
New prodrugs of the natural product 
myxin as new potential drugs against 

acute myeloid leukemia (AML) 
 

Aina Kristin Pham 
 

 

 

 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Dissertation for the degree Master of Pharmacy 
 Department of Pharmaceutical Chemistry 

45 Credits 
 

School of Pharmacy 
Faculty of Mathematics and Natural Science 

 
UNIVERSITY OF OSLO  

 
May 2019 

 

 



II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



III 

 

New prodrugs of the natural product 

myxin as new potential drugs against 

acute myeloid leukemia (AML) 
 

Aina Kristin Pham 

 

 

 

 

 

 

 

 

 

Dissertation for the degree Master of Pharmacy 

 Department of Pharmaceutical Chemistry 

School of Pharmacy 

Faculty of Mathematics and Natural Science 

 

UNIVERSITY OF OSLO  

 

May 2019 

Supervisors 

Pål Rongved 

Ove Alexander Høgmoen Åstrand 

Geir Kildahl-Andersen 

 



IV 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Aina Kristin Pham 

2019 

New prodrugs of the natural product myxin as new potential drugs against acute myeloid 

leukemia (AML) 

Aina Kristin Pham 

http://www.duo.uio.no/ 

Print: Reprosentralen, University of Oslo 

http://www.duo.uio.no/


V 

 

Acknowledgements 

First and foremost, I would like to thank my supervisors Professor Pål Rongved and Dr. Ove 

Alexander Høgmoen Åstrand for providing me with the opportunity to participate in the 

immensely interesting Iodinin Project. Your vast knowledge and expertise in the field of 

organic chemistry have been essential and a source of inspiration to me. I would like to extend 

these words of appraisal to Dr. Geir Kildahl-Andersen as well. Although your time as my 

supervisor was short-lived, what you have taught me about phenazines – both in practical and 

theoretical context – have been helpful.  

I wish to especially thank Dr. Ove Alexander Høgmoen Åstrand. Sinister, strict and brilliant; 

these were the impressions that initially hit me when you took me under your wings and became 

my supervisor during a time when I felt lost in the lab. It was a delight to see that I was only 

blinded by my own prejudice as the words sinister and strict were slowly replaced by funny and 

compassionate. OK, I guess you can still be strict and sinister at times – and that is perfectly 

fine. Although our banter was mostly veiled in dark humor and lighthearted teasing, there were 

times when I especially needed your guidance and assistance; for which you happily provided 

me with. These are hard words for me to utter (and they will probably never be uttered ever 

again), but; I am forever grateful for our work-relationship. And for your friendship.  

The whole Department of Pharmaceutical Chemistry also deserves an extension of gratitude for 

a fantastic work environment and support in the lab.  

Finally, I would like to thank my dear grandmother, whom unfortunately became very ill at the 

beginning of my master period. You left this world a few days before this thesis was completed. 

The grief of losing you was a lot for me to process during a time of stress, but the memory of 

your unconditional love gave me the strength to focus and pull through.   

 

Oslo, May 2019 

Aina Kristin Pham 



VI 

 

List of abbreviations 

 

ADME  absorption, distribution, metabolism and elimination 

AML  acute myeloid leukemia 

API  active pharmaceutical ingredient 

APL  acute promyelocytic leukemia 

atm  atmosphere(s) 

Boc  tert-butoxycarbonyl 

CDCl3  deuterated chloroform 

COSY  correlation spectroscopy 

CR  complete remission 

DABCO 1,4-diazabicyclo[2.2.2]octane 

DCC  N,N’-dicyclohexylcarbodiimide 

DCM  dichloromethane 

DIC  N-N’-diisopropylcarbodiimide 

DMF  dimethylformamide 

DMSO-d6 deuterated dimethyl sulfoxide 

eq  molar equivalent 

ESI  electrospray ionization 

EtOAc  ethyl acetate 

FLT3  fms like tyrosine kinase 3 

FLT3-ITD fms like tyrosine kinase 3 internal tandem duplication 



VII 

 

HMBC heteronuclear multiple bond correlation 

HPLC  high-performance liquid chromatography 

HRMS  high-resolution mass spectrum 

HSQC  heteronuclear single quantum correlation 

IDH1  isocitrate dehydrogenase 1 

IDH2  isocitrate dehydrogenase 2 

LC-MS Liquid chromatography-mass spectrometry 

mCPBA meta-chloroperbenzoic acid 

MeOH  methanol 

MS  mass spectrometry 

NMR  nuclear magnetic resonance 

NOESY nuclear Overhauser effect spectroscopy 

NPM1  nucleophosmin 1 

PHZs  phenazines 

pTSA  para-toluenesulfonic acid 

ROS  reactive oxygen species 

rt  room temperature 

SAR  structure-activity relationship 

SN2  bimolecular nucleophilic substitution 

TEA  triethylamine 

THF  tetrahydrofuran 

TFA  trifluoroacetic acid 

TPZ  tirapazamine  



VIII 

 

Key structures – an overview 

 

 



IX 

 

Abstract 

The work presented in this thesis is an extension of the earlier findings by the research group 

SYNFAS regarding phenazine 5,10-dioxides as potential new drugs against acute myeloid 

leukemia (AML).  

Recent studies have demonstrated that the natural products iodinin (1) and myxin (2) potently 

and selectively targets human leukemic cells. Viktorsson et al. from the SYNFAS group 

employed conventional structure-activity relationship (SAR) studies to rationally guide the 

design and discovery of new antileukemic agents from these natural products. Their research 

demonstrated that among their myxin and iodinin analogues, the derivatization of 1 and 2 to 

yield carbamate prodrugs have shown the most promising results in vitro. One such carbamate 

prodrug is their lead compound IM56 (3). Unfortunately, in vivo mice studies of 3 have not 

provided the anticipated antileukemic results equivalent to the in vitro studies. The reason for 

this is possibly related to the low water-solubility of IM56 (3). The work presented in this thesis 

employed this knowledge to synthesize new carbamate prodrugs of myxin (2). 

The aim of study was to first and foremost synthesize new prodrugs with a similar scaffold to 

IM56 (3), in which it could be possible to fine-tune the water-solubility/log P/membrane 

permeability of the new compound through derivatization (see Scheme 1). The purpose is to 

derivate the piperazine scaffold to achieve this. Unfortunately, due to a difficult total synthesis 

and the lack of time, no new carbamate analogues of 2 based on the piperazine scaffold of IM56 

were successfully synthesized. 

As a side project, synthesis of general novel carbamate prodrugs of myxin (2) was employed. 

Several new analogues were successfully synthesized and can be readied for in vitro testing in 

the near future. 

 

Scheme 1: Possible new carbamate prodrugs which can be made from the natural products 

iodinin (1) and myxin (2). Lead compound IM56 (3) is depicted as well.  
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1 Introduction 

1.1 Leukemia  

“Leukemia” is a collective term for a group of cancerous diseases that involve hematopoietic 

cells.1 The phrase was coined in 1847 by pathologist Rudolf Virchow and stems from the Greek 

words leukos = white and haima = blood, meaning “white blood”.2, 3  

Every minute, millions of cells are produced in the bone marrow. Most of the blood cells are 

formed from multipotential blood stem cells therein; a process known as hematopoiesis.4 In 

normal hematopoiesis, the stem cells will mature and differentiate step-wise toward red blood 

cells, blood platelets or distinctive types of white blood cells (leukocytes) (depicted in Figure 

1).5 In a person with leukemia, however, the bone marrow produces abnormal leukocytes. The 

Scottish physician Peter Cullen published a paper in 1811, most likely to be the first publication 

to mention a form of leukemia, in which a patient had “white milky serum”.6 This was due to 

the abnormal production of leukocytes, and hence the name “leukemia” was coined by 

Virchow, as mentioned introductorily.2  

 

Figure 1: The development and maturation of specific blood cells from multipotential 

hematopoietic stem cells. Illustration in the courtesy of  Terese Winslow LLC, Medical And 

Scientific Illustration.7  
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Leukemia is divided into four major classes; acute lymphoblastic leukemia (ALL), acute 

myeloid leukemia (AML), chronic lymphocytic leukemia (CLL) and chronic myeloid leukemia 

(CML).1 The classification system is based on which stages of hematopoiesis that are affected. 

For instance, in AML the production of myeloid blasts (see Figure 1, previous page) is impaired. 

This class will be further discussed in this thesis.   

 

1.1.1  Acute myeloid leukemia (AML)  

1.1.1.1 Pathophysiology and symptomatology  

Acute myeloid leukemia (AML) is an aggressive blood stem cell disorder characterized by 

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

abnormally differentiated, and poorly differentiated myeloid blast cells of the hematopoietic 

system.8-10 Normally, hematopoietic stem cells will differentiate to either a myeloid stem cell 

or a lymphoid stem cell.4 Along the myeloid path, the stem cells will further differentiate to 

myeloid blasts. These immature leukocytes will in turn become specific types of mature white 

blood cells. By acquiring certain mutations, the myeloid blasts will instead obtain defective 

apoptotic and differential aptitudes, and uncontrolled proliferation.5 In other terms; the myeloid 

blasts do not mature and differentiate properly in AML, and they do not die when they should 

die. The end result is an accumulation of underdeveloped myeloid blast cells that interfere with 

normal hematopoiesis by “taking up all the place” in the bone marrow.5  

Symptoms of the disease usually occur within a few days due to bone marrow failure. This 

include fatal results if left untreated within one year of  diagnosis, such as hemorrhages, 

infections and infiltration of other bodily tissues.11 Other symptoms are typically recurring 

respiratory infections, fatigue and pale skin as a result from the low hemoglobin count. Bruising 

of the skin due to hemorrhages and mucous membrane bleeding is also normal.12 

 

1.1.1.2 Classification  

The classification of the disorder is based on the World Health Organization (WHO) 

Classification of Tumours of Haematopoietic and Lymphoid Tissues.13 AML categorization is 

based on a combination of several characteristics. These involve genetical, immunological and 
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morphological traits of the disease.13, 14 The most frequent gene mutations of the disease are 

among the genes NPM1, FLT3, IDH1 and IDH2.8 Novel agents have been FDA approved the 

past two years to target some of these mutations. They are mentioned under section 1.1.1.4.  

 

1.1.1.3 Etiology and epidemiology 

Though the exact cause of acute myeloid leukemia remains unknown, several major risk factors 

for developing the cancerous disease include chemotherapy, radiation therapy, exposure to 

benzene, alcohol consumption during pregnancy and genetic factors, for instance congenital 

disorders such as Down’s syndrome, Klinefelter syndrome and Fanconi syndrome. 11, 12, 15 

AML accounts for approximately 25% of all leukemias in adults in the Western world.16 It is 

the most common type of acute leukemia among adults with a yearly incidence of 3 in 100 000 

Norwegians.17 The prevalence per 2015 in Norway was 578, whereas 294 cases were men and 

284 were women.12 There seems to be a worldwide trend where men are more affected than 

women, and the patient group with the best prognosis is younger females.18 

The average age of an AML patient is 70 years, as the disease is rare in patients younger than 

45.12 Elderly patients are often more prone to an adverse cytogenetic-risk profile than patients 

below the age of 65, and AML continues to be the leukemia class accompanied by the lowest 

survival rates.16, 18 Poor prognosis among elderly patients continues to be the leading cause for 

this. Although advances in treatment has led to improved survival rates in younger patients, 35 

– 40% of cases considered cured in patients below 60 years, the survival rate is a mere 5 – 15% 

for patients above that age.8  

 

1.1.1.4 Current treatment of AML 

The standard treatment of AML involves the so-called induction and consolidation 

chemotherapy.15 Eligible patients have to undergo induction therapy immediately after 

diagnosis, which consists of the “7+3” regimen, and the goal is to achieve rapid onset of 

complete remission (CR). This regimen involves administrating cytarabine (Ara-C) for the first 

seven days, usually in high doses, as well as the anthracycline daunorubicin (see Figure 2, page 

