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ABSTRACT OF THE DISSERTATION 
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Cisplatin, the first successful metallotherapy, has been utilized over the past four decades as 

chemotherapy treatment of a wide range of tumors. However, due to persistent side-effects and a buildup 

of platinum resistance in cancer cells, alternative metallotherapies have been sought after. Ferrocene is a 

promising scaffold alternative due to advantages such as cost, biologically stability, and as iron is a 

biologically relevant metal. Ferrocene compound Ferroquine, has been successful clinically as an anti-

malarial compound, currently going through the third phase of clinical trial.  

We have synthesized para-substituted benzoyferrocene derivatives that photochemically release 

free iron(II). Through the group of derivatives, we have optimized highly specific photodynamic therapy 

(PDT) compounds that induce no cytotoxicity in the dark but do after irradiation. It is hypothesized that the 
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observed cytotoxicity is due to the release of iron(II), which catalyzes the Fenton reaction, leading to the 

formation of toxic reactive oxygen species (ROS) in the cell. Through a series of in vitro experiments, we 

have reported that photolysis in cells incubated with 1,1`-bis(4-n-pentylbenzoyl)ferrocene leads to a dose-

dependent increase in lipid peroxidation, suggesting ferroptosis as a mechanism of cell death. Additionally, 

we found that ferroptosis GPx4, SOD1, and VDAC are overexpressed after irradiation. Overall this work 

reports ferrocene derivatives function as highly specific PDT anti-cancer agents.   
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Chapter 1 Metals, Iron and Cancer First Generation 

of Metallotherapies 
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Cisplatin was discovered to be a potent anti-cancer therapy in the 1960s and has been clinically 

used as a chemotherapy for an overwhelming variety of cancer types. Because of this, other platinum 

metallotherapies were sought, including Carboplatin and Oxaliplatin.[1-4] They proved to be potent 

anticancer therapies.[3] Unfortunately, these compounds have decreased potency in some cancer cell lines 

due to platinum resistance and exhibit serious side effects due to heavy metal cytotoxicity. Because of this, 

other metals, such as iron due to its natural bioavailability, were sought as alternatives. 1 

 

Figure 1.1: Successful cytotoxic platinum compounds 

1.1 Iron homeostasis 

    Iron homeostasis is a highly regulated process in mammalian cells and when perturbed induces the 

formation of destructive radical species in the cell.2, 3 The redox chemistry of iron is crucial for cell 

metabolism, proliferation, and growth.4 However, iron’s ability to gain and lose electrons can initiate a 

deadly positive-feedback loop from the generation of free radicals by the Fenton reaction (Figure 1.2). In 

this process, iron(II) is oxidized to iron(III) upon reacting with endogenous H2O2 to form reactive oxygen 

species (ROS) such as hydroxyl radical (•OH). These radicals can cause damage to lipids, proteins, and 

DNA and ultimately induce cell death.5 The beneficial and deleterious effects of iron have given rise to 

increased research in an attempt to discover new metallotherapies to replace platinum-based drugs.6 



3 

 

Figure 1.2: Iron disrupts cell homeostasis by increasing ROS concentration thereby inducing cell death via a 

positive feedback system. Adapted from Sies and Glasauer 7, 8  

 

1.2 Nanoparticle iron delivery systems 

Iron encapsulated and iron oxide nanoparticles have been widely studied, with limited success, as 

potential drugs that may overload the cell with iron.9-14 These agents induced the formation of ROS in both 

in vitro and in vivo studies. The Overholtzer group studied a ferroptosis-inducing nanoparticle whose 

potency resides in nutrient-deprived melanoma cancer cells that accumulate within the lysosomes.12 

Although both in vitro and in vivo studies showed promise, limitations include having to starve the cells 

and incubate with high concentrations of nanoparticles compared to concentrations used in previous 

clinically studied silica nanoparticles.15 This process could be reversed through application of the 

ferroptosis inhibitor, liproxstatin-1, but to further become a drug candidate, modifications are needed in 

order to increase potency and induce cell death.  
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1.3 Brief background on photodynamic therapies 

Photodynamic therapies began with Lipson and Baldes in the 1960s. 16 They reported a porphyrin 

mixture that would initiate fluorescence under ultraviolet light irradiation.16 The Schwartz group studied a 

porphyrin mixture that had a higher affinity for tumors and more potent phototoxicity than crude 

hematoporphyrin.17 Further optimization of the porphyrin system led to the first photodynamic therapy to 

be approved by the FDA, Photofrin® (1.4).17-23  Photofrin® is the only PDT anticancer drug currently used 

today. It has been approved for esophageal cancer in the United States and is currently undergoing clinical 

trials for lung, head, and neck cancers.24 It is activated at wavelengths 515 and 630 nm and has a cytotoxicity 

of 12.5 M in HeLa cells.25  

 

Figure 1.3: Photofrin® is the first anticancer PDT used clinically  

1.4 Previously Reported Biological Activity of Ferrocene and Ferricenium  

1.4.1 Ferrocene and ferricenium toxicity. 

 Ferrocene (1.5) and ferricenium (1.6) anti-cancer cytotoxicity was studied in Ehrlich ascites tumor 

cells in 1984.26 Ferricenium proved to be the more potent derivative for inducing DNA oxidation damage, 
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specifically as a DNA target from initiation of guanine oxidation, through the production of hydroxyl 

radicals under physiological conditions.27, 28 However, ferricenium’s Achilles heel as a potential therapy 

was its relative insolubility.29 Investigations of ROS production in breast cancer cells, MCF7 and MCF10, 

found that ferricenium was cytotoxic. It was stated to be a great scaffold due to its stability and positive 

charge which would have improved specificity for cancer’s negatively charged surface. 30, 31 Ferrocene did 

not display an inhibitory effect but did show potential because of its  high lipophilicity which improved 

membrane permeability.27, 28 Additionally, it was proposed that if the cell conditions were oxidizing due to 

a high concentration of H2O2, ferrocene could oxidize in the cell to produce cytotoxic ferricenium. Both 

ferrocene and ferrocenium have been reported to produced highly reactive oxygen species (ROS) that  

would exceed the capacity of the cellular antioxidant system and would be an excellent scaffold for drug 

design. 30 

1.4.2 Previously reported medicinal applications of ferrocene derivatives 

Ferrocene has been widely used as an iron scaffold in drug design, due to its biological stability, 

electrochemical properties, and ease of membrane permeability due to its high lipophilic nature. 32-35 

Because of this, a variety of medicinal applications have been reported, such as for potential treatment of 

human immunodeficiency virus (HIV), malaria, bacterial, and antifungal activity.36-41. Previously, it was 

observed that ferrocene and ferrocenyl moieties function as antitumor agents via disruption of iron 

homeostasis.42, 43 To increase uptake, ferrocene derivatives of carbohydrates, proteins, nucleic acids, 

hormones, and selective endocrine modulators were tested as cancer targets.31, 44, 45
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Figure 1.4: Ferrocene scaffold benefits for medicinal application 

1.4.3 Ferrocene derivatives’ toxicity 

In 1997, the known antimalarial drug Chloroquine® was modified as a ferrocene derivative for 

potential antimalarial applications (Figure 1.5). [38, 39] A variety of substitutions and changes have shown 

success, which has led to the compound ferroquine (1.7) 46, 47. Ferroquine displayed significant activity 

against chloroquine-resistant strains and was demonstrated to reduced the negative side effects of 

chloroquine.37, 38, 48, 49 It was hypothesized that the introduction of lipophilic ferrocene would reduce the 

limited potency due to the basic properties of chloroquine which leds to the engulfment in acid food 

vacuoles of the plasmodia. This modification contributed to significant anti-plasmodia activity.50 The 

addition of ferrous iron was proposed to reduce chloroquine resistance.38 It is currently in Stage 3 as a 

therapy alone and additionally is being studied in a dual multi-drug stage 2 trial.24  

 

 

1.7 

Figure 1.5: Ferroquine compound  
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1.4.4 Previously Reported Ferrocene PDT Studies  

Photoactivated ferrocene derivatives have shown promise as anticancer drug candidates. The first 

generation of compounds incorporated phenanthroline (1.8) and polydentate terpyridine (1.9 – 1.12) 

ligands, as shown in Figure 1.6.51, 52 Both types of compounds exhibited some efficacy as photodynamic 

therapies, as demonstrated by a difference in light and dark cytotoxicity. The phenanthroline derivative is 

activated by irradiation at 476 nm to 532 nm, and has dark and light cytotoxicity values of 33 M and 13 

M, respectively, resulting in an efficacy (the difference of dark and light cytotoxicity) of 2.53. 51 

Terpyridine derivatives were also reported to have limited success in cytotoxicity studies. Both the iron and 

cobalt derivatives proved to have no significant cytotoxicity up to 50 M, while the copper derivative had 

light and dark cytotoxicities of 3.1 M and 6.7 M, respectively. The best cytotoxicity was with the zinc 

version which had 7.5 M (light) and 49.1 M (dark) cytotoxicity values, for an efficacy of 6.54.52 All of 

the first generation complexes were reported to bind or cleave DNA through photoactivation. 

 

Figure 1.6: The first generation of photoactivated ferrocene compound 

The second-generation of ferrocene PDT was an altered terpyridine derivative with a platinum 

addition ( 1.13; Figure 1.7).53 It has displayed PDT cytotoxicity in BT474, invasive ductal carcinoma of the 

breast, with a light cytotoxicity of 7.7 M and dark cytotoxicity higher than tested at 50 M, which is 

improved from the first generation of terpyridine complexes with efficacy greater than 6.50. The complex 

was additionally tested in the HBL-100 cell line and reported to have limited irradiation cytotoxicity of 45.2 

M in the dark and again over 50 M. Unsurprisingly, with platinum and the polydentate terpyridine ligand, 
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it was reported to bind DNA binding and cleavage and increase cytosolic ROS. This derivative proved to 

have promise as a PDT therapy with increase specificity but limited cell line cytotoxic versatility. 

 

Figure 1.7: The second generation of a photodynamic platinum ferrocene derivative 

Both ferrocene generations displayed promise and anticancer compounds. Due to the success of 

these future generations of ferrocene compounds should be synthesized. The next generation of ferrocene 

anticancer compounds should shift cell death induction to induction of ROS chemistry rather than DNA 

damage as this is differing the mechanism from platinum drugs. 
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Chapter 2 Photochemical Studies on Synthetic and 

Photochemical Studies on Benzoylferrocene 

Derivatives 
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2.1 Synthesis of 1-benzoylferrocene and 1,1′-dibenzoylferrocene 

derivatives 

The first synthesis of benzoylferrocene, published in 1956 by German chemists Hiemsehneider and 

Helm, involved a Friedel-Crafts acylation of ferrocene.54 The Friedel-Crafts acylation involved 

electrophilic aromatic substitution of the cyclopentadienyl ligand with benzoyl chloride in the presence of 

AlCl3. Soon after, a related synthesis of 1,1′-dibenzoylferrocene was reported by Vogel and Rosenburg. 55, 

56  

Utilized the Friedel-Crafts acylation approach for the synthesis of new 1-benzoylferrocene 

derivatives, as shown in Scheme 2.1. This synthesis had successfully created a variety of para-substituted 

benzoylferrocene complexes, as shown in Figure 2.1. To add to the library, the mono-substituted 

benzoylferrocene phosphonium derivative 2.3 was synthesized from a Finkelstein reaction with compound 

2.2 and NaI in acetone, followed by reaction with triphenylphosphine to produce 2.7 (Scheme 2.2).  

