeOD-d4, external stnd: KPF6):  δ –79.57. 31P{1H} (162 

MHz, MeOD-d4, external stnd: KPF6): δ –43.34 (syn), –46.87 (anti). IR (KBr cm–1): 

3456 m, 2040 s, 1939 s, 1919 s, 1637 s, 1500 m, 1420 m, 1340 w, 1260 m, 1150 w, 
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1030 s, 889 w, 796 w, 638 m, 516 w, 419 m. ESI-MS (pos. ion mode, CH3CN:H2O 

70:30 and 1% formic acid): m/z 716.12966 ([M]+, calcd. 716.12784). Anal. Calcd. for 

DAPTA-5 (C25H28F3N5O10PReS): C, 34.72; H, 3.26; N, 8.10. Found: C, 34.44; H, 

3.50; N, 8.08. 

 

Synthesis of [Re(CO)2(phen)(DAPTA)Cl] (DAPTA-1A). Trimethylamine-N-oxide 

(TMAO, 0.040 g, 0.36 mmol) was dissolved in a mixture of CH2Cl2 (130 ml) and 

CH3OH (5 ml). A solution of DAPTA-1 (0.262 g, 0.32 mmol) and NEt4Cl (0.919 g, 5 

mmol) in CH2Cl2 (105 ml) was heated to reflux at 50 °C, and the TMAO solution was 

added dropwise over the course of 1 h, changing the color of the solution from light 

yellow to dark red. The solution was heated under reflux for an additional 24 h. The 

CH2Cl2/CH3OH was then removed via rotary evaporation, and the remaining red solid 

was suspended in approximately 20 ml of CH3OH. The solid was isolated by 

centrifugation and then resuspended in 5–10  ml of CH3OH. This process was repeated 

three times, yielding the product DAPTA-1A as a red solid. Yield: 0.150 g (94%). 1H 

NMR (400 MHz, DMF-d7): DAPTA complexes show the syn and anti isomers in a 1:5 

ratio; however in the aromatic region the isomers are indistinguishable, δ 9.52 (m, 2H, 

anti + syn), 8.95 (d, 2H, anti + syn), 8.33 (s, 2H, anti + syn), 8.14 (m, 2H, anti + syn), 

5.52 (d, anti), 5.06 (d, anti), 4.89 (d, syn), 4.47 (d, anti), 4.21(m, syn), 3.93 (d, syn), 

3.73 (d, anti), 3.32 (m, anti + syn), 3.12 (d, anti), 1.97 (s, syn), 1.90 (s, anti), 1.86 (s, 

anti). 31P{1H} (162 MHz, DMF-d7, external stnd: KPF6): δ –32.32 (syn), –34.72 (anti). 

IR (KBr, cm–1): 3458 s, 1927s, 1839 s, 1638 s, 1427 m, 1338 m, 1240 m, 1097 w, 

1050 w, 997 w, 890 w, 855 w, 795 w, 727 w, 614 w. Anal. Calcd. for DAPTA-
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1A×2H2O (C23H28 ClN5O6PRe): C, 38.20; H, 3.90; N, 9.68. Found: C, 38.30; H, 3.94; 

N, 9.42. 

 

Synthesis of [Re(CO)2(bpy)(PTA)Cl] (PTA-3A). TMAO (0.052 g, 0.47 mmol) was 

dissolved in a mixture of CH2Cl2 (150 ml) and CH3OH (6 ml). A mixture of PTA-3 

(0.298 g, 0.41 mmol) and NEt4Cl (1.17 g, 6.4 mmol) in CH2Cl2 (120 ml) was heated to 

reflux at 50 °C, and then the TMAO solution was added dropwise over the course of 1 

h, resulting in a color change from yellow to red. The solution was heated to reflux for 

an additional 24 h. The CH2Cl2/CH3OH was removed via rotary evaporation. To the 

remaining red solid, approximately 20 ml of water was added. The solid was isolated 

by centrifugation, and then resuspended in 5–10 ml of water. This process was 

repeated 3× to obtain the product PTA-3A as a red solid. Yield: 0.112 g (46%). 1H 

NMR (400 MHz, DMSO-d6): δ 8.88 (d, 2H, J = 5.9 Hz), 8.67 (d, 2H, J = 8.3 Hz), 8.22 

(t, 2H, J = 8.3 Hz), 7.65 (t, 2H, J = 5.9 Hz), 4.28 (d, 3H, J = 12.8 Hz), 4.15 (d, 3H, J = 

12.8 Hz), 3.49 (s, 6H). 31P{1H} (162 MHz, DMSO-d6, external stnd: KPF6): δ –59.1. 

IR (KBr, cm–1): 3471 m, 1912 s, 1834 s, 1605 w, 1452 w, 1239 w, 1099 w, 1014 w, 

966 w, 948 w, 781 m, 594 w, 580 m, 483 w. Anal. Calcd. for PTA-3A×H2O (C18H22 

ClN5O3PRe): C, 35.56; H, 3.64; N, 11.50. Found: C, 35.38; H, 3.66; N, 11.36.  
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SUPPLEMENTARY INFORMATION 

Table S3.1. X-ray Crystallographic Data and Refinement Parameters. 

 PTA-1 THP-1 DAPTA-1 DAPTA-1A 
Formula C24H23F3N6O6PReS C20H17F3N2O8PRe C25H24F3N5O8PReS C24H25F3N5O8P

ReS 
fw 797.71 687.52 828.72 817.72 
space group P21/n P21/n P21/n P21/n 
a, Å 8.9607(4) 8.1751(3) 9.3614(6) 14.4059(6) 
b, Å 20.9517(11) 12.5083(4) 20.1262(14) 13.7271(5) 
c, Å 15.1002(2) 22.6569(7) 15.5296(10) 15.9811(7) 
β, deg 100.286(2) 98.7260(10) 101.852(3) 101.993(2) 
V, Å3 2789.4(2) 2290.00(13) 2863.5(3) 3091.3(2) 
Z 4 4 4 4 
ρcalcd, g·cm–3 1.900 1.994 1.922 1.757 

T, K 223(2) 223(2) 223.15 223.15 
μ(Mo Kα),  
mm–1 

4.560 5.451 4.450 4.121 

Θ range, deg 1.944 to 30.034 1.819 to 30.032 1.679 to 30.032 1.974 to 27.876 
Complete- 
ness to Θ 
(%) 

99.9 100.0 100.0 100.0 

Total no. of 
data 

34698 28319 32447 31188 

No. of 
unique  
data 

8165 6704 8373 7354 

No. of 
parameters 

380 325 399 396 

R1a (%) 0.0368 0.0371 0.0371 0.0458 
wR2b (%) 0.0511 0.0552 0.0595 0.0753 
GOFc 1.015 1.019 1.037 1.055 
max, min 
peaks, e·Å–3 

0.514, –0.949 0.972, –0.790 1.286 –0.797 0.943, –0.800 
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 PTA-2 THP-2 DAPTA-2 
Formula C24H24F3N5O6PReS C22H21F3N2O8PRe C27H28F3N5O8PReS 

fw 784.71 715.58 856.77 
space group P21/n Pbca Pnma 
a, Å 13.3764(9) 11.0244(7) 10.7709(6) 
b, Å 16.0562(11) 17.0914(9) 17.7801(13) 
c, Å 
 

13.7273(9) 26.0578(16) 15.9640(11) 

β, deg 111.323(3) 90 90 
V, Å3 2746.4(3) 4909.9(5) 3057.2(4) 
Z 4 8 4 
ρcalcd,  
g·cm–3 

1.898 1.936 1.861 

T, K 223.15 223.15 223.15 
μ(Mo Kα),  
mm–1 

4.629 5.088 4.171 

Θ range, deg 2.036 to 25.349 2.333 to 27.477 1.714 to 26.732 
Complete- 
ness to Θ 
(%) 

100.0 100.0 99.9 

Total no. of 
data 

28654 80016 23968 

No. of 
unique  
data 

5026 5627 3354 

No. of 
parameters 

427 345 237 

R1a (%) 0.0324 0.0453 0.0497 
wR2b (%) 0.0480 0.0595 0.0745 
GOFc 1.028 1.054 1.129 
max, min 
peaks,  
e·Å–3 

0.733, –0.433 0.927, –0.772 0.721, –0.767 
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 PTA-3 PTA-3A DAPTA-3 
Formula C20H20F3N5O6PRe C21H27ClN6O3PRe C23H24F3N5O8PReS 
fw 732.64 664.10 804.70 
space group P21/c P21/c P21/c 
a, Å 14.0801(8) 10.5655(6) 13.9591(2) 
b, Å 13.3100(7) 15.8083(10) 12.3770(2) 
c, Å 14.2814(8) 15.4541(8) 16.0027(3) 
β, deg 112.887(2) 106.155(3) 95.6520(10) 
V, Å3 2465.7(2) 2479.3(2) 2751.37(8) 
Z 4 4 4 
ρcalcd,  
g·cm–3 

1.974 1.779 1.943 

T, K 223.15 223.15 100.00(10) 
μ(Mo Kα),  
mm–1 

5.148 5.108 4.628 

Θ range, deg 2.177 to 27.484 1.882 to 25.346 2.084 to 26.372 
Complete-
ness to Θ 
(%) 

99.9 99.9 100.0 

Total no. of 
data 

26620 21501 29596 

No. of 
unique  
data 

5659 4534 5633 

No. of 
parameters 

334 300 381 

R1a (%) 0.0289 0.0290 0.0228 
wR2b (%) 0.0479 0.0474 0.0485 
GOFc 1.031 1.036 1.022 
max, min 
peaks,  
e·Å–3 

1.337, –0.535 0.766, –0.498 1.244, –0.489 
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 PTA-4 THP-4 DAPTA-4 
Formula C22H24F3N5O6PReS C20H21F3N2O8PRe C27H31F3N6O8PReS 

fw 760.69 691.56 873.81 
space group P21/n P21/c P21 

a, Å 8.9462(5) 12.7866(4) 11.2154(8) 
b, Å 18.0293(11) 12.1420(4) 11.5431(7) 
c, Å 16.8448(10) 16.0272(14) 12.9659(8) 
β, deg 103.881(3) 103.467(2) 95.173(4) 
V, Å3 2637.6(3) 2419.88(14) 1671.73(9) 
Z 4 4 2 
ρcalcd,  
g·cm–3 

1.916 1.898 1.736 

T, K 223.15 223.15 223.15 
μ(Mo Kα),  
mm–1 

4.816 5.158 3.817 

Θ range, deg 1.681 to 30.032 2.126 to 29.574 1.823 to 28.699 
Complete-
ness to Θ 
(%) 

99.9 99.8 100.0 

Total no. of 
data 

32024 28970 19823 

No. of 
unique  
data 

7712 6768 8386 

No. of 
parameters 

354 327 429 

R1a (%) 0.0286 0.0259 0.0339 
wR2b (%) 0.0527 0.0438 0.0653 
GOFc, max, 
min peaks,  
e·Å–3 

1.050 1.038 1.035 
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aR1 = Σ||Fo| − |Fc||/Σ|Fo| for all data. bwR2 = {Σ[w(Fo2 – Fc2)2]/Σ[w(Fo2)2]}1/2  for all data. 
cGoF = {Σ[w(Fo2 − Fc2)2]/(n − p)}1/2, where n is the number of data and p is the number of 
refined parameters. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 PTA-5 THP-5 DAPTA-5 
Formula C22H24F3N5O8PReS C19H21F3N2O11P 

ReS 
C26H32F3N5O11PRe
S 

fw 792.69 759.61 896.79 
space group P21/c P21/c P21 
a, Å 9.0192(5) 12.044(4) 11.3639(4) 
b, Å 18.4476(11) 13.812(4) 11.3812(3) 
c, Å 16.7757(10) 16.260(5) 13.1821(4) 
β, deg 100.143(3) 106.979(11) 94.1650(10) 
V, Å3 2747.6(3) 2587.0(14) 1700.40(9) 
Z 4 4 2 
ρcalcd, g·cm–3 1.916 1.950 1.752 
T, K 223.15 223(2) 223.15 
μ(Mo Kα),  
mm–1 

4.633 4.921 3.760 

Θ range, deg 1.655 to 30.034 1.768 to 29.573 2.286 to 28.700 
Complete-
ness to Θ 
(%) 

100.0 99.9 99.8 

Total no. of 
data 

33961 27891 20010 

No. of 
unique  
data 

8034 7263 7872 

No. of 
parameters 

 
372 

 
382 

 
439 

R1a (%) 0.0418 0.0436 0.0246 
wR2b (%) 0.0577 0.0742 0.0500 
GOFc 1.032 1.021 1.040 
max, min 
peaks,  
e·Å–3 

1.294, –1.186 1.984, –0.970 1.229, –0.653 
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Table S3.2. Selected Interatomic Distances (Å) and Angles (°). 
Interatomic 
Distance  

PTA-1 THP-1 DAPTA-1 PTA-2 THP-2 DAPTA-2 

Re–P 2.4343(6) 2.4602(7) 2.4449(7) 2.4385(9) 2.4406(10) 2.446(2) 

Re-N1 2.186(2) 2.183(3) 2.177(2) 2.211(3) 2.209(3) 2.202(4) 

Re-N2 2.187(2) 2.180(2) 2.187(2) 2.205(3) 2.214(3) 2.202(4) 

Re-C1 1.962(3) 1.953(3) 1.963(3) 1.955(4) 1.973(4) 1.955(8) 

Re-C2 1.932(3) 1.928(3) 1.917(3) 1.924(4) 1.903(5) 1.903(6) 

Re-C3 1.918(3) 1.914(3) 1.919(3) 1.912(4) 1.909(5) 1.903(6) 

Angle PTA-1 THP-1 DAPTA-1 PTA-2 THP-2 DAPTA-2 

N1-Re-P 85.94(5) 88.12(7) 86.94(6) 86.10(8) 86.70(8) 85.89(12) 

N2-Re-P 87.43(5) 86.32(6) 86.08(6) 87.37(8) 86.07(8) 85.90(12) 

N1-Re-N2 75.51(7) 75.36(9) 75.59(8) 75.17(11) 75.75(12) 76.4(2) 

C1-Re-P 175.30(8) 178.69(11) 179.24(9) 176.69(12) 178.23(13) 178.4(2) 

C1-Re-N1 93.53(9) 92.41(11) 93.40(10) 96.16(14) 94.29(15) 92.9(2) 

C1-Re-N2 96.97(9) 92.65(12) 93.35(10) 95.54(15) 95.60(15) 92.9(2) 

C2-Re-P 89.28(8) 89.93(9) 92.10(9) 87.79(11) 89.05(13) 92.42(17) 

C2-Re-N1 172.58(9) 172.76(11) 174.30(11) 172.03(13) 173.99(16) 176.5(2) 

C2-Re-N2 98.63(10) 97.56(12) 98.74(11) 99.45(14) 99.74(16) 100.5(2) 

C2-Re-C1 91.69(11) 89.39(13) 87.50(12) 90.17(16) 90.08(17) 88.8(2) 

C3-Re-P 85.63(8) 90.79(10) 90.75(9) 88.08(12) 88.58(13) 92.42(17) 

C3-Re-N1 96.35(10) 98.73(12) 95.57(11) 99.87(14) 100.29(17) 176.5(2) 

C3-Re-N2 169.67(9) 173.49(12) 170.74(11) 173.49(13) 173.50(15) 100.4(2) 

C3-Re-C1 89.79(10) 90.32(14) 89.89(12) 89.14(17) 89.80(18) 88.8(2) 

C3-Re-C2 88.93(12) 88.26(14) 90.06(13) 85.02(16) 83.83(19) 82.7(4) 
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Interatomic 
Distance  

PTA-3 DAPTA-3 PTA-4 THP-4 DAPTA-4 

Re–P 2.4319(7) 2.4446(7) 2.4379(6) 2.4670(6) 2.4277(14) 

Re-N1 2.173(2) 2.171(2) 2.1799(19) 2.1707(17) 2.172(5) 

Re-N2 2.178(2) 2.167(2) 2.1738(17) 2.1832(17) 2.174(5) 

Re-C1 1.962(3) 1.957(3) 1.967(3) 1.953(2) 1.963(6) 

Re-C2 1.915(3) 1.933(3) 1.934(2) 1.926(2) 1.920(7) 

Re-C3 1.934(3) 1.934(3) 1.913(2) 1.930(2) 1.925(7) 

Angle PTA-3 DAPTA-3 PTA-4 THP-4 DAPTA-4 

N1-Re-P 87.85(6) 85.03(6) 92.76(5) 89.28(5) 88.30(13) 

N2-Re-P 85.53(6) 86.49(5) 86.73(5) 87.34(5) 87.82(13) 

N1-Re-N2 74.55(8) 75.23(8) 74.31(7) 74.41(6) 74.76(19) 

C1-Re-P 178.03(10) 176.29(7) 174.08(8) 178.38(7) 177.70(19) 

C1-Re-N1 91.29(12) 95.36(9) 93.16(9) 92.15(8) 93.7(2) 

C1-Re-N2 92.54(11) 90.04(9) 95.02(10) 93.78(8) 91.6(2) 

C2-Re-P 91.43(9) 89.10(7) 88.21(7) 90.70(8) 89.64(18) 

C2-Re-N1 173.45(10) 171.22(9) 173.64(7) 172.01(8) 171.9(2) 

C2-Re-N2 98.91(11) 97.93(9) 99.49(8) 97.61(8) 97.3(2) 

C2-Re-C1 89.22(14) 90.08(10) 85.92(11) 87.99(11) 88.2(3) 

C3-Re-P 89.50(9) 91.99(8) 87.73(8) 91.45(7) 91.5(2) 

C3-Re-N1 97.81(11) 97.68(10) 95.57(9) 97.30(8) 97.1(2) 

C3-Re-N2 171.01(11) 172.84(9) 168.19(9) 171.63(8) 171.9(2) 

C3-Re-C1 92.37(13) 91.61(10) 91.54(12) 87.61(9) 89.4(3) 

C3-Re-C2 88.69(13) 89.03(11) 90.75(10) 90.69(10) 90.8(3) 
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Interatomic 
Distance  

PTA-5 THP-5 DAPTA-5 

Re–P 2.4276(7) 2.4714(11) 2.4454(11) 

Re-N1 2.179(2) 2.187(3) 2.183(4) 

Re-N2 2.183(2) 2.181(3) 2.184(4) 

Re-C1 1.951(3) 1.957(4) 1.982(5) 

Re-C2 1.938(3) 1.948(4) 1.925(5) 

Re-C3 1.909(3) 1.924(4) 1.925(5) 

Angle PTA-5 THP-5 DAPTA-5 

N1-Re-P 90.84(6) 86.91(8) 86.93(10) 

N2-Re-P 87.28(6) 88.07(8) 87.94(9) 

N1-Re-N2 74.25(8) 73.95(11) 74.48(14) 

C1-Re-P 173.67(10) 178.43(14) 178.27(17) 

C1-Re-N1 95.50(11) 94.12(16) 91.56(19) 

C1-Re-N2 94.37(12) 93.34(15) 92.47(18) 

C2-Re-P 88.31(9) 89.67(14) 91.07(16) 

C2-Re-N1 175.47(11) 171.69(14) 173.43(18) 

C2-Re-N2 101.25(11) 98.38(15) 99.21(18) 

C2-Re-C1 85.37(13) 93.34(15) 90.5(2) 

C3-Re-P 88.77(10) 91.79(12) 91.95(14) 

C3-Re-N1 93.94(11) 98.52(14) 97.30(17) 

C3-Re-N2 167.47(11) 172.46(14) 171.78(17) 

C3-Re-C1 90.86(15) 86.90(18) 87.4(2) 

C3-Re-C2 90.50(13) 89.15(18) 89.0(2) 
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Interatomic 
Distance  

(X= O, Cl) 

DAPTA-1A PTA-3A 

Re–P 2.3010(10) 2.3117(9) 

Re-N1 2.178(3) 2.182(3) 

Re-N2 2.175(3) 2.183(3) 

Re-C1 1.900(5) 1.886(4) 

Re-C2 1.892(4) 1.896(4) 

Re-X 2.189(3) 2.5018(9) 

Angle DAPTA-1A PTA-3A 

X-Re-P 171.70(9) 168.77(3) 

N1-Re-P 92.52(8) 88.90(8) 

N2-Re-P 91.35(9) 88.37(8) 

N1-Re-X 80.86(11) 81.89(8) 

N2-Re-X 82.19(11) 83.03(8) 

N1-Re-N2 75.93(13) 74.70(10) 

C1-Re-P 86.12(12) 89.55(13) 

C1-Re-X 99.73(15) 98.84(13) 

C1-Re-N1 171.79(16) 173.10(14) 

C1-Re-N2 95.99(17) 98.53(14) 

C2-Re-P 89.47(12) 91.07(13) 

C2-Re-X 96.36(14) 96.67(13) 

C2-Re-N1 97.90(16) 98.91(14) 

C2-Re-N2 173.80(16) 173.60(14) 

C2-Re-C1 90.19(19) 87.84(16) 
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Table S3.3. CO Release Values  
 

 

 

 

 

 

a[Conc.] = 0.34 mM, 7 h irradiation time (23.3 mW). b[Conc.] = 0.27 mM, 3 h irradiation time 
(50 mW). Value represents average of 3 injections. c[Conc.] = 0.38 mM, 3 h irradiation time 
(50 mW). Value represents average of 2 injections.   
 
Table S3.4. XYZ-Cartesian Coordinates (Å) of DFT-Optimized Geometry of PTA-1. 
Re 0.470768 12.274972 11.098419 
P 2.539036 12.798765 9.926458 
O -2.259374 11.4346 12.306632 
O -0.684733 14.935629 10.083353 
O -0.357294 10.976596 8.446946 
N 1.437107 12.996759 12.922774 
N 1.536048 10.533258 11.878884 
N 5.19314 13.479067 9.813689 
N 3.795123 14.193729 7.918464 
N 4.418616 11.809426 8.166287 
C 1.354209 14.212586 13.453633 
H 0.72933 14.819137 13.099875 
C 2.160627 14.621772 14.520403 
H 2.075159 15.491687 14.86792 
C 3.070527 13.76401 15.056462 
H 3.619941 14.039734 15.7668 
C 3.182064 12.462071 14.540609 
C 4.10361 11.488865 15.032245 
H 4.688881 11.716191 15.732628 
C 4.146947 10.241191 14.502128 
H 4.766073 9.618925 14.838205 
C 3.271187 9.853375 13.442193 
C 3.241493 8.569036 12.879984 
H 3.836678 7.905076 13.180106 
C 2.332417 8.288702 11.885125 
H 2.267211 7.416902 11.53835 
C 1.511777 9.297317 11.395421 
H 0.916487 9.097228 10.695929 
C 2.386072 10.802277 12.922625 
C 2.331037 12.118254 13.477702 
C -1.232456 11.753694 11.921377 

Compound CO per compound (mol/mol) 
DAPTA-1a 0.89 ± 0.01 
DAPTA-4b 0.93 ± 0.02 

THP-3c 0.97 ± 0.04 
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C -0.27336 13.947966 10.482872 
C -0.084416 11.463304 9.451611 
C 4.096585 13.282121 10.780171 
H 3.950351 14.113065 11.279829 
H 4.347951 12.583591 11.41949 
C 2.515496 14.10678 8.629693 
H 1.801401 13.911929 7.987403 
H 2.318841 14.972085 9.046744 
C 3.21751 11.414277 8.913918 
H 3.437694 10.66232 9.50287 
H 2.531805 11.110687 8.283067 
C 5.481056 12.246688 9.076459 
H 5.6523 11.529721 9.722761 
H 6.30187 12.378264 8.557932 
C 4.879632 14.533147 8.845276 
H 5.686217 14.733235 8.326154 
H 4.632427 15.345025 9.333494 
C 4.123099 12.917771 7.251807 
H 3.369071 12.659017 6.681427 
H 4.899028 13.059195 6.669541 
 
Table S3.5. XYZ-Cartesian Coordinates (Å) of Optimized Geometry of THP-1. 
Re 1.309732 3.454543 7.667 
P 3.309852 2.328094 6.696563 
O -1.333859 4.749923 8.69595 
O -0.233975 0.789275 7.376733 
O 0.547993 4.416539 4.824284 
O 3.730793 0.38794 8.461503 
H 4.338558 -0.343432 8.667596 
O 2.5485 1.609767 4.17402 
H 3.352386 1.845975 3.674521 
O 5.380631 2.640224 5.013515 
H 6.048005 3.223062 4.608364 
N 2.037355 3.094463 9.706579 
N 2.465 5.256867 8.177922 
C -0.340315 4.279251 8.336791 
C 0.34536 1.793101 7.456475 
C 0.823735 4.013745 5.877947 
C 4.482843 1.437438 7.841421 
H 5.322858 1.057518 7.238814 
H 4.883669 2.147872 8.586997 
C 2.967648 1.014791 5.388689 
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H 3.877585 0.40611 5.274741 
H 2.157104 0.371204 5.752707 
C 4.461585 3.446123 5.757957 
H 3.834482 4.071074 5.099651 
H 4.973756 4.10816 6.478379 
C 1.807332 2.008435 10.460447 
H 1.234146 1.208798 9.995918 
C 2.271699 1.889692 11.778828 
H 2.040793 0.984074 12.338128 
C 3.002837 2.917538 12.346801 
H 3.369904 2.846562 13.371287 
C 3.270453 4.075034 11.583194 
C 4.009329 5.198957 12.079797 
H 4.396383 5.157916 13.098536 
C 4.221085 6.304402 11.304191 
H 4.776916 7.156879 11.69682 
C 3.714212 6.37698 9.96507 
C 3.886222 7.499244 9.125565 
H 4.432143 8.370721 9.488896 
C 3.344657 7.478234 7.851859 
H 3.448866 8.329111 7.179675 
C 2.64192 6.346912 7.412316 
H 2.197416 6.316489 6.418819 
C 2.989742 5.271681 9.445741 
C 2.763696 4.11923 10.258656 
C 4.879632 14.533147 8.845276 
H 5.686217 14.733235 8.326154 
H 4.632427 15.345025 9.333494 
C 4.123099 12.917771 7.251807 
H 3.369071 12.659017 6.681427 
H 4.899028 13.059195 6.669541 
 
Table S3.6. XYZ-Cartesian Coordinates (Å) of Optimized Geometry of DAPTA-1. 
Re 0.599953 7.963654 11.386413 
P 2.721271 7.413965 10.303463 
O -0.682844 5.289653 10.602769 
O -0.452596 9.195023 8.772087 
O -2.137984 8.571894 12.715563 
O 3.9879 8.297653 6.634339 
O 5.256571 4.163313 7.416461 
N 1.561235 9.790788 12.097474 
N 1.587015 7.368895 13.249658 
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N 4.794733 8.28377 8.734199 
N 5.316653 6.679369 10.517558 
N 4.027597 5.473554 8.781369 
C 1.505605 10.989762 11.535533 
H 0.995356 11.100425 10.753411 
C 2.179415 12.100409 12.063541 
H 2.104109 12.939429 11.643569 
C 2.95085 11.965602 13.191074 
H 3.413603 12.699996 13.550181 
C 3.029728 10.698017 13.795165 
C 3.814321 10.448524 14.968347 
H 4.324581 11.146702 15.338105 
C 3.833806 9.249348 15.546569 
H 4.35561 9.118565 16.318039 
C 3.079999 8.15681 15.020083 
C 3.031665 6.861056 15.586132 
H 3.500361 6.675949 16.378905 
C 2.308734 5.891253 14.977477 
H 2.288066 5.024064 15.344191 
C 1.590083 6.168915 13.811903 
H 1.091987 5.478785 13.41019 
C 2.316975 8.36405 13.85603 
C 2.314649 9.649744 13.239767 
C -0.1792 6.269517 10.899489 
C -1.121616 8.384171 12.265919 
C -0.065037 8.72823 9.759782 
C 2.710149 5.91741 9.240904 
H 2.29146 5.185027 9.738479 
H 2.150836 6.096481 8.455739 
C 4.162297 7.005923 11.362066 
H 4.378338 7.768486 11.937245 
H 3.945534 6.241348 11.935724 
C 3.495151 8.702073 9.266772 
H 2.897116 8.917361 8.519648 
H 3.613976 9.514937 9.799345 
C 5.11081 5.442568 9.787172 
H 4.914099 4.730306 10.432346 
H 5.947649 5.205147 9.335245 
C 5.75888 7.808727 9.730871 
H 6.587275 7.563258 9.269815 
H 5.967445 8.549158 10.338004 
C 4.906244 8.062244 7.38755 
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C 6.215841 7.53509 6.874758 
H 6.156703 7.398271 5.917648 
H 6.416468 6.692045 7.309946 
H 6.91878 8.174919 7.068006 
C 4.206137 4.738354 7.647749 
C 3.071372 4.700125 6.655642 
H 3.339235 4.183031 5.878085 
H 2.848051 5.603531 6.381747 
H 2.296377 4.285645 7.066484 
 
Table S3.7. Summary of the Computed 10 Lowest Energy Singlet Excited States of 
PTA-1. 

Excited  
State 

Energy 
(eV) 

Wavelength 
(nm) 

Oscillator 
Strength 

Orbital 
Transitions 

Orbital 
Transition 

Coefficients 
1 2.835 437.4 0.0008 143aà147a 

145aà147a 
146aà147a 

0.15863 
0.91780 
0.35026 

2 2.821 439.5 0.0199 145aà147a 
146aà147a 

-0.35789 
0.92270 

3 3.092 401.0 0.0020 144aà147a 
145aà148a 
146aà148a 

0.12735 
-0.96684 
0.16432 

4 3.090 401.3 0.0032 144aà147a 
145aà148a 
146aà148a 

-0.10007 
0.14654 
0.96838 

5 3.549 349.3 0.0131 142aà147a 
143aà147a 
143aà148a 
144aà147a 
145aà148a 

0.74079 
0.36836 
0.10654 
-0.51361 
-0.11231 

6 3.674 337.5 0.0480 140aà148a 
142aà147a 
142aà148a 
143aà147a 
143aà148a 
144aà147a 
145aà148a 

0.14377 
0.31075 
0.10797 
0.52521 
-0.17718 
0.72162 
0.10921 

7 3.664 338.4 0.0077 143aà147a 
143aà147a 
144aà147a 
145aà147a 
146aà147a 

-0.57410 
0.73418 
-0.24182 
-0.12996 
-0.11382 

8 4.045 306.5 0.0080 140aà147a 
141aà149a 

-0.30960 
0.14870 
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144aà148a 
144aà149a 
145aà149a 
146aà149a 

0.64288 
0.27214 
0.20674 
-0.54480 

9 4.062 305.3 0.0044 140aà147a 
141aà149a 
142aà148a 
143aà148a 
144aà148a 
144aà149a 
145aà149a 
146aà149a 

-0.26223 
-0.16584 
-0.23364 
-0.12634 
0.56312 
-0.30069 
-0.19277 
0.59582 

10 3.915 316.7 0.0015 140aà147a 
142aà148a 
143aà148a 
144aà148a 
146aà149a 

-0.15702 
0.78984 
0.52141 
0.18515 
0.13666 

 
Table S3.8. Summary of the Computed 10 Lowest Energy Singlet Excited States of 
THP-1. 
Excited  

State 
Energy 

(eV) 
Wavelength 

(nm) 
Oscillator 
Strength 

Orbital 
Transitions 

Orbital 
Transition 

Coefficients 
1 3.484 355.8 0.0945 133aà139a 

135aà138a 
136aà139a 
137aà138a 

0.15074 
0.12714 
0.24742 
0.93953 

2 3.436 360.8 0.0001 136aà138a 0.98765 
3 3.500 354.3 0.0023 135aà138a 

137aà138a 
0.98010 
-0.10077 

4 3.802 326.1 0.0166 133aà138a 
134aà139a 
137aà139a 

-0.37759 
0.15909 
0.89616 

5 3.887 319.0 0.0624 134aà138a 
136aà139a 
137aà138a 

-0.57109 
0.77886 
-0.20669 

6 4.114 301.3 0.0003 134aà140a 
135aà139a 
135aà140a 
137aà140a 

-0.26580 
0.27561 
-0.14156 
-0.89694 

7 3.929 315.5 0.0002 133aà138a 
134aà138a 
135aà139a 
136aà139a 
137aà140a 

0.12665 
-0.14200 
0.92468 
-0.11922 
0.27003 
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8 4.104 302.1 0.0079 133aà139a 
134aà138a 
135aà139a 
136aà139a 
137aà138a 
137aà141a 

0.28075 
-0.72548 
-0.20079 
-0.54038 
0.10574 
-0.10563 

9 4.344 285.4 0.0089 133aà138a 
134aà139a 
134aà142a 
136aà140a 
137aà142a 

-0.12074 
-0.16024 
0.15204 
-0.86092 
0.37312 

10 4.333 286.1 0.0052 132aà139a 
133aà138a 
134aà139a 
135aà140a 
136aà140a 

0.11309 
-0.52706 
-0.78160 
0.13843 
0.17500 

 
 
Table S3.9. Summary of the Computed 10 Lowest Energy Singlet Excited States of 
DAPTA-1. 
Excited  

State 
Energy 

(eV) 
Wavelength 

(nm) 
Oscillator 
Strength 

Orbital 
Transitions 

Orbital 
Transition 

Coefficients 
1 3.237 383.0 0.0208 162aà166a 

163aà166a 
165aà166a 

-0.19968 
-0.13185 
-0.95867 

2 2.821 360.4 0.0433 163aà166a 
163aà167a 
164aà166a 
165aà166a 

-0.36728 
-0.10953 
-0.88734 
0.13318 

3 3.589 345.5 0.0007 161aà166a 
162aà166a 

-0.88636 
0.43309 

4 3.545 349.7 0.0067 157aà166a 
158aà166a 
162aà167a 
163aà166a 
164aà166a 
165aà167a 

-0.10837 
-0.11447 
-0.11464 
-0.13353 
0.11235 
-0.94489 

5 3.662 338.6 0.0004 159aà166a 
161aà166a 
162aà166a 
163aà166a 
164aà166a 
164aà167a 
165aà166a 

-0.10685 
0.23963 
0.56920 
0.61803 
-0.32692 
-0.20124 
-0.21278 
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6 3.748 330.8 0.0062 157aà166a 
159aà166a 
162aà166a 
162aà167a 
163aà166a 
163aà167a 
164aà166a 
164aà167a 

0.16818 
-0.11762 
0.14363 
-0.11203 
-0.37098 
-0.30828 
0.24904 
-0.76740 

7 3.883 319.3 0.0229 157aà167a 
158aà167a 
159aà166a 
161aà166a 
162aà166a 
162aà167a 
163aà166a 
164aà167a 
165aà167a 

0.13001 
0.15343 
0.19859 
-0.30104 
-0.52975 
0.14145 
0.46155 
-0.46593 
-0.22793 

8 4.163 297.8 0.0016 157aà168a 
158aà168a 
162aà168a 
163aà168a 
164aà168a 
165aà168a 

-0.17782 
0.21254 
0.25710 
-0.23410 
-0.48945 
0.71833 

9 3.957 313.3 0.0001 161aà167a 
162aà167a 

-0.88513 
0.42938 

10 4.082 303.7 0.0450 157aà166a 
159aà166a 
160aà166a 
161aà166a 
162aà166a 
162aà167a 
163aà166a 
163aà167a 
164aà167a 

-0.36122 
0.11938 
-0.10168 
0.10435 
0.18063 
0.10097 
-0.18589 
0.79403 
-0.29978 
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Table S3.10. Single Dose MTT Assay at 200 μM. 
Compound Single Dose Cell Viability (HeLa, %) 

 Dark Light 
PTA-1 99.4 ± 1.0 99.6 ± 0.7 
THP-1 91.8 ± 8.7 2.5 ± 1.8 

DAPTA-1 93.3 ± 0.7 6.3 ± 0.6 
PTA-2 90.0 ± 8.8 87.0 ± 8.0 
THP-2 61.8 ± 6.2 1.3 ± 1.1 

DAPTA-2 98.1 ± 3.3 5.6 ± 7.9 
PTA-3 97.9 ± 3.7 90.5 ± 4.1 
THP-3 98.9 ± 1.6 73.1 ± 6.4 

DAPTA-3 97.1 ± 4.3 11.6 ± 10.1 
PTA-4 94.4 ± 4.9 82.5 ± 9.7 
THP-4 93.3 ± 6.0 30.7 ± 14.6 

DAPTA-4 100.0 ± 0.6 19.6 ± 17.0 
PTA-5 98.2 ± 3.2 96.0 ± 6.8 
THP-5 57.5 ± 11.0 12.7 ± 5.8 

DAPTA-5 76.6 ± 1.1 5.0 ± 7.0 
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Figure S3.1. 1H NMR spectrum of PTA-1 (MeOH-d4, 400 MHz). 
 

 
Figure S3.2. 1H NMR spectrum of THP-1 (MeOH-d4, 400 MHz). 
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Figure S3.3. 1H NMR spectrum of DAPTA-1 (MeOH-d4, 400 MHz). 

 
Figure S3.4. 1H NMR spectrum of PTA-2 (MeOH-d4, 400 MHz). 
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Figure S3.5. 1H NMR spectrum of THP-2 (MeOH-d4, 400 MHz). 
 

 
Figure S3.6. 1H NMR spectrum of DAPTA-2 (MeOH-d4, 400 MHz). 
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Figure S3.7. 1H NMR spectrum of PTA-3 (MeOH-d4, 400 MHz). 

 
Figure S3.8. 1H NMR spectrum of THP-3 (MeOH-d4, 400 MHz). 
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Figure S3.9. 1H NMR spectrum of DAPTA-3 (MeOH-d4, 400 MHz). 
 

 
Figure S3.10. 1H NMR spectrum of PTA-4 (MeOH-d4, 400 MHz). 
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Figure S3.11. 1H NMR spectrum of THP-4 (MeOH-d4, 400 MHz). 

 
Figure S3.12. 1H NMR spectrum of DAPTA-4 (MeOH-d4, 400 MHz). 
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Figure S3.13. 1H NMR spectrum of PTA-5 (MeOH-d4, 400 MHz). 

 
Figure S3.14. 1H NMR spectrum of THP-5 (MeOH-d4, 400 MHz). 
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Figure S3.15. 1H NMR spectrum of DAPTA-5 (MeOH-d4, 400 MHz). 

 
Figure S3.16. 1H NMR spectrum of DAPTA-1A (DMF-d7, 400 MHz). 
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Figure S3.17. 1H NMR spectrum of PTA-3A (DMSO-d6, 400 MHz). 
 
 

 
 
Figure S3.18. 31P NMR spectrum of PTA-1 (MeOH-d4, 162 MHz). 
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Figure S3.19. 31P NMR spectrum of THP-1 (MeOH-d4, 162 MHz). 

 
Figure S2.20. 31P NMR spectrum of DAPTA-1 (MeOH-d4, 162 MHz). 
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Figure S3.21. 31P NMR spectrum of PTA-2 (MeOH-d4, 162 MHz). 
 

 
Figure S3.22. 31P NMR spectrum of THP-2 (MeOH-d4, 162 MHz). 
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Figure S3.23. 31P NMR spectrum of DAPTA-2 (MeOH-d4, 162 MHz). 
 

 
Figure S3.24. 31P NMR spectrum of PTA-3 (MeOH-d4, 162 MHz). 
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Figure S3.25. 31P NMR spectrum of THP-3 (MeOH-d4, 162 MHz). 

 
Figure S3.26. 31P NMR spectrum of DAPTA-3 (MeOH-d4, 162 MHz). 
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Figure S3.27. 31P NMR spectrum of PTA-4 (MeOH-d4, 162 MHz). 

 
Figure S3.28. 31P NMR spectrum of THP-4 (MeOH-d4, 162 MHz). 
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Figure S3.29. 31P NMR spectrum of DAPTA-4 (MeOH-d4, 162 MHz). 
 

 
Figure S3.30. 31P NMR spectrum of PTA-5 (MeOH-d4, 162 MHz). 
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Figure S3.31. 31P NMR spectrum of THP-5 (MeOH-d4, 162 MHz). 
 

 
Figure S3.32. 31P NMR spectrum of DAPTA-5 (MeOH-d4, 162 MHz). 
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Figure S3.33. 31P NMR spectrum of DAPTA-1A (DMF-d7, 162 MHz). 

 
Figure S3.34. 31P NMR spectrum of PTA-3A (DMSO-d6, 162 MHz). 
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Figure S3.35. 19F NMR spectrum of PTA-1 (MeOH-d4, 376 MHz). 
 
 

 
Figure S3.36. 19F NMR spectrum of THP-1 (MeOH-d4, 376 MHz). 
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Figure S3.37. 19F NMR spectrum of DAPTA-1 (MeOH-d4, 376 MHz). 
 

 
Figure S3.38. 19F NMR spectrum of PTA-2 (MeOH-d4, 376 MHz). 
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Figure S3.39. 19F NMR spectrum of THP-2 (MeOH-d4, 376 MHz). 

 
Figure S3.40. 19F NMR spectrum of DAPTA-2 (MeOH-d4, 376 MHz). 
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Figure S3.41. 19F NMR spectrum of PTA-3 (MeOH-d4, 376 MHz). 
 

 
Figure S3.42. 19F NMR spectrum of THP-3 (MeOH-d4, 376 MHz). 
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Figure S3.43. 19F NMR spectrum of DAPTA-3 (MeOH-d4, 376 MHz). 
 

 
Figure S3.44. 19F NMR spectrum of PTA-4 (MeOH-d4, 376 MHz). 
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Figure S3.45. 19F NMR spectrum of THP-4 (MeOH-d4, 376 MHz). 
 

 
Figure S3.46. 19F NMR spectrum of DAPTA-4 (MeOH-d4, 376 MHz). 
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Figure S3.47. 19F NMR spectrum of PTA-5 (MeOH-d4, 376 MHz). 

 
Figure S3.48. 19F NMR spectrum of THP-5 (MeOH-d4, 376 MHz). 
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Figure S3.49. 19F NMR spectrum of DAPTA-5 (MeOH-d4, 376 MHz). 
 

 
Figure S3.50. IR spectrum of PTA-1 (KBr). 
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Figure S3.51. IR spectrum of THP-1 (KBr). 

 
Figure S3.52. IR spectrum of DAPTA-1 (KBr). 
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Figure S3.53. IR spectrum of PTA-2 (KBr). 

 
Figure S3.54. IR spectrum of THP-2 (KBr). 
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Figure S3.55. IR spectrum of DAPTA-2 (KBr). 

 
Figure S3.56. IR spectrum of PTA-3 (KBr). 
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Figure S3.57. IR spectrum of THP-3 (KBr). 

 
Figure S3.58. IR spectrum of DAPTA-3 (KBr). 
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Figure S3.59. IR spectrum of PTA-4 (KBr). 

 
Figure S3.60. IR spectrum of THP-4 (KBr). 
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Figure S3.61. IR spectrum of DAPTA-4 (KBr). 

 
Figure S3.62. IR spectrum of PTA-5 (KBr). 
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Figure S3.63. IR spectrum of THP-5 (KBr). 

 
Figure S3.64. IR spectrum of DAPTA-5 (KBr). 
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Figure S3.65. IR spectrum of DAPTA-1A (KBr). 

 
Figure S3.66. IR spectrum of PTA-3A (KBr). 
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Figure S3.67. HPLC chromatogram of PTA-1. 
 

  
Figure S3.68. HPLC chromatogram of THP-1. 
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Figure S3.69. HPLC chromatogram of DAPTA-1. 

 
Figure S3.70. HPLC chromatogram of PTA-2. 
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Figure S3.71. HPLC chromatogram of THP-2. 
 

 
Figure S3.72. HPLC chromatogram of DAPTA-2. 
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Figure S3.73. HPLC chromatogram of PTA-3. 
 

 
Figure S3.74. HPLC chromatogram of THP-3. 
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Figure S3.75. HPLC chromatogram of DAPTA-3. 
 

 
Figure S3.76. HPLC chromatogram of PTA-4. 
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Figure S3.77. HPLC chromatogram of THP-4. 

 
Figure S3.78. HPLC chromatogram of DAPTA-4. 
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Figure S3.79. HPLC chromatogram of PTA-5. 
 

 
Figure S3.80. HPLC chromatogram of THP-5. 
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Figure S3.81. HPLC chromatogram of DAPTA-5. 
 

 
Figure S3.82. HPLC chromatogram of DAPTA-1A (16.9 min corresponds to 
[Re(CO)2(phen)(DAPTA)(H2O)]+ and 18.2 min corresponds to 
[Re(CO)2(phen)(DAPTA)Cl]. 
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Figure S3.83. HPLC chromatogram of PTA-3A (12.3 min corresponds to 
[Re(CO)2(phen)(PTA)(H2O)]+ and 13.8 min corresponds to [Re(CO)2(phen)(PTA)Cl]. 
 
 

 
Figure S3.84. ESI-MS of PTA-1. 
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Figure S3.85. ESI-MS of THP-1. 
 

 
Figure S3.86. ESI-MS of DAPTA-1. 
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Figure S3.87. ESI-MS of PTA-2. 
 

 
Figure S3.88. ESI-MS of THP-2. 
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Figure S3.89. ESI-MS of DAPTA-2. 
 

 
Figure S3.90. ESI-MS of PTA-3. 
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Figure S3.91. ESI-MS of THP-3. 
 

 
Figure S3.92. ESI-MS of DAPTA-3. 
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Figure S3.93. ESI-MS of PTA-4. 
 

 
Figure S3.94. ESI-MS of THP-4. 
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Figure S3.95. ESI-MS of DAPTA-4. 
 

 
Figure S3.96. ESI-MS of PTA-5. 
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Figure S3.97. ESI-MS of THP-5. 
 

 
Figure S3.98. ESI-MS of DAPTA-5. 
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Figure S3.99. X-ray crystal structure of PTA-2, THP-2, and DAPTA-2. 
 

 
Figure S3.100. X-ray crystal structure of PTA-3 and DAPTA-3. 
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Figure S3.101. X-ray crystal structure of PTA-4, THP-4, and DAPTA-4. 
 

 
Figure S3.102. X-ray crystal structure of PTA-5, THP-5, and DAPTA-5. 

 
Figure S3.103. UV-Vis spectra of PTA-1 (blue), THP-1 (red), and DAPTA-1 (green) 
in PBS at 25 °C. 
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Figure S3.104. UV-Vis spectra of PTA-2 (blue), THP-2 (red), and DAPTA-2 (green) 
in PBS at 25 °C. 

 
Figure S3.105. UV-Vis spectra of PTA-3 (blue), THP-3 (red), and DAPTA-3 (green) 
in PBS at 25 °C. 
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Figure S3.106. UV-Vis spectra of PTA-4 (blue), THP-4 (red), and DAPTA-4 (green) 
in PBS at 25 °C. 

 
Figure S3.107. UV-Vis spectra of PTA-5 (blue), THP-5 (red), and DAPTA-5 (green) 
in PBS at 25 °C. 
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Figure S3.108. Emission spectra of PTA-1 (blue), THP-1 (red), and DAPTA-1 
(green) in PBS (30 μM) at 25 °C. 

 
Figure S3.109. Emission spectra of PTA-2 (blue), THP-2 (red), and DAPTA-2 
(green) in PBS (30 μM) at 25 °C. 
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Figure S3.110. Emission spectra of PTA-3 (blue), THP-3 (red), and DAPTA-3 
(green) in PBS (20 μM) at 25 °C.

 
Figure S3.111. Emission spectra of PTA-4 (blue), THP-4 (red), and DAPTA-4 
(green) in PBS (15 μM) at 25 °C. 
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Figure S3.112. Emission spectra of PTA-5 (blue), THP-5 (red), and DAPTA-5 
(green) in PBS (10 μM) at 25 °C. 