5) the first three days. Afterwards, consolidation therapy, which consists of multiple cycles of 

intensive post remission chemotherapy and/or allogeneic hematopoietic stem cell transplant, 
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follows to eradicate any remaining disease left to achieve lasting remission. By not following 

up with a consolidation therapy, CR will not last longer than four to eight months.18 

Cytarabine is a DNA polymerase and chain elongation inhibitor and acts by terminating DNA 

chain growth because of the 2’-OH unnatural stereochemistry.19 Anthracycline-based 

antineoplastic agents like daunorubicin act by poisoning topoisomerase IIα (Top IIα) through 

stabilization of the ternary drug-enzyme-DNA cleavable complex.20, 21 The flat aromatic 

anthracycline ring system binds to DNA, whereas the A-ring (see Figure 2, next page) bridges 

the gap between the DNA and the Top IIα.21 

Through today’s standard chemotherapy treatment, however, the patients suffer severe and even 

lethal side effects. Cardiotoxicities, both non-permanent and permanent, are among the 

potential fatal side effects from exposure to anthracyclines like daunorubicin.19 Since optimal 

approach to elderly patients have not yet been established, 70% of individuals above the age of 

65 do not survive one year from the point of diagnosis due to their unfavored response to the 

harsh chemotherapy treatment.18 On the basis of the above-mentioned treatment challenges, 

this patient group is in dire need of new and more selective medicines. Fortunately there has 

been a breakthrough in the past two years regarding AML treatment; five novel drugs have been 

FDA approved in AML therapy.22 These include the FLT3 inhibitor midostaurin, the IDH2 

inhibitor enasidenib, the IDH1 inhibitor ivosidenib, the antibody-drug conjugate gemtuzumab 

ozogamicin and lastly the liposomal formulation of cytarabine and daunorubicin, CDX-351 (see 

Figure 2, next page).23 Other new drugs have also been through regulatory approval as well, 

and it seems like this new generation of epigenetic and targeted therapy  might be the first step 

toward a more individualized treatment for AML patients.22 Hopefully there will be many more 

therapies and drugs to choose among in the near future for the vast subsets of AML patients. 

As of today, many promising therapies are currently in development.24 Among them are the 

phenazines 5,10-dioxides; a subcategory of phenazines (PHZs) and the main focus of this thesis. 

They will be discussed in more detail in the next section.  
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Figure 2: Above: today’s standard chemotherapeutic agents for treating AML, daunorubicin 

and cytarabine (Ara-C). Below: the new AML drugs midostaurin, enasidenib and ivosidenib. 

Gemtuzumab ozogamicin and CPX-351 are mentioned as well. 
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1.2 An introduction to phenazines  

Phenazines (PHZs) are a large class of aromatic N-heterocyclic compounds.25 They are easily 

recognized by their three-ring scaffold containing a pyrazine ring between two benzene rings 

(4, see Figure 3). All PHZs share this tricyclic core but differ at the decorations on the scaffold. 

Depending on the decorations, the color of these compounds range over the whole visible 

spectrum.26  

The discovery of PHZs in the mid-19th century was accelerated by their strong colors, and the 

literature and research on them over the last 150 years are therefore immense.27 More than 6000 

phenazines have been isolated from living organisms or chemically synthesized since then.25 A 

thorough description of these aromatic N-heterocyclic compounds will therefore be too 

overwhelming and require at least the writing of a whole book. This thesis will thus provide the 

reader with a general introduction to PHZs. The focus will especially be on the subject of 

phenazine 5,10-dioxides (5, general structure in Figure 3) and summarizes the key aspects like 

organic synthesis, mode of action, relevant compounds and biological activity. The magnificent 

comprehensive reviews by Laursen et al. and Guttenberger et al. on PHZs are excellent 

introductions for those who wish to learn more about these colorful compounds beyond this 

thesis.27, 28  Biologically active phenazines are also mentioned in a review article by Shen and 

Gates from 2019.29 

 

 

Figure 3: The numerated scaffold of phenazine (4), the phenazine 5,10-dioxide scaffold (5) 

and the structure of pyocyanin (6). 
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1.2.1 Synthesis and biosynthesis of phenazines  

Most PHZs are bacterial metabolites, and biosynthesis is limited to bacteria or archaeal 

Methanosarcina species. The natural production by bacteria is most common in the Gram 

positive species Streptomyces and Gram negative species Pseudomonas.30 As a matter of fact, 

Pseudomonas aeruginosa is the first phenazine-producing microorganism to have been 

reported in literature. Its metabolite, pyocyanin (6, see Figure 3, previous page), is probably the 

first phenazine to be mentioned in literature and was described in 1859 by Fordos as a blue 

pigment that was responsible for the coloration of a case related to “blue pus”.25, 31  

Research on PHZs has shown that these compounds possess an array of properties, i.e. 

anticancer, antimicrobial, antiparasitic effect and biofilm eradication (see Figure 4).27, 32 This 

leads to the idea that, by employing the methods of organic synthesis, modifications of these 

natural products can further enhance the above-mentioned properties. Up until this point, and 

to the best knowledge of this author, harsh synthetic conditions and toxicity have however led 

to no PHZs with market approval for therapeutic use in humans.   

 

 

Figure 4: Picture from Guttenberger et al. depicting biosynthesis to create natural phenazines 

that possess an array of properties.27 Organic synthesis can be employed to synthesize these 

natural products as well.  

 

Many synthetic methods have been reported in the literature for the synthesis of phenazines. 

None of the following methods were employed during this thesis since the primary starting 



8 

 

material phenazine-1,6-diol (7) was commercially available. They will thus only be mentioned 

briefly.  

Guttenberger et al. reported several ‘classic methods’ and among them are the fusion of anilines 

and nitrobenzenes by Wohl and Aue; the reaction between two para-substituted nitrosobenzenes 

under acidic conditions for the Bamberger-Ham method; the Beirut-reaction, which is the 

reaction of benzofurazan oxide with phenols.27 These reactions are primarily based on the 

synthesis of the phenazine core structure and suffer from major drawbacks such as the 

requirement of several synthetic steps, harsh conditions and ultimately low yields.27 The 

comprehensive review by Guttenberger et al. also mentions newer synthetic approaches 

involving copper- and palladium-catalyzed coupling reactions, transition metal-catalyzed C-H 

functionalization and many more. Perhaps easier synthetic methods will one day contribute to 

the expansion of phenazine research in the future.  

 

1.2.2 Phenazine 5,10-dioxides   

Phenazine 5,10-dioxides (general structure in Figure 3, page 6) is a subcategory of phenazines. 

Due to the ability of ROS generation from their N-oxides, these colorful aromatic heterocyclic 

compounds often possess biological activity.29 This is further mentioned in the next section 

(section 1.2.2.1). 

Naturally occurring phenazine 5, 10-dioxides are very rare. Examples of such compounds are 

iodinin (1) and myxin (2), which both have been fully characterized and described in literature 

before.25, 33 They are mentioned in detail in section 1.2.3 pages 10-11.  

1.2.2.1 Mechanism of action and biological activity 

The diverse biological activity of several PHZs have already been mentioned previously.27 

These include anticancer, antimicrobial, antiparasitic effects, biofilm eradication as well as 

antihypertensive effect.32 The anticancer and antimicrobial effects are the most prominent 

activity of the phenazine 5,10-dioxides.34 

PHZs are able to donate and accept electrons thus making reactive oxygen species (ROS) 

formation one of their most important mechanism of action.27 The enzymatic one-electron 
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reduction of heterocyclic N-oxides, such as phenazines 5,10-dioxides, can lead to intracellular 

generation of ROS, as depicted in Scheme 2.29, 35 These enzymatic bioreductions generate free 

radicals that can lead to interference with normal cell functions, thus making them cytotoxic 

agents.27 36 

 

Scheme 2: The enzymatic discharge of a reactive oxygen species (ROS) by a one electron 

reduction of myxin (2).37 

 

In 1971, Hollstein and Van Gemert conducted research on the topic of phenazine interaction in 

DNA.38 Among the tested PHZs were pyocyanin (6) and the N-dioxides iodinin (1), myxin (2). 

These compounds displayed that PHZs also interact directly with DNA through intercalation 

due to their aromatic and hence flat structure.  

Zhuo et al. concluded that several phenazines inhabit antitumor effect by inhibition of the DNA-

replication enzymes topoisomerase I and II.39 This was further demonstrated in the subcategory 

phenazine 5,10-dioxide by Gonda et al.35 

 

1.2.3 Phenazine 5,10-dioxides: anticancer and antimicrobial effect 

Phenazine 5,10-dioxides have shown to possess intriguing antimicrobial and anticancer 

properties.29 According to Cimmino et al., this subgroup has the greatest cytotoxic potential of 

all the phenazines.34 Due to the concerns regarding the DNA-damaging effect of these 

compounds, the development of them as solely antimicrobials have been limited.29 However, 

their cytotoxic abilities, i.e. the generation of ROS, intercalation and inhibition of 

topoisomerases, can lead to potent anticancer effects, as discussed in section 3.2.1. 

In the following sections 1.2.3.1 and 1.2.3.2, the phenazine 5,10-dioxides natural products 

iodinin (1) and myxin (2) will be discussed regarding their antimicrobial and/or anticancer 
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properties. The heterocyclic N-dioxide tirapazamine (9, TPZ, Figure 5) is also mentioned in 

section 1.2.3.3 due to its similar mode of action in generating ROS as 1 and 2.  

 

 

Figure 5: The natural products iodinin (1) and myxin (2). TPZ (9) is also depicted 

 

1.2.3.1 Iodinin  

The phenazine 5,10-dioxide iodinin (1) was first isolated in 1938 by McIlwain and Clemo.40 It 

is a pigment biosynthesized by several bacteria species. McIlwain proposed the name “iodinin” 

in 1943 due to the violet color of the copper-glinting pigment. He demonstrated that 1 inhibited 

the growth of Streptococcus hemolyticus and Micrococcus pyogenes var. aureus at 

concentrations less than 4 μM (1 μg/mL).29  

As well as antimicrobial properties, cytotoxic effects have largely been displayed in iodinin 

(1).41  Myhren et al. analyzed 1, isolated from a marine actinomycetes bacterium, for its ability 

to induce cell death in a number of cell types.42 They concluded that iodinin (1) inhabits 

selective toxicity to AML and promyelocytic (APL) cells, with EC50 values up to 40 times lower 

in leukemia cells compared to normal cells. Biological screening and SAR studies of compound 

1 by the SYNFAS group have also shown that iodinin (1) exhibits selective antileukemic 

activity on the AML cell-line MOLM-13.43  

 

1.2.3.2 Myxin 

In the 1970s, the phenazine 5,10-dioxide natural product myxin (2) was shown to possess 

antimicrobial activity against a wide spectrum of microbes.29 These include Streptococcus 

agalactiae, Staphylococcus aureus, Escherichia coli, P. aeruginosa and Candida albicans in 
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micromolar potencies. Myxin (2) itself was isolated for the first time in 1966 from bacteria of 

the Sorangium species.37 The discovery in 1966 led to the development of a myxin copper(II) 

complex (cuprimyxin) that was used for decades as a topical veterinary antibiotic and antifungal 

agent.25 Figure 6 displays a newspaper article from 1966 on the topic of myxin (2).44 

According to Jiang et al. the O-methylation of phenazines is important for its antibiotic effect.25 

This is further fortified by the fact that 2 has a much higher antimicrobial activity than iodinin 

(1) even though they have almost identical structures (see structures in Figure 5, previous page). 

Myxin (2) has shown to cause bioreductively activated, radical-mediated DNA strand cleavage 

under both aerobic and anaerobic conditions. It has displayed potent in vitro cytotoxicity against 

the human colorectal cancer cell-line HCT-116 that is comparable to the cytotoxic effects from 

TPZ (9) under anaerobic/hypoxic conditions.37 

 

 

Figure 6: Image in the courtesy of the National Gallery of Canada depicting a newpaper article 

from 1966 about the natural product myxin (2).44 
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1.2.3.3 Tirapazamine 

Tirapazamine (9, TPZ) is not a phenazine 5,10-dioxide. It is however a heterocyclic N-oxide 

that generates enzyme-activated reactive oxygen species (ROS) similar to myxin (2). That 9 

possesses cytotoxic effects is therefore of no surprise (see Scheme 3 for the one-electron 

reduction mechanism).   