 

 

Scheme 2.1: Friedel-Crafts acylation of ferrocene to synthesize benzoylferrocene derivatives  
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Scheme 2.2: Finkelstein or Halex reaction for the generation of 2.3 and proceeding reaction for synthesis of complex 2.7  

 

Figure 2.1: New and previously reported mono-substituted derivatives utilized in the studies described herein   

Similar approaches were used to synthesize 1,1′-dibenzoylferrocene derivatives. Differences 

include heating the Friedel-Crafts reaction to reflux for 72 hours (Scheme 2.3). Both mono-substituted and 

di-substituted derivatives were synthesized successfully, Figure 2.2. These compounds were synthesized to 
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study in vitro as potential anticancer compounds.  Para-substituents of variable lipophilicity and a 

phosphonium ion targeting group were prepared in order to increase potency and localization (Scheme 2.4).  

 

 

Scheme 2.3: Synthesis of benzoylferrocene and 1,1′-dibenzoylferrocene  by Friedal Craft Acylation 

Scheme 2.4: Finkelstein or Halex reaction for the generation of 2.10 and proceeding reaction for synthesis of complex 2.14 
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Figure 2.2: New and previously reported bis-substituted derivatives in the studies described herein   

2.2 Cyclic Voltammetry of ferrocene derivatives 

In a continued collaboration with Dr. Mohand Melaimi of the Bertrand lab at University of 

California San Diego, cyclic voltammetry (CV) data was collected. These studies were completed to fully 

characterized these 1-benzoylferrocenes and 1,1′-dibenzoyl ferrocenes derivatives for comparison to 

previous literature and future biological studies (vide infra, chapters 3 and 4). The scans were done in 

acetonitrile with added tetrabutylammonium hexafluorophosphate (0.1 M) as the electrolyte, with the scan 

initiated in the positive potential direction. Potentials were then calibrated to ferrocene versus ferricenium 

as an internal standard. Only one chemically reversible wave was detected for each complex.  
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Compound E1/2 (V) 

2.6 0.251 

2.5 0.299 

2.4 0.300 

2.1 0.250 

2.13 0.441 

2.11 0.502 

2.9 0.474 

2.8 0.462 
Figure 2.3: Cyclic voltammetry of benzoylferrocene and 1,1′-dibenzoylferrocene  derivatives 

The positive potentials of the mono-substituted benzoyl ferrocenes was around half that of the 1,1`-

dibenzoyl ferrocene derivatives. The higher difference of the bis-substituted ferrocenes is suggested due to 

the increased oxidative stability of the iron(II) center from the addition of two electron withdrawing 

benzoylferrocene functional groups. This is hypothesized to be an essential to describe the differences in 

the cytotoxicity behavior of the assortment of derivatives. The more robust the compounds in oxidative 

behavior could provide more stability in the cell environments that has oxidative and reductive potentials. 

This could be essential for reducing the dark cytotoxicity in the cell and provide a more specific and 

effective anticancer compound. 

2.3 Previously Reported Studies on Benzoylferrocene Photoactivity  

Since late 1960, benzoylferrocene derivatives have been known to release free iron(II) upon 

exposure to visible light.57-59 Ferrocene itself is photo-inert upon exposure to either ultraviolet or sunlight 

in methanol for up to 15 hours.59, 60 However, derivatives with a carbonyl group conjugated to the ferrocene 

ring rapidly decompose upon exposure to visible light.57 At the time, the reactivity was attributed to metal 

to ligand charge transfer, followed by solvent-assisted oxidation of the sandwich complex. Isolation of the 

primary photoproduct proved to be difficult due to its reactivity toward oxygen, light, and heat in wet 

DMSO. An IR spectrum (solvent) obtained on the crude reaction mixture that resulted from photolysis of 

benzoylferrocene, exhibited absorption bands at 1538 and 1350 cm-1, leading the authors to suggest the 

initial solvation of the carbonyl followed by cyclopentadienyl iron ring cleavage. The isolation of both 
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benzoic acid and cyclopentadiene adducts from the crude reaction mixture further supported this 

conclusion.58 

More recently, ESI-MS analysis of a photolyzed benzoylferrocene reaction mixture provided 

evidence for free cyclopentadiene and benzoylcyclopentadiene.61 Treatment of an irradiated solution of 

benzoylferrecene with 2,2′-bipyridine produced a red solution of Fe(biby)3
2+.61Free iron(II) was detected 

by colorimetric analysis of the reaction of benzoylferrocene with 2,2′-bipyridine (bipy) to form a 

Fe(biby)3
2+ complex.59 The photodecomposition of benzoylferrocene was attributed to a low-lying metal 

to ligand charge transfer (MLCT) excited state where the benzoylcyclopentadienyl is labial by the 

substituted cyclopentadiene ring slipping η5 to η4, leaving an open coordination site and a formal positive 

charge on the iron, making the metal center susceptible to nucleophilic attack by the solvent. This 

intermediate can expel solvent to re-form the sandwich complex or continue ligand substitutions to 

ultimately give free iron(II) by the mechanism shown in Scheme 2.4.  Kutal and coworkers proposed that 

2-H goes to excited state III-η4.  We propose this could also go through a III- η6 excited state.  Kutal 

subsequently proposed intermediate IV- η3-A forming in one of his latest papers.  It may well be IV- η3-B 

instead, since the non-coordinated double bond is conjugated and therefore stabilized.  The following of 

the ring slippage we proposed is due to the complete solubilaztion of iron(II).  
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Scheme 2.5: Proposed mechanism of photochemical dissociation by Kutal 

As the 1-benzoylferrocene and 1,1′-dibenzoylferrocene have been studied extensively and 

demonstrated to readily release iron(II) into the solution, it was hypothesized that these compounds could 

be photoactivated for release of iron(II) in a cell. This could lead to a new and promising mechanism for 

inducing iron overload in biological environments, with a degree of specificity in cases where targeting 

groups are present in the organoiron agent. 

2.4 1-Benzoylferrocene and 1,1′-Dibenzoylferrocene Photoactivity Studies 

in Aqueous Solutions 

2.4.1 Photoactivation of compound CpFe(C5H4(C=O)C6H5C5H11) 2.6 and 

Fe(C5H4(C=OC6H5)C5H11)2  2.13  

Photolysis reactions of 1-benzoylferrocenes and 1,1′-dibenzoylferrocenes have never been reported 

from a solution that would mimic that of the cell, as ferrocene is not readily soluble in water. By studying 

these compounds in solutions that would most mimic what would be introduced and incubated to the cell, 

there could be a better understanding of its reactivity in these conditions. To overcome solubility, the 

benzoylferrocene derivatives were dissolved in DMSO followed by dilution with water. To understand the 
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influence of the cell environment, photolyses of 2.6 and 2.13 were performed in the presence of 2,2′-

bipyridine and the reaction progress was followed by UV-Vis spectroscopy, as previously reported. 59, 62 

The solution was composed of CpFe(C5H4(C=O)C6H5C5H11) 2.6 (0.25 mM, H2O/DMSO) with the addition 

of 2,2′-bipyridine (bipy, 3 equiv.) in a deoxygenated Millipore water and 0.75% DMSO solution. The 

solution was photolyzed (> 450 nm) in a quartz cuvette in the absence of oxygen and data was collected at 

intervals of 10 seconds. Results are presented in Figures 2.4 and 2.5. The solution quickly lost its 

characteristic orange color, forming a red solution with no precipitate, which is characteristic of Fe(biby)3
2+. 

Analysis of UV-Vis spectroscopic data allows the determination of a reaction rate.  

 

Scheme 2.7: Photoactivation iron(II) reaction of 2.6 and bipy followed by UV-Vis spectroscopy 

 

 

Figure 2.4: The graph over time of photolysis of 2.6 followed by UV-Vis 
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Figure 2.5: Absorbance characteristic of Fe(biby)3
2+ λmax at 522 nm 

A rate of the photorelease of cyclopentadiene rings was determined the characteristic λmax 

for Fe(biby)3
2+ at 522 nm. The solution proved to complete the release of iron(II) after 5 minutes 

of photolysis. This determined a rate of production at 0.9 M Fe(biby)3
2+/s (Figure 2.6 

 

Figure 2.6: Rate of photochemical iron release from Fe(C5H4(C=OC6H5)C5H11)2 (2.6). 
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Photoactivation of Fe(C5H4(C=OC6H5)C5H11)2 2.13 was completed similarly to 

CpFe(C5H4(C=OC6H5)C5H11)2.6, 2.13 (0.25 mM, H2O/DMSO) and of 2,2′-bipyridine (bipy, 3 

equiv.) was dissolved in deoxygenated millipore water containing 0.75% DMSO. The solution was 

photolyzed (> 450 nm) in a quartz cuvette in the absence of oxygen for intervals of 10 seconds and 

analyzed by UV-Vis to detect the generation of Fe(biby)3
2+. The results are presented in Figures 

2.8 and 2.9. 

 

Figure 2.7: The graph over time of photolysis of 2.13 followed by UV-Vis 
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Figure 2.8: Fe(bipy)3
2+ absorption of 2.13 

Unfortunately, the rate of 2.13 was not able to be determined because the absorbance of 2.13 

interferes with the absorbance of Fe(biby)3
2+. No further studies were completed to determine the rate 

of photorelease and iron(II) reaction with bipy for 2.13.  It should be noted though that 2.13 was 

qualitatively faster than 2.6 at the 200 second time point.  

2.5 2-photon photoactivation  

2.5.1 Two-photon activation background 

Two-photon excitation may occur when two photons at the same energy simultaneously excite an 

electron to an energy state corresponding to the summation of the two photons’ energies, as depicted in 

Figure 2.9. 63 Two-photon excitation has been used for biological fluorescence to determine multiple 

channels for analyzing tissue. Excitation of small molecules has been minimally utilized as an absorbance 

source. 
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Figure 2.9: Two-photon excitation diagram 

2.5.2 Two-photon activation of CpFe(C5H4(C=O)C6H5C5H11) 2.6 and Fe(C5H4(C=OC6H5)C5H11)2  

2.13  

A process to perform photolysis on 2.6 and 2.13 utilizing two-photon activation was developed in 

order to increase the wavelength and decrease the energy required to activate the release of iron(II). This 

was studied to reduce the energy needed for the release of iron(II) from benzoylferrocene. This increase in 

wavelength would be optimal for clinical use to reduce negative side effect of a photodynamic therapy. 

Additionally, this would be interesting fundamental study of efficacy of a  photodynamic therapy with 2-

photon induction. To generate the energy comparable to that of a 452 nm wavelength source, the light was 

generated from a 1811 nm source and doubled with a crystal. Compounds 2.6 and 2.13 were irradiated for 

30 minutes in the presence of excess bipy and analyzed for the generation of Fe(bipy)3
2+ (Figures 2.11 and 

2.12). For both 2.6 and 2.13, the results indicate the generation of Fe(bipy)3
2+. 
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Figure 2.10: UV-Vis spectrum following 2-photon excitation of 2.6 after 30 minutes 

 

Figure 2.11: UV-Vis spectrum following 2-photon excitation of 2.13 for 30 min followed by 5 min 450 nm photolysis 
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To further the reaction, compound 2.6 was photolyzed with two-photon excitation for three hours 

at an energy equivalent to 452 nm similar to previous studies. It was shown that only around 30% of the 

photolysis reaction was completed through this time. 