 
Figure S3.113. Transient emission decay profile of PTA-1 (blue), THP-1 (red), and 
DAPTA-1 (green) in PBS (1000 μM). 
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Figure S3.114. Transient emission decay profile of PTA-2 (blue), THP-2 (red), and 
DAPTA-2 (green) in PBS (1000 μM). 

 
Figure S3.115. Transient emission decay profile of PTA-3 (blue), THP-3 (red), and 
DAPTA-3 (green) in PBS (1000 μM). 
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Figure S3.116. Transient emission decay profile of PTA-4 (blue), THP-4 (red), and 
DAPTA-4 (green) in PBS (1000 μM). 

 
Figure S3.117. Transient emission decay profile of PTA-5 (blue), THP-5 (red), and 
DAPTA-5 (green) in PBS (1000 μM). 
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Figure S3.118. UV-Vis photoreaction of PTA-1 irradiated at 365 nm in PBS (110 
μM) at 25 °C. 

 
Figure S3.119. UV-Vis photoreaction of THP-1 irradiated at 365 nm in PBS (115 
μM) at 25 °C. 
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Figure S3.120. UV-Vis photoreaction of DAPTA-1 irradiated at 365 nm in PBS (105 
μM) at 25 °C. 

 
Figure S3.121. UV-Vis photoreaction of PTA-2 irradiated at 365 nm in PBS (85 μM) 
at 25 °C. 
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Figure S3.122. UV-Vis photoreaction of THP-2 irradiated at 365 nm in PBS (70 μM) 
at 25 °C. 

 
Figure S3.123. UV-Vis photoreaction of DAPTA-2 irradiated at 365 nm in PBS (40 
μM) at 25 °C. 
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Figure S3.124. UV-Vis photoreaction of PTA-3 irradiated at 365 nm in PBS (90 μM) 
at 25 °C. 

 
Figure S3.125. UV-Vis photoreaction of THP-3 irradiated at 365 nm in PBS (80 μM) 
at 25 °C. 
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Figure S3.126. UV-Vis photoreaction of DAPTA-3 irradiated at 365 nm in PBS (100 
μM) at 25 °C. 

 
Figure S3.127. UV-Vis photoreaction of PTA-4 irradiated at 365 nm in PBS (90 μM) 
at 25 °C. 
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Figure S3.128. UV-Vis photoreaction of THP-4 irradiated at 365 nm in PBS (100 
μM) at 25 °C. 

 
Figure S3.129. UV-Vis photoreaction of DAPTA-4 irradiated at 365 nm in PBS (110 
μM) at 25 °C. 
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Figure S3.130. UV-Vis photoreaction of PTA-5 irradiated at 365 nm in PBS (85 μM) 
at 25 °C. 

 
Figure S3.131. UV-Vis photoreaction of THP-5 irradiated at 365 nm in PBS (150 
μM) at 25 °C. 
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Figure S3.132. UV-Vis photoreaction of DAPTA-5 irradiated at 365 nm in PBS (90 
μM) at 25 °C. 
 

 
Figure S3.133. Emission integration versus absorbance plots: THP-3 in aerobic 
(triangle) and anaerobic (square) PBS pH 7.4 buffer. Rhodamine B in ethanol 
(gradient=1.98E8) was used as the reference standard.  Given that Rhodamine B under 
these conditions has a fluorescence quantum yield of 65% (R. F. Kubin, A. N. 
Fletcher, Fluorescence Quantum Yields of Some Rhodamine Dyes. J. Luminescence, 
1982, 27, 455-462), the respective luminescence quantum yields for THP-3 are 
calculated as 8.0% and 9.7% in aerobic and anaerobic solutions, respectively.   
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Figure S3.134. Absorption changes resulting from 365 nm photolysis (24-26 mW) of 
THP-3 (2.3×10-4 M) in pH 7.4, aerobic 10 mM PBS solution at ambient temperature. 
Insert: Photoreaction quantum yield measurement in triplicate:  Φ = 0.024 ± 0.001. 
 

 
Figure S3.135. Absorption spectra of [Re(bpy)(CO)3(H2O)]OTf  (black) and of THP-
3 (blue) in pH 7.4, aerobic 10 mM PBS solution.   
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Figure S3.136. Emission spectra of [Re(bpy)(CO)3(H2O)]OTf without correction for 
phototube sensitivity (blue solid line) and with correction (blue dashed line) in pH 7.4, 
aerobic 10 mM PBS solution.  
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Figure S3.137. Frontier Kohn-Sham Orbitals of PTA-1 drawn at an isovalue of 0.03. 
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Figure S3.138. Frontier Kohn-Sham Orbitals of THP-1 drawn at an isovalue of 0.03. 
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Figure S3.139. Frontier Kohn-Sham Orbitals of DAPTA-1 drawn at an isovalue of 
0.03. 
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Figure S3.140. Dose-response curve of PTA-1 under dark (black) and 365 nm light 
(red) conditions in HeLa cells. 
 

 
Figure S3.141. Dose-response curve of THP-1 under dark (black) and 365 nm light 
(red) conditions in HeLa cells. 
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Figure S3.142. Dose-response curve of DAPTA-1 under dark (black) and 365 nm 
light (red) conditions in HeLa cells. 
 

 
Figure S3.143. Dose-response curve of THP-2 under dark (black) and 365 nm light 
(red) conditions in HeLa cells. 
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Figure S3.144. Dose-response curve of DAPTA-2 under dark (black) and 365 nm 
light (red) conditions in HeLa cells. 
 

 
Figure S3.145. Dose-response curve of DAPTA-3 under dark (black) and 365 nm 
light (red) conditions in HeLa cells. 
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Figure S3.146. Dose-response curve of DAPTA-4 under dark (black) and 365 nm 
light (red) conditions in HeLa cells. 
 

 
Figure S3.147. Dose-response curve of THP-5 under dark (black) and 365 nm light 
(red) conditions in HeLa cells. 
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Figure S3.148. Dose-response curve of DAPTA-5 under dark (black) and 365 nm 
light (red) conditions in HeLa cells. 
 

 
Figure S3.149. Dose-response curve of THP-1 under dark (black) and 365 nm light 
(red) conditions in A2780 cells. 



 

 299 

 
Figure S3.150. Dose-response curve of DAPTA-1 under dark (black) and 365 nm 
light (red) conditions in A2780 cells. 
 

 
Figure S3.151. Dose-response curve of THP-1 under dark (black) and 365 nm light 
(red) conditions in A2780CP70 cells. 
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Figure S3.152. Dose-response curve of DAPTA-1 under dark (black) and 365 nm 
light (red) conditions in A2780CP70 cells. 
 

 
Figure S3.153. HPLC chromatogram of exhaustive photolysis of DAPTA-1 before 
photolysis (black trace) and after photolysis (red trace). 
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Figure S3.154. UV-vis spectra of the exhaustive photolysis of DAPTA-1 (30 μM, 
black trace) and DAPTA-1A (40 μM, red trace) in PBS at 25 °C. 
 
 

 
Figure S3.155. NMR spectra of DAPTA-1 before (bottom trace) and after 62 h of 
photolysis (middle trace), and DAPTA-1A (top trace) in D2O (2 M) at 25 °C 
(referenced to 1,4-dioxane). The red circles represent the peaks corresponding to 
DAPTA-1 and the blue triangles correspond to DAPTA-1A. The middle spectra 
illustrates a mixture of the two complexes, resulting from the photolysis of DAPTA-1 
to form DAPTA-1A.  
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Figure S3.156. Dose-response curve of PTA-3A under dark (black) and 365 nm light 
(red) conditions in HeLa cells. 
 

 
Figure S3.157. Dose-response curve of DAPTA-1A under dark (black) and 365 nm 
light (red) conditions in HeLa cells. 
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Figure S3.158. Dose-response curve of DAPTA-1 subjected to exhaustive photolysis 
and incubated in HeLa cells. 
 

 
Figure S3.159. UV-vis spectra of DAPTA-1A at pH 2 to 12 in water (84 μM) at 25 
°C. 
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Figure S3.160. Species distribution diagram of DAPTA-1A at 85 μM, L is ligand. 
 

 
Figure S3.161. UV-vis spectra of photolyzed THP-1 at pH 2 to 12 in water (85 μM) 
at 25 °C. 
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Figure S3.162. Species distribution diagram of photolyzed THP-1 at 85 μM, L is 
ligand. 
 

 
Figure S3.163. UV-vis spectra of PTA-3A at pH 2 to 12 in water (87 μM) at 25 °C. 
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Figure S3.164. Species distribution diagram of PTA-3A at 85 μM, L is ligand. 
 

 
Figure S3.165. Dose-response curve of DAPTA-1 under hypoxic conditions in the 
dark (black) and 365 nm (red) in HeLa cells. 
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CHAPTER 4 

A Rhenium Isonitrile Complex Induces Unfolded Protein Response-Mediated 

Apoptosis in Cancer Cells 
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equally. A. P. King synthesized and characterized the complex and performed some 

inhibitor and flow cytometry assays. S. C. Marker tested the anticancer activity of the 

complex, performed some inhibitor and flow cytometry assays, and performed the 

confocal fluorescence microscopy assays. R. V. Swanda ran all the Western blots. J. J. 

Woods ran and solved the crystal structure. 
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ABSTRACT 

Complexes of the element Re have recently been shown to possess promising 

anticancer activity via mechanisms of action that are distinct from the conventional 

metal-based drug cisplatin. In this chapter, we report our investigations on the 

anticancer activity of the complex [Re(CO)3(dmphen)(ptolICN)]+ (TRIP) where 

dmphen = 2,9-dimethyl-1,10-phenanthroline and ptolICN = 4-methylphenyl isonitrile. 

TRIP was synthesized via literature methods and exhaustively characterized. This 

compound exhibits potent in vitro anticancer activity in a wide variety of cell lines. 

Flow cytometry and immunostaining experiments indicate TRIP induces intrinsic 

apoptosis. Comprehensive biological mechanistic studies demonstrate this compound 

triggers the accumulation of misfolded proteins, which causes endoplasmic reticulum 

(ER) stress, the unfolded protein response, and apoptotic cell death. Furthermore, 

TRIP induces hyperphosphorylation of eIF2α, translation inhibition, mitochondrial 

fission, and induction of proapoptotic ATF4 and CHOP. These results establish TRIP 

as a promising anticancer agent based on its potent cytotoxic activity and ability to 

induce ER stress. 

 

INTRODUCTION 

Chapter 3 describes one method to minimize damage to healthy cells. An alternative 

method is to target specific organelles or biological processes that are upregulated in 

cancer cells, which we describe in detail in the following chapter. The endoplasmic 

reticulum (ER) is a major regulator of cancer cell proliferation, metastasis, 

angiogenesis, and chemotherapy resistance.1 Cancer cells often exhibit higher rates of 
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protein synthesis than non-cancer cells, which raises their ER protein load and leads to 

higher basal levels of ER stress.2 To handle this ER stress, cancer cells often employ 

the unfolded protein response (UPR). The UPR is typically cytoprotective, and its 

increased activation in cancer cells can cause them to be more virulent and more 

resistant to chemotherapy.3 However, acute inductions of high levels of ER stress can 

shift the UPR to activate apoptosis.4 The higher basal ER stress levels of cancer cells 

makes them more susceptible than normal cells to apoptosis induction via 

overactivation of the UPR. Thus, the development of new chemotherapeutic agents 

that target the ER is a promising strategy for the treatment of cancer.5 Recently, 

several transition metal complexes bearing polypyridyl ligands have been discovered 

to induce anticancer activity via ER stress and the UPR, suggesting that the 

exploration of these non-traditional scaffolds may give rise to promising drug 

candidates.6–11 In this context, our group has been exploring the anticancer activity of 

polypyridyl rhenium(I) tricarbonyl complexes.12–15 Certain members of this class of 

compounds exhibit potent cytotoxic activity that can be leveraged for their use as 

anticancer agents.16 Here, we describe our investigation of a new rhenium(I) 

tricarbonyl complex bearing a chelating polypyridyl ligand and an axial isonitrile 

ligand as a potent anticancer agent. Our efforts to understand the mechanism of action 

of this tricarbonyl rhenium isonitrile polypyridyl (TRIP) complex have revealed that it 

is an effective ER stress-inducing agent with significant antiproliferative activity.  

 

RESULTS AND DISCUSSION 

Synthesis and Characterization of TRIP. 
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TRIP was synthesized by treating the previously reported complex 

[Re(CO)3(dmphen)OTf] with excess 4-methylphenyl isonitrile in tetrahydrofuran 

(Figure 4.1). TRIP was fully characterized using 1H NMR and IR spectroscopy, HR-

MS, and X-ray diffraction (Figures S4.1 and S4.2, Tables S4.1 and S4.2). The purity 

of the complex was verified via elemental analysis and HPLC (Figure S4.3 and Table 

S4.3). The water-soluble complex is luminescent upon irradiation with UVA and blue 

light and exhibits a luminescence quantum yield of 3% and a lifetime of 1.05 µs in 

aqueous, air-equilibrated phosphate buffer (Figures S4.4–S4.6).  

The aqueous stability of potential drug candidates is important because it may 

affect their bioavailability for therapeutic use. Therefore, we investigated the stability 

of TRIP in a phosphate-buffered saline (PBS, pH 7.4) solution at 37 ºC over the span 

of 10 days. Under these conditions, TRIP is stable; its HPLC chromatogram remains 

unchanged, indicating that no decomposition of TRIP occurred over the duration of 

the experiment (Figures S4.7). In addition to aqueous stability, the photostability of 

TRIP was investigated. This class of complexes has previously been shown to 

undergo photochemical ligand substitution reactions.17 Upon prolonged irradiation 

with UV light, TRIP undergoes a photochemical transformation, as evidenced by 

significant changes in its UV-vis spectrum (Figures S4.8). Preliminary attempts to 

characterize the photochemical reaction indicate loss of CO from the inner 

coordination sphere. The resulting products appear to be a mixture of different isomers 

of the dicarbonyl complex. These photoreaction products were previously observed for 

the related compound [Re (CO)3(phenanthroline)(2,6-dimethylphenyl isonitrile)]+.17 

Notably, under ambient light, this photoreaction is exceedingly slow, as monitored by 
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HPLC, and is therefore not expected to contribute to the biological experiments. As a 

general precaution, all experiments were performed in minimal ambient light. The 

high thermal stability of TRIP and its low susceptibility to photoreactions in ambient 

light suggests that this compound will most likely induce its biological effects in its 

intact form. Additionally, TRIP is stable in the presence of millimolar concentrations 

of glutathione (Figure S4.9). Based on TRIP’s favorable physical properties and high 

stability, we evaluated its potential as an anticancer agent in vitro.  

 

 
Figure 4.1. Diagram of TRIP (left) and its X-ray crystal structure (right). Ellipsoids 
are drawn at 50% probability. Hydrogen atoms and the counterion are omitted for 
clarity. 
 

Anticancer Activity of TRIP. 

The cytotoxicity of TRIP was investigated in a panel of cancer and non-cancer cell 

lines to determine its potential as a therapeutic agent. For comparison, we also 

evaluated the activities of the established metal-based anticancer drug cisplatin and 

another potent rhenium anticancer agent that we have previously investigated in our 

lab, [Re(CO)3(dmphen)(OH2)]+ (Neo-Re).12,15  The concentrations of these complexes 

required to reduce cell viability to 50% of the control (IC50) are shown in Table 4.1. In 
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comparison to cisplatin and Neo-Re, TRIP has comparable or greater toxicity in all 

cancer cell lines tested (Figures S4.10–S4.21). Based on its promising anticancer 

activity, we submitted TRIP for screening in the National Cancer Institute (NCI)-60 

cell line panel (Figure S4.22).18 The results indicate that TRIP is most potent in 

melanoma and breast cancer cells lines and least effective in lung and renal cancer cell 

lines. The activity of TRIP in this cell line panel was compared to drugs in the NCI 

database via the COMPARE algorithm, which compares the toxicity profiles of drugs 

to reveal correlations in their activity.19 Highest correlations were observed for DNA-

binding agents chromomycin A3 and actinomycin D and the translation inhibitors 

pyllanthoside, bruceantin, and didemnin B (Table S4.4). Notably, the spectrum of 

activity of TRIP was not correlated to any of the platinum-based drugs, and it exhibits 

only a moderate correlation (PCC = 0.403) to Neo-Re. The high correlations to 

established transcription and translation inhibitors indicates that TRIP may act 

similarly.  

 

Table 4.1. IC50 values of TRIP, Neo-Re, and cisplatin in cancer and non-cancer cell 
lines. 

 
 

Mode of Cell Death Determination. 
 
To determine the type of cell death induced by TRIP, the cytotoxicity of this 

compound in A2780 cells was evaluated in the presence of inhibitors of various 

Compound IC50 (μM) 

 A2780 A2780CP70 HeLa A549 HEK293 

TRIP 1.65 ± 0.66 1.92 ± 0.96 1.37 ± 0.23 1.42 ± 0.55 1.87 ± 0.22 
Neo-Re 5.67 ± 0.55 5.99 ± 0.16 4.38 ± 1.25 7.7 ± 2.4 9.03 ± 0.26 
cisplatin 1.27 ± 0.05 12.03 ± 2.49 6.63 ± 0.72 5.61 ± 0.53 1.74 ± 0.20 
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established cell death pathways. Inhibitors of necroptosis, paraptosis, and ferroptosis 

did not alter TRIP’s activity, but the pan-caspase inhibitor Z-VAD-FMK significantly 

decreased TRIP’s cytotoxicity in A2780 cancer cells (Figures S4.23–S4.27). Because 

the activation of caspases is often critical for the execution of apoptosis, this result 

indicates that TRIP may be inducing apoptosis. To confirm that TRIP induces 

caspase-dependent apoptosis, we first performed western blots to detect apoptosis 

markers caspase 3 and cleaved PARP (Figure S4.28). We further verified this cell 

death pathway by performing the Annexin V/propidium iodide (PI) assay. This assay 

is a flow cytometry experiment that is used to distinguish apoptotic and necrotic cells 

by selectively staining these cell populations with Annexin V-Alexa Fluor 488 and PI, 

respectively.20 The analysis of A2780 cells treated with TRIP for 24 h and stained 

with these two dyes by flow cytometry revealed an increase in the number of apoptotic 

cells, but no significant increase in the population of necrotic cells (Figures S4.29 and 

S4.30). 

We further investigated the mechanism by which TRIP induces apoptosis by 

exploring the effect of this compound on the mobility of cytochrome c in A2780 cells. 

Cytochrome c release from the outer mitochondrial membrane to the cytosol is a 

diagnostic marker of the intrinsic apoptosis pathway, and its incidence marks the 

“point of no return” for cellular viability.21–23 Cytochrome c release may be induced 

by pro-apoptotic Bcl-2 family proteins, which are activated through cellular stress. 

Accumulation of these proteins leads to mitochondrial outer membrane 

permeabilization (MOMP) and subsequent cytochrome c release, which induces 

caspase activation and apoptosis. To determine if TRIP gives rise to translocation of 
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cytochrome c to the cytosol, A2780 cells that were treated with TRIP for either 4 or 

24 h were incubated with a cytochrome c-selective antibody conjugated to the 

fluorophore, fluorescein isothiocyanate (FITC). This antibody can only bind to 

cytosolic cytochrome c, and as such an increase in fluorescence intensity observed by 

flow cytometry signifies the release of this protein from the mitochondria. TRIP 

induced cytochrome c release after a 24-h treatment period (Figure S4.31). 

Cytochrome c release induced by TRIP was comparable to that of the positive control, 

staurosporine, a well-established apoptosis-inducing agent.24 A shorter 4-h incubation 

period, however, did not give rise to cytochrome c release, suggesting that this process 

occurs downstream of the initial cytotoxic insult imposed by TRIP. Additionally, 

cytochrome c release occurs on the same time scale as apoptosis induction by TRIP, 

indicating that TRIP induces intrinsic apoptosis.  

 

Biological Mechanism of Action. 

Given the promising activity of TRIP in a variety of cancer cell lines and its ability to 

induce intrinsic apoptosis, we explored its intracellular localization and early cellular 

effects. The localization of TRIP was probed by measuring the colocalization of 

TRIP luminescence with organelle-specific fluorescent small molecules or fusion 

proteins. Partial colocalization was observed with the LysoTracker Red dye and GalT-

dsRed fusion protein, but the majority of TRIP luminescence was cytosolic (Figure 

S4.32). While performing these colocalization studies, we observed that the 

mitochondrial morphology was noticeably altered in TRIP-treated cells. The 

mitochondria were significantly rounded and punctate after TRIP treatment, in 
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contrast to the tubular, elongated morphology within untreated cells. Time-lapse 

microscopy experiments revealed that TRIP induces these changes after only 30 min 

of treatment in HeLa cells (Figures 4.2 and S4.33). Although TRIP treated 

mitochondria were visually different, mitochondrial polarization experiments with the 

ratiometric sensor JC-1 indicated that the mitochondria remained functional (Figures 

S4.34 and S4.35), demonstrating that the observed changes might be controlled 

mitochondrial fission rather than fragmentation. These morphology changes were 

curtailed in the presence of Mdivi-1, which inhibits dynamin-related protein 1 (Drp1), 

an essential mediator of fission, confirming that this process is due to mitochondrial 

fission (Figure 4.2).25 Because mitochondrial fission is often associated with 

autophagy,26 we examined the expression of LC3, an autophagosome marker,27 in 

A2780 cells upon treatment with TRIP. After 24 h, a large increase in LC3II 

expression relative to LC3I was observed in cells treated with TRIP (Figure S4.36). 

Based on these results, it is clear that TRIP induces both autophagy, a cell survival 

pathway, and apoptosis, a cell death pathway. Because TRIP does not depolarize the 

mitochondria or cause release of cytochrome c on short time scales, we hypothesized 

that a different organelle, such as the ER, may be the key target of this compound.  
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Figure 4.2. HeLa cells stained with MitoTracker Red and Hoechst dye treated with 
TRIP (5 μM) for 0 and 30 min (top panels). HeLa cells stained with MitoTracker Red 
and Hoechst dye cotreated with TRIP (5 μM) and Mdivi-1 (50 μM) for 0 and 30 min 
(bottom panels). Scale bar = 10 μm. 
 

Because of the potential connections between mitochondrial fission, 

autophagy, and ER stress, we explored the effects of the ER stress modulator 

salubrinal on the cytotoxicity of TRIP in A2780 cells.28 Salubrinal operates by 

inhibiting dephosphorylation of the master regulatory protein eukaryotic initiation 

factor 2α (eIF2α), an integral component of the UPR.28–31 The presence of salubrinal 

increases the activity of TRIP by a factor of 4 (Figure 4.3A). Based on this synergy, 

we explored the possibility that TRIP was acting to cause phosphorylation of eIF2α. 

Western blot analysis of A2780 cells treated with TRIP confirms the induction of 

eIF2α phosphorylation as little as 2 h after exposure (Figures 4.3B and S4.37), 

indicating that this process is one of the first cellular responses to TRIP. Next, we 
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explored the downstream effects of eIF2α phosphorylation. The most immediate and 

pronounced effect of eIF2α phosphorylation is the inhibition of translation.32 To probe 

whether the levels of phosphorylation induced by TRIP were sufficient to inhibit 

protein translation, we measured endogenous global translation levels using the 

puromycin incorporation assay.33 As early as 2 h post incubation, A2780 cells treated 

with TRIP incorporated substantially less puromycin compared to the untreated 

controls, indicating much lower rates of translation (Figure 4.3C). To further support 

our hypothesis that the translation inhibition and ATF4 expression induced by TRIP is 

a consequence of eIF2α phosphorylation, we tested the effects of TRIP on a cell line 

lacking eIF2α phosphorylation capabilities. Specifically, we employed mouse 

embryonic fibroblasts (MEF) that express a mutated form of eIF2α (S51A), where the 

serine amino acid residue sight of phosphorylation (serine 51) is replaced with an 

alanine, rendering eIF2α phosphorylation impossible. The S51A eIF2α mutant MEFs 

showed no increase in ATF4 expression upon 2-h treatment with TRIP, confirming 

that eIF2α phosphorylation is responsible for ATF4 upregulation (Figure S4.38). The 

mutant cells also showed no changes in translation levels after TRIP treatment 

(Figure S4.39). 

Hyperphosphorylation of eIF2α can lead to apoptosis via upregulation of the 

stress-related transcription factors ATF4 and CHOP.34 We measured the upregulation 

of these proteins in response to TRIP treatment and found that both ATF4 and CHOP 

were upregulated (Figure 4.3B), linking the observed eIF2α phosphorylation and 

apoptosis. Phosphorylation of eIF2α also results in cell cycle arrest in the G1 phase.35 

Cells treated with TRIP showed an 18% increase in the population of cells in the G1 



 

 325 

phase and a corresponding decrease in the number of cells in the S phase as opposed 

to untreated cells (Figure S4.40). Thus, the ability of TRIP to stall cells in the G1 

phase is fully consistent with its induction of eIF2α phosphorylation. These results 

indicate that TRIP induces ER stress, triggering eIF2α phosphorylation and the 

resulting downstream effects, culminating in cellular apoptosis.  

 

 
Figure 4.3. (A) Dose-response curve of A2780 cells treated with TRIP in the 
presence of 25 μM salubrinal (blue) or absence of salubrinal (red). (B) Western blot of 
untreated (–), cisplatin (C, 10 μM), TRIP (5 μM), or bortezomib (B, 25 nM) for 24 h 
in A2780 cells. (C) Western blot of A2780 cells incubated with TRIP (5 μM) over 0, 
0.5, 1, 1.5, and 2 h with puromycin (10 min, left blot) and A2780 cells untreated (–), 
cisplatin (C, 10 μM), TRIP (5 μM), or bortezomib (B, 25 nM) treated for 24 h with 
puromycin (10 min, right blot). (D) Confocal microscopy images of HeLa cells treated 
with ThT (5 μM) at 0 and 30 min in the absence (top panels) and the presence (bottom 
panels) of TRIP (5 μM) at 0 and 30 min. Scale bar = 50 μm. 
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Phosphorylation of eIF2α often occurs due to the accumulation of misfolded 

proteins. To determine whether the observed phosphorylation was due to protein 

misfolding, the extent of misfolded protein accumulation induced by TRIP was 

evaluated using the dye Thioflavin T, (ThT) which fluoresces in the presence of 

protein aggregates.36 The fluorescence intensity of ThT increased significantly in 

HeLa cells treated with TRIP in comparison to untreated cells within 30 min (Figures 

4.3D, S4.41 and S4.42). Given the observation of fast protein aggregation upon 

treatment with TRIP, the induction of protein misfolding is most likely the cause of 

the ER stress and activation of the UPR. 

 

 
Figure 4.4. Proposed mechanism of ER-stress and apoptosis induction by TRIP. 
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CONCLUSIONS 

A summary of our current understanding of TRIP’s mechanism of ER stress induction 

and the subsequent cellular response is shown in Figure 4.4. TRIP induces ER stress 

in less than 30 min after exposure due to the accumulation of misfolded proteins. 

Misfolded protein accumulation leads to the phosphorylation of eIF2α, which initiates 

autophagy, shuts down global protein translation, and upregulates ATF4. Prolonged 

eIF2α phosphorylation and upregulation of ATF4 leads to expression of the 

proapoptotic protein CHOP, which induces mitochondrial membrane depolarization 

and release of cytochrome c. Cytochrome c release then results in caspase activation 

and initiation of apoptosis. Although we have investigated potential causes of eIF2α 

phosphorylation, including proteasome inhibition, HSP90 inhibition, and reactive 

oxygen species generation, we found no evidence that TRIP triggers protein 

misfolding via these pathways (Figures S4.43–S4.47).  The majority of metal 

complexes shown to cause ER stress arise from the precious metals, including 

complexes of Pt,8,37,38 Ir,7,10,39,40 Ru,41–43 and Os.11,44 The major mechanism of action 

proposed for these agents is through the production of ROS. Only a few studies have 

discovered metal complexes that induce ER stress in the absence of ROS 

generation.9,41,42,45 TRIP’s ability to induce ER stress independent of ROS generation 

indicates that it operates via a different mechanism than many other metallodrugs 

targeting the ER. 

Collectively, these results establish TRIP as a promising anticancer agent that 

kills cells by causing the accumulation of unfolded proteins. TRIP’s favorable 

physical and photophysical properties, as well as its high potency, make it a candidate 
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for future studies and a platform for the design of more potent analogues. In Chapter 5, 

we describe our efforts toward synthesizing a variety of related complexes in order to 

develop a structure-activity relationship and discuss the in vivo anticancer potential of 

TRIP. 

 

EXPERIMENTAL 

Methods and Materials.  

Rhenium carbonyl was purchased from Pressure Chemicals (Pittsburgh, Pennsylvania, 

USA). Re(CO)5Cl was synthesized as previously described.13 The diimine ligand 2,9-

dimethyl-1,10-phenanthroline (dmphen) was purchased from Cayman Chemical (Ann 

Arbor, MI). [Re(CO)3(dmphen)Cl] was synthesized using a previously reported 

procedure.46,47 The isonitrile ligand, p-tolyl-isonitrile was synthesized from p-tolyl-

formamide using a previously reported procedure.48 All solvents were ACS grade or 

higher. All reactions were carried out under ambient atmospheric conditions without 

any effort to exclude water or oxygen. 

 

Physical Measurements.  

NMR samples were prepared as solutions using D2O as the solvent. NMR spectra 

were acquired on a Varian Inova 400 MHz spectrometer. 1H NMR chemical shifts 

were referenced to 1,4-dioxane at 3.75 ppm in D2O. Samples for IR spectroscopy were 

prepared as KBr pellets and were analyzed on a Nicolet Avatar 370 DTGS 

(ThermoFisher Scientific, Waltham, MA). Analytical chromatography was carried out 

on a LC-20AT pump with a SPD-20AV UV-vis detector monitored at 270 and 220 nm 
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(Shimadzu, Japan) using an Ultra Aqueous C18 column (100 Å, 5 µm, 250 mm × 4.6 

mm, Restek, Bellefonte, PA) at a flow rate of 1 mL/min with a mobile phase 

containing 0.1% trifluoroacetic acid (TFA) in H2O or MeOH. The method consisted of 

5 min at 10% MeOH, followed by a linear gradient to 100% MeOH over 20 min. 

High-resolution mass spectra (HRMS) were recorded on an Exactive Orbitrap mass 

spectrometer in positive ESI mode (ThermoFisher Scientific, Waltham, MA) with 

samples injected as acetonitrile/water solutions with 1% formic acid. Elemental 

analyses (C, H, N) were performed by Atlantic Microlab Inc. (Norcross, Georgia, 

USA). UV-visible spectra were recorded on a Cary 8454 UV-vis (Agilent 

Technologies, Santa Clara, CA) or a Beckman Coulter DU800 UV-vis using 1-cm 

quartz cuvettes. Lifetime measurements were collected as described below. The 

photoreaction of TRIP was monitored by UV-vis and performed using a Newport 

Mercury/Xenon Arc Lamp. The light output was modulated using a combination of a 

Newport heat absorbing glass filter (50.8 × 50.8 mm) with infrared cut-off (Schott 

KG5 filter glass), a Newport mercury line bandpass filter (25.4 mm, center wavelength 

365.0 ± 2 nm), and a Newport visible absorbing filter (50.8 × 50.8 mm, center 

wavelength 340 nm) made of dark optical glass to isolate monochromatic 365 nm 

light. Luminescence quantum yield measurements were carried out on a Beckman 

Coulter DU800 UV-vis and Varian Eclipse Fluorometer. 

 

Synthetic Procedure. 

Synthesis of [Re(CO)3(dmphen)(p-tol-ICN)]Cl (TRIP). Re(CO)3(dmphen)Cl (0.266 g, 

0.52 mmol) is dissolved in THF and AgOTf (0.133 g, 0.52 mmol) is added. The 
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mixture is heated at reflux for 3 h, after which the resulting yellow suspension is 

filtered. To the filtrate, p-tolyl-isonitrile (0.2 g, 1.7 mmol) is added, and the mixture is 

heated at reflux overnight. The resulting orange solution is evaporated to dryness, and 

the residue is dissolved in a minimum amount of methanol (≈ 5 mL). Saturated 

ammonium hexafluorophosphate (5 mL) is added, and the resulting suspension is 

filtered after 10 min. The pale yellow solid product is washed with diethyl ether and is 

recrystallized by slow addition of water to a saturated methanolic solution. The pure 

solid, as a PF6– salt, is then dissolved in acetonitrile (15 mL) and stirred with IRA-

410(Cl) anion exchange resin (≈5 g) overnight. The mixture is filtered, and the resin is 

washed with acetonitrile (10 mL). The combined acetonitrile filtrate is then evaporated 

to dryness to yield the product as a pale yellow solid. Yield: 61%. 1H NMR (400 

MHz, D2O) δ 8.56 (d, J = 8.6 Hz, 2H), 8.00 (s, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.06 (d, J 

= 7.3 Hz, 2H), 6.84 (d, J = 9.0 Hz, 2H), 3.28 (s, 6H), 2.21 (s, 3H). IR (KBr, cm-1): 

2176 m, 2040 s, 1946 s, 1923 s. HR-ESI-MS (positive ion mode): m/z 596.095 ([M]+, 

calcd 596.098). Anal. Calcd for [Re(CO)3(dmphen)(p-tol-ICN)]Cl·2.5H2O 

(ReC25H24N3O5.5Cl): C, 44.41; H, 3.58; N, 6.20. Found: C, 44.02; H, 3.71; N, 6.21. 

 

X-ray Crystallography. 

X-ray quality crystals of TRIP were grown by slow evaporation of a methanol 

solution of the complex. Low temperature X-ray diffraction (100 K) data was 

collected on a Rigaku XtaLAB Synergy diffractometer equipped with a 4-circle Kappa 

goniometer and HyPix 6000HE Hybrid Photon Counting (HPC) detector with 

monochromated Mo Ka radiation (l = 0.7107 Å). Diffraction images were processed 
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using the CrysAlisPro49 software. The structure was solved through intrinsic phasing 

using SHELXT50 and refined against F2 on all data by full-matrix least-squares with 

SHELXL51,52 following established strategies.53 All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms bound to carbon were included in the model at 

geometrically calculated positions and refined using a riding model with the isotropic 

displacement parameters of all hydrogen atoms fixed at 1.2 times the U value of the 

atoms they are linked to. The complex was refined as a two component twin and was 

refined using the TWIN function in Olex2.54 (Twin law: -1 0 0, 0 -1 0, 0 0 1; BASF 

0.00086). Details of the structure refinement details and selected interatomic distances 

and angles are reported in Table S4.1 and S4.2.  

 

Emission Quantum Yield.  

The luminescence quantum yields were measured in PBS (pH 7.4) as reported in 

Chapter 2 (pg. 121). 

 

Lifetime Measurements. 

Lifetime measurements were collected in PBS solutions at 1000 μM as reported in 

Chapter 2 (pg. 121). For deoxygenated measurements, nitrogen gas was bubbled into 

the PBS solutions for 15 min and then the lifetime was determined.   

 

Stability Measurements.  

A 500 µM sample of TRIP was prepared in PBS and incubated at 37 °C for over 9 

days. The total peak area and retention time of the sample were monitored periodically 
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via HPLC. 

 

Photoreactivity.  

Photochemical reactions were monitored by UV-vis spectroscopy. The stock solution 

of the rhenium compound at 1–2 mM concentrations in water were diluted in PBS (pH 

7.4) to a final volume of 3 ml at a concentration of approximately 40–150 µM. The 

absorbance of these samples was between 0.1 and 0.5 at 365 nm. The solution was 

stirred in a 1-cm quartz cuvette and irradiated with 365 nm light using the Newport 

Mercury/Xenon Arc Lamp described above. At different time points, the UV-vis 

spectra were acquired. The photoreaction was deemed complete when no further 

changes in the UV-vis spectra were observed.  

 

Cell Culture and Cytotoxicity.  

HeLa (cervical cancer) and A549 (lung cancer) cell lines were obtained from 

American Type Culture Collection (ATCC) and cultured using Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). A2780 

(ovarian cancer) and A2780CP70 (cisplatin-resistant ovarian cancer) cell lines were 

provided by the Cell Culture Facility of Fox Chase Cancer Center (Philadelphia, PA). 

These cells were cultured as monolayers with Roswell Park Memorial Institute 

(RPMI)-1640 culture media supplemented with 10% FBS. HEK295 (healthy kidney) 

cell line was obtained from ATCC and cultured using Modified Eagle’s Medium 

(MEM) supplemented with 10% FBS. Knock-in loss-of-function eIF2α mutant (eIF2α, 

A/A) and isogenic wild-type (eIF2α, S/S) MEF cells were supplied by Dr. Randal 
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Kaufman (Sanford-Burnham Medical Research Institute, La Jolla, CA, USA). Wild-

type (S/S) and eIF2α(A/A) MEFs were cultured in DMEM, pH 7.4, containing 1 mM 

pyruvate and 4 mM glutamine and supplemented with 1 × non-essential amino acid 

mix (Gibco/Invitrogen), 100 units/mL penicillin and 100 μg/mL streptomycin 

(pen/strep; Gibco/Invitrogen) and 10% FBS. All cell lines were grown in a humidified 

incubator at 37 °C with an atmosphere of 5% CO2. Cells were passed at 80–90% 

confluence using trypsin/EDTA. Cells were tested monthly for mycoplasma 

contamination with the PlasmoTest™ mycoplasma detection kit from InvivoGen.   

 All compounds were dissolved in PBS at pH 7.4 to prepare 1–2 mM stock 

solutions. For cell viability studies all cells were grown to 80–90% confluence, 

detached with trypsin/EDTA, seeded in 96-well plates at 4000–8000 cells/well in 100 

μL of growth media, and incubated for 24 h. The medium was removed and replaced 

with fresh medium (200 μL) containing varying dilutions of either the rhenium 

compounds, cisplatin, or media. The cells were then incubated for 48 h. The medium 

was removed from the wells, and 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium 

bromide (MTT) in DMEM, RPMI, or MEM (200 μL, 1 mg/mL) was added. The 

additional 48 h incubation was performed to ensure that the cells were in the 

logarithmic growth phase and that the cells had adequate time to regrow after exposure 

to the complexes. After 4 h, the MTT/DMEM, RPMI, or MEM solution was removed, 

and the formazan crystals were dissolved in 200 μL of an 8:1 mixture of DMSO and 

pH 10 glycine buffer. The absorbance at 570 nm in each well was measured using a 

BioTek Synergy HT plate reader. Cell viability was determined by normalizing the 

absorbance of the treated wells to untreated wells. The % viability data shown is an 
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average of three independent experiments with six replicates per concentration.  

 

Cytotoxicity with Cell Death Inhibitors. 

The effect various inhibitors of cellular processes had on TRIP toxicity was also 

examined using the MTT assay. A2780 cells were seeded in 96-well plates at 4000 

cells/well in 100 μL of growth media and incubated for 24 h. The medium was 

removed and replaced with fresh medium (100 μL) containing a single concentration 

of inhibitor (2 mM N-acetylcysteine, 50 µM Z-VAD-FMK, 2 µM ferrostatin-1, 60 µM 

necrostatin-1, or 1 µM cycloheximide). The cells were incubated at 37 °C for 1 h. 

After incubation, 100 µL of media containing serial dilutions of TRIP was added, and 

the MTT assay were performed after 48 h treatment as described above. The results of 

the assay were compared to parallel measurements of toxicity in the absence of 

inhibitors. 

 

Immunoblotting.  

A2780 or WT and mutant MEF cells were treated with vehicle control (water), TRIP 

(5 μM), cisplatin (10 μM), bortezomib (25 nM), or geldandamycin (20 μM) for the 

indicated time periods. Cells were lysed in TBS buffer (50 mM Tris, pH7.5, 150 mM 

NaCl, 1 mM EDTA) containing 1% Triton X-100, 2 U/ml DNase and protease 

inhibitor cocktail tablet (Cell Signaling). The lysates were incubated on ice for 30 min, 

followed by heating for 10 min in SDS-PAGE sample buffer (50 mM Tris (pH6.8), 

100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol). Proteins 

were separated on SDS-PAGE and transferred to PVDF membranes (Fisher). 
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Membranes were blocked in TBS containing 5% non-fat milk and 0.1 % Tween-20 for 

1 hr, followed by incubation with primary antibodies (PARP-1 (Cell Signaling), 

caspase 3 (intact and cleaved, Cell Signaling), ATF4 (Cell Signaling), eIF2α (Cell 

Signaling), p-eIF2α (Cell Signaling), CHOP (Cell Signaling), puromycin (DSHB), 

LC3I/II (Novus), AKT (Cell Signaling), HSP70 (Enzo), and ubiquitin (Santa Cruz)) 

overnight at 4 °C. After incubation with horseradish peroxidase-coupled secondary 

antibodies at room temperature for 1 h, immunoblots were visualized using enhanced 

chemiluminescence (ECLPlus, GE Healthcare) and β-Actin antibody (Sigma-Aldrich) 

was used to quantify β-actin as a loading control. 

 

Puromycin Labeling of Proteins by Immunoblotting.  

Cells were plated and dosed as described above in 35 mm dishes. After the indicated 

time of culture in treatment medium, 10 μM puromycin was added to the medium, and 

cells were harvested 10 min after the addition of puromycin. Cells were lysed in TBS 

buffer (50 mM Tris, pH7.5, 150 mM NaCl, 1 mM EDTA) containing 1% Triton X-

100, 2 U/ml DNase and protease inhibitor cocktail tablet (Cell Signaling). The lysates 

were incubated on ice for 30 min, followed by heating for 10 min in SDS-PAGE 

sample buffer (50 mM Tris (pH6.8), 100 mM dithiothreitol, 2% SDS, 0.1% 

bromophenol blue, 10% glycerol). Proteins were separated on SDS-PAGE and 

transferred to PVDF membranes (Fisher). Membranes were blocked in TBS 

containing 5% non-fat milk and 0.1 % Tween-20 for 1 h. Puromycin-labeled 

polypeptides were then quantified by incubating membranes with anti-puromycin 

(Developmental Studies Hybridoma Bank, #PMY-2A4) overnight at 4 °C and then 
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with horseradish peroxidase-coupled secondary antibodies at room temperature for 1 

h. Immunoblots were visualized using enhanced chemiluminescence and β-Actin 

antibody (Sigma-Aldrich) was used to quantify β-actin as a loading control.  

 

General Protocol for Flow Cytometry.  

A2780 cells were grown for the indicated times with either media or media containing 

the indicated compounds. Cells were harvested as detailed below and then analyzed 

using a Beckman-Coulter XL flow cytometer. All results are an average of at least 

three independent experiments. All data was analyzed using FCS Express and 

MagicPlot Pro. Due to TRIP’s luminescence upon excitation at 405 nm, control 

experiments were performed in which TRIP alone was incubated with A2780 cells for 

24 h. The cells were harvested, washed, and analyzed via flow cytometry. No 

significant increase in luminescence intensity was observed, indicating that 

luminescence from TRIP does not interfere with the following assays.  

 

Annexin V/Propidium Iodide Assay by Flow Cytometry.  

A2780 cells were grown to confluency, then left untreated or treated with TRIP (5 

μM) for 12 or 24 h or etoposide (100 μM) for 24 h. The media was removed, cells 

were washed with 1 ml PBS (pH 7.4), and trypsinized. Once cells were detached, they 

were rescued with fresh media and centrifuged down. The media was aspirated and the 

cells were washed by resuspending in PBS and centrifuging. The PBS was removed 

and 100 μl of annexin binding buffer (ABB) containing 12 μl of annexin V and 4 μl of 
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propidium iodide (PI) were added to each sample and the cells incubated at room 

temperature for 25 min. The samples were then diluted with 400 μl of ABB and the 

cells were analyzed for annexin V and PI fluorescence by flow cytometry. 

 

Cytochrome c Assay by Flow Cytometry.  

A2780 cells were treated with media or media containing TRIP (5 μM) for 4 or 24 h 

or staurosporine (1 μM) for 4 h. After the indicated treatment times, the cells were 

harvested using the FlowCellect Cytochrome c Kit by Millipore according to the 

manufacturer’s instructions. The samples were then analyzed for fluorescence 

intensity by flow cytometry.   

 

Cell Cycle Analysis by Flow Cytometry.  

A2780 cells were grown to approximately 70% confluency in T-25 flasks and then 

treated with 5 µM TRIP for 12 or 24 h. The cells were washed with PBS (pH 7.4) and 

collected by trypsinization and centrifugation. The cells were then washed twice with 

1 mL PBS and fixed at 4 °C in 1 mL 70% ethanol for 30 min. Before analysis, the 

cells were centrifuged and washed twice with 1 mL PBS, then resuspended in 200 µL 

PBS. Propidium iodide (20 µL, 1 mg/mL) and DNase free RNase (50 µL, 100 µg/mL) 

were added. The cells were incubated in the dark at room temperature for at least 30 

minutes prior to analysis via flow cytometry. 

 The results were determined by analyzing a histogram of propidium iodide 

fluorescence intensity versus cell number. The peaks corresponding to the G0/G1 and 

G2/M phase were modeled using simple Gaussian distributions. The peak 
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corresponding to the S phase was modeled using the following equation, where g is 

the height of the S phase peak, c is the center of the peak on the x-axis, R is ½ the 

width of the peak, and P is the steepness of the sides. 

 

    

         (4.1) 

 

General Protocol for Confocal Fluorescence Microscopy. 

A total of 1 × 105 HeLa or A2780 cells were seeded onto 35 mm glass bottom dishes. 

After 24 h, the cells were treated with the rhenium compound or the specific dye in 

DMEM or RPMI media. After the indicated time, the media was removed and the 

cells were washed with PBS and fresh media was added. Right before imaging, the 

media was removed and imaging buffer was added (20 mM HEPES pH 7.4, 135 mM 

NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 1 mg/mL glucose, and 1 mg/mL 

bovine serum albumin). The cells were imaged with a Zeiss LSM 800 or Zeiss LSM 

880 confocal laser-scanning microscope. All images were processed using ImageJ 

software.  

 

Colocalization using Confocal Fluorescence Microscopy. 

A total of 1 × 105 HeLa or A2780 cells were seeded onto 35 mm glass bottom dishes. 

After 24 h, the cells were treated with the rhenium compound or the specific dye in 

DMEM or RPMI media. After the indicated time, the media was removed and the 
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cells were washed with PBS and fresh media was added. Right before imaging, the 

media was removed and imaging buffer was added (20 mM HEPES pH 7.4, 135 mM 

NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 1 mg/mL glucose, and 1 mg/mL 

bovine serum albumin). The cells were imaged with a Zeiss LSM 800 or Zeiss LSM 

880 confocal laser-scanning microscope. The rhenium complex was imaged using a 

405 nm laser excitation with a 410–550 nm emission filter and images were processed 

using ImageJ software. For transfections, a solution of 2 μL Lipofectamine 2000 in 

150 μL Transfectagro was prepared for each dish. In a separate tube, 1 μg of plasmid 

DNA was diluted to 150 μL of Transfectagro. After 5 min, the two solutions were 

mixed, and after 20 min, they were added to the cells in 2 mL Transfectagro with 10% 

FBS. After 3 h, the Transfectagro was replaced with regular growth medium (DMEM 

with 10% FBS), and the cells were imaged 1 day later with the indicated treatment. 

For LysoTracker Red DND-99 treatment, 1 μL of 100 μM dye was added to 3 mL of 

medium 30 min prior to imaging. 

 

Mitochondria Morphology Experiment using Confocal Fluorescence Microscopy. 