TPZ (9) was synthesized for the first time by Mason and Tennant in 1970.29 It is the most 

studied hypoxia-selective cytotoxin to date, and has been tested in several clinical phase I, II 

and III trials in relation to cancer. This leads to the suggestion that phenazine 5,10-dioxides, 

which have a similar mode of action as 9, could one day be potential antileukemic drug 

candidates as well.  

The review article by Shen and Gates on the topic of reactive oxygen species (ROS) generation 

from heterocyclic N-oxides is an excellent reading for those who wish to know more about 9.29 

As for this thesis, this concludes the section about TPZ (9) as the focus shifts back to the 

phenazine 5,10-dioxides in the next chapters. 

.  

 

Scheme 3: The bioreductive activation of TPZ (9).29 
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2 Overall aim of study 

Prior to this work, Viktorsson et al. from the SYNFAS group employed conventional structure-

activity relationship (SAR) studies to rationally guide the design of iodinin (1) and myxin (2) 

toward potentially new antileukemic agents.33 SYNFAS’ lead optimization research 

demonstrated that derivatization of 1 and 2 to yield carbamate prodrugs have shown the most 

promising antileukemic results in vitro, especially in their lead compound IM56 (3).43, 45 

Unfortunately, in vivo mice studies have shown that the myxin carbamate prodrug 3 does not 

exhibit antileukemic activity – possibly related to its low water-solubility.  

Absorption, distribution, metabolism and excretion (ADME) are four parameters associated 

with the bioavailability of a drug. The overall aim of study in this thesis is therefore to enhance 

the distribution parameter by synthesizing new prodrugs of 2 with a similar scaffold to IM56 

(3), in which it is possible to fine-tune the water-solubility of the new compound through 

derivatization. The purpose is to derivate the piperazine scaffold with hydrophilic sidechains to 

possibly achieve this (see Figure 7).  

This thesis is a part of an ongoing process to develop new treatments against acute myeloid 

leukemia (AML) by the SYNFAS group, namely the “iodinin project”. They possess the patent 

claim to any new iodinin analogues synthesized by the author of this thesis.46, 47 

 

 

Figure 7: Graphical representation of the aim of study. 
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3 Results and discussion 

The synthesis and attempts at synthesis discussed in this section were conducted with the aim 

of creating possibly new myxin carbamate prodrugs possessing antileukemic effects. These 

compounds were designed by the author based on the earlier SAR studies by Viktorsson et al. 

at the SYNFAS group and the same research group’s in vitro data.33, 43 Sections 3.1.1-3.1.3 

contain the synthesis discussion of the already characterized compounds iodinin (1), myxin (2) 

and IM56 (3), while sections 3.1.4-3.1.9 discuss the synthesis / attempts at synthesis of new 

compounds.  

Relevant biological aspects are addressed in section 3.2. These include the discussion of the 

biodistribution issue in compound 3 possibly related to its low solubility. This issue is the reason 

for the synthetic attempts of more water-soluble analogues of IM56 (3).  

All experimental procedures are reported in Chapter 5. The 1H and 13C NMR spectra are 

contained within Appendix A. The HRMS data can be found in Appendix B. Accompanying 

pictures are in Appendix C.  

3.1 Synthesis  

3.1.1 Iodinin (1) 

 

Scheme 4: Synthesis of iodinin (1) from phenazine-1,6-diol (7). 

 

The first approach at synthesis was to provide iodinin (1) in acceptable yields as this was 

important for further derivatization and prodrug development. Phenazine-1,6-diol (7) was 

commercially available, and the synthesis was based on an experimental procedure by 

Viktorsson et al. at the SYNFAS group.33 This involved a double N-oxidation of 7 by adding 
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meta-chloroperoxybenzoic acid (mCPBA, 6 eq) portion wise in toluene at 80 °C over a course 

of 6 hours. As compound 7 was oxidized by mCPBA to afford the product (a proposed 

mechanism shown in Scheme 5), the suspension changed color from olive-green to deep violet 

which indicated that the formation of 1 had taken place as violet is the characteristic color of 

the product.  

Over time, slight modifications were made to the experimental procedure reported by 

Viktorsson et al. For instance, it did not seem to affect the yield when the mixture was shielded 

from light, compared to a non-shielded approach, and as such seemed reasonable to exclude 

this step.48 The synthesis was also not carried out in argon atmosphere since it was an oxidation 

reaction either way. One hour after the last portion of mCPBA was added, the reaction mixture 

was cooled down and left in the refrigerator overnight. The slow cooling might have led to more 

precipitation of 1 compared to the quicker ice-water bath cooling reported by Viktorsson et al.33   

 

 

Scheme 5: A proposed reaction mechanism for the oxidation of compound 7 by mCPBA.33 

 

The afforded 1 from the sludgy crude was highly insoluble in most solvents, and since 

purification by flash column chromatography had previously been tested without much success, 

it was natural to purify iodinin (1) following the procedure by Viktorsson et al.33  This involved 

extensive washing of the crude on filter paper with solvents that do not dissolve compound 1, 

but still dissolve mCPBA. During purification, a Büchner funnel and filter paper was later 

replaced by a sintered glass filter (d = 10 cm) as a lot of iodinin (1) seemed to stick to the filter 

paper. Altogether these slight modifications might have led to a higher yield on a two-gram 

scale (88%) compared to the one-gram scale by Viktorsson et al. which yielded 76% of the 

product at best.  
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Some phenazine 5,10-dioxides have experimentally shown to easily lose one of the two N-

oxides during work up, sometimes due to heat and light sensitivity.33 However, this did not 

seem to be the case with iodinin (1), as the procedure required heating and the yield seemed 

unaffected by light. The almost insoluble and stable nature of iodinin is most likely due to the 

two intramolecular ion-dipole/hydrogen bonds between the 5, 10-dioxides and the OH groups 

in position 1 and 6 (shown in Figure 8). This might also be the reason why the synthesis does 

not provide as many deoxygenated/mono-oxidized by-products as myxin (2) and other 

methoxyphenazine 5,10-dioxides mentioned in sections 3.1.2-3.1.7.  

 

 

Figure 8: Iodinin (1), the basic phenazine scaffold (4), and the reduced form of iodinin, 

phenazine-1,6-diol (7). The dots represent the observed color of each compound. 

 

As for the low solubility iodinin (1), it did not provide great NMR spectra. Seen in Figure 9, 

the peaks from the aromatic area in the 1H NMR specter are barely there relative to the CDCl3-

peak at 7.26 ppm. A 13C NMR spectrum (101 MHz) was also taken but provided no visual 

peaks. NMR spectra of 1 in DMSO-d6 were also taken but it appeared that the compound 

decomposed.  However, since iodinin (1) has previously been synthesized and fully 

characterized in literature, a 1H NMR spectrum was sufficient to identify the product in this 

case (see Figure A-1 in Appendix A).33  
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Figure 9: Weak signals from the 1H NMR (400 MHz) spectrum of a saturated solution of 

compound 1 in CDCl3. 

 

3.1.2 Myxin (2) 

 

Scheme 6: Synthesis of myxin (2) from iodinin (1) 

 

The next step after a successful attempt at reproducing iodinin (1) was the synthesis of myxin 

(2). The process was based on the works of Viktorsson et al. following the proposal by Lavaggi 

et al.33, 49 A good synthetic strategy was particularly important at this stage, as 2 was the key 

building block in the carbamate prodrug reactions and was therefore needed in larger quantities. 

However, the fragile nature of myxin (2), compared to the stable compound 1, gave rise to 

several challenges during synthesis.      

To synthesize myxin (2) from iodinin (1), one of the OH groups had to undergo methylation. 

This was done by using methyl iodide as the methylation agent (MeI, 3 eq) in combination with 

a K2CO3/18-crown-6 system (1.5 eq). This system provided the formation of the mono 

potassium salt of iodinin (1) quickly. Within 30 minutes, it was observed that the reaction color 
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changed from  deep violet, from 1, to emerald green instead, the color of the salt.33 The phenol 

was deprotonated by the base K2CO3. The purpose of 18-crown-6 was to fetch potassium ions 

and thus increase the deprotonation rate of 1 by K2CO3. Following this, MeI was added 

dropwise to the deprotonated iodinin (1) to yield myxin (2) by an SN2 substitution reaction. 

This could be visually observed as the reaction mixture changed color from emerald green to 

crimson red during 24 hours of stirring at room temperature in DMF. The best reproducible 

result was a 56% yield on a 244 mg scale. Interestingly enough, the SYNFAS group observed 

that without the addition of 18-crown-6, the reaction mixture did not change color to emerald 

green.33  

 

 

Scheme 7:  Reaction mechanism for methylation of iodinin (1) to make myxin (2). The dots 

represent the observed color of each compound.  

 

MeI is an excellent reagent for these kind of reactions as it has a good leaving group, iodide. 

Although iodide is a large atom, it doesn’t make MeI too sterically hindered to undergo a 

nucleophilic attack by iodinin (1). The challenge of the method was to optimize yield of the 

mono-methylated product. Thus, over-methylation was to be expected. Identifying the optimal 

stoichiometry of the reagents aiding mono-methylation was one of the main reasons why it 

proved difficult to reproduce the yields of 2 in adequate quantities. The SYNFAS group 

reported their best yield being 72% on a 230 mg scale, a yield that is hard to reproduce, even 

stated such by the authors.33 Another reason for the low yield is because myxin (2) possesses a 

much higher solubility than iodinin (1) in general, as one of the OH group is methylated and 

thus do not undergo an intramolecular hydrogen bond formation.33  As a result, the N-oxide 

next to the O-methyl group will not be stabilized and protonation can occur on this very N-

oxide. Such protonation can produce H2O as a leaving group, hence giving rise to deoxygenated 
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as well as over-alkylated byproducts (see compounds 10-12, Figure 10). It was also 

experimentally observed that work up and purification of the reaction mixture should be carried 

through as soon as possible; myxin (2) would continue to decompose to the deoxygenated 

byproduct 10 (see Figure 10) if waited too long. The removal of DMF in vacuo at 50 °C also 

seemed to affect the stability of 2. This was experienced several times when isolated yields 

were below 30%, as discussed below and on the next page. 

 

 

Figure 10: Deoxygenated and over-alkylated byproducts from the myxin (2) synthesis. The 

colored dots represents the observed color of each compound after isolation, as reported by 

Viktorsson et al.33 

 

Up-scaling attempts at myxin (2) were performed several times at 0.5 g, however providing 

unsatisfactory yields each time. Not only did the reactions produce more over-alkylated 

products, but purification was also a tedious process with this compound. Nonetheless, it was 

at the beginning considered important to find a way to up-scale the synthesis of 2 successfully, 

knowing that the next step in the total synthesis was the step to make carbamate prodrugs. The 

first up-scaling attempt yielded a mere 7% of the product. There are several possible reasons to 

why the yield was so low. Allowing the reaction to continue for too long could being one of 

them. The next factor influencing the yield negatively was drying away DMF in vacuo at 50 °C 

unshielded from light for several hours due to a non-optimized rotary evaporator. Also, MeI 

was most likely added too quickly thus providing more over-methylated byproducts. It is 

considered that these variables to the method contributed to the low yield. A second attempt at 

the same scale offered only a slightly higher yield at 15%. Purification by flash column 

chromatography had to be performed twice as separation was difficult, but still TLC-analysis 

and NMR spectra showed impurities. The expected difficult separation on a later stage was the 
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reason for the need of alternative strategies for myxin (2) purification. Hence, a third attempt 

was made. Instead of using EtOAc, DCM was chosen as the organic phase during extraction. 