 

Figure 2.12: UV-Vis spectrum following 2-photon excitation of 2.6 photoactivations for 3 h 

As a fundamental study, this proved the be successful, as Fe(biby)3
2+ was produced upon two-

photon activation. Unfortunately, two-photon irradation was not as dynamic of an activator as the light 

source used to study the rate of photoactiation of benzoylferrocenes as shown in section 2.4. Because of 

this two-photon activation will not be utilized in cell studies as a PDT light source. This difference in rate 

could be due to the surface area of the photon activation, as the all light source has a much higher surface 

area for a light source.  
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2.6 Experimental Methods 

General Procedure of 1-benzoylferrocene acylation. Anhydrous AlCl3 (0.98 g, 7.0 mmol, 1.3 

equiv) and acid chloride (5.9 mmol, 1.1 eqiuv) were allowed to react for 5 min in anhydrous 

dichloromethane (16.4 mL). Slowly, ferrocene in dichloromethane (1.00 g, 5.4 mmol, 1 equiv, 5.0 mL) was 

added dropwise via syringe for a 0.25 M final concentration of ferrocene. The dark blue solution was stirred 

overnight at ambient temperature. The reaction mixture was quenched in ice water, extracted into 100 mL 

of CH2Cl2, then washed successively with 75 mL of 10% NaOH solution, water, and brine. The organic 

layer was dried over anhydrous MgSO4, filtered, and the solvent removed under reduced pressure. 

Chromatography on silica gel with hexanes/ethyl acetate (90/10) as eluent led to isolation of the pure 1-

benzoylferrocenes.  

 

General Procedure for 1-benzoylferroence and 1,1′-dibenzoylferrocene  acylation. Anhydrous 

AlCl3 (0.98 g, 14.0 mmol, 2.5 equiv) and acid chloride (11.9 mmol, 2.2 eqiuv) were allowed to react for 5 

min in anhydrous dichloromethane (30 mL). Ferrocene dissolved in dichloromethane (1.00 g, 5.4 mmol, 1 

equiv, 10.0 mL) was slowly added dropwise via syringe and the mixture was then heated to reflux. The 

dark blue solution was allowed to stir for 72 h. The reaction mixture was poured into a flask of ice water, 

extracted into 100 mL of CH2Cl2, then washed successively with 10% NaOH solution, water, and brine. 

The organic layer was dried over MgSO4, filtered, and the solvent removed under reduced pressure. Unless 

other wise stated chromatography on SiO2 gel with hexanes/ethyl acetate (80/20) for the elution order of 

transparent acid chloride, secondly unreacted yellow ferrocene and subsequent of isolation of the orange 1-

benzoylferrocene and final elution orange-red of 1,1′-dibenzoylferrocene.  
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Compound 2.4 Prepared according to general procedure of 1-benzoylferrocene acylation using 

commercially available 4-ethyl benzoyl chloride. 78% yield. 1H NMR (500 MHz, CDCl3) δ 7.85 (d, J = 8.1 Hz, 

2H), 7.29 (d, J = 8.0 Hz, 2H), 4.91 (t, J = 1.9 Hz, 2H), 4.57 (t, J = 1.9 Hz, 2H), 4.21 (s, 5H), 2.73 (d, J = 7.6 Hz, 2H), 

1.29 (t, J = 7.6 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 198.93, 148.41, 137.40, 128.54, 127.86, 77.41, 77.16, 76.91, 

72.51, 71.68, 70.34, 29.06, 15.49. IR (CDCl3, cm-1) 1104, 1384.2, 1474, 1568, 1803, 2252, 2851, 2915, 2989, 

3154. HRMS (ESI-TOFMS) m/z calcd for [C19H19FeO]+ 319.0779; found, 319.0780  

 

 

 

 

Compound 2.5. Prepared according to the general procedure of 1-benzoylferrocene acylation using 

commercially available 4-butylbenzoyl chloride. 71% Yield 1H NMR (300 MHz, CDCl3) δ 7.84 (d, J = 8.1 Hz, 

2H), 7.27 (d, J = 6.9 Hz, 3H), 4.94 – 4.87 (m, 2H), 4.59 – 4.53 (m, 2H), 4.21 (s, 4H), 2.74 – 2.62 (m, 2H), 1.64 (d, J 

= 7.5 Hz, 2H), 1.39 (d, J = 7.5 Hz, 2H), 0.95 (t, J = 7.3 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 198.97, 147.13, 

128.43, 128.38, 72.68, 71.80, 70.47, 35.78, 33.48, 22.49, 14.09.; IR (CDCl3, cm-1) 1174, 1279, 1440, 1635, 1792, 

2253, 2866, 2932. HRMS (ESI-TOFMS) m/z calcd for [C21H23FeO]+ 347.1093; found, 347.1093 
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Compound 2.11. Prepared according to general procedure of 1-benzoylferrocene and 1,1`-

dibenzoylferrocene acylation using commercially available 4-ethyl benzoyl chloride. 63% Yield 1H NMR 

(300 MHz, CDCl3) δ 7.75 (d, J = 8.1 Hz, 4H), 7.24 (s, 4H), 4.95 – 4.87 (m, 4H), 4.59 – 4.51 (m, 4H), 2.72 (q, J = 7.6 

Hz, 4H), 1.29 (t, J = 7.6 Hz, 6H); 13C NMR (126 MHz, cdcl3) δ 197.81, 148.87, 136.74, 128.60, 127.95, 79.80, 77.41, 

77.16, 76.91, 76.70, 74.71, 73.20, 29.85, 29.07, 15.44. IR (CDCl3, cm-1) 1168, 1280, 1444, 1602, 1641, 2879, 

2969. HRMS (ESI-TOFMS) m/z calcd for [C28H27FeO2]+, 451.1359; found, 451.1355  

 

Compound 2.12. Prepared according to the General Procedure of 1-benzoylferrocene and 1,1`-

dibenzoylferrocene acylation using commercially available 4-butyl benzoyl chloride. 21% yield .1H NMR 

(300 MHz, CDCl3) δ 7.77 (d, J = 8.2 Hz, 2H), 7.25 (d, J = 8.2 Hz, 2H), 4.98 – 4.92 (m, 2H), 4.61 – 4.54 (m, 2H), 2.74 

– 2.67 (m, 2H), 1.67 (t, J = 7.7 Hz, 2H), 1.42 (dd, J = 15.0, 7.3 Hz, 2H), 0.98 (t, J = 7.3 Hz, 3H); 13C NMR (126 MHz, 

CDCl3) δ 197.69, 153.99, 148.74, 136.63, 128.47, 127.81, 77.28, 77.02, 76.77, 74.57, 73.08, 28.94, 15.29.; (CDCl3, 

cm-1) 1096, 1280, 1389, 1467, 1643, 1799, 2261, 2849 2979. HRMS (ESI-TOFMS) m/z calcd for 

[C32H35FeO2]+ 507.1983; found, 507.1981  
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Figure 2.13: Reported 1H NMR of compound 2.4 in CDCl3 
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Figure 2.14: Reported 13C NMR of compound 2.4 in CDCl3 
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Figure 2.15: Reported 1H NMR of compound 2.5 in CDCl3 
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Figure 2.16: Reported 13C NMR of compound 2.5 in CDCl3 
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Figure 2.17: Reported 1H NMR of compound 2.11 in CDCl3 



36 

 

Figure 2.18: Reported 13C NMR of compound 2.11 in CDCl3 
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Figure 2.19: Reported 1H NMR of compound 2.12 
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Figure 2.20: Reported 13C NMR of compound 2.12 in CDCl 
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Chapter 3 Cytotoxicity Studies of 1-

Benzoylferrocene Derivatives and Proposed 

Cytotoxicity Mechanism 
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3.1 Proposed catalytic initiation of Fenton and the Haber-Weiss for 1-

benzoylferrocene derivatives  

After studying the photoactivated release of free iron(II) from benzoylferrocene derivatives, in vitro 

studies were completed to determine the therapeutic potential of these compounds against cancer. We 

hypothesized that the photo-release of free iron(II) from benzoyl ferrocene derivatives can elevate levels of 

reactive oxygen species (ROS), from iron-catalyzed cycling of the Fenton and Haber Weiss reactions as 

shown in Scheme 3.1 leading to cancer cell death.64-66  

 

Scheme 3.1 Fenton and Haber-Weiss reaction scheme 

  

Cancer was sought as a target for our benzoylferrocene derivatives due to the previous literature 

describing the concentration of hydrogen peroxide as compared to healthy cells and sensitive to ROS shifts 

in concentrations. [4-9] We hypothesize that benzoylferrocenes have the potential to be a potent anti-cancer 

therapy due to the cells naturally occuring high levels of hydrogen peroxide and irons ability to increase 

ROS production resulting in cancer cell death (Figure 3.2). 
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Figure 3.2: Proposed effect of photoactivated benzoylferrocene through both Fenton and Haber Weiss reaction 

3.2 Cytotoxicity Studies of 1-Benzoylferrocene Derivatives 

To determine potency of the 1-benzoylferrocene derivatives, crystal violet assays were utilized to 

determine proliferation different concentrations of 2.1 - 2.2 and 2.4 -2.7 (Figure 3.3). The concentration to 

inhibited 50% of cell proliferation, (IC50) was calculated on the protocols described below. 
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Figure 3.3: Compounds treated in the HeLa and CaOV3 cell lines to determine cytotoxicity 

3.2.1 General Passaging Cell Studies Protocol 

The following studies were completed using a general protocol for in vitro cell culture as previously 

reported.67 Cells were passaged using sterile DPBS, DMEM, and trypsin kept at 37◦ C before passaging. 

Also, since the media does not contain a pH indictor, the cells were tested to ensure a pH range of 7.2-7.4. 

Media was removed and cells were washed with 3-5 ml of DPBS to ensure removal unadhered cells from 

the flask. Next, 1-2 ml of Trypsin was added to the T25 flask and incubated for 5-15 min at 37◦ C in an 

incubator. After incubation, 0.2-1.0 ml of the cells were resuspend in a new T25 flask with 5 mL of fresh 

DMEM media. The T25 flask was labeled with cell type, passage number (P#), date, and initials. Cells were 

incubated for 2-4 days to reach a minimum of 80% confluency. Every 4 days, media was changed and pH 

checked. 

DMEM was prepared in a sterile environment and consists of: 100X antibiotic, Sodium pyruvate 

100X-carbon source, Glucose, MEM NEAA 100X-amino acids, GlutaMAX 100X-dipeptide, supply of L-

alanine and L-glutamine, Fetal Bovine Serum (FBS). 
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3.2.2 Crystal Violet Protocol 

Crystal Violet is positively charged and highly conjugated compound that binds to negatively 

charged proteins and DNA in the cell (Figure 3.4). This dye is employed as a proliferation assay because 

adherent cells detach from cell culture plates upon cell death.68, 69 The measure of cell proliferation upon 

stimulation with crystal violet are able to quantify the effect of benzoylferrocene derivatives at various 

concentrations. 70  The following protocol was adapted from published protocols and optimized for 

photodynamic therapy as illustrated in Figure 3.5.68-70 

 

Figure 3.4: Crystal violet chemical structure 

 

Figure 3.5: Protocol for photolyzed plates following crystal violet staining 

Plating cells: Day 1 
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All steps were completed for cell passage up to resuspension of the cells in 5 ml of DMEM media. 

