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ABSTRACT 

Research on transition metal based anticancer agents has led to novel and interesting approaches. 

Ruthenium-based agents have shown suitable properties and high structural diversity, with two 

representatives under current investigation in clinical trials (BOLD-100, TLD1433). Organometallic 

ruthenium(II) complexes exhibit high toxicity towards cancer tissue both in vitro and in vivo. Activation via 

aquation is the common mechanism of initiating cytotoxic activity. Therefore, balancing leaving group- and 

ligand design is critical for these metallodrugs, in order to prevent adverse effects (e.g. premature 

activation), and fine tune pharmacokinetic properties. Recently, an in situ generated N,O,O-tridentate ligand 

motif has been investigated in previous works. This novel class of metal arene complexes features a 

bioactive naphthoquinone ligand and a pyrazole moiety, which react in situ to this tridentate architecture. 

Impressive cytotoxic properties have been examined to correlate to complex stability, whereas 

unexpectedly high selectivity towards certain cancer cell lines was observed. Electron donating substituents 

on the naphthoquinone moiety have been shown to increase stability and cytotoxicity, exemplary for 

derivatives featuring methyl and ethyl groups. Starting from these, a ligand variation was conducted in 

course of this master thesis, with choice of longer and branched alkyl chains. Initially, ligands and 

complexes were synthesized and characterized via NMR spectroscopy and elemental analysis. In regard 

to different synthetic methods, moderate to good yields were obtained for ligands. Complexes were 

obtained in good yields. Theoretically, higher stability should be achieved by introduction of different alkyl 

substituents, whereas solubility would be expected to decrease. Stability was measured via UV/Vis and 

influence on redox properties was examined from preliminary cyclic voltammetry experiments. Overall, 

higher stability was observed for longer and branched alkyl derivatives, whereas solubility decreased, 

accordingly. Unsurprisingly, redox properties were not influenced by the choice of different alkyl 

substituents. However, complex mechanisms of redox chemistry were observed at harsh conditions, highly 

differing from the free ligands’. Cascades of reductive processes likely involve formation of ruthenium(I) 

species or reduction of the complexes’ carbonyl. Presumably, these processes are not applicable in 

biological medium, as high potentials are mandatory. 



 

ZUSAMMENFASSUNG 

Übergangsmetallbasierte Komplexe sind seit vielen Jahren Thema der medizinischen Chemie. 

Platinbasierte Verbindungen finden seit Jahrzehnten klinische Anwendung, weisen aber deutliche 

Nachteile auf. Neuartige Metallkomplexe auf Rutheniumbasis zeigen interessante Differenzen in ihrer 

Wirkungsweise, was sie zu vielversprechenden Kandidaten auszeichnet. Die Nachteile etablierter 

Verbindungen (z. B. geringe Selektivität, Resistenzen) könnten so überwunden werden. Zwei 

rutheniumbasierte Komplexe befinden sich derzeit in klinischen Phasen: BOLD-100 und TLD1433. 

Organometallische Rutheniumverbindungen sind ein weiterer vielversprechender Ansatz. „Piano stool“ 

Komplexe weisen ein stabilisierendes Aren auf, während weitere Liganden für eine Feinabstimmung der 

Eigenschaften variiert werden können. Vor kurzem wurde gezeigt, dass bei der Reaktion eines 

Organoruthenium-Dimers mit einem bioaktiven Naphthochinon und Pyrazol ein neuartiges dreizähniges 

Ligandenmotiv, koordiniert an das Metallzentrum, in situ gebildet wurde. Diese organometallischen 

Komplexe zeigten eine hohe Stabilität in wässrigem Medium, aber überraschenderweise auch 

beeindruckend hohe zytotoxische Wirkung. Außerdem wurde Selektivität für bestimmte Krebszelllinien 

beobachtet. Interessanterweise wurde bei Verwendung alkylsubstituierter Naphthochinone eine höhere 

Stabilität festgestellt, was durch den induktiven Effekt der Alkylgruppen erklärt werden kann. Intakter 

Transport in die Krebszelle spielt bei der klinischen Anwendung und der Vermeidung toxischer 

Nebeneffekte eine große Rolle und im Rahmen dieser Masterarbeit wurde deswegen der Einfluss 

verschiedener Alkylsubstituenten auf die Stabilität und das Redoxverhalten der entsprechenden 

Rutheniumkomplexe überprüft. Die Synthese von alkylierten Naphthochinonen und deren Komplexe, sowie 

Charakterisierung mittels NMR und Elementaranalysen stand am Beginn der praktischen Arbeit. Die 

Liganden wurden in moderaten bis sehr guten Ausbeuten isoliert, je nach verwendeter Synthesemethode. 

Die Komplexe wurden in guten Ausbeuten in hoher Reinheit erhalten. Die Stabilitätsmessungen wurden 

via UV/Vis durchgeführt und zeigten einen Trend zu höherer Stabilität in Korrelation mit längeren und 

verzweigteren Alkylsubstituenten. Zyklovoltammetrie diente zur Aufklärung der Redoxprozesse. Durch 

Variation der Alkylsubstituenten wurden erwartungsgemäß keine unterschiedlichen elektrochemischen 

Mechanismen beobachtet. Für alle Komplexe fanden Kaskaden reduktiver Prozesse statt, jedoch erst bei 

sehr harschen Bedingungen. Dies unterschied sich stark von der literaturbekannten Redoxchemie der 

freien Liganden, was eine sehr unterschiedliche biologische Wirkungsweise indiziert. Jedenfalls sind diese 

elektrochemischen Prozesse der Komplexe nicht im (krebs-)zellulären Medium zu erwarten. 
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1 INTRODUCTION 

1.1 CANCER 

Cancer is a collective term for malignant diseases, which arise from anomalies in organisms on both cellular 

and molecular level. Realignment of healthy cells’ biological characteristics can be entailed by aggressive 

interaction with surrounding tissue and other compartments of the body. Severe forms of cancer are life 

threatening and therefore major object of examination. Research on origins, but also distinction from healthy 

cells in terms of metabolism and (micro-)environment, has led to a better understanding of cancer 

throughout the last decades.1 The next chapters provide an overview about the current status of incidences 

and mortality worldwide, cancer biology and therapeutic approaches. 

1.1.1 Worldwide incidences and mortality 

Various forms of cancer afflict people worldwide, to emerge from converging factors like a country’s 

demography, standard of living or other epidemiological parameters. In the past, the non-communicable 

disease has always been a factor for premature death, but had been surmounted by other, mostly infectious 

diseases. Progress in medical research led to improved treatability of those, going along with higher life 

expectancy.2 Today, cancer has become the first or second highest cause of premature death in most 

countries worldwide, besides or after cardiovascular diseases.3 For 2020, 19 million incidences were 

estimated in total, whereas ten million cases ended deadly worldwide.4 Every tenth woman and one eighth 

of men are likely to be affected by some form of malignant disease throughout their life.3 Differing between 

affected parts of the body, sex and age is important, as origins are multifactorial.1 

 

Figure 1: Cancer incidences (blue) and mortality (orange) by cancer site. Estimated numbers worldwide 2020, all 
sexes.4 
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Breast cancer is both the predominantly diagnosed and deadliest form of cancer to women, having even 

surpassed the total number of lung cancer incidences in 2020 (Figure 1).4 Multifactorial influence on the 

hormonal balance by contraceptives or later age pregnancies were shown to add up to conventional risk 

factors and genetic predisposition. In higher income countries, the mortality rates have declined over the 

past years, presumably being result of early diagnoses, resulting from better accessible screenings.3 

Contrarily, lower income areas like Latin America, or Asia have shown an increasing number of deaths, 

arising from breast cancer.5 Nevertheless, a big gap between total numbers of deaths to incidences 

indicates overall good treatability (Figure 1). Lung cancer is the second most commonly diagnosed form of 

malignant diseases.4 Proven to be promoted by tobacco smoking, it goes along with the overall highest 

mortality rate.6 Male lung cancer incidents have shown decreasing numbers over the past years due to a 

recently decreasing amount of male smokers. As a consequence of different smoking behavior due to social 

declination, women have generally started smoking later than men.7 Resulting from this, incidence rates 

have now shifted, to show an increase for women alongside an overall high number of female smokers.3 

But as long term anti-smoking campaigns show impact, numbers are expected to drop within upcoming 

years.6 This indicates precaution to be an effective strategy for prevention of malignant diseases. Cleary, 

this does not work for all forms of cancer, but particularly anti-smoking campaigns can have a positive effect 

on future incidences of lung cancer.8 Colorectal cancer is the third most frequently diagnosed form of cancer 

in both sexes (Figure 1). Colorectal cancer statistics demonstrate the importance of early detection or 

precaution measures in cancer prevention. Early examination and corresponding surgical intervention have 

shown positive effects on the older population’s incidence rate in higher income countries. Contrarily, the 

younger population of those countries has shown an increasing number of incidences, a trend being linked 

to poor diet, deficient exercise and unhealthy lifestyle in general.3,8 Prostate cancer is the second highest 

form of cancer diagnosed for men, after lung cancer.5 An estimation of 1.4 million incidences for 2020 is 

opposed by an overall relatively low mortality rate of 375 000 deaths in total (Figure 1). For prostate cancer, 

genetic disposition seems to play a major role, alongside classical factors like lifestyle or diet. Early-stage 

detection has proven to be effective aside from improved treatability throughout the last years. Therefore, 

mortality rates are declining, whereas numbers of newly diagnosed cases increase with greater awareness 

for testing.3,9 Stomach cancer was the most commonly diagnosed form of cancer in the 1960s, but has 

been passed by others since then.3 Still, patients have to face a high mortality rate. An estimated number 

of about 0.7 million deaths oppose about 1.1 million newly diagnosed cases in 2020 (Figure 1). In addition 

to classical factors like lifestyle and diet, a high contribution is associated to infection with Heliobacter 

pylori.3,10 Often causing no symptoms, a fraction of the infected suffer from inflammatory diseases and a 

variety of cancers. Aside from therapeutic approaches, studies suggest broadly applied screenings and 

early targeting to be a more effective strategy in order to decrease future incidences.5 Another malignant 

disease linked to infection is liver cancer. Alongside alcohol abuse and other factors, Hepatitis B and 

Hepatitis C are strongly associated with development of hepatocellular cancer, a form of liver cancer 

represent about 90% of diagnosed cases.11,12 In 2020, an estimated amount of 905 000 incidences opposed 
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a total number of 768 thousand deaths (Figure 1). Overall, numbers of worldwide cancer incidences and 

deaths are both expected to increase drastically within the upcoming years. Changes in demography and 

exposure to risk factors alongside higher life expectancy are believed to entail these developments. For 

2030, worldwide cancer deaths are expected to reach 13 million, whereas incidences will rise up to exceed 

over 10 million cases, according to WHO data.13 

1.1.2 Biology of cancer 

Genetic alterations are the origins of malignant diseases. Nutrition, air- and environmental pollution, 

radiation, genetic predisposition, alcohol and tobacco consumption, chemical carcinogens and viral agents 

are some of the converging factors to initiate cancer on a molecular level.3 Induced chromosomal aberration 

and critical changes on DNA structure or composition, entail grave changes in cellular metabolism.14 Proto-

oncogenes, parts of the genome holding a critical role in cell differentiation and growth, show activation to 

induce oncogenic activity.1 Deregulated levels of biomolecules deriving from these oncogenes (e.g. RAS, 

c-MYC) are driving forces of uncontrolled growth and proliferation.15,16 Supportingly, growth suppressive 

mechanisms tend to be disabled. Overall, these mechanisms cumulate to high complexity and ultimately 

result in grave changes of cellular behaviour.14,17,18 Protective mechanisms go along with strong support of 

growth and proliferation, in order to sustain biological immortality and progression.19 These realignments 

are central characteristic of malignant cells. Hanahan & Weinberg attempted to break down these attributes 

of malignancy into six “Hallmarks of Cancer” in 2000 and 2011 (Figure 2).19,20 

 

Figure 2: The hallmarks of cancer. Adapted from “Hallmarks of cancer: the next generation” by Hanahan and 
Weinberg.19 

SUSTAINING PROLIFERATIVE SIGNALING  

Healthy cells’ growth is usually initiated by a signaling network involving recognition of external growth 
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biomolecules (e.g. phosphorylation cascades) act as modes of both signal transduction and amplification 

to reach and activate compartments responsible for growth initiation.22 Exemplary, receptor tyrosine 

kinases like EGFR (external growth factor receptor) are linked to pathways involving mediators historically 

named after their discovery in cancer research like Ras (rat sarcoma).23–25 Balancing levels of the respective 

proteins and enzymes, respectively their interaction, is critical for healthy cells. Deregulation of these levels 

is a central characteristic of malignant cells, resulting in excessive promotion of cell growth and proliferation. 

