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Abstract 

The work presented in this thesis employed conventional structure-activity relationship studies 

to guide the rational design of compounds that target acute myeloid leukemia, infections caused 

by resistant bacteria and metabolic diseases such as atherosclerosis, diabetes mellitus type 2 

and obesity. 

Recent literature concludes that the phenazine 5,10-dioxide natural product iodinin (5) targets 

human leukemic cells potently and selectively. In this study, we synthesized iodinin from 

commercially available reagents and used structure-activity relationship studies as a tool to 

rationally guide the design and discovery of new antileukemic agents. In this process, the 

known antibiotic myxin (8) was identified to be equally potent to- and as selective towards 

leukemic cells as iodinin. This finding enabled us to conclude that one of iodinin’s two phenol 

groups can be O-functionalized without any loss of cytotoxic potency at the same time the 

selectivity towards AML cells over healthy cells is preserved (Paper I). Furthermore, synthesis 

and biological evaluation of iodinin- and myxin prodrugs revealed carbamate side chains to be 

an advantageous functionality to attach to the phenolic function. These prodrugs displayed 

enhanced potency, solubility and more efficient cell membrane penetration compared to iodinin 

(Paper II). By altering the substitution patterns of the phenazine scaffold in positions 6, 7 and 

8, we could identify 7,8-dihalogenated- and 7,8-dimethylated carbamate-functionalized 

phenazine 5,10-dioxides with considerably enhanced potency, compared to that of iodinin and 

myxin, while preserving the selectivity towards leukemic cells.  

Phenazine 5,10-dioxides were also tested against strains of both Gram-positive and -negative 

bacteria with different profiles of resistance to antibiotics used in the clinic. Results retrieved 

from these experiments revealed clear trends that can guide further development of phenazine 

5,10-dioxides for use in the treatment of severe infections.  

We were also interested in targeting the transcriptional machinery of cells through the liver X 

nuclear receptors (LXRs). The LXRs play a crucial role in the metabolism and homeostasis of 

cholesterol, lipids, bile acids and carbohydrates. Therefore, their potential to serve as drug 

targets in the context of metabolic diseases is immense. 

Individual reports state that the natural oxysterol 22(R)-hydroxycholesterol (22RHC) and its 

unnatural synthetic epimer 22(S)-hydroxycholesterol (22SHC) can promote opposite 
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biological effects in terms of LXR-regulated gene expression. Through virtual screening, 

synthesis of analogues and biological evaluations that assessed the expression of key LXR 

target genes, we managed to identify two new leads that mimicked the activities of 22SHC. 

One compound (LXR11) was found to be very promising in vitro and was investigated further 

in rats (Paper III). This compound did however fail to provide the desired outcome in vivo, 

most likely due to pharmacokinetic problems, such as rapid metabolism in the rat’s 

gastrointestinal tract. SAR studies were also conducted in vitro, and involved the synthetic 

preparation of analogues with different functionalities in position 22 of the cholesterol scaffold. 

The results from this study gave an enhanced understanding of how LXR-regulated gene 

expression can be manipulated by synthetic transformations in position 22 of the cholesterol 

scaffold – the compound 22-ketocholesterol (22KCH) was found to upregulate the expression 

of ABCA1 selectively, rendering it a promising new lead compound for further anti-

atherosclerotic evaluations (Paper IV). 
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Chapter 1  General introduction 

1.1 Drug discovery 

The universe is hardwired to be an organic chemist. It’s not a very clean or tidy one, but it 

has really big beakers and plenty of time.” – Scott Sandford, NASA 

Drug discovery is devoted to the identification of new substances, so-called lead compounds 

(or hits) that exhibit attractive biological features in terms of treating an illness by affecting a 

specific biological target of interest. Modern drug discovery is a complex, time-consuming and 

multidisciplinary process. Moreover, it is enormously expensive and its success rates are 

extremely low. New drug molecules are seldom discovered directly. Therefore, lead 

compounds are substances that have the potential to be further developed via medicinal 

chemistry to achieve the end goal; a marketed drug that provides a positive impact on human 

health. Typically, the biological targets of interest are proteins that according to our current 

understanding and knowledge play a central role in a disease of interest.1  

There are several strategies to approach the discovery of a new lead compound. In the 1940s, 

following Alexander Fleming s discovery of benzylpenicillin (penicillin G),2 Selman 

Waksman introduced a screening platform in the 1940s that suddenly drew a line between an 

active discovery platform and discoveries that were simply based on luck.3 The concept was 

successful for a time, based on the screening of soil-derived Streptomycetes for antimicrobial 

activity. This approach was incorporated into the pharmaceutical industry and led to the 

discoveries of streptomycin and the first aminoglycoside. However, this particular platform 

was abandoned after a while as the same compounds were continuously rediscovered again and 

again.4  

Nowadays, the pharmaceutical industry is fond of high-throughput methods, e.g. high-

throughput synthesis and high-throughput screening (HTS). The first step of the drug discovery 

process applying the HTS method is target identification and validation. Technological 

advances in molecular biology have enabled cloning and expression of protein targets to 

become a routine practice in the pharmaceutical industry. Consequently, compounds can be 

evaluated and even optimized in vitro before they are exposed to animals.5 After target 

validation is established, the screening process is initiated, and once a HTS-hit is identified, 
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the chance of further developing this specific molecule to a marketed drug-brand is somewhere 

around one in a million.6 To conduct these types of screenings, such facilities are in possession 

of chemical libraries counting typically well over one million compounds, and the screening 

capacity is truly enormous; several million compounds can be screened in a matter of a few 

weeks against a given biological target. Despite these and many other technological advances, 

the industry has simply failed to increase its output of marketed drugs per year.7-8 

The increased efficiency of a drug discovery process based on HTS has thus been a topic for 

debate and still, no obvious solutions have been provided. However, a large focus has been 

turned towards the design of the chemical libraries screened. Hypothetically, there are some 

disadvantages to using synthetic libraries, as their chemical diversity is simply not large 

enough. This can be exploited though, in some cases, if structural knowledge regarding the 

drug target is already in hand.9 Scientists at Merck pursued a rational approach, choosing the 

2-aryl-indole chemical scaffold as a starting point for constructing a G protein-coupled receptor 

(GPCR)-targeted library through combinatorial synthesis. In this project alone, a total of 

128.000 analogues were prepared and further screened for various GPCR targets. Multiple 

compounds were identified to display potent activities across a variety of different receptors.10 

This is rational drug design and targeted screening. Some of these compounds were optimized 

via medicinal chemistry and this eventually led to the identification of a potent clinical 

candidate   an antagonist of the human neurokinin-1 receptor (hNK1).11-12 

Murcko et al. investigated the chemical diversity of 5120 drugs from the Comprehensive 

Medicinal Chemistry database.13 Simplifying these chemical structures down to skeletons of 

carbon frameworks, 32 of the most common scaffolds accounted for approximately half of all 

the drugs that were investigated.13 Although these findings are built on simplified chemical 

structures, the chemical diversity seems surprisingly low among marketed drugs.9 Evans et al. 

introduced the  in 1986,14 as it was recognized that certain 

chemical scaffolds have the potential to interact with diverse biological targets upon 

modification of their functional groups.9 The 2-arylindole scaffold earlier mentioned is a good 

example of such a structure. 

High-throughput screening of several hundred thousand compounds can afford multiple hits. 

This calls for the necessity to prioritize the most promising ones for further investigations and 

to ensure the hit was not a false-positive. This selection is done by medicinal chemists 

evaluating likeness  in terms of privileged scaffolds. Lipinski and colleagues at Pfizer 
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proposed a simple rule of thumb to evaluate druglikeness, referred to as the Lipinski s Rule of 

Five. This set of four (not five) guidelines was found to account for 90% of all orally active 

drugs that have reached phase II clinical status.15  

 MW   500 Daltons 

  5 

  10 

 L  5 

Due to an ever-increasing pressure on the industry to deliver new types of medicine in 

particular due to enormous research costs and lowered product output, the focus has also been 

turned towards the overall quality of discovered lead compounds. As a result, the term 

Rule of T 15 

 MW  300 Daltons  

 H-  3 

 L  3 

  3 

This set of guidelines is stricter than those proposed by the Lipinski s Rule of Five, but this 

stems from the fact that the development process of a lead compound via medicinal chemistry 

is most certainly followed by increase in MW and log P.6, 15 

Use of computational power in drug design has gained popularity as technological advances of 

computers have emerged over the course of the past three decades. Unlike the brute-force HTS-

method which requires minimum knowledge about the interactions between the target and the 

ligand, virtual screenings can also be performed in silico if detailed knowledge of the target is 

already available. This is computer-aided drug discovery (CADD).16 Rule-based filters that 

sort out compounds with undesirable properties from the chemical library can also be employed 

to reduce the number of compounds that are relevant for conventional HTS (e.g. an 

inappropriate molecular size or cLog P).17 A huge advantage of CADD is that neither the actual 

proteins, nor the ligands need actually to be in hand for conducting virtual screenings of ligand 

interactions with biological targets.  
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Other approaches have proven successful in drug discovery and particularly the evaluation of 

drug metabolites. A dye called Prontosil rubrum was investigated by Gerhard Domagk at Bayer 

in the 1930s. This compound was shown to be active against streptococcal infections in mice. 

Interestingly, this red dye was only active in vivo, not in vitro. Prontosil was later shown to be 

metabolized by liver enzymes to the active ingredient sulfanilamide which proved useful in 

treating syphilis.18 Other classic examples include morphine, a metabolite of codeine,19 and 

oxazepam (Sobril®), an oxidized metabolite of diazepam (Valium®).20 

Clinical observations can also result in new drugs for unforeseen indications. Examples include 

sildenafil which was first evaluated for its antihypertensive effects, but later showed an 

interesting side effect and was developed into a drug against male erectile dysfunction.21 

Another example is minoxidil, also first clinically evaluated to treat high blood pressure, but 

revealed properties as a drug to prevent hair loss.22 Obviously, the disadvantage of this 

approach is that the molecules must have gone through expensive and time consuming pre-

clinical studies before entering clinical trials in humans. On a positive note, these compounds 

have in addition passed expensive pre-clinical toxicity studies in animals. 

1.2 Natural products 

Nature has been the most prominent source of medicinal products since the beginning of 

recorded history and still continues to have a great impact on drug discovery and  

-development.23 Records from Mesopotamia (~2600 BC) explain the medicinal use of over one 

thousand different plant-derived crude materials, 

(~1500 BC) contains quite detailed descriptions of more than 700 drugs and their use.24  

Looking at marketed anticancer agents alone, from the 1940s to 2014, in a detailed analysis by 

Newman and Cragg, 49% were found to be natural products or their close derivatives.25 Figure 

1 (next page) provides a selected overview over unaltered natural products that have served 

humans as drugs. Terrestrial microorganisms have particularly been a fruitful source of 

compounds, giving us drug prototypes for important classes of antibiotics (penicillins, 

cephalosporins and tetracyclines), cholesterol-lowering drugs (statins) and anti-cancer agents 

like daunorubicin (structure shown later in page 11).18  
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Natural products are in many ways privileged structures since they are produced by living 

organisms and have been selected through time and evolution to occupy three-dimensional 

spaces provided by nature. These cavities arrive in the forms of receptors, enzymes and in the 

metabolic machineries of living cells.12, 26 A report from Novartis showed that screening of 

library subsets counting only natural products resulted in significantly higher hit-rates 

compared to conventional synthetic- or combinatorial libraries.27 Thus, screening libraries 

should be assessed rather by quality than quantity when it comes to the number of structures in 

the discovery process.26 Hypothetically speaking, the chances of a unique and chemically 

complex structure like paclitaxel (Taxol®, Figure 1) being discovered from a library only 

consisting exclusively of synthetic compounds seems literally impossible. Nature is a vast 

source that can provide the type of structural diversity needed to drive revolutionary drug 

discoveries, as well as challenge organic chemists with new difficult synthetic targets.  

Most of the time, unaltered natural products are simply not fit to serve as drugs in humans or 

otocols. They require specific chemical tailoring to 

tune in properties such as potency, target affinity, pharmacokinetics, and to eliminate or reduce 

others, such as toxicity and unwanted side effects. This is where the practice of medicinal 

chemistry comes in. 

 

Figure 1: Natural products that have been used as drugs. 
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1.3 Medicinal Chemistry 

Medicinal chemistry is engaged in the early stages of drug discovery and is devoted to the 

selection and optimization of new lead compounds. As a part of the lead optimization process, 

synthetic alterations to the molecular structure of a lead compound are usually carried out 

systematically to map structure-activity relationships (SAR). SAR-studies aim to provide 

information about which part of the molecule is essential to retain bioactivity (i. e. its 

pharmacophore), and what parts of the structure can be substituted chemically or removed. 

Quantitative Structure-activity relationships (QSARs) are the mathematical relationships 

determined between the structural properties of a molecule and another feature, such as specific 

activity in a biological assay or a physicochemical property. Relationships determined from 

QSAR experiments can be of aid to either optimize a lead compound or to guide the rational 

design of new analogues.28 

Medicinal chemistry has the purpose of making the drug safer and more effective for 

therapeutic use in humans, in other words more druglike. Chemical transformations of the lead 

candidate can influence important factors such as potency, toxicity, stability, water solubility 

and target selectivity in addition to absorption, distribution, metabolism and elimination 

(ADME). The chemical structures of many natural products are also simply too complex to be 

synthesized efficiently on an industrial scale. In this context, simplifications of the molecular 

structure or semi-synthetic strategies often prove to be necessary. Figure 2 shows the core 

structure and pharmacophore of the quinolone class of antibiotics, discovered in 1980s  a late-

coming end to the golden era of antibiotic drug discovery. 

  

 

 

Figure 2: The core structure of quinolones exemplified by ciprofloxacin, a synthetic broad-spectrum 
antimicrobial agent derived from structure-activity relationship studies. Quinolones inhibit bacterial 
DNA gyrase and topoisomerase IV.18 
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Medicinal chemistry is uniquely placed at the interface between several scientific disciplines, 

heavily relying on organic chemistry and synthesis, pharmacology and the biology of 

eukaryotic- and prokaryotic cells. Therefore, the modern medicinal chemist is a member of an 

interdisciplinary research team where he or she is required, not only to thoroughly understand 

the field of synthetic chemistry, but to gain knowledge of several other related research 

disciplines. Otherwise, his/her decision making regarding the selection and further 

development of lead compounds is at high risk of being flawed or inefficient.7 Immense 

technological advances in computational equipment, purification techniques and analytical 

instrumentation have enabled humans to move forward from consumption of impure crude 

materials towards the use of well-documented active ingredients of very high purity. The role 

of the medicinal chemist in modern drug discovery has thus changed rapidly over the course 

of last decades, much owing to technological advances and changed perspectives in drug 

discovery. Despite the altered landscapes, the goal of the journey remains intact  to find and 

develop new and safer drugs to treat threatening diseases.  

1.4 Cancer 

Cancer is a term for more than 100 heterogenous diseases of different etiology. All of them 

appear to have at least three factors in common: Unhindered cell-growth, invasion of adjacent 

tissues by tumor and finally, tumor dislocation and migration to sites distant from the point of 

origin. The most common cancers in humans are those associated with the lungs, the prostate, 

the breasts, and the colorectum.29 The World health organization (WHO) classifies cancer as a 

leading cause of death worldwide, with over 14 million confirmed new cases and 8.2 million 

deaths in 2012 alone.30 

In the majority of cases, options for cancer treatment include tumor resection, chemotherapy 

and radiation therapy. These options are often used in combination, depending on the diagnosis 

and stage of tumor development.31 Cancer chemotherapy is in many cases heavily reliant on 

the use of antibiotics. This results from the immunosuppressive effects promoted by many 

chemotherapeutic agents. The emergence of antibiotic resistance therefore poses a drastic 

threat in all cancer therapies.32 

Despite massive efforts in cancer research in the past decades, with build-up of knowledge and 

complex literature, the mechanisms behind carcinogenesis are still not fully understood. Lines 

of evidence suggest that the stepwise evolvement required for a normal cell to become a 
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cancerous one is a multistep path driven by dynamic changes in the genome.33 This process 

can be divided into phases of initiation, promotion, transformation and progression. During 

the initiation phase, normal, healthy cells are exposed to carcinogenic substances. This results 

in DNA-damages that, if not repaired, lead to an irreversibly mutated cell. The promotion phase 

factors that may favor the growth of the mutated cells over normal ones. At some point, these 

cells mutate further to become malignant (transformation). Further mutations result in a 

progression phase characterized by increased replicative potentials. This phase involves 

invasion into local tissues and progression of metastasis.29 

To provide a joint framework over the complex term of cancer, six hallmarks have been coined 

which seem to account for the clear majority of cancerous diseases (Figure 3). These hallmarks 

represent functional properties acquired by tumors and are as follows: Self-sufficiency in 

growth signals, insensitivity to growth-suppressing signals, resistance to cell death by 

apoptosis, unlimited replicative potential, angiogenetic and metastatic activity.33-34 

 

 

Figure 3: The six hallmarks of cancer. A modified figure from Hanahan et al.34 
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1.4.1 Tumor hypoxia 

It is a well-established fact that solid tumors in humans are less oxygenated than the normal 

tissues surrounding them.35 This characteristic feature is the result of a rapid, -of-

growth and a disorganized vascular network surrounding tumors.36 Most tumors of a volume 

larger than 1 mm3 contain hypoxic regions located relatively distant from blood vessels. 

Insufficient flow of oxygen, nutrition and even conventional chemotherapeutic agents 

contribute to the hypoxic nature of solid tumors.37 These factors may result in the tumors 

resistance against chemotherapy, as drugs are not able to enter the tumor in sufficient 

concentrations. Moreover, a prolonged hypoxic state in a tumor tissue may also result in 

necrosis, another characteristic feature of solid tumors.37 

The difference in oxygen saturation can possibly be exploited for selectivity between cancerous 

cells and normal healthy cells. Several chemical scaffolds are prone to act more potently in 

hypoxic environments. These scaffolds depend on molecular oxygen for the detoxification 

(back-oxidation) of radicals formed after an enzymatic reduction. Examples include  

N-oxidized derivatives of phenazines,38 quinoxalines39 and 1,2,4-benzotriazines.40 These 

scaffolds will be more thoroughly addressed in section 3.2.5, page 28. 

1.4.2 Leukemia 

Millions of cells are formed every minute in the bone marrow and all types of specific blood 

components evolve from stem cells located therein. Normally, these cells mature and develop 

in a stepwise manner towards more sophisticated cell types that carry out specific tasks in the 

normal blood economy.  

Leukemia is a group of cancerous diseases that involve cells that normally should develop and 

differentiate further into more specific blood components (platelets, red- and white blood cells 

etc.). Four major classes of leukemia are generally referred to, although multiple sub-types 

have been assigned depending on the classification system used. These are acute myeloid 

leukemia (AML), acute lymphoblastic leukemia (ALL), chronic myeloid leukemia (CML) and 

chronic lymphocytic leukemia (CLL).29 In acute leukemia, the cancerous cells are immature 

blasts, whereas chronic leukemia is characterized by more mature cells of cancerous origin. 

The terms myeloid and lymphocytic refer to which cell line is affected (see Figure 4, next 

page). 
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Figure 4: Development process from stem cells towards blood cells with more specific purposes. 
Picture from the National Cancer Institute.41 

 

1.4.2.1. Acute myeloid leukemia 

Acute myeloid leukemia (AML) is an aggressive hematopoietic stem cell disorder 

characterized by infiltration of the bone marrow, blood and other tissues by clonal, proliferative 

and abnormally differentiated myeloid blast cells. These cancerous cells have acquired specific 

mutations that result in hampered apoptotic and differentiational capabilities. Moreover, these 

mutations give rise to abilities for uncontrolled proliferation and other survival advantages.42 

Physiologically, this -

effect in the bone marrow which interferes with all normal blood cell production. 

The exact cause of acute leukemia remains unknown. However, several major risk factors have 

been identified including benzene exposure, chemotherapeutic alkylating agents, ionizing 

radiation, maternal ethanol consumption and genetic factors, e.g. Down s syndrome. The 

Epstein-Barr- and Human T-lymphocyte viruses have also been acknowledged as risk factors.29 

Diagnosis of AML is established when 20% of a total blood count consists of myeloid blasts.43 

However, AML is a heterogeneous disease and subtype diagnosis is complex.44 Two main 

classification systems are used for the diagnosis of myeloid cancers. One is the so-called 

French-American-British (FAB) system, which defines eight subtypes of AML based on 

morphological and cytochemical characteristics. Another classification system has more 

recently been defined by WHO and considers combinations of morphological, genetic and 

immunologic characteristics.29, 45  
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AML is the most common leukemia in adults and continues to be accompanied by the lowest 

survival rates.46 Statistics from 2015, in the USA alone, estimated some 20.830 new cases 

diagnosed and 10.000 deaths. Advances in AML treatments have led to significantly improved 

survival rates in younger patients, while the prognoses for the elderly remain  poor.45 Incurable 

50 years ago, AML is now considered cured in 35 - 40% of cases in patients younger than 60 

years. These numbers drop drastically in patients over 60 years of age, where the disease is 

cured in only 5 - 15% cases.47 Even with current treatments, 70% of all patients 65 years and 

older will not survive one year from their point of diagnosis.45 This is due to the very intensive 

chemotherapy that must be initiated immediately after diagnosis, often in an aged patient with 

other comorbid illnesses. The chemotherapy is followed by serious side effects, even lethal 

ones such as cardiotoxicity after anthracycline exposure.48 If left untreated, death will typically 

occur within few weeks or months.42 Therefore, new alternative chemotherapies that target this 

disease in a milder and more selective way are utterly called for. 

Through intensive induction chemotherapy, the treatment goals are to achieve rapid onset of 

complete remission (CR). The AML induction therapy consists of so-  cycles of a 

high-dose combination of the cell cycle inhibitor cytarabine (first 7 days) and the anthracycline 

daunorubicin (first 3 days) (see Figure 5). A complete remission is achieved in the majority of 

cases (65%) using this combination.49 However, CR will typically not last for longer than 4 - 

8 months if an intensive post-remission therapy is not initiated immediately after the induction 

phase. The goal of the post-remission therapy is thus to eradicate any remaining cancerous cells 

that might have survived the induction phase. The post-remission therapy has been shown to 

clearly improve survival rates, but the exact duration and number of therapy cycles remain a 

topic for debate.29 

 

  

 

Figure 5: The chemotherapeutic agents cytarabine (Ara-C) and daunorubicin. 
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Chapter 2  Overall aims of study 

The purpose of this work was to discover new drug leads for improved therapies of acute 

myeloid leukemia, infections caused by resistant bacteria and metabolic diseases such as 

atherosclerosis, diabetes mellitus type 2 (T2DM) and obesity. We set off with the aim of 

investigating two related, yet fundamentally different drug targets, namely the DNA (of 

leukemic cells and bacteria) and the liver X receptors (LXRs). We already had ideas related to 

i) heterocyclic compounds with potential effects on acute myeloid leukemia (AML) and 

infectious diseases caused by resistant bacteria, and ii) oxygenated steroid derivatives showing 

activity towards nuclear receptors controlling gene products related to T2DM, obesity and 

atherosclerosis.  

Our interest in phenazine 5,10-dioxides was based on recent reports in which the natural 

product iodinin (5) was shown to be a potent and selective inducer of apoptotic cell death in 

human AML cell lines.1-2 Our initial plan in this context was to establish a new total synthesis 

of the lead compound, which would give access to sufficient amounts of the product for further 

lead development and biological evaluations. The synthesis of analogues was considered 

essential to map structure-activity relationships, in order to gain a more detailed insight into 

their DNA-damaging mechanism of action and to guide a rational design of new antileukemic 

drug candidates.  

In the light of counteracting atherosclerosis, agonists of the LXRs have been pursued in drug 

discovery due to their desirable upregulation of the expression of ATP-binding cassettes.3 

However, it is also well documented that long-term exposure to full agonists of the LXRs 

results in undesirable side-effects, such as hypertriglyceridemia, upregulated lipogenesis and 

hepatic steatosis.4 Our enthusiasm in this field was based on reports demonstrating that 22(S)-

hydroxycholesterol is an LXR-antagonist, with a potential to selectively downregulate the 

expression of genes involved in lipid formation, while simultaneously increasing glucose 

uptake.5-7 Interestingly, its natural epimer, the endogenous compound 22(R)-

hydroxycholesterol is an LXR full agonist.8-9 We envisioned that virtual screening, synthesis 

and biological evaluations of different oxysterols functionalized in position 22 could provide 

new knowledge about the ligand-dependent regulation of LXR target gene expression and 

possibly guide us towards discoveries of new drug candidates for the treatment of LXR-related 

diseases like atherosclerosis, T2DM and obesity.  
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The two projects described above differ in terms of ligand structures and targets. However, 

they are connected by aspects like drug discovery, medicinal chemistry and structure-activity 

relationship studies, in which small-molecular compounds, derived from natural products, are 

in focus.  

More specific descriptions of other aims of the work described herein are given in Chapters 4 

and 7.  
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Chapter 3  Introduction to phenazines 

The phenazine (PHz) literature is vast, spanning more than 150 years. A detailed overview 

covering all aspects of current knowledge regarding the physiological roles of phenazines, their 

biosynthesis, modes of action and synthetic methods is far beyond the scope of the presented 

introduction. However, some key aspects regarding the current knowledge on their 

biosynthesis, modes of action and synthetic preparations will be addressed. Specific PHz 

molecules of interest to the presented work will also be discussed with the aim to provide the 

reader with a better understanding of which biological effects can be expected by looking at 

different PHzs.  

Phenazines (PHzs) are a large class of colorful aromatic N-heterocyclic compounds. They are 

found widely in nature, both in terrestrial and water-habited environments, as well as in 

surroundings that are both rich in and deprived of oxygen. The biosynthesis of PHzs has been 

confirmed to take place in a wide array of Gram-positive (G+)1 and Gram-negative (G-)2 

bacteria, and even in the archaeal species Methanosarcona.3 Natural production is thus limited 

to bacteria and archaea of which the sub-types of Streptomyces (G+) and Pseudomonas (G-) 

are generally referred to as the richest natural sources. Several excellent comprehensive 

reviews have been published that highlight their occurrence, physiological roles, modes of 

action, synthesis and biosynthesis.3-6  

The phenazine core structure consists of a central pyrazine ring annulated by two benzene rings 

(1, Figure 6) and the colors of these bacterial metabolites range over the whole visible spectrum 

depending on which functional groups decorate the scaffold. Each nitrogen atom can also be 

found covalently bound to oxygen, forming N-oxides, as exemplified by phenazine 5,10-

dioxide (2) (Figure 6). The colorful nature of these compounds therefore facilitated an early 

discovery of the first PHz natural products within bacterial cultures.5  

 

Figure 6. Phenazine (1) and phenazine 5,10-dioxide (2). 



18 
 

Pyocyanin (3, PYO, Figure 7), isolated by Fordos in 1859 is the oldest known phenazine and 

the one most extensively studied to date.6 This substance (3) was originally isolated by 

chloroform extraction of blue colored wound dressings probably containing the opportunistic 

pathogen Pseudomonas aeruginosa, later known for its extensive production of the blue dye. 

Pyocyanin (3) is essential for survival of Pseudomonas aeruginosa at late stages of growth and 

an important virulence factor that worsens condition of the lung tissue in patients suffering 

from cystic fibrosis.7 Its mode of action will be discussed in more detail in section 3.2.1, page 

22.  

The discoveries of other PHzs followed and among these were the green pigment chlororaphine 

(2) reported in 1894 and the purple, glittering iodinin (5) reported in 1938 (Figure 7).1 The 

current literature includes accounts of over 180 different PHzs of natural origin and if all 

synthetic structures are contained within, this number rises to well over 6000 reported 

compounds.5 Hundreds of these compounds display a range of biological effects, attesting to 

the immense structural variety of the PHzs. In many cases, anti-infective and antitumor effects 

have been recognized in addition to several other biological functions. Examples of natural 

products include the antibiotics griseolutein A (6), lomofungin (7) and myxin (8) as well as 

mycomethoxin (9) which is active against Mycobacterium tuberculosis, hence its name (Figure 

8, top row, next page). Selected examples of compounds that promote the death of cancerous 

cells include saphenamycin (10) and esmeraldin B (11). A variety of other functions have been 

reported, such as the potent radical scavenging effect of benthocyanin A (12) (Figure 8, bottom 

row, next page).8 

 

 

Figure 7: The natural products pyocyanin (3), chlororaphine (4) and iodinin (5) 
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 PHz has to this date gained market approval for therapeutic 

use in humans. This statement might come as a surprise if seen in the context of the long-term 

interest in these compounds from both academia and the pharmaceutical industry, especially 

regarding growth inhibition of microbes and cancerous cells. To approach a logical explanation 

to this paradox, several aspects should be considered and the first of these is toxicity. 

Phenazines are small-molecular compounds and able to interfere with an array of biological 

functions. The planar aromatic nature of this compound class has especially been feared to 

result in unselective binding or interference with eukaryotic DNA. Secondly, due to the 

multiple modes of action involved and the relatively poor understanding concerning 

physiological roles, other antibiotics with more appealing safety profiles were certainly  ranked 

higher during the golden era of antibiotics, when antimicrobial research was as a top priority 

in the pharmaceutical industry. A lack of efficient synthetic methods in the past has also 

provided a barrier for commercialized production, and in some cases purification, due to the 

formation of regioisomers. Due to the immense variety in terms of chemical structures and 

biological actions, it is extremely difficult to conclude on any general structure-activity 

relationships of this compound class.  