Visually, it seemed to be a better solvent for 2 than EtOAc. This gave rise to the idea of 

switching the column chromatography mobile phase from 30-70% EtOAc:hexane to 1% 

MeOH:DCM in hope of a shorter and easier separation, as the prior mobile phase system could 

take as much as five hours for each flash of myxin (2). Unfortunately, this change did not go 

well, and myxin went through the flash column like a unified plug, providing no isolated 

fractions (see Figure C-1 in Appendix C). Eventually, the mobile phase was switched back (see 

Figure C-2 in Appendix C) and a new attempt at purification yielded 29%. A fourth attempt 

was executed in a similar fashion to the third attempt, but purification was done by automated 

flash column chromatography to provide an isolated yield of 35%. The automated flash saved 

both time and gave a slightly better yield.  

In summary, the up-scaling attempts proved non-satisfactory and very time consuming. The 

only noticeable difference was that DCM provided better yields than EtOAc during extraction, 

though it was impossible to remove all of it, as seen on the 1H-NMR spectrum at 5.4 ppm (see 

Figure A-2), even after vacuum drying. In hindsight, the time trying to purify and up-scale 

compound 2 would have been put to better use by setting up two reaction at the same time at 

the original scale, and then combine these during purification. By doing this, that much iodinin 

(1) would not have been wasted and hence less time would have been spent synthesizing more 

of it for the purpose of making myxin (2). Purifying 2 as much as possible was still considered 

important as non-purified myxin led to tougher separations in some cases later during carbamate 

prodrug development (see Figure 11, next page). 
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Figure 11: An overview of the phenazine 5,10-dioxides discussed in this dissertation, the 

myxin carbamate prodrugs/analogues. All are synthesized from myxin (2). 
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3.1.3 IM56 (3) 

 

 

Scheme 8: Synthesis of IM56 (3) from myxin (2). 

While attempting to optimize the synthesis of myxin (2), some of 2 was used to make IM56 (3) 

for solubility testing (see section 3.2.1 for more details). Since compound 3 has previously been 

synthesized by the SYNFAS group, the reaction was thought of as a good way to acquire 

practical knowledge on myxin carbamate chemistry for later use as well.50 Thus the synthesis 

was based on their previous works. The best result was a yield of 75% on a 52 mg scale. This 

proved reproducible. Viktorsson et al. reported 86% on a 72 mg scale.50  

The synthesis of IM56 (3) entailed a carbamoylation of myxin (2) with 4-methyl-1-

piperazinecarbonyl chloride hydrochloride salt.  This was done by suspending 2 in THF in the 

presence of DABCO (6 eq), followed by cooling the reaction to 0 °C before adding 4-methyl-

1-piperazinecarbonyl chloride hydrochloride salt (3 eq) to stir in room temperature over a 

course of 2 hours. The importance of cooling the solvent before adding the carbamoyl chloride 

was related to the exothermic nature of the reaction, as smoke formation has been reported by 

Viktorsson et al.50 DABCO is a base that interestingly enough does not deprotonate the phenolic 

group of myxin (2). If it did, a color change would have been observed such as the deprotonation 

of iodinin with the K2CO3/18-crown-6 system did. Instead, DABCO was most likely acting as 

a catalyst by activating the carbamoyl chloride, 4-methyl-1-piperazinecarbonyl chloride 

hydrochloride salt (see Scheme 9, next page). In that way, the neutral phenol could act as a 

strong enough nucleophile and attack the carbamoyl chloride. In literature, DABCO is 

described as a base that is often used as a catalyst in the synthesis of polyurethanes and 

polycarbamates. Due to its ring structure, sterical hindrance of the nitrogen atoms of DABCO 

is not a problem, which provides the base with an even stronger catalytic property.51  
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Scheme 9: A plausible reaction mechanism for DABCO enforced carbamoylation of 2.50 

 

As myxin (2) was undergoing carbamoylation to afford the product (a proposed mechanism 

shown in Scheme 9), the suspension changed color from cherry red to bright orange. This 

suggested that the formation of 3 had taken place as colors ranging from orange to red are 

characteristic for these myxin carbamate prodrugs. After stirring for two hours, TLC analysis 

disclosed that all of compound 2 had reacted. It was natural to stop the reaction at this point, as 

the TLC plate also showed that a yellow byproduct had been produced. Judging by the color 

and earlier findings during the myxin (2) synthesis, this was most likely a deoxygenated 

byproduct of IM56. Whether it was mono-deoxygenated or di-deoxygenated was unknown, nor 

was it of importance to pursue since Viktorsson et al. reported that both N-oxides are 

indispensable for optimal cytotoxic potency.33 After all, deoxygenated byproducts were to be 

expected as carbamoylation of the OH group in position 1 resulted in an intramolecular ion-

dipole/hydrogen bond loss which left the N-oxides more exposed to protonation, which can turn 

them into leaving groups of H2O. The separation during purification was a lot easier and faster 

than the myxin (2) separation, and several recrystallization attempts were successfully carried 

through, though with significant product loss.  

As mentioned above, IM56 (3, see Figure 12) has previously been synthesized and 

characterized in the literature by the SYNFAS group and will therefore not be discussed here.50 

It is however worth to notice that the 1H and 13C NMR peaks from the phenazine 5,10-dioxide 

scaffold in 3, i.e. the aromatic region, are to be expected almost identical to the reported signals 

from the myxin (2) spectra (see Figures A-2 to A-5). These include the peaks between 7-9 ppm 
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in 1H NMR, and the 12 peaks between 105-160 ppm in 13C NMR (see Figure 12, below). Hence, 

the signals beside this characteristic myxin-like aromatic region will be the important signals 

when characterizing the rest of the synthetic compounds in this section, as they all are myxin 

carbamate analogues (as depicted in Figure 11, page 21). A single peak around 3 ppm and 57 

ppm in 1H NMR and 13C NMR, respectively, is to be expected as well as it belongs to the 

methoxy-group in the 6-position of myxin (2). 

 

 

Figure 12: IM56 (3), a carbamate prodrug of myxin (2). The circled part of the molecule depicts 

the characteristic myxin-like signals in the aromatic region. The above 1H NMR spectrum 

shows the proton signals from the phenazine 5,10-dioxide scaffold. The below spectrum shows 

the 13C NMR signals for the same area. 
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3.1.4 IM116 (13) 

 

Scheme 10: Synthesis of IM116 (13) from myxin (2). 

 

The formation of compound 13 from myxin (2) was based on the synthesis of IM56 (3) and 

other myxin and iodinin carbamate prodrugs by Viktorsson et al.50 DABCO was added for the 

same purpose as the synthesis of 3 and THF was proven to be a reliable solvent. The carbamoyl 

chloride used was tert-butyl 4-(chlorocarbonyl)piperazine-1-carboxylate (see Scheme 8). After 

several attempts on a smaller scale, the best yield of IM116 was 43% on a 160 mg scale. Unlike 

the synthesis of IM56 (3), DABCO was added in 3 eq instead of 6 eq for IM116 (13). The 

reason for this change was that the SYNFAS group had reported that carbamoyl chloride 

hydrochloride salts were added in 6 eq, while carbamoyl chlorides were added in 3 eq. 

However, after the reaction mixture had been stirring for 2 hours on the 160 mg scale, it was 

evident that the reaction needed more DABCO to enforce faster carbamoylation. After more 

DABCO was added (1.5 eq), the product was synthesized at a faster rate according to TLC 

analysis, but there were still some myxin (2) left, and thus the reaction mixture was left to stir 

overnight. In hindsight, this was not an optimal approach as some of 13 would decompose to 

the deoxygenated byproducts during those many hours, as proven by TLC analysis the next 

morning when a large yellow spot, similar to the one mentioned in section 3.1.3, could be seen.  

Perhaps a better approach at the synthesis of IM116 (13) would have been to add 6 eq of 

DABCO from the beginning, and hopefully the reaction would be complete within 2-4 hours. 

It will most likely still be a slow reaction compared to IM56 (3), considered that the Boc-group 

on the carbamoyl chloride is acting electron donating, thus making it less electrophilic. 

Nevertheless, it is better to stop a reaction even if there were some starting materials left, i.e. 

myxin (2), than to leave some of the newly synthesized product to slowly decompose through 

the night. 
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The reason behind the synthesis of IM116 (13) is explained briefly in Chapter 2 – the Overall 

aim of study. Among other things, the aim is to produce analogues with higher water-solubility 

than the lead candidate IM56 (3). This can be achieved by removing the Boc group from 

compound 13 to make IM117 (14, see Figure 13). From 11, more water-soluble prodrugs can 

be synthesized through derivatization (mentioned further in section 3.1.5). A direct synthesis 

of IM117 (14) from myxin (2) and piperazine 1-carbonyl chloride (15, depicted in Figure 13) 

was initially considered, but was quickly deemed non-optimal as 15 can easily polymerize 

under these conditions because of its secondary amine.  

 

 

Figure 13: The removal of the Boc group from IM116 (13) can lead to myxin carbamate 

prodrugs with higher water-solubility than IM56 (3). The conversion of 2 to 14 directly was 

deemed non-optimal.  

 

A SciFinder® search indicates that IM116 (13) has not been reported nor characterized in 

literature previously. Characterization of compound 13 was thus done by 1H NMR, 13C NMR, 

COSY, HSQC, HMBC and mass spectrometry (see Appendix A for 1H and 13C NMR spectra, 

and Appendix B for HRMS). HSQC, COSY and 13C confirmed that the three 1H NMR peaks 

at 3.81, 3.72 and 3.61, which integrates for 8 H, belong to the piperazine region of the molecule. 
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Interestingly, one would expect this part of 13 to have two peaks only, where each integrated 

for 4H, as it is achiral and would therefore have chemical equivalent protons on each side of 

the piperazine scaffold. However, just like IM56 (3), this was not the case here either.50 Instead, 

the piperazine region signals were three peaks. Furthermore, the peaks are broad since the 

protons are coupled to each other and the nitrogen atoms.52 By pure speculation, the extra peak 

might come from a long-range coupling to one of the phenazine protons, though NOESY was 

not taken to be able to back up this claim. Another noteworthy signal was the tert-butyl peak 

from the Boc group. It was easily recognized with 9H at 1.51 ppm in 1H NMR. HRMS also 

further confirmed that IM116 (13) had been successfully synthesized.  

 

3.1.5 IM117 (14) 

 

Scheme 11: Synthesis of IM117 (14) from IM116 (13). 

 

Initially, attempts at deprotecting the N-Boc group of 13 were made with two organic acids. 

These were para-toluenesulfonic acid (pTSA) and trifluoroacetic acid (TFA). It seemed logical 

at that time to utilize organic acids because they were miscible with organic solvents such as 

DCM and ACN and so was IM116 (13). These acids did not prove to be optimal for deprotection 

as the reactions resulted in low yields an many byproducts. Furthermore, they were slow. When 

none of these attempts gave adequate yields of IM117 (14), the organic acids were swapped 

with inorganic acids instead. An attempt at deprotection by 4M HCl (16 eq) in dioxane was 

made.  TLC analysis indicated that the acid was possibly too strong for the reaction as several 

byproducts were observed by TLC. Hence, this method was also abandoned. Table 1 

summarizes the conditions for the attempted reactions at removing the Boc protecting group in 

13 with pTSA, TFA and HCl. 
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Table 1: Deprotection attempts at the N-Boc group in IM116 (13) by acid-catalyzed cleavage. 

The reaction conditions and results are listed. None of these acids proved optimal.  

Acid Scale 

(mg) 

Solvent eq Reaction 

time (h) 

Results Action Yield 

(%) 

pTSA 10 ACN 1.5 18 Too many 

byproducts 

Abandoned N/A 

TFA 10 

 

10 

 

 

50 

DCM 

 

DCM 

 

 

DCM 

1.5 

 

5 

 

 

1.5 

18 

 

24 

 

 

>24 

Good 

 

Too many 

byproducts 

 

Slow reaction 

Followed up* 

 

Abandoned 

 

 

Abandoned 

70 % 

 

N/A 

 

 

22% 

HCl 

(4.0 

M) 

20 Dioxane 16 18 Too many 

byproducts 

Abandoned N/A 

*Abandoned later as up-scaling attempts provided low yields.  