Next, the density of the solution was determined by counting the cells. Subsequently, 10 μL of unadhered 

cell solution was added to each end of the hemocytometer chip to ensure 3500 cell per well.  Next, cell 

counts were inputed into a cell seeding spreadsheet to calculate a final density of 3,500 cells per well of 

100 μl addition to a 96 well plate. Lastly, 3-4 wells were left without the addion of cells to use for control 

reactions. 

Adding compound: Day 2 

All concentrations of the benzoylferrocene derivatives were prepared so that the final concentration 

of all derivatives in the micromolar range. Next, 5 mL of DMEM was added for every 10 μL of 

benzoylferrocene derivative (or solvent control) in a sterile reservoir. Add control (solvent) first and then 

proceed to add the benzoylferrocene derivative from lowest to highest concentration. 

Photolysis: Day 3 

After 24 hours of incubation, the plates were photolyzed for 3 hours on an aluminum warming 

block with the yellow filter > 455 nm filter set to 37◦ C (Figure 3.6). The cell plate was then incubated for 

48 h additional hours. 
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Figure 3.6: Photolysis of plate on aluminum block at 37° C 

 

Fix cells and addition of crystal violet: Day 5 

After incubating for 24 hrs, the media was removed from each well. Next, 200 μL of 4% 

paraformaldehyde was added to each well to fix the live cells to the plate. The paraformaldehyde was 

removed after 30 min and then 100 μL of Crystal Violet was added to each well. The CV was incubated for 

30 min, and subsequently removed by washing the plate with di water 5x. The plates were dried by patting 

with paper towels and left to dry overnight.  

Plate Reading: Day 6 

After plate was fully dried, 180 μL of Sorensen’s buffer was added to each well. The plates were 

then placed into a Molecular Devices SpetraMax i3x plate reader and the emission/absorbtion (IDK) 

wavelength was set to 595 nm. Next, the cytotoxicity was calculated by using the following equation.  
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3.2.3 Calculations for Cytotoxicity  

The following equation was used to calculate the inhibitor concentration of 50% (IC50) from a graph 

of  percentage of cytotoxity versus concentration of compound. 

% cytotoxicity =
ODDMSO-ODSample

ODDMSO  x 100% 

Equation 3.8: Cytotoxicity equation using crystal violet absorbance 

 The ODDMSO and ODSample is the absorbance at 595 nm after background correction with the blank well. . 

OriginPro8 program/software was used to generate graphs and the  log[compound] (x-axis) and % 

cytotoxicity (y-axis) was used to illustrate the IC50 value 

3.2.4 IC50 charts and analysis 

The following cytotoxicity results correspond to the 1-benzoylferrocene derivatives used in the 

modified Crystal Violet protocol previously described (section 3.2.2) to determine a cytotoxicity graph and 

IC50. Two cell lines were selected to complete these studies: Immortal cervical cancer cells (HeLa) (Figures 

3.20-3.25) and a primary ovarian cancer with epithelial morphology cells (CaOV3) (Figures  3.26-3.30). 

Two cell lines were chosen to as they are different types of cancer to determine their potential as a broad 

chemotherapies. 
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Figure 3.7: Cytotoxicity of benzoylferrocene derivatives in HeLa cell line 

 

Figure 3.8: Cytotoxicity of benzoylferrocene derivatives in CaOV3 cell line 
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In order to calculate the PDT efficacy, the dark is divided by the light IC50 and the higher the value 

the more efficient the PDT. From the PDT values it can be concluded the functional group of the 1-

benzoylferrocene derivatives is highly dependent on the compound potency and specificity as a 

photodynamic therapy (PDT).  

Compound 2.7 was the most potent but did not have significant PDT efficacy for either HeLa and 

CaOV3 cell lines. Phosphonium salts have been proven to be mitochondrial targets because they are 

positively charged, and the inner mitochondrion has a negative charge gradient.71-74 The mitochondrion’s 

negative charge derives from the electrochemical gradient of protons across the inner membrane, which 

drive ATP synthesis for oxidative phosphorylation for the production of energy in the cell.75 This compound 

proved to be a potent but not effective PDT as it likely was localized in the mitochondrial matrix. 

Compound 2.4 showed a PDT efficacy in CaOV3 at 1.6 but not in the HeLa cell line. This could 

suggest that the ethyl group may have a better binding affinity to the CaVO3 cells. The HeLa cell line could 

have limited PDT efficacy due to a plethora of binding sources within or on the surface of the HeLa cell 

line, therefore inhibiting its light cytotoxicity. Compound 2.2 also had no significant dark and light 

cytotoxicity difference in both HeLa and CaOV3 cell lines.  

The compound 2.1 had a cytotoxicity of 43.6 M in the dark condition and 26.6 M in the light 

condition in the HeLa cell line. Compound 2.1 had a 1.8 difference of dark and light cytotoxicity at 48.2 M 

and light at 25.8 M for a difference of 1.9, similar to that of compound 2.4 in CaOV3 cell line. The 

differences between dark and light cytotoxicity in the 2.1 and 2.4 suggest that there is a PDT cytotoxicity 

mechanism, not what would be desired for a PDT. 

As a general trend, the more lipophilic the compound, the more cytotoxic and specific the PDT. 

This was observed for compounds 2.5 and 2.6. Compound 2.5 has an IC50 in HeLa cells at 16.0 M in the 

light and more significant than tested at 100.0 M for dark versus the light difference of > 6.25. The 
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compound 2.6 had double the dark and light different at > 13.3 with dark and light cytotoxicity > 100 M 

and 7.5 M. HeLa cell line did not display significant dependence due to the low potency of compound 2.4. 

Compound 2.6 had higher cytotoxicity and specificity than a currently used anti-cancer PDT 

Photofrin® compound 1.4. Photofrin® is photo-activated at 530 nm and 610 nm and has a different efficacy 

at ~3 between light and dark in human epidermoid carcinoma cells (A431) and 12.5 M in HeLa cell line.25, 

76  

3.2.5 NCI60 screen and analysis 

To assess whether benzoylferrocene derivatives were effective in various cancer cell types the 

compound 2.6 was sent to the US National Cancer Institute (NCI) to be tested in a 60 human tumor cell 

line anticancer drug screen (NCI60). The NCI60 is utilized as an in vitro drug-discovery tool in lieu of 

using animal models for anticancer drug screening. 77, 78 Compound 2.6 was shown to be ineffective in the 

dark condition in a one dose-response curve (Figure 3.8). These data confirm previous dark cytotoxicity 

data demonstrating minimal cytotoxic effect in the dark condition. Compound 2.6 was reported a decrease 

in cancer cell growth, meaning a more potent compound, in a variety of leukemia cancer cells. Using 10 

M of compound 2.6 resulted in a growth percentage of 49.81% in K-562 and at 55.6% and 56.8% in 

MOLT-4 and RPMI-8226.  Limited growth percentage was observed in pancreatic cancer PC-3 at 56.8. 

Future studies will aim to determine the therapeutic potential of benzoylferrocene derivatives against 

leukemia. A leukemia photodynamic therapy could be promising as blood can be filtered from the body to 

induce photolysis without the need of photolyzing the body. Further mechanisms could be completed to 

protect the healthy cells of unwanted cytotoxicity with clinically used iron inhibitors, as will be discussed 

in the following section.  
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Figure 3.9: NCI60 One Dose Mean Graph 
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3.2.6 Iron binding studies 

We next determined if the cytotoxicity of the benzoylferrocene derivatives was due to the organic 

cyclopentadiene or the release of iron(II) and oxidation to ferric iron through the Fenton reaction, (Figure 

3.1 and Figure 3.2). A ferric specific chelator of Deferoxamine mesylate (DFO) was utilized to determine 

if cytotoxicity was due to the release of iron(II) (Figure 3.11).79-83 DFO is a specific ferric chelator as it has 

a binding affinity of 1031, 1017 greater than that of Cu2+ and even more significant than that of ferric iron. 79 

Due to the oxidation state that DFO binds, it would indicate if the release of iron(II) and oxidization to 

ferric iron is toxic to cells. 

 

Figure 3.10. Deferoxamine mesylate binding iron(III) 

 

Figure 3.11: Cytotoxicity graph of 2.6 and DFO time points 
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Studies were done to determine DFO cytotoxicity in the HeLa cell line, and 50 M was used for 

the chelation studies. Multiple time points were completed with the addition of 50 M DFO (Figure 3.12). 

Original IC50 of 2.6 without DFO was 7.5 M and after 9 h incubation of 50 M DFO, the IC50 doubled to 

13 M. The addition of DFO at the same time as compound 2.6 altered the IC50 at 50 M more than 7 times 

the original cytotoxicity. This study suggests the release of iron(II) induces cytotoxicity. A previous lab 

member, Marissa Aubrey, additionally tested this hypothesis and found no cytotoxic effect of pre-

photolyzed benzoylferrocene derivatives in HeLa cells, suggesting that the cyclopentadiene is not inducing 

cell death.84 It is hypothesized that the dark cytotoxicity could be due to the low oxidation potential, as 

discussed in chapter 2 (Figure 2.3). The oxidation potential of 0.5 M GSH was found to be -0.16 in HeLa 

cell line.85 The oxidation peak potential at 0.580 V was found for 1.0 mM or 10.0 mM GSH, which would 

be enough to oxidize the benzoylferrocene derivatives and induce cell death. 85  

3.2.7 Flow cytometry of ROS generation and proposed of benzoylferrocene derivatives 

To better understand the cytotoxicity mechanism of the mono-substituted 1-benzoylferrocenes, 

flow cytometry was performed to determine localization of ROS generation within the cell. To complete 

these studies, two types of fluorophores were utilized, a cytosolic specific flourophore and a lipid specific 

phuorophore. Cytosolic ROS was studied through 2’,7’-dichlorofluorescein diacetate(DCFH-DA). DCFH-

DA is not active until it crosses the cell membrane. After it crosses the cell membrane it is de-esterified 

intracellularly, oxidized and ROS activated (Figure 3.13). 86-90.  
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Figure 3.12: Flow cytometry with fluorophore 2’,7’-dichlorofluorescein diacetate, and its reaction within the cell 

to initiate a fluorescent probe 

Compound 2.1 displayed a dose dependence increase of cytosolic ROS in HeLa cells, as shown in 

Figure 3.14. Interestingly, the dose-dependence increase between light and dark are at different 

concentrations, which agrees with the cytotoxicity data of dark IC50 of 44 M and light IC50 of 27 M. As 

the concentration of compound 2.1 increases (37.5 M Figure 3.14) the survival rate significantly decreases 

therefore an overall fluorescence decreases for the photolyed cells. This is illustrated in the cytotoxicity 

graphs in Figure 3.20 and Figure 3.25 as the cells are close to a 0% survival rate.  
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Figure 3.13: Compound 2.1 flow cytometry data with fluorophore DCHF-DA 

Compound 2.6 was also studied and found to have cytosolic ROS indicated by the increase of 

fluorescence at the high doses (Figure 3.15). Compounds 2.6 had diminished fluorescence at high 

cytotoxicity due to the limited number of cells; this can also be explained from its cytotoxicity graph in 

Figure 3.24 and Figure 3.30, as it displayed a plateau in cytotoxicity around 80% at higher concentrations 

for both dark and light conditions. It was also noticed that both the dark and the light concentrations had 

high concentrations of cytosolic ROS. 
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Figure 3.14: Compound 2.6 DCFH-DA fluorescence after 1 h light activation and dark 

This difference suggested compound 2.6 was either less toxic than 2.1 or that it may have a different 

mechanism. To test this, another fluorophore was utilized, C-11 BODIPY 581/591, a lipid peroxidation 

indicator (Figure 3.16). This fluorophore has been used in a variety of studies to test ferroptosis as a 

mechanism of cytotoxicity.91-94 

 

Figure 3.15: C-11 BODIPY581/591
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Figure 3.16: C-11 BODIPY lipid ROS fluorophore and 2.6 

 

 

Figure 3.17: Dark BODIPY treated with compound 2.6 
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Figure 3.18: Photolyzed 1 h photolysis BODIPY treated with 2.6 at high concentrations 

Flow cytometry experiments using C-11 BODIPY 581/591 demonstrated that compound 2.6 

induced high concentrations of lipid peroxidation, even at lower concentrations than its IC50. Additionally 

compound 2.6 demonstrated high concentration of cytotosolic ROS. These result suggest that ferroptosis 

may be induced through the photoactivation of iron(II) of benzoylferrocene.   