Mutations have been observed to initiate these irregularities in critical pathways, to entail malignant cellular 

behavior.26 

EVADING GROWTH SUPPRESSORS 

Tumor suppressing proteins play a critical role in healthy cells. Initiation of repair mechanisms, cell 

senescence, which is a form of silencing mechanism against unhindered proliferation, cell cycle arrest or 

self-induced cell death (apoptosis) can be results of tumor suppressing mechanisms.19,27 Rb and p53 

proteins act decisive in suppressive networks to keep a gate to tumorigenesis.19 Cell cycle progression to 

the S phase, which involves DNA replication, is controlled by Rb.28,29 Therefore, transcriptional events are 

affected by its suppressive function.30 p53 has a variety of modalities, including initiation of apoptotic 

signaling, DNA repair, but also inhibitory effects like interaction with mRNA and other effectors. G2/M cell 

cycle arrest and cell senescence, a state of abandoned cell division, can also be determined. Modulation 

by stability enhancement or decrement, but also cellular localization is critical for p53 activity.31–33 In healthy 

cells, ubiquitination, phosphorylation and acetylation balance promotion of stable p53 or its proteasomal 

degradation.34 Problematically, aberrations of Rb and p53 pathways are central characteristic of malignant 

cells. Mutations in p53 can lead to loss of the tumor suppressive function, deregulation of non-mutated p53 

or initiation of oncogenic activity.35 

ACTIVATING INVASION AND METASTASIS 

Invasion of surrounding tissue is one of the main aspects of malignant cells’ destructive nature.1 Increased 

cell motility has been addressed as one of the key factors of the diverse modes of single cell or multiple cell 

invasion. Factors responsible for intercellular adhesion like the epithelial-mesenchymal transition gene 

(EMT gene) can be weakened, to initiate invasion of surrounding compartments.36,37 Thus being able to 

corrupt extracellular tissue is favored by rewired metabolic pathways (e.g. glycolysis, nutrient-, fatty acid 

metabolism), converging in altered cell movement and realignment for cell survival parameters.38 The 

extracellular matrix (EMT) of primary tumors plays a major role on the interaction with surrounding 

compartments. Selective output of metabolites and enzymes not only features degradation of nearby tissue, 

but also has been affiliated to preventive measures against senescence, apoptosis, and interaction with 

therapeutic drugs, e.g. due to collagen barriers.39 Body dispersion of malignant cells via entrance to the 

blood stream or lymphatic vessels results from overcoming endothelial surroundings. Metabolic 

realignments secure cellular survival during transition.40 Extravasation and localization are influenced by 

vessel permeability and result in preferred colonialization at certain sites of the body. Additionally depending 
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on cell line specific characteristics, metastases localize in lymph nodes, liver, bone and other sites and are 

ought to overcome hostile conditions.41 

ENABLING REPLICATIVE IMMORTALITY 

Healthy cells’ replication is regulated. A number of replicative cycles is usually followed by termination via 

senescence or cell death, in order to limit uncontrolled propagation.19 These processes are mainly triggered 

by the shortening of telomere structures on the genome with proceeding number of replication. Telomerase, 

the enzyme responsible for telomere elongation, shows little activity in healthy cells. In contrast, it is 

overexpressed in most malignant cells, initiated by genomic aberrations.19,42,43 This reverse transcriptase 

is therefore associated with forced telomere elongation and prohibition of biological limitations like 

senescence and apoptosis. Therefore, a turnover to replicative immortality of malignant cells is central 

characteristic and problematically leads to uncontrolled proliferation of cancer tissue.44  

INDUCING ANGIOGENESIS 

Rewiring cellular surroundings is an important step during cellular growth, division and invasion of cancer. 

Malignant cells aspire to expedite influx of nutrients and oxygen from extracellular compartments, as well 

as efflux of dispenses.19 Therefore, tumor cells strive for buildup of vascular transportation networks via 

angiogenesis. Healthy cells carefully balance promotion and suppression of these processes, whereas 

malignant cells feature deregulated promotion to outperform inhibitory effects.45 Exemplary, signaling 

proteins like the class of vascular endothelial growth factors (VEGF), but also cytokines or oncogenes like 

c-myc have been associated with the new formation of blood vessels during angiogenesis.46 In addition, 

promotion of chronic inflammation on the cancer site leads to recruitment of lymphocytes. These, usually 

being involved in healing processes, excrete pro-angiogenic factors to support assembling vascular 

structures.47–49 Recruitment of endothelial cells for vasculogenesis, the differentiation process to blood 

vessels, and buildup of branches for existing vascular facilities align angiogenesis as a strong support for 

cancer cell viability.45,46,50 

RESISTING CELL DEATH 

Apoptosis is natural for healthy cells. Several pathways of the self-induced cell death are either triggered 

by cell death receptors or stimulated release of cytochrome c from mitochondria.51 Caspases then activate 

cascades of apoptotic pathways, ultimately resulting in the execution of cell death.52 Apoptosis goes along 

with cell fragmentation and efficient digestion, but no inflammation or adverse reaction towards surrounding 

tissue, in contrast to necrosis.51,53 Circumvention and downregulation of apoptotic initiators like receptors 

or decisive factors like the protein p53 are contradictive ways against apoptosis by malignant cells. 

Deregulation of usually carefully balanced pro- and anti-apoptotic proteins, as well as poor expression of 

caspases add up to avoidance of self-induced cell death in cancer.54  
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1.2 CANCER THERAPY 

Progress in therapeutic approaches has always been linked to the medical comprehension of cancer and 

scientific research in medicine.  The beginning of oncology can be dated back to the 1700s.55 Over the 

following centuries, termination of outmoded methods and improved treatment conditions was a result of a 

better understanding of malignant diseases.55,56 Nowadays, cancer removal via surgical intervention is one 

of the most commonly applied methods for solid tumors. Being the second oldest method for treatment of 

malignant tissue, radiotherapeutic approaches date back to the pioneer research on the effects of X-rays 

on matter by Roentgen, Becquerel and Curie.57,58 Today, radiation therapy is a commonly applied method 

for treatment of cancer.59 External beam radiation or internal treatment (e.g. radioactive iodine, radiometal 

based therapeutics like 90Y or 177Lu DOTATATE complexes) are commonly used in combination with other 

therapeutic methods.60,61 Immunotherapy bases on modulative effects on the immune system via the use 

of endogenous defense mechanisms against malignant cells. This can involve inhibition of deregulation 

checkpoints for T-cells, autologous T-cells and prohibiting approaches for anticancer vaccination. 

Nevertheless, it is associated with toxic adverse effects.62,63 Targeted therapy is an approach to use 

biological and chemical differences of malignant cells to healthy cells, to inhibit proliferation with high 

selectivity. It is often based on targeting critical metabolic pathways via small molecules (e.g. tyrosine 

kinase inhibitors for EGFR pathways), hormone therapy or monoclonal antibodies. A high number of 

targeting drugs are already in clinical use, but drug resistance and adverse effects are still problematic.64–

66 Chemotherapy is a conventionally used treatment for many cancer sites. It is an approach to use 

medication with cytotoxic or cytostatic properties to counter the aggressive characteristics of malignant cells 

described in chapter 1.1.2. Many therapeutic agents aim for suppression of DNA replication via direct 

binding or interaction with replicative factors. Overall, a broad spectrum of chemotherapeutics has been 

developed to date. Adverse effects due to low selectivity, as well as drug resistances are main problems. 

Currently used agents, as well as cornerstones in drug development are discussed hereinafter.67–70 

1.2.1 Platinum(II) based chemotherapy 

 

Figure 3: The Platinum(II) based drugs cisplatin (A), carboplatin (B) and oxaliplatin (C). 

Platinum(II) drugs have dominated chemotherapy for decades. The most prominent representatives are 

cisplatin, carboplatin and oxaliplatin (Figure 3). After approval by the food and drug administration (FDA) in 

1978, cisplatin became one of the most established chemotherapeutics, showing versatile impact on a 

variety of malignant diseases like testicular-, cervical-, ovarian-, lung cancer and others.71,72 Cisplatin is 

administered intravenously and undergoes aquation after cellular uptake. Via binding to the N7 of guanine, 

the platinum core primarily forms 1,2-intrastrand links between DNA bases, but also other adducts like DNA 
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interstrand links as a mode of cytotoxic activity.73,74 Carboplatin shows a similar activity profile as cisplatin, 

to primarily interact with DNA. It is used for treatment of ovarian cancer.75 Aquation parameters differ from 

cisplatin, due to the bidentate cyclobutanedicarboxylato ligand as a leaving group. Higher stability of the 

complex leads to reduced activity, but also reduction in adverse effects.76,77 Oxaliplatin consists of a 

diaminocyclohexane ligand and an oxalato leaving group. The drug’s antiproliferative activity is also based 

on DNA interaction similar to cisplatin and commonly used for treatment of colorectal cancer.78 Overall, 

despite showing antiproliferative activity, platinum drugs entail severe side effects due to low selectivity 

over healthy cells. Nephrotoxicity is a general characteristic of platinum drugs, but essentially the main side 

effect of cisplatin. Ototoxicity, neurotoxicity, cardiotoxicity, liver damage and other severe side effects are 

associated with platinum drugs in general. Dose limiting toxicity and poor treatment conditions for patients 

are therefore a main problem of platinum-based chemotherapy.77 Another problematic issue is drug 

resistance. Malignant tissue can acquire resistance to chemotherapeutic agents. Therefore, cancer 

treatment with platinum drugs has its limitations.79 In order to overcome these problems, research in novel 

anticancer agents has led to interesting, new approaches in chemotherapy.  

1.2.2 Non-platinum based therapeutics 

Throughout the last decades, alternatives to platinum-based therapeutics have been object of 

pharmaceutical research. Novel metal based compounds feature ruthenium, osmium, rhodium, iridium, 

gold, gallium, cobalt and others in various oxidation states.80–82 Hence, these variations entail changes in 

modes of action, activation, stability, redox potential and other factors of cytotoxic behavior. Reduced risk 

of toxic side effects, stability and solubility in biological medium are important factors for clinical 

application.83 

 

Figure 4: The gallium(III) drug candidate KP46. 

KP46 (tris(8-quinolinolato)gallium(III)) is a gallium(III) based orally administrable anticancer drug (Figure 4). 

It has already been investigated in an phase I clinical trial.84 Not primarily interacting with DNA, perturbation 

of DNA replication is a mode of cytotoxic action, via inhibition of the ribonucleotide reductase (RNR).84,85 

The enzyme, containing a redox active iron species at the active site, holds a critical role in DNA synthesis. 

Being deregulated in malignant cells, the enzyme is a common target in cancer therapy.86 Due to the 

chemical similarity of gallium(III) to iron(III), KP46 affects not only the metal center in the RNR, but has also 

been linked to interaction with other iron dependent cellular compartments (e.g. mitochondria).87 
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Figure 5: The photosensitizers TLD1433 (A) and TOOKAD (B). 

TLD1433 (Figure 5) is a ruthenium(II) photosensitizer with an upcoming phase II clinical study for treatment 

of bladder cancer.88,89 Based on the photodynamic production of singlet oxygen, the complex was designed 

featuring bipyridine and phenanthroline ligands with a chromophoric α-terthienyl moiety and a positive 

charge, with two chloride counter ions. Application in combination with surgical intervention is necessary, 

in order to gain access via green light photon sources.90,91 Clinical trials have been promising, showing 

efficacy with moderate adverse effects at therapeutic doses.91 Padeliporfin (Figure 5), also called TOOKAD, 

is a neutral palladium(II) photosensitizer featuring a porphyrin chelate ligand. The metallodrug is currently 

investigated in multiple studies, namely an upcoming phase III study on urothelial carcinoma in kidney or 

ureter and an active IIb clinical trial on prostate cancer.92,93  

 

Figure 6: The ruthenium(III) based drugs BOLD-100 (A), KP1019 (B) and NAMI-A (C). 