 

Eventually, the synthesis of IM117 (14) from compound 13 was most successfully 

accomplished by removing the Boc protecting group with aqueous 85% H3PO4, as depicted in 

Scheme 11. Li et al.  reported using aqueous concentrated (85%) H3PO4 as a mild reagent for 

the deprotection of tert-butyl carbamates (N-Boc).53 Their experimental procedure described 

adding 3 eq of the acid followed by stirring the reaction mixture vigorously for 3 hours 

straight.53 Following the proposal of  Li et al., 3 eq of aqueous 85% H3PO4 was added dropwise 

to a solution of IM116 in DCM, though stirred for 2 hours instead of the proposed 3. The long 

reaction time decomposed some of 14 to deoxygenated byproducts. This was expected, as a 

similar decomposition had happened during the synthesis of myxin (2) and the other carbamate 

prodrugs mentioned earlier. An explanation to why this happens in general has also been 

thoroughly discussed in session 3.1.2 and 3.1.3.  In any case, the yield was only 24% on a 10 

mg scale.  

Fortunately, the best deprotection attempt of the N-Boc group was carried out by increasing the 

amount of aqueous 85% H3PO4 from 3 eq to 25 eq. The reaction provided the formation of the 

phosphate salt of IM117 (14) quickly. Since phenazine 5,10-dioxides are very colorful 
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compounds, color change is an easy way to tell if a reaction has taken place, as experienced in 

the synthesis of  myxin (2, section 3.1.2) Within 30 minutes, it was observed that the bright-

orange solution of 10 in DCM had changed into a deep purple sediment as the organic phase 

turned clear. This deep purple sediment resided in the water phase from the aqueous H3PO4 

solution. The compound was possibly the phosphate salt, and it was not soluble in DCM due to 

its polar nature, rendering the solvent clear (a proposed mechanism related to the deprotection 

of the N-Boc group is shown in Scheme 12, next page). A TLC analysis of the DCM phase was 

still taken to ‘prove’ that all the starting material, i.e. IM116 (13), had undergone the reaction. 

As suspected, there was none left. An aqueous solution of K2CO3 (1.0 M) was used to neutralize 

the acidic environment to gain IM117 (14). Following this, TLC analysis showed that 

deoxygenated byproducts had been produced. Further purification by flash column 

chromatography was therefore necessary. The best yield of 14 was 96% on a 50 mg scale. The 

same method applied on a 100 mg scale resulted in an 85% yield, which implies that aqueous 

85% H3PO4 could produce overall high yield on larger scales. It was also observed that the 

reaction went faster when the IM116 (13) solution in DCM was more concentrated. This leads 

to the suggestion that a more concentrated solution of compound 13, while vigorously stirred, 

could possibly make it easier for the myxin carbamate prodrug to encounter H3PO4 molecules 

between the water and the organic phases. Table 2 summarizes the conditions for deprotection 

of the N-Boc group with aq. 85% H3PO4. 

A SciFinder® search indicates that IM117 (14) has not been reported nor characterized in 

literature previously. Characterization of compound 14 was thus done by 1H NMR, 13C NMR, 

COSY, HSQC, HMBC and mass spectrometry (see Appendix A for 1H and 13C NMR spectra, 

and Appendix B for HRMS). The signals from the Boc protecting group in IM116 (13), for 

instant the tert-butyl group mentioned in section 3.1.4, were no longer there. HRMS also further 

supports that IM117 (14) had been successfully synthesized. 
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Scheme 12: A suggested mechanism for N-Boc deprotection of IM116 (13) to possibly provide 

the phosphate salt of IM117. The colored dots represent each compound’s observed color. 

 

Table 2: The different conditions and yields from the IM116 (13) deprotection of Boc by 

aqueous 85% H3PO4 acid-catalyzed cleavage.  

Scale (mg) aq. 85% H3PO4 

(eq) 

Amount of 

DCM (mL) 

Reaction time 

(h) 

Yield (%) 

10 3 1 2 24 

50 25 10 0.5 96 

136 25 25 2 74 

100 25 10 1 85 

 

An interesting observation during the synthesis of IM117 (14) was that acid-catalyzed cleavage 

of the carbamate group seemed to occur within the Boc group first. If cleavage of the other 

carbamate group (see Scheme 13, next page) had occurred, then the reaction would yield myxin 

(2). This occurrence was not observed during the reactions with any of the acids, as the 

characteristic cherry red color of myxin did not show during TLC analysis. The author cannot 

rule out the possibility that myxin (2) might had decomposed to other byproducts and therefore 

did not display its characteristically cherry red color. This was not followed up in the lab since 
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NMR and HRMS still confirmed that the product IM117 (14) was successfully synthesized and 

in good yields.  

 

 

Scheme 13: Acid-catalyzed cleavage of 13 to yield 2 was not observed in TLC analysis. 

 

Figure 14 on the next page shows that the pink carbamate group is possibly less sterically 

hindered than the yellow carbamate group (the N-Boc) since the latter has a tert-butyl group 

next to it. Nonetheless, the N-Boc was still successfully removed while leaving the rest of the 

molecule intact to provide compound 14. A study conducting the selective deprotection of N-

Boc in the presence of other acid sensitive group by Gibson et al. have proven to be successful.54 

Gibson et al. attempted the selective deprotection with dry HCl in EtOAc. Phosphoric acid, 

which is used for the deprotection of N-Boc in IM116 (13), is a milder acid than HCl.55 It is 

therefore possible to assume that the N-Boc carbamate is more unstable than the other 

carbamate group and thus undergoes acidic cleavage first. Thermodynamics might be the reason 

for this; however, it is difficult to ascertain whether this is true or not when experimental data 

are lacking. It was deemed unnecessary to investigate this any further as a successful selective 

deprotection of the Boc group had been achieved. With the successful synthesis of IM117 (14), 

approaches at derivatization of the amine with hydrophilic side chains can be attempted. 
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Figure 14: A 3D-structure of IM116 (13). The highlighted pink area to the left shows the 

carbamate bond that was formed from synthesis of myxin (2) and a carbamoyl chloride. The 

highlighted yellow area to the right shows the carbamate bond of the Boc group. 

 

3.1.6 An attempt at synthesizing IM120 (16) 

 

Scheme 14: A plausible synthesis of IM120 (16) from IM117 (14). 

 

The following synthesis was an attempt at making a new myxin carbamate prodrug through 

derivatization of IM117 (14) to yield an IM56 analogue with an enhanced water-solubility. The 

synthesis of IM120 (16) from compound 14 entails an amide bond formation. A direct 

conversion from a carboxylic acid to an amide is difficult as amines are basic functional groups, 

which tend to convert carboxylic acids to their unreactive carboxylates. In other terms, an amide 

bond formation between the above-mentioned type of acid and an amine will have to fight 

against disadvantageous thermodynamics as the equilibrium favors hydrolysis rather than 

synthesis.56 Therein was the reason to approach peptide-coupling chemistry, and Montalbetti & 
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Falque proposed several methods for such.57  One of the methods suggested peptide-coupling 

through the enforcement of the activating agents carbodiimides. 

Synthesis was carried out by reacting IM117 (14) with the highly polar D-gluconic acid (17, 1 

eq) by activation of the latter with the carbodiimide N,N’-diisopropylcarbodiimide (DIC, 1.6 

eq) and adding 4-methylmorpholine (1.6 eq) as a basic catalyst. DIC was chosen in favor of the 

more common N,N’-dicyclohexylcarbodiimide (DCC) as the hydrolysis product N,N’-

diisopropylurea is soluble in most organic solvents, which makes for an easier purification.  

According to theory, the carbodiimide should react with the carboxylic acid to form the O-

acylisourea mixed anhydride, which in this case is 18 (proposed mechanism in Scheme 15).57 

Further on, intermediate 18 can then directly react with the amine on the piperazine scaffold of 

14 to yield the desired IM120 (16) and the urea byproduct, N,N’-diisopropylurea.  

 

 

Scheme 15: Proposed mechanism of IM120 (16) peptide-coupling synthesis.  
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The first attempt at this synthesis on a 15 mg scale provided no measurable product. Initially, 

reverse-phase TLC analysis appeared to show that some sort of product had been synthesized 

as “new” orange spots could be seen (Figure 15, left TLC analysis). This was however not the 

case, as NMR spectra and MS proved it to be the starting material, IM117 (14). The color of 

the starting material 14 and many other myxin carbamate prodrugs falls within the range of 

orange to red, and it was therefore easy to expect the color of IM120 (16) to be somewhere in 

between as well. The weakly colored bottom spot in the co-spot in Figure 15, left TLC analysis, 

also added to the misconception that 16 had possibly been synthesized. Eventually, it was 

observed that the retention factor of the standard was largely dependent on which solvent that 

was used to dissolve 14. This occurrence had not been experienced during normal-phase TLC 

analysis.  

 

 

Figure 15: Reverse-phase TLC analysis from the reaction mixture of the first attempted 

synthesis of IM120 (16).  DCM appeared to influence the retention factor of IM117. 

 

Lastly, a second attempt at IM120 (16) synthesis was performed on a 65 mg scale with the same 

reagents as in the first attempt. This was to test if the experimental method could yield 16 in 

case the first attempt had been stopped prematurely because of the perplexed TLC results. This 

time a new spot was observed next to the ones from IM117 (14). Based on the orange color it 

was probable that the product (16) had been synthesized. Very little of it had been synthesized 
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though. Furthermore, the reaction was very slow. The extra additions of D-gluconic acid (17) 

and DIC did not seem to influence the synthesis. Attempts at isolation proved that hardly any 

product had been synthesized. A TLC analysis after reverse-phase flash column 

chromatography disclosed four other impurities next to the possible IM120 (16). No NMR 

spectra were taken since TLC analysis provided too many impurities. Further separation and 

purification by a second flash column chromatography was deemed pointless given that a 

possible yield would be too low to make a useful NMR sample either way. An MS sample was 

taken (see Figure B-5, appendix B) and the data from HRMS shows that the exact mass of 

IM120 (16) was present in the sample. This leads to the suggestion that IM120 (16) was most 

likely synthesized; however, this cannot be proved without the necessary NMR spectra since 

16 has not in prior been characterized in literature.   

It is difficult to give an exact reason to why the above-mentioned conditions did not yield or 

only yielded a small amount of IM120 (16). Al-Warhi et al. report that the activation process 

of carboxylic acids is slower in polar solvents such as DMF.58 The authors therefore suggest 

employing a hindered base such as 2,4,6-trimethylpyridine (TMP) to enhance the pre-activation 

step of the carboxylic acid residue. Furthermore, they write that a non-hindered pyridine base 

such as 4-methylmorpholine, which was employed in the synthesis of 16, in contrast could 

inhibit this step.58 DMF was initially chosen as the coupling medium because both the starting 

materials, IM117 (14) and D-gluconic acid (17), are soluble in it. Using dichloromethane 

(DCM) as the coupling medium was not optional as 17 was not soluble in it, even though the 

formation of the O-acylisourea intermediates usually proceed faster  in non-polar solvents.59 It 

is also possible for the alcohols of 17 to interfere with the reaction. Turning them into protecting 

groups (for instant acetals) should therefore be considered.  

On the basis of the above-mentioned discussion, if a new synthesis of IM120 (16) was to be 

attempted, it could be of interest to exchange 4-methylmorpholine with a hindered base like 

TMP. Selective nucleophiles like 1-hydroxybenzotriazole (HOBt) could also be an alternative. 

Work up by extraction should be included to make separation during column chromatography 

easier. If the carbodiimide DCC was employed instead of DIC then the corresponding urea 

byproduct could be filtered off.57 This is probably preferable since the product IM120 (16) is 

expected to be quite polar, which in turn could make the removal of the DIC hydrolysis product, 

N,N’-diisopropylurea, difficult during extraction. Protecting the OH groups of D-gluconic acid 

should also be tested.  
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3.1.7 IM118 (19) 

 

Scheme 16: Synthesis of IM118 (19) from myxin (2). 