Despite the considerations mentioned above, the PHz scaffold comes from nature and should 

thus be considered as a privileged scaffold with a potential to interact with an array of extra- 

and intracellular targets. Accordingly, if a PHz lead compound is identified, it is an excellent 

starting point for drug discovery and lead optimization via medicinal chemistry. 

 

Figure 8: A selection of phenazine natural products  
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3.1 Biosynthesis 

All PHz-producing species studied have been found to possess a specific conserved set of genes 

clustered in a single operon.9 Earlier studies on PHz biosynthesis were mostly performed on 

Pseudomonas subtypes, which produce relatively simple structures such as pyocyanin (3), PHz 

1-carboxylic acid (PCA, 13) and PHz 1,6-dicarboxylic acid (PDC, 14).4 The discovery of this 

operon at the end of last century has paved the way for a more detailed and stepwise 

understanding of the PHz biosynthetic process.10 Moreover, the gene cluster can most likely be 

transferred via horizontal gene transfer9 and includes a set of at least 5 enzymes that are 

encoded therein (PhzB, PhzD, PhzE, PhzF and PhzG, the structures of all of which are available 

in the RCSB Protein Databank). These enzymes are responsible for the biocatalyzed production 
 

 

Scheme 1: Key steps representing the current knowledge of the phenazine biosynthetic pathway.5 
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of the two core phenazines from which all other functionalized PHzs are believed to be derived, 

namely PDC (13) and PCA (14).5 The PHz operon also contains extensions of the gene cluster 

so that the two key building blocks can be further derivatized into more strain-specific and 

complex PHzs (Scheme 1).10 

The biosynthesis of PHzs has recently been reviewed.5, 10 In a brief summary, chorismic acid 

(15) is transformed into the highly unstable 6-amino-5-oxocyclohex-2-ene-1-carboxylic acid 

(AOCHC, 18) in 4 steps (see Scheme 1). The first intermediate of this path is 2-amino-2-

desoxyisochorismic acid (ADIC, 16) produced by PhzE-mediated, stereoselective amination 

and dehydration of 15. ADIC (16) is then converted to trans-2,3-dihydro-3-hydroxyanthranilic 

acid (DHHA, 17) by PhzD. This substrate is then further transformed into AOCHC (18). As 

mentioned earlier, the intermediate 18 is highly unstable and is therefore subject to rapid self-

condensation, in which two identical molecules condense to form hexahydrophenazine-1,6-

dicarboxilic acid (HHPDC, 19). Compound 19 is also unstable and can aromatize in PhzG to 

give tetrahydrophenazine-1-carboxilic acid (20) or spontaneously undergo non-enzymatic, 

oxidative decarboxylation to form tetrahydrophenazine-1,6-dicarboxilic acid (THPCA, 21). 

The two compounds 20 and 21 are oxidized further to afford dehydrophenazine 1-carboxylic 

acid (DHPCA, 22) and dehydrophenazine 1,6-dicarboxylic acid (DHPDC, 23). These are the 

true precursors for all other phenazines with more complex structures. Compounds 22 and 23 

can also undergo further oxidation to simply give PCA (13) and PDC (14), respectively. The 

tautomeric form of 21, THPCAa (21a), can also undergo oxidative carboxylation once more to 

afford dehydrophenazine (DHPHz, 24) which is oxidized further to 1. 

Strain-specific phenazines of great chemical diversity have been identified from bacterial 

sources that thrive in different environments and it is fair to say that there are large gaps in our 

general understanding of these biosynthetic processes. 
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3.2 Biological functions and modes of action 

Phenazines are redox-active molecules and can therefore accept- and donate electrons. The 

direction of this process depends on the redox potential of the phenazine compared with other 

molecules that can  transport electrons, and that are within range of the phenazine.11 Hundreds 

of PHzs reported throughout the literature display various interesting biological features.4 

Many promote biological events that result in anti-infective- 12-13 and antitumor effects.6, 14-16 

In addition, biofilm eradicating-,17-18 anti-inflammatory-,19 radical scavenging-8 and 

immunosuppressive effects20 been acknowledged as part of their effects just to name few 

examples. As a result of that, various modes of action have been assigned for their individual 

biological effects such as DNA-intercalation,15 inhibition of topoisomerases,21 production of 

reactive oxygen species (ROS),22-23 metal chelation24 and radical scavenging.8 Several modes 

of action should thus be considered when a PHz displays biological effects.  

Like many other natural products, phenazines have undergone secondary 

metabolite  although that word can be controversial in its nature.25 The classical definition of 

a secondary metabolite accounts for organic molecules that serve no specific role in the growth, 

reproduction or replication of a living organism. In reflection of this, the exact physiological 

roles of phenazines have been a mystery for a long time.4 However, some important questions 

have to be addressed such as: Why should nutrient-deprived organisms, in the late stages of 

their growth in dense colonies, spend their energy, time and effort producing large amounts of 

PHzs2 and why would they conserve the genes for their PHz-producing protein machinery 

through evolution, spanning millions of years or longer?25 It must be that these genes are of 

critical importance to their hosts. Reflecting on this notion, it has been shown that PHz-

producing bacteria survive longer compared with mutant strains that cannot produce them.4 

3.2.1 Redox cycling of natural phenazines 

The most studied phenazine to date is the blue pigment PYO (3) (see Figure 9, next page), 

produced by the Gram-negative bacteria Pseudomonas aeruginosa, which gives their colonies 

a characteristic blue-green appearance. As for the other phenazines, PYO (3) is secreted during 

late stages of growth in colonies of high cell densities and can be isolated from the sputum of 

patients with cystic fibrosis in relatively large quantities.26 This compound, which is readily 

able to penetrate biological membranes due to its zwitterionic nature,2 promotes oxidative 

stress to the pathogen s host cells and disrupts catalase and electron transport in its 

mitochondria.27 PYO has been shown to induce apoptotic cell death in neutrophils thus 
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providing suppressive effects to the human immune system which eventually results in 

enhanced bacterial virulence.28 Pseudomonas aeruginosa produces many other virulence 

factors, including the phenazines PCA (13) and 1-hydroxyphenazine (25) (Figure 9) as well as 

multiple other non-PHz factors which contribute to the virulence. This makes the 

pathophysiology of these infections highly complex.29 There is evidence to indicate that PYO 

(3) production significantly benefit the growth and survival of Pseudomonas strains in mice 

infections.30  

 

Figure 9: Pyocyanin (3) and 1-hydroxyphenazine (25), virulence factors of Pseudomonas aeruginosa. 

 

3) biological actions in eukaryotic cells is the production of 

reactive oxygen species (ROS) and this feature promotes oxidative stress.7 The production of 

ROS takes place through a process called redox cycling. This process is initiated by a reduction 

of PYO (3) by various reducing agents such as NADH, NADPH or glutathione.22 The reduction 

of PYO affords a PYO-radical (activation), which can oxidize molecular oxygen to yield the 

superoxide radical (O2
-). This superoxide radical can further undergo a cascade of reactions to 

form other ROS, such as hydrogen peroxide (H2O2), and even the hydroxyl radical( OH).31 

PYO has also been shown to deplete cellular storage of glutathione (GSH), an important cell 

anti-oxidant that detoxifies harmful reactive substances, including ROS.5, 32 All these actions 

combined impact the host  redox balance in a negative way.25 The ROS-production can also 

inhibit the growth of other competing microorganisms, especially those that display low 

activity of superoxide dismutase.33 Same mode of action (redox cycling) was also later 

confirmed for 1-hydroxyphenazine (25)22 (see Scheme 2).   

 

Scheme 2: Production of reactive oxygen species by 1-hydroxyphenazine (25).22 
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3.2.2 Lomofungin, polynucleotide interaction and metal chelation 

The PHz antibiotic lomofungin (methyl 6-formyl-4,7,9-trihydroxyphenazine-1-carboxylate; 7, 

Figure 10) was isolated from Streptomyces lomodensis.34-35 This compound received attention 

in the 1960s - 70s for its effects on polynucleotide synthesis in microorganisms. Lomofungin 

(7) was found to rapidly inhibit DNA and RNA synthesis in yeast.36-37 These effects were 

believed to stem from inhibition of DNA-dependent RNA polymerase. However, Fraser et al. 

found lomofungin (7) to inhibit RNA synthesis in a manner analogous to that of 8-

hydroxyquinoline (26, Figure 10), a well-known metal cation chelating agent.38 Thus, 

lomofungin (7) may be able to chelate divalent cations, such as Mn2+, Mg2+ and Zn2+
, and 

thereby interfere with RNA-polymerase activity (in E. choli).39 Indeed, Pavletich et al. 
2+ of 

the DNA- and RNA-polymerase.40 Although the mode of action has not been unraveled in clear 

detail, these publications suggest that lomofungin (7) strongly interferes with both RNA- and 

DNA metabolism. In line with that hypothesis, lomofungin (7) was more recently found to be 

the most potent hit out of ~280.000 compounds in an HTS conducted to identify inhibitors of 

the binding of MBNL1-CUG to RNA.41 MBNL1-CUG is associated with the genetic disease 

myotonic dystrophy type 1, characterized by extensive repetitions of cytosine-thymine-guanine 

(CTG) in the genetic material. Interestingly, lomofungin (7) was found to dimerize 

spontaneously in a solution of DMSO to transform into the dimer dilomofungin (27, Figure 

10), which in turn proved to be 17-times more potent than the parent compound against this 

target.41 No clarification nor any mechanistic insights were given to account for how 7 

dimerizes and forms a new carbon-carbon bond.41 Pavletic et al. also mention that DMSO 

solutions of 7 rapidly lose their potency when polymerase activity was studied.40 To the best 

total synthesis of lomofungin (7) has ever been reported. 

 

 

Figure 10: The structures of Lomofungin (7), 8-Hydroxyquinoline (26) and Dilomofungin (27). 
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3.2.3 Iodinin 

Iodinin (5, Figure 11) or 1,6-dihydroxyphenazine 5,10-dioxide is among the first described 

phenazines6 and was  identified by Davies in 1939, as purple glittering crystals floating on the 

surface of old Brevibacterium iodinum cultures.42 The chemical structure of iodinin (5) is quite 

special as two intramolecular ion-dipole bonds drastically reduce solubility of the pigment in 

both common organic solvents, as well as in aqueous media below pH ~12. As heterocyclic, 

aromatic N-oxides have later proved to be of very rare natural occurrence,43 iodinin (5) is thus 

most likely the first isolated natural product in possession of such functional groups.   

 

 

Figure 11: Iodinin and its reduced form 1,6-dihydroxyphenazine 

 

The antimicrobial effects of this compound were first noted by McIlwain, although the 

molecular structure was not known in detail at the time.44 A variety of bacteria have later been 

shown to produce iodinin (5).4, 6 Tanabe and co-workers conducted a detailed investigation into 

the spectrum of  (5) antimicrobial effects, revealing growth inhibition of various 

bacteria, fungi and microalgae at concentrations varying from 1 - 30 μg/mL. The same study 

also showed that the reduced form of iodinin  (5), namely 1,6-dihydroxyphenazine (28) which 

is also its biosynthetic precursor,43 possessed no antimicrobial effects.45 

The first indications of anticancer activity were probably revealed by Hollstein, who showed 

that both iodinin (5) and myxin (8) intercalate in double-stranded DNA. The studies were based 

on shifts in UV-absorption and no interference with single-stranded polynucleotides was 

observed.15 Moreover, Hano et al. showed that iodinin (5) extends the lifetime of mice with 

Ehrlich sarcoma compared with placebo control, where other non-oxidized phenazines were 

studied as well and were not found to possess comparable activites.46 

More recently, iodinin was isolated from marine actinomycetes collected from sediment 

samples in the Trondheim fjord of Norway.47-48 Screening in various cell lines revealed that 
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iodinin (5) possesses cytotoxic properties and high selectivity towards human cell lines of acute 

myeloid leukemia (AML) and acute promyelocytic leukemia (APL)  the EC50 values for 

apoptotic cell death were found to be up to 40 times lower than for various normal cell lines. 

Moreover, iodinin (5) was found to induce apoptosis in cell lines characterized by genetic 

markers of poor patient prognosis.14, 48 Figure 12 describes some features of the nuclear 

changes in morphology and the signaling events induced by iodinin (5). (Figure 12A obtained 

from the Herfindal/Døskeland laboratory at the University of Bergen, Figure 12B from Myhren 

et al., 2013).14 

 

  

 

Figure 12: a) Nuclear morphology of AML cell lines treated with 0.3 or 0.6 μM iodinin (5) for 24 
hours. The cell lines are the human AML cells MV4-11, MOLM-13, as well as MOLM-13 with 
silencing of the anti-oncogen p53 (FigureA was obtained from the Herfindal/Døskeland laboratory at 
UiB, unpublished data) b) IPC-81 rat AML cells were treated with iodinin (5) or daunorubicin and 
the cell lysates were immunoblotted to detect procaspase 3, cleaved caspase 3, and phosphorylation 

phosphorylated if DNA strand-breaks occur. (Figure 12B was obtained from Myhren et.al., 2013)14  

A B 
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3.2.4 Myxin 

Peterson et al. reported the isolation of an unusually potent antibiotic from a Sorangium species 

in 1966. Therein, the newly discovered cherry-red compound was shown to inhibit the growth 

of a broad range of microorganisms including Gram-positive and -negative bacteria, in addition 

to fungi, actinomycetes and yeasts.49 The structure was later elucidated and shown to be  

1-hydroxy-6-methoxyphenazine 5,10-dioxide and was given the trivial name myxin (8, Figure 

13).50-51  (8) potency on Escherichia coli revealing 

that synthesis of new bacterial DNA was completely inhibited within few minutes at 

concentration of 5 μg/mL.52-53 Due to these potent antibiotic activities, myxin (8) is likely to 

be the phenazine that has been most thoroughly investigated after PYO (3).12-13, 53-55 

Myxin (8) was investigated by the pharmaceutical company Hoffmann-La Roche in the 1970s 

where in vitro and in vivo studies were conducted.56 In addition, 8 was developed as a cupric 

complex (cuprimyxin, 29) to a product that gained FDA-approval (Unitrop®) for the treatment 

of veterinary skin infections.6, 57 The manufacturing process was based on semi synthesis from 

iodinin (5) cultured from Brevibacterium iodinum. Weigele and Leimgruber also prepared 

synthetic derivatives and performed a SAR-study.12 As a general trend observed in this study, 

the antimicrobial effects were shown to drop when the structure was enlarged with substituents. 

On the contrary, two compounds that can be considered to have less complex structures than 

myxin (8) were found to be very active; 1-methoxyphenazine 5,10-dioxide (30) and 1-

methylphenazine 5,10-dioxide (31, Figure 13).12 

Concerning its biological effects on eukaryotic cells, several lines of evidence suggest that 

 (8) mode of action stems from several features. First, Hollstein et al. demonstrated 

 

 

Figure 13: The antibiotics myxin (8), cuprimyxin (29, Unitrop®), 1-methoxyphenazine 5,10-dioxide 
(30) and 1-methylphenazine 5,10-dioxide (31). 
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that myxin (8) interferes with polynucleotides via DNA intercalation, especially in guanine-

cytosine-rich regions of the DNA double-strand. A similar affinity was observed for myxin (8) 

as for other known intercalators, such as ethidium bromide and actinomycin.15, 55 Shortly after, 

the same authors conducted experiments showing that myxin (8) affected the rate terms for the 

incorporation of the nucleoside triphosphates CTP and GTP into RNA. This effect was not 

observed for ATP and UTP.55 

More recently, the group of Gates showed that myxin (8) causes radical-mediated DNA strand 

cleavage in eukaryotic cells.54 The process is initiated by an intracellular, single-electron 

enzymatic reduction (see Scheme 3). The reduction affords an unstable intermediate radical of 

myxin (8b) which can further collapse and release the highly reactive and cytotoxic hydroxyl 

radical myxin analog 32. The hydroxyl radical is well known for 

causing DNA damage and being able to abstract protons from the DNA backbone.58-59 Gates 

et al. also demonstrated the cytotoxic activities of myxin (8) against the cancerous human 

colorectal cell line HCT-116 under both aerobic and anaerobic conditions (IC50=1.75 μM, at 

normoxia).60 Although this work did not indicate any hypoxia-selectivity for myxin (8) in this 

particular cell line, the reported mode of action of myxin (8) is strikingly similar to that of a 

well-known hypoxia-selective cytotoxic agent, namely tirapazamine (35), discussed further in 

section 3.2.5 below. 

 

 

Scheme 3: The discharge of reactive oxygen species by myxin (8).54  

 

3.2.5 Phenazine 5,10-dioxides, tirapazamine and cancer 

As emphasized earlier, in section 1.4.1 in page 9, the oxygen saturation level varies 

considerably between normal healthy cells and cells of solid tumors. The microenvironment of 

solid tumors is characterized by abnormal vascularization as a consequence of chaotic 

growth.61 This phenomenon affords regions of tumors that are severely hypoxic. The hypoxic 
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cells are also often resistant to radiation and chemotherapy, a result that can enhance disease 

progression and metastasis.62 

Cellular hypoxia may be exploited and offers a potential window to differentiate selectively 

between healthy and cancerous cells, using hypoxia-selective drugs. Such drugs are dependent 

on molecular oxygen for a detoxifying back-oxidation, after they are reduced by reducing 

agents to form radicals. Three scaffolds possessing a potential to act more potently under 

hypoxic conditions have been identified: Phenazine 5,10-dioxides (2),63 di-N-oxidized 

derivatives of quinoxalines (33)64 and  1,2,4-benzotriazines (34) (see Figure 14).65 In addition, 

Cimmino et al. reviewed phenazines and anticancer activity, concluding that phenazine 5,10-

dioxides are among the most attractive phenazines to be exploited for anticancer purposes.16 

 

Tirapazamine (3-amino-1,2,4-benzotriazine 1,4-dioxide; TPZ 35, Figure 14) is the most well-

documented hypoxia-selective cytotoxic agent to date and has been the focal point of several 

phase I, II and III clinical trials attempting to treat various forms of cancer. In some cases, 

clinical efficacy has been confirmed and especially in combination with cis-platin.66 

35) hypoxia-selective cell-killing ability stems from its mode of action which 

is influenced by the level of molecular oxygen in its surroundings. The mechanism is initiated 

with an enzymatic single-electron reduction of the substrate, which in turn affords an unstable 

radical intermediate (35b) of the TPZ (4) (see Scheme 4, next page). If the cell is well 

oxygenated (normoxic), the drug-radical 35b is rapidly converted back to the mother 

compound 35 at the cost of one superoxide radical (O2
-) from molecular O2.67-68 In a hypoxic 

environment however, the lifetime of the drug-radical 35b is prolonged which allows it to form 

highly cytotoxic species, such as the hydroxyl n oxidizing benzotriazinyl 

radical (35c). It should be pointed out, however, that the detailed mechanistic nature of this 

 

 

Figure 14. The core structures of known hypoxia selective scaffolds and tirapazamine (35). 
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process has not been fully elucidated and it has been proposed that the radicals formed in this 

process inhibit topoisomerase II.69  

Gates et al. investigated the degradation products formed upon TPZ-promoted DNA damage. 

Therein, the data suggested that the damage occurred via proton abstraction from three different 

positions on the deoxyriboses of the DNA double-strand helix. In addition, the degradation 

products were found to be of the same identity as those produced by the hydroxyl radical 

(.OH).71 

Some phenazine 5,10-dioxides have been shown to selectively become bioreduced analogously 

to TPZ (35) and can therefore produce cytotoxic ROS selectively in hypoxic cells.72-73 This 

feature makes the phenazine 5,10-dioxide subclass the most promising in terms of anticancer 

applications.16   

Few publications have pursued the phenazine 5,10-dioxides as hypoxia-selective cytotoxins 

for anticancer purposes. Most of the work has been reported by the group of Cerecetto et al.63, 

72, 74-75 The same group synthesized and biologically evaluated several synthetic phenazine 

5,10-dioxides, with some of the resulting compounds displaying high hypoxic selectivity in 

studies conducted in V79-cells (Chinese hamster, lung fibroblasts). Interestingly, the 

compounds tested were regioisomeric mixtures of 7- and 8-substituted phenazine 5,10-

dioxides, to use of which is inevitable due to the chromatographic inseparability of these 

isomers, formed in the synthetic process. These studies demonstrated a transformation of the 

phenazine 5,10-dioxides to their corresponding mono- and double-reduced compounds after 

N-oxide disposal, indicating discharge of the hydroxyl radical (.OH). For example, compound 

36 (Figure 15) caused 80% survival of cells under normoxic conditions, while 0% survived in 

hypoxia (at 20 μM concentration).72, 75 The hypoxia-selectivity effect was considerably reduced 

 

Scheme 4: Proposed mode of action for tirapazamine (35), a hypoxia selective lead compound.70 
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only by replacing the -OH group by -NH2 in position 2 of the scaffold (Compound 37, Figure 

15).72  

 

Figure 15. Hypoxia selective phenazine 5,10-dioxides.72 
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3.3 Synthesis of phenazines 

The following discussion will highlight the most used synthetic methods to construct the 

phenazine scaffold, their advantages and limitations. These methods have been reviewed in 

several places4-5 and will only be addressed shortly in the following subsections. When 

constructing a phenazine, the most important aspect to consider is the resulting location on the 

phenazine scaffold of any desired substituents.  In addition, some of the potential synthetic 

routes will involve reactions that afford chromatographically inseparable regioisomers, if the 

starting materials are not chosen wisely. Scheme 5 provides an overview over different 

approaches to synthesize phenazines.  

3.3.1 The Wohl-Aue condensation 

The Wohl-Aue reaction was reported in 1901 by Wohl and Aue76 and describes the 

condensation of nitrobenzenes and anilines. The method has severe disadvantages which are 

represented by very low yields (<15%),18, 77-78 limited substrate scope and harsh reaction 

conditions (strongly alkaline). Despite the disappointing yields and tedious workups, the 

method has proven to be of particular value in the construction of 1,6-O-substituted phenazines  

 a substitution pattern found in many phenazine natural products. Pachter and Kloetzel, and 

more recently Chowdhury et al., used the Wohl-Aue reaction to synthesize 1,6-

dimethoxyphenazine (39) from 2-nitroanisole (38, Scheme 6, left).54, 77 Another recent example 

 

Scheme 5: Common synthetic routes to the phenazine scaffold. 
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includes the synthesis of 8-bromo-1-methoxyphenazine (39) by Garrison et al. from the same 

starting material, 2-nitroanisole 38 (Scheme 6, right).18 

 

 

Scheme 6: Wohl-Aue synthesis of 1,6-dimethoxyphenazine by Pachter and Kloetzel in 195177 and of 
8-bromo-1-methoxyphenazine by Garrison et al. in 2016.18 

 

3.3.2 The Bamberger-Ham reaction 

The Bamberger-Ham reaction is another old method (1911) that is based on the dimerization 

of two nitrosobenzenes under strongly acidic conditions.79 Like the Wohl-Aue procedure, the 

method is plagued by low yields, harsh conditions and of an even more limited substrate scope, 

as a result of the mandatory  electron-donating groups in para-positions to the nitroso groups.80 

Thus, this method appears to be of very limited value unless 2,7-substituted phenazines are to 

be synthesized (Scheme 7). Furthermore, an additional reductive deoxygenation step is 

required if the phenazine N-oxides are not wanted. The general procedure is depicted in Scheme 

7, as no literature reports including detailed experimental data were found. 

 

 

Scheme 7: The Bamberger-Ham phenazine synthesis 
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3.3.3 The Beirut-reaction 

Haddadin and co-workers at the American University of Beirut introduced a new method for 

synthesizing the phenazine scaffold in 1971. The procedure involves a base-catalyzed 

condensation between phenols and benzofuroxan (41) (Scheme 8, left).81 This method gave 

access to phenazine 5,10-dioxides with substitution patterns that were inaccessible by other 

methods reported in prior. Six years later, the same group had developed a modification of the 

reaction, and showed how 1,2-diketones could be reacted with benzofuroxan (41) in the 

presence of a base, thereby providing access to 1-hydroxysubstituted phenazines applying this 

method (Scheme 8, right).82  

These methods are of high value since they provide synthetic routes to phenazines that are not 

accessible efficiently by other methods. The majority of the reactions reported in these two 

publications afforded several grams of recrystallized product.81-82 The reaction mechanism for 

the diketone condensation starts with nucleophilic attack on the electrophilic nitrogen of 

benzofuroxan by the enolate of cyclohexane-1,2-dione, formed in neat diethylamine (Scheme 

9, next page).  If this method is to be applied for the synthesis of phenazines without N-oxides, 

reductions may be easily conducted, using e.g. sodium borohydride (NaBH4) or sodium 

dithionite (Na2S2O4). If the intention is to synthesize phenazine 5,10-dioxides however, 

oxidations with peracids often prove necessary to increase the yields of the phenazine 5,10-

dioxides, since the crude reaction mixtures consist of both mono- and dioxidized phenazines.82 

 

 

Scheme 8: The Beirut synthesis of phenazines. Examples of when benzofuroxan (41) is reacted with 
catechol (left) or cyclohexane-1,2-diones (right). 
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3.3.4 Condensations of 1,2-benzoquinones and O-phenylenediamines 

1,2-benzoquinones can be condensed with O-phenylenediamines to give phenazines. The 

earliest example of this concept dates back to 1886, when ortho-phenylenediamine was 

condensed with catechol in the presence of lead dioxide (PbO2).4 Modern applications of the 

reaction involve other catechol-oxidizing agents to afford their corresponding diketones, such 

as silver(I) oxide (Ag2O),83 and ortho-chloranil.17, 83 Typically, the produced unstable diketones 

are reacted further as crudes with ortho-phenylenediamines giving the phenazine skeleton upon 

condensation and aromatization. This method can be hampered by the formation of 

regioisomers if the ortho-phenylenediamine contains an unsymmetrically substituted aromatic 

ring.  

Recent SAR reports on phenazines from the groups of Cushman (Scheme 10)83 and Huigens 

III17 have exploited this synthetic strategy extensively to construct 7,8-disubstituted PHz 

analogues.   

 

Scheme 10: Synthesis of 7,8-dimethyl-1-methoxyphenazine (45) by Conda-Sheridan et al. in 2010.83  

 

 

Scheme 9: A plausible reaction mechanism for the Beirut diketone application. 
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3.3.5 Cyclizations of O-nitrodiphenylamines 

Reductive cyclization of ortho-nitrodiphenylamines (Holliman cyclization) provides another 

route towards phenazines and has probably served as the most common method of constructing 

the scaffold to date. With an ortho-nitrodiphenylamine in hand, the transformation can be 

undertaken in a one-pot procedure with the aid of an alkali base and a reductive agent such as 

NaBH4. The main limitation of this approach is that the cyclization can occur from both 

positions ortho to the aniline-nitrogen. This can be avoided however by appropriate 

substitutio 49) 

where the methoxy group of 48 eliminates the possibility of an electrophilic attack on the nitro 

group from two ortho-positions simultaneously (Scheme 11).84 

 

 

Scheme 11: The synthesis of Griseoluteic acid (49) by Holliman and co-workers in 1970.84 

 

The reaction mechanism for the reductive base-catalyzed cyclization is depicted in Scheme 12. 

The substrates for the cyclization reaction (2-nitrodiphenylamines) can typically be synthesized 

via nucleophilic aromatic substitution (NAS) on ortho-halonitrobenzenes by anilines84 or via 

Jourdan-Ullman Cu(I)-catalyzed couplings. Yet another alternative is the more modern 

Buchwald-Hartwig C-N cross-coupling reaction (Pd-catalyzed) reviewed in more detail in 

Section 3.3.6.  

 

 

Scheme 12: General reaction mechanism for reductive cyclization of ortho-nitrodiphenylamines. 
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3.3.6 Buchwald-Hartwig C-N cross-coupling 

The Buchwald-Hartwig cross-coupling reaction is a palladium-catalyzed reaction that affords 

aryl amines from aryl halides and amines (primary or secondary). The breakthrough prototype 

of this reaction was reported in 1983 by Migita et al., as depicted in Scheme 13.85 The name of 

the reaction, however, stems from the groups of Buchwald and Hartwig that individually 

explored the utility and scope of this reaction more extensively, starting in the 1990s.86-87 

 

 

 

Scheme 13: A prototype of the reaction that later became known as the Buchwald-Hartwig  
C-N cross-coupling, reported by Migita et al. in 1983.85 

 

 

The reaction has been heavily investigated over the past two decades in which several 

generations of phosphine ligands and pre-catalysts have been developed to broaden the scope 

of the reaction. Moreover, user guides have been published and systems have been developed 

in an attempt to generalize the procedure and make -friendly , for example by 

developing air-stable catalysts.88 Nevertheless, labor-intensive screenings of ligands, bases, 

pre-catalysts and solvents may still be needed to achieve a satisfactory outcome.  The 

Buchwald-Hartwig C-N cross coupling thus offers a new, exciting path towards substituted 

phenazines and the method is characterized by milder conditions and a higher selectivity than 

described for the above mentioned classic routes. A simplified mechanism for the catalytic 

cycle of the reaction is given in Scheme 14. A Pd(0)-ligand complex undergoes oxidative 

addition with an aryl halide in the first step. Thereafter, a nucleophilic amine coordinates to the 

Palladium and the metal amide is deprotonated by a base (preferably a negatively charged base, 

e.g. NaOtBu).89 Finally, a reductive elimination yields an arylated amine product, along with 

the regenerated palladium catalyst. 
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Scheme 14: A simplified catalytic cycle for the Buchwald-Hartwig C-N cross-coupling. 

