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Zusammenfassung 

JumonjiC Domänen-enthaltende Histon-Demethylasen (JmjC-KDMs) sind 

epigenetische Enzyme, welche Methylgruppen von Histon- und Nicht-

Histonproteinen in einem Eisen(II)- und 2-Oxoglutarat-abhängigen Mechanismus 

oxidativ entfernen können. Ihre Beteiligung an einer Vielzahl von Erkrankungen, 

insbesondere Krebs, wurde in zahlreichen Studien gezeigt.  

Diverse auf bekannten Inhibitoren basierende Verbindungen wurden synthetisiert 

oder von Kollaborationspartnern bezogen und in dieser Arbeit bewertet. Die 

biochemische Testung erfolgte in zwei orthogonalen Assays. Diese Arbeitsweise 

ermöglichte die iterative Optimierung synthetisierter Verbindungen basierend auf 

Aktivitätsmessungen. Hierzu wurden zwei wesentliche Strategien angewendet, 

nämlich die Erzeugung von Bioisosteren publizierter Inhibitoren und die Synthese 

von Analoga des klinisch zugelassenen Eisenchelators Deferasirox. Der erste 

Ansatz lieferte zwei Grundgerüste mit IC50-Werten im unteren mikromolaren 

Bereich, die jeweils Tetrazole als bioisosteren Ersatz für Carbonsäuren enthalten. 

Der zweite Ansatz resultierte in fünf verschiedenen zentralen Motiven – Triazolen, 

Thiazolen, Oxazolen, Pyrazolen und Imidazolen. Für zahlreiche Verbindungen 

wurde eine inhibitorische Potenz im einstellig mikromolaren Bereich erhalten und 

Struktur-Aktivitätsbeziehungen wurden aufgeklärt. Für eine Thiazol-Verbindung 

wurde eine schwache Selektivität für KDM4A gegenüber KDM5A und KDM6B 

erreicht. Mit einer ösophagealen Krebszelllinie wurden die zelluläre Aktivität und 

Zielstruktur-spezifische Effekte anhand von Immunfluoreszenz-Messungen für 

ausgewählte Verbindungen nachgewiesen. Die Synthese zweier Fluoreszenz-

markierter und eines Biotin-markierten Derivates sowie deren hohe Aktivität 

gegenüber KDM4A liefern einen Startpunkt für weitere In vitro- und 

möglicherweise auch In vivo-Studien. Die neu entdeckten Inhibitoren, insbesondere 

die Deferasirox-basierten Verbindungen, können als wertvolle Werkzeuge zur 

Untersuchung der physiologischen und pathophysiologischen Funktionen von 

KDMs dienen und können eingesetzt werden um das therapeutische Potential 

dieser Enzymklasse näher zu charakterisieren. 
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Summary 

JumonjiC domain-containing histone demethylases (JmjC-KDMs) are epigenetic 

enzymes capable of oxidatively removing methyl marks from histone and non-

histone proteins in an iron(II)- and 2-oxoglutarate-dependent mechanism. Their 

involvement in various diseases, particularly cancer, has been shown in numerous 

studies. 

Diverse compounds based on known KDM inhibitors were synthesized or acquired 

from collaboration partners and evaluated in this work. Biochemical testing was 

performed using two orthogonal KDM4A assays. This workflow allowed iterative 

compound optimization based on activity measurements. Two main strategies were 

employed in the inhibitor development, namely the generation of bioisosteres of 

published inhibitors and the synthesis of analogs of the clinically approved iron-

chelator deferasirox. The first approach yielded two scaffolds with IC50 values in the 

micromolar range, which both contain tetrazoles as bioisosteric replacement for 

carboxylic acids. The second approach resulted in five different core structures – 

triazoles, thiazoles, oxazoles, pyrazoles and imidazoles. An inhibitor potency in the 

single-digit micromolar range could be achieved for numerous compounds and 

distinctive structure activity relationships were uncovered. Weak selectivity for 

KDM4A over KDM5A and KDM6B was accomplished for a thiazole compound. 

Antiproliferative cellular activity on an oesophageal cancer cell line was shown and 

on-target effects on KDM4 were revealed using immunofluorescence 

measurements for selected compounds. The synthesis of two fluorescently and one 

biotin-labelled derivative and their high activity towards KDM4A provide a 

starting point for further in vitro and possibly also in vivo studies. The newly 

discovered inhibitors, particularly the deferasirox-based compounds, may serve as 

valuable tool compounds for the study of the physiological and pathophysiological 

roles of KDMs and may be used for the investigation of the therapeutic potential of 

this enzyme class.  
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1 Introduction 

In the last decades huge progress has been made in the elucidation of mechanisms 

underlying human diseases, that have led to the development of new treatment 

options. Still, there is an unmet need for therapeutic approaches for numerous 

diseases, such as cancer, infectious, metabolic as well as neurodegenerative 

diseases. A research field relevant for all the above-mentioned areas is the study of 

epigenetics, which influences a variety of physiologic and pathophysiologic 

mechanisms and for which the development of small-molecule modulators is of 

great interest.  

 Epigenetics 

A fundamental cornerstone for the development of complex multicellular 

organisms is the ability of cells to differentiate towards their respective functions 

and to maintain that specialization over time. This competence depends on 

differential expression of genes encoded by the underlying uniform DNA sequence 

and requires mechanisms regulating and maintaining distinct expression profiles. 

According to the definition of Cavalli and Heard, research concerning these 

processes, specifically “the study of molecules and mechanisms that can perpetuate 

alternative gene activity states in the context of the same DNA sequence”, are 

termed epigenetics.1 This definition includes all persistent changes in gene activity 

and chromatin function, irrespective of whether these changes are inheritable – 

either mitotically or transgenerational, which was a prerequisite in the widely 

accepted definition of epigenetics by Riggs et al.2 – or merely apparent in non-

dividing cells. The broadening of the applicability of the term epigenetics to non-

dividing cell states obviates the ambiguous differentiation between heritable and 

non-heritable changes, as the underlying molecular mechanisms are the same. The 
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main epigenetic mechanisms are histone modifications, regulatory non-coding 

RNAs and DNA modifications not impairing Watson-Crick base pairing but 

influencing binding affinities to effector proteins.3 Epigenetic mechanisms are vital 

for the stability of certain cell states, but meanwhile maintain the ability to adapt to 

genetic, metabolic or environmental stimuli. Thereby, they provide the basis for 

cellular plasticity in dependence on developmental stage and external conditions. 

 DNA Modifications 

The most abundant epigenetic DNA modification is cytosine methylation at C5, 

which amounts to approximately 4% of the total genomic cytosines and occurs 

mainly at cytosine nucleotides precedent to guanine (CpG sites).4 DNA methylation 

of promoter regions is closely linked to transcriptional repression thereby playing a 

major role in fundamental mechanisms, such as X-chromosome inactivation, 

genomic imprinting, as well as silencing of developmental genes.5 By contrast, 

methylation of gene bodies is positively linked to transcription, suggesting context-

specific effects of methylation marks.6  

 
Figure 1 Cytosine modifications present in DNA. Methylation is performed by DNA-

methyltransferases (DNMTs) and successive oxidation by TET dioxygenases. 5-mC – 

5-methylcytosine, 5-hmC – 5-hydroxymethylcytosine, 5-fC – 5-formylcytosine, 5-caC – 

5-carboxylcytosine. 

Methyl groups are installed by DNA methyltransferases (DNMTs), which are 

responsible for the propagation of methylation patterns during cell division 

(DNMT1) and de novo methylation (DNMT3a and b). Although the methyl mark is 

considered a stable modification mainly involved in long-term regulation, plasticity 

is maintained via several demethylation mechanisms. These include passive 

demethylation via dilution over several rounds of cell division as well as active 

removal via oxidation of methyl-cytosine to hydroxy-, formyl-, and carboxymethyl-
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cytosine by TET-dioxygenases (cf. Figure 1) triggering replacement by 

unmethylated cytosine via base excision repair or direct deformylation or 

decarboxylation.7 Additionally, these oxidized cytosine nucleotides can elicit 

regulatory functions of their own, such as context-dependant transcriptional 

activation or repression and regulation of alternative splicing.8-10 

Further putative epigenetic DNA modifications include 6-methyladenine, 

1-methyladenine, 7-methylguanine and 4-methylcytosine. However, their 

extremely low abundance in human genomic DNA – for 6-methyladenosine an 

occurrence of 0.05% of the total adenines is reported, while the other three are 

estimated to be even rarer – requires highly sensitive detection techniques, and 

renders sequencing results prone to errors caused by contamination or artefacts, 

which has impeded analysis of their biological roles.11, 12 Therefore, their implication 

in epigenetic regulation is not entirely clear to date.13 

 Histone Modifications 

The genomic DNA is wrapped around histone octamers consisting of the core 

histones H2A, H2B, H3 and H4 (cf. Figure 2). Along with the linker histone H1, these 

nucleosomes form the chromatin fibre allowing the dense packing of DNA in the 

nucleus while maintaining accessibility. The highly condensed form, termed 

heterochromatin, is characterized by low transcriptional activity, whereas the more 

loosely packed euchromatin is more accessible for transcription factors, other 

regulatory proteins and the transcription machinery. Packing density and protein 

affinity is mainly regulated by chromatin-remodelling complexes and is highly 

dependent on histone variants and post-translational modifications of the N-

terminal histone tails protruding from the nucleosomes. A high level of complexity 

is attained by multiple available modification sites, the variety of functional 

modification marks – including acetyl-, methyl-, phosphoryl-, ADP-ribosyl-, 

SUMOyl- and ubiquitinyl-groups – and the possible cross-talk between these 



1 Introduction  

4    

modifications.14 Acetylation of the ε-amino group of lysine is mainly associated with 

an open chromatin structure and active transcription, because neutralisation of the 

otherwise positively charged amine moiety decreases the interaction of histones 

with the negatively charged DNA backbone.15 Methylation of lysine or arginine is 

either linked to transcriptional activation or to repression depending on the 

position, the degree – ranging from mono- to trimethylation for lysine and mono- 

and symmetric or asymmetric dimethylation for arginine – and the context to other 

epigenetic marks.16 The most important lysine methylation marks and their biologic 

functions are summarized in Table 1 and a more detailed description of methylation 

marks is included in the description of biological roles of histone demethylases in 

section 1.2. 

 
Figure 2 Schematic representation of the higher order of DNA. DNA is wrapped around histone 

proteins forming nucleosomes. The resulting “bead string” is further compacted to form 

the chromatin fibre, which can be spiralized to give the chromosome. The three main 

epigenetic regulation mechanisms are DNA-methylation, post-translational histone 

modifications and RNA based mechanisms (adapted from Lee et al.17). 

Epigenetic modifications are installed by writer proteins, such as lysine 

acetyltransferases (KATs), lysine and arginine methyltransferases (KMTs and 
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PRMTs) and removed by eraser proteins, like lysine deacetylases (HDACs, also 

termed KDACs), lysine and arginine demethylases (KDMs and RDMs). Reader 

proteins recognising specific modifications elicit regulatory functions. Reader 

domains may recruit protein complexes involved in transcriptional regulation, 

chromatin remodelling, DNA replication and damage repair, as well as writer or 

eraser proteins.  

Table 1  Overview over localization and biologic significance of major histone methylation 

marks. As most marks employ various, sometimes contrasting functions in different 

contexts, only major known roles are given.19-22 

methylation 
site 

degree of 
methylation 

main localization 
main physiologic role or 

associated processes 

H3K4 

H3K4me1 enhancers 

transcriptional activation 

poising of promoters 
H3K4me2 

5′ end of transcribed 
genes 

H3K4me3 promoter regions 

H3K9 

H3K9me1 gene bodies transcriptional silencing 

heterochromatin formation 

related to DNA methylation 

H3K9me2/3: alternative splicing 

H3K9me2 centromeric and 
telomeric regions 

transposable elements H3K9me3 

H3K27 

H3K27me1  gene bodies transcriptional activation 

H3K27me2  

intra- and intergenic 
regions 

enhancers 

transcriptional repression 

prevention of H3K27 acetylation 

H3K27me3 promoter regions transcriptional repression 

H3K79 H3K79me2/3 

gene bodies 

chromosome 
boundaries 

transcriptional activation 

elongation 

telomeric silencing 

H4K20 

H4K20me1/2 
promoter regions 

gene bodies 

transcriptional activation 

cell cycle control 

H4K20me3 
promoter regions 
transposons 

heterochromatin formation 

genome stability 

DNA damage repair 

The epigenetic reader domains include bromodomains, recognising acetylated 

lysine residues, and the methyl-recognising chromo-like reader domains, including 

chromo-, chromo-barrel, double chromo- (DC), tudor, tandem tudor (TT), and 
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malignant brain tumour (MBT) domains, as well as plant homeodomains (PHD). 

Furthermore, distinct methylation marks can be recognised by ADD, Ankyrin, 

BAH, HEAT, PWWD, WD40 and zinc finger-CW (zfCW) domains.18 

 Epigenetics in Disease and Therapy 

Given their essential role in development, cell differentiation, cellular memory, 

aging and numerous other basic biologic functions, the importance of 

understanding and potentially influencing epigenetic mechanisms in regard to 

human health stands without question. Their implication in various diseases, for 

example in cancer, autoimmune diseases, inflammation, neurodegenerative and 

neuropsychiatric disorders, has triggered the development of diverse 

pharmacologically active substances targeting epigenetic regulators, leading to the 

approval of several epigenetic drugs while many more are currently undergoing 

clinical trials.23  

 

Figure 3 Approved drugs targeting epigenetic enzymes. 

The most clinical advances have been made in the field of cancer, leading to the 

approval of the first epigenetic drugs, namely azacitidine 1 (Vidaza®, 2004; cf. 

Figure 3) and decitabine 2 (Dacogen®, 2006) inhibiting DNMTs, as well as the 
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HDAC inhibitors vorinostat 3 (Zolinza®, 2006), romidepsin 4 (Istodax®, 2009), 

belinostat 5 (Beleodaq®, 2014), and panobinostat 6 (Farydak®, 2015). All these 

drugs are used for the treatment of haematological malignancies, such as 

myelodysplastic syndrome (MDS), T-cell lymphoma (TCL) and multiple myeloma 

(MM).24 More recently, tazemetostat 7 (Tazverik®, 2020), an inhibitor targeting the 

histone methyltransferase EZH2, was approved as the first epigenetic treatment for 

a solid tumour, namely epithelioid sarcoma.25  

 Histone Demethylases 

The enzymes capable of removing methyl marks from histone tails – and in some 

cases also non-histone substrates – are essential players in the epigenetic regulation. 

Lysine-specific demethylases (LSDs), discovered in 2004, are FAD-dependent, 

while the larger group of jumonjiC domain-containing histone demethylases (JmjC-

KDMs), first described in 2006, depend on iron and 2-oxoglutarate 8 (2-OG, also 

called α-ketoglutarate).26, 27 A systematic nomenclature covering all family members 

discovered so far terms the histone demethylases more generally as lysine 

demethylases (KDMs) as some members also have non-histone substrates, such as 

the transcription factors p65 and NF-κB for KDM2A.28 However, other names are 

also common in literature. An overview of the demethylases, their alternative 

names, substrate specificity and examples for their putative roles in disease are 

given in Table 2. 

 FAD-dependent Lysine-specific Demethylases 

The FAD-dependent demethylases LSD1 and 2 (also called KDM1A and B or AOF2 

and 1) catalyse the demethylation of mono- or dimethyl-lysine 4 of histone H3 

(H3K4me1/2). LSD1 also demethylates H3K9me1/2. Both enzymes cannot convert 

trimethylated lysines, because the reaction proceeds via an iminium intermediate, 
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which requires at least one hydrogen atom bound to the amino group (cf. Figure 

4B). The protein structure contains the catalytic AOL (amine oxidase-like) domain, 

a SWIRM domain enabling substrate recognition and protein-protein interactions 

as well as further protein-binding domains, namely the tower domain in LSD1 and 

two zinc finger domains in LSD2 (cf. Figure 4A).29, 30 

 

Figure 4 A)  Crystal structure of the histone demethylase LSD1. The tower domain is displayed 

  in blue, the AOL domain in green, the SWIRM domain in red, zinc ions as light grey 

  spheres and the cofactor FAD as dark grey sticks. (PDB: 2HKO, first published in  

  Ref. 45).  

 B) Demethylation reaction catalysed by LSD1 using the cofactor FAD. Demethylation 

  of mono- and dimethylated residues can be catalysed (R = H or CH3). 

LSD1 can either act as a transcriptional activator or repressor dependent on the 

location and degree of methylation, other epigenetic marks and interactions with 

regulatory proteins. In association with CoREST (corepressor of RE1-silencing 

transcription factor), NuRD (nucleosome remodelling and deacetylase) or CtBP (C-

terminal-binding protein 1) complexes, demethylation of H3K4me1/2 contributes to 

transcriptional repression.31, 32 Contrastingly, transcriptional activation via 

demethylation of H3K9me2 is induced by binding to androgen or estrogen nuclear 
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receptors.33, 34 Additionally, LSD1 elicits important biological functions independent 

of its demethylase activity, mainly via stabilisation or destabilisation of interaction 

partners, such as the transcriptional regulator estrogen-related receptor α (ERRα) 

or the tumour suppressor F-box/WD repeat-containing protein 7 (FBXW7), 

respectively. It may also activate downstream-processes, like a lethal prostate 

cancer gene network, which is involved in prostate cancer cell survival.35-37 

Although LSD2 is also an H3K4me1/2 demethylase, its biological roles differ 

considerably from LSD1, as it binds to different interaction partners. Unlike LSD1, 

which is primarily associated to promoter regions, LSD2 is mainly found at sites 

within gene bodies of actively transcribed genes, suggesting a regulatory role in 

transcription.38 

Both LSD1 and LSD2 are promising targets in cancer therapy, as their 

overexpression has been shown in various diseases, such as breast, prostate, lung 

or brain tumours and hematologic malignancies for LSD1 as well as breast cancer, 

colorectal adenocarcinoma and Ewing sarcoma for LSD2.39-41 Additionally, LSD1 is 

implicated in inflammation, neurodegenerative diseases and viral infections where 

it might prove to be a valid therapeutic target in the future.42-44 

 JmjC Domain-containing Histone Demethylases 

The second class of lysine demethylases are iron-dependent JmjC-KDMs, belonging 

to the cupin superfamily of metalloenzymes. This class consists of approximately 30 

members identified in the human genome, which can be divided into seven families 

according to their structure and phylogenetic relationships.46 In contrast to the 

LSDs, JmjC-KDMs can not only demethylate mono- and dimethylated lysine 

substrates but also trimethylated ones. Furthermore, some subtypes also recognise 

and convert methylated arginine substrates, although the biological significance of 

this process is still not clear.47  
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1.2.2.1 Structure of Jmj-KDMs 

All JmjC-KDMs share the conserved catalytic JumonjiC domain, formed by a 

double-stranded β-helix (DSBH, also called jelly-roll fold) which is comprised of 

eight antiparallel β-strands.27 The catalytic ferrous iron is bound via complexation 

of the side chains of two histidine and an aspartate or glutamate residue of the 

conserved HxD/E...H motif. For KDM4A, the responsible amino acids are His188, 

Glu190 and His276.48 In the resting state, the remaining three coordination sites of 

the octahedral iron complex are occupied by three water molecules, which are 

replaced by the co-substrate 2-OG – via bidentate chelation of the C1 carboxylate 

and the C2 keto-group – and molecular oxygen upon activation. The C5 carboxylate 

of 2-OG points towards the catalytic pocket and is stabilized via electrostatic and 

hydrogen interactions with basic, alcoholic, phenolic and/or amide residues of the 

DSBH.48, 49 In the case of KDM4A, 2-OG is stabilized via three hydrogen bonds 

formed between the side chains of Tyr132, Asn198, and Lys206 (cf. Figure 5).48  

 

Figure 5 Left: Crystal structure of the catalytic JmjC domain of KDM4A with bound co-substrate 

2-oxoglutarate. The central ferrous iron is replaced by nickel (green sphere) for stability 

reasons. Right: Zoom-in on the metal binding-site with the so-called facial triad formed 

by His181, Glu190 and His276. (PDB: TVR5, first published in Ref. 51). 

Furthermore, the DSBH is involved in substrate recognition and thereby contributes 

to the subtype selectivity towards distinct histone substrates. The main substrate-

binding cleft is localized adjacent to the catalytic site and places the methylated 

lysine chain into close proximity of the central ferrous iron. The binding site 

contains a methylammonium binding pocket, whose architecture determines 
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selectivity for distinct methylation states (me1/2/3) mainly via size and hydrophobic 

interactions. Specific interactions with the peptide chain are formed by 

characteristic inserts between the β-strands of the DSBH, which vary between 

subtypes.50 Apart from the inserts, the JmjC domain is highly conserved across the 

KDM family. The x-ray structure of the catalytic domain of KDM4A in complex with 

Ni2+ as a stable replacement for Fe2+ and the co-substrate 2-OG is shown in Figure 5. 

Additionally, KDMs 4 and 5 contain the JmjN domain adjacent to the JmjC domain. 

Its main functions are the stabilisation and activation of the catalytic domain via 

interactions with various methyl lysine reader domains such as TUDOR, ARID or 

PHD domains.52 The JmjN domain may also be involved in the formation of homo-

and heterodimers of KDM4A and KDM4C, which possess increased catalytic 

activities.53 Similar domains are also found in all other Jmj-KDMs and it has 

therefore been proposed that these domains should also be called JmjN domains 

and should be regarded as an integral part of the catalytic domain of all Jmj-KDMs.50 

However, this nomenclature has not gained acceptance in literature up to now. 

Furthermore, KDMs contain additional domains, which are mainly reader domains 

to recognise certain histone modifications or interact with DNA as well as domains 

interacting with other regulatory proteins such as transcription factors. KDM4, 

KDM5 and KDM7 family members contain up to three PHD domains, which belong 

to the zinc finger binding domains. They bind to methylated lysine or arginine 

residues, while some also recognise unmodified or acetylated lysine. PHDs are 

therefore involved in substrate recognition and specificity and may serve as 

allosteric modulators of the catalytic function.54 Another methyl lysine binding 

domain is the tandem Tudor domain, which is part of the KDM4 isoforms A-D and 

is also implicated in substrate recognition.55 KDM5 proteins additionally contain the 

AT-rich interacting domain (ARID), which recognises distinct DNA sequences 

consequently supporting targeting of histones bound to these specific strands.56  

Additional protein-protein interaction domains are the F-Box domain present in 

KDM4A and KDM4B, the leucine-rich repeat (LRR) domain in KDM2 and the 
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tetratricopeptide (TPR) domain in KDM6A and KDM6C. Moreover, some KDMs 

contain further zinc finger domains involved in DNA interactions such as the 

C5HC2 domain in KDM5 and the CXXC domain in KDM4A-C.50 An overview of 

the domain architecture of selected KDMs is given in Figure 6. 

 

Figure 6 Domain architecture of selected histone demethylases. (Modified after Ref. 52). 

The catalytic activity of KDMs is highly dependent on protein interactions of their 

reader domains with histones, especially for the substrate recognition domains, as 

becomes evident when comparing demethylase activities on differently modified 

histone substrates. For example, H3K4me3K9me3 is demethylated significantly 

faster at K9 by KDM4A than H3K9me3 even though K4me3 is not a substrate of 

KDM4A. This effect is more pronounced for full-length protein than for the catalytic 

core domain alone, which underlines the allosteric modulation by the reader 

domains.57 This effect should be kept in mind when analysing data from in vitro 

enzyme assays which are often performed with shortened substrates and enzyme 

constructs devoid of reader domains. 

The domain architecture of KDMs is conserved across species. For example, the 

KDM4A-C orthologs exist in all vertebrates and additionally share the same 
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substrate specificity for H3K9me3/2 and H3K36me3/2. The KDM4 protein has even 

been shown to be present in at least one isoform in all analysed eukaryotes ranging 

from yeast and flagellates to complex multicellular organisms.58 

1.2.2.2 Catalytic mechanism 

The demethylation reaction catalysed by JMJ-KDMs proceeds via an oxidation 

mechanism characteristic for Fe2+/2-OG-dependent dioxygenases, which is followed 

by spontaneous decomposition to release the demethylated substrate. Iron is bound 

to the enzyme via the facial triad consisting of two histidine residues and glutamate 

or aspartate residue. The other three coordination sites are occupied by three water 

molecules when the enzyme is in the resting state completing the octahedral 

complex. In the first catalytic step, the co-substrate 2-OG coordinates to the central 

Fe2+ ion – displacing two water molecules – which facilitates binding of molecular 

oxygen by weakening the coordinative bond to the third water molecule. Upon 

oxygen binding, one electron is transferred from Fe2+ to O2 yielding a highly reactive 

Fe(III)−OO•− superoxide radical intermediate IM1 (cf. Figure 7). From this transition 

state – probably a quintet state, as shown by energy calculations and spectroscopic 

measurements59 – the distal oxygen is transferred to the keto group of the co-

substrate via classical nucleophilic attack resulting in a peroxo-linked intermediate 

IM2. For mono- or dimethylated lysine substrates the NH-group of the lysine 

residue forms a bond with C1 of 2-OG, stabilizing the transition state. Next, 

decarboxylation of the co-substrate takes place while the peroxo-bond is cleaved 

heterolytically yielding the reactive Fe(IV)=O oxo intermediate IM3 with 

coordinatively bound succinate. Formation of this intermediate and release of CO2 

make enough room for the methyl group of the substrate to be placed close to the 

iron centre. Consequently, the Fe(IV)=oxo group abstracts one hydrogen radical 

from the substrate resulting in the hydroxylated intermediate IM4. The 

intermediate transfers the hydroxyl radical onto the substrate, yielding the 
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hydroxymethyl lysine intermediate IM5. This hemiaminal spontaneously 

decomposes to release formaldehyde and the mono-demethylated substrate. The 

catalytic cycle is completed upon succinate release making room for a new 2-OG co-

substrate to bind to the enzyme.59, 60 

 

Figure 7 Catalytic mechanism of the demethylation of methylated lysine residues by Jmj-

KDMs.59, 60 

In summary, the catalytic reaction comprises of the transfer of one oxygen to the 

substrate, which results in the release of formaldehyde and the mono-demethylated 

substrate and the transfer of the other oxygen atom onto the co-substrate 2-OG 

yielding carbon dioxide and succinate. As the underlying mechanism is a radical 

oxidation, it is not limited to mono- and dimethylated substrates but also works on 
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trimethylated ones, because – contrasting to the FAD-dependent mechanism 

performed by KDM1A and KDM1B (LSD1 and 2) – the ε-lysine nitrogen lone pair 

is not involved in the reaction and no imine intermediate is formed. 

1.2.2.3 Physiologic Roles 

Like the FAD-dependent KDMs, Jmj-KDMs are also involved in transcriptional 

regulation, dependent on their respective target substrate as well as interactions 

with transcription factors and other regulatory proteins. Furthermore, they 

influence other genome-related processes such as cell cycle control and DNA 

damage repair. Consequently, they are implicated in various cellular processes 

ranging from egg cell implantation to neuronal plasticity. Their roles have 

extensively been reviewed.19, 61-65 The following section highlights some important 

biologic functions with special focus on KDM4A, as this isoform is the main subject 

of this thesis.  

KDMs play a major role in embryonic development starting with epigenetic 

reprogramming of the germline and followed by the lineage commitment of 

developing cells. Reprogramming is an event occurring shortly after fertilization, 

where most parental epigenetic marks are removed in a “resetting” protocol. Here, 

demethylases such as KDM3A and KDM3C play an important role via removal of 

histone methylation marks and also via regulating the replacement of modified 

histones.66, 67 KDM4A is also involved in early development, as it is relevant for 

epigenomic integrity and zygotic gene activation in oocytes. It demethylates 

H3K9me3 at promoters marked by broad domains of H3K4me3, which is a typical 

marker of oocyte-specific genes and is necessary for proper gene activation.68 

During lineage commitment, a vast set of genes, which are transcriptionally 

repressed in embryonic stem cells, has to be activated for transcription to allow for 

lineage-specific genes to be expressed. KDMs like KDM2 and KDM6 confer this 

activation via removal of repressive H3K27me3 and H3K36me1/2 marks and a 
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decrease in the activity of repressive complexes such as Polycomb. KDM 

recruitment to these sites is mainly directed by recognition of CpG islands and the 

interaction with transcription factors.69, 70 

A further important role of KDMs is the regulation of neurologic functions. Several 

KDMs are implicated in synaptic plasticity, memory formation and cognitive 

behavioural patterns as well as embryonic neural development.52, 71, 72 For example, 

KDM4A is crucial for the formation of the neural crest, a tissue giving rise to 

peripheral and enteric neurons and other tissues, via demethylation of repressive 

H3K9me3 at the promoters of the transcription factor genes Sox10 and Snail2, 

thereby poising those genes for transcription.73 Additionally KDM4A and KDM4C 

control neural stem cell differentiation by activating the brain-derived neurotrophic 

factor BDNF gene via H3K9me3 demethylation and RNA polymerase II recruitment 

while simultaneously repressing the astrocyte-characteristic gene GFAP (glial 

fibrillary acidic protein) via H3K36me3 demethylation.74 

The influence of KDM4 activity on higher neurologic functions such as behaviour 

and mood has been shown in the nucleus accumbens, a brain region controlling 

reward circuits. Here, H3K9me2/3 demethylation by KDM4A seems to be crucial for 

the proper function of this pathway, as increased H3K9me2/3 levels upon KDM 

inhibition lead to depression-like symptoms in mice.75 

KDMs are also involved in metabolic processes and the development of adipose 

tissue. KDM4A and KDM4B are major regulators of differentiation of stromal cells 

into adipocytes by activating adipocyte-specific genes. They are therefore involved 

in the regulation of body weight and fat metabolism. KDM4B inactivation in 

adipocytes via knock-out in mouse models showed acceleration of obesity and 

increased glucose intolerance and hepatic steatosis.76, 77 

Furthermore, Jmj-KDMs are involved in the regulation of DNA replication and cell 

cycle control. For example, KDM5C has been shown to be highly expressed in early 

S-phase and to demethylate H3K4me3 at origins of replication of early replicating 

genes and to be thereby involved in the initiation of replication.78 
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Since the discovery of KDMs as histone demethylases, it has become more and more 

evident that they also possess physiological roles besides direct epigenetic 

regulation by recognising non-histone substrates. This has been shown for example 

for KDM2A and KDM4A. Possible target proteins are DNA methyltransferases 

(DNMTs), the transcription factors p53 and NF-κB, retinoblastoma protein 1 (RB1), 

oestrogen receptors (ERs) and many others. KDM4A additionally is present in the 

cytosol in high concentrations making targeting of non-nuclear proteins highly 

likely. The roles of demethylation of non-histone substrates in physiologic processes 

are not completely elucidated to date, although some studies have shown links 

between protein methylation and protein stability via regulation of ubiquitinylation 

as well as modulation of affinity towards reader domains of interaction partners.79 

1.2.2.4 Roles in Disease 

Given their essential role in transcriptional regulation and diverse other physiologic 

mechanisms, it is not surprising that dysregulation of these processes, be it via 

overexpression, downregulation or mutation of the involved demethylases is 

related to a variety of diseases. The most abundant and also best-studied disease 

type is cancer, and dysregulation for almost every Jmj-KDM could be linked to 

certain cancer types.52 Other disease areas, where the involvement of KDMs is 

highly probable, are neurologic diseases, such as Alzheimer’s disease, 

schizophrenia and autism spectrum disorders, metabolic diseases like diabetes and 

obesity, inflammatory and autoimmune diseases.52 The link of KDMs to the primary 

metabolism via its co-substrate 2-OG as well as the role of the side product succinate 

and other intermediates of the tricarbon cycle as physiologic KDM inhibitors (cf. 

section 1.4.2) establishes their role in metabolic diseases and also links them to aging 

processes.80 A comprehensive review of the implications of Jmj-KDMs in diseases is 

beyond the scope of this thesis, yet examples for KDM involvement in several 

diseases is given in Table 2 and a more elaborate description for the roles of KDM4A 
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is given in the sections below. More extensive reviews can be found in literature, a 

recent example being Ref. 52 by Arifuzzaman et al.52, 55, 81-86  

Table 2  Overview of KDMs, their substrate specificity and role in disease.52 

Systematic 
Name 

Synonyms Preferred Substrates Examples for Disease Implication 

KDM1A LSD1, AOF2 
H3K4me2/1 

H3K9me2/1 
↑ neuroblastoma, prostate and breast cancer 
 X increased risk of type 2 diabetes mellitus 

KDM1B LSD2, AOF1 H3K4me2/1 ↑ urothelial carcinoma 

KDM2A 
FBXL11, 
JHDM1A1 

H3K36me2/1 ↑ leukaemia 

KDM2B 
FBXL10, 
JHDM1B 

H3K4me3, H3K36me2/1  X impaired spermatogenesis 

KDM3A 
JMJD1A, 
JHDM2A 

H3K9me2/1 
 X impaired fertility, prostate, renocellular and  
  hepatocellular carcinoma 
↓ increased risk of obesity 

KDM3B 
JMJD1B, 
JHDM2B 

H3K9me2/1  X decreased spermatogenesis 

KDM4A 
JMJD2A, 
JHDM3A 

H3K9me3/2 

H3K36me3/2 
↑ prostate and breast cancer 
↓ bladder cancer 

KDM4B 
JMJD2B, 
JHDM3B 

H3K9me3/2 H3K36me3/2 
↑ malignant peripheral nerve sheath tumour 
↓ increased risk of obesity 

KDM4C 
JMJD2C, 
JHDM3C, 
GASC1  

H3K9me3/2 H3K36me3/2 
↑ medulloblastoma, oesophageal and breast   
  cancer 
 X related to autism 

KDM4D 
JMJD2D, 
JHDM3D 

H3K9me3/2 H3K36me3/2 ↑ gastrointestinal stromal tumour87 

KDM4E JMJD2E H3K9me3/2  X squamous cell lung cancer88 

KDM5A 
JARID1A, 
RBP2 

H3K4me3/2  X lung, gastric, breast and liver cancer 

KDM5B 
JARID1B, 
PLU1 

H3K4me3/2 
 X impaired spermatogenesis, hepatocellular   
  carcinoma, malignant melanoma, prostate and  
  colorectal cancer 

KDM5C 
JARID1C, 
SMCX  

H3K4me3/2 
↑ prostate cancer 
 X related to autism and cognitive dysfunction 

KDM5D 
JARID1D, 
SMCY 

H3K4me3/2  X prostate cancer 

KDM6A 
UTX, 
MGC141941 

H3K27me3/2 
↑ Hodgkin’s lymphoma, lung and liver carcinoma 
 X Kabuki syndrome 
↓ increased risk of diabetes mellitus 

KDM6B 
JMJD3, 
KIAA0346 

H3K27me3/2 
↑ breast cancer89 
↓ advanced artherosclerosis90 

KDM7A KIAA1718 H3K9me2/1 H3K27me2/1 ↑ prostate cancer 

KDM7B 
KIAA1111, 
PHF8, ZNF422 

H3K9me2/1 

H4K20me1 
↑ breast cancer 
 X cleft lip/palate 

KDM8 JMJD5 H3K36me2 ↑ prostate cancer91 

↑ overexpression and/or amplification 

↓ downregulation and/or deficiency 

 X deletion or missense mutation 
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As shown in Table 2 KDM4A is overexpressed in prostate92 and breast93 cancer. 

These two diseases both belong to the hormone-dependent malignancies, where 

disease progression is linked to androgens and oestrogens, respectively. Another 

hormone-receptor dependent tumour influenced by KDM4 overexpression is 

endometrial carcinoma.94 KDM4A acts as a co-activator of the androgen and 

oestrogen receptors (AR and ER) by forming a complex with the respective receptor 

and activating demethylations at promoters of hormone-dependent genes, thereby 

driving cancer development and progression.92, 93 Consecutively, KDM4 inhibition 

suppresses tumour growth via downregulation of AR- or ER-controlled genes.95, 96 

KDM4A inhibition was even able to subdue proliferation of triple-negative breast 

cancer stem-cells, which are resistant to treatment with hormone receptor 

antagonists, underlining the crucial role of KDM4A in cancer development via 

several mechanisms and its great potential for clinical treatments.96 Besides the 

binding of hormone receptors, another mechanism of KDM4A is binding to the 

transcription factor ETV1, whose downstream targets may act as oncogenic 

proteins.97 

KDM4A overexpression has also been shown in various other solid tumours, 

namely bladder,98 cervical,99 colorectal,100 gastric,101 liver,102 lung,103 and naso-

pharyngeal104 carcinoma as well as glioblastoma.105 In these cancers, increased 

demethylation correlates with tumour progression, migration, invasion, and poor 

prognosis, while inhibition or knockdown causes growth inhibition.103, 106 In 

pancreatic cancer low levels of KDM4A have been found in senescent tumour cells 

thereby correlating decreased KDM4A activity with tumour suppression.107 

Involved mechanisms comprise downregulation of tumour suppressors,99 

upregulation of oncogenic proteins such as c-Myc,102 and cancer-specific metabolic 

changes such as the Warburg effect.104 Additionally, KDM4A is also overexpressed 

in hematologic malignancies such as acute myeloid leukaemia (AML)108 and chronic 

lymphocytic leukaemia (CLL), though CLL cells show decreased levels of KDM4B, 

showing that these similar demethylases are not completely redundant.109 
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However, there are also tumour types, where a decreased expression of KDM4A 

has been discovered, for example in urothelial carcinoma, underlining the complex 

epigenetic regulation in different tumours and proving the need for careful research 

in this disease area.110 Recent findings in the field of cancer research around KDM4 

are reviewed in Ref. 111 by Lee et. al. Another disease area where KDM4A 

overexpression plays a role is hypertrophic cardiomyopathy. Here, H3K9me3 

demethylation leads to the overexpression of FHL1, a protein involved in the 

mechanotransducer machinery of the heart and thereby increases hypertrophy of 

the heart muscle in response to pressure overload.112 Therefore, KDM4A inhibition 

seems to be an interesting option to treat cardiomyopathy or even prevent it. 

KDM4A overexpression has also been shown in a model for cerebral ischemic 

stroke, and KDM inhibition was associated with ameliorated neurological deficits 

and a normalization of aberrant H3K9 methylation in striatal neurons.113 

Moreover, KDM4A is implicated in the development of another cardiovascular 

disease, namely atherosclerosis. Increased KDM4A expression is triggered by 

oxidized LDL (low-density lipoprotein), a main factor in the development of 

atherosclerotic plaques, and induces macrophage polarization towards a pro-

inflammatory phenotype. Inflammation is a hallmark of atherosclerosis and thereby 

contributes to disease progression.114  

On the other hand, reduced KDM4 expression has been shown in the development 

of liver fibrosis, another disease involving inflammatory processes. Here KDM4 

downregulation is accompanied by the transition of quiescent hepatic cells into 

activated myofibroblasts producing pro-fibrogenic proteins, thereby driving the 

disease forward.115 

In summary, KDM4A overexpression is relevant in numerous diseases, particularly 

cancer, which yields the therapeutic opportunity for treatment with KDM4A 

inhibitors to reverse these negative effects. However, in some cases, such as 

urothelial carcinoma and liver fibrosis, low KDM4A activity seems to favour disease 

progression. This underlines the importance of the development of potent and 
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selective inhibitors in order to characterise the effects of KDMs in disease in more 

detail as well as to elucidate potential therapeutic areas and to uncover mechanism-

based undesired side-effects. 

 Assays for JmjC Domain-containing Histone Demethylases 

As outlined in the previous section, inhibition of histone demethylases constitutes 

a valuable means to target various diseases. Hence, the development of potent 

inhibitors is of utmost importance. A vital prerequisite for developing enzyme 

inhibitors is the availability of suitable assay formats to evaluate compound activity. 

Assays can either be based on measurement of enzyme activity or binding to the 

isolated enzyme in an in vitro setting, assessment of cellular effects in target-relevant 

cell lines or evaluation of in vivo effects in more complex systems or whole 

organisms. For screening of larger compound libraries and early inhibitor 

development the first two methods are often preferable due to comparably low cost 

and complexity as well as to avoid animal studies for ethical reasons. Thus, a 

number of different biochemical in vitro assays for JmjC domain-containing histone 

demethylases have been established to date. Assays are either based on the 

measurement of enzyme activity or on determination of compound binding affinity. 

The main principles used for detection in activity assays are: 

• quantification of the formation of reaction by-products such as succinate or 

formaldehyde via absorption or fluorescence intensity measurement of 

coupled reaction products or substrates 

• Antibody-based recognition of demethylated peptides and subsequent 

detection using fluorescence, time-resolved fluorescence energy transfer or 

amplified luminescent proximity via antibody-labelled chromophores 

• MS-assisted detection of demethylated peptides or reaction by-products 
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• Measurement of radioactivity using radiolabelled substrates or co-

substrates 

For all biochemical assays, the choice of suitable reagents is crucial and some 

important factors have to be taken into consideration for the development and use 

of Jmj-KDM assays. As the enzymes are iron/2-oxoglutarate-dependent, a sufficient 

amount of these factors must be present in solution. However, since most of the 

inhibitors are at least partially competitive towards 2-OG, concentrations should be 

kept low and should not be varied between assay runs in order to obtain 

comparable results. To account for the susceptibility of the catalytic ferrous iron 

towards oxidation, an antioxidant compatible to the enzyme and not interfering 

with the assay readout should be added to all samples. Ascorbic acid, which is also 

believed to support KDM activity in vivo,116 was proven to be suitable for this 

purpose.117 Furthermore, peptide substrates must be chosen according to the 

respective enzyme’s selectivity, as the demethylase activity is not only dependent 

on the substrate sequence, the methylation degree and site of the targeted methyl 

lysine, but also on the modifications of adjacent amino acids, especially if enzymes 

containing reader domains are used in the assay.118 

 Formaldehyde Dehydrogenase Assay 

One of the first protocols developed for the quantification of the demethylation 

reaction is the formaldehyde dehydrogenase assay. It makes use of the detection of 

the by-product formaldehyde, which is generated in the demethylation reaction in 

stoichiometric amounts (as outlined in section 1.2.2.1). For quantification of the 

formaldehyde formation, a second enzyme – a formaldehyde dehydrogenase (FDH) 

isolated from Pseudomonas sp. – is added to the assay mixture. This enzyme catalyses 

the oxidation of formaldehyde to formic acid using nicotinamide adenine 

dinucleotide (NAD+) as oxidizing agent. Thereby, a stochiometric amount of NADH 

is released, which can be detected via measurement of fluorescence intensity due to 
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its intrinsic fluorescence properties (λex = 330 nm and λem = 460 nm), which differ 

from the non-fluorescent NAD+ as shown in Figure 8. The assay has first been 

described by Shi et al. to study the FAD-dependent histone demethylase LSD126 and 

has been adapted to Jmj-KDMs by Couture et al.26, 117 Further optimizations of the 

assay protocol by various groups, notably by Sakurai et al.,119 facilitated the 

simplification, miniaturization and applicability to high-throughput screening. The 

FDH assay has also been established for KDM4A in our group120 and was used for 

the characterisation of some compounds described in this work. The detailed assay 

setup and experimental conditions can be found in section 3.1.1 and the 

experimental section. 

 

Figure 8 Schematic principle of the formaldehyde dehydrogenase-based assay (FDH assay). 

Demethylation of the methylated peptide releases a stochiometric amount of 

formaldehyde, which is converted to formic acid by FDH concomitantly generating 

NADH. NADH is detected via its fluorescence properties. 

The assay can be used for real-time kinetic measurements, because the FDH reaction 

does not interfere with the demethylase and FDH can therefore be added to the 

assay mixture at the start. Furthermore, the formaldehyde oxidation is quite fast 

making the demethylase reaction the rate-determining step.120 The fluorescence 

signal recorded immediately after addition of the reagents can be used to identify 

auto-fluorescent compounds that interfere with the assay readout.119 Additionally, 
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a counter-screen assay using only FDH and formaldehyde or an orthogonal KDM 

assay should be performed in order to eliminate false positive results that stem from 

FDH inhibition instead of KDM inhibition. 

 Other Assays based on Formaldehyde Quantification 

An alternative to enzymatic conversion by FDH is the addition of reagents that 

spontaneously react with formaldehyde and yield a coloured and/or fluorescent 

product. One versatile reaction is the Hantzsch dihydropyridine cyclisation of 

formaldehyde, acetoacetanilide, and ammonia. The product can be detected via 

fluorescence measurement (λex = 370 nm and λem = 470 nm; cf. Figure 9a).121 This 

assay was published for a screen of organic iridium(III)-complexes as putative 

inhibitors of KDM4D.122 

 

Figure 9 Detection reactions of chemical formaldehyde-based assays.  

 a) Hantzsch dihydropyridine cyclisation of formaldehyde, acetoacetanilide, and 

 ammonia generates a fluorescent product.  

 b) Cyclisation and ambient air oxidation of formaldehyde with the commercial 

 Purpald® reagent yields a strongly absorbing product. 

The commercial reagent Purpald® (4-amino-3-hydrazino-5-mercapto-1,2,4-triazole, 

cf. Figure 9b) can also be used as formaldehyde sensor. The product of the reaction 

with formaldehyde is oxidized by ambient oxygen yielding a chromogenic product 

(λabs = 550 nm).123 However, as is the case for most homogenous colorimetric assays, 

assay reagents absorbing light in the same range as the product cause high 

background noise and quantification may additionally be impeded by the presence 
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of coloured test compounds. To circumvent these shortcomings, Wang et al. 

developed a demethylase assay based on surface enhanced Raman scattering 

spectroscopy (SERS). In this assay, the chromogenic oxidation product of the 

Purpald® reaction is covalently bound to the surface of peptide-coated gold 

nanoparticles thereby modifying their Raman emission profile, which is used as 

assay readout. This homogenous assay yields low background signals and prevents 

interference with coloured test compounds. However, quantification may still be 

hampered by thiol-reactive compounds that react with the Purpald® reagent or the 

chromogenic product or by compounds that bind to the gold nanoparticles.124 

 Antibody-based Assays 

Instead of detecting the formaldehyde generated by the demethylase reaction, it is 

also possible to quantitate the peptide substrate, either the methylated substrate or 

the demethylated product. Peptides can be recognised by specific antibodies. 