Overall these experiments report a high ROS increase of both cytosolic and lipid ROS within 

induced cancer cells. This may suggest a dual cell death mechanism through apoptosis and ferroptosis. In 

order to conclude future studies should be completed to determine upregulation of apoptosis and or 

ferroptosis inducing proteins.  
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3.3 Supplemental Information 

1. HeLa IC50 graphs 

 

Figure 3.19: HeLa % cytotoxicity graph of 2.1 in the dark and photoactivated 
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Figure 3.20: HeLa % cytotoxicity graph of 2.2 in dark and photoactivated 
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Figure 3.21: HeLa % cytotoxicity graph of 2.4 in dark and photoactivated 
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Figure 3.22: HeLa % cytotoxicity graph of 2.5 in dark and photoactivated 
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Figure 3.23: HeLa % cytotoxicity graph of 2.6 in dark and photoactivated 
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Figure 3.24: HeLa % cytotoxicity graph of 2.7 in dark and photoactivated 



65 

1. CaOV3 IC50 graphs  

 

Figure 3.25: CaOV3 % cytotoxicity graph of 2.1 dark and photoactivated 
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Figure 3.26: CaOV3 % cytotoxicity graph of 2.2 dark and photoactivated 
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Figure 3.27: CaOV3 % cytotoxicity graph of 2.2 dark and photoactivated 
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Figure 3.28: CaOV3 % cytotoxicity graph of 2.5 dark and photoactivated 
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Figure 3.29: CaOV3 % cytotoxicity graph of 2.6 dark and photoactivated 
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Figure 3.30: CaOV3 % cytotoxicity graph of 2.7 dark and photoactivated 
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Chapter 4 Cytotoxicity Studies of 1-

Benzoylferrocene Derivatives and Proposed 

Cytotoxicity Mechanism 
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4.1 Anti-cancer Cytotoxicity of 1,1′-Dibenzoylferrocene Derivatives 

As 1-benzoylferrocene derivatives displayed potential as photodynamic compounds against cancer, 

the 1,1′-dibenzoylferrocene derivatives were subsequently studied to determine their potential as a therapy. 

It is hypothesized that the photo-release of free iron(II) from benzoylferrocene derivatives would be more 

efficient due to high oxidative potential. These compounds are postulated to elevate ROS levels from the 

generation from iron-catalyzed cycling of the Fenton and Haber Weiss reactions. 64-66 

 

Figure 4.1: Chemical structures of the 1,1′-Dibenzoylferrocene derivatives tested in vitro 

Similarly, to the 1-benzoylferrocene derivatives in chapter 3, 1,1’-dibenzoyl ferrocenes 

cytotoxicity was studied in vitro in both HeLa and CaOV3 cell lines. Crystal violet dye was used as a 

histological stain to determine cytotoxicity through the proliferation of treated cell wells at various 

concentrations. Technical duplicate of a biological triplicate was studied to create all cytotoxicity graphs of 
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HeLa cell line (Figure 4.25-4.30), and CaOV3 (Figures 4.31-4.36). Bar graphs of all dark and light 

cytotoxicity were generated for HeLa, (Figure 4.2), and CaOV3 (Figure 4.4). 

4.1.1 HeLa cytotoxicity 

 

Figure 4.2: HeLa IC50 graph of 1,1′-dibenzoylferrocene   derivatives in both dark and 3h photolyzed conditions 

All derivatives displayed high cytotoxicity in the HeLa cell line after photolysis and displayed no 

significant cytotoxicity in the dark up to solubility, except 2.11. The data reported that 2.11 has dark 

cytotoxicity at 29.64 M, and the light was 11.37 M cytotoxicity, which affects it's photodynamic (PDT) 

efficacy to be the weakest of the bis-substituted derivatives, which is calculated to be 2.6. Other PDT 

efficacies (the difference between dark and light cytotoxicity) were more significant than 4.04-15.75 

because all dark cytotoxicity was higher than tested. The highest difference in PDT efficacy, was 2.13 as it 

was more significant than 15.75, which is the most specific and one of the most potent PDT of the 

benzoylferrocene derivatives. Also, as a similar trend to its mono-substituted derivates, the higher the 

lipophilicity, the more potent the compound. 2.8 and 2.9 displayed light cytotoxicity of 18.54 M, which 

suggests that they contain similar cytotoxicity mechanism and likely due to it is limited compared to other 

4.76

10.54

29.64

11.37

18.54 18.54

1.54 2.55

0

10

20

30

40

50

60

70

Dark* hv Dark* hv Dark hv Dark* hv Dark* hv Dark hv

2.13 2.12 2.11 2.9 2.8 2.14

IC
5

0
(

M
)

Compound



77 

bis-substituted derivatives. As the compounds contain a higher carbon content, the more potent the complex 

is due to its increased lipophilicity. Also, the phosphonium derivative similarly to the mono-substituted, 

2.13 was twice as potent as 2.12. 2.14 displayed a similar trend as previously described in the 

monosubstituted derivative as it displayed no PDT efficacy, even more surprisingly the dark was slightly 

more potent than the light. 

4.1.2 CaOV3 Cytotoxicity 

 

Figure 4.3: IC50 graph of 1,1′-dibenzoylferrocene derivatives in CaOV3 with dark and 3h photolyzed conditions  

To determine if the trends of cytotoxicity would be consistent with two cell lines, CaOV3 was 

tested. CaOV3 displayed very similar trends as HeLa: more lipophilicity the more potent. Differing from 

the HeLa cytotoxicity studies, 2.9 proved to have low efficacy as a PDT with a difference of dark and light 

at 1.5 with dark and light IC50 at 57.11 M and 37.11 M. Also, 2.9 displayed less light cytotoxicity than 

the 2.8 at 29.94 M. Phosphonium salt derivative 2.14 proved to keep with the previous trending of high 

potency but no PDT efficacy on either cell line. This trend further indicates that the mitochondrial target 
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was successful as a target but lost all specificity as a PDT. This trend was seen throughout all cell lines, 

spanning both the mono and bis-substituted derivative 2.14 and 2.7.  

Similarly, to the HeLa the cell line there were similar trends of lipophilicity correlated to 

cytotoxicity as 2.13 was the most cytotoxic at 1.78 M. Compound 2.12 derivative that was seen in both 

the cell lines to have half the cytotoxicity of 2.13. Throughout the studies of the 1,1′-dibenzoylferrocene 

derivatives, 2.13 proved to be the most potent PDT of the small group of molecules and went on to further 

testing.  

4.2 NIH 60 Cancer One Dose Mean Graph 

To assess the variability and versatility of the potent 1,1′-dibenzoylferrocene derivatives, 

Compound 2.13, investigation of cytotoxicity in various cancer types were considered, similar to 

experiment carried out on compound 2.6 in chapter 3. Compound 2.13 was sent to the US National Cancer 

Institute (NCI) for the 60 human tumor cell line anticancer drug screen (NCI60). 77, 78 Similarly to 2.6, 

Compound 2.13 was determined not cytotoxic enough to perform further studies past the one dose-response 

curve, (Figure 4.6). The NCI60 assay results for compound 2.13 in the dark was found to be 10 M. This 

supports previous dark cytotoxicity data that it would have little to no cytotoxic effect, but 2.13 is less toxic 

in the dark than 2.6 as most cell lines had a growth percentage above the control. Unfortunately, no 

accommodations could be made to induce light to determine cytotoxicity in the light with the 60 cancer cell 

lines. 

Despite this, leukemia cancer cell lines proved to be the only cell lines showing cytotoixic effect 

of 2.13. From the introduction of 10 M of 2.13, there was a significant inhibition of growth percentage 

cell lines K-562 at 38.23%, MOLT-4 at 47.30% and the most inhibited growth in CCRF-CEM at 5.52%. 

Some leukemia cell lines had no significant inhibition of cell growth in HL-60(TB) at 98.35%, ROPMI-

8226 at 81.81% and SR at 90.11%. 
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Based upon the above results, it can be concluded that the dark cytotoxicity is limited in 2.13, and 

furthermore could contain more potency in the light as a specific and potent PDT therapy. This shows 

promise for future studies to determine its potential as a leukemia anti-cancer agent. A leukemia 

photodynamic therapy could be useful as blood can be filtered from the body to induce photolysis. Further 

mechanisms could be completed to protect the healthy cells of unwanted cytotoxicity with clinically used 

iron inhibitors, as shown in the next section.  
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Figure 4.4: NCI60 dark cytotoxicity test 
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4.3 Ferric Iron Chelation Experiments 

To determine the cytotoxicity of the compounds, chelation experiments were carried out with 

deferoxamine (DFO) in the HeLa cell line similarly to chapter 3 for compound 2.13. The cytotoxicity was 

inhibited by dosing the 96 well plates with various concentrations of compound 2.13   with 50 uM of DFO 

before photolysis.  After dosing with DFO, there was less than 10% cell death (Figure 4.4), which is similar 

to the dark cytotoxicity. Additionally, the CaOV3 cell line displayed no cytotoxicity with the addition of 

DFO 4 hours before photolysis, as shown in Figure 4.7. These studies suggest the iron release is highly 

dependent on the potency of cytotoxicity. Both cell lines displayed better-decreased cytotoxicity than its 

2.6 derivatives. This suggests that the 1,1`-dibenzoylferrocene derivative has cytotoxicity dependent on 

iron release. After iron release, the iron oxidize to ferric iron, likely through the Fenton (Figure 3.1). Further 

studies should determine the iron cytotoxic mechanism of the most potent and specific PDT 2.13. Therefore 

flow cytometry studies were carried out to determine the mechanism of action. (section 4.4) 

 

Figure 4.5: HeLa cytotoxicity of DFO with 2.13 
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Figure 4.6: CaOV3 cytotoxicity with 2.13 and a DFO chelator added 7h before photolysis 

4.4 Flow cytometry of ROS generation 

Flow cytometry is a powerful analysis tool in which individual live cells are analyzed through size 

and granularity with a fluorescence through a capillary, (Figure 4.9). To determine if the Fenton reaction is 

generating reactive oxygen species(ROS) upon photolysis, cytosolic ROS fluorophore dichlorofluorescein 

diacetate, and lipid peroxidation C-11 BoDIPY were studied in live-cell flow cytometry.  