KP1019, having high structural similarity to BOLD-100, has shown promising results in vivo. Oxidative 

stress and interaction with biomolecules are modes of cytotoxic impact. Also DNA binding shows 

contribution to the antiproliferative activity.94 No dose limiting adverse effects could be observed in clinical 

trials. Moreover, stabilization of tumor progression could be achieved.95 Only differing in the counter ion 

being indazolium, the ruthenium(III) complex shows poorer solubility than the sodium salt BOLD-100 

(Figure 6). Therefore a high infusion volume was necessary for clinical studies and turned out to be a limiting 

factor in application.95–97 BOLD-100 (formerly NKP-1339 and IT-139), currently being tested in clinical 

phase 1b trial, has shown promising results both in vivo and in clinical trials.98,99 Consisting of two trans 

indazole ligands and four chlorido ligands, the positively charged compound features sodium as a counter 
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ion (Figure 6). Reduction to a ruthenium(II) species and subsequent hydrolysis based activation via chlorido 

ligand exchange is a proposed mode of activation for this ruthenium(III) complex.96 Notably, changes in 

redox potentials go along with higher reactivity towards molecular targets for the reduced ruthenium(II) 

species.100 Interaction with both proteins in serum (albumin, transferrin) and cellular compartments have 

been shown to be responsible for drug transport and cytotoxic activity. Binding to human serum albumin 

(HSA) allows accumulation of BOLD-100 in the tumor tissue.99 Inhibition of GRP78, a protein associated to 

tumor progression and drug resistance, is one of the suggested modes of action for BOLD-100. The 

antiapoptotic properties of GRP78 are critical for cancer cell viability.101,99 Stress induction on biomolecules 

in the endoplasmic reticulum (ER) adds up to the modes of antitumor activity.99 In May 2021, the FDA 

granted BOLD-100 an orphan drug status for treatment of gastric cancer.102 NAMI-A, a third ruthenium(III) 

species having entered clinical trials, shows impact on metastases.103,104 Featuring four chlorido ligands 

and imidazole and a dimethyl sulfoxide (DMSO) ligand coordinate to the metal center in trans position 

(Figure 6).105 Changes in ligand composition and geometry usually take influence on redox potential and 

kinetics and therefore impacts reactivity towards molecular targets. Hydrolysis parameters differ from 

BOLD-100 and KP1019, as both chlorido ligands and DMSO tend to exchange.106 The solution chemistry 

of NAMI-A therefore entails different behavior in vivo, namely antimetastatic properties and moderate 

cytotoxic activity.107,108 Despite overall promising in vivo data, modest tolerance was observed in a phase 

I/II study. Lack of efficacy and an overall unsatisfying toxicity profile resulted in termination of clinical 

investigations.103,109  

1.2.3 Organometallic therapeutics 

Research in transition metal-based therapeutics has ultimately led to the development of organometallic 

anticancer agents. Featuring stable metal-carbon bonds, representatives of this compound class have yet 

proven to possess promising attributes towards the field of therapeutic agents. Versatile character of 

organometallics featuring metallocenes, metal arenes, but also carbon monoxide derivatives or carbene 

ligands, has given access to a broad spectrum of innovative anti-cancer agents.110  

 

Figure 7: Piano stool complexes; Ln = ligands, R = arene substituent; arene ligands: benzene (A), para-cymene (B), 

biphenyl (C), toluene (D). 

Ruthenium(II) piano stool complexes have been under investigation for years. This class of anticancer 

metallodrugs is named after its piano stool looking shape, featuring a stabilizing fac coordinated arene as 

a seat, and arbitrary ligands as the stool’s legs (Figure 7). This composition offers manifold opportunities 
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for ligand arrangement, via mono-, bi- and tridentate scaffolds.111,203 Thus, ligand kinetics and redox 

properties are affected, to ultimately result in changes of biological behavior.112 Arene ligand variation can 

influence cellular uptake due to its hydrophobic nature, but also affects target interaction (e.g. DNA 

intercalation properties of biphenyl, pictured in Figure 7), solubility in aqueous systems and complex 

stability.113  

 

Figure 8: RAPTA-T (A), RAPTA-C (B); Aquation of RAPTA compounds in aqueous media.114 

Ruthenium(II) piano stool complexes of the RAPTA (ruthenium arene PTA) class consist of a PTA ligand, 

two labile chlorido ligands and are distinguished by their arenes. RAPTA-C features a p-cymene arene, 

whereas toluene is applied in RAPTA-T.115 The eponymous ligand for RAPTA complexes is 1,3,5-triaza-7-

phosphaadamantane (PTA), contributing to solubility and biological properties. In aqueous medium, 

RAPTA compounds show aquation of one or both chlorido ligands, yielding cationic species along the way 

of target interaction (Figure 8). Low cytotoxicity towards malignant cells in vitro, but good selectivity for 

metastasis cell lines and high activity in vivo were observed.116 Its mode of action, at first being assumed 

to base on DNA interaction, is now associated with protein binding. A number of possible targets have been 

identified, involving extracellular growth factors, cell cycle modulating proteins, histones and ribosomal 

architecture.117,118 Interestingly, RAPTA-C was observed to prevent disaggregation from primary tumors at 

the initiative process of newly formed metastases.119 RAPTA-C is contemplated for combinational 

application with targeted therapeutic agents like erlotinib (EGFR inhibitor), due to promising results.115  

 

Figure 9: The Piano stool complex RM175. 

RM175 is a positively charged piano stool complex, which consists of a bidentate ethylene diamine ligand, 

a chlorido leaving group, biphenyl arene (Figure 9) and hexafluorophosphate as counter ion.120,121 DNA 

interaction via binding to the N7 of guanine was observed similar to the mode of action for cisplatin. Along 

the way to DNA base binding, interaction with biomolecules such as the cysteine containing peptide 
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glutathione (GSH) was found. Interaction with biomolecules is a commonly associated event for 

ruthenium(II) agents, due to its affinity to sulfur and nitrogen donors.122,123 As a result of cytotoxic action, 

induced cell cycle arrest in G2/M and apoptosis was observed.120,124 Overall, RM175 and RAPTA-C 

demonstrate the versatile nature and powerful impact of ligand design on organometallics, resulting in grave 

differences in terms of molecular targets and mechanisms of antiproliferative activity.119 

1.2.4 Bioactive ligands 

Conjugation of bioactive molecules to transition metal complexes is a promising approach in drug 

development. The unbound ligands’ properties are utilized for certain interactions with molecular targets. 

Binding to specific enzymes, targeted release towards tumor tissue or site-directed transport are possible 

features of these modulations. Increase of bioavailability and decrease of adverse effects are central 

objectives.125 Drugs featuring more than one mode of action (multi-targeted activity) are associated with 

certain advantages: Interaction via diverse modes of action facilitates to target metabolic pathways of 

cancer in various ways. Circumvention of drug resistances is another feature of multi-targeted drugs, to 

overcome a major problem in chemotherapy. This also holds the option for redesign of well-studied 

bioactive agents with adverse effects. Herein, selected examples will be discussed, ultimately highlighting 

the compound class of interest for this work – ruthenium(II) based half sandwich complexes.126–128  

 

Figure 10: Ferrocene (A), (hydroxy-)ferrocifen (B, R= OH, H), (hydroxy-)tamoxifen (C, R= OH, H). 

Ferrocene, being one of the most prominent metalorganics, has engaged research on metallocene-based 

drugs after being developed in 1950. The lipophilic complex was observed to accumulate in animals in 

1969.129 Production of reactive oxygen species (ROS) leading to damage of DNA and cellular 

compartments has been linked to cytotoxic activity, thus triggering research on ferrocene bearing 

metallodrugs.130,131 Ferrocenyl conjugation to peptides or biologically active molecules (e.g. retinoids, 

testosterone, naphthoquinones) has delivered interesting approaches for both anticancer and antiviral 

therapeutics.132,133 Tamoxifen, a common therapeutic against hormone dependent breast cancer, has been 

used as pharmacophore for a variety of ferrocenyl bearing derivatives. These approaches resulted in the 

development of ferrocifen and its metabolite hydroxyferrocifen (Figure 10). Both act via interaction with 

estrogen receptors in breast cancer, but have proven to be active against tamoxifen resistant cell lines.129 

This compound class has been brought up as an early approach for interaction with molecular targets via 

installment of a well-understood, biologically active moiety.134  
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Figure 11: Anastrozole (A, C) and letrozole (B) featuring ruthenium(II) piano stool complexes.135,136 

Aromatase inhibitors (AIs) act via suppression of deregulated estrogen production. Uncontrolled estrogen 

activity on the ER entails metabolic changes of significance for breast cancer, such as proliferation and 

angiogenesis. In contrast to tamoxifen, anastrozole or letrozole do not base on interaction with ER, but 

downregulate estrogen levels via binding to cytochrome P450 on the enzyme aromatase.137–140 Novel 

approaches to overcome characteristic drug resistance mechanisms, address the use of AIs as 

pharmacophore for bioactive ruthenium(II) piano stool complexes (Figure 11). These considerations also 

accommodate problems in drugs design. An anastrozole featuring ruthenium cyclopentadienyl complex A 

(Figure 11) has shown high toxicity on breast cancer cell lines, with IC50 values in the nanomolar range. 

Unfortunately, low selectivity over healthy cells, even in comparison to cisplatin, have demonstrated the 

complexity of targeted drug design. Enzyme docking simulations for compound A with aromatase have 

shown interference of certain amino acids with other moieties of the metallodrug than anastrozole. The 

cytotoxic impact therefore is linked to other modes of action than enzyme inhibition, with unfortunate results 

for selectivity.135 Another work described a letrozole based ruthenium(II) complex (Figure 11) involving a 

possible multi-target effect, to add up ligand activity for inhibition via cytochrome P450 and the known 

anticancer activity of piano stool frameworks. Comparative studies with letrozole being replaced with a 

chlorido ligand showed increased activity, but as ligand variation on this scale entails grave changes on 

drug characteristics, these results must be considered with caution. However, a multipath activity for cell 

death by autophagy, triggered by B was presumed to involve synergistic effects.136 A third anastrozole 

featuring ruthenium(II) complex (C) has shown promising results. Favored binding to aromatase and a low 

in vivo adverse toxicity were observed.141 Overall, these observations for A, B, C make out interesting 

approaches for ruthenium(II) based anticancer agents with bioactive ligands. Multipath activity towards 

molecular targets in malignant cells is an approach for circumvention of drug resistance pathways.142  
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Figure 12: PGP inhibiting ruthenium(II) complex. 

Plasma membrane glycoprotein (PGP) is an ATP driven pump, which is associated with drug resistance. 

Efflux of various drugs (e.g. doxorubicin) decreases efficiency of therapy and is therefore a major problem 

in cancer treatment.143 These transporters are commonly overexpressed in cancer cells. Drug application 

in combination with PGP inhibitors is a common approach, alongside use of therapeutics with low sensitivity 

towards export via these transporters.144 Drug conjugation to biotin has been observed to feature improved 

drug uptake by cancer cells. Recognition and preferred uptake by malignant cells via overexpressed sodium 

gradient transporters leads to more selective drug delivery and reduced adverse effects towards healthy 

tissue.145 Adding up to this positive effect, efflux via PGP seems to be hindered. A biotinylated ruthenium(II) 

complex (Figure 12) has shown inhibitory potential on PGP, whereas the unfunctionalized complex served 

as a substrate, to be exported. Different binding towards the transport protein due to the biotin linker were 

identified as reason for selective inhibition and minor adverse effects in vivo.146 

 

Figure 13: Organometallic topoisomerase inhibitors thiomaltol (A) and KP2048 (B).147,148 

Small molecule conjugation to ruthenium(II) piano stool frameworks has spawned a broad field of research 

on novel substances with diverse modes of anticancer potential. Thiomaltol-, thiopyridone-, flavone- or 

naphthoquinone-based metallodrugs have been observed to insert distinct activity towards biological 

targets (e.g. inhibition of topoisomerase).147–149 Importance of rational ligand design has been demonstrated 

manifold. Thiomaltol based metallodrugs (Figure 14, A) were observed to show higher stability in aqueous 

solution with leaving group variation from chlorido to 1-methylimidazole. Thus, higher delivery of intact 

metallodrug to tumor tissue was presumed to be entailed, which is evidence on importance of drug stability 

for treatment.147 KP2048 (Figure 14, B), featuring a phthiocol bidentate and a chlorido leaving group, has 
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been examined in vivo on mice. The drug showed distinct activity on tumor tissue, aside from severe side 

effects on multiple parts of the body. Too high reactivity towards inadvertently reached organs was 

presumably caused by preliminary activation after administration. However, activity on malignant tissue 

demonstrated the anticancer potential of naphthoquinone based piano stool complexes.148 Therefore, 

adverse reactivity must be diminished, possibly by redesign of ligand architecture or incorporation of a 

targeting moiety. First approaches involved coupling to polymers, to result in high stability and promising in 

vivo results, whereas adverse effects towards healthy sites were diminished.148 

1.2.5 The anticancer activity of naphthoquinones 

 

Figure 14: 1,4-Naphthoquinone (A), 1,2-naphthoquinone (B), 2-hydroxy-1,4-naphthoquinone or lawsone (C). 

Naphthoquinones are a versatile class of organic molecules, showing anticancer, anti-inflammatory, 

antiallergic, antiplatelet and other properties of interest for pharmacological use.150,151 A broad spectrum of 

quinone and naphthoquinone derivatives have been investigated for therapeutic application, with important 

representatives originating from nature (plants, microorganisms, fungi).152 Due to their cytotoxic activity, 

naphthoquinone and anthraquinone derivates have gained interest as agents in chemotherapy. The 

mechanisms of biological and cytotoxic activity are diverse but have been extensively studied and were 

summarized in a review by Pereyra et. al. in 2019 (Figure 15). Hereinafter, these processes will be 

discussed and depicted on examples.  

 

Figure 15: Mechanisms of anticancer activity of naphthoquinones. Adapted from Pereyra et. al.153 
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REACTIVE OXYGEN SPECIES 

 

Figure 16: Phthiocol (A) and lapachol (B). 