Obviously, binding affinity of the antibodies must allow the discrimination between 

the methylated and demethylated peptide. Therefore, careful antibody selection 

must be performed, as the methyl group is a rather small moiety not altering the 

positive charge of the lysine residue. For detection, common assay formats using 

labelled antibodies such as enzyme-linked immunosorbent assays (ELISAs), 

amplified luminescent proximity homogeneous assays (e.g. AlphaScreen™ and 

AlphaLISA™; PerkinElmer) or Förster resonance energy transfer assays (FRET 

assays) can be applied. 

1.3.3.1 ELISA and AlphaScreen™ 

In classical ELISA measurements the target of interest is immobilized on a surface 

using a specific antibody. Readout depends on the use of a detection antibody, 

which either binds to the target directly or to a primary antibody bound to the 

target. The detection antibody is tagged with an enzyme capable of transforming a 
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reagent into a coloured or fluorescent reaction product, which can be quantified 

after a washing step to remove unbound antibodies. For KDM assays, instead of a 

primary antibody, usually a biotinylated peptidic substrate, which can be 

immobilized on streptavidin-coated surfaces, and a labelled antibody recognising 

the distinct methylation site and degree are used. An example for an ELISA-based 

KDM assay was used for a screen of natural products by Nielsen et al.125 In order to 

simplify the procedure and omit washing steps, homogenous assay formats such as 

the commercial AlphaScreen™ and AlphaLISA™ (PerkinElmer) can be 

employed.126 Here, the biotinylated peptide is immobilized on donor beads, which 

are additionally coated with a photosensitizer that releases singlet oxygen upon 

excitation with light (λex = 680 nm). The antibody is bound to acceptor beads coated 

with a chemiluminescent cascade, which emits light upon reaction with singlet 

oxygen (λem = 520–620 nm for AlphaScreen™, λem = 615 nm for AlphaLISA™).127 

Due to the short lifetime of singlet oxygen, emission only occurs when donor and 

acceptor beads are in close proximity, which is the case when the antibody is bound 

to the respective peptidic substrate (cf. Figure 10).  

 

Figure 10 Schematic representation of the AlphaLISA™ principle. The biotinylated peptide is 

bound to a donor bead coated with detection reagent generating singlet oxygen upon 

excitation. A distinct methylation state is recognised by the antibodies on the acceptor 

bead, which emits light upon reaction with singlet oxygen. (Modified from Ref. 130). 

This assay format has been adapted to various KDM subtypes and has been used 

extensively for the identification and characterisation of KDM inhibitors for 

example for the crop protectant daminozide 9 and macrocyclic peptides.128, 129 A 

main disadvantage of the assay setup is the possible interference with compounds 
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acting as singlet oxygen quenchers and thereby disrupting the signal transfer from 

the donor to the acceptor beads. 

1.3.3.2 FRET-assays 

Another possibility to use the proximity of adequately coated donor and acceptor 

beads as assay readout is the use of the FRET-Effect. To this end, the beads are 

coated with a pair of fluorophores with overlapping excitation and emission 

wavelengths. Upon excitation, the donor fluorophore emits energy, which is 

absorbed by the acceptor fluorophore, if the distance between them is less than 

10 nm, resulting in the emission of light.131 In order to minimize compound 

interference, a donor with a stable excitation state and long emission lifetime, for 

example a europium(III) chelate (λex = 320-340 nm, cf. Figure 11), can be used. 

 

Figure 11 Schematic representation of the LANCEUltra® assay. After demethylation by a KDM the 

demethylated peptide is recognised by a specific europium-labelled antibody. The 

biotinylated peptide is bound to an acceptor bead coated with a FRET acceptor. Upon 

excitation of the europium chelate emission of the acceptor bead can be recorded. 

(Modified from Ref. 135). 
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 Advantageously, the TR-FRET effect with europium and a suitable acceptor (e.g. 

allophycocyanin; λem = 650 nm) reduces interference by auto-fluorescent 

compounds because of the high difference between donor and acceptor excitation 

and emission wavelengths, which is unlikely to occur as Stokes shift in a single 

compound. Secondly, the long lifetime of the europium excited state allows for a 

time-delayed measurement after 100-200 µs after excitation, by which compound 

fluorescence has usually already decayed.132 Due to the very low background signal 

and high sensitivity of the method the assay requires very low enzyme and 

substrate concentrations (cf. section 3.2.1). However, compounds showing strong 

absorption at 320-340 nm may reduce europium excitation and thereby diminish 

the fluorescence signal. This effect can be corrected by additionally measuring 

europium emission (λem = 615 nm) and forming the ratio between acceptor 

fluorophore and europium emission. The TR-FRET technology has been 

commercially realized in the LANCE® and LANCEUltra® assay systems by 

PerkinElmer.133 The assay was published by PerkinElmer for the screening of LSD1 

inhibitors and later also adapted to other KDMs.133, 134 In our group, the 

LANCEUltra® assay has been established for KDM4A, KDM5A and KDM6B120 and 

the KDM4A assay was used for the screening and characterisation of the 

compounds described in this work. The detailed assay setup and experimental 

conditions can be found in section 3.2.1 and the experimental section. 

Another application of the TR-FRET effect using europium chelates is the 

dissociation-enhanced lanthanide fluorescence immunoassay (DELFIA®; 

PerkinElmer).136 Similar to the ELISA format described in Section 1.3.3.1, the 

biotinylated peptide is immobilized on the well surface and the europium-tagged 

methyl-specific antibody is added after the enzymatic reaction. After washing off 

the unbound antibodies, the europium complex is dissociated from the antibody 

chelate via addition of a suitable detection reagent and incorporated into a micellar 

system to enhance its fluorescence intensity. As the assay is performed in a 

heterogenous fashion containing several washing steps, compound or matrix 
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interference is minimized making the assay especially useful for the analysis of 

complex samples such as cell lysates or tissue homogenates.136 The DELFIA® assay 

has been described for the development of the KDM4 inhibitor prodrug methylstat 

10b.137  

 Mass spectrometry-based Assays 

To avoid the drawbacks of the previously described assays based on UV/Vis-

measurements a different approach can be taken via mass-spectrometry based 

assays. MS-assays are suitable to detect the change in molar mass which is caused 

by the demethylation of the peptide substrate and corresponds to the loss of 14 units 

per methyl group. Therefore, MS assays can be used to easily distinguish between 

different methylation states and are useful for the screening of different peptides to 

determine the selectivity of certain demethylases towards their respective 

substrates. For example, the conversion of H3K27me3 and H3K27me2 substrates in 

addition to the known H3K9me3/2 substrates by KDM4C and KDM4E was first 

shown in an MS-based assay.138 Originally, matrix assisted laser 

desorption/ionisation (MALDI) assays with a rather limited throughput were 

used138 until a much faster assay technique, namely the RapidFire® system, was 

developed for the use with histone demethylases in 2012. The RapidFire® assay uses 

an automated electrospray ionisation (ESI) approach which allowed a sampling 

time of 7 s per well.139 A multiplexing approach using pooled mass-tagged 

substrates was employed to further shorten the analysis time, therefore making the 

MS-based assay amenable to high-throughput screening.140 

Another high-throughput assay published by Wigle et al. in 2015141 uses self-

assembled monolayer desorption/ionization (SAMDI) mass spectrometry, a 

technique where peptides are immobilized on the assay plate in a monolayer via 

biotin-neutravidin interactions after the demethylase reaction. Samples are rapidly 

purified by a simple washing step, omitting time consuming chromatographic 
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purification which is necessary in ESI-based approaches, before they are transferred 

to the mass spectrometer and analysed via MALDI-TOF-TOF. This assay could be 

miniaturized to a 384-well format and allowed short analysis times of 20 min per 

plate making it even faster than the non-tagged RapidFire® assay.141 

 Assays based on Radiometric Detection 

One of the first assays to evaluate the demethylation catalysed by JmjC-KDMs was 

introduced by Tsukada et al. in 2006. They used tritium-labelled nucleosomal 

histone substrates and cellular extracts containing Jmj-KDMs. The histone 

demethylation generated tritiated formaldehyde, which could be detected after 

conversion to radioactive 3,5-diacethyl-1,4-dihydrolutidine, which was extracted 

and counted.27  

A second assay based on radioactivity is the scintillation proximity assay developed 

by Yu et al. Here, peptide substrates were demethylated by KDMs and remethylated 

in a second step by a protein methyltransferase, which used a tritium-labelled S-

adenosyl methionine (SAM) co-substrate. The generated radiolabelled peptides 

were bound to a special assay plate and the scintillation was measured after a 

washing step. Based on the amount of remethylation, demethylase activity could be 

assessed.142 

 Affinity-based Assays 

All assays described above rely on the measurement of enzymatic activity of the 

respective KDM. As a prerequisite for activity assays, optimal enzyme activity 

should be ensured by choice of suitable assay conditions. However, this also leads 

to a main drawback of activity assays: their susceptibility towards small changes in 

the assay setup. This is especially problematic for the comparison of assay results 

originating from different assays. Even if the same detection technique and assay 

components are chosen, results obtained from different measurements may vary 
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dependent on factors that are difficult to control. Besides the inter-assay 

comparability for one target, a second issue is the comparison of results for different 

enzyme subtypes or isoforms, which are necessary for the assessment of inhibitor 

selectivity. As the different enzymes usually require different conditions to gain 

maximal enzyme stability and activity it is nearly impossible to create identical 

assays for different enzymes. One strategy to tackle this problem is the use of well-

characterised reference inhibitors to which the results of new inhibitors can be 

normalized. A conceptionally different approach is the determination of the binding 

affinity of the target molecule towards the protein of interest instead of the activity. 

As high enzyme activity is not essential for this kind of assay, it may be simpler to 

find assay conditions that are suitable for different enzyme subtypes and thereby 

increase comparability of assay results. Furthermore, affinity assays allow for the 

calculation of binding constants that are largely independent from assay parameters 

such as enzyme, substrate or co-substrate concentration.143 Nevertheless, binding 

constants still rely on the assay conditions such as buffer composition, etc. and 

should therefore be given as apparent values. 

 

Figure 12 Schematic representation of the assay principle of competitive fluorescence polarization 

assays. 
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One versatile method of determining binding of a small ligand to a protein is the 

measurement of fluorescence polarization (FP). FP assays are based on the 

observation that a fluorophore which is excited with linearly polarized light will 

also emit linearly polarized light. However, in solution, fluorophores are able to 

rotate freely and therefore move while in the excited state. Consequently, the 

fluorophore emits the light from a different orientation than when it absorbed it and 

polarization is lost. Yet, the degree of depolarization depends on the rotation 

velocity, which is mainly dependent on molecular size. For large molecules such as 

proteins rotation is rather slow, thus the polarization remains rather strong. On the 

other hand, small molecules such as low molecular ligands will cause large 

depolarization. This phenomenon can be used for binding assays when the ligand 

is tagged with a fluorophore. As long as the ligand is in solution it will tumble freely 

and therefore measured light will be depolarized, but as soon as the ligand can bind 

to the protein its rotation will be hindered resulting in a larger portion of emitted 

polarized light. Binding of unlabelled ligands can be determined via competition 

with a labelled ligand (cf. Figure 12) resulting in an increase of depolarization upon 

binding of the unlabelled ligand. 

 

Figure 13 Chemical structures of the KDM inhibitor prodrug methylstat and the derived 

fluorescent probe.144 

This strategy has been employed in a binding assay for Jmj-KDMs. A derivative of 

the known KDM inhibitor prodrug methylstat (cf. section 1.4.2.6) was coupled to a 

fluorescein moiety (cf. Figure 13) to obtain the ligand 11 with micromolar inhibitory 

potency in an activity-based assay (IC50 = 0.9 µM against KDM2A, determined in a 

DELFIA®-based assay) and high binding affinity (Kd = 9.3 nM on KDM2A). A 
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competitive binding assay was developed, where the enzyme of interest (e.g. 

KDM2A) was preincubated with Ni2+, which is inert towards oxidation, as a stable 

replacement for Fe2+, as well as with the inhibitor intended for evaluation. Then, the 

fluorescent methylstat probe 11 was added and fluorescence polarization was 

recorded after a sufficient incubation time.144 

Although based on fluorescence measurement, the assay is not prone to assay 

interference by auto-fluorescent inhibitors, because depolarization can still be 

observed when the fluorescent probe is displaced from the enzyme. Corrective 

calculations have to be performed for exact quantification in those cases, though. 

However, interference is possible with compounds that are able to extract the 

central nickel ion from the enzyme. This would lead to dissociation of the probe and 

therefore mimic competitive displacement. Furthermore, enzyme inhibitors that 

employ a different mode of action than co-substrate competition, such as substrate 

replacement, are possibly not able to displace the fluorescent probe from the active 

site and would therefore appear as false negatives. Nonetheless, the binding assay 

yields a good orthogonal assay principle for the high-throughput screening of 

potential inhibitors as well as for further characterization of hits found in other 

assay formats. The FP-assay has been used for screening of the HitFinder collection 

containing 14,400 compounds and identified two unselective novel KDM inhibitor 

scaffolds.145 

A different binding assay was realized via nondenaturing electrospray ionization 

mass spectrometry (ESI-MS) of the KDM4E protein to asses stoichiometry and 

binding strength of compounds towards KDM4E. As binding of inhibitors to 

metalloenzymes is usually rather strong the complex is stable during the solution-

to-gas phase transition occurring in ESI-MS. Consequently, the binding event can 

be detected via a mass shift corresponding to the mass of the bound inhibitor. This 

allows assessment of the binding stoichiometry, however, further assays to confirm 

active-site binding versus binding on the surface or to other irrelevant pockets of 
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the enzyme or orthogonal assays to show enzyme activity inhibition should be 

performed.146 

In conclusion, numerous assays for the screening and characterization of KDM 

inhibitors based on different mechanisms ranging from fluorescence-based activity 

assays over MS-based assays to affinity assays are available to date. They all have 

certain advantages and disadvantages and can also result in different false positive 

and negative results. A combination of techniques is therefore recommended in 

order to identify as many inhibitors as possible minimizing false negative results 

while confirming positive hits with orthogonal assays to rule out compound 

interference. 

 Inhibitors 

Owing to their universal role in diverse biological functions and their implication 

in numerous diseases a great effort to develop potent inhibitors of certain Jmj-KDMs 

has been undertaken and a variety of inhibitors, ranging from micromolar to low 

nanomolar potency of unselective to subtype-selective compounds, have been 

published to date. The great majority of Jmj-KDM inhibitors present in literature are 

active-site binding inhibitors that are mainly competitive towards the co-substrate 

2-OG 8. Some are additionally or exclusively competitive towards the peptide 

substrate. Other postulated mechanisms include zinc ejection of a structural zinc 

ion and oxygen displacement from the catalytic centre. The following sections give 

an overview of the inhibitors known to literature, which have also been extensively 

reviewed in recent publications, the most recent comprehensive review also 

covering potential therapeutic applications being Ref. 52 by Arifuzzaman et al.52, 132, 

147-156 
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 Concept of Prodrugs and Bioisosteres 

Owing to the fact that many of the inhibitors described in the following sections 

contain one or more carboxylic acid moieties some general characteristics, 

definitions and their use in drug molecules will be discussed first. Carboxylic acids 

are trigonal planar structures due to the sp2 hybridization of the central carbon 

atom. They contain a hydrogen bond acceptor, namely the carbonyl oxygen as well 

as the hydroxy group, which acts as a hydrogen bond donor at low pH-values and 

as acceptor when deprotonated at high pH-values. These moieties allow strong 

interactions with a variety of functional groups such as basic amino acid residues 

like lysine. The pKa values of carboxylic acids typically cover a range of 3-6, therefore 

they are mostly deprotonated at physiologic pH, the negative charge being equally 

distributed over the two oxygen atoms. Due to the high polarity and negative 

charge cellular permeability of carboxylic acid-containing compounds may be – 

depending on the overall structure – rather low.157 One strategy to overcome this 

shortcoming is the introduction of protective groups masking the charge of the 

carboxylic acid and its hydrogen bonding ability and thereby increase cellular 

permeability. The active compound may then be released intracellularly e.g. via 

enzymatic cleavage or spontaneous decomposition. This approach is called prodrug 

concept, where prodrugs are defined as pharmacologically inactive compounds 

that release the active parent drug upon chemical or enzymatic activation.158 If the 

main purpose of the prodrug is to increase cellular permeability, however, it is 

insignificant if the prodrug itself also displays pharmacologic activity. The most 

commonly employed prodrug moiety for carboxylic acids is the respective methyl 

ester due to its simplicity, both in terms of synthesis as well as in molecular 

structure, and its high cleavability by endogenous esterases. For polar drugs, more 

lipophilic moieties such as ethyl, tert-butyl or octyl esters can be employed. If 

enzymatic cleavage and drug release is unsatisfactory a two-step deprotection 

including enzymatic cleavage followed by spontaneous decomposition using 
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moieties such as pivaloyl esters may be amenable.159 The prodrug approach has 

been applied for several KDM inhibitors using methyl, ethyl and octyl esters (cf. 

section 1.4.2.).137, 160-165 

The second strategy is to exchange the carboxylic acid with a functional group 

sharing some similar features but displaying more favourable properties for the 

intended use. Such moieties, exhibiting similar volume, shape, physiochemical 

properties and, most importantly, similar biological effects are called bioisosteres.166 

Due to the frequent occurrence of carboxylic acids in bioactive molecules 

bioisosteres have been widely studied and have recently been reviewed in Ref. 157 

by Ballatore et al. One prominent example is the tetrazole moiety, which shares the 

planar structure as well as the electronic structure, the pKa range, and the single 

negative charge at physiologic pH with carboxylic acids. However, tetrazoles are 

more lipophilic and may therefore improve cellular permeability. Additionally, the 

distinct properties, such as the slightly larger size compared to carboxylic acids and 

the ability to form 1H- and 2H-tautomers may improve enzyme binding or target 

selectivity in some cases. The use of tetrazoles as bioisosteres in KDM inhibitors is 

described in sections 1.4.2 and 4.2.3.167 

 Co-Substrate Analogs/Iron-binding Inhibitors 

As described in section 1.2.2.1 the co-substrate 2-OG is bound to the enzyme via 

electrostatic interactions of the terminal carboxylic acid with a basic amino acid, and 

hydrogen bonds to alcoholic, phenolic and/or amide residues. The main interaction 

proceeds via chelation of the active-site iron by the 1-carboxy and 2-oxo groups. 

Therefore, most co-substrate analogs contain an iron-binding moiety to mimic this 

interaction. In order to put emphasis on the iron-binding motif it is depicted in bold 

in all figures of this section. However, care must be taken when evaluating those 

iron-binding compounds in in vitro enzyme activity assays, because it may be 

difficult to distinguish between active-site binding and iron-chelation in solution. 
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Binding of iron in solution limits the amount of iron available for enzyme binding 

and may thereby lead to iron removal from the active site. Even using an excess of 

iron in the buffer does not compensate the iron-chelation of compounds completely. 

As the ferrous iron is essential for catalytic activity, iron sequestration leads to 

enzyme inactivation. However, this indirect inactivation may not be of great 

biological significance as intracellular iron concentrations vary due to a dependency 

on diverse factors such as the presence of iron-regulating enzymes and may not be 

well represented in in vitro assays. Consequently, assay techniques able to 

differentiate between iron sequestration and active-site based inhibition should be 

applied for the validation of primary assay hits to verify active-site based inhibition. 

Examples are kinetic measurements showing competitivity towards the co-

substrate, biophysical binding measurements such as surface plasmon resonance 

(SPR), as well as NMR and MS analysis of the binding event. A variety of applicable 

methods can be found in a publication by Roatsch et al. describing the elucidation 

of the inhibitory mode of action for the clinically used iron chelator deferasirox 

against KDM4A.168  

1.4.2.1 Close 2-oxaglutarate Analogs 

The first described inhibitor of Jmj-KDMs is the 2-OG mimic N-oxalylglycine (12) 

(NOG; cf. Figure 14), a metabolite also naturally occurring in rhubarb and spinach 

leaves,169 where carbon 3 of 2-OG is substituted with an NH group. This 

modification inhibits enzymatic cleavage into carbon dioxide and succinate 

therefore providing a stable co-substrate mimic. This compound, a known inhibitor 

for 2-OG-dependent hydroxylases such as the prolyl hydroxylases PHD1-3, was 

first shown to inhibit KDM4E in an FDH-based assay with an IC50 of 24 µM by Rose 

et al.170 It is not subtype selective also inhibiting other Jmj-KDMs although with a 

varying potency range. Crystal structures have shown a binding mode similar to 2-

OG suggesting competitive inhibition, where the non-cleavable NOG (12) blocks 
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the catalytic pocket.171 However, the low selectivity against other 2-OG-dependent 

dioxygenases and its low cellular permeability limit the applicability of NOG (12) 

for cellular studies and (pre-)clinical applications. Cellular permeability may be 

enhanced by masking the two carboxylic acids as methyl esters to decrease the 

molecular charge (cf. section 1.4.1 for prodrug approaches). Indeed, the resulting 

dimethyl N-oxalylglycine (12b) was shown to exert cellular effects concomitant 

with 2-OG-dioxygenase inhibition.172 Approaches to optimize the NOG-scaffold 

towards higher potency and selectivity used derivatives of oxalylglycine with bulky 

substituents and non-natural amino acids. However, the dimethylaminophenyl 

analogue 13, supposed to employ additional hydrogen bonds to the active site 

proved to be only slightly active and unselective.173 Contrastingly, the D-tyrosine 

derivative 14 displayed increased potency against KDM4E and some selectivity 

over PHD2 via addressing an additional hydrophobic subpocket in the vicinity of 

the active site.170  

 

Figure 14 Chemical structure of the co-substrate 2-OG (8) and its analogs as Jmj-KDM inhibitors. 

A set of metabolites from the primary carbon metabolism, such as succinic acid (15), 

fumaric acid (16), L-malic acid (17), oxaloacetic acid (18), pyruvic acid (19) and 2-

hydroxyglutaric acid (20) were also shown to be active against Jmj-KDMs and are 
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thought to be physiologic regulators of KDM activity. Of these, 2-hydroxyglutaric 

acid (20) is particularly relevant due to its comparably high inhibitory potential and 

its role as an oncometabolite in gliomas and leukaemias. In the respective cancer 

cells, it accumulates due to mutations of the isocitrate dehydrogenase IDH2 

resulting in pronounced KDM inhibition and hypermethylation. This effect was 

shown by dysregulation of KDM-controlled genes in respective cancer cells.174, 175 

A 2-OG analogue bearing a different iron-binding motif is the plant growth 

regulator daminozide (9). The hydrazide compound displays some selectivity 

towards KDM2 and KDM7 and may – due to its fragment-like character and its 

unusual chelating group – be a useful starting point for new inhibitor 

developments.128 

Another hydrazide-based fragment-like inhibitor is 2-(1H-tetrazol-5-yl)aceto-

hydrazide (21), which was shown to be a micromolar inhibitor of KDM4A 

(IC50 = 2.4 µM, determined in a LANCEUltra® assay) and even displayed some 

selectivity over KDM5A (4-fold) and KDM6B (41-fold).167 Elaboration on this 

scaffold is described in this work (cf. section 4.2.4). 

1.4.2.2 Pyridine-based inhibitors 

Another low molecular co-substrate competitor is pyridine-2,4-dicarboxylic acid 

(2,4-PDCA; 22; cf. Figure 15), which inhibits Jmj-KDMs with surprisingly high 

potency (IC50 in the single-digit micromolar to nanomolar range). Effective iron 

chelation is achieved by the pyridine nitrogen and the 2-carboxylic acid, while the 

4-carboxylic acid undergoes electrostatic interactions with basic amino acid 

residues of the enzyme. The molecule inhibits a range of KDMs, with a slight 

preference for KDMs 4 and 5 (70 fold higher activity on KDM4C compared to 

KDM6A), and has, also due to its simplicity and high stability, become a standard 

reference inhibitor for in vitro and cellular settings (also as methyl ester prodrug).160 

The slight selectivity for KDMs 4 and 5 motivated the development of 2,4-PDCA 
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derivatives employing a higher selectivity for those enzymes. Substitution at carbon 

3 proved to be suitable for this purpose. Screening of a series of amino derivatives 

yielded the fluorophenyl derivative 23, which displayed comparable potency to 2,4-

PDCA on KDMs but yielding higher selectivity over other 2-OG dioxygenases.176  

 

Figure 15 Chemical structures of 2,4-PDCA (22) and its analogs as inhibitors of Jmj-KDMs. 

The high polarity of 2,4-PDCA derivatives due to the double negative charge at 

physiologic pH and their concomitant low cellular polarity sparked efforts to 

develop derivatives with alternative substituents for the 2-carboxylic acid moiety. 

Efforts went into the direction of replacing the 2-carboxylic acid moiety by other, 

less polar groups. Replacement with a p-substituted o-phenol moiety yielded 

compound 24, which was found by a fragment docking and linking approach, 

where 600,000 fragments were docked into KDM4A. Promising fragments were 

covalently linked and further optimized. The resulting inhibitor showed low 

micromolar activity against KDM4C (IC50 = 2.6 µM, Ki = 43 nM, determined in a TR-
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FRET assay) and slight selectivity against other KDMs (2-fold against KDM6B, 

7-fold against KDM2A).177 The binding mode determined by crystallography was 

similar to 2,4-PDCA, although the intramolecular distance of the iron-chelating 

moieties (pyridine-N and phenol or carboxylic acid, respectively) is five atoms 

instead of four.177 

Synthesis and screening of a library of 2-methylamino derivatives yielded the 

KDM5-selective inhibitor KDOAM-20 (also termed KDM5-C49; 25a; IC50 = 7 nM, 25-

fold selectivity over KDM4C, determined in an AlphaScreen™ assay). Its amide 

derivative KDOAM-25 (also termed KDM5-C70, LQT or GTPL-8576; 25b) was 

slightly less active but showed increased selectivity (IC50 = 19 nM, > 250-fold 

selectivity over KDM4C) and high cellular permeability which could be shown by 

an increase of H3K4me3 in HeLa cells.178 

In another approach compounds lacking a substituent in position 2 were identified. 

A high-throughput screening against KDM6B revealed the 4-phenylbutyrate 

derivative QC6352 (26) as a low micromolar inhibitor of KDM4, 5 and 6. The 

compound shows the same orientation as 2,4-PDCA (22) although being only a 

monodentate iron chelator. Optimization studies uncovered the furyl and 

3-methylthiophenyl derivatives 27 and 28, which displayed even lower IC50 values 

(IC50 against KDM4 and KDM5 ≤ 0.1 µM, determined in an MS-based assay) and 

higher selectivity towards other Jmj-KDMs (≥ 50-fold against KDM6B). As intended, 

these compounds possess high cellular permeability and their on-target effects 

could be shown in a cellular assay assessing KDM4C inhibition.179 

In an effort to further improve cellular permeability, bicyclic motifs replacing the 

4-carboxylic acid yet able to maintain the interaction with basic active-site amino 

acid residues were screened. Pyrido[3,4-d]pyrimidin-4(3H)-one derivatives proved 

to be suitable, as the carbonyl group and the neighbouring NH group can form 

hydrogen bonds to the relevant lysine and tyrosine residues in KDMs 4 and 5. As 

intended, the non-charged cyclic structure resulted in higher cellular permeability. 

Furthermore, the rigidification of the structure and the additional anchor point for 
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substitution led to an increased potency of the inhibitor 29, which displayed 

excellent inhibitory activity against KDM4 isoforms and KDM5C (IC50 < 1 nM, 

determined in a RapidFire® MS assay) and practically no inhibition of related KDMs 

such as KDM6. Cellular activity in the low micromolar range was shown in cells 

overexpressing KDM4C or KDM5C. Inhibition was visualized via measurement of 

hypermethylation using immunofluorescence targeting H3K4me3 or H3K4me3, 

respectively.180 

1.4.2.3 N,N'-Biheterocyclic Inhibitors 

A further extension of the 2,4-PDCA structure was the combination of the core 

pyridine with another nitrogen-containing heterocycle in position 2 of the pyridine 

ring to obtain bidentate iron chelators (cf. Figure 16).  

 

Figure 16 Chemical structures of 2,2‘-biheterocyclic inhibitors of Jmj-KDMs. 
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The close 2,4-PDCA derivative methyl 2,2'-bipyridine-4,4'-dicarboxylate (30a) was 

among the inhibitors discovered in the first KDM4E inhibitor collection of Rose et 

al. and showed moderate activity against KDM4E (IC50 = 24 µM, approx. 5-fold less 

than 2,4-PDCA, determined in an FDH-based assay).170 Elaboration of the structure 

yielded the diaminoethylene derivative 30b with improved activity (IC50 = 180 nM), 

which could be attributed to an additional interaction of the primary amine with an 

aspartate residue in the active site.181 

A set of compounds containing a 1,2,3-triazole moiety were developed in order to 

improve potency and selectivity for certain KDM subtypes. The simple triazole 

derivative 31a showed nanomolar activity on a panel of KDMs and mild selectivity 

for KDM2/4 (IC50 = 5 nM on KDM2A, 4-fold selectivity over KDM3A, determined in 

an AlphaScreen™ assay). Alteration of the triazole substitution pattern proved to 

be suitable for fine-tuning of inhibitor selectivity for distinct subtypes. Selectivity 

for KDM2 could be greatly improved by the addition of a piperidinyl moiety, 

yielding compound 31b, which displayed 30-fold selectivity over KDM5C, > 100-

fold selectivity over KDM4 and was inactive on KDM3A.182  

Furthermore, a number of diverse compounds possessing the pyridine-2-carboxylic 

acid or its bioisosteres linked to nitrogen-containing heterocycles have been 

patented as KDM inhibitors.183 A review of these structures is given by McAllister 

et al. and Chin et al. in Refs 153 and 183. One example is the use of a substituted 

pyrazole moiety, disclosed in a patent by Quanticel Pharmaceuticals, which yielded 

the nanomolar inhibitor 32 on KDM4C, KDM5A and KDM5B, whose methyl ester 

prodrug was active on breast cancer cells via histone H3K4 hypermethylation.161 

Another compound series derived from 2,4-PDCA was created based on virtual 

screening of the ZINC clean drug-like database against KDM4A. It yielded 2-

aminopyrimidine compounds bearing different substituents at the amino group. 

The pyridine derivative 33a inhibited KDM4A and KDM5B in the submicromolar 

range (IC50 = 941 nM and 442 nM, respectively, determined in a LANCEUltra® 

assay) with 40-fold selectivity over KDM6B. Its methyl ester prodrug 33b showed 
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hypermethylation in an KDM4-overexpressing HeLa cell line and moderate toxicity 

on the oesophageal cancer cell line KYSE150.162 

In a high-throughput screen with 150,000 compounds against KDM4C to identify 

novel structures with high cellular permeability, pyridylaminothiazole 34 was 

discovered as a micromolar hit. Extensive optimization studies yielded compound 

35, where the thiazole moiety was exchanged by a substituted pyrazole. 

Additionally, the bicyclic pyrido[3,4-d]pyrimidin-4(3H)-one 35a (cf. compound 29 

above) was incorporated into the structure as a carboxylic acid bioisostere. 

Crystallographic studies confirmed the predicted binding mode with bidentate iron 

chelation of the pyridine-pyrazole motif and hydrogen bonding of the 

pyridopyrimidin-4-one to lysine 206 and tyrosine 123 in KDM4A. The lipophilic 

phenylpiperidine substituent addresses the histone peptide binding site thereby 

adding to the compound affinity to the enzyme. In vitro assays revealed high 

compound potency and selectivity (IC50 = 17 nM on KDM4B and 14 nM on KDM5B, 

> 50-fold selectivity over KDM2A, > 100-fold over KDM3A, determined in an 

AlphaScreen™ assay) and cellular assays with the related 3-monochlorinated 

derivative 35b showed marked H3K9 and H3K4 hypermethylation.184 

An inhibitor bearing a pyrazolone substructure was discovered in a screen for the 

iron/2-OG-dependent hypoxia-inducible factor prolyl hydroxylases PHD1-3. 

Compound 36 proved to be not only active on PHD2 in the low nanomolar range 

but also on KDM6B in the low micromolar range. Interestingly, the structure bears 

a carboxylate derivative in position 3 of the pyridine as opposed to position 4 

usually observed in pyridine-based inhibitors. Additionally, the free carboxylic acid 

was inactive on KDM6B at 20 µM while still displaying nanomolecular inhibition of 

PHD2. 

One of the best studied biheterocyclic inhibitors is the pyrimidino-pyridine GSK-J1 

(37a) published by GlaxoSmithKline in 2013.163 It was published as a selective KDM6 

inhibitor with an IC50 value of 60 nM (determined in an AlphaScreen™ assay) 

against KDM6B and was later found to also inhibit KDM5 with slightly less potency 
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(28 nM on KDM6B vs. 170 nM on KDM5B, determined in an AlphaLISA™ assay).185 

Cellular activity was evaluated using the ethyl ester prodrug GSK-J4 (37b) and 

revealed H3K27 hypermethylation consistent with KDM6 inhibition as well as 

inhibition of KDM4C, KDM5B and KDM6B in the micromolar range. 163, 185 Taken 

together, these data suggest that the primarily reported high selectivity for KDM6 

cannot be fully reproduced in different in vitro and in vivo studies, therefore caution 

should be taken when evaluating cellular effects in disease models and associating 

effects with single targets. Crystallographic data on GSK-J1 (37a) shows bidentate 

chelation of iron by the pyrimidino-pyridine moiety inducing a unique metal-shift 

as well as binding of the tetrahydrobenzazepine group to the histone peptide 

binding site by mimicking a proline residue.163 Attempts to improve potency and 

selectivity of GSK-J1 (37a) by replacing the pyridine ring with thiazole, pyrazole, or 

triazole groups and the tetrahydrobenzazepine unit with diverse hydrophobic 

residues did not yield promising compounds but may give further insights for other 

structure-based KDM inhibitor developments.186 

1.4.2.4 Catechol-based inhibitors 

One of the first systematic screens for Jmj-KDM inhibitors was performed by 

Sakurai et al., who had managed to miniaturize the FDH-coupled KDM assay (cf. 

section 1.3.1).119 They screened a library of natural products which yielded various 

catechol derivatives able to bind to iron via the 1,2-diphenol group. Exemplary 

structures are (S)-carbidopa (38), dopamine (39), and β-lapachone (40). 

Representative compounds of the set are depicted in Figure 17. 

The compounds inhibited KDM4 in the low micromolar range and their inhibitory 

activity was confirmed in an MS-based assay.119 Similar compounds, including 

caffeic acid (41), were found in an antibody-based assay for KDM4C and KDM6B.125  
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Figure 17 Chemical structures of catechol-based inhibitors of Jmj-KDMs. 

However, all these compounds are known to elicit pleiotropic biologic functions 

and for many of them much higher activity on other targets has been shown in 

various in vitro and in vivo assays. Therefore, no efforts to develop these molecules 

into more potent and selective KDM inhibitors have been reported. Nonetheless, 

their inhibitory potential for Jmj-KDMs should be kept in mind when evaluating 

their activity in cellular or more complex biologic systems depending on the 

analysed effects. 

1.4.2.5 Hydroxyquinoline-based inhibitors 

The same assay used for the natural product library described above was also used 

to screen a diverse library consisting of 236,000 compounds.164 This campaign 

yielded 8-hydroxyquinolines such as 5-carboxy-8-hydroxyquinoline (42; also called 

IOX1; cf. Figure 18) as new iron-chelating inhibitors of KDMs (IC50 (IOX1) = 0.2 µM 

against KDM4E). Similar to 2,4-PDCA, the ring nitrogen and the adjacent hydroxy 

group bind to iron while the carboxylic acid undergoes ionic interactions with a 

basic amino acid residue in the active site (lysine 206 in the case of KDM4A).  

Moderate cellular activity could be shown for IOX1 (42), which was greatly 

improved by using an octylester prodrug with enhanced cellular permeability. 

While IOX1 (42) is relatively unselective, KDM4 selectivity could be achieved via 

substitution in position 7 of the quinoline ring. The derivative 43 bearing a 

methylthiophene and a benzamide moiety showed 5 µM-inhibition against KDM4C 

and KDM4E with greater than 20-fold selectivity over KDM6B. Increased H3K9me3 

levels were shown in HeLa cells overexpressing KDM4A.164 Substitution in position 
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6 also gave KDM4-selective inhibitors, such as compound 44, which inhibited 

KDM4 in the nanomolar range (IC50 = 10 nM against KDM4B, determined in an 

antibody-based fluorometric assay) while displaying negligible activity against 

KDM5A. This inhibitor was not only tested in cellular models, where its on-target 

effects and effectiveness against prostate cancer cell lines could be proven, but even 

went into animal studies in a prostate cancer model. There, it inhibited tumour 

growth via suppression of AR-regulated genes again underpinning the importance 

of the involvement of KDM4 in prostate cancer via the AR-pathway. As proof of 

concept siRNA knockdown of KDM4B was performed, which lead to results similar 

to enzyme inhibition with 44.95 

 

Figure 18 Chemical structures of 8-hydroxyquinoline-based inhibitors of Jmj-KDMs. 

Another use of the IOX1 moiety was the incorporation into a biotin-tagged 

photoreactive probe (structure not shown) which allows linking of the probe to 2-

OG-dependent dioxygenases e.g. in cellular extracts and their isolation via affinity 

purification using a streptavidin matrix. Thereby, it may be used for protein 

profiling and substrate identification.187 

IOX1 (42) and the bicyclic 2,4-PDCA analogue 30a have also been used in the design 

of dual Jmj-KDM/LSD1 inhibitors, where each of the moieties have been coupled to 

the LSD inhibitor tranylcypromine. The resulting pan-KDM inhibitors (e.g. 
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compound 45) showed increased hypermethylation in HeLa cells and induced 

cytotoxicity in the prostate cancer cell line LNCaP.188 

1.4.2.6 Hydroxamate-based inhibitors 

A different well-known metal-binding group and therefore a promising motif for 

Jmj-KDM inhibitors is the hydroxamic acid motif. Indeed, the first inhibitor screen 

by Rose et al. also contained some hydroxamates, such as the HDAC inhibitors 

trichostatin A (TSA; 46) and suberoylanilide hydroxamic acid (SAHA, vorinostat; 3; 

cf. Figure 19). Both displayed micromolar inhibition (IC50 = 28 µM and 14 µM 

against KDM4E, respectively, determined in an FDH-based assay). Despite their 

known activity on different targets, these structures provide a valuable starting 

point for more selective inhibitors, if selectivity-inducing substituents that impair 

binding to other targets can be identified. 

The co-substrate-competitive hydroxamate 47 bearing a propanoate side-chain to 

mimic the 5-carboxylate residue of 2-OG and a hydrophobically linked 

dimethylamino group to emulate the lysine substrate was found to be a potent 

inhibitor of KDM4A and KDM4C with > 100-fold selectivity over the iron/2-OG 

dioxygenase PHD2. Its methyl ester prodrug was shown to inhibit the growth of 

cancer cell lines in combination with LSD1 inhibitors and was therefore the first 

hydroxamate-based Jmj-KDM inhibitor displaying cellular activity.165 

Based on a crystal structure of KDM7B, the same group attempted to shift selectivity 

towards this enzyme by optimizing the hydrophobic side chain. By exchanging the 

dimethylamino moiety with a cyclopropyl residue they succeeded in generating the 

inhibitor 48 displaying potent inhibition of KDM7A, KDM7B and KDM2A 

(IC50 = 0.20 µM, 1.2 µM and 6.8 µM, respectively, determined in a MALDI-based 

assay) but only weak inhibition of KDM4 members. Cellular assays showed 

increased H3K27me2 levels, a hallmark for KDM7 inhibition, as well as cytotoxic 

activity on HeLa and KYSE150 cancer cells.189 
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Similarly, they were able to devise a KDM5-selective compound 49 by targeting a 

tyrosine residue in the active site (Tyr472 in KDM5A), that is oriented differently in 

other subtypes. The interaction was achieved via a methylpentylamino substituent 

linked to the hydroxamate via a 4-carbon linker. The compound displayed an IC50 

value of 3.3 µM against KDM5A, 13-fold selectivity over KDM4A as well as H3K4 

hypermethylation and cytotoxicity in a lung cancer cell line.190 

 

Figure 19 Chemical structures of hydroxamate-based inhibitors of Jmj-KDMs. 

Methylstat (10b), which has become a well-known reference inhibitor for cellular 

KDM inhibition is another hydroxamate-based methyl ester prodrug. It consists of 

the iron chelating hydroxamate, a fumarate moiety mimicking the co-substrate, and 

a long hydrophobic part addressing the histone peptide binding pocket and 

inducing selectivity towards histone demethylases. The fumarate moiety is 

methylated in the prodrug form. However, the compound displays no distinct 

selectivity towards Jmj-KDM subtypes and also inhibits other iron/2-OG-dependent 

dioxygenases. Furthermore, the fumarate moiety is a Michael acceptor, which may 
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lead to undesired off-target effects in a cellular setting. Nonetheless, methylstat 

(10b) was shown to induce H3K4, H3K9, H3K27, H3K36, H3K79 and H4K20 

hypermethylation in a cellular assay.137 

Despite the known activity of hydroxamates against zinc-dependent HDACs no 

selectivity data towards this enzyme class has been reported on the above-

mentioned compounds, which should be carefully assessed when using the 

compounds in cellular settings. However, internal hydroxamates have been shown 

to display no or low inhibitory activity on HDACs, therefore it can be assumed that 

this is also true for the abovementioned inhibitors 10a, 47, 48, and 49. 

A hydroxamate-based inhibitor with proven selectivity over HDACs (approx. 10% 

inhibition at 10 µM against HDACs 1 and 6) is compound 50a displaying low 

micromolar inhibition of KDM4 and KDM5 (IC50 = 8.8 µM and 1.7 µM, respectively, 

determined in a LANCEUltra® assay) and competitive behaviour towards the co-

substrate 2-OG. The compound is N-substituted with a propanoate moiety at the 

hydroxamic acid, which seems to be selectivity-inducing, as similar inhibitors 

bearing the free hydroxamic acids were strong HDAC inhibitors. Selectivity is most 

probably induced by steric clashes in the rather narrow active site of HDACs. 

Additionally, compound 50a was cytotoxic against the oesophageal cancer cell line 

KYSE150 and the leukaemia cell line HL-60, while its methyl ester showed even 

improved activity (14% vs 82% inhibition of KYSE150 at 100 µM and GI50 116 µM vs 

18 µM on HL-60).191 

 Diverse Small Molecule Inhibitors 

In addition to the described established KDM inhibitor scaffolds, there are some 

compounds containing various functional groups which may not act as co-substrate 

analogs or display an unknown mechanism of action. 

The fragment-like 4-hydroxypyrazole 51 (cf. Figure 20) is a weak KDM4C inhibitor 

(Ki = 51 µM, determined in an FDH-based assay; no selectivity data available) and 
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was proposed as a starting point for the development of new KDM inhibitors due 

to its novel iron-binding 4-hydroxyl-3-carbonyl motif.192 However, no further 

inhibitors based on this structure have been published. 

The natural product tripartin (52), which was isolated from a Streptomyces strain 

associated with dung beetle larvae, was shown to increase H3K9me3 in HeLa cells, 

which is consistent with KDM4 inhibition.193 However, the molecular mechanism of 

action could not be elucidated and a later report showed that tripartin (52) and some 

1-dichloromethylinden-1-ol analogs did not inhibit KDM4 isoforms in an in vitro 

assay.194 

Deferiprone (53a), a clinically approved iron-chelator for the treatment of iron 

overload diseases, was found to inhibit a range of Jmj-KDMs in the micromolar 

range. It displayed selectivity for KDM2, -5C, -6A and -7 (lowest IC50 = 4.2 µM on 

KDM6A) over KDM3A, -3B, -4A-E, -5A, -5B and -6B for which no inhibition was 

observed at 25 µM in an AlphaScreen™ assay.195 Molecular docking to KDM6A 

suggests active-site iron-chelation and hydrogen bonding between the oxygen 

moieties of deferiprone (53a) and the hydroxy groups of Tyr1135 and Ser1134. 

Similar docking poses could be obtained for KDM2A, 7A and 7B but not for 

KDM5A, which is in accordance with the observed in vitro activity in this study.195 

However, another publication found low micromolar inhibition of KDM4A in a 

LANCEUltra® assay. These contrasting results may be explained by the different 

assay setups used for evaluation and the high sensitivity of inhibition to variations 

in iron and 2-OG concentrations. Furthermore, deferiprone (53a) was found to act 

not competitive towards the co-substrate 2-OG in this assay, therefore it is possible 

that apparent KDM4A inhibition stemmed rather from iron sequestration than from 

active-site binding for this isoform (cf. section 1.4.2 for general information about 

sequestration vs. active-site site binding). Unfortunately, no competition 

experiments were published for the more potently inhibited KDMs in the first 

study, so no mechanism of action could be deduced for these enzymes.168 Anyhow, 

proof of in vivo modulation of histone methylation by deferiprone (53a) was given 
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by increased H3K4me3 and H3K27me3 in MCF-7 and MDA-MB-231 cells. 

Subsequent optimisation of the deferiprone scaffold yielded the triazole-containing 

compound 53b, which displayed increased cytotoxicity on a range of cancer cell 

lines and showed anti-cancer activity in a murine breast tumour xenograft model.195 

 

Figure 20 Chemical structures of Jmj-KDM inhibitors displaying diverse modes of action. 