 

The synthesis of IM118 (19) follows the same procedure as IM56 (3) in section 3.1.3, and the 

reagents are added for the same reasons. The reaction entailed a carbamoylation of myxin (2) 

with morpholine-4-carbonyl chloride (see Scheme 16). Learning from the non-optimal 

approach during the synthesis of IM116 (13, section 3.1.4), DABCO was instead of 3 eq added 

in 6 eq for a faster reaction time. As myxin (2) was undergoing carbamoylation to afford the 

product (a proposed mechanism for general carbamoylation of 2 shown in Scheme 9, section 

3.1.3), the suspension changed color from cherry red to orange-red. This indicated that the 

formation of 19 had taken place, and the reaction yielded 49% of the product. The purification 

of IM118 (19) was particularly important as it was an end-product which is going to be 

biologically tested later by the SYNFAS group. Flash column chromatography was performed 

twice, but NMR spectra showed that it still contained contaminations. Difficult purification and 

isolation of the myxin carbamate prodrugs were by now non-surprising; these compounds easily 

decompose to their deoxygenated byproducts which have very similar retention as themselves 

separation. This problem was also present during the synthesis of myxin (2), IM56 (3), IM116 

(13) and IM117 (14). The next attempt at further purification was hence recrystallization with 

anhydrous ethanol. The NMR spectra (see Figure A-10 & A-11 in appendix A) became much 

cleaner after the recrystallization of IM118 (19), however, the loss of product was also great. 

Purification would have been attempted by LC-MS as well, but such instruments were not 

available for use.  

A SciFinder® search indicates that IM118 (19) has not been reported nor characterized in 

literature previously. Characterization of compound 19 was thus done by 1H NMR, 13C NMR, 

COSY, HSQC, HMBC and mass spectrometry (see Appendix A for 1H and 13C NMR spectra, 
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and Appendix B for HRMS). The broad peaks from 1H NMR between 3.93-3.65 ppm belong 

to the morpholine group of IM118 (19), as they integrate for 8H. The characteristic myxin-like 

signals from the aromatic region mentioned in section 3.1.3 is present as well. HRMS further 

supports that IM118 (19) had been successfully synthesized. 

 

3.1.8 IM119 (20) 

 

Scheme 17: Synthesis of IM119 (20) from myxin (2). 

 

The synthesis of IM119 (20) follows the same procedure as IM56 (3) and IM118 (19) in sections 

3.1.3 and 3.1.7, and the reagents are added for the same purposes. The reaction entailed a 

carbamoylation of myxin (2) with 2-oxoimidazolidine-1-carbonyl chloride (see Scheme 17). 

The carbamoylation of myxin was very slow as TLC analysis showed that hardly any product 

had been synthesized after 24 hours. Even after more DABCO (2.3 eq) was added, TLC analysis 

continued to confirm that very little of compound 20 had been produced. The result was a very 

low yield of 8% on a 99 mg scale. The synthesis of IM119 (20) was hence not favorable under 

these conditions. The reason for this is possibly related to 2-oxoimidazolidine-1-carbonyl 

chloride acting as a weak electrophile. The imidazolidinone region will act electron-donating 

toward the carbonyl chloride part of the molecule. This leads to the suggestion that a 

nucleophilic attack by the neutral phenol of myxin (2), even with DABCO enforced 

carbamoylation, will be too weak.  

A new approach at synthesizing IM119 (20) was never made as the focus turned to 

derivatization of IM117 (14) instead. If there was more time however, it would be interesting 

to see if deprotonation of the phenol in myxin (2) with the K2CO3/18-crown-6 system could 

yield 20 as it would make a stronger nucleophile than a neutral phenol.     
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A SciFinder® search indicates that IM119 (20) has not been reported nor characterized in 

literature previously. Characterization of compound 20 was thus done by 1H NMR, 13C NMR, 

COSY, HSQC, HMBC and mass spectrometry (see Appendix A for 1H and 13C NMR spectra, 

and Appendix B for HRMS). The 6 % yield of IM119 (20) was enough to provide an NMR 

sample with readable spectra. As with the other myxin carbamate prodrugs after flash column 

chromatography, the sample still contained some impurities. Recrystallization of the NMR 

sample was attempted, but yielded so little product, that the new NMR spectra were rendered 

useless. Still, with the support of HRMS, these characterizations support the idea that IM119 

(20) had been successfully synthesized. Not enough product was made for biological testing 

later.  

 

3.1.9 An attempt at synthesizing compound 22 

 

Scheme 18: A failed attempt at synthesis of 22 from isoniazid (21). 

 

An attempt at synthesizing compound 22 from the antimycobacterial drug isoniazid (21, 1 eq) 

by a nucleophilic attack on 2-bromoacetyl bromide (1 eq) in tetrahydrofuran (THF) proved 

unsuccessful (see Scheme 18).  Scheme 19 (on the next page) suggests coupling 22 to IM117 

(14) to make compound 23 – a new myxin carbamate prodrug.  

Isoniazid is a drug administrated in the treatment of tuberculosis.60 Many patients who suffer 

from cancerous diseases like AML, die of microbial infections due to bone marrow 

depression.61 Thus it was thought that 23 could be interesting for biological screening of both 

anticancer and antimicrobial activity as a possible in vivo cleavage of 23 could yield myxin (2) 

and an isoniazid derivate.  
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Scheme 19: A hypothetical proposal for synthesizing compound 22 from isoniazid (21) and 2-

bromoacetyl bromide. Then, compound 22 could possibly react with IM117 (14) to produce 23. 

 

Synthesis was unproductive however, and no further attempts were made due to the lack of 

time. It was observed visually that the solubility of isoniazid in the reaction medium THF was 

very low. This leads to the suggestion that the reaction failed because isoniazid and the 

electrophile 2-bromoacetyl bromide were not reacting. A possibly better solvent for the reaction 

might therefore be the more polar dimethylformamide (DMF) if a new synthesis were to be 

explored. 
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3.2 Biological aspects 

Absorption, distribution, metabolism and excretion (ADME) are four parameters associated 

with the overall bioavailability of a drug. The idea behind synthesizing carbamate prodrugs of 

myxin is for them to be enzymatically cleaved back in vivo to myxin (2), which have shown to 

possess both anticancer and antimicrobial activity.37 In other words, it is compound 2 which is 

expected to be the main active pharmaceutical ingredient (API) against AML cells. However, 

myxin (2) possesses an extremely low water-solubility and is therefore not a drug-like 

compound if administrated directly in the body in its original form. Therein lies the reason to 

synthesize prodrugs of myxin with more drug-like capabilities. The SYNFAS group regards 

carbamates to be the best functional group to undergo a potential in vivo cleavage in these cases, 

as it is not too sensitive such as esters, but also not as stable as amid bonds.33, 62 The carbamate 

side group on myxin is therefore simply there to enhance the biodistribution through 

modification of the side chain, i.e. to enhance the cell-membrane permeability in a way that 

would hopefully induce selective cytotoxicity on AML cells in vivo.  

3.2.1 The IM56 solubility issue 

Research conducted by the SYNFAS group on the lead compound IM56 (3) has shown that this 

carbamate prodrug of myxin was more efficient (has lower values of EC50) than iodinin (1) and 

myxin (2) regarding its antileukemic effect on the human AML cell-line MOLM-13.43 This 

cell-line has a heterozygous expression of FLT3-ITD (gene mentioned in section 1.1.1.2, page 

3), which is common in several therapy resistant AML patients.18  

The water-solubility of 3 was only about 7 mg/ml at neutral pH in PBS buffer.45 This was in 

spite of the cationic charge of the tertiary amine at pH 7. Furthermore, permeability over an 

artificial membrane system of the compound along with several other iodinin and myxin 

analogues was conducted.43 The results are displayed in Figure 16 (next page) and show that 

IM56 (3) has a low permeability.  
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Figure 16: Permeability of selected analogues over an artificial membrane system by the 

SYNFAS group.43 The colour codes are: Green = High permeability. Orange = Intermediate 

permeability. Red = Low permeability. Black = Impermeable. The data are averages from 2-3 

experiments and deviation.  

 

To battle the solubility issue proposed upon IM56 (3), the author of this thesis, along with the 

SYNFAS group, decided to use D-gluconic acid as a pharmaceutical excipient to aid the 

solubility (see Scheme 20, next page). The experimental procedure for this solubility testing is 

described in section 5.3. The results from the procedure showed that compound 3 in D-gluconic 

acid solution wt. 49-53% in H2O could be increased beyond 200 mg/mL (see Figures C-3 and 

C-4 in Appendix C). D-gluconic acid (17) is an oxidation product of glucose and was chosen 

for its non-corrosive, non-toxic and readily biodegradable properties in the human body.63 It 

has been extensively used in the chemical, food and pharmaceutical industry. This was also the 

reason why an attempt at derivatization of IM117 (14) with D-gluconic was made (synthetic 

procedure mentioned in section 3.1.6). 
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Scheme 20: The solubilization of IM56 (3) using D-gluconic acid to generate 24.45 

 

The solubility test mentioned above was conducted in October 2018. In February 2019, 

preclinical in vivo studies by KinN therapeutics AS on behalf of the SYNFAS group concluded 

that the myxin carbamate prodrug IM56 (3) does not exhibit antileukemic activity in MOLM-

13LUC+ xenograft model of AML as compared to the standard chemotherapy of cytarabine 

(Ara-C) and daunorubicin (see Figure 17, next page).64 The report on histological analyses by 

Herfindal from the SYNFAS group further confirms this, as no indication on toxicity toward 

tissues and organs typically affected by chemotherapy was seen.65  

To summarize, IM56 (3) has demonstrated potent anti-AML activity in vitro but exhibit no such 

activity in vivo.43, 64 The lead compound also has poor permeability through artificial 

membranes and a low water-solubility at pH 7.43, 45 Absorption, distribution, metabolism and 

excretion (ADME) are four parameters associated with the overall bioavailability of a drug. 

This leads to the suggestion that the biodistribution, or more exactly the possible lack of 

biodistribution, of compound 3 may be the reason why it does not demonstrate antileukemic 

effects in vivo. The compound might simply be too lipophilic to cross membrane. To confirm 

this, new in vivo studies will have to be conducted with the D-gluconic acid solubilized IM56 

(24, Scheme 20) and/or potential IM117 derivates with enhanced water-solubility compared to 

IM56 (3).  
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Figure 17: In vivo data: IM56 (3) did not exhibit antileukemic activity compared to the standard 

chemotherapy. 64, 65  

 

3.2.2 IM117 (14) 

Although IM117 (14) was synthesized for the purpose of making more water-soluble derivates 

at the secondary amine on the piperazine group, the molecule itself might also be of interest for 

biological testing as it is more water-soluble than the lead compound IM56 (3) due to the 

possession of a hydrogen bond donor instead of a hydrogen acceptor (see Figure 18). 

Compound 3 has also a methyl group on the same nitrogen which will contribute to an increased 

lipophilicity. Compound 14 is also a myxin carbamate prodrug (structure in Figure 18, next 

page).  

Since IM117 (14) was not initially a final product, purity has not been tested. Samples of 14 

will therefore need a purity of ≥ 95% before biological screening can be conducted. 
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Figure 18: A comparison of IM56 (3) and IM117 (14). The former has a hydrogen bond 

acceptor whereas the latter has a hydrogen bond donor instead.   

 

3.2.3 IM118 (19) and IM119 (20) 

Both compounds 19 and 20 were synthesized for biological testing later. Although not enough 

of IM119 (20) remained for biological testing, a new synthesis can be attempted to yield more. 

None of them have been synthesized previously and comparing them to the lead compound 

IM56 (3) would be of interest for the SYNFAS group. Permeability testing over artificial 

membranes is especially important next to screening for antileukemic effects on MOLM-13 

cells (discussed during section 3.2.1). 