For time-lapse experiments, HeLa cells were incubated with MitoTracker Red FM (1 

μL of 1 mM dye) and Hoechst 33342 (1 μL of 20 mM dye) for 30 and 15 min, 

respectively. After incubation with the dyes, the media was removed and the cells 

were washed with PBS and fresh media was added. At the microscope, the rhenium 

compound was diluted in imaging buffer to reach a final concentration of 5 μM and 

the cells were imaged over 2 min increments for a maximum of 30 min. MitoTracker 

Red FM was excited with a 561 nm laser with an emission filter from 630–700 nm. 
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Hoechst 33342 was excited with a 405 nm laser with an emission filter of 410–550 

nm. The same conditions for imaging were used for staurosporine, cisplatin, and 

bortezomib.  

 

JC-1 Assay using Confocal Fluorescence Microscopy. 

A total of approximately 1 × 105 A2780 cells were seeded onto 35 mm glass bottom 

dishes. After 24 h, the cells were treated with the rhenium compound for 4 or 24 h. 

The media was removed and replaced with fresh media containing 10 μM JC-1 dye 

and the cells were incubated for 30 minutes. The media was then removed and the 

cells were washed once with 1 ml of PBS (pH 7.4) and 1 ml of fresh media was added 

to the dishes. The cells containing the rhenium compound and the JC-1 dye only were 

imaged in 1 ml of imaging buffer. For the positive control dishes, at the microscope, 

the cells were dosed with 50 μM of carbonyl cyanide m-chlorophenyl hydrazine 

(CCCP) in imaging buffer, and the cells were imaged without removing CCCP. The 

cells were imaged using a 488 nm laser excitation with a 400–545 nm green emission 

filter and 575–700 nm red emission filter. The cellular images were analyzed using 

ImageJ software and the corrected total cell fluorescence (CTCF) was determined 

using the following formula: 

 

(4.2) CTCF = Integrated density – (area of cell × mean fluorescence of background 

reading) 

The average of at least ten cells was used to determine the average CTCF and the 

red/green ratio. 
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Thioflavin T (ThT) Assay using Confocal Fluorescence Microscopy. 

A total of approximately 1 × 105 HeLa cells were seeded onto 35 mm glass bottom 

dishes. After 24 h, the cells were treated with 5 μM ThT for 4 h. After 4 h, the media 

was removed, cells were washed with 1 ml PBS and 1 ml of fresh media was added to 

the dishes. At the microscope, the rhenium complex (5 μM), cisplatin (10 μM), or 

bortezomib (25 nM) was diluted in imaging buffer and imaged over 30 min with 2 min 

increments. The cells were imaged using a 405 nm laser excitation with a 410–550 nm 

green emission filter. Cellular images were analyzed using ImageJ and CTCF was 

calculated using equation 4.2.  

 

Proteasome Inhibition in Cell Lysates.  

A2780 cells were lysed using a buffer containing 50 mM HEPES pH 7.8, 150 mM 

NaCl, 1% Triton-X 100, and 5 mM EDTA according to the literature method. The 

resultant cell lysates (5 µL) were incubated with 10 µL of DMSO containing varying 

concentrations of TRIP or bortezomib (positive control) for 30 minutes at 37 °C in 

180 µL buffer containing 50 mM HEPES (pH 7.8), 1 mM dithiothreitol, 5 mM EDTA, 

10 mM NaCl, 250 mM sucrose, and 5 mM MgCl2.   

After incubation, 5 µL of the fluorogenic substrate Suc-LLVY-AMC (2 mM in 

DMSO) were added and the fluorescence intensity was monitored over 1 h at 37 °C 

via plate reader (Ex. 380 nm, Em. 460 nm). The linear portion of the resulting 

intensity over time plots were used to calculate the extent of proteasome activity, and a 

plot of inhibitor concentration versus activity was used to find the IC50 for proteasome 

inhibition. 
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DCF-DA (2',7'-dichlorodihydrofluoroscein diacetate) Assay.  

HeLa cells were plated at approximately 40,000 cells/well and incubated for 24 h. The 

media was aspirated and replaced with media containing 10 µM DCF-DA. Cells were 

then incubated with DCF-DA dye for 30 min. The DCF-DA was then removed and the 

cells were washed with Hank’s Balanced Salt Solution (HBSS) two times. 

Immediately prior to reading the plate, TRIP (5 µM) or H2O2 (25 µM) was added to 

the cells in HBSS buffer. Using a BioTek Synergy HT plate reader, the fluorescence 

intensity was monitored over the course of 30 min (Ex. 485 nm, Em. 530 nm).  

 

SUPPLEMENTARY INFORAMTION 
 
Table S4.1. X-ray Crystallographic Data and Refinement Parameters.a 

Compound TRIP 
Empirical Formula H19C25N3O3RePF6 
Formula Weight 740.60 
a (Å) 10.1121(2) 
b (Å)  14.4891(4) 
c (Å) 17.0882(4) 
α(∘) 90 
β (∘) 92.443(2) 
γ(∘) 90 
V (Å3) 2501.41(10) 
Z 4 
Crystal System Monoclinic 
Space Group P21/n 
ρcalc (Mg/m3) 1.967 
μ (mm–1) 5.001 
T (K) 100.00(10) 
2θ range (o) 2.386 – 27.103 
Independent Reflections 5501 
Rint 0.0862 
Number of Parameters 356 
Largest diff. peak and hole 1.787/–1.409 
GoF 1.08 
R1/wR2 (all data) 0.0383/0.0895 
R1/wR2 (>2s) 0.0328/0.0873 
aMo Ka l=0.7107; R1= S||Fo|- |Fc||/S|Fo|; wR2 = {S[w(Fo

2-Fc
2)2]/Sw[(Fo

2)2]}1/2 
GoF = {S[w(Fo

2-Fc
2)2]/(n – p)}1/2, where n is the number of data and p is the 

number of refined parameters.    
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Table S4.2. Selected Interatomic Distances (Å) and Angles (°).a 

Selected Interatomic Distances (Å) 
Re(1)-N(1) 2.216(3) Re(1)-C(23) 1.960(4) 
Re(1)-N(2) 2.221(3) Re(1)-C(24) 1.908(4) 
Re(1)-C(15) 2.083(4) Re(1)-C(25) 1.931(4) 

Selected Interatomic Angles (°) 
N(1)-Re(1)-N(2) 75.98(12) N(2)-Re(1)-C(24) 177.11(14) 
N(1)-Re(1)-C(15) 84.48(13) N(2)-Re(1)-C(25) 101.60(15) 
N(1)-Re(1)-C(23) 94.34(14) C(15)-Re(1)-C(23) 177.92(14) 
N(1)-Re(1)-C(24) 101.27(14) C(15)-Re(1)-C(24) 92.01(16) 
N(1)-Re(1)-C(25) 177.55(15) C(15)-Re(1)-C(25) 95.03(16) 
N(2)-Re(1)-C(15) 86.88(13) C(23)-Re(1)-C(24) 89.90(17) 
N(2)-Re(1)-C(23) 91.16(14) C(24)-Re(1)-C(25) 84.14(17) 

aAtoms are labeled as shown in Figure 4.1 of the main text. 
 
Table S4.3. Photophysical Properties of TRIP. 

λ, nm (ε, M-1cm-1)  Φlum, % (λ, nm) τ (μs) τ (nitrogen, 
μs)a 

230 (39900 ± 2000), 261 (44800 
± 2200), 282 (33800 ± 1600), 306 
(21000 ± 900), 369 (2000 ± 100) 

3.08 ± 0.26 
(505) 

1.05 3.46 

aNitrogen gas was bubbled into a solution of TRIP in PBS (pH 7.4) 15 min prior to taking lifetime 
measurement.  
 
Table S4.4. COMPARE Analysis Results for TRIP Based on NCI-60 Screening Data. 

Pearson 
Correlation 
Coefficient 

(PCC) 

Compound NSC number 

0.661 chromomycin A3 S58514 
0.628 phyllanthoside S328426 
0.595 actinomycin D S3053 
0.587 chromomycin A3 S58514 
0.579 macbecin II S330500 
0.571 bruceantin S165563 
0.564 actinomycin D S3053 
0.561 chromomycin A3 S58514 
0.547 didemnin B S325319 
0.542 anthrapyrazole S355644 
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Figure S4.1. 1H NMR spectrum of TRIP (D2O, 400 MHz) at 25 °C. Chemical shifts 
are referenced to 1,4-dioxane at 3.75 ppm versus TMS. 
 

 
Figure S4.2. IR spectrum of TRIP. 
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Figure S4.3. HPLC chromatogram of TRIP. 

 
Figure S4.4. UV-vis spectrum of TRIP (10 μM) in PBS at 25 °C. 
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Figure S4.5. Emission spectrum of TRIP (10 μM) in PBS at 25 °C. 
 

 
Figure S4.6. Transient emission decay profile of TRIP (1000 μM) in PBS under 
ambient conditions (black, solid) and under nitrogen (red, dashed). 
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Figure S4.7. Aqueous stability of TRIP in PBS (1.5 mM) at 25 °C from day 1 (blue 
trace) to day 9 (red trace). 
 

 
Figure S4.8. Series of UV-vis spectrum over the course of the photoreaction of TRIP 
upon irradiation at 365 nm in PBS (70 μM) at 25 °C. 
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Figure S4.9. TRIP (300 μM) in the presence of glutathione (5 mM) in 100 mM 
MOPS buffer (pH 7.4) at 37 °C over the course of 24 h. 
 

 
Figure S4.10. Dose-response curve of TRIP in A2780 (black, solid) and A2780CP70 
(red, dashed) cells. 
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Figure S4.11. Dose-response curve of TRIP in HeLa cells. 
 

 
Figure S4.12. Dose-response curve of TRIP in A549 cells. 
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Figure S4.13. Dose-response curve of TRIP in HEK293 cells. 
 

 
Figure S4.14. Dose-response curve of Neo-Re in A2780 (black, solid) and 
A2780CP70 (red, dashed) cells. 
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Figure S4.15. Dose-response curve of Neo-Re in HeLa cells. 
 

 
Figure S4.16. Dose-response curve of Neo-Re in A549 cells. 
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Figure S4.17. Dose-response curve of Neo-Re in HEK293 cells. 
 

 
Figure S4.18. Dose-response curve of cisplatin in A2780 (black, solid) and 
A2780CP70 (red, dashed) cells. 
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Figure S4.19. Dose-response curve of cisplatin in HeLa cells. 

 
Figure S4.20. Dose-response curve of cisplatin in A549 cells. 
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Figure S4.21. Dose-response curve of cisplatin in HEK293 cells. 
 

 
Figure S4.22. NCI-60 multi-dose mean graph for TRIP. 
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Figure S4.23. Dose-response curve of TRIP in A2780 cells with (black, solid) and 
without necrostatin-1, inhibitor of necroptosis (red, dashed).  

 
Figure S4.24. Dose-response curve of TRIP in A2780 cells with (black, solid) and 
without cycloheximide, inhibitor of paraptosis (red, dashed). 
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Figure S4.25. Dose-response curve of TRIP in A2780 cells with (black, solid) and 
without ferrostatin-1, inhibitor of ferroptosis (red, dashed). 

 
Figure S4.26. Dose-response curve of TRIP in A2780 cells with (black, solid) and 
without Z-VAD-FMK (red, dashed). 
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Figure S4.27. Dose-response curve of cisplatin in A2780 cells with (black, solid) and 
without Z-VAD-FMK (red, dashed). 
 

 
Figure S4.28. Western blot of A2780 cells untreated (–) or treated with cisplatin (C, 
10 μM), or TRIP (5 μM) for 24 h. 
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Figure S4.29. Annexin V/PI density plot of A2780 cells untreated (top left), treated 
with etoposide for 24 h (positive control, 100 μM, top right), TRIP for 12 h (5 μM, 
bottom left), and TRIP for 24 h (5 μM, bottom right). 
 

 
Figure S4.30. Summary of annexin V/PI data from Figure S4.29 (minimum of 3 
replicates). 
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Figure S4.31. Histogram of fluorescence intensity of the cytochrome c antibody 
conjugated to FITC. Untreated cells (red, fit red dash) and cells treated with isotype 
control (blue, top left), staurosporine for 4 h (1 μM, blue, top right), TRIP for 4 h (5 
μM, blue, bottom left), and TRIP for 24 h (5 μM, blue, bottom right). 
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Figure S4.32. Confocal fluorescent microscope images of HeLa cells treated with 
TRIP (5 μM, 4 h). Cells were additionally stained with the indicated transfection or 
dye. Transfected GalT-dsRed (galactosyltransferease 1) colocalizes with the Golgi 
apparatus, LAMP1-mRFP (Lysosomal Associated Membrane Protein 1) colocalizes 
with lysosomes and late endosomes, Rab5-mRFP (Ras-associated binding 5) 
colocalizes with early endosomes, and STIM1-mRFP (Stromal Interaction Molecule 
1) colocalizes with the ER. Scale bar = 10 μm. 
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Figure S4.33. Confocal fluorescence microscope images of HeLa cells treated with no 
compound, TRIP (5 μM), stauroporine (1 μM), cisplatin (10 μM), and bortezomib (25 
nM). Cells were stained 15 and 30 min prior to compound treatment with Hoechst dye 
(blue) and MitoTracker Red (red), respectively. 
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Figure S4.34. Confocal fluorescence microscope images of A2780 cells treated with 
JC-1 dye (10 μM) and no compound (top left), CCCP (50 μM, top right), TRIP for 4 h 
(5 μM, bottom left), and TRIP for 24 h (bottom right). Scale bar = 50 μm. 
 
 

 
Figure S4.35. Bar graph depicting the normalized red/green fluorescence intensity of 
A2780 cells after treatment with the corresponding compounds. 
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Figure S4.36. Western blot of A2780 cells untreated (–) or treated with cisplatin (C, 
10 μM), or TRIP (5 μM) for 24 h.  
 

 
Figure S4.37. Western blot of A2780 cells untreated (–) or treated with TRIP (5 μM) 
for 1 or 2 h.  

 
Figure S4.38. Western blot of WT and mutant S51A eIF2α MEF cells untreated (–) or 
treated with TRIP (5 μM) for 2 h.  
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Figure S4.39.  Western blot of WT and mutant S51A eIF2α MEF cells untreated (–) 
or treated with TRIP (5 μM) for 2 h and puromycin labeled (10 min). 
 

 
Figure S4.40. A2780 cells stained with propidium iodide and treated with no 
compound (left) or TRIP (5 μM, right) for 24 h.  
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Figure S4.41. Confocal fluorescence microscope images of HeLa cells stained with 
Thioflavin T (5 μM, 4 h) and treated with no compound, TRIP (5 μM), bortezomib 
(25 nM), and cisplatin (10 μM) over the course of 30 min. Scale bars = 50 μm. 
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Figure S4.42. Bar graph depicting the change in Thioflavin T fluorescence intensity 
over the course of 30 min after treatment with the corresponding compounds. 
 

 
Figure S4.43. Western blot of A2780 cells treated with vehicle control (–), cisplatin 
(C, 10 μM), TRIP (5 μM), and geldanamycin (G, 20 μM) for 24 h.  
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Figure S4.44. Proteasome inhibition in cell lysates by TRIP. 
 

 
Figure S4.45. Western blot of A2780 cells treated with vehicle control (–), TRIP (5 
μM), and bortezomib (B, 25 nM) for 0.5 and 1 h. 
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Figure S4.46. Dose-response curve of TRIP in A2780 cells with (black, solid) and 
without N-acetylcysteine (NAC, red, dashed). 
 

 
Figure S4.47. HeLa cells stained with 10 μM DCF-DA for 30 min and then treated 
with H2O2 (25 μM) or TRIP (5 μM) over the course of 30 min. The fluorescence 
intensity was monitored using a fluorescence plate reader. 
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CHAPTER 5 

Exploring the In Vivo and In Vitro Anticancer Activity of Rhenium Isonitrile 

Complexes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reproduced in part with permission from S. C. Marker*, A. P. King*, S Granja, B. 

Vaughn, J. J. Woods, E. Boros, and J. J. Wilson, In Preparation. *The authors, S. C. 

Marker and A. P. King contributed equally. S. C. Marker contributed to the synthesis 

and characterization of some of the complexes, performed the photophysical studies, 

and explored the biological mechanisms of action of the derivatives. A. P. King 

synthesized and characterized some of the complexes, performed the physical 

investigation of the derivatives, and explored the anticancer activity. S. Granja 

contributed to the synthesis and characterization of a few complexes and performed 

the cyclic voltammetry and the photoluminescent decay experiments. B. Vaughn 

performed the technetium and rhenium biodistribution studies. J. J. Woods ran and 

solved the crystal structure. 
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ABSTRACT 

The established platinum-based drugs form covalent DNA adducts to elicit their 

cytotoxic response. Although they are widely employed, these agents cause toxic side-

effects and are susceptible to cancer resistance mechanisms. To overcome these 

limitations, alternative metal complexes containing the rhenium(I) tricarbonyl core 

have been explored as anticancer agents. Based on a previous study, a series of highly 

active tricarbonyl rhenium isonitrile polypyridyl (TRIP) complexes of the general 

formula fac-[Re(CO)3(NN)(ICN)]+, where NN is a chelating diimine and ICN is an 

isonitrile ligand, that induce endoplasmic reticulum (ER) stress via activation of the 

unfolded protein response (UPR) pathway are investigated. A total of 11 of these 

TRIP complexes were synthesized, modifying both the equatorial polypyridyl and 

axial isonitrile ligands. These complexes were fully characterized by standard 

spectroscopic characterization techniques. Additionally, their photophysical and 

electrochemical properties were studied, showing that these compounds are 

photoluminescent with long lifetimes. After characterizing their physical properties, 

the TRIP complexes were evaluated for anticancer activity in HeLa cells, and 

structure-activity relationships were explored. Complexes with more electron-donating 

equatorial ligands were found to have greater anticancer activity, whereas the axial 

ICN ligands had a smaller effect on their overall potency. Additionally, it was 

confirmed that all 11 TRIP derivatives trigger a similar phenotype that is characterized 

by their abilities to induce ER stress and activate the UPR. More specifically, 

accumulation of misfolded proteins, protein translation inhibition, mitochondrial 

fission, and activation of the pro-apoptotic protein CHOP in HeLa cells treated with 
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these complexes was detected. Lastly, we explored in the vivo efficacy of fac-

[Re(CO)3(dmphen)(ptolICN)]+ (TRIP-1a), where dmphen= 2,9-dimethyl-1,10-

phenanthroline and ptolICN = para-tolyl isonitrile, in mice. The 99mTc congener of 

TRIP-1a was synthesized and its biodistribution in NSG mice was investigated in 

comparison to the parent Re complex. The results illustrate that both complexes have 

similar distribution patterns, suggesting that 99mTc analogs of these TRIP complexes 

can be used as diagnostic partner agents. The in vivo antitumor activity of TRIP-1a 

was then investigated in BALB/c mice bearing A2780 ovarian cancer xenografts. 

When administered at a dose of 20 mg/kg twice weekly, this complex was able to 

inhibit tumor growth and prolong mouse survival by 150% compared to the vehicle 

control cohort.  

 

INTRODUCTION   

As described in Chapter 4, we discovered a potent new rhenium complex bearing an 

isonitrile axial ligand that induces endoplasmic reticulum stress and has comparable if 

not greater activity than the conventional platinum drug, cisplatin. Platinum-based 

drugs are currently employed in approximately 50% of all cancer treatment regimens.1 

Despite their widespread use, these drugs have significant drawbacks that limit their 

efficacy. These drawbacks arise from their acute and chronic side-effects and the 

tendency of cancer cells to develop resistance to them.2–5 To overcome these 

limitations, the development of new drugs with mechanisms of action distinct from the 

platinum-based anticancer agents has been pursued extensively. One relatively new 

promising class of anticancer agents comprise compounds that target endoplasmic 
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reticulum (ER) stress pathways.6–9 Cancer cells and tumors often exhibit heightened 

levels of ER stress compared to normal cells due to their increased burden of reactive 

oxygen species (ROS) and higher rates of protein misfolding, as described in detail in 

Chapter 4.10–12 To compensate for this stress, cancer cells will upregulate the unfolded 

protein response (UPR) pathway, which helps manage protein homeostasis. This 

upregulation renders cancer cells sensitive to compounds that induce ER stress,13–16 

leading to ER stress-mediated apoptosis, autophagy, or paraptosis.17–20 The strategy of 

targeting the UPR and triggering ER stress is highlighted by the clinical approval of 

the anticancer agents bortezomib and carfilzomib, which cause ER stress by inhibiting 

the proteasome.21  

 Based on the success of these proteasome inhibitors, which validate ER stress 

as a cancer target, there has been a surge of interest in ER-targeted anticancer agents 

in recent years. Among these compounds, organometallic and coordination complexes 

of Ru,22–25 Au,26–28 Ir,29–34 Os,35,36 and Pt37,38 have arisen as particularly promising 

candidates. Complexes of these metal ions often exhibit intrinsic ER localization due 

to their positive charges and hydrophobicity, making them outstanding candidates for 

ER stress-inducing therapeutics. In general, these metal-based agents operate via a 

wide range of mechanisms, including disruption of intracellular Ca2+ trafficking, 

inhibition of thioredoxin reductases, and photoactivated generation of ROS. The broad 

mechanistic range and potent anticancer activity of these compounds demonstrates the 

potential of inorganic and organometallic complexes as ER stress-inducing anticancer 

agents. 

We and others have been investigating rhenium complexes, as described in 
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these chapters, as alternatives to conventional platinum-based drugs.39–61 During the 

course of these studies,62–66 we discovered a tricarbonyl rhenium isonitrile polypyridyl 

complex, [Re(CO)3(dmphen)(ptolICN)]+ (TRIP-1a, termed TRIP in Chapter 4), 

where dmphen= 2,9-dimethyl-1,10-phenanthroline and ptolICN = para-tolyl isonitrile, 

which has potent anticancer activity in a wide range of cancer cells.66 This complex 

induces apoptosis by increasing the unfolded protein burden and triggering ER stress. 

To better understand TRIP-1a, we designed a small library of related rhenium 

tricarbonyl complexes bearing various equatorial polypyridyl and axial isonitrile 

ligands in order to probe structure-activity relationships (SARs) for this compound 

class. In this chapter, we describe the synthesis and characterization of 10 new analogs 

to TRIP-1a and an evaluation of their anticancer activities and ER stress-inducing 

properties. Through these studies, we have found that complexes with more 

hydrophobic and electron-donating ligands have higher cytotoxicities. Furthermore, 

we describe in vivo studies that elucidate the biodistribution of TRIP-1a and its 99mTc 

analog, as well as its anticancer activity in an ovarian cancer xenograft model. 

Collectively, this chapter demonstrates the viability of TRIP complexes as a new class 

of metal-based ER stress-inducing agents with promising in vitro and in vivo 

anticancer properties. 

 

RESULTS AND DISCUSSION 

Library Design.  

The modular coordination environment of the TRIP complexes makes them amenable 

for making systematic modifications to tune their properties. Both the hydrophobicity 
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and electron-donating properties of the TRIP ligands alter the biological and physical 

properties of these complexes. To assess the role of the ligands on these attributes, we 

designed a library to modify both the equatorial polypyridyl ligands and the axial 

isonitrile ligands. We chose the equatorial ligands dmphen (1), 1,10-phenanthroline 

(2), 2,2'-bipyridine (3), 4,4'-dimethyl-2,2'-bipyridine (4), 4,4'-dimethoxy-2,2'-

bipyridine (5), 4,4'-bis(trifluoromethyl)-2,2'-bipyridine (6), and 4,4'-di-tert-butyl-2,2'-

bipyridine (7) based on their different steric, hydrophobic, and electronic properties. 

These equatorial ligands were paired with the para-tolyl isonitrile (ICN) axial ligand a 

to obtain the seven complexes TRIP-1a, TRIP-2a, TRIP-3a, TRIP-4a, TRIP-5a, 

TRIP-6a, and TRIP-7a (Chart 5.1). To probe the role of ICN ligand, we prepared 

another series of TRIP complexes that keep the polypyridyl ligand constant (1), while 

varying the axial ligand through addition of either para-tolyl ICN (a), 2,6-

dimethylphenyl ICN (b), 3,5-dimethylphenyl (c), para-methoxyphenyl ICN (d), or 

para-chlorophenyl ICN (e). Thus, an additional 4 TRIP complexes, TRIP-1b, TRIP-

1c, TRIP-1d, and TRIP-1e, comprise this subset of the library. A total of 11 

complexes was incorporated into our full complex library (Chart 5.1). 

These TRIP complexes were synthesized using a modification of a previously 

reported procedure.66 Briefly, 1 equiv. of fac-[Re(CO)3(NN)Cl], where NN = 

polypyridyl ligand, was refluxed with 1 equiv. of AgOTf (OTf = 

trifluoromethanesulfonate) in dry tetrahydrofuran (THF) for 3 h to abstract the 

chloride ligand. Solid AgCl was removed by filtration, and an excess (4 equiv.) of the 

desired ICN ligand was added. After refluxing overnight, the products were isolated in 

moderate yields, and purified either by repeated recrystallization or column 
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chromatography. The products were yellow to off-white powders, with more strongly 

donating equatorial ligands giving rise to whiter products. These 11 complexes were 

characterized by 1H (Figures S5.1–S5.10) and 13C NMR (Figures S5.11–S5.19) 

spectroscopy, high resolution electrospray ionization mass spectrometry (HR-ESI-

MS), and Fourier-transform infrared (FTIR) spectroscopy (Figures S5.20–S5.29), and 

their purities were verified with high-performance liquid chromatography (HPLC, 

Figures S5.30–S5.39) and elemental analysis.  

 

 
Chart 5.1. TRIP derivatives explored in this chapter. 
 

Physical Characterization. 

The physical properties of the complexes were evaluated using several techniques, 

including FTIR spectroscopy, single-crystal X-ray diffraction (XRD), cyclic 

voltammetry (CV), and 1H–15N-HMBC (Heteronuclear Multiple Bond Correlation) 

NMR spectroscopy. Within the IR spectra, 3 C≡O stretching modes are observed, 

consistent with the Cs symmetry of these complexes. Additionally, a diagnostic C≡N 

stretching mode in the energy range of 2155–2186 cm–1 was also detected, confirming 



 

 379 

the incorporation of this axial ligand. In comparing TRIP-1a–TRIP-1e, complexes 

which all bear the same equatorial dmphen ligand but different ICNs, the 3 C≡O 

stretching frequencies are relatively invariant and span a narrow range of 2033–2036, 

1957–1967, and 1926–1941 cm–1. The C≡N stretching frequency, however, does 

predictably change depending on the type of substituents that are present on the ICN 

ligand. ICN ligands with more electron-donating substituents give rise to lower energy 

C≡N stretches, than those with less electron-donating groups. For example, the C≡N 

stretching frequency for TRIP-1d, which bears an electron-donating p-methoxy ICN, 

is found at 2179 cm–1, whereas for TRIP-1e with an electron-withdrawing p-chloro 

ICN this mode occurs at 2185 cm–1. A notable outlier in this series is that of TRIP-2a. 

For this complex, the C≡N stretch occurs at a 2155 cm–1, an energy that is 

significantly lower than that of the other complexes. Structural data, obtained via X-

ray crystallography (vide infra), indicate that the ICN ligand has a pronounced bend in 

this complex, providing a rationale for the lower energy C≡N stretch in TRIP-2a. As 

the equatorial ligand is varied over TRIP-1a–TRIP-7a, however, changes in the 

energy of the C≡O stretching modes are apparent with more electron-donating ligands 

giving rise to lower energy vibrations. This trend is most apparent for complexes 

TRIP-3a–TRIP-6a, which all contain derivatives of the 2,2′-bipyridine (bpy) ligand. 

For instance, TRIP-6a, which bears the electron-withdrawing 4,4’-

bis(trifluoromethyl)-2,2’-bipyridine ligand, has relatively high-energy C≡O stretching 

frequencies at 2045, 1976, and 1944 cm–1, whereas TRIP-7a, with the electron-

donating 4,4’-di-tert-butyl-2,2’-bipyridine ligand, exhibits lower-energy C≡O 

stretching frequencies at 2028, 1959, and 1931 cm–1.  For these complexes, more 
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electron-donating ligands give rise to more electron-rich metal centers that engage in 

more extensive π-back-bonding with the CO ligands, resulting in a weaker C≡O bond. 

As shown by the relative lack of variability in the C≡O stretching frequencies of 

complexes TRIP-1a–TRIP-1e, the equatorial polypyridyl ligand has a larger effect on 

the electron-richness of the metal center than the ICN axial ligand. 

Single crystals of TRIP-2a, suitable for XRD analysis, were grown by 

diffusion of diethyl ether into a dichloromethane (DCM) solution. Crystallographic 

refinement and data collection parameters and relevant interatomic distances and 

angles are reported in Table S5.1 and S5.2, respectively. The structural metrics of this 

complex are generally comparable to those of TRIP-1a and other related rhenium 

tricarbonyl isonitrile structures.66–71 A key difference between these structures, 

however, is the Re–C4–N3 bond angle of the ICN. This angle in TRIP-2a is 

noticeably bent at 169.4(3)º (Figure 5.1a). By contrast, the same angle in TRIP-1a is 

close to being linear at 176.1(3)º (Figure 5.1b),66 consistent with other reported 

rhenium isonitrile complexes, which have bond angles ranging from 173.6(3)–

176.1(3)º. The deviation from linearity in TRIP-2a may be a consequence of 

increased back-bonding from the Re center to the ICN ligand. This type of interaction 

populates the π* orbital of the ICN ligand, leading to an effective decrease in C≡N 

bond order and a shift in hybridization of the carbon atom closer to sp2. As noted 

above, this hypothesis is supported by the significantly lower energy C≡N stretching 

frequency of 2155 cm–1 observed via IR spectroscopy for TRIP-2a relative to the 

other derivatives, which exhibit C≡N stretching frequencies between 2171–2186 cm–1. 

The C≡N stretching frequency for two previously reported and crystallographically-
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characterized rhenium isonitrile complexes, fac-[Re(CO)3(1,10-phenanthroline)(ortho-

methoxyphenyICN)](PF6) and fac-[Re(CO)3(bpy)(2,6-dimethylphenylICN)]OTf, are 

2173 and 2181 cm–1, respectively. These two structures show only moderate 

deviations from linearity with Re–CICN–NICN bond angles of 175.8(3) and 173.6(3)º, 

respectively.67,70 However, for more electron-rich, low-valent metal complexes, the 

bending of the ICN ligands can give rise to angles of less than 135°,72,73 indicating that 

the effects observed for TRIP-2a are relatively modest.  

 

Figure 5.1. (a) X-ray crystal structure of TRIP-2a. The Re–C4–N3 interatomic angle 
is 169.4(3)º and the C4–N3 distance is 1.132(4) Å. Selected interatomic distances and 
angles: Re–C(1) 1.944(3); Re–C(2) 1.933(3); Re–C(3) 1.986(3); Re–C(4) 2.081(3); 
Re–N(1) 2.183(2); Re–N(2) 2.137(2). (b) X-ray crystal structure of TRIP-1a taken 
from reference 66. Selected interatomic distances and angles: Re–C(1) 1.908(4); Re–
C(2) 1.931(4); Re–C(3) 1.960(4); Re–C(4) 2.083(4); Re–N(1) 2.221(3); Re–N(2) 
2.216(3). Ellipsoids are drawn at 50% probability. Hydrogen atoms and counterions 
are omitted for clarity. 
 

To probe the electronic properties of these complexes, we employed 1H–15N-
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HMBC NMR spectroscopy. Although the low gyromagnetic ratio and 0.37% natural 

abundance of 15N makes it difficult to detect directly in unenriched samples, 

magnetization transfer from other nuclei, such as 1H, can allow for signal 

enhancement via 2D NMR spectroscopic methods including HMBC.74 Heteronuclear 

NMR spectroscopy is especially useful for analyzing metal-based anticancer agents 

because NMR-active nuclei, such as 15N and 31P, are often directly bound to the metal 

center of interest.75 Based on this precedence, we used 1H–15N HMBC NMR 

spectroscopy to determine the 15N chemical shifts of TRIP-3a–TRIP-7a, the 

complexes bearing bpy ligands. The 15N chemical shifts of the bpy nitrogen atoms of 

these complexes span approximately 40 ppm, beginning at 202 ppm for TRIP-5a and 

ranging up to 237 ppm for TRIP-6a (Table 5.1, Figures S5.40–S5.45). These shifts 

are comparable to those previously reported for the 15N nuclei within bpy and 1,10-

phenathroline (phen) ligands that are present within a series of Pd(II) and Pt(II) 

complexes. The 15N  chemical shifts for these complexes also hover around 200 ppm, 

ranging from 203 to 218 ppm and 201 to 216 ppm for Pd and Pt, respectively.76 These 

15N chemical shifts are related to the electron-donating properties of the equatorial 

ligands. Stronger donors, like 4,4'-dimethoxy-2,2'-bipyridine in TRIP-5a, give rise to 

more upfield shifts, and weaker donors, like 4,4'-bis(trifluoromethyl)-2,2'-bipyridine in 

TRIP-6a, give rise to downfield shifts. Although in principle detecting the 15N 

resonance of the ICN ligands should be possible as well, we generally found this 

signal to be undetectable within a time span of less than 4 h. Only for a highly 

concentrated sample of TRIP-4a were we able to observe a 15N, 1H crosspeak 

resonating at 175 ppm in the 15N channel. Although we could not reliably measure the 
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15N resonance of the isonitrile ligands, our data for the equatorial bpy ligands indicates 

that these chemical shifts can be used as a reporter of the electronic properties of these 

complexes.  

Table 5.1. Physical properties of TRIP derivatives. 
Compound 15N chemical 

shift (ppm)b 
Epc (V vs 

SCE) 
l, nm (e, M–1cm–1) l, nm  

(F, %) 
t 

(µs) 
tN2d 
(µs) 

TRIP-1a 223.7 –1.25 230 (39900 ± 2000), 261 
(44800 ± 2200), 282 (33800 ± 
1600), 306 (21000 ± 900), 369 
(2000 ± 100)c 

505 (3.1 
± 0.3)c 

1.1c 3.5  
 

TRIP-2a 222.3 –1.18 270 (46600 ± 1200), 301 
(16200 ± 300), 364 (3000 ± 
100) 

512 (5.3 
± 0.4) 

1.8 10.9 

TRIP-3a 225.8 –1.18 244 (31000 ± 700), 260 (39100 
± 1800), 306 (17200 ± 700), 
317 (16500 ± 1400), 332 (6100 
± 400) 

523 (6.3 
± 0.2) 

0.7 1.0 

TRIP-4a 217.6 –1.30 244 (34400 ± 700), 261 (43200 
± 900), 303 (18600 ± 400), 314 
(18400 ± 400), 333 (6800 ± 
200) 

516 (6.7 
± 0.1) 

0.8 1.3 

TRIP-5a 201.8 –1.33 223 (33900 ± 2100), 260 
(41200 ± 2500), 303 (14100 ± 
800), 332 (6600 ± 400) 

525 (3.9 
± 0.3) 

0.4 0.7 

TRIP-6a 236.8 –0.75 260 (35600 ± 1700), 297 
(17800 ± 600), 324 (11900 ± 
700), 365 (3800 ± 100) 

584 (0.8 
± 0.1) 

0.1 0.1 

TRIP-7a n.d. –1.30 260 (44200 ± 1200), 304 
(19800 ± 100), 315 (18800 ± 
900), 334 (7300 ± 100) 

518 (7.7 
± 0.2) 

0.7 1.6 

TRIP-1b n.d. –1.28 259 (39100 ± 1600), 283 
(31200 ± 1200), 305 (19400 ± 
900), 370 (2000 ± 300) 

503 (2.7 
± 0.3) 

1.2 6.8 

TRIP-1c n.d. –1.27 261 (36100 ± 800), 283 (29600 
± 500), 305 (18900 ± 800), 367 
(2500 ± 60) 

504 (1.6 
± 0.1) 

1.1 5.3 

TRIP-1d n.d. –1.26 268 (58200 ± 1700), 283 
(46700 ± 1700), 306 (27900 ± 
900), 2369 (600 ± 300) 

506 (2.8 
± 0.3) 

1.0 4.0 

TRIP-1e n.d. –1.29 264 (44400 ± 2300), 284 
(34600 ± 1700), 305 (21400 ± 
1200), 369 (2000 ± 30) 

501 (2.3 
± 0.1) 

1.3 5.6 

an.d. = not determined.  
bReferenced to the internal standard acetonitrile at 240 ppm vs. liquid NH3 at 0 ppm.   
cReported in reference 66. 
dLuminescence lifetime measured in nitrogen-saturated PBS (pH 7.4). 
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Because redox processes often play a critical role in mediating the anticancer 

activities of metal-based drug candidates,77,78 the electrochemical properties of the 

TRIP compounds were investigated using cyclic voltammetry (CV) in acetonitrile 

(Table 5.1, Figures S5.46–S5.56). The cyclic voltammograms of these complexes all 

display a prominent irreversible reduction peak at potentials spanning –0.75 to –1.33 

V vs SCE. Based on prior electrochemical studies of rhenium tricarbonyl complexes 

with polypyridyl and isonitrile ligands, these peaks in the voltammograms are 

assigned to ligand-based reductions.79 Notably, all of these reduction events occur at 

potentials that are outside of the biologically relevant range. However, the values of 

these reduction potentials can be used as a readout on the electronic properties of these 

complexes. These potentials correlate, as expected, with the electron-donating 

properties of the diimine ligands. For example, TRIP-6a, which bears the most 

electron-deficient polypyridyl ligand, has the most positive reduction potential. The 

redox potentials for TRIP-3a–TRIP-6a also correlate with the 15N chemical shifts of 

the diimine ligands with an R2 value of 0.71 (Figure S5.57). This correlation reflects 

the fact that both parameters provide a complementary measure for the electron-

donating strengths of the diimine ligands.  

Because rhenium tricarbonyl complexes have been extensively used as cellular 

imaging agents,80,81 we investigated the photophysical properties of these TRIP 

complexes to assess their suitability for this application. The absorbance (Figures 

S5.58–S5.67) and emission (Figures S5.68–S5.77) spectra for all complexes were 

collected in phosphate-buffered saline (PBS, pH 7.4) containing ≤1% DMSO (Table 

5.1). The absorbance and emission profiles of TRIP-1a–TRIP-1e, complexes 
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containing the same dmphen equatorial ligand but different axial ICN ligands, are all 

nearly identical with only small differences in emission quantum yields and lifetimes. 

By contrast, when the equatorial ligands are varied across TRIP-1a–TRIP-7a, 

significant differences in the absorbance and emission energies are observed. As the 

equatorial polypyridyl ligands become more electron-withdrawing, the lowest energy 

absorbance maxima, which are attributed to metal-to-ligand charge transfer (MLCT) 

transitions, undergo a red-shift. Likewise, the emission of these complexes, which is 

attributed to a relaxation of the 3MLCT excited state, also undergoes a red-shift as the 

ligands contain more electron-withdrawing substituents. For instance, the emission 

maximum of TRIP-6a, with the electron-withdrawing 4,4'-bis(trifluoromethyl)-2,2'-

bipyridine ligand, is at 584 nm, whereas for TRIP-5a, which bears the donating 4,4'-

dimethoxy-2,2'-bipyridine ligand, this maximum occurs at 525 nm. Both the lack of 

effect of the axial ICN ligands and the importance of electron-withdrawing 

substituents on the equatorial ligands are consistent with the MLCT nature of these 

excited states in which the accepting ligand π* orbital resides solely on the diimine.82 

However, for related complexes with large aromatic ICN axial ligands, MLCT states 

featuring these ligands are accessible.  

The emission quantum yields (F), measured relative to quinine sulfate as a 

standard, range from 1 to 8% in air-equilibrated PBS. As expected, these values are 

generally correlated to the energy of the excited state, following the well-known 

energy-gap law.83 TRIP-6a, for example, has the lowest quantum yield (0.8%), which 

coincides with it also having the lowest energy absorbance and emission energies in 

the series. The emission quantum yields are generally higher for complexes containing 
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derivatives of bpy (TRIP-3a–TRIP-7a) compared to those that contain derivatives of 

phen, which is somewhat surprising because the phen ligands have higher energy 

emission maxima. The luminescence lifetimes of the complexes (Figures S5.78–

S5.87) range from 0.1 to 2 µs in air-equilibrated PBS. Furthermore, these lifetimes 

increase by a factor of 1.5 to 5 in an atmosphere of N2. These results provide further 

confirmation that the emission arises from an O2-sensitive 3MLCT excited state. In 

general, the complexes containing derivatives of phen as equatorial ligands (TRIP-

1a–1e and TRIP-2a) exhibit much larger changes in their luminescence lifetimes in 

response to the presence of O2, which may also account for their lower F in air-

equilibrated buffer compared to the bpy derivatives. The relatively high emission 

quantum yields of these complexes in aqueous buffer suggest that they could be 

valuable for various biological imaging applications. Like other, similar Re complexes 

bearing ICN ligands, these complexes are highly emissive with long excited state 

lifetimes.79,84,85 Within these studies, they show a similar trend with the TRIP 

derivatives in that the greater donating-capacity of the equatorial ligand results in a 

blue shift in the emission maxima, withdrawing equatorial ligands decrease the 

emission quantum yields, and that the axial ICN ligand has little effect on the emissive 

properties of the complexes.  

 

Anticancer Activity and Intracellular Luminescence. 

With the physical properties of the TRIP complexes thoroughly investigated, we next 

sought to evaluate their in vitro anticancer activities. The cytotoxicities of all 11 

complexes in HeLa cells were tested with the colorimetric 3-(4,5-dimethylthiazol-2-
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yl)-2,5-tetrazolium bromide (MTT) assay. The concentration required to inhibit 50% 

of the cell population (IC50 value) was determined for all of the TRIP derivatives 

(Table 5.2, Figures S5.88–S5.97). The IC50 values of these complexes range from 1.2 

to 53 µM, demonstrating that this class of complexes is cytotoxic. The relative 

activities of these complexes appear to be related to the electron-donating properties of 

the polypyridyl ligand. For example, TRIP-6a, which contains the strongly 

withdrawing 4,4'-bis(trifluoromethyl)-2,2'-bipyridine ligand, is the least active 

complex with an IC50 value of 53 µM (Figure S5.92). The more electron-rich TRIP-

5a, on the other hand, has a much lower IC50 value of 8.4 µM (Figure S5.91).  

 

Table 5.2. IC50 values of TRIP derivatives in HeLa Cells. 
Compound IC50 (µM) 
TRIP-1aa 

TRIP-2a 
1.4 ± 0.2 
5.8 ± 0.5 

TRIP-3a 27.5 ± 0.6 
TRIP-4a 7.6 ± 0.3 
TRIP-5a 8.4 ± 1.9 
TRIP-6a 53.1 ± 1.6 
TRIP-7a 1.2 ± 0.5 
TRIP-1b 1.8 ± 0.1 
TRIP-1c 6.8 ± 0.1 
TRIP-1d 5.0 ± 1.5 
TRIP-1e 9.3 ± 3.7 
aReported in reference 66. 

 

As discussed above, the C≡O stretching frequencies and 15N chemical shifts of 

these complexes also correlate with the electron-donating strengths of the equatorial 

ligands. As such, it is reasonable that these parameters may serve as predictors of 

potency of these compounds. Figure 2a shows a plot of the 15N chemical shifts versus 

log (1/IC50) for the complexes that contain bpy-ligand derivatives, TRIP-3a–TRIP-
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7a. If TRIP-7a is excluded as an outlier, a linear correlation (R2 = 0.77) shows that 

complexes with upfield 15N chemical shifts, like TRIP-5a, exhibit higher potency 

against HeLa cells. The need to remove TRIP-7a from this trend may be a 

consequence of its unusual steric profile compared to other compounds in this series. 

Correlations between 13C NMR chemical shifts and biological activities of compounds 

is a surprisingly common phenomenon.86 The trend involving the 15N NMR chemical 

shifts observed within the TRIP series shows that these types of relationships may also 

apply to other nuclei. A similar plot of the highest energy C≡O stretching frequency 

versus log (1/IC50) for complexes bearing bpy-ligand derivatives, TRIP-3a–TRIP-7a, 

also yields a clear linear correlation with R2 = 0.90 (Figure 5.2b). These two 

correlations illustrate how experimentally measured physical properties can be used in 

a predictive sense for determining the anticancer potential of this class of compounds. 

More specifically, these results indicate that more electron-rich TRIP complexes, 

which can be ascertained from their IR and NMR spectroscopic signatures, exhibit 

higher cytotoxicity toward HeLa cells. Although these correlations only use a subset 

of the TRIP complexes (n =5 for both plots), the observed trends indicate that the 

activities of this class of compounds may be predicted on the basis of their physical 

properties. In order to develop a complete SAR for the whole library of complexes, 

more subtle variations need to be explored when varying the equatorial and axial 

ligands. In addition, a larger library of compounds could also provide stronger support 

for this SAR.  

To analyze the role of the ICN ligand, we can compare the activities of 

complexes TRIP-1a–TRIP-1e, which contain the same equatorial dmphen ligand, but 
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different axial ligands. Overall, the nature of the ICN ligands has a smaller effect on 

the cytotoxicity of the compounds, as evidenced by the smaller range of IC50 values 

that span from 1.4 to 9.3 µM. Upon analysis of the different physical properties of 

these complexes, it is apparent that these activities, log (1/IC50), correlate with the 

C≡N stretching frequencies, as shown in Figure 5.2c. Complexes with greater C≡N 

stretching energies exhibit lower cytotoxicity. As noted above, the relative energies of 

the C≡N stretching frequencies themselves are related to the presence of electron-

donating or -withdrawing groups on the ICN ligand. This trend may arise because 

more strongly donating ICNs bind more tightly to the metal center, inhibiting ligand 

exchange that might lead to detoxification of the compounds. A further validation of 

this hypothesis might be gleaned by synthesizing complexes at the extremes of 

donating capacity, such as complexes bearing withdrawing -CF3 or donating -NMe2 

substituents on the ICN ligand.  

In addition to electronic effects, sterics and lipophilicity also appear to play a 

role in mediating the cytotoxic activities of the complexes. For example, TRIP-7a, 

which bears a bulky and lipophilic 4,4'-di-tert-butyl-2,2'-bipyridine, is more active 

than TRIP-5a, which bears a diimine of equal electron-donating capabilities. 

Surprisingly, none of these TRIP derivatives exhibited significantly greater activity 

than the parent complex, TRIP-1a, which has an IC50 value of 1.4 µM in HeLa cells. 

Notably, we have previously identified the complex fac-[Re(CO)3(dmphen)(OH2)]+ to 

be more active than related rhenium tricarbonyl complexes bearing axial water 

ligands.62 Thus, the use of this diimine ligand with rhenium tricarbonyl complexes 

appears to give rise to favorable anticancer properties. 
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Figure 5.2. (a) Correlation of 15N chemical shift (ppm) vs the log (1/IC50) values in 
HeLa cells of the bpy-derived TRIP complexes (TRIP-3a–TRIP-6a), excluding 
TRIP-7a in the fit. (b) Correlation of the highest C≡O stretching frequency (cm–1) vs 
the log (1/IC50) values in HeLa cells of the bpy-derived TRIP complexes (TRIP-3a–
TRIP-7a). (c) Correlation of the C≡N stretching frequency (cm–1) vs the log (1/IC50) 
values in HeLa cells of the dmphen-bearing TRIP complexes (TRIP-1a–TRIP-1e). 
The log (1/IC50) were determined by using the IC50 values in units of M.  
  