Deferasirox (54) is another clinically approved iron chelator with KDM-inhibiting 

properties. It is a non-selective micromolar KDM inhibitor acting via active-site 

chelation of iron and displaying mixed-mode inhibition towards the co-substrate 2-

OG.168 As the development of derivatives of this scaffold is part of this work, this 

compound is discussed in more detail in section 4.3. 
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Another unique scaffold was found in an MS-based high-throughput screen of a 

102,400-compound library against KDM4C. The initial pyrazolo[1,5-a]pyrimidin-

7(4H)-one 55a which bears a nitrile as iron-binding moiety was a submicromolar 

inhibitor of KDM5A with moderate selectivity over KDM4C. Optimisation yielded 

compound CPI-455 (55b), a 10 nM KDM5 inhibitor with improved selectivity (200-

fold) over KDM4C.  

Crystallographic data showed – besides iron-chelation via the nitrile moiety – 

subtype-specific hydrogen bonding, hydrophobic interactions of the isopropyl side 

chain as well as π:π stacking and edge-to-face aromatic interactions of the aromatic 

core with characteristic amino acids of KDM5A (and supposedly other KDM5 

isoforms).  

The compound is competitive towards the co-substrate as shown by overlap of the 

structures in the respective co-crystal structures and by biochemical competition 

assays.196 In cellular assays with several cancer cell lines, specific increase of 

H3K4me3 and H3K4me2, concomitant with selective KDM5 inhibition, was 

observed. Additionally, since KDM5 overexpression is known to be associated with 

the development of drug tolerance in cancer treatments, the effect of KDM5 on this 

phenomenon was observed. As expected, CPI-455 (55b) treatment of a lung cancer 

cell line treated with the kinase inhibitors erlotinib or lapatinib resulted in a 

significant reduction of the number of drug-tolerant cells, which was also observed 

in other models of drug tolerance and in mouse xenografts of an adenocarcinoma 

cell line.197 

A phenotypic reporter-gene assay was employed to discover the hydrazone JIB-04 

(56) as a non-selective Jmj-KDM inhibitor in the high nanomolar range. Despite its 

structural similarity to some pyridine-based inhibitors it does not act solely as a co-

substrate competitive inhibitor, but shows mixed-mode inhibition towards 2-OG 

and the peptide substrate.198 Furthermore, although the hydrazone and the two 

adjacent pyridine nitrogen atoms might serve as tridentate iron chelator, docking 

into KDM4A and crystallographic data suggest a different binding mode not 
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including iron chelation but hydrogen bonding with a lysine and a tyrosine residue 

(Lys241 and Tyr177). As Tyr177 is normally involved in binding of the peptide 

substrate this interaction might explain the partial competitivity towards the 

peptide. Lys241 usually stabilizes the oxygen molecule needed for catalytic activity, 

so it was postulated that JIB-04 (56) disrupts oxygen binding. Indeed, an oxygen-

sensitive assay revealed competitivity towards O2, which is a quite unique 

mechanism of action for Jmj-KDM inhibitors. The authors of this study suggest that 

oxygen competitivity might cause some selectivity in vivo as KDM4 exhibits low 

binding affinity towards O2 and might therefore be especially vulnerable towards 

oxygen disruption. Furthermore, as the effect of the inhibitor is greater in a low 

oxygen environment, they suggest selectivity towards hypoxic tissues such as 

tumours. This would be an exceptional case of tumour targeting with a KDM 

inhibitor. However, experimental proof of this hypothesis is lacking so far. 

A binding assay based on competitive replacement of a fluorescent probe (cf. section 

1.3.6) yielded two unrelated scaffolds NRB125 (57) and HTS12214 (58), which were 

micromolar unselective inhibitors of KDM2A and KDM4A. Based on the assay 

principle used for their discovery it is obvious that they are able to replace an active-

site binder from the enzyme. However, no further elucidation of the respective 

mechanisms of inhibition was undertaken for these compounds. They both showed 

hypermethylation of H3K9 and H3K36 in a cellular assay using a pancreatic 

adenocarcinoma cell line.145 

The peptide substrate-competitive inhibitor NSC636819 (59) was found in a virtual 

screening of the National Cancer Institute compound database against structures of 

KDM4A and KDM4B. It is moderately potent (IC50 = 6.4 μM against KDM4A, 

determined in an FDH-based assay). In vitro selectivity against other KDMs was not 

assessed. However, cellular studies with the prostate cancer cell line LNCaP 

showed selective H3K9me3 increase while other methylation marks remained 

unchanged, which can be interpreted as indirect proof for compound selectivity for 

the KDM4 family. Furthermore, cellular experiments with NSC636819 (59) 
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underlined the importance of the androgen-receptor (AR)-related signalling of 

KDM4 and its role in prostate cancer development.199 

An evaluation of the G9a-inhibitor BIX-01294 (60a) and its analogue E67 (60b) 

revealed that they additionally inhibit KDM7A in the low micromolar range 

(determined in an MS-based assay). G9a is a histone methyltransferase and 

therefore, like histone demethylases, recognises specific methylated histone lysine 

residues. Hence, it is not surprising that an inhibitor of G9a targeting the histone 

peptide binding site – in this case via an aminoalkyl chain – may also bind to a 

histone demethylase recognising the same substrate. E67 (60b) was shown to be 

cytotoxic against various cancer cell lines, however, an attribution of the cellular 

effects towards one of the putative target enzymes could not be achieved.200 

 Covalent Inhibitors 

Based on the position of characteristic cysteine residues (Cys480 and -497) in the 

active site of KDM5 not present in other subtypes, Vazquez-Rodriguez et al. 

developed covalent selective KDM5 inhibitors.201 They coupled cross-linking 

moieties to the structures of known inhibitors, such as the pyrido[3,4-d]pyrimidin-

4(3H)-one 29 and the nitrile CPI-455 (55b), yielding for example the acrylamide 61 

and the chloroacetamide 62 (cf. Figure 21). Crystal structures of acrylamide 61 

confirmed the covalent link to Cys480 and placement of the chloroacetamide moiety 

of 62 in close proximity to Cys497 although no covalent bond was seen in the latter 

case.  

 

Figure 21 Chemical structures of covalent KDM5 inhibitors. 
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Kinetic measurements of the binding characteristics supported effective covalent 

binding of both inhibitors (kinact/Ki 1.4*103 M-1 s-1 and 19*103 M-1 s-1, determined in an 

AlphaScreen™ assay; note: the determination of simple IC50 values is not significant 

for covalent inhibitors; higher kinact/Ki corresponds to higher inhibitory activity). 

Cellular target engagement and ChIP-seq analysis showed KDM5 inhibition at 

nano- to micromolar levels and an increase of H3K4me3 for both compounds.201 

 Peptidic Inhibitors 

As described in section 1.4.3 inhibition via competition with the histone peptide 

substrate is an eligible mode of action. This may be efficiently achieved by 

compounds containing peptidic structures.  

 

Figure 22 Chemical structures of peptide-based Jmj-KDM inhibitors. 

A truncated version of the histone tail 3 (H3(7-14)K9(i); 63a) bearing a modified lysine 

residue as trimethyllysine mimic (cf. Figure 22) was shown to be a micromolar 

inhibitor of KDM4. The lysine mimic was coupled to a bromouracil moiety in order 

to incorporate an iron-binding group, thereby increasing the inhibitory activity and 

selectivity (Ki = 52 µM on KDM4C, 98 µM on KDM4A, no inhibition of KDM7, 

determined in an FDH-coupled assay). By choosing a shorter peptide (H3(7-11)K9(i); 

63b), selectivity for KDM4C towards KDM4A could be increased to a 4-fold 

difference, which is remarkable given the high sequence similarity of those two 

subtypes.202 
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Based on a co-crystal structure of KDMA in complex with its peptidic substrate, 

another peptidic inhibitor bearing a metal-binding group could be devised. 

N-oxalyl cysteine was chosen as co-substrate mimic and the optimal position for the 

linkage with the peptide via a disulphide bridge was deduced from the co-crystal 

structure. Co-crystallization of KDM4A with the resulting inhibitor 64 confirmed 

the intended binding mode covering both the substrate and the co-substrate binding 

pocket. Inhibitory activity against KDM4A was 0.27 μM (determined in a 

luminescence based assay) and no significant inhibition of KDM6 and KDM7 family 

members was observed.203 

A different approach used cyclic peptides that do not address the peptide substrate 

binding site but a remote binding pocket on the surface of KDM4. Targeting this 

binding site caused allosteric inhibition of the enzyme. Screening of a library of 

randomized peptides against KDM1 and KDM4 by phage display followed by 

optimization via truncation, amino acid replacement and chemical modification 

yielded two KDM4-selective inhibitors (IC50 = 0.6 µM and 8.5 µM on KDM4C, 

determined in a LANCEUltra® assay; structures not depicted here). Due to the fact 

that the inhibitor binding site lies in a region less conserved than the catalytic site, 

these inhibitors may serve as interesting starting point for the development of 

isoform-selective inhibitors.118 

Despite their high selectivity and unique binding modes peptidic inhibitors have 

not been advanced any further as they suffer from the typical drawbacks of peptide-

based compounds such as low cellular permeability and low metabolic stability. 

 Zinc ejecting Inhibitors 

A unique feature of KDM4 is a zinc-binding motif close to the methyllysine binding 

site, which seems to be necessary for catalytic activity. Therefore, attempts to 

selectively inhibit KDM4 via targeting this zinc ion have been undertaken.204, 205  
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Figure 23 Chemical structures of zinc-ejecting KDM4 inhibitors. 

To this end, known zinc-binding compounds were screened for their ability to eject 

the respective zinc ion from the enzyme and inhibit the catalytic activity. The 

dehydrogenase inhibitor disulfiram (65a) and a pyrrolidine-containing derivative 

thereof (65b), as well as the selenazolone-containing anti-inflammatory and 

cytoprotective drug candidate ebselen (66; cf. Figure 23) were shown to inhibit 

KDM4A in the micromolar range via a mechanism independent of substrate or co-

substrate competitivity.  

The three compounds did not inhibit the iron/2-OG-dependent prolyl hydroxylase 

PHD2 further underlining the 2-OG independency. The suggested mode of action 

is covalent binding of the inhibitor to one of the cysteine residues of the zinc binding 

site with concomitant ejection of the bound zinc ion. A corresponding adduct 

between disulfiram 65a (after cleavage of the disulphide bond) and KDM4A could 

be detected via MS supporting this mode of action.204 However, effects on other 

KDMs, which contain structural zinc ions in additional domains, such as zinc finger 

domains, or other zinc-containing enzymes were not evaluated therefore limiting 

the significance of the postulated selectivity.  

 Discussion 

Due to their important role in physiology and disease, numerous inhibitors for Jmj-

KDMs have been published since their discovery in 2006. The majority of them bear 

an iron-chelating moiety to bind to the central ferrous iron and are therefore at least 

partly competitive towards the co-substrate 2-OG. The inherent metal-binding 

capacity might be a drawback in terms of selectivity, as metalloenzymes are quite 

abundant in cells and therefore pose possible off-targets for metal binding 
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inhibitors. Furthermore, those inhibitors may reduce the availability of the cytosolic 

iron – or more generally di- and trivalent metal ion – pool and thereby elicit other, 

potentially undesired, biologic effects. Therefore, it is important that inhibitors 

display a high potency on their respective target in order to minimize the required 

concentration and the possible off-target effects. Concerning target selectivity for 

metal-binding drug molecules, Day, Chen and Cohen screened a broad variety of 

experimental as well as clinically approved drugs against various metalloenzymes 

and found that, contrary to common belief, metal-binding drugs are usually rather 

selective for their target of interest and not especially prone to off-target effects.206, 

207 Besides the selectivity over non-related metalloenzymes, there remains the 

question of subtype or even isoform selectivity for certain KDMs. Some of the 

published inhibitors display remarkable selectivity while others are non-selective 

or selectivity has not been fully evaluated. However, given the physiological 

redundancy of some KDMs it is currently not known which degree of selectivity is 

desirable for good clinical outcomes because too selective inhibitors might not be 

reaching all necessary targets due to compensation of the inhibitory effects by other 

demethylases while too broad inhibition is possibly related to an increased risk of 

undesired side effects. As no Jmj-KDM inhibitor has entered clinical trials to date, 

there is still a dire need for new inhibitory molecules spanning a wider range of 

selectivity and potency with optimized properties favouring good in vivo efficacy 

both for the development of molecular probes for scientific studies as well as for 

potential therapeutic drugs. 
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2 Aim of the Project 

Given their crucial role in various diseases, first and foremost in cancer and 

neurological diseases, 52, 55, 81-86 inhibitors of Jmj-KDMs are valuable tools for the 

study of the role of these enzymes in pathophysiological pathways. Additionally, 

JmJ-KDMs can be envisioned as potential therapeutic targets in the above-

mentioned disease areas. Although numerous inhibitors of various subtypes of Jmj-

KDMs have been developed,52, 132, 147-156 no clinical candidate is available to date and 

there is still a high demand for potent inhibitors displaying a favourable selectivity 

profile and high cellular permeability. 

 

Figure 24 Overview over the main projects of this thesis. 

The main aim of this work was the synthesis and in vitro evaluation of new Jmj-

KDM inhibitors, mainly focused on KDM4A, which are based on lead structures of 

known inhibitors. To this end, the synthesis of bioisosteres of the non-selective 

inhibitors 2,4-PDCA (22) and IOX1 (42) was established. Furthermore, a broad 

variety of derivatives of the clinically approved iron-chelator deferasirox (54) was 

generated. The synthesis of α-brominated ketones and the successive Hantzsch-

thiazole or oxazole cyclization were developed and optimized for different starting 

materials. Additionally, coupling reactions for the generation of labelled derivatives 

were performed. Smaller projects comprised the characterization of a compound 

series focussed on the lysine substrate as well as a novel inhibitor class based on the 
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hydrazone motif. The different inhibitor classes covered in this work are 

summarized in Figure 24. 

Biochemical evaluation of compound potency was performed in two in vitro 

enzyme activity assays previously established in the lab. Furthermore, fluorescently 

labelled compounds were evaluated in a newly developed fluorescence polarization 

assay in order to gain insights into binding characteristics of the compounds. 

For potent inhibitors, the results of docking studies, selectivity evaluation as well as 

cellular activity will also be discussed herein. 
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3 Assays 

In order to evaluate new KDM inhibitors, a set of robust assays for their 

identification and characterisation is needed. To this end, two enzyme activity 

assays for KDM4A, namely the FDH assay and the antibody-dependent LANCE 

assay, have been previously established in our lab by Dr. Martin Roatsch, as 

described in his PhD thesis.120 They were used in this work following the pre-

established protocols. The general assay setup and important characteristics of the 

two assays are described in the following sections. 

 Activity Assays used in this Work 

As described in section 1.3.1, the FDH assay is based on the detection of NADH, 

which is generated by the auxiliary enzyme formaldehyde dehydrogenase upon 

release of formaldehyde produced in the demethylation reaction (cf. Figure 8). In 

contrast to that, the LANCE assay detects the demethylated peptide via recognition 

by a di-methyl specific antibody for H3K9me2, which is labelled with a europium 

chelate amenable for time-resolved FRET measurements. Optimisation of both 

assay formats was already performed by Dr. Martin Roatsch, and is extensively 

described in his PhD thesis.120 Therefore, and in order to increase comparability with 

previously obtained inhibition constants, no major modifications to that setup were 

performed in this work. Consequently, only a short overview over the assay 

conditions and the parameters used to ensure constant assay performance are given 

here. Both assays were used for compound screening and for determination of IC50 

values using the equations given in the experimental section. 

 FDH-coupled Assay 

Main parameters critical for assay performance are the choice of a suitable peptide 

substrate and the concentrations of enzyme, substrate and the co-substrate 2-OG. 
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As KDM4A demethylates H3K9me3/2 and H3K36me3/2, histones bearing these 

modifications might be used for activity measurements. However, using short 

peptide substrates bearing one of these modifications is much easier, more cost-

effective and yields a higher reproducibility of results, because the peptides can be 

generated synthetically instead of being isolated from cells, where uniform 

modifications are difficult to obtain. Therefore, a peptide substrate consisting of the 

amino acids 7-14 of histone 3 trimethylated at lysine 9 (peptide sequence 

ARK(me3)STGGK-NH2) was chosen. Demethylation activity on this substrate is 

higher than towards a peptide bearing the H3K36me3/2 modification. Additionally, 

further demethylation of the H3K9me2 peptide to H3K9me1/0 is negligible when 

using sufficiently high concentrations of H3K9me3 as well as short reaction times.58 

To save costly materials, concentrations should be chosen as low as possible while 

maintaining a stable read-out signal. Based on literature reports of similar assays119, 

170, 208 and kinetic measurements120 a peptide concentration of 35 µM was chosen to 

obtain a quick enzymatic transformation while requiring rather low substrate 

consumption. A suitable KDM4A concentration was chosen that allowed about 60% 

substrate turnover in 60 min resulting in a reasonable assay window. As enzyme 

concentration and activity varied between batches activity was measured for each 

new batch to determine the concentration needed to obtain the same activity as the 

previous batches. This resulted in an enzyme concentration of approximately 

1.75 µM for the FDH assay. The third important assay component is the co-substrate 

2-OG. As most Jmj-KDM inhibitors are at least partially competitive towards 2-OG, 

its concentration in the assay is crucial, because variations lead to different 

inhibition constants for the inhibitors. High 2-OG concentrations would lead to 

higher IC50 values for the inhibitors, because a higher amount of compound would 

be needed to displace 2-OG from the catalytic pocket. However, too low 

concentrations should also be avoided, not only because they lead to low IC50 values 

and lower reproducibility, but also to prevent a lack of 2-OG which would slow 

down the demethylation reaction in the non-inhibited enzyme. Therefore, a 
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concentration of 50 µM, which is about two times the KM value (29 ± 11 µM; 

determined via Michaelis-Menten curve) and allows fast enzymatic turnover, was 

chosen.120 

Further components needed for the assay are ferrous iron (supplied as FeSO4), 

which is needed for the catalytic activity of the enzyme as well as ascorbic acid, 

which suppresses oxidation of Fe2+ to Fe3+ and thereby increases the stability of the 

assay mixture. Both reagents were supplied in large excess to the chosen enzyme 

concentration (10 µM FeSO4, 100 µM ascorbic acid) to avoid variations in the 

measurements caused by oxidation by ambient oxygen. Additionally, these 

component solutions were prepared freshly each week and added to the enzyme 

solution immediately prior to the assay to avoid degradation. For the formaldehyde 

detection, formaldehyde dehydrogenase and its cofactor NAD+ are needed. High 

concentrations, namely 0.001 Units/µL FDH and 500 µM NAD+, which ensured that 

the demethylation and not the detection reaction was the rate determining step, 

were chosen. 50 µM HEPES buffer at pH 7.50 containing 0.01% TWEEN 20 proved 

to be suitable for both the demethylation reaction and the formaldehyde oxidation 

and was therefore chosen as assay buffer. 

As described in section 1.3.1, the FDH assay is prone to interference with 

autofluorescent compounds whose absorption and emission spectra overlap with 

those of NADH. Therefore, a counterscreen for fluorescence was performed at 

λem = 460 nm. Furthermore, all potential hits were confirmed in the LANCEUltra® 

assay. 

 LANCEUltra® assay 

Basically, all the above-mentioned considerations concerning the enzyme, peptide 

substrate and co-substrate are also true for the LANCE assay. However, a slight 

variation of the peptide substrate was necessary because the assay principle 

depends on binding of the substrate to the acceptor beads in order to allow the FRET 
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effect to take place (cf. Figure 11). For that purpose, a biotin tag on the peptide, 

which is able to bind to the streptavidin-coated acceptor bead, is suitable. As 

suggested by the assay reagent supplier (PerkinElmer),133 a biotin-H3K9me3 1-21 

peptide (peptide sequence ARTKQTARK(me3)STGGKAPRKQLA-GGK(biotin)) 

was used. Due to the much lower quantification limit and higher sensitivity of the 

LANCE assay compared to the FDH assay, much lower concentrations of the 

peptide substrate (0.4 µM), KDM4A (60 nM) and 2-OG (1 µM) could be employed. 

As for the FDH assay, enzyme activity of each batch was confirmed via activity 

measurements. The other assay parameters were similar to the FDH assay and can 

be found in the experimental section. As explained in section 1.3.3 the LANCE assay 

is much less prone towards compound interference than the FDH assay and was 

therefore used as the standard assay for the determination of IC50 values. Unless 

stated otherwise, all IC50 values given in the following sections were determined in 

this assay. 

In addition to the determination of IC50 values, the LANCE assay was also used to 

evaluate competitivity of inhibitors against the co-substrate 2-OG using the 

Michaelis-Menten equation. To this end, varying concentrations of inhibitor (in the 

range of the IC50 value) were titrated against different concentrations of 2-OG (0–

5 µM). To calculate the amount of converted substrate the calibration function (3.1), 

obtained by plotting the LANCE fluorescence signal against defined concentrations 

of demethylated peptide, was used (cf. Ref.120 for details). 

[H3K9me2] =  
LANCE−200

275
 ∙ 1 nM (3.1) 

The concentration can be used to calculate the reaction velocity 𝑣 over the 

incubation time using equation 3.2. 

𝑣 =  
∆[H3K9me2]

∆𝑡
 =

[H3K9me2]

45 𝑚𝑖𝑛
 (3.2) 

Fitting the thus obtained velocities against the Michaelis-Menten equation 

𝑣 =  
𝑣max ∙ [2– OG]

𝐾M
app

+  [2– OG]
 (3.3) 
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gives the apparent 𝐾M values for the respective inhibitor concentrations under the 

specified assay conditions. For competitive inhibitors, apparent 𝐾M values can be 

used to calculate the inhibition constant 𝐾i via linear regression to the following 

equation. 

𝐾M
app

=  𝐾M
0 ∙ (1 + 

[𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟]

𝐾i
) (3.4) 
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4 Development of novel Inhibitors for JmjC-containing 

histone demethylases 

Based on the mechanism of action of Jmj-KDMs and the structures of previously 

published inhibitors, the development of new inhibitors was envisaged and is 

described in the following sections. Compounds were synthesized or obtained from 

collaboration partners and their activity was tested on KDM4A. 

 Lysine Mimics 

As histone demethylases recognise peptidic substrates containing methylated 

lysine residues, compounds acting as lysine mimics might serve as substrate-

competitive inhibitors. The aim of this project was to identify modifications of the 

ε-amino group of lysine capable of binding to the enzyme and inhibiting its activity. 

To this end, a library of 22 lysine derivatives synthesized by Dr. Nicolas Barthes as 

well as Marleen Bokern and Raphaela Kümmerle, two bachelor students under his 

supervision, was tested. The library consists of N-benzyloxy- and O-benzyl-

protected lysine derivatives, whose ε-amino groups were modified with different 

substituents or incorporated into heterocycles (cf. Figure 25). Unfortunately, seven 

compounds could not be evaluated in the KDM4 assay due to precipitation upon 

addition to the assay medium. Furthermore, neither 67a, the free ε-amine, nor the 

derivatives bearing aliphatic or aromatic substituents showed an inhibitory activity 

on KDM4A at 250 µM. A weak activity was only observed for some of the 

derivatives containing rings that incorporated the ε-amino group. 22% inhibition at 

250 µM was observed for 67b bearing a 4-(2-pyridinyl)-1,2,3-triazole moiety. 

However, the other four 1,2,3-triazole-containing derivatives of the library were 

either inactive or precipitated during the assay, therefore no structure-activity 

relationship could be deduced from these results. The imidazo[1,5-a]pyridine- (67c) 

and succinimide- (67d) containing derivatives also displayed weak inhibitory 
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potential (27% and 50%, respectively). The derivative showing the highest activity 

with an IC50 value of 28 µM was the pyridinium compound 67e.  

 

Figure 25 Lysine derivatives as potential KDM4A inhibitors. Inhibitors marked with an asterisk * 

were insoluble in the assay buffer and could therefore not be tested. Inhibition values 

are given for active compounds, the other compounds displayed no inhibition 

(inhibition < 10%) at 250 µM. 

In summary, screening of the small library of lysine derivatives yielded one 

micromolar KDM4A-inhibitor, whereas the other tested compounds were inactive, 

poorly active (≤50% inhibition at 250 µM) or precipitated under the assay 

conditions. A potential application of the discovered lysine derivative is the 

incorporation into a peptidic substrate or a cos-substrate competitive inhibitor 

which might improve potency and, more importantly, selectivity towards certain 

subtypes depending on the nature of the chosen substrate. 
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 Carboxylic Acid Bioisosteres based on known Inhibitors 

As outlined in section 1.4.2 some inhibitors contain one or more carboxylate groups 

to chelate the active-site iron and to undergo ionic interactions with basic amino 

acid residues (e.g. Lys206 in KDM4A, c.f. section 1.4.2). However, due to their 

negative charge at physiologic pH values, carboxylic acids often poorly penetrate 

cell membranes limiting the cellular uptake of the compounds. The first main 

strategy to overcome this obstacle is the generation of prodrugs by the introduction 

of a functional group masking the negative charge, which can subsequently be 

cleaved intracellularly thereby releasing the active compound. Successful examples 

of prodrugs of KDM inhibitors are summarized in section 1.4.2. The second 

approach is to exchange the carboxylic acid by a group retaining the biological 

activity but meanwhile increasing membrane permeation. This bioisostere strategy 

has also been effectively used for the generation of KDM inhibitors (cf. section 1.4.1). 

However, as many inhibitors published to date were either not sufficiently active, 

cell permeable or subtype-selective, improvement of inhibitors using the bioisostere 

strategy was attempted. Sulfoxides, sulfones, boronic acids and tetrazoles were 

chosen, because they all have been successfully employed as bioisosteres in 

numerous medicinal chemistry projects.209, 210 

 Sulfoxides, Sulfones 

Sulfoxides and sulfones are functional groups that can be found in some 

pharmaceuticals, such as the antibiotic agent dapsone and the proton-pump 

inhibitor omeprazole. They are not considered classical carboxylic acid bioisosteres 

because of their high lipophilicity, high pKa values and their non-planar structure. 

Nonetheless, sulfones have been employed as carboxylic acid isosteres in some 

studies.209, 211 Additionally, sulfoxides have been reported as highly potent metal 

chelators which can bind metals either via the oxygen or the sulphur electron lone 
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pair depending on oxidation state of the metal and binding geometry.212 Sulfones 

are able to chelate metals via one of the oxygen atoms. 

The non-selective KDM inhibitor 2,4-pyridine carboxylic acid was chosen as basic 

scaffold because of its remarkably high potency (IC50 = 34 nM, determined in a 

LANCEUltra® assay) despite the rather simple low-molecular structure. The simple 

scaffold allowed a straightforward synthetic modification of the C2 substituent. 

4.2.1.1 Synthesis 

Two sulphur analogs which resemble 2,4-pyridine carboxylic acid are the methyl 

sulfoxide 68a and the methyl sulfone 69a. They can be synthesized via oxidation of 

the corresponding sulphide 70 using a suitable oxidant. The sulfone could easily be 

obtained in 87% yield using meta-chloroperoxybenzoic acid (mCPBA) in THF 

followed by purification via preparative TLC (cf. Scheme 1). However, synthesis of 

the sulfoxide proved to be more difficult due to insufficient separation of product 

and starting material during purification. Attempts to reach full conversion in order 

to avoid the separation were unsuccessful, since increasing the amount of the 

oxidant or the reaction time as well as the use of a more drastic oxidant led to 

overoxidation to the sulfone, which could also not be separated from the sulfoxide. 

The applied reagents tested under several conditions were mCPBA, hydrogen 

peroxide — alone or in combination with trifluoromethanesulfonic anhydride 

(triflic anhydride) — and sodium periodate, all of which have been published for 

the preparation of sulfoxides from sulphides on similar structures.213-215 

Intending to facilitate purification and improve the selectivity of oxidation, the 

methyl ester 71a was used instead of the carboxylic acid 70, as outlined in Scheme 

1. This strategy permitted the oxidation to the sulfoxide 72a following a procedure 

published by Khodaei et al. by using a mixture of hydrogen peroxide and triflic 

anhydride in ethanol. The reaction reached nearly full conversion to the sulfoxide 

while no overoxidation was observed under these conditions. The methyl ester 
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seemed to reduce the susceptibility of the sulfoxide towards oxidation compared to 

the carboxylic acid, where overoxidation to the sulfone had occurred under the 

same conditions.  
 

 

Scheme 1 Synthetic route for the preparation of sulfone and sulfoxide derivatives of 2,4-PDCA. 

The reaction mechanism comprises the activation of triflic anhydride by hydrogen 

peroxide to trifluoromethanesulfonoperoxoic acid (cf. Scheme 2). The terminal 

oxygen of the peroxoic acid is more electrophilic than H2O2, which facilitates the 

nucleophilic attack of the sulphide S1. Upon release of triflate, the hydroxy-

sulfenium cation S2 is formed, which yields the corresponding sulfone S3 via 

hydrogen abstraction. The high selectivity of mono- versus dioxidation might be 

explained by the lower reactivity of the hydroxy-sulfenium cation towards 

oxidation compared to the sulphide. Owing to the clean reaction without formation 

of by-products, purification could be performed via simple extraction with 

dichloromethane yielding the product in 85% yield. Hydrolysis of the methyl ester 

yielded the sulfoxide 68a. Both sulfoxides were synthesized as racemates. 

 

Scheme 2 Proposed reaction mechanism for the oxidation of sulphides to sulfones by hydrogen 

peroxide and trifluoromethanesulfonic anhydride.214 
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In an effort to attain compounds which might be able to form stronger interactions 

with the catalytic pocket of the enzyme, the benzyl-substituted compounds 68b and 

69b were synthesized next (cf. Scheme 3). The sulphide precursor 71b was obtained 

from methyl 2,6-dichloroisonicotinate 72 via nucleophilic aromatic substitution 

with phenylmethanethiol 73 and sodium hydride in DMF as published by Dally et 

al.216 In contrast to the methyl derivative described above, oxidation with hydrogen 

peroxide/triflic anhydride in ethanol yielded only a small amount of the sulfoxide 

68b while the main product was the sulfone 69b.  

 

Scheme 3 Synthetic route for the preparation of benzyl-substituted sulfoxide and sulfone derivatives 

of 2,4-PDCA. 

An oxidation reaction using one equivalent of mCPBA also gave a mixture of 

sulfoxide and sulfone, but in this case the sulfoxide 68b was predominant. Luckily, 

removal of the minor product could be realized via chromatographic purification in 

both cases, giving the sufficiently pure sulfone and sulfoxide in moderate yields of 

49 and 85%, respectively. The somewhat contradictory observations concerning the 

selectivity of different oxidation reagents for the S-methyl and -benzyl compounds 

suggest a high sensitivity of the oxidation reaction towards change of substituents. 

However, no further optimization of reaction conditions was performed as soon as 

the desired product was obtained in sufficient purity and amount for analytical 

purposes and biological testing. Additionally, the reproducibility of the observed 

product ratios was not tested. Therefore, the observed differences between the two 
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compounds might be coincidental and could stem from small variations of reaction 

conditions such as the exact amount of oxidant used or the precise control of 

reaction temperature. 

4.2.1.2 Evaluation of enzyme activity 

Exchange of the 2-carboxylic acid of 2,4-PDCA by a methylsulfone moiety in 

compound 69b lead to a marked decrease in potency to only 60% inhibition at 

500 µM. The methylsulfoxide 68a also displayed very weak inhibition of 293 µM. 

Furthermore, the hill slope in the inhibition curve was > 5, which is suggestive for a 

mechanism of action not reliant on a 1:1 compound enzyme complex.  

Table 3 Inhibitory activity of sulfone and sulfoxide derivatives against KDM4A. Data are mean 

± s. d. of at least two independent experiments. 

Compound Structure % inhibition or IC50 

69a 

 

60 ± 8 % @ 500 µM 

68a 

 

292.8 ± 6.0 µM* 

69b 

 

57 ± 8 % @ 500 µM 

68b 

 

248.9 ± 32.6 µM 

*  Hill slope of the inhibition curve is > 5, suggesting compound/enzyme precipitation or other 

 unspecific effects. 
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High hillslopes can either result from cooperative binding of several compound 

molecules or – more likely in this case – from unspecific effects like 

compound/enzyme precipitation or unspecific binding.  

Similarly, the benzyl-substituted derivatives also displayed very weak inhibition of 

57% at 500 µM for the sulfone 69b and an IC50 value of 249 µM for the sulfoxide 68b. 

Consequently, the sulfoxide and sulfone moieties are unsuitable for the bioisosteric 

replacement of the 2-carboxylic acid in 2,4-PDCA probably due to unfavourable 

binding geometries. 

 Boronic acids 

Boronic acids and their derivatives have gained more and more importance in 

medicinal chemistry development programmes in the past few years.217 The FDA-

approval of the proteasome inhibitor bortezomib as the first boron-containing drug 

in 2003 proved that it is essentially possible to incorporate this moiety into active 

pharmaceuticals thereby eliciting growing interest in boronic acid research. To date, 

two more boron derivatives, namely the antifungal drug tavaborole and crisaborole 

for the treatment of atopic dermatitis have been approved while numerous others 

are evaluated in preclinical and clinical trials for a variety of diseases like cancer, 

psoriasis, and bacterial, parasitic as well as viral infectious diseases.217 Boronates 

have also been used as bioisosteres for carboxylic acids, as exemplified in the case 

of an oseltamivir derivative where increased antiviral activity was observed for the 

modified compound.209 Despite the rapid evolution in various disease areas, no 

boron-containing inhibitor targeting a demethylase has been published yet, 

therefore it was envisioned to probe into that direction and evaluate the effect of the 

incorporation of a boronic acid into a KDM inhibitor. 
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4.2.2.1 Scaffold choice 

The primary goal was to synthesize a simple boronic acid derivative of a known 

inhibitor to assess the suitability of this moiety as a carboxylic acid isostere. As for 

the sulfoxides and sulfones, the exchange of the 2-carboxylic acid of 2,4-PDCA 22 

by a boronic acid could have served this purpose. However, 2,4-PDCA seemed to 

be rather unfeasible as a starting point for two main reasons. Firstly, 2-borylated 

and, to a lesser extent, 4-borylated pyridines are known to be highly prone to 

protodeboronation via the formation of a reactive zwitterion in aqueous media (cf. 

Scheme 4).218 Therefore, these compounds would probably not be stable in cells. 

Secondly, a pyridine compound containing a carboxylic acid as well as a boronic 

acid moiety would be highly polar (clogP of 0.409, calculated with OSIRIS Data 

Warrior) and bear multiple charges at physiologic pH values, which might lead to 

low cellular permeability. 

 

Scheme 4 Protodeboronation of 2-pyridine boronic acid. Upon addition of water a reactive 

zwitterionic species is formed, which spontaneously decomposes releasing boric acid 

and the deboronated pyridine. 

Therefore, the less polar compound 8-hydroxy-5-quinolinecarboxylic acid 42 (IOX1) 

was selected. The predicted logP of 1.3533 of the resulting boronic acid derivative 

promises higher cellular permeability. 

4.2.2.2 Synthesis and testing 

The synthesis, as outlined in Scheme 5, comprises the protection of the phenolic 

hydroxy group with tert-butyldimethyl chlorosilane 76 (TBS-Cl), the installation of 

the boronate as pinacol ester, and finally the cleavage of both the tert-

butyldimethylsilyl (TBS) and the pinacol moieties. TBS protection was performed 
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according to the procedure described in a patent by Anderson et al. using 

5-bromquinolin-8-ol 77 and TBS-Cl. Imidazole was added to activate TBS-Cl 

catalytically and as stochiometric base.219 The reaction was run in dichloromethane 

allowing a simple work-up of the protected compound 78 by washing with diluted 

HCl and water followed by purification via flash chromatography (79% yield). The 

next step was realized using a published protocol by Babudri et al. via palladium-

catalysed borylation of 78 with pinacolborane and triethylamine in 1,4-dioxane. 

Work-up by extraction with cyclohexane and chromatographic purification yielded 

79 in 49% yield. Deprotection of the boronic acid and the phenol moiety was 

accomplished via oxidative ester cleavage with sodium periodate yielding 

compound 80.220  

 

Scheme 5 Synthetic route for the generation of the boronic acid derivative 80 of IOX1 (42). 

However, purification proved to be rather difficult. This was not unexpected, as 

isolation of pure boronic acids is known to be challenging due to their high polarity 

and their propensity to form oligomeric anhydrides.221 Furthermore, 80 is 

amphoteric due to the basic quinoline moiety. That property impeded purification 

via normal-phase flash column chromatography because the compound could not 

be eluted from the column even with polar solvents. Ion-exchange chromatography 

using a sephadex column was also unsuccessful, as no separation of the desired 

compound from the impurities was observed. Finally, purification was realized via 

semi-preparative HPLC on a C18 column with polar endcapping (Phenomenex 

Synergi® 10u Hydro-RP 80) and a water/acetonitrile/trifluoroacetic acid mixture as 

eluent. However, final purity was only 92.8% as determined via HPLC and the 
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remaining impurities could not be identified in the NMR spectra due to the small 

sample amount. 

In vitro testing of 80 in the FDH assay revealed a fairly low compound activity of 

47% inhibition at 100 µM which is much lower than the inhibitory activity of IOX1 

(42; IC50 = 0.7 µM in the LANCE assay). Thus, no further attempts to synthesize the 

compound in higher purity were undertaken. As the compound potency dropped 

massively compared to IOX1, the exchange of the carboxylic acid by a boronic acid 

is detrimental for the inhibitory activity. Therefore, no other boronic acids were 

synthesized and tested. 

 Tetrazoles 

Since both the sulfoxides/sulfones and the boronic acid had proven to be ineffective 

as replacement for carboxylic acids in the KDM inhibitors 2,4-PDCA and IOX1, 

respectively, tetrazoles were considered as alternative bioisosteres. The tetrazole 

moiety is one of the most commonly used bioisosteres for carboxylic acids, and has 

been successfully employed in the development of numerous pharmaceuticals. 

Prominent examples are the angiotensin II receptor antagonist Losartan and its 

analogs. Like carboxylic acids, 5-substituted tetrazoles usually display pKa values 

in the range of 4.5-4.9 and are hence deprotonated at physiologic pH. Furthermore, 

they have a planar structure and an electronic structure similar to carboxylic acids.210 

4.2.3.1 Inhibitory activity of tetrazole derivatives 

As for the sulfoxides and sulfones, 2,4-pyridine carboxylic acid was chosen as the 

lead structure due to its high inhibitory activity and simple molecular structure. The 

4-carboxylic acid was replaced by the tetrazole moiety in order to keep the 

interaction with Lys 206 in KDM4. Additionally, the 2-carboxylic acid, which is part 

of the iron-chelating motif, was exchanged by an amine function (cf. Table 4), which 

can also chelate iron via the nitrogen lone pair. Furthermore, the secondary amine 
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allows the introduction of variable side chains, which might increase interactions 

with the enzyme. Compound synthesis was performed by Dr. Georg Fassauer (Link 

group, EMAU Greifswald) and results are also discussed in his thesis.222 

Unfortunately, a massive decrease of the inhibitory activity was observed for the 

thus modified compounds. Neither simple aliphatic nor aromatic substituents 

present in 81a, 81b and 81c or in 81d, 81e and 81f, respectively, yielded potent 

compounds showing considerable inhibition at 250 µM.  

Table 4 Inhibitory activity of tetrazolyl-2-aminopyridine derivatives against KDM4A. 

Compounds were kindly provided by Dr. Georg Fassauer. Data are mean ± s. d. of at least 

two independent experiments. 

 

No R 

% 

inhibition 

@ 250 µM  

No R 

% 

inhibition 

@ 250 µM  

81a 
 

22% 81d 

 

n. i. 

81b  n. i. 81e 

 

n. i. 

81c 

 

n. i. 81f 

 

n. i. 

81j  
n. i. @ 

125 µM* 
81g  n. i. 

81l 
 

n. t.** 81i 
 

58% 

81k  51% 81m 

 

n. i. 

81n 

 

n. i. 81h 

 

n. i. 
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Table 4 continued 

 

No R 

% 

inhibition 

@ 250 µM  

No R 

% 

inhibition 

@ 250 µM  

81o 

 

25% 81r 

 

n. i. @ 

125 µM* 

81p 

 

n. i. 81s 

 

n. i. 

81q 

 

n. i. 81u 

 

n. i. 

81t 

 
46%    

* highest tested concentration due to low compound solubility in DMSO 
** n. t. =  not tested due to very low compound solubility in DMSO 

The substitution with an ethanol moiety in 81g or its benzoate ester 81h also gave 

inactive compounds, whereas a slight increase of potency to 58% inhibition at 

250 µM could be achieved by elongating the hydroxy-alkyl chain by one carbon in 

81i. Similarly, the ethylamine compound 81j was also inactive, while chain 

elongation by two carbons led to an increased potency of 51% at 250 µM for 81k. 

However, the introduction of the second amine group lowered compound solubility 

in DMSO drastically, rendering the activity evaluation of the propylamine 

compound 81l impossible. Due to the poor solubility this substitution pattern was 

not pursued any further. The exchange of the primary amine with a morpholine 

moiety in order to increase solubility resulted in an inactive compound (81m), as 

did the derivatisation to amides or carbamates bearing different aliphatic or 



4 Development of novel Inhibitors for JmjC-containing histone demethylases  

80    

aromatic substituents (81n, 81o, 81p and 81q, 81r, 81s). Only the methyl sulfonamide 

81t derived from the ethylamine 81j showed some activity, though also rather weak 

(46% at 250 µM), while the tolyl sulfonamide 81u derived from the propylamine 

derivative 81l was devoid of any activity.  

In summary, none of the tested 2-aminopyridine compounds showed satisfactory 

inhibitory potential on KDM4A, as the most potent compound of this series 81i only 

showed 58% inhibition, which is a > 5,000-fold drop compared to 2,4-PDCA. 

Table 5 IC50 values of 2,4-PDCA analogs against KDM4A. Compounds were kindly provided by 

Dr. Georg Fassauer. Data are mean ± s. d. of at least two independent experiments. 

 

 

* no full inhibition reached due to limited compound solubility, therefore IC50 values must be 

considered as rough approximation 

As 2,4-PDCA itself is a highly active compound, the next step was to elucidate 

which moiety caused the immense drop in potency. To determine if the tetrazole 
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moiety was detrimental to compound activity, two tetrazole analogs of 2,4-pyridine 

carboxylic acid, as well as two carboxylic acid analogs of the slightly active tetrazole 

compounds 81i and 81t, were synthesized in the Link group. The latter two 

compounds also allowed the evaluation of the amine part. Assay results are 

summarized in Table 5. The comparison between 2,4-PDCA and its 4-tetrazolyl 

analogue 82 revealed a more than 200-fold decrease in potency, suggesting that the 

tetrazole substituent was not able to bind to the enzyme as effectively as the 

carboxylic acid. However, only a 2–5-fold potency reduction was observed between 

the carboxylic acid-containing amino-compounds 83a and 83b and their tetrazole 

analogs 81i and 81t, proving that the contribution of the tetrazole moiety to 

compound potency cannot be assessed isolatedly in this case, but is highly 

dependent on the overall molecular structure. 

 

Figure 26 Docking of the sulfonamide-containing 2,4-PDCA derivative 83b into KDM4A. No 

interaction between the central nickel ion and the secondary amine can be observed, 

explaining the low inhibitory activity of the compound. 83b is depicted as pink sticks, 

Ni2+ as pale green sphere and Cl- as light green sphere. Interactions are marked with 

yellow dashed lines. (PDB:6F5Q). 

Comparing the amino-compounds 83a and 83b to 2,4-PDCA a 2150–3370-fold 

decrease was observed. Thus, the amino group seems to be unfavourable as an iron-

chelating moiety. This observation was also supported by crystallographic data of 

83b bound to KDM4D (AA 1-342, cf. Figure 26), which was obtained by the Weiss 
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group (Macromolecular Crystallography, Helmholtz-Zentrum Berlin für 

Materialien und Energie; detailed procedures and results can be found in the PhD 

thesis of Dr. Georg Fassauer).222 The crystal structures of both compounds show that 

the amino group does not participate in the metal binding, probably due to an 

unfavourable orientation, which explains the dramatic loss in potency. Therefore, a 

more suitable moiety was envisaged. 

In the 2,4-PDCA analogue 84a, not only the 4-carboxylic acid, but also the 

2-carboxylic acid, which is part of the iron-binding motif, was exchanged by a 

tetrazole moiety, which led to a twofold potency reduction compared to 82. As this 

is only a small decrease in relation to the pronounced potency loss observed for the 

amino compounds 81a–81u, it was concluded that this moiety might be more 

suitable than the 2-amino group. However, tetrazoles only allow limited 

substitution and may be synthetically challenging, therefore secondary amines were 

chosen a as similar but more convenient alternative. Like the tetrazole, they have a 

distance of two carbon atoms between the iron-binding nitrogen atoms, which 

might be more favourable for iron-chelation than one carbon atom.  

Indeed, several KDM inhibitors containing a pyridine moiety and another nitrogen 

in a two-carbon-distance have been published to date (cf. section 1.4.2.2 and Ref. 

178).178 Therefore, a compound series containing 2-ethylamino derivatives was 

synthesized and tested (cf. Table 6). While the unsubstituted amino derivative 84b 

showed at least moderate inhibitory activity with an IC50 value of 20.9 µM, 

monosubstitution with a cyclopropyl moiety eliminated the inhibitory capacity of 

the molecule 84c. Substitution with fluorinated benzyl derivatives in 84d and 84e 

also caused a drop in potency to about 50% inhibition at 250 µM, and to 19% for the 

dimethoxybenzyl derivative 84f. The ethylphenyl derivative 84g was also only very 

weakly active (41% inhibition at 250 µM). The morpholine-containing compound 

84h showed assay interference probably due to low solubility. Next, derivatives 

bearing an amide function instead of the amino group were tested. However, these 
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also displayed rather weak inhibitory potential, the most active compound being 

84i bearing a propylmorpholino moiety and displaying an IC50 value of 100 µM, 

while the other compounds 84j-m showed no or weak inhibition.  