ROS production has been identified as one of the main mechanisms of naphthoquinone derivatives’ 

cytotoxic activity.154,155 The redox chemistry of naphthoquinones such as phthiocol and lapachol (Figure 16) 

has been extensively studied.156,157 Cyclic reduction by NAD(P)H and reoxidation from oxygen leads to 

intracellular release of ROS, capable of dealing damage to diverse targets.154,155 ROS directly damage DNA 

and DNA repair systems, but also enzyme driven metabolic pathways are affected.158 Cysteine proteases 

like cathepsin show deregulated levels in cancer. Serving for extracellular degradation, they are key feature 

for tumor microenvironment, progression and proliferation.159 Cysteine based deubiquitinases (DUBs) are 

another example for cancer associated proteases.160 Their role on regulating levels and localization of 

cellular proteins has critical impact on tumor progression.161 Downregulation of both enzyme species by 

naphthoquinone derivatives has been observed, resulting from their sensitivity towards ROS.155   

NAPTHOQUINONOXIDASE1 (NQO1) 

NQO1 is a NAD(P)H utilizing enzyme, which is overexpressed in malignant cells. As a two-electron 

transferring biocatalyst, it usually serves for cellular detoxification and stress reduction. Being shown to 

reductively activate naphthoquinone derivatives for redox cycling, it is also associated to assist on ROS 

generation.162,163  

TUMOR SUPPRESSOR PROTEINS (p53, p73) 

 

Figure 17: Shikonin. 

p53 holds a decision-making role on cell survival, apoptosis, and cell cycle arrest (chapter 1.1.2). Mutations, 

expression and regulative effects on the gene are therefore tightly controlled in cancer cells.164 

Naphthoquinone derivatives such as shikonin (Figure 17) were observed to upregulate levels of the protein, 

to promote strong support on anti-tumor activity.165 p73 serves an analogous role to p53 in cells. In cervix 

cancer cell lines, naphthoquinones induced an increase of p73 expression, to entail apoptosis.166  
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TOPOISOMERASE I/II 

 

Figure 18: Doxorubicin. 

Other targets of naphthoquinones are topoisomerase I and topoisomerase II. These enzymes hold a critical 

role in DNA processing. The ATP independent topoisomerase I relaxes supercoiled DNA via strand breaks, 

rotation and realignment.167 The naphthoquinone derivative β-lapachone (Figure 20) was observed to act 

different than other topoisomerase I inhibitors, namely via binding to the intermediate complex of enzyme 

and DNA, rather than to the individual free species.154,168 Topoisomerase II activity is ATP dependent. The 

enzyme serves for rearrangement of DNA structures, featuring control of embroiled DNA loops. 

Intermediate cleavage of the phosphodiester bond is key mechanistic feature of this isomerase.169 

Topoisomerase II inhibitors can have different modes of action. So called “poisons” such as doxorubicin 

(Figure 18) induce DNA alteration via strand breaks and bond formation to biomolecules. Topoisomerase 

II binds to these species, leading to stable complex formation and termination of enzyme activity. Other 

modes of action directly aim for inhibition at certain intermediate states of substrate conversion. These also 

involve anthracycline drugs like aclarubicin.170–172  

ENDOPLASMIC RETICULUM STRESS 

 

Figure 19: Plumbagin. 

Further anticancer activity of naphthoquinones is based on ER stress. Plumbagin (Figure 19) was observed 

to induce apoptosis partially via stress induction on the ER. The mode of action for plumbagin is associated 

with ROS induced stress.173 But also other modes of stress induction on the ER have been reported.153 It 

holds an important role in protein modification after ribosomal synthesis. Post translational modifications 

and protein folding are handled and controlled for their correctness. Misfolded proteins are subsequently 

delivered to the proteasome.174 Shikonin was observed to inhibit proteasomal degradation in hepatoma and 

prostate cancer cells leading to cell death. The mode of action is assumed to involve electrophilic interaction 

of shikonin’s keto groups towards nucleophilic amino acids in the catalytic center of the proteases.153,175 
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Inhibition of proteasomal activity results in aggregation of misfolded proteins and therefore elevates stress 

on the ER.153 

MUCOSA-ASSOCIATED LYMPHOID TISSUE LYMPHOMA TRANSLOCATION PROTEIN 1 (MALT1) 

 

Figure 20: β-Lapachone 

MALT1 is a protease with tumor promoting activity in diffuse large B cell lymphoma (DLBCL). The enzyme 

has a similar function to caspases (paracaspase), but cleaves with specificity for arginine.176 Featuring a 

cysteine and histidine catalytic center, its proteolytic activity is associated with suppression of NF-κB 

downregulating factors.177 In cancer cells, NF-κB is linked to promotion of tumor growth via oncogenic 

signaling, maintenance of inflammation and avoidance of apoptosis. Moreover, acquired resistance to 

chemo- and radiotherapy (e.g. cisplatin resistance) has been observed to be driven by the NF-κB 

pathway.178–180 Suppression of NF-κB promotion by MALT1 inhibition has been examined in medical 

chemistry. Due to its stand-alone role in terms of mechanistic activity, targeted treatment of MALT1 is a 

common suggestion for avoidance of adverse effects.181 Naphthoquinone derivatives have been 

investigated as MALT1 binding inhibitors and β-lapachone derivatives have shown inhibition of MALT1, to 

result in cytotoxic impact on DLBCL.182  

REPRESSION OF TELOMERASE ACTIVITY 

 

Figure 21: γ-Rubromycin 

Telomerase activity plays an important role for sustaining replicative immortality in cancer (chapter 1.1.2). 

Being overexpressed in malignant cells, it serves as an interesting target for cancer therapy. Telomerase 

inhibition has been observed for some specific quinone and naphthoquinone species. A series of spiroketal  

naphthoquinone derivatives (e.g. γ-rubromycin, Figure 21), but also the 1,4-benzoquinone species 

thymoquinone have been observed  to inhibit telomerase.183–186 Plumbagin was also shown to inhibit its 

enzyme activity in brain cancer cells, showing higher influence on malignant cells with increased telomerase 

activity.187,188 Furthermore, other quinone based derivatives (e.g. shikonin, Figure 17) are suspected to 
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interact with the enzyme.189 However, modes of action for most of these observations are still not fully 

elucidated and must be examined for further predictions.     

REGULATION OF TUMOR ASSOCIATED INFLAMMATION 

Constant inflammation of tumor sites plays a critical role for cancer progression (chapter 1.1.2). STAT 

proteins (signal transducer and activator of transcription) have impact on a broad variety of cellular 

pathways. Amongst its manifold tumor promoting mechanisms, STAT3 controls key mediators of 

inflammation such as the NF-κB pathway, or expression of certain cytokines.180,190,191 Plumbagin (Figure 

19) was found to exert antitumor activity against esophageal cancer via direct binding to DNA interaction 

domains of STAT3, which adds up to the modes of anticancer activity of naphthoquinones.192  
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1.2.6 Ruthenium(II) complexes featuring a naphthoquinone based N,O,O-tridentate ligand motif 

 

Figure 22: Phthiocol-based tridentate ruthenium(II) p-cymene complex.203 

CHEMICAL PROPERTIES AND IN VITRO CYTOTOXICITY 

Ligand variation experiments on KP2048 (Figure 13) have brought up a novel class of piano stool 

complexes. Hydroxy-1,4-naphthoquinone, 1,2-diazole and ruthenium(II) arene dimer undergo in situ 

formation of a stable N,O,O-tridentate ligand motif (Figure 22), initiated via treatment with excess of a base. 

This novel ligand architecture permits variation towards different naphthoquinone derivatives, 1,2-Diazole 

variation, arene substitution or even the choice of osmium(II) as a metal center. In vitro assays have shown 

impressive cytotoxic activities in non-small cell lung carcinoma (IC50/µM = 1.2 ± 0.2; A549 cell line) and 

colon carcinoma cells (IC50/µM = 0.094 ± 0.031; SW480 cell line). In contrast, the cisplatin sensitive ovarian 

teratocarcinoma cells (IC50/µM > 50; CH1/PA-1 cell line) exhibited minor response to treatment.  

 

Figure 23: Aquative activation and mesomeric stabilization (R = stability determining functional group). 

The complex showed high stability in aqueous medium, even after incubation for 24 hours.203 Due to 

entropic effects, tridentate chelators are generally known to form complexes of higher stability than mono- 

or bidentates.193 A broader study on substituent variation on the 2-hydroxy-1,4-naphthoquinone ligands’ 

position 3 has provided further insight into the tridentate motif’s chemical properties. Electron withdrawing 

groups (chlorine, bromine) were observed to activate the complex towards aquation in biological media 

(Figure 23). In contrast, functional groups with inductive effect (methyl, ethyl substituents) stabilize the 

tridentate architecture. Of all coordinating atoms, the ligand’s oxygen on position 2 shows the weakest bond 

to the metal center. Inductive effects on the naphthoquinone π system increase electron density on this 

coordinating position, strengthening the connection towards the ruthenium(II) core, and therefore complex 

stability. Robustness in aqueous solution was shown to result in higher in vitro toxicity, as observed for 

alkylated derivatives. A complex featuring an ethyl group exhibited extraordinarily high activity selectively 
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on non-small cell lung carcinoma (IC50/µM = 0.76 ± 0.14; A549 cell line) and colon carcinoma (IC50/µM = 

0.046 ± 0.007; SW480 cell line), whereas no relevant impact on ovarian teratocarcinoma cells (IC50/µM 62 

± 5; CH1/PA-1 cell line) was found. Notably, an increase of lipophilicity often correlates with preferred 

cellular uptake and therefore can be associated with the higher cytotoxic activities.194,195,203 In comparison 

to in vitro toxicity of phthiocol based complexes, these results indicate an interplay of increased cellular 

uptake and intact complex delivery. Still, tremendous cytotoxic impact and selectivity towards certain cell 

lines remain unexpected and unresolved.195,203  

BIOLOGICAL PROPERTIES 

With regard to novelty and outstanding cytotoxic properties of the N,O,O-tridentate complexes, it is hard to 

predict modes of action for anticancer activity. Further products of the aquation process (Figure 23) have 

shown loss of the naphthoquinone moiety and dimerization. Amino acid incubation studies have indicated 

reactivity towards cysteine containing amino acids, yielding trithiolato-bridged dimers. High affinity to thiols 

is important for interaction with glutathione.196 However, these processes have yet to be examined in more 

detail. Further investigations on possible mechanisms have been carried out, partially orienting on 

commonly observed targets for naphthoquinones derivatives, as they are depicted in chapter 1.2.5. Plasmid 

assays have shown no strong interaction with DNA, whereas ROS formation was not observed to be 

responsible for cytotoxic activity. Reactive oxygen species are central mode of anticancer activity for 

naphthoquinone derivatives. Exclusion as a possible mechanism is an important step towards target 

identification. However, the typical targets ER stress and NQO1 were shown to be at least partially involved 

with naphthoquinone induced ROS activity (chapter 1.2.5). Clearly, further research on the biological 

behavior of N,O,O-tridentate complexes is necessary for more precise predictions.195 
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2 RESULTS AND DISCUSSION 

2.1 AIM AND OBJECTIVE OF THIS THESIS 

 

Figure 24: Complexes 1–5 and ligands a–e. 

Main objective of this thesis was the synthesis and characterization of a series of N,O,O-tridentate 

ruthenium(II) complexes, featuring different alkyl groups at position 3 of the naphthoquinone scaffold. 

Rationale behind this approach are observations of increased complex stability in aqueous solution for 

methyl and ethyl substituents (chapter 1.2.6). A broader spectrum of compounds featuring longer and 

branched alkyl chains should provide further insight into characteristics of this novel class of piano stool 

complexes (Figure 24). Starting with ligand synthesis, 2-hydroxy-1,4-naphthoquinone derivatives a–e 

should be synthesized. Further complexation should lead to the desired ruthenium(II) complexes 1–5. 

Characterization via NMR, elemental analysis and solubility determination for both ligands and complexes 

should be followed by investigation of complex stability via UV/Vis. Redox properties should be examined 

via cyclic voltammetry.   
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2.2 LIGAND SYNTHESES 

2.2.1 General procedure 

 

Figure 25: General procedure for ligand synthesis of ligands a–e. 

Lawsone, diethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate (Hantzsch ester) and the respective 

aldehyde RCHO were reacted to the desired ligands in moderate to good yields of 59–86%. This procedure 

(Figure 25) was adapted from literature procedures, which initially had shown poor conversion and required 

optimization of reaction parameters.197 

 

Figure 26: Proposed mechanism of the prolin catalyzed alkylation (R= alkyl chain). 