 

Figure 4.7: Flow cytometry diagram 
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4.4.1 Flow cytometry with lipid peroxidation C-11 BODIPY 581/591 

Compound 2.13 was selected for the ROS study as it was the most specific and potent compound 

of the bis-substituted derivatives (Figure 4.10). The blue shift of the fluorescence emission peak from 590 

nm to 515 nm indicated the oxidation of the polyunsaturated butadienyl. There was no significant blue shift 

in 2.13 after 12 h incubation. This suggests no lipid peroxides are affecting the cell at these concentrations. 

After 1 h photolysis followed by 1 h incubation of fluorophore the cells were analyzed by flow cytometry 

and a dose-dependent increase of lipid ROS within the cell for 2.13. These results are consistent with 

cytotoxicity of 2.13 as previously described. From these studies, 2.13 is suggested to induce lipid 

peroxidation. After high concentrations of 2.13 high amount of lipid peroxidation was induced and the 

fluorophore was quenched, and cell had a highly reduced survival rate as shown in the 25 M. This suggests 

that the cell has high concentrations of lipid ROS around and above the IC50 4.76 M of 2.13.  

 

 

Figure 4.8: Flow cytometry data of lipid ROS of HeLa cell incubation of 2.13 with 1 h photolysis and dark control 
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Figure 4.9: Flow cytometry data of HeLa cells incubation with 2.13 with lipid peroxidation fluorophore BoDIPY 

4.4.2 Flow cytometry with dichlorofluorescein diacetate 

Compound 2.13 was studied with cytosolic ROS fluorophore dichlorofluorescein diacetate, (Figure 

4.12). Cytosolic ROS was studied to gain insight in wherein the cell ROS is being generated and if it is. 

The fluorescence increase demonstrates the increased cytosolic ROS concentration in the cell. From no 

significant shift of increasing concentration of 2.13 demonstrated no cytosolic ROS generation within the 

cell at the same concentrations as its lipid peroxidation fluorophore. It was shown that there was no 

significant cytosolic ROS generation below and above the IC50 of 2.13. This is different from that of the 

mono-substituted derivative, 2.6 as cytosolic ROS was increased. From the limited cytosolic ROS and 

increase in lipid ROS, ferroptosis was suggested as a mechanism of cytotoxicity.91, 93, 95 
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Figure 4.10: Cytosolic fluorophore flow cytometry data of HeLa cells incubation with 2.13 in the dark and after 

1 h photolysis 

4.4.3 Flow cytometry of intracellular labile iron pool, Calcein-AM studies 

To determine the release of intracellular labile iron pool fluorophore Calcein-AM was studied. 

Calcein-AM fluorescence is quenched from the interaction with intracellular ferric iron. This study would 

complement the previously described DFO experiment of the release of iron(II) from benzoylferrocene and 

oxidation of iron(III) through the suggested Fenton reaction. This study demonstrated a dose-dependent 

increase of ferric iron within the cell after 1 h photolysis while in the dark does not affect the ferric iron 

concentrations showing in live cells that ferric iron was released after photolysis suggesting that ferric iron 

is only released after photolysis. Further indication that 2.13 is biologically stable in the cell without 

photolysis and is oxidized to iron(III). 

 

 

 

0

25000

50000

75000

100000

erastin 0 1.5 3 6

F
lu

o
re

s
c

e
n

c
e

 o
f 

D
C

F
H

-D
A

Concentration of compound (M)

dark

hv



86 

 

 

Figure 4.11: Calcein-AM treated cells treated with 2.13. (left) Dark treated HeLa cells, (right) 1h h photolyzed 

treated HeLa cells 

4.4.4 Iron Uptake ICP-MS Studies 

Previous ICP-OES studies were completed by Marissa and Christina to determine iron 

concentrations within the cell of previously synthesized compounds. From these studies it was reported that 

compound 2.13 and 2.6  had a 51 and 18.9 after 2 h incubation while 2.1 reported a less than that of the 

control.84, 96 As a control, HeLa cells were not treated with any compound. We utilized inductively coupled 

plasma optical mass spectrometry (ICP-MS) to detect iron concentration due to the instrument’s sensitivity 

and lower detection limit. HeLa cells were grown in a 150 cm2 flask confluent, and then treated with 12 

M solution of each compound in FBS-free media for either 2 h while the control flask was prepared with 

an identical concentration of DMSO. The cells were then harvested for iron and protein analysis. Protein 

content was determined by the Pierce BCA Protein Kit. Following lyophilization and treatment with 

concentrated HNO3, iron concentration was quantified by ICP-MS, at the UCSD CAICE facility ran by 

Neal K Arakawa. Experiments were performed in triplicate. 
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Figure 4.12: Standard calibration curve of BCA Protein Assay 

 

 

Figure 4.13: Ratio of iron compared to controlled from ICP-MS 

The experiment displayed a limited increase of iron in cells incubated with 2.4, 2.11 and 2.12 

compared to the control. Unfortunately 2.5 was similar to that of the control which is what 2.1 reported.84  
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From previously described flow cytometry and DFO studies, iron overload was initiated after 

photoactivation. More specifically, ferroptosis is proposed as 2.13 cytotoxic mechanism as described in 

Figure 4.14. The 1-benzoylferrocene and 1,1′-dibenzoylferrocene derivatives have proven to induce 

cytotoxicity. The compound 2.13 additionally reported the released iron(II) into the cell after photolysis, 

which likely oxidizes to iron(III) within the cell as suggested from the DFO and Calcein-AM experiments.  

To further determine cytotoxic mechanism protein and RNA expressions of induced live, HeLa 

cells were studied in multiple time points by western and RT-qPCR. To study the mechanism of 2.13, the 

expression of VDAC, GPX4, and SOD1 were studied.  

 

Figure 4.14:  Proposed cytotoxicity mechanism of 1,1′-dibenzoylferrocene   
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4.5.1 SOD1 RT-qPCR and western blot 

Superoxide dismutase (SOD1, SOD2, SOD3) is an enzyme that limits the detrimental effects of 

ROS.97 SOD1 contains a copper-zinc active site responsible for catalyzing the oxidation of superoxide to 

hydrogen peroxide and dioxygen.97-99 SOD1 has been reported to be activated during ferroptosis cell death 

mechanism.100, 101 Therefore to tease out the mechanism of actions I decided to do western blots of both 

dark and photolysis with a one hour and four-hour incubation, there was an apparent dose-dependent 

increase of expression only after photolysis with a 4 h incubation of 2.13. This trend is also seen on RT-

qPCR. Hydrogen peroxide at 125 M incubated for three hours before lysing the cell and purification of 

protein as apoptosis and sod1 control.102 It was seen to have an increase in SOD1 production, which was 

expected additionally.  

 

 

 

Figure 4.15: Western blot raw data image of b-actin and sod1 after 1h photolysis 

 

Figure 4.16: Western blot raw data image of b-actin and sod1 dark control 
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Figure 4.17: Western blot quantization of SOD1 from incubation HeLa cells with 2.13 

 

Figure 4.18: SOD1 PCR data of HeLa cells incubated with 2.13 with and without 1 h photolysis 

Both the western and PCR data report an increase in SOD1 after photoactivation and 4 h incubation 

of compound 2.13.  
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4.5.2 VDAC1 RT-qPCR and VDAC2 western blot 

Voltage-dependent anion-selective channel (VDAC1, VDAC2) are human beta-barrel proteins that 

form ion channels in the outer mitochondrial membranes and the outer cell membrane. 103-105 The 

mitochondria are responsible for the synthesis of ATP for cell survival. VDAC1 and VDAC2 regulate the 

volume of ATP, ADP, and NADH diffusion out of the mitochondria into the cytoplasm.106 VDAC1 allows 

for communication between the mitochondrion and the cell; this regulates cell metabolism and signaling 

for cell death initiation.107, 108 VDAC isoforms are essential for the regulation of cell metabolism, 

mitochondrial apoptosis, and spermatogenesis and overexpression of this pore could lead to apoptosis in 

the cell. Erastin, a ferroptosis inducer, has been reported be VDAC modulator and upregulated.  109 

 

 

 

Figure 4.19: Raw data of 2.13 incubation HeLa cells with b-actin and vdac1 after 1 h photolysis 

 

Figure 4.20: Raw data of 2.13 incubation HeLa cells with b-actin and vdac1 dark 
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Figure 4.21: VDAC1 western blot data with incubation of compound 2.13 with and without photolysis 

 

RT-qPCR displayed a dose-dependent gene increase after 1 hour and overall increase of gene 

expression 4 h but was back to homeostasis with consistent regulation after 24 hours. 

 

 

Figure 4.22: VDAC1 PCR data with incubation of compound 2.13 with and without photolysis  
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4.5.3 GPx4 RT-qPCR and western blot 

Glutathione peroxidase 4 (GPx4), is one of eight mammalian isoenzymes(GPx1-8).101, 110-114 GPx4 

is a phospholipid hydroperoxide that inhibits lipid peroxidation by catalyzing the reduction of hydrogen 

peroxide, organic hydroperoxides, and lipid peroxides from the reduction of glutathione to glutathione 

disulfide, (Figure 4.23). This reaction occurs from activation of selenol (-SeH) is oxidized by peroxides to 

selenenic acid (-SeOH), which is then reduced with glutathione (GSH) to an intermediate selenodisulfide 

(-Se-SG). GPx4 is reactivated by a second glutathione molecule, releasing glutathione disulfide (GS-SG). 