Table 6 Inhibitory activity of 2-ethylaminopyridine derivatives against KDM4A. Compounds 

were kindly provided by Dr. Georg Fassauer. Data are mean ± s. d. of at least two 

independent experiments. 

   

No R 

IC50 or % 

inhibition 

@ 250 µM  

No R 

IC50 or % 

inhibition 

@ 250 µM  

84b  
20.9 ± 

3.6 µM 
84c 

 
n. i. 

84d 

 
51% 84e 

 
49% 

84f 

 

19% 84g 

 

41% 

84h 

 

assay 

interference 
84i 

 

100 ± 

29 µM 

84j 

 

161 ± 9 µM 84k 

 

26% 

84l 

 

n. i. 84m 

 

57% 

Summarized, a bulky cyclic substituent at the ethylamino moiety seems to be 

detrimental to inhibitory activity, which is in contrast to the linearly or branched 

substituents in published inhibitors such as KDOAM-20 (25a) that display 

nanomolar potency against KDM4 and KDM5 (170 nM on KDM4C, 7 nM on 
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KDM5B, determined in an AlphaScreen™ assay).178 The second reason for the lower 

potency compared to the published inhibitors is the replacement of the 4-carboxylic 

acid with the tetrazole moiety, which is also detrimental to inhibition, as discussed 

above. 

In summary, exchange of either carboxylic acid in 2,4-PDCA with tetrazole lead to 

a drop in potency against KDM4A. Exchange of the 2-carboxylic acid with amino 

moieties also decreased potency considerably, while substitution with an 

methylamino substituent regained some activity. The highest activity for the amino-

containing derivatives with an IC50 of 21 µM was observed for the 2-methylamino 

derivative 84b bearing no further substituents, while large substituents again 

decreased inhibitory potential. 

 Tetrazolylhydrazides 

Another tetrazole-containing compound series using a different molecular 

approach was evaluated next. Based on the finding that the plant growth regulator 

daminozide 9 (cf. Section 1.4.2.1) is a selective KDM2/7 inhibitor,128 inhibitors 

bearing a similar hydrazide moiety were developed by Rüger et al. (cf. Figure 27a).167  

 

Figure 27 a) IC50 values of published hydrazide-based KDM inhibitors.128, 167 

b) Proposed binding mode of tetrazolylhydrazide 21 based on published co-crystal  

  structures of KDM4 with known inhibitors. (Modified from Ref. 167). 
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Daminozide, which contains a hydrazide moiety as iron-chelating motif, acts as a 

co-substrate competitor where the hydrazide moiety replaces the 2-oxo-carboxylic 

acid of 2-OG. The terminal carboxylic acid undergoes polar interactions with a 

lysine and tyrosine residue in the active site of the enzyme. Rüger et al. used a 

tetrazole moiety as bioisosteric replacement of the carboxylic acid which is also able 

to form the critical interactions with the enzyme as suggested by docking (cf. Figure 

27b). Their most potent compound 2-(1H-tetrazol-5-yl)acetohydrazide 21 displayed 

an activity of 2.4 µM against KDM4A and ~4- and 41-fold selectivity relative to 

KDM5A and KDM6B.167 This fragment-like structure served as starting point for the 

development of 2-amido-substituted derivatives targeting further amino acid 

residues in KDM4. 

Table 7 IC50 values of tetrazolylhydrazide derivatives against KDM4A. All compounds were 

tested as racemates. Compounds were kindly provided by the research group of 

Andreas Link (EMAU Greifswald). Data are mean ± s. d. of at least two independent 

experiments. 

 

No R 

IC50 or % 

inhibition 

@ 125 µM  

No R 

IC50 or % 

inhibition 

@ 125 µM  

85a 

 

4.38 ± 

2.95 µM 

 

85b 

 

81% 

85c 

 

47% 85d 

 

7.09 ± 

0.16 µM 

85e 

 

52.4 ± 

0.4 µM 
85f 

 

56% 

85g 

 

83% 85h 
 

40% 
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Tetrazolylhydrazides (cf. Table 7) were synthesized and provided by the research 

group of Prof. Andreas Link (EMAU Greifswald). Compounds were used as 

racemates. The phenyl-substituted derivative 85a retained similar activity to the 

fragment 21 (IC50 = 4.4 µM). A para-methoxy substituent lead to a decrease of 

inhibition to 81% at 125 µM for compound 85b, while para-bromo substitution gave 

47% inhibition (85c). Elaboration of the phenyl substituent with an oxophenyl 

residue in position 3 85d lead to a slight decrease in potency (IC50 = 7.1 µM) while 

the same substituent in position 4 or 2 (85e and 85f) decreased potency > 10-fold 

(52 µM and 56% inhibition at 125 µM, respectively), which is probably caused by 

steric clashes with the catalytic pocket of the enzyme. Other large substituents also 

decreased activity substantially (85g, 85h). 

In summary, larger substituents proved detrimental for inhibitory activity and none 

of the substituted compounds displayed a higher activity than the fragment 21, 

which had served as starting point. 

 Summary and Discussion 

To sum up the results from the bioisosteric replacement attempts, it can be 

concluded that the use of a boronic acid in IOX1 (42) was unsuitable for KDM4 

inhibition. Furthermore, sulfoxides and sulfones as replacement for the 2-carboxylic 

acid in 2,4-PDCA decreased inhibitor potency substantially, as did the simple 

exchange with tetrazole. Replacement of the 4-carboxylic acid with tetrazole and the 

2-carboxylic acid with amino substituents also lead to a drop in potency. A 

moderately active compound with an IC50 value in the two-digit micromolar range 

was obtained for the 2-ethylamino-4-tetrazolyl derivative 84a, while other 

ethylamino derivatives bearing an additional substituent at the amine function were 

less active. Finally, substitution of a tetrazole-bearing analogue of daminozide 9 

yielded two compounds displaying low micromolar activity, namely the phenyl- 

and 3-phenoxyphenyl derivatives 85a and 85d. Therefore, the use of a tetrazole 
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moiety as a bioisosteric replacement for the carboxylic acid undergoing ionic 

interactions with basic amino acid residues in the catalytic pocket of Jmj-KDMs, 

seems to be a viable strategy for the synthesis of new KDM inhibitors. This could be 

observed for two different inhibitor families, namely the 2,4-PDCA-derived and the 

daminozide-derived compounds. However, a significant decrease was observed in 

the former case, while the latter compounds showed similar activity to the parent 

compound. 

 Deferasirox Derivatives 

Next, a different strategy starting from the known KDM inhibitor deferasirox (54) 

will be discussed. Deferasirox (Exjade®) is a clinically approved iron chelator used 

for the treatment of chronic iron overload disease caused by frequent blood 

transfusions or hereditary hemochromatosis. Deferasirox is capable of lowering 

iron levels by binding iron ions in the bloodstream and promoting their renal 

excretion. Furthermore, deferasirox has been shown to have anti-neoplastic effects 

in several cancer models, including hepatocellular223 and renal cell224 carcinoma, 

oesophageal225 and gastric226 cancer as well as multiple myeloma (MM)227 and 

myelodysplastic syndrome (MDS).228 Proposed mechanisms of action, besides the 

direct effects of a decreased intracellular iron concentration, include 

downregulation of the mTOR pathway (mammalian target of rapamycin)229 and 

inhibition of the NFκB pathway (nuclear factor kappa-light-chain-enhancer of 

activated B cells),228 which are implicated in cell growth, proliferation, 

differentiation, and tumour migration. However, further research is needed to 

delineate the molecular mechanisms contributing to the activity of deferasirox in 

cancer cells. Despite its promising potential in cancer models, significant beneficial 

effects of deferasirox in clinical trials have only been observed in patients suffering 

from MDS to date.230 Yet, the use of deferasirox, particularly in combination with 
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cytostatic drugs, may still be a promising strategy in various cancer treatments.231, 

232 

Considering its anti-neoplastic activity, its status as an approved drug and, most 

importantly, its iron-chelation capacity, deferasirox posed an interesting starting 

point for the development of KDM4 inhibitors based on the 1,2,4-triazole structure. 

Roatsch et al. could show that deferasirox is a potent KDM4A inhibitor acting via 

complexation of iron in the active site and competitive displacement of the co-

substrate 2-OG. Several close deferasirox derivatives also displaying inhibitory 

activity in the micromolar range were included in that publication.168 Based on these 

results, a broader variety of deferasirox analogs, ranging from closely related 1,2,4-

triazoles to thiazoles and oxazoles bearing various substituents, was synthesized 

and tested in this work. Furthermore, pyrazoles and imidazoles were also 

evaluated. 

 1,2,4-Triazoles 

The 1,2,4-triazole scaffold was chosen based on the parent drug deferasirox (54), 

which consists of a triazole core motif bearing three aromatic substituents. 

Furthermore, triazoles are a versatile starting point for inhibitor development due 

to the availability of various synthetic routes.233 Additionally, the structure is 

viewed as a privileged scaffold in medicinal chemistry and is already a well-

established moiety, not only in deferasirox, but also in other approved drugs, such 

as the antifungals fluconazole, itraconazole and voriconazole, antivirals like 

ribavirin, or the antimigraine drug rizatriptan.234, 235 

4.3.1.1 Synthesis of Triazoles 

The synthetic route for deferasirox derivatives was based on the synthetic pathway 

developed by Dr. Martin Roatsch, which was oriented towards the methods applied 

for the commercial production of deferasirox (54) and literature reports.168, 236, 237 The 
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synthesis route, depicted in Scheme 6, is a two-step procedure starting from easily 

accessible monoaromatics. First, derivatives of salicylic acid and salicylamide are 

condensed to form 4H-benzo[e][1,3]oxazin-4-ones. These can be transformed to 

triazoles via cyclisation with hydrazine derivatives. 

 

Scheme 6 Synthetic route towards deferasirox (54) and related triazoles. R = H, Cl, Br or OCH3. See 

Table 9 for assignment of structures to abbreviations a-q. 

4.3.1.1.1 Oxazinones 

The condensation reaction of salicylic acid derivatives with amides is initiated by 

activation of the carboxylic acid with thionyl chloride in refluxing xylenes (mixture 

of isomers). The thus generated acid chloride reacts with the amide to form an imide 

intermediate, which undergoes an intramolecular cyclisation reaction, where one of 

the phenol moieties reacts in a nucleophilic addition-elimination reaction with one 

of the imide carbon atoms. An excess of thionyl chloride is used to trap the water 

generated by this reaction. Product precipitation was observed after addition of 

thionyl chloride upon cooling. The precipitate could be purified by recrystallisation 
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from a mixture of ethanol and acetic acid. As the reaction is not regioselective,238 a 

mixture of products is obtained when differently substituted salicylic acid and 

amide derivatives are used. To avoid the necessity of an additional step to separate 

different products, only identically substituted salicylic acid and amide derivatives 

were employed in this work. While the synthesis of the deferasirox precursor 88a, 

the para-chlorinated 88b and the para-methoxy-substituted 88c have already been 

published before,168 the para-brominated derivative 88d is novel to the literature. 

Reaction yields ranged from 45 to 59%. The main by-product of the reaction is the 

imide, which can either originate from an incomplete reaction or from hydrolysis of 

the benzoxazinone. To avoid hydrolysis, the benzoxazinones have to be used in the 

next step immediately or be stored under exclusion of humidity. Using the same 

procedure, the synthesis of the fluorinated derivative was also attempted. However, 

only the imide intermediate 88e could be isolated in 32% yield due to the 

susceptibility of the benzoxazinone to hydrolysis, although the successful synthesis 

of the fluorobenzoxazinone is described in two patents. 239, 240 Nevertheless, no 

further attempts to achieve the synthesis of the fluorobenzoxazinone were 

undertaken, because the imide intermediate also proved to be sufficiently reactive 

for the next reaction step. 

4.3.1.1.2 Triazole formation 

The triazole heterocycle was generated from benzoxazinones—or the imide in the 

case of the fluorinated 90e—via cyclization with suitably substituted hydrazine 

derivatives. The reaction proceeds via nucleophilic addition of the two hydrazine 

nitrogen atoms to the carbonyl and imine carbon atoms, ring opening of the 

benzoxazinone (88a-d) and elimination of water. For the fluorinated imide 88e the 

reaction course is similar, starting with the nucleophilic addition of the hydrazine 

derivative to the imide carbonyls and subsequent elimination of two water 

molecules. As only symmetrically substituted benzoxazinones and imides were 

used, the low regioselectivity of the reaction was irrelevant, because the same 
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product is obtained irrespective of the position of the first nucleophilic attack. 

Reaction conditions were chosen based on the procedures for the synthesis of 

deferasirox (54) and close derivatives published by Patil et al.236 and Steinhauser et 

al.,237 using either methanol or ethanol as solvent depending on the solubility of the 

hydrazine derivative used for the reaction. Reactions were performed at reflux 

temperature. For compounds crystallising from the reaction mixture upon cooling, 

purification was performed via recrystallisation from methanol, if necessary. This 

procedure was feasible for deferasirox (54), the brominated derivative 90d, the 

methoxylated 90c and the fluorinated 90e. For some of the other compounds 

precipitation from the reaction mixture could be achieved via addition of 

hydrochloric acid. The obtained precipitates could then also be recrystallised from 

methanol. This procedure was used for the N-phenyl substituted derivatives 

bearing chlorine (90b) or bromine (90f) substituents on the phenol moieties as well 

as for the N-p-benzonitrile substituted 90g. The methoxy substituted phenyl 

derivative 90h, as well as the N-o-methoxy substituted derivative 90i were highly 

soluble in methanol, preventing recrystallisation from this solvent, therefore 2-

propanol was used instead. The lowest reaction yield of 9% (90c; published yield 

18%)168 and 10% (90h) was obtained for the two derivatives bearing methoxy 

substituents. This can be explained by the electron donating +M-effect of the 

methoxy groups, which increases the electron density of the aromatic rings and 

thereby decreases the electrophilicity of the adjacent carbonyl or imine groups.238 

This effect lowers reactivity towards the nucleophilic attack of the hydrazine 

derivatives. The fluorinated derivative 90e was obtained in 13% yield due to the 

lower reactivity of the imide precursor compared to benzoxazinone derivatives. For 

the other compounds, yields ranged from 16% to 47% mainly depending on the 

purification process, whereby the highest yield was obtained for deferasirox (54; 

published yield 41–99%).241, 242 The N-pyrid-2-yl and N-quinolin-8-yl compounds 90j 

and 90k did not precipitate from the reaction mixture even after the addition of 

hydrochloric acid, which is probably due to their higher basicity compared to the 
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other compounds. They were recovered from the reaction mixture via evaporation 

and purification via flash column chromatography. Unfortunately, this procedure 

did not yield the compounds in sufficient purity, therefore a second purification 

step via semi-preparative HPLC for the N-pyrid-2-yl compound 90j respectively 

recrystallisation from 2-propanol for the N-quinolin-8-yl compound 90k was 

necessary, which lowered the isolated yield to 1% and 11%. 

Demethylation of the N-2-methoxyphenyl compound 90i and the p-methoxyphenol 

compound 90h via cleavage with boron tribromide yielded the phenolic 

compounds 90l in 39% yield and 90m in 43% yield after chromatographic 

purification. 

As pointed out in Section 1.4.2 the in vitro assay results for KDM4 inhibition can be 

affected by iron chelators, which bind Fe2+-ions in solution and sequester iron from 

the enzyme thereby reducing enzyme activity and leading to false positive results. 

To compare the effects of an active-site binding inhibitor to a mere iron-chelator 

displaying no or weak binding to the enzyme, the synthesis of a derivative 

containing the same iron-binding motif as the active compounds but bearing bulky 

substituents inducing steric clashes with the active site was envisioned. The first 

approach using the same synthetic procedure as for the other derivatives with 

phenyl-substituted salicylic acid derivatives proved to be ineligible because only 

trace amounts of benzoxazinone were observed in the first reaction step. Instead, a 

mixture of several degradation products was obtained. In order to minimize the 

formation of side products, milder reaction conditions were tried by replacing the 

one-pot procedure with thionyl chloride in refluxing xylenes by a three-step 

procedure consisting of activation of the acid, coupling to the amide and cyclisation. 

In the first step, the salicylic acid derivative was activated to the acid chloride with 

thionyl chloride in dichloromethane at r.t. After removal of the excess of 

chlorinating agent, the acid chloride and the amide were condensed to form the 

imide intermediate in acetonitrile at room temperature using diazabi-

cyclo[5.4.0]undec-7-ene (DBU) as catalytic base. However, the cyclisation of the 
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imide to the benzoxazinone was neither successful under acid catalysis with sulfuric 

or para-toluenesulfonic acid in different solvents (acetonitrile, methanol, toluene) 

nor under µW-irradiation in DMSO. The use of dehydrating agents like phosphorus 

pentoxide or orthoformic acid was ineffective as well. Additionally, direct triazole 

formation from the imide intermediate, as performed for the fluorinated derivative 

90e, was also unsuccessful. 

Next, a synthetic strategy introducing the bulky substituents in the last reaction step 

was envisioned to circumvent the benzoxazinone synthesis. As the brominated 

derivative 90f was already available, it was chosen as the starting point for a cross-

coupling reaction. Cross-coupling reactions are convenient for the generation of 

carbon-carbon or carbon-heteroatom bonds due to the availability of numerous 

different starting materials, catalysts and experimental procedures. However, this 

diversity complicates the selection of the most suitable approach, especially because 

the reaction performance is often highly sensitive to confounding factors like 

catalyst inactivation, incompatible functional groups or inappropriate solvents. 

Therefore, a screening of various conditions is often necessary. Most cross-coupling 

reaction procedures make use of catalysts consisting of a transition metal like 

copper, nickel or palladium and ligands stabilizing the favoured oxidation state and 

modifying the reactivity. As the deferasirox derivatives are strong metal chelators, 

they most likely interfere with the catalyst via displacement of the ligands and 

consecutive inaccessibility of the metal ion for the reaction. Indeed, no coupling 

could be observed between 90f and phenylboronic acid under several standard 

conditions used for Suzuki couplings as summarized in Table 8 (top). Experiments 

with Buchwald-Hartwig cross coupling of 90f and morpholine were also 

unsuccessful (cf. Table 8 bottom).  

In order to resolve this problem by decreasing the affinity of 90f to the palladium 

catalyst, the two phenol groups were masked with methyl groups yielding 

compound 91. The high sensitivity of some palladium catalysts towards oxygen and 

moisture from ambient air proved to be another obstacle that hampered the 
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reaction. This drawback could be solved by the use of an air-stable [Pd(μ-I)(PtBu3)]2-

catalyst 92 published by Aufiero et al.243 (cf. Scheme 7) in a Kumada coupling of 91 

and benzylmagnesium chloride. Following the procedure of Kavlet et al.244 the 

reaction was performed at room temperature in toluene and the Grignard reagent 

was added as THF solution.  

Table 8 Reaction conditions for coupling trials with 90f. However, none of the conditions 

yielded the desired product. 

catalyst and ligand base solvent temperature 

Suzuki coupling of 90f with phenylboronic acid YX 

Pd(PPh3)4 Na2CO3 THF 90 °C 

Pd(PPh3)4 Na2CO3 toluene 90 °C 

Pd(OAc)2 Na2CO3 water r.t. 

PdCl2(PPh3)2 Cs2CO3 water/dioxane 100 °C, µW 

Buchwald-Hartwig coupling of 90f with morpholine YX 

Pd2(dba)3∙HCCl3 

tBu-XPhos 
NatBuO toluene 90 °C 

Pd(OAc)2 

CyJohnPhos 
NatBuO toluene 150 °C, µW 

Pd(OAc)2 

DCPB 
NatBuO toluene 150 °C, µW 

Pd(OAc)2 

Cy2-2,4,6-

trimethoxybiphenylP 

NatBuO toluene 150 °C, µW 

Pd(OAc)2 

tBu-XPhos 
LHMDS THF 80 °C, µW 

µW microwave irradiation 

PPh3 triphenylphosphine 

dba dibenzylideneacetone 

 tBu-XPhos 2-di-tert-butylphosphino-2′,4′,6′-triisopropylbiphenyl 

CyJohnPhos (2-biphenyl)dicyclohexylphosphine  

DCPB 1,4-dicyclopropylbuta-1,3-diyne 

Cy2-2,4,6-trimethoxybiphenylP dicyclohexyl(2′,4′,6′-trimethoxy[1,1′-biphenyl]-2-yl)-phosphine  

LHMDS Lithium bis(trimethylsilyl)amide 
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After aqueous work-up, extraction and chromatographic purification the di-

benzylated product 93 could be obtained in 40% yield (cf. Scheme 7). Interestingly, 

demethylation of one of the methoxy groups was observed despite the short 

reaction time of 15 min.  

 

Scheme 7 Synthetic procedures for the generation of the palladium catalyst for the Kumada 

coupling and the synthesis of 93, which was demethylated with boron tribromide to 

yield 90n. 

However, no attempts to avoid this deprotection were undertaken, as it did not 

seem to prevent product formation. Demethylation of the second methoxy group 

was accomplished by the standard procedure using boron tribromide yielding 

compound 90n. 

4.3.1.1.3 Labelling reactions 

In order to develop a fluorescence polarization assay (cf. Section 4.3.1.3), two 

chemical probes consisting of deferasirox (54) coupled to a fluorescent moiety via a 

linker were synthesized. The synthesis was set up as a two-step procedure firstly 

installing a reactive moiety on deferasirox and secondly tagging the molecule with 

the fluorophore via click reaction (cf. Scheme 8). Click reactions are defined as 

modular reactions which are wide in scope, easy to perform and purify and result 

in high product yields.245 One of the most prominent click reactions is the copper(I)-

catalysed alkyne-azide cycloaddition (CuAAC) of a terminal alkyne and an organic 

azide giving a 1,2,3-triazole.246 An advantage of such an approach is that once a 

precursor with a suitable “click”-moiety is available it can be easily modified with 
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various compounds bearing the corresponding “click“- motif. As the CuAAC is 

used for many applications a variety of suitably tagged fluorophores is 

commercially available, therefore this approach was chosen for the synthesis of 

fluorescently labelled deferasirox derivatives. The carboxylic acid of deferasirox 

(54) was chosen as an anchor point for the terminal alkyne because it can 

conveniently be transformed to an amide bearing the desired alkyne moiety. More 

importantly, docking of deferasirox to KDM4A revealed that the carboxylic acid is 

pointing out of the catalytic pocket, therefore a modification at this position would 

probably not interfere with compound binding to the catalytic iron (cf. section 

4.3.1.2). Deferasirox was amidated with propargylamine following a standard 

procedure using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

(EDCI) and 1-hydroxybenzotriazole hydrate (HOBt) as activating agents and 

N-methylmorpholine as a base in DMF.247 Purification via extraction and flash 

column chromatography gave the desired product 94a in sufficient yield (53%) for 

the next step. The same procedure was also successfully employed to the 

deferasirox derivative 90c yielding 94b. 

 

Scheme 8 Synthetic procedures for the synthesis of labelled deferasirox derivatives. 

The reaction conditions for the CuAAC were chosen in accordance with a literature 

procedure and no optimisation attempts were undertaken.248 CuSO4 was used as 
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copper source while sodium ascorbate and tris(benzyltriazolylmethyl)amine 

(TBTA) were added to stabilize the Cu+-Ions needed for catalysis. 6-

Carboxyfluorescein azide (6-FAM azide) 95a for the synthesis of compound 96a and 

5-carboxamido-(6-azidohexanyl)tetramethylrhodamine (5-TAMRA azide) 95b for 

compound 96b were used as fluorophores. The definition of click reactions by Kolb 

et al.245 states that the desired product should be obtained in sufficient purity 

without a chromatographic purification step. They recommend purification via 

crystallization or distillation. However, these methods could be applied neither to 

96a nor to 96b, because the reactions did not give full conversion and too low 

product amounts for recrystallization. Therefore, separation of the starting 

materials from the final products via chromatographic purification was mandatory. 

This was effectively realised via reversed-phase flash column chromatography or 

semi-preparative HPLC. However, some amount of product was lost to 

unsuccessful purification trials lowering the final yield to 18–20%. The biotinylated 

deferasirox probe 96c intended for the use in in vitro or cellular binding assays was 

synthesized following the same procedure in 15% yield. 

4.3.1.1.4 NMR assignments 

To confirm the molecular structure of the synthesised compounds, NMR studies 

were performed. As all synthesised compounds contain four aromatic rings the 1H- 

and 13C-signals cover a rather narrow range. To allow unambiguous signal 

attribution, COSY-, HSQC- and HMBC-experiments were performed for most of the 

final compounds. The following section exemplary discusses the signal assignment 

for triazole compounds.  

The brominated deferasirox derivative 90d was chosen as first example, because the 

assignment is quite straightforward and there are no signal overlaps complicating 

analysis. Numbering for all compounds follows the generic structure shown in 

Scheme 9. 
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Scheme 9 Generic naming of rings and atom numbering for triazole (X = N), thiazole (X = C, S, N) 

and oxazole (X = C, O, N) compounds. 

The aromatic proton displaying the highest chemical shift is the proton ortho to the 

triazole and the bromine substituent, as they both lead to deshielding (cf. Figure 28). 

The two phenol moieties differ in their chemical shifts due to the influence of the 

substituted triazole ring. Assignments to each of the phenol rings can be deduced 

from the HMBC correlation between the respective proton ortho to the triazole and 

the carbon atoms of the triazole ring (Cc and Ce). As Cc is shifted downfield 

compared to Ce due to the stronger deshielding by the adjacent unsubstituted 

 

Figure 28 1H-NMR spectrum of compound 90d. The hydroxy groups give (broad) singlets which 

are shifted furthest downfield. The aromatic protons of the phenol rings give doublets 

(ortho-coupling for H3 and 3‘, meta-coupling for H6 and 6‘) or doublets of doublets for 

H4 and 4‘ (ortho- and meta-coupling). Para-coupling is not resolved in the spectrum. The 

ring bearing the carboxy group yields two multiplets typical for an AA‘BB‘ spin system. 
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triazole nitrogen these two can easily be distinguished.249 As shown in Figure 29 Cc 

correlates with H6 corresponding to the doublet at 8.12 ppm while Ce correlates with 

H6’ (d, 7.79 ppm). The shift difference probably results from the stronger 

deshielding effect of the unsubstituted triazole nitrogen in the vicinity of H6. H4 

and H4’ couple with H3 and H6 or H3’ and H6’, respectively, giving rise to 

overlapping doublets of doublets between 7.58 – 7.51 ppm, the H4‘ signal being 

shifted slightly more downfield. The protons H3 and H3‘ ortho to the phenolic 

hydroxy groups are shifted upfield due to the electron donating effect of the 

hydroxy group and appear as doublets owing to the meta-coupling with H4 and 

H4’, respectively. Para-couplings are not resolved in the spectrum. Of the two, H3‘ 

is shifted further upfield. The third aromatic ring bearing the carboxy group gives 

two multiplet signals corresponding to an AA’BB’ spin system, where the signal 

further downfield belongs to the protons ortho to the carboxylic acid due to strong 

deshielding.  

 

Figure 29 Section of the HMBC spectrum of 90d. The 3J correlations for H6 are shown in blue and 

in green for H6‘. 
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The hydroxy groups give signals between 10 and 13.5 ppm, the carboxy OH being 

the most downfield, followed by the phenolic OH and OH’. The assignments of the 

carbon atoms can be deduced from correlations in the HSQC and HMBC spectra as 

exemplified in Figure 29. 

As a second example the pyridine-containing 90j will be discussed. The protons of 

the pyridine ring are shifted downfield due to the deshielding effect of the nitrogen 

atom, the effect being strongest for the protons in ortho (H6’’, 8.36 ppm) and para 

(H4’’, 8.10–8.04 ppm) position. H4’’ overlaps with proton H6 from the phenol rings. 

As for 90d, assignment to one of the phenol rings can be deduced from the HMBC 

correlation between the respective proton ortho to the triazole and the carbon atoms 

of the triazole ring (Cc and Ce; cf. Figure 29). Again, this reveals H6 being the one 

further downfield, which in this case overlaps with H4’’. 

 

Figure 30 Section of the HMBC spectrum of 90j. Correlations for H3 are marked with green lines, 

blue lines for H5, and purple lines for H5‘. Unless noted otherwise lines represent 

couplings over three bonds. 

The multiplicity of the pyridine signals is in accordance with the substitution 

pattern. H3’’ appears as doublet of triplets due to the ortho-coupling and meta- and 
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para-couplings with the same coupling constant (3J = 8.1 Hz, 4J = 1.0 Hz and 

5J = 1.0 Hz). H5’’ appears as doublet of doublet of doublets due to the two ortho-

couplings and one meta-coupling (3J = 7.5 Hz, 3J = 4.9 Hz and 5J = 1.0 Hz) with the 

typically lower coupling constant for the proton adjacent to the pyridine nitrogen. 

H6’’ also appears as doublet of doublet of doublets with one ortho-, meta-, and para-

coupling, respectively (3J = 4.9 Hz, 4J = 1.9 Hz and 5J = 1.0 Hz). Multiplicity of H4’’ 

cannot be read out due to the overlap with H6. For the phenol ring protons and the 

carbon atoms, assignment can again be performed via HSQC and HMBC spectra. 

Exemplary assignments are shown in the HMBC spectrum depicted in Figure 30. 

4.3.1.2 Biochemical Activity of Triazoles 

Inhibitory activity of the deferasirox derivatives was evaluated in the KDM4A-

LANCE assay (cf. section 3.1.2 for the assay description and Table 9 for results).  

As previously reported by our group,168 deferasirox (54) acts as a KDM4A inhibitor 

displaying an IC50 value of 5 µM with no selectivity over other KDMs. However, as 

discussed in section 1.4.2, determination of IC50 values via this assay is insufficient 

to prove an active-site based mechanism of action, because sequestration of iron 

from the enzyme also causes apparent enzyme inactivity. Therefore, confirmation 

of active-site binding should be performed for every new compound family via 

alternative methods. An extensive discussion of applicable procedures and the 

results obtained for deferasirox (54) can be found in the publication of Roatsch et 

al.168 of 2019. In short, mixed-type competition towards the co-substrate 2-OG was 

observed in kinetic measurements, molecular docking suggested a plausible 

binding mode and NMR- and EPR-data indicated interactions of the inhibitor with 

the active site of the enzyme. However, in absence of a solved crystal structure of 

the inhibitor in the catalytic pocket, no definitive proof was available. Therefore, 

another indirect verification for structure-based enzyme inhibition was attempted. 
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Table 9 IC50 values of close deferasirox derivatives against KDM4A. Data are mean ± s. d. of at 

least two independent experiments. 

 
 

No R IC50 / µM No R 
% inhibition or  

IC50 / µM 

54 H 4.8 ± 0.2168 90o H 5.3 ± 1.0168 

90c OCH3 3.7 ± 0.1168 90m OH 4.1 ± 0.1 

90e F 4.2 ± 0.2168 90n benzyl 50% @ 50 µM 

90p Cl 5.1 ± 0.1168 90b Cl 3.4 ± 0.7 

90d Br 21.6 ± 2.3 90f Br assay interference 

As it is apparent from the docking pose for deferasirox (54) displayed in Figure 31 

small substituents in para-position to the phenolic moieties can be accommodated 

in the catalytic pocket whereas larger substituents would cause steric clashes, 

particularly in a subpocket lined by Tyr132, Asn198 and Lys206. In conclusion, 

given an active-site-based mode of action, moderate effects on inhibitory activity 

should be observed for small substituents, while bulkier ones should induce a 

significantly decreased potency. Contrastingly, if inhibition were only caused by 

iron chelation in solution, substituent effects should be negligible independent of 

their size, as their impact on the chelating motive is rather small.  
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a)      b) 

 

 

 

 

 

 

Figure 31 a) Docking of deferasirox (54) (beige sticks) to KDM4A. The central Ni2+ ion is 

depicted as purple sphere and water molecules as red spheres. Metal coordination is 

shown as teal dashed lines, H-bonds as yellow dashed lines. 

 b) Docking poses of the triazoles 90d (green sticks) and 90e (cyan sticks). The van-der-

Waals surface around the bromo-substituent is shown as purple mesh while the surface 

of the fluoro substituent is shown as blue mesh. The surface of the subpocket lined by 

Tyr132, Asn198 and Lys206 is depicted in yellow. Steric clashes between the subpocket 

and the bromine substituent lead to a decrease of inhibitory activity for 90d. (Figures 

and docking provided by Dr. Dina Robaa, MLU Halle-Wittenberg, KDM4A template is 

PDB: 3RVH) 

Indeed, the assay revealed that small substituents, specifically fluoro, chloro or 

methoxy substituents (90e, 90p and 90c; as previously published168), as well as 

hydroxy groups in para-position to the phenol moieties (90m) had little effect on 

potency (IC50 = 3.4–5.1 µM, cf. Table 9). Contrastingly, incorporation of bromo (90d) 

or benzyl moieties (90n) led to a decreased activity of 22 µM and 50% inhibition at 

50 µM, respectively, thereby substantiating the hypothesis of active-site inhibition. 

However, it should be noted that, although specific interactions with the enzyme 

seem to be crucial for compound activity, potent iron chelation to the enzyme-

bound iron is still the main precondition for compound activity. Hence, some iron 

chelation in solution may also contribute to inhibition. The influence of the potency 

of iron chelation could be shown via replacement of the phenol moiety in ring A 

with 2-pyridine (90t, synthesis performed by Dr. Nicolas Barthes), which resulted 

in a less favourable geometry for iron chelation and significantly decreased 

compound activity (67% inhibition at 100 µM). 
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As a next step, the influence of the aromatic ring not directly involved in iron 

chelation was assessed. Previous results had shown that removal of the carboxylic 

acid did not decrease compound activity (see deferasirox (54) vs 90o).168 This 

observation was confirmed with the chlorinated analogs 90p vs 90b. Furthermore, 

exchange of the phenyl group with a 2-methoxyphenyl- (90i), 2-hydroxyphenyl- 

(90l) or 8-chinolinyl-moiety (90k) also influenced compound potency merely 

insignificantly (IC50 = 4,2–5.5 µM).  

Table 10  IC50 values of 1N- and 3C-substituted deferasirox derivatives against KDM4A. Data are 

mean ± s. d. of at least two independent experiments. 

 

No R IC50 / µM No R IC50 / µM 

90i 

 

4.5 ± 1.1 90q* 
 

7.3 ± 1.5 

90l 

 

5.5 ± 0.4 90r* 

 

6.1 ± 0.4 

90j 

 

23.8 ± 1.5 90s* 

 

2.7 ± 0.2 

90k 

 

4.2 ± 0.1 90t* 

 

67% @ 

100 µM 

* Compounds were kindly provided by Dr. Nicolas Barthes. 

A five-fold reduction was observed for the 2-pyridyl compound 90j which could 

not be explained by docking, though. Replacement of the aromatic ring by a p-

methoxybenzyl (90q) or p-methoxyphenethyl moiety (90r) or the phenyl bioisostere 
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bicyclo[1,1,1]pentane (90s) did not change the inhibitory activity significantly (IC50 

values 7.3 µM, 6.1 µM and 2.7 µM). These three compounds were synthesized by 

Dr. Nicolas Barthes and their IC50 values were determined by Karin Schmidtkunz 

(Jung group). 

To sum up the results for the triazole derivatives, the marked drop in potency 

observed for the two derivatives 90d (bromo) and 91 (phenyl) bearing bulky 

substituents provided a further piece of evidence for an active-site based mode of 

action. Furthermore, changes on the aromatic ring in position 1 had no distinct 

impact on enzyme inhibition, the 2-pyridyl derivative 90j being the only exception 

where a decrease of inhibitory activity was observed. Conclusively, position 1 was 

considered as a potential attachment point for functional modifications like 

fluorescent labels or affinity tags. 

The first fluorescently labelled compound 96a bears a fluorescein moiety which is 

linked to deferasirox (54) via a 1,2,3-triazole-containing linker (cf. Figure 32).  

The second structure 96b is labelled with TAMRA connected via a linker which is 

three CH2 groups longer than in 96a.  

 

Figure 32 Inhibition values of labelled deferasirox derivatives. Data are mean ± s. d. of at least two 

independent experiments. 

In both cases the attachment of the fluorescent moiety did not impede KDM4A 

inhibition and IC50 values of 5.4 µM and 2.0 µM were obtained. Additionally, a 
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biotin-labelled compound, which is amenable for binding experiments using 

streptavidin, was tested. This compound yielded an even lower IC50 value of 1.7 µM. 

4.3.1.3 Evaluation of Labelled Derivatives 

With two fluorescently labelled deferasirox derivatives at hand, binding 

characteristics of these derivatives were assessed using a fluorescence polarization 

assay. 

4.3.1.3.1 Fluorescence Polarisation Assay 

The fluorescein- and TAMRA-labelled deferasirox derivatives 96a and 96b were 

evaluated in a fluorescence polarization (FP) assay. As explained in section 1.3.6 the 

assay principle relies on the different rotational velocity of small and large 

molecules in solution. This movement can indirectly be registered via measurement 

of the degree of polarization of light emitted by fluorescent probes. For small 

molecules fast rotation correlates with high depolarization of emitted light due to 

the movement of the molecule in the exited state. For larger molecules rotation is 

slow, therefore polarization is mainly kept and a high FP signal can be measured. 

When a small fluorescently labelled probe is used, binding to a protein target leads 

to an increase of polarization due to the high molecular weight of the overall 

complex, therefore the assay can be used for the detection of binding events. 

To ensure that no quenching of the fluorescent probe occurred in the applied 

concentration range a calibration curve was recorded. Indeed, it showed linear 

correlation between fluorescence intensity and probe concentration (cf. Figure 33). 

Next, the fluorescent probe 96a was incubated with KDM4A and the FP signal was 

registered. As binding of deferasirox derivatives to the enzyme is dependent on 

iron-chelation, iron was added to the mixture in order to ensure saturation of the 

enzyme with iron. However, only a weak FP signal was registered even at high 

enzyme concentrations (cf. red squares in Figure 34). A possible explanation is the 
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susceptibility of Fe2+ to oxidation. In the activity assays this problem is circumvented 

by the use of ascorbic acid as antioxidant, yet the addition of ascorbic acid in the FP 

assay did not lead to satisfactory results. Therefore, the more stable Ni2+ was used 

as a replacement, which led to a stable FP signal (cf. blue squares in Figure 34). Ni2+  

is a well-known replacement for Fe2+ in experiments where high stability is 

advantageous and no catalytic activity is necessary. For example, Ni2+ was used in 

crystallisation of Jmj-KDMs and also in a fluorescence polarization assay using the 

fluorescently labelled methylstat probe 11 (cf. Section1.3.6).51, 144 

 

Figure 33 Calibration curve for the fluorescence intensity of 96a to show concentration 

independent fluorescence output per fluorophore (brightness). 

Next, a buffer screen was performed. As for the activity assays, a HEPES buffer at 

pH 7.50 turned out to be suitable giving a stable high FP signal. 0.01% TWEEN 20 

was added to the buffer to minimize unspecific binding and aggregation.  

 

Figure 34 Influence of the central metal on the fluorescence polarization signal. For Fe2+ only a 

weak increase the of FP signal is observed for higher enzyme concentrations, while Ni2+ 

yields a significant concentration-dependent increase. 
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With these conditions determined, an enzyme titration was performed to get a 

binding curve with each of the two fluorescent probes. As expected, both gave 

increasing FP signals with increasing enzyme concentrations which proves binding 

of the respective probe to the enzyme. To show competitive binding with the 

unlabelled probe, deferasirox (54) was titrated to the complex of the enzyme with 

the fluorescent probe 96a. Displacement proves specific binding of the active 

molecule as opposed to unspecific binding of the fluorophore moiety. Indeed, a 

decrease of the FP signal was observed for increasing deferasirox concentrations 

concomitant with displacement of the fluorescent probe from the enzyme as shown 

in Figure 35. For a clean 1:1 binding stoichiometry, a sigmoidal curve would be 

expected for the displacement. However, the resulting curve did not fit to a 

sigmoidal model. There are several factors influencing the resulting signal which 

can cause deviations from the optimal curve fit.  

 

Figure 35 Competitive displacement of the fluorescent probe 96a with deferasirox. Increasing 

concentrations of deferasirox lead to a decreased amount of 96a bound to the enzyme thereby 

leading to a decrease in the recorded FP-signal. Displacement with the active molecule serves as 

proof for active-site binding of the probe 96a.  

First, although a proportional increase of fluorescence intensity was observed for 

the unbound probe, a decrease of intensity was registered upon enzyme binding (cf. 

Figure 36). Probably there are interactions between the fluorescent moiety and the 

enzyme that decrease the fluorescence quantum yield of the probe. This leads to a 

lower fluorescence intensity per molecule. Theoretically, the FP signal is 
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independent of the absolute fluorescence intensity, because it is calculated using the 

ratio of parallel and perpendicular polarized light as shown in the following 

equation, where P is the polarization, I∥ and I⊥ are the parallel and perpendicular 

relative fluorescence intensities and G is the grating factor, which is an 

instrumentation-dependent constant. 

𝑃 =
𝐼∥  − 𝐺 ∙  𝐼⊥

𝐼∥ +  𝐺 ∙  𝐼⊥
 (4.1) 

However, a variation of fluorescence intensity causes varying deviations in the 

measured signal. This phenomenon complicates analysis of the measured signal 

and may lead to deviations from the ideal behaviour of a direct competitor. 

 

Figure 36 Upon binding to the enzyme, fluorescence quenching is observed for the probe 96a leading to a 

decreased fluorescence intensity with increasing amounts of enzyme until all the probe molecules 

are bound to the enzyme. 

The second reason for a non-sigmoidal curve may be the influence of nickel 

chelation of deferasirox (54) in solution. As the complexation of the active site metal 

is mandatory for probe binding to the enzyme, sequestration of nickel in the 

solution may lead to a shift of the binding equilibrium between nickel, the enzyme 

and the probe or deferasirox, respectively, thereby further complicating analysis. 

Nevertheless, the main purpose of the FP-assay, namely showing binding of 

labelled deferasirox to the enzyme and displacement with unlabelled deferasirox 

could be achieved. This serves as further confirmation of specific binding of the 
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inhibitor to the enzyme in contrast to a mechanism solely based on iron 

sequestration. Yet, the iron-sequestration may add to the inhibitory activity. 

However, the extent of this phenomenon can be quantified neither with the FP-

assay nor the activity assays. 

 Thiazoles and Oxazoles 

As none of the tested triazole-based deferasirox analogs showed a significantly 

increased potency against KDM4A, an exchange of the core moiety with other 

5-membered heterocycles was envisioned in order to extend the chemical space 

covered by the compounds. As the nitrogen atom in position 4 is essential for iron 

chelation, azoles were considered as potential replacement for the 1,2,4-triazole. 

Thiazoles and oxazoles were chosen as a first approach, because they are well 

established core elements in various pharmaceuticals, including anti-infective, anti-

cancer, anti-inflammatory and anti-diuretic substances.250 Moreover, numerous 

synthetic routes for various thiazoles and oxazoles are available. The diversity of 

synthetic methods allows the attainment of unsymmetrically substituted 

derivatives and a broad scope of substituents. 

4.3.2.1 Synthesis 

One of the most frequently applied methods for the synthesis of thiazoles is the 

Hantzsch thiazole synthesis first described in 1887 by Hantzsch and Weber.251 The 

strategy involves the reaction of an α-haloketone 97 with a thioamide 98 or thiourea 

(for 2-aminothiazoles) in a multistep reaction. Mechanistically, the reaction consists 

of the nucleophilic substitution of the halogen by sulphur followed by 

intramolecular attack of nitrogen at the carbonyl carbon resulting in the formation 

of the 2-thiazolinium intermediate IM1. Tautomerization to IM2 and elimination of 

water yields the thiazole product 99. (cf. Scheme 10).252 
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Scheme 10 Postulated mechanism for the Hantzsch thiazole synthesis.252 

Dehalogenation of the α-haloketone is the most prominent side reaction lowering 

product yields. Side reactions are more likely when applying deactivated 

thioamides bearing electron-deficient substituents because they require longer 

reaction times and/or harsher reaction conditions.253 Furthermore, haloketones 

bearing aromatic substituents neighbouring the halogen are particularly prone to 

dehalogenation due to mesomeric stabilization of intermediates.254 Another side 

reaction occurring for the ortho-phenol-containing halogenated ketones is the 

intramolecular cyclisation via nucleophilic substitution, which yields a stable five-

membered ether (cf. Scheme 14). 

4.3.2.1.1 Precursors 

The approach via Hantzsch cyclisation requires adequately substituted 

α-halogenated ketones and thioamides. To obtain thiazoles containing a tridentate 

chelating group potentially able to bind iron, both precursor molecules need to 

comprise a suitable substituent or a heteroatom ortho to the ketone or thioamide 

group. Proposed moieties were phenol, in referral to the parent structure 

deferasirox (54), and nitrogen- or sulphur-containing heterocycles. 
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4.3.2.1.1.1 Thioamide synthesis 

Thiophene-2-carbothioamide 98a was synthesized in accordance to a published 

procedure255 from thiophene-2-carboxamide 100 using Lawesson’s reagent (cf. 

Scheme 11). Lawesson’s reagent (2,4-bis(p-methoxyphenyl)-1,3-dithiadiphos-

phetane-2,4-disulphide) was chosen because it can be used for the transformation 

of amides to thioamides under mild reaction conditions and usually gives faster 

reactions and higher product yields compared to classical thionation agents like 

phosphorus pentasulphide.256 98a could be obtained in 77% yield after 4 h of 

reaction in refluxing tetrahydrofuran followed by extraction and purification via 

flash column chromatography. 