Originally, a one pot reaction using lawsone, an aldehyde as alkyl donor, catalytic amounts of L-proline and 

Hantzsch ester in dry DCM was chosen for synthesis of desired naphthoquinone derivatives a–e. According 
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to literature, the reagents should be stirred at room temperature (r.t). for twelve hours to achieve the 

products in excellent yields.197 As depicted in Figure 26, the proline catalyst (I) is presumed to initially form 

an iminium ion intermediate II with the respective aldehyde. The electrophilic character of II is reason for 

further reaction with lawsone, to form species III. Protonation of the tertiary amine and subsequent release 

of the proline catalyst via elimination leads to V, presumably as a mixture of (E)- and (Z)-3-

alkylidenenaphthalene-1,2,4(3H)-trione. Deprotonated product VI results from reduction by Hantzsch ester. 

This reaction had already been tested using acetaldehyde as an alkyl donor, and had shown good 

conversion. Problematically, these conditions were hardly applicable on the chosen aldehydes. Poor yields 

were obtained from propionaldehyde and butyraldehyde, whereas alkyl donors with a branched chain 

showed even lower to no conversion. This can be linked to stronger inductive effects of the alkyl chain 

towards the respective aldehyde carbon. Thus, it’s decreased electrophilic character results in stabilization 

of the intermediately formed iminium ion II (Figure 26). Therefore, further reaction with lawsone is hindered. 

Fortunately, an increase in temperature led to a higher conversion. Utilizing these considerations, reaction 

conditions were optimized. Temperatures were increased, whereas reaction times could be shortened via 

the use of microwave assisted heating. Thus, massive increase in yields was achieved, going up to 86%. 

No conversion was observed for e. Presumably, the iminium intermediate II was stabilized by the high 

inductive effect from the neighboring tert-butyl group, to show no further reaction. Therefore an alternative 

method was chosen (Figure 27). 

 

Figure 27: Synthesis of e. 

For the synthesis of e, lawsone, catalytic amounts of silver nitrate and 3,3-dimethylbutanoic acid were taken 

up in ACN/H2O and a solution of ammonium peroxodisulfate in water was added. Silver iron promoted 

decarboxylation of the acid leads to an intermediately formed carbocation via addition of the radical starter 

ammonium persulfate. Purification per column chromatography led to e as a yellow solid, yielding 25%. 

Attempts to improve yields for this reaction failed, as both variation in temperature and equivalents of 

reagents resulted in formation of hardly separable side products. 
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2.3 COMPLEX SYNTHESES 

2.3.1 General procedure 

 

Figure 28: Complex synthesis: general procedure. 

The synthesis was performed according to the first reported procedures of this compound class (Figure 

28).195,203 The metal dimer, 1,2-diazole and the respective naphthoquinone derivative were dissolved in 

methanol and an excess of triethylamine was added. Stirring under microwave irradiation was followed by 

solvent removal under reduced pressure. The crude product was purified via column chromatography 

(silica, isocratic, 70% ethyl acetate, 5% triethylamine in n-hexane). The formed pale yellow to greenish solid 

was separated by filtration and dried. The organometallics were obtained in moderate to good yields (58 to 

78%, respectively).  
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2.4 CHARACTERIZATION 

2.4.1 NMR spectroscopy 

1H-NMR SPECTROSCOPY OF LIGANDS 

 

 

 

Figure 29: 1H NMR spectrum of c in CDCl3. 

1H NMR spectra of a–e were measured in deuterated chloroform and no impurities could be observed. As 

the naphthoquinone products differed in terms of alkyl substituent, the chemical shift of aromatic hydrogens 

showed no relevant changes. As pictured in Figure 29, aromatic hydrogens I couple with both neighboring 

atoms II over four bonds, to appear as doublet of doublets (dd). The highest chemical shift results from the 

nearby carbonyl group. Each hydrogen II is capable of coupling to three atoms I, I, and II, to appear as a 

doublet of doublet of doublets (ddd). The acidic proton III belongs to the hydroxyl group, to be visible as a 

singlet. Doublet IV only couples to the tertiary carbon’s hydrogen V and shows higher chemical shift due to 

the nearby π system. V appears as multiplet due to coupling with both methyl groups VI and methylene 

protons IV. This position shows the highest variation for different ligands a–e. Coupling to methylene IV is 

uniform, but one or two methyl groups (ligands a and c), one or two ethyl groups (ligands b and d) or a 

quaternary carbon on this position result in different coupling patterns. Terminal groups show low chemical 

shift and splitting patterns were observed as singlets, doublets or triplets, in accordance to the neighboring 

group V.               
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1H-NMR SPECTROSCOPY OF COMPLEXES 

 

 

 

 

 

 

Figure 30: 1H NMR Spectrum of 3 in MeOD. 

1H NMR spectra of 1–5 were measured in deuterated methanol. Consistent to the ligands’ spectra, the 

series differed in terms of substituents in the aliphatic range, showing no variation for the eleven protons I–

VII. Loss of the hydroxyl proton’s signal, increased shift of pyrazole protons and four separate signals for 

the arene confirm the formation of the desired complex. Proton I showed couplings with IV and a high shift 

due to the neighboring nitrogen-ruthenium position. II and III were observed to belong to the 

naphthoquinone’s aromatic moiety. Protons III are undistinguishable due to overlapping peaks, whereas II 

is presumably located nearest to the coordination positions and therefore shows increased chemical shift. 

IV and V both show couplings with all protons of the diazole moiety, to result in doublets of doublets. The 

aromatic protons of the η6 bound arene show individual peaks and coupling with neighboring protons results 

in doublets of VI and VII, respectively. Highest shift of aliphatic protons was observed for the tertiary 

carbon’s proton VIII, appearing as a septet due to couplings with methyl groups XIII. Methyl group IX shows 

a singlet with similar chemical shift to X. For 3 (Figure 30), X does not overlap with XI and is perceived as 

ddd, to result from couplings with XI and long-range couplings with methyl groups XII. Tertiary proton XI 

both couples with X and XII, to result in a doublet of quartets, whereas XII overlapped and only showed 

couplings towards XI. The arene’s static methyl groups XIII appeared as individual peaks, with couplings 

towards VIII, to be visualized as doublets. 
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13C-NMR SPECTROSCOPY OF COMPLEXES 

 

 

 

 

 

 

Figure 31: 13C NMR Spectrum of 3 in MeOD. 

13C NMR spectra of 1–5 were measured in deuterated methanol. Quaternary peaks I and II show highest 

shift, both due to the nearby oxygen and their position in the naphthoquinone’s π-system. Next, a range of 

aromatic C-H carbons III–VI and quaternary carbons IV are visible, with III showing highest shift due to the 

nearby ruthenium bound nitrogen. VII differs from the higher shift of other aromatic carbons, presumably 

due to the alkyl substituent. It shows similar shift to the pyrazole moiety’s C-H carbon VIII. Characteristically, 

the hemiaminal carbon XI is depicted with very low intensity. This can be interpreted as proof of complex 

formation via tridentate ligand motif. XII and XIII show individual peaks, in correlation to 1H spectrum 

observations. Remaining carbons are located in the aliphatic range, lower than 40 ppm. XIV shows almost 

identical shift to the secondary carbon XV, which are easily distinguished in phase by the DEPTq. Other 

carbons are the primary carbon XVI, and tertiary carbons XVII, XVIII and XIX. Both peaks for XVII and XVIII 

show minimal overlap of equivalent methyl groups, which indicates rotation around XVI, respectively XIV. 
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2.4.2 UV/Vis stability 

  

Figure 32: UV/Vis spectrum of 3 over 48 hours. 

UV/Vis spectra were obtained from 40 µM solutions of compounds 1–5 in phosphate buffered saline (PBS) 

with 1% DMSO as solubilizer at 20 °C over 48 hours. As shown in Figure 32, decreasing absorbance at the 

peak maximum of 366 nm was used for assessment. Data evaluation showed initial values (A0) around 0.5 

(compounds 1–3) and 0.8 (compound 5) with a decrease over time. Data was normalized (A+(1-A0)) and is 

visualized in Figure 33.  

  

Figure 33: Decrease in Absorbance (λ= 366 nm) OVER 48 hours for 1, 2, 3, 5. 

A decrease in absorbance is associated with chemical interactions of the dissolved complex towards the 

solvent. High differences over a short period of time can be linked to a more rapid process, whereas stable 

complexes’ absorbance remains unchanged. Notably, UV/Vis analysis involves no identification of the 

aquation processes’ intermediate species (Figure 23), which can result in decreasing, but also increasing 
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absorbance at a given wavelength. The n-propyl derivative 1 shows the highest change of absorbance over 

time (12%), indicating a more rapid interaction towards the solvent. Second highest decrease over time 

was observed for the n-butyl derivative 2 (10%), whereas branched derivatives 3 (9%) and 5 (9%) showed 

equal decrease in absorbance over 48 hours. Derivative 4, having the highest number of carbon atoms and 

therefore least solubility in polar medium, was observed to precipitate within the first measuring cycle. 

Decrease of complex concentration resulted in reduced signal intensity of A0, with unsatisfying signal to 

noise ratio. Still, precipitation was observed. Insolubility in aqueous medium is a critical factor for the 

practical use of metallodrugs, hindering clinical application and analytical characterization. Overall these 

observations demonstrate the impact of alkyl substituents on complex stability. Less reactivity towards the 

solvent was observed for derivatives with longer alkyl chains. Derivatives 3 and 5, which feature branched 

alkyl chains, showed highest stability over time. 



30 
 

2.4.3 Cyclic voltammetry  

Cyclic voltammograms were recorded from a solution of the respective ligand a–e (2.3–3.8 mM) or complex 

1–5 (2.01–2.44 mM) in ACN. Using a three electrode measuring setup, samples were measured at different 

scan rates (10–200 mV/s). 

 

Figure 34: Cyclic voltammogram of ligand a (100 mV/S). 

Cyclic voltammogram of ligand a is pictured in Figure 34. A variety of oxidation and reduction processes 

occur in the range of -2 to 1.5 V. Processes I and II are irreversible, due to reduction and oxidation peak 

separation higher than 57 mV.198 Redox chemistry of 2-hydroxynaphthoquinones (HQ) in aprotic media is 

already known to literature.156,157 Redox processes I are summarized in Equation 1 and visualized in Figure 

35.  

Equation 1: Ligand reduction I. 

  (1) HQ + e- ⇌ HQ- 

(2) HQ- + HQ → H2Q + Q- 

(3) H2Q + e- ⇌ H2Q- 

(4) H2Q- + HQ → H3Q + Q- 

3 HQ + 2 e- ⇌ H3Q + 2 Q- 

 

Equation 2: Ligand reduction II. 

Q- + e- ⇌ Q2- 

 

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-2.0x10-4

-1.5x10-4

-1.0x10-4

-5.0x10-5

0.0

5.0x10-5

c
u
rr

e
n
t/
A

potential vs. ferrocene/V

I II III 



31 
 

With increasing negative potential, the naphthoquinones’ electropositive moieties stepwise attract 

electrons, to form radical species. In aprotic media, the first one electron reduction occurs towards a 

carbonyl group, to form a negatively charged, radical species in (1). Deprotonation of another species of 

HQ in (2) and reduction of the second carbonyl group occurs, to form a two radical, anionic species in (3). 

Subsequent rearrangement to the negatively charged species and protonation from an unreacted HQ are 

final steps of this reductive cascade. In summary, three equivalents of ligand a–e react to 3-

alkylnaphthalene-1,2,4-triol and two equivalents of deprotonated naphthoquinone, which show further 

reactivity in II (Figure 36). 

 

Figure 35: Proposed mechanism for the ligand reduction (Peak I). 

Peak II shows an irreversible one electron transfer towards the deprotonated naphthoquinone deriving from 

reduction I. This reduction step (Equation 2) results in a double negatively charged, radical naphthoquinone, 

as depicted in Figure 36. The radical may be stabilized over mesomeric structures. 

 

Figure 36: Ligand reduction (Peak II). 

A third peak III shows an irreversible oxidation around 0.5 V, which is interpreted as a further reaction of a 

radical species, deriving from reductive cascades of I.157   
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Figure 37: Cyclic voltammograms of ligands. 

Figure 37 list the respective cyclic voltammograms of ligands a–e. Notably, peak heights are dependent on 

scan rate and sample concentration and therefore vary.199 However, qualitative information can be obtained 

from the respective voltammograms. Reduction and oxidation peaks I–III are visible for all ligands, which 

indicates no impact of alkyl substituent variation on mechanistic behavior. These observations correlate 

with expectations, as redox processes depicted in Figure 35 and Figure 36 are mechanistically independent 

from alkyl substituents. 



33 
 

CYCLIC VOLTAMMETRY OF COMPLEXES  

 

Figure 38: Cyclic voltammogram of complex 1 (10 mV/s). 