In addition to testing the in vitro anticancer activity of the TRIP derivatives, 
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we explored their potential for use as intracellular imaging agents via confocal 

fluorescence microscopy. The reasonably high aqueous emission quantum yields and 

long lifetimes of rhenium tricarbonyl compounds make them useful agents for 

biological imaging, enabling their intracellular localization to be tracked.80,81,87,88 

Confocal fluorescence microscopy experiments were performed on HeLa cells treated 

with 10 µM of the TRIP derivatives for 2 h. The total emission intensity emanating 

from the cells was quantified to assess the suitability of using these compounds as 

photoluminescent imaging agents. With the exception of TRIP-7a, all of the 

complexes gave rise to intracellular luminescence intensity that was 3–8 times that of 

the autofluorescence of the untreated control (Figure S5.98). Notably, cells treated 

with TRIP-7a were approximately 16 times brighter than the untreated control. As 

shown in Table 1, TRIP-7a has the largest emission quantum yield of the series, a 

property that may account for its efficacy as an intracellular imaging agent. However, 

other factors, such as cellular uptake and environmental sensitivity of photophysical 

properties, also likely play a role in mediating the bright intracellular 

photoluminescence of these compounds. In comparing the fluorescence microscopy 

images, it is apparent that the complexes have different intracellular localization 

patterns. For instance, the photoluminescence of TRIP-1a and TRIP-1e is primarily 

localized around the nucleus in a punctate pattern. By contrast, TRIP-7a and TRIP-1c 

are distributed evenly throughout the cytoplasm. Interestingly, none of the complexes 

appear to localize to the nucleus. This result may indicate that these complexes do not 

target the nucleus. However, caution should be exercised in interpreting localization of 

these compounds based on fluorescence microscopy because the photoluminescence 
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of the rhenium tricarbonyl complexes is highly sensitive to environmental factors. For 

example, previous studies have shown how intracellular localization of rhenium 

tricarbonyl complexes as determined by inductively coupled plasma mass 

spectrometry (ICP-MS) and optical emission spectroscopy (ICP-OES) does not match 

that obtained via fluorescence microscopy.41,64,89,90  

 

ER Stress-Inducing and UPR-Activation Properties.  

The parent complex in this series, TRIP-1a, increases the level of misfolded proteins 

in cells, which triggers ER stress. Subsequently, activation of the UPR and apoptosis 

ultimately lead to cell death. Based on these results, we aimed to determine if the other 

TRIP complexes in this library act via a similar mechanism of action. One of the key 

early phenotypic responses of cells treated with TRIP-1a is mitochondrial fission and 

accumulation of misfolded proteins, processes that happen within the first 30 min of 

exposure. To determine the importance of mitochondrial fission for the other TRIP 

complexes, we first tested the most and least toxic complexes within this library. Prior 

to confocal fluorescence microscopy and exposure to 10 µM of a TRIP derivative, 

HeLa cells were treated with the mitochondria-specific dye, MitoTracker Red, to 

image the morphology of this organelle, and the nuclear stain Hoechst to identify 

viable cells. TRIP-1b, one of the most cytotoxic complexes in the series, induced 

rapid rounding of the mitochondria and loss of intensity of the MitoTracker Red dye 

within several minutes, features that are consistent with mitochondrial fission. 

Conversely, the least active compounds, TRIP-3a and TRIP-6a, did not give rise to 

any changes in mitochondrial morphology over the same time period with an 
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equivalent dose (Figure 5.3a). To more quantitively analyze these morphological 

changes, we used an established procedure for counting the number of individual 

mitochondria with ImageJ.91 After mitochondrial fission, the number of distinct 

mitochondria within the cells will increase. The number of mitochondria were 

quantified at 0, 14, and 30 min in the complex-treated and untreated cells. As shown in 

Figure 5.3b, of these three complexes only TRIP-1b, the most cytotoxic compound, 

was able to cause an increase (2-fold) in the number of mitochondria after a 14-min 

treatment period. These results illustrate that the cytotoxicities of these compounds is 

related to their ability to cause mitochondrial fission. Furthermore, the phenotypic 

similarity between the parent complex TRIP-1a and the new analog TRIP-6a show 

that structural modifications to these compounds do not change their mechanisms of 

action. 
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Figure 5.3. (a) HeLa cells stained with MitoTracker Red (red channel) and Hoechst 
(blue channel) before (0 min) and after (30 min) exposure to 10 µM of a TRIP 
complex. (b) Quantification of the number of individual mitochondria after treatment 
with 10 µM of a TRIP complex at 0, 14, and 30 min using ImageJ. (c) Correlation of 
ThT fluorescence in HeLa cells upon treatment with the TRIP derivatives vs the 
anticancer activity. (d) CHOP Western blot of selected TRIP derivatives after 24 h 
treatment in HeLa cells. 
  

To determine if these compounds can cause the accumulation of misfolded or 

aggregated proteins like TRIP-1a, we employed Thioflavin T (ThT), a compound that 

undergoes an increase in fluorescence upon binding to protein aggregates.92 This dye 

is commonly used to detect amyloid beta plaques in postmortem brains of Alzheimer’s 
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Disease patients.93,94 HeLa cells were treated with ThT for 2 h prior to being exposed 

to 10 µM of each of the 11 TRIP derivatives. Changes in fluorescence intensity was 

monitored at 0 and 30 min post-treatment (Figure S5.99) using confocal fluorescence 

microscopy. The results show that the 3 most cytotoxic species, TRIP-1a, TRIP-7a, 

and TRIP-1b, give rise to a 2-fold or greater increase in ThT fluorescence, 

demonstrating that these compounds cause protein aggregation. For comparison, the 

least active compound, TRIP-6a, was unable to change the ThT fluorescence levels 

relative to untreated cells. In analyzing all 11 compounds, a positive linear correlation 

between the cytotoxicity and the enhancement of ThT fluorescence intensity is 

apparent (R2 = 0.53, Figure 5.3c). This relationship suggests that the cytotoxic activity 

of this class of complexes is related to their ability to cause the formation of 

intracellular protein aggregates. Furthermore, these data show that almost all these 

complexes induce protein aggregation within 30 min. Thus, this phenotypic response 

appears to be a general feature of this class of compounds. 

 As observed previously for TRIP-1a, the accumulation of misfolded or 

aggregated proteins causes cells to shutdown translation and initiate the proapoptotic 

wing of the ER stress response via activation of the UPR and expression of CHOP.95–

97 For TRIP-1a, activation of the PERK arm of the UPR occurs, resulting in 

phosphorylation of eIF2α. This phosphorylation causes global protein synthesis 

inhibition, activation of the transcription factor ATF4 and CHOP, and finally 

apoptosis.98  Thus, we sought to verify that this process proceeds in the same manner 

for the newly reported TRIP analogs. Translation inhibition was investigated in HeLa 

cells with the puromycin incorporation assay. Puromycin is a tyrosine mimic that is 
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incorporated into newly synthesized proteins in place of tyrosine. This unnatural 

amino acid can be detected via Western blot, and its relative amounts present in cells 

scale with the rate of protein translation.99 The HeLa cells were treated with 10 µM of 

each TRIP complex for 2 h, after which puromycin was added. The most potent 

compounds, TRIP-1a and TRIP-7a, cause the most efficient inhibition of protein 

synthesis, as evidenced by the low levels of puromycin incorporation into the 

proteome. Conversely, the least active complexes, TRIP-3a and TRIP-6a, have the 

greatest amount of puromycin incorporation, with levels comparable to that of the 

untreated cells (Figure S5.100), indicating that these compounds are not effective 

translation inhibitors. Thus, these data show that protein translation inhibition is 

related to the cytotoxic properties of these compounds. Furthermore, protein 

translation inhibition is likewise related to the formation of intracellular protein 

aggregates as measured by the ThT assay. As a final confirmation on the ER stress-

inducing properties of this class of compounds, we investigated a small subset of these 

complexes to probe their ability to induce CHOP expression. HeLa cells were treated 

with 10 µM of either TRIP-1a, TRIP-6a, TRIP-7a, TRIP-1b, or TRIP-1e for 24 h, 

prior to analyzing cell lysates for CHOP expression via Western blotting. We found 

that all complexes tested, except for the least cytotoxic compound TRIP-6a, induce 

CHOP expression after 24 h. In conjunction with the results discussed above, these 

data collectively show that these TRIP analogs all cause the same ER stress phenotype 

in cancer cells. Importantly, the cytotoxicities of these complexes is correlated with 

their abilities to induce this phenotype, indicating that the ER stress response is a key 

feature of their mechanisms of action.  
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In vivo Biodistribution and Anticancer Activity of TRIP-1a. 

A valuable aspect for the development of rhenium-based anticancer agents is the 

availability of the imaging radionuclide 99mTc.100,101 The chemistries of technetium 

and rhenium are largely similar, and therefore direct structural analogs of complexes 

of these metal ions can be prepared.102–104 In the context of developing new rhenium-

based anticancer agents, the corresponding 99mTc analogs can be used as diagnostic 

partners to more easily ascertain pharmacokinetic properties of the parent drug 

candidate. Isonitrile ligands exhibit high affinity for Tc, and several Tc complexes 

containing ICN ligands have been reported as novel agents for biological imaging.105–

110 To evaluate the potential use of 99mTc analogs of these TRIP complexes, we sought 

to synthesize the 99mTc analog of the parent compound TRIP-1a. The 99mTc analog of 

this compound, fac-[99mTc(CO)3(dmphen)(ptolICN)]+, called technetium tricarbonyl 

isonitrile polypyridyl or TTIP, was synthesized using an established approach from 

fac-[99mTc(CO)3(H2O)3]+.111 Briefly, an aqueous solution of the 99mTc starting material 

was heated at 60 °C for 1 h in the presence of a large excess of the dmphen ligand in 

water (pH 7). The ptolICN ligand was then added, and the mixture was further heated 

at 60 °C for 90 minutes to yield the product, TTIP, which was purified by HPLC. The 

purity and identity of the product were analyzed via radio-HPLC (Figure S5.101), 

which revealed a single peak in the chromatogram with a retention time that matched 

that of the non-radioactive rhenium analog TRIP-1a.   

To evaluate the suitability of TTIP as a diagnostic analog for TRIP-1a, we 

carried out biodistribution studies of these complexes in mice. In general, 

biodistribution studies of drug candidates are important for determining their in vivo 
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localization and excretion pathways, and they may help identify potential off-target 

accumulation sites. Furthermore, a comparison of the biodistributions of TRIP-1a and 

TTIP is needed to assess their suitability as a matched therapeutic and diagnostic pair. 

Both of these complexes were administered simultaneously in BALB/c mice via tail 

vein injection to determine their biodistribution. Cohorts of mice were sacrificed at 

0.5, 2, and 4 h, their organs were excised, and then either digested with HNO3 and 

analyzed by ICP-OES for Re or subjected to gamma counting for quantifying 99mTc. 

The results of this biodistribution study are shown in Figure 5.4. Overall, the 

distribution of the two complexes is similar, with both exhibiting large kidney and 

moderate liver uptake. Uptake in these organs suggests that these compounds are 

undergoing renal and hepatobiliary excretion, similar to other previously reported Re 

and Tc tricarbonyl complexes.112 Both TRIP-1a and TTIP also accumulate in the 

heart and lungs. The relatively high cardiac uptake may be due to the positive charge 

of the complexes, which is often observed in 99mTc complexes, such as the homoleptic 

isonitrile complex Cardiolite® that is used for myocardial perfusion imaging.113,114 

Furthermore, analogous 99mTc complexes to TTIP with the general formula fac-

[99mTc(CO)3(NN)(ICN)]+, where NN are different bpy and phen derivatives and ICN 

are different isonitriles, exhibit high cardiac uptake, consistent with our 

observations.115 The major significant difference in the distribution of the Re and 

99mTc compounds lies in the spleen. TRIP-1a is taken up to a much higher extent in 

this organ compared to TTIP. The spleen is known to be a site of accumulation for 

macromolecular structures and aggregates.116–118 Therefore, high Re uptake in this 

organ may suggest that the compound is forming aggregates in vivo. The much lower 
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concentrations of administered 99mTc would prevent aggregation of TTIP. 

Collectively, this comparison between the biodistribution of TRIP-1a and TTIP 

demonstrates that these compounds exhibit largely similar organ uptake profiles and 

suggests that 99mTc analogs of these TRIP complexes are useful partner diagnostic or 

imaging agents.  

 

 
Figure 5.4. Biodistribution in BALC/c mice of TRIP-1a (striped) and TTIP (solid). 
The rhenium content for the blood, muscle, and bone were below detectable levels by 
ICP-OES. 
 

 Based on the promising in vitro anticancer activities of these complexes and 

favorable biodistribution, we sought to evaluate the in vivo antitumor activity of 

TRIP-1a in mice bearing A2780 ovarian cancer xenografts. These mice were treated 

with 5, 10, or 20 mg/kg of this complex, administered in 20% DMSO/PBS solutions 

via tail vein injection, twice weekly. Their tumor growth rates and overall health were 

monitored over 27 days (Figure 5.5). For several mice in this study, dosing was 

discontinued due to weight loss or necrosis at the injection site. The exact dosing 
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schedule and survival time for each mouse in the study is reported in Table S5.3. The 

lower doses (5 and 10 mg/kg) of TRIP-1a have no effect on tumor growth rate. At 20 

mg/kg, however, TRIP-1a significantly inhibits tumor growth as shown in Figure 

5.5a. From days 10 to 20 after beginning treatment, the 20 mg/kg cohort exhibited 

tumors with less than half the average volume of the vehicle-treated group. Thus, 

although TRIP-1a was not able to entirely eradicate these tumors, it was able to 

markedly decrease the tumor growth rate, demonstrating that its anticancer activity is 

also retained in vivo. These in vivo data can also be analyzed by comparing the 

survival time of the treated mice relative to the untreated control. Such survival data 

may be more useful than tumor volumes in comparing the efficacy of drug candidates 

because different tumor types undergo a wide range of growth rates. The effects of 

TRIP-1a on mouse survival were thus analyzed. In these experiments, mice were 

sacrificed and did not “survive” if their body weight decreased by 25% or if their 

tumor burden increased beyond 5500 mm3. As shown in Figure 5.5b, 20 mg/kg of 

TRIP-1a prolonged the survival of the tumor-bearing mice by 150% relative to the 

control group. These results demonstrate that this compound is able to significantly 

increase mice survival to levels that are comparable to several clinically investigated 

Ru anticancer agents.119 These data represents only the fifth example in the literature 

where the in vivo anticancer activity of a rhenium tricarbonyl complex is 

demonstrated,61,64,120–122 and it supports the continued investigation of this interesting 

class of compounds as antitumor agents. 
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Figure 5.5. (a) Tumor volume of mice bearing A2780 ovarian cancer xenografts. (b) 
Kaplan-Meier survival plot of mice treated with TRIP-1a throughout the duration of 
the study. 
 

 Because side effects and off-target toxicity constitute two of the main hurdles 

to clinical success for novel drug candidates, we performed necropsies on all mice 

from the tumor xenograft study to assess the in vivo toxicity of TRIP-1a. All major 

organs including kidneys, liver, heart, brain, and spleen were cryosectioned, stained 

with hematoxylin and eosin (H&E), and submitted for analysis by a trained 
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pathologist.123 These analyses revealed that there were no obvious morphological 

changes to these organs in mice treated with any of the three administered doses of 

TRIP-1a compared to the untreated mice. This result suggests that TRIP-1a is not 

causing any significant organ damage. This result is in contrast to H&E staining 

carried out for cisplatin and related platinum-based drugs, where their nephrotoxicity 

manifests in significant morphological changes to kidney sections.124 Another 

indication of acute toxicity is mouse body weight. Acutely toxic compounds, like 

cisplatin, cause a decrease in body weight when administered at therapeutically 

relevant concentrations.125 The body weights of all mice in this study were therefore 

monitored throughout its duration, as shown in Figure S5.102. Mice treated with 5 

and 10 mg/kg of TRIP-1a did not show any decrease in body weight. However, the 

body weight of mice treated with 20 mg/kg of TRIP-1a decreased by approximately 

20% until day 16, when administration of TRIP-1a was ceased. The decrease in body 

weight was somewhat surprising given that no visible organ damage was observed. An 

additional limiting side effect that was observed was necrosis at the tail vein injection 

site in mice that were treated with TRIP-1a at all dose concentrations. As noted 

above, the severity of the inflammation required us to cease treatment for some mice 

(Table S5.3) In a few cases, the tails fell off due to extreme inflammatory effects. We 

hypothesize that this severe local effect may be a consequence of the formulation of 

TRIP-1a in a DMSO/PBS (20% DMSO) mixture. Because this effect is only present 

at the site of injection, it is likely that it is triggered by precipitation upon contact with 

the bloodstream. This hypothesis is also consistent with our biodistribution studies that 

show uptake in the spleen, a common site for the accumulation of aggregated species. 
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Although these studies demonstrate that this class of compounds possess in vivo 

antitumor activity, clearly work will be needed to improve their formulations for 

biological administration.  

 

CONCLUSIONS 

The ER has emerged as a promising target for cancer therapy, and a number of recent 

studies have shown that many metal complexes are effective at triggering ER stress-

induced cancer cell death. In this context, the TRIP compounds reported in this 

chapter comprise a novel class of metal-based anticancer agents that operate via this 

mechanism of action. As demonstrated here, the physical and biological properties of 

these TRIP complexes can be tuned in a modular sense by altering the supporting 

ligands. From this small library of 11 complexes, our SAR analysis shows that more 

electron-rich compounds are more cytotoxic. Because a number of spectroscopic 

features of these complexes are related to their electronic properties, it is possible to 

identify direct correlations between physical and biological properties. Thus, 

correlations between spectroscopic methods, such as C≡O and C≡N IR stretching 

energies and 15N NMR chemical shifts, and cytotoxic activity are apparent. These 

results highlight the potential predictive power of physical characterization methods 

for use in biological SARs of novel metal-based anticancer agents.126–130  

An important assumption that is required for the development of SARs is that 

all compounds in the library act via a similar mechanism of action. The 11 complexes 

tested in this chapter all trigger cell death by inducing ER stress. Furthermore, the ER 

stress-inducing capacity of the compounds relates to their cytotoxicity, as more 
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cytotoxic complexes elicit greater ER stress responses at equivalent dosing 

concentrations. These results stand in contrast to a number of other studies on metal 

anticancer agents, in which subtle ligand modifications led to significant changes in 

anticancer mechanisms.35,45,131,132 Although such mechanistic changes are interesting, 

they present practical challenges in improving and optimizing these types of metal-

based drug candidates. Based on the consistent ER stress induction across the TRIP 

series, modifications of these complexes to optimize important pharmacokinetic 

properties, such as solubility and clearance rates, can be accomplished without 

compromising their novel mechanism of anticancer activity. 

The promising in vitro anticancer activity and novel mechanism of action of 

TRIP-1a prompted us to further explore its activity in vivo. The use of the 99mTc 

analog, TTIP, revealed that the biodistribution of both complexes is comparable, 

suggesting that these compounds may constitute a theranostic pair. Furthermore, 

experiments conducted on mice bearing ovarian cancer xenografts indicate that TRIP-

1a retains anticancer activity in vivo. The activity of this compound, however, is 

limited in its ability to slow tumor growth, but not eradicate the tumor mass in its 

entirety. Furthermore, difficulties in the formulation and administration of this 

complex that gave rise to severe local inflammation need to be addressed. As noted 

above, the structural modification of this class of compounds do not lead to a change 

in the mechanism of action, and can therefore by applied to overcome these issues 

associated with formulation. Together, the high potency, distinct mechanism of action, 

broad tunability, and in vivo efficacy of these complexes establish the TRIP scaffold 

to be a promising class of anticancer agents. Due to the highly promising in vivo 
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anticancer effects of TRIP-1a and the same phenotype throughout the TRIP 

derivatives, we developed and explored an ovarian cancer cell line resistant to TRIP-

1a detailed in Chapter 6. Development of resistant cell lines can provide valuable 

information about potential in vivo resistance and elude to specific cellular targets of 

compounds, as we illustrate in the following chapter. 

 

EXPERIMENTAL 

Methods and Materials.  

Rhenium carbonyl was purchased from Pressure Chemicals (Pittsburgh, Pennsylvania, 

USA). Re(CO)5Cl was synthesized as previously described.63 The diimine ligands, 

2,9-dimethyl-1,10-phenanthroline (dmphen, Cayman Chemical, Ann Arbor, MI), 1,10-

phenanthroline (phen, Sigma Aldrich, St. Louis, MO), 2,2'-bipyridine (bpy, Alfa 

Aesar, Ward Hill, MA), 4,4'-dimethyl-2,2'-bipyridine (dmbpy, Chem-Impex 

International Inc., Wood Dale, IL), 4,4'-dimethoxy-2,2'-bipyridine (dmobpy, Sigma 

Aldrich, St. Louis, MO), 4,4'-di-tert-butyl-2,2'-bipyridine (tbutylbpy, Sigma Aldrich, 

St. Louis, MO), and 4,4'-bis(trifluoromethyl)-2,2'-bipyridine (CF3bpy, Sigma Aldrich, 

MO), were used as received. The fac-[Re(CO)3(NN)Cl] complexes, where NN is the 

diimine ligand, were synthesized using previously reported procedures.133,134 The 

isonitrile ligands, para-tolyl ICN (ptolICN), 2,6-dimethylphenyl ICN (2,6-

dmphenylICN), 3,5-dimethylphenyl (3,5-dmphenylICN), para-methoxyphenyl ICN 

(p-methoxyphenylICN, Sigma Aldrich, St. Louis, MO), and para-chlorophenyl ICN 

(p-chlorophenylICN), were purchased or synthesized from their respective aniline 

species using a previously reported procedure.135 fac-
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[Re(CO)3(dmphen)(ptolICN)]OTf (TRIP-1a) was synthesized as previously 

reported.66 All solvents were ACS grade or higher.  

Physical Measurements.  

NMR samples were prepared as solutions using CDCl3, methanol-d4, DMSO-d6, or 

acetone-d6 as the solvent. 1H and 13C{1H} NMR spectra were acquired on a Bruker 

500 MHz spectrometer and 15N HMBC spectra were acquired on a Varian Inova 600 

MHz spectrometer. 1H and 13C{1H} NMR chemical shifts were referenced to TMS at 

0 ppm and 15N HMBC NMR chemical shifts were referenced to acetonitrile as internal 

standard (240 ppm vs liquid NH3 at 0 ppm). Samples for IR spectroscopy were 

prepared as KBr pellets and were analyzed on a Nicolet Avatar 370 DTGS 

(ThermoFisher Scientific, Waltham, MA). Analytical chromatography was carried out 

on a LC-20AT pump with a SPD-20AV UV-vis detector monitored at 270 and 220 nm 

(Shimadzu, Japan) using an Ultra Aqueous C18 column (100 Å, 5 µm, 250 mm × 4.6 

mm, Restek, Bellefonte, PA) at a flow rate of 1 mL/min with a mobile phase 

containing 0.1% trifluoroacetic acid (TFA) in H2O or MeOH. The method consisted of 

5 min at 10% MeOH, followed by a linear gradient to 100% MeOH over 20 min. 

High-resolution mass spectra (HRMS) were recorded on an Exactive Orbitrap mass 

spectrometer in positive ESI mode (ThermoFisher Scientific, Waltham, MA) with 

samples injected as acetonitrile/water solutions with 1% formic acid. Elemental 

analyses (C, H, N) were performed by Atlantic Microlab Inc. (Norcross, Georgia, 

USA). UV-visible spectra were recorded on a Cary 8454 UV-vis (Agilent 

Technologies, Santa Clara, CA) or a Beckman Coulter DU800 UV-vis using 1-cm 
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quartz cuvettes. Fluorescence spectra and photoluminescent quantum yield 

measurements were carried out on a Beckman Coulter DU800 UV-vis and Varian 

Eclipse Fluorometer. Electrochemical measurements were carried out using a Pine 

WaveNow potentiostat with a three-electrode setup consisting of a glassy carbon 

working electrode, a platinum counter electrode, and an Ag wire quasi-reference 

electrode. Complexes were dissolved in anhydrous acetonitrile with 0.10 M 

[Bu4N][PF6] (TBAP) as the supporting electrolyte. Potentials were referenced using an 

internal standard of the ferrocene/ferricenium couple at 0.45 V vs. the saturated 

calomel electrode (SCE). 

 

Synthetic Procedures. 

Synthesis of fac-[Re(CO)3(phen)(ptolICN)]OTf (TRIP-2a). fac-[Re(CO)3(phen)Cl] 

(0.200 g, 0.41 mmol) was dissolved in dry THF (40 ml) and AgOTf (0.106 g, 0.41 

mmol) was added. The mixture was heated at reflux for 3 h, after which the resulting 

yellow suspension was filtered. To the filtrate, ptolICN (0.2 g, 1.7 mmol) was added, 

and the mixture was heated at reflux overnight. The resulting yellow precipitate is 

filtered and washed with ~25 ml of diethyl ether to yield a yellow solid. Yield: 0.126 g 

(43%). 1H NMR (500 MHz, DMSO-d6): δ 9.55 (d, J = 5.2 Hz, 2H), 9.07 (d, J = 8.3 

Hz, 2H), 8.39 (s, 2 H), 8.19 (dd, J = 8.3, 5.2 Hz, 2H), 7.23 – 7.18 (m, 4H), 2.26 (s, 

3H). 13C{1H} NMR (126 MHz, DMSO-d6): δ 191.5, 188.3, 155.3, 146.3, 141.2, 139.9, 

130.7, 129.9, 127.8, 127.0, 126.9, 20.8. IR (KBr, cm–1): 2155 m (C≡N), 2036 s (C≡O), 

1973 s (C≡O), 1966 s (C≡O). HR-ESI-MS (positive ion mode): m/z 568.0646 ([M]+, 
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calcd 568.0671). Anal. Calcd for [Re(CO)3(phen)(ptolICN)]OTf (ReC24H15F3N3O6S): 

C, 40.22; H, 2.11; N, 5.86. Found: C, 40.15; H, 2.06; N, 5.37. 

 

Synthesis of fac-[Re(CO)3(bpy)(ptolICN)]OTf (TRIP-3a). fac-[Re(CO)3(bpy)Cl] 

(0.100 g, 0.22 mmol) was dissolved in dry THF (20 ml) and AgOTf (0.056 g, 0.22 

mmol) was added. The mixture was heated at reflux for 3 h, after which the resulting 

yellow suspension was filtered. To the filtrate, ptolICN (0.1 g, 0.85 mmol) was added, 

and the mixture was heated at reflux overnight. The resulting orange solution was 

evaporated to dryness under vacuum. To the crude solid, 2 ml of toluene was added 

and the undissolved solid was filtered and washed with ~15 ml of diethyl ether to yield 

a pale-yellow solid. Yield: 0.069 g (45%). 1H NMR (500 MHz, CDCl3): δ 9.03 (d, J = 

8.2 Hz, 2H), 8.97 (d, J = 5.4 Hz, 2H), 8.38 (t, J = 7.9 Hz, 2H), 7.69 (t, J = 6.5 Hz, 2H), 

7.18 – 7.14 (m, 4H), 2.34 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3): δ 191.3, 187.6, 

156.4, 153.1, 142.2, 141.7, 130.5, 128.4, 127.1, 126.8, 21.6. IR (KBr, cm–1): 2175 m 

(C≡N), 2038 s (C≡O), 1971 s (C≡O), 1930 s (C≡O). HR-ESI-MS (positive ion mode): 

m/z 544.0636 ([M]+, calcd 544.0671). Anal. Calcd for [Re(CO)3(bpy)(ptolICN)]OTf 

(ReC22H15F3N3O6S): C, 38.15; H, 2.18; N, 6.07. Found: C, 38.41; H, 2.19; N, 6.09. 

 

Synthesis of fac-[Re(CO)3(dmbpy)(ptolICN)]OTf (TRIP-4a). fac-

[Re(CO)3(dmobpy)Cl] (0.130 g, 0.27 mmol) was dissolved in dry THF (25 ml) and 

AgOTf (0.068 g, 0.27 mmol) was added. The mixture was heated at reflux for 3 h, 

after which the resulting yellow suspension was filtered. To the filtrate, ptolICN (0.1 

g, 0.85 mmol) was added, and the mixture was heated at reflux overnight. The 
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resulting orange solution was evaporated. The crude residue was then purified using 

silica gel column chromatography (98% DCM: 2% MeOH). Fractions containing the 

desired product were pooled, and the solvent was removed under reduced pressure. 

The product was isolated as a pale yellow solid. Yield: 0.080 g (41%). 1H NMR (500 

MHz, CDCl3): δ 8.91 (s, 2H), 8.73 (d, J = 5.7 Hz, 2H), 7.40 (d, J = 5.6 Hz, 2H), 7.18 – 

7.14 (m, 4H), 2.71 (s, 6H), 2.34 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3): δ 191.5, 

187.9, 156.0, 154.7, 152.3, 142.1, 130.5, 129.0, 127.2, 127.1, 21.7. IR (KBr, cm–1): 

2176 m (C≡N), 2037 s (C≡O), 1958 s (C≡O), 1934 s (C≡O). HR-ESI-MS (positive ion 

mode): m/z 572.0941 ([M]+, calcd 572.0984). Anal. Calcd for 

[Re(CO)3(dmbpy)(ptolICN)]Otf (ReC24H19F3N3O6S): C, 40.00; H, 2.66; N, 5.83. 

Found: C, 40.42; H, 2.75; N, 5.83. 

 

Synthesis of fac-[Re(CO)3(dmobpy)(ptolICN)]OTf (TRIP-5a). fac- 

[Re(CO)3(dmobpy)Cl] (0.100 g, 0.19 mmol) was dissolved in dry THF (20 ml) and 

AgOTf (0.049 g, 0.19 mmol) was added. The mixture was heated at reflux for 3 h, 

after which the resulting yellow suspension was filtered. To the filtrate, ptolICN (0.1 

g, 0.85 mmol) was added, and the mixture was heated at reflux overnight. The solvent 

was then removed under reduced pressure. To the crude solid, 2 ml of toluene was 

added and the undissolved solid was filtered and washed with ~15 ml of diethyl ether 

to yield a pale yellow solid. Yield: 0.115 g (81%). 1H NMR (500 MHz, CDCl3): δ 8.62 

(d, J = 6.4 Hz, 2 H), 8.48 (d, J = 2.5 Hz, 2 H), 7.19 – 7.15 (m, 4 H), 7.07 – 7.05 (m, 2 

H), 4.27 (s, 6 H), 2.35 (s, 3 H). 13C{1H} NMR (126 MHz, CDCl3): δ 169.4, 158.9, 

153.2, 142.1, 130.5, 127.1, 116.8, 110.7, 58.2, 21.7.  IR (KBr, cm–1): 2179 m (C≡N), 
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2034 s (C≡O), 1957 s (C≡O), 1924 s (C≡O). HR-ESI-MS (positive ion mode): m/z 

604.0842 ([M]+, calcd 604.0882). Anal. Calcd for [Re(CO)3(dmobpy)(ptolICN)]OTf 

(ReC24H19F3N3O8S): C, 38.30; H, 2.54; N, 5.58. Found: C, 38.54; H, 2.60; N, 5.72. 

 

Synthesis of fac-[Re(CO)3(CF3bpy)(ptolICN)]OTf (TRIP-6a). fac- 

[Re(CO)3(CF3bpy)Cl] (0.072 g, 0.117 mmol) was dissolved in dry THF (8 ml) and 

AgOTf (0.032 g, 0.41 mmol) was added. The mixture was heated at reflux for 3 h, 

after which the resulting yellow suspension was filtered. To the filtrate, ptolICN 

(0.100 g, 0.085 mmol) was added, and the mixture was heated at reflux overnight. The 

resulting solution was evaporated under reduced pressure. The crude product was 

dissolved in a minimum amount of DCM (~5 ml), and this concentrated solution was 

added to di-isopropyl ether (>100 mL) with rapid stirring. The product that 

precipitated out was collected by filtration. This process was repeated two more times 

to obtain analytically pure compound. Yield: 0.030 g (31%). 1H NMR (500 MHz, 

acetone-d6): δ 9.67 (d, J = 5.3 Hz, 2 H), 9.44 (s, 2 H), 8.31 (d, J = 6.0 Hz, 2 H), 7.29 – 

7.25 (m, 4 H), 2.33 (s, 3 H). IR (KBr, cm–1): 2180 m (C≡N), 2045 s (C≡O), 1976 s 

(C≡O), 1944 s (C≡O). HR-ESI-MS (positive ion mode): 680.0413 m/z ([M]+, calcd 

680.0419). Anal. Calcd for [Re(CO)3(CF3bpy)(ptolICN)]Otf (ReC24H13F9N3O6S): C, 

34.79; H, 1.58; N, 5.07. Found: C, 35.04; H, 1.48; N, 4.96. The 13C NMR spectra 

could not be collected due to poor solubility of the complex.  

 

Synthesis of fac-[Re(CO)3(tbutylbpy)(ptolICN)]OTf (TRIP-7a). fac- 

[Re(CO)3(tbutylbpy)Cl] (0.132 g, 0.23 mmol) was dissolved in dry THF (12 mL) and 
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AgOTf (0.060 g, 0.23 mmol) was added. The mixture was heated at reflux for 3 h, 

after which the resulting yellow suspension was filtered. To the filtrate, ptolICN 

(0.130 g, 1.1 mmol) was added, and the mixture was heated at reflux overnight. The 

resulting solution was evaporated under reduced pressure, and the crude product was 

recrystallized from DCM and ether. The material could not be purified sufficiently by 

recrystallization due to its high solubility. The crude material was purified by 

preparatory HPLC (50 to 100% MeOH in H2O containing 0.1% TFA over 30 minutes) 

to yield a yellow powder. Elemental analysis data indicates that this complex was 

isolated with a mixture of TFA (25%) and OTf (75%) counterions (see below). Yield: 

0.023 g (12%). 1H NMR (500 MHz, MeOH-d4): δ 9.04 (d, J = 6.0 Hz, 2 H), 8.71 (s, 2 

H), 7.82 (d, J = 6.0 Hz, 2 H), 7.22 (m, 4 H), 2.34 (s, 3 H), 1.51 (s, 18 H). 13C{1H} 

NMR (126 MHz, CDCl3): δ 191.5, 187.9, 166.2, 156.3, 152.7, 141.7, 130.24, 127.2, 

125.4, 123.0, 36.2, 30.2, 21.5. IR (KBr, cm–1): 2175 m (C≡N), 2028 s (C≡O), 1959 s 

(C≡O), 1931 s (C≡O). HR-ESI-MS (positive ion mode): cm/z 656.1882 ([M]+, calcd 

656.1923). Anal. Calcd for [Re(CO)3(tbutylbpy)(ptolICN)](OTf)0.75(TFA)0.25 

(ReC30.25H31F3N3O5.75S0.75): C, 45.65; H, 3.93; N, 5.28. Found: C, 45.69; H, 4.03; N, 

5.31. 

 

Synthesis of fac-[Re(CO)3(dmphen)(2,6-dmphenylICN)]OTf (TRIP-1b). fac- 

[Re(CO)3(dmphen)Cl] (0.200 g, 0.38 mmol) was dissolved in dry THF (40 ml) and 

AgOTf (0.100 g, 0.38 mmol) was added. The mixture was heated at reflux for 3 h, 

after which the resulting yellow suspension was filtered. To the filtrate, 2,6-

dmphenylICN (0.2 g, 1.5 mmol) was added, and the mixture was heated at reflux 
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overnight. The THF is removed by rotary evaporation and the crude solid was 

dissolved in 2 ml of DCM. The DCM solution was then added dropwise to 50 ml of 

diethyl ether to precipitate out a pale yellow solid, which was then collected via 

vacuum filtration and washed with ~20 ml of ether to yield the pure product. Yield: 

0.230 g (80%). 1H NMR (500 MHz, CDCl3): δ 8.79 (d, J = 8.3 Hz, 2 H), 8.19 (s, 2 H), 

8.07 (d, J = 8.3 Hz, 2 H), 7.15 – 6.96 (m, 3 H), 3.34 (s, 6 H), 1.76 (s, 6 H). 13C{1H} 

NMR (126 MHz, CDCl3): δ 190.9, 188.1, 164.9, 147.9, 141.0, 135.5, 130.7, 129.8, 

128.5, 127.8, 31.8, 18.0. IR (KBr, cm–1): 2171 m (C≡N), 2033 s (C≡O), 1967 s (C≡O), 

1929 s (C≡O). HR-ESI-MS (positive ion mode): 610.1136 m/z ([M]+, calcd 610.1140). 

Anal. Calcd for [Re(CO)3(dmphen)(2,6-dmphenylICN)]Otf (ReC27H21F3N3O6S): C, 

42.74; H, 2.79; N, 5.54. Found: C, 42.88; H, 2.65; N, 5.56. 

 

Synthesis of fac-[Re(CO)3(dmphen)(3,5-dmphenylICN)]OTf (TRIP-1c). fac- 

[Re(CO)3(dmphen)Cl] (0.220 g, 0.41 mmol) was dissolved in dry THF (20 mL) and 

AgOTf (0.110 g, 0.43 mmol) was added. The mixture was heated at reflux for 3 h, 

after which the resulting yellow suspension was filtered. To the filtrate, 3,5-

dmphenylICN (0.200 g, 1.5 mmol) was added, and the mixture was heated at reflux 

overnight. The resulting solution was evaporated under reduced pressure. The crude 

product was dissolved in a minimum amount of THF (~5 ml), and this concentrated 

solution was added to diethyl ether (>100 mL) with rapid stirring. The product that 

precipitated out was collected by filtration. This process was repeated two more times 

to obtain analytically pure compound. 1H NMR (500 MHz, CDCl3): δ 8.75 (d, J = 8.3 

Hz, 2 H), 8.16 (s, 2 H), 8.04 (d, J = 8.4 Hz, 2 H), 7.00 – 6.72 (m, 3 H), 3.32 (s, 6 H), 
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2.22 (s, 6 H). 13C{1H} NMR (126 MHz, CDCl3): δ 190.9, 187.6, 164.8, 147.9, 140.9, 

140.2, 133.2, 129.7, 127.8, 124.6, 119.7, 31.9, 21.0. IR (KBr, cm–1): 2186 m (C≡N), 

2036 s (C≡O), 1963 sh (C≡O), 1941 s (C≡O). HR-ESI-MS (positive ion mode): 

610.1138 m/z ([M]+, calcd 610.1140). Anal. Calcd for [Re(CO)3(dmphen)(3,5-

dmphenylICN)]OTf×0.5CH3CH2OCH2CH3 (ReC29H26F3N3O6.5S): C, 43.77; H, 3.29; 

N, 5.28. Found: C, 43.84; H, 2.90; N, 5.79. 

 

Synthesis of fac-[Re(CO)3(dmphen)(p-methoxyphenylICN)]OTf (TRIP-1d). fac- 

[Re(CO)3(dmphen)Cl] (0.200 g, 0.41 mmol) was dissolved in dry THF and AgOTf 

(0.110 g, 0.43 mmol) was added. The mixture was heated at reflux for 3 h, after which 

the resulting yellow suspension was filtered. To the filtrate, p-methoxyphenylICN 

(0.240 g, 1.8 mmol) was added, and the mixture was heated at reflux overnight. The 

resulting solution was evaporated under reduced pressure. The crude product was 

dissolved in a minimum amount of THF (~5 ml), and this concentrated solution was 

added to diethyl ether (>100 mL) with rapid stirring. The product that precipitated out 

was collected by filtration and dissolved in methanol (20 mL). The resulting solution 

was reduced to <1 mL, and water (10 mL) was added. The mixture was lyophilized to 

yield a yellow powder Yield: 0.170 g (77%). 1H NMR (500 MHz, CDCl3): δ 8.63 (d, J 

= 8.4 Hz, 2 H), 8.07 (s, 2 H), 7.95 (d, J = 8.4 Hz, 2 H), 6.98 – 6.74 (m, 4 H), 3.72 (s, 3 

H), 3.29 (s, 3 H). 13C{1H} NMR (126 MHz, DMSO-d6): δ 191.7, 187.9, 165.2, 160.6, 

147.1, 138.7, 128.9, 128.8, 127.5, 126.9, 114.8, 55.7, 31.5. IR (KBr, cm–1): 2179 m 

(C≡N), 2036 s (C≡O), 1960 s (C≡O), 1929 s (C≡O). HR-ESI-MS (positive ion mode): 

612.0928 m/z ([M]+, calcd 612.0933). Anal. Calcd for [Re(CO)3(dmphen)(p-
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methoxyphenylICN)]Otf (ReC26H19F3N3O7S): C, 41.05; H, 2.52; N, 5.52. Found: C, 

41.15; H, 2.60; N, 5.37. 

 

Synthesis of fac-[Re(CO)3(dmphen)(p-chlorophenylICN)]OTf (TRIP-1e). fac- 

[Re(CO)3(dmphen)Cl] (0.160 g, 0.31 mmol) was dissolved in dry THF and AgOTf 

(0.080 g, 0.34 mmol) was added. The mixture was heated at reflux for 3 h, after which 

the resulting yellow suspension was filtered. To the filtrate, p-chlorophenylICN (0.160 

g, 1.16 mmol) was added, and the mixture was heated at reflux overnight. The 

resulting solution was evaporated under reduced pressure. The crude product was 

dissolved in a minimum amount of THF (~5 ml), and this concentrated solution was 

added to diethyl ether (>100 mL) with rapid stirring. The product that precipitated out 

was collected by filtration. This process was repeated two more times to obtain 

analytically pure compound. Yield: 0.110 g (42%). 1H NMR (500 MHz, CDCl3): δ 

8.68 (d, J = 8.4 Hz, 2 H), 8.11 (s, 2 H), 8.01 (d, J = 8.3 Hz, 2 H), 7.30 (d, J = 8.7 Hz, 2 

H), 7.15 (d, J = 8.8 Hz, 2 H), 3.32 (s, 6 H). 13C{1H} NMR (126 MHz, CDCl3): δ 

190.7, 187.5, 165.0, 147.9, 140.7, 137.5, 130.3, 129.7, 128.7, 127.8, 127.7, 31.9. IR 

(KBr, cm–1): 2185 m (C≡N), 2034 s (C≡O), 1957 s (C≡O), 926 s (C≡O). HR-ESI-MS 

(positive ion mode): 616.0425 m/z ([M]+, calcd 616.0438). Anal. Calcd for 

[Re(CO)3(dmphen)(p-chlorophenyl-ICN)]OTf×0.25CH3CN 

(ReC25.5H16.75ClF3N3.25O6S): C, 39.50; H, 2.13; N, 5.87. Found: C, 39.90; H, 2.09; N, 

5.79. 
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X-ray Crystallography. 

Low temperature (100 K) X-ray diffraction data was collected on a Rigaku XtaLab 

Synergy diffractometer equipped with a 4-circle Kappa goniometer and HyPix 

6000HE Hybrid Photon Counting (HPC) detector with monochromated Mo Ka 

radiation (l = 0.71073 Å). Diffraction images were processed using CrysAlisPro 

software.136 The structure was solved through intrinsic phasing using SHELXT137 and 

refined against F2 on all data by full-matrix least-squares with SHELXL138 following 

established strategies.139 All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms were included in the model at geometrically calculated positions and 

refined using a riding model while allowing the torsion angle to refine using the 

appropriate HFIX command. The isotropic displacement parameters of these hydrogen 

atoms were set to 1.2 times the Ueq of the oxygen atom that they are linked to (1.5 for 

methyl groups). Details of the structure refinement and selected interatomic distances 

and angles are listed in Tables S5.1 and S5.2. 

 

Emission Quantum Yield.  

The luminescence quantum yields were measured as previously reported140 and 

described in Chapter 2 (pg. 121). The compounds were measured as solutions in pH 

7.4 PBS containing ≤1% DMSO.  

 

Lifetime Measurements.  

Lifetime measurements were collected as described in Chapter 2 (pg. 121) in PBS 

solutions at 10 μM. For deoxygenated measurements, nitrogen gas was bubbled into 
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the PBS solutions for 20 min and then the lifetime was determined.   

 

Cell Culture and Cytotoxicity.  

The HeLa (cervical cancer) cell line were obtained from American Type Culture 

Collection (ATCC) and cultured using Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS). HeLa cells were grown 

in a humidified incubator at 37 °C with an atmosphere of 5% CO2. Cells were passed 

at 80–90% confluence using trypsin/EDTA. Cells were tested monthly for 

mycoplasma contamination with the PlasmoTest™ mycoplasma detection kit from 

InvivoGen.   

 The compounds TRIP-1a, TRIP-3a, TRIP-4a, and TRIP-5a were dissolved 

in PBS (pH 7.4) to prepare 0.5–1 mM stock solutions. The compounds TRIP-6a, 

TRIP-7a, TRIP-1b, TRIP-1c, TRIP-1d, and TRIP-1e were dissolved in DMSO to 

prepare 5–20 mM stock solutions. TRIP-2a stock solutions were prepared in both 

PBS (pH 7.4) and DMSO and the IC50 values were the same for both types of stock 

solutions, indicating that the stability of these complexes is the same in these 

solutions. For cell viability studies all cells were grown to 80–90% confluence, 

detached with trypsin/EDTA, seeded in 96-well plates at 4000 cells/well in 100 μL of 

growth media, and incubated for 24 h. The medium was removed and replaced with 

fresh medium (200 μL) containing varying dilutions of either the rhenium compounds 

or media. The cells were then incubated for 48 h. The additional 48 h incubation was 

performed to ensure that the cells were in the logarithmic growth phase and that the 

cells had adequate time to regrow after exposure to the complexes. The medium was 
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removed from the wells, and 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide 

(MTT) in DMEM (200 μL, 1 mg/mL) was added. After 4 h, the MTT/DMEM solution 

was removed, and the formazan crystals were dissolved in 200 μL of an 8:1 mixture of 

DMSO and pH 10 glycine buffer. The absorbance at 570 nm in each well was 

measured using a BioTek Synergy HT plate reader. Cell viability was determined by 

normalizing the absorbance of the treated wells to untreated wells. The % viability 

data shown is an average of three independent experiments with six replicates per 

concentration.   

 

Intracellular Distribution using Confocal Fluorescence Microscopy.  

A total of 1 × 105 HeLa cells were seeded onto 35 mm glass bottom dishes. After 24 h, 

the cells were treated with the rhenium compound (10 μM) in DMEM media. After 2 

h, the media was removed and the cells were washed with PBS and fresh media was 

added. Right before imaging, the media was removed and imaging buffer was added 

(20 mM HEPES pH 7.4, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 1 

mg/mL glucose, and 1 mg/mL bovine serum albumin). The cells were imaged with a 

Zeiss LSM 800 or Zeiss LSM 880 confocal laser-scanning microscope. The rhenium 

complexes were imaged using a 405 nm laser excitation with a 410–550 nm emission 

filter and images were processed using ImageJ software. The cellular images were 

analyzed using ImageJ software and the corrected total cell fluorescence (CTCF) was 

determined using equation 5.1: 

 
(5.1) CTCF = Integrated density – (area of cell × mean fluorescence of background 

reading) 
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The average of at least ten cells was used to determine the average CTCF and the 

red/green ratio. 

 

Mitochondria Morphology Experiment using Confocal Fluorescence Microscopy.  

This experiment was performed using 10 μM of the TRIP derivatives and as described 

in Chapter 4 (pg. 339). The cellular images were analyzed using ImageJ software and 

the mitochondrial morphology was analyzed using a previously reported procedure.91 

 

Thioflavin T (ThT) Assay using Confocal Fluorescence Microscopy. 