 

Scheme 11 Synthetic procedure for the synthesis of thioamide 98a. 

4.3.2.1.1.2 Ketone synthesis and bromination 

The ketone precursors were prepared following literature procedures as depicted 

in Scheme 12. As precursors for analogs bearing the same iron-chelating motif as 

deferasirox (54), the phenolic compounds 101a, bearing a p-methoxy group, and 

101c were synthesized. p-Tolyl 2-phenylacetate 102 was synthesized via 1,1'-

carbonyldiimidazole-catalyzed (CDI) esterification of 4-methylphenol 103 and 

phenylacetic acid 104. Ketone 101a was obtained via Fries rearrangement of p-tolyl 

2-phenylacetate 102 catalysed by aluminium chloride.257 Due to the methyl 

substituent in para-position acylation occurred solely in ortho-position to the phenol, 

which increased the ease of purification via flash column chromatography and 

crystallization. The unsubstituted and methoxy-protected derivative 101c could be 

synthesized via Weinreb–Nahm ketone synthesis from 2-methoxybenzoic acid 

105a, which was activated with EDCI and transformed to the Weinreb amide 104a 

with N,O-dimethylhydroxylamine hydrochloride. The ketone 101c was formed via 

addition of benzylmagnesium bromide.258 Compound 101d, carrying a methyl 
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group instead of the phenol moiety, was synthesized as precursor for a negative 

control (cf. section 4.3.2.2) starting from 2-methylbenzoic acid 105b in a similar 

manner. 

 

Scheme 12 Synthetic procedures for the synthesis of ketone precursors. 

The next step was the introduction of a bromine substituent next to the ketone 

moiety (cf. Scheme 13). Selective α-bromination without additional halogenation of 

the aromatic substituents was crucial to avoid product mixtures with variably 

brominated compounds, which can be difficult to separate due to similar 

chromatographic retention factors. Several bromination reagents and reaction 

conditions were screened in order to find a suitable method. The methyl-substituted 

compound 97c, the precursor for the negative control, was obtained via heating with 

elemental bromine in acetic acid. Unfortunately, these conditions were inadequate 

for the bromination of 1-(2-hydroxyphenyl)-2-phenylethan-1-one 101e, the 

precursor needed for the synthesis of the thiazole analogue of deferasirox (54). Side-

chain bromination of this compound was published by Hanaya et al.259 in 1990 with 

elemental bromine in a mixture of diethyl ether and 1,4-dioxane. However, 

following this procedure, only a mixture of variably brominated derivatives was 

obtained and separation of the single components could not be achieved via flash 

column chromatography, preparative TLC or recrystallization. The only compound 

isolated in sufficient purity was the additionally para-ring brominated compound 

97d, which was used later on for the synthesis of thiazole 99a. The procedure tested 

next was adapted from a report by King et al.260 They suggest the use of CuBr2 as 
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bromine source and a solvent mixture of chloroform and ethyl acetate for the 

selective side-chain bromination of acetophenone derivatives. CuBr2 exhibits a low 

solubility in the proposed solvent mixture. Therefore, only a small amount is 

available for reaction at a time thereby limiting the occurrence of side reactions. 

Additionally, the by-products HBr and CuBr also display low solubility and are 

constantly removed from the reaction mixture via evaporation or precipitation, 

respectively. That shifts the equilibrium towards the brominated product and 

simplifies work-up. In their publication, King et al. report a high selectivity for side-

chain bromination and high yields uniquely for the above-mentioned solvent 

combination in contrast to the use of nonpolar solvents like CS2, which allow no 

reaction or give low yields, or polar solvents like methanol, which diminish the 

selectivity for side-chain bromination.  

 

Scheme 13 Bromination reactions for the synthesis of precursors for the Hantzsch thiazole/oxazole 

synthesis. 

In order to profit from these observations, their procedure was chosen for the 

bromination of 1-(2-hydroxyphenyl)-2-phenylethan-1-one 101e. Chloroform was 

exchanged by dichloromethane for safety reasons. In accordance with their report, 

selectivity for side-chain bromination over ring-bromination was observed for 101e, 



 
 4.3 Deferasirox Derivatives 

     115 

however, an increasing proportion of ring-brominated compound was formed 

during the reaction course. In order to avoid the generation of polybrominated by-

products, the reaction was run for a shorter time period and stopped before full 

conversion was reached. Although the starting material also proved to be 

inseparable from the product, this impurity was less problematic than the 

contamination with polybrominated compounds, because the non-brominated 

compound did not affect the next reaction step and could easily be removed during 

thiazole purification. However, this approach lowered the yield so drastically, that 

not enough compound for the next reaction step could be obtained. 

Consequently, trials to optimize the bromination conditions were continued in 

order to find a method giving sufficient amounts of the α-brominated ketone to run 

several cyclization reactions with various thioamides. However, the 5-methylated 

derivative 101a was used for the optimization instead of 101e, because in the 

meantime assay interference had been observed with the thiazole 99b containing 

the non-substituted phenol. As 101a carries an additional methyl substituent on the 

phenol ring, it is even more susceptible towards ring bromination than 101d due to 

the positive inductive effect of this moiety. As expected, this led to difficulties in 

finding suitable bromination conditions and indeed, insufficient selectivity was 

found using HBr, dioxane dibromide, trimethylphenylammonium tribromide or 

N-bromosuccinimide (NBS) as brominating agents. The main reason for the high 

amount of side reactions occurring during the bromination of 101a, despite the use 

of conditions that have been published for the successful side-chain bromination of 

acetophenone derivatives, is the hydroxy substituent ortho to the ketone. It not only 

serves as an activator of ring bromination due to its positive mesomeric effect, but 

also diminishes side-chain reactivity via formation of a strong hydrogen bond to the 

carbonyl oxygen. This hydrogen bond decreases enolization of the ketone and 

thereby deactivates the α-carbon for nucleophilic attack.261 Furthermore, the 

phenolic hydroxy group decreases the stability of the side-chain brominated 

product, because it enables an intramolecular nucleophilic substitution leading to a 
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stable five-membered ring (cf. Scheme 14). This side-product could be observed via 

GC-MS in all the above-mentioned reactions. Intending to suppress these side 

reactions, the phenol was masked using TBS-Cl. The thus protected compound 101b 

proved to be less prone to side-reactions so that the side-chain brominated 

compound 97a could be obtained via acid-catalysed bromination with NBS and 

para-toluenesulfonic acid (PTSA) in dichloromethane. Reaction yields could be 

increased to 76% using microwave irradiation as proposed by Guan et al.262 The TBS 

protecting group was convenient for the synthesis of thiazoles, as it did not interfere 

with the cyclization and was cleaved off during reaction or upon work-up, hence 

obviating an additional deprotection step (cf. section 4.3.2.1.2). Contrastingly, the 

oxazole formation seemed to be hindered by the bulky protecting group, therefore, 

the methyl protected compound 97b was also synthesized. Side-chain bromination 

was achieved using the same conditions as for 97a, albeit in lower yield (46%) and 

contaminated with traces of the starting material even after purification via flash 

chromatography followed by recrystallization from 2-propanol. 

 

The best result for the bromination of the thiophenyl-substituted compound 101f 

was obtained with trimethylphenylammonium tribromide in toluene and 

azabisisobutyronitrile (AIBN) as radical starter using microwave irradiation. As for 

97b, the reaction was stopped before full conversion was reached in order to 

minimize ring bromination. Hence, the compound contained nearly 10% of starting 

material even after purification. 

 

Scheme 14 The main side reactions occurring during thiazole formation are dehalogenation and 

intramolecular cyclisation of the brominated ketone. 
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4.3.2.1.2 Hantzsch-thiazole synthesis 

Classical Hantzsch conditions, namely refluxing the α-brominated ketone and the 

thioamide in ethanol, were applied for the synthesis of the 1,4-dimethoxy-

substituted thiazole precursor 107a giving the compound in 64% yield which 

yielded 99c after deprotection (88%; cf. Scheme 15). For all the other compounds 

cyclisation was performed in DMF, as suggested by Moreno et al.,263 due to better 

solubility of the starting materials. For most compounds a reaction temperature of 

65 °C was sufficient to induce cyclization without permitting too many side 

reactions. The only exception was the 2-pyrimidine-substituted thiazole 99d, where 

rapid degradation of the thioamide was observed at 65 °C. Therefore, the reaction 

was performed at room temperature over-night instead. Usually, cleavage of the 

TBS protecting group, that had been installed for the bromination step, 

spontaneously occurred during thiazole formation, except for the imidazole-

substituted compound 107b. Thus, an additional deprotection step using 

tetrabutylammonium fluoride (TBAF) was required yielding compound 99e.  

 

Scheme 15 Synthetic procedures for the synthesis of thiazoles and oxazoles. Deprotection with BBr3 

was only performed for compounds bearing methoxy groups. 

For compounds bearing one or two protective methoxy-groups demethylation was 

performed via a standard procedure using boron tribromide as demethylating 
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agent. Cyclization yields varied between 9 and 82% dependent on the stability and 

reactivity of the starting materials and the degree of difficulty of purification. 

Generally, work-up by addition of water and extraction with ethyl acetate followed 

by normal phase flash column chromatography yielded the final compounds in 

sufficient purity. Only for the 2-pyridine- and 2-thiazole-compounds 99d and 99f a 

second step using reversed-phase chromatography was necessary. 

4.3.2.1.3 µW-supported oxazole formation 

In analogy to the Hantzsch thiazole synthesis, oxazoles can be built up from 

α-halogenated ketones and amides via the Blümlein‐Lewy synthesis.264, 265 

Analogous to thiazole formation (cf. section 4.3.2.1 and Scheme 10), the reaction is 

initiated by nucleophilic substitution of the halogen by the amide oxygen. 

Subsequent ring closure via nucleophilic attack of the nitrogen gives the 5-hydroxy-

oxazolidine intermediate, which is transformed to the corresponding oxazole upon 

elimination of water. However, as the amide oxygen is less nucleophilic than the 

thioamide sulphur, reaction rates are much slower for amides and often require 

higher reaction temperatures than thioamides, which might not be compatible with 

the stability of starting materials. Thus, activation of the α-haloketone may be 

necessary to increase reactivity. According to reports of Ritson et al.266 and Spiteri et 

al.267 in 2011, α-bromoketones can be activated by addition of silver salts to the 

reaction mixture. Due to their halophilicity, silver ions facilitate elimination of 

bromide upon nucleophilic attack. Precipitation of the thus formed AgBr drives the 

reaction forward. Furthermore, the counterion of the silver salt, or, more precisely, 

its conjugate acid, may facilitate elimination of water in the last step of the reaction. 

Indeed, a screen of different silver salts performed by Ritson et al.266 revealed that 

better results were obtained for salts displaying high Lewis acidities, such as 

AgClO4 and AgSbF6. Due to its inertness towards various functional groups, 

hexafluoroantimonate was chosen for the oxazole formations described herein. 

Thereby, side reactions should be minimized and reaction yields should be 
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increased. As suggested in the above-mentioned publication,266 the reaction was 

performed using microwave irradiation. However, when applying the published 

procedure to 2-bromo-2′-methoxyacetophenone 97g and thiophene-2-carboxamide 

100 while using 1,2-dichloroethane as solvent, a complex product mixture only 

containing traces of the desired oxazole 108a was obtained. Therefore, a solvent 

screen was performed in order to identify more suitable conditions (cf. Table 11). 

Best results were achieved for ethyl acetate, which is in accordance with the results 

published by Bailey et al.268 in 2014, who identified ethyl acetate and toluene as 

preferential solvents for silver-mediated oxazole formations. Hence, ethyl acetate 

was used in all subsequent reactions.  

An appropriate reaction temperature for each substrate was determined by 

increasing the temperature in 5-degree steps until product formation was observed 

via APCI-MS. Temperatures ranged from 50 °C for the 2-thiophenyl-4-phenol-

substituted oxazole 109a to 70 °C for its methylated analogue 108a.  

Table 11 Optimisation of reaction conditions for the microwave-assisted formation of oxazoles. 

solvent result isolated yield 

dichloroethane (DCE) complex mixture – 

dichloromethane (DCM) traces of product – 

tetrahydrofuran (THF) traces of product – 

ethyl acetate product mixture 10% 

After work-up via partitioning between an aqueous sodium hydrogen carbonate 

solution and ethyl acetate purification was performed via flash column 

chromatography. In order to remove remaining impurities, compounds were 

recrystallized from an alcoholic solution (methanol or 2-propanol). Yields were 

generally lower than for the respective thiazoles (9–16%). 
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4.3.2.1.4 NMR assignments for thiazoles 

To confirm the molecular structure of the synthesised compounds, NMR studies 

were performed. As for the triazole derivatives the synthesised compounds contain 

four aromatic rings so that the 1H- and 13C-signals cover a rather narrow range and 

COSY-, HSQC- and HMBC-experiments were performed for most of the final 

compounds to allow unambiguous signal attribution. The following section 

exemplary describes the NMR spectrum of 99b which bears one phenyl and two 

phenol substituents. 

The 1H-signal shifted furthest downfield (11.5 ppm) corresponds to one of the 

phenolic hydroxy groups. As the sulphur atom of the adjacent thiazole ring leads 

to deshielding due to its free lone pairs, the signal most likely corresponds to the 

phenol in closer vicinity to that sulphur atom (ring A). The second signal (9.8 ppm) 

therefore corresponds to the other phenol group (OH’, ring C). Assignment of the 

phenol group OH to ring A could be confirmed via coupling of OH with C1, C2 and 

C3 (cf. Figure 37). The attribution of these carbon atoms to ring A could be deduced 

from coupling of C1 with H3 and H5. H5 couples to H6 in the COSY spectrum. As 

H6 couples to Cc (carbon 2 of the thiazole ring), it can unambiguously be attributed 

to ring A and not to ring C.  

H6’ couples with Ce (carbon 4 of the thiazole ring) confirming this attribution. Cc 

and Ce can be distinguished by the huge difference in chemical shift, Cc being 

further downfield due to the two adjacent heteroatoms. H6 is the aromatic proton 

highest downfield and appears as doublet of doublets due to its ortho- and meta-

coupling to H5 and H4 (3J = 7.9 Hz and 4J = 1.7 Hz), respectively. The para-coupling 

is not resolved. H6’ would also appear with the same multiplicity, but overlaps with 

the signal for H4’, therefore coupling constants cannot be unambiguously 

attributed. H4 overlaps with the multiplet of the 5 protons of the phenyl ring. H3 

and H3’ give doublets of doublets similar to H6, only the ortho-coupling constant to 

H4 or H4’ is slightly bigger and the meta-coupling constant to H5 or H5’ is smaller 

(3J = 8.3 Hz and 4J = 1.1 Hz) than the corresponding ones for H6.  
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Figure 37 Top: Section of the HMBC spectrum of 99b showing the correlations of the phenolic 

hydroxy groups OH and OH‘. Correlations for OH are highlighted as blue lines. 

 Bottom: Section of the HMBC spectrum of 99b showing the correlations for aromatic 

 protons. Correlations for H6 are marked as blue lines and for H5 as purple lines. 

H5 and H5’ give doublets of doublets of doublets owing to their two ortho-couplings 

and the meta-coupling. As for the triazoles, signal assignments of the carbon atoms 

could be deduced from the HSQC- and HMBC-spectra. 
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4.3.2.2 Biochemical Activity of Thiazoles and Oxazoles 

Evaluation of the inhibitory activity against KDM4A was performed with the 

LANCE assay (cf. Section 3.1.2 for assay description and Table 12 for results). 

Unfortunately, compound 99b, which is the closest deferasirox analogue bearing 

two phenol moieties for iron chelation and a phenyl substituent, interfered with the 

assay readout by increasing the fluorescence signal. This effect was rather 

unexpected, because the LANCE assay is quite robust towards compound 

interference due to the time-resolved measurement of a fluorescence signal 

generated by the Förster resonance energy transfer (FRET) from an excited 

europium chelate to an acceptor fluorophore in close proximity. The delayed 

fluorescence measurement after 100 µs usually ensures that all compound 

fluorescence has already decayed and only the fluorescence of the acceptor 

fluorophore is registered. Therefore, increase of the measured signal should only 

occur for compounds that are amenable acceptors for the FRET from the europium 

chelate, meaning excitability at 615 nm and emittance at 665 nm. However, this 

effect could be ruled out as neither 99b nor its iron complex are fluorescent at this 

wavelength. A more likely explication might be that 99b caused precipitation of the 

europium-labelled antibody and the fluorescent dye, thereby bringing them into 

close proximity and enabling the FRET effect to occur independently of antibody 

binding to the demethylated peptide. Another possible mechanism might be 

chelation of europium thereby dissociating it from the antibody complex. This could 

also cause an unspecific FRET effect irrespective of antibody binding. However, as 

the assay interference occurred solely with compound 99b and not with similar 

derivatives no effort was put into the elucidation of the mechanism of interference. 

In order to circumvent this unspecific effect another derivative, namely the thiazole 

derivative 99g with a slightly modified structure with a p-methyl group on ring C 

was synthesized.  
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Table 12 Inhibitory activity of thiazole derivatives against KDM4A. Data are mean ± s. d. of at 

least two independent experiments. 

 

  

No R 
% inhibition or  

IC50 / µM 
No R 

% inhibition or  

IC50 / µM 

99b 

 

assay interference 99g 

 

7.5 ± 1.3 

99a 

 

9.4 ± 4.0 99e 

 

116 ± 13 

99h 

 
n. i. @ 125 µM 99f 

 
20.3 ± 4.4 

99i 

 

n. i. @ 125 µM 99j 

 

41% @ 125 µM 

 
99c 3.8 ± 0.3* 

99d 

 

125 ± 35 

99k 

 

170 ± 20 

 99l 
 

n.i. @ 100 µM 

* hillslope > 2, probably due to unspecific effects and/or compound precipitation 
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Luckily, no assay interference was observed for this compound and an IC50 value of 

7.5 µM could be determined. This is quite similar to deferasirox (54) (IC50 = 4.8 µM) 

and docking shows a perfect overlap of the two structures with the phenol groups 

of ring A and C chelating the ferrous iron and ring B pointing outwards (cf. Figure 

38 left). The p-brominated derivative 99a was also active in the same range 

(IC50 = 9.4 µM). This is consistent with the predicted binding mode for the thiazole 

derivatives, where the bromine residue points towards an open pocket with enough 

space to accommodate the rather large substituent. It rules out an alternative 

binding mode – or at least renders it improbable – where the molecule is flipped so 

that ring A and C occupy the opposite binding pockets compared the other binding 

mode.  

 

 

Figure 38 Left: Docking of deferasirox (light blue sticks) and 99g (magenta sticks) into KDM4A. 

Both compounds adopt the same orientation.  

 Right: Normal (green sticks) and flipped (blue sticks) orientation of the brominated 

derivative 99a. The flipped orientation causes steric clashes of the bromine substituent 

with the catalytic pocket. The van-der-Waals surface around the bromo-substituent is 

shown as maroon mesh. The central Ni2+ ion is depicted as green sphere. Metal 

coordination is shown as teal dashed lines. (Docking provided by Dr. Dina Robaa, MLU 

Halle-Wittenberg, KDM4A template is PDB: 3RVH) 

 Bottom: Tautomers of imidazole derivative 99e. Only the 1H-tautomer is able to chelate 

iron. 
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In the flipped orientation, there would be a steric clash of the bromine substituent 

with Asn198, Lys206 and Tyr132 of the binding pocket (cf. Figure 38 right) A similar 

effect had also been observed for the dibrominated triazole derivative 90d (cf. 

Section 4.3.1.2), which is p-brominated at both phenol rings. In that case, the steric 

clash led to a significantly decreased binding affinity towards the enzyme. 

Replacement of the phenol ring C with a 2-thiophene moiety in 99h led to a loss of 

potency. This could be rationalized by the change of the geometry of the iron-

binding motif, which is less favourable for iron chelation than two phenol rings. To 

further demonstrate the importance of the phenol group for inhibitory activity, the 

tolyl derivative 99i was synthesized, which was indeed inactive. This compound 

can for example be used as a negative control in cellular assays. 

In contrast to that, compound 99j containing a tolyl group as ring A retained some 

activity (41% inhibition at 125 µM). Furthermore, the thiophene derivative 99f 

showed an IC50 value of 20 µM. These two observations underline that not only the 

nature of the iron-chelating motif itself is crucial for compound activity but also the 

orientation, as substituents other than phenol are tolerated in ring A but lead to a 

loss of activity when present in ring C. The difference may stem from the differing 

hydrophilicity of the two binding pockets. As the pocket accommodating ring C is 

more hydrophilic than the one for ring A, it most likely employs weaker binding to 

the hydrophobic thienyl or tolyl moieties. This effect may explain the loss in potency 

compared to the more hydrophilic phenol. On the other hand, the hydrophobicity 

of binding pocket A and the concomitant binding of hydrophobic moieties may 

partly compensate the decreased iron chelation of the thienyl or tolyl ring so that 

these compounds (99f and 99j) retain some activity, although the activity is weaker 

than for the phenolic compound 99g with stronger iron chelation. 

Exchanging ring A by nitrogen-containing heterocycles, namely imidazole (99e), 

pyridine (99d), pyrazine (99k) and thiazole (99l) yielded compounds displaying 

weak activity (IC50 = 116–170 µM, n.i. at 100 µM for 99l). The 6-fold loss of activity 

for the imidazole compared to the thiophene may partly be explained by the 
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tautomeric forms of imidazole (cf. Figure 38 bottom). Only the 3H-tautomer is able 

to chelate iron, while the 1H-tautomer cannot bind iron efficiently due to the 

hydrogen atom. Lower activity was also observed for the six-membered nitrogen-

containing rings such as pyridine 99d and pyrazine 99k, which is probably due to a 

less favourable binding geometry of the iron-chelating motif. 

The thiazole derivative 99c bearing two phenol rings in positions A and C and a 

hydrogen atom in position B resulted in an IC50 value of 3.8 µM. However, the 

inhibition curve showed a steep hill slope indicative for unspecific effects or non-

stochiometric binding, therefore this compound scaffold not bearing a substituent 

in position B was not pursued any further. 

Table 13 Inhibitory activity of oxazole derivatives against KDM4A. Data are mean ± s. d. of at 

least two independent experiments. 

 
 

No R 
% inhibition or  

IC50 / µM 
No R 

% inhibition or  

IC50 / µM 

109c 

 

7.6 ± 0.8 109b 

 

8.5 ± 0.9 

109a 

 
14% @ 100 µM 109d 

 
n. i. @ 100 µM 

Oxazoles (cf. Table 13) showed a quite similar behaviour to the thiazoles, therefore 

only a limited number of compounds was synthesised and tested. The derivative 

109b bearing a phenyl ring in position B and two phenol rings in positions A and C 

resulted in an IC50 value of 8.5 µM, which is quite similar to thiazole 99g 

(IC50 = 7.5 µM). The derivative 109c bearing a hydrogen atom instead of ring B also 

gave similar activity of 7.6 µM. Like for the thiazoles, substitution of ring A with a 

thienyl moiety gave the inactive compound 109d, while the same moiety in position 
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C yielded the slightly active compound 109a (14% inhibition @ 100 µM). These 

results, together with docking studies, suggest similar binding modes for oxazoles 

and thiazoles (cf. Figure 39). 

 

Figure 39 Docking of oxazole 109b (blue sticks) into the catalytic pocket of KDM4A. The central 

Ni2+ ion is depicted as purple sphere and water molecules as red speres. Metal 

coordinative bonds are shown as cyan dashed lines, hydrogen bonds as yellow dashed 

lines and π:π-interactions as light green dashed lines. (Figure and docking provided by 

Dr. Dina Robaa, MLU Halle-Wittenberg, KDM4A template is PDB: 3RVH) 

 Pyrazoles and Imidazoles 

As a next step the core heterocycle was replaced by pyrazole and imidazole rings. 

Synthesis for these compounds was performed by Dr. Nicolas Barthes and the 

students Moritz Spiske and Matthias Henn under his supervision. 

4.3.3.1 Biochemical Activity and structure-activity relationships 

As the synthesis of pyrazoles was realized via symmetrically substituted 1,3-

ketones only derivatives bearing the same substituent in positions A and B were 

generated. The derivative 110a bearing three phenol moieties showed an IC50 value 
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of 3.5 µM. Docking studies suggest the same positioning of the compound as for the 

triazole, thiazole and oxazole compounds (cf. Figure 40 left).  

Table 14 Inhibitory activity of pyrazole derivatives against KDM4A. Compounds were kindly 

provided by Dr. Nicolas Barthes. Data are mean ± s. d. of at least two independent 

experiments. 

 

 
 

No R 
% inhibition or  

IC50 / µM 
No R 

% inhibition or  

IC50 / µM 

110a 

 

3.5 ± 0.8 110e 

 

34% @ 20 µM 

110b 

 

4.4 ± 0.8 110f 

 

30% @ 100 µM 

110c 

 

4.1 ± 0.4 µM 110g 

 

 20% @ 20 µM 

110d 

 

55% @ 100 µM 110h 

 

35% @ 100 µM 

However, in contrast to the thiazoles, different substituents were tolerated as ring 

C. Both pyridine (110b) and 4-hydroxypyrimidine (110c) yielded equipotent 

inhibitors displaying an IC50 of 4 µM. Only the quinoline 110d showed a drop in 

potency (55% inhibition at 100 µM), which may be explained by a geometry that is 

less favourable for iron-chelation. The high activity of the pyridine 110b and the 



 
 4.3 Deferasirox Derivatives 

     129 

4-hydroxypyrimidine 110c despite their lower chelation efficiency compared to the 

phenol could stem from the positioning of the hydroxy group of ring B in a 

hydrophilic pocket increasing binding affinity. This additional interaction might 

compensate the decreased iron-chelating capacity. 

Contrastingly, the use of pyridine in position A and B only gave weakly active 

compounds (110d-h). This supports the observation that pyridine substituents are 

less favourable motifs for iron chelation. Furthermore, it underlines the importance 

of the hydrophilic interaction of ring B with the enzyme, which is much weaker for 

pyridine. The loss of this interaction also adds to the drop in potency. For example, 

compound 110e, bearing an inverted warhead compared to compound 110b and 

pyridine instead of phenol in position B, is pronouncedly less active than 110b (34% 

inhibition @ 20 µM vs IC50 4.4 µM, respectively). The other compounds containing 

two pyridine moieties and bearing different heterocyclic substituents in position C 

like pyridine 110f, purine 110g, and quinoline 110h were also low-potent inhibitors 

due to the low chelation efficiency and the lower binding affinity of ring B. 

Next, imidazole derivatives were evaluated. Unlike for the thiazoles and oxazoles, 

substitution in position 1 is feasible, which allows the synthesis of a broader variety 

of structures. First, inhibitors bearing an imidazole moiety in position A and phenyl 

substituents in position B and C were evaluated and the influence of different 

substituents in position 1 was assessed. A methyl substituent (111a, cf. Table 15) 

gave a slightly active compound (54% inhibition at 100 µM) as did a 1-methyl-4-

propylpiperazine (111b; 31% at 100 µM), an N-benzylethylamine (111c; 41% at 

100 µM), and an O-ethylpyridin-3-ol (111d; 54% at 125 µM) substituent. A slightly 

higher activity was obtained for the N-ethylpyridin-3-amine (111e; IC50 = 63 µM) 

and the one carbon longer N-propylpyridin-3-amine (111f; IC50 = 62 µM) 

substituent. Therefore, the N-ethylpyridin-3-amine was chosen as the preferred 

moiety for further developments. Replacement of the imidazolyl with a furyl moiety 

in 111g caused a drop in potency (16% inhibition at 100 µM), which is probably 
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caused by the lower chelation efficiency of the furyl compared to the imidazolyl 

group and its inability to form hydrogen bonds to the catalytic pocket (see below). 

Interestingly, the tested imidazolyl compounds all displayed some inhibitory 

activity despite containing a non-chelating group in ring C, which is in contrast to 

the thiazoles where a chelating moiety in position C was crucial for inhibition.  

 

Figure 40 Left: Overlay of 54b (light blue sticks), thiazole 99g (magenta sticks) and pyrazole 110a 

(green sticks) shows a perfect overlap of the structures.  

 Right: Overlay of thiazole 99g (magenta sticks) and imidazole 111e (cyan sticks) reveals 

a flipped orientation of the imidazole. The central Ni2+ ion is depicted as green sphere. 

Metal coordination is shown as teal dashed lines. (Docking provided by Dr. Dina Robaa, 

MLU Halle-Wittenberg, KDM4A template is PDB: 3RVH) 

One reason for the observed difference between imidazoles and thiazoles is the 

different binding mode. According to docking into KDM4A, the addditional 

N-ethylpyridin-3-amine chain in position 1 induces a flipped orientation of the 

imidazoles compared to the triazoles, thiazoles, oxazoles and pyrazoles (cf. Figure 

40 right). The secondary amine of the side chain establishes an H-bond with Asp135 

increasing compound affinity towards the enzyme and directing the positioning of 

the rest of the molecule in the flipped orientation. Consequently, ring C is placed in 

the hydrophobic pocket while ring A binds to the more hydrophilic one. Therefore, 

the phenyl substituent is tolerated in position C. 

In a next step, the substituents in position 4 and 5 (ring C and B) were exchanged 

by phenol moieties. As expected, this increased inhibitory activity significantly. For 

the imidazole compound 111j activity was increased to an IC50 value of 4.6 µM 

compared to 80% inhibition at 100 µM for 111e.  
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Table 15 Inhibitory activity of imidazole derivatives against KDM4A. Compounds were kindly 

provided by Dr. Nicolas Barthes. Data are mean ± s. d. of at least two independent 

experiments. 

 

  

No R 

% 

inhibition 

or  

IC50 / µM 

No X R 

% 

inhibition 

or  

IC50 / µM 

111a* 
 

54% @ 

100 µM 
111g N 

 

16% @ 

100 µM 

111b 

 

31% @ 

100 µM 

 

111c 

 

41% @ 

100 µM 
111h 

 

8.9 ± 0.6 

111d 

 

54% @ 

125 µM 
111i 

 

9.6 ± 2.4 

111e 

 

62.7 ± 9.7    

111f 

 

61.5 ± 12.1    

* purity < 95% 
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In order to elucidate the influence of substituents in position A, different moieties 

were compared. As for the thiazoles and oxazoles, the use of a phenol moiety as 

ring A in compound 111k led to a highly active compound (IC50 = 2.9 µM). The 

4-(hydroxymethyl)phenol 111l, the 3-hydroxypyridine 111m and the pyridoxal-

substituted 111n showed an activity similar to the simple phenol with IC50 values 

between 3.0 and 4.4 µM. The hydrochinone 111o also yielded a low IC50 value of 

4.3 µM. However, a high hill slope > 3 was observed in the assay, which may be 

explained by the high redox-activity of the compound leading to unspecific effects. 

The pyridine 111p was less active (IC50 = 9.7 µM) due to the decreased ability of 

pyridine to chelate the catalytic iron. However, five-membered heterocycles gave 

compounds displaying no or only mild inhibitory activity. The 2-thienyl 111q, 

3-furyl 111r, and the 3-pyrrole 111s were inactive due to their inability to effectively 

chelate the ferrous iron. Contrastingly, the 5-imidazole 111j had shown a quite high 

activity of 4.6 µM despite employing a similar binding geometry to the thienyl 111q. 

Molecular docking into KDM4A showed an H-bond between the external 

imidazolyl nitrogen and Asp191. This H-bond partly compensates the lower 

chelation efficiency compared to phenol. To substantiate the influence of the H-

bond on compound potency two other nitrogen-containing five-membered 

heterocycles were synthesized and tested. The 2-imidazole 111t with one nitrogen 

in the correct position for iron chelation but the other one unable to form the H-

bond indeed showed a decreased activity of 21% inhibition at 20 µM. The 1,2,3-

triazole 111u displayed an IC50 value of 23 µM.  

Compound 111u exists in three tautomeric forms (cf. Figure 41 top), where the 1H-

form can chelate iron and form the hydrogen bond, whereas the 2H-tautomer only 

undergoes the H-bond formation and the 3H-form can form neither of the 

interactions. The dynamic interconversion of these tautomeric forms explains the 

drop in potency compared to the 5-imidazole 111j. These data confirm that five-

membered heterocycles containing a nitrogen in ortho position to the core imidazole 
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are suitable iron chelators albeit with lower efficiency than phenol. A hydrogen 

bond to Asp191 can partly compensate the lower chelation ability. 

 

 

Figure 41 Top: Tautomers of 1,2,3-triazole 111u. Only the 1H-tautomer can undergo interactions 

with the catalytic iron and Asp191 at the same time. 

 Bottom: The triazolopyridine 111y (dark red sticks) is able to chelate the central metal 

ion (although with an unfavorable geometry) while the pyrrolopyridine 111w (dark 

grey sticks) does not chelate the metal ion but undergoes hydrogen bonding to Asp191. 

The central Ni2+ ion is depicted as green sphere. Metal coordination is shown as teal 

dashed lines and hydrogen bonds as yellow lines. (Docking provided by Dr. Dina 

Robaa, MLU Halle-Wittenberg, KDM4A template is PDB: 3RVH) 

Bicyclic substituents were assessed next. The 2,7-dihydroxynaphthalene 111v 

showed a slight drop in potency compared to phenol 111k (IC50 = 14 µM vs 2.9 µM, 

respectively) due to steric hindrance. The pyrrolopyridine 111w yielded the lowest 

IC50 value of 2.3 µM of all tested imidazole derivatives. It is therefore in the same 

potency range as the phenol derivative 111k. For compound 111w, docking showed 

a pose where the pyrrolopyridine residue is unable to chelate iron because of a 

flipped-out orientation. This is probably caused by the presence of a conserved 

water molecule (cf. Figure 41 bottom). However, this orientation allows the 
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formation of a hydrogen bond with Asp191, which might explain the high 

inhibitory potential. Indeed, the quinoline 111x adopting the same orientation but 

without a hydrogen-bond donor showed only weak activity of 35% inhibition at 

100 µM. Contrastingly, a flipped-in orientation was observed for triazolopyridine 

111y, yet the binding angle for the catalytic iron is unfavorable explaining the low 

inhibitory activity of 40% inhibition. However, it should be kept in mind that the 

presence and localization of water molecules is hard to predict via docking, 

therefore the flipped-out orientation for 111w might be a docking artefact.  

Table 16 Inhibitory activity of N-ethylpyridin-3-amine-substituted imidazole derivatives against 

KDM4A. Compound were kindly provided by Dr. Nicolas Barthes. Data are mean ± s. d. 

of at least two independent experiments. 

 

No R 
% inhibition or  

IC50 / µM 
No R 

% inhibition or  

IC50 / µM 

111j 

 

4.6 ± 0.5 111l 

 

3.0 ± 0.3 

111k 

 

2.9 ± 0.2 111m 

 

3.9 ± 1.2 

111p 

 

9.7 ± 0.3 111n 

 

4.4 ± 0.5 

111q 

 
n. i. @ 100 µM 111o 

 

4.3 ± 0.4** 
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Table 16 continued 

 
 

No R 
% inhibition or  

IC50 / µM 
No R 

% inhibition or  

IC50 / µM 

111s 

 
n. i. @ 100 µM 111w 

 

2.3 ± 0.1 

111t 

 

92% @ 100 µM 

21% @ 20 µM 
111x 

 

35% @ 100 µM 

111u 

 

22.8 ± 1.7 111y 

 

40% @ 100 µM 

* purity < 95% 

**  hillslope > 3, possibly due to PAINS properties (see main text) 

The superiority of the N-ethylpyridin-3-amine over the O-ethylpyridin-3-ol moiety, 

which had been observed for the phenyl containing 111e and 111d, respectively, 

was confirmed by comparing 111j with 111h as well as 111w with 111i. For both the 

phenol and the pyrrolopyridine compounds the N-ethylpyridin-3-amine 

derivatives showed about double the inhibitory potential compared to the 

O-ethylpyridin-3-ol derivatives (cf. Table 15 and Table 16). 

 Selectivity against other Jmj-KDMs 

Jmj-KDMs share a high structural similarity of their catalytic domain. Therefore, the 

development of selective inhibitors is challenging.  
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Table 17 Selectivity data of selected compounds. Data are mean ± s. d. of at least two independent 

experiments. 

compound structure 

IC50 / µM 

KDM4A 

(LANCE® 

assay) 

KDM5A 

(ELISA 

assay) 

KDM6B 

(ELISA 

assay) 

111q  

(negative 

control) 
 

n. i. @ 

100 µM 

23% @ 

100 µM 

13% @ 

100 µM 

deferasirox 

(54; positive 

control) 

 

4.8 3.9 6.0 

110a 

 

3.5 1.9 1.6 

111w 

 

2.3 1.4 3.3 

99g 

 

7.5 ≈ 50 ≈ 58 

 In order to assess if the newly synthesized compounds displayed subtype-

selectivity, a representative molecule of each class was tested against KDM5A 
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(JARID1A), which belongs to the subgroup sharing the highest similarity to KDM4, 

and KDM6B (JMJD3), which is less similar to KDM4A. Testing was performed by 

BPS bioscience in an ELISA-based assay.  

As an inactive control displaying no inhibition against KDM4A the thienyl 

derivative 111q was chosen. Expectedly, this compound also showed very weak 

inhibition of KDM5A (23% @ 100 µM) and KDM6B (13% @ 100 µM). This supports 

the observation that efficient iron-chelation is a prerequisite for potent inhibition of 

Jmj-KDMs by the structures presented here. Deferasirox (54) was used as a positive 

control as unselective inhibition of KDM4A, KDM5A and KDM6B had already been 

shown.168 Consistently, it yielded IC50 values between 4 and 6 µM for the three 

demethylases (cf. Table 17). The pyrazole 110a and the imidazole 111w also proved 

to be unselective, inhibiting all three enzymes in the low micromolar range 

(IC50 = 3.5 µM, 1.9 µM and 1.6 µM for 110a and 2.3 µM, 1.4 µM and 3.3 µM for 111w 

against KDMs 4A, 5A and 6B, respectively). Only the thiazole 99g showed seven- to 

eightfold higher activity on KDM4A than on KDM5A and -6B (IC50 = 7.5 µM, 

approx. 50 µM and approx. 58 µM, respectively). However, this selectivity could 

not be explained by docking studies. 

 Cellular Activity 

In order to evaluate the cellular effects of the deferasirox derivatives, cell culture 

studies were performed. For each compound family, the inhibitor displaying the 

highest in vitro potency was chosen for testing. Additionally, the imidazole 

derivative 111q, which is devoid of activity against KDM4A but shares a high 

structural similarity to the active compounds, was tested to evaluate unspecific 

compound toxicity. Deferasirox (54) or its methyl ester prodrug 54b were used as 

reference inhibitors. 



4 Development of novel Inhibitors for JmjC-containing histone demethylases  

138    

4.3.5.1 Cell viability 

 As prior experiments, performed and described by Dr. Inga Hoffmann (Jung 

group), had shown promising effects of deferasirox (54) on oesophageal cancer cell 

lines,269 KYSE150270 cells were chosen to determine the compound effects on these 

cancer cells. The high sensitivity of KYSE150 cells towards KDM4 inhibition stems 

from their proliferation dependency on KDM4C, which is amplified in this cell 

line.137, 271 As the compounds show no selectivity towards one isoform they inhibit 

KDM4C in the same range as KDM4A so that this cell line can be used for compound 

evaluation.  

 

Figure 42 Cellular potency of deferasirox derivatives on the oesophageal cancer cell line KYSE150. 

Shown are the growth inhibition results of cell proliferation assays (MTS assay). IC50-

values of KDM4A-inhibition (LANCE assay) are given for comparison. 



 
 4.3 Deferasirox Derivatives 

     139 

To evaluate cell viability, the MTS assay was used following standard procedures. 

This colorimetric assay is based on the reduction of 3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐

(3‐carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐2H-tetrazolium (MTS) to a coloured 

product (formazan) by cellular dehydrogenases in metabolically active cells. 

Quantification is performed via the measurement of light absorption, which 

correlates with the amount of viable, active cells.272 Assays were performed by Karin 

Schmidtkunz (Jung group) following the procedure described by Dr. Inga 

Hoffmann in her thesis.269 In short, cells were incubated with the inhibitor for 72 h. 

Then, the MTS reagent (Promega) was added, cells were incubated for 1–4 h and 

absorption was measured at 492 nm. Cells treated with DMSO were used as 

negative control equalling 0% inhibition. 

The methyl ester prodrug 54b of deferasirox was used as a reference inhibitor 

displaying a GI50-value of 4.1 ± 0.1 µM. Assay results are summarized in Figure 42. 

The imidazole 111w (GI50 3.1 µM) and the pyrazole 110a (GI50 6.7 µM) showed an 

inhibition similar to the deferasirox prodrug 54b, which is in accordance with their 

similar in vitro potency (IC50 = 2.3 µM and 3.5 µM, respectively). The thiazole 99g 

(GI50 14.6 µM) displayed a three- to fourfold lower activity, which correlates to its 

slightly lower in vitro potency (IC50 = 7.5 µM). The imidazole 111l (GI50 13.9 µM) is 

also about three times less active than the deferasirox prodrug 54b, despite its 

slightly lower IC50-value of 3.0 µM. However, the differences in the IC50- as well as 

the GI50-values are too small to be statistically significant rendering a ranking of 

compound potency based on these assay results impossible. This also implies that 

the observed correlation between in vitro potency and cellular activity for 111w, 

110a and 99g giving the highest cellular activity for the most potent compound and 

the lowest activity for the least potent one might just be coincidental and cannot be 

regarded as proof of a target-specific mechanism of action. Another factor which 

might influence compound potency is cellular permeability. But as all compounds 

show similar in vitro and in vivo potency, cellular permeation seems to be fairly high. 
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The negative control 111q, which does not inhibit KDM4A in vitro, caused a growth 

inhibition of 50% at 100 µM and no inhibition at 10 µM or below. This shows that 

the compound toxicity at high concentrations is likely to be independent of KDM4-

inhibition. However, as no toxicity was observed in the concentration range where 

the active compounds showed an effect, their activity seems not to stem only from 

unspecific effects. In order to clarify the mode of action, further cellular experiments 

were necessary. 

4.3.5.2 On-target Effects via Immunofluorescence Measurements 

To characterize the cellular compound effects in more detail and to show target-

specific effects, immunofluorescence assays were performed by Vivien Ngo (AG 

Prof. Lutz Hein, Albert-Ludwig-Universität Freiburg). As for the cell proliferation 

assay, KYSE150 cells were used due to their high expression of KDM4C. After 

compound incubation for 72 h hours, cells were stained with H3K9me3-antibodies. 

As outlined in section 1.2.2, H3K9me3 is selectively demethylated by KDM4,86, 273 

therefore KDM4-inhibition leads to an accumulation of this methylation mark. 

Accordingly, an increase of H3K9me3, visualized via staining with the specific 

antibody, suggests a mechanism of action consisting of or at least involving KDM4 

inhibition. IOX1 was used as a reference inhibitor showing high inhibitory potential. 

As expected, the negative control 111q did not lead to significant hypermethylation 

compared to the DMSO control, even at concentrations up to 30 µM. In contrast to 

that, the tested active compounds, namely the thiazole 99g and the imidazole 111w 

resulted in a marked hypermethylation at 10 µM (cf. Figure 43).  

Unfortunately, quantification of the fluorescence intensity could not be performed 

successfully in a reproducible manner due to high variations in the cell numbers. 

Therefore, this assay could also not reveal a significant difference between the tested 

compounds. However, the main goal of the experiment, which was proving on-

target activity on KDM4, could be achieved, as all three compounds led to a 
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distinctive increase of H3K9me3, while the negative control 111q had no significant 

effect on hypermethylation. 

 

Figure 43 Immunofluorescence staining of KYSE-150 cells incubated with KDM inhibitors. IOX1 

was used as reference inhibitor and 111q as negative control which is structurally related 

to the inhibitors but shows no in vitro inhibition of KDM4A. Inhibitors were used at 

10 µM and the negative control at 30 µM. The white line represents 50 µm. (Experiments 

were performed and pictures provided by Vivien Ngo.) 

 



4 Development of novel Inhibitors for JmjC-containing histone demethylases  

142    

 Summary and Discussion 

Five different families containing five heterocyclic core structures were evaluated 

for their inhibitory activity against KDM4A and for selected compounds also 

against KDM5A and -6B. The synthesis of substituted triazoles confirmed an active-

site-based mode of action over a mechanism solely based on iron-chelation, as 

derivatives bearing large substituents causing steric clashes with the catalytic site 

displayed comparably low inhibitory activity. Furthermore, the feasibility of 

compound labelling with fluorophores or a biotin tag via click reaction was shown. 

Unsymmetrically substituted thiazoles and oxazoles were successfully synthesized 

and allowed a deeper understanding of the binding mode and structure-activity 

relationships. The highest activity was observed for the phenol-thiazole/oxazole 

nitrogen-phenol chelation motif, whereas less polar substituents were tolerated in 

ring A, albeit with substantially decreased inhibitory activity, but led to inactive 

compounds when present in ring C. This trend could also be observed for pyrazole 

derivatives. 

Lastly, imidazole derivatives bearing an additional pyridine-containing chain 

showed an inverse binding mode compared to the other four families induced by 

the hydrogen bond of the side chain with Asp135 in KDM4A. Besides the phenol, 

imidazole and pyrrolopyridine could be identified as substituents in position A 

yielding the most potent compounds. Their high activity despite decreased iron-

chelating capabilities could be explained by docking, which showed the formation 

of an H-bond between the NH-group and Asp191 in KDM4A for both compounds. 

Selectivity studies versus KDM5A and -6B showed no selectivity for deferasirox, the 

pyrazole 110a and the imidazole 111w whereas thiazole 99g displayed seven- to 

eightfold selectivity for KDM4A. 