Redox chemistry of the tridentate architecture is complex. High structural difference to the free ligands a–

e prohibits reliable predictions based on the ligands’ properties. Reductive cascades are initiated at -1 V, 

and are observed as three waves towards extremely negative potentials of -2.5 V. Thus being driven by 

harsh conditions, estimations on the mechanistic behavior would require further insight into energy states 

and redox characteristics. However, these processes possibly involve cleavage of the tridentate 

architecture and reduction of the metal center to ruthenium(I). A further possibility considers the electrophilic 

properties of the remaining carbonyl group of the complex. As depicted in Figure 36, a one electron transfer 

leads to formation of a cationic, radical species for the ligands a–e. The same reduction could happen to 

the complexes’ carbonyl group, as pictured in Figure 39.    

 

Figure 39: Proposed reduction of 1–5. 

Also, an irreversible oxidation takes place at positive potentials, lower than 1 V. Hypothetically, this could 

mean oxidation of an intermediate species of the redox processes at negative potentials, similar to the 

irreversible oxidation III of the ligands’ cyclic voltammograms.  
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Figure 40: Cyclic voltammograms of complexes. 

The opposed voltammograms of complexes 1–5 show the same number of reduction and oxidation 

processes (Figure 40). This demonstrates that alkyl substituent variation shows no relevant impact on 

mechanistic behavior. Notably, in dependence on scan rates, peak height and form varies. At lower scan 

rate, a peak overlap visualizes in the reductive cascades, indicating further processes or chemical 

rearrangement of intermediate species, similar to ligands’ mechanisms in I (Figure 35). 

BIOLOGICALLY RELEVANT REDOX PROCESSES 

As known from literature, biological redox processes occur in certain ranges of electrochemical potentials. 

Whereas theoretical potentials of over ±1 V are possible, important cellular reduction processes (e.g. 

NAD+/NADH, GSH/GSSG) take place at less reductive conditions than -1 V.200,201 Harsh conditions trigger 

reductive cascades on complexes 1–5, as depicted in Figure 38 and Figure 40. Thus premising highly 

negative potentials, the compounds supposedly won’t undergo equivalent mechanistic behavior under 

comparatively mild biological conditions. As mentioned in chapter 1.2.6, ROS production was not identified 

as mode of action for this compound class of naphthoquinone-based complexes. Therefore, potential for 

redox cycling in the biological range would not necessarily be an expected observation. Still, as measuring 

setups differ from biological conditions, these results should be considered with caution, but indicate 

consistent redox behavior, irrespective of alkyl substituents. 
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3 EXPERIMENTAL PART 

3.1 EQUIPMENT AND METHODS 

3.1.1 Equipment 

Microwave:   Biotage® Initiator+ 

NMR spectrometer:   700.40 MHz (AV III HD 700 Bruker BioSpin); 

    600.25 MHz (AV III 600 Bruker BioSpin); 

Elemental analysis: Microanalytical Laboratory of the University of Vienna, 

PerkinElmer 2400 Series II CHNS/O Elemental Analyzer for 

CHN analyses, Eurovector EA3000 Elemental Analyzer for 

CHNS analyses; 

UV/vis spectrometer: Perkin Elmer lambda 35 photometer, PTP (Peltier 

Temperature Programmer), Julabo AWC 100 recirculating 

cooler; 

Cyclic voltammetry: Princeton Applied Research, Potentiostat/Galvanostat Model 

273A;             

3.1.2 Materials 

Solvents were acquired from commercial suppliers and generally used without further purification. 

Dichloromethane was dried over anhydrous calcium chloride and stored over molecular sieve 3 Å.  

Bis[dichlorido(η6-p-cymene)ruthenium(II)] was synthesized in accordance to literature.202 

Reagents were purchased from commercial suppliers: ruthenium(III) chloride hydrate (Johnson 

Matthey), α-Terpinene (Alfa Aesar), 2-hydroxy-1,4-naphthochinon (Acros), Hantzsch Ester (TCI), L-

Prolin (Merck), propionaldehyde (TCI), butyraldehyde (TCI), isobutyraldehyde (Fluka), 2-ethylbutanal 

(Fluka), 3,3-dimethylbutanoic acid (Acros), ammonium peroxodisulfate (Acros-Fischer), silver nitrate 

(Acros), 1,2-diazole (Acros-Fischer), triethylamine (Acros-Fischer); 

3.1.3 Solubility in aqueous medium 

Solubility of ligands and complexes was determined in PBS with 1% DMSO. Initial dissolution of 

compound in pure DMSO was followed by addition of the resulting stock solution to PBS (pH 7.4, 1:100). 

Ligands showed immediate change of color to red, which indicates deprotonation at pH 7.4.Complexes 

which showed precipitation after addition to PBS were dissolved via doubling the amount of medium. 
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3.2 LIGAND SYNTHESES 

3.2.1 General procedure 

 

Figure 41: Ligand synthesis: general procedure. 

Lawsone (1 equiv.), Hantzsch ester (1.1 equiv.) and the respective aldehyde (2 equiv.) were taken up 

in dry DCM (12–20 mL) and stirred for five minutes at r.t.. L-Proline (0.2 equiv.) was added and the 

resulting yellow suspension was stirred under microwave irradiation (85–100 °C, 25–60 minutes). The 

dark red solution was washed with 10% HCl and brine. The organic layer was dried over anhydrous 

sodium sulfate and the solvent was removed in vacuo, yielding the crude product as a solid or viscous 

oil. Pure product was obtained as a yellow solid via column chromatography (silica, gradient 40–80% 

DCM in n-hexane). 

Yield: 59–86% 



37 
 

3.2.2 2-Propyl-3-hydroxynaphthalene-1,4-dione: a  

 

Figure 42: Ligand a. 

The product was synthesized according to the general procedure, using lawsone (506 mg, 2.91 mmol, 

1 equiv.), Hantzsch ester (800 mg, 3.16 mmol, 1.1 equiv.), propionaledehyde (412 µL, 334 mg, 

5.74 mmol, 2 equiv.) and L-proline (66 mg, 0.57 mmol, 0.2 equiv.) in dry DCM (20 mL). The mixture was 

stirred at 85 °C for 25 min under microwave irradiation. The crude product (Rf 0.25, 50% DCM in n-

hexane) was purified via column chromatography (silica, gradient 40–80% DCM in n-hexane), to yield 

a as a yellow solid (535.5 mg, 2.48 mmol, 85%).   

1H-NMR (700.40 MHz, CDCl3): δ 8.12 (d, J = 7.7 Hz, J = 7.7 Hz, 1H, CH: arom.), 8.08 (d, J = 7.6 Hz, J 

= 7.6 Hz, 1H, CH: arom.), 7.75 (dd, J = 7.5, 7.5 Hz, 1H, CH: arom.), 7.68 (dd, J = 7.5, 7.5 Hzz, 1H, CH: 

arom.), 7.29 (s, 1H, OH), 2.59 (t, J = 7.6, 2H, CH2), 1.58 (m, 2H, CH2), 0.99 (t, J = 7.3, 3H, CH3) ppm. 

Elemental analysis calculated for C13H12O3: C 72.21%, H 5.59%, O 22.20%. 

Found: C 71.86%, H 5.55%, O 22.03%. 

Solubility (PBS, pH 7.4, 1% DMSO): 1.71 mM. 
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3.2.3 2-Hydroxy-3-propylnaphthalene-1,4-dione: b  

 

Figure 43: Ligand b. 

The product was synthesized according to the general procedure, using lawsone (504 mg, 2.89 mmol, 

1 equiv.), Hantzsch ester (810 mg, 3.20 mmol, 1.1 equiv.), butyraledehyde (517 µL, 414 mg, 5.74 mmol, 

2 equiv.) and L-proline (70 mg, 0.61 mmol, 0.2 equiv.) in dry DCM (20 mL). The mixture was stirred at 

85 °C for 25 min under microwave irradiation. The crude product was purified via column 

chromatography (silica, gradient 40–80% DCM in n-hexane), to yield b as a yellow solid (531 mg, 

2.31 mmol, 80%).   

1H-NMR (700.40 MHz, CDCl3): δ 8.12 (dd, J = 7.7, 0.5 Hz, 1H, CH: arom.), 8.07 (dd, J = 7.6, 0.7 Hz, 

1H, CH: arom.), 7.75 (ddd, J = 7.6, 7.6, 1.1 Hz, 1H, CH: arom.), 7.68 (ddd, J = 7.5, 7.5, 1.1 Hz, 1H, CH: 

arom.), 7.28 (s, 1H, OH), 2.61 (m, 2H, CH2), 1.53 (m, 2H, CH2), 1.44 – 1.36 (m, 2H, CH2), 0.94 (t, J = 

7.4 Hz, 3H, CH3) ppm. 

Elemental analysis calculated for C14H14O3: C 73.03%, H 6.13%, O 20.85%. 

Found: C 72.70%, H 6.17%, O 20.65%. 

Solubility (PBS, pH 7.4, 1% DMSO): 1.56 mM.  



39 
 

3.2.4 2-Hydroxy-3-isobutylnaphthalene-1,4-dione: c  

 

Figure 44: Ligand c. 

The product was synthesized according to the general procedure, using lawsone (503 mg, 2.89 mmol, 

1 equiv.), Hantzsch ester (817 mg, 3.22 mmol, 1.1 equiv.), isobutyraledehyde (424 µL, 414 mg, 

5.74 mmol, 2 equiv.) and L-proline (72 mg, 0.62 mmol, 0.2 equiv.) in dry DCM (20 mL). The mixture was 

stirred at 90 °C for 45 min under microwave irradiation. The crude product was purified via column 

chromatography (silica, gradient 40–80% DCM in n-hexane), to yield c as a yellow solid (392 mg, 

1.70 mmol, 59%).   

1H-NMR (700.40 MHz, CDCl3): δ 8.12 (d, J = 7.7 Hz, 1H, CH: arom.), 8.08 (d, J = 7.6 Hz, 1H, CH: arom.), 

7.75 (dd, J = 7.5, 7.5 Hz, 1H, CH: arom.), 7.68 (dd, J = 7.5 Hz, 1H, CH: arom.), 7.29 (s, 1H, OH), 2.51 

(d, J = 7.3 Hz, 2H, CH2), 2.06 – 1.94 (m, 1H, CH), 0.95 (d, J = 6.6 Hz, 6H, 2 CH3) ppm. 

Elemental analysis calculated for C14H14O3: C 73.03%, H 6.13%, O 20.85%. 

Found: C 72.93%, H 6.14%, O 20.71%. 

Solubility (PBS, pH 7.4, 1% DMSO): 1.09 mM. 
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3.2.5 2-(2-Ethylbutyl)-3-hydroxynaphthalene-1,4-dione: d  

 

Figure 45: Ligand d. 

The product was synthesized according to the general procedure, using lawsone (505 mg, 2.90 mmol, 

1 equiv.), Hantzsch ester (813 mg, 3.21 mmol, 1.1 equiv.), 2-ethylbutanal (706 µL, 575 mg, 5.74 mmol, 

2 equiv.) and L-proline (72 mg, 0.63 mmol, 0.2 equiv.) in dry DCM (20 mL). The mixture was stirred at 

100 °C for 60 min under microwave irradiation. The crude product (Rf 0.59, 50% DCM in n-hexane) was 

purified via column chromatography (silica, gradient 40–80% DCM in n-hexane), to yield d as a yellow 

solid (273 mg, 1.05 mmol, 36%). 

1H-NMR (700.40 MHz, CDCl3): δ 8.12 (d, J = 7.7 Hz, 1H, CH: arom.), 8.08 (d, J = 7.6 Hz, 1H, CH: arom.), 

7.75 (dd, J = 7.5, 7.5 Hz, 1H, CH: arom.), 7.68 (dd, J = 7.5, 7.5 Hz, 1H, CH: arom.), 7.30 (s, 1H, OH), 

2.55 (d, J = 7.3 Hz, 2H, CH2), 1.68 – 1.60 (m, 1H, CH), 1.40 – 1.27 (m, 4H, 2 CH2), 0.90 (t, J = 7.4 Hz, 

6H, 2 CH3) ppm. 

Elemental analysis calculated for C16H18O3: C 74.40%, H 7.02%, O 18.58%. 

Found: C 74.02%, H 7.04%, O 18.62%. 

Solubility (PBS, pH 7.4, 1% DMSO): 0.97 mM. 
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3.2.6 2-Hydroxy-3-neopentylnaphthalene-1,4-dione: e  

 

Figure 46: Ligand e. 

2-Hydroxy-1,4-naphthochinon (1.547 g, 8.89 mmol, 1 equiv.), silver nitrate (0.296 mg, 1.74 mmol, 

0.2 equiv.) and 3,3-dimethylbutanoic acid (4.39 mL, 4.003 g, 34.46 mmol, 4 equiv.) were taken up in a 

mixture of ACN in H2O (50%, 40 mL) to form an orange suspension. It was heated up to 78 °C (oil bath 

temperature) and a solution of ammonium peroxodisulfate (3.939 g, 17.26 mmol, 2 equiv.) in water 

(10 mL) was added slowly, to result in precipitation of a yellow solid. After two hours, it was cooled to 

r.t. and 10% HCl was added. The mixture was extracted with DCM and the organic phase was washed 

with brine and dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure 

to give the crude product as a solid (Rf 0.75, 50% DCM in n-hexane). Remains of the 3,3-

dimethylbutanoic acid were removed under reduced pressure (50 mbar, 160 °C) and the crude product 

was purified by column chromatography (silica, gradient 40–80% DCM in n-hexane) yielding e as a 

yellow solid (0.550 g, 2.25 mmol, 25%). 