A total of approximately 1 × 105 HeLa cells were seeded onto 35 mm glass bottom 

dishes. After 24 h, the cells were treated with 5 μM ThT for 2 h. After 2 h, the media 

was removed, cells were washed with 1 ml PBS and 1 ml of fresh media was added to 

the dishes. At the microscope, the rhenium complexes (10 μM), were diluted in 

imaging buffer and imaged at 0 and 30 min. The cells were imaged using a 405 nm 

laser excitation with a 410–550 nm green emission filter. The cellular images were 

analyzed using ImageJ software and the CTCF was calculated using equation 5.1. 

  

Immunoblotting.  

HeLa cells were treated with the vehicle control (DMSO) or the TRIP derivative (10 

μM) for 24 h. The cells were then lysed and analyzed for CHOP expression by 

Western blotting as described in Chapter 4 (pg. 334). 
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Puromycin Labeling of Proteins.  

HeLa cells were treated with the vehicle control (DMSO) or the TRIP derivative (10 

μM) for 2 h. After 2 h, 10 μM puromycin was added to the medium, and cells were 

harvested 10 min after the addition of puromycin. The cells were then lysed and 

analyzed for puromycin expression by Western blotting as described in Chapter 4 (pg. 

335). 

 

Synthesis of TTIP. 

General Methods. RadioHPLC analysis was carried out using a Shimadzu HPLC-

20AR equipped with a binary gradient, pump, UV-Vis detector, autoinjector and 

Laura radiodetector. UV absorption was recorded at 254 and 280 nm, samples were 

analyzed using a C18 column (Phenomenex Gemini C18, 150 mm x 4.60 mm), 0.8 

mL/min flow, with mobile phase method 1: Solvent A: 50 mM TEAP 

(tetraethylammonium phosphate, pH 2) in water, solvent B = MeOH. 0-2 min: 5% B; 

2-14 min: 5-95% B;14-19 min: 95% B;19-19.5 min: 95-5% B; 19.5-25min: 5% B.  

 

Purification of 2,9-dimethyl-1,10-phenantholine (dmphen). 2,9-dimethyl-1,10-

phenantholine (98% purity) as received from Sigma-Aldrich was repurified using 

automated, reverse phase C18 chromatography. The identity of the product was 

confirmed with mass spectrometry.  

 

Synthesis of TTIP. 99mTc-labeling involved the initial synthesis of technetium 

tricarbonyl precursor, [99mTc(H2O)3(CO)3]+. Sodium pertechnetate, Na[99mTcO4], was 
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eluted from a 99Mo/99mTc sterile generator as a 1.0 mL saline solution (0.9% v/v) and 

was provided by Triad Isotopes (Hicksville, NY). The radioactive solution was added 

to a sealed vial containing boranocarbonate (4 mg), sodium tartrate (7 mg), and 

sodium borate decahydrate (7 mg). The carbonylation was carried out under heating 

for 40 min at 100 °C using an oil bath. The solution was cooled to room temperature. 

A separate solution of ligand (10–4 M in MeOH) was prepared. To the aqueous 

[99mTc(H2O)3(CO)3]+ solution (34.7 mCi, 1 mL) was added to 1 M HCl, (150-180 μL) 

to adjust the pH to 7. A 500 μL aliquot was removed and mixed with dmphen ligand 

stock solution (100 μL, 10 mM). The mixture was heated to 60 °C for 30 min under 

vigorous stirring in a sealed reaction vessel. The reaction was analyzed using 

analytical radioHPLC. Preparative purification of complexes was carried out using 

large volume HPLC injections followed by manual collection of the assigned product 

peak. 100 μL of 10 mM dmphen was added and the solution was heated 30 min at 60 

°C. After confirmation of formation of the [99mTc(dmphen)(CO)3(H2O)]+ intermediate, 

the isonitrile (100 μL of 10 mM stock solution) was added and the reaction mixture 

was heated at 60 °C for 90 min to afford [99mTc(dmphen)(CO)3(ptolICN)]+ (TTIP) as 

confirmed by HPLC. Following purification by HPLC, the solvent was removed in 

vacuo and the product (1.525 mCi) was resuspended for injection in in 1.35 mL PBS 

pH 7.4. The purified, final, non-decay-corrected radiochemical yield was 4.3%. 

 

Biodistribution of TTIP. All animal experiments were conducted according to the 

guidelines of the Institutional Animal Care and Use Committee (IACUC) of Stony 
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Brook University at the Department of Laboratory Animal Resources (DLAR), Stony 

Brook Medicine. Female balb/c mice (6 weeks old, Taconic Biosciences, Taconic NY) 

were intravenously injected with 51–104 µCi of TTIP and 0.2 µmol of TRIP-1a via a 

tail vein catheter in 10% EtOH/saline. Mice were sacrificed at 1, 2, and 4 hours post 

injection. The following organs were harvested and collected: Blood (obtained via 

cardiac puncture), heart, liver, lung, kidney, spleen, small intestine, muscle (thigh), 

bone (femur), urine. Urine was collected for metabolite analysis via bladder puncture. 

Radioactivity was counted using a gamma counter. Radioactivity associated with each 

organ was expressed as % ID/g. Metabolite analysis of blood and urine was carried out 

by fractioned collection of HPLC eluent and subsequent reconstruction of the 

chromatogram. For ICP-OES analysis of rhenium content, organs were incubated with 

nitric acid (3 mL) and the organs were left to digest for 20 h at 25 °C. 300 µL of organ 

digest was diluted with 3 mL of ICP diluent and subsequently analyzed for Re content 

using ICP-OES. 20 ppm of Tb was used as an internal standard. Percent injected dose 

per gram (% ID/g) was calculated based on injection volumes used for each animal 

(0.2 µmol for mouse 4; producing an administered Re dose was 10 µmol/ kg with 0.2 

µmol (mouse)).  
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SUPPLEMENTARY INFORMATION 

Table S5.1. X-ray Crystallographic Data and Refinement Parameters.a 

 
aR1= S||Fo|- |Fc||/S|Fo|; wR2 = {S[w(Fo2-Fc2)2]/Sw[(Fo2)2]}1/2 
GoF = {S[w(Fo2-Fc2)2]/(n – p)}1/2, where n is the number of data and p is the number of refined 
parameters.    
 
 
 
 
 
 
 
 
 
 
 

Compound TRIP-2a 
Empirical Formula C24H15F3N3O6ReS 

Formula Weight 716.65 
a (Å) 14.2993(3) 
b (Å) 11.1080(2) 
c (Å) 15.4031(3) 
α (∘) 90 
β (∘) 99.902(2) 
γ (∘) 90 

V (Å3) 2410.12(9) 
Z 4 

Crystal System Monoclinic 

Space Group P21/c  

ρcalc (Mg/m3) 1.975 
µ (mm–1) 5.199 
F(000) 1384 
T (K) 99.97(15) 

Wavelength (Å) 0.71073 
2θ range (°) 2.272 – 26.371 

Reflections Collected 25835 
Independent Reflections 4830 

Completeness to theta (%) 99.9 
Rint 0.0365 

Number of Parameters 344 
Largest diff. peak and hole (e/Å–3)  1.321/–0.982 

GoF 1.047 
R1/wR2 (all data) 0.0289/0.0425 
R1/wR2 (I >2s) 0.0194/0.0412 
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Table S5.2. Selected Interatomic Distances (Å) Angles (°).a 

Selected Interatomic Distances (Å) 
Re(1)-N(1) 2.183(2) 
Re(1)-N(2) 2.137(2) 
Re(1)-C(1) 1.944(3) 
Re(1)-C(2) 1.933(3) 
Re(1)-C(3) 1.986(3) 
Re(1)-C(4) 2.081(3) 
N(1)-Re(1)-N(2) 82.69(9) 
N(1)-Re(1)-C(1) 175.06(10) 
N(2)-Re(1)-C(1) 92.73(10) 
C(1)-Re(1)-C(3) 82.88(11) 
C(1)-Re(1)-C(4) 89.74(11) 
N(1)-Re(1)-C(2) 88.08(10) 
N(2)-Re(1)-C(2) 170.62(11) 
C(1)-Re(1)-C(2) 96.55(12) 
C(2)-Re(1)-C(3) 89.00(11) 
C(2)-Re(1)-C(4) 93.91(11) 
N(1)-Re(1)-C(3) 98.96(10) 
N(2)-Re(1)-C(3) 90.81(10) 
C(3)-Re(1)-C(4) 172.33(12) 
N(1)-Re(1)-C(4) 88.24(10) 
N(2)-Re(1)-C(4) 87.47(9) 
aAtoms are labeled as shown in Figure 5.1 of the main text. Numbers in parentheses are the 
estimated standard deviations for the last significant figure. 
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Table S5.3. Mouse Treatment Schedule and Survival Times. 
Mouse Number Treatment 

Group 
Last Dose 
Received (day) 

Survival 
Time 
(days) 

1 5 mg/kg 9 16 
9 5 mg/kg 20 18 
15 5 mg/kg 13 18 
17 5 mg/kg 13 16 
23 5 mg/kg 20 23 
28 5 mg/kg 13 18 
36 5 mg/kg 13 18 
2 10 mg/kg 9 16 
9 10 mg/kg 20 18 
14 10 mg/kg 9 13 
18 10 mg/kg 16 20 
24 10 mg/kg 16 18 
32 10 mg/kg 13 18 
34 10 mg/kg 13 18 
3 20 mg/kg 16 27 
16 20 mg/kg 9 23 
19 20 mg/kg 13 25 
20 20 mg/kg 9 25 
33 20 mg/kg 13 27 
35 20 mg/kg 16 23 
5 Vehicle N/A 16 
7 Vehicle N/A 18 
12 Vehicle N/A 20 
21 Vehicle N/A 18 
25 Vehicle N/A 13 
31 Vehicle  N/A 16 
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Figure S5.1. 1H NMR spectrum of TRIP-2a (DMSO-d6, 500 MHz) at 25 ºC.  
 
 

 
Figure S5.2. 1H NMR spectrum of TRIP-3a (CDCl3, 500 MHz) at 25 ºC.  
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Figure S5.3. 1H NMR spectrum of TRIP-4a (CDCl3, 500 MHz) at 25 ºC.  
 

 
Figure S5.4. 1H NMR spectrum of TRIP-5a (CDCl3, 500 MHz) at 25 ºC.  
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Figure S5.5. 1H NMR spectrum of TRIP-6a (acetone-d6, 500 MHz) at 25 ºC.  
 

 
Figure S5.6. 1H NMR spectrum of TRIP-7a (MeOH-d4, 500 MHz) at 25 ºC.  
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Figure S5.7. 1H NMR spectrum of TRIP-1b (CDCl3, 500 MHz) at 25 ºC. 
 

  
Figure S5.8. 1H NMR spectrum of TRIP-1c (CDCl3, 500 MHz) at 25 ºC.  
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Figure S5.9. 1H NMR spectrum of TRIP-1d (CDCl3, 500 MHz) at 25 ºC.  
 

 
Figure S5.10. 1H NMR spectrum of TRIP-1e (CDCl3, 500 MHz) at 25 ºC.  
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Figure S5.11. 13C{1H} NMR spectrum of TRIP-2a (DMSO-d6, 126 MHz) at 25 ºC.  
 

 
Figure S5.12. 13C{1H} NMR spectrum of TRIP-3a (CDCl3, 126 MHz) at 25 ºC.  
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Figure S5.13. 13C{1H} NMR spectrum of TRIP-4a (CDCl3, 126 MHz) at 25 ºC.  
 

 
Figure S5.14. 13C{1H} NMR spectrum of TRIP-5a (CDCl3, 126 MHz) at 25 ºC.  
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Figure S5.15. 13C{1H} NMR spectrum of TRIP-7a (CDCl3, 126 MHz) at 25 ºC.  
 

 
Figure S5.16. 13C{1H} NMR spectrum of TRIP-1b (CDCl3, 126 MHz) at 25 ºC.  
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Figure S5.17. 13C{1H} NMR spectrum of TRIP-1c (CDCl3, 126 MHz) at 25 ºC.  
 

 
Figure S5.18. 13C{1H} NMR spectrum of TRIP-1d (DMSO-d6, 126 MHz) at 25 ºC.  
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Figure S5.19. 13C{1H} NMR spectrum of TRIP-1e (CDCl3, 126 MHz) at 25 ºC.  
 

 
Figure S5.20. IR spectrum of TRIP-2a. 
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Figure S5.21. IR spectrum of TRIP-3a. 
 

 
Figure S5.22. IR spectrum of TRIP-4a. 
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Figure S5.23. IR spectrum of TRIP-5a.  
 

 
Figure S5.24. IR spectrum of TRIP-6a. 



 

 437 

 
Figure S5.25. IR spectrum of TRIP-7a. 
 

 
Figure S5.26. IR spectrum of TRIP-1b. 
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Figure S5.27. IR spectrum of TRIP-1c. 
 

 
Figure S5.28. IR spectrum of TRIP-1d. 
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Figure S5.29. IR spectrum of TRIP-1e. 

 
Figure S5.30. HPLC chromatogram of TRIP-2a. 
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Figure S5.31. HPLC chromatogram of TRIP-3a. 

 
Figure S5.32. HPLC chromatogram of TRIP-4a. 
 

 
Figure S5.33. HPLC chromatogram of TRIP-5a.  
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Figure S5.34. HPLC chromatogram of TRIP-6a. 

 
Figure S5.35. HPLC chromatogram of TRIP-7a. 

 
Figure S5.36. HPLC chromatogram of TRIP-1b. 
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Figure S5.37. HPLC chromatogram of TRIP-1c. 

 
Figure S5.38. HPLC chromatogram of TRIP-1d. 

 
Figure S5.39. HPLC chromatogram of TRIP-1e. 
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Figure S5.40. 15N HMBC NMR spectrum (f1 = 600 MHz, f2 = 61 MHz) of TRIP-1a 
(CD3OD) at 25 ºC, referenced to internal standard MeCN at 240 ppm vs liquid NH3 at 
0 ppm. 
 

  
Figure S5.41. 15N HMBC NMR spectrum (f1 = 600 MHz, f2 = 61 MHz) of TRIP-2a 
(CD3OD) at 25 ºC, referenced to internal standard MeCN at 240 ppm vs liquid NH3 at 
0 ppm.  



 

 444 

 
Figure S5.42. 15N HMBC NMR spectrum (f1 = 600 MHz, f2 = 61 MHz) of TRIP-3a 
(CD3OD) at 25 ºC, referenced to internal standard MeCN at 240 ppm vs liquid NH3 at 
0 ppm.  
 

 
Figure S5.43. 15N HMBC NMR spectrum (f1 = 600 MHz, f2 = 61 MHz) of TRIP-4a 
(CD3OD) at 25 ºC, referenced to internal standard MeCN at 240 ppm vs liquid NH3 at 
0 ppm.  
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Figure S5.44. 15N HMBC NMR spectrum (f1 = 600 MHz, f2 = 61 MHz) of TRIP-5a 
(CD3OD) at 25 ºC, referenced to internal standard MeCN at 240 ppm vs liquid NH3 at 
0 ppm.  
 

 
Figure S5.45. 15N HMBC NMR spectrum (f1 = 600 MHz, f2 = 61 MHz) of TRIP-6a 
(CD3OD) at 25 ºC, referenced to internal standard MeCN at 240 ppm vs liquid NH3 at 
0 ppm.  
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Figure S5.46. Cyclic voltammogram of TRIP-1a in MeCN with 0.1 M TBAP at 25 
ºC and 0.1 V/s scan rate. 

 
Figure S5.47. Cyclic voltammogram of TRIP-2a in MeCN with 0.1 M TBAP at 25 
ºC and 0.1 V/s scan rate. 
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Figure S5.48. Cyclic voltammogram of TRIP-3a in MeCN with 0.1 M TBAP at 25 
ºC and 0.1 V/s scan rate. 

 
Figure S5.49. Cyclic voltammogram of TRIP-4a in MeCN with 0.1 M TBAP at 25 
ºC and 0.1 V/s scan rate. 
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Figure S5.50. Cyclic voltammogram of TRIP-5a in MeCN with 0.1 M TBAP at 25 
ºC and 0.1 V/s scan rate. 

 
Figure S5.51. Cyclic voltammogram of TRIP-6a in MeCN with 0.1 M TBAP at 25 
ºC and 0.1 V/s scan rate. 
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Figure S5.52. Cyclic voltammogram of TRIP-7a in MeCN with 0.1 M TBAP at 25 
ºC and 0.1 V/s scan rate. 
 

 
Figure S5.53. Cyclic voltammogram of TRIP-1b in MeCN with 0.1 M TBAP at 25 
ºC and 0.1 V/s scan rate. 
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Figure S5.54. Cyclic voltammogram of TRIP-1c in MeCN with 0.1 M TBAP at 25 ºC 
and 0.1 V/s scan rate. 

 
Figure S5.55. Cyclic voltammogram of TRIP-1d in MeCN with 0.1 M TBAP at 25 
ºC and 0.1 V/s scan rate. 
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Figure S5.56. Cyclic voltammogram of TRIP-1e in MeCN with 0.1 M TBAP at 25 ºC 
and 0.1 V/s scan rate. 
 

 
Figure S5.57. Scatter plot of 15N chemical shifts (ppm) vs the first reduction potential 
(Epc, V) of TRIP-3a, TRIP-4a, TRIP-5a, and TRIP-6a.  
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Figure S5.58. UV-vis spectrum of TRIP-2a (15 μM) in PBS (pH 7.4) with ≤1% 
DMSO at 25 ºC.  

 
Figure S5.59. UV-vis spectrum of TRIP-3a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.60. UV-vis spectrum of TRIP-4a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  
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Figure S5.61. UV-vis spectrum of TRIP-5a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.62. UV-vis spectrum of TRIP-6a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.63. UV-vis spectrum of TRIP-7a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  
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Figure S5.64. UV-vis spectrum of TRIP-1b (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.65. UV-vis spectrum of TRIP-1c (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.66. UV-vis spectrum of TRIP-1d (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  
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Figure S5.67. UV-vis spectrum of TRIP-1e (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.68. Emission spectrum of TRIP-2a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.69. Emission spectrum of TRIP-3a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  
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Figure S5.70. Emission spectrum of TRIP-4a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.71. Emission spectrum of TRIP-5a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.72. Emission spectrum of TRIP-6a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  
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Figure S5.73. Emission spectrum of TRIP-7a (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.74. Emission spectrum of TRIP-1b (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.75. Emission spectrum of TRIP-1c (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  
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Figure S5.76. Emission spectrum of TRIP-1d (15 μM) in PBS (pH 7.4) and ≤1% 
DMSO at 25 ºC.  

 
Figure S5.77. Emission spectrum TRIP-1e (15 μM) in PBS (pH 7.4) and ≤1% DMSO 
at 25 ºC.  
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Figure S5.78. Transient emission decay profile of TRIP-2a (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line).  

 
Figure S5.79. Transient emission decay profile of TRIP-3a (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line).  
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Figure S5.80. Transient emission decay profile of TRIP-4a (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line).  

 
Figure S5.81. Transient emission decay profile of TRIP-5a (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line).  
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Figure S5.82. Transient emission decay profile of TRIP-6a (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line).  

 
Figure S5.83. Transient emission decay profile of TRIP-7a (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line). 
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Figure S5.84. Transient emission decay profile of TRIP-1b (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line).  

 
Figure S5.85. Transient emission decay profile of TRIP-1c (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line).  
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Figure S5.86. Transient emission decay profile of TRIP-1d (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line).  

 
Figure S5.87. Transient emission decay profile of TRIP-1e (10 μM) in PBS (pH 7.4) 
at 25 ºC under ambient conditions (black, fit = solid line) and under nitrogen (red, fit = 
dashed line). 
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Figure S5.88. Dose-response curve for TRIP-2a in HeLa cells. 

 
Figure S5.89. Dose-response curve for TRIP-3a in HeLa cells. 

 
Figure S5.90. Dose-response curve for TRIP-4a in HeLa cells. 



 

 465 

 
Figure S5.91. Dose-response curve for TRIP-5a in HeLa cells. 

 
Figure S5.92. Dose-response curve for TRIP-6a in HeLa cells. 

 
Figure S5.93. Dose-response curve for TRIP-7a in HeLa cells. 
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Figure S5.94. Dose-response curve for TRIP-1b in HeLa cells. 

 
Figure S5.95. Dose-response curve for TRIP-1c in HeLa cells. 

 
Figure S5.96. Dose-response curve for TRIP-1d in HeLa cells. 
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Figure S5.97. Dose-response curve for TRIP-1e in HeLa cells. 
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Figure S5.98. (a) Confocal fluorescence microscopy images of TRIP derivatives (10 
µM) in HeLa cells after 2 h incubation with the complexes. (b) Intracellular 
luminescence of TRIP complexes normalized to untreated cells and analyzed using 
ImageJ. Scale bar = 10 microns. 
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Figure S5.99. ThT fluorescence intensity of HeLa cells treated with TRIP derivatives 
(10 µM) normalized to fluorescence at time 0 min (black). 
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Figure S5.100. (a) Cut puromycin Western blot of HeLa cell lysates treated with TRIP 
derivatives (10 µM) for 2 h. This blot has been cut between TRIP-2a and TRIP-3a to 
remove a compound that that is no longer being investigated in this chapter. (b) 
Original Western blot image.  
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Figure S5.101. HPLC chromatograms of TRIP-1a (top), the starting Tc reaction 
mixture prior to ICN ligand addition (top middle), the final TTIP reaction mixture 
after purification by preparatory HPLC, and the overlay of TRIP-1a (black trace) and 
TTIP (red) (bottom).  
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Figure S5.102. Body weight of mice treated with TRIP-1a throughout the duration of 
the study. 
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CHAPTER 6 

Exploring Ovarian Cancer Cell Resistance to Rhenium Anticancer Complexes 
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ABSTRACT 

Rhenium tricarbonyl complexes have been recently investigated as novel anticancer 

agents. However, little is understood about their mechanisms of action, as well as the 

means by which cancer cells respond to chronic exposure to these compounds. To gain 

a deeper mechanistic insight into these rhenium anticancer agents, we developed and 

characterized an ovarian cancer cell line that is resistant to a previously studied 

compound [Re(CO)3(dmphen)(ptolICN)]+, where dmphen = 2,9-dimethyl-1,10-

phenanthroline and ptolICN = para-tolyl isonitrile, called TRIP. This TRIP-resistant 

ovarian cancer cell line, A2780TR, was found to be 9 times less sensitive to TRIP 

compared to the wild-type A2780 ovarian cancer cell line. Furthermore, the 

cytotoxicities of established drugs and other rhenium anticancer agents in the TRIP-

resistant cell line were determined. Notably, the drug taxol was found to exhibit a 184-

fold decrease in activity in the A2780TR cell line, suggesting that mechanisms of 

resistance towards TRIP and this drug are similar. Accordingly, expression levels of 

the ATP-binding cassette transporter P-glycoprotein, an efflux transporter known to 

detoxify taxol, were found to be elevated in the A2780TR cell line. Additionally, a 

gene expression analysis using the National Cancer Institute 60 cell line panel 

identified the MT1E gene to be overexpressed in cells that are less sensitive to TRIP. 

Because this gene encodes for metallothioneins, this result suggests that detoxification 

by this class of proteins is another mechanism for resistance to TRIP. The importance 

of this gene in the A2780TR cell line was assessed, confirming that its expression is 

elevated in this cell line as well. As the first study to investigate and identify the 

cancer cell resistance pathways in response to a rhenium complex, this report high-
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lights important similarities and differences in the resistance responses of ovarian 

cancer cells to TRIP and conventional drugs.   

 

INTRODUCTION   

As discussed in Chapters 4 and 5, we’ve devoted a large amount of effort to the 

exploration of a new library of rhenium complexes, called TRIP. The potent in vitro 

and in vivo anticancer activity of the TRIP derivatives, encouraged us to explore the 

resistance phenotype of the parent complex TRIP, which can further provide 

information about the molecular target of this set of complexes. In the ongoing battle 

with cancer, tumor resistance to first-line chemotherapeutic agents has emerged as a 

key hurdle in the eradication of this disease. Among the different cancer types, ovarian 

cancers are particularly susceptible to this problem given that resistant relapse occurs 

in 75% of patients who were initially responsive to drug treatment.1 A variety of 

mechanisms contribute to drug resistance. For example, in response to the platinum-

based drugs, which are part of the first-line treatment for ovarian cancer, cells become 

resistant by increasing production of metal-binding agents like glutathione and 

metallothioneins and by upregulating DNA repair and anti-apoptotic pathways.2–4 

Acquired resistance to other drugs, like taxol and doxorubicin (Chart 1), arises in part 

from changes in cellular uptake and export transporter levels, such as the ATP-binding 

cassette (ABC) transporters that are part of the multidrug resistance (MDR) pathway.5–

7 The diverse range of resistance mechanisms necessitates the identification of novel 

drug candidates that are not cross-resistant with currently approved chemotherapeutic 

agents. 
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In the context of novel drug candidates, rhenium-containing complexes have 

arisen as a promising and distinct class of anticancer agents.8–11 Rhenium complexes 

possess several advantages over conventional organic and platinum-based drugs that 

are currently in use for ovarian cancer. For example, these rhenium compounds 

generally require easily modified and modular syntheses that can facilitate access to 

large compound libraries.12 Furthermore, many rhenium complexes have rich 

spectroscopic properties that can facilitate their direct in vitro and in vivo imaging in 

relevant biological systems. Lastly, these compounds tend to operate via unique 

mechanisms of action, which results in a lack of cross resistance with the established 

platinum-based drugs. In pursuit of novel rhenium anticancer agents, our group has 

recently reported a tricarbonyl rhenium isonitrile polypyridyl complex (TRIP), 

[Re(CO)3(dmphen)(ptolICN)]+, where dmphen = 2,9-dimethyl-1,10-phenanthroline 

and ptolICN = para-tolyl isonitrile (Chart 6.1), which induces apoptosis in cancer 

cells by triggering endoplasmic reticulum (ER) stress and the unfolded protein 

response (UPR) pathway as discussed in Chapters 4 and 5.13 Importantly, TRIP is not 

cross resistant with cisplatin, indicating that it may be useful for the treatment of 

relapsed ovarian cancer. 

Although the resistance mechanisms that attenuate cisplatin cytotoxicity do not 

affect TRIP, there are likely alternative means by which cancer cells can become 

resistant to this novel compound. Gaining an understanding of how ovarian cancer 

responds to prolonged TRIP treatment will be important for developing long-term 

therapeutic strategies. Furthermore, cellular resistance pathways often convey 

information regarding the mechanism of action of a drug candidate.14–17 To identify 
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the resistance mechanisms that may attenuate the activity of TRIP, in this chapter we 

developed a TRIP-resistant A2780 ovarian cancer cell line, which we call A2780TR. 

These efforts have identified that TRIP resistance arises largely from increased 

expression of the ABCB1 transporter, or P-glycoprotein (Pgp), and the MT1E gene, 

which encodes for metal-binding metallothioneins. We have also tested the efficacy of 

other anticancer agents, including rhenium-based complexes explored in the previous 

chapters, common organic chemotherapeutics, and well-known metal-based anticancer 

drugs, in this TRIP-resistant cell line, to determine the extent of cross resistance 

between these different compounds. Together, these results highlight the unexpected 

role of ABC transporters, which are generally known to act on organic substrates, to 

detoxify metal-based anticancer agents.  

 
Chart 6.1. Compounds explored in this chapter.  

RESULTS AND DISCUSSION  

Development and Characteristics of the A2780 TRIP-Resistant Cell Line. 
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Drug resistance is a primary cause of clinical failure of anticancer agents. Therefore, 

gaining an understanding of how cancer can become resistant is of significant 

importance at both the preclinical and clinical stages of drug development. 

Additionally, resistance pathways can often allude to the underlying mechanism or 

molecular target of the drug candidate.14–20 Our lab has been studying the biological 

and anticancer activity of  rhenium-based compounds, in part because they are not 

cross-resistant with the conventional and widely used platinum-based drugs.12,13,21–23 

Among the compounds that we have investigated, TRIP (Chart 6.1) was found to be 

equally as effective as cisplatin in the A2780 ovarian cancer cell line. Furthermore, 

TRIP operates via a distinct mechanism of action by inducing ER stress, activating the 

UPR pathway, and subsequently initiating apoptosis. By contrast, the platinum-based 

drugs form covalent adducts on DNA and inhibit transcription. The ER stress 

induction by TRIP was also different from that of other ER stress-inducing agents, 

such as the proteasome inhibitors bortezomib and carfilzomib,24 the heat-shock protein 

90 inhibitor geldanamycin,25 or the SERCA pump inhibitor thapsigargin.26 In contrast 

to these compounds, TRIP induces rapid mitochondrial fission and protein aggregation 

leading to protein translation inhibition and expression of the ER stress marker CHOP. 

Although we found that TRIP rapidly causes intracellular protein aggregation, we have 

not yet discerned specific molecular targets of this compound. In an effort to glean 

more information about its mechanism of action and to anticipate cancer resistance 

that might arise during further preclinical development, we set out to develop TRIP-

resistant cells derived from the A2780 ovarian cancer cell line, which is highly 

sensitive to TRIP and susceptible to acquired resistance. 



 

 485 

 The TRIP-resistant cell line (A2780TR) was obtained through the continuous 

treatment of the wild-type A2780 cell line with increasing concentrations of TRIP 

ranging from 1–14 μM over the course of one year. This chronic low-dose treatment 

strategy was previously used to generate other drug-resistant cell lines.2,27,28 Initially, 

A2780 cells were incubated with 1 μM of TRIP in growth media for three days. After 

three days, the media containing TRIP was removed and fresh growth media with no 

TRIP was added, allowing the cells to grow and reach confluence. This process was 

repeated, and each month the cytotoxicity of TRIP in this cell line was evaluated. As 

the cell line became resistant to TRIP, the dose was escalated in 2 μM-increments until 

a concentration of 14 µM was reached at 15 months. At the end of 15 months, the 50% 

growth inhibitory concentration (IC50) of TRIP in the A2780TR cell line was 13 µM, 

in comparison to 1.5 µM in the wild-type cell line. Thus, the ratio of IC50 values 

between the resistant and wild-type cells, or the resistance factor (RF), was found to 

be 9 (Figure 6.1, Table S6.1). For continuous culture of this cell line, 14 µM of TRIP 

is still included in the growth media to ensure that the resistant phenotype is not 

reversed. Alternatively, A2780TR cells can be frozen and stored in liquid nitrogen. 

Over multiple freeze-thaw cycles, this cell line retains its TRIP-resistant phenotype. 

The morphology of A2780TR is notably different than that of the wild-type A2780 

cells; rounding and aggregation of cells is more apparent in the A2780TR cells by 

optical microscopy.   
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Figure 6.1. Dose-response curves of TRIP in A2780 (black) and A2780TR (red) cells.   
 

Cross-Resistance of Known Anticancer Agents and Rhenium Complexes. 

With the stable A2780TR cell line developed, we next evaluated its sensitivity to 

several established anticancer agents, namely cisplatin, oxaliplatin, doxorubicin, taxol, 

and auranofin, in comparison to the wild-type cell line (Table S6.1). These data 

provide information about the cross-resistance of these compounds with TRIP. If their 

cytotoxicity is diminished in the A2780TR cells compared to the wild-type A2780 

cells, then it is likely that the mechanisms of TRIP resistance lead to their decreased 

potency. Furthermore, these data are valuable for establishing the potential clinical use 

of TRIP for patients that have been exposed to and may have resistance to these 

established drugs. The IC50 values of these compounds in A2780 and A2780TR cells 

and their RF values are shown in Figures 6.2a, S6.1–S6.5, and Table S6.1. The RF 

values of the metal-based drugs, cisplatin, oxaliplatin, and auranofin, are 0.8, 0.9, and 

0.8, respectively. These data thus indicate that these three metal-based drugs are not 
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cross-resistant with TRIP. By contrast, the organic drug doxorubicin, was moderately 

cross-resistant with TRIP, as reflected by an RF of 2.7. Remarkably, taxol showed a 

significant decrease in potency in the A2780TR cell line, as characterized by an RF 

value exceeding 180 (Figures 6.2a and S6.5). This RF value is significantly greater 

than that observed for TRIP, indicating that the A2780TR cell line is highly effective 

at detoxifying this organic drug. A common feature among taxol-resistant cells is the 

upregulation of the ABC transporter ABCB1, or Pgp. This protein is an active efflux 

transporter that is implicated in MDR pathways. It is efficient at removing 

hydrophobic molecules, like taxol and doxorubicin, from the cell.6,7 Thus, it is likely 

that a key resistance mechanism of TRIP is upregulation of and efflux through Pgp. 
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Figure 6.2. (a) IC50 values of known anticancer agents and (b) rhenium complexes 
explored for cross-resistance in A2780 (black) and A2780TR (red) cells. (ns = non-
significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.005)   

 

In addition to testing established drugs, we also evaluated several other 

rhenium tricarbonyl complexes (Chart 6.2). These complexes were chosen to probe 

the effects of different structural modifications on their susceptibility to TRIP-

resistance mechanisms. The compound Neo-Re, [Re(CO)3(dmphen)(OH2)]+,22 which 

contains an axial water ligand, is somewhat cross-resistant with TRIP; its RF is 4 

(Figures 6.2b and S6.6). Additionally, the compound Re-py, [Re(CO)3(1,10-
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phenanthroline)(pyridine)]+, which was previously shown to have poor anticancer 

properties as described in Chapter 2,23 exhibits an RF of 8, comparable to that of TRIP 

(Figures 6.2b and S6.7). Unexpectedly, two other rhenium compounds described in 

Chapter 5, [Re(CO)3(t-butylbpy)(ptolICN)]+ (Re-tbutylbpy-ptolICN), where t-

butylbpy = 4,4'-Di-tert-butyl-2,2'-bipyridine, and [Re(CO)3(dmphen)(pClICN)]+ (Re-

dmphen-pClICN), where pClICN = para-chlorophenyl isonitrile, which both contain 

axial isonitrile ligands like TRIP, exhibit only a 3-fold and 2-fold decrease in activity 

in A2780TR cells, respectively (Figures 6.2b, S6.8 and S6.9). Collectively, these 

results show that subtle structural modifications on the rhenium tricarbonyl complexes 

can alter their sensitivity to the TRIP-resistance mechanisms in the A2780TR cell line. 

Although the direct relationship between these structures and cross-resistance to TRIP 

is not entirely clear, this observation does demonstrate that resistance to rhenium-

based anticancer agents may be overcome by implementing minor structural 

modifications.   

  
Chart 6.2. Structures of rhenium complexes tested in this chapter.  
 

Reversal of TRIP Resistance with Verapamil. 

Based on the poor sensitivity of A2780TR cells to taxol, we hypothesized that 

overexpression of ABC transporters might be playing a key role in mediating 
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resistance in these cells. To probe the role of ABC transporters on the TRIP and taxol 

resistance of the A2780TR cell line, we carried out cytotoxicity assays in the presence 

of the established Pgp inhibitor verapamil.7 A2780 and A2780TR cells were pre-

treated with 20 μM of verapamil for 1 h and then dosed with either TRIP, taxol, or 

cisplatin for 48 h. In the wild-type A2780 cell line, verapamil had no significant effect 

on the IC50 values of these three compounds (Table S6.2 and Figures S6.10–S6.12). 

By contrast, verapamil significantly affected the cytotoxicity of TRIP (Figure 6.3a 

and Table S6.2) and taxol (Figure 6.3b and Table S6.2) in the A2780TR cell line. The 

IC50 values of TRIP and taxol were reduced by factors of 5 and 22, respectively, 

indicating that inhibition of Pgp recovers the potency of these compounds. Conversely, 

verapamil had no effect on the cytotoxic activity of cisplatin in this cell line (Table 

S6.2 and Figure S6.13). This result is consistent with the fact that cisplatin is not an 

effective substrate for Pgp.29 The use of verapamil in these experiments confirms the 

likely involvement of Pgp in the TRIP-resistance mechanisms of the A2780TR cell 

line. 

 
Figure 6.3. Dose-response curves of (a) TRIP and (b) taxol in the presence (black) 
and absence (red) of verapamil (20 μM) in A2780TR cells.  
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Rhenium Uptake and Cellular Accumulation. 

Increased efflux or decreased uptake can often cause drug resistance, and several 

transporters have been implicated in resistance to metal-based anticancer agents.30 

Based on our hypothesis that the increased expression of the Pgp exporter contributes 

to TRIP resistance in the A2780TR cell line, we explored the intracellular 

concentration of this compound in the wild-type and resistant cell lines. If the 

transporter Pgp is overexpressed in the A2780TR cell line, we would expect to see low 

levels of intracellular rhenium content in this cell line. The cellular uptake of TRIP 

was evaluated by both confocal fluorescence microscopy and by inductively coupled 

plasma optical emission spectroscopy (ICP-OES). The intrinsic phosphorescent nature 

of TRIP makes it easy to track in cells via fluorescence microscopy. Therefore, A2780 

and A2780TR cells were treated with 10 μM of TRIP for 2 h, prior to being imaged by 

confocal fluorescence microscopy. To control for effects due to background 

fluorescence, we also imaged untreated A2780 and A2780TR cells. Compared to 

untreated A2780 cells, those treated with TRIP exhibited a 2-fold increase in 

intracellular luminescence. Upon treatment of A2780TR cells, however, no significant 

change in the intracellular luminescence was detected compared to the untreated 

control. This result suggests that decreased cellular uptake of TRIP may be a 

mechanism of TRIP-resistance in the A2780TR cells (Figure 6.4a). Although 

fluorescence microscopy is an efficient way to probe uptake, the phosphorescence of 

rhenium tricarbonyl complexes is highly dependent on their local environment and 

may therefore not provide the best quantitative data regarding the quantity and 

localization of TRIP in the cells.31–34 As an alternative, more precise measure, we 
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turned to ICP-OES. Both the A2780 and A2780TR cells were treated as described 

above with 10 µM of TRIP for 2 h, prior to their digestion and analysis of Re content 

by ICP-OES. The Re content found in the wild-type A2780 cells is 5 times greater 

than that found in the A2780TR cell line (Figure 6.4b). Thus, these data are consistent 

with the fluorescence microscopy results and confirm that decreased cellular uptake is 

a key feature of TRIP resistance.  

 
Figure 6.4. (a) Intracellular luminescence of A2780 and A2780TR cell lines in the 
absence (top) and presence of TRIP (10 μM, 2 h, bottom). Scale bar = 10 microns. (b) 
Amount of Re content after 2 h incubation of TRIP (10 μM) in A2780 and A2780TR 
cells as measured by ICP-OES.  
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mRNA Expression Levels of Efflux Transporters. 

To confirm that Pgp overexpression in A2780TR cells is a contributing factor to their 

resistance to and decreased uptake of TRIP, we probed the mRNA expression levels of 

Pgp and 4 other ABC transporters, ABCC1, ABCC2, ABCC3, and ABCG2, using 

reverse transcriptase quantitative PCR (RT-qPCR) (Figure 6.5 and Table S6.3). Each 

of these transporters have specificities for different classes of hydrophobic 

compounds. For example, Pgp recognizes taxanes, anthracyclines, and some 

antibiotics, whereas ABCG2 is more specific to the anthracycline mitoxantrone, 

organic dyes including BODIPY, and topoisomerase I inhibitors, such as topotecan.7 

Upon quantification of the mRNA levels of these 5 transporters, we found that Pgp 

had the largest degree of overexpression, with almost 800-fold higher mRNA levels in 

the A2780TR cells. Additionally, the ABCC1 transporter had a 16-fold increase in 

mRNA levels in comparison to the wild-type cell line. The other transporters, ABCC2, 

ABCC3, and ABCG2 showed no detectable changes in mRNA expression levels, 

suggesting that their mRNA levels were not different in the wild-type and the resistant 

cell lines. In conjunction with the cytotoxicity, uptake, and verapamil data, these RT-

qPCR results support our hypothesis that Pgp overexpression is a significant 

contributing factor to the resistance of the A2780TR cell line to TRIP and taxol. The 

elevated ABCC1 mRNA levels in this cell line also explain its moderate resistance to 

doxorubicin, which is a known substrate for the ABCC1 transporter. 

In addition to these 5 ABC transporters, we also explored the mRNA 

expression levels for 3 organic cation transporters (OCTs), OCT1, OCT2, and OCT3. 

As their names imply, these transporters import organic cations, such as dopamine and 
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serotonin, into cells. More recently, they have been implicated in the cellular uptake of 

inorganic complexes, such as platinum anticancer agents and ruthenium mitochondrial 

calcium uptake inhibitors.35–41 Analysis of the mRNA levels of all 3 OCT transporters 

present within the wild-type and TRIP-resistant A2780 cells, however, showed no 

differences in expression levels between these cell lines. As such, we conclude that the 

OCTs do not play an important role in modulating TRIP-resistance in these cells 

(Figure S6.14).  

 
Figure 6.5. mRNA expression levels of ABC transporters in A2780 and A2780TR cell 
lines. The mRNA levels of ABCC2, ABCC3, and ABCG2 in both A2780 and 
A2780TR cells were below detectable levels. (** = p < 0.01, *** = p < 0.005)  
 

Correlation of Nrf2 Activity and Pgp Overexpression. 

Elevated expression levels of ABC transporters, like Pgp, are a common phenotype of 

the MDR pathway. These transporters act to export cytotoxic species from the cells. 

The overexpression of these ABC transporters, however, is also directly linked to ER 

stress.42–44 For example, colon cancer cells that are resistant to the ER stress-inducing 
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agents thapsigargin and tunicamycin have increased expression levels of the ABC 

transporter ABCC1.45 In the case of TRIP, the overexpression of Pgp in the A2780TR 

cells can be a consequence of overactivated PERK, a kinase in the UPR pathway that 

is activated upon induction of ER stress. Upon ER stress induction, PERK 

phosphorylates the eukaryotic initiation factor-2⍺ (eIF2⍺) and the nuclear factor 

erythroid-derived 2-like-2 (Nrf2).42,46 Phosphorylation of eIF2⍺ causes global protein 

synthesis shutdown, initiation of specific transcription factors, such as ATF4, and 

eventually activation of CHOP, a proapoptotic protein.47 However, phosphorylation of 

Nrf2 results in upregulation of various stress response proteins that can decrease ROS 

burdens, sequester heavy metal ions, and efflux xenobiotic species from the cell.48 

This activation results in translocation of this transcription factor from the cytoplasm 

to the nucleus. Nrf2 will then bind to the antioxidant response element (ARE), a gene 

promoter region on DNA, and activate transcription of genes that code for proteins 

that manage the stress. A portion of these Nrf2-regulated proteins are the ABC 

transporters.49,50 Therefore, the overexpression of Pgp in the A2780TR cells may be a 

direct consequence of the ER stress-inducing properties of TRIP rather than a form of 

nonspecific drug resistance. To evaluate the role of PERK activation and ER stress 

induction in the acquired resistance to TRIP, we tested the Nrf2 activity in both wild-

type and TRIP-resistant cell lines.   

Because TRIP induces ER stress and activates the UPR via the PERK arm, we 

hypothesized that this compound would also upregulate and activate Nrf2, as 

described above. Both A2780 and A2780TR cells were treated with 10 μM TRIP for 

18 h, after which these samples were subjected to RT-qPCR to determine Nrf2 mRNA 
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expression levels (Figure 6.6a). Upon exposure of the wild-type A2780 cells to TRIP, 

we saw a 4-fold increase in mRNA levels of Nrf2, a result that is consistent with the 

known ability of this compound to induce ER stress. By contrast, in the resistant 

A2780TR cells, no significant increase (1.6-fold) in Nrf2 mRNA levels was observed. 

This result indicates that TRIP is less effective at upregulating the Nrf2 mRNA in 

resistant cells, potentially as a consequence of less TRIP accumulating in this cell line.  

Next, to test the actual transcription activity of Nrf2, we used a dual luciferase 

reporter assay. This assay requires the transfection of cells with two plasmids. The first 

plasmid contains the ARE gene promoter region upstream of a gene encoding firefly 

luciferase (Fluc). Thus, if Nrf2 is actively promoting transcription, this activity will be 

related to the quantity of bioluminescence from Fluc. To provide an internal control 

for each cell line, a second plasmid, containing a gene for the complementary Renilla 

luciferase, was co-transfected. The bioluminescence of the Renilla luciferase thus 

serves to normalize the data to account for the overall transfection efficiency. 

Following the transfection of both plasmids in the A2780 and A2780TR cells, these 

cells were treated with 10 µM of TRIP for 18 h. Upon lysis and addition of luciferin 

and coelenterazine, the luminescence within the cell lysates was measured. After 

normalizing the Renilla luciferase emission to the Nrf2-regulated Fluc emission, the 

relative activities of Nrf2 were determined (Figure 6.6b). These data show that Nrf2 

activity was almost 7-fold higher in TRIP-treated A2780 cells, compared to the 

untreated control. This result is consistent with the ability of TRIP to cause ER stress 

and activate Nrf2. By contrast, in the A2780TR cells, no difference in Nrft2 activity 

was observed between the TRIP-treated and untreated cells. In comparing untreated 
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A2780 and A2780TR cells, it is also apparent that there is a 2-fold higher level of Nrf2 

activity in the wild-type cell line. These data support the potential role of Nrf2 in 

mediating TRIP-resistance mechanisms. As shown, the treatment of wild-type A2780 

cells results in enhanced expression and activity of Nrf2. As a transcription factor, 

Nrf2 will promote the expression of genes that code for the Pgp transporter. Thus, the 

conditions required to generate the A2780TR cell line, namely prolonged exposure to 

TRIP, could lead to enhanced Nrf2 activity and high expression of Pgp, which can 

effectively detoxify this compound. The lack of activity of Nrf2 in A2780TR could be 

due to several factors. For example, the lack of Nrf2 activity may simply arise as a 

consequence of the high Pgp levels of the cells that decrease the intracellular TRIP 

concentration to levels that cannot trigger Nrf2. Alternatively, Nrf2 activity could be 

decreased because the cell has found different ways to adapt to the stress of TRIP, in 

addition to Pgp overexpression. Overall, these results support the possibility that Pgp 

overexpression is a consequence of the ER stress-inducing capacity of TRIP, which in 

turn triggers activation of Nrf2.  

 
Figure 6.6. (a) mRNA expression levels of Nrf2 in both A2780 and A2780TR cells in 
the presence (red) and absence (black) of TRIP (10 μM). (b) Nrf2 activity as 
determined by the dual luciferase reporter assay in both A2780 and A2780TR cells in 
the presence (red) and absence (black) of TRIP (10 μM). (ns = non-significant, *** = p 
< 0.005) 
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Gene Expression Analysis of TRIP Using NCI-60 Screen. 