 

Emoto and colleagues were the first to publish the synthesis of a phenazine scaffold using this 

approach. Their synthesis involved three steps, first an intermolecular Buchwald-Hartwig 

reaction, then a reduction of the nitro group and finally the second Pd-catalyzed ring-closing 

step (Scheme 15).90  

  

 

Scheme 15: A New route to phenazines by Emoto et al. in 2000.90 

 

Winkler et al. further demonstrated the potential of this reaction by condensing functionalized 

2-bromoanilines into phenazines in a one-pot fashion (Scheme 16, top).91 In a similar manner, 

Laha and colleagues reported a double Buchwald-Hartwig C-N cross-coupling that involved 

the condensation of o-phenylenediamines and o-phenylenedibromides (Scheme 16, bottom).92 
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Scheme 16: Synthesis of 2,7-dimethoxyphenazine and 2-methoxyphenazine via Pd-catalyzed 
Buchwald-Hartwig C-N cross-coupling.91-92 

 

3.3.7 Miscellaneous modern methods 

been introduced, clearly demonstrating that this research field is alive and that phenazines are 

molecules of interest to chemists. A review has recently been published by Guttenberger et al.5 

and the detailed coverage provided therein goes beyond the scope of this introduction.5 

Selected examples are however depicted in Scheme 17. Lian et al. reported a Rh(III)-catalyzed 

method reacting diphenyl diazenes and aryl azides,93 Yu and colleagues showed how 

phenazines can be synthesized in water using a Cu-catalyzed homocoupling of 2-halo-

anilines,94 and Laha et. al explored a novel procedure converting 10,11-dihydro-5H-

dibenzo[b,e][1,4]diazepines to phenazines through a radical cascade using potassium 

persulfate.95 

 

Scheme 17: Selected overview of modern phenazine-yielding synthetic transformations. 
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Chapter 4  Phenazines and aim of study 

Prior to this work, iodinin (5) isolated from marine actinomycetes, has shown promise by 

inhibiting the growth of cancerous human- and rat AML cell-lines in vitro.1-2 Iodinin was thus 

considered a lead candidate and an attractive SAR-scaffold from the start of the presented work. 

However, the natural product iodinin (5) itself, like many other compounds discovered in 

nature, is not fit to serve as a drug. Part of the reason for this is the very poor solubility of 5 in 

general. In addition, neither commercial sources of iodinin (5), nor efficient synthetic routes 

were available. Thus, the aims of this project can be summarized as follows;  

 To establish a robust synthetic methodology for the preparation of iodinin (5), ensuring 

that gram-scale quantities could be made available to further lead optimization towards 

novel antileukemic drugs. 

 Synthesize and test myxin (8) in vitro, due to its close structural similarity to iodinin 

(5). The antileukemic activity of myxin (8) was entirely unknown from the start.  

 Explore the structure-activity relationships of the hydroxylated phenazine 5,10-dioxide 

scaffold, involving various substitution patterns in positions 6, 7 and 8, to see how 

changes in the scaffold would affect potency against- and selectivity among human 

leukemic cell lines. 

 Evaluate the antibacterial potential of the synthesized compounds in Gram-positive and 

Gram-negative bacteria resistant to various types of antibiotics. 

 

 

 

Figure 16. Graphical representation of the aims of study. 
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Chapter 5  Phenazines results and discussion  

Paper I and paper II (a prepared manuscript) are discussed and summarized in the following 

sections with some additional results from antimicrobial evaluations of selected compounds. 

5.1 Paper I  Synthesis and biological evaluations of iodinin, myxin and 

alkylated derivatives 

5.1.1 Synthesis 

The first crucial aim was to establish a reliable synthetic route to iodinin (5) as this was 

considered mandatory for further biological evaluation and lead development employing SAR-

studies.  

To construct the 1,6-O-disubstituted phenazine scaffold, there are strikingly few methods 

available if (i) reasonable yields, and (ii) if formation of inseparable regioisomers are to be 

avoided (see section 3.3, page 32). 1,6-Dimethoxyphenazine (39) was chosen as target-

precursor for iodinin (5) since the O-methyl functionalities can serve as phenol protecting 

groups under alkaline conditions applied to construct the three-ring scaffold.  

First, a double Buchwald-Hartwig C-N cross coupling was explored with the aim to self-

condense 2-bromo-3-methoxyaniline (58, Scheme 18, left). This was achieved using the Pd(II)-

Brettphos precatalyst (3 mol%) in presence of KHMDS (3 mol%) and Cs2CO3 in refluxing 

toluene. Similar work had already been performed by Winkler et al. in 2012,3 for example on 

2,7-dimethoxyphenazine (54, see Scheme 16, page 39), but no attempts to synthesize  

1,6-dioxy-substituted phenazines using palladium chemistry were known in prior art. 

 

 

Scheme 18: Two methods were explored to synthesize 1,6-dimethoxyphenazine (39) 
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The best entry gave 79% yield on a single gram scale. Attempts to scale up the reaction resulted 

in lowered yields. Because of the reaction mechanism, two Br-atoms are expelled as byproducts 

(see Scheme 14, page 38) and this results in a considerable weight loss of material. Therefore, 

the 79% yield only stands for 480 mg of 39 from a single gram of 58. This was not considered 

enough material as we wanted to provide gram quantities of iodinin (5) and in order to ensure 

that,  we turned our attention to the old Wohl-Aue approach as a second option.4 This procedure 

involves the condensation of o-anisidine (59) and 2-nitroanisole (60) under harsh alkaline 

conditions. (Scheme 18, right). After tedious extractions and recrystallizations, 4.5g (6%) of 

yellow needles were pulled out of the crude black viscous tar.  

In the following step, complete demethylation of 39 was achieved by exposure of an excess of 

BBr3 (neat, reflux) (Scheme 19) in accordance with earlier reports from Alonso et al.5 

The final step towards iodinin (5) was anticipated to be the most challenging one, a double  

N-oxidation of 1,6-dihydroxyphenazine (28). Early literature reports 21% yield utilizing H2O2 

and acetic anhydride, thus forming peracetic acid in situ.6 This method did not prove to be 

reproducible in our hands. A considerable time and effort was spent on tuning in reaction 

conditions and entries are summarized in Table S-2 for paper 1 (supplementary information). 

Key bullet points summarizing the progress of this work are listed below: 

 No entries based on H2O2, peracetic acid, tBuOOH or KMnO4 proved successful  

 Adding mCPBA (5 eq) in one portion in DCM at 40 °C gave 7-10% yield  

 Adding mCPBA (5 eq) portion wise in DCE at 80 °C gave 21% yield 

 Adding mCPBA (5-7 eq) portion wise in toluene at 80 °C over 6 hours gave 76% yield  

 

 

 
Scheme 19: Synthesis of iodinin (5) from 1,6-dimethoxyphenazine (39) 
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A phenol functionality was observed to be more favorable than a methoxy group in terms of 

N-oxidation which about two main reasons were expected to cause. First, a methoxy group 

does not support the mechanism proposed in Scheme 21 5) N-oxides are 

both stabilized by intramolecular ion-dipole/hydrogen forces, a feature that makes the 

compound more tolerant to elevated temperatures, which again proved necessary to force the 

oxidation forward in good yields. These suggestions are in line with Weigele and Leimgrubers 

findings that reported myxin (8), which only has the N-oxide in position 10 stabilized in this 

way, to fully decompose after 4h reflux in CHCl3.7 In further support of these suggestions, the 

oxidation of 1-hydroxy-6-methoxyphenazine (60) was also attempted in order to prepare myxin 

(8), yet only afforded the orange mono-oxidized analogue 61 and not myxin (8) (Scheme 20).  

The intramolecular ion-dipole/hydrogen bonds result in high lipophilicity, followed by tailing 

on silica that caused problems for chromatographic purifications, extractions and 

recrystallizations. Accordingly, a purification strategy was developed based on extensive 

washing of the crude product with solvents that do not solute iodinin (5), but dissolve mCPBA, 

mCBA and other unknown impurities. Eventually, this strategy gave purified iodinin in 76% 

yield and this result could be reproduced multiple times on a gram scale. The low solubility of 

iodinin (5) was confirmed by 1H-NMR of 5 in saturated solution of DMSO-d6 (see Figure 17, 

next page). 

 

 

Scheme 20: A plausible reaction mechanism for mCPBA oxidation of 1,6-dihydroxyphenazine (28). 

 

 

Scheme 21: An oxidation attempted on 1-hydroxyphenazine-6-methoxyphenazine (60) did not afford 
myxin (8). 
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As the synthesis of iodinin (5) was achieved, methylation procedures were investigated to 

synthesize myxin (8). Efforts were turned towards the use MeI in combination with K2CO3 and 

18-crown-6. These conditions had been used by Lavaggi et al. earlier to methylate structurally 

related hydroxyphenazine 5,10-dioxides.8 Efficacy of the K2CO3/18-crown-6 system could 

clearly be observed as the deep violet dispersion of iodinin (5) turned color rapidly to become 

emerald green. This color shift indicates the formation of a mono potassium salt of iodinin (5).7, 

9 The best results gave 72% yield of myxin using methyl iodide (MeI, 3 eq.) in combination 

with K2CO3/18-crown-6 (1.5 eq.) in DMF over 24 h at room temperature (Scheme 22).   

Figure 17: Low solubility of iodinin (5). 1H-NMR (600 MHz) spectra of a saturated solution of iodinin 
(5) in DMSO-d6. 

 

Scheme 22: The methylation of iodinin (5) afforded myxin (8) in addition to 3 other byproducts.  
Entries a and b represent the two best identical entries. The colored dots represent observed colors for 
the compounds after purification. 
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As expected, inevitable over-alkylated and deoxygenated products were formed during the 

reactions as well (see compounds 61-63,  Scheme 22). However, chromatographic isolation of 

these compounds was simple and all of them were of great interest for upcoming SAR-studies 

in cancerous cell lines, especially to generate data bringing insight into the mechanism of action 

related to the level of N-oxidation and O-alkylation.  

Next, several alkylated derivatives were prepared as iodinin (5) was reacted with ethyl-

bromoacetate affording the 1-hydroxy-6-(2-ethoxy-2-oxoethoxy)phenazine 5,10-dioxide (64) 

and the dialkylated analogue 65 (Scheme 23). This step was also repeated with tert-butyl 

bromoacetate which gave the more lipophilic 1-hydroxy-6-(2-(tert-butoxy)-2-oxoethoxy 

phenazine 5,10-dioxide (66) and the corresponding di-functionalized analog (67). The tert-

butyl esters 66 and 67 were thereafter individually treated with H3PO4 (85% aq.), a mild 

approach10 that gave carboxymethoxy analogues 68 and 69 (Scheme 23) in decent yields.  

 

 

Scheme 23: Alkylated analogues of iodinin (5). The X-ray structure of compound 64 was recorded by 
Dr. Sigurd Øien-Ødegaard. 
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5.1.2 Biological evaluations of iodinin, myxin and alkylated analogs 

This section describes the biological results presented in paper I which solely were conducted 

on cancerous AML cells (MOLM-13, human). After the publication was accepted, biological 

studies of most central compounds were extended to cell lines derived from healthy tissues as 

well to address the cancer cell selectivity. Accordingly, these new results are included in the 

discussion below. 

Prior to the biological evaluations described within this section, iodinin (5) was the only  

N-oxidized phenazine derivative, isolated from fermentation broths, that had been evaluated 

by the collaborating group of Herfindal/Døskeland in Bergen, Norway.1 We were therefore 

eager to see what effects myxin (5) and the other prepared derivatives would display in vitro.  

Synthesized iodinin (5) was evaluated where apoptotic cell death in human AML cells 

(MOLM-13) was assessed. The results from these experiments showed that iodinin (5) had an 

EC50 value of 2.0 μM under aerobic conditions (19% O2, see Table 1). The data were acquired 

employing WST-1 proliferation assay and confirmed by microscopic evaluation of cell death. 

In hypoxic environment (2% O2) however, iodinin (5) was found to kill AML-cells more 

potently with an EC50 value of 0.79 μM. Iodinin was also screened in cells from healthy tissues 

in order to address cancer cell selectivity, the NRK cell-line (Rattus norvegicus, rat, kidney) 

and H9c2 cells (Rattus norvegicus, rat heart myoblast). Exposure of 5 to these two cell lines 

did not show any toxic events below a concentration of 50 μM, further demonstrating a 

promising therapeutic window for this lead candidate. 

As the focus was turned to myxin (8), potent cytotoxicity was observed and it was found to 

have low toxicity in healthy cell lines as well (Table 1). Thus, it showed a very comparable 

potency and selectivity profile to that of iodinin (5) (Table 1). In terms of cytotoxicity at 

hypoxic levels, myxin (8) was found to be more selective towards AML cells by a factor of 

~100 when compared with the NRK cell line (Table 1). This finding was considered 

particularly important, since compared with iodinin (5), myxin (8) is lacking one 

intramolecular ion-dipole bond and this results in drastically improved solubility. Accordingly, 

the results presented within Table 1 strongly suggest that the physicochemical properties of the 

lead candidate iodinin (5) can be improved whereas cytotoxicity and selectivity remained 

unaltered. These findings, showing iodinin and myxin to be equally active according to the 

results, also strongly suggest that iodinin s (5) discharge of reactive oxygen species (ROS) is 
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initiated by involvement of reducing agents or enzymes, as it is less likely that this is a 

spontaneous process, since the intrinsic stability of 5 would prohibit it (see stability discussion 

of iodinin versus myxin in 5.1.1).  

Removal of one N-oxide fro 8) leads to the structure of compound 61. 

This simple change results in a drop in cytotoxic potency by a factor of more than one hundred 

(19% O2, Table 1). Despite lacking comparable potency to myxin (5), 61 was found to be over 

nine-times more active under hypoxic environment and harmless even at 200 μM concentration 

(19% O2). The myxin scaffold devoid of any N-oxides (compound 60, Scheme 21) behaved 

similarly. Interestingly, this compound 60 shows hypoxia selectivity although the compound 

lacks both N-oxides, and is therefore physically unable to discharge any cytotoxic 

Factors like redox cycling, iron chelation, Fenton-type reactions and depletion of antioxidants 

Table 1: EC50 values (±SEM) of phenazine-analogues on MOLM-13, NRK and H9c2 cells. 

 EC50 (μM) MOLM-13 EC50 (μM) NRK EC50 (μM) H9c2 

Compound 19% O2 2% O2 19% O2 2% O2 19% O2 

5 (iodinin) 2.0 ± 0.07 0.79 ± 0.10 >50 >50 >50 
8 (myxin) 1.4 ± 0.30 0.77 ± 0.13 77 ± 11 77  14 43  2 
28 100-120* 110-140* n.d. n.d. n.d. 
35 (TPZ) 95 ± 8* 22 ± 2* >200 88 ± 2.4 107 ± 1 
39 72 ± 14* 84 ± 6* n.d. n.d. n.d. 
60 >200 39 ± 9 n.d. n.d. n.d. 
61 >200 22 ± 5 n.d. n.d. n.d. 
62 4.0 ± 0.48 3.1 ± 0.83 n.d. n.d. n.d. 
63 5.4 ± 0.68 4.1 ± 0.38 n.d. n.d. n.d. 
64 0.57 ± 0.06 0.49 ± 0.12 11  1.7 18  1.3 15  1 
65 2.0 ± 0.47 0.79 ± 0.06 >20 >20 >20 
66 2.9 ± 0.34 2.4 ± 0.16 n.d. n.d. n.d. 
67 4.2 ± 0.20 3.3 ± 0.22 n.d. n.d. n.d. 
68 54 ± 7 61 ± 4 n.d. n.d. n.d. 
69 18 ± 3 39 ± 9 n.d. n.d. n.d. 

Cell viability was assessed by the WST-1 proliferation assay and Hoechst staining 24 hrs after treatment 
of cells with various doses of iodinin (3) or its analogues. Regression analyses were performed using 
SigmaPlot in order to calculate the given EC50 values. The EC50 values of tirapazamine (10; TPZ) are 
based on microscopic evaluation (marked with *), whereas the EC50 values of iodinin (5) and its 
analogues are based on the WST-1 results, and all are adjusted relative to untreated control cells in 
each experiment, n = 4-6 for MOLM-13 and n= 2 for NRK and H9c2 cells. n.d. = not determined 
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like intracellular glutathione might contribute to this hypoxia selectivity, but this requires 

further investigation. Comparing the three molecules, myxin (8), 60 and 61, demonstrates that 

both N-oxides are clearly indispensable for optimal cytotoxic potency in MOLM-13 cells. 

The effect of phenol alkylation was investigated further. If both phenols of iodinin (5) were 

methylated (resulting in compound 62), the cytotoxic potency in MOLM-13 (19% O2) dropped 

by a factor of ~2 (Table 1). The same trend was also observed comparing mono- and dialkylated 

compounds 64 vs. 65 and 66 vs. 67 (Table 1, page 53 and structures in Scheme 23 page 51). 

These results led us to conclude that only a single hydroxy group of iodinin should be 

functionalized in further lead development steps. 

The highest potency from these initial studies was observed for 1-hydroxy-6-(2-ethoxy-2-

oxoethoxy)phenazine 5,10 dioxide (64), an EC50 of 0.49 ± 0.12 μM at 2% O2. Compound 64 

was also found to be the most active in cell lines derived from healthy tissues, inhibiting growth 

of NRK and H9c2 cells in the range of 11-18 μM EC50. Compound 64 did thus not outperform 

myxin (8) in terms of selectivity towards the MOLM-13 cell line. The dialkylated analogue of 

64, compound 65 was not as active, yet displaying approximately the same potency as iodinin 

(5) under both normal and low O2 saturation. The potency of 64 and 65 was observed to be 

reduced significantly when the ester functionalities were replaced for free carboxylic acids 

(forming 68 and 69). An obvious explanation is that the carboxylic groups carry a negative 

charge at physiological pH and are thus far too polar to penetrate biological membranes 

efficiently.  

Tirapazamine (35) was also included in these experiments out of curiosity, as this molecule has 

served as a hypoxia-selective lead compound in clinical trials earlier.11 TPZ (35) did however 

reveal low potency when exposed to MOLM-13 cells, not nearly comparable to the lead iodinin 

(5). Despite the low potency, these measurements confirmed TPZ (35) to be more than four-

times as potent at 2% O2, compared with 19% O2 respectively. Correspondingly, this ratio was 

~2.5 for iodinin (5).  

Taken together, these findings confirmed that iodinin was a worthy lead candidate to pursue 

further in due to several factors. Biological evaluations of alkylated iodinin derivatives like 

myxin and compound 64 demonstrated that the lead can be made more soluble without drop in 

potency and selectivity between cancerous and healthy cell lines. This work did also gather 

knowledge of what transformations of the lead should not be undertaken, that is, reducing the 

level of N-oxidation and to alkylate both phenols. These findings combined led us to conclude 
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that prodrugs of iodinin and myxin would define the next phase of this study as a rational 

approach to the identification of a new and improved drug candidate. 

 

5.2 Paper II  Prodrug development and further SAR studies on iodinin 

and myxin  

5.2.1 Functionalization of iodinin and myxin phenols 

After alkylated analogs of iodinin (5) had been synthesized and evaluated in vitro (sections 5.1.1 and 

5.1.2), the focus was turned to the synthesis of iodinin (5) and myxin (8) analogues with prodrug-

functionalities. The rational design aimed at increased cell penetration with retained potency and 

preserved cancerous cell selectivity. Synthesis of a small prodrug catalogue was initiated starting with 

esters and carbonates. Ester analogues 70 and 71 where prepared separately by reacting pivaloyl 

chloride and valeric anhydride with iodinin (5) under basic conditions catalyzed by DMAP (Scheme 

24, next page). In a similar way, mono- and di-substituted ethyl iodinin carbonates (72 and 73) were 

isolated after iodinin was reacted with ethyl chloroformate at -40 °C and 0 °C respectively. No attempts 

were made to optimize these reactions as the focus at this point was to secure as many analogues as 

possible for the upcoming SAR-studies. 

The synthesis of iodinin carbamates required screening of reaction conditions including several 

combinations of bases, acids, catalysts and electrophiles. Some of these entries are listed in 

Table 2, page 57. Iodinin (5) was not found to show any nucleophilicity towards isocyanates 

in order to obtain primary carbamates of iodinin (5

appropriate catalyst to react iodinin with carbamoyl chlorides to give secondary carbamates. 

After many unsuccessful reactions, an impatient attempt where iodinin (5) and DABCO (1,4-

diazabicyclo-[2.2.2] octane) were exposed to neat dimethyl carbamoyl chloride resulted in a 

mixture that began to smoke  a clear indication of high reactivity. When THF was added as a 

solvent in the following entries, these reactions began to run smoothly. Iodinin (5) was in 

consequence of that functionalized with three different carbamoyl chlorides resulting in 

structures 74-76 (Scheme 24, next page). Overall, yields from these reactions aimed to mono-

functionalize iodinin (5) proved disappointing (9-33% yields), but when identical reactions 

were undertaken with myxin (8), the yields improved considerably (Scheme 24). This can be 

explained by greater solubility of myxin, compared with that of iodinin, and only a single 

phenol to functionalize.  
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Scheme 24: Synthesis of iodinin (5) and myxin (8) prodrugs. Reagents and conditions: a) Pivaloyl 
chloride, Et3N, DMAP, PhMe -40° C, 30 min, 39%. b) Valeric anhydride,  Et3N, DMAP, PhMe, 0° C, 
16 h, 39%. c) ethyl chloroformate, Et3N, DMAP, PhMe -40° C, 30 min, 25%. d) Ethyl chloroformate, 
Et3N, DMAP, PhMe, 0° C, 90 min, 67%. e) A corresponding carbamoyl chloride (or HCl salt), DABCO, 
THF, rt, 
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Interestingly, DABCO does not deprotonate the phenols of neither iodinin (5) nor myxin (8) as 

such deprotonation would clearly be observed by color changes in the reaction mixture (like 

for the K2CO3/18-crown-6 system used for alkylations). This indicates that DABCO activates 

the carbamoyl chloride before the neutral phenol can act as a nucleophile. A proposed reaction 

mechanism is depicted in Scheme 25. 

Table 2: Screening of reaction conditions to transform iodinin (5) into mono-functionalized carbamate analogues. 

 

Entry E+ Solvent Additives Temp 

(°C) 

Time (h) Yield 

1 E1 (1.5 eq) PhMe Et3N (1.5eq), DMAP (0.2 eq) 0-40 3h Tracea 
2 E1 (5 eq)* DCM Et3N (1.5eq), DMAP (0.2 eq) 45 3h Tracea 
3 E2 (1.2 eq) AcOH - 100 2h - 
4 E2 (5 eq) HMPA/DMF KOtBu rt 2h Tracea 
5 E2 (2 eq) HMPA/DMF NaH rt overnight - 
6 E1 (3 eq) ACN K2CO3 85 1.5 - 
7 E1 (2 eq) TFA - 80 2.5 Trace  
8 E3 (1.5 eq) DCM Et3N, DMAP (0.3 eq) 45 overnight - 
9 E3 (2.5 eq) C6H6 KOtBu/18-Crown-6 (0.2 eq) 50 overnight - 
10 E4 (2 eq) PhMe Et3N (cat) 70 overnight Tracea 
11 E4 (7 eq) PhMe K2CO3 (5 eq) rt overnight - 
12 E4 (4 eq) THF Et3N (2 eq), DMAP (0.2 eq) 60 overnight Tracea 
13 E2 neat DABCO (3 eq) rt 30 min 5%b, c 
14 E2 THF DABCO (3 eq) rt overnight 9%b 

aA cherry red product observed by TLC in trace amounts among many other colorful spots, bmajor product was 
the di-O-substituted product, cSmoke was observed after electrophile addition.  

 

Scheme 25: A proposed reaction mechanism for DABCO enforced carbamoylation of iodinin (5). 
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5.2.2 Biological evaluations of iodinin and myxin prodrugs 

Iodinin ester and carbonate analogs 70-73 (Scheme 24) were evaluated in MOLM-13 cells and 

displayed low activities compared with that of iodinin (5) and myxin (8) (see Table 3). Low 

potency was also found to be the case with the mono-functionalized ethyl iodinin carbonate 72 

(EC50 ~50 μM normoxia) and no hypoxia selectivity. This result came as a surprise due to 

structural similarities between 72 and the most potent analogue observed so far; compound 64. 

However, the di-O-substituted carbonate 73 (Scheme 24) proved to be more potent with an 

EC50 of 6 μM. This was not in line with earlier trends from Table 1 (page 53) where di-O-

alkylated derivatives were found to be less active in every case compared with their 

corresponding mono-alkylated analogues. To confirm this result, compound 72 was 

resynthesized, recrystallized and tested again, and gave the same result. These findings thus 

expelled further interest, at least temporarily, in ester-  and carbonate prodrugs of iodinin (5).  

When it came to the biological evaluation of mono-substituted iodinin carbamates, these 

compounds 74-76 were all assessed more potent than the lead iodinin in aerobic environment 

(see Table 3). Similar potency was also observed for the myxin carbamates 77-79, ranging 

from ~1-2 μM EC50 in MOLM-13 (19% O2). Nevertheless, the activity of these compounds 

(74-79) did not appear to augment in hypoxic cell cultures (see Table 3, MOLM-13 at 2% O2).  

Table 3. EC50 values (±SEM) of phenazine-analogues on MOLM-13-, NRK- and H9c2 cells.  
The measured values of the lead iodinin (5) and myxin (8) from Table 1 are included as reference. 

 EC50 (μM) MOLM-13 EC50 (μM) NRK EC50 H9c2 
(n=2) 

Cpd # 19% O2 2% O2 19% O2 2% O2 19% O2 (n=2) 
5 (iodinin) 2.0 ± 0.07 0.79 ± 0.10 >50 >50 >50 
8 (myxin) 1.4 ± 0.30 0.77 ± 0.13 77 ± 11 77 ± 14 43 ± 2 
70 11.0 ± 0.7 8.9 ± 1.7 n.d. n.d. n.d. 
71 35.4 ± 0.02 17.1 ± 1.2 n.d. n.d. n.d. 
72 49.5 ± 0.4 66.1 ± 2.2 n.d. n.d. n.d. 
73 6.1 ± 0.1 4.0 ± 0.3 n.d. n.d. n.d. 
74 1.50 ± 0.16 1.41  ± 1.41 53 ± 2 59 ± 1 88 ± 10 
75 0.86 ± 0.05 0.79 ± 0.09 9.6 ± 0.4 15 ± 1 12 ± 1 
76 0.89 ± 0.03 0.75 ± 0.04 49 ± 2 62 ± 1 64 ± 9 
77 1.01 ± 0.06 0.98  ± 0.08 27.9 ± 1.6 42.7 ± 3.4 33.2 ± 4.0 
78 1.95 ± 0.11 1.84  ± 0.17 31.6 ± 2.5 34.9 ±1.5 38.0 ± 0.1 
79 1.88 ± 0.07 1.73  ± 0.09 22.3 ± 1.7 29.1 ± 0.7 39.2 ± 0.6 

Experimental description is given below table 1 page 53 
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A possible explanation for the non-apparent hypoxia selectivity of these compounds (74-79) 

might originate from the electron withdrawing effects of the carbamate group, which consist 

of three electro-negative atoms and one very electron deficient carbon atom centered in 

between. This electronegative feature might result in lessened electron density in the aromatic 

ring system. However, these are only speculations, nevertheless, SAR-studies conducted on 

tirapazamine (TPZ, 35) showed that incorporation of weakly electron donating groups to the 

aromatic ring system of 35 resulted in a higher hypoxia selectivity in most cases (with the 

exception of -CF3).12     

Due to the high potency of 74-79 observed in MOLM-13 cells, we also conducted experiments 

on these compounds in NRK- and H9c2 cells. As presented in Table 3, the healthy cell lines 

were not affected by 74-79 unless the concentration was increased considerably, in some cases 

by a factor of 70 like observed for compound 76 in MOLM-13 vs H9c2 (19% O2). The 

pyrrolidine iodinin analogue 75 was exceptionally toxic among those  inhibiting growth of 

NRK and H9c2 cells at concentrations in the range of ~10-15 μM (EC50). However, the EC50 

in MOLM-13 for this compound was found to be below 1 μM (Table 3). The piperazine-

analogues 74 and 77 were considered particularly attractive due to good solubility observed in 

slightly acidified aqueous phase and in DMSO. 

The preceding findings led us to conclude that carbamates were the most attractive functional 

group to be attached to the phenols of iodinin and myxin, as they appear to provide higher 

solubility to the lead scaffold and increase potency in some cases. With several promising 

alkyl- and carbamate side chains identified at this stage, our thoughts were driven towards 

further SAR studies of the PHz 5,10-dioxide scaffold, starting with the removal of one oxygen 

substituent from the 6-position. 

 

5.2.3 Synthesis of 1-hydroxyphenazine 5,10-dioxide and analogues 

In continuation of our previous findings described so far, analogues of 1-hydroxyphenazine 

5,10-dioxide (42) were scheduled for synthesis. This strategy was anticipated to ease synthetic 

efforts as the two phenol functionalities of iodinin (5) were now known to result in selectivity 

difficulties when only one phenol out of two was to be functionalized. Accordingly, the 

intention here was to explore what influence removal of one -OH from the scaffold would have 

on MOLM-13 cell death and selectivity towards leukemic cell lines. 
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The main building block, 1-hydroxyphenazine 5,10-dioxide (42) was prepared by two different 

synthetic strategies (see Scheme 26), a pulse-wise mCPBA oxidation of the natural product  

1-hydroxyphenazine (25, 1-HP) and a Beirut reaction (diketone modification). The mCPBA 

oxidation of 25 was performed on a 0.7g scale and gave the dioxide in 49% yield after 

chromatographic purification. The Beirut method13 gave larger quantities of 42 after 

cyclohexane-1,2-dione was condensed with benzofuroxan (41) in neat diethylamine, followed 

by a subsequent mCPBA oxidation step. This protocol gave 40% yield (2.0g isolated) of 42 

over two steps. 