1H-NMR (700.40 MHz, CDCl3): δ 8.13 (d, J = 7.7 Hz, 1H, CH: arom.), 8.09 (d, J = 7.6 Hz, 1H, CH: arom.), 

7.76 (dd, J = 7.5, 7.5 Hz, 1H, CH: arom.), 7.68 (dd, J = 7.5, 7.5 Hz, 1H, CH: arom.), 7.36 (s, 1H, OH), 

2.59 (s, 2H, CH2), 0.96 (s, 9H, 3 CH3) ppm. 

Elemental analysis calculated for C15H16O3: C 73.75%, H 6.60%, O 19.65%. 

Found: C 73.55%, H 6.77%.  

Solubility (PBS, pH 7.4, 1% DMSO): 1.05 mM
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3.3 COMPLEX SYNTHESES 

3.3.1 General procedure 

 

Figure 47: Complex synthesis: general procedure. 

The metal dimer (1 equiv.), pyrazole (1.9 equiv.) and the respective naphthoquinone derivative 

(1.9 equiv.) were dissolved in methanol (12 mL) and triethylamine (6 equiv.) was added. Stirring under 

microwave irradiation (60 °C, 20 min) was followed by solvent removal under reduced pressure. The 

crude product was purified via column chromatography (silica, isocratic, 70% ethyl acetate, 5% 

triethylamine in n-hexane). The fractions where combined and the solvent was removed in vacuo. The 

residue was dissolved in a small amount of DCM, the product precipitated by the addition of n-hexane 

and stored at 4 °C overnight. The formed pale yellow to greenish solid was separated by filtration and 

dried at 60 °C. 

Yield: 58–78%
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3.3.2 [(3-Propyl-1-(1H-κN2-pyrazol-1-yl)-4-oxo-1,4-dihydronaphtalene-1,2-bis(olato)-κO1-

κO2)(η6-p-cymene)ruthenium(II)]: 1 

 

Figure 48: Complex 1. 

The product was synthesized according to the general procedure, using ruthenium(II) dimer (160 mg, 

0.26 mmol, 1 equiv.), naphthoquinone derivative a (107 mg, 0.47 mmol, 1.9 equiv.), pyrazole (34 mg, 

0.50 mmol, 1.9 equiv.) and triethylamine (217 µL, 159 mg, 1.57 mmol, 6 equiv.) in methanol (12 mL). 

Stirring under microwave irradiation led to the formation of a red solution. The solvent was removed 

under reduced pressure and the crude product was purified via column chromatography (Rf 0.24, silica, 

isocratic 70% ethyl acetate and 5% triethylamine in n-hexane). Precipitation from DCM/n-hexane led to 

the desired product 1 as a yellow powder (163 mg, 0.31 mmol, 60%).  

1H-NMR (600.25 MHz, MeOD): δ 8.34 (d, J = 2.1 Hz, 1H, CH: 3‘), 8.12 – 8.08 (m, 1H, CH: arom.), 7.64 

– 7.58 (m, 3H, 3 CH arom.), 6.70 (d, J = 2.5 Hz, 1H, CH: 5’), 6.35 (m, 1H, CH: 4’), 5.98 (d, J = 5.9 Hz, 

1H, CH: c), 5.89 (d, J = 5.9 Hz, 1H, CH: c), 5.61 (t, J = 6.1 Hz, 2H, 2CH: b), 2.88 (hept, J = 6.9 Hz, 1H, 

CH: e), 2.34 (s, 3H, CH3: g), 2.39 – 2.24 (m, 2H, CH2: 9), 1.35 (d, J = 6.9 Hz, 6H, 2 CH3: f), 1.42 – 1.25 

(m, 2H, CH2: 10), 0.77 (t, J = 7.4 Hz, 3H, CH3: 11) ppm. 

13C-NMR (700.40 MHz, MeOD): δ 184.08 (Cq: 2), 183.32 (Cq: 4), 141.40 (CH: 3’), 137.74 (Cq: arom.), 

134.37 (Cq: arom.), 132.17 (CH: arom.), 131.21 (CH: arom.), 127.86 (CH: 5’), 127.66 (CH: arom.), 

127.13 (CH: arom.), 110.53 (Cq: 3), 108.70 (CH: 4’), 101.22 (Cq: d), 98.52 (Cq: a), 94.89 (Cq: 1), 83.37 

(CH: c), 82.82 (CH: c), 80.17 (CH: b), 80.15 (CH: b), 32.65 (CH: e), 25.60 (CH2: 9), 23.12 (CH3: f), 22.87 

(CH2: 10), 22.73 (CH3: f), 18.34 (CH3: g), 14.29 (CH3: 11) ppm. 

Elemental analysis calculated for C26H28N2O3Ru: C 60.33%, H 5.45%, N 5.41%, O 9.27%.  

Found: C 59.95%, H 5.45%, N 5.49%, O 9.16%. 

Solubility (PBS, pH 7.4, 1% DMSO): 0.50 mM
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3.3.3 [(3-Butyl-1-(1H-κN2-pyrazol-1-yl)-4-oxo-1,4-dihydronaphtalene-1,2-bis(olato)-κO1-

κO2)(η6-p-cymene)ruthenium(II)]: 2 

 

Figure 49: Complex 2. 

The product was synthesized according to the general procedure, using ruthenium(II) dimer (160 mg, 

0.26 mmol, 1 equiv.), naphthoquinone derivative b (107 mg, 0.47 mmol, 1.9 equiv.), pyrazole (33 mg, 

0.48 mmol, 1.9 equiv.) and triethylamine (204 µL, 149 mg, 1.47 mmol, 6 equiv.) in methanol (12 mL). 

Stirring under microwave irradiation led to the formation of a brown/blackish solution. The solvent was 

removed under reduced pressure and the crude product was purified via column chromatography (Rf 

0.30, silica, isocratic 70% ethyl acetate and 5% triethylamine in n-hexane). Precipitation from DCM/n-

hexane led to the desired product 2 as a green powder (161 mg, 0.30 mmol, 58%). 

1H-NMR (600.25 MHz, MeOD): δ 8.34 (d, J = 2.0 Hz, 1H, CH: 3’), 8.13 – 8.06 (m, 1H, CH: arom.), 7.66 

– 7.57 (m, 3H, 3 CH: arom.), 6.69 (d, J = 2.4 Hz, 1H, CH: 5’), 6.35 (dd, J = 2.3 Hz, 2.3 Hz, 1H, 4’), 5.98 

(d, J = 5.9 Hz, 1H, CH: c), 5.89 (d, J = 5.9  Hz, 1H, CH: c), 5.62 (dd, J = 6.1, 6.1 Hz, 2H, 2 CH: b), 2.88 

(hept, J = 6.9 Hz, 1H, CH: e), 2.34 (s, 3H, CH3: g), 2.42 – 2.27 (m, 2H, CH2: 9), 1.35 (d, J = 6.1 Hz, 6H, 

2 CH3: f), 1.39 – 1.14 (m, 4H, 2 CH2: 10, CH2: 11), 0.85 (t, J = 7.3 Hz, 3H, CH3: 12) ppm.  

13C-NMR (600.25 MHz, MeOD): δ 183.94 (Cq: 2), 183.27 (Cq: 4), 141.40 (CH: 3’), 137.73 (Cq: arom.), 

134.38 (Cq: arom.), 132.16 (CH: arom.), 131.21 (CH: arom.), 127.85 (CH: C5’), 127.65 (CH: arom.), 

127.12 (CH: arom.), 110.76 (Cq: 3), 108.69 (CH: 4’), 101.21 (Cq: d), 98.49 (Cq: a), 94.89 (Cq: 1), 83.36 

(CH: c), 82.83 (CH: c), 80.16 (2 CH: b), 32.64 (CH: e), 32.06 (CH2: 9), 23.61 (CH2: 10), 23.27 (CH2: 11), 

23.12 (CH3: f), 22.76 (CH3: f), 18.36 (CH3: g), 14.52 (CH3: 12) ppm.  

Elemental analysis calculated for C27H30N2O3Ru · 0.15 H2O: C 60.69%, H 5.72%, N 5.24%, O 9.43%.  

Found: C 60.50%, H 5.67%, N 5.35%, O 9.15%. 

Solubility (PBS, pH 7.4, 1% DMSO): 0.47 mM
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3.3.4  [(3-Isobutyl-1-(1H-κN2-pyrazol-1-yl)-4-oxo-1,4-dihydronaphtalene-1,2-bis(olato)-κO1-

κO2)(η6-p-cymene)ruthenium(II)]: 3 

 

Figure 50: Complex 3. 

The product was synthesized according to the general procedure, using ruthenium(II) dimer (105 mg, 

0.17 mmol, 1 equiv.), naphthoquinone derivative c (72 mg, 0.31 mmol, 1.9 equiv.), 1,2-diazole (21 mg, 

0.31 mmol, 1.9 equiv.) and triethylamine (136 µL, 99 mg, 0.98 mmol, 6 equiv.) in methanol (12 mL). 

Stirring under microwave irradiation led to the formation of a brown/blackish solution. The solvent was 

removed under reduced pressure and the crude product was purified via column chromatography (Rf 

0.30, silica, isocratic 70% ethyl acetate and 5% triethylamine in n-hexane). Precipitation from DCM/n-

hexane led to the desired product 3 as a yellow powder (116.0 mg, 0.22 mmol, 64%). 

1H-NMR (700.40 MHz, MeOD): δ 8.33 (d, J = 1.4 Hz, 1H, CH: 3’), 8.13 – 8.07 (m, 1H, CH: arom.), 7.68 

– 7.57 (m, 3H, 3 CH: arom.), 6.70 (d, J = 2.0 Hz, 1H, CH: 5’), 6.35 (m, 1H, CH: 4’), 5.98 (d, J = 5.8 Hz, 

1H, CH: c), 5.90 (d, J = 5.8 Hz, 1H, CH: c), 5.62 (d, J = 5.8 Hz, 1H, CH: b), 5.58 (d, J = 5.8 Hz, 1H, CH: 

b), 2.87 (hept, J = 6.9 Hz, 1H: CH: e), 2.34 (s, 3H, CH3: g), 2.22 (m, 2H, 10), 1.74 (m, 1H, CH: 10), 0.80 

(d, J = 6.6 Hz, 3H, CH3: 11), 0.64 (d, J = 6.6 Hz, 3H, CH3: 11) ppm. 

13C-NMR (700.40 MHz, MeOD): δ 184.54 (Cq: 2), 183.45 (Cq: 4), 141.39 (CH: 3’), 137.73 (Cq: arom.), 

134.40 (Cq: arom.), 132.14 (CH: arom.), 131.21 (CH: arom.), 127.78 (CH: 5’), 127.61 (CH: arom.), 

127.14 (CH: arom.), 109.84 (Cq: 3), 108.69 (CH: 4’), 101.04 (Cq: d), 98.60 (Cq: a), 94.95 (Cq: 1), 83.62 

(CH: c), 82.87 (CH: c), 80.14 (CH: b), 80.00 (CH: b), 32.64 (CH: e), 32.61 (CH2: 9), 29.00 (CH: 10), 

23.20 (CH3: 11), 23.19 (CH3: 11), 22.75 (CH3: f), 22.74 (CH3: f), 18.38 (CH3: g) ppm. 

Elemental analysis calculated for C27H30N2O3Ru · 0.15 H2O: C 60.69%, H 5.72%, N 5.24%, O 9.43%.  

Found: C 60.43%, H 5.66%, N 5.44%, O 9.24%. 

Solubility (PBS, pH 7.4, 1% DMSO): 0.17 mM
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3.3.5 [(3-(2-Ethylbutyl)-1-(1H-κN2-pyrazol-1-yl)-4-oxo-1,4-dihydronaphtalene-1,2-bis(olato)-

κO1-κO2)(η6-p-cymene)ruthenium(II)]: 4. 

 

Figure 51: Complex 4. 

The product was synthesized according to the general procedure, using ruthenium(II) dimer (113 mg, 

0.18 mmol, 1 equiv.), naphthoquinone derivative d (88 mg, 0.34 mmol, 1.9 equiv.), pyrazole (24 mg, 

0.35 mmol, 1.9 equiv.) and triethylamine (149 µL, 109 mg, 1.08 mmol, 6 equiv.) in methanol (12 mL). 

Stirring under microwave irradiation led to the formation of a black solution. The solvent was removed 

under reduced pressure and the crude product was purified via column chromatography (Rf 0.32, silica, 

isocratic 70% ethyl acetate and 5% triethylamine in n-hexane). Precipitation from DCM/n-hexane led to 

the desire product 4 as a yellow powder (107 mg, 0.19 mmol, 52%). 