Cellular experiments proved the cytotoxic activity of the most potent compounds 

against the oesophageal cancer cell line KYSE150, which is known to be sensitive 

against KDM4-inhibition.269 Furthermore, cellular on-target activity was shown by 
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immunofluorescence measurements of H3K9 hypermethylation, which is a 

hallmark of KDM4 inhibition. Overall, an extensive evaluation of the deferasirox 

scaffold and related structures could be performed yielding several potent 

inhibitors with cellular activity and a good insight into structure-activity 

relationships. 

 2-Hydrazonylthiazoles and Selenazoles 

For the purpose of increasing structural diversity of 5-membered heterocycles, a 

small set of 2,5-disubstituted thiazole or selenazole compounds, synthesized in the 

group of Dr. Nenad Filipović (Department of Chemistry and Biochemistry, 

University of Belgrade), was tested against KDM4A (cf. Table 18). Their main 

structural feature is a monosubstituted hydrazone moiety in position 2 of the 

heterocycle. The compounds were considered as potential KDM4-inhibitors for 

several reasons. First, the thiazole moiety has been shown to be a suitable core 

structure for KDM inhibitors (cf. section 4.3.2.2), therefore an elaboration on this 

motif seemed to be promising. Second, the ring nitrogen atom and the doubly 

bound nitrogen of the hydrazone form a bidentate chelating group potentially able 

to bind the catalytic iron in the enzyme.  

 

Figure 44 Comparison of the known KDM inhibitors IOX1 and JIB-04 with the newly discovered 

thiazole derivative 112f. 

Furthermore, the published KDM inhibitor JIB-04 56, displaying micromolar 

activity against KDM4, shares some structural features like the hydrazone moiety 

adjacent to a nitrogen-containing heterocycle (cf. Figure 44) suggesting that the 

thiazole and selenazole compounds presented here might also be active on KDM4. 
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 Biochemical Activity 

The set of compounds was tested for their inhibitory activity in the LANCE-assay 

(cf. section 3.1.2 for assay description and Table 18 for results) at a concentration of 

500 µM.  

Table 18 Inhibitory activity of 2-hydrazonylthiazoles and -selenazoles against KDM4A. 

Compounds were kindly provided by the research group of Dr. Nenad Filipović. Data are 

mean ± s. d. of at least two independent experiments. 

 

No X R 

% 

inhibition @ 

500 µM 

No X R 

% 

inhibition @ 

500 µM or  

IC50 / µM 

112a S 

 

53% 112c S 

 

30% 

112b Se 

 

96% 112d S 

 

45% 

112e Se 

 

68% 112f S 

 

4.94 ± 0.45 

The pyridine-substituted thiazole compound 112a displayed a quite low inhibition 

of 53%, whereas 112b, the selenazole analogue of 112a, led to almost full inhibition 

at the same concentration. The selenazole 112e substituted with phenyl instead of 

pyridine showed a decreased potency of 68%. The quinoline-substituted thiazole 

compounds 112c and 112d showed rather weak inhibition of 30-45% at 500 µM. 

Therefore, it can be assumed that pyridine is superior to quinoline and phenyl. 

Furthermore, the selenazole motif seems to be better suited than the thiazole in this 

series of inhibitors. However, all of the above-mentioned compounds were rather 

weakly active inhibitors. 
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The only compound displaying an IC50 value of 5 µM was the thiazole 112f, which 

is substituted with an 8-hydroxyquinoline. The 8-hydroxyquinoline motif is also 

present in IOX1 (42; cf. section 1.4.2.5 and Figure 44), which is a 2-OG-competitive 

nonselective KDM inhibitor, binding the ferrous iron via the quinoline nitrogen and 

the 8-hydroxy group. Hence, compound 112f contains two potential iron binding 

sites which could be responsible for its inhibitory activity on KDM4A.  

In order to evaluate the mode of action of 112f, kinetic studies were performed. In 

order to assess if the compound acts competitively towards the co-substrate, 2-OG 

was titrated against different inhibitor concentrations in the LANCE assay. Results 

are summarized in Figure 45. Plotting the reaction velocity 𝑣 against the 2-OG 

concentration shows that the obtained values cannot be satisfyingly fitted to a 

classical Michaelis-Menten equation (cf. section 3.1.2; graph not shown). That 

implies an inhibitory mechanism not solely based on competition against 2-OG. The 

representation of the data in a linearized double reciprocal plot, also called 

Lineweaver-Burk plot, reveals the not solely competitive behaviour even more 

clearly (cf. Figure 45 left). Competitive inhibition results in linear regression curves 

intersecting in one point on the 1/𝑣 axis, which is apparently not the case for 112f. 

However, fitting to a mixed-mode inhibition model gives a better curve fit (cf. 

Figure 45 right). Fitting was performed according to the following equation (𝑣: 

reaction velocity, α: binding degree, 𝐾𝑖: inhibition constant, 𝐾M
app

: apparent 

Michaelis-Menten constant): 

𝑣 =  

𝑣max

1 +  
[𝟏𝟏𝟐𝒇]
𝛼 ∙ 𝐾𝑖

∙ [2– OG]

𝐾M
app

∙
1 +

[𝟏𝟏𝟐𝒇]
𝐾𝑖

1 +
[𝟏𝟏𝟐𝒇]
𝛼 ∙ 𝐾𝑖

+  [2– OG]

 
(4.1) 

Mixed-mode inhibition implies a mode of action, where competition of the inhibitor 

with the co-substrate is at least not solely responsible for inhibition. Mixed-mode 

inhibition in respect to 2-OG was also shown for JIB-04.51 It is therefore possible that 

112f employs a similar mode of action to JIB-04. However, an oxygen-competitive 
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behaviour, as it was postulated for JIB-0451 could not be measured for 112f due to 

the unavailability of the necessary equipment to regulate and determine oxygen 

concentrations. 

 

Figure 45 Left: The Lineweaver-Burk plot of 112f shows not solely competitive behaviour towards 

2-OG, as the lines do not intersect at the y-axis. 

 Right: Fitting to a mixed mode inhibition model shows a good curve fit. See text for 

explanation. 

In summary, the hydrazone-containing thia- and selenazoles yielded weak KDM4A 

inhibitors, the hydroxyquinoline 112f being the only exception with an IC50 value in 

the low micromolar range. The mechanism of action is not solely based on co-

substrate competition suggesting a unique mode of inhibition for this compound 

which might be similar to the published inhibitor JIB-04.  
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5 Conclusion and Outlook 

Jmj-KDMs have proven to be promising drug targets in cancer and other diseases, 

while still many questions concerning their biological role in physiological and 

pathophysiological processes remain. Inhibitors of these enzymes displaying a 

various set of characteristics such as potency and selectivity towards certain 

subtypes and isoforms are valuable tools to study this enzyme class in more detail. 

Furthermore, those inhibitors show promising potential to be developed into 

therapeutic drugs. 

Consequently, the main goal of this thesis was the development and 

characterization of new Jmj-KDM inhibitors with special focus on KDM4A. To this 

end, synthesis of various inhibitors was performed while other compounds were 

obtained from collaboration partners in order to pursue an activity-guided 

elaboration of promising structures. The project was divided in two main parts. 

First, the exploration of bioisosteric analogs of known inhibitors including 

sulfoxides, sulfones, boronic acid and tetrazoles was performed. While the sulphur- 

and boron-containing compounds showed only weak activity, two low micromolar 

scaffolds of tetrazoles could be identified. The first is based on 2,4-PDCA where 

replacement of the 2-carboxylic acid with a methylamino moiety and the 

4-carboxylic acid with tetrazole was realized. The second tetrazole-containing 

inhibitor series was based on daminozide and yielded inhibitors in the one-digit 

micromolar range. 

The second part of the work consisted of the synthesis and evaluation of inhibitors 

based on the clinically approved iron-chelator deferasirox. Here, five different core 

motifs, namely triazoles, thiazoles, oxazoles, pyrazoles and imidazoles were 

investigated. The in vitro evaluation resulted in elaborate structure activity 

relationships, which were substantiated by docking results. A fluorescence 

polarization assay was established to support a mechanism which is based on 

active-site binding. Selectivity investigations revealed one thiazole derivative to be 
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slightly selective for KDM4A while the other compounds were pan-selective 

towards the tested demethylases. The biological activity and on-target effects were 

confirmed for the most potent compounds via cellular studies. These revealed anti-

cancer effects of all tested inhibitors on the oesophageal cancer cell line KYSE150 

and H3K9 hypermethylation shown by immunofluorescence. The fact that the 

structures are based on an already clinically approved drug may facilitate their 

development into anti-cancer drugs. 

Future research may elaborate the findings on active compounds by testing them in 

different cellular settings spanning a wider range of cancer cells thereby widening 

the applicability of the compounds for further anti-cancer investigations. 

Two fluorescently labelled triazoles displaying low micromolar activity were 

synthesized. They may be used in fluorescence polarization assays to further 

characterize KDM inhibitors. Additionally, they can potentially also be used for 

cellular studies in order to study cellular permeability and subcellular localization. 

The biotin-labelled probe may be used for binding assays using streptavidin as an 

acceptor moiety. 

In conclusion, the development of a highly diverse set of Jmj-KDM inhibitors 

spanning from pan-selective to mildly selective inhibitors with proven cellular 

activity and also containing molecular probes may support the elucidation of the 

manifold biological roles of Jmj-KDMs and may even lay the foundation for the 

advancement into pre-clinical studies towards anti-cancer therapeutic drugs.  
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6 Experimental 

 Biochemical Assays 

 General Remarks 

Reagents, chemicals, and buffer components were purchased from commercial 

sources and used without further purifcation. Stock solutions of test compounds 

were in DMSO in a concentration of 20, 10, or 5 mM dependent their solubility and 

stored in a freezer at –20 °C. 

Before use, these stock solutions were thawed to room temperature and thoroughly 

homogenized on a vortex shaker. Water for buffers and solutions was double 

distilled to Milli-Q purity. Standard laboratory glassware and plastic apparatus was 

used, in particular micro-reaction vessels in 1.5 mL (Sarstedt) and 5 mL (VWR) size 

as well as pipette tips in 10µL and 200 µL size (Sarstedt) and 1000 µL size (ULPlast 

Omnitipprepared). 

All dilution and transfer steps were pipetted with appropriate Abimed/Kinesis HTL 

Discovery Comfort single-channel pipettes or Eppendorff pipetes (ranges: 0.5–10 

µL, 10–100 µL, 20–200 µL, 100–1000 µL). Final dispension steps of detection 

solutions were performed using an automated Brand HandyStep electronic 

dispenser pipette with appropriate PD tips. For fluorescence-based assays, white 

opaque OptiPlate-384 microtiter plates from PerkinElmer (catalogue #: 6007299) 

with Lid-384 clear non-sterile lids (catalogue #: 6007617) were used. Plates were 

sealed with airtight PerkinElmer TopSeal®-A 384 (catalogue #: 6005250) or TopSeal®-

A PLUS (catalogue #: 6050185) adhesive sealing tapes during incubation. 

6.1.1.1 Reagents and Chemicals 

Aqueous solutions of the assay components 2-oxoglutarate disodium salt 

dihydrate, ferrous sulphate heptahydrate, and L(+)-ascorbic acid at a concentration 

of 10 mM were prepared in 10 mL conical tubes and diluted with Milli-Q water to 
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the working concentrations. These stock solutions were stored at room temperature 

and replaced with freshly prepared solutions at least once a week to avoid oxidation 

or other degradation of the reagents. The oxidized form of nicotinamide adenine 

dinucleotide (NAD+) was obtained from different commercial sources at different 

times including Sigma-Aldrich, AppliChem, and Carl Roth. Stock solutions were 

regularly prepared at a concentration of 80 mM in Milli-Q water, aliquoted, shock-

frozen in liquid nitrogen, and stored in a freezer at –20 °C.  

Reagent Supplier purity (if 

applicable), 

remarks 

Catalogue 

number 

2-[4-(2-

hydroxyethyl)piperazin-

1-yl] ethanesulfonic acid 

(HEPES)  

VWR ≥99.5% for 

biochemical 

assays 

441485H 

2-oxoglutarate 

disodium salt 

dihydrate 

AppliChem BioChimica 

purity 

A6408 

bovine serum albumin 

(BSA) 

CarlRoth  Fraction V 8076 

ferrous sulphate 

heptahydrate  

VWR Normapur 

purity 

24244.232 

L(+)-ascorbic acid AppliChem BioChimica 

purity 

A1052 

Detection Buffer 

LANCEUltra® 10X 

PerkinElmer  CR97 

ULight coupled to 

streptavidin 

(LANCEUltra®) 

PerkinElmer  TRF0102 
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BSA for buffers was diluted in MilliQ water to a concentration of 5%, aliquoted, 

shock-frozen in liquid nitrogen, and stored in a freezer at –20 °C. 

Ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate was from bulk 

chemical stock as supplied from the chemical store and used without further pur-

ification. 

 Peptides and Antibodies 

Peptide/Antibody Sequence Supplier 
Catalogue 

number 

H3K9me3 7–14 ARK(me3)STGGK-NH2 

PSL (Peptide 

Specialty 

Laboratories, 

Heidelberg) 

custom 

synthesis 

biot-H3K9me2 1–

21 

ARTKQTARK(me2)STGGK-

APRKQLAGGK(biotin) 

BPS BioScience 

(San Diego, CA) 
50351 

biot-H3K9me3 1–

21 

ARTKQTARK(me3)STGGK-

APRKQLAGGK(biotin) 

BPS BioScience 

(San Diego, CA) 
50350 

Eu-labelled 

H3K9me2 
 PerkinElmer TRF0403 

Peptides from BPS were obtained as 40 µM aqueous solutions, aliquoted, and stored 

in a freezer at –80 °C. The peptide from PSL was obtained as lyophilized powder 

and reconstituted in Milli-Q water according to the declared amount and molecular 

weight supplied by the manufacturer to a concentration of 10 mM, shock-frozen in 

liquid nitrogen, and stored in a freezer at –20 °C. The antibody was stored at 5–8 °C 

and used at the declared concentration. 
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 Buffers 

The standard HEPES buffer was filtered through a 0.2 µm sterile cellulose acetate 

filter after preparation and stored at 5-8 °C. The LANCEUltra® assay buffer was 

freshly prepared via addition of BSA stock solution (5% in Milli-Q water) to the 

standard HEPES buffer prior to use and stored on ice. LANCE detection buffer was 

freshly prepared via 10-fold dilution of the commercial LANCE detection buffer 

10X prior to use and stored on ice. 

FDH-coupled assay 50 mM HEPES, pH 7.50, 0.01% (v/v) Tween-20 

LANCEUltra® assay 
50 mM HEPES, pH 7.50, 0.01% (v/v) Tween-20, 0.01% 

(m/m) BSA 

LANCE detection buffer 
Unknown; prepared from LANCE detection buffer 

10X from PerkinElmer (catalogue number: CR97) 

 Enzymes 

KDM4A was kindly provided by the research group of Prof. Dr. Roland Schüle 

(Central Clinical Research, University Medical Center, Freiburg i. Br.). Using 

standard protein expression and purification methods, the catalytic domain of this 

enzyme (i. e. residues 1–359) was expressed in an E. coli strain and purified via its 

His-Tag on Nickel chelate beads. The approximate protein concentration of these 

enzyme batches was determined by Bradford assay. The expression method 

followed that previously published by Ng et al.274 Shortly, the plasmid pNIC28-Bsa4 

JMJD2A encoding human KDM4A residues 1–359 was transformed in BL21-

CodonPlus-Ril competent cells. Six litres of TB media containing kanamycin(50 µg 

/mL) and chloramphenicol (34 µg/mL) were inoculated with a 15 mL/L overnight 

culture and grown at 37 °C. Expression was induced by addition of 0.2 mM IPTG at 

A260 = 0.6. Then, the culture was incubated at 18 °C for another 18 h. After 

harvesting and lysis of the bacteria, the protein was purified by a Talon bead 

column. The purity of KDM4A estimated by sodium dodecylsulfate polyacrylamide 
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gel electrophoresis (SDS-PAGE) was above 90%. As a control for continually equal 

enzyme quality, every new batch of this enzyme was tested in activity assays (FDH-

coupled kinetic measurements and LANCEUltra®) to verify that the delivered 

fractions were active enzyme. It was verified that every batch, when diluted to the 

same nominal working concentration, showed comparable activity to previous 

batches. Furthermore, every new batch of enzyme was tested in an FDH-coupled 

inhibition assay against the reference inhibitor 2,4-PDCA, which should yield an 

IC50 value of around 1 µM. KDM4A was aliquoted and stored at –80 °C. Before use, 

it was thawed on ice and gently homogenized on a vortex shaker. Aliquots were 

shock-frozen in liquid nitrogen, stored at –80 °C and reused but only subjected to 

maximal two freeze-thaw cycles, before loss of activity could be observed. 

FDH from Pseudomonas sp. was obtained commercially (Sigma Aldrich, catalogue 

number F1879). Upon arrival, this enzyme was reconstituted in Milli-Q water to a 

concentration of 0.1 Unit/µL (based on the declared activity of the particular batch), 

aliquoted, shock-frozen in liquid nitrogen, and stored in a freezer at –20 °C. 

 Equipment and Software 

Fluorescence measurements for the FDH assay were performed with the 

POLARstar Optima microplate reader (BMG Labtech). The reader was run in 

fluorescence mode with gain adjustment set to 2100 and 330 nm excitation and 460 

nm emission filters using white 384 OptiPlates™ (PerkinElmer). TR-FRET 

measurements were performed with the EnVision 2102 multilabel plate reader 

(PerkinElmer) in TR-FRET LANCE mode using a 340 nm excitation and a 665 nm 

emission filter and white 384 OptiPlates™ (PerkinElmer). The software used for the 

fitting of dose-response curves was GraphPad Prism 4.00 (GraphPad Software, Inc.) 

using 4-parameter logistic curve fitting (cf. Section 3.1). 
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 FDH-Coupled Enzyme Activity Assay 

6.1.6.1 Inhibition curves for IC50-value determination 

The FDH enzyme-coupled demethylase activity assay was carried out following the 

description of Dr. Martin Roatsch in his thesis.120 It was performed in a total volume 

of 20 µL on white OptiPlate-384 microtiter plates (PerkinElmer) using the standard 

50 mM HEPES buffer at pH = 7.50 containing 0.01% (v/v) Tween-20. The enzyme 

KDM4A 1–359 was pre-diluted to the working concentration of 0.10 mg/mL (2.40 

µM) resulting in a final assay concentration of 1.75 µM. A 13-point dilution series 

(typically 0–20 mM) of the test compound in DMSO was prepared with 2-fold 

dilution steps. The substrate solution was prepared in HEPES buffer according to 

the following table: 

 
assay 

concentration 

substrate 

solution 

concentration 

stock solution 

concentration 

volume for 200 

µL 

ascorbic 

acid 
100 µM 400 µM 3 mM 26.7 µL 

FeSO4 10 µM 40 µM 1 mM 8.0 µL 

FDH 0.001 U/µL 0.004 U/µL 0.1 U/µL 8.0 µL 

NAD+ 500 µM 2000 µM 80 mM 5.0 µL 

2-

oxoglutarate 
50 µM 200 µM 10 mM 4.0 µL 

peptide 35 µM 140 µM 1 mM 28.0 µL 

HEPES 

buffer 
   120.33 µL 

Experiments were performed as duplicates. The compound pre-dilution or DMSO 

were mixed with enzyme or buffer and pre-incubated at room temperature for 10 

min. Then, the substrate solution was added into all the corresponding tubes and 
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mixed via aspiration with the pipette. 20 µL of the mixture was immediately 

transferred into the wells of a 384-well plate.  

The assay mixtures for every well were prepared in 1.5 mL micro-reaction tubes 

according to the following pipetting scheme: 

 blank positive 

control 

negative 

control 

samples 

enzyme (cfinal x 

1.37) 

-- 17.5 µL 17.5 µL 17.5 µL 

assay buffer 17.5 µL -- 6.0 µL -- 

compound (cfinal x 

48) 

-- -- -- 0.5 µL 

DMSO 0.5 µL 0.5 µL 0.5 µL -- 

substr. soln. (cfinal 

x 4) 

6.0 µL 6.0 µL -- 6.0 µL 

 24 µL 24 µL 24 µL 24 µL 

 Fluorescence intensity (FI) of NADH generated by the enzymatic reaction was 

measured at λex= 330 nm and λem = 460 nm on a POLARstar Optima microplate 

reader (BMG Labtech) immediately after addition (t = 0) and after 1 h of incubation 

on a horizontal shaker at 37 °C. The values for all wells were blank-subtracted and 

the difference in intensity at t = 1 h and t = 0 was taken as a measurement of enzyme 

activity. Activity in % was then calculated in comparison to compound-free DMSO 

control (positive control, defined as 100% activity) and no-substrate control 

(negative control, defined as 0% activity) according to the following equation: 

 
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  

𝐹𝐼𝑆𝑎𝑚𝑝𝑙𝑒 −  𝐹𝐼𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝐹𝐼𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 −  𝐹𝐼𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒
∗ 100% (6.1) 
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The obtained activity values were plotted using GraphPad Prism 4.00 and sigmoidal 

curve fitting was performed according to the following 4-parameter logistic curve 

function: 

 𝑦 =  
𝑦𝑚𝑎𝑥 −  𝑦𝑚𝑖𝑛

1 +  (
𝑥

𝐸𝐶50
)

𝐻 ∗ 100% 
(6.2) 

The y-values correspond to the percentage of activity, ymin and ymax correspond to 

minimal and maximal activity as defined by the fit curve, and x to the 

concentrations used. EC50 represents the particular concentration at which the half-

maximal effect is observed, meaning the reduction in activity between ymax and ymin 

in this case. H is termed the Hill slope parameter or Hill coefficient and defines the 

curve slope between ymax and ymin at the EC50 concentration. Furthermore, the Hill 

slope may be used as a measure of the binding stoichiometry of inhibitor molecules 

to enzyme molecules and can, thus, be expected to be around 1 in the case of direct 

binding of one molecule of inhibitor per enzyme molecule in simple cases. Higher 

hill slopes may stem from cooperative binding of more than one inhibitor molecule 

or from unspecific effects such as compound and enzyme aggregation.275 

These curve parameters were used for the calculation of IC50 values, which denote 

the concentration at which 50% inhibition compared to the maximal inhibition took 

place. For inhibitors reaching full inhibition at high concentrations, meaning that 

the minimal measured enzymatic activity is as low as for the negative control, EC50 

and IC50 are basically the same. IC50 values were calculated from the fit parameters 

as follows: 

 
𝐼𝐶50 =  (

𝑦𝑚𝑎𝑥 −  𝑦𝑚𝑖𝑛

50 − 𝑦𝑚𝑖𝑛
− 1)

1
𝐻

∗ 𝐸𝐶50 (6.3) 

IC50 values were calculated from at least two independent experiment for each 

compound and the values shown correspond to their mean ± standard deviation. 
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6.1.6.2 Kinetic Activity Measurements 

Kinetic activity measurements using the FDH-coupled assay were performed 

following the same protocol as for the inhibition curves (cf. Section 6.1.6.1) with 

slight modification, namely without addition of test compounds. For quality control 

of each new batch of enzyme the new and the current batch of enzyme were both 

diluted to the working concentration of 0.10 mg/mL (2.40 µM) with HEPES buffer, 

which resulted in a final assay concentration of 1.75 µM. To these samples 0.5 µL 

DMSO was added and the mixture was pre-incubated at room temperature for 10 

min. Then, 6.0 µL of the substrate solution were added and 20 µL of the total 

mixture were transferred into the wells of a 384-well plate. This was measured at 

the same conditions on the POLARstar Optima microplate reader as for the 

inhibition experiments, but in kinetic mode. This means that the plate reader 

chamber was pre-heated to 37 °C and kept at this temperature during measurement. 

The fluorescence intensity was continuously measured (e. g. every 30 seconds) over 

a total time of 1.5 h. The obtained values were used to generate a fluorescence-over-

time curve, which should give similar results for both the old and the new batch of 

enzyme. Blank and negative control measurements should result in a flat line with 

no change of fluorescence over time. These assays were typically performed in 

triplicate. 

 LANCEUltra® Assay 

6.1.7.1 Inhibition curves for IC50-value determination 

The commercial antibody-based LANCEUltra® demethylase activity assay 

(PerkinElmer) was carried out following the description of Dr. Martin Roatsch in 

his thesis.120 It was performed in a total volume of 10 µL on white OptiPlate-384 

microtiter plates using a 50 mM HEPES buffer at pH = 7.50 containing 0.01% (v/v) 

Tween-20 and 0.01% (m/m) BSA (LANCE buffer). 
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KDM4A 1–359 was pre-diluted to the working concentration of 85.7 nM in two 

steps, which results in a final assay concentration of 60 nM. A 13-point dilution 

series (typically 0–20 mM) of the test compound in DMSO was prepared with 2-fold 

dilution steps.  

The substrate solution was prepared in LANCE buffer according to the following 

table: 

 
assay 

concentration 

substrate 

solution 

concentration 

stock solution 

concentration 

volume for 

100 µL 

ascorbic acid 100 µM 400 µM 3 mM 13.3 µL 

FeSO4 5 µM 20 µM 1 mM 2.0 µL 

2-oxoglutarate 1 µM 4 µM 0.1 mM 4.0 µL 

peptide 400 nM 1.6 µM 40 mM 4.0 µL 

LANCE buffer    76.7 µL 

Each experiment was performed in duplicates. The assay mixtures were prepared 

in the wells of a 384-well plate according to the following pipetting scheme: 

 blank positive 

control 

negative 

control 

samples 

enzyme (cfinal x 1.37) -- 7.0 µL  -- 7.0 µL 

assay buffer 9.5 µL -- 7.0 µL -- 

compound (cfinal x 

48) 

-- -- -- 0.5 µL 

DMSO 0.5 µL 0.5 µL 0.5 µL -- 

substr. soln. (cfinal x 4)  -- 2.5 µL 2.5 µL 2.5 µL 

 10 µL 10 µL 10 µL 10 µL 

The compound pre-dilution or DMSO were mixed with enzyme or buffer and pre-

incubated at room temperature for 10 min. Then, the substrate solution was added 
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into all the corresponding wells, centrifuged for 1 min at 700 rpm to ensure that all 

solution was at the bottom of the wells and incubated on a horizontal shaker at 600 

rpm at r.t. for 45 min. Shortly before the end of this incubation period, the detection 

mix was freshly prepared according to the following table: 

 

assay 

concentration 

detection mix 

concentration 

stock solution 

concentration 

volume for 

400 µL 

Eu α-H3K9me2 Ab 2 nM 4 nM 0.625 µM 2.56 µL 

ULight 

Streptavidin 

50 nM 100 nM 10 µM 4.00 µL 

EDTA 1 mM 2 mM 10 mM 80.0 µL 

LANCE det. buffer    313.44 µL 

At the end of the 45 min incubation period for enzymatic transformation, 10 µL of 

the detection mix were dispensed in each well. The large excess of EDTA serves as 

an iron chelator removing iron from solution and from the enzyme thereby stopping 

the enzymatic reaction. After addition of the detection mix, the plate was 

centrifuged for 1 min at 700 rpm and incubated on a horizontal shaker at 600 rpm 

for 60 min at r.t. Care must be taken that room temperature does not exceed 25 °C 

to ensure proper antibody binding and avoid degradation of reagents. After 

incubation, time-resolved FRET intensity was measured on a PerkinElmer EnVision 

2102 multilabel plate reader at λex = 340 nm and λem = 665 nm with a delay of 100 µs. 

The values for all wells were blank-subtracted and activity in % is in comparison to 

compound-free DMSO control (positive control, defined as 100%) and no-enzyme 

negative control (defined as 0%) according to equation 5.1. The obtained activity 

values were plotted using GraphPad Prism 4.00 and sigmoidal curve fitting was 

performed according to the 4-parameter logistic curve function 5.2. IC50 values were 

calculated using equation 5.3 as described above. 
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6.1.7.2 Competitivity Investigations against 2-Oxoglutarate 

In order to assess the competitivity of enzyme inhibition by test compounds 

towards the co-substrate 2-oxoglutarate (2-OG), the LANCEUltra® assay was 

performed as described in Section XY with varying concentrations both of 2-OG (0–

5.0 µM) and inhibitor, including at least two inhibitor concentrations below and one 

above the IC50 value prior determined in the LANCEUltra assay. Each combination 

of concentrations was tested in duplicate. Calculations were performed as described 

in SectionXY. Shortly, the blank-corrected LANCE signal was compared to the pre-

established calibration curve (cf. Section XY) to determine the amount of 

demethylated product formed using the following equation: 

 
[𝐻3𝐾9𝑚𝑒2] =  

𝐿𝐴𝑁𝐶𝐸 −  200

275
∗ 1𝑛𝑀 (3.1) 

The reaction velocity was calculated as follows: 

 
𝑣 =  

∆[H3K9me2]

∆𝑡
 =

[H3K9me2]

45 𝑚𝑖𝑛
  (3.2) 

Fitting the thus obtained velocities against the Michaelis-Menten equation 

 
𝑣 =  

𝑣max ∙ [2– OG]

𝐾M
app

+  [2– OG]
 (3.3) 

gives the apparent 𝐾M values for the respective inhibitor concentrations under the 

specified assay conditions. For competitive inhibitors, apparent 𝐾M values can be 

used to calculate the inhibition constant 𝐾i via linear regression to the following 

equation: 

 
𝐾M

app
=  𝐾M

0 ∙ (1 +  
[𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟]

𝐾i
)  (3.4) 

 Fluorescence Polarization assay 

6.1.8.1 General remarks 

The FP assay was performed in a total volume of 20 µL on black 384-well non-

binding microplates (catalogue #: 11866091, Greiner Bio-One) using a 50 mM HEPES 

buffer at pH = 7.50 containing 0.01% (v/v) Tween-20.  
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After dispensing of assay components, plates were centrifuged for 1 min at 700 rpm 

to ensure that all solution was at the bottom of the wells, sealed with adhesive foil 

(PerkinElmer TopSeal®-A 384; catalogue #: 6005250) and incubated on a horizontal 

shaker at 600 rpm at r.t. for 2 h. Blank controls containing 20 μL assay buffer were 

included in all measurements. The fluorescein-labelled 96a and the TAMRA-

labelled 96b were utilized as fluorescent probes. The fluorescence intensity signals 

of polarized light in parallel (I∥; P-plane) and in perpendicular plane (I⊥; S-plane) 

with respect to the excitation light were quantified using a 2102 EnVision® 

Multilabel Reader (PerkinElmer, Waltham, USA) operating in FP-mode 

(λex = 480 nm, λem (P-plane) = 535 nm, λem (S-plane) = 535 nm for 96a; λex = 531 nm, 

λem (P-plane) = 595 nm, λem (S-plane) = 595 nm for 96b). 

6.1.8.2 Fluorescence intensity of 96a and 96b 

The fluorescence intensities of 96a and 96b were measured at different 

concentrations. To this end, a serial dilution of the fluorescent probes in assay buffer 

containing a final concentration of 2.5% DMSO and spanning a concentration range 

of 0–8 nM, was generated and 20 μL of each concentration were transferred to a 384-

well assay plate in triplicate. The plates were centrifuged for 1 min at 700 rpm and 

the fluorescence signal (λex = 480 nm, λem = 535 nm for 96a; λex = 531 nm, 

λem = 595 nm for 96b) was measured after 2 h. After blank correction, the mean 

values of fluorescence intensity were plotted against the fluorescent probe 

concentration and linear regression (using Excell2010 software) was used to 

determine the linearity of signal increase. 

6.1.8.3 Enzyme titration 

To determine probe binding towards the enzyme, increasing amounts of   added to 

a solution of the fluorescent probe in HEPES buffer. To this end, 18.5 µL of a serial 

enzyme dilution (final concentration ranging from 0–3200 nM) in HEPES buffer 
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were mixed with 0.5 µL of the fluorescent probe dilution in DMSO (final probe 

concentration 10 nM) in HEPES buffer. 1 µL of an aqueous solution of either NiCl2 

or FeSO4 (final concentration 50 µM) were added. Incubation, measurement and 

blank correction were performed as described in the general section. The resulting 

FP signal was plotted against the enzyme concentration. 

6.1.8.4 Competitivity towards deferasirox 

Competitive displacement of the fluorescent probe with deferasirox was measured 

via addition of a serial dilution of deferasirox (final concentration 0–50 µM) 

according to the following pipetting scheme. The fluorescent probe was diluted in 

HEPES buffer containing 0.2% DMSO and deferasirox was diluted in DMSO 

containing 0.2 % HEPES buffer resulting in a final DMSO concentration of 2.5% in 

the assay. 

 blank positive 

control 

negative 

control 

samples 

enzyme (cfinal x 20/19) -- 19 µL -- 19 µL 

assay buffer 19.5 µL -- 19 µL -- 

assay buffer + 0.2% 

DMSO 

-- 0.5 µL -- -- 

assay buffer + 98.8% 

DMSO 

-- -- 0.5 µL -- 

DMSO 0.5 µL  -- -- 

fluorescent probe -- 0.5 µL 0.5 µL 0.5 µL 

compound (cfinal x 40) -- -- -- 0.5 µL 

 20 µL 20 µL 20 µL 20 µL 

Incubation, measurement and blank correction were performed as described in the 

general section. The resulting FP signal was plotted against the deferasirox 

concentration. 
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 Synthesis 

 General Remarks 

Reactions were carried out in standard laboratory glassware. Reagents were 

purchased from commercial sources and used without further purification. Solvents 

were purified by distillation prior to use. Dry solvents were purchased from 

commercial sources or obtained via drying over molecular sieves. Reaction progress 

was monitored via thin-layer chromatography (TLC) on pre-coated silica gel plates 

with fluorescence indicator (Merck silica gel 60 F254 or silica gel 60 RP-18 F254s, layer 

thickness 0.2 mm) and analyzed under UV light (254 nm and 365 nm). Microwave-

assisted syntheses were conducted on a CEM Discover microwave reactor in 

septum-sealed glass pressure vials at the indicated conditions. 

 Compound Purification 

Flash column chromatography was performed on a Biotage® Isolera Prime/One 

purification system using 40–60 μm pre-packed silica gel columns (40–60 µM) from 

Telos, HP-spherical silica gel columns (50 µm) from Interchim or C18-modified 

silica gel columns (50 µm) from Telos. The crude material was either dissolved in a 

low amount of solvent and then transferred to the column, or it was adsorbed on 

Telos™ Bulk Sorbent, which was filled in an empty cartridge and attached to the 

column. 

Semi-preparative high-performance liquid chromatography (HPLC) was was 

performed on an Agilent Technologies 1260 Infinity system using UV detection at 

210 nm using a Phenomenex Synergi® 10u Hydro-RP 80 Å 250 × 15.00 mm column. 

Eluent A was water containing 0.05% trifluoroacetic acid (TFA) and eluent B was 

acetonitrile containing 0.05% TFA. Linear gradient conditions were as indicated for 

the specific compounds and the flowrate was set to 3 ml/min. 
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Preparative TLC was performed on pre-coated silica gel plates (Merck silica gel 60 

F254, layer thickness 0.5 mm) using the indicated solvent mixtures. 

 Nuclear Magnetic Resonance-Spectrometry 

1H-NMR and proton-decoupled 13C-NMR spectra were recorded in the indicated 

deuterated solvents on on a Bruker Advance II+ 400 MHz spectrometer. Chemical 

shifts (𝛿) are reported in parts per million (ppm), multiplicity abbreviations are as 

follows: s = singlet, bs = broad singlet, d = doublet, dd = doublet of doublets, 

dt = doublet of triplets, t = triplet, td = triplet of doublets, q = quartet, p = quintet, 

m = multiplet. Coupling constants (J) are expressed in Hz and were calculated using 

Mestrelab Mnova software version 11.0. Chemical shifts are normalized to the 

expected chemical shift of the residual solvent signal, i. e. 1H = 2.5 ppm and 

13C = 39.52 ppm for DMSO-d6 and 1H = 7.26 ppm and 13C = 77.16 ppm for CDCl3-d1. 

Assignments were deduced from two-dimensional NMR experiments such as 1H,1H-

correlation spectroscopy (COSY), 1H, 13C-heteronuclear multiple bond correlation (HMBC), 

and 1H, 13C-heteronuclear single quantum coherence (HSQC) as appropriate as well as from 

the expected chemical shifts based on the chemical structure. 13C signals marked with 

(*) could only be detected in HSQC and HMBC spectra. Atoms were numbered as 

indicated for the respective structure and abbreviated as follows: ar = aromatic, 

biot = biotin, flu = fluorescein, pin = pinacol, PEG = polyethylene glycol, t-butyl = 

tert-butyl and triazole = 1H-1,2,3-triazole. 

Numbering for triazoles, thiazoles and oxazoles followed the scheme below. 
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 Mass Spectrometry 

Low-resolution mass spectra (LRMS) were recorded on an Advion expression CMS 

using an atmospheric solids analysis probe (ASAP®) and atmospheric pressure 

chemical ionization (APCI) at a temperature of 250 °C. High-resolution mass spectra 

(HRMS) were recorded on a Thermo Scientific Exactive mass spectrometer using 

APCI with ammonia gas and electrospray ionization (ESI) with nitrogen as auxiliary 

gas as ion sources at a capillary temperature of 250 °C. Positive or negative mode 

were used as indicated. 

GC-MS analyses were performed on a 6890N Network GC system equipped with a 

5973 Network Mass Selective Detector (both Agilent Technologies) a DB-5ms 

column (length = 30 m, diameter = 0.25 mm, film = 0.25 μm; Agilent Technologies) 

and helium with a flow rate of 1 ml/min as carrier gas. Injection was performed as 

split injection of 1 µL with a split ratio of 47.5:1 at an injector temperature of 250 °C. 

Column oven temperature was as follows: 0‒3 min: 60 °C; 3‒14 min: linear increase 

to 280 °C; 14‒19 min: 280 °C and ion source temperature was 230 °C. 

For all compounds containing chlorine or bromine the expected isotopic pattern 

was observed. For reasons of clarity, only the mass of the lowest m/z peak is given.  

 

 Analytical High-performance Liquid Chromatography 

HPLC analysis to determine the purity of all final compounds was performed on an 

Agilent Technologies 1260 Infinity system using UV detection at 210 nm. All 

columns were protected with a suitable guard cartridge from Phenomenex. The 

following from Phenomenex columns were used, as indicated in brackets for the 

respective retention time: Kinetex® 5u XB-C18 100 Å 250 x 4.6 mm, Synergi® 4u 

Hydro-RP 80 Å, 250 x 4.6 mm and Synergi® 4u Polar-RP 80 Å, 250 x 4.6 mm column 

was used. Eluent A was water containing 0.05% TFA and eluent B was acetonitrile 

containing 0.05% TFA. Linear gradient conditions were as follows: 0–4 min: A/B 
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(90:10); 4−29 min: linear increase to 100% of B; 29−31 min: 100% B; 31–40 min: A/B 

(90:10) at a flow-rate of 1 ml/min. 

 General Procedures 

General procedure A for the deprotection of methylated compounds: Triazoles, 

thiazoles and oxazoles bearing one or two methoxy substituents were deprotected 

in the presence of boron tribromide (1 M solution in dry DCM, 3 or 6 eq., 

respectively), which was added dropwise to the solution of the compound in dry 

DCM at −78 °C. After 1 h of stirring at that temperature, the mixture was allowed to 

slowly warm up to r.t. and stirred until completion. The reaction was quenched by 

the addition of water and extracted with DCM (3 times). The combined organic 

extracts were dried over Na2SO4, filtered, and the solvent was evaporated in vacuo. 

Purification was performed via flash column chromatography affording the desired 

product. 

General procedure B for the synthesis of oxazinones: Adapting a procedure 

published by Steinhauser et al.,276 the amide (1 eq.) and the carboxylic acid (1.2 eq.) 

were suspended in xylenes (mixture of isomers). Dry pyridine was added and the 

mixture was heated to reflux. Thionyl chloride (2.2 eq.) was added dropwise over 

1.5 h. Stirring under reflux was continued until TLC indicated consumption of the 

amide. The mixture was cooled to r.t. and volatiles were evaporated in vacuo. The 

remaining solid was resuspended in ethanol and glacial acetic acid. The mixture 

was brought to reflux and cooled to 0 °C. The crystalline solid was collected by 

suction filtration, washed with cold ethanol, and dried in vacuo yielding the desired 

product. 

General Procedure C for the synthesis of 1,2,4-triazole derivatives: Following the 

procedure adapted from Patil et al.,277 the oxazinone (1 eq.) and hydrazinebenzoic 

acid (1.1 eq.) were suspended in methanol. The mixture was stirred under reflux 

until TLC indicated consumption of the starting material. The reaction mixture was 
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cooled to 0 °C resulting in the precipitation of the product, which was collected by 

suction filtration and purified via recrystallization from methanol. 

General Procedure D for the synthesis of 1,2,4-triazole derivatives: In a variation 

of the procedure reported by Steinhauser et al.,276 the hydrazine or hydrazine 

hydrochloride (1.2 eq.) was suspended in ethanol and brought to reflux. The 

oxazinone (1 eq.) was added and the mixture was stirred at reflux until TLC showed 

consumption of the starting material. After cooling to r.t., an aqueous solution of 

HCl (2 M) was added dropwise, resulting in the formation of a precipitate, which 

was collected via suction filtration, washed with an aqueous solution of HCl (0.5 M), 

and dried in vacuo yielding the desired product. For compounds where 

precipitation was not feasible, the reaction mixture was evaporated to dryness and 

the desired product was purified via flash column chromatography followed by 

semi-preparative HPLC or recrystallization from methanol or 2-propanol. 

General procedure E for the copper(I)-catalyzed alkyne-azide cycloaddition 

(CuAAC): Following the procedure adapted from Swyter et al., 248 the azide (1 eq.), 

94a (1–1.15 eq.), and TBTA (0.1 eq.) were suspended in tert-butanol, degassed with 

N2 and subjected to sonication for 10 min. CuSO4 (0.1–1.1 eq.) and sodium ascorbate 

(0.2 eq.) were dissolved in water and added to the reaction mixture, which was 

stirred at r.t. for 18 h. The reaction was quenched by the addition of water (5 mL) 

and either extracted with EtOAc, dried over Na2SO4, filtered, and evaporated to 

dryness or evaporated to dryness without an extraction step. Purification was 

performed via preparative TLC, reversed-phase flash column chromatography or 

semi-preparative HPLC. For 96c, DMF was added to the solvent mixture to increase the 

solubility of the starting material. 

General procedure F for the synthesis of thiazole derivatives: Thiazoles were 

synthesized via Hantzsch thiazole synthesis following the methodology published 

by Moreno et al.263 The α-brominated ketone* (1 eq.) and the thioamide (1.2–2 eq.) 

were dissolved in DMF and stirred at 65 °C until TLC showed consumption of the 

brominated ketone. Water was added and the mixture was extracted with EtOAc 
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(3x20 mL). The combined organic extracts were washed with brine (3x20 mL), dried 

over Na2SO4, filtered, and evaporated to dryness. Purification was performed via 

flash column chromatography to afford the final compounds. The proportions and 

reaction temperature were modified for compound 99d because of the susceptibility of the 

thioamide to decomposition. 

* In some cases, the α-brominated ketone contained some amount of non-brominated ketone 

from the previous step (as indicated in the respective protocol). 

General Procedure G for the synthesis of oxazole derivatives: Oxazoles were 

synthesized following the methodology published by Bailey et al. 268 To a solution 

of the α-brominated ketone (1 eq.) and the carboxamide (1 eq.) in EtOAc AgSbF6 

(1.1 eq.) was added. The mixture was sonicated for 1 min and then heated to 50 °C–

70 °C in a sealed tube in a microwave reactor until TLC showed consumption of the 

α-brominated ketone. After cooling to r.t., a saturated solution of NaHCO3 was 

added and the product was extracted with EtOAc. The combined organic extracts 

were washed with brine, dried over Na2SO4, filtered, and evaporated to dryness. 

Purification was performed via flash column chromatography followed by 

recrystallization from 2-propanol or methanol. 

 Sulfones and Sulfoxides 

2-(Methylsulfonyl)isonicotinic acid (69a) 

 

C7H7NO4S 

Mr = 201.20 

To a suspension of 2-(methylthio)isonicotinic acid 70 in THF (1.5 mL) a solution of 

meta-chloroperoxybenzoic acid in THF (1.5 mL) was added. The reaction mixture 

was stirred at r.t. for 6 h and then quenched by the addition of a saturated solution 

of Na2CO3 (5 mL). THF was removed via evaporation in vacuo. The remaining 

solution was acidified with an aqueous solution of HCl (1 M), whereupon a white 
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precipitate was formed. The mixture was extracted with EtOAc (3x20 mL), dried 

over Na2SO4, filtered, and evaporated to dryness. Purification was performed via 

preparative TLC (DCM/methanol/acetic acid 95:5:0.1) yielding the desired product 

as a white solid.  

Yield: 54 mg (87%) 

Rf (DCM/Methanol/acetic acid 89.9:10:0.1) = 0.25 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 14.24 (bs, 1H, COOH), 9.00 (dd, 3J = 4.8 Hz 

and 5J = 0.8 Hz, 1H, H6), 8.34 (dd, 4J = 1.6 Hz and 5J = 0.8 Hz, 1H, H3), 8.16 (dd, 

3J = 4.9 Hz and 4J = 1.6 Hz, 1H, H5), 3.34 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 165.2 (COOH), 159.0 (C2), 152.1 (C6), 141.3 

(C4), 127.3 (C5), 120.1 (C3), 40.3 (CH3). 

HRMS (APCI positive): m/z 202.0168 [M+H]+, calcd for [C7H7NO4S+H]+: m/z 

202.0169 

HPLC: tR = 6.652 min (kinetex, 95.9%), tR = 7.645 min (hydro-RP, 95.6%) 

Methyl 2-(methylthio)isonicotinate (71a) 

 

C8H9NO2S 

Mr = 183.23 

To a suspension of 2-(methylthio)isonicotinic acid 70 (50 mg, 0.30 mmol, 1 eq.) in 

methanol (3 mL) concentrated sulphuric acid (200 µL, 3.6 mmol, 12 eq.) was added. 