The 1-hydroxyphenazine 5,10-dioxide building block was further functionalized to prepare 

analogues of the most active compounds identified in the project so far. A reaction of 42 with 

ethyl bromoacetate in the presence of K2CO3 and 18-Crown-6 gave compound 80 in 81% yield 

after chromatographic purification (see Scheme 26, right). The same step was also repeated 

with tert-butyl bromoacetate which gave 81, and again with 2-chloro-N,N-diethylacetamide 

affording 82 after chromatography and subsequent recrystallization.  

 

Scheme 26: The synthesis and functionalization of 1-hydroxyphenazine 5.10-dioxide (42). Reagents 
and conditions: a) mCPBA, PhMe, 80 °C, 5h, 49% b) 1,2-
90 min, then filtration and mCPBA oxidation (as in step a), 40% over 2 steps c) ethyl-/ or tert-butyl 
bromoacetate (or 2-chloro-N, N-diethylacetamide and KI), K2CO3, 18-Crown-6, DMF, rt, 2-5 hours 
d) A corresponding carbamoyl chloride (or the hydrochloride salt), DABCO, THF, rt, 2-5 hours. 
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1-hydroxyphenazine 5,10-dioxide (42) was also exposed to carbamoyl chlorides and DABCO 

forming 83-85 in good yields (see Scheme 26, left).  

Apparently, all these analogues presented in Scheme 26 were observed to be more polar than 

their corresponding analogues with a hydroxyl group in the 6-position. This conclusion was 

based on lowered Rf values on silica gel, resulting in relatively polar mixtures of solvents 

needed to elute them (typically 2-5% MeOH in DCM), compared with their 6-OH analogues. 

We were therefore curious to see how the increased polarity would affect factors like potency 

and cell selectivity of the compounds. 

5.2.4 Biological evaluations of 1-hydroxyphenazine 5,10-dioxide analogues 

1-Hydroxyphenazine 5,10-dioxide (42) was assessed to be less potent in MOLM-13 cells by a 

factor of more than five, compared with that of iodinin (5). Based on the polarity of solvents 

required to elute compound 42 through silica, compound 42 is more polar than iodinin. 

However, 42 is also much better soluble in common organic solvents as a result of only one 

intramolecular ion-dipole/hydrogen bond instead of two. Furthermore, the 1-hydroxyphenazine 

5,10-dioxide (42) proved to be less potent at low O2 than at normal O2, oppositely to both 

iodinin (5) and myxin (8). However, the potency of 42 was restored by introduction of both 

alkyl- and carbamate side-chains to the phenol oxygen (see EC50 values of 42 versus 

compounds 80-85 in table 4 (MOLM-13, 20% and 2% O2). 

 

Table 4. EC50 values (±SEM) of 1-hydroxyphenazine 5,10-dioxide (80) analogues on MOLM-13-, NRK-
and H9c2 cells. Determined values of the lead compound iodinin (5) and myxin (8) are included for 
reference.  

 EC50 (μM) MOLM-13 EC50 (μM) NRK EC50 (μM) H9c2 
Compound 19% O2 2% O2 19% O2 2% O2 19% O2 
5 (iodinin) 2.0 ± 0.07 0.79 ± 0.10 >50 >50 >50 
8 (myxin) 1.4 ± 0.30 0.77 ± 0.13 77 ± 11 77 ± 14 43 ± 2 
42 10.8 ± 1.8 11.5± 0.04 77 ± 6 >200 n.d. 
80 1.51 ± 0.14 1.74 ± 0.29 24.7 ± 0 25.1 ± 0.3 n.d. 
81 2.18 ± 0.09 1.88 ± 0.11 26.8 ± 0.1 26.4 ± 0.1 n.d. 
82 1.17 ± 0.08 1.38 ± 0.15 12.9 ± 0.01 16.1 ± 1.0 n.d. 
83 1.47 ± 0.18 1.94 ± 0.05 24.8 ± 0.3 34.8 ± 0.9 n.d. 
84 1.33 ± 0.15 2.07 ± 0.16 19.5 ± 1.7 25.3 ± 0.4 n.d. 
85 1.51 ± 0.18 1.21± 0.15 17.2 ± 0.7 23.5 ± 0.8 n.d. 

Experimental description is given below Table 1, page 53. 
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Compounds 80-85 all showed similar EC50 values in MOLM-13, in the range of 1.1-2.2 μM 

(Table 4). On average basis, these analogues were 14 times more potent in leukemic cells 

compared with the healthy NRK cell line. Comparing the activity of 1-hydroxyphenazine 5,10-

dioxide (42) with its alkylated- and carbamated analogues 80-85 in MOLM-13 cells shows how 

42 is most certainly not capable of penetrating cell membranes as efficiently as its analogues 

80-85, as the result of two high polarity. The data presented in Table 4 also suggest that the 

carbamate analogues 83-85 do not hydrolyze before they enter the cells. The flexible side 

chains introduced are likely to lower intercalative effects and therefore, it seems plausible that 

the mode of action for compounds 80-85 predominantly stems from ROS generation rather 

than DNA-intercalation. 

Carbamates have been used extensively as pesticide agents in agriculture and their breakdown 

has been a subject to various degradation studies to assess environmental pollution caused by 

them. Wolfe et al. investigated the hydrolysis of both primary and secondary carbamates using 

SAR-studies,14 concluding that secondary carbamates do neither hydrolyze readily in natural 

environment nor in non-basic solutions.  

Carbamates have been used extensively as prodrugs and peptide surrogates in medicinal 

chemistry.15 Examples of marketed drugs with carbamate functional groups include zopiclone, 

ritonavir, irinotecan (86) and bambuterol (88). Irinotecan (87) and bambuterol (89) do both 

have carbamated phenol functional groups (see Figure 18). Irinotecan (87) serves as a prodrug 

for SN-38 (88), a phenol-camptothecin analogue and a topoisomerase I inhibitor for the 

 

 

Figure 18: Selected examples of marketed carbamate-prodrugs, irinotecan (87) and bambuterol (89) 
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treatment of cancer (see Figure 18). Human liver microsomal carboxylesterases (CES1A1, 

CES2, and CES3) are known to convert irinotecan (87) to its active metabolite in vivo.16 

Bambuterol (89) is a double carbamate prodrug of terbutaline (90), a 2-agonist and a 

bronchodilator. The carbamates in bambuterol (89, see Figure 18) serve as protecting groups 

as terbutaline is rapidly metabolized via first-pass metabolism in the liver. This allows once-

daily dosage of bambuterol (89) instead of 3 times daily for terbutaline (90).15 Enzymes like 

pChE (plasma cholinesterase)17 and liver microsomal carboxylesterases18 have been shown to 

metabolize bambuterol to terbutaline in vivo.17 Although the data presented in Table 4 suggest 

that the phenazine 5,10-dioxide carbamates 83-85 penetrate cell membranes before being 

hydrolyzed, the metabolic process these compounds must be evaluated at later stages through 

membrane passage investigations and pharmacokinetic studies in vivo. 

Another concern for enhanced activity of analogues 80-85 compared with 42 is stabilization of 

the N-oxide (PHz scaffold, 10th position) via intramolecular ion-dipole/hydrogen forces. The 

lack of such stabilization in analogues 80-85 might enhance intrinsic reactivity of the N-oxide 

in position 10. This does however not explain the difference in cytotoxic activity between 42 

and iodinin (5).  

To briefly summarize this section, the findings herein confirm that a single oxygen-based 

substituent in position 6 on the scaffold can be removed without significant drop in cytotoxic 

potency.  However, absence of the 6-positioned phenol seemed to result in less consistent trend 

concerning hypoxia selectivity, and to somewhat reduced selectivity towards MOLM-13, 

especially compared with iodinin (5) and myxin (8). The analogues prepared in Scheme 26 did 

therefore not outperform neither the iodinin nor myxin carbamates 74-79 in terms of potency 

or selectivity towards MOLM-13 cells. These findings led us to explore if potency and 

selectivity of the scaffold could be further improved by adding substituents to the 7 and 8 

position of the 1-hydroxyphenazine 5,10-dioxide scaffold. 

5.2.5 Synthesis of 7,8-disubstituted analogues of 1-hydroxyphenazine 5,10-dioxide and 

quinoxaline 1,4-dioxides 

This section describes the synthesis of 7,8-disubstituted analogues of 1-hydroxyphenazine 

5,10-dioxide. This strategy was intended to reveal if cytotoxic potency could be influenced by 

introduction of functional groups to the 7 and 8 positions of the PHz scaffold. In addition, 

similar 2-ring systems were scheduled for synthesis to reveal if one aromatic ring can be 

removed from the PHz scaffold without reducing the cytotoxic potency towards MOLM-13. 
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The synthesis of 7,8-disubstituted methoxyphenazines 45 and 93-95 was achieved applying the 

classic condensation procedure of 1,2-benzoquinones and O-phenylenediamines (see section 

3.3.4 page 35). Oxidation of 3-methoxycatechol (43) using ortho-chloranil in cold ether gave 

a filtered crude material of the corresponding 1,2-benzoquinone 43b (see Scheme 27). The 

collected crude was immediately transferred to an acidic toluene solution containing the 

corresponding o-phenylenediamine (44 and 90-92). These efforts gave the 

1-metoxyphenazines 45 and 93-95 isolated in various yields. Similar work had been performed 

earlier by Cusman et al.19 and later Huigens and coworkers.20 The 1-methoxyphenazines (45, 

Scheme 27: The synthesis of 7,8-disubstituted phenazine 5.10-dioxides 100-103 and their following 
functionalizations either by alkyl- or carbamate side chains. *Rapid decomposure of the compound 
observed in NMR analysis (CDCl3 solution). 
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93-95) were all treated with BBr3 under refluxing conditions to give their corresponding  

1-hydroxyphenazines 96-99 in excellent yields (Scheme 27).  

The 1-hydroxyphenazines 96-99 were exposed to a pulse-wise addition of mCPBA in toluene 

at 80 °C. This gave 7,8-disubstituted-1-hydroxyphenazine 5,10-dioxides 100-103 in acceptable 

yields. Neither were the reaction conditions nor the purification methods optimized in any way 

for the reactions depicted in Scheme 27 as the project focus was still valid, to provide as many 

analogues as possible for in vitro studies. Especially, 7,8-dibromo and 7,8-dichloro substituted 

analogs 102 and 103 turned out to be difficult to purify due to very poor solubility in organic 

media, high lipophilicity and tailing on silica gel. The crudes could however be used easily for 

further synthesis.  

7,8-disubstituted-1-hydroxyphenazine 5,10-dioxides 100-103 were further functionalized with 

one alkyl side chain and the most promising carbamate side chain to prepare 1-(2-ethoxy-2-

oxoethoxy)phenazine 5,10-dioxide analogs 104-107  and N-methylpiperazine carbamates 108-

111 (Scheme 28). The four-ring analogue 105 turned out to be exceptionally unstable. Although 

TLC-analysis indicated pure fractions obtained after flash column chromatography on silica, 

the compound decomposed rapidly in CDCl3 during NMR analysis. This compound was 

therefore not subjected to biological testing. This problem was not observed for any of the other 

compounds. The 7,8-dimethyl-1-hydroxyphenazine 5,10-dioxide (100) was also used to 

construct diethylamide-analogue 112 and pyrrolidine carbamate analogue 113 (Scheme 27, 

bottom). 

Now, turning to synthesis of 2-ring quinoxalines, 2,3-dimethylquinoxalin-5-ol (115) was 

prepared by reducing 3-amino-2-nitrophenol (114) with sodium dithionite refluxing in a basic 

dispersion of MeOH and H2O. The crude mixture was then concentrated to a slur, diluted with 

 

 

Scheme 28: Synthesis of functionalized two-cyclic aromatic N-oxides. Reaction conditions: 
i) Na2S2O4, Na2CO3, H2O/MeOH, reflux, 2h. ii) diacetyl, AcOH/PhMe, 20h, 79% over two steps. 
iii) mCPBA, PhMe, 80 °C, 4.5h, 80%. iv) corresponding carbamoyl chloride, DABCO, THF.  
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AcOH-PhMe (3:2) and subsequently exposed to the diketone compound diacetyl (2,3-diketo-

butane). This method gave 115 in 79% yield over 2 steps and the subsequent mCPBA oxidation 

gave the the corresponding dioxide 116 conveniently in 80% yield after flash column 

chromatography. Further functionalizations with carbamoyl chlorides were then undertaken to 

obtain carbamate analogues 117 and 118 were performed as well (Scheme 28). 

5.2.6 Biological evaluations of 7,8-disubstituted phenazines and quinoxaline 1,4-dioxides 

Biological evaluations of compounds 100-113 (except 102, 103 and 105) and 116-118 are 

presented within Table 5, next page.  

Comparing 1-hydroxyphenazine 5,10-dioxide (42) and its 7,8-dimethyl 1-hydrocyphenazine 

(100), an increased potency could be observed (from 10.8 to 2.8 μM EC50 in MOLM-13, 

normoxia). The 7,8-dimethylated analogue 100 proved also to be significantly more potent at 

low O2, which 42 was not. Based on that comparison, increased cell membrane penetration due 

to higher lipophilicity of 100 compared with 42 is likely to be the case. Incorporation of the 

two methyl groups in the 7 and 8 positions therefore appears to increase the hypoxia selectivity 

and that would be in line with the trends observed from SAR-studies on TPZ (35) as earlier 

mentioned in page 55.12 

Further on, extending the aromatic scaffold with one annulated benzene ring to positions 7 and 

8 (compound 101) resulted in a highly insoluble substance, that failed to give any response in 

any biological assays, most likely because of very poor solubility in the cell media or 

insufficient penetration of cell membranes. However, when this compound was functionalized 

with a piperazine side chain, resulting in compound 109, the compound became moderately 

active (EC50 = 2.75 μM). This result exemplifies dramatic increase in solubility and potency 

provided by the piperazine side chain introduced. In addition, the 4-ring candidate 109 turned 

out to be the most toxic compound tested in healthy NRK cells to this point, closing this chapter 

to further interest in these ring-systems.   

Four new analogues turned out to be particularly potent in MOLM-13 cells, the 7,8-

dimethylated- and dihalogenated piperazine analogues 108, 110 and 111 and the 7,8-dichloro 

analogue 106 bearing the 2-ethoxy-2-oxoethoxy side chain (see Table 5). These results clearly 

demonstrate that synthetic alterations in the 7 and 8 position of the PHz 5,10-dioxied scaffold 

can influence potency dramatically. Due to very high potency of these compounds, it was 

considered very important to address the toxicity of these compounds in other healthy cell lines 

as well, and more studies currently ongoing in H9c2 cells. 7,8-dichloropiperazine analogue 110 
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was assessed to be more cytotoxic in leukemic cell lines compared with the NRK-line by a 

factor of 30 at normoxia (19% O2). This ratio even increased to a factor of 40 at hypoxia  

(2% O2). The corresponding 7,8-dibromo-analogue 111 proved to be the most potent 

compound measured so far at 2% O2 in MOLM-13 but high activity of this analogue in the 

NRK cell line excluded further interest in it (see Table 5).  

Daunorubicin is a standard in current treatment of AML.21-22 As discussed and demonstrated 

by Herfindal et al. in vitro,1 daunorubicin has severe cardiotoxic side effects, and was found to 

introduce cell-death to 50% of rat cardio myoblasts (H9c2) at 1 μM concentration.1 The most 

toxic compound from this project measured in this cell line so far is compound 109 which 

displays an EC50 value of 10 μM concentration. However, it has to be pointed out clearly that 

these results from both NRK and H9c2 are preliminary and only represent the average EC50 

values based on two parallel experiments. Other phenazine 5,10-dioxide compounds presented 

Table 5. EC50 values (±SEM) of analogues on MOLM-13-, NRK- and H9c2 cells. The measured 
values of iodinin (5), myxin (8) and 1-hydroxyphenazine 5,10-dioxide (42) are included for reference.

 
EC50 (μM) MOLM-13 EC50 (μM) NRK 

EC50 (μM) 
H9c2 

Cpd # 19% O2 2% O2 19% O2 2% O2 19% O2 
5 (iodinin) 2.0 ± 0.07 0.79 ± 0.10 >50† >50 >50 
8 (myxin) 1.4 ± 0.30 0.77 ± 0.13 77 ± 11† 77 ± 14 43 ± 2 
42 10.8 ± 1.8 11.5± 0.04 77 ± 6 >200 n.d. 
100 2.8 ± 0.3 2.3  ± 0.1 >50† >50† >50 
101 -** >10† n.d. n.d. n.d. 
102 n.d. n.d. n.d. n.d. n.d. 
103 n.d. n.d. n.d. n.d. n.d. 
104 8.3 ± 0.8 6.3  ± 0.3 140 ± 2† >200 194 
105 n.d. n.d. n.d. n.d. n.d. 
106 0.41 ± 0.05 0.38 ± 0.04 3.14 ± 0.02 4.67±0.09 n.d. 
107 2.44 ± 0.03 1.57 ± 0.09 10.4 ± 0.7 9.7 ± 2.4 n.d. 
108 0.63 ± 0.05 0.54 ± 0.06 12.5 ± 0.6 13.9 ± 0.5 10 
109 2.75 ± 0.18 1.76 ± 0.10 2.02 ± 0.06 7.52 ±0.38 n.d. 
110 0.34 ± 0.04 0.32 ± 0.06 10.4 ± 1.5 12.9 ± 0.4 n.d. 
111 0.41 ± 0.04 0.23 ± 0.03 6.2 ±0.02 7.6 ± 0.6 n.d. 
112 1.88 ± 0.37 3.39 ± 0.78 20.6 ± 0.3 51.5 ± 1.2 n.d. 
113 2.03 ± 0.30 2.01 ± 0.61 6.63 ± 0.04 8.89 ± 0.06 n.d. 
116 >200 >200 n.d. n.d. n.d. 
117 >200 >200 n.d. n.d. n.d. 
118 >200 >200 n.d. n.d. n.d. 

Experimental description is given below Table 1 page 53.  
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herein range from an EC50 of 13-97 μM in H9c2 (iodinin, myxin and 42 only known to have 

>50 μM EC50).  

Overall, the results point towards a very promising technology for improved AML-treatment 

regimes. Clear trends have been identified, increasing the probability of identifying promising 

drug candidates with improved performance compared to the standard treatment regimens with 

anthracyclines. In particular, the far less cardiotoxic effects of the identified phenazine 

candidates in H9c2, compared with the anthracycline daunorubicin encourages further 

development.  

It cannot be put to doubt that the anthracyclines are a highly successful class of antineoplastic 

antibiotics derived from nature. Both doxo- and daunorubicin have been utilized in 

chemotherapies for multiple types of cancer for a long time.21 Anthracyclines are supposed to 

induce their notorious cardiotoxicity (at least partly) through iron mediated production of ROS, 

thereby introducing oxidative stress to cardiac cells.22 This mechanism is not known in clear 

detail and remains a topic for debate after decades of use in the clinic.23 In many ways, 

anthracyclines have similarities to phenazines and phenazine 5,10-dioxides. First, the trigonal 

planar structure of both scaffolds is ensured by aromaticity and this feature is necessary for 

DNA-intercalation.24 Secondly, their overlapping structural features, indicates that the 

anthracycline quinone moiety and the N-oxide functionalities of the phenazine 5,10-dioxides 

may induce attractive forces at the same points in target receptors. Last but not least, both can 

produce ROS and can undergo redox-cycling.25-26 This mode of action was explained for 

naturally occurring phenazines in page 22. The reduction of doxorubicin by NADH 

dehydrogenase in mitochondria forms a hydroquinone radical able to react with molecular O2. 

This process can further produce the superoxide radical (O2
-) also generating hydrogen 

peroxide (H2O2). Consequently, Fe2+ can transform H2O2 to the hydroxyl radical ( OH) in a 

Fenton reaction like shown here below in equation 1.  

Equation 1: Fenton reaction. 
 

 
 

__________________________________  
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5.3 Synthesis of miscellaneous compounds and antimicrobial evaluations 

5.3.1 Synthesis of miscellaneous phenazine 5,10-dioxides 

Experimental procedures for this section are in Appendix 1. Some of the compounds presented 

herein have been tested in antimicrobial evaluations. 

This section describes synthetic efforts that were conducted in continuation of results that 

showed that halogens in the 7- and 8 position of the phenazine scaffold can enhance cytotoxic 

effects on MOLM-13 and still be selective. Therefore, our interest in halogenations of other 

positions on the PHz scaffold was enhanced. Some of the new compounds described within 

this section have not yet been evaluated in MOLM-13 cells but investigations are ongoing.   

1-Hydroxyphenazine 5,10-dioxide (42) was halogenated by exposure to either  

N-iodosuccinimide (NIS) N-bromosuccinimide (NBS). The iodination proved highly efficient 

affording 98% yield after chromatography and the corresponding bromination attempt gave 

73% respectively (Scheme 29). This reaction was also performed with N-chlorosuccinimide 

(NCS) but low reactivity compared with NBS and NIS was observed and resulted in a mixture 

of unreacted starting material, mono-chlorinated, and di-chlorinated compounds that proved 

difficult to separate by chromatography. As NBS was found to be less reactive than NIS, a di-

brominated compound was also observed on TLC. This compound was found to be highly 

insoluble in organic solvents and difficult to purify.  

  

 

Scheme 29: Halogenations and subsequent carbamoylations of 1-hydroxyphenazine 5,10-dioxide. 

 

To ensure what position was halogenated first, a crystal was grown of 119 (DCM as inner 

solvent, hexane as outer; vapor diffusion) and the structure determined by X-ray 

crystallography. This effort indeed revealed the structure of 1-hydroxy-2-iodophenazine 5,10-

dioxide (119). The crystal structure of a di-brominated compound (structure not shown) was 
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also determined by X-ray crystallography and revealed the structure of 2,4-dibromo-1-

hydroxyphenazine 5,10-dioxide (experimental data not shown). These results confirm that 

halogens react first ortho to the 1-hydroxy group and thereafter into the position para to the  

1-hydroxy group.  

 

Figure 19: Crystal structure of 1-hydroxy-2-iodophenazine 5,10-dioxide (119). Determined 
by Prof. Carl Henrik Görbitz. 

 

As mentioned earlier in section 3.2.4, page 27, Weigele et al. had shown 1-methoxyphenazine 

5,10-dioxide (30) to be potent in terms of antimicrobial effects.9 It was therefore decided to 

prepare compound 30 in addition to three other methoxy analogues (compounds 125-127) for 

upcoming antimicrobial evaluations (see Scheme 30). Dimethyl sulfate (Me2SO4) was used for 

methylation of the ortho-halogenated compounds as attempts involving MeI on compounds 

119 and 120 were characterized by low reactivity. 

 

 

Scheme 30: Methylations of 1-hydroxyphenazine 5,10-dioxides. 
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The piperazine carbamate compound 130 was also prepared (Scheme 31). ethyl piperazine-1-

carboxylate -chloro piperazine carbamate 

129 which was only purified via extraction and reacted further with 1-hydroxyphenazine 5,10-

dioxide in the presence of K2CO3, 18-crown-6 and KI in DMF. Purification of 130 by 

recrystallization from hot EtOH gave 130 in 30% yield from 42 (Scheme 31). 

 

Scheme 31: Preparation of piperazine carbamate compound 130 from 42. 

 

5.3.2 Antimicrobial evaluations 

Antimicrobial resistance (AMR) is considered an ongoing and increasing threat to human 

healthcare worldwide. Defined by the WHO; AMR is resistance of a microorganism to an 

antimicrobial drug that was originally effective for treatment of infections caused by it

is happening right now and spreading fast across the world. Treatment options for common 

types of infections that have been treatable for decades are therefore at risk as the arsenal of 

antimicrobial drugs is getting thinner and thinner. In addition, other treatments such as cancer 

chemotherapy, organ transplantation and surgical operations rely heavily on use of antibiotic 

treatments.27 As a consequence of AMR, new classes of antimicrobial drugs with new modes 

of action are utterly called for. Many phenazines have been shown to possess antimicrobial 

activities and especially myxin (8).9, 28-29 Phenazines and phenazine 5,10-dioxides might 

therefore have a significant potential as starting points for drug development of new 

antimicrobial agents, especially as no molecules of this class have earlier been used to treat 

infectious diseases in humans. 

As a part of this project, synthesized compounds were submitted to Tromsø, Norway (Prof. 

Ørjan Samuelsen lab) for antimicrobial evaluations in highly resistant strains of both Gram-

positive (E. faecium and S. aureus) and -negative (P. aeruginosa and K. pneumoniae) bacteria.  
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ly SAR-study that has been reported on phenazine 

5,10-dioxides in microbes, including iodinin (5) and myxin (8) was conducted by researchers 

from Hoffman-La Roche in the 1970s.9 This was briefly discussed in section 3.2.4, page 27 

and as emphasized earlier, the general trend observed therein was that antimicrobial activities 

and spectra of the myxin (8) analogues tested generally dropped when the structure was 

enlarged or made more complicated than myxin (8). Two compounds that can be considered 

simplified structures of myxin (8), were however found to possess potent and broad spectrum 

activity: 1-methoxyphenazine 5,10-dioxide (30) and 1-methylphenazine 5,10-dioxide (31).  

Results from our antimicrobial screening of heterocyclic aromatic N-oxides are presented in  

Table 6 (next page). These data must be considered preliminary as further investigations are 

ongoing. 

The most obvious trend observed after collection of the data was that all the analogues which 

were most potent in inhibiting growth of both Gram-positive and -negative bacteria had either 

methyl group or an alkyl side-chain attached to the phenol (see Figure 20). Carbamate-

analogues 75, 83 and 85 and showed activity as well, but only towards Gram-positive strains.  

  

 

 

Figure 20. Alkylated analogues observed to be potent in antimicrobial evaluations. 
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Table 6. Antimicrobial evaluations of selected phenazine 5,10-dioxides. Values are presented as 
minimum inhibitory concentration (MIC) values in μM concentrations. 

 Gram+ Gram- 
Ref. no A1-22 A4-37 K34-7 K66-45 
Species E. faecium S. aureus P. aeruginosa K. pneumoniae 

Compound  VanA MRSA VIM-2 NDM-1 
5 (Iodinin) 62.5 >250 >250 >250 
8 (myxin) 4 to 8 <0,5 16 16 
30 31.25 1 to 2 16 8 
42 12 6 >100 >100 
66 8 1 - < 0,5 >250 >250 
68 63 125 1000 1000 
74 >250 125 >250 >250 
75 8 4 >250 >250 
76 Not soluble in 10 mM DMSO 
77 125 to 250 >250 31.25 >250 
78 62.5 2 to 4 >250 >250 
79 62.5 2 to 4 >250 >250 
80 4 < 0,5 125 62.5 
82 31   2 250 250 
83 8 2 to 4 >250 250 
84 Not soluble in 10 mM DMSO 
85 4   2 1000 >100 
104  25 3 >100 >100 
106   0.5   0.5 125 62.5 
107 8 16 >250 >250 
108 Not soluble in 10 mM DMSO 
109 50 - >100 >100 
110 Not soluble in 10 mM DMSO 
112 Not soluble in 10 mM DMSO 
113 Not soluble in 10 mM DMSO 
116 >1000 >1000 >1000 >1000 
117 1000 >1000 1000 1000 
118 >1000 >1000 >1000 >1000 
126 0.4 0.8 25 12.5 
129 Not soluble in 10 mM DMSO 
130 31 4 1000 500 

 

 

5.4 Conclusions and summary of structure-activity relationships 

A new efficient total synthesis of the phenazine 5,10-dioxide natural products iodinin (5) and 

myxin (8) and many new compounds derived from them has been established in few and 

reliable steps. The key synthetic step; oxidation of phenazines to phenazine 5,10-dioxides has 

enabled the synthesis of a library of structurally related phenazine 5,10-dioxides that to autho

best knowledge has no precedence in published literature.  
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Figure 21, depicts and summarizes the potency ranking of heterocyclic aromatic N-oxides 

attached to the most promising side-chain identified. It can be observed that iodinin (5) with 

an EC50 of 2.0 μM in MOLM-13 has been functionalized with a piperazine carbamate side 

chain to result in iodinin-carbamate 74. This functionalization increased the potency of the lead 

candidate by ~25%. Removal of the phenol -OH (position 6) results in compound 84 that is 

equally potent to 74. This 1-hydroxyphenazine 5,10-dioxide piperazine analogue 84 can be 

synthesized with much more ease than 74 in terms of yields, purifications and overall labor 

intensity. However, the selectivity ratio between MOLM-13 and the healthy NRK cell has been 

reduced (from 35 to 17) which was not the goal. Installation of a methoxy group in the 6th 

position (myxin analogue 77) increased potency to 1 μM EC50 in MOLM-13 and this 

transformation also resulted in higher selectivity between MOLM-13 and NRK cells compared 

with 84. Furthermore, installation of two methyl groups into positions 7 and 8 of compound 84 

gives the dimethyl analogue 109 that is 230% more potent than 84, and has superior selectivity 

between cancerous and healthy cells compared with that of 84. Substitution of the methyl 

groups for two -Br atoms (compound 112) gave higher potency but at the cost of reduced 

selectivity between MOLM-13 and NRK. Finally, the 7,8-dichloro-analogue 111 gave the most 

potent compound in MOLM-13 (at 19% O2) with an EC50 of 0.34 μM. This analogue (111) 

serves as a good example in the summary of the presented work, as potency to introduce cell 

 

 

Figure 21: Structure activity relationships  potency ranking of synthetic analogues. *ratio: 
Determined EC50 in MOLM-13 divided by EC50 in NRK (both at 19% O2). 
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death to cancerous leukemic cells (MOLM-13) was enhanced by a factor of ~6 compared with 

iodinin (5) (normoxia). Additionally, this analogue (111) was found to be 30 times more 

selective towards MOLM-13 cells than healthy NRK cells at normoxic levels, and 40 times at 

hypoxic ones. This analogue is currently being investigated in the H9c2 cell line as well. 