Inactivation of GPx4 leads to an accumulation of lipid peroxides, resulting in ferroptosis cell death.112, 115, 

116 

2 glutathione + lipid–hydroperoxide → glutathione disulfide + lipid–alcohol + H2O 

Figure 4.23: GPx4 Cell saving mechanism 

 

 

Figure 4.24: GPx4 RT-qPCR 

0.00

5.00

10.00

15.00

20.00

25.00

0 1.6 3 6

R
el

a
ti

v
e 

E
x
p

re
ss

io
n

Concentration of Compound (M)

1h
4h
24h



94 

Through studies of VDAC, GPx4 and SOD1 were all upregulated. After 1 h irradiation VDAC1 

was increased in a dose-dependence, while either GPx4 and SOD1 was not significantly affected. After 4 

h irradiation, GPx4 and SOD1 were also upregulated in both the protein and RNA levels. These studies 

suggest that 2.13 is indeed going through a ferroptosis mechanism. While this does not eliminate other cell 

death mechanisms, other studies should be completed to determine if apoptosis is also induced as ROS 

levels displayed increased. 
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4.6 Supplemental Information 

 

Figure 4.25: IC50 graph of 2.8 in Hela with dark and 3h photolyzed conditions 
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Figure 4.26: IC50 graph of 2.9 in Hela with dark and 3h photolyzed conditions 
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Figure 4.27: IC50 graph of 2.11 in Hela with dark and 3h photolyzed conditions 
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Figure 4.28: IC50 graph of 2.12 in Hela with dark and 3h photolyzed conditions 
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Figure 4.29: IC50 graph of 2.13 in Hela with dark and 3h photolyzed conditions 
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Figure 4.30: IC50 graph of 2.14 in Hela with dark and 3h photolyzed conditions 
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Figure 4.31: IC50 graph of 2.8 in CaOV3 with dark and 3h photolyzed conditions 
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Figure 4.32: IC50 graph of 2.9 in CaOV3 with dark and 3h photolyzed conditions 
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Figure 4.33: IC50 graph of 2.11 in CaOV3 with dark and 3h photolyzed conditions 
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Figure 4.34: IC50 graph of 2.12 in CaOV3 with dark and 3h photolyzed conditions 
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Figure 4.35: IC50 graph of 2.13 in CaOV3 with dark and 3 h photolyzed conditions 
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Figure 4.36: IC50 graph of 2.14 in CaOV3 with dark and 3h photolyzed conditions 
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Experimental of Lipid Peroxidation C-11 BODIPY 581/591 

 Lipid ROS was measured on a flow cytometer with treated HeLa cells with fluorophore C11-

BODIPY 581/591. Cells were plated on a 6-well plate and treated with various concentrations of either 

2.13 then incubated for 12 hours. Cells were then kept dark as control or photolyzed for one h with a 

>450nm filter. The cells were then treated with 50 M C11-BODIPY for 1h. Cells were then washed three 

times with DPBS, trypsinized, and resuspended in a 5% FBS DPBS solution. A minimum of 10,000 cells 

was analyzed per condition. 

Experimental of DCFH-DA indicator dichlorofluorescein diacetate 

Cytosolic ROS was measured on a flow cytometer with HeLa cells treated with DCFH-DA. Cells 

were plated on a 6-well plate and treated with 2.13 and incubated for 12 hours. Cells were kept dark control 

or photolyzed for 1 hour with a >450nm filter. Cells were treated with 10 M DCFH-DA for one h then 

excess fluorophore was washed with DPBS, trypsinized and resuspended with DPBS with 5% FBS. 

Oxidation of DCFH-DA is proportional to cytosolic ROS generation and was analyzed using a flow 

cytometer.  A minimum of 10,000 cells was analyzed per condition. 

Experimental of Calcein-AM  

Intracellular labile iron pool(LIP) was measured on a flow cytometry with a LIVE/DEAD ® 

Viability/Cytotoxicity Kit *for mammalian cells*. Cells were plated on a 6-well plate and treated with di-n-

pentyl-benzoylferrocene then were incubated for 24 hours. Cells were then kept either as a dark control or 

photolyzed for 1 h with a >450 nm filter. Next, the cells were then washed with DPBS, trypsinized, and 

resuspended in 1mL DPBS with 5% FBS. The cell suspension was treated with 2 L of 50 M Calcein-

AM and 4 L of 2 mM ethidium homodimer-1 then allowed to incubate for 20 min in the dark. The cells 

were then analyzed the flow cytometer. A minimum of 10,000 cells was analyzed per condition. 

 

Iron Uptake Studies 
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Cell Cultivation, Addition of Complexes, and Cell Harvesting 

 In a 75 cm2
 flasks HeLa cells were cultivated as a monolayer in dMEM. The substances were 

diluted in DMSO (2.4, 2.5, 2.11, 2.12, 5.6, 5.7) or water (FeSO4) then added to FBS-free cell growth 

medium. The HeLa cells were exposed to the drug and controls containing media for a period of 2h. The 

media was removed and the cell monolayer was washed gently three times with 15 mL of warm dPBS. The 

cells were then treated with 3 mL of trypsin for fifteen minutes and resuspended in 15 mL of fresh FBS-

free media. The cell suspension was subsequently centrifuged at 1200 rpm (4 °C) for 5 min three times, and 

the pellets were washed twice with 10 mL of dPBS between cycles. The pellets dried upside-down for 10 

minutes then stored at -20 °C until analysis. 

 

Determination of Protein Concentration 

The cell pellets were homogenized in 5 mL of 0.001% Triton X-100 solution by vortexing followed by 

sonication (5 x 5 s). 1 mL was removed for protein quantification and the remaining 4 mL were lyophilized 

in preparation for iron quantification. Protein concentration was determined by the Bradford method using 

the commercially available Pierce™ BCA Protein Assay Kit # 23225 prepared per the manufacturer’s 

instructions. Protein standards were prepared using human serum albumin (HSA) in 0.001% Triton X-100 

solution. As Triton X-100 is a known interfering substance, additional dilutions of the protein standards 

were done using an identical concentration of the detergent. A calibration curve was constructed by 

calculating the 590/450 nm absorbance ratio using a micro-plate reader. The protein concentration of the 

cell lysates were determined as described by Zor and Selinger (see discussion section). A standard protein 

calibration curve is shown below. 

 

Determination of Iron Concentration 

The lyophilized samples were dissolved in 230μL of concentrated nitric acid and heated at 65°C for 6 h. 

The samples were then diluted to a total volume of 10 mL using 0.1% Triton X-100 and the iron 
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concentration (ng/g) was determined by ICP-MS. The iron concentration was then related to the protein 

concentration to account for differences in biomass between separate flasks. Results are expressed as an 

average of three independent experiments. 

 

RNA Preparation and Reverse Transcription Quantitative Polymerase Chain Reaction Analysis  

HeLa cells were incubated with 2.13 for 12 hours than exposed to 1 h hv and allowed to be 

incubated for multiple time points. Culture medium was removed and washed three times with cold dPBS 

incubated with TRIzol reagent for 5 min. Cells were pelleted by centrifugation and RNA isolated completed 

as outlined by TRIzol kit. The concentrations of RNA was determined with a Nanodrop Lite 

spectrophotometer (Thermo Scientific). Reverse transcription was performed by using 1 µg of RNA and 

following instructions from the iScript cDNA Synthesis Kit (BioRad, Hercules, CA). Real-time quantitative 

polymerase chain reaction (RT-qPCR) experiments were completed on a CFX96 quantitative polymerase 

chain reaction (qPCR) system (BioRad) with Ssoadvanced SYBR Green reagent (BioRad). Primers were 

designed through (http://primerdepot.nci.nih.gov/). Transcription levels were quantified with the Ct value 

normalized to alpha tubulin (TUBA1A2). 

Protein Preparation and Western Blots  

HeLa cell lysates were prepared in a RIPA buffer. After protein concentration determination by 

Bradford Reagent, protein samples were subjected to gel electrophoresis by using Nupage 4–12% (wt/vol) 

Bis-Tris gradient gel (ThermoFisher). Western blots were developed and imaged using a ChemiDoc Touch 

Imaging System (BioRad).  
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Chapter 5 Ferroptosis Inducing Endoperoxide 

Tethered to 1-Benzoylferrocene and 1,1`-

Dibenzoylferrocene Cytotoxicity Studies 
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5.1 Background of biological activity endoperoxides  

Endoperoxide biological activity was discovered back in 1971 in a natural herb medicine Artemisia 

annua L that was originally a traditional Chinese medicine.117, 118 The endoperoxide A. annua L, was 

considered to be the active constituent of its antimalarial and anticancer activity. The 2015 Nobel Prize in 

Medicine was awarded for Youyou Tu for purifying and discovering artemisinin antimalarial activity and 

developing it as a treatment. 119-122 The semisynthetic derivates dihydroartemisinin, artemether, arteether, 

and artesunate proved to have biological activity but as anticancer compounds.119, 123-125 Endoperoxides are 

also reported to be biologically important to convert arachidonic acid to PG endoperoxides PGG2 and 

PGH2 by the action of COX for nonsteroidal anti-inflammatory drugs (NSAIDs). 126 

 

Figure 5.1: Previously synthesized endoperoxides with reported antimalarial and anti-cancer activity 

Recently, Woerpel and Stockwell synthesized and studied the endoperoxide, FINO2 (Figure 5.2).  

It was reported that FINO2 induced ferroptosis in BJ-hTERT and CAKI-1 cells lines with IC50 values of 20 

M and 18 M respectively. 127 FINO2 was reported to oxidize ferrous to ferric iron, which is an initiator 

of ferroptosis but it does not bind to GPx4 as previous ferroptosis inducers have reported.91, 92, 101 
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Figure 5.2: Previously reported compound FINO2 chemical structure 

5.2 Cytotoxicity studies of FINO2 and tether 1-Benzoylferrocene and 1,1`-

Dibenzoylferreocene derivatives  

Incorporation of FINO2 endoperoxide to 1-benzoylferrocene and 1,1`-dibenzoylferrocene was 

synthesized to produce a family of photoactivated iron-peroxide agents (PIPAs). This generation of 

compounds was hypothesized to be more potent due to the ferrous iron-oxidizing behavior of FINO2 and 

light activates free iron(II) releasing capacity of 2.6 and 2.13 (Figure 5.3). The endoperoxide adduct would 

then initiate Fenton chemistry and increase ROS concentrations, which could induce higher cell death after 

light activation. Collaborator Alexander Braddock, of the Theodorakis lab, completed the synthesis of 

PIPAs, from compounds 2.3 and 2.10 (Figure 5.4).  

 

Figure 5.3: Compounds 2.6 and 2.13 chemical structures 
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Figure 5.4: Synthesis of PIPA1 and PIP2 compounds completed by Alexander Braddock. A) a. NaI, acetone, 25 

ºC, overnight; b. NaH, FINO2, DMF, 25 ºC, overnight  B) a. NaI, acetone, 25 ºC, overnight; b. NaH, , FINO2,  DMF, 25 ºC, 

overnight   

5.2.1 Cytotoxicity of FINO2 and PIPA1 

FINO2 proved to be biologically active in both HeLa and CaOV3 cell lines and surprisingly have 

increased cytotoxicity upon photoactivation that was not previously reported (Figure 5.5).128 FINO2 

displayed dark and light cytotoxicity in the HeLa cell line at 9.92 M, and 7.15 M. In CaOV3 cell line 

dark and light cytotoxicity was reported at 18.21 M and 9.23 M. CaOV3 had the highest PDT efficacy, 

difference of dark and light cytotoxicity to determine specificity and effectiveness of a PDT, of 1.97. This 

difference of light and dark cytotoxicity is hypothesized to be from light activation of biradical oxygen. 