The mixture was refluxed for 16 h. After cooling to r.t., the pH was adjusted to 8 by 

the addition of a saturated solution of NaHCO3 and the mixture was extracted with 

EtOAc (3x15 mL). The combined organic extracts were dried over Na2SO4, filtered, 

and evaporated to dryness yielding the desired product as a brown oil, which was 

used in the next step without further purification. 

Yield: 49 mg (88%) 

Rf (CyHex/EtOAc 7:3) = 0.60 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) 8.63 (dd, 3J = 5.1 Hz and 5J = 0.9 Hz, 1H, 

H6), 7.67 (dd, 4J = 1.5 Hz and 5J = 0.9 Hz, 1H, H3), 7.52 (dd, 3J = 5.1 Hz and 4J = 1.5 Hz, 

1H, H5), 3.89 (s, 3H, OCH3), 2.55 (s, 3H, SCH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 165.3 (Cester), 161.4 (C2), 150.9 (C6), 137.6 

(C4), 120.1 (C3), 118.4 (C5), 53.3 (OCH3), 13.3 (SCH3). 

MS (APCI positive): m/z 184.1 [M+H]+, calcd for [C8H9NO2S+H]+: m/z 184.0 

MS (APCI negative): m/z 168.0 [M-CH3]-, calcd for [C8H9NO2S-CH3]-: m/z 168.0 

Methyl 2-(methylsulfinyl)isonicotinate (74a) 

 

C8H9NO3S 

Mr = 199.22 

In accordance to the published procedure by Khodaei et al., 214 an aqueous solution 

of hydrogen peroxide (30%, 28 µL, 0.21 mmol, 1.5 eq.) and trifluoromethanesulfonic 

anhydride (20 µL, 0.14 mmol, 1 eq.) were added dropwise to a solution of 71a 

(26 mg, 0.14 mmol, 1 eq.) in ethanol (1.4 mL) at 0 °C. The mixture was stirred for 

16 h while slowly warming to r.t. Water was added and the mixture was extracted 

with DCM (3x15 mL). The combined organic extracts were washed with brine 

(15 mL), dried over Na2SO4 and evaporated to dryness yielding the desired product 

in sufficient purity as a white powder. 

Yield: 24 mg (85%) 

Rf (CyHex/EtOAc 8:2) = 0.60 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 8.78 (dd, 3J = 4.9 Hz and 5J = 0.8 Hz, 1H, H6), 

8.56 (dd, 4J = 1.6 Hz and 5J = 0.8 Hz, 1H, H3), 7.95 (dd, 3J = 4.9 Hz and 4J = 1.6 Hz, 1H, 

H5), 3.99 (s, 3H, OCH3), 2.88 (s, 3H, SCH3). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 167.4 (C2), 164.5 (Cester), 150.4 (C6), 139.7 

(C4), 123.9 (C5), 118.7 (C3), 53.0 (OCH3), 41.3 (SCH3). 

MS (APCI positive): m/z 200.0 [M+H]+, calcd for [C8H9NO3S+H]+: m/z 200.0 
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MS (APCI negative): m/z 184.1 [M-CH3]-, calcd for [C8H9NO3S-CH3]-: m/z 184.0 

2-(Methylsulfinyl)isonicotinic acid (68a) 

 

C7H7NO3S 

Mr = 185.20 

To a solution of 71 (22 mg, 0.11 mmol, 1 eq.) in THF (1 mL) an aqueous solution of 

LiOH (1 M, 550 µL, 0.55 mmol, 5 eq.) was added at 0 °C. The mixture was stirred for 

5 h while slowly warming to r.t., neutralized with an aqueous solution of HCl 

(0.5 M), and extracted with DCM (3x15 mL). The combined organic extracts were 

dried over Na2SO4, filtered, and evaporated to dryness yielding the desired product 

as a pale-brown powder. 

Yield: 20 mg (98%) 

Rf (DCM/methanol/acetic acid 89.9:10:0.1) = 0.21 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 14.08 (s, 1H, OH), 8.89 (dd, 3J = 4.9 Hz and 

5J = 0.8 Hz, 1H, H6), 8.28 (dd, 4J = 1.6 Hz and 5J = 0.8 Hz, 1H, H3), 7.96 (dd, 3J = 4.9 Hz 

and 4J = 1.6 Hz, 1H, H5), 2.84 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 167.8 (COOH), 165.8 (C2), 151.4 (C6), 141.0 

(C4), 124.4 (C5), 118.2 (C3), 41.4 (CH3). 

HRMS (ESI positive): m/z 208.0040 (100%, [M+Na]+), 186.0220 (50%, [M+H]+), calcd 

for [C7H7NO3S+H]+: m/z 186.0219 

HRMS (ESI negative): m/z 184.0077 [M-H]-, calcd for [C7H7NO3S-H]-: m/z 184.0074 

HPLC: tR = 6.111 min (kinetex, 99.2%), tR = 8.076 min (polar-RP, 96.9%) 
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Methyl 2-(benzylthio)-6-chloroisonicotinate (71b) 

 

C14H12ClNO2S 

Mr = 293.77 

Following the reported procedure by Dally et al., 216, phenylmethanethiol (47 µL, 

0.49 mmol, 1 eq.) was added dropwise to a suspension of NaH (21 mg, 0.53 mmol, 

1.1 eq.) in dry DMF (1.0 mL) at ‒15 °C, followed by the dropwise addition of methyl 

2,6-dichloroisonicotinate 72 (100 mg, 0.49 mmol, 1 eq.). The mixture was stirred for 

16 h while slowly warming to r.t. The reaction mixture was quenched by the 

addition of water and extracted with diethyl ether (3x20 mL). The combined organic 

extracts were washed with brine (3x20 mL), dried over NaSO4, filtered, and 

evaporated to dryness. Purification was performed via flash column chromato-

graphy (CyHex/EtOAc 100:0–98:2) yielding the desired product as a pale-brown 

solid. 

Yield: 89 mg (62%) 

Rf (CyHex/EtOAc 8:2) = 0.70 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 7.62 (d, 4J = 1.1 Hz, 1H, H3), 7.52 (d, 

4J = 1.1 Hz, 1H, H5), 7.45–7.40 (m, 2H, H2’, H6’), 7.34–7.27 (m, 2H, H3’, H5’), 7.28–

7.20 (m, 1H, H4’), 4.43 (s, 2H, CH2), 3.93 (s, 3H, CH3). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 164.2 (C2), 161.0 (Cester), 151.6 (C6), 139.8 

(C4), 137.0 (C1‘), 129.1 (2C, C3‘, C5‘), 128.5 (2C, C2‘, C6‘), 127.3 (C4‘), 119.9 (C3 or 

C5), 118.8 (C3 or C5), 52.9 (CH2), 34.8 (CH3). 

MS (APCI positive): m/z 293.9 [M+H]+, calcd for [C14H1235ClNO2S+H]+: m/z 294.0 

MS (APCI negative): m/z 202.0 [M-tolyl]-, calcd for [C14H1235ClNO2S-C7H7]-: m/z 202.0 
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Methyl 2-(benzylsulfinyl)-6-chloroisonicotinate (74a) 

 

C14H12ClNO3S 

Mr = 309.76 

To a solution of 71b (120 mg, 0.41 mmol, 1 eq.) in dry DCM (2 ml) meta-

chloroperoxybenzoic acid (97 mg, 0.41 mmol, 1 eq.) was added at 0 °C. The mixture 

was stirred for 8 h while slowly warming to r.t. The reaction mixture was diluted 

with DCM (10 ml), washed with brine (3x10 ml), dried over Na2SO4, filtered and 

evaporated to dryness. Purification was performed via flash column 

chromatography (CyHex/EtOAc 95:5–50:50) followed by a second flash column 

chromatography run (DCM/methanol 95:5) yielding the desired product as a 

colourless oil. 

Yield: 55 mg (43%) 

Rf (CyHex/EtOAc 7:3) = 0.15 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 8.07 (d, 4J = 1.3 Hz, 1H, H3), 7.91 (d, 

4J = 1.3 Hz, 1H, H5), 7.30–7.24 (m, 3H, H3’, H4’, H5’), 7.09–7.05 (m, 2H, H2’, H6’), 

4.40 (d, 2J = 13.2 Hz, 1H, HCH2), 4.11 (d, 2J = 13.2 Hz, 1H, H’CH2), 3.94 (s, 3H, CH3). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 166.1 (C2), 163.3 (Cester), 152.0 (C6), 141.6 

(C4), 130.2 (2C, C2’, C6’), 128.7 (C1’), 128.5 (2C, C3’, C5’), 128.4 (C4’), 124.9 (C3), 

118.7 (C5), 60.0 (CH2), 53.2. (CH3). 

MS (APCI positive): m/z 309.8 [M+H]+, calcd for [C14H1235ClNO3S+H]+: m/z 310.0 

2-(Benzylthio)-6-chloroisonicotinic acid (68b) 

 

C13H10ClNO3S 

Mr = 295.74 
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To a solution of 74b (21 mg, 0.07 mmol, 1 eq.) in methanol (1 mL) an aqueous 

solution of LiOH (1 M, 1 mL, 1 mmol, 15 eq.) was added. The mixture was stirred 

for 4 h, then neutralized with an aqueous solution of HCl (1 M) and extracted with 

EtOAc (3x15 mL). The combined organic extracts were dried over Na2SO4, filtered, 

and evaporated to dryness yielding the desired product as a pale-brown powder. 

Yield: 17 mg (85%) 

Rf (DCM/methanol 9:1) = 0.15 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 12.11 (s, 1H, COOH), 7.95 (d, 4J = 1.3 Hz, 

1H, H3), 7.82 (d, 4J = 1.2 Hz, 1H, H5), 7.31–7.21 (m, 3H, H3’, H4’, H5’), 7.08–6.98 (m, 

2H, H2’, H6’), 4.48 (d, 2J = 13.1 Hz, 1H, HCH2), 4.16 (d, 2J = 13.1 Hz, 1H, H’CH2). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 166.2 (C2), 164.5 (COOH), 151.4 (C6), 130.8 

(2C, C2‘, C6‘), 129.8 (C1‘), 128.6 (2C, C3‘, C5‘), 128.5 (C4‘), 125.2 (C3), 118.8 (C5), 59.5 

(CH2). The signal for C4 is not visible in the spectrum. 

HRMS (ESI negative): m/z 293.9997 [M-H]-, calcd for [C13H1035ClNO3S-H]-: m/z 

293.9997 

HPLC: tR = 17.758 min (kinetex, 95.8%), tR = 18.328 min (polar-RP, 95.6%) 

Methyl 2-(benzylsulfonyl)-6-chloroisonicotinate (75) 

 

C14H12ClNO4S 

Mr = 325.76 

A solution of 71b (13 mg, 0.04 mmol, 1 eq.) in EtOH (2 ml) was cooled to 0 °C. 

Hydrogen peroxide (30% aqueous solution, 11 µL, 0.11 mmol, 2.5 eq) and 

trifluoromethanesulfonic anhydride (12 µL, 0.09 mmol, 2 eq.) were added 

dropwise. The mixture was stirred for 16 h while slowly warming to r.t. The solvent 

was evaporated in vacuo. Purification was performed via flash column 

chromatography (CyHex/EtOAc 95:5‒70:30) yielding the desired product as a white 

powder. 
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Yield: 7 mg (49%) 

Rf (CyHex/EtOAc 7:3) = 0.24 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 8.26 (d, 4J = 1.2 Hz, 1H, H3), 8.07 (d, 

4J = 1.2 Hz, 1H, H5), 7.33–7.22 (m, 5H, Hphenyl), 4.70 (s, 2H, CH2), 3.96 (s, 3H, CH3). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 162.7 (Cester), 157.5 (C2), 152.8 (C6), 142.0 

(C4), 131.1 (2C, C2’, C6’), 129.0 (C1’), 128.8 (2C, C3’, C5’), 128.1 (C4’), 126.6 (C5), 

120.6 (C3), 58.0 (CH2), 53.4 (CH3). 

MS (APCI positive): m/z 325.8 [M+H]+, calcd for [C14H1235ClNO4S+H]+: m/z 326.0 

2-(Benzylsulfonyl)-6-chloroisonicotinic acid (68b) 

 

C13H10ClNO4S 

Mr = 311.74 

To a solution of 75 (7 mg, 0.02 mmol, 1 eq.) in methanol (0.5 mL) an aqueous 

solution of LiOH (1 M, 0.3 mL, 0.3 mmol, 15 eq.) was added. The mixture was stirred 

for 18 h, then neutralized with an aqueous solution of HCl (1 M) and extracted with 

EtOAc (3x15 mL). The combined organic extracts were dried over Na2SO4, filtered, 

and evaporated to dryness. Purification was performed via flash column 

chromatography (DCM/methanol 99.5:0.5-98:2) yielding the desired product as a 

colourless semi-solid. Compound purity was below 95%, but no further purification 

attempts were undertaken due to the low compound activity against KDM4A. 

Yield: 5 mg (75%) 

Rf (DCM/methanol) = 0.10 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 12.00 (s, 1H, COOH), 8.13 (d, 4J = 1.1 Hz, 

1H, H3), 8.08 (d, 4J = 1.1 Hz, 1H, H5), 7.36–7.30 (m, 3H, H3‘, H4‘, H5‘), 7.27–7.21 (m, 

2H, H2‘, H6‘), 4.85 (s, 2H, CH2). 
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13C-NMR (101 MHz, DMSO-d6): δ (ppm) 163.8 (COOH), 156.9 (C2), 151.9 (C6), 131.7 

(2C, C2‘, C6‘), 129.0 (C1‘), 128.9 (2C, C3‘, C5‘), 128.5 (C4‘), 127.8 (C5), 121.5 (C3), 58.1 

(CH2). The signal for C4 is not visible in the spectrum. 

HRMS (ESI negative): m/z 309.9946 [M-H]-, calcd for [C13H1035ClNO4S-H]-: m/z 

309.9946 

HPLC: tR = 18.333 min (kinetex, 90.4%), tR = 18.114 min (polar-RP, 91.5%) 

 Boronic acids 

5-Bromo-8-((tert-butyldimethylsilyl)oxy)quinoline (78) 

 

C15H20BrNOSi 

Mr = 338.32 

Following the procedure published by Anderson et al.,219 5-Bromquinolin-8-ol 77 

(500 mg, 2.23 mmol, 1 eq.), imidazole (228 mg, 3.35 mmol, 1.5 eq.) and tert-

butyldimethyl chlorosilane 76 (1009 mg, 6.69 mmol, 3 eq.) were dissolved in 

anhydrous DCM (4 mL). The reaction mixture was stirred for 16 h at r.t., then 

diluted with DCM (20 mL), and washed with an aqueous solution of HCl (1 M, 

20 mL) and water (20 mL). The organic extract was dried over Na2SO4, filtered, and 

concentrated in vacuo to afford a brown oil. Purification was performed via flash 

column chromatography (CyHex/EtOAc 99:1–95.5:4.5) yielding the desired product 

as a pink-coloured oil. 

Yield: 596 mg (79%) 

Rf (CyHex/EtOAc 8:2) = 0.80 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 8.88 (dd, 3J = 4.1 Hz and 4J = 1.6 Hz, 1H, H2), 

8.47 (dd, 3J = 8.6 Hz and 4J = 1.6 Hz, 1H, H4), 7.68 (d, 3J = 8.2 Hz, 1H, H6), 7.49 

(dd,3J = 8.6 Hz and 3J = 4.1 Hz, 1H, H3), 7.07 (d, 3J = 8.2 Hz, 1H, H7), 1.06 (s, 9H, 

(CH3)t-butyl), 0.26 (s, 6H, Si-CH3). 
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13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 152.76 (C8), 148.94 (C2), 142.67 (C8a), 

135.40 (C4a), 130.41 (C4), 128.42 (C6), 122.25 (C3), 118.30 (C7), 112.27 (C5), 25.85 (3C, 

(CH3)t-butyl), 18.81 (Si-C-C3), -4.02 (2C, Si-CH3). 

GC-MS (EI positive): m/z 280 [M-C4H9]+, calcd for [C15H2079BrNOSi-C4H9]+: m/z 280 

8-((Tert-butyldimethylsilyl)oxy)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)quinoline (79) 

 

C21H32BNO3Si 

Mr = 385.39 

Following the procedure published by Babudri et al., 278 78 (596 mg, 1.76 mmol, 

1 eq.), pinacolborane (383 µL, 2.64 mmol, 1.5 eq.), Et3N (733 µL, 5.28 mmol, 3 eq.) 

and Pd(dppf)Cl2 ∙ DCM (43 mg, 0.05 mmol, 0.03 eq.) were dissolved in dry 1,4-

dioxane (6 mL). The solution was stirred for 18 h at 80 °C. After cooling to r.t., the 

mixture was poured into ice-water (5 mL) and extracted with cyclohexane 

(3x10 mL). The combined organic extracts were dried over Na2SO4, filtered, and 

concentrated in vacuo. Purification was performed via flash column chromato-

graphy (CyHex/EtOAc 98:2–97:3) yielding the desired product as a brown oil.  

Yield: 336 mg (49%)  

Rf (CyHex/EtOAc 8:2) = 0.71 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 9.00 (dd, 3J = 8.6 Hz and 4J = 1.7 Hz, 1H, 

H4), 8.88 (dd, 3J = 4.1 Hz and 4J = 1.7 Hz, 1H, H2), 7.96 (d,3J = 7.7 Hz, 1H, H6), 7.59 

(dd, 3J = 8.6 Hz and 3J = 4.1 Hz, 1H, H3), 7.21 (d, 3J = 7.7 Hz, 1H, H7), 1.36 (s, 12H, 

(CH3)pin), 1.02 (s, 9H, (CH3)t-butyl), 0.23 (s, 6H, Si-CH3). 
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13C-NMR (101 MHz, DMSO-d6): δ (ppm) 155.7 (C8), 148.7 (C2), 141.5 (C8a), 137.7 

(C4), 136.3 (2C, C4a, C6), 133.5 (C5), 122.5 (C3), 117.4 (C7), 83.9 (2C, O-Cpin), 26.2 (3C, 

(CH3)t-butyl), 25.1 (4C, (CH3)pin), 19.0 (Si-C-C3), -3.4 (2C, Si-CH3). 

GC-MS (EI positive) m/z 328 [M-C4H9]+, calcd for [C21H32BNO3Si-C4H9]+: m/z 328 

(8-Hydroxyquinolin-5-yl)boronic acid (80) 

 

C9H8BNO3 

Mr = 188.98 

To a solution of 79 (12 mg, 0.04 mmol, 1 eq.) in acetone (0.5 mL) a solution of sodium 

periodate (28 mg, 0.13 mmol, 3 eq.) and ammonium acetate (9 mg, 0.11 mmol, 

2.5 eq.) in water (0.5 mL) was added. The mixture was stirred for 8 h at r.t. and then 

evaporated to dryness. The brown residue was taken up in EtOAc, washed with 

brine (3x20 mL), dried over Na2SO4, filtered, and evaporated to dryness. 

Purification was performed via semi-preparative HPLC (water/ACN + 0.05% TFA, 

0‒4 min: 90:10, 4‒20 min: 90:10‒50:50) yielding a brown powder. Compound purity 

was below 95%, but no further purification attempts were undertaken due to the low 

compound activity against KDM4A. 

Yield: 7 mg (84%) 

Rf (reversed-phase; water/ACN 1:1) = 0.45 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 9.05 (dd, 3J = 4.7 Hz and 4J = 1.8 Hz, 1H, 

H2), 8.38 (dd,3J = 7.9 Hz and 4J = 1.8 Hz, 1H, H4), 8.18 (s, 1H, C-OH), 7.88 (dd, 

3J = 7.9 Hz and 4J = 4.7 Hz, 1H, H3), 7.09 (d, 3J = 7.7 Hz, 1H, H6 or H7), 7.06 (d, 

3J = 7.7 Hz, 1H, H6 or H7), 6.55 (s, 2H, B-OH). Only compound signals are listed, the 

spectrum additionally shows unidentified impurities. No evaluable 13C spectrum could be 

obtained. 

MS (APCI positive): m/z 190.2 [M+H]+, calcd for [C9H8BNO3+H]+: m/z 190.1 

HPLC: tR = 21.505 min (kinetex, 92.8%) 



 
 6.2 Synthesis 

     179 

 Triazoles 

6.2.9.1 Precursors 

2-(2-Hydroxyphenyl)-4H-benzo[e][1,3]oxazin-4-one (88a) 

 

C14H9NO3 

Mr = 239.23 

According to general procedure B, the title compound was synthesized using 

salicylamide 87a (1.00 g, 7.29 mmol, 1 eq.), salicylic acid 86a (1.21 g, 8.75 mmol, 

1.2 eq.), dry pyridine (145 µL, 1.82 mmol, 0.3 eq.), thionyl chloride (1163 µL, 

16.04 mmol, 2.2 eq.) and xylenes (1.5 mL). The reaction was complete after 2 h. 

Purification was performed using ethanol (4.4 mL) and glacial acetic acid (83 µL) 

yielding the desired product as a pale-yellow powder. 

Yield: 980 mg (57%) 

Rf (DCM/methanol 9:1) = 0.70 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 12.95 (s, 1H, OH’), 8.21 (ddd, 3J = 7.7 Hz, 

4J = 1.8 Hz and 5J = 0.8 Hz, 1H, H6’), 8.07 (dd, 3J = 7.9 Hz and 4J = 1.6 Hz, 1H, H5), 7.95 

(ddd, 3J = 8.4 Hz, 3J = 7.3 Hz and 4J = 1.6 Hz, 1H, H7), 7.80 (dd, 3J = 8.4 Hz and 

4J = 0.6 Hz, 1H, H8), 7.71–7.54 (m, 2H, H4’, H6), 7.14–7.05 (m, 2H, H3’, H5’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 165.3 (C2), 163.9 (C4), 162.3 (C2’), 154.4 

(C8a), 137.2 (C4’), 136.5 (C7), 129.5 (C6), 127.6 (C6’), 127.2 (C5), 120.0 (C5’), 118.4 

(C3’), 118.3 (C4a), 117.9 (C8), 111.9 (C1’). 

MS (APCI positive): m/z 240.2 [M+H]+, calcd for [C14H9NO3+H]+: m/z 240.1 

MS (APCI negative): m/z 237.9 [M-H]-, calcd for [C14H9NO3-H]-: m/z 238.1 
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6-Chloro-2-(5-chloro-2-hydroxyphenyl)-4H-benzo[e][1,3]oxazin-4-one (88b) 

 

C14H7Cl2NO3 

Mr = 308.11 

According to general procedure B, the title compound was synthesized using 5-

chlorosalicylamide 87b (1.12 g, 6.07 mmol, 1 eq.), 5-chlorosalicylic acid 86b (1.39 g, 

8.04 mmol, 1.2 eq.), dry pyridine (414 µL, 5.13 mmol, 0.9 eq.), thionyl chloride 

(1070 µL, 14.75 mmol, 2.2 eq.) and xylenes (10.0 mL). The reaction was complete 

after 6 h. Purification was performed using ethanol (5.8 mL) and glacial acetic acid 

(70 µL) yielding the desired product as a pale-yellow powder. 

Yield: 1209 mg (59%) 

Rf (CyHex/EtOAc 7:3) = 0.62 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 12.53 (bs, 1H, OH’), 8.19 (dd, 4J = 2.6 Hz 

and 5J = 0.4 Hz, 1H, H5), 8.05 (dd, 4J = 2.7 Hz and 5J = 0.4 Hz, 1H, H6’), 7.78 (dd, 

3J = 8.9 Hz and 4J = 2.6 Hz, 1H, H7), 7.53 (dd, 3J = 8.9 Hz and 5J = 0.4 Hz, 1H, H8), 7.50 

(dd, 3J = 8.9 Hz and 4J = 2.7 Hz, 1H, H4’), 7.06 (dd, 3J = 8.9 Hz and 5J = 0.4 Hz, 1H, 

H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 164.0 (C2), 162.4 (C4), 161.6 (C2’), 152.2 

(C8a), 136.9 (C4’), 136.0 (C7), 133.2 (C4a), 127.5 (C6’), 127.4 (C5), 124.4 (C5’), 120.5 

(C3’), 119.0 (C6), 118.6 (C8), 111.6 (C1’). 

MS (APCI positive): m/z 308.2 [M+H]+, calcd for [C14H735Cl2NO3+H]+: m/z 308.0 

MS (APCI negative): m/z 306.2 [M-H]-, calcd for [C14H735Cl2NO3-H]-: m/z 306.0 
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2-(2-Hydroxy-5-methoxyphenyl)-6-methoxy-4H-benzo[e][1,3]oxazin-4-one 
(88c) 

 

C16H13NO5 

Mr = 299.28 

According to general procedure B, the title compound was synthesized using 5-

methoxysalicylamide 87c (929 mg, 5.53 mmol, 1.2 eq.), 5-methoxysalicylic acid 86c 

(770 mg, 4.61 mmol, 1 eq.), dry pyridine (56 µL, 0.69 mmol, 0.15 eq.), thionyl 

chloride (735 µL, 10.13 mmol, 2.2 eq.) and xylenes (2.9 mL). The reaction was 

complete after 3 h. Purification was modified as follows: after evaporation of the 

solvent, the crude was refluxed in ethanol (7.0 mL) and glacial acetic acid (500 µL), 

cooled to r.t. and a pale-brown powder was filtered off. The filtrate was evaporated 

to dryness and purified via recrystallization from ethanol yielding the desired 

product as a pale-yellow powder. 

Yield: 627 mg (45%) 

Rf (CyHex/EtOAc 7:3) = 0.27 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 12.55 (s, 1H, OH’), 7.84 (d, 3J = 9.2 Hz, 1H, 

H8), 7.64 (d, 4J = 3.1 Hz, 1H, H6’), 7.54 (dd, 3J = 9.1 Hz and 4J = 3.2 Hz, 1H, H7), 7.45 

(d, 4J = 3.1 Hz, 1H, H5), 7.29 (dd, 3J = 9.1 Hz and 4J = 3.2 Hz, 1H, H4’), 7.04 (d, 

3J = 9.1 Hz, 1H, H3’), 3.90 (s, 3H, CH3), 3.84 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 164.7 (C2), 164.0 (C4), 158.1 (CO), 156.7 

(CO), 152.4 (CO), 148.8 (C8a), 125.1 (Car), 124.8 (Car), 119.8 (Car), 119.5 (Car), 118.9 

(C4a), 111.5 (C1’), 111.3 (Car), 107.6 (Car), 56.4 (CH3), 56.2 (CH3). 

MS (ESI positive): m/z 300.1 [M+H]+, calcd for [C16H13NO5+H]+: m/z 300.1 

MS (ESI negative): m/z 298.0 [M-H]-, calcd for [C16H13NO5-H]-: m/z 298.1 
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6-Bromo-2-(5-bromo-2-hydroxyphenyl)-4H-benzo[e][1,3]oxazin-4-one (88d) 

 

C14H7Br2NO3 

Mr = 397.02 

According to general procedure B, the title compound was synthesized using 5-

bromosalicylamide 87d (2.00 g, 9.26 mmol, 1 eq.), 5-bromosalicylic acid 86d (2.41 g, 

1.11 mmol, 1.2 eq.), dry pyridine (1611 µL, 20.37 mmol, 2.2 eq.), thionyl chloride 

(1477 µL, 20.37 mmol, 2.2 eq.) and xylenes (20.0 mL). The reaction was complete 

after 5 h. Purification was performed using ethanol (14.0 mL) and glacial acetic acid 

(1.0 mL) yielding the desired product as a pale-yellow powder.  

Yield: 1976 mg (54%) 

Rf (DCM/methanol 9:1) = 0.77 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 12.85 (s, 1H, OH’), 8.37 (d, 4J = 2.5 Hz, 1H, 

H6’), 8.17–8.11 (m, 2H, H5, H7), 7.94–7.88 (m, 1H, H8), 7.80 (dd, 3J = 8.9 Hz and 

4J = 2.6 Hz, 1H, H4’), 7.09 (d, 3J = 8.9 Hz, 1H, H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 164.3 (C2), 162.8 (C4), 161.2 (C2’), 153.5 

(C8a), 139.6 (C4’), 139.1 (C7), 131.4 (C4a), 129.1 (C6’), 120.9 (C3’or C5), 120.8 (C3’or 

C5), 119.9 (C6 or C8), 119.7 (C6 or C8), 113.8 (C5’), 111.0 (C1’). 

MS (ESI positive): m/z 395.9 [M+H]+, calcd for [C14H779Br2NO3+H]+: m/z 395.9 

MS (ESI negative): m/z 393.9 [M-H]-, calcd for [C14H779Br2NO3-H]-: m/z 393.9 

5-Fluoro-N-(5-fluoro-2-hydroxybenzoyl)-2-hydroxybenzamide (88e) 

 

C14H9F2NO4 

Mr = 293.23 

In a variation of the procedure reported by Steinhauser et al.,276 5-fluorosalicylamide 

87e (594 mg, 3.83 mmol, 1.0 eq.) and 5-fluorosalicylic acid 86e (658 mg, 4.21 mmol, 

1.1 eq.) were suspended in xylenes (6.5 mL, mixture of isomers). Dry pyridine 
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(31 µL, 0.38 mmol, 0.1 eq.) was added and the mixture was brought to reflux. 

Thionyl chloride (583 µL, 8.04 mmol, 2.1 eq.) was added dropwise over 2 h under 

vigorous stirring. The mixture was refluxed for an additional hour and cooled to 

r.t., then volatiles were removed in vacuo. The remaining dark red residue was 

resuspended in methanol (4.0 mL) and glacial acetic acid (30 µL). The mixture was 

brought to reflux. The insoluble solid material was collected by suction filtration, 

washed with hot methanol, and dried in vacuo yielding the desired product as a 

light brown powder. 

Yield: 400 mg (32%)  

Rf (CyHex/EtOAc/acetic acid 7:3:0.01) = 0.62 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 12.08 (br s, 1H, NH), 11.30 (br s, 2H, OH, 

OH’), 7.56 (dd, 3J = 9.5 Hz and 4J = 3.3 Hz, 2H, H6, H6’), 7.34 (ddd, 3J = 9.0 Hz, 

3J = 7.8 Hz and 4J = 3.3 Hz, 2H, H4, H4’), 7.03 (dd, 3J = 9.0 Hz and 4J = 4.5 Hz, 2H, H3, 

H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 163.5 (d, 4J = 2.4 Hz, 2C, CO, C’O), 155.7 

(d, 1J = 235.7 Hz, 2C, C5, C5’), 153.3 (d, 4J = 1.6 Hz, 2C, C2, C2’), 121.6 (d, 2J = 23.4 Hz, 

2C, C4, C4’), 120.4 (d, 3J = 6.6 Hz, 2C, C1, C1’), 119.0 (d, 3J = 7.5 Hz, 2C, C3, C3’), 116.5 

(d, 2J = 24.4 Hz, 2C, C6, C6’). 

19F-NMR (376 MHz, DMSO-d6): δ (ppm) -124.25–-124.39 (m, 2F). 

HRMS (ESI positive): m/z 316.0388 (100%, [M+Na]+), 294.0570 (12%, [M+H]+), calcd 

for [C14H9F2NO4+H]+: m/z 294.0572 

4-(3,5-Bis(2-hydroxy-5-methoxyphenyl)-1H-1,2,4-triazol-1-yl)benzoic acid 
(90c) 

 

C23H19N3O6 

Mr = 433.42 
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According to general procedure C, the title compound was synthesized using 88c 

(600 mg, 2.01 mmol, 1 eq.) and 4-hydrazinobenzoic acid 89a (336 mg, 2.21 mmol, 

1.1 eq.) in methanol (7.2 mL). The reaction was complete after 5 h. Recrystallization 

from methanol yielded the desired product as a pale-yellow powder. 

Yield: 83 mg (10%) 

Rf (CyHex/EtOAc 7:3) = 0.51 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.35 (s, 1H, OH‘), 9.54 (s, 1H, OH), 8.03–

7.98 (m, 2H, H3‘‘, H5‘‘), 7.61–7.56 (m, 2H, H2‘‘, H6‘‘), 7.55–7.52 (m, 1H, H6), 7.13 (d, 

4J = 3.1 Hz, 1H, H6‘), 7.03–6.97 (m, 3H, H3, H4, H4‘), 6.79 (d, 3J = 9.0 Hz, 1H, H3‘), 

3.78 (s, 3H, CH3), 3.73 (s, 3H, CH3‘). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 166.9 (COOH), 160.2 (Cc), 152.7 (C5), 152.4 

(C5‘), 152.4 (Ce), 150.8 (C2), 149.4 (C2‘), 141.5 (C4‘‘), 131.0 (C1‘‘), 130.7 (2C, C3‘‘, C5‘‘), 

123.8 (2C, C2‘‘, C6‘‘), 119.1 (C4‘), 118.9 (C4), 118.5 (C3), 117.5 (C3‘), 115.6 (C6‘), 114.9 

(C1‘), 113.9 (C1), 110.2 (C6), 56.0 (CH3‘), 55.9 (CH3). 

MS (APCI negative): m/z 388.3 [M-CO2H]-, calcd for [C23H19N3O6-CO2H]-: m/z 388.1 

2,2'-(1-Phenyl-1H-1,2,4-triazole-3,5-diyl)bis(4-methoxyphenol) (90h) 

 

C22H19N3O4 

Mr = 389.41 

According to general procedure D, the title compound was synthesized using 88c 

(285 mg, 4.61 mmol, 1 eq.) and phenylhydrazine hydrochloride 89b (44 mg, 

0.30 mmol, 1.2 eq.) in ethanol (8.3 mL). The reaction was complete after 3 h. 

Recrystallization from 2-propanol yielded the desired product as an ochre powder. 

Yield: 33 mg (9%) 

Rf (CyHex/EtOAc 1:1) = 0.63 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) 9.45 (bs, 2H, OH), 7.52 (dd, 4J = 2.5 Hz and 

5J = 0.4 Hz, 1H, H6), 7.49–7.41 (m, 5H, Hphenyl), 7.04 (d, 4J = 3.1 Hz, 1H, H6’), 7.01–6.94 

(m, 3H, H3, H4, H4'), 6.82 (d, 3J = 8.9 Hz, 1H, H3’), 3.77 (s, 3H, CH3), 3.68 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.7 (Cc), 152.6 (CO), 152.2 (CO), 152.0 

(Ce), 150.8 (CO), 149.7 (CO), 138.1 (C1’’), 129.6 (2C, C3’’, C5’’, 129.2 (C4’’), 124.3 (2C, 

C2’’, C6’’), 118.8 (C1 or C1’), 118.7 (C1 or C1’), 118.4 (C3, C4, C3’ or C4’), 117.4 (C3, 

C4, C3’ or C4’), 115.6 (C3, C4, C3’ or C4’), 114.9 (C3, C4, C3’ or C4’), 114.0 (C6’), 110.2 

(C6), 55.9 (CH3), 55.9 (CH3). 

MS (APCI positive): m/z 390.0 [M+H]+, calcd for [C22H19N3O4+H]+: m/z 390.1 

MS (APCI negative): m/z 388.0 [M-H]-, calcd for [C22H19N3O4-H]-: m/z 388.1 

3,5-Bis(5-bromo-2-methoxyphenyl)-1-phenyl-1H-1,2,4-triazole (91) 

 

C22H17Br2N3O2 

Mr = 515.21 

To a stirred solution of 90f (730 mg, 1.50 mmol, 1 eq.) in dry acetone (13.7 mL), 

potassium carbonate (414 mg, 3.00 mmol, 2 eq.) and methyl iodide (187 µL, 

2.00 mmol, 2 eq.) were added. The mixture was stirred at 55 °C in a sealed vessel for 

16 h. The reaction was cooled to r.t., quenched by the addition of water (5 mL), and 

the solvent was evaporated in vacuo. The residue was taken up in ethyl acetate 

(25 mL), washed with water and brine (15 mL each), dried over Na2SO4, and 

evaporated to dryness. Purification was performed via flash column 

chromatography (CyHex/EtOAc 95:5–50:50) yielding the desired product as a pale-

yellow crystalline powder. 

Yield: 237 mg (31%) 

Rf (CyHex/EtOAc 7:3) = 0.29 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) 8.01 (d, 4J = 2.7 Hz, 1H, H6), 7.80 (d, 

4J = 2.5 Hz, 1H, H6’), 7.69 (dd, 3J = 8.9 Hz and 4J = 2.5 Hz, 1H, H4’), 7.64 (dd, 

3J = 8.9 Hz and 4J = 2.7 Hz, 1H, H4), 7.49–7.40 (m, 3H, H2’’, H4’’, H6’’), 7.39–7.31 (m, 

2H, H3’’, H5’’), 7.18 (d, 3J = 9.0 Hz, 1H, H3), 7.01 (d, 3J = 9.0 Hz, 1H, H3’), 3.86 (s, 3H, 

CH3), 3.30 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO): δ (ppm) 158.7 (Cc), 156.9 (C2), 156.0 (C2’), 150.7 (Ce), 

138.5 (C1’’), 135.1 (C4’), 133.9 (C4), 133.5 (C6’), 132.8 (C6), 129.5 (2C, C3’’, C5’’), 128.9 

(C4’’), 123.9 (2C, C2’’, C6’’), 121.9 (C5), 119.8 (C5’), 115.2 (C1’), 114.6 (C1), 112.3 (C3), 

112.0 (C3’), 56.5 (CH3), 55.8 (CH3). 

MS (APCI positive): m/z 514.0 [M+H]+, calcd for [C22H1779Br2N3O2+H]+: m/z 514.0 

MS (APCI negative): m/z 498.1 [M-CH3]-, calcd for [C22H1779Br2N3O2-CH3]-: m/z 498.0 

4-Benzyl-2-(3-(5-benzyl-2-methoxyphenyl)-1-phenyl-1H-1,2,4-triazol-5-
yl)phenol (93) 

 

C35H29N3O2 

Mr = 523.64 

(tBuP)3Pd2I2 92 was prepared as described by Aufiero et al. 279 by dissolving tri-tert-

butylphosphine (255 mg, 1.26 mmol, 2 eq.) and tris(dibenzylideneacetone)-

dipalladium(0) (288 mg, 0.32 mmol, 0.5 eq.) in dry THF (7.7 mL), stirring at r.t. for 

2 h, addition of palladium(II) iodide (227 mg, 0.63 mmol, 1 eq) and 2 h of further 

stirring. Dry acetone (100 mL) was added and the resulting mixture was left to 

crystallize at -20 °C overnight. The Pd(I)-I-dimer 92 was collected by suction 

filtration as dark purple crystals and washed with acetone (25 mL). Yield: 379 mg 

(69.0%). 

Following the procedure published by Kalvet et al., 244 91 (50 mg, 0.10 mmol, 1 eq.) 

was dissolved in toluene (1.5 mL). (tBuP)3Pd2I2 92 (2 mg, 2.4 µmol, 2.5%) and 

benzylmagnesium chloride (1.4 M solution in THF, 208 µL, 0.30 mmol) were added 
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to the solution. The reaction was stirred for 15 min, quenched by the addition of a 

saturated solution of NH4Cl, and filtered over a short pad of celite. After separation 

of the layers, the organic layer was evaporated to dryness. Purification was 

performed via flash column chromatography (CyHex/EtOAc 90:10–50:50) yielding 

the desired product as a white powder. 

Yield: 21 mg (40%) 

Rf (CyHex/EtOAc 7:3) = 0.66 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.23 (s, 1H, OH’), 7.67 (d, 4J = 2.4 Hz, 1H, 

H6), 7.46–7.37 (m, 5H, HN-phenyl), 7.34–7.23 (m, 7H, Har), 7.20–7.15 (m, 3H, Har), 7.15–

7.10 (m, 4H, Har), 6.80 (d, 3J = 8.3 Hz, 1H, H3’), 3.95 (s, 2H, CH2), 3.81 (s, 3H, CH3), 

3.80 (s, 2H, CH2’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.2 (Cc), 156.1 (C2), 154.4 (C2’), 152.1 

(Ce), 142.0 (C7), 141.8 (C7’), 138.7 (C1’’), 133.6 (C4’), 132.5 (C5), 132.4 (C4), 132.1 (C5’), 

131.0 (C6’), 129.6 (2C, C3’’, C5’’), 129.1 (C4’’), 129.0 (2C, C8, C12), 128.9 (2C, C9, C11), 

128.8 (2C, C8’, C12’), 128.8 (2C, C9’, C11’), 128.8 (C6), 126.3 (2C, C10, C10’), 124.4 

(2C, C2’’, C6’’), 116.7 (C3’), 114.9 (C1’), 114.8 (C1), 112.9 (C3), 56.2 (CH3). The signals 

for CH2 and CH2’ are overlaid by the solvent signal. 

MS (APCI positive): m/z 523.7 [M+H]+, calcd for [C35H29N3O2+H]+: m/z 524.2 

MS (APCI negative): m/z 522.8 [M-H]-, calcd for [C35H29N3O2-H]-: m/z 522.2 

4-(3,5-Bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl)-N-(prop-2-yn-1-
yl)benzamide (94a) 

 

C24H18N4O3 

Mr = 410.43 

In accordance to the published procedure by Kaufmann et. al, 247 a solution of 54b 

(2.00 g, 5.36 mmol, 1 eq.), EDCI (1.34 g, 6.96 mmol, 1.3 eq.), HOBt (1.07 g, 6.96 mmol, 
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1.3 eq.) and N-methylmorpholine (1.7 mL, 13.40 mmol, 2.5 eq.) in dry DMF (10 mL) 

was stirred at 0 °C for 30 min. To this mixture, propargylamine (515 µL, 8.00 mmol, 

1.5 eq.) was slowly added. After stirring for 5 h, the mixture was allowed to warm 

to r.t. and stirred at that temperature for further 16 h. After completion of the 

reaction, the solvent was evaporated in vacuo. The residue was taken up in EtOAc 

(50 mL), washed with a saturated solution of NaHCO3 (50 mL) and a saturated 

solution of LiCl (3x20 mL), dried over Na2SO4, filtered, and evaporated to dryness. 

Purification was performed via flash column chromatography (CyHex/EtOAc 

80:20‒20:80) yielding the desired product as a light-brown powder. 

Yield: 1.16 g (53%) 

Rf (CyHex/EtOAc 1:1) = 0.57 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.84 (s, 1H, OH), 10.05 (s, 1H, OH’), 9.05 

(t, 3J = 5.5 Hz, 1H, NH), 8.06 (dd, 3J = 7.8 Hz and 4J = 1.7 Hz, 1H, H6), 7.98–7.88 (m, 

2H, H3‘‘, H5‘‘), 7.61–7.48 (m, 3H, H6‘, H2‘‘, H6‘‘), 7.45–7.34 (m, 2H, H4, H4‘), 7.08–

6.95 (m, 3H, H3, H5, H5‘), 6.87 (dd, 3J = 8.2 Hz and 4J = 1.0 Hz, 1H, H3‘), 4.07 (dd, 

3J = 5.5 Hz and 4J = 2.5 Hz, 2H, CH2), 3.15 (t, 4J = 2.5 Hz, 1H, CH). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 165.3 (Camide), 160.2 (Ce), 156.7 (C2), 155.6 

(C2‘), 152.4 (Cc), 140.5 (C1‘‘), 133.9 (C4‘), 132.9 (C4), 131.8 (C6‘), 131.5 (C4‘‘), 128.7 

(2C, C3‘‘, C5‘‘), 127.2 (C6), 123.7 (2C, C2‘‘, C6‘‘), 120.1 (C5), 119.8 (C5‘), 117.5 (C3), 

116.5 (C3‘), 114.8 (C1‘), 114.1 (C1), 81.5 (C-CH), 73.4 (CH), 29.0 (CH2). 

HRMS (ESI negative): m/z 409.1307 [M-H]-, calcd for [C24H18N4O3-H]-: m/z 409.1306 

4-(3,5-Bis(2-hydroxy-5-methoxyphenyl)-1H-1,2,4-triazol-1-yl)-N-(prop-2-yn-
1-yl)benzamide (94b) 

 

C26H22N4O5 

Mr = 470.49 
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In accordance to the published procedure by Kaufmann et. al, 247 a solution of 90c 

(480 mg, 1.11 mmol, 1 eq.), EDCI (276 mg, 1.44 mmol, 1.3 eq.), HOBt (220 mg, 

1.44 mmol, 1.3 eq.) and N-methylmorpholine (353 µL, 2.77 mmol, 2.5 eq.) in dry 

DMF (5.1 mL) was stirred at 0 °C for 30 min. To this mixture, propargylamine 

(106 µL, 1.66 mmol, 1.5 eq.) was slowly added at 0 °C. The mixture was allowed to 

warm to r.t. and was stirred at that temperature for further 16 h. After completion 

of the reaction, the solvent was evaporated in vacuo. Purification was performed via 

flash column chromatography (CyHex/EtOAc 75:25‒40:60) yielding the desired 

product as an off-white powder. 