The lead optimization process provided much knowledge of phenazine 5,10-dioxides and 

structure-activity relationships. For example, 1-hydroxyphenazine 5,10-dioxide (80) is over  

5-times less potent than iodinin (5). When this compound was functionalized with various side-

chains on its 1-hydroxy moiety, the potency was restored. This strongly suggests that an 

appropriate side chain enhances cell-membrane permeability which results in increased 

potency.   

The lead optimization process was undertaken using classic medicinal chemistry. An 

interdisciplinary cross-talk and decision-making between chemists and biologists has afforded 

new compounds like 74-77, 79, 108 and 110 which all outperform iodinin (5) in terms of 

potency and solubility. 

Furthermore, this work has unravelled some transformations of the lead that should not be 

pursued further for anti-AML therapy, such as addition of, or removal of one condensed 

aromatic ring from the scaffold (compounds 110 and 118) (Figure 21). 

Preliminary screenings in resistant Gram-positive and -negative strains reveal a trend that 

phenazine 5,10-dioxides characterized by either methyl- or alkyl group attached to the phenol 

-OH are more potent and broad spectrum compared with the carbamate analogues tested so far. 

Some carbamates were however shown to be active against the Gram-positive vancomycin 

resistant E. faecium and the methicillin resistant S. aureus (MRSA) (Table 6). The myxin 

carbamates 77-79 did not perform as well as myxin (8) in these studies, clearly suggesting that 

these compounds do not hydrolyse to unleash their parent compound myxin (8). Therefore, 

alkylated analogues hold most promise in terms of microbe growth inhibition at this stage, 

weather they are halogenated or not in the 2-position. 
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5.5 Future perspectives 

5.5.1 Synthesis 

The most important aspect for future development of phenzine 5,10-dioxides as antileukemic 

agents would be to identify novel compounds that have a high selectivity ratio between 

MOLM-13 and healthy cells. As summarized in section 5.4. This work has already provided 

knowledge regarding the SAR of phenazine 5,10-dioxides in various human and non-human 

cells. It is of high interest for this project to synthesize and perform biological evaluations of 

more halogenated compounds in vitro where modification of other positions on the phenazine 

scaffold are explored. Fluorinations would be the next important step since fluorine is isosteric 

to hydrogen, and such compounds have not been tested before in this project. Hypoxia 

selectivity would be preferred but not considered obligatory if compounds show good  

selectivity towards leukemic cells. The results presented in this thesis strongly suggests that 

this could be achievable. 

7,8-difluoro-1-hydroxyphenazine 5,10-dioxide can be synthesized either via the Beirut 

diketone application as depicted in Scheme 32 or employing the classic condensation between 

1,2-benzoquinones and o-diphenylamines. All reagents to achive this transformation are easily 

accessable from commercial suppliers. 

 

Scheme 32: The synthesis of 7,8-difluoro-1-hydroxyphenazine 5,10-dioxide and analogues. 

 

Trifluoromethylations have not been explored yet, but are of high interest for both anti-cancer 

and antimicrobial evaluations. As an example, iodinin (5) could be trifluomethylated to afford 

the halogenated myxin analogue 1-hydroxy-6-(trifluoromethoxy)phenazine 5,10-dioxide as 

depicted in Scheme 36. It would be surprising if this molecule and analogues derived from it 

would not perform well in vitro based on results presented in Table 1, page 53. 
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Scheme 33: Trifluoromethylation of iodinin (5) 

Section 5.3.1, page 69 describes initial efforts on late stage halogenations of the phenazine 

5,10-dioxide scaffold by NCS, NBS or NIS. What we learned from these reactions is that the 

ortho position to the phenol -OH is most reactive towards radical reactions. Other types of free 

radical reactions could therefore be investigated, such as reactions of phenazine 5,10-dioxides 

and Zinc sulphinates (Baran reagents).30 These types of reagents could give access to various 

functional groups on the phenazine scaffold and influence important factors such as log P and 

cell membrane penetration (Scheme 37).31  

 

 

Scheme 34: Reactions between phenazine 5,10-dioxides and zinc sulphinates could be explored 

 

The halogenated compounds synthesized in Section 5.3.1, page 69 could also be used as 

substrates for Buchwald-Hartwig reactions to afford novel aryl-amines as depicted in scheme 

35. 

 

Scheme 35: Buchwald-Hartwig C-N cross coupling for novel phenazine aryl-amines. 
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5.5.2 Biology 

This work has so far led to identification of several promising candidates ready for in vivo 

biological evaluation, more specifically starting with leukemic mice or -rat models. To start 

with, this could be performed by comparing survival of leukemic mice that either will have 

administered a chosen phenazine derivative compared to negative (placebo) and positive 

(anthracycline therapy) controls. However, more in vitro screens should first be conducted in 

a broader spectrum of cell types, both cancerous and healthy ones. In this context, selectivity 

is the key. Accordingly, it is extremely important to select a candidate wisely, that is potent 

and a has large difference in EC50 between cancerous and healthy cells. The results discussed 

within this chapter show that design and synthesis of such candidate is most likely well 

achievable, if not already done.  
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Chapter 6 - Introduction to liver X receptors 

6.1  Nuclear receptors 

The nuclear receptors (NRs) are a large superfamily of protein receptors that recognize 

lipophilic ligands and interact with DNA directly to influence gene transcription. They are 

therefore also known as transcription factors.1 Nuclear receptors play an essential role in all 

mammalian growth, development, metabolism, aging, function and dysfunction.1-2 

Dysfunction of nuclear receptors can cause a wide array of malfunctions such as infertility, but 

also diseases such as diabetes, obesity, atherosclerosis and cancer.3 There are 48 NRs in 

humans4 and all of them have been identified through genome sequencing efforts. Accordingly, 

some NRs were discovered even before their endogenous ligands were known, terming them 

so-called orphan receptors.5 Known endogenous ligands include steroids, thyroid hormones, 

retinoic acid (vitamin A) and calcitriol (vitamin D) among others (see Figure 22). Since NRs 

targets.4 Endogenous ligands such as those depicted in Figure 22 can in most, if not all cases 

be replaced by modified drug molecules. Many of the nuclear receptors have specific isoform 

sub-types that regulate different genes, are activated by different ligands and are expressed 

more selectively in specific tissues. Thus, the fact that ligands can be designed specifically not 

as pure agonists or antagonists of these receptors, but even to be partial agonists- or antagonists 

regulating expression for a specific set of target genes in a distinct tissue makes the NRs 

exceptionally attractive as drug targets.4 For example, ligands like tamoxifen, raloxifene and 

 

Figure 22: Selected overview of nuclear receptor ligands 
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clomiphene act as selective estrogen receptor modulators (SERMs) with tissue specific 

agonistic/antagonistic function.6  

The NRs are complex structures composed of several functional domains. A typical NR 

structure (Figure 23) contains a variable -NH2-terminal region (A/B), a DNA-binding domain 

(C) which is highly evolutionary conserved and contains two zinc fingers that target and bind 

to specific DNA-elements.5 Thereafter is a linker region (D) followed by the ligand binding 

domain (LBD). The LBD (E) is conserved as well and consists of 12 helices that form a 

lipophilic pocket where the ligand binding site is located. Some receptors also contain a -

COOH terminal region (F) where the function is less clear. Upon agonistic ligand binding, 

conformational changes are promoted to alter interactions with other regulatory proteins: Co-

activators are assembled and co-repressors released in order to initiate gene transcription.2, 7  

Regulation of gene transcription by NRs is controlled by several distinct mechanisms where 

endogenous ligands, co-repressors and co-activators are involved. These factors combined 

make the biochemical pathways of NR-controlled gene expression complex beyond measure. 

Despite the complexity, NR drug discovery has proven to be very successful so far. In fact, 

13% of all FDA-approved drugs on the market in 2005 targeted NRs8 and estimations from 

2017 state 16%. 9 

 

Figure 23: Structural overview of Nuclear receptors represented by the Estrogen (ER) receptor 
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6.2 Liver X receptors and biological functions 

The liver X receptors (LXRs) are ligand-activated transcription factors and a members of the 

NR superfamily.10 Two isoforms of the receptors are known, LXR  (encoded by gene NR1H3) 

and  (NR1H2) and the biological pathways they regulate depend on activation by endogenous 

oxysterols (discussed below, see Figure 26, page 88).11-12 Expression of LXR  is mainly 

restricted to tissues known to play an important role in lipid metabolism, such as liver, adipose 

tissue, macrophages, kidney, skeletal muscle and small intestine.13 LXR  was the first isotype 

to be cloned and shown to be highly expressed in hepatocytes, hence its name.14 The -isoform 

is however expressed more widely and unselectively and has been identified in most tissues 

throughout the human body.15-17 The two isoforms  are highly similar and share 74% 

of the same amino acid sequence in the ligand binding domain, only differing by two amino 

acid residues at the ligand binding site.18  

LXRs play a crucial role in the metabolism and homeostasis of cholesterol, lipids, bile acids 

and carbohydrates.19-22 Therefore, their potential to serve as drug targets is immense. LXR drug 

discovery has particularly been pursued in diseases like atherosclerosis,23 diabetes mellitus type 

2 (T2DM) and obesity,24-25 cancer,26-27 inflammation28, skin disorders29 

disease.30-31 These potential indications stem from the genes that LXRs regulate the expression 

of.  

The LXRs form an obligatory heterodimer with Retinoid X Receptor (RXR) that binds to a 

specific LXR responsive element (LXRE) characterized direct by repetitions separated by four 

nucleotides spaced in between the repetitions. Conformational changes of this heterodimer-

complex are promoted by ligands that bind to the binding pockets of LXR (oxysterols), RXR 

(9-cis-retinoic acid) or both (see Figure 24, next page). This structural change leads to release 

of co-repressor proteins that inhibit gene transcription and promote assembly of co-activators 

that induce gene transcription.14 RXR is special among NRs since it serves as a heterodimeric 

partner with many other NR types including farnesoid X receptors (FXRs) and peroxisome 

proliferator-activated receptors (PPARs).32 The heterodimers can be further classified as 

permissive or non-permissive, all depending on the role RXR plays in the dimer complex  

either as an active transcription partner or a silent one (Figure 24).2, 32-33  
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6.2.1 Target genes and therapeutic potentials. 

The LXRs regulate expression for cohorts of genes involved in lipid metabolism (a selected 

overview is presented in Table 7, next page). Moreover, novel genes expressed upon LXR 

activation are still being discovered.10, 34 Agonists of LXRs promote effects in the liver that 

upregulate proteins of the ATP-binding cassette (ABC) superfamily of transporter proteins and 

others of well-documented importance in lipid metabolism, like sterol regulatory element-

binding protein-1c gene (SREBPC1c), fatty acid synthase (FASN) and stearoyl-CoA 

desaturase (SCD).35-36 Additionally, lipidation of apolipoprotein E (ApoE) which is highly 

expressed in the human brain and is linked to pathogenesis of Alzheimer´s disease is LXR-

regulated.30  

Reverse cholesterol transport (RCT) is a process where excess cholesterol from peripheral 

tissues is transported back to the liver for secretion and elimination through bile.34 Several 

genes regulated by LXRs are highly involved in this process, key players being the ABC-

transport proteins. Members of this family are expressed in an array of tissues, such as 

ABCG5/G8 in liver and intestine37 and ABCA1/G1 in macrophages.38-39 Induced expression 

of ABCA1 and ABCG1 upon oxysterol LXR-activation suggest important roles in macrophage 

lipid loading, a process important for avoiding atherosclerosis.38 

 

 

 

 

Figure 24: LXR regulated gene transcription in heterodimeric partnership with RXR. 
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Table 7. Important target genes of LXR in metabolism of lipids and cholesterol (recreated from 

Edwards et al.)40 

Target genes Human/ 
Mouse 

LXR responsive element Function Ref 

 SREBP-1C H, M GGGTTA nx4 CGGTCA Fatty acid synthesis Repa et al.41 

 FASN H, M GGGTTA nx4 CGGTCA  Joseph et al.42 

 CYP7A1 M TGGTCA nx4 AGTTCA Cholesterol clearance Lehmann et al.43 

 ApoE H, M GGGTCA nx4 CGGTCA  Laffitte et al.44 

 LXR  H AGGTTA nx4 TGGTCA Lipid homeostasis 
(transcriptional control) 

Laffitte et al.45 

Whitney et al.46 

CETP H, M GGGTCA nx4 CGGGCA Triglycerides 
metabolism 

Luo et al.47 

LPL H, M TGGTCA nx4 CGGTCA  Zhang et al. 48 

ABCA1 H, M AGGTTA nx4 CGGTCA Cholesterol and 
phospholipid efflux 

Costet et al.49 

ABCG1 H, M TGGTCA nx4 AGTTCA 
AGTTTA nx4 AGTTCA 

 

ABCG5 H - Cholesterol and 
phytosterol efflux 

Berge et al.50 

ABCG8 H -  
ABCG4 H -  Engel et al.51 

 

The process of LXR-induced gene expression (by agonists) of ABCA1, ABCG5 and ABCG8 

also prevents absorption of cholesterol from the gastrointestinal tract, resulting in a net loss of 

cholesterol from the body. These LXR-involved features point towards a promising therapeutic 

application in terms of hypercholestermia.37 Moreover, mice that lack ABCG5 or ABCG8 have 

been demonstrated to contain increased cholesterol concentrations in the liver and reduced 

levels of bile acids, further suggesting a crucial role in secretion of sterols through bile.52 

Steraoyl-CoA desatureases (SCDs) are rate-limiting enzymes in cellular biosynthesis of 

monounsaturated fatty acids from saturated fatty acids - a critical step in production of 

triglycerides. Chronic upregulation of SCD activity (provided by LXR-agonists) is followed 

by increased synthesis of triglycerides and esters of cholesterol that are transported out of the 

liver. This process leads to increased plasma concentration of lipids followed by elevated risks 

of cardiovascular diseases.53 



86 
 

Statins are the current choice of medicine used to treat hypocholesteremia. Statins, including 

simvastatin and atorvastatin as examples, inhibit HMG-CoA-reductase, the rate limiting step 

in cholesterol biosynthesis. Although statins decrease cholesterol concentrations in the blood 

circulation, they do not provide reversible effects on established atherosclerotic plaques. The 

liver X receptors therefore provide an exciting alternative to target cholesterol metabolism as 

they upregulate genes involved in reverse cholesterol transport and inhibit absorption of 

cholesterol from the intestines.18 

The development of mice lacking LXR (LXR-knockout mice) has greatly enhanced our 

understanding concerning LXRs. For example, 

homeostasis was demonstrated by the group of Mangelsdorf et al. utilizing LX  knockout 

mice.22 

to diet containing <0.02% cholesterol. This was determined by both histological and 

morphological studies in combination with measurement of factors such as hepatic- and serum 

cholesterol and lipoproteins.22 When these mice were fed cholesterol-rich diet (2% cholesterol), 

normal wild-type mice were shown to compensate for this cholesterol increment by 

upregulation of cholesterol 7 -hydroxylase (CYP7A1), another important LXR target gene. 

This enzyme -hydroxycholesterol,54 the first step in bile acid 

synthesis and a rate-limiting one (Figure 25). Upregulation of this enzyme led to increased 

production of cholesterol-derived bile acids that were eliminated by the fecal route. In mice 

lacking  however, they were not found able to increase their bile acid synthesis and 

elimination, leading to accumulation of hepatic cholesteryl esters, that eventually led to liver 

failure.22 

 

 

 

Figure 25: The rate limiting step of bile acid synthesis 
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 was conducted by Alberti and co-

workers. Results from therein showed these mice to be able to resist cholesterol rich diet, 

strongly suggesting that 

metabolism.55  

LXRs have also been shown to play important roles of lipid- and carbohydrate metabolism in 

muscle cells.53 Their role in carbohydrate metabolism specifically is complex, as they interfere 

with- and influence multiple factors, like target genes that promote expression of key-enzymes, 

both directly and indirectly. This literature is highly complex, but the role of LXRs in 

carbohydrate metabolism has been elegantly reviewed by Gustavsson et al.53 Stulnig et al. 

showed that down-regulation of essential enzymes of gluconeogenesis in liver possibly point 

towards beneficial effects of LXR-agonists for the treatment of T2DM.56 Feeding mice with a 

LXR-agonist has also demonstrated significant inhibition of enzyme expression of key players 

in gluconeogenesis including the enzymes phosphoenolpyruvate carboxykinase (PECK), 

fructose biphosphatase-1 and glucose-6-phostphatase.56-57 

Several LXR target genes like SCD and SREBP1c are not only LXR-regulated but are also 

affected by insulin as well.53 Further, Tobin et al. 

upregulated by insulin in liver cells.58  

Gustavsson et al. concluded that when LXR-mediated mechanisms are defected or impaired, 

they promote higher risk for diabetes in most cases. The LXRs are therefore a very interesting 

obesity.53 

6.2.2 Ligands 

data-bank (PDB). All these structures include an agonist co-crystallized within the ligand 

binding domain. These structures vary considerably as they differ in co-crystallized ligands 

(steroidal or non-steroidal) and heterodimer partnership with RXR. As elegantly reviewed by 

Tice et al.,18 all of the reported structures include a ligand occupying the ligand binding site 

between helix 3, and this allows helix 12 to adapt agonistic conformation and press against the 

LBD to allow co-activator binding.18   
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6.2.2.1   Natural ligands – Oxysterols 

A wide array of ligands, both natural and synthetic, have been explored in terms of LXR-

modulation and such compounds have been reviewed elsewhere.18, 59 The structural diversity 

of compounds that bind and affect LXRs also reflects how large and flexible the ligand binding 

pocket of LXRs are compared with other NRs.18, 59 Drug discovery involving LXRs has also 

suffered from lack of ligands that differentiate in selectivity between the two isoforms  and 

 that are highly similar at the ligand binding site.18  

The discovery of oxysterols as endogenous ligands marked a breakthrough in LXR-research 

demonstrating compounds like 22(R)-hydroxycholesterol, 24(S)-hydroxycholesterol, 24(S)-

25-epoxycholesterol and 27-hydroxycholesterol to bind LXR receptors and activate them (see 

Figure 26). 12, 60-61  

 

Figure 26: Examples of endogenous oxysterols that agonize LXRs 

 

6.2.2.2   Synthetic agonists 

Potent full-agonists of LXR like T0901317 and GW3965 (Figure 27) upregulate genes for 

ABC transporter proteins and therefore display promising effects in terms of anti-

atherosclerotic activity. However, they also upregulate factors like FAS and SCD potently. 

This results in unwanted side effects like hypertriglyceridemia, enhanced lipogenesis and 

hepatic steatosis. In other words; fatty liver by triglyceride-overload. These side effects have 

proved particularly difficult to avoid in LXR drug discovery, leaving full LXR agonists like 

T0901317 and GW3965 behind only as valuable research tools that have facilitated discoveries 

of many LXR regulated genes.24, 62 
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Interesting LXR modulating effects of N,N-dimethyl- -hydroxy-cholenamide (DHMCA) 

were reported in 2009 (see structure, Figure 27).63 In contrast to potent LXR-agonists like 

T0901317 and GW3965, DHMCA was shown to circumvent the unwanted side effects of 

other potent LXR-agonists in vitro. Further, DHMCA did not increase hepatic triglycerides 

when administered to apoE-deficient mice. An upregulation of ABCA1, ABCG1 and CYP7A1 

was found to occur while mRNA expression of SREBP1c was left intact. Therefore, DHMCA 

was among the first agonistic LXR modulators that promoted selective gene expression of 

target genes and a promising potential for the LXR-directed treatment of atherosclerosis.64 

6.2.2.3    22(S)-Hydroxycholesterol and selective LXR-antagonism 

As emphasized in sections 6.2.1 and 6.2.2.2, LXR agonists are attractive therapeutic targets in 

terms of anti-atherosclerotic effects. The pharmaceutical industry has therefore mostly focused 

its efforts towards the discovery of new LXR-agonists. Very few natural and synthetic 

compounds have been identified to antagonize LXRs. These compounds are anticipated first 

and foremost to enhance our understanding of the physiological roles of the LXRs.10  

Research on 22(S)-Hydroxycholesterol (22SHC) revealed somewhat of mixed results to begin 

with. Earlier findings concluded 22SHC to be inactive,65-66 although binding the receptor with 
 

 

Figure 28: 22(S)-Hydroxycholesterol, a synthetic LXR-antagonist 

 

 

Figure 27: Synthetic LXR-agonists 
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high affinity. As stated earlier, the natural epimer 22RHC (Figure 26, page 88) is a well-known 

endogenous LXR agonist. More recent studies report that 22SHC may possess antagonistic 

effects on LXRs and have the ability to selectively down-regulate the expression of genes 

involved in lipid formation, that is: Reduce lipid metabolism and increase glucose uptake.19. 

These biological findings are of interest as they suggest that a single change in stereochemistry 

of the steroidal side chain in the 22-position manipulates gene expression of key LXR target 

genes oppositely . Spencer et al. conducted a SAR study on various oxysterols 

and showed 22SHC to antagonize effects of the agonist 24S25EHC (Figure 26).67 Based on in 

silico studies, the unnatural stereo center at the 22-  

being able to form a hydrogen bond with Tryptophan residue 433 (Trp433) in the ligand 

binding pocket. Instead, 22SHC was anticipated to rather create a hydrogen bond with 

Histidine 421 (His421), resulting in ligand binding without recruitment of co-activators 

necessary to initiate gene transcription like a normal LXR-agonist.67  

Kase et al. reported 22SHC to counteract the potent agonistic effects of T0901317 strongly 

suggesting an antagonistic effect for 22SHC.19 In addition, the authors showed 22SHC to 

reduce the formation of diacylglycerol, cholesteryl esters and free cholesterol from acetate 

below baseline in human myotubes, at the same time as glucose uptake and oxidation was 

enhanced.19 The same authors further conducted an in vivo study where 22SHC was 

administered to rats receiving either standard chow diet or high-fat diet in combination with 

22SHC. Results showed that rats given 22SHC gained less weight than their control parallels 

in both cases whether rats were given high fat diet or a regular one. Control rats on high fat diet 

showed increased levels of triacylglycerols whereas rats on high fat diet in combination with 

22SHC did not.68 These findings are of clear interest in terms of new alternatives to target 

diabetes mellitus type II and obesity. 

Recently, Lee et al. showed 22SHC to hinder development of ethanol-induced fatty liver injury 

in mice.69 The mode of action was concluded to include LXR of 

monocyte chemoattractant protein-1 (MCP-1), a hypoxia sensing response factor that recruits 

monocytes to the site of injury.69 
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Chapter 7 - Oxysterols and aim of study 

Our interest in this field is largely based on earlier reports stating the synthetic oxysterol 

22SHC to have attractive effects that might be exploited to counteract diabetes and obesity via 

LXR-modulation.68 The 22SHC has shown LXR-antagonistic features, selectively being 

capable of down-regulating expression of LXR target genes involved in lipid formation which 

leads to reduction of de novo lipogenesis simultaneously as glucose uptake is increased in 

skeletal muscle.19, 70 The natural endogen epimer 22RHC is considered a full agonist, and 

chronic exposure of such compounds leads to unacceptable side-effects, due to constant 

upregulation of key genes important in lipid synthesis.10 

Since both epimers 22SHC and 22RHC possess documented biological effects on LXRs, 

compounds specifically functionalized in the 22-position of the steroidal scaffold were 

prioritized in this project. An important parameter for synthesized compounds were in vitro 

evaluations measuring LXR influenced gene expression of key LXR target genes. The 

avoidance of the synthesized compounds to downregulate expression of ABC-transporters was 

considered of special importance, as this would increase the risk for development of 

atherosclerosis. Moreover, they should not upregulate key target genes of LXR related to 

lipogenesis, such as SCD-1 and FASN. The synthesis of ligands was to be aided by molecular 

modelling to gain more insight into the binding properties of ligands within the LXR ligand 

binding domain. 

As of overall structural complexity concerning stereochemistry and synthesis of steroids, 

semisynthetic strategies were to be applied from commeracially available reagents.  

 

 

 

Figure 29: Numbered positions and ring nomenclature of the cholestane steroid scaffold and the 
structure of cholesterol 
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Chapter 8 - Oxysterols results and discussion 

8.1 Papers III-V 

8.1.1 Synthesis and molecular modelling 

In order to synthesize 22SHC and potential mimics, the commercially available Fernholtz acid 

(LXR1, Scheme 36) was identified as an excellent precursor for synthesis of an array of 22-

functionalized steroids. The TBS-aldehyde LXR5 (Scheme 36), regardless of hydroxyl 

protection in the 3-position has been utilized for synthesis of multiple steroid compounds for 

various purposes.71-74 This compound was thus considered an important target to serve as a 

main precursor molecule for other 22-functionalized compounds. 

A synthetic route previously published by Guerlet et. al.75 was repeated starting from Fernholtz 

acid (LXR1) and a Fischer esterification in MeOH gave the Fernholtz-methylester (LXR2). 

Subsequent TBS-protection step gave TBS-Fernholtz methyl ester (LXR3), which was further 

reduced using DIBALH. The last step towards the key aldehyde LXR5 was achieved by IBX 

oxidation in EtOAc. This route was undertaken multiple times where the overall yield from 

LXR1 to LXR5 stretched up to 76% over 4 steps. The last step of this path, the IBX oxidation 

did however prove to be difficult to reproduce. Attempts with Dess-Martin periodinane (DMP) 

 

Scheme 36: Synthesis of TBS-aldehyde LXR5 by two separate pathways. Reagents and conditions: a) 
H2SO4, MeOH, reflux, 17h, 78%, b) TBS-OTf, 2,6-lutidine, DCM, - , 91%, c) DIBALH, THF, 
-
77% f) TBS-OTf, 2.6-lutidine, DCM, -40 °C, 78%, g) DIBALH, THF, -78 °C - rt, 83 %.  
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products detected. Swern-oxidation gave full racemization of the methyl group in 21-position 

judged by 1H-NMR. 

Exploration of another route towards the TBS-aldehyde LXR5 was therefore initiated to 

circumvent the problematic oxidation step from LXR4 to LXR5 (Scheme 36). Fernholtz acid 

(LXR1) was transformed into its corresponding Weinreb amide (LXR6) using HATU  

(1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide PF6
-) as a 

peptide coupling agent. This step proved highly efficient affording 77% yield on a 1 gram scale. 

The instant activation of the carboxyl acid could clearly be observed when the poorly soluble 

Fernholtz acid (LXR1) formed an activated ester that resulted in clear transparent solution (see 

Scheme 37).   

To ensure that the 21-position had retained its stereospecific configuration after exposure to 

basic peptide coupling conditions, the compound was recrystallized from hot EtOAc and the 

crystal structure determined (Paper 5). The result showed that the 21-position was still intact 

(see Figure 30, next page for structure of LXR6 determined with X-ray crystallography). 

  

 

 

Scheme 37: A reaction mechanism for the transformation of LXR1 to LXR6 
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The 3-positioned alcohol of the Weinreb amide LXR6 was TBS-protected in the 2nd step to 

afford TBS-Weinreb amide LXR7, followed by DIBALH reduction of the Weinreb amide 

which gave the aldehyde LXR5 upon hydrolysis of the chelate formed in the reaction.  

Yields of this pathway proved to be high, robust and reliable. All the steps gave relatively clean 

reaction mixtures that were easy to purify. In fact, the aldehyde LXR5 could be obtained in 

sufficient purity for further synthesis after simple extraction of the aqueous phase. 

 

Figure 30: The structure of Weinreb Amide LXR6 was determinded by X-ray crystallography. 

 

Scheme 38: Synthesis of 22SHC, 22KC and analogues. Synthesis outline and reaction conditions: a) 
isopentyl-MgBr, THF, -78 °C, 52% b) TBAF, THF, rt, 67% c) DMP, DCM, rt, 78% d) TBAF, THF, 
rt , 70% e) N,N-Dimethylacetamide, LDA, THF, -78 °C, 73%, then recrystallization from hot EtOAc 
f) TBAF, THF, rt , 86%. g) DMP, DCM, rt., 69%. h) TBAF, THF, rt., 23%.   
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Next, TBS-protected 22(S)-hydroxycholesterol (LXR8) was synthesized by exposure of 

aldehyde LXR5 to isopentylmagnesium bromide under standard Grignard conditions. That 

step gave LXR8 in 52% yield, and the subsequent TBAF-mediated deprotection step gave 

22SHC in moderate yields (Scheme 41). The asymmetric induction in the Grignard reaction is 

consistent with typical Felkin-Ahn stereoselectivity. Biological evidence also confirmed at a 

later stage that the compound was an antagonist (not an agonist like 22RHC). Moreover, the 
1H-NMR of the compound matched perfectly with a purchased standard of 22SHC. 

Of special interest was 22-ketocholesterol (22KC) since both 22RHC and 22SHC activate 

LXRs in different ways. We anticipated that this molecule would show LXR-modulation of 

some kind, although not known in advance. Oxidation of LXR8 with DMP gave LXR9 in good 

yield (78%), followed by TBAF deprotection to afford 22KC (Scheme 41).  