Gene expression analysis is a powerful technique that can be used to identify 

resistance mechanisms of drugs. To further investigate the mechanisms of TRIP 

resistance, we carried out a gene expression analysis using cytotoxicity data that was 

obtained from the National Cancer Institute (NCI)-60 Human Tumor Cell Line 

Screen.51 Relative gene expression levels within the NCI-60 panel can be identified 

with CellExpress (http://cellexpress.cgm.ntu.edu.tw)52 and The Cancer Genome Atlas 

(http://www.cbioportal.org). The use of gene expression analysis to identify resistance 

mechanisms of anticancer ruthenium- and osmium-based complexes that induce ER 

stress has recently been reported.53 Based on the success of this study, we have 

adopted the same procedure to analyze the resistance mechanism of TRIP (Figure 

6.7). First, we analyzed the multi-dose cytotoxicity data reported from the NCI-60 

panel screen (Figure S6.15) for TRIP to identify the 4 most resistant (HCT-15, 

NCI/ADR-RES, ACHN, UO-31) and 4 most sensitive (KM12, OVCAR-3, T-47D, 

MDA-MB-468) cell lines spanning all cancer types. Using CellExpress, we compared 

the gene expression patterns within these two groups of cell lines. These results 

showed that 21 genes were differentially expressed between these groups to a 

statistically significant extent (p < 10–3) (Figure 6.7a). Next, to further explore the 

significance of these genes, the cell lines from the NCI-60 panel were grouped in a 

different manner. Specifically, within 4 different cancer types, the most and least 

resistant cell lines were identified. Following this categorization approach, the most 

resistant cells were the non-small cell lung cancer NCI-H332M, colon cancer HCT-15, 

ovarian cancer NCI/ADR-RES, and breast cancer HS578T cell lines. The least 
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resistant were found to be the non-small cell lung cancer NCI-H522, colon cancer 

KM12, ovarian cancer OVCAR-3, and breast cancer MDA-MB-468 cells. The use of 

these two new groups, which equally span 4 different cancer types, avoids bias in the 

sensitivity to TRIP that may arise from cancer type-specific properties. With these new 

2 groups and the 21 genes identified in the gene analysis from the first step, we 

determined if the expression of these 21 genes correlated with the cytotoxicity of TRIP 

in these pairs of cancer cell lines (Figure 6.7b). Surprisingly, none of these 21 genes 

were found to be consistently differentially expressed between the sensitive and 

resistant cell lines. This result may reflect the fact that there is actually a cancer type-

dependence on the role of these 21 genes in mediating TRIP sensitivity. Thus, we 

sought out correlations among all 60 cell lines in the panel between the efficacy of 

TRIP, as measured by its log GI50 value, and the expression of all of the 21 genes. 

Among these 21 genes, only 3 showed reasonable correlations with the cytotoxic 

activity of TRIP, as reflected by R values > 0.4. These genes are MT1E (R = 0.50, 

Figure 6.7c), FRAT2 (R = 0.48, Figure S6.16), and EPS8L1 (R = 0.45, Figure S6.17).  

Metallothioneins, which are coded by MT1E, are small, cysteine-rich proteins 

that play a key role in the detoxification of exogenous heavy metal ions.54–56 The 

FRAT2 gene is part of the GSK-binding-3 protein family and has been shown to act as 

a regulator for the WNT signaling pathway.57 Lastly, EPS8L1 is part of the epidermal 

growth factor receptor family and its function is currently unknown. In contrast to 

MT1E, both FRAT2 and ESP8L1 correlate with increased sensitivity to TRIP, 

indicating that these genes might play a role in accentuating the cytotoxic properties of 

this compound. 



 

 500 

 
Figure 6.7. Selection process for resistant genes against TRIP. (a) Heat map from 
CellExpress analysis that used 8 resistant and sensitive cell lines from NCI-60 cancer 
cell line screen. From the CellExpress analysis, 21 genes were identified exhibiting p 
values < 10–3. (b) The cell lines were further divided into two groups, 4 sensitive and 4 
resistant cell lines in ovarian, lung, colon, and breast cancer. The gene expression of 
these 8 cell lines was then validated using cBioPortal. Shown is the averaged mRNA 
levels, including standard deviations, for the 21 genes identified from the CellExpress 
analysis in both the 4 sensitive (black) and 4 resistant (red) cell lines. (c) Each of the 
21 genes were then explored for their expression levels of each gene against all 60 cell 
lines tested in the NCI-60 panel. The graph shows the log GI50 values of all cell lines 
in the panel vs. the mRNA levels of MT1E. The R value = 0.50. (d) Functional 
validation of the analysis in steps a–c was carried out through RT-qPCR methods to 
determine the relative mRNA levels of MT1E in A2780 vs. A2780TR cells (*** = p 
value < 0.005). 
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Among these correlations, the observation that the MT1E gene is a predictor 

for TRIP cytotoxicity is particularly interesting. In addition to detoxifying the cell, 

metallothioneins also play a key role in modulating the resistance to organic drugs58,59 

and other metal-based agents like those of platinum.60 An additional, more indirect, 

role of metallothioneins is to help assist protein folding.61 Because TRIP induces the 

formation of misfolded proteins, the ability of metallothioneins to reduce this cellular 

burden may be important with respect to their role in resistance. To determine if the 

MT1E gene was also overexpressed in the resistant A2780TR cell line, we carried out 

RT-qPCR on the resistant and wild-type cell lines. The expression levels of MT1E 

mRNA are approximately 3 times greater in the A2780TR cell line compared to the 

A2780 cell line (Figure 6.7d). Although the relative increase in MT1E mRNA levels 

in the resistant cell line is lower than those for Pgp, these data do indicate that 

metallothioneins play a role in mediating the resistance to TRIP. As observed for other 

anticancer agents,62–64 the mechanisms of resistance to TRIP are most likely 

multifactorial in nature. 

 

CONCLUSIONS 

In this study, we have developed and characterized the first cancer cell line that is 

resistant to rhenium(I) tricarbonyl complexes. This resistant cell line exhibits a 9-fold 

decrease in sensitivity to TRIP and shows pronounced cross-resistance to the 

established anticancer drugs taxol and doxorubicin. We confirmed that the origin of 

this cross-resistance arises from increased expression of the Pgp transporter, which 

plays a role more broadly in MDR pathways. Although the Pgp transporter is well 
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known to efflux organic molecules, like taxol, it has been less well-established as a 

means for removing inorganic complexes. There have been several key studies and 

examples, however, of metal complexes that cause overexpression of and are 

substrates for Pgp. For instance, the myocardial perfusion imaging agent Cardiolite, a 

homoleptic 99mTc isonitrile complex, was among the first metal complexes discovered 

to be a Pgp substrate.65  Additionally, previous studies have illustrated that prolonged 

treatment of cancer cells with oxaliplatin66 and auranofin67 can also result in 

overexpression of ABC transporters, even though these compounds are not necessarily 

substrates for these transporters. The Ru-based anticancer agent KP1019, currently in 

clinical trials, has also been confirmed to be a Pgp substrate.68 Together, these studies 

illustrate the importance of further understanding how Pgp and similar transporters 

effect metal drug detoxification. Furthermore, Pgp efflux may be a more general 

mechanism of resistance to metal-based anticancer agents that should be investigated. 

In the context of rhenium-based anticancer agents, specifically, a rhenium(I) 

tricarbonyl diselenoether complex was found to be effluxed efficiently from MDR 

MCF-7 breast cancer cells.69 Although the mode of efflux was not investigated, Pgp is 

a likely candidate, based on our observation that this transporter works on several 

different classes of rhenium(I) tricarbonyl complexes. As a final note on the ability of 

TRIP to act as a Pgp substrate, complexes of this general structural type may be useful 

as inhibitors of this transporter if modified appropriately. Furthermore, like Cardiolite, 

99mTc complexes of this form may also be useful as imaging agents for Pgp detection.  

We have also analyzed gene expression patterns that indicate metallothioneins 

contribute to the TRIP resistance of the A2780TR cell line. Metallothioneins have 
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been implicated in cancer cell resistance to a variety of metal-based anticancer agents, 

including complexes of platinum,70 gold,71 and ruthenium.72 This gene expression 

analysis provides the first direct evidence that metallothioneins have been connected 

directly to the detoxification of rhenium compounds in living cells. Previous studies, 

however, have shown that rhenium and technetium73–75 complexes undergo 

transmetallation with four different isoforms of metallothionein, in a manner that 

removes their ligands in the process. Thus, metallothioneins are capable of converting 

rhenium-based anticancer agents to non-cytotoxic species, and enhanced expression of 

these small proteins is an effective resistance mechanism.  

This report describes the first study to date that investigates the in vitro 

resistance mechanisms of a cancer cell line to a rhenium anticancer agent. The key 

results of this study reveal the broad substrate scope of ABC transporters, which have 

typically been thought to primarily recognize hydrophobic organic compounds. This 

study also reinforces the role of metallothioneins in detoxifying a wide range of 

different metal ions. Importantly, resistance to rhenium-based anticancer agents differs 

from that of the clinically used platinum drugs. This result indicates that rhenium 

anticancer agents may find a role in treating platinum-resistant ovarian cancer. In the 

following chapter, we continue to explore the potential of rhenium complexes as 

alternatives to platinum-based anticancer agents by developing compounds that aim to 

target specific organelles for localized cancer cell damage. 
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EXPERIMENTAL 

Cell Culture. 

The A2780TR cell line was derived from the wild-type A2780 (ovarian cancer) cell 

line provided by the Cell Culture Facility of Fox Chase Cancer Center (Philadelphia, 

PA). A2780 cells were cultured as monolayers with Roswell Park Memorial Institute 

(RPMI)-1640 culture media supplemented with 10% FBS and 1% penicillin 

streptomycin. A2780TR cells were obtained by exposing the wild-type A2780 cells to 

increasing concentrations of TRIP. Initially, A2780 cells were treated with the IC50 

concentration of TRIP (1 μM) in growth media for 3 days, then the cell growth media 

was removed and replaced with media without TRIP, allowing the cells to recover and 

grow to confluence. This procedure was repeated until the cell line began developing 

resistance to the dose concentration of TRIP. The TRIP concentration was slowly 

escalated over the course of 15 months to generate the A2780TR cell line. These cells 

are cultured in cell growth media containing 14 μM of TRIP. All cell lines were grown 

in a humidified incubator at 37 °C with an atmosphere of 5% CO2. Cells were passed 

at 80–90% confluence using trypsin/EDTA. Cells were tested monthly for 

mycoplasma contamination with the PlasmoTest™ mycoplasma detection kit from 

InvivoGen.   

 

Cytotoxicity Measurements. 

All test compounds were dissolved in either phosphate-buffered saline (PBS) at pH 7.4 

or DMSO to prepare stock solutions. For cell viability studies all cells were grown to 
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80–90% confluence, detached with trypsin/EDTA, seeded in 96-well plates at 8000–

10000 cells/well in 100 μL of growth media, and incubated for 24 h. The medium was 

removed and replaced with fresh medium (200 μL) containing varying dilutions of the 

compound of interest. For experiments using verapamil, the cells were first treated 

with this compound at a 40 µM concentration for 1 h in 100 µL of media. The serial 

dilutions of the test compounds were then added in 100 µL of media, such that the 

total volume of each well was 200 µL and the final concentration of verapamil was 20 

µM. The cells were then incubated for 48 h. The medium was removed from the wells, 

and 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide (MTT) in RPMI (200 μL, 1 

mg/mL) was added. The additional 48 h incubation was performed to ensure that the 

cells were in the logarithmic growth phase and that the cells had adequate time to 

regrow after exposure to the compounds. After 4 h, the MTT/ RPMI solution was 

removed, and the formazan crystals were dissolved in 200 μL of an 8:1 mixture of 

DMSO and pH 10 glycine buffer. The absorbance at 570 nm in each well was 

measured using a BioTek Synergy HT plate reader. Cell viability was determined by 

normalizing the absorbance of the treated wells to untreated wells. The % viability 

data shown is an average of three independent experiments with six replicates per 

concentration.  

 

Confocal Fluorescence Microscopy. 

A total of 1 × 105 A2780 or A2780TR cells were seeded onto 35 mm glass bottom 

dishes. After 24 h, the cells were treated with the RPMI media in the presence or 

absence of TRIP (10 μM). After 2 h, the media was removed, and the cells were 
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washed with PBS and fresh media was added. Right before imaging, the media was 

removed and imaging buffer (20 mM HEPES pH 7.4, 135 mM NaCl, 5 mM KCl, 1.8 

mM CaCl2, 1 mM MgCl2, 1 mg/mL glucose, and 1 mg/mL bovine serum albumin) 

was added. The cells were imaged with a Zeiss LSM 800 or Zeiss LSM 880 confocal 

laser-scanning microscope. TRIP was imaged using a 405 nm laser excitation with a 

410–570 nm emission filter and images were processed using ImageJ software and the 

corrected total cell fluorescence (CTCF) was calculated using equation 6.1:  

 
(6.1) CTCF = Integrated density – (area of cell × mean fluorescence of 

background reading) 
 

The average of at least ten cells was used to determine the average CTCF.  

 

Intracellular Rhenium Content Determination using ICP-OES. 

The amount of intracellular rhenium after TRIP treatment was determined in both 

A2780 and A2780TR cells. Cells were seeded in a T-75 tissue culture flask and 

allowed to grow to confluence. Cells were then treated with 10 µM TRIP in cell 

culture medium for 2 h. Empty T-75 flasks containing no cells were also treated with 

TRIP and analyzed in parallel to control for non-specific adsorption of the compound 

in the flask. The media was aspirated, and the cells were removed by scraping and the 

cells were then suspended in 5 mL of PBS. The cells were centrifuged at 2000 rpm for 

5 minutes. The supernatant was removed, and the cells were resuspended in 3 mL 

PBS. The centrifugation and aspiration steps were repeated twice. After washing, the 

cells were suspended in 300 µL sodium dodecyl sulfate (SDS) and triethanolamine 
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lysis buffer and frozen at –20 °C prior to analysis via ICP-OES. ICP-OES was carried 

out using an Agilent 5110 ICP-OES instrument. A 10-point standard with respect to 

rhenium was used and fits were found to be with R2 values of 0.9999. Concentrations 

were then back-calculated to the stock sample concentration.  The protein content of 

the lysates was determined in parallel using the Pierce BCA Protein Assay according 

to the manufacturer’s instructions. Results are reported as the ratio of rhenium (pg) to 

protein (µg) in each sample. 

 

Gene Expression Analysis. 

The mRNA expression levels of 5 genes that are part of the ATP-binding cassette 

transporter family were investigated. The genes investigated include ABCB1 (Pgp), 

ABCC1, ABCC2, ABCC3, and ABCG2. Additionally, 3 genes that are part of the 

organic cationic transporter family, OCT1, OCT2, and OCT3, Nrf2, and the 

metallothionein MT1E, were also explored. A2780 and A2780TR cells were plated in 

a T-75 flask and allowed to continue growth until they reached confluence. The cell 

media was then removed, the cells were washed with PBS pH 7.4, and 1 ml of 

TRIzol™ (ThermoFisher Scientific) was added to each flask. These cell lysates were 

stored in the TRIzol at –80 °C until the RNA was extracted. To the lysates containing 

TRIzol, the total RNA was isolated from the cells with chloroform using the 

manufacturer’s procedure. The total RNA was then quantified using a NanoDrop. A 

quantity of 2 μg of RNA was then reversed transcribed using a High Capacity cDNA 

Reverse Transcription Kit (Invitrogen). Real-time (RT)-PCR analysis was conducted 

using Power SYBR Green PCR Master Mix (Applied Biosystems) and carried on a 
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LightCycler 480 RT-PCR System (Roche Applied Science). Primers for amplifying 

each target are found in Table S6.3. 

 

Dual Luciferase Reporter Assay. 

A2780 and A2780TR cells were co-transfected with the firefly luciferase plasmid 

[pGL4.37 E364A] for ARE (Promega) and the Renilla luciferase plasmid for 4 h in 

transfectagro (Corning) media. After 4 h of transfection, the cells were replenished 

with fresh RPMI media supplemented with 10% FBS and 1% penicillin streptomycin. 

To one flask of A2780 and A2780TR cells, 10 μM of TRIP was added for 18 h. After 

18 h, the media was removed and the cells were lysed. The firefly and Renilla 

luciferase activities were then measured immediately using the Dual-Luciferase 

Reporter Assay System (Promega). Relative values of firefly luciferase activities were 

normalized to Renilla luciferase control. The relative values of firefly luciferase were 

shown as the average of three biological replicates. 

 
SUPPLEMENTARY INFORMATION 
 
Table S6.1. IC50 values of compounds tested in A2780 and A2780TR cell lines. 

Compound A2780 IC50 (µM) A2780TR 
IC50 (µM) 

Resistance 
Factor (RF) 

TRIP 1.50 ± 0.04 13.1 ± 1.4 8.7 
Cisplatin 1.1 ± 0.3  0.9 ± 0.4 0.8 

Taxol 0.0016 ± 0.0005 0.3 ± 0.2 186 
Doxorubicin 0.19 ± 0.07 0.5 ± 0.2 2.7 
Auranofin 0.13 ± 0.02 0.10 ± 0.09 0.8 
Oxaliplatin 0.4 ± 0.3 0.4 ± 0.2 0.9 

Neo-Re 8.5 ± 1.2 32 ± 4 3.7 
Re-py 20 ± 4 155 ± 4 7.6 

Re-tbutylbpy-ptolICN 2.3 ± 0.6 7.3 ± 0.8 3.2 
Re-dmphen-pClICN 0.9 ± 0.2 1.7 ± 0.3 1.9 
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Table S6.2. IC50 values of compounds tested in A2780 and A2780TR cell lines in the 
presence and absence of verapamil. 
Compound A2780 IC50 (µM) A2780TR IC50 (µM) 

 + verapamil – verapamil Fold 
Change 

+ verapamil – verapamil Fold 
Change 

TRIP 3.3 ± 0.3 4.0 ± 0.2 1.2 3.4 ± 0.9 16 ± 1 4.7 
Cisplatin 1.3 ± 0.4 1.2 ± 0.2 0.9 2.9 ± 0.6 1.8 ± 0.4 0.6 

Taxol 0.0013 ± 
0.0007 

0.0016 ± 
0.0006 

1.2 0.007 ± 
0.002 

>0.15 >22 

 
Table S6.3. Primers of ABC, Nrf2, and MT1E genes and normalizer gene, β-actin 
used in RT-qPCR. 
Gene Forward  Reverse 
ABCB1 GGCCTAATGCCGAACACATT CAGCGTCTGGCCCTTCTTC 

ABCC1 ACGCTCAGAGGTTCATGGACTTGGC  CTCTTCATGTGGGCCACCTGATACG  

ABCC2 GATCTCCTTTGCAAGTGACCGTGACAC  GGCCAAGTTGGATAGGGTCAATGCC  

ABCC3 CTTGGCCTGCTTCAGGGAGAAACCT  CCACCATCTGGGATCTGTCCTCTTC  

ABCG2 GACTCCAAGGTTGGAACTCAGTTTATCC  ATGGAGAAGATGATTGTTCGTCCCTGC  

Nrf2 ACACGGTCCACAGCTCATC TGTCAATCAAATCCATGTCCTG 

MT1E GCTTGTTCGTCTCACTGGTG CAGGTTGTGCAGGTTGTTCTA 

OCT1 ACCTCGGAGTGATGGTGTGTTC  CCAACACCGCAAACAAAATG  

OCT2 CACCGAGTTTAACCTGGTATGTG GGCCAAACCTGTCTGCTATG 

OCT3 GTCAGCGAGTTTGACCTTGTC CCATACCTGTCTGCTGCATAG 

β-Actin  AGATGTGGATCAGCAAGC TCATCTTGTTTTCTGCGC 
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Figure S6.1. Dose-response curves of cisplatin in A2780 (black) and in A2780TR 
(red) cells. 
 

 
Figure S6.2. Dose-response curves of oxaliplatin in A2780 (black) and in A2780TR 
(red) cells. 
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Figure S6.3. Dose-response curves of auranofin in A2780 (black) and in A2780TR 
(red) cells. 
 

 
Figure S6.4. Dose-response curves of doxorubicin in A2780 (black) and in A2780TR 
(red) cells. 
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Figure S6.5. Dose-response curves of taxol in A2780 (black) and in A2780TR (red) 
cells. 
 

 
Figure S6.6. Dose-response curves of Neo-Re in A2780 (black) and in A2780TR 
(red) cells. 
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Figure S6.7. Dose-response curves of Re-py in A2780 (black) and in A2780TR (red) 
cells. 
 

 
Figure S6.8. Dose-response curves of Re-tbutylbpy-ptolICN in A2780 (black) and in 
A2780TR (red) cells. 
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Figure S6.9. Dose-response curves of Re-dmphen-pClICN in A2780 (black) and in 
A2780TR (red) cells. 
 

 
Figure S6.10. Dose-response curves of TRIP in the presence (black) and absence (red) 
of verapamil (20	µM) in A2780 cells. 
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Figure S6.11. Dose-response curves of taxol in the presence (black) and absence (red) 
of verapamil (20	µM) in A2780 cells. 
 

 
Figure S6.12. Dose-response curves of cisplatin in the presence (black) and absence 
(red) of verapamil (20	µM) in A2780 cells. 
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Figure S6.13. Dose-response curves of cisplatin in the presence (black) and absence 
(red) of verapamil (20	µM) in A2780TR cells. 
 
 
 

 
Figure S6.14. mRNA expression levels of OCT transporters in A2780 and A2780TR 
cell lines.  
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Figure S6.15. Multi-dose NCI-60 cancer cell line screen of TRIP.  
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Figure S6.16. Plot of the log GI50 values of all 60 cell lines in the panel vs. the mRNA 
levels of FRAT2. The R value = 0.48. 
 

 
Figure S6.17. Plot of the log GI50 values of all 60 cell lines in the panel vs. the mRNA 
levels of EPS8L1. The R value = 0.45. 

 

R = 
0.45  
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CHAPTER 7 

Organelle-Targeted Rhenium Complexes 
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ABSTRACT 

Metal complexes have been explored and their ligands have been modified to target 

specific organelles for cancer therapy. The precise organelle that the complex targets 

can drastically affect the mechanism of action of the compound. For instance, our 

group has explored the complex TRIP, which targets the ER and induces a distinct 

mechanism of cell death from the other rhenium complexes explored in Chapters 2 

and 3 that do not target the ER. We were interested in exploring the downstream 

effects of targeting specific organelles using a set of novel rhenium complexes. 

Therefore, we synthesized and characterized rhenium(I) tricarbonyl complexes of the 

type fac-[Re(CO)3(NNN)]n+, where NNN = N,N-bis(methylquinoline) (Re-quin-1–3) 

or N,N-bis(methylpyridine) (Re-py-1–2)  amine ligands that bear the organelle-

targeting moieties triphenylphosphonium (TPP) for mitochondrial-targeting, and 

morpholine for lysosomal localization. A non-targeted complex lacking an organelle-

targeting agent was synthesized as a control. All the complexes, along with their 

respective ligands were characterized by 1H, 13C{1H}, 31P NMR, and IR spectroscopy. 

The photophysical properties of the complexes were also investigated and only the 

quinoline derivatives are photoluminescent and produce of singlet oxygen upon 

irradiation. The phototoxic effects of the complexes were tested in HeLa cervical 

cancer cells and all quinoline derivatives show greater activity in the presence of light, 

highlighting the potential of the complexes as photodynamic therapeutic agents. 

Lastly, the intracellular localization of each quinoline complex was determined using 

confocal fluorescence microscopy, and despite the targeting groups, all three 

complexes appear to localize to the lysosomes and cytosol, indicating that the 
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rhenium(I) tricarbonyl core and quinoline ligands may dictate the complex distribution 

in vitro.  

 

INTRODUCTION 

As illustrated in Chapters 4, 5, and 6, rhenium complexes that target specific 

organelles can be widely effective at inducing a cytotoxic response. Based on the 

success of the TRIP compound and its analogues, we wanted to explore the biological 

effects upon targeting other organelles, such as the mitochondria and lysosomes, using 

rhenium complexes. Other metal-based complexes besides TRIP also target the ER,1–6 

in addition to the mitochondria,7–16 lysosomes,17,18 and Golgi apparatus.19 These metal 

complexes primarily consisted of the transition metals Ru and Ir.20 By targeting these 

specific organelles, researchers have found that the downstream effects of the complex 

localization can have profound effects on the mechanisms of cell death. However, as 

we illustrated in Chapter 5, ligand modification does not always induce such drastic 

changes in organelle localization and therefore the downstream biological effects. 

Additionally, in previous studies, accompanying ligands were not designed to target 

specific organelles. Their ligand scaffolds were serendipitously discovered to cause 

localization in a singular organelle. Therefore, in this chapter we sought to design 

rhenium complexes bearing small molecules that were shown to target particular 

organelles. We then observed whether the targeting-small molecule could dictate the 

cellular localization of the complex.  

 Our design strategy for these rhenium organelle-targeting complexes was to 

combine three elements or ligand scaffolds that would each have a set function (Chart 
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7.1). The first element was (1) to utilize the rhenium tricarbonyl core to elicit the 

primary therapeutic response. We have illustrated the anticancer potential of this 

rhenium(I) tricarbonyl center in Chapters 2–6,21–26 and its facile coordination to a wide 

variety of ligands makes it ideal for easy modification and tunability. The next 

element in the complex design strategy was (2) to attach easily tunable ligands to the 

rhenium core. Others have illustrated the potential of bis-(methylquinoline) ligands 

coordinated to a rhenium center for in vitro imaging and chemotherapeutics.27–37 

Using the corresponding 3-quinolinecarboxaldehyde and a primary amine, a tridentate 

NNN-type ligand can be synthesized and coordinated to the rhenium center to form a 

fac-[Re(CO)3(NNN)]n+ complex. The facile synthesis of these bis-quinoline ligands 

and tunability of the amines, makes these compounds ideal for this application. 

Additionally, the coordination of the bis-quinoline moieties to the rhenium tricarbonyl 

core is shown to result in emissive states,27,30,33 allowing for easy intracellular tracking 

by fluorescence microscopy. Complexes of this type can also induce singlet oxygen 

production35 in the presence of UV or blue light, resulting in potential PDT agents. 

Lastly, the third element is (3) the inclusion of an organelle-targeting small molecule. 

Because the quinoline ligands can undergo reductive amination with primary amines, 

we sought out targeting molecules that could easily be attached to amines. We focused 

on the mitochondria and lysosomes for the targeted organelles due to the availability 

of simplistic small molecules that target these organelles. The mitochondrial-targeting 

agent consisted of a triphenylphosphonium (TPP) group, which is shown to direct 

compounds to the mitochondria due to the positive charge of the ion and the highly 

lipophilic nature of the molecule, which facilitate uptake through the highly polarized 
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mitochondrial membrane.38 The lysosomal targeting ligand, morpholine, will direct 

compounds to the lysosomes because of the pH-dependence of the N atom of the 

morpholine ligand, where the N atom will be protonated once inside the lysosomes 

and incidentally become trapped.39 These two molecules can be easily attached to a 

primary amine, coupled to the quinoline ligands to form a tridentate ligand, and finally 

coordinated to the rhenium tricarbonyl center. After the complexes were synthesized 

and characterized, we explored the effects of the targeting-ligand on the 

photophysical, anticancer, and biological properties of the complexes.    

 

 
Chart 7.1. Proposed rationale for rhenium complex design strategy.   
 

RESULTS AND DISCUSSION 

Synthesis and Characterization of Rhenium Complexes. 

The rhenium complexes, fac-[Re(CO)3(NNN)]n+, where NNN = N,N-

bis(methylquinoline)-triphenylphosphonium propanamine hydrobromide (quin-1), 

N,N-bis(methylquinoline)-3-morpholino propanamine (quin-2), N,N-

bis(methylquinoline)ethanamine (quin-3), N,N-bis(methylpyridine)-
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triphenylphosphonium propanamine hydrobromide (py-1), or N,N-

bis(methylpyridine)-3-morpholino propanamine (py-2) (Scheme 7.1), were 

synthesized via a multi-step procedure (Scheme 7.2). Quin-1 was synthesized by 

treating 3-bromopropylamine hydrobromide with 1 equivalent of triphenylphosphine 

in refluxing acetonitrile overnight. A white solid precipitated out of solution, which 

was subsequently washed with isopropyl alcohol and diethyl ether 3 times. The 

resulting product, 3-propylaminotriphenylphosphonium, was isolated as the 

hydrobromide salt and matched the characterization as previously reported.40 Quin-1 

was finally synthesized through reductive amination by treating 3-

propylaminotriphenylphosphonium hydrobromide with 2 equivalents of 2-

quinolinecarboxaldehyde and 3 equivalents of sodium triacetoxyborohydride in dry 

dichloroethane (DCE) overnight under an inert atmosphere.41 Quin-1 was then isolated 

through liquid-liquid extraction with saturated sodium bicarbonate and chloroform, 

followed by purification using column chromatography. The final product was isolated 

as an orange solid in 30% yield. The ligands quin-2 and quin-3 were synthesized in a 

similar manner through reductive amination of 2-quinolinecarboxaldehyde with either 

3-morpholinopropylamine or ethylamine, respectively. These ligands were then 

purified using column chromatography. The ligands py-1 and py-2 were synthesized 

in the same manner as the quin ligands, except 2-pyridinecarboxaldehyde was used in 

place of 2-quinolinecarboxaldehyde. The py ligands were isolated as a yellow oil for 

py-1 or a yellow solid for py-2 via liquid-liquid extraction or column chromatography.  
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Scheme 7.1. Ligands and rhenium complexes explored in this chapter. 
 
 

The rhenium complexes, fac-[Re(CO)3(quin-1)]2+ (Re-quin-1) and fac-

[Re(CO)3(py-1)]2+ (Re-py-1), were then synthesized in a one-step manner by treating 

either the quin-1 or py-1 ligands with 1 equivalent of [Re(CO)5Br] or [Re(CO)5Cl] in 

refluxing methanol overnight. The resulting dicationic species were isolated as the 

bromide salt for Re-quin-1 or the mixed chloride, bromide salt for Re-py-1, which 

was confirmed by elemental analysis. Re-quin-2, Re-quin-3, and Re-py-2 were 

synthesized using the same procedure by treating the respective ligands with 1 

equivalent of [Re(CO)5Cl]. The products were isolated as the monocationic chloride 

salts for all three complexes. All ligands and complexes were characterized by 1H 

(Figures S7.1–S7.10) and 13C{1H} (Figures S7.11–S7.18) NMR spectroscopy, 31P 

NMR spectroscopy (Figures S7.19–S7.21) for the TPP derivatives, and IR 

spectroscopy (Figures S7.22–S7.29). Quin-3 and Re-quin-3 were characterized only 

by 1H NMR spectroscopy. The ligand purity was confirmed by high-performance 

liquid chromatography (HPLC, Figures S7.30–S7.34). The purity of the complexes 

was confirmed using HPLC (Figures S7.35–S7.39) and elemental analysis, with the 
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exception of Re-quin-3.  

 
Scheme 7.2. Synthetic scheme for the rhenium quinoline complexes. 
 

IR spectroscopy of the TPP and morpholine derivatives reveals 3 distinct CO 

stretches at frequencies ranging from 2029–2027, 1930–1906, and 1890–1868 cm–1. 

We were able to grow single crystals of the Re-py-2 via vapor diffusion of diethyl 

ether into methanol. These crystals were analyzed via single crystal X-ray diffraction 

and the structure is shown in Figure 7.1. The X-ray diffraction parameters and 

interatomic distances and angles are reported in Table S7.1 and S7.2, respectively. 

Re-py-2 crystallized as the asymmetric unit in the space group P21/c. The Re–N and 

Re–C interatomic bond distances are consistent between the two molecules with Re–N 

distances between 2.160–2.232 Å and Re–C distances in the range of 1.917–1.933 Å. 

The interatomic bond angles are also consistent within the two molecules and the 

crystal structure reveals the expected facial geometry of the molecule. Additionally, 

Re–N and Re–C interatomic bond distances and angles are consistent with other 

rhenium tricarbonyl complexes bearing similar pyridine (py) ligands.34,42–47      



 

 531 

 
Figure 7.1. X-ray crystal structure of Re-py-2. Only one molecule in the asymmetric 
unit is shown in the figure. Ellipsoids are drawn at 50% probability. Hydrogen atoms 
and counterions are omitted for clarity. 
 

Photophysical Properties. 

The photophysical properties of all the rhenium complexes were explored next. The 

UV-vis spectra for the quin complexes were measured in phosphate-buffered saline 

(PBS, pH 7.4) with ≤1% DMSO (Table 7.1 and Figure 7.2a). The UV-vis spectra of 

the 3 quin complexes have similar features with transitions around 313 and 323 nm. 

Re-quin-1 has additional smaller features at 269 and 277 nm, most likely arising from 

the TPP ligand. These higher energy features for Re-quin-1 are most likely intraligand 

transitions. The lower energy features for all the complexes (>300 nm) are attributed 

to metal-ligand-charge-transfer transitions, that may also have some intraligand 

character.41 

 The emissive properties of the quin complexes were also explored, and their 

emission quantum yields (Φlum) were determined in PBS (pH 7.4), ≤1% DMSO 

(Table 7.1 and Figure 7.3b). None of the complexes have significantly high emission 

quantum yields, with values all lower than 1%. Other rhenium complexes bearing the 
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quin ligands with varying amine substituents were shown to have similar emission 

quantum yields in PBS or aqueous solutions.28,30 Although these quantum yields are 

relatively low, they may still be high enough to track the localization in cells. 

Additionally, Re-quin-1 and Re-quin-2 exhibit a single emission peak, consistent 

with a triplet metal-ligand charge transfer (3MLCT) transition. Re-quin-3, however, 

exhibits two emission peaks, a high energy peak at 405 nm and a lower energy 

transition at 575 nm. This phenomenon has been observed for other rhenium 

complexes and could potentially correlate to ligand-centered fluorescence states.28   

 

Table 7.1. Photophysical properties of the rhenium complexes. 
Compound lmax, nm (e, M–1cm–1) 

 
Φlum, %  
(lmax, nm) 

ΦΔ, % 

Re-py-1 n.d. n.d. 0 
Re-py-2 n.d. n.d. 0 

Re-quin-1 269 (13500), 277 (11500), 
314 (12900), 324 (13500) 

<1 (558) 37 

Re-quin-2 313 (14500), 323 (15400) <1 (573) 81 
Re-quin-3 313 (10900), 323 (11400) <1 (405, 575) 71 
an.d. = not determined. 
 

 In addition to investigating the luminescent properties of the quin complexes, 

we also explored their ability to produce singlet oxygen (1O2) in the presence of 365-

nm light. Rhenium complexes of the type, fac-[Re(CO)3(NNN)]n+, where the NNN 

ligands are bis-quinoline amines, are known to induce the production of reactive 

oxygen species (ROS), specifically singlet oxygen, in the presence of light.35 The 

ability of these complexes to produce 1O2 make them potential PDT agents. The 

addition of light for cancer therapy is ideal for inducing localized toxicity and 
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garnering spatiotemporal control, as we discussed in Chapter 3.48 We determined the 

singlet oxygen quantum yields (ΦΔ) of the 2 py and 3 quin complexes using an indirect 

method (Table 7.1). Upon irradiation with 365-nm light, 1O2 was quantified via the 

N,N-4-dimethyl-nitrosoaniline/histidine assay following previously reported 

procedures.49,50 Using this method, we discovered that all of the quin derivatives 

produce 1O2 with ΦΔ ranging from 37–81%. However, neither of the py derivatives 

produce any 1O2 after irradiation with 365-nm light. The ability of the quin complexes 

to produce 1O2 enables their use as potential PDT agents and indicates that this ligand 

is necessary for producing these effects.  

 
Figure 7.2. (a) UV-vis and (b) emission spectra of rhenium quin complexes. 
 

Anticancer Activity and Intracellular Localization. 

We next explored the anticancer activities of the complexes. The ligands of each of the 

complexes were tested for their cytotoxicity and their concentrations to inhibit 50% 

(IC50) of the cell population were determined (Table S7.3, Figures 7.3, S7.40, and 

S7.41). Surprisingly the py and quin ligands, with the exception of py-2, have 

moderate or high cytotoxicity in HeLa cells without the Re(CO)3 fragment. Both py-1 
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and quin-1 have the greatest activity within the series with IC50 values of 35 and 1.4 

µM, respectively, indicating that the TPP ligand has potent activity on its own. 

However, with the addition of the rhenium tricarbonyl center, the activity is 

significantly diminished with IC50 values ranging from 133 to >200 µM for all the 

complexes except Re-quin-3. The high ligand potency could be due to the metal-

binding capabilities of these scaffolds, where in cells the free ligands could coordinate 

to endogenous metals like copper or zinc. Similar quinoline compounds are shown to 

bind copper.51 Therefore, addition of the rhenium center and formation of a highly 

stable rhenium complex could prevent ligand binding to these endogenous metals.  

The ability of the quin complexes to produce singlet oxygen in vitro could 

potentially result in complexes that are effective for PDT. To test this theory, we 

treated HeLa cervical cancer cells with each of the quin complexes in the presence of 

365-nm light for one hour. The complexes were simultaneously tested in the absence 

of light to determine the phototoxic index (PI), which is used to evaluate the 

effectiveness of a PDT agent. Upon exposure to light, all the quin complexes have 

increased activity, with PIs of 2, 5, and 17 for Re-quin1, Re-quin-2, and Re-quin-3, 

respectively. However, the light IC50 values for Re-quin-1 and Re-quin-2 are not 

more potent than the ligand toxicities. Only Re-quin-3 has a significantly higher IC50 

value than its corresponding ligand, with an IC50 value of 3.4 µM in the presence of 

light. Although, the complexes are more active in the presence of light, their activities 

do not necessarily trend with their singlet oxygen quantum yields. Their low 

correlation to the singlet oxygen quantum yields could be a consequence of their 

intracellular localization and accumulation, where the amount of singlet oxygen or 
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cytotoxic effect would be dictated by the local environment. Additionally, the py 

derivatives, Re-py-1 and Re-py-2, exhibit no cytotoxic effects in the presence of light 

(Figures S7.40 and S7.41). This result indicates that the quin ligand is necessary to 

elicit a phototoxic response, consistent with their ability to produce singlet oxygen.  

 

Figure 7.3. Dose-response curves of (a) Re-quin-1, (b) Re-quin-2, and (c) Re-quin-3 
tested in HeLa cells. 
 
 In addition to testing the anticancer activity of the complexes, we also explored 

their intracellular localization using confocal fluorescence microscopy imaging. We 

synthesized this subset of complexes to use them to confirm if the organelle-localizing 

molecules were operating as expected. We expected that the addition of the TPP 

ligand would result in mitochondrial localization and the morpholine ligand would 

cause complex accumulation in the lysosomes. Whereas, the non-functionalized 

complex would exhibit non-specific cellular localization. To determine if this was the 

case, we cotreated HeLa cells with the complexes and organelle-targeting dyes 

MitoTracker Red or LysoTracker Red. The inherent luminescence of the complexes 

would allow for easy tracking and colocalization determination with the dyes. We 

were able to treat HeLa cells with 1 mM of each of the 3 quin complexes because the 

complexes exhibited such low activity in the absence of light. HeLa cells were treated 

with the complexes for 3 h, then the cells were imaged using confocal fluorescence 
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microscopy. The results show no mitochondrial localization for any of the complexes, 

including Re-quin-1 containing the TPP ligand (Figure 7.4). This result was 

surprising because other metal complexes coordinated to TPP were shown to localize 

to the mitochondria.13,52–59 We do, however, observe some lysosomal localization for 

all of the complexes and a large amount of cytosolic accumulation (Figures 7.4, 

S7.42, and S7.43). This result indicates that the rhenium tricarbonyl quinoline portion 

of the complex may dictate the intracellular localization of these compounds, while the 

“targeting” moiety of the complex has little effect. To more conclusively determine 

the intracellular localization of the complexes, a more quantitative and precise method, 

such as inductively coupled plasma mass spectrometry (ICP-MS), could be used to 

determine the rhenium content of each organelle. This method is a better readout than 

confocal fluorescence microscopy, because the cellular environment can strongly 

dictate the luminescence of rhenium complexes as previously observed.23,60–62 

Additionally, other factors such as lipophilicity of the complexes can affect cellular 

uptake and distribution. Further ligand design and exploration of the complexes is 

necessary in order to develop more precise organelle-targeting derivatives. 
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Figure 7.4. Confocal fluorescence microscopy images of Re-quin-1 cotreated with 
MitoTracker or LysoTracker Red in HeLa cells. Scale bar = 10 microns. 
 

CONCLUSIONS 

Five novel rhenium tricarbonyl complexes containing bis-quinoline and pyridine 

ligands and amines bearing the mitochondrial-targeting group TPP, the lysosome-

targeting group morpholine, or the non-targeting group ethane were synthesized and 

characterized in this study. The py derivatives Re-py-1 and Re-py-2 bearing the two 

targeting moieties have no emissive properties, did not produce singlet oxygen, and 

exhibit no additional toxicity in the presence of UVA light in HeLa cells. However, 

the quin complexes, Re-quin-1–3, all exhibit some luminescence with emission 

quantum yields around 1%, high singlet oxygen quantum yields ranging from 37–

81%, moderate to high activity in HeLa cells in the presence of light, and intracellular 

localization in the lysosomes and cytosol. The high singlet oxygen production and 

greater anticancer activity of Re-quin-1–3 compared to the pyridine complexes 

illustrate the importance of the quinoline ligands in inducing these effects. The 
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moderate PIs of these complexes highlight the potential of these compounds as PDT 

agents. Despite the addition of the targeting moieties to the complexes, we observe no 

uptake in the mitochondria for Re-quin-1 or greater uptake in the lysosomes for Re-

quin-2. Overall, the three quin complexes appear to have similar localization profiles 

with majority of their luminescence in the lysosomes and cytosol. This unexpected 

result illustrates the importance of ligand design and indicates that the localization of 

these complexes is dictated by more structural factors than just the small targeting 

molecule. In order to determine the primary cause of this cellular localization, more 

studies will be needed to help derive a structure-activity relationship for this subset of 

compounds. Additionally, ligands bearing cell penetrating peptides or antibodies, 

would potentially make for more effective organelle-targeting complexes, which has 

been illustrated in previous works.29,32,36,37,63–65 Regardless, this study highlights the 

importance in not overestimating general localization patterns of small “targeting” 

groups, like TPP. There are many other factors at play, which need to be taken into 

account when attaching small molecules onto metal frameworks that will drive the 

photophysical and biological properties of these complexes.   

 

EXPERIMENTAL 

Methods and Materials.  

Rhenium carbonyl was purchased from Pressure Chemicals (Pittsburgh, Pennsylvania, 

USA). [Re(CO)5Cl] was synthesized as previously described.66 (3-

aminopropyl)triphenylphosphonium hydrobromide was synthesized using a previously 

reported procedure.40 All solvents were ACS grade or higher.  
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Physical Measurements.  

Ligand NMR samples were prepared as solutions using CDCl3 and the complex NMR 

samples were prepared using methanol-d4 as the solvent. 1H and 13C{1H} NMR 

spectra were acquired on the Bruker 500 MHz spectrometer. 31P NMR spectra were 

acquired on the Varian Inova 400 MHz spectrometer. 1H and 13C{1H} NMR chemical 

shifts were referenced to TMS at 0 ppm. 31P NMR spectra were referenced using an 

external standard of KPF6 in D2O (31P δ = –145 ppm vs H3PO4 at 0 ppm). Samples for 

IR spectroscopy were prepared as KBr pellets and were analyzed on a Nicolet Avatar 

370 DTGS (ThermoFisher Scientific, Waltham, MA). Analytical chromatography was 

carried out on a LC-20AT pump with a SPD-20AV UV-vis detector monitored at 270 

and 220 nm (Shimadzu, Japan) using an Ultra Aqueous C18 column (100 Å, 5 µm, 

250 mm × 4.6 mm, Restek, Bellefonte, PA) at a flow rate of 1 mL/min with a mobile 

phase containing 0.1% trifluoroacetic acid (TFA) in H2O or MeOH. The method 

consisted of 5 min at 10% MeOH, followed by a linear gradient to 100% MeOH over 

20 min. High-resolution mass spectra (HRMS) were recorded on an Exactive Orbitrap 

mass spectrometer in positive ESI mode (ThermoFisher Scientific, Waltham, MA) 

with samples injected as acetonitrile/water solutions with 1% formic acid. Elemental 

analyses (C, H, N) were performed by Atlantic Microlab Inc. (Norcross, Georgia, 

USA). UV-vis spectra were recorded on a Cary 8454 UV-vis (Agilent Technologies, 

Santa Clara, CA) or a Beckman Coulter DU800 UV-vis using 1-cm quartz cuvettes. 

Luminescence quantum yield measurements were carried out on a Beckman Coulter 

DU800 UV-vis and Varian Eclipse Fluorometer.  
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Synthetic Procedures. 

Synthesis of N,N-bis(methylquinoline)-triphenylphosphonium propanamine 

hydrobromide ligand (quin-1). (3-aminopropyl)triphenylphosphonium hydrobromide 

(1.85 g, 4.62 mmol) was dissolved in 60 mL of dry DCE and then 2-

quinolinecarboxaldehyde (1.45 g, 9.24 mmol) was added dropwise and the reaction 

stirred at room temperature under an atmosphere of nitrogen for 2 h. After 2 h, sodium 

triacetoxyborohydride (2.94 g, 13.86 mmol) was added and the mixture continued to 

stir at room temperature overnight under an atmosphere of nitrogen. To the reaction 

mixture 50 mL of a saturated sodium bicarbonate solution and the aqueous layer was 

extracted 3 times with chloroform (40 mL each). The chloroform/DCE layer was 

washed with 60 mL of water and then 60 mL of brine. The organic layer was then 

dried over sodium sulfate and removed by rotary evaporation. The yellow oil was 

purified by column chromatography by using a gradient of MeOH from 2–10% in 

DCM. The product fractions were collected, and the solvent was removed by rotary 

evaporation to isolate analytically pure orange solid. Yield = 1.00 g (29%) 1H NMR 

(500 MHz, CDCl3): δ (ppm) 8.09 (d, 2 H), 7.90 (d, 2 H), 7.77 – 7.46 (m, 23 H), 4.02 

(s, 4 H), 3.70 (m, 2 H), 3.00 (t, 2 H), 1.80 (m, 2 H). 13C{1H} NMR (126 MHz, 

CDCl3): δ (ppm) 160.1, 147.5, 136.7, 135.0, 133.6, 133.5, 130.5, 130.45, 129.5, 128.9, 

127.8, 127.5, 126.3, 122.0, 118.7, 118.0, 61.4, 55.1, 55.0, 53.6, 20.6, 20.2. 31P NMR 

(202 MHz, CDCl3): δ (ppm) 24.9. IR (KBr, cm–1): 3419 s, 2845 w, 1617 w, 1597 w, 

1502 w, 1438 m, 1112 m, 996 w, 835 w, 723 m, 690 m, 619 w, 535 m, 507 m.  

 

Synthesis of N,N-bis(methylquinoline)-3-morpholino propanamine ligand (quin-2). 3-
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morpholinopropylamine (1.00 g, 6.93 mmol) was dissolved in 20 mL of dry DCE and 

2-quinolinecarboxaldehyde (2.18 g, 13.87 mmol) was added and the reaction stirred at 

room temperature under an atmosphere of nitrogen for 2 h. After 2 h, sodium 

triacetoxyborohydride (4.41 g, 20.80 mmol) was added and the mixture continued to 

stir at room temperature overnight under an atmosphere of nitrogen. To the reaction 

mixture, 30 mL of a saturated sodium bicarbonate solution was added, and the 

aqueous layer was extracted. To the aqueous layer, 30 mL of ethyl acetate was added, 

and the aqueous layer was extracted, this process was repeated 2 more times. The 

ethyl acetate layer was then dried over sodium sulfate and the ethyl acetate was 

removed by rotary evaporation. The crude residue was then taken up in 30 mL of 

DCM and extracted with 30 mL of water, then 30 mL of brine. The DCM layer was 

dried over sodium sulfate and the solvent was removed by rotary evaporation to yield 

the final product as a pale red oil. Yield = 2.2 g (74%). 1H NMR (500 MHz, CDCl3): δ 

(ppm) 8.12 (d, 2 H), 8.04 (d, 2 H), 7.78 (d, 2 H), 7.72 – 7.65 (m, 6 H), 7.49 (t, 2 H), 

4.02 (s, 4 H), 3.55 (t, 4 H), 2.67 (t, 2 H), 2.29 (m, 6 H), 1.75 (m, 2 H). 13C{1H} NMR 

(126 MHz, CDCl3): δ (ppm) 160.7, 147.7, 135.5, 129.5, 128.1, 127.6, 127.4, 126.3, 

121.1, 66.9, 61.2, 57.3, 53.7, 52.6, 24.1. IR (KBr, cm–1): 3441 s, 3057 w, 2938 w, 

2805 m, 1617 w, 1600 m, 1560 w, 1503 m, 1456 w, 1426 w, 1355 w, 1310 w, 1270 w, 

1235 w, 1143 m, 1118 s, 996 w, 964 w, 859 w, 832 m, 764 m, 743 m, 619 m, 478 w.  