Purity has not been tested for the samples of IM118 (19). The sample will therefore have to 

undergo HPLC analysis and have a purity of ≥ 95% before biological screening can be 

conducted.  
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4 Conclusion and future perspectives 

No new IM56 analogues with enhanced water-solubility were successfully synthesized for the 

duration of this master thesis due to failed synthesis attempts and the lack of time. By IM56 

analogues, the author means new myxin carbamate prodrugs with a similar scaffold to IM56 

(3), in which it could be possible to fine-tune the water-solubility of the new compound through 

derivatization with hydrophilic sidechains. Although no such compound was successfully 

synthesized, the work within this thesis has provided an efficient way to produce the 

intermediate, IM117 (14). This key intermediate can lead to new and interesting derivatized 

analogues in the future when more effective synthetic routes are established.  

Slight modifications to the original synthetic procedure of iodinin (1) and myxin (2) by 

Viktorsson et al. are described in respectively sections 3.1.1 and 3.1.2.33 The modifications for 

the synthesis of compound 1 have led to slightly higher yields in upscaling attempts. Upscaling 

attempts of compound 2 were non-satisfactory. 

As a side project, two myxin carbamate prodrugs (that are not IM56 analogues) were 

successfully synthesized – IM118 (19) and IM119 (20). They have been characterized but have 

not yet been tested biologically.  

Solubility tests of IM56 (3) have also been conducted. The low water-solubility of 3 was 

increased by the aid of D-gluconic acid as a pharmaceutical excipient. As a result, IM56 (3) in 

D-gluconic acid solution wt. 49-53% in H2O could be increased beyond 200 mg/mL 

In summary, the important aspects for future work related to the development of new phenazine 

5,10-dioxides with antileukemic effect should thus be: 

- to perform new in vivo studies with the solubilized IM56 (3) in D-gluconic acid solution. 

- to establish new synthetic routes to synthesize new IM56 analogues with enhanced 

water-solubility, for instance IM120 (16). 

- to biologically screen compounds 19 and 20 for selective antileukemic effect and 

membrane permeability in comparison to lead compound IM56 (3).  

Lastly, the author of this thesis wishes to thank the reader for their time and attention.   
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5 Experimental procedures 

5.1 General information for synthesis 

All solvents were purchased from Sigma-Aldrich and VWR and used without further 

purification. Phenazine-1,6-diol (7) was purchased from Accel Pharma. The other reagents 

were purchased from Sigma-Aldrich or fluorochem and, like the solvents, were utilized without 

further purification. Yields are based on isolated material. Thin-layer chromatography (TLC) 

was performed on sheets of aluminum coated with silica gel 60 F254 for normal-phase 

chromatography. For reversed-phase TLC, aluminum sheets coated with silica gel 60 RP-18 

F254S was utilized. Both types of TLC sheets were supplied by Merck and were visualized by 

UV-light at 254 or 366 nm. Silica gel 60 mesh (40-63 μm) by Merck was used in normal-phase 

column chromatography, while silica gel C18 was used in reversed-phase column 

chromatography. 1H NMR was measured by the NMR instruments Bruker DPX-300-09 and 

Bruker AVIII 400-17 at respectively 300 MHz and 400 MHz. 13C NMR was measured by the 

NMR instrument Bruker AVIII 400-17 at 101 MHz.  All experiments were measured at 25 °C 

in CDCl3 or DMSO-d6. Chemical shifts are reported as parts per million (ppm) and in relation 

to residual protio-solvent within the spectra. Mass spectrometry (MS) was measured using ESI 

as the ionization method. HRMS-ESI spectra were recorded using a QTOF instrument. 1H and 

13C NMR spectra and MS analysis data are given within Appendix A and B. 
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5.2 Synthetic procedures 

5.2.1 1,6-dihydroxyphenazine 5,10-dioxide (iodinin, 1)  

 

 

 

A dry round-bottomed flask was loaded with phenazine-1,6-diol (7) (2.01 g, 9.47 mmol) at rt 

under argon atm. The solid was suspended in 200 mL anhydrous toluene at rt (with a reflux 

condenser). mCPBA (4.0 g, ≤ 75% purity) was added in one portion to the stirred suspension. 

The resulting mixture was gradually heated to 80 °C. mCPBA (1.5 g) was then added each hour 

for the next 4 h. Another portion of mCPBA (3.0 g) was added one hour after the last addition, 

and the mixture was stirred for 1 h more at 80 °C. The reaction mixture was cooled down to 4 

°C overnight and the solvent was removed in vacuo to afford a dark crude material. The solid 

material was then dispersed in 100 mL sat. NaHCO3 and filtered on a filter paper. The solids 

were further washed by 150 mL sat NaHCO3, 150 mL MeOH and 150 mL Et2O. The remaining 

solids were collected from the sintered glass filter and dried in vacuo to afford 2.10 g (88 %) of 

iodinin (1) as a deep-purple solid with a shimmering top coat. No further purification was 

necessary. Rf: 0.60 (100% DCM). 1H NMR (400 MHz, CDCl3) δ 14.07 (s, 2H), 8.02 (dd, J = 

9.0, 1.1 Hz, 2H), 7.71 (dd, J = 9.0, 7.8 Hz, 2H), 7.15 (dd, J = 9.0, 1.1 Hz, 2H). 

The compound has previously been synthesized and fully characterized by the SYNFAS group, 

and the 1H data are in accordance with prior literature.33 
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5.2.2 1-hydroxy-6-methoxyphenazine 5,10-dioxide (myxin, 2) 

 

 

 

A dry round-bottomed flask was charged with iodinin (1) (244 mg, 1.00 mmol, 1 eq), 18-crown-

6 (395 mg, 1.50 mmol, 1.5 eq) and K2CO3 (210 mg, 1.52 mmol, 1.5 eq). The solids were 

suspended in anhydrous DMF (20 mL) under argon atm and shielded from light. A color-shift 

from dark violet to emerald green was observed after 30 minutes of stirring. Then MeI (0.19 

mL, 3.05 mmol, 3.0 eq) was added dropwise before the reaction mixture was left stirring for 24 

h at rt and shielded from light. The mixture was concentrated in vacuo, then diluted by 200 mL 

of NH4Cl (10% aqueous sol.) and extracted by EtOAc (4 x 40 mL). The pooled organic phases 

were dried with Mg2SO4 and filtered. The resulting crude mixture was concentrated in vacuo 

and wet-loaded on silica gel plug (40% MeOH/DCM). Further purification was done by dry-

loading the plugged crude on silica and normal-phase flash column chromatography on silica 

gel (30-70% EtOAc/Hexane) to afford 145 mg (56%) of myxin (2) as a cherry-red solid. Rf: 

0.57 (100% EtOAc). 1H NMR (400 MHz, CDCl3) δ 13.62 (broad s, 1H), 8.23 (dd, J = 9.1, 1.1 

Hz, 1H), 8.02 (dd, J = 9.1, 1.1 Hz, 1H), 8.23 (dd, J = 9.1, 1.1 Hz, 1H), 7.69-7.61 (m, 2H), 7.13-

7.07 (m, 2H), 4.09 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 153.9, 153.8, 138.8, 136.0, 132.6, 

131.8, 130.0, 126.0, 115.0, 110.7, 109.9, 109.0, 57.4.  

The compound has previously been synthesized and fully characterized by the SYNFAS group, 

and the 1H and 13C NMR data are in accordance with prior literature.33  
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5.2.3 1-((4-methylpiperazine-1-carbonyl)oxy)-6-methoxyphenazine 5,10-dioxide (IM56, 3) 

 

 

 

A dry round-bottomed flask was loaded with myxin (2) (52 mg, 0.20 mmol, 1 eq) and DABCO 

(136 mg, 1.20 mmol, 6 eq). The solids were dispersed in anhydrous THF (5 mL) under argon 

atm, and the stirred mixture was cooled on ice-water bath to 0 °C. Then 4-methyl-1-

piperazinecarbonyl chloride hydrochloride salt (119 mg, 0.60 mmol, 3 eq) was added followed 

by the removal of the ice-water bath. The reaction mixture was left to stir for 2 h at rt followed 

by concentration in vacuo. The mixture was diluted by 50 mL of NaHCO3 (saturated aqueous 

sol.) and extracted by DCM (4 x 20 mL). The pooled organic phases were washed with brine, 

dried with Mg2SO4 and filtered. The resulting crude mixture was concentrated in vacuo, 

dissolved in eluent, and further purification was done by isocratic normal-phase flash column 

chromatography on silica gel (5% MeOH/DCM) to afford 58 mg (75%) of the product (3) as 

an orange-red solid. Rf: 0.15 (5% MeOH/DCM). 1H NMR (400 MHz, CDCl3) δ 8.61 (dd, J = 

9.2, 1.3 Hz, 1H), 8.24 (dd, J = 9.1, 1.1 Hz, 1H), 7.67 (dd, J = 9.1, 7.6 Hz, 1H), 7.61 (dd, J = 

9.1, 8.0 Hz, 1H), 7.38 (dd, J = 7.6, 1.3, 1H), 7.08 (dd, J = 8.1, 1.1, 1H), 4.08 (s, 3H), 3.89 (m, 

2H), 3.69 (m, 2H), 2.70-2.61 (m, 4H), 2.44 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 154.0, 153.6, 

143.8, 139.7, 139.3, 131.1, 131.0, 130.1, 129.7, 125.0, 118.6, 112.1, 110.4, 57.4, 54.7, 46.3, 

45.0, 44.3.  

The compound has previously been synthesized and fully characterized by the SYNFAS group, 

and the 1H and 13C NMR data are in accordance with prior literature.50 
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5.2.4 1-((4-(boc)piperazine-1-carbonyl)oxy)-6-methoxyphenazine 5,10-dioxide (IM116, 13) 

 

 

 

A dry round-bottomed flask was loaded with myxin (2) (160 mg, 0.62 mmol, 1 eq) and DABCO 

(212 mg, 1.89 mmol, 3 eq). The solids were dispersed in anhydrous THF (35 mL) under argon 

atm, and the stirred mixture was cooled on ice-water bath to 0 °C. Then, 4-boc-1-

piperazinecarbonyl chloride (462 mg, 1.86 mmol, 3 eq) was added followed by the removal of 

the ice-water bath. The reaction mixture was left to stir for 2 h at rt. More DABCO (100 mg) 

was added, and the reaction mixture was left to stir for 12 h more followed by concentration in 

vacuo. The mixture was diluted by 50 mL of NaHCO3 (saturated aqueous sol.) and extracted 

by DCM (3 x 40 mL). The pooled organic phases were washed with brine (40 mL), dried with 

Mg2SO4 and filtered. The resulting crude mixture was concentrated in vacuo, dissolved in 

eluent, and further purification was done by flash column chromatography on silica gel (1-5% 

MeOH/DCM) to afford 124 mg (43%) of the product (13) as an orange-red solid. Rf: 0.34 (5% 

MeOH/DCM). 1H NMR (400 MHz, CDCl3) δ 8.62 (dd, J = 9.2, 1.3 Hz, 1H), 8.24 (dd, J = 9.1, 

1.1 Hz, 1H), 7.67 (dd, J = 9.2, 7.5 Hz, 1H), 7.63 (dd, J = 9.1, 8.1 Hz, 1H), 7.39 (dd, J = 7.5, 

1.3, 1H), 7.09 (dd, J = 8.1, 1.1, 1H), 4.08 (s, 3H), 3.81 (m, 2H), 3.72 (m, 2H), 3.61 (m, 4H), 

1.51 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 154.9, 154.0, 153.7, 143.7, 139.7, 139.3, 131.3, 

131.0, 130.1, 129.7, 125.0, 118.7, 112.1, 110.5, 80.3, 57.4, 45.3, 44.4, 28.6. HRMS (ESI+): 

Exact mass calculated for C23H26N4NaO7 [M+Na]+: 493.1694, found 493.1694 (-0.1 ppm).  
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5.2.5 1-methoxy-6-((piperazine-1-carbonyl)oxy)phenazine 5,10-dioxide (IM117, 14)  

 

 

 

A dry round-bottomed flask was charged with IM116 (13) (50 mg, 0.11 mmol, 1 eq) and 

dispersed in DCM (10 mL). A magnetic stir bar was added, and the solution was stirred 

vigorously as aqueous 85% H3PO4 (0.19 mL, 2.78 mmol, 25 eq) was added dropwise at rt. The 

reaction mixture left to stir for 30 more min, as the color changed from a bright orange solution 

to a deep purple sediment and the solvent turned colorless. The mixture was diluted by 10 mL 

of K2CO3 (1.0 M aqueous sol.) and extracted by DCM (7 x 10 mL). The pooled organic phases 

were dried with Mg2SO4 and filtered. The resulting crude mixture was concentrated in vacuo, 

dissolved in eluent, and further purification was done by flash column chromatography on silica 

gel (10-15% MeOH/DCM) to afford 39 mg (96%) of the product (14) as an orange-red solid. 