Reacting the lithium enolate of N,N-dimethylacetamide with aldehyde LXR5, gave the  

-hydroxy amide LXR10, a close structurally related analogue of the known selective agonist 

DHMCA (see Figure 27). The 13C-NMR of LXR10 showed a diastereomeric ratio of 

approximately 2:1. The compound could be recrystallized from hot EtOAc and X-ray 

chrystallography revealing the correct S-configuration in the 22nd position of LXR10. An 

additional TBAF deprotection step then gave LXR11. DMP oxidation of LXR10 -

keto amide LXR12. Part of the synthesis depicted in scheme 38 was also undertaken by another 

member of the group. An unsaturated analogue of LXR11 (and DHMCA) was also prepared 

through standard Wittig chemistry. This molecule, LXR14 (Scheme 39) was supplied by 

Synthetica AS.  

  
 

 

Scheme 39: Synthesis of LXR14. Reaction conditions: a)(Ethoxycarbonylmethyl)-
triphenylphosphonium bromide, b) 1) LiOH, THF, MeOH, H2O, 0 °C. 2) DIPEA, dimethyl 

hydrochloride, HATU, HOBt, DMF, 0 °C, 35% 
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Molecular modelling was undertaken as a part of this project where a catalogue of steroid based 

ligands constituting of different side chains was plotted and docked into the ligand binding 

pocket of LXR (PDB code: 1P8D).76 The choice of this crystal structure for molecular 

modelling is based on structural similarity of the ligand complexed in this structure, that is the 

oxysterol compound 24,25EHC (see Figure 26). In addition, the ligand binding pocket of 

 as earlier explained, where difference in amino acid sequence 

at the ligand binding site is only 2 amino acid residues.18 A selected overview of compounds 

and docking scores is given within table 8 after docki igand 

binding pocket after removal 24,25EHC. 

As observed in Table 8, the two last amide compounds LXR15 and LXR16 afforded good 

docking scores, better or comparable with known modulators such as 22SHC and 22RHC. The 

Fernholtz isobutyl amide LXR15 and Fernholtz benzylamide LXR16 were synthesized among 

other amides (LXR17-LXR20) as depicted in Scheme 40 (next page). These compounds were 

considered rather attractive due to a simple one-step synthetic protocol developed for the 

Weinreb amide LXR6 (see Scheme 36 and Scheme 37).  

 
Table 8. Docking scores for selected compounds in LXR  (1P8D) 

Compound Chemical structure Docking 
score 

( ) 

Compound Chemical structure Docking 
score 

( ) 

T0901317 

 

22.60 LXR11 

 

42.00 

22RHC 

 

36.76 LXR14 

 
-42.61 

22SHC 

 

35.49 LXR15 

 

-36.65 

22KC 

 

38.91 LXR16 

 

-40.68 
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8.1.2 Biological evaluations  paper III 

This section summarizes the biological findings that were achieved in the first phase of this 

project, including in vitro studies of selected compounds and in vivo study of LXR11.  

Initial biological efforts involved screening of the newly synthesized compounds for 

lipogenesis in human myotubes and HepG2 liver cells. Compounds 22SHC, LXR11 and 

LXR14 were shown to down-regulate de novo lipogenesis in myotubes relative to control. 

Moreover, all three compounds were found to neutralize the potent agonistic effects provided 

by T0901317 in these cells. This is a strong indication that the oxysterol compounds 22SHC, 

LXR11 and LXR14 compete with T0901317 for the same point in the ligand binding pocket 

of the LXR receptor. In addition, compound LXR11 and LXR14 were shown to reduce 

lipogenesis in HepG2 liver cells in a dose-responsive manner (see Figure 31). After lipogenesis 

screening, the most promising compounds were further evaluated in terms of three well-known 

LXR-target genes; FASN, SCD1 and ABCA1. As expected, the results showed T0901317 to 

act as a potent LXR-agonist for upregulation of all three target genes. Compounds LXR11 and 

LXR14 were shown to have similar gene regulating profile to that of 22SHC. In particular, the 

Scheme 40: Synthesis of LXR amides in one step. Reagents and conditions. a) corresponding R-NH2, 
HBTU, HOBt, DIPEA, DMF, rt.  
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LXR11 showed attractive effects, by slightly increasing expression of ABCA1 while 

significantly reducing de novo lipogenesis. As emphasized earlier, ABCA1 is important for 

reverse cholesterol transport so it was considered essential that expression of this gene would 

not be down-regulated, hence avoiding development of atherosclerotic events in humans and 

rodents. 

If 22SHC and the mimics LXR11 and LXR14 were true agonists, they would strongly enhance 

the expression of key LXR genes like ABCA1, SCD1 and FASN. The mechanisms behind why 

they do bind LXR-receptors but do not enhance expression of ABCA1, SCD1 and FASN like 

true agonists are not understood. Nevertheless, these consequences are likely to result from 

different recruitment/releasement profiles of co-activators and co-repressors attached to the 

LXR-RXR heterodimer complex in comparison to full-agonists such as 22RHC and 

T0901317. 

Due to similar in vitro profile of 22SHC, LXR11 was chosen for an in vivo rat study. However, 

LXR14 was not chosen as of very close structural resemblance to DHMCA, a known literature 

compound. Earlier findings by Kase et.al. showed that 22SHC reduced both gain of body 

weight and triacylglycerol (TAG) levels in rats given high-fat diet. 25 Unfortunately, LXR11 

failed to produce similar effects like 22SHC in vivo (Wistar rats). Earlier, 22SHC had been 

shown to possess oral bioavailability of ~50%,68 but plasma analysis of LXR11 from samples 

collected on the last day of the experiment revealed that concentrations of LXR11 were hardly 

 

Figure 31: De novo lipogenesis in human myotubes and HepG2 cells was reduced by 22SHC, LXR11 and 
LXR14. Figures obtained from paper 3. 
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detectable. The cLogP for LXR11 (4.6) is considerably lower than of 22SHC (7.3) (calculated 

in ChemDraw Ultra 13.0, CamebridgeSoft) which might be an important factor concerning 

bioavailability. The amide function of LXR might also be susceptible to amide hydrolyzing 

enzymes in the gastrointestinal tract of the rats. 

8.1.3 Biological evaluations  paper IV 

This section summarizes the biological findings that were made during the second phase of this 

project, including in silico and in vivo studies in addition to a SAR-study of compounds with 

different functionalities in the 22-position of the cholesterol scaffold. To the best of the authors 

knowledge, 22-Ketocholesterol (22KC) has not been evaluated before in terms of LXR-

modulation, although 22SHC has shown antagonistic features while 22RHC is a well-known 

endogenous LXR-agonist. 

First screening for lipogenesis in HepG2 cells, 22KC did not show any effects while 22SHC 

behaved as an antagonist as expected. However, when 22KC was evaluated in terms of 

expression of key LXR-target genes, it was found to be a potent inducer of ABCA1 expression 

(~20-fold increase relative to control) (Figure 32A). Further, expression of FASN and SCD1 

was mostly left intact by 22KC, but upregulation of FASN and SCD1 would normally be 

expected for an LXR-full agonist (see Figure 32B and -C).  

Figure 32: Effects of 22SHC, 22RHC, 22KC and LXR15 on basal and T0901317-induced gene 
expression in skeletal muscle cells. Human skeletal muscle cells were treated for 4 days, respectively, 
with DMSO (0.1%) control, 1 M T0901317 and 10 M 22SHC, 22RHC, 22KC, LXR15 ±1 M 
T0901317. Total RNA was then isolated from human skeletal muscle cells and analyzed by qPCR as 
described in experimental procedures for paper 4. Gene expressions were normalized to 36B4. Values 
represent fold change relative to control given as means ± SEM (n = 3 6). Analyzed LXR target genes 
were (A) ATP-binding cassette transporter A1 (ABCA1), (B) fatty acid synthase (FASN) and (C) 
stearoyl-CoA desaturase 1 (SCD1). 
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Moreover, 22KC, abolished the effects of T0901317-induced expression of FAS and SCD1. 

These in vitro data from skeletal muscle cells strongly suggest that 22KC should be 

investigated further in terms of anti-atherosclerotic activity and the compound should be tested 

in more cell lines and screened for expression of more LXR target genes, starting with 

expression of ABC family members in liver cells. 

The new amide structures depicted in Scheme 40 were also screened for lowered lipogenesis 

in HepG2 liver cells (Figure 33A). All except one, the Fernholtz-cyclohexylamide LXR21 (see 

Figure 33A), proved to be inactive. This molecule was further shown to reduce lipogenesis in 

vitro in a dose-responsive way (see Figure 33B).  

Figure 33: De novo lipogenesis and effects of 22SHC and amide analogs on basal and T0901317-
induced gene expression. Human skeletal muscle and HepG2 cells were treated for 4 days and 24 h, 
respectively, with DMSO (0.1%) control, 1 T0901317 and 10 22SHC, LXR6, LXR16-
LXR22 ± 1 T0901317. Total RNA was then isolated from human skeletal muscle cells and 
analyzed by qPCR as described in experimental procedures. For lipogenesis, HepG2 cells were 
incubated with [1-14C]acetate (1   h before lipids were isolated by filtration 
through hydrophobic MultiScreen® HTS plate. The levels of lipids were determined by scintillation 
counting. Values represent fold change relative to control for total lipid synthesis given as 
means ± SEM n = 4 separate experiments from (A) lipogenesis (B) dose-response for LXR21. Values 
represent fold change relative to control for gene expression is given as means ± SEM (n = 3 6). Gene 
expressions were normalized to 36B4. P < 0.05 vs. control and #P < 0.05 for T0901317 vs. 
treatment + T0901317. 
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As mentioned before (Table 8, page 97), some of these amides gave good docking scores, 

especially the benzylic amide LXR16 (Figure 34). However, they were characterized by higher 

polarity than for example 22SHC and 22KC. cLogP calcualtions for Fernholtz isobutyl amide 

LXR15, sharing same carbon framework as 22SHC and 22KC proved to be lower by a factor 

of ~1.5-2 (see Figure 34). This might suggest that most of the amides tested are of too high 

polarity for the very hydrophobic binding pocket of LXR. Additionally, some of these 

structures were characterized by low solubility in DMSO as in the case of LXR16. 

  

 

Figure 35: Compound LXR16 docked to the ligand binding pocket of LXR  including relevant amino 
acid side chains. The Ligand Surface (mesh) will be displayed colored by binding property, white = 
neutral surface, green = hydrophobic surface, blue = hydrogen bonding acceptor potential, and red = 
hydrogen bond donor potential. 

 

 

Figure 34: Calculated LogP values of compounds LXR15, 22KC and 22SHC. 
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8.2 Future perspectives 

Based on the findings presented within section 8.1, a keto-functional group in the 22 position 

(exemplified by 22KC) can result in increased expression of ABCA1 while expression of other 

main LXR-target genes was mostly unaffected. This selective upregulation could prove useful 

to guide rational design of new LXR-modulators that target atherosclerosis. 

Robust and efficient synthetic strategies have been established for preparation the key  

TBS-aldehyde LXR5 and TBS-Weinreb amide LXR6, two valuable steroid precursors 

allowing many more analogues to be synthesized from these two precursors to form both 22S 

and 22-keto functionalities, for example using Grignard reagents. Choice of Grignard reagents 

could further be aided by molecular modelling investigations on more LXR-crystal structures 

from the protein databank.  

Despite promising results showed by LXR11 in vitro, it failed to provide any detectable effects 

in vivo. In fact, measurement of blood plasma showed hardly detectable traces of the compound 

in samples collected on the last day of the experiment and this result strongly points towards 

pharmacokinetic problems (ADME). Accordingly, the alcohols of LXR11 could be protected, 

for example by converting them into cleavable esters, carbonates or carbamates. Carbamates 

have been shown to prolong biological half-live of compounds that are rapidly metabolized, 

such as the carbamate prodrug functionalities of irinotecan and bambuterol.77   

Compound 22KC is an endogenous substance, but the biological half-live and other key 

parameters are unknown. Therefore, the first step would be to conduct more in vitro studies, 

followed by an in vivo study in an atherosclerotic rodent model. Further, ketones could be 

transformed into their corresponding ketoximes to serve as prodrugs. This has been efficiently 

demonstrated on the drugs ketoprofen and nabumethone to form prodrugs of the ketone-

 

 

Scheme 41: Proposed structures. A library of 22-ketostructures and ketoxime prodrugs. 
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functionalities. Furthermore, the prodrugs were shown to be selectively oxidized to their 

corresponding ketones by CYP450.78  

The biological literature of LXR has grown fast over the last 3 decades. Two aspects that would 

enhance overall and better understanding of these complex functioning structures are: 1) an 

accessible crystal s -crystallized with an LXR-antagonist since 

current available structures only represent motifs characterized by agonistic binding and 2) 

More understanding concerning LXR co-activators and co-suppressors would be of great 

interest, since these co-factors also have potential to be manipulated by drug molecules and 

influence the LXRs. 

8.3 Conclusions 

This chapter briefly summarizes the results obtained from our development and testing of new 

LXR-modulators that mimic the activity of 22SHC. Overall, a diverse set of synthetic sterols 

functionalized at the 22-position have been synthesized and biologically evaluated, aided by 

molecular modelling. Synthetic methods have been developed to efficiently reach biologically 

active target molecules such as 22SCH and 22KC and other mimics. As a part of this project, 

more than total of 100 molecules have been synthesized and evaluated biologically. Especially, 

the synthesis of Fernholtz Weinreb amide LXR6 proved to be a new important route towards 

the key intermediate aldehyde LXR5 and 22-ketone compounds as Grignard reagents can be 

reacted directly with Weinreb amides to form ketones.  

We have shown that the transcription of key LXR-target genes involved in lipid metabolism is 

influenced greatly by stereochemistry and functionalities in the 22nd position on the cholesterol 

scaffold. These results might therefore enhance further interest in the use of oxysterols for 

LXR-related diseases. 
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Chapter 9  Concluding remarks 

The intention of the present study has been to identify new drug candidates, either related to 

DNA-damaging effects in leukemic cells and bacteria, or to candidates that bind to the liver X 

receptors and consequently influence the transcription of genes relevant to diseases such as 

atherosclerosis, T2DM and obesity.  

We started with a rather broad list of aims which, at least partly, can be related to how complex, 

unpredictable and multidisciplinary the process of drug discovery can be. New discoveries have 

been made during this process, mostly as the result of analogue synthesis, biological 

evaluations and lead optimizations of natural compounds. We have also exploited these 

discoveries in order to guide a rational development of new drug leads with increased 

therapeutic potential. 

Several new compounds with therapeutic potentials have been identified. For instance, 

carbamate prodrugs of the natural products iodinin (5) and myxin (8) have been designed and 

synthesized, and hold promise as new potential drug candidates, as they were found to possess 

more attractive physicochemical properties than the natural products themselves, higher 

activity towards leukemic cells and similar cancer cell selectivity. We also explored structure-

activity relationship of the phenazine scaffold in positions 6, 7 and 8. Biological evaluation of 

these compounds led us to discover new carbamate analogues of 7,8-dimethyl- and 7,8-

dichloro-1-hydroxyphenazine 5,10-dioxide (109 and 111) that were substantially more potent 

than iodinin and myxin, and still selective towards leukemic cells. The above mentioned 

compounds have a potential to enter more advanced pre-clinical trials in the form of animal 

studies, and funding has already been secured to do so. Intellectual property rights have also 

been secured for the phenazine compounds presented herein, essential for the transfer of data 

out of academia and into the industry at a later stage. What is particularly attractive with this 

class of compounds is that they appear to target leukemic cells selectively and preliminary 

studies demonstrate that they are considerably less cardiotoxic than the anthracycline 

daunorubicin, which is a standard part of current AML-induction therapy and which is 

notorious for its severe cardiotoxicity. 

New classes of antibiotics are utterly called for in society due to the ever-emerging threat of 

antimicrobial resistance to the current last-resort antibiotics. In this context, we felt obligated 

to test the new phenazine compounds in various strains of resistant bacteria. The antimicrobial 
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evaluations of the compounds described herein showed clear trends for what kind of phenazine 

structures should be pursued further in lead development for such a purpose. Alkylated 

analogues with or without halogens in the 2-position hold most promise at this stage. 

Leukemia often leads to fatal infections. Accordingly, we believe that a phenazine 5,10-dioxide 

compound could be developed, that targets both the leukemia and the infecting bacteria 

simultaneously. However, more SAR studies are necessary to achieve such a goal. 

Our efforts towards targeting the liver X receptors has acquired new knowledge on how key 

LXR target genes are expressed differently as the result of synthetic modifications in the 22-

position of oxysterol ligands. In this context, we identified the compound 22-ketocholesterol 

(22KC) as a selective upregulator of the ABCA1 transport protein. This finding is of particular 

interest, since LXR agonists usually not only promote an upregulation of ABC-transporter 

expression, but also of key LXR-target genes such as SCD-1 and FASN. Therefore, LXR full 

agonists cannot be used in the clinic due to the undesirable side effects they promote through 

the upregulation of these genes. We believe that 22KC may be able to bypass these side-effects 

through a selective upregulation of ABC-transporters and thus guide the development of new 

therapeutic agents to treat atherosclerosis in a reversible manner, unlike the drug class of the 

statins. Furthermore, other new drug leads for the treatment of T2DM and obesity have been 

identified among the compounds that mimic the activity of the LXR-antagonist 22(S)-

hydroxycholesterol. Although one compound was investigated more thoroughly and failed to 

provide the desired outcome in rats, this new lead could be chemically developed via prodrug 

strategies, as discussed in the future perspectives section for LXR modulators.  

From a broader perspective, we believe the synthetic methods and routes presented in this thesis 

could prove to be of great value for other researchers within the field of ligand-dependent LXR 

modulation and in that of phenazines. For instance, very few SAR-studies have been reported 

on phenazine 5,10-dioxides to date and we believe this may be related to the lack of efficient 

synthetic protocols to oxidize the phenazine scaffold. To reflect on this note, we have 

developed a synthetic method that can afford iodinin in 76% yield on scales exceeding one 

gram. We have also developed a new synthetic route to the TBS-Fernholtz Weinreb amide, 

which can serve as a common steroid precursor for multiple 22(S)- and 22-keto-functionalized 

oxysterols. In an overall context, the above mentioned synthetic methods might pave the way 

for more diverse classes of phenazine 5,10-dioxides and LXR modulators in the future. 
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Our work is highly dependent on biological assays to evaluate the compounds we synthesize 

in our projects. These results could therefore only have been achieved through a close 

collaboration with biochemists, pharmacologist, chemists and structural biologists. Some of 

these results have generated intellectual property rights (IPR), resulting in patent applications. 

This is essential to ensure a successful transfer of these discoveries out of academia for further 

research and development in the industry 

Given the diversity of the work presented in this thesis, there are no other words that could 

summarize this work better than drug discovery. 
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Appendix A 

Experimental procedures from section 5.3.1 

General procedure A1, methylation of 1-hydroxyphenazine 5,10-dioxides (synthesis of 

compounds 30, 125, 126 and 127) 

Either iodomethane or dimethyl sulfate (0.6 mmol, 3 eq.) was added to a stirring solution of a 
corresponding 1-hydroxyphenazine 5,10-dioxide (0.2 mmol, 1 eq.), K2CO3 (0.6 mmol, 3 eq.) 
and 18-Crown-6 (0.6 mmol, 3 eq.) in DMF (5 mL) under argon atm. The resulting mixture 
allowed to stir overnight (unless stated otherwise) at rt before it was quenched with H2O (50 
mL) and ~5 drops of HCl (1M aqueous sol.). The aqueous phase was extracted with DCM (3 
x 15 mL). Combined organic phases were dried over MgSO4, filtered and concentrated in 
vacuo. Further purification was undertaken as stated for each individual compound synthesized 
in accordance to this procedure. 

1-methoxyphenazine 5,10-dioxide (30) 

 

Synthesized in accordance to general procedure A-1 starting from compound 42 (15 mg, 0.07 
mmol) using MeI as a methylating reagent. Flash column chromatography on silica (1% 
MeOH/DCM) afforded 10 mg (63%) of an orange solid. Rf: 0.13 (1% MeOH/DCM). 1H NMR 
(400 MHz, CDCl3 J = 8.3, 1.1 Hz, 2H), 8.34 (dd, J = 9.0, 1.1 Hz, 1H), 7.86  7.74 
(m, 2H), 7.67 (dd, J = 9.1, 7.9 Hz, 1H), 7.13  7.05 (m, 1H), 4.10 (s, 3H). 13C NMR (101 MHz, 
CDCl3) 
57.4. HRMS (ESI+): Exact mass calculated for C13H10N2O3Na [M+Na]+:265.0584, found 
265.0584 (0.1 ppm). 

1-hydroxy-2-iodophenazine 5,10-dioxide (119) 

 

A round bottomed flash was charged with 1-hydroxyphenazine 5,10-dioxide (200 mg, 0.87 
mmol) dissolved in DCM (9 mL). NIS (217 mg, 0.96 mmol) was added and the mixture stirred 
at rt under open air for 2 hours. The reaction mixture was diluted with 20 mL DCM and 
absorbed onto silica in vacuo. Flash column chromatography on silica (100% DCM) afforded 
305 mg (98%) of a deep-purple powder. Rf: 0.61 (100% DCM). 1H NMR (400 MHz, CDCl3) 



 
 

 8.55 (m, 2H), 8.03 (d, J = 9.4 Hz, 1H), 7.84 (d, J = 9.4 Hz, 1H). 13C 
NMR (101 MHz, CDCl3)  153.54, 141.49, 137.19, 136.13, 133.65, 132.43, 131.92, 125.47, 
120.11, 119.59, 109.92, 83.15. HRMS (ESI+): Exact mass calculated for C12H7N2O3INa 
[M+Na]+: 376.9394, found 376.9394 (-0.1 ppm). 

1-hydroxy-2-bromophenazine 5,10-dioxide (120) 

 

A round bottomed flash was charged with 1-hydroxyphenazine 5,10-dioxide (200 mg, 0.87 
mmol) dissolved in DCM (9 mL). NBS (171 mg, 0.96 mmol) and the mixture stirred at rt under 
open air for 2 hours. The reaction mixture was diluted with 20 mL DCM and absorbed onto 
silica in vacuo. Flash column chromatography on silica (100% DCM) afforded 196 mg (73%) 
of a deep-red powder. Rf: 0.34 (100% DCM). 1H NMR (400 MHz, CDCl3 1H), 
8.73  8.60 (m, 2H), 7.97 (d, J = 9.6 Hz, 1H), 7.91  7.82 (m, 3H). 13C NMR (101 MHz, CDCl3) 

HRMS 
(ESI+): Exact mass calculated for C12H7N2O3BrNa [M+Na]+: 328.9532, found 328.9533 (-0.1 
ppm). 

 

General procedure A2, carbamoylation of 1-hydroxyphenazine 5,10-dioxides (synthesis of 

compounds 121-124) 

A dry round bottomed flask was charged with a corresponding 2-halo-1-hydroxyphenazine 
5,10-dioxide (0.17 mmol, 1.0 eq.), DABCO (1.04 mmol, 3-6 eq.)* and a magnetic stir bar under 
argon atm. The mixed solids were dispersed in anhydrous THF (10 mL) and the resulting 
mixture cooled on ice water-bath. A corresponding carbamoyl chloride was added (0.52 mmol, 
3 eq) before the cooling source was removed and the mixture allowed to stir for a period of 90-
180 min. If starting material was still observed after 3 hours from start (judged by TLC analysis 
typically using 2-5% MeOH/DCM as eluent), DABCO (0.34 mmol, 2.0 eq.) and a carbamoyl 
chloride (0.17 mmol, 1.0 eq.) were added and the mixture allowed to rotate at rt for 1-2 hours. 
The resulting mixture was diluted with 50 mL NaHCO3 (saturated aqueous sol.) and the 
aqueous layer extracted with DCM (4 x 20 mL). Combined organic phases were washed with 
brine, dried over MgSO4 and filtered before solvents were removed in vacuo. Obtained crude 
material was further purified as stated for each individual compound. 
 
*6 eq. of DABCO were used if the corresponding carbamoyl chloride was a HCl-salt, otherwise 

3 eq. 

  



 
 

2-bromo-1-((4-methylpiperazine-1-carbonyl)oxy)phenazine 5,10-dioxide (121) 

 

Synthesized according to general procedure A2 starting from 53 mg (0.17 mmol) of compound 
120. Flash column chromatography on silica (5% MeOH/DCM) afforded 74 mg (>99%) of an 
orange solid. Rf: 0.20 (5% MeOH/DCM). 1H NMR (400 MHz, CDCl3  8.57 (m, 2H), 
8.51 (d, J = 9.7 Hz, 1H), 7.89 (d, J = 9.7 Hz, 1H), 7.86  7.73 (m, 2H), 4.09  3.59 (m, 4H), 
2.93  2.49 (m, 4H), 2.43 (s, 3H). 13C NMR (101 MHz, CDCl3

135.8, 134.4, 132.3, 131.9, 131.6, 121.1, 120.6, 120.2, 118.7, 54.8, 54.7, 46.3, 45.1, 44.5. 
HRMS (ESI+): Exact mass calculated for C18H18N4O4BrNa [M+Na]+: 433.0506, found 
433.0506 (0.1 ppm). 

2-bromo-1-((pyrrolidine-1-carbonyl)oxy)phenazine 5,10-dioxide (122) 

 

Synthesized according to general procedure A2 starting from 54 mg (0.18 mmol) of compound 
120. Flash column chromatography on silica (1% MeOH/DCM) and subsequent 
recrystallization from hot EtOH afforded 37 mg (52%) of red-orange glittering flakes. Rf: 0.21 
(5% MeOH/DCM). 1H NMR (300 MHz, CDCl3  8.60 (m, 2H), 8.52 (d, J = 9.7 Hz, 
1H), 7.90 (d, J = 9.7 Hz, 1H), 7.87  7.72 (m, 2H), 4.06  3.70 (m, 2H), 3.70  3.43 (m, 2H), 
2.24  1.90 (m, 4H). 13C NMR (101 MHz, CDCl3

132.5, 131.8, 131.5, 121.1, 120.7, 120.3, 118.5, 47.0, 46.9, 26.0, 25.3. HRMS (ESI+): Exact 
mass calculated for C17H14N3O4BrNa [M+Na]+: 426.0060, found 426.0060 (0.0 ppm). 

2-iodo-1-((4-methylpiperazine-1-carbonyl)oxy)phenazine 5,10-dioxide (123) 

 

Synthesized according to general procedure A2 starting from 27 mg (0.08 mmol) of compound 
119. Flash column chromatography on silica afforded 20 mg (54%) of an orange solid. Rf: 0.16 
(5% MeOH/DCM). 1H NMR (300 MHz, CDCl3  8.58 (m, 2H), 8.39 (d, J = 9.4 Hz, 
1H), 8.08 (d, J = 9.6 Hz, 1H), 7.89  7.74 (m, 2H), 4.06  3.59 (m, 4H), 2.94  2.50 (m, 4H), 
2.45 (s, 3H). 13C NMR (101 MHz, CDCl3



 
 

131.8, 131.6, 120.8, 120.3, 119.0, 96.9, 54.9, 54.7, 46.3, 45.2, 44.5. (ESI+): Exact mass 
calculated for C18H18N4O4I [M+H]+: 481.0367, found 481.0366 (0.3 ppm). 

 

2-iodo-1-((pyrrolidine-1-carbonyl)oxy)phenazine 5,10-dioxide (124) 

 

Synthesized according to general procedure A2 starting from 53 mg (0.15 mmol) of compound 
119. Flash column chromatography on silica (1% MeOH/DCM) afforded an orange solid which 
was dissolved in minimum amount of a mixture of CHCl3 and heptane. The resulting mixture 
was then concentrated in vacuo removing CHCl3. The orange precipitate was then filtered and 
dried affording 35 mg (52%) of orange powder. Rf: 0.38 (5% MeOH/DCM). 1H NMR (400 
MHz, CDCl3  8.56 (m, 2H), 8.38 (d, J = 9.5 Hz, 1H), 8.08 (d, J = 9.5 Hz, 1H), 7.90  
7.72 (m, 2H), 3.97  3.74 (m, 2H), 3.71  3.49 (m, 2H), 2.22  1.92 (m, 4H). 13C NMR (101 
MHz, CDCl3

118.8, 97.0, 47.0, 46.9, 26.0, 25.3. HRMS (ESI+): Exact mass calculated for C17H14N3O4INa 
[M+Na]+: 473.9921, found 473.9920 (0.2 ppm). 

 

2-iodo-1-methoxyphenazine 5,10-dioxide (125) 

 

Synthesized in accordance to general procedure A-1 starting from compound 119 (29 mg, 0.08 
mmol) using dimethyl sulfate as a methylating reagent. Flash column chromatography on silica 
(100 % DCM) afforded 13 mg (43%) of an orange solid. Rf: 0.13. 1H NMR (600 MHz, CDCl3) 

 8.69 (m, 2H), 8.69  8.64 (m, 2H), 8.30 (d, J = 9.4 Hz, 1H), 8.08 (d, J = 9.5 Hz, 1H), 
7.86  7.79 (m, 2H), 4.08 (s, 3H). 13C NMR (151 MHz, CDCl3 152.7, 140.4, 138.2, 137.7, 
135.8, 133.3, 131.9, 131.7, 120.8, 120.3, 117.6, 96.7, 63.2. 