 

Synthesis of N,N-bis(methylquinoline)ethanamine ligand (quin-3). Ethylamine (70% in 

water, 0.500 g, 11.1 mmol), 2-(chloromethyl)quinoline hydrochloride, (4.80 g, 22.2 

mmol), potassium carbonate (4.60 g, 33.3 mmol), and potassium iodide (3.70 g, 22.2 
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mmol) were dissolved in 70 ml of dimethylformamide (DMF) and stirred at room 

temperature for 4 days. After 4 days, 120 mL of chloroform was added to the solution 

and the organic layer was extracted 2 times with water (120 mL each). The organic 

layer was then washed with 120 mL of brine and solvent was removed by rotary 

evaporation. The crude product was then purified by column chromatography using a 

methanol gradient from 2–6% in DCM. The solvent from the product fractions was 

then removed and a pure red solid was collected. Yield 2.00 g (55%). 1H NMR (300 

MHz, CDCl3): δ (ppm) 8.14 (d, 2 H), 8.06 (d, 2 H), 7.78 (m, 4 H), 7.68 (t, 2 H), 7.50 

(t, 2 H), 2.72 (q, 2 H), 1.14 (t, 3 H).  

 

Synthesis of N,N-bis(methylpyridine)-triphenylphosphonium propanamine 

hydrobromide ligand (py-1). (3-aminopropyl)triphenylphosphonium hydrobromide 

(1.00 g, 2.50 mmol) was dissolved in 25 mL of dry DCE and then 2-

pyridinecarboxaldehyde (0.535 g, 5.00 mmol) was added dropwise and the reaction 

stirred at room temperature under an atmosphere of nitrogen for 2 h. After 2 h, sodium 

triacetoxyborohydride (1.59 g, 7.59 mmol) was added and the mixture continued to 

stir at room temperature overnight under an atmosphere of nitrogen. To the reaction 

mixture 50 mL of a saturated sodium bicarbonate solution and the aqueous layer was 

extracted 3 times with chloroform (40 mL each). The chloroform/DCE layer was 

washed with 60 mL of water and then 60 mL of brine. The organic layer was then 

dried over sodium sulfate and removed by rotary evaporation. The yellow oil was 

purified by column chromatography by using a gradient of MeOH from 2–20% in 

DCM. The product fractions were collected, and the solvent was removed by rotary 
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evaporation. Yield = 0.900 (62%) 1H NMR (500 MHz, CDCl3) δ (ppm) 8.66 (d, 2 H), 

7.90 (t, 2 H), 7.77 (t, 2 H), 7.71 – 7.66 (m, 15 H), 4.17 (s, 4 H), 3.53 (m, 2 H), 3.16 (t, 

2 H), 2.00 (m, 2 H). 13C NMR (126 MHz, CDCl3) δ 153.5, 147.0, 140.3, 135.23, 

133.6, 133.6, 130.6, 130.5, 126.0, 124.3, 118.3, 117.6, 57.4. 31P NMR (202 MHz, 

CDCl3) δ (ppm) 24.5. IR (KBr, cm–1): 3435 m, 1688 s, 1440 m, 1199 s, 1125 s, 799 w, 

719 m, 508 m. 

 

Synthesis of N,N-bis(methylpyridine)-3-morpholino propanamine ligand (py-2). 3-

morpholinopropylamine (2.00 g, 13.9 mmol) was dissolved in 40 mL of dry DCE and 

2-pyridinecarboxaldehyde (2.97 g, 27.7 mmol) was added and the reaction stirred at 

room temperature under an atmosphere of nitrogen for 2 h. After 2 h, sodium 

triacetoxyborohydride (8.82 g, 41.6 mmol) was added and the mixture continued to 

stir at room temperature overnight under an atmosphere of nitrogen. To the reaction 

mixture, 60 mL of a saturated sodium bicarbonate solution was added, and the 

aqueous layer was extracted. To the aqueous layer, 60 mL of ethyl acetate was added, 

and the aqueous layer was extracted, this process was repeated 2 more times. The 

ethyl acetate layer was then dried over sodium sulfate and the ethyl acetate was 

removed by rotary evaporation. The crude residue was then taken up in 30 mL of 

DCM and extracted with 30 mL of water, then 30 ml of brine. The DCM layer was 

dried over sodium sulfate and the solvent was removed by rotary evaporation to yield 

the final product as a yellow oil. Yield = 2.3 g (51%). 1H NMR (500 MHz, CDCl3): δ 

(ppm) 8.46 (d, 2 H), 7.58 (t, 2 H), 7.47 (d, 2 H), 7.08 (t, 2 H), 3.76 (s, 4 H), 3.59 (s, 4 

H), 2.53 (t, 2 H), 2.30 – 2.24 (m, 6 H), 1.67 (t, 2 H). 13C NMR (126 MHz, CDCl3) δ 
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159.9, 149.0, 136.4, 122.9, 121.9, 66.9, 60.5, 56.7, 53.6, 52.3, 23.6. IR (KBr, cm–1): 

3427 s, 2929 m, 2852 w, 2806 m, 1589 s, 1569 m, 1472 m, 1432 s, 1358 w, 1271 w, 

1147 m, 1117 s, 1046 w, 994 w, 917 w, 861 m, 761 s, 613 m.  

 

Synthesis of fac-[Re(CO)3(quin-1)]2Br (Re-quin-1). The ligand quin-1 (0.150 g, 0.22 

mmol) was dissolved in 2 mL of methanol and [Re(CO)5Br] (0.089 g, 0.22 mmol) was 

dissolved in 4 mL of methanol, which was then subsequently added to the quin-1 

solution. The mixture was heated to reflux overnight. The reaction mixture was 

filtered and then the solvent was removed by rotary evaporation. Diethyl ether (~15 

mL) was added to the resulting crude material and then the orange solid was filtered. 

Yield = 0.150 g (66%). 1H NMR (500 MHz, methanol-d4): δ (ppm) 8.55 (d, J = 8.5 

Hz, 2 H), 8.45 (d, J = 8.8 Hz, 2 H), 8.05 (d, J = 8.3 Hz, 2 H), 7.87 (m, 11 H), 7.74 (m, 

7 H), 7.62 (d, J = 8.5 Hz, 2 H), 5.27 – 5.13 (m, 4 H), 4.14 (m, 2 H), 3.67 (m, 2 H), 

2.33 (m, 2 H). 13C{1H} NMR (126 MHz, methanol-d4): δ (ppm) 166.2, 148.1, 143.1, 

136.5, 135.0, 134.9, 134.2, 131.8, 131.7, 131.0, 129.9, 129.5, 129.4, 120.9, 119.6, 

118.9, 69.9, 21.8. 31P NMR (202 MHz, methanol-d4): δ (ppm) 23.5. IR (KBr, cm–1): 

3433 s, 2028 s, 1908 s, 1869 s, 1601 m, 1513 w, 1436 w, 1112 w, 745 w, 689 w, 534 

w. Anal. Calcd for [Re(CO)3(quin-1)]Cl·2OH2 (ReC44H41N3O5PBr2): C, 49.45; H, 

3.87; N, 3.93. Found: C, 49.73; H, 4.31; N, 3.92. 

 

Synthesis of fac-[Re(CO)3(quin-2)]Cl (Re-quin-2). The ligand quin-2 (0.236 g, 0.55 

mmol) was dissolved in 3 ml of methanol and [Re(CO)5Cl] (0.200 g, 0.55 mmol) was 

dissolved in 4 mL of methanol, which was then subsequently added to the quin-2 
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solution. The mixture was heated to reflux overnight. The reaction mixture was 

filtered and then the solvent was removed by rotary evaporation. Diethyl ether (~15 

mL) was added to the resulting crude material and then the orange solid was filtered. 

Yield = 0.300 g (74%). 1H NMR (500 MHz, methanol-d4): δ (ppm) 8.55 (m, 4 H), 

8.04 (d, J = 8.1 Hz, 2 H), 7.88 (t, J = 8.0 Hz, 2 H), 7.71 (t, J = 7.6 Hz, 2 H), 7.64 (d, J 

= 8.5 Hz, 2 H), 5.28 – 5.09 (m, 4 H), 3.94 (m, 2 H), 3.77 (m, 4 H), 2.70 (m, 5 H), 2.27 

(m, 2 H). 13C{1H} NMR (126 MHz, methanol-d4): δ (ppm) 165.0, 146.8, 141.6, 132.7, 

129.5, 128.4, 128.1, 119.4, 68.6, 65.9, 53.2. IR (KBr, cm–1): 3429 s, 2842 w, 2029 s, 

1930 s, 1890 s, 1596 w, 1514 w, 1436 w, 1115 w, 876 w, 830 w, 784 w, 751 w, 668 w, 

532 w. Anal. Calcd for [Re(CO)3(quin-2)]Cl·OH2 (ReC30H34N4O6Cl): C, 46.90; H, 

4.46; N, 7.29. Found: C, 46.89; H, 4.44; N, 7.29. 

 

Synthesis of fac-[Re(CO)3(quin-3)]Cl (Re-quin-3). The ligand quin-3 (0.221 g, 0.61 

mmol) was dissolved in 3 mL of methanol and [Re(CO)5Cl] (0.200 g, 0.61 mmol) was 

dissolved in 4 mL of methanol, which was then subsequently added to the quin-3 

solution. The mixture was heated to reflux overnight. The reaction mixture was 

filtered and then the solvent was removed by rotary evaporation. Diethyl ether (~15 

mL) was added to the resulting crude material and then the yellow-orange solid was 

filtered. Yield = 0.345 g (89%). 1H NMR (400 MHz, methanol-d4): δ (ppm) 8.54 (t, J 

= 8.9 Hz, 4 H), 8.04 (d, J = 8.1 Hz, 2 H), 7.88 (t, J = 8.0 Hz, 2 H), 7.71 (t, J = 7.6 Hz, 

2 H), 7.65 (d, J = 8.4 Hz, 2 H), 5.24 – 5.04 (m, 4 H), 4.00 (q, J = 7.2 Hz, 2 H), 1.57 (t, 

J = 7.1 Hz, 3 H).  
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Synthesis of fac-[Re(CO)3(py-1)]Cl/Br (Re-py-1). The ligand py-1 (0.290 g, 0.80 

mmol) was dissolved in 3 mL of methanol and [Re(CO)5Cl] (0.500 g, 0.80 mmol) was 

dissolved in 5 mL of methanol, which was then subsequently added to the py-1 

solution. The mixture was heated to reflux overnight. The reaction mixture was 

filtered and then the solvent was then removed by rotary evaporation. Diethyl ether 

(~15 mL) was added to the resulting crude material and then the yellow solid was 

filtered. Yield = 0.648 g (91%). 1H NMR (500 MHz, methanol-d4): δ (ppm) 8.85 (d, J 

= 5.6 Hz, 2 H), 7.90 (m, 11 H), 7.82 (m, 6 H), 7.54 (d, J = 7.9 Hz, 2 H), 7.37 (t, J = 6.5 

Hz, 2 H), 4.93 – 4.78 (m, 4 H), 4.06 (m, 2 H), 3.60 (m, 2 H), 2.36 (m, 2 H). 13C{1H} 

NMR (126 MHz, methanol-d4): δ (ppm) 161.7, 153.2, 141.7, 136.6, 135.0, 134.9, 

131.9, 131.8, 127.0, 124.7, 119.7, 119.0, 70.7, 68.5, 66.9, 20.2. IR (KBr, cm–1): 3411 

s, 2027 s, 1908 s, 1868 sh, 1609 w, 1484 w, 1437 m, 1316 w, 1114 m, 995 w, 759 m, 

690 m, 628 w, 528 m. Anal. Calcd for [Re(CO)3(py-1)]Cl0.5 Br0.5·OH2 

(ReC36H35N3O4PClBr): C, 47.71; H, 3.89 N, 4.64. Found: C, 47.60; H, 4.33; N, 4.49. 

 

Synthesis of fac-[Re(CO)3(py-2)]Cl (Re-py-2). The ligand py-2 (0.200 g, 0.61 mmol) 

was dissolved in 4 mL of methanol and [Re(CO)5Cl] (0.222 g, 0.61 mmol) was 

dissolved in 3 mL of methanol, which was then subsequently added to the py-2 

solution. The mixture was heated to reflux overnight. The solvent was then removed 

by rotary evaporation and the resulting crude material was taken up in methanol (~2 

mL) and then diethyl ether (~15 mL) was added to the methanol solution. The solution 

was allowed to sit at room temperature for 1 h. After which a yellow precipitate 

formed and the solid was filtered and then washed with ~15 mL of diethyl ether. Yield 
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= 0.110 g (29%). 1H NMR (500 MHz, methanol-d4): δ (ppm) 8.88 (d, J = 5.6 Hz, 2 H), 

7.95 (t, J = 7.9 Hz, 2 H), 7.57 (d, J = 7.9 Hz, 2 H), 7.37 (t, J = 6.6 Hz, 2 H), 4.87 (m, 4 

H), 3.88 (m, 2 H), 3.73 (m, 4 H), 2.53 (m, 6 H), 2.15 (m, 2 H). 13C{1H} NMR (126 

MHz, methanol-d4): δ (ppm) 162.1, 153.2, 141.7, 126.9, 124.6, 70.0, 68.8, 67.8, 56.6, 

54.7, 23.1. IR (KBr, cm–1): 3443 s, 2816 w, 2027 s, 1906 s, 1883 sh, 1609 m, 1482 m, 

1444 m, 1274 w, 1143 m, 1116 m, 1070 w, 1011 w, 944 w, 858 w, 772 w, 630 w, 539 

w, 484 w. Anal. Calcd for [Re(CO)3(py-2)]Cl·OH2 (ReC22H28N4O5Cl): C, 40.64; H, 

4.34; N, 8.62. Found: C, 40.24; H, 4.40; N, 8.59. 

 

X-ray Crystallography.  

Low temperature (100 K) X-ray diffraction data was collected on a Rigaku XtaLab 

Synergy diffractometer equipped with a 4-circle Kappa goniometer and HyPix 

6000HE Hybrid Photon Counting (HPC) detector with monochromated Mo Ka 

radiation (l = 0.71073 Å). Diffraction images were processed using CrysAlisPro 

software.67 The structure was solved through intrinsic phasing using SHELXT68 and 

refined against F2 on all data by full-matrix least-squares with SHELXL69 following 

established strategies.70 All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms were included in the model at geometrically calculated positions and 

refined using a riding model while allowing the torsion angle to refine using the 

appropriate HFIX command. The isotropic displacement parameters of these hydrogen 

atoms were set to 1.2 times the Ueq of the oxygen atom that they are linked to (1.5 for 

methyl groups). Details of the structure refinement and selected interatomic distances 

and angles are listed in Tables S7.1 and S7.2. 
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Emission Quantum Yields. 

The luminescence quantum yields were measured in pH 7.4 PBS containing <1% 

DMSO as described in Chapter 2 (pg. 121).  

 

Singlet Oxygen Quantum Yields. 

Indirect singlet oxygen measurements were performed as described in Chapter 3 (pg. 

184).  

 

Cell Culture and Cytotoxicity. 

The HeLa (cervical cancer) cell line were obtained from American Type Culture 

Collection (ATCC) and cultured using Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS). HeLa cells were grown 

in a humidified incubator at 37 °C with an atmosphere of 5% CO2. Cells were passed 

at 80–90% confluence using trypsin/EDTA. Cells were tested monthly for 

mycoplasma contamination with the PlasmoTest™ mycoplasma detection kit from 

InvivoGen.   

 All ligands were dissolved in DMSO to prepare 10–50 mM stock solutions. 

For ligand cell viability studies all cells were grown to 80–90% confluence, detached 

with trypsin/EDTA, seeded in 96-well plates at 4000 cells/well in 100 μL of growth 

media, and incubated for 24 h. The medium was removed and replaced with fresh 

medium (200 μL) containing varying dilutions of either the rhenium compounds or 

media. The cells were then incubated for 48 h. The medium was removed from the 

wells, and 3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide (MTT) in DMEM 
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(200 μL, 1 mg/mL) was added. After 4 h, the MTT/DMEM solution was removed, and 

the formazan crystals were dissolved in 200 μL of an 8:1 mixture of DMSO and pH 10 

glycine buffer. The absorbance at 570 nm in each well was measured using a BioTek 

Synergy HT plate reader. Cell viability was determined by normalizing the absorbance 

of the treated wells to untreated wells. The % viability data shown is an average of 

three independent experiments with six replicates per concentration.   

The procedure for determining phototoxicity was modified from the OECD 

Guidelines, except MTT was replaced with Neutral Red for determining cell 

viability.71 All complexes were dissolved in DMSO to prepare a 10–20 mM stock 

solutions. The cells were grown to 80–90% confluence, detached with trypsin/EDTA, 

seeded in 96-well plates at 4000 cells/well for HeLa cells and incubated for 24 h. The 

medium was removed and replaced with fresh medium (200 μL) containing varying 

concentrations of the quin or py complexes or media. The cells were then incubated 

for 3 h and then the cells were irradiated with 365 nm 1 h (one plate under the same 

dosing conditions was kept outside the incubator in the dark as a control). After 

exposure to light, the plates were incubated for an additional 44 h. After the 

incubation, the MTT was added and the cell viability was determined as described 

above for the ligands.  

 

Confocal Fluorescence Microscopy. 

A total of 1 × 105 HeLa cells were seeded onto 35 mm glass bottom dishes. After 24 h, 

the cells were treated with the rhenium compound (1 mM) for 3 h or the specific dye 

for 30 min in DMEM media. After the indicated time, the media was removed and the 
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cells were washed with PBS and fresh media was added. Right before imaging, the 

media was removed and imaging buffer was added (20 mM HEPES pH 7.4, 135 mM 

NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 1 mg/mL glucose, and 1 mg/mL 

bovine serum albumin). The cells were imaged with a Zeiss LSM 800 or Zeiss LSM 

880 confocal laser-scanning microscope. The rhenium complexes were imaged using a 

405 nm laser excitation with a 410–550 nm emission filter and images were processed 

using ImageJ software. For MitoTracker Red and LysoTracker Red DND-99 

treatment, 1 μL of 100 μM dye was added to 2 mL of medium 30 min prior to 

imaging. 
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SUPPLEMENTARY INFORMATION   
 
Table S7.1. X-ray Crystallographic Data and Refinement Parameters.a 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

aR1= S||Fo|- |Fc||/S|Fo|; wR2 = {S[w(Fo
2-Fc

2)2]/Sw[(Fo
2)2]}1/2,  

GoF = {S[w(Fo
2-Fc

2)2]/(n – p)}1/2,  
where n is the number of data and p is the number of refined parameters.    

 
 
 
 
 
 
 
 
 

Compound Re-py-2 
Empirical Formula C22H26ClN4O4Re 
Formula Weight 632.12 

a (Å) 15.6669(10) 
b (Å) 18.4399(10) 
c (Å) 16.4504(10) 
α (∘) 90 
β (∘) 92.833(10) 
γ (∘) 90 

V (Å3) 4746.65(5) 
Z 8 

Crystal System Monoclinic 
Space Group P21/c  

ρcalc (Mg/m3) 1.769 
µ (mm–1) 5.268 
F(000) 2480 
T (K) 100.00(10) 

Wavelength (Å) 0.71073 
2θ range (°) 2.071 – 29.129 

Reflections Collected 217679 
Independent Reflections 12776 

Completeness  
to theta (%) 99.9 

Rint 0.0391 
Number of Parameters 577 
Largest diff. peak and 

hole (e/Å–3)  
1.485/–1.322 

GoF 1.075 
R1/wR2 (all data) 0.0244/0.0468 
R1/wR2 (I >2s)  0.0201/0.0456 
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Table S7.2. Selected Interatomic Distances (Å) Angles (°).a 

Selected Interatomic Distances (Å) 
Re(1)-N(11) 2.160(2) 
Re(1)-N(12) 
Re(1)-N(13) 

2.164(2) 
2.2308(19) 

Re(1)-C(101) 1.925(3) 
Re(1)-C(102) 1.917(3) 
Re(1)-C(103) 1.929(2) 
Re(2)-N(21) 2.170(2) 
Re(2)-N(22) 
Re(2)-N(23) 

2.177(2) 
2.232(2) 

Re(2)-C(201) 1.917(2) 
Re(2)-C(202) 1.933(2) 
Re(2)-C(203) 1.919(2) 
N(11)-Re-N(12) 83.72(8) 
N(11)-Re-N(13) 78.63(7) 
N(12)-Re-N(13) 75.26(7) 
C(101)-Re-N(11) 95.81(9) 
C(101)-Re-N(12) 97.71(10) 
C(101)-Re-N(13) 171.37(9) 
C(101)-Re-C(103) 90.10(10) 
C(102)-Re-N(11) 95.02(9) 
C(102)-Re-N(12) 171.86(9) 
C(101)-Re-N(13) 96.60(9) 
C(102)-Re-C(101) 90.42(11) 
C(102)-Re-C(103) 85.25(10) 
C(103)-Re-N(11) 174.08(9) 
C(103)-Re-N(12) 95.18(9) 
C(103)-Re-N(13) 95.46(8) 
N(21)-Re-N(22) 79.93(8) 
N(21)-Re-N(23) 78.38(8) 
N(22)-Re-N(23) 77.30(8) 
C(201)-Re-N(21) 95.92(9) 
C(201)-Re-N(22) 97.03(9) 
C(201)-Re-N(23) 172.51(9) 
C(201)-Re-C(202) 89.31(10) 
C(201)-Re-C(203) 89.42(10) 
C(202)-Re-N(21) 96.06(9) 
C(202)-Re-N(22) 173.03(9) 
C(201)-Re-N(23) 96.13(9) 
C(202)-Re-C(203) 88.62(10) 
C(203)-Re-N(21) 172.56(9) 
C(203)-Re-N(22) 94.31(9) 
C(203)-Re-N(23) 95.84(9) 
aAtoms are labeled as shown in Figure 7.1 of the main text.  
Numbers in parentheses are the estimated standard deviations for the last significant figure. 
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Table S7.3. IC50 values of ligands and rhenium complexes. 
Compound IC50 (µM) 

dark 
IC50 (µM) 
light 

Phototoxic 
index (PI) 

py-1 35 ± 8  n.d. n.d. 
py-2 >200 n.d. n.d. 
quin-1 1.4 ± 0.3 n.d. n.d. 
quin-2 38 ± 7 n.d. n.d. 
quin-3 33 ± 4 n.d. n.d. 
Re-py-1 >200 >200 1 
Re-py-2 >200 >200 1 
Re-quin-1 133 ± 43 65 ± 4 2 
Re-quin-2 >200 40 ± 9 >5 
Re-quin-3 59 ± 10 3.4 ± 1.3 17 
an.d. = not determined. 
 

 
Figure S7.1. 1H NMR spectrum of quin-1 ligand (CDCl3, 500 MHz). 
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Figure S7.2. 1H NMR spectrum of quin-2 ligand (CDCl3, 500 MHz). 
 

 
Figure S7.3. 1H NMR spectrum of quin-3 ligand (CDCl3, 500 MHz). 
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Figure S7.4. 1H NMR spectrum of py-1 ligand (CDCl3, 500 MHz). 
 

 
Figure S7.5. 1H NMR spectrum of py-2 ligand (CDCl3, 500 MHz). 
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Figure S7.6. 1H NMR spectrum of Re-quin-1 (MeOH-d4, 500 MHz). 
 

 
Figure S7.7. 1H NMR spectrum of Re-quin-2 (MeOH-d4, 500 MHz). 
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Figure S7.8. 1H NMR spectrum of Re-quin-3 (MeOH-d4, 500 MHz). 
 

 
Figure S7.9. 1H NMR spectrum of Re-py-1 (MeOH-d4, 500 MHz). 
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Figure S7.10. 1H NMR spectrum of Re-py-2 (MeOH-d4, 500 MHz). 
 

 
Figure S7.11. 13C{1H} NMR spectrum of quin-1 ligand (CDCl3, 126 MHz). 
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Figure S7.12. 13C{1H} NMR spectrum of quin-2 ligand (CDCl3, 126 MHz). 
 

 
Figure S7.13. 13C{1H} NMR spectrum of py-1 ligand (CDCl3, 126 MHz). 
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Figure S7.14. 13C{1H} NMR spectrum of py-2 ligand (CDCl3, 126 MHz). 
 

 
Figure S7.15. 13C{1H} NMR spectrum of Re-quin-1 (MeOH-d4, 126 MHz). 
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Figure S7.16. 13C{1H} NMR spectrum of Re-quin-2 (MeOH-d4, 126 MHz). 
 

 
Figure S7.17. 13C{1H} NMR spectrum of Re-py-1 (MeOH-d4, 126 MHz). 
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Figure S7.18. 13C{1H} NMR spectrum of Re-py-2 (MeOH-d4, 126 MHz). 
 

 
Figure S7.19. 31P NMR spectrum of quin-1 ligand (CDCl3, 202 MHz). 
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Figure S7.20. 31P NMR spectrum of py-1 ligand (CDCl3, 202 MHz). 
 

 
Figure S7.21. 31P NMR spectrum of Re-quin-1 (MeOH-d4, 202 MHz). 
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Figure S7.22. IR spectrum of quin-1 ligand. 
 

 
Figure S7.23. IR spectrum of quin-2 ligand. 
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Figure S7.24. IR spectrum of py-1 ligand. 
 

 
Figure S7.25. IR spectrum of py-2 ligand. 
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Figure S7.26. IR spectrum of Re-quin-1. 
 

 
Figure S7.27. IR spectrum of Re-quin-2. 
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Figure S7.28. IR spectrum of Re-py-1. 
 

 
Figure S7.29. IR spectrum of Re-py-2. 
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Figure S7.30. HPLC chromatogram of quin-1 ligand. 
 

 
Figure S7.31. HPLC chromatogram of quin-2 ligand. 
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Figure S7.32. HPLC chromatogram of quin-3 ligand. 
 

 
Figure S7.33. HPLC chromatogram of py-1 ligand. 
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Figure S7.34. HPLC chromatogram of py-2 ligand. 
 

 
Figure S7.35. HPLC chromatogram of Re-quin-1. 
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Figure S7.36. HPLC chromatogram of Re-quin-2. 
 

 
Figure S7.37. HPLC chromatogram of Re-quin-3. 
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Figure S7.38. HPLC chromatogram of Re-py-1. 
 

 
Figure S7.39. HPLC chromatogram of Re-py-2. 
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Figure S7.40. Dose-response curves of Re-py-1 in the absence (black) and presence 
of 365-nm light (red) and the py-1 ligand (green). 
 

 
Figure S7.41. Dose-response curves of Re-py-2 in the absence (black) and presence 
of 365-nm light (red) and the py-2 ligand (green). 
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Figure S7.42. Confocal fluorescence microscopy images of Re-quin-2 cotreated with 
MitoTracker or LysoTracker Red in HeLa cells. Scale bar = 10 microns. 
 

 
Figure 7.43. Confocal fluorescence microscopy images of Re-quin-3 cotreated with 
MitoTracker or LysoTracker Red in HeLa cells. Scale bar = 10 microns. 
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CHAPTER 8 

Radioactive World: An Outreach Activity for Nuclear Chemistry 
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ABSTRACT 

Nuclear chemistry is a topic of great societal importance with applications in the 

realms of medicine, energy, and national security. Despite its significance, this area 

receives little attention in both K–12 and undergraduate education. This poor coverage 

arises in part from the lack of suitable educational resources to illustrate key concepts 

of nuclear chemistry. Here, we describe the development of two activities for the K–

12 classroom, which are designed to assist instructors in communicating several 

conceptual aspects of nuclear chemistry. The first of these activities is an interactive 

game, called Isotope Rummy, which has been developed as a Lending Library kit 

through the Cornell Center for Materials Research (CCMR). This game informs 

students on the composition of the nucleus and factors that determine nuclear stability 

with respect to radioactive decay. The second activity, called Radiative versus 

Radioactive Decay, is designed for instructor-led outreach workshops or 

demonstrations. This activity gives examples of spontaneous radioactive and 

stimulated photoluminescent decay. We have performed the activities separately and 

together in various high school classrooms and as a full workshop at a student 

conference. Feedback obtained from both teachers and students indicates that these 

activities are helpful for fostering an understanding of several key concepts in nuclear 

chemistry. 

 

INTRODUCTION 

As described in Chapters 2–7, we have focused the majority of our research efforts on 

the development of rhenium complexes as anticancer agents. These complexes have 
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many great properties, but one benefit is that rhenium can be used as a cold analogue 

for 99mTc and it was because of this property that we initially became interested in 

rhenium. As we explored and discussed the use of rhenium and technetium complexes 

with colleagues and shared our research with students within the Ithaca school district, 

we realized there was a large gap in knowledge about not only transition metals, but 

also the use of radioactivity. In an effort, to provide more information about 

radioactivity and its potential uses, we developed outreach activities about these topics 

for middle and high school classrooms, which we describe in this chapter. The main 

problem with developing these activities is that there is a lack of availability and 

access to scientific equipment in low-income neighborhoods, which greatly 

contributes to the poor understanding of scientific concepts in school districts within 

these areas.1–3 There is increasing concern on the disparities in scientific achievement 

between students from families with low socioeconomic status versus those from 

higher class families. In an attempt to counter the socioeconomic gaps in learning, the 

Cornell Center for Materials Research (CCMR) Educational Programs Office provides 

educational resources, called the “Lending Library of Experiments,” for schools 

throughout the country. This Lending Library provides lesson plans and student 

activities designed to meet the Next Generation Science Standards (NGSS)4,5 and are 

hands-on, inquiry-based, and vary from experiments to interactive games. In this 

chapter, we describe a Lending Library kit designed to aid in lessons regarding nuclear 

chemistry and radioisotopes. 

Nuclear chemistry is a particular subject in science that students often struggle 

to comprehend,6–8 and few activities are available to facilitate student learning in this 
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field.9–11 Poor student understanding and interest in this topic are further exacerbated 

by the fact that the United States is currently facing a shortage in the nuclear and 

radiochemistry workforce,12–15 which is responsible for shepherding our nation’s 

nuclear security, energy, and medicine resources.16  Therefore, improving student 

understanding and interest in this subject at the K–12 level may have important 

implications for maintaining the technical strength of the United States. Naturally, K–

12 education in this area presents a number of unusual challenges. In contrast to other 

topics, such as chemical reactions, the large number of misconceptions and abstract 

nature of nuclear chemistry makes it difficult to teach without a physical model. 

Additionally, the safety concerns associated with radioactive materials, especially for 

use in classrooms, contribute to the lack of available resources. Two strategies to 

circumvent the issues regarding limitations in resources and safety hazards are to 

develop representative physical models and to use household or commercially 

available items. Activities with these items can act as tangible methods for 

understanding nuclear chemistry. Among the most effective methods for learning are 

didactic games in which students practice science with tangible items. Incorporating 

difficult topics with games help build students’ mental structures, increase positive 

attitudes towards science, and experience peer learning in a fun and interesting way.17–

21 The application of games often leads to reduced tension and stress for students, 

encourages them to engage in activities, and facilitates the learning process. Here, we 

describe the two activities, Isotope Rummy and Radiative versus Radioactive Decay, 

as either Lending Library kits for in-class lessons or as a full workshop for outreach 

programs. 
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Concept and Educational Objectives. 

The two activities described in this chapter cover the NGSS, HS-PS1-8,4,5 which 

requires high school curriculums to include nuclear composition, fission, fusion, and 

radioactive decay. The activities described can be taught separately or together as a 

full workshop. We have demonstrated the capability and flexibility of implementing 

the activities in both settings, namely in high schools and at Expanding Your Horizons 

(EYH) at Cornell University, a one-day conference for middle and high school girls 

designed to stimulate interest in STEM fields through hands-on activities. We will 

discuss the implementation of one activity as a Lending Library kit and also the 

combination of both activities in a full workshop. 

The in-class student activity, Isotope Rummy, is a board game first developed 

at Cornell University by Professor Hening Lin in 2007. In this chapter, we have 

significantly modified this game to incorporate more learning objectives and increase 

competitive attitudes among students to make this activity more enjoyable. The 

activity provides physical models for distinguishing isotopes from one another and 

aids in abstract thinking. The game board is a modified version of the periodic table, 

and game cards represent different isotopes, wild, or stable cards to make the activity 

more engaging and thought-provoking. The objectives of Isotope Rummy are to help 

students learn about what isotopes are and how they are used in both science and 

everyday life.  

Another workshop activity we developed, Radiative versus Radioactive Decay, 

aims to teach students about the differences between radiative (photoluminescent) and 

radioactive decays. This workshop is meant to serve as an outreach activity as opposed 
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to Isotope Rummy, which can be used for both in-class and outreach applications. In 

the Radiative versus Radioactive Decay activity, students learn about 

photoluminescence, which includes both fluorescence and phosphorescence, and how 

this process requires energy to be put into the system in order to get energy out in the 

form of light. As a second part to this lesson, students learn about the forms of 

radioactive decay and how this process does not require input energy but instead 

spontaneously releases energy in the form of particles and electromagnetic radiation. 

Due to the minor safety concerns, this activity remains as an outreach workshop as 

opposed to an in-class activity, but we are currently working with Environmental 

Health and Safety (EH&S) at Cornell University to make Radiative versus Radioactive 

Decay a classroom activity.  

 

Safety Hazards. 

The Isotope Rummy is a board game, and there are no safety hazards involving this 

activity. However, the Radiative versus Radioactive Decay workshop activity has 

minor safety concerns. Photoluminescent materials, comprising non-toxic europium-

based powder (alkaline earth metal aluminate oxide doped with europium), are well 

contained and nonhazardous. However, laser pointers can damage eyes upon direct 

exposure. To reduce this risk, laser safety glasses should be worn during the 

photoluminescence exploration activity. Exposure to spontaneous decay from 

radioactive sources used for demonstration in this activity is relatively low. For 

example, the activities of the radioactive objects used in Radiative versus Radioactive 

Decay are exempt from Nuclear Regulatory Commission regulation, and, therefore, do 
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not require special permits for possession and provide no dosimetric concerns to users. 

These low levels of activity engender no significant exposure concerns for outreach. 

However, the handling of these radioactive materials should generally be limited to a 

course instructor. Students will learn about factors that can minimize radioactive 

exposure from radioactive sources, such as distance, shielding, and exposure time. 

 

DESCRIPTION OF ISOTOPE RUMMY 

A complete list of materials and instructions for Isotope Rummy are shown in Table 

S8.1 and Figures S8.1 and S8.2, Supplementary Information (SI).  

 

Design of the Cards. 

There are three different sets of cards in Isotope Rummy including isotope cards, wild 

cards, and stable cards (Figure 8.1). Isotope cards (representative card shown in 

Figure 8.1a) are separated by element and mass number. The wild cards and stable 

cards both have actions associated with them (Figures 8.1b and 8.1c). The wild cards 

also contain real-world applications and facts about the corresponding isotope. The 

different isotope cards are worth varying amounts of points, and the suggested scoring 

is shown in Table S8.2.  
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Figure 8.1. Three different sets of cards included in the Isotope Rummy game are (a) 
isotope cards, (b) wild card (front and back sides), and (c) stable cards (front and back 
sides).  
 
 

Design of the Cards. 

The game board is a modified version of the periodic table, which was truncated for 

manageability and simplification of the activity (Figure 8.2). There are three major 

components to the board including placement locations of the isotope cards, wild 

cards, and stable cards (Figure S8.1). Additionally, the game board indicates that clear 

marbles represent protons and blue marbles represent neutrons.  
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Figure 8.2. The Isotope Rummy game board.  

 

Design of the Game. 

The game rules and detailed instructions are described in the tutorials and Figure 

S8.2. The objective of Isotope Rummy is to be the first person or team to earn 100 

points by obtaining isotope cards (scoring is shown in Table S8.2). The point system 

is designed such that a greater amount of points will be awarded for obtaining a stable 

isotope card. In each turn, students will begin by rolling the dice; the numbers 

obtained from the dice roll will signify the amount of “protons” or “neutrons” (clear or 

blue marbles, respectively) that can be added or subtracted from the “atomic bowl,” 
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which contains an existing quantity of neutrons and protons that represent the isotope 

currently in play. Based on the dice roll, the student has the choice to add or remove 

protons and neutrons. Upon carrying out this operation, a new isotope is generated, 

and the student will take the corresponding isotope card and perform any relevant 

actions. Based on a given dice roll, students will strategize the addition or subtraction 

of protons or neutrons to arrive at stable isotopes that award the most points. One 

suggestion that teachers may provide is to make the ratio of protons to neutrons close 

to 1 because many stable isotopes have this feature. By the end of the game, students 

should have a better understanding of what isotopes are, how the number and ratio of 

protons and neutrons can affect nuclear stability, and how isotopes are used. This 

activity is designed to last 20–40 min. 

 

DESCRIPTION OF RADIATIVE VERSUS RADIOACTIVE DECAY 

The Radiative versus Radioactive Decay activity has only been performed in a 

workshop outreach environment and has not yet been developed as a Lending Library 

kit. However, they can be used as a teacher demonstration. A complete list of 

materials for this activity is shown in Table S8.3. The materials and instructions for 

assembling “europium shakers,” described below, are shown in Figures S8.3 and 

S8.4. To begin the activity, all students should have the corresponding “Activity 

Sheets” (SI). 

 

Design of Radiative (Photoluminescent) Decay Activity. 

The materials for the first half of this activity are for luminescent decay exploration 
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and include the europium shakers. These devices comprise two thin plates of glass 

sealed to contain non-toxic, phosphorescent europium-doped alkaline earth aluminate 

oxide powder (Figure 8.3a). The goal of this activity is to teach students about 

radiative decay by exciting the powder with blue light (Figure 8.3b). Upon excitation, 

the students will observe bright green photoluminescence and understand that energy 

must be put into the system in order to get energy out. Even after multiple instances of 

excitation, the europium powder can be mixed and excited again (Figures 8.3c–8.3f). 

This activity is designed to last 10–20 minutes.  

 

 
Figure 8.3. (a) Europium shakers contain photoluminescent europium-doped alkaline 
earth metal aluminate oxide. The powder can be excited upon (b) application of blue 
light and (c) shaken to mix the solid solution to erase the imprinted image. The 
powder can be continuously excited with blue light and mixed for multiple rounds (d–
f).  
 

Design of Radioactive Decay Activity. 

Students will learn about radioactive decay using Geiger counters, shielding 
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equipment, and various radioactive sources (Figure 8.4, Table S8.3). Several of these 

sources are chosen to show that radioactivity may be present in everyday objects. 

Specifically, the use of smoke detectors, as a source of 241Am, camping lantern 

mantles, as a source of 228Th, and bright orange Fiestaware, as a source of 238U, clearly 

illustrates this point. An objective of analyzing these items is to show that we may be 

exposed to small levels of unharmful radioactivity every day, and that the application 

of radioactivity, particularly in the case of smoke detectors, can be useful. During the 

lesson, the teacher will demonstrate how to use the Geiger counter following the 

tutorial (SI) and how to shield from different types of radioactive decay using paper, 

plastic, or lead. Teachers will show that alpha-emitting sources are blocked by paper, 

whereas highly penetrating gamma-emitters require layers of thick lead shielding to be 

completely blocked. Instructors should note that the majority of alpha and beta 

emissions are accompanied by gamma rays, and, therefore, the shielding may not 

completely block the emission from some sources. However, there should still be a 

clear, observable decrease in counts per minute (cpm) upon shielding. The teacher will 

emphasize that we are exposed to low levels of radioactivity every day and highlight 

how some sources are used in everyday objects such as smoke detectors. Lastly, 

instructors should discuss that radioactivity can be used for beneficial applications, 

like nuclear energy and medicine, and how limiting exposure time greatly reduces the 

risk involved in working with hazardous radioactive materials. This activity is 

designed to last about 20–30 minutes. The instructor can connect this activity to 

Isotope Rummy by pointing out that radioactive decay is the process by which 

unstable nuclei change their proton and neutron numbers to become a stable isotope.  
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Figure 8.4. Representative materials for radioactive decay activity: (1) paper shield, 
(2) lead shield, (3) plastic shield, (4) Geiger counter, (5) uranium ore, (6) thorium 
lantern mantle, (7) ionization smoke detector, and (8) Fiestaware plate. 
 

RESULTS AND DISCUSSION 

Isotope Rummy Student and Teacher Feedback. 

Isotope Rummy was performed in different schools located in rural, urban, and city 

areas. In order to assess the success of Isotope Rummy, we informally pooled 

feedback from students, teachers, and parents that participated in these activities. We 

generated pre- and post-student surveys to gauge if the activity was enjoyable and 

helpful in understanding isotopes (Figure 8.5). All feedback is listed in Table S8.4. 

Based on our results, most students were already familiar with the concept of isotopes; 

this activity, however, mainly served to support or to strengthen the majority (62%) of 

students’ previous knowledge about isotopes. In addition, 80% of the students enjoyed 

this activity. Many of the students commented about how they “loved the game!” In 
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addition, several students provided insightful suggestions, such as adding “fun 

pictures” to the cards. This modification would be valuable to implement for the cards 

that contain “fun facts” to further solidify their grasp on the applications of isotopes. 

Even though many of the students were familiar with isotopes, Isotope Rummy 

provides an easy and fun way to reinforce the students’ previous understanding, 

helping them recall and implement this knowledge in the future.  

 High school teachers were also surveyed during the Cornell STEM Teacher 

Workshop, which was held in conjunction with the NY Master Teacher Program, at 

Cornell University. The teachers were allowed to play Isotope Rummy over the course 

of 30 min as if they were the students doing the activity. We then surveyed the 

teachers to see how easy Isotope Rummy would be to implement in their classrooms 

and how useful they thought it would be for engaging and helping the students 

understand this difficult concept (Figure 8.6, Table S8.5). The majority of the 

teachers (73%) felt that the game would be easy to implement in their classroom, and 

91% of the teachers believe that this activity will help the students gain a better 

understanding of isotopes and their applications. In addition, the teachers thought that 

Isotope Rummy would be particularly effective for improving the students’ critical 

thinking skills. The teachers also had comments and suggestions that they could 

implement themselves in their classrooms or ways that we could improve the game to 

facilitate learning. Two suggestions were to laminate the cards to make them easier to 

handle and to also limit the amount of time each student has per turn, encouraging 

students to “think on their feet.” Overall, the teachers thought Isotope Rummy was a 

good model for understanding isotopes and nuclear stability.    
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Based on the feedback from the students and teachers, we believe that Isotope 

Rummy provides a good model for conceptualizing isotopes and illustrating nuclear 

stability. We also gained insight on how to improve the game, such as adding pictures 

to the cards, and how to make Isotope Rummy more thought-provoking for the 

students who already have a good understanding of isotopes. The design of Isotope 

Rummy as a board game provides a fun and interactive learning activity for the 

students and an easy to implement activity for teachers. These aspects provide a 

valuable tool for students to understand difficult concepts and how these concepts are 

applied to real-life scenarios.   

 

 
Figure 8.5. Student survey questions with accompanying histograms of responses 
where 1 indicates strongly disagree and 5 indicates strongly agree (a–d). Overall 
response (blue, n = 93a, 95b), School 1 response (red, n = 55a, 57b), School 2 response 
(green, n = 20), and School 3 response (purple, n = 18), where n is the number of 
students participating in the a = pre-survey and b = post-survey.  
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Figure 8.6. Teacher survey responses where 1 indicates strongly disagree and 5 
indicates strongly agree (n = 11).  
 

Full Workshop Student and Parent Feedback. 

We have carried out the full workshop, comprising both Isotope Rummy and the 

Radiative versus Radioactive Decay activity, at the annual EYH conference at Cornell. 

As described above, the EYH conference invites female middle and high school 

students to participate in a number of STEM-related activities. The goal of this 

conference is to inspire these students to pursue STEM fields. During this conference, 

the students are accompanied and assisted by their parents or a “buddy” (a Cornell 

student), who also participate in the activities. After completing the workshop, 
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feedback from students, parents, and buddies were obtained in the form of pre- and 

post-workshop surveys (Figure 8.7 and Table S8.6). 

Based on the feedback from the students and parents, 76% of participants 

agreed or strongly agreed with the statement, “I enjoyed this activity.” Prior to the 

workshop, only 31% of students had a good understanding of isotopes and 45% of the 

students had good background knowledge on isotope stability. After completing the 

activities, 86% agreed or strongly agreed that they gained familiarity with key terms in 

nuclear chemistry. These results indicate that the workshop was effective in improving 

students’ knowledge and interest in isotopes and radioactivity. We obtained a number 

of very positive comments stating, for example, the activity “was perfect,” “very 

interactive,” and “really informative in a fun way.” Another set of comments 

requested more time to play Isotope Rummy to help them better understand the 

concepts of stable isotopes. Additionally, participants requested more explanation for 

both Isotope Rummy and the Radiative versus Radioactive Decay activity. Taken 

together, these survey results indicate that additional time will allow students to better 

understand the material and enjoy the activities even more. Implementing this 

workshop as separate activities in the classroom can help with the time constraint 

typically involved in combining Isotope Rummy with the Radiative versus 

Radioactive Decay activity and, therefore, improve the student’s understanding of the 

material.  
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Figure 8.7. Participant survey questions from EYH conference (n = 28) with 
accompanying histograms of select responses where 1 indicates strongly disagree and 
5 indicates strongly agree (a–d).  
 

CONCLUSIONS 

We have developed the game, Isotope Rummy, which is accessible to all schools 

across the country, and also the Radiative versus Radioactive Decay activity, which is 

currently performed as a demonstration or in a full workshop with Isotope Rummy. 

Isotope Rummy was found to be an effective tool for helping high school students 

understand the basic concepts and importance of nuclear chemistry. By creating an 

interactive board game that is accessible to schools all around the country, students are 

able to engage in learning abstract concepts using tangible materials. The Radiative 

versus Radioactive Decay activity was also effective for increasing student 
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understanding of nuclear chemistry. Based on the efficacy and interest in the Radiative 

versus Radioactive Decay demonstration, we are currently pursuing efforts to develop 

this activity as a Lending Library kit that can be disseminated to high school 

classrooms across the country. We have received a large amount of feedback that 

supports both the need and efficacy of the Isotope Rummy kit and the Radiative versus 

Radioactive Decay demonstration. However, we believe including a diagnostic quiz 

on nuclear chemistry for students to take before and after these activities would be a 

more effective method in quantifying their aptitude on the subject. Regardless, both of 

these activities facilitate the learning and understanding of nuclear chemistry and 

foster the students’ interest in this topic. Given the ongoing need for nuclear and 

radiochemists in the U.S. workforce, we hope that these activities can also inspire 

several of these students to pursue these careers. 

 

SUPPLEMENTARY INFORMATION 

How to Play Isotope Rummy Tutorial. 

The materials required for Isotope Rummy are listed in Table S8.1. 