Rf: 0.17 (15% MeOH/DCM). 1H NMR (400 MHz, CDCl3) δ 8.63 (dd, J = 9.2, 1.3 Hz, 1H), 8.26 

(dd, J = 9.1, 1.1 Hz, 1H), 7.71-7.64 (m, 2H), 7.40 (dd, J = 7.6, 1.5, 1H), 7.10 (m, 1H), 4.09 (s, 

3H), 3.91 (m, 2H), 3.73-3.64 (m, 2H), 3.52 (m, 2H), 3.35 (m, 2H). 13C NMR (101 MHz, CDCl3) 

δ 154.0, 153.7, 143.8, 139.7, 139.3, 131.2, 131.0, 130.1, 129.7, 125.0, 118.7, 112.2, 110.5, 57.4, 

46.0, 45.6, 45.1.  HRMS (ESI+): Exact mass calculated for C18H19N4O5 [M+H]+: 371.1350, 

found 137.1349 (0.2 ppm).  
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5.2.6 1-methoxy-6-((4-((2R,3S,4R,5R)-2,3,4,5,6-pentahydroxyhexanoyl)piperazine-1-

carbonyl)oxy)phenazine 5,10-dioxide (IM120, 16) 

 

 

 

A dry round-bottomed flask was loaded with D-gluconic acid (17) (0.11 mL, 49-53 wt. % in 

H2O, 0.33 mmol, 1.5 eq), DIC (55 μL, 0.35 mmol, 1.6 eq) and 4-methylmorpholine (39 μL, 

0.35 mmol, 1.6 eq). The liquids were dispersed in DMF (3 mL) and stirred under argon atm at 

rt. The reaction mixture left to stir for 3h. IM117 (14) (83 mg, 0.22 mmol, 1 eq) was dissolved 

in DMF (7 mL) and added to the mixture. The reaction was left to stir overnight. More DIC (2 

eq) and D-gluconic acid (2 eq) was added and the reaction mixture was stirred for 2 hours, 

followed by a new portion of DIC (2 eq) and D-gluconic acid (2 eq). The suspension was 

heating to 40 °C and stirred for another 2 h. The resulting crude mixture was concentrated in 

vacuo, dissolved in eluent, and purification was done by reversed-phase flash column 

chromatography on silica gel (25% ACN/H2O) to afford a bright orange viscous liquid, which 

TLC analysis proved to be non-isolated. Rf: 0.77 (25% ACN/H2O). HRMS (ESI+): Exact mass 

calculated for C24H29N4O11 [M+H]+: 549.1827, found 549.1828 (-0.1 ppm).  
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5.2.7 1-methoxy-6-((morpholine-4-carbonyl)oxy)phenazine 5,10-dioxide (IM118, 19) 

 

 

 

A dry round-bottomed flask was loaded with myxin (2) (90 mg, 0.35 mmol, 1 eq) and DABCO 

(237 mg, 2.11 mmol, 6 eq). The solids were dispersed in anhydrous THF (20 mL) under argon 

atm, and the stirred mixture was cooled on ice-water bath to 0 °C. Then 4-morpholinecarbonyl 

chloride (0.13 mL, 1.11 mmol, 3 eq) was added followed by the removal of the ice-water bath. 

The reaction mixture was left to stir for 2 h at rt followed by concentration in vacuo. The mixture 

was diluted by 50 mL of NaHCO3 (saturated aqueous sol.) and extracted by DCM (3 x 40 mL). 

The pooled organic phases were washed with brine, dried with Mg2SO4 and filtered. The 

resulting crude mixture was concentrated in vacuo, dissolved in eluent, and further purification 

was done by flash column chromatography on silica gel (2-5% MeOH/DCM) to afford 64 mg 

(49%) of the product (19) as a valentine red solid. Rf: 0.18 (5% MeOH/DCM). 1H NMR (400 

MHz, CDCl3) δ 8.62 (dd, J = 9.2, 1.3 Hz, 1H), 8.26 (dd, J = 9.1, 1.1 Hz, 1H), 7.69-7.61 (m, 

2H), 7.38 (dd, J = 7.6, 1.3, 1H), 7.09 (dd, J = 8.0, 1.1, 1H), 4.09 (s, 3H), 3.93-3.80 (m, 6H), 

3.65 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 154.0, 153.7, 143.7, 139.7, 139.3, 131.2, 131.0, 

130.1, 129.7, 125.0, 118.7, 112.1, 110.5, 66.8, 57.4, 45.7, 44.8. HRMS (ESI+): Exact mass 

calculated for C18H17N3NaO6 [M+Na]+: 394.1010, found 394.1010 (0.0 ppm).  
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5.2.8 1-methoxy-6-((2-oxoimidazolidine-1-carbonyl)oxy)phenazine 5,10-dioxide (IM119, 

20) 

 

 

 

A dry round-bottomed flask was loaded with myxin (2) (99 mg, 0.38 mmol, 1 eq) and DABCO 

(265 mg, 2.36 mmol, 6 eq). The solids were dispersed in anhydrous THF (20 mL) under argon 

atm, and the stirred mixture was cooled on ice-water bath to 0 °C. 2-oxo-1-imidazolinecarbonyl 

chloride (175 mg, 1.13 mmol, 3 eq, ≤ 96% purity) was added followed by the removal of the 

ice-water bath. More 2-oxo-1-imidazolinecarbonyl chloride (116 mg) was added after 2 h, and 

the reaction was left to stir for another 22 h. The mixture was diluted by 50 mL of NaHCO3 

(saturated aqueous sol.) and extracted by DCM (4 x 40 mL). The pooled organic phases were 

washed with brine, dried with Mg2SO4 and filtered. The resulting crude mixture was 

concentrated in vacuo, dissolved in eluent (5% MeOH/DCM), and further purification was done 

by flash column chromatography on silica gel (5-20% MeOH/DCM) to afford 8 mg (6%) semi-

purified product (20) as an orange-red solid. Rf: 0.11 (5% MeOH/DCM). 1H NMR (400 MHz, 

CDCl3) δ 14.59 (s, 1H) 8.65 (dd, J = 9.2, 1.3 Hz, 1H), 8.23 (dd, J = 9.1, 1.1 Hz, 1H), 7.69 (dd, 

J = 9.1, 7.5 Hz, 1H), 7.62 (dd, J = 9.1, 8.0 Hz, 1H), 7.45 (dd, J = 7.5, 1.3, 1H), 7.09 (m, 1H), 

4.08 (s, 3H), 3.95 (m, 2H), 3.50 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 156.1, 156.0, 155.9, 

154.0, 142.5, 139.7, 139.2, 131.3, 130.5, 130.0, 124.9, 119.3, 112.1, 110.5, 57.4, 44.1, 37.1. 

HRMS (ESI+): Exact mass calculated for C17H14N4NaO6 [M+Na]+: 393.0806, found 393.0806 

(-0.1 ppm).  
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5.2.9 N'-(2-bromoacetyl)isonicotinohydrazide (22) 

 

 

 

A dry round-bottomed flask was loaded with THF (100 mL) and cooled on ice-water bath to 0 

°C. Isoniazid (21) (1.12 g, 8.17 mmol, 1 eq) and TEA (1.12 mL, 8.10 mmol, 1 eq) was then 

suspended in the cold solvent. 2-bromoacetyl bromide (0.43 mL, 8.13 mmol, 1 eq) was diluted 

in THF (2 mL) and added dropwise to the stirring suspension. The reaction mixture was left to 

stir for 3 h, while TLC was checked every 30 min during these hours. The mixture was left to 

stir for another 18 h. Visual observations showed that 21 had almost not dissolved in THF at 

all. Finally, the resulting mixture was concentrated in vacuo, then diluted by 100 mL of K2CO3 

(0.5 M aqueous sol.) and extracted by DCM (3 x 50 mL). The pooled organic phases were dried 

with Mg2SO4, filtered and dried in vacuo. The last TLC analysis disclosed starting materials 

and several impurities/byproducts. No further purification was done. NMR spectra were taken 

but proved non-relevant.  
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5.3 Solubilization of IM56 (3) in D-gluconic acid solution 

General procedure 1 

A glass vial was charged with IM56 (3) and solved in D-gluconic acid (49-53 wt.% in H2O) to 

yield the wanted concentration. The mixture was visually inspected in daylight to confirm 

whether all of compound 3 had dissolved or not. If not, the mixture was left on ultrasonic baths 

ranging from 10-60 min followed by a new visual inspection.   

 

Table 3: The different concentrations of 3 prepared in accordance with general procedure 1. 

Concentration 

(mg/mL) 

IM56 (mg) D-gluconic acid 

(μL) 

Dissolved/Not 

dissolved 

5 5.1 100 Dissolved 

10 5.0 50 Dissolved 

20 5.3 250 Dissolved 

25 5.1 200 Dissolved 

30 7.6 250 Dissolved 

40 10.2 250 Dissolved 

50 10.0 200 Dissolved 

100 50.0 500 Dissolved 

200 25.0 125 Dissolved 
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7 Appendixes 

7.1 Appendix A – NMR spectra 

 

 

Figure A-1: 1H-NMR spectrum of compound 1 (iodinin) 
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Figure A-2: 1H-NMR spectrum of compound 2 (myxin) 

 

Figure A-3: 13C-NMR spectrum of compound 2 (myxin) 
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Figure A-4: 1H-NMR spectrum of compound 3 (IM56) 

 

Figure A-5: 1H-NMR spectrum of compound 3 (IM56) 
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Figure A-6: 1H-NMR spectrum of compound 13 (IM116) 

 

Figure A-7: 13C-NMR spectrum of compound 13 (IM116) 
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Figure A-8: 1H-NMR spectrum of compound 14 (IM117) 

 

Figure A-9: 13C-NMR spectrum of compound 14 (IM117) 
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Figure A-10: 1H-NMR spectrum of compound 19 (IM118) 

 

Figure A-11: 13C-NMR spectrum of compound 19 (IM118) 
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Figure A-12: 1H-NMR spectrum of compound 20 (IM119) 

 

Figure A-13: 13C-NMR spectrum of compound 20 (IM119) 
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7.2 Appendix B – Mass spectra 

 

 

Figure B-1: Mass spectrum of compound 13 (IM116) 
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Figure B-2: Mass spectrum of compound 14 (IM117) 
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Figure B-3: Mass spectrum of possibly compound 16 (IM120) 
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Figure B-4: Mass spectrum of compound 19 (IM118) 



72 

 

 

Figure B-5: Mass spectrum of compound 20 (IM119) 
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7.3 Appendix C – Illustrations  

 

Figure C-1: A failed attempt at purification of myxin (2) by flash column chromatography 

with 1% MeOH:DCM as mobile phase.  

 

 

Figure C-2: Flash column chromatography of myxin (2) with 30-70% EtOAc:hexane 
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Figure C-3: Solubility testing of IM56 (3) in D-gluconic acid solution wt. 49-53% in H2O. 

The unit is mg/mL.  

 

 

Figure C-4: Solubility testing of IM56 (3) in D-gluconic acid solution wt. 49-53% in H2O. 

 