Peroxide light activation has been previously reported and used in light-activated teeth whitening and 

thermally activated chemiluminescence. 127, 129-132 With incubation of 2.13 at 0.4 M proved to have no 

significant potency of cytotoxicity, but additionally no harmful effects.  
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Figure 5.5: Cytotoxicity of FINO2 and FINO2 with 2.13 

5.2.2 Cytotoxicity of PIPA1 and PIPA2 

PIPA1 and PIPA2 proved to have relatively high potency in cancer cell lines. PIPA1 displayed no 

dark cytotoxicity up to solubility and 7.66 M after 3 h photolysis in the HeLa cell line. The PDT efficacy 

was 9.79, which was similar to compound 2.6. Although differing from compound 2.6, in that CaOV3 had 

limited specificity as a PDT. It is dark, and light cytotoxicity was 5.92 M and 3.07 M, a difference of 

1.92. This difference proved that this generation of compounds has a cell line dependent PDT efficacy. 

PIPA2 also proved to have limited PDT efficacy both in HeLa and CaOV3 cell line and the same cytotoxic 

effect as FINO2, which limits its utility as a ferrocene scaffold of FINO2. 
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Figure 5.6:  Cytotoxicity of PIPA1 and PIPA2 in HeLa and CaOV3 

In agreement with previous studies, FINO2 ferrocene derivatives were found to have potent 

cytotoxicity, but not reported to have PDT efficacy. PIPA1 was noted to be the best PDT of the 

endoperoxide generation with the best PDT specificity, as it had no dark toxicity in HeLa cell line. The 

cytotoxicity of PIPA1 was similar to compounds 2.6 and 2.13 in the HeLa cell line. Unfortunately, PIPA1 

PDT efficacy was not seen in CaOV3 nor any cell line with PIPA2 derivative. As this work shows promise, 

future studies should be to optimize PIPAs by limiting dark cytotoxicity in all cell lines. 
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6.1 Background of cobalt(III) and cobaltocenium biological discoveries 

Cobalt(III) was not seen as a biologically active metal until discovery in metalloenzyme, vitamin 

B12, back in 1948.133 Since the discovery of vitamin B12, cobalt (III) displayed cytotoxicity in a variety of 

inhibitors mechanisms, such as DNA replication, topoisomerase II, and Heme oxygenase-1.134-139 

Additionally, cobalt (III) has been utilized as a cationic scaffold for localization of compounds within cells, 

and it has been shown to accumulate within nucleus. As DNA is negatively charged and utilized as an 

indicator for DNA health.140-142 

 

Figure 6.1: Previously reported cobaltocenium peptide compound 

Lipophilic cobaltocenium similarly has been used for imaging in the cell with peptide linked to a 

fluorescent probe, unsurprisingly within the nucleus (Figure 6.1).143, 144 Cobaltocenium has also been 

utilized as a scaffold to induce membrane permeability similarly to ferrocene. Cytotoxicity was reported 

against cancer with cobaltocenium and well-known toxic metals such as mercury(I) and gold(I) (Figure 
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6.2).145, 146 The cobaltocenium itself with a carboxylic acid substitution displayed no significant 

cytotoxicity.145 

 

146 

Figure 6.2: Previously reported cobaltocenium cytotoxicity145, 146 

6.2 Cytotoxicity of Cobaltocenium 

Lab member Pengjin Qin synthesized a trisubstituted cobaltocenium complex bearing a methyl, 

trimethylsilane (TMS), and a sulfone functional group, as shown in Figure 6.3. This compound is 

hypothesized to have biological activity due to its added substituents. 
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6.5 

Figure 6.3: Chemical structure of cobaltocenium studied in HeLa cell line 

This complex was tested in the HeLa cell line and proved to be the first monometal cobaltocenium 

complex to possess cytotoxicity with an IC50 value of 54.19 ± 3.10 M with an R2 value of 0.989 (Figure 

6.4). It is hypothesized that the complex is toxic due to the sulfone and/or trimethyl silane addition. Sulfones 

have been proven to possess antimicrobial and anticancer activity147, 148. Silyation functional groups have 

proven to improve the lipophilicity and cytotoxicity of complexes .149-152 Silabolin®  a Russian drug  with a 

silyation function group exhibits low toxicity, high anabolic potency, and long duration of action.152  

  

Figure 6.4: Cytotoxicity graph of the first cobaltocenium complex to contain anticancer activity 
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This study supports previous studies that cobaltocenium shows promise as a scaffold for biological 

activity. The cytotoxicity of cobaltocenium proved to be less potent than other iron containing metallocenes 

previously reported in previous chapters. Ultimately it was the first monometal cobaltocenium to report 

anticancer cytotoxicity and proves as a promising scaffold for future studies.    
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Chapter 7 First NMR Evidence of a Monomeric 

Carbene Cu(I)-Hydride Species and Postulated 

Rearrangement of Pinacolborane 
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7.1 Background on Copper Hydride 

Wurtz discovered the first copper(I)-hydride species in 1844, but it did not gain interest as a catalyst 

until Stryker’s reagent [(Ph3P)CuH]6, was reported in 1971.153, 154 Copper(I) hydride has been studied in a 

wide range of organic reactions; such as hydrosilylation of ketones and aldehydes along with the 

regioselective conjugated reduction of carbonyl derivatives, including unsaturated ketones, aldehydes, and 

esters. 154-156 Although heavily studied mechanistically, isolation of the copper hydride monomers is still 

sought after.157, 158 

Phosphine and carbene-ligated copper hydride complexes have been postulated as key 

intermediates in a wide range of synthetic organic transformations.159 In 2004, N-heterocyclic carbene 

(NHC) ligands were used to stabilize dimeric copper-hydride complexes for the isolation and structural 

characterization of compound 7.1 (Figure 7.1).160 Unfortunately, it was noted that 7.1 underwent slow 

decomposition, even at  40 oC. In 2011, utilizing the more σ-donating and bulkier menthyl-cyclic alkyl 

amino carbene (CAAC) ligand, the first room temperature stable copper-hydride dimer, 7.2, was isolated.161 

By enlarging the NHC ring from a 5-membered ring to a 6- or 7-membered ring, dimeric copper-hydrides 

[(6- and 7-NHC)CuH]2, 7.3 and 7.4, were also reported to be stable at room temperature.162 These dimers 

feature reactivity reminiscent of what is expected for their corresponding monomers. 
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Figure 7.1: Previous reported and structurally characterized carbene copper(I)-hydride dimers. 

7.2 Rearrangement and NMR Spectroscopy of the Copper Hydride 

In an approach to stabilize a monoligated copper-hydride monomer, it was hypothesized that much 

more sterically encumbering NHC ligands, such as 1,3-bis(2,6-bis(diphenylmethyl)-4-methylphenyl)-

imidazole-2-ylidene (IPr*) or 1,3‐bis[2,6‐bis[di(4‐tert‐butylphenyl)methyl]‐4‐methylphenyl]imidazol‐2‐

ylidene (IPr**), could provide kinetic and steric protection thereby allowing for spectroscopic and solid-

state crystallographic characterization.163, 164 

 

Figure 7.2: Previously reported sterically demanding NHC ligands, IPr* (left) and IPr** (right). 
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A salt metathesis reaction between (IPr*)CuCl with potassium phenolate produced (IPr*)CuOPh 

(7.6). Addition of 1 equivalent of pinacolborane to a THF solution of 7.6 resulted in the formation of a deep 

orange solution along with copious amounts of a bright yellow solid precipitate (Scheme 7.1). 

 

Scheme 7.1: Synthesis of dimeric [(IPr*)CuH]2. 

This yellow solid, 7.7 was extremely moisture sensitive, and the 11B {1H} NMR spectrum of the 

supernatant revealed the presence of PhOBPin.165 The 13C{1H} NMR in C6D6 spectrum showed a notable 

shift of the carbene signal from 181.2 ppm (7.6) to 194.3 ppm (7.7) which resolves as a triplet (2JCH = 6.4 

Hz). The intense yellow color of the precipitate suggested the dimeric species [(IPr*)CuH]2 was isolated. 

A single crystal X-ray diffraction study confirmed the connectivity (IPr*)CuH dimer 7.7, which was 

crystallized from diffusion of pentane into a saturated benzene solution at 5 oC. The Ar* complex 7.7 shows 

a nearly linear arrangement of the C1-Cu1-Cu2-C2 framework with non-coplanar NHC rings. The Cu1-

Cu2 (2.3144(10) Å) and C-Cu (1.900(3) Å) distances are comparable to those reported previously in the 

literature.158, 160-162 Interestingly this resonance the hydride was significantly downfield shifted at 3.91 ppm 

in the 1H NMR spectrum compared to previously reported Cu(I)-H dimers 7.1-3.160-162 
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Figure 7.3. Molecular structure of 7.7 in the solid state. Ellipsoids are set at 25 % probability. Ligand hydrogen atoms and 

solvent molecules have been omitted for clarity. Selected distances [Å]: C1-Cu1 1.900(3); Cu1-H1 1.71(5); Cu1-H2 1.59(5); 

Cu1-Cu2 2.3144(10). Atoms Cu2, C2, and H2 are symmetry generated. 

 

 

Scheme 7.2: Immediate reactions of 7.6 with pinacolborane. 

At another attempt to isolate the monomeric copper(I) hydride IPr** was used as it provided 

additional extensive steric and kinetic protection of other highly reactive species.166 The initial reaction of 

(IPr**)Cu-OPh complex 7.6 (Scheme 2) with three equivalents of HBPin led to a colorless solution 

(Scheme 7.2). Monitoring through 13C NMR spectroscopy, two carbene signals were noticed immediately, 

a singlet at   192 ppm and a doublet at 185 ppm (Figure 7.4). Erik Romero studied the system by the 1H-

13C -HMBC NMR and correlated the carbene resonance in 13C NMR to distinctive proton signals at   4.26 

(7.10), and 2.14 ppm (7.9) (Figure 7.6). This was the first spectroscopic evidence reported for monomeric 

and dimeric copper(I) hydrides. No previous phosphine or carbene polynuclear copper-hydride clusters 

(LCuH)n have reported a solution-phase equilibrium with the corresponding copper(I) hydride monomers 

(LCuH). 
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Figure 7.4: Crude 13C NMR spectrum (C6D6) showing two species and carbene resonances of species 7.9 and 

7.10. 

 

Figure 7.5: The selected region of the 1H-13C HMBC spectrum of 7.9 and 7.10 in C6D6, completed by Erik 

Romero. 
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Scheme 7.3: Reactions of 7.6 with pinacolborane overnight. 

From the same reaction overnight, colorless needles in nearly quantitative yield crystallized. These 

were studied by X-ray crystallographic analysis. This revealed the formation of complex 7.8 featuring the 

phenoxide group at boron without pinacol (Figure 7.6) Further study of compound 7.8 displayed a 

resonance at -12.5 ppm in 11B NMR spectroscopy that resolved as a broad quartet (JB-H = 81.5 Hz) which 

confirmed the rearrangement of pinacolborane to the new LCuH2BHOPh species. The mechanism leading 

to 7.8 is not readily apparent but has never been reported from previously isolated phosphine or carbene 

copper(I) hydride species. Interestingly, the IPr* ligand did not display this type of reactivity with 

pinacolborane but was in its dimeric form. Notably, the IPr** ligand was the first monomeric copper(I) 

hydride species observed by NMR spectroscopy which suggest that rearrangement to compound 7.8 may 

be accessed from a monomeric Cu-H species. This reaction presents an avenue for studying the mechanism 

of this unprecedented reaction. 
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Figure 7.6: Molecular structure of 7.8 in the solid state. Hydrogen atoms other than those on boron have been 

omitted for clarity. Thermal ellipsoids are set at 25% probability. Selected distances [Å]: C1-Cu1 1.884(5); 

Cu1-B1 2.058(7); C1-Cu1-B1 178.6(3). 

 

 

In conclusion, bulky IPr* NHC ligand cannot support the monomeric copper(I)-hydride and 

therefore dimerizes immediately to form complex 7.10. While IPr** proved to have an equilibrium of 

monomer and dimer species in solution which led to LCuH borane stabilized species, 7.8.  This work  

strongly supports the hypothesis that copper hydride aggregates dissociate in solution and react as their 

corresponding monomers. 157, 158 
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