1. Set-up Isotope Rummy as shown in Figure S8.1: 

a. There are three sets of cards: isotope cards, wild cards, and stable cards. 

i. Isotope cards: show element, atomic number, mass number. 

They must be organized by element and mass number and can 

be placed directly on top of the corresponding element or 

around the game board. 
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ii. Wild cards: some isotope cards have a red star on the bottom, 

which indicates that the student must draw the corresponding 

wild card and perform the action on the back. They also contain 

a fact that describes properties or applications of that isotope. 

This fact is intended to help the students gain an understanding 

of how isotopes can be used in real life applications. 

iii. Stable cards: other isotope cards have the word “STABLE” 

written on the top, indicating that the given number of protons 

and neutrons correspond to a stable, or non-radioactive, isotope. 

Students will then draw from the stable card pile and perform 

the action on the back. 

iv. Isotope cards vary and can have red stars, the word “STABLE,” 

both, or neither. The number of points earned for obtaining an 

isotope card depends on the features included. The suggested 

point scoring is shown in Table S8.2. 

b. The atomic bowl shows the current isotope in play. The game will 

begin with 10 protons (clear marbles) and 10 neutrons (blue marbles) in 

the atomic bowl, representing the isotope neon-20. This isotope is a 

good starting point that allows for either the addition or subtraction of 

protons and neutrons by game players.  

c. The current isotope can also be monitored using the status-tracking 

sheet. 
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Figure S8.1. Isotope Rummy set-up: (1) bowl containing protons (clear marbles), (2) 
atomic bowl, (3) bowl containing neutrons (blue marbles), (4) isotope cards, (5) wild 
cards, (6) dice, (7) stable cards, and (8) game board. 
 

2. Students will roll the dice, and whoever gets the highest number will take the 

first turn.  

3. Upon the turn of the first student, they will roll the dice. The number obtained 

from this dice roll will correspond to the total amount of protons or neutrons 

that they can add or subtract from the atomic bowl during their turn. Players 

can only choose one mathematical operation (addition or subtraction), but they 

can perform that operation on either or both protons and neutrons. 

4. For example, the player rolls a 6 (Figure S8.2a). 

5. One option is to add 2 protons and 4 neutrons to the atomic bowl (Figure 

S8.2b).  
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6. The student will record their move on the status-tracking sheet (Figure S8.2a). 

This sheet can be used to help students keep track of the isotope currently 

played and provides a visual and tangible learning tool.  

7. After determining which isotope is obtained, the student will keep this card. In 

this example, the student acquired the isotope card for magnesium-26, which is 

a stable isotope (Figure S8.2c). Note that if the player obtains an isotope card 

without the word “STABLE” or the red star, they keep this card, and their turn 

is over. 

8. After obtaining the magnesium-26 isotope card, they will now draw a card 

from the “STABLE” action card pile and perform the action on the back of the 

card (Figure S8.2d and S8.2e). 

9. The action in Figure S8.2e says “Go Again” so they will roll the dice and 

repeat Steps 3–7.  

10. After the player is done with their turn, the player to their left will roll the dice 

and add or subtract protons or neutrons from the atomic bowl, which should 

initially contain the number of marbles that correspond to magnesium-26. 

11. Note that some cards have red stars on the bottom (Figure S8.2f). If a player 

draws one of these isotope cards, they must draw from the wild card pile and 

find the corresponding wild card that matches their element (Figure S8.2g). 

They will then read the fun fact out loud and perform the action on the back 

(Figure S8.2h) and end their turn.  

12. The Isotope Rummy game concludes when a student obtains 100 points. 
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Figure S8.2. Example instructions on how to play Isotope Rummy: (a) player rolls the 
dice to obtain 6 and keeps track of changes in protons and neutrons on the status-
tracking sheet, (b) player adds 2 protons and 4 neutrons to the atomic bowl, (c) takes 
the corresponding card, magnesium-26, from the magnesium isotope cards, (d) draws 
a stable card because magnesium-26 says “STABLE” at the top, (e) performs the 
action on the back of the stable action card. If the player obtains a (f) wild card, which 
is an isotope card with red star, (g) take the corresponding magnesium-27 card from 
the wild card pile, (h) read the fun fact and perform the action on the back of the wild 
card. 
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Geiger Counter Tutorial. 

The materials analyzed using the Geiger counter are listed in Table S8.3. To begin the 

activity, the teacher will demonstrate how distance alters the measured radioactivity 

exposure. Next, the teacher will show the students how to read the number of counts 

that the source is emitting. The value should be measured at 1–2 inches above the 

source and recorded in counts per minute (cpm). Once students understand how to 

measure the radioactivity emitted by the source, the teacher can introduce the concept 

of shielding and how it can reduce exposure. The students will test the different 

shields (lead, plastic, or paper) and determine which shields are effective at decreasing 

cpm. The type of shielding that is effective is dependent on the type of radioactive 

decay. These forms of decay include alpha or beta particle emission or gamma ray 

emission. Students can refer to their activity sheet, which contains a diagram for 

determining the type of decay, and compare their answers to the teacher cheat sheet.  

 

Europium Shaker Assembly. 

Materials and instructions for assembling your own europium shaker are shown in 

Figures S8.3 and S8.4.  
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Figure S8.3. Materials for making and using the europium shakers. (1) europium 
powder, (2) ground white rice, (3) hot glue and hot glue gun, (4) blue laser pointer, (5) 
laser safety glasses, (6) glass plates, (7) duct tape.  

 

1. Using the hot glue gun, glue three sides of one plate of glass (¼ inch thick) 

(Figures S8.4a and S8.4b). 

2. Place the second plate of glass on top of the hot glue (do this quickly before 

the glue cools) (Figures S8.4c and S8.4d). There should be a slit where the 

europium powder and rice can be added. 

3. Mix 2:1 europium powder and ground rice into a plastic bag (Figure S8.4e). 

The rice acts as a desiccant that keeps the photoluminescent powder free 

flowing. 

4. Close off the bag and cut one corner off the bottom (Figure S8.4f). 

5. Insert this open corner into the slit between the two glass plates (Figure 

S8.4g). Fill glass container with europium/rice mixture about ¾ full (Figure 
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S8.4h). If there are any leaks around the glass container, seal the edges with 

more hot glue.  

6. Complete your europium shaker by hot gluing the open side and taping the 

edges of the glass with duct tape (Figure S8.4i). 

 
Figure S8.4. Steps for making the europium shakers: (a) and (b) use hot glue gun to 
glue three sides of one glass plate, (c) and (d) place second glass plate on top of hot 
glue, (e) combine 2:1 europium powder and ground rice into plastic bag, (f) cut one 
corner of sealed bag, (g) place cut corner in between the glass plates, (h) pour in 
europium/rice mixture into glass container, (i) hot glue the open side and tape edges 
with duct tape.  
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Table S8.1. Materials required for Isotope Rummy for a group of six students working 
individually or in pairs. 
Amount Item Description Vendorb Commentsc 
1 Periodic Table Game Board  PDF available 

through SI  
2 Dice Walmart  
1 Isotope Rummy Card Set (Isotope Cards, 

Wild Cards, and Stable Cards) 
 PDF available 

through SI 
3 Bowls Walmart  
1 Marbles of Sets (Blue and Clear) Michaels  
1 Status-Tracking Sheet  PDF available 

through SI 
1 Cheat Sheet  PDF available 

through SI 
6 Activity Sheets  PDF available 

through SI 
3 or 6a Whiteboards and Markers Amazon  
a = amount depends on number of students or pairs (one set per student or pair). 
The whiteboards and markers can be used by students to keep track of the score. 
b = representative vendors are listed based on cost affordability, but other suppliers 
are available. 
c = all printable materials can be accessed through the SI link, or items can be 
requested through the CCMR Lending Library link and mailed to your school. 

 
Table S8.2. Point scoring for isotope cards depending on the features included. 
Card Type Points 
Regular (No Additional Features) 10 
Wild Card 20 
Stable Card 30 
Stable and Wild Card 40 
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Table S8.3. Materials required for Radiative versus Radioactive Decay activity for a 
group of four students. 
Amount Item Description Vendor Comments 
4 Activity Sheets   
1 Blue Laser Pointers Walmarta  
4 Laser Safety Glasses Graingera  
1 Europium Shakers 

• Europium 
UltraGlow 
Powder* 

• Glass Plates 
• Duct Tape 
• Hot Glue 
• Hot Glue Gun 
• White Rice 

 
Unitednuclear.coma  
Lowesa  
Lowesa 
Michaelsa 
Michaelsa 
Walmarta 

See instructions for 
assembly 
*Can also be purchased 
on Amazon (comes in 
different colors) 

1 Geiger Counters CU EH&Sb  
1 Uranium Ore Unitednuclear.coma,b  
1 Uranium Bead Unitednuclear.coma   
1 Thorium Lantern 

Mantle  
Unitednuclear.coma,b These can be found in 

older Coleman lanterns 
1 Smoke Detector CU EH&Sb Must use ionization 

smoke detectors  
1 Fiestaware Plate Unitednuclear.coma,b  
1 Paper Shielding   Can use card stock 

paper 
1 Plastic Shielding CU EH&Sb  
1 Lead Shielding Unitednuclear.coma,b  
1 Teacher Cheat Sheet  PDF available through 

SI 
a = vendors are listed based on cost affordability. Alternative vendors are available 
as well. 
b = these items were borrowed from EH&S at Cornell University (CU) but most 
items, such as Geiger counters, thorium lantern mantles, and Fiestaware plates, 
can be purchased through eBay. Smart Geiger counters that plug into a smart 
phone are also available on Amazon (they do not work for Apple phones).  
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Table S8.4. Student pre-a and post-surveysb for Isotope Rummy for all schools.  
Question 1 

(strongly 
disagree) 

2 3  4 5 (strongly 
agree) 

Pre: I have heard of 
isotopes and am 
familiar with they are. 

4 1 6 30 52 

Pre: I can give an 
example of how 
isotopes can be used. 

9 7 13 25 39 

a = Total number of surveys: 93 
Post: I enjoyed these 
activities. 

8 5 6 39 37 

Post: This activity 
helped me gain a 
better understanding 
of what an isotope is 
and how they are used 
in science and 
everyday life.  

10 5 21 26 33 

b = Total number of surveys: 95 
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Table S8.5. Teacher feedback on Isotope Rummy.a 

Question 1 
(strongly 
disagree) 

2 3  4 5 
(strongly 
agree) 

This activity/topic can fit 
well into a curriculum. 

0 0 2 5 4 

This activity will help the 
students gain a better 
understanding of isotopes 
and their applications. 

0 0 1 7 3 

This activity will help 
improve students’ interest 
in the topic. 

0 0 3 5 3 

This activity will be easy to 
implement into the 
classroom. 

0 1 2 4 4 

This activity will be 
valuable in helping 
students improve their 
critical thinking skills. 

0 0 2 5 4 

a = Total number of surveys: 11 
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Table S8.6. Student and parent feedback surveys for the full workshop, which 
includes Isotope Rummy and the Radiative versus Radioactive Decay activities.a 
Question 1 

(strongly 
disagree) 

2 3 4 5 
(strongly 
agree) 

I know or have heard of 
the term "radioactivity" 
before this activity. 

1 0 1 4 22 

I had a good understanding 
of what an isotope is 
before this activity. 

5 5 10 5 3 

I had a good understanding 
of what a stable or unstable 
atom was before this 
activity. 

8 2 5 6 7 

I had a good understanding 
of how radioactivity can be 
used for different 
applications before this 
activity. 

6 5 4 5 8 

I knew what a half-life was 
before this activity. 

9 8 2 0 9 

This activity helped me 
gain a better understanding 
of what radioactivity is. 

0 1 3 5 19 

I enjoyed this activity. 1 1 5 9 12 
I have a better 
understanding of how 
radioactivity can be used 
for different applications 
after this activity. 

1 0 4 8 15 

I am more familiar with 
key terms: stability, half-
lives, isotope, fission after 
this activity. 

2 2 0 3 21 

I thought this activity was 
appropriate for this age 
group. 

1 2 2 6 17 

a = Total number of surveys: 28 
 
 



 

 610 

REFERENCES 

(1) Betancur, L.; Votruba-Drzal, E.; Schunn, C. Int. J. STEM Educ. 2018, 5, 1–25. 
(2) Gewertz, C. Low-Income, Urban High Schools Producing Few STEM 

Graduates, 
https://blogs.edweek.org/edweek/high_school_and_beyond/2015/10/urban_low
-income_high_schools_producing_few_stem_graduates.html. 

(3) More Than 40% of Low-Income Schools Don’t Get a Fair Share of State and 
Local Funds, Department of Education Research Finds, 
https://www.ed.gov/news/press-releases/more-40-low-income-schools-dont-
get-fair-share-state-and-local-funds-department-. 

(4) Next Generation Science Standards, https://www.nextgenscience.org/. 
(5) Cooper, M. M. J. Chem. Educ. 2013, 90, 679–680. 
(6) Tsaparlis, G.; Hartzavalos S.; Nakiboǧlu, C. Sci. Educ. 2013, 22, 1963–1991. 
(7) Njoku Z. C.; Eze-odurukwe, P. I. Procedia - Soc. Behav. Sci. 2015, 176, 1034–

1040. 
(8) Nakiboglu C.; Tekin, B. B. J. Chem. Educ. 2006, 83, 1712–1718. 
(9) Norman, J. C. J. Chem. Educ. 1985, 62, 439. 
(10) Christian, M. C. J. Chem. Educ. 1988, 65, 48–49. 
(11) Perry J. T.; Sankey, M. A. J. Chem. Educ. 1995, 72, 339–343. 
(12) Trager, R. Dire Warnings that the Pipeline for New Radiochemists is Running 

Dry, https://www.chemistryworld.com/news/warnings-that-radiochemistry-is-
dying/3007779.article, (accessed 11 March 2019). 

(13) Wogman, N. A.; Bond, L. J.; Waltar, A. E.; Leber, R. E. J. Radioanal. Nucl. 
Chem. 2005, 263, 137–143. 

(14) Shafer, J. State of decay: Is Radiochemistry in Danger of Collapse?, 
https://www.chemistryworld.com/opinion/is-radiochemistry-in-danger-of-
collapse/3007931.article, (accessed 11 March 2019). 

(15) Hricak H.; Dauer, L. T. Health Phys., 2017, 112, 126–130. 
(16) National Research Council, Assuring a Future U.S.-Based Nuclear and 

Radiochemistry Expertise, National Academies Press, Washington, DC, 2012. 
(17) Franco-Mariscal, A. J.; Oliva-Martínez, J. M.; Bernal-Márquez, S. Educ. Quim. 

2012, 23, 474–481. 
(18) Vygotsky, L. S. Int. Res. Early Child. Educ. 2016, 7, 3–25. 
(19) Granath P. L.; Russell, J. V. J. Chem. Educ. 1999, 76, 485–486. 
(20) Russell, J. V. J. Chem. Educ. 1999, 76, 487–488. 
(21) Franco-Mariscal, A. J.; Oliva-Martínez, J. M.; Bernal-Márquez, S. Educ. Quim. 

2012, 23, 338–345. 
 
 

 

 

 



 

 611 

APPENDIX A 

Anticancer Activity of Hydroxy- and Sulfonamide-Azobenzene Platinum(II) 

Complexes in Cisplatin-Resistant Ovarian Cancer Cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Reproduced in part with permission from K. G. Samper, S. C. Marker, P. Bayón, S. N. 

MacMillan, I. Keresztes, Ò. Palacios, and J. J. Wilson, J. Inorg. Biochem. 2017, 174, 

102–110. Copyright 2017 Elsevier. K. G. Samper synthesized and characterized the 

platinum complexes and performed the photophysical and CD studies. S. C. Marker 

performed the MTT assays and the DNA-binding studies. P. Bayón assisted with the 

CD studies. S. N. MacMillan ran and solved the crystal structures. I. Keresztes 

assisted with the 2D NMR studies.  
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ABSTRACT 

The synthesis of three platinum(II) complexes bearing sulfonamide- (HL1) and 

hydroxy-azo-2,6-difluorobenzene (HL2) bidentate ligands is described. These 

complexes, [Pt(L1)(DMSO)Cl] (1), [Pt(L2)(DMSO)Cl] (2), and [Pt(L2)2] (3), were 

characterized by multinuclear NMR spectroscopy, mass spectrometry, and X-ray 

crystallography. Despite bearing azobenzene functional groups, none of the three 

complexes undergo photoisomerization. The anticancer activity of these complexes 

was evaluated in wild-type (A2780) and cisplatin-resistant (A2780CP70) ovarian 

cancer cells. All three complexes exhibited IC50 values below 10 μM and displayed 

similar activity in both A2780 and A2780CP70 cell lines, indicating that they are not 

cross-resistant with cisplatin. The DNA-binding properties of 1–3 were investigated 

by circular dichroism spectroscopy and by agarose gel electrophoresis. Both studies 

suggest that 1 and 2 form monofunctional DNA adducts.   

 

INTRODUCTION 

Cisplatin and its second-generation analogue carboplatin are FDA-approved 

chemotherapeutic drugs that are used as part of the first-line treatment for several 

different types of cancer.1,2 These relatively simple coordination complexes of 

platinum(II) have had a significant impact on cancer survival.3 Particularly, the cure 

rates of testicular cancer, once a relatively fatal disease, now exceed 80% with 

platinum-based chemotherapy.4,5 While these drugs are useful for other cancer types 

as well, the development of resistance to cisplatin is a common phenomenon that 

severely hinders patient survival.6 An additional limitation of these drugs lies in the 
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toxic side effects that they induce,7–10 which are a consequence of their lack of cancer 

cell selectivity. 

 The use of light to activate cytotoxic agents is an approach that is employed 

clinically in the form of photodynamic therapy (PDT).11 This strategy imparts 

cytotoxicity selectively to regions of light irradiation, minimizing systemic toxic side 

effects. While most PDT agents act as sensitizers for singlet oxygen,12,13 recent 

research efforts have focused on the development of inorganic complexes that undergo 

ligand photosubstitution reactions to form cytotoxic complexes or release biologically 

active ligands.14–16 Such strategies are potentially more effective than singlet oxygen 

sensitization because solid tumors often exist in a state of hypoxia where the low O2 

concentration makes this process ineffective. 

 In this study, we aimed to explore a different strategy for the development of 

PDT agents, one which uses light as a means to change the ligand conformation on the 

platinum(II) center to modulate the biological activity of these complexes. This 

approach has been successfully implemented using platinum(II) compounds bearing 

photoreactive 1,2-dithienylethene-containing ligands.17 Here, we explored platinum(II) 

coordination complexes containing azobenzene-based ligands, which are known to 

undergo E à Z isomerization upon irradiation with light, on platinum(II) coordination 

complexes. We hypothesized that a change in ligand conformation would alter the 

ability of the complex to interact with biological targets such as DNA. We prepared 

two bidentate azobenzene-based ligands, and three platinum(II) complexes. The 

photoreactivities of these complexes and the in vitro anticancer activity in wild-type 

and cisplatin-resistant ovarian cancer cell lines were investigated. Although the 
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compounds prepared were found to be inert to light irradiation, we have discovered 

that these complexes possess potent anticancer activities that are not susceptible to 

platinum-resistance mechanisms. 

 

RESULTS AND DISCUSSION 

Synthesis and Characterization. 

The synthetic scheme for the azobenzene ligands HL1 and HL2 is shown in Scheme 

A.1. These ligands were characterized by 1H, 13C{1H}, and 19F{1H} NMR 

spectroscopy after purification by column chromatography. Their respective platinum 

complexes were synthesized to yield [Pt(L1)Cl(DMSO)] (1), [Pt(L2)Cl(DMSO)] (2) 

and [Pt(L2)2] (3) (Scheme A.2).  

 

Scheme A.1. Synthesis of HL1 and HL2. 
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Scheme A.2. Reactions of cis-[Pt(DMSO)2Cl2] with HL1 and HL2. 
 

 
 

X-Ray Crystal Structures. 

Complexes 1–3 were characterized structurally by X-ray crystallography, as shown in 

Figures A.1–A.3. For 2, two molecules are present in the asymmetric unit; both are 

similar with respect to interatomic distances and angles. All three structures reveal 

square planar coordination geometries, as expected for complexes of platinum(II).  

 

Figure A.1. X-ray crystal structure of 1. Ellipsoids are drawn at the 50% probability 
level and hydrogen atoms are omitted for clarity. Selected interatomic distances (Å): 
Pt–Cl1 2.2967(9), Pt–S2 2.2368(7), Pt–N1 2.018(3), Pt–N3 2.037(2). Selected angles 
(°): N1–Pt–N3 84.99(10), N1–Pt–S2 94.46(7), N3–Pt–S2 174.31(8), N1–Pt–Cl1 
175.27(7), N3–Pt–Cl1 90.29(8), S2–Pt–Cl1 90.27(3). 
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Figure A.2. X-ray crystal structure of one of the molecules of 2 present in the 
asymmetric unit. Ellipsoids are drawn at the 50% probability level and hydrogen 
atoms are omitted for clarity. Selected interatomic distances (Å): Pt1–O1 1.993(2), 
Pt1–N2 2.005(3), Pt1–S1 2.2248(9), Pt1–Cl1 2.3105(9). Selected angles (°): O1–Pt1–
N2 90.31(10), O1–Pt1–S1 170.58(7), N2–Pt1–S1 99.04(8), O1–Pt1–Cl1 83.25(7), 
N2–Pt1–Cl1 173.15(8), S1–Pt1–Cl1 87.46(3). 
 

 

Figure A.3. X-ray crystal structure of 3. Ellipsoids are drawn at the 50% probability 
level and hydrogen atoms are omitted for clarity. Selected interatomic distances (Å): 
Pt–O2 1.9866(16), Pt–N4 1.9910(19), Pt–O1 1.9916(15), Pt–N2 1.9997(19). Selected 
angles (°): O2–Pt–N4 90.32(7), O2–Pt–O1 80.64(7), N4–Pt–O1 170.70(8), O2–Pt–N2 
170.38(7), N4–Pt–N2 99.16(8), O1–Pt–N2 89.94(7). 
 
 
Photophysical Properties. 

Because azobenzene derivatives are known to undergo photoisomerization reactions,18  

the photophysical properties of HL2 and 1–3 were investigated. The photophysical 
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properties of HL1 were previously reported.19 This ligand undergoes efficient 

photoisomerization from the trans to cis isomer upon irradiation with light at 315 nm. 

By contrast, HL2 showed no sign of photoisomerization when irradiated at either 365 

or 254 nm. The lack of photoreactivity of 2-hydroxyazobenzenes has been 

documented before.20 The intramolecular hydrogen bonding between the ortho-

hydroxy group and a diazo nitrogen atom inhibits photoisomerization, giving rise to 

excited state intramolecular proton transfer as an alternative photoreaction. 

 

In vitro Anticancer Activity. 

The in vitro anticancer activities of the platinum(II) complexes and free ligands were 

evaluated in wild-type (A2780) and cisplatin-resistant (A2780CP70) ovarian cancer 

cell lines (Table A.1).21 Cisplatin was used as a positive control in these studies. 

Consistent with the platinum-resistant phenotype of the A2780CP70 cell lines, the 

IC50 value of cisplatin in this cell line is 28.6 times larger than that found in the wild-

type cell line A2780. Although the ligand HL2 is only moderately cytotoxic, HL1 

exhibits IC50 values in the micromolar range and is equally effective in both resistant 

and wild-type cells.  Because DMSO is known to significantly impact the activity of 

metal-based anticancer agents,22,23 we explored the use of both DMSO and DMF as 

solubilizing agents for 1–3. Like HL1, all of the platinum complexes tested with either 

DMSO or DMF give rise to IC50 values that are less than 10 μM, signifying potent in 

vitro anticancer activity. The IC50 values measured in the presence of DMSO were 

approximately 2–3 times larger than those measured using DMF. For comparison, the 

IC50 value of cisplatin dissolved in DMSO is sixty times greater than its IC50 value in 
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aqueous buffer.22 Therefore, we conclude that DMSO has only a minor effect on the 

anticancer activity of these complexes. The ratio of the IC50 values in the cisplatin-

resistant and wild-type cell lines, or the resistance factors (RF), for 1–3 are all less 

than 3, substantially smaller than the value of 28.6 measured for cisplatin. These 

results indicate that the azobenzene platinum(II) complexes studied here are not cross-

resistant with cisplatin. This lack of cross-resistance may signify a novel or distinct 

mechanism of action of these complexes relative to cisplatin and carboplatin.   

   

Table A.1. IC50 values of ligands HL1 and HL2 and 1–3 in A2780 and A2780CP70 
cell lines. 

  IC50 (μM)  
Samples Solubilizing Solvent A2780 A2870CP70 RFa 
HL1 DMSO 6.9 ± 2 7.5 ± 0.1 1.1 
HL2 DMSO 50.6 ± 4 65.9 ± 3 1.3 
1  DMSO 1.0 ± 0.3 2.7 ± 0.6 2.7 
1  DMF 0.43 ± 0.05 0.8 ± 0.1 1.9 
2 DMSO 3.4 ± 0.7 9.6 ± 3 2.8 
2 DMF 1.6 ± 0.09 3.2 ± 0.3 2.0 
3 DMSO 6.5 ± 0.1 7.0 ± 0.1 1.1 
3 DMF 2.7 ± 0.9  3.1 ± 0.6 1.1 
cisplatin PBS 0.18 ± 0.07 5.14 ± 1.1 28.6 

 a RF = resistance factor, the ratio of the IC50 values measured for the resistant and wild-type 
cell lines 
 

DNA-Binding Studies. 

Because the conventional platinum-based drugs induce their anticancer activity by 

covalently binding to DNA, we investigated the abilities of the azobenzene 

platinum(II) complexes 1–3 to interact with DNA. Cisplatin-DNA adducts result in 

unwinding of double-helical DNA,24 a phenomenon that is reflected by the reduction 

of the electrophoretic mobility of supercoiled closed circular plasmids bearing such 
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adducts.25 The degree of electrophoretic mobility reduction is related to the amount of 

unwinding in the double helix that is induced per platinum-DNA adduct. This 

unwinding angle, which depends on the nature of the platinum-DNA adduct, can be 

determined by the amount of platinum per nucleotide required to retard the mobility of 

the supercoiled form to match that of the relaxed or nicked form.25 Bifunctional 

platinum-DNA intrastrand crosslinks induce unwinding angles that range from 10–

15°, whereas those for monofunctional adducts are less than 8%. Our results for 

cisplatin indicate co-migration of the supercoiled and nicked plasmid near the 

platinum to nucleotide ratio of 0.070 (Figure A.4). This result is consistent with the 

13° unwinding angle induced by cisplatin.25 Incubation of the plasmid with 3 and 

sequential dialysis confirms that no platinum is bound. This result reflects the lack of 

labile ligands on 3 that could be displaced to form covalent Pt-DNA adducts. For 1, 

unwinding is only apparent at the Rb value of greater than 0.15, and for 2 significant 

unwinding is observed at the ratio of 0.20.  Based on these experiments, it is estimated 

that the unwinding angle induced by 1 is less than 7°, and the angle is approximately 

5° for 2. Both of these small unwinding angles are consistent with a monofunctional 

DNA-binding mode for these complexes.26 
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Figure A.4.  Agarose gel electrophoresis of a pUC19 plasmid in the presence of 1–3. 
Agarose (1%) gel electrophoresis of pUC19 plasmid DNA (15 µg/mL) in Tris HCl (10 
mM pH 7.4) incubated with complex 1 and 2 overnight at 37 ºC. The values listed 
above the lanes indicate the corresponding Rb values for complexes 1 and 2. Lane 1–6: 
1 at Rb values of 0, 0.002, 0.01, 0.02, 0.06, 0.15 and lane 7-12: 2 at 0, 0.002, 0.04, 
0.06, 0.012, 0.2. The gel image for 3 was omitted due to no change in mobility since 
no compound remained after dialysis. 
 

 The changes in the CD spectrum of DNA induced by platinum compounds 

reflect the nature of their interactions. Monofunctional platinum adducts give rise to 

only minor changes in the CD spectra, whereas those for bifunctional adducts are 

more dramatic.27 When 2 and 3 were incubated at platinum to nucleotide ratios up to 1 

with calf thymus DNA, only minor changes in the CD spectra were observed (Figure 

A.5). For 1, the changes are more pronounced at similar ratios. The changes, however, 

are still not as marked as expected from bifunctional platinum DNA adducts.27 

Therefore, these CD studies, like the plasmid studies, are consistent with 1 and 2 

binding to DNA in a monofunctional manner. 
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Figure A.5. CD spectra of calf-thymus DNA in the presence of 1–3. 
ri([Complex]/[nucleotide]): ri = 0 (black line), ri = 0.2 (red line), ri = 0.5 (green line), ri 
= 1 (tan line). 
  

CONCLUSIONS 

Three platinum(II) complexes bearing azobenzene-based ligands were synthesized and 

characterized. Because these compounds form six-membered chelate rings with these 

ligands, no photoisomerization occurs. The ligands in this binding mode are locked 

into the trans conformation by coordination to the platinum(II) centers. Nevertheless, 

these non-traditional platinum(II) compounds are cytotoxic in ovarian cancer cell 

lines. Importantly, they exhibit nearly equal activity against cisplatin-resistant and 

wild-type ovarian cancer cell lines, suggesting that they operate via a novel 

mechanism of action. DNA-binding studies suggest that 3, which has no labile binding 

sites, does not interact with and distort DNA strongly. Compounds 1 and 2, which 

bear chloride and DMSO ligands, distort DNA in a manner that is consistent with the 

formation of monofunctional adducts. Therefore, 2 and 3 represent new members of 

the growing class of potent monofunctional platinum(II) anticancer agents.28,29  
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EXPERIMENTAL 

General Considerations. 

Reactions were carried out under normal atmospheric conditions with no efforts to 

exclude moisture or oxygen. Solvents used were HPLC grade. The compounds (E)-2-

(4-methylphenylsulfonamido)-2′,6′-difluoroazobenzene (HL1) and 2,6-

difluoronitrosobenzene were synthesized as previously described19 from commercially 

available reagents. The complex cis-[Pt(DMSO)2Cl2] was prepared from K2PtCl4, as 

previously reported.30 

 

Physical Measurements. 

Elemental analyses were carried out by Atlantic Microlab, LLC (Norcross, Georgia, 

USA). NMR spectra were acquired on a 500 MHz Bruker AV III HD spectrometer 

equipped with a broadband Prodigy cryoprobe or on a Varian INOVA 400 MHz 

spectrometer. 1H and 13C{1H} NMR spectra were referenced using residual protic 

solvent peaks, relative to tetramethylsilane (TMS) at 0 ppm. 195Pt, 19F{1H}, and 15N 

NMR chemical shift scales are referenced relative to Na2PtCl6 in D2O, neat CFCl3, and 

liquid NH3, all set at 0 ppm. UV-vis spectra were acquired using an Agilent Cary 8454 

UV-visible spectrophotometer. IR spectra were acquired on a Bruker Hyperion ATIR 

with ZnSe ATR attachment for solid powders. High-resolution mass spectra (HRMS) 

were obtained with an Exactive Orbitrap mass spectrometer in positive ESI or DART 

mode (ThermoFisher Scientific, Waltham, MA). Photoisomerization studies were 

carried out with continuous irradiation using a 6-watt UVP UVGL-55 handheld UV 

lamp at 254 nm and 365 nm. 
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Synthetic Procedures. 

Synthesis of (E)-2-((2,6-difluorophenyl)diazenyl)phenol (HL2). To a flask containing 

2,6-difluoronitrosobenzene (1.299 g, 9.08 mmol) was added acetic acid (20 mL), 

inducing a color change from brown to green. Then, 2-aminophenol (991 mg, 9.08 

mmol) was added, and the mixture was stirred at room temperature for 2 d. The 

solvent was evaporated under reduced pressure, and the crude product was purified by 

flash column chromatography using SiO2 as the stationary phase and hexanes as the 

mobile phase to afford HL2 as an orange crystalline solid. (200 mg, 0.85 mmol, 9%) 

1H NMR (400 MHz, CDCl3): δ 12.30 (s, 1H), 7.99 (d, J = 8.2 Hz, 1H), 7.44–7.32 (m, 

2H), 7.12–7.03 (m, 4H). 13C{1H} NMR (100 MHz, CDCl3): δ 156.2 (dd, J = 261.2 Hz, 

J = 4.1 Hz), 152.5, 138.8, 134.5, 133.6, 130.9 (t, J = 10.94 Hz), 128.9, 120.2, 118.61, 

112.1 (dd, J = 23.8 Hz, J = 4.1 Hz). 19F{1H} NMR (376 MHz, CDCl3): δ –120.41. IR 

(ATR, cm–1): 3099 w, 3066 w , 2922 w, 2852 w, 1614 s, 1589 s, 1470 vs, 1411 s, 1358 

m, 1323 w, 1289 s, 1271 s, 1227 s, 1146 s, 1111 m, 1025 vs, 818 s, 785 s, 754 vs. 

DART-MS (positive ion mode): m/z 235.0674 ([M + H]+, calcd. 235.0677). Anal. 

Calcd. for C12H8F2N2O: C, 61.54; H, 3.44; N, 11.96. Found: C, 61.37; H, 3.61; N, 

11.84 

 

Synthesis of [Pt(L1)Cl(DMSO)] (1). Triethylamine (61.8 mg, 85.2 μL, 0.61 mmol) 

was added to a flask containing HL1 (118.3 mg, 0.31 mmol) in methanol (28 mL). 

After stirring for 5 min, solid cis-[Pt(DMSO)2Cl2] (99.2 mg, 0.24 mmol) was added, 

and the mixture was heated at 45 ºC for 2 h. The solution was then allowed to cool to 

room temperature, and the solvent was evaporated under reduced pressure. The crude 
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material was purified by flash column chromatography (SiO2, 9:1 CH2Cl2:EtOAc) to 

obtain a pink solid (43.3 mg, 0.062 mmol, 26%). 1H NMR (400 MHz, CDCl3): δ 7.73 

(d, J = 8.25 Hz, 2H), 7.68–7.62 (m, 2H), 7.45–7.36 (m, 2H), 7.14–7.05 (m, 5H), 3.33 

(s, 3H), 3.27 (s, 3H), 2.29 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3): δ 156.6 (d, J = 

202 Hz), 155.3, 148.0, 142.5, 139.2, 136.8, 132.9, 132.3, 131.2 (t, J = 9.05 Hz), 129.1, 

127.9, 124.5, 124.1, 112.1 (dd, J = 20.1 Hz, J = 3.5 Hz), 45.0, 44.4, 21.6. 19F{1H} 

NMR (376 MHz, CDCl3): δ –119.8, –120.5. 195Pt NMR (128 MHz, CDCl3): δ –2378. 

IR (ATR, cm–1): 3014 w, 2927 w, 2853 w, 1616 w, 1596 m, 1468 m, 1423 m, 1317 m, 

1279 m, 1249 m, 1141 vs, 1084 s, 1018 s, 948 s, 914 s, 856 s, 764 s. UV-Vis 

(CH2Cl2): λmax (ε) 260 nm (1.26 × 104 M–1·cm–1); 328 nm (5.48 × 103 M–1·cm–1); 537 

nm (2.06 × 103 M–1·cm–1). HR-MS (positive ion mode): m/z 718.0134 ([M + Na]+, 

calcd. 718.0135). Anal. Calcd. for 1·CHCl3 (C22 H21Cl4F2N3O3PtS2): C, 32.45; H, 

2.60; N, 5.16. Found: C, 32.18; H, 2.46; N, 4.96. 

 

Syntheses of [Pt(L2)Cl(DMSO)] (2) and [Pt(L2)2] (3). To a solution of HL2 (24.5 mg, 

0.10 mmol) and NaOH (5.5 mg, 0.14 mmol) in methanol (1.6 mL) was added a 

suspension of cis-[Pt(DMSO)2Cl2]  (42.8 mg,  0.10 mmol) in acetone (3.2 mL). The 

mixture was heated at 45 ºC for 2 h. After allowing the mixture to cool to room 

temperature, the solvent was removed under reduced pressure. The crude product was 

purified by flash column chromatography (SiO2, gradient of 1:5 hexane:EtOAc to 

100% EtOAc) to separate complex 3, which eluted first, as a purple crystalline solid 

(12 mg, 0.018 mmol, 18%) and complex 2, a red solid (47 mg, 0.086 mmol, 86%). 

Complex 2: 1H NMR (500 MHz, CDCl3): δ 7.74 (d, J = 8.2 Hz, 1H), 7.63 (t, J 
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= 7.3 Hz, 1H), 7.35–7.27 (m, 1H), 7.24 (d, J = 8.5 Hz, 1H), 7.03–6.96 (m, 2H), 6.85 (t, 

J= 7.3 Hz, 1H), 3.48 (s, 6H). 13C{1H} NMR (100 MHz, CDCl3): δ 156.6 (d, J = 200 

Hz), 154.6, 149.4, 140.0, 137.9, 133.3, 128.5 (t, J = 10.12 Hz), 120.6, 118.6, 110.8 

(dd, J = 19.0 Hz, J = 4.5 Hz), 46.0. 19F{1H} NMR (376 MHz, CDCl3): δ –121.8. 195Pt 

NMR (128 MHz, CDCl3): δ –2430. IR (ATR, cm–1): 3060 w, 3007 w, 2920 w, 2851 

w, 1610 m, 1599 m, 1477 vs, 1394 s, 1307 s, 1291 s, 1250 m, 1146 s, 1009 vs, 959 m, 

786 s, 753 s. UV-Vis (CH2Cl2): λmax (ε) 302 nm, (1.05 × 104 M–1·cm–1); 496 nm, (5.68 

× 103 M–1·cm–1). DART-MS (positive ion mode): m/z 542.0072 ([M + H]+, calcd. 

542.0080). Anal. Calcd for 2 (C14H13ClF2N2O2PtS): C, 31.03; H, 2.42; N, 5.17. Found: 

C, 31.30; H, 2.36; N, 5.22. 

 Complex 3: 1H NMR (500 MHz, CDCl3): δ 7.70 (d, J = 8.3 Hz, 1H), 7.58 (t, J 

= 7.2 Hz, 1H), 7.29 (d, J = 8.3 Hz, 1H), 7.12–7.04 (m, 1H), 6.79 (t, J = 7.3 Hz, 1H), 

6.69 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3): δ 154.9 (d, J = 200 Hz), 153.9, 

151.7, 143.6, 137.5, 133.7, 129.0 (t, J = 9.3 Hz), 121.9, 119.1, 112.6 (dd, J = 19.9 Hz, 

J = 3.64 Hz, 2C). 19F{1H} NMR (376 MHz, CDCl3): δ  –117.36. 195Pt NMR (128 

MHz, CDCl3): δ –1006. IR (ATR, cm–1): 3064 w, 2923 w, 2852 w, 1734 m, 1605 s, 

1593 s, 1526 m, 1471 s, 1380 s, 1308 s, 1238 s, 1180 s, 1140 s, 1015 s, 944 s, 847 s, 

779 s, 747 vs. UV-Vis (CH2Cl2): λmax (ε) 259 nm (3.69 × 104 M–1·cm–1); 322 nm (2.11 

× 104 M–1·cm–1); 426 nm (1.27 × 104 M–1·cm–1; 538 nm (7.05 × 103 M–1·cm–1); 592 

nm (7.04 × 103 M–1·cm–1). DART-MS (positive ion mode): m/z 662.0763 ([M + H]+, 

calcd. 662.0779). Anal. Calcd. for 3·0.5EtOAc (C26H18F4N4O3Pt): C, 44.26; H, 2.57; 

N, 7.94. Found: C, 44.54; H, 2.31; N, 8.35. 

 



 

 626 

X-Ray Crystallography. 

Single crystals of 1 were grown by the slow evaporation of a solution of 1:1 

CH2Cl2:CHCl3, and crystals of 2 and 3 were grown by the slow evaporation of a 

solution mixture of hexane and EtOAc. These crystals were mounted on a Bruker X8 

Kappa diffractometer coupled to an ApexII CCD detector with graphite-

monochromated Mo Kα radiation (λ = 0.71073 Å), and cooled to 223 K under a 

nitrogen cold-stream during data collection. The program SHELXT was used to solve 

the structures via intrinsic phasing,31 which were refined on all data by full-matrix 

least squares with SHELXL.32 Non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms were placed at calculated positions using a riding model, and were 

refined isotropically with thermal displacement parameters constrained to be either 1.2 

or 1.5 (for terminal CH3) times that of the atom to which it’s attached. For compound 

2, two voids with disordered electron density within the unit cell was modeled with the 

SQUEEZE algorithm.33 These voids each occupied a volume of 170 Å3 and accounted 

for the scattering contributions of 59 e–, which we attribute to two disordered 

molecules of ethyl acetate. Additionally, two molecules of 2 were present in the 

asymmetric unit. One molecule lies on the general position and the other lies on a 

crystallographic mirror plane. Crystallographic data collection and refinement 

parameters are collected in Table A.2. 
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Table A.2. X-ray crystallographic data collection and refinement parameters for 1–3.  
 1 2 3 
formula C23H22Cl7F2N3O3S2Pt C14H13ClF2N2O2SPt C24H14F4N4O2Pt 
fw 933.79 541.86 661.48 
space group P  P21/m Pbca 
a, Å 10.5085(6) 10.7585(4) 15.6646(17) 
b, Å 10.9522(7) 23.2042(9) 15.514(2) 
c, Å 15.7656(10) 10.9692(4) 18.009(2) 
α, deg 83.455(3) 90 90 
β, deg 81.522(3) 96.571(2) 90 
γ, deg 64.594(3) 90 90 
V, Å3 1618.48(18) 2720.39(18) 4376.6(9) 
Z 2 6 8 
ρcalcd, g·cm–3 1.916 1.985 2.008 
T, K 223(2) 223(2) 223(2) 
μ(Mo Kα), mm–1 5.085 8.025 6.477 
Θ range, deg 2.062 to 30.034 1.869 to 30.033 2.166 to 28.699 
Completeness to Θ 
(%) 

99.7 99.9 99.9 

Total no. of data 36781 34063 47612 
No. of unique data 9441 8132 5647 
No. of parameters 373 337 316 
R1a (%) 2.77 2.83 1.86 
wR2b (%) 7.48 5.69 3.98 
GOFc 1.082 1.036 1.018 
max, min peaks, 
e·Å–3 

1.888, –1.300 1.267, –1.451 0.398, –0.724 

aR1 = Σ||Fo| − |Fc||/Σ|Fo| for I  > 2σ. bwR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2 for I  > 2σ. c GoF = 

{Σ[w(Fo
2 − Fc

2)2]/(n − p)}1/2, where n is the number of data and p is the number of refined 
parameters. 
 

Agarose Gel Electrophoresis. 

A stock solution of the closed supercoiled pUC19 plasmid DNA (1000 µg/mL) was 

used for electrophoretic mobility experiments. Solutions of pUC19 plasmid DNA (15 

µg/mL) in Tris HCl (10 mM, pH 7.4) were mixed with solutions of 1–3 and cisplatin 

to final concentrations ranging from 0–125 µM (Rb= 0-0.20) in a total volume of 100 

µL. Complexes 1-3 were diluted from DMF solutions and cisplatin from an aqueous 

solution. These samples were incubated overnight at 37 °C. The samples were 

analyzed using a NanoDrop 1000 (Thermo Scientific, Waltham, MA) to determine 

1
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plasmid concentration (µg/mL) and using graphite furnace atomic absorption 

spectroscopy (GFAAS) to determine the amount of platinum in the samples before and 

after dialysis. The samples were dialyzed through dialysis membrane against 1 L of 

TE (10 mM Tris HCl, 1 mM EDTA, pH 7.4) buffer for 2-3 h. After dialysis the 

compounds were analyzed using gel electrophoresis. To 10 µL of each sample was 

added 3 µL of 5× Orange Loading Dye (15% glycerol, 1 mg/ml Orange G, 50 mL 

water), and 10 µL of the solutions were loaded on 1% agarose gel. The agarose gel 

was subjected to electrophoresis in 0.5x TAE pH 8 buffer at 80 V for 1 h. Afterwards, 

the gel was stained with GelStar Nucleic Acid gel stain (1000x in DMSO) and the 

DNA was visualized with a ChemiDoc MP Imaging System (BioRad). 

 

Circular Dichroism Measurements. 

Circular dichroism (CD) measurements were performed using a JASCO 

spectropolarimeter (model J-715, JASCO, Groß-Umstadt, Germany) controlled with 

the J700 software, (JASCO, Groß-Umstadt, Germany). Samples were analyzed in 1-

cm capped quartz cuvettes, and the temperature was maintained at 25 °C with a Peltier 

PTC-351S holder (TE Technology, Traverse City, MI, USA). Spectra were processed 

using the GRAMS 32 software (Thermo Fisher Scientific, Waltham, MA, USA). 

Stock solutions of calf thymus DNA (3.5 mM, Sigma Aldrich), TrisHCl (400 mM), 

and platinum complexes (15 mM) were used to prepare the different samples. The 

DNA concentration was determined spectrophotometrically at 260 nm by using the 

molar absorptivity value of 6600 M–1·cm–1 per nucleotide. Cisplatin and 1–3 were 

incubated at 37 °C for 16 h with 50 μM DNA in pH 7.4 10 mM TrisHCl at platinum to 
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nucleotide ratios (ri) of 0.2, 0.5 and 1 prior to analysis by CD. Each sample was 

scanned twice in a range of wavelengths between 230 and 310 nm. The ellipticity 

values are given in millidegrees (mdeg). 

 

Cell Culture and Cytotoxicity Assays. 

A2780 (ovarian cancer) and A2780CP70 (cisplatin-resistant ovarian cancer) cell lines 

[24] were provided by the Cell Culture Facility of Fox Chase Cancer Center 

(Philadelphia, PA). These cells were cultured as monolayers with Roswell Park 

Memorial Institute (RPMI)-1640 culture media supplemented with 10% fetal bovine 

serum in a humidified incubator at 37 °C with an atmosphere of 5% CO2. Cells were 

passed at 80–90% confluence, using trypsin/EDTA. Cells were tested monthly for 

mycoplasma contamination with the PlasmoTest™ mycoplasma detection kit from 

InvivoGen.   

 Cisplatin was dissolved in phosphate-buffered saline (PBS, pH 7.4) to prepare 

a 2 mM stock solution. Stock solutions of ligands HL1 and HL2 were prepared as 10 

mM solutions in DMSO. The platinum complexes 1–3 were also prepared as 10 mM 

stock solutions in either DMSO or DMF. Cells were grown to 80–90% confluence, 

detached with trypsin/EDTA, seeded in 96-well plates at 4000 cells/well in 100 μL of 

growth media, and incubated for 24 h. The medium was removed and replaced with 

fresh medium (200 μL) containing varying concentrations of either cisplatin, HL1, 

HL2, or 1–3. The maximum DMSO and DMF content of these solutions did not 

exceed 1% and 0.25%, respectively. After incubating for 72 h, the medium was 

removed from the wells, and (3(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide 
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(MTT) in RPMI (200 μL, 1 mg/mL) was added. After 4 h, the MTT/RPMI solution 

was removed, and the formazan crystals were dissolved in 200 μL of an 8:1 mixture of 

DMSO and pH 10 glycine buffer. The absorbance at 570 nm in each well was 

measured using a BioTek Synergy HT plate reader.  Cell viability was determined by 

normalizing the absorbance of the treated wells to untreated wells. The concentration 

of the compound versus % viability was plotted to produce the dose-response curves, 

which were analyzed using a logistic sigmoid function fit with MagicPlot Pro 

software. The reported IC50 values are the average of three independent experiments 

with six replicates per concentration level. 
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