Yield: 300 mg (58%) 

Rf (CyHex/EtOAc 1:1) = 0.34 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.38 (s, 1H, OH), 9.54 (s, 1H, OH‘), 9.05 (t, 

3J = 5.6 Hz, 1H, NH), 7.99–7.86 (m, 2H, H3‘‘, H5‘‘), 7.61–7.55 (m, 2H, H2‘‘, H6‘‘), 7.54 

(dd, 4J = 2.8 Hz and 5J = 0.8 Hz, 1H, H6), 7.12 (d, 4J = 3.2 Hz, 1H, H6‘), 7.06–6.94 (m, 

3H, H3, H4, H4‘), 6.79 (d, 3J = 9.0 Hz, 1H, H3‘), 4.07 (dd, 3J = 5.5 Hz and 4J = 2.5 Hz, 

2H, CH2), 3.78 (s, 3H, CH3), 3.72 (s, 3H, CH3‘), 3.15 (t, 4J = 2.5 Hz, 1H, CH). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 165.3 (Camide), 160.1 (Cc), 152.6 (C5), 152.4 

(C5‘), 152.3 (Ce), 150.8 (C2), 149.4 (C2‘), 140.4 (C4‘‘), 133.9 (C1‘‘), 128.7 (2C, C3‘‘, C5‘‘), 

123.8 (2C, C2‘‘, C6‘‘), 119.0 (C4‘), 118.8 (C4), 118.5 (C3), 117.5 (C3‘), 115.6 (C6‘), 114.9 

(C1‘), 114.0 (C1), 110.2 (C6), 81.5 (C-CH), 73.4 (CH), 56.0 (CH3’), 55.9 (CH3), 29.0 

(CH2). 

HRMS (ESI positive): m/z 471.1665 [M+H]+, calcd for [C26H22N4O5+H]+: m/z 471.1663 
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6.2.9.2 Final compounds 

4-(3,5-Bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl)benzoic acid (Deferasirox; 
54) 

 

C21H15N3O4 

Mr = 373.37 

According to general procedure C, the title compound was synthesized using 88a 

(2.00 g, 8.47 mmol, 1 eq.) and 4-hydrazinobenzoic acid (1.42 g, 9.31 mmol, 1.1 eq.) in 

methanol (30 mL). The reaction was complete after 2 h. Recrystallization from 

methanol yielded the desired product as pale-brown powder. 

Yield: 1500 mg (47%) 

Rf (CyHex/EtOAc/acetic acid 69.9:30:0.1) = 0.21 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 13.19 (s, 1H, COOH), 10.81 (s, 1H, OH), 

10.06 (s, 1H, OH‘), 8.06 (dd, 3J = 7.8 Hz and 4J = 1.7 Hz, 1H, H6), 8.04–7.93 (m, 2H, 

H3‘‘, H5‘‘), 7.61–7.51 (m, 3H, H6‘, H2‘‘, H6‘‘), 7.45–7.33 (m, 2H, H4, H4‘), 7.07–6.95 

(m, 3H, H3, H5, H5‘), 6.87 (dd, 3J = 8.4 Hz and 4J = 1.0 Hz, 1H, H3‘). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 166.8 (COOH), 160.3 (Cc), 156.7 (C2), 155.6 

(C2’), 152.4 (Ce), 141.6 (C1’’), 133.0 (C4’), 131.9 (C4), 131.5 (C6’), 130.9 (C4’’), 130.7 

(2C, C3’’, C5’’), 127.2 (C6), 123.7 (2C, C2’’, C6’’), 120.1 (C5), 119.9 (C5’), 117.5 (C3), 

116.5 (C3’), 114.8 (C1’), 114.0 (C1). 

MS (APCI positive): m/z 374.2 [M+H]+, calcd for [C21H15N3O4+H]+: m/z 274.1 

MS (APCI negative): m/z 372.2 [M-H]-, calcd for [C21H15N3O4-H]-: m/z 272.1 

HPLC: tR = 21.744 min (kinetex, 99.3%), tR = 22.327 min (hydro-RP, 98.8%) 
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4-(3,5-Bis(5-fluoro-2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl)benzoic acid (90e) 

 

C21H13F2N3O4 

Mr = 409.34 

In a variation of the procedure reported by Patil et al., 277 88e (400 mg, 1.45 mmol, 

1.0 eq.) and 4-hydrazinobenzoic acid (265 mg, 1.74 mmol, 1.2 eq.) were suspended 

in ethanol (5 mL). The mixture was refluxed for 8 h. Upon cooling to r.t., a light-

brown solid material was formed. Precipitation was completed overnight in a 

refrigerator. The solid material was collected by suction filtration, washed with cold 

ethanol, and dried in vacuo yielding the desired product as a light-brown powder. 

Yield: 75 mg (13%) 

Rf (CyHex/EtOAc/acetic acid 1:1:0.01) = 0.20 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 13.23 (bs, 1H, COOH), 10.51 (bs, 1H, OH), 

10.05 (bs, 1H, OH’), 8.06–7.97 (m, 2H, H3’’, H5’’), 7.75 (dd, 3J1-F = 9.2 Hz and 4J1-

4 = 3.2 Hz, 1H, H6), 7.64–7.55 (m, 2H, H2’’, H6’’), 7.47 (dd, 3J6’-F = 8.7 Hz and 4J6’-

4’ = 3.3 Hz, 1H, H6’), 7.32–7.20 (m, 2H, H4, H4’), 7.07 (dd, 3J3-4 = 9.1 Hz and 4J3-

F = 4.7 Hz, 1H, H3), 6.85 (dd, 3J3’-4’ = 9.1 Hz and 4J3’-F = 4.6 Hz, 1H, H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 166.8 (COOH), 159.5 (d, 4J = 2.6 Hz, Cc), 

155.8 (d, 1J = 234.9 Hz, C5), 155.4 (d, 1J = 235.5 Hz, C5’), 153.0 (d, 4J = 1.6 Hz, C2), 152.1 

(d, 4J = 1.4 Hz, C2’), 151.6 (d, 4J = 2.1 Hz, Ce), 141.3 (C1’’), 131.2 (C4’’), 130.8 (2C, C3’’, 

C5’’), 123.9 (2C, C2’’, C6’’), 119.8 (d, 2J = 22.7 Hz, C4’), 119.0 (d, 3J = 8.1 Hz, C3), 118.8 

(d, 2J = 23.3 Hz, C4), 117.8 (d, 3J = 7.5 Hz, C3’), 117.6 (d, 2J = 17.5 Hz, C6’), 115.3 (d, 

3J = 8.7 Hz, C1’), 114.7 (d, 3J = 8.3 Hz, C1), 112.7 (d, 2J = 24.7 Hz, C6). 

19F-NMR (376 MHz, DMSO-d6): δ (ppm) -124.33–-124.41 (m, 1F), -124.86–-124.94 (m, 

1F). 

HRMS (ESI negative): m/z 408.0801 [M-H]-, calcd for [C21H13F2N3O4-H]-: m/z 

408.0801 
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HPLC: tR = 22.551 min (kinetex, 99.8%), tR = 23.025 min (polar-RP, 99.8%) 

4-(3,5-Bis(5-bromo-2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl)benzoic acid (90d) 

 

C21H13Br2N3O4 

Mr = 531.16 

According to general procedure C, the title compound was synthesized using 88d 

(200 mg, 0.50 mmol, 1 eq.) and 4-hydrazinobenzoic acid (84 mg, 0.55 mmol, 1.1 eq.) 

in methanol (10.0 mL). The reaction was complete after 6 h. Recrystallization from 

methanol yielded the desired product as a pale-yellow powder. 

Yield: 69 mg (26%) 

Rf (CyHex/EtOAc/acetic acid 7:3:0.01) = 0.12 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 13.20 (bs, 1H, COOH), 10.68 (bs, 1H, OH), 

10.40 (bs, 1H, OH’), 8.12 (d, 4J = 2.6 Hz, 1H, H6), 8.04–8.00 (m, 2H, H3’’, H5’’), 7.79 

(d, 4J = 2.6 Hz, 1H, H6’), 7.62–7.58 (m, 2H, H2’’, H6’’), 7.57 (dd, 3J = 8.8 Hz and 

4J = 2.6 Hz, 1H, H4’), 7.54 (dd, 3J = 8.8 Hz and 4J = 2.6 Hz, 1H, H4), 7.04 (d, 3J = 8.8 Hz, 

1H, H3), 6.82 (d, 3J = 8.8 Hz, 1H, H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 166.8 (COOH), 159.1(Cc), 155.8 (C2), 155.0 

(C2’), 151.3 (Ce), 141.4 (C1’’), 135.6 (C4’), 134.3 (C4), 133.7 (C6’), 131.2 (C4’’), 130.8 

(2C, C3’’, C5’’), 129.4 (C6), 123.8 (2C, C2’’, C6’’), 120.0 (C3), 118.7 (C3’), 116.9 (C1’), 

116.4 (C1), 111.1 (C5), 110.5 (C5’). 

HRMS (ESI negative): m/z 527.9203 [M-H]-, calcd for [C21H1379Br2N3O4-H]-: m/z 

527.9200 

HPLC: tR = 26.499 min (kinetex, 95.5%), tR = 23.907 min (polar-RP, 95.5%) 
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2,2'-(1-Phenyl-1H-1,2,4-triazole-3,5-diyl)bis(4-chlorophenol) (90b) 

 

C20H13Cl2N3O2 

Mr = 398.24 

According to general procedure D, the title compound was synthesized using 88b 

(500 mg, 1.62 mmol, 1 eq.) and phenylhydrazine hydrochloride (282 mg, 1.95 mmol, 

1.2 eq.) in ethanol (15.0 mL). The reaction was complete after 4 h. Recrystallization 

from methanol yielded the desired product as a white solid. 

Yield: 114 mg (18%) 

Rf (CyHex/EtOAc 7:3) = 0.32 

1H-NMR (400 MHz, DMSO-d6): δ 10.79 (s, 1H, OH), 10.41 (s, 1H, OH’), 7.99 (d, 

4J = 2.7 Hz, 1H, H6), 7.61 (d, 4J = 2.7 Hz, 1H, H6’), 7.50–7.46 (m, 5H, Hphenyl), 7.42 (dd, 

3J = 8.8 Hz and 4J = 2.7 Hz, 1H, H4’), 7.41 (dd, 3J = 8.8 Hz and 4J = 2.7 Hz, 1H, H4), 7.08 

(d, 3J = 8.8 Hz, 1H, H3), 6.87 (d, 3J = 8.8 Hz, 1H, H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 158.9 (Cc), 155.4 (C2), 154.8 (C2’), 151.1 

(Ce), 137.9 (C1’’), 132.5 (C4’), 131.4 (C4), 130.8 (C6’), 129.7 (2C, C3’’, C5’’), 129.3 (C4’’), 

126.2 (C6), 124.2 (2C, C2’’, C6’’), 123.7 (C5), 122.9 (C5’), 119.5 (C3), 118.2 (C3’), 116.5 

(C1’), 115.8 (C1). 

HRMS (ESI positive): m/z 398.0461 [M+H]+, calcd for [C20H1335Cl2N3O2+H]+: m/z 

398.0458 

HPLC: tR = 28.555 min (kinetex, 99.1%), tR = 28.816 min (hydro-RP, 99.7%) 

2,2'-(1-Phenyl-1H-1,2,4-triazole-3,5-diyl)bis(4-bromophenol) (90f) 

 

C20H13Br2N3O2 

Mr = 487.15 
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According to general procedure D, the title compound was synthesized using 88d 

(500 mg, 1.62 mmol, 1 eq.) and phenylhydrazine hydrochloride (44 mg, 0.30 mmol, 

1.2 eq.) in ethanol (15.0 mL). The reaction was complete after 4 h. Recrystallization 

from methanol yielded the desired product as a white solid. 

Yield: 41 mg (34%) 

Rf (CyHex/EtOAc 7:3) = 0.54 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.79 (s, 1H, OH), 10.42 (s, 1H, OH’), 8.12 

(d, 4J = 2.5 Hz, 1H, H6), 7.73 (d, 4J = 2.6 Hz, 1H, H6’), 7.53 (dd, 3J = 8.8 Hz and 

4J = 2.6 Hz, 1H, H4’), 7.53 (dd, 3J = 8.8 Hz and 4J = 2.5 Hz, 1H, H4), 7.54–7.44 (m, 5H, 

Hphenyl), 7.03 (d, 3J = 8.8 Hz, 1H, H3), 6.82 (d, 3J = 8.8 Hz, 1H, H3’). 

13C-NMR (101 MHz, DMSO): δ (ppm) 158.8 (Cc), 155.8 (C2), 155.2 (C2’), 151.0 (Ce), 

137.9 (C1’’), 135.4 (C4’), 134.2 (C4), 133.6 (C6’), 129.7 (2C, C3’’, C5’’), 129.3 (C4’’), 

129.2 (C6), 124.2 (2C, C2’’, C6’’), 119.9 (C3), 118.6 (C3’), 117.1 (C1’), 116.4 (C1), 111.1 

(C5), 110.3 (C5’). 

HRMS (ESI positive): m/z 485.9451 [M+H]+, calcd for [C20H1379Br2N3O2+H]+: m/z 

485.9447 

HRMS (ESI negative): m/z 483.9302 [M-H]-, calcd for [C20H1379Br2N3O2-H]-: m/z 

483.9302 

HPLC: tR = 29.181 min (kinetex, 95.6%), tR = 25.959 min (polar-RP, 95.4%) 

2,2'-(1-Phenyl-1H-1,2,4-triazole-3,5-diyl)bis(4-benzylphenol) (90n) 

 

C34H27N3O2 

Mr = 509.61 

According to general procedure A, 93 (12 mg, 0.02 mmol, 1 eq.) was solubilized in 

freshly distilled DCM (130 µL). BBr3 (1 M solution in dry DCM, 70 µL, 0.07 mmol, 

3 eq.) was added dropwise at −78 °C. Purification was performed via flash column 

chromatography (CyHex/EtOAc 95:5–80:20) followed by semi-preparative HPLC 
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(water/ACN + 0.05% TFA, 0‒3 min: 10:90, 3‒12 min: 10:90‒0:100, 12‒22 min: 0:100, 

22‒23 min: 0:100‒10:90, 23‒24 min: 10:90) yielding the product as a white powder. 

Yield: 10 mg (86%) 

Rf (CyHex/EtOAc 7:3) = 0.67 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.71 (s, 1H, OH), 9.93 (s, 1H, OH’), 7.88 

(d, 4J = 2.3 Hz, 1H, H6), 7.48–7.37 (m, 5H, HN-phenyl), 7.32–7.12 (m, 13H, H4, H4’, H6’, 

Hphenyl), 6.95 (d, 3J = 8.4 Hz, 1H, H3), 6.80 (d, 3J = 8.4 Hz, 1H, H3’), 3.95 (s, 2H, CH2), 

3.86 (s, 2H, CH2’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.9 (Cc), 155.0 (C2), 154.1 (C2’), 152.1 

(Ce), 142.1 (C7), 141.8 (C7’), 138.0 (C1’’), 133.0 (C4’), 132.8 (C5), 132.3 (C5’), 132.2 (C4), 

131.3 (C6’), 129.6 (2C, C3’’, C5’’), 129.1 (C4’’), 129.0 (2C, C8, C12), 128.9 (2C, C9, C11 

or C9’, C11’), 128.8 (2C, C8’, C12’), 128.8 (2C, C9, C11 or C9’, C11’), 126.9 (C6), 126.3 

(2C, C10, C10’), 124.3 (2C, C2’’, C6’’), 117.5 (C3), 116.6 (C3’), 114.6 (C1’), 114.0 (C1), 

40.5 (CH2), 40.3 (CH2’). The signals for CH2 and CH2’ are overlaid by the solvent signal, 

but can be identified via the HSQC spectrum. 

HRMS (ESI positive): m/z 510.2176 [M+H]+, calcd for [C34H27N3O2+H]+: m/z 510.2176 

HRMS (ESI negative): m/z 508.2033 [M-H]-, calcd for [C34H27N3O2-H]-: m/z 508.2031 

HPLC: tR = 31.350 min (kinetex, 96.4%), tR = 27.790 min (polar-RP, 95.3%) 

2,2'-(1-Phenyl-1H-1,2,4-triazole-3,5-diyl)bis(benzene-1,4-diol) (90m) 

 

C20H15N3O4 

Mr = 361.36 

According to general procedure A, 90h (20 mg, 0.05 mmol, 1 eq.) was solubilized in 

freshly distilled DCM (0.7 mL). BBr3 (1 M solution in dry DCM, 308 µL, 0.31 mmol, 

6 eq.) was added dropwise at −78 °C. Purification was performed via flash column 

chromatography (DCM/methanol 99.5:0.5‒90:10) yielding the desired product as a 

white powder. 
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Yield: 8 mg (43%) 

Rf (CyHex/EtOAc 1:1) = 0.31 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.29 (s, 1H, C2OH), 9.31 (s, 1H, C2’OH), 

9.11 (bs, 1H, C5OH), 9.08 (bs, 1H, C5’OH), 7.52–7.39 (m, 6H, H6, Hphenyl), 6.85 (dd, 

3J = 8.8 Hz and 5J = 0.6 Hz, 1H, H3), 6.83–6.76 (m, 3H, H4, H4’, H6’), 6.69 

(dd,3J = 8.8 Hz and 5J = 0.4 Hz, 1H, H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 160.0 (Cc), 152.0 (Ce), 150.4 (COH), 150.1 

(COH), 149.6 (COH), 148.3 (COH), 138.2 (C1’’), 129.6 (2C, C3’’, C5’’), 128.9 (C4’’), 124.0 

(2C, C2’’, C6’’), 119.7 (C1 or C1’), 119.3 (C1 or C1’), 118.1 (C3, C4, C3’ or C4’), 117.4 

(C3, C4, C3’ or C4’), 116.7 (C3, C4, C3’ or C4’), 115.0 (C3, C4, C3’ or C4’), 114.0 (C6’) 

, 112.0 (C6). 

HRMS (ESI positive): m/z 362.1133 [M+H]+, calcd for [C20H15N3O4+H]+: m/z 362.1135 

HRMS (ESI negative): m/z 360.0991 [M-H]-, calcd for [C20H15N3O4-H]-: m/z 360.0990 

HPLC: tR = 17.900 min (kinetex, 99.1%), tR = 18.466 min (hydro-RP, 99.3%) 

4-(3,5-Bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl)benzonitrile (90g) 

 

C21H14N4O2 

Mr = 354.37 

According to general procedure D, the title compound was synthesized using 88a 

(250 mg, 1.05 mmol, 1 eq.) and 4-hydrazinylbenzonitrile (167 mg, 1.25 mmol, 

1.2 eq.) in ethanol (4.5 mL). The reaction was complete after 3 h. After cooling to r.t., 

non-reacted 4-hydrazinylbenzonitrile was removed via filtration. The filtrate was 

evaporated to dryness and purified via flash column chromatography 

(DCM/methanol 99.5:0.5–96:4) followed by recrystallization from methanol yielding 

the desired product as a beige solid. 

Yield: 59 mg (16%) 

Rf (CyHex/EtOAc 7:3) = 0.21 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.71 (s, 1H, OH), 10.09 (s, 1H, OH’), 8.06 

(dd, 3J = 7.8 Hz and 4J = 1.7 Hz, 1H, H6), 8.06–7.91 (m, 2H, H3’’, H5’’), 7.67–7.63 (m, 

2H, H2’’, H6’’), 7.60 (dd, 3J = 7.7 Hz and 4J = 1.8 Hz, 1H, H6’), 7.42 (ddd, 3J = 8.3 Hz, 

3J = 7.4 Hz and 4J = 1.8 Hz, 1H, H4’), 7.39 (ddd, 3J = 8.4 Hz, 3J = 7.3 Hz and 4J = 1.7 Hz, 

1H, H4), 7.12–6.92 (m, 3H, H3, H5, H5’), 6.88 (dd, 3J = 8.3 Hz and 4J = 1.0 Hz, 1H, 

H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 160.5 (Cc), 156.7 (C2), 155.4 (C2’), 152.6 

(Ce), 141.8 (C1’’), 133.9 (2C, C3’’, C5’’), 133.2 (C4’), 132.0 (C4), 131.6 (C6’), 127.3 (C6), 

124.3 (2C, C2’’, C6’’), 120.1 (C5), 120.0 (C5’), 118.5 (CN), 117.5 (C3), 116.6 (C3’), 114.6 

(C1’), 114.0 (C1), 111.4 (C4’’). 

HRMS (ESI positive): m/z 355.1194 [M+H]+, calcd for [C21H14N4O2+H]+: m/z 355.1190 

HPLC: tR = 24.084 min (kinetex, 98.8%), tR = 23.136 min (polar-RP, 99.2%) 

2,2'-(1-(2-Methoxyphenyl)-1H-1,2,4-triazole-3,5-diyl)diphenol (90i) 

 

C21H17N3O3 

Mr = 359.39 

According to general procedure D, the title compound was synthesized using 2-

methoxyphenylhydrazine hydrochloride (438 mg, 2.51 mmol, 1.2 eq.) and 88a 

(500 mg, 2.09 mmol, 1 eq.) in ethanol (18.0 mL). The reaction was complete after 5 h. 

Purification via flash column chromatography (DCM/methanol 99.9:0.1–97.5:2.5) 

followed by recrystallization from 2-propanol yielded the desired product as yellow 

needles. 

Yield: 191 mg (25%) 

Rf (DCM/methanol 98:2) = 0.80 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.97 (s, 1H, OH), 10.21 (s, 1H, OH’), 8.02–

7.98 (m, 1H, H6), 7.55–7.43 (m, 2H, H4’’, H6’’), 7.36 (ddd, 3J = 8.4 Hz, 3J = 7.6 Hz and 
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4J = 1.4 Hz, 1H, H4), 7.31–7.22 (m, 2H, H4’, H6’), 7.15 (dd, 3J = 8.5 Hz and 4J = 1.1 Hz, 

1H, H3’’), 7.10–7.05 (m, 1H, H5’’), 7.04–6.96 (m, 2H, H3, H5), 6.89–6.85 (m, 1H, H3’), 

6.87–6.78 (m, 1H, H5’), 3.58 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.8 (Cc), 156.6 (C2), 156.1 (C2’), 154.1 

(C2’’), 153.8 (Ce), 132.3 (C4’), 131.8 (C4’’), 131.6 (C4), 130.4 (C6’), 128.7 (C6’’), 127.0 

(C6), 126.6 (C1’’), 121.0 (C5’’), 120.0 (C5), 119.1 (C5’), 117.4 (C3), 116.5 (C3’), 114.4 

(C1’), 114.3 (C1), 113.1 (C3), 56.0 (CH3). 

HRMS (ESI positive): m/z 360.1343 [M+H]+, calcd for [C21H17N3O3+H]+: m/z 360.1343 

HRMS (ESI negative): m/z 358.1194 [M-H]-, calcd for [C21H17N3O3-H]-: m/z 358.1197 

HPLC: tR = 26.121 min (kinetex, 99.9%), tR = 26.587 min (hydro-RP, 99.1%) 

2,2',2''-(1H-1,2,4-Triazole-1,3,5-triyl)triphenol (90l) 

 

C20H15N3O3 

Mr = 345.36 

According to general procedure A, 90i (180 mg, 0.50 mmol, 1 eq.) was solubilized in 

freshly distilled DCM (2.8 mL). BBr3 (1 M solution in dry DCM, 3.0 mL, 1.50 mmol, 

3 eq.) was added dropwise at −78 °C. Purification was performed via flash column 

chromatography (DCM/methanol 99.5:0.5‒90:10) yielding the desired product as a 

light-yellow powder. 

Yield: 68 mg (39%) 

Rf (CyHex/EtOAc 7:3) = 0.46 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.95 (s, 1H, OH), 10.37 (bs, 1H, OH), 10.16 

(bs, 1H, OH), 8.00 (ddd, 3J = 7.8 Hz, 4J = 1.7 Hz and 5J = 0.4 Hz, 1H, H6), 7.41 (dd, 

3J = 7.8 Hz and 4J = 1.7 Hz, 1H, H6’’), 7.39–7.23 (m, 4H, H4, H4’, H4’’, H6’), 7.05–6.87 

(m, 5H, H3, H3’, H3’’, H5, H5’’), 6.80 (ddd, 3J = 7.7 Hz, 3J = 7.3 Hz and 4J = 1.1 Hz, 1H, 

H5’). 
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13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.5 (Cc), 156.6 (C2), 156.3 (C2’), 153.5 

(Ce), 153.0 (C2’’), 132.3 (C4’), 131.5 (C4’’), 131.5 (C4), 130.2 (C6’), 128.9 (C6’’), 127.1 

(C6), 125.4 (C1’’), 120.0 (C5’’), 119.5 (C5), 119.1 (C5’), 117.3 (C3), 117.1 (C3’’), 116.7 

(C3’), 114.5 (C1’), 114.3 (C1). 

HRMS (ESI positive): m/z 346.1184 [M+H]+, calcd for [C20H15N3O3+H]+: m/z 346.1186 

HRMS (ESI negative): m/z [M-H]-, calcd for [C20H15N3O3-H]-: m/z 344.1041 

HPLC: tR = 23.729 min (kinetex, 97.6%), tR = 22.701 min (polar-RP, 98.0%) 

2,2'-(1-(Pyridin-2-yl)-1H-1,2,4-triazole-3,5-diyl)diphenol (90j) 

 

C19H14N4O2 

Mr = 330.35 

According to general procedure D, the title compound was synthesized using 88a 

(500 mg, 2.09 mmol, 1 eq.) and 2-hydrazinopyridine (363 mg, 2.51 mmol, 1.2 eq.) in 

ethanol (18.0 mL). The reaction was complete after 6 h. Purification via flash column 

chromatography (DCM/methanol 99.5:0.5–95:5) followed by semi-preparative 

HPLC (H2O/ACN 50:50 + 0.05% TFA) yielded the desired product as a white solid. 

Isolated Yield: 7 mg (1%) 

Rf (DCM/methanol 98:2) = 0.76 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.85 (s, 1H, OH), 9.90 (s, 1H, OH’), 8.36 

(ddd, 3J = 4.9 Hz, 4J = 1.9 Hz and 5J = 1.0 Hz, 1H, H6’’), 8.10–8.04 (m, 2H, H6, H4’’), 

7.80 (dt, 3J = 8.1 Hz, 4J = 1.0 Hz and 5J = 1.0 Hz, 1H, H3’’), 7.57 (dd, 3J = 7.5 Hz and 

4J = 1.7 Hz, 1H, H6’), 7.48 (ddd, 3J = 7.5 Hz, 3J = 4.9 Hz and 5J = 1.0 Hz, 1H, H5’’), 7.42–

7.32 (m, 2H, H4, H4’), 7.06–6.99 (m, 2H, H3, H5), 6.97 (td, 3J = 7.5 Hz, 3J = 7.5 Hz and 

4J = 1.0 Hz, 1H, H5’), 6.82 (dd, 3J = 8.3 Hz and 4J = 1.0 Hz, 1H, H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 160.0 (Cc), 156.8 (C2), 155.4 (C2’), 152.4 

(Ce), 151.0 (C2’’), 148.6 (C6’’), 139.7 (C4’’), 132.4 (C4’), 131.9 (C4), 131.0 (C6’), 127.2 
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(C6), 124.5 (C5’’), 120.1 (C5), 119.5 (C5’), 118.2 (C3’’), 117.5 (C3), 116.1 (C3’), 115.9 

(C1’), 114.1 (C1). 

HRMS (ESI positive): m/z 331.1190 [M+H]+, calcd for [C19H14N4O2+H]+: m/z 331.1190 

HPLC: tR = 22.230 min (kinetex, 95.3%), tR = 22.025 min (hydro-RP, 96.4%) 

2,2'-(1-(Quinolin-8-yl)-1H-1,2,4-triazole-3,5-diyl)diphenol (90k) 

 

C23H16N4O2 

Mr = 380.41 

According to general procedure D, the title compound was synthesized using 88a 

(250 mg, 1.05 mmol, 1 eq.) and 8-hydrazinoquinoline dihydrochloride hydrate 

(314 mg, 1.25 mmol, 1.2 eq.) in ethanol (9.2 mL). The reaction was complete after 

16 h. Purification via flash column chromatography (CyHex/EtOAc 95:5–50:50) 

followed by recrystallization from 2-propanol yielded the desired product as a 

brown solid. 

Yield: 42 mg (11%) 

Rf (CyHex/EtOAc 7:3) = 0.40 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.99 (bs, 1H, OH), 10.21 (bs, 1H, OH’), 

8.80 (dd, 3J = 4.2 Hz and 4J = 1.7 Hz, 1H, H2’’), 8.48 (dd, 3J = 8.4 Hz and 4J = 1.7 Hz, 

1H, H4’’), 8.20 (dd, 3J = 8.3 Hz and 4J = 1.4 Hz, 1H, H5’’), 8.08 (dd, 3J = 7.4 Hz and 

4J = 1.4 Hz, 1H, H7’’), 8.02 (dd, 3J = 7.8 Hz and 4J = 1.7 Hz, 1H, H6), 7.77 (dd, 

3J = 8.3 Hz and 4J = 7.4 Hz, 1H, H6’’), 7.58 (dd, 3J = 8.3 Hz and 4J = 4.2 Hz, 1H, H3’’), 

7.37 (ddd, 3J = 8.3 Hz, 3J = 7.2 Hz and 4J = 1.7 Hz, 1H, H4), 7.22 (dd, 3J = 7.5 Hz and 

4J = 1.8 Hz, 1H, H6’), 7.15 (ddd, 3J = 8.3 Hz, 3J = 7.5 Hz and 4J = 1.8 Hz, 1H, H4’), 7.04 

(dd, 3J = 8.3 Hz and 4J = 1.1 Hz, 1H, H3), 7.00 (ddd, 3J = 7.8 Hz, 3J = 7.4 Hz and 

4J = 1.1 Hz, 1H, H5), 6.73 (dd, 3J = 8.3 Hz and 4J = 1.1 Hz, 1H, H3’), 6.67 (td, 

3J = 7.5 Hz, 3J = 7.5 Hz and 4J = 1.1 Hz, 1H, H5’). 
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13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.7 (Cc), 156.7 (C2), 156.0 (C1’’), 154.5 

(Ce), 151.8 (C2’’), 142.8 (C1a’’), 136.8 (C5’’), 135.1 (C1’’), 132.2 (C4’), 131.6 (C4), 131.0 

(C6’’), 130.6 (C6’), 129.0 (C8’’), 128.8 (C5a’’), 127.1 (C6), 126.5 (C7’’), 122.8 (C3’’), 

120.0 (C5), 119.0 (C5’), 117.4 (C3), 116.4 (C3’), 114.5 (C1’), 114.4 (C1). 

HRMS (ESI positive): m/z 381.1344 [M+H]+, calcd for [C23H16N4O2+H]+: m/z 381.1346 

HRMS (ESI negative): m/z 379.1202 [M+H]+, calcd for [C23H16N4O2-H]-: m/z 379.1200 

HPLC: tR = 23.994 min (kinetex, 97.3%), tR = 23.458 min (polar-RP, 99.7%) 

N-(3-(4-((4-(3,5-Bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-
yl)benzamido)methyl)-1H-1,2,3-triazol-1-yl)propyl)-3',6'-dihydroxy-3-oxo-3H-
spiro[isobenzofuran-1,9'-xanthene]-5-carboxamide (96a) 

 

C48H36N8O9 

Mr = 868.86 

The title compound was synthesized following general procedure E using 94a 

(12.5 mg, 30 µmol, 1 eq.), 6-FAM azide 95a (14.0 mg, 30 µmol, 1 eq.), TBTA (1.7 mg, 

3 µmol, 0.1 eq.), CuSO4 (0.5 mg, 3 µmol, 0.1 eq.) and sodium ascorbate (1.2 mg, 

6 µmol, 0.2 eq.). Tert-butanol and water (0.25 mL each) were used as solvents. After 

18 h of stirring, water (5 mL) was added and the mixture was extracted with EtOAc 

(3x15 mL). The combined organic extracts were dried over Na2SO4, filtered, and 

evaporated to dryness. Purification was performed via reversed-phase flash column 

chromatography (H2O/ACN/TFA 60:40:0.1‒50:50:0.1) yielding the desired product 

as a yellow powder. 

Yield: 5 mg (18%) 

Rf (reversed-phase; H2O/ACN 1:1) = 0.42 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.83 (s, 1H, OH), 10.17 (s, 2H, OHflu), 10.07 

(s, 1H, OH‘), 9.16 (t, 3J = 5.7 Hz, 1H, NHdeferasirox), 8.92 (t, 3J = 5.5 Hz, 1H, NHflu), 8.50–
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8.45 (m, 1H, HIV), 8.24 (dd, 3J = 8.1 Hz and 4J = 1.6 Hz, 1H, HVI), 8.09–8.01 (m, 2H, H6, 

H5triazole), 7.97–7.92 (m, 2H, H3‘‘, H5‘‘), 7.58–7.49 (m, 3H, H6‘, H2‘‘, H6‘‘), 7.43–7.33 

(m, 3H, H4, H4‘, HVII), 7.07–6.93 (m, 3H, H3, H5, H5‘), 6.86 (dd, 3J = 8.3 Hz and 

4J = 1.0 Hz, 1H, H3‘), 6.70 (d, 4J = 2.2 Hz, 2H, HIV‘, HV‘), 6.61–6.53 (m, 4H, HI‘, HII‘, HVII‘, 

HVIII‘), 4.52 (d, 3J = 5.6 Hz, 2H, C4triazole-CH2), 4.44 (t, 3J = 7.0 Hz, 2H, Ntriazole-CH2), 3.34 

(q, 3J = 6.4 Hz, 2H, NH-CH2-CH2), 2.11 (p, 3J = 7.0 Hz, 2H, NH-CH2-CH2). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 168.6 (CIII), 165.4 (Camide), 165.2 (Camide), 160.2 

(Cc), 160.0 (2C, CIII‘, CIV‘), 156.7 (C2), 155.6 (C2‘), 152.3 (Ce), 152.2 (3C, CVIIa, CIV’a, CX‘a), 

142.4 (C4triazole), 140.3 (C1‘‘), 136.5 (CVI), 134.3 (C4‘), 132.9 (C4), 131.9 (C6‘), 131.5 (C4‘‘), 

129.6 (2C, CI‘, CVIII‘), 128.7 (2C, C3‘‘, C5‘‘), 127.2 (C6), 126.8 (CVII), 125.2 (C5triazole), 124.7 

(CIV), 123.6 (2C, C2‘‘, C6‘‘), 120.6 (C5), 120.1 (C5‘), 117.5 (C3), 116.5 (C3‘), 114.8 (C1‘), 

114.1 (C1), 113.1 (2C, CII‘, CVII‘), 109.5 (2C, CVIII‘a, CIX‘a), 102.7 (2C, CIV‘, CV‘), 47.7 (Ntriazole-

CH2), 47.0 (C4triazole-CH2), 37.2 (NH-CH2-CH2), 27.4 (NH-CH2-CH2). Due to the low 

signal intensity, CI, CIIIa and CV could not be identified in the spectrum. 

HRMS (ESI positive): m/z 869.2665 [M+H]+, calcd for [C48H36N8O9+H]+: m/z 869.2678 

HRMS (ESI negative): m/z 867.2534 [M-H]-, calcd for [C48H36N8O9-H]-: m/z 867.2532 

HPLC: tR = 20.675 min (kinetex, 98.3%), tR = 21.973 min (polar-RP, 95.6%) 

N-(6-(4-((4-(3,5-Bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-
yl)benzamido)methyl)-1H-1,2,3-triazol-1-yl)hexyl)-3',6'-bis(dimethylamino)-
3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-5-carboxamide (96b) 

 

C55H52N10O7 

Mr = 965.08 
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The title compound was synthesized following general procedure E using 5-

TAMRA azide 95b (10.3 mg, 19 µmol, 1 eq.), 94a (9.0 mg, 20 µmol, 1.15 eq.), TBTA 

(1.0 mg, 2 µmol, 0.1 eq.), CuSO4 (0.5 mg, 3 µmol, 0.1 eq.) and sodium ascorbate 

(1.2 mg, 6 µmol, 0.2 eq.). Tert-butanol and water (0.25 mL each) were used as 

solvents. After 18 h of stirring, water (5 mL) was added and the mixture was 

evaporated to dryness. Purification was performed via preparative TLC (Silica 

0.5 mm, Merck; DCM/methanol/acetic acid 89.5:10:0.5) followed by semi-

preparative HPLC (H2O/ACN + 0.05% TFA, 0‒4 min: 50:50, 4‒10 min: 50:50‒0:100, 

10‒20 min: 0:100) yielding the desired product as a pink powder. 

Isolated Yield: 3.5 mg (20%) 

Rf (reversed-phase; H2O/ACN 1:1) = 0.45 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.82 (s, 1H, OH), 10.09 (s, 1H, OH’), 9.14 

(t, 3J = 5.7 Hz, 1H, NHdeferasirox), 8.88 (t, 3J = 5.6 Hz, 1H, NHTAMRA), 8.68 (d, 4J = 1.8 Hz, 

1H, HIV), 8.29 (dd, 3J = 8.0 Hz and 4J = 1.8 Hz, 1H, HVI), 8.03 (dd, 3J = 7.8 Hz and 

4J = 1.7 Hz, 1H, H6), 8.00 (s, 1H, H5triazole), 7.96–7.91 (m, 2H, H3’’, H5’’), 7.57 (d, 

3J = 7.9 Hz, 1H, HVII), 7.55–7.49 (m, 3H, H6’, H2’’, H6’’), 7.41–7.34 (m, 2H, H4, H4’), 

7.10–6.92 (m, 9H, H3, H5, H5’, HI’, HII’, HIV’, HV’, HVII’, HVIII’), 6.90–6.84 (m, 1H, H3’), 

4.51 (d, 3J = 5.6 Hz, 2H, C4triazole-CH2), 4.34 (t, 3J = 7.0 Hz, 2H, (CH2)6hexyl), 3.32 (dd, 

3J = 13.3 Hz and 3J = 7.0 Hz, 2H, (CH2)1hexyl), 3.26 (s, 12H, CH3), 1.83 (dt, 3J = 11.9 Hz 

and 3J = 5.5 Hz, 2H, (CH2)5hexyl), 1.56 (dt, 3J = 14.5 Hz and 3J = 7.2 Hz, 2H, (CH2)2hexyl), 

1.42–1.26 (m, 4H, (CH2)3hexyl, (CH2)4hexyl). Two small singlets appear at 7.3 Hz and 7.1 Hz, 

which can be attributed to the dication protonated at the amino groups. 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 166.4 (CIII), 165.4 (Camide), 164.9 (Camide), 160.2 

(Cc), 158.5 (2C, CIV‘a, CX‘a), 158.5 (2C, CIII‘, CVI‘), 156.7 (C2), 155.6 (C2‘), 152.3 (Ce), 145.2 

(CVIIa), 141.9 (C4triazole), 140.3 (C1‘‘), 136.5 (CVI), 134.3 (C4‘), 132.9 (C4), 131.8 (C6‘), 131.5 

(C4‘‘), 128.7 (2C, C3‘‘, C5‘‘), 127.1 (C6), 125.4 (CVII), 125.2 (C5triazole), 123.6 (2C, C2‘‘, 

C6‘‘), 123.3 (CIV), 120.6 (C5), 120.1 (C5‘), 119.8 (2C, CII‘, CVII‘), 117.4 (C3), 116.5 (C3‘), 

114.8 (C1‘), 114.0 (C1), 107.4 (2C, CVIII‘a, CIX‘a), 96.7 (2C, CIV‘, CV‘), 83.8 (CI), 55.3 (4C, 

CH3), 49.6 (C6hexyl), 40.9 (C1hexyl), 35.4 (C4triazole-CH2), 30.1 (Chexyl), 29.2 (Chexyl), 26.3 
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(Chexyl), 26.0 (Chexyl). Due to the low signal intensity, CIIIa and CV could not be identified in 

the spectrum. 

HRMS (ESI positive): m/z 965.4092 [M+H]+, calcd for [C55H52N10O+H]+: m/z 965.4093 

HRMS (ESI negative): m/z 963.3943 [M-H]-, calcd for [C55H52N10O-H]-: m/z 963.3948 

HPLC: tR = 20.132 min (kinetex, 98.6%), tR = 23.704 min (polar-RP, 98.9%) 

4-(3,5-Bis(2-hydroxyphenyl)-1H-1,2,4-triazol-1-yl)-N-((1-(37-oxo-41-(2-
oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-3,6,9,12,15,18,21,24,27,30,33-
undecaoxa-36-azahentetracontyl)-1H-1,2,3-triazol-4-yl)methyl)benzamide 
(96c) 

 

C58H82N10O16S 

Mr = 1207.41 

Following general procedure E the title compound was synthesized using Biotin-

PEG11-Azide (26.5 mg, 33 µmol, 1 eq.), 94a (15.0 mg, 37 µmol, 1.1 eq.), TBTA (1.7 mg, 

3 µmol, 0.1 eq.), CuSO4  (5.8 mg, 37 µmol, 1.1 eq.) and sodium ascorbate (1.3 mg, 

7 µmol, 0.2 eq.). Tert-butanol, DMF, and water (0.25 mL each) were used as solvents. 

Purification was performed via reversed-phase column chromatography 

(H2O/ACN 90:10–10:90) followed by semi-preparative HPLC (H2O/ACN + 0.05% 

TFA, 0‒4 min: 50:50, 4‒10 min: 50:50‒0:100, 10‒20 min: 0:100) yielding a slightly 

yellow semi-solid. 

Yield: 6 mg (15%) 

Rf (reversed-phase; H2O/ACN 1:1) = 0.45 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.83 (s, 1H, OH), 10.05 (s, 1H, OH‘), 9.13 

(t, 3J = 5.8 Hz, 1H, NHdeferasirox), 8.05 (dd, 3J = 7.8 Hz and 4J = 1.7 Hz, 1H, H6), 7.98–7.90 

(m, 3H, H3‘‘, H5‘‘, H5triazole), 7.84 (t, 3J = 5.3 Hz, 1H, NHbiot-amide), 7.57–7.49 (m, 3H, H6‘, 

H2‘‘, H6‘‘), 7.44–7.34 (m, 2H, H4, H4‘), 7.07–6.94 (m, 3H, H3, H5, H5‘), 6.89–6.84 (m, 
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1H, H3‘), 6.43 (s, 1H, NH1biot), 6.36 (s, 1H, NH3biot), 4.54–4.46 (m, 4H, C4triazole-CH2, 

Ntriazole-CH2), 4.34–4.27 (m, 1H, (CH2)3biot), 4.13 (s, 1H, (CH2)6biot), 3.80 (t, 3J = 5.2 Hz, 

2H, Ntriazole-CH2-CH2-O), 3.56–3.42 (m, 40H, (CH2)PEG), 3.39 (t, 3J = 5.9 Hz, 2H, NH-

CH2-CH2-O), 3.18 (q, 3J = 5.8 Hz, 2H, NH-CH2-CH2-O), 3.09 (s, 1H, (CH2)6biot), 2.82 

(dd, 3J = 12.3 Hz and 3J = 5.2 Hz, 1H, H4biot), 2.64–2.54 (m, 1H, H4‘biot), 2.07 (dd, 

3J = 7.9 Hz and 3J = 7.2 Hz, 2H, (CH2)10biot), 1.49 (s, 4H, (CH2)8biot, (CH2)9biot), 1.35–1.27 

(m, 2H, (CH2)7biot). 

Due to the low sample amount no 13C-NMR spectrum was recorded. 

HRMS (ESI positive): m/z 1229.5529 (100%, [M+Na]+), 1207.5726 (38%, [M+H]+), 

calcd for [C58H82N10O16S+H]+: m/z 1207.5704 

HPLC: tR = 18.108 min (kinetex, 95.1%), tR = 20.397 min (polar-RP, 96.4%) 

 

 Thiazoles 

6.2.10.1 Precursors 

Thiophene-2-carbothioamide (98a) 

 

C5H5NS2 

Mr = 143.22 

According to the published procedure by Li et. al.,255 Lawesson’s reagent (191 mg, 

0.47 mmol, 0.6 eq.) was added to a solution of thiophene-2-carboxamide 100 

(100 mg, 0.79 mmol, 1 eq.) in THF (2 mL). The mixture was refluxed for 4 h and then 

evaporated to dryness. The residue was dissolved in EtOAc (10 mL), washed with 

a 5% solution of NaHCO3 (15 mL) and brine (3x15 mL), dried over Na2SO4, filtered, 

and evaporated to dryness. Purification was performed via flash column 

chromatography (CyHex/EtOAc 90:10‒0:100) yielding the desired product as a 

yellow solid. 

Yield: 87 mg (77%)  

Rf (CyHex/EtOAc 7:3) = 0.26 
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1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 7.57 (dd, 3J = 5.1 Hz and 4J = 1.2 Hz, 1H, H5), 

7.51 (dd, 3J = 3.8 Hz and 4J = 1.2 Hz, 1H, H3), 7.37 (bs, 2H, NH2), 7.10 (dd, 3J = 5.1 Hz 

and 3J = 3.8 Hz, 1H, H4). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 192.1 (Cthioamide), 144.6 (C2), 133.9 (C5), 128.3 

(C4), 126.8 (C3). 

MS (APCI positive): m/z 126.9 [M-NH2]+, calcd for [C5H5NS2-NH2]+: m/z 127.0 

MS (APCI negative): m/z 142.2 [M-H]-, calcd for [C5H5NS2-H]-: m/z 142.0 

6.2.10.1.1 Weinreb amides 

N,2-Dimethoxy-N-methylbenzamide (104a) 

 

C10H13NO3 

Mr = 195.22 

According to the published procedure by Yamazaki et al.,280 N,O-

dimethylhydroxylamine hydrochloride (1.20 g, 11.9 mmol, 1.1 eq.), triethylamine 

(1.67 mL, 11.9 mmol, 1.1 eq.) and EDCI (2.29 g, 11.9 mmol, 1.1 eq.) were added to a 

solution of 2-methoxybenzoic acid 105a (1.50 g, 10.9 mmol, 1 eq.) in DMF (17 mL). 

After stirring for 18 h at r.t., the solvent was removed in vacuo. The residue was 

dissolved in EtOAc, washed with 0.5% citric acid, a saturated solution of NaHCO3 

and brine (20 mL each), dried over Na2SO4, and evaporated to dryness yielding the 

desired product as a colourless oil. 

Yield: 2.06 g (97%) 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 7.40 (td, 3J = 8.1 Hz, 3J = 7.5 Hz and 

4J = 1.8 Hz, 1H, H4), 7