2-bromo-1-methoxyphenazine 5,10-dioxide (126) 

 

Synthesized in accordance to general procedure A-1 starting from compound 120 (55 mg, 0.18 
mmol) using dimethyl sulfate as a methylating reagent. Flash column chromatography on silica 



 
 

(0-10% EtOAc/DCM) afforded 26 mg (45%) of an orange solid. Rf: 0.21. 1H NMR (600 MHz) 
 8.63 (m, 2H), 8.43 (d, J = 9.6 Hz, 1H), 7.87 (d, J = 9.6 Hz, 1H), 7.85  7.79 (m, 2H), 

4.11 (s, 3H). 13C NMR (151 MHz, CDCl3

131.7, 121.2, 120.6, 120.3, 117.1, 63.1. 

1-methoxy-7,8-dimethylphenazine 5,10-dioxide (127) 

 

Synthesized in accordance to general procedure A-1 starting from compound 100 (36 mg, 0.14 
mmol) using MeI as a methylating reagent. The reaction time was 3h. Flash column 
chromatography on silica (1% MeOH/DCM) afforded 26 mg (69%) of an orange solid. Rf: 0.07 
(1% MeOH/DCM). 1H NMR (600 MHz, CDCl3 J = 9.0, 
1.1 Hz, 1H), 7.62 (dd, J = 9.0, 7.9 Hz, 1H), 7.05 (d, J = 7.8 Hz, 1H), 4.08 (s, 3H), 2.63  2.46 
(m, 6H). 13C NMR (151 MHz, CDCl3 136.1, 134.4, 130.8, 129.6, 
119.4, 118.9, 112.0, 109.7, 57.4, 20.7, 20.6.  HRMS (ESI+): Exact mass calculated for 
C15H14N2O3Na [M+Na]+:293.0897, found 293.0896  (0.1 ppm).  

1-(2-(4-(ethoxycarbonyl)piperazin-1-yl)-2-oxoethoxy)phenazine 5,10-dioxide (130) 

 

ethyl piperazine-1-carboxylate 2.9 mL (20 mmol) was dissolved in DCM (30 mL) under argon 
atm and the resulting solution cooled to 0 °C. To this solution, chloroacetyl chloride (1.4 mL, 
18 mmol), dissolved in DCM (40 mL) was added drop-wise via dropping funnel. The resulting 
mixture was stirred overnight before transferred to a separatory funnel and diluted by 250 mL 
HCl (0.1 M aqueous sol). The organic phase was collected followed by extraction of the aqueos 
phase using DCM (3 x 30 mL). The pooled organic phases were washed with brine (200 mL), 
dried over MgSO4 and filtered before solvent were removed in vacuo. This gave 2.78 g the 
crude product 129 as a clear transparent viscous oil (approx. 70% purity judged by 1H NMR). 
Next, 0.75 g of the crude compound 129 was added to a stirring solution of 1-hydroxyphenazine 
5,10-dioxide (42)(150 mg, 0.66 mmol), KI (33 mg, 0.20 mmol), K2CO3 (274 mg, 1.98 mmol) 
and 18-Crown-6 (523 mg, 1.98 mmol) in DMF (15 mL). The resulting solution was left stirring 
overnight at room temperature. The day after, the reaction mixture was diluted with H2O (200 
mL) and 2 mL of HCl (1M aqueous sol.) and the aqueous phase was extracted using DCM (4 
x 30 mL). The pooled organic phases were washed with brine (200 mL), dried over MgSO4 
and filtered before solvents were removed in vacuo. Flash column chromatography on silica 
(5% MeOH/DCM) and subsequent recrystallization from hot EtOH gave 84 mg (30% from 42) 



 
 

of 1-(2-(4-(ethoxycarbonyl)piperazin-1-yl)-2-oxoethoxy)phenazine 5,10-dioxide (130) as a red 
powder. Rf: 0.16 (5% MeOH/DCM). 1H NMR (400 MHz, CDCl3  8.56 (m, 2H), 8.41 
(dd, J = 9.0, 1.1 Hz, 1H), 7.89  7.73 (m, 2H), 7.64 (dd, J = 9.0, 7.9 Hz, 1H), 7.29 (dd, J = 7.9, 
1.2 Hz, 1H), 4.97 (s, 2H), 4.13 (q, J = 7.1 Hz, 2H), 3.89  3.75 (m, 2H), 3.68  3.43 (m, 6H), 
1.24 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3

135.8, 131.8, 131.2, 131.1, 130.3, 120.6, 120.3, 114.0, 113.9, 70.6, 61.8, 45.7, 44.2, 43.6, 42.2, 
14.8. 

 

 

 

 

 

  



 
 

 

 

 

 

 

 

1H- and 13C-NMR spectra of synthesized compounds 

(Appendix A) 

 



 
 

 

Figure A-1: 1H-NMR spectra of compound 30 

 

Figure A-2: 13C-NMpR spectra of compound 30 



 
 

 

Figure A-3: 1H-NMR spectra of compound 119 

 

Figure A-4: 13C-NMR spectra of compound 119 



 
 

 

Figure A-5: 1H-NMR spectra of compound 120 

 

Figure A-6: 13C-NMR spectra of compound 120 



 
 

 

Figure A-7: 1H-NMR spectra of compound 121 

 

Figure A-8: 13C-NMR spectra of compound 121 



 
 

 

Figure A-9: 1H-NMR spectra of compound 122 

 

Figure A-10: 13C-NMR spectra of compound 122 



 
 

 

Figure A-11: 1H-NMR spectra of compound 123 

 

Figure A-12: 13C-NMR spectra of compound 123 



 
 

 

Figure A-13: 1H-NMR spectra of compound 124 

 

Figure A-14: 13C-NMR spectra of compound 124 



 
 

 

Figure A-15: 1H-NMR spectra of compound 125 

 

 

Figure A-16: 13C-NMR spectra of compound 125 



 
 

 

Figure A-17: 1H-NMR spectra of compound 126 

 

Figure A-18: 13C-NMR spectra of compound 126 



 
 

 

Figure A-19: 1H-NMR spectra of compound 127 

 

Figure A-20: 13C-NMR spectra of compound 127 



 
 

 

Figure A-21: 1H-NMR spectra of compound 130 

 

Figure A-20: 13C-NMR spectra of compound 130 
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The literature compound 3�-hydroxy-bisnor-5-cholenic aldehyde is an impor-

tant intermediate for the synthesis of new modulators of the nuclear oxysterol

receptor Liver X. As part of our ongoing search for new LXR antagonists, the

title compound, C24H39NO3, has proven to be an important intermediate in our

new synthetic pathway, giving the corresponding aldehyde in high yield and in

only three steps from the commercially available 3�-hydroxy-bisnor-5-cholenic
acid. The title amide crystallized with two molecules in the asymmetric unit,

linked into helices by O—H� � �O hydrogen bonds involving the hydroxy and

carbonyl groups.

1. Chemical context

In the nuclear receptor (NR) family, the two isoforms of the

nuclear oxysterol receptor Liver X (LXR� and LXR�) are

emerging new drug targets. They are key players for a number

of important processes related to disease, such as metabolic

and cardiovascular diseases, lipid metabolism, inflammation

and cancer (Steffensen & Gustafsson, 2006; Laffitte et al.,

2003). LXR modulators have been investigated as potential

drugs in the therapy of cardiovascular diseases, metabolic

syndrome, regulation of inflammatory response and immunity,

skin diseases and are effective in the treatment of murine

models of atherosclerosis, diabetes and Alzheimer’s disease

(Viennois et al., 2011, 2012; Jakobsson et al., 2012). Further,

such agents have been shown to affect anti-inflammatory

activity (Zhu & Bakovic, 2008; Zhu et al., 2012; Solan et al.,

2011) and cell proliferation in a number of major cancer forms

such as LNCaP human prostate cancer cells. (Viennois et al.,

2012; Jakobsson et al., 2012). The ligand-binding pocket (LBP)

of LXR allows binding of side-chain-oxygenated sterols

(OHCs).

Recently, OHCs with a specific stereochemistry at the 23-

hydroxyated side-chain carbon have also been shown to

regulate the Hedgehog signalling pathway (Hh), a key

developmental pathway playing multiple roles in embryonic

development, including stem-cell differentiation (Corman et

al., 2012). In our drug-design programme, our retrosynthetic

analysis for the establishment of synthetic routes to the

pharmacophores in different OHCs revealed that the alde-

hyde analogue of the title compound [Fernholz aldehyde, (II)]

is a key compound leading to a number of new library
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candidates for biological testing (Åstrand et al., 2014a,b). We

have now identified the title compound, Fernholz Weinreb

amide (I), as a new key intermediate to the Fernholz aldehyde,

reducing the number of steps in the stereoselective synthesis.

The O-TBDMS-protected Weinreb amide (I) may be used to

prepare (II) using DIBALH, transferred to ketones with

Grignard reagents or used for other synthetic transformations

(Sivaraman et al., 2009; Davies et al., 2013).

2. Structural commentary

The asymmetric unit of (I), with two independent molecules A

and B, is depicted in Fig. 1a. The macrocyclic part of (I) is also

found in the naturally occurring hormone cholesterol and in

close to 250 other steroids in the Cambridge Structural

Database (CSD; Version 5.35 of November 2013; Groom &

Allen, 2014). The molecular conformation of this part of the

molecule is rigid, as shown from the overlay between A and B

in Fig. 1b. If the substituent at C17 is not included, the fit

improves from 0.300 to 0.173 Å. Compound (I) also shares the

hydroxy group at C3 with cholesterol, but the N-methoxy-N-

methylpropanamide functionality has not previously been

introduced into steroids; only the structure of the parent

carboxylic acid has been reported previously (CSD refcode

HAHSAL; Kurek-Tyrlik et al., 2004).

3. Supramolecular features

The unit-cell and the molecular packing of (I) are shown in

Fig. 2. As a class, steroids display a pronounced tendency to

form crystal structures with more than one molecule in the

asymmetric unit; e.g. for about 35% of the 250 compounds

mentioned above. The maximum Z0 value of 16 is reached for

the high-temperature polymorph of cholesterol itself

(CHOEST21: Hsu et al., 2002). Compound (I) has a Z0 value of
2, the two molecules differing in the way the hydroxy groups

make intermolecular hydrogen bonds (Table 1). Only the

276 Viktorsson et al. � C24H39NO3 Acta Cryst. (2015). E71, 275–277
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Figure 1
(a) The asymmetric unit of (I), showing the two molecules A (light grey C
atoms and atomic labels included) and B (dark C atoms). (b) An overlay
between molecules A (blue) and B (red), with an r.m.s. value of 0.300 Å.
H atoms have been omitted in (b).

Figure 2
(a) Unit-cell and crystal packing viewed along the a axis. The colour
coding is as in Fig. 1. The orange circles highlight a series of methyl
groups; the blue area shades a hydrogen-bonded chain in shape of a flat
helix. The chain, as a pink shape, is shown in more detail in (b) (the view
is along the b axis).

Table 1
Hydrogen-bond geometry (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A
O3A—H3A� � �O3Bi 0.86 (4) 1.93 (4) 2.782 (4) 180 (5)
O3B—H3B� � �O1Aii 0.83 (4) 1.95 (4) 2.768 (3) 169 (4)

Symmetry codes: (i) �xþ 3
2;�yþ 1; z� 1

2; (ii) �xþ 1; y � 1
2;�zþ 3

2.



carbonyl group of molecule A is an acceptor, while the hy-

droxy groups of the B molecules are both donors and accep-

tors and thus serve to link adjacent A molecules along the a

axis. In this process, stacks of either A or B molecules along

the a axis expose all the methyl groups on the outside, giving

distinct regions with methyl–methyl interactions (Fig. 2a). This

is not a common molecular aggregation pattern for steroids,

but some related Z0 = 2 structures were found in the CSD, all

hydrates without additional hydrogen-bond donors or accep-

tors in their C17 substituents (KESNAX: Sheng-Zhi et al.,

1990; ZZZNVG01: Jiang et al., 2001; XOSLOH: Subash-Babu

et al., 2009).

4. Synthesis and crystallization

Compound (I) (348 mg) was dissolved in a minimum amount

of boiling EtOAc (40 ml). The flask containing the solution

was wrapped in aluminium foil and left overnight at room

temperature to afford colourless crystalline needles.

5. Refinement

Crystal data, data collection and structure refinement details

are summarized in Table 2. Coordinates were refined for

hydroxyic H atoms; other H atoms were positioned with

idealized geometry with fixed C—H = 0.95 (aromatic), 0.98

(methyl), 0.99 (methylene) or 1.00 Å (methine) Å. Uiso values

were set to 1.2Ueq of the carrier atom, or 1.5Ueq for methyl and

hydroxy groups.
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Table 2
Experimental details.

Crystal data
Chemical formula C24H39NO3

Mr 389.56
Crystal system, space group Orthorhombic, P212121
Temperature (K) 105
a, b, c (Å) 7.7256 (4), 19.0030 (9),

29.8162 (15)
V (Å3) 4377.3 (4)
Z 8
Radiation type Mo K�
� (mm�1) 0.08
Crystal size (mm) 0.65 � 0.21 � 0.10

Data collection
Diffractometer Bruker D8 Vantage single-crystal

CCD
Absorption correction Multi-scan (SADABS; Bruker,

2013)
Tmin, Tmax 0.852, 1.000
No. of measured, independent and

observed [I > 2�(I)] reflections
44800, 7739, 5760

Rint 0.089
(sin �/�)max (Å

�1) 0.596

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.048, 0.098, 1.04
No. of reflections 7739
No. of parameters 511
H-atom treatment H atoms treated by a mixture of

independent and constrained
refinement

��max, ��min (e Å�3) 0.21, �0.19

Computer programs: APEX2 and SAINT-Plus (Bruker, 2013), SHELXS2013 (Sheldrick,
2008), SHELXL2013 (Sheldrick, 2015) and Mercury (Macrae et al., 2008).
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methyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclo-

penta[a]phenanthren-17-yl]-N-methoxy-N-methylpropanamide (Fernholz 
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Elvar Ørn Viktorsson, Ove Alexander Høgmoen Åstrand, Rasha Sabah Haseeb, Carl Henrik 

Görbitz and Pål Rongved

Computing details 

Data collection: APEX2 (Bruker, 2013); cell refinement: SAINT-Plus (Bruker, 2013); data reduction: SAINT-Plus (Bruker, 

2013); program(s) used to solve structure: SHELXS2013 (Sheldrick, 2008); program(s) used to refine structure: 

SHELXL2013 (Sheldrick, 2015); molecular graphics: Mercury (Macrae et al., 2008); software used to prepare material 

for publication: SHELXL2013 (Sheldrick, 2015).

(S)-2-[(3S,8S,9S,10R,13S,14S,17R)-3-Hydroxy-10,13-dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl]-N-methoxy-N-methylpropanamide 

Crystal data 

C24H39NO3

Mr = 389.56
Orthorhombic, P212121

a = 7.7256 (4) Å
b = 19.0030 (9) Å
c = 29.8162 (15) Å
V = 4377.3 (4) Å3

Z = 8
F(000) = 1712

Dx = 1.182 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 9981 reflections
θ = 2.3–24.9°
µ = 0.08 mm−1

T = 105 K
Flat needle, colourless
0.65 × 0.21 × 0.10 mm

Data collection 

Bruker D8 Vantage single-crystal CCD 
diffractometer

Radiation source: fine-focus sealed tube
Graphite monochromator
Detector resolution: 8.3 pixels mm-1

Sets of exposures each taken over 0.5° ω 
rotation scans

Absorption correction: multi-scan 
(SADABS; Bruker, 2013)

Tmin = 0.852, Tmax = 1.000
44800 measured reflections
7739 independent reflections
5760 reflections with I > 2σ(I)
Rint = 0.089
θmax = 25.1°, θmin = 2.3°
h = −9→9
k = −22→22
l = −35→35
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Refinement 

Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.048
wR(F2) = 0.098
S = 1.04
7739 reflections
511 parameters
0 restraints

Hydrogen site location: inferred from 
neighbouring sites

H atoms treated by a mixture of independent 
and constrained refinement

w = 1/[σ2(Fo
2) + (0.0448P)2 + 0.1501P] 

where P = (Fo
2 + 2Fc

2)/3
(Δ/σ)max < 0.001
Δρmax = 0.21 e Å−3

Δρmin = −0.19 e Å−3

Special details 

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and 
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. 
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
Refinement. No constraints or restraints applied

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq

O1A 0.8266 (3) 0.67664 (11) 0.71479 (7) 0.0314 (6)
O2A 0.7377 (3) 0.50014 (11) 0.73658 (6) 0.0268 (6)
O3A 0.7896 (3) 0.69062 (13) 0.28850 (7) 0.0321 (6)
H3A 0.893 (6) 0.697 (2) 0.2790 (13) 0.048*
N1A 0.8127 (4) 0.56722 (14) 0.74205 (8) 0.0262 (7)
C1A 0.6249 (5) 0.67785 (17) 0.40586 (10) 0.0234 (8)
H1A 0.5099 0.6633 0.4171 0.028*
H2A 0.6438 0.7272 0.4153 0.028*
C2A 0.6223 (5) 0.67502 (18) 0.35440 (10) 0.0254 (8)
H4A 0.5928 0.6268 0.3444 0.030*
H5A 0.5327 0.7075 0.3428 0.030*
C3A 0.7964 (5) 0.69551 (17) 0.33605 (10) 0.0250 (8)
H31A 0.8210 0.7454 0.3446 0.030*
C4A 0.9375 (5) 0.64851 (17) 0.35544 (10) 0.0256 (8)
H41A 0.9215 0.6001 0.3440 0.031*
H42A 1.0515 0.6655 0.3449 0.031*
C5A 0.9374 (5) 0.64668 (16) 0.40622 (10) 0.0202 (8)
C6A 1.0815 (5) 0.65764 (16) 0.42912 (11) 0.0243 (8)
H61A 1.1832 0.6685 0.4126 0.029*
C7A 1.0964 (4) 0.65414 (17) 0.47918 (10) 0.0233 (8)
H71A 1.1122 0.7023 0.4911 0.028*
H72A 1.2005 0.6264 0.4872 0.028*
C8A 0.9385 (4) 0.62097 (16) 0.50128 (10) 0.0172 (7)
H81A 0.9438 0.5689 0.4968 0.021*
C9A 0.7721 (4) 0.64902 (16) 0.47901 (10) 0.0195 (7)
H91A 0.7785 0.7015 0.4811 0.023*
C10A 0.7637 (4) 0.63144 (15) 0.42821 (10) 0.0190 (7)
C11A 0.6082 (4) 0.62733 (18) 0.50481 (10) 0.0242 (8)
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H11A 0.5089 0.6543 0.4928 0.029*
H11C 0.5855 0.5769 0.4990 0.029*
C12A 0.6168 (4) 0.63881 (17) 0.55576 (10) 0.0230 (8)
H12A 0.6176 0.6899 0.5621 0.028*
H12C 0.5122 0.6184 0.5699 0.028*
C13A 0.7778 (4) 0.60512 (15) 0.57639 (10) 0.0183 (7)
C14A 0.9350 (4) 0.63605 (16) 0.55146 (10) 0.0181 (8)
H14A 0.9255 0.6883 0.5545 0.022*
C15A 1.0903 (4) 0.61434 (16) 0.57969 (10) 0.0224 (8)
H15A 1.1881 0.6473 0.5754 0.027*
H15C 1.1289 0.5662 0.5719 0.027*
C16A 1.0214 (4) 0.61751 (17) 0.62834 (11) 0.0229 (8)
H16A 1.0735 0.6578 0.6445 0.027*
H16C 1.0508 0.5737 0.6446 0.027*
C17A 0.8214 (4) 0.62640 (16) 0.62533 (10) 0.0202 (8)
H17A 0.7948 0.6776 0.6287 0.024*
C18A 0.7693 (5) 0.52436 (15) 0.57226 (10) 0.0219 (8)
H18A 0.7630 0.5112 0.5405 0.033*
H18C 0.6664 0.5069 0.5879 0.033*
H18D 0.8732 0.5036 0.5857 0.033*
C19A 0.7198 (5) 0.55331 (16) 0.42009 (10) 0.0277 (9)
H19A 0.7365 0.5420 0.3883 0.042*
H19C 0.5991 0.5445 0.4284 0.042*
H19D 0.7961 0.5237 0.4384 0.042*
C20A 0.7291 (4) 0.58734 (16) 0.66317 (10) 0.0223 (8)
H20A 0.7572 0.5361 0.6608 0.027*
C21A 0.5318 (4) 0.59589 (18) 0.66345 (11) 0.0285 (9)
H21A 0.4833 0.5750 0.6362 0.043*
H21C 0.5025 0.6460 0.6645 0.043*
H21D 0.4836 0.5721 0.6898 0.043*
C22A 0.7925 (4) 0.61417 (17) 0.70820 (10) 0.0234 (8)
C23A 0.8338 (5) 0.58740 (19) 0.78883 (11) 0.0340 (9)
H23A 0.9119 0.5541 0.8037 0.051*
H23C 0.7209 0.5868 0.8038 0.051*
H23D 0.8829 0.6349 0.7905 0.051*
C24A 0.8716 (5) 0.44840 (17) 0.73243 (12) 0.0329 (9)
H24A 0.8205 0.4012 0.7337 0.049*
H24C 0.9545 0.4540 0.7570 0.049*
H24D 0.9314 0.4546 0.7037 0.049*
O1B 0.3248 (3) 0.29218 (11) 0.34061 (7) 0.0241 (6)
O2B 0.1000 (3) 0.43877 (11) 0.30237 (7) 0.0244 (6)
O3B 0.3740 (3) 0.28938 (12) 0.75771 (7) 0.0275 (6)
H3B 0.308 (5) 0.2590 (19) 0.7683 (11) 0.041*
N1B 0.2268 (4) 0.38484 (12) 0.30187 (8) 0.0212 (6)
C1B 0.1604 (4) 0.30886 (16) 0.64465 (9) 0.0203 (8)
H1B 0.0411 0.3224 0.6362 0.024*
H2B 0.1808 0.2606 0.6333 0.024*
C2B 0.1737 (4) 0.30804 (17) 0.69563 (10) 0.0222 (8)
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H4B 0.1448 0.3552 0.7076 0.027*
H5B 0.0897 0.2739 0.7080 0.027*
C3B 0.3537 (4) 0.28808 (16) 0.70983 (10) 0.0204 (8)
H31B 0.3798 0.2396 0.6987 0.024*
C4B 0.4852 (4) 0.33881 (16) 0.69055 (10) 0.0216 (8)
H41B 0.6031 0.3220 0.6980 0.026*
H42B 0.4695 0.3855 0.7047 0.026*
C5B 0.4690 (4) 0.34639 (16) 0.63992 (10) 0.0167 (8)
C6B 0.6090 (4) 0.34157 (15) 0.61433 (10) 0.0190 (8)
H61B 0.7165 0.3331 0.6288 0.023*
C7B 0.6103 (4) 0.34850 (16) 0.56420 (10) 0.0181 (7)
H71B 0.6346 0.3018 0.5508 0.022*
H72B 0.7053 0.3806 0.5554 0.022*
C8B 0.4407 (4) 0.37637 (15) 0.54505 (10) 0.0148 (7)
H81B 0.4377 0.4287 0.5487 0.018*
C9B 0.2861 (4) 0.34433 (15) 0.56994 (9) 0.0148 (7)
H91B 0.2973 0.2922 0.5666 0.018*
C10B 0.2883 (4) 0.35925 (15) 0.62135 (9) 0.0164 (7)
C11B 0.1142 (4) 0.36437 (16) 0.54751 (9) 0.0186 (8)
H11B 0.0926 0.4151 0.5525 0.022*
H11E 0.0194 0.3379 0.5622 0.022*
C12B 0.1090 (4) 0.34958 (17) 0.49675 (10) 0.0195 (8)
H12B 0.1125 0.2981 0.4917 0.023*
H12E −0.0013 0.3675 0.4843 0.023*
C13B 0.2603 (4) 0.38405 (15) 0.47190 (10) 0.0159 (7)
C14B 0.4271 (4) 0.35862 (16) 0.49529 (10) 0.0159 (7)
H14B 0.4238 0.3061 0.4937 0.019*
C15B 0.5736 (4) 0.38110 (16) 0.46425 (10) 0.0185 (8)
H15B 0.6739 0.3489 0.4670 0.022*
H15E 0.6119 0.4296 0.4711 0.022*
C16B 0.4928 (4) 0.37679 (17) 0.41675 (10) 0.0190 (8)
H16B 0.5038 0.4225 0.4011 0.023*
H16E 0.5516 0.3402 0.3987 0.023*
C17B 0.2998 (4) 0.35775 (15) 0.42354 (9) 0.0163 (7)
H17B 0.2924 0.3052 0.4242 0.020*
C18B 0.2422 (5) 0.46448 (14) 0.47231 (10) 0.0205 (8)
H18B 0.2399 0.4813 0.5034 0.031*
H18E 0.1344 0.4779 0.4572 0.031*
H18F 0.3407 0.4856 0.4566 0.031*
C19B 0.2362 (5) 0.43602 (15) 0.63154 (10) 0.0238 (8)
H19B 0.1118 0.4420 0.6264 0.036*
H19E 0.3007 0.4679 0.6118 0.036*
H19F 0.2632 0.4470 0.6629 0.036*
C20B 0.1861 (4) 0.38264 (15) 0.38456 (10) 0.0171 (7)
H20B 0.1963 0.4349 0.3819 0.021*
C21B −0.0056 (4) 0.36319 (18) 0.38993 (10) 0.0241 (8)
H21B −0.0159 0.3127 0.3961 0.036*
H21E −0.0680 0.3745 0.3622 0.036*
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H21F −0.0554 0.3899 0.4149 0.036*
C22B 0.2502 (4) 0.34904 (16) 0.34128 (10) 0.0180 (7)
C23B 0.2346 (5) 0.34870 (17) 0.25866 (10) 0.0297 (9)
H23B 0.3161 0.3093 0.2606 0.045*
H23E 0.2735 0.3817 0.2355 0.045*
H23F 0.1194 0.3309 0.2509 0.045*
C24B 0.1771 (5) 0.50416 (17) 0.28946 (11) 0.0323 (9)
H24B 0.2626 0.5182 0.3120 0.048*
H24E 0.0872 0.5404 0.2872 0.048*
H24F 0.2342 0.4987 0.2603 0.048*