1H-NMR (600.25 MHz, MeOD): δ 8.35 (d, 1H, CH: C3’), 8.14 – 8.08 (m, 1H, CH: arom.), 7.71 – 7.58 (m, 

3H, 3 CH: arom.), 6.70 (d, J = 1.8 Hz, 1H, C5’), 6.36 (d, J = 1.8 Hz, 1H, CH: C4’), 5.99 (d, J = 5.8 Hz, 

1H, CH: c), 5.92 (d, J = 5.8 Hz, 1H, CH: c), 5.64 (d, J = 5.7 Hz, 1H, CH: b), 5.59 (d, J = 5.7 Hz, 1H, CH: 

b), 2.89 (hept, J = 6.7 Hz, 1H, CH: e), 2.36 (s, 3H, CH3: g), 2.35 – 2.24 (m, 2H, CH2: 9), 1.43 (1H, CH: 

10), 1.37 (d, J = 6.6 Hz, 6H, 2 CH3: f), 1.21 (m, 2H, CH2: 11), 1.07 (m, 2H, CH2: 11), 0.82 (t, J = 7.2 Hz, 

3H, CH3: 12), 0.77 (t, J = 7.2 Hz, 3H, CH3: 12) ppm. 

13C-NMR (600.25 MHz, MeOD): δ 184.39 (Cq: 2), 183.50 (Cq: 4), 141.38 (CH: 3’), 137.72 (Cq: arom.), 

134.45 (Cq: arom.), 132.09 (CH: arom.), 131.20 (CH: arom.), 127.75 C (CH: 5’), 127.58 (CH: arom.), 

127.13 (CH: arom.), 109.99 (Cq: 3), 108.65 (CH: 4’), 100.92 (Cq: d), 98.66 (Cq: a), 95.00 (Cq: 1), 83.66 

(CH: c), 82.98 (CH: c), 80.10 (CH: b), 79.97 (CH: b) 41.21 (CH: 10), 32.62 (CH: e), 27.80 (CH2: 9), 26.71 

(CH2: 11), 26.28 (CH2: 11), 23.18 (CH3: f), 22.81 (CH3: f), 18.44 (CH3: g), 11.64 (CH3: 12), 11.27 (CH3: 

12) ppm. 

Elemental analysis calculated for C29H34N2O3Ru · 0.15 H2O: C 61.94%, H 6.15%, N 4.98%, O 8.96%.  

Found: C 61.63%, H 6.21%, N 5.01%, O 8.71%. 

Solubility (PBS, pH 7.4, 1% DMSO): 0.10 mM
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3.3.6  [(3-Neopentyl-1-(1H-κN2-pyrazol-1-yl)-4-oxo-1,4-dihydronaphtalene-1,2-bis(olato)-κO1-

κO2)(η6-p-cymene)ruthenium(II)]: 5 

 

Figure 52: Complex 5. 

The product was synthesized according to the general procedure, using ruthenium(II) dimer (110 mg, 

0.18 mmol, 1 equiv.), naphthoquinone derivative e (84 mg, 0.34 mmol, 1.9 equiv.), pyrazole (23 mg, 

0.34 mmol, 1.9 equiv.) and triethylamine (149 µL, 109 mg, 1.08 mmol, 6 equiv.) in methanol (12 mL). 

Stirring under microwave irradiation led to formation of a brown/blackish solution. The solvent was removed 

under reduced pressure and the crude product was purified via column chromatography (Rf 0.35, silica, 

isocratic 70% ethyl acetate and 5% triethylamine in n-hexane). Precipitation with DCM/n-hexane led to the 

product 5 as a yellow powder (153 mg, 0.28 mmol, 78%). 

1H-NMR (600.25 MHz, MeOD): δ 8.34 (d, 1H, CH: 3’), 8.15 – 8.08 (m, 1H, CH: arom.), 7.71 – 7.59 (m, 3H, 

3 CH: arom.), 6.74 (d, J = 2.2 Hz, 1H, CH: 5’), 6.37 (d, J = 2.0 Hz, 1H, CH: C4’), 5.98 (d, J = 5.8 Hz, 1H, 

CH: c), 5.93 (d, J = 5.7 Hz, 1H, CH: c), 5.65 (d, J = 5.7 Hz, 1H, CH: b), 5.55 (d, J = 5.8 Hz, 1H, CH: b), 2.89 

(hept, J = 6.8 Hz, 1H, CH: e), 2.36 (s, 3H, CH3: g), 2.32 (q, 2H, CH2: 9), 1.37 (d, 6H, 2 CH3: f), 0.72 (s, 9H, 

3 CH3: 11) ppm. 

13C-NMR (600.25 MHz, MeOD): δ 185.14 (Cq: 2), 183.62 (Cq: 4), 141.38 (CH: 3’), 137.61 (Cq: arom.), 

134.51 (Cq: arom.), 132.08 (CH: arom.), 131.17 (CH: arom.), 127.70 (CH 5’), 127.55 (CH: arom.), 127.28 

(CH: arom.), 108.70 (CH: 4’), 108.64 (Cq: 3), 100.76 (Cq: d), 98.72 (Cq: a), 95.12 (Cq: 1), 83.80 (CH: c), 

83.06 (CH: c), 80.07 (CH: b), 79.93 (CH: b), 36.07 (CH2: 9), 34.29 (Cq: 10), 32.63 (CH: e), 30.54 (3 CH3: 

11), 23.18 (CH3: f), 22.84 (CH3: f), 18.48 (CH3: g) ppm. 

Elemental analysis calculated for C28H32N2O3Ru · 0.15 H2O: C 61.33%, H 5.94%, N 5.11%, O 9.19%.  

Found: C 61.10%, H 5.93%, N 5.25%, O 8.88%. 

Solubility (PBS, pH 7.4, 1% DMSO): 0.32 mM
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3.4 UV/VIS STABILITY 

Complexes 1–5 were dissolved in PBS with 1% DMSO in cuvettes. Concentrations of 40 µmol/L led to initial 

absorbances (A0) from 0.45 to 0.8. The samples and a blank of PBS with 1% DMSO were measured at 

20 °C over 97 measuring cycles of 30 minutes each at 200–700 nm. Absolute values of the peak maximum 

at 366 nm were normalized by Equation 3. Those are pictured in Figure 53, whereas normalized data is 

depicted in Figure 33. 

Equation 3: Normalization of UV/Vis data. 

Anormalized = A + (1–A0) 

 

 

Figure 53: Raw data of UV/Vis spectroscopy.
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3.5 CYCLIC VOLTAMMETRY 

Dissolution of ligand in degassed measuring medium (2.3–3.8 mM ligand a–e and 2.01–2.44 mM complex 

1–5, 3 mL 0.1 M tetrabutylammonium tetrafluoroborate in ACN) was followed by cyclic voltammetry 

measurements over potentials from -2.5–1.5 V with variation in scan rate (10–200 mV/second). 

Subsequent addition of ferrocene as a standard was measured at 100 mV/second, in order to normalize 

data. Subtraction of ferrocenes’ half level potentials led to the final spectra, as depicted in chapter 2.4.3.  

 

Figure 54: Ferrocene standard with complex 5.
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4 CONCLUSIONS AND OUTLOOK 

A novel compound class of N,O,O-tridentate ruthenium(II) arene complexes has been investigated. Based 

on promising attributes of cytotoxicity and selectivity towards cancer cell lines, an investigation on stability 

enhancing functional groups was conducted. Therefore, a series of 3-alkylated 2-hydroxy-1,4-

naphthoquinone ligands was synthesized and used for complexation. All purified compounds were 

characterized via NMR and elemental analysis. The obtained ruthenium(II) arene complexes were 

examined by standard analytical methods and investigated for their aqueous stability and redox properties. 

Solubility of the complexes was determined in PBS with 1% DMSO and were found below 1 mM for all 

complexes. This issue turned out as a problem for analysis of complex 4, which precipitated already during 

the UV/Vis measurements. For other complexes, UV/Vis stability measurements showed increasing 

stability in aqueous medium, in correlation to longer and branched alkyl chains. A study on the impact of 

substituent variation on redox processes was conducted via cyclic voltammetry, to show no influence on 

mechanistic behavior. Complex reduction cascades were observed at harsh conditions, which are 

supposedly out of range of biological redox processes. Overall, these observations can serve as starting 

point of further investigations. Higher stability of complexes with branched alkyl substituents indicates iso-

propyl and tert-butyl featuring derivatives to be interesting candidates for upcoming syntheses and 

examinations. Furthermore, complexation works properly with osmium(II) as a metal center.203 However, 

determination of in vitro cytotoxicity of synthesized derivatives will be the most important next step. Thus, 

anticancer potencies can be put into relation with previous works. A trend towards lower IC50 values in 

correlation to higher complex stability and lipophilic character is expected (chapter 1.2.6). In addition to in 

vitro studies, research on biological behavior will be necessary. Mechanisms of antitumor activity include 

activation chemistry and interaction with certain molecular targets. Elucidation of molecular successions is 

an important step for further examinations. As DNA interaction and ROS production have been excluded 

as modes of action (chapter 1.2.6), antitumor activity might be based on other naphthoquinone typical 

targets like topoisomerase I/II, NQO1 or telomerase (chapter 1.2.5). Binding behavior towards these 

enzymes can be examined via certain essays, whereas affinity towards amino acids or small peptides can 

be elucidated from liquid chromatography coupled mass spectrometry after incubation. Not only impressive 

cytotoxic impact, but also unexpected selectivity for certain cell lines in vitro may be further object of 

investigation. Broader insight on these central characteristics may give option to fine tune ligand design, 

diminish adverse effects or raise anticancer potencies and selectivity. Ultimately, in vivo studies on most 

promising candidates are a critical step towards significant conclusions on drug design, selectivity and 

applicability as anticancer agents. Overall, the compound class of novel tridentate naphthoquinone based 

metallodrugs has shown outstanding attributes, although various central characteristics remain unknown. 

Thus being of great interest for further examination and medical application, intense research on given 

uncertainties is critical.
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6 ABBREVIATIONS 

%  percent  

°C degree centigrade  

µL microliter 

µM  micromolar 

µmol/L micromole per liter 

A absorbance 

Å angstrom  

A0 initial absorbance 

ACN  acetonitrile  

AI  aromatase inhibitor 

arom. aromatic 

ATP  adenosine triphosphate 

cat.   catalytical 

CDCl3  deuterated chloroform 

CH tertiary carbon 

CH2 secondary carbon 

CH3 primary carbon 

Cq quarternary carbon 

d doublet 

DCM   methylene chloride 

dd  doublet of doublets 

ddd  doublet of doublet of doublets 

DEPTq distorsionless enhancement by polarization transfer including the detection of quaternary 

nuclei 

DLBCL  diffuse large B cell lymphoma 
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DMSO  dimethyl sulfoxide 

DNA  deoxyribonucleic acid  

dq doublet of quartets 

DUB  deubiquitinase 

e.g.   exempli gratia 

EGFR  external growth factor receptor 

EMT  epithelial-mesenchymal transition (gene) 

equiv. equivalent 

ER  endoplasmic reticulum 

FDA  food and drug administration 

GRP78  binding immunoglobulin protein 

GSH  glutathione 

h hours 

HCl hydrochloric acid 

hept heptet 

HQ 2-hydroxynaphthoquinone  

HSA  human serum albumin 

Hz hertz 

IC50  half maximal inhibitory concentration 

M molarity (mol/L) 

m multiplet 

MALT1  mucosa-associated lymphoid tissue lymphoma translocation protein 1 

MeOD  deuterated methanol 

MeOH methanol 

mg milligram 

MHz megahertz   
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min minutes 

mL  milliliter  

mM millimolar  

mmol millimol 

mRNA  messenger ribonucleic acid 

mV millivolt 

mV/s millivolt per second 

NAD(P)+ oxidized nicotinamide adenine dinucleotide (phosphate) 

NAD(P)H nicotinamide adenine dinucleotide (phosphate) 

NEt3 triethylamine 

NF-κB  nuclear factor kappa-light-chain-enhancer of activated B-cells 

nm nanometer 

NMR  nuclear magnetic resonance  

NQO1  naphthoquinonoxidase1 

PBS phosphate buffered saline 

PGP  plasma membrane glycoprotein 

pH potential of hydrogen 

ppm parts per million 

PTA  1,3,5-triaza-7-phosphaadamantane 

r.t. room temperature 

RAS  rat sarcoma 

Rb  retinoplastome  

RCHO  aldehyde 

Rf retardation factor 

RNR  ribonucleotide reductase 

ROS  reactive oxygen species 
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s singlet 

STAT  signal transducer and activator of transcription 

t triplet  

tert  tertiary  

UV/Vis  ultraviolet/visible (spectroscopy) 

V volt 

VEGF  vascular endothelial growth factor 

WHO  world health organization 

 