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

O1A 0.0366 (16) 0.0248 (14) 0.0329 (14) 0.0014 (12) −0.0019 (12) −0.0128 (10)
O2A 0.0243 (14) 0.0266 (13) 0.0295 (13) −0.0025 (12) 0.0005 (11) −0.0031 (10)
O3A 0.0298 (16) 0.0442 (15) 0.0224 (14) −0.0058 (13) 0.0051 (12) 0.0016 (11)
N1A 0.0296 (19) 0.0282 (16) 0.0207 (16) −0.0023 (14) 0.0012 (14) −0.0059 (13)
C1A 0.018 (2) 0.027 (2) 0.025 (2) 0.0001 (16) 0.0036 (16) 0.0005 (14)
C2A 0.021 (2) 0.028 (2) 0.027 (2) −0.0012 (17) 0.0015 (16) 0.0008 (15)
C3A 0.030 (2) 0.0219 (18) 0.0228 (19) −0.0021 (16) 0.0047 (17) −0.0006 (14)
C4A 0.024 (2) 0.0242 (19) 0.028 (2) −0.0035 (17) 0.0075 (16) −0.0017 (15)
C5A 0.020 (2) 0.0133 (17) 0.028 (2) 0.0011 (16) 0.0059 (17) −0.0014 (14)
C6A 0.016 (2) 0.0227 (19) 0.034 (2) 0.0007 (16) 0.0084 (18) 0.0027 (15)
C7A 0.0145 (19) 0.0252 (18) 0.030 (2) −0.0010 (16) 0.0016 (16) 0.0002 (15)
C8A 0.0149 (18) 0.0132 (16) 0.0235 (19) 0.0002 (15) 0.0008 (15) −0.0028 (13)
C9A 0.0172 (19) 0.0161 (16) 0.0253 (18) 0.0005 (15) 0.0024 (16) −0.0020 (14)
C10A 0.0140 (18) 0.0156 (16) 0.0274 (18) −0.0007 (15) 0.0015 (16) −0.0008 (13)
C11A 0.016 (2) 0.033 (2) 0.024 (2) −0.0011 (17) −0.0005 (16) 0.0009 (15)
C12A 0.015 (2) 0.0266 (19) 0.027 (2) 0.0000 (16) 0.0030 (16) −0.0003 (15)
C13A 0.0190 (19) 0.0149 (16) 0.0210 (18) 0.0003 (15) 0.0005 (16) −0.0040 (13)
C14A 0.0151 (19) 0.0112 (17) 0.0279 (19) −0.0008 (15) 0.0012 (16) −0.0009 (14)
C15A 0.019 (2) 0.0187 (18) 0.030 (2) 0.0024 (16) 0.0004 (16) 0.0000 (14)
C16A 0.021 (2) 0.0176 (18) 0.030 (2) 0.0004 (15) −0.0036 (16) −0.0021 (14)
C17A 0.022 (2) 0.0126 (16) 0.0259 (19) 0.0026 (15) −0.0009 (16) −0.0042 (13)
C18A 0.024 (2) 0.0205 (17) 0.0214 (18) −0.0060 (16) 0.0004 (16) −0.0035 (13)
C19A 0.033 (2) 0.0234 (18) 0.0266 (19) −0.0068 (17) 0.0025 (18) −0.0024 (14)
C20A 0.023 (2) 0.0185 (17) 0.0254 (19) 0.0032 (16) 0.0014 (17) −0.0062 (14)
C21A 0.026 (2) 0.031 (2) 0.028 (2) −0.0026 (17) 0.0015 (17) −0.0005 (16)
C22A 0.018 (2) 0.026 (2) 0.026 (2) 0.0031 (16) 0.0052 (16) −0.0074 (15)
C23A 0.028 (2) 0.050 (2) 0.024 (2) 0.0018 (19) 0.0016 (18) −0.0092 (17)
C24A 0.029 (2) 0.028 (2) 0.042 (2) 0.0008 (18) 0.0009 (18) 0.0000 (16)
O1B 0.0315 (15) 0.0202 (12) 0.0206 (12) 0.0058 (11) −0.0002 (11) −0.0011 (9)
O2B 0.0215 (14) 0.0249 (12) 0.0269 (13) 0.0064 (11) 0.0017 (11) 0.0063 (10)
O3B 0.0290 (16) 0.0349 (15) 0.0184 (14) −0.0094 (12) −0.0034 (11) 0.0058 (10)
N1B 0.0221 (17) 0.0238 (14) 0.0177 (15) 0.0091 (14) 0.0002 (13) 0.0021 (11)
C1B 0.0157 (19) 0.0251 (18) 0.0199 (18) 0.0001 (16) −0.0014 (15) 0.0018 (14)
C2B 0.021 (2) 0.0228 (18) 0.0226 (19) −0.0033 (15) 0.0003 (16) 0.0018 (14)
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C3B 0.026 (2) 0.0195 (17) 0.0153 (18) −0.0002 (16) −0.0022 (15) 0.0001 (14)
C4B 0.021 (2) 0.0216 (19) 0.0224 (19) −0.0043 (15) −0.0039 (16) −0.0014 (14)
C5B 0.019 (2) 0.0121 (17) 0.0191 (18) −0.0028 (15) −0.0009 (15) 0.0001 (13)
C6B 0.016 (2) 0.0168 (17) 0.025 (2) −0.0021 (15) −0.0064 (16) 0.0027 (14)
C7B 0.0160 (19) 0.0149 (16) 0.0233 (19) 0.0013 (15) −0.0013 (15) −0.0015 (13)
C8B 0.0138 (18) 0.0111 (16) 0.0196 (18) 0.0002 (15) −0.0015 (14) −0.0002 (13)
C9B 0.0146 (19) 0.0116 (15) 0.0183 (17) 0.0006 (14) −0.0006 (14) −0.0002 (12)
C10B 0.0142 (19) 0.0160 (16) 0.0189 (17) −0.0010 (14) −0.0013 (15) −0.0006 (13)
C11B 0.0130 (19) 0.0255 (19) 0.0173 (18) −0.0004 (15) 0.0012 (15) −0.0004 (14)
C12B 0.0125 (19) 0.0246 (18) 0.0213 (19) −0.0004 (16) −0.0011 (15) −0.0006 (14)
C13B 0.0136 (18) 0.0156 (16) 0.0184 (17) 0.0006 (15) −0.0038 (14) −0.0019 (13)
C14B 0.0148 (18) 0.0118 (16) 0.0210 (18) −0.0003 (15) −0.0011 (15) −0.0009 (13)
C15B 0.0156 (19) 0.0181 (17) 0.0217 (19) −0.0012 (16) 0.0017 (15) 0.0015 (13)
C16B 0.0165 (19) 0.0193 (18) 0.0214 (18) −0.0002 (15) 0.0005 (15) −0.0013 (14)
C17B 0.0161 (19) 0.0133 (16) 0.0195 (17) 0.0013 (14) −0.0010 (15) 0.0005 (13)
C18B 0.022 (2) 0.0203 (17) 0.0193 (17) 0.0061 (17) −0.0020 (16) −0.0027 (13)
C19B 0.028 (2) 0.0229 (17) 0.0202 (18) 0.0055 (18) 0.0004 (16) −0.0013 (13)
C20B 0.0175 (19) 0.0151 (16) 0.0188 (18) −0.0015 (14) 0.0012 (15) 0.0011 (13)
C21B 0.019 (2) 0.033 (2) 0.0197 (18) 0.0022 (16) −0.0010 (15) 0.0005 (15)
C22B 0.0123 (18) 0.0189 (17) 0.0229 (18) −0.0049 (17) −0.0040 (15) −0.0017 (14)
C23B 0.034 (2) 0.036 (2) 0.0190 (18) 0.0055 (19) −0.0005 (17) −0.0012 (15)
C24B 0.038 (2) 0.0243 (19) 0.035 (2) 0.0023 (17) 0.0045 (18) 0.0064 (16)

Geometric parameters (Å, º) 

O1A—C22A 1.232 (4) O1B—C22B 1.225 (4)
O2A—N1A 1.410 (3) O2B—N1B 1.418 (3)
O2A—C24A 1.433 (4) O2B—C24B 1.431 (4)
O3A—C3A 1.422 (4) O3B—C3B 1.436 (4)
O3A—H3A 0.86 (4) O3B—H3B 0.83 (4)
N1A—C22A 1.356 (4) N1B—C22B 1.370 (4)
N1A—C23A 1.456 (4) N1B—C23B 1.461 (4)
C1A—C2A 1.535 (4) C1B—C2B 1.523 (4)
C1A—C10A 1.540 (4) C1B—C10B 1.541 (4)
C1A—H1A 0.9900 C1B—H1B 0.9900
C1A—H2A 0.9900 C1B—H2B 0.9900
C2A—C3A 1.503 (5) C2B—C3B 1.503 (4)
C2A—H4A 0.9900 C2B—H4B 0.9900
C2A—H5A 0.9900 C2B—H5B 0.9900
C3A—C4A 1.523 (5) C3B—C4B 1.513 (4)
C3A—H31A 1.0000 C3B—H31B 1.0000
C4A—C5A 1.514 (4) C4B—C5B 1.522 (4)
C4A—H41A 0.9900 C4B—H41B 0.9900
C4A—H42A 0.9900 C4B—H42B 0.9900
C5A—C6A 1.322 (5) C5B—C6B 1.327 (4)
C5A—C10A 1.521 (5) C5B—C10B 1.522 (4)
C6A—C7A 1.499 (4) C6B—C7B 1.501 (4)
C6A—H61A 0.9500 C6B—H61B 0.9500
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C7A—C8A 1.523 (5) C7B—C8B 1.524 (4)
C7A—H71A 0.9900 C7B—H71B 0.9900
C7A—H72A 0.9900 C7B—H72B 0.9900
C8A—C14A 1.524 (4) C8B—C14B 1.525 (4)
C8A—C9A 1.542 (4) C8B—C9B 1.532 (4)
C8A—H81A 1.0000 C8B—H81B 1.0000
C9A—C11A 1.538 (4) C9B—C11B 1.535 (4)
C9A—C10A 1.552 (4) C9B—C10B 1.559 (4)
C9A—H91A 1.0000 C9B—H91B 1.0000
C10A—C19A 1.542 (4) C10B—C19B 1.544 (4)
C11A—C12A 1.536 (4) C11B—C12B 1.540 (4)
C11A—H11A 0.9900 C11B—H11B 0.9900
C11A—H11C 0.9900 C11B—H11E 0.9900
C12A—C13A 1.528 (4) C12B—C13B 1.531 (4)
C12A—H12A 0.9900 C12B—H12B 0.9900
C12A—H12C 0.9900 C12B—H12E 0.9900
C13A—C14A 1.541 (4) C13B—C18B 1.535 (4)
C13A—C18A 1.541 (4) C13B—C14B 1.543 (4)
C13A—C17A 1.551 (4) C13B—C17B 1.556 (4)
C14A—C15A 1.522 (4) C14B—C15B 1.523 (4)
C14A—H14A 1.0000 C14B—H14B 1.0000
C15A—C16A 1.546 (4) C15B—C16B 1.550 (4)
C15A—H15A 0.9900 C15B—H15B 0.9900
C15A—H15C 0.9900 C15B—H15E 0.9900
C16A—C17A 1.557 (5) C16B—C17B 1.548 (4)
C16A—H16A 0.9900 C16B—H16B 0.9900
C16A—H16C 0.9900 C16B—H16E 0.9900
C17A—C20A 1.527 (4) C17B—C20B 1.531 (4)
C17A—H17A 1.0000 C17B—H17B 1.0000
C18A—H18A 0.9800 C18B—H18B 0.9800
C18A—H18C 0.9800 C18B—H18E 0.9800
C18A—H18D 0.9800 C18B—H18F 0.9800
C19A—H19A 0.9800 C19B—H19B 0.9800
C19A—H19C 0.9800 C19B—H19E 0.9800
C19A—H19D 0.9800 C19B—H19F 0.9800
C20A—C22A 1.517 (4) C20B—C22B 1.523 (4)
C20A—C21A 1.533 (5) C20B—C21B 1.535 (4)
C20A—H20A 1.0000 C20B—H20B 1.0000
C21A—H21A 0.9800 C21B—H21B 0.9800
C21A—H21C 0.9800 C21B—H21E 0.9800
C21A—H21D 0.9800 C21B—H21F 0.9800
C23A—H23A 0.9800 C23B—H23B 0.9800
C23A—H23C 0.9800 C23B—H23E 0.9800
C23A—H23D 0.9800 C23B—H23F 0.9800
C24A—H24A 0.9800 C24B—H24B 0.9800
C24A—H24C 0.9800 C24B—H24E 0.9800
C24A—H24D 0.9800 C24B—H24F 0.9800
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N1A—O2A—C24A 109.5 (2) N1B—O2B—C24B 109.7 (2)
C3A—O3A—H3A 107 (3) C3B—O3B—H3B 107 (2)
C22A—N1A—O2A 117.5 (2) C22B—N1B—O2B 116.2 (2)
C22A—N1A—C23A 123.6 (3) C22B—N1B—C23B 121.2 (2)
O2A—N1A—C23A 113.3 (2) O2B—N1B—C23B 112.2 (2)
C2A—C1A—C10A 114.9 (3) C2B—C1B—C10B 114.4 (3)
C2A—C1A—H1A 108.5 C2B—C1B—H1B 108.7
C10A—C1A—H1A 108.5 C10B—C1B—H1B 108.7
C2A—C1A—H2A 108.5 C2B—C1B—H2B 108.7
C10A—C1A—H2A 108.5 C10B—C1B—H2B 108.7
H1A—C1A—H2A 107.5 H1B—C1B—H2B 107.6
C3A—C2A—C1A 110.0 (3) C3B—C2B—C1B 110.3 (3)
C3A—C2A—H4A 109.7 C3B—C2B—H4B 109.6
C1A—C2A—H4A 109.7 C1B—C2B—H4B 109.6
C3A—C2A—H5A 109.7 C3B—C2B—H5B 109.6
C1A—C2A—H5A 109.7 C1B—C2B—H5B 109.6
H4A—C2A—H5A 108.2 H4B—C2B—H5B 108.1
O3A—C3A—C2A 108.2 (3) O3B—C3B—C2B 112.1 (3)
O3A—C3A—C4A 111.5 (3) O3B—C3B—C4B 107.1 (2)
C2A—C3A—C4A 110.5 (3) C2B—C3B—C4B 110.7 (2)
O3A—C3A—H31A 108.9 O3B—C3B—H31B 109.0
C2A—C3A—H31A 108.9 C2B—C3B—H31B 109.0
C4A—C3A—H31A 108.9 C4B—C3B—H31B 109.0
C5A—C4A—C3A 113.1 (3) C3B—C4B—C5B 112.5 (3)
C5A—C4A—H41A 109.0 C3B—C4B—H41B 109.1
C3A—C4A—H41A 109.0 C5B—C4B—H41B 109.1
C5A—C4A—H42A 109.0 C3B—C4B—H42B 109.1
C3A—C4A—H42A 109.0 C5B—C4B—H42B 109.1
H41A—C4A—H42A 107.8 H41B—C4B—H42B 107.8
C6A—C5A—C4A 120.8 (3) C6B—C5B—C4B 119.8 (3)
C6A—C5A—C10A 123.3 (3) C6B—C5B—C10B 123.4 (3)
C4A—C5A—C10A 115.8 (3) C4B—C5B—C10B 116.8 (3)
C5A—C6A—C7A 124.9 (3) C5B—C6B—C7B 124.9 (3)
C5A—C6A—H61A 117.5 C5B—C6B—H61B 117.6
C7A—C6A—H61A 117.5 C7B—C6B—H61B 117.6
C6A—C7A—C8A 112.8 (3) C6B—C7B—C8B 113.5 (3)
C6A—C7A—H71A 109.0 C6B—C7B—H71B 108.9
C8A—C7A—H71A 109.0 C8B—C7B—H71B 108.9
C6A—C7A—H72A 109.0 C6B—C7B—H72B 108.9
C8A—C7A—H72A 109.0 C8B—C7B—H72B 108.9
H71A—C7A—H72A 107.8 H71B—C7B—H72B 107.7
C7A—C8A—C14A 111.2 (3) C7B—C8B—C14B 110.3 (3)
C7A—C8A—C9A 109.8 (2) C7B—C8B—C9B 110.5 (2)
C14A—C8A—C9A 110.1 (3) C14B—C8B—C9B 109.3 (2)
C7A—C8A—H81A 108.6 C7B—C8B—H81B 108.9
C14A—C8A—H81A 108.6 C14B—C8B—H81B 108.9
C9A—C8A—H81A 108.6 C9B—C8B—H81B 108.9
C11A—C9A—C8A 112.2 (2) C8B—C9B—C11B 111.4 (2)
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C11A—C9A—C10A 113.3 (3) C8B—C9B—C10B 113.3 (2)
C8A—C9A—C10A 112.4 (2) C11B—C9B—C10B 113.1 (2)
C11A—C9A—H91A 106.1 C8B—C9B—H91B 106.1
C8A—C9A—H91A 106.1 C11B—C9B—H91B 106.1
C10A—C9A—H91A 106.1 C10B—C9B—H91B 106.1
C5A—C10A—C1A 108.6 (2) C5B—C10B—C1B 108.9 (2)
C5A—C10A—C19A 108.0 (3) C5B—C10B—C19B 108.6 (3)
C1A—C10A—C19A 109.3 (3) C1B—C10B—C19B 109.4 (3)
C5A—C10A—C9A 110.1 (3) C5B—C10B—C9B 109.8 (3)
C1A—C10A—C9A 109.1 (2) C1B—C10B—C9B 108.9 (2)
C19A—C10A—C9A 111.7 (2) C19B—C10B—C9B 111.3 (2)
C12A—C11A—C9A 114.9 (3) C9B—C11B—C12B 113.9 (3)
C12A—C11A—H11A 108.5 C9B—C11B—H11B 108.8
C9A—C11A—H11A 108.5 C12B—C11B—H11B 108.8
C12A—C11A—H11C 108.5 C9B—C11B—H11E 108.8
C9A—C11A—H11C 108.5 C12B—C11B—H11E 108.8
H11A—C11A—H11C 107.5 H11B—C11B—H11E 107.7
C13A—C12A—C11A 112.0 (3) C13B—C12B—C11B 112.2 (3)
C13A—C12A—H12A 109.2 C13B—C12B—H12B 109.2
C11A—C12A—H12A 109.2 C11B—C12B—H12B 109.2
C13A—C12A—H12C 109.2 C13B—C12B—H12E 109.2
C11A—C12A—H12C 109.2 C11B—C12B—H12E 109.2
H12A—C12A—H12C 107.9 H12B—C12B—H12E 107.9
C12A—C13A—C14A 106.7 (2) C12B—C13B—C18B 110.6 (3)
C12A—C13A—C18A 110.5 (3) C12B—C13B—C14B 106.6 (2)
C14A—C13A—C18A 112.0 (3) C18B—C13B—C14B 112.6 (3)
C12A—C13A—C17A 116.5 (3) C12B—C13B—C17B 117.4 (2)
C14A—C13A—C17A 100.5 (3) C18B—C13B—C17B 110.2 (2)
C18A—C13A—C17A 110.1 (2) C14B—C13B—C17B 98.9 (2)
C15A—C14A—C8A 118.6 (3) C15B—C14B—C8B 118.5 (3)
C15A—C14A—C13A 104.6 (2) C15B—C14B—C13B 105.0 (2)
C8A—C14A—C13A 114.6 (3) C8B—C14B—C13B 115.3 (3)
C15A—C14A—H14A 106.1 C15B—C14B—H14B 105.6
C8A—C14A—H14A 106.1 C8B—C14B—H14B 105.6
C13A—C14A—H14A 106.1 C13B—C14B—H14B 105.6
C14A—C15A—C16A 103.7 (3) C14B—C15B—C16B 103.9 (3)
C14A—C15A—H15A 111.0 C14B—C15B—H15B 111.0
C16A—C15A—H15A 111.0 C16B—C15B—H15B 111.0
C14A—C15A—H15C 111.0 C14B—C15B—H15E 111.0
C16A—C15A—H15C 111.0 C16B—C15B—H15E 111.0
H15A—C15A—H15C 109.0 H15B—C15B—H15E 109.0
C15A—C16A—C17A 107.0 (3) C17B—C16B—C15B 106.3 (2)
C15A—C16A—H16A 110.3 C17B—C16B—H16B 110.5
C17A—C16A—H16A 110.3 C15B—C16B—H16B 110.5
C15A—C16A—H16C 110.3 C17B—C16B—H16E 110.5
C17A—C16A—H16C 110.3 C15B—C16B—H16E 110.5
H16A—C16A—H16C 108.6 H16B—C16B—H16E 108.7
C20A—C17A—C13A 117.8 (3) C20B—C17B—C16B 112.4 (2)
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C20A—C17A—C16A 111.6 (3) C20B—C17B—C13B 119.5 (2)
C13A—C17A—C16A 104.0 (3) C16B—C17B—C13B 103.6 (2)
C20A—C17A—H17A 107.7 C20B—C17B—H17B 106.9
C13A—C17A—H17A 107.7 C16B—C17B—H17B 106.9
C16A—C17A—H17A 107.7 C13B—C17B—H17B 106.9
C13A—C18A—H18A 109.5 C13B—C18B—H18B 109.5
C13A—C18A—H18C 109.5 C13B—C18B—H18E 109.5
H18A—C18A—H18C 109.5 H18B—C18B—H18E 109.5
C13A—C18A—H18D 109.5 C13B—C18B—H18F 109.5
H18A—C18A—H18D 109.5 H18B—C18B—H18F 109.5
H18C—C18A—H18D 109.5 H18E—C18B—H18F 109.5
C10A—C19A—H19A 109.5 C10B—C19B—H19B 109.5
C10A—C19A—H19C 109.5 C10B—C19B—H19E 109.5
H19A—C19A—H19C 109.5 H19B—C19B—H19E 109.5
C10A—C19A—H19D 109.5 C10B—C19B—H19F 109.5
H19A—C19A—H19D 109.5 H19B—C19B—H19F 109.5
H19C—C19A—H19D 109.5 H19E—C19B—H19F 109.5
C22A—C20A—C17A 109.9 (3) C22B—C20B—C17B 109.1 (3)
C22A—C20A—C21A 106.3 (3) C22B—C20B—C21B 107.5 (3)
C17A—C20A—C21A 114.6 (3) C17B—C20B—C21B 113.6 (2)
C22A—C20A—H20A 108.6 C22B—C20B—H20B 108.8
C17A—C20A—H20A 108.6 C17B—C20B—H20B 108.8
C21A—C20A—H20A 108.6 C21B—C20B—H20B 108.8
C20A—C21A—H21A 109.5 C20B—C21B—H21B 109.5
C20A—C21A—H21C 109.5 C20B—C21B—H21E 109.5
H21A—C21A—H21C 109.5 H21B—C21B—H21E 109.5
C20A—C21A—H21D 109.5 C20B—C21B—H21F 109.5
H21A—C21A—H21D 109.5 H21B—C21B—H21F 109.5
H21C—C21A—H21D 109.5 H21E—C21B—H21F 109.5
O1A—C22A—N1A 119.4 (3) O1B—C22B—N1B 119.1 (3)
O1A—C22A—C20A 122.3 (3) O1B—C22B—C20B 122.5 (3)
N1A—C22A—C20A 118.3 (3) N1B—C22B—C20B 118.4 (3)
N1A—C23A—H23A 109.5 N1B—C23B—H23B 109.5
N1A—C23A—H23C 109.5 N1B—C23B—H23E 109.5
H23A—C23A—H23C 109.5 H23B—C23B—H23E 109.5
N1A—C23A—H23D 109.5 N1B—C23B—H23F 109.5
H23A—C23A—H23D 109.5 H23B—C23B—H23F 109.5
H23C—C23A—H23D 109.5 H23E—C23B—H23F 109.5
O2A—C24A—H24A 109.5 O2B—C24B—H24B 109.5
O2A—C24A—H24C 109.5 O2B—C24B—H24E 109.5
H24A—C24A—H24C 109.5 H24B—C24B—H24E 109.5
O2A—C24A—H24D 109.5 O2B—C24B—H24F 109.5
H24A—C24A—H24D 109.5 H24B—C24B—H24F 109.5
H24C—C24A—H24D 109.5 H24E—C24B—H24F 109.5

C24A—O2A—N1A—C22A 112.3 (3) C24B—O2B—N1B—C22B 122.9 (3)
C24A—O2A—N1A—C23A −93.4 (3) C24B—O2B—N1B—C23B −91.7 (3)
C10A—C1A—C2A—C3A −57.2 (4) C10B—C1B—C2B—C3B −58.0 (3)
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C1A—C2A—C3A—O3A 178.6 (3) C1B—C2B—C3B—O3B 177.7 (2)
C1A—C2A—C3A—C4A 56.3 (4) C1B—C2B—C3B—C4B 58.2 (3)
O3A—C3A—C4A—C5A −174.3 (3) O3B—C3B—C4B—C5B −176.0 (3)
C2A—C3A—C4A—C5A −53.9 (4) C2B—C3B—C4B—C5B −53.5 (4)
C3A—C4A—C5A—C6A −129.7 (3) C3B—C4B—C5B—C6B −131.5 (3)
C3A—C4A—C5A—C10A 50.5 (4) C3B—C4B—C5B—C10B 48.4 (4)
C4A—C5A—C6A—C7A −177.5 (3) C4B—C5B—C6B—C7B −179.6 (3)
C10A—C5A—C6A—C7A 2.3 (5) C10B—C5B—C6B—C7B 0.5 (5)
C5A—C6A—C7A—C8A 12.6 (5) C5B—C6B—C7B—C8B 11.6 (4)
C6A—C7A—C8A—C14A −164.5 (3) C6B—C7B—C8B—C14B −160.5 (2)
C6A—C7A—C8A—C9A −42.5 (3) C6B—C7B—C8B—C9B −39.6 (3)
C7A—C8A—C9A—C11A −170.4 (3) C7B—C8B—C9B—C11B −172.9 (3)
C14A—C8A—C9A—C11A −47.7 (3) C14B—C8B—C9B—C11B −51.4 (3)
C7A—C8A—C9A—C10A 60.5 (3) C7B—C8B—C9B—C10B 58.2 (3)
C14A—C8A—C9A—C10A −176.8 (2) C14B—C8B—C9B—C10B 179.7 (2)
C6A—C5A—C10A—C1A 133.4 (3) C6B—C5B—C10B—C1B 135.2 (3)
C4A—C5A—C10A—C1A −46.8 (4) C4B—C5B—C10B—C1B −44.7 (3)
C6A—C5A—C10A—C19A −108.2 (3) C6B—C5B—C10B—C19B −105.8 (3)
C4A—C5A—C10A—C19A 71.6 (3) C4B—C5B—C10B—C19B 74.3 (3)
C6A—C5A—C10A—C9A 14.0 (4) C6B—C5B—C10B—C9B 16.1 (4)
C4A—C5A—C10A—C9A −166.2 (3) C4B—C5B—C10B—C9B −163.8 (2)
C2A—C1A—C10A—C5A 50.5 (4) C2B—C1B—C10B—C5B 49.4 (3)
C2A—C1A—C10A—C19A −67.1 (4) C2B—C1B—C10B—C19B −69.1 (3)
C2A—C1A—C10A—C9A 170.5 (3) C2B—C1B—C10B—C9B 169.1 (3)
C11A—C9A—C10A—C5A −173.5 (2) C8B—C9B—C10B—C5B −45.2 (3)
C8A—C9A—C10A—C5A −45.0 (3) C11B—C9B—C10B—C5B −173.2 (2)
C11A—C9A—C10A—C1A 67.4 (3) C8B—C9B—C10B—C1B −164.3 (2)
C8A—C9A—C10A—C1A −164.1 (3) C11B—C9B—C10B—C1B 67.7 (3)
C11A—C9A—C10A—C19A −53.5 (4) C8B—C9B—C10B—C19B 75.1 (3)
C8A—C9A—C10A—C19A 75.0 (3) C11B—C9B—C10B—C19B −52.9 (3)
C8A—C9A—C11A—C12A 47.0 (4) C8B—C9B—C11B—C12B 51.4 (3)
C10A—C9A—C11A—C12A 175.6 (3) C10B—C9B—C11B—C12B −179.6 (2)
C9A—C11A—C12A—C13A −52.4 (4) C9B—C11B—C12B—C13B −54.1 (3)
C11A—C12A—C13A—C14A 56.0 (3) C11B—C12B—C13B—C18B −68.3 (3)
C11A—C12A—C13A—C18A −66.0 (3) C11B—C12B—C13B—C14B 54.4 (3)
C11A—C12A—C13A—C17A 167.3 (3) C11B—C12B—C13B—C17B 164.0 (3)
C7A—C8A—C14A—C15A −56.5 (4) C7B—C8B—C14B—C15B −54.4 (4)
C9A—C8A—C14A—C15A −178.3 (3) C9B—C8B—C14B—C15B −176.1 (3)
C7A—C8A—C14A—C13A 179.2 (2) C7B—C8B—C14B—C13B 179.9 (2)
C9A—C8A—C14A—C13A 57.4 (3) C9B—C8B—C14B—C13B 58.3 (3)
C12A—C13A—C14A—C15A 167.5 (2) C12B—C13B—C14B—C15B 168.6 (2)
C18A—C13A—C14A—C15A −71.4 (3) C18B—C13B—C14B—C15B −69.9 (3)
C17A—C13A—C14A—C15A 45.5 (3) C17B—C13B—C14B—C15B 46.4 (3)
C12A—C13A—C14A—C8A −61.0 (3) C12B—C13B—C14B—C8B −59.0 (3)
C18A—C13A—C14A—C8A 60.1 (3) C18B—C13B—C14B—C8B 62.4 (3)
C17A—C13A—C14A—C8A 177.0 (2) C17B—C13B—C14B—C8B 178.8 (2)
C8A—C14A—C15A—C16A −164.3 (3) C8B—C14B—C15B—C16B −162.5 (3)
C13A—C14A—C15A—C16A −35.2 (3) C13B—C14B—C15B—C16B −32.0 (3)
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C14A—C15A—C16A—C17A 11.0 (3) C14B—C15B—C16B—C17B 4.4 (3)
C12A—C13A—C17A—C20A 83.7 (3) C15B—C16B—C17B—C20B 154.5 (2)
C14A—C13A—C17A—C20A −161.5 (3) C15B—C16B—C17B—C13B 24.2 (3)
C18A—C13A—C17A—C20A −43.2 (4) C12B—C13B—C17B—C20B 77.7 (3)
C12A—C13A—C17A—C16A −152.3 (3) C18B—C13B—C17B—C20B −50.2 (4)
C14A—C13A—C17A—C16A −37.4 (3) C14B—C13B—C17B—C20B −168.3 (3)
C18A—C13A—C17A—C16A 80.9 (3) C12B—C13B—C17B—C16B −156.4 (3)
C15A—C16A—C17A—C20A 144.9 (2) C18B—C13B—C17B—C16B 75.7 (3)
C15A—C16A—C17A—C13A 16.9 (3) C14B—C13B—C17B—C16B −42.5 (3)
C13A—C17A—C20A—C22A 178.5 (3) C16B—C17B—C20B—C22B 58.9 (3)
C16A—C17A—C20A—C22A 58.3 (3) C13B—C17B—C20B—C22B −179.5 (3)
C13A—C17A—C20A—C21A −62.0 (4) C16B—C17B—C20B—C21B 178.9 (3)
C16A—C17A—C20A—C21A 177.9 (3) C13B—C17B—C20B—C21B −59.5 (4)
O2A—N1A—C22A—O1A 166.4 (3) O2B—N1B—C22B—O1B 162.6 (3)
C23A—N1A—C22A—O1A 14.9 (5) C23B—N1B—C22B—O1B 20.5 (5)
O2A—N1A—C22A—C20A −14.0 (4) O2B—N1B—C22B—C20B −18.9 (4)
C23A—N1A—C22A—C20A −165.5 (3) C23B—N1B—C22B—C20B −161.0 (3)
C17A—C20A—C22A—O1A 37.4 (4) C17B—C20B—C22B—O1B 27.8 (4)
C21A—C20A—C22A—O1A −87.2 (4) C21B—C20B—C22B—O1B −95.8 (4)
C17A—C20A—C22A—N1A −142.2 (3) C17B—C20B—C22B—N1B −150.7 (3)
C21A—C20A—C22A—N1A 93.2 (3) C21B—C20B—C22B—N1B 85.8 (3)

Hydrogen-bond geometry (Å, º) 

D—H···A D—H H···A D···A D—H···A

O3A—H3A···O3Bi 0.86 (4) 1.93 (4) 2.782 (4) 180 (5)
O3B—H3B···O1Aii 0.83 (4) 1.95 (4) 2.768 (3) 169 (4)

Symmetry codes: (i) −x+3/2, −y+1, z−1/2; (ii) −x+1, y−1/2, −z+3/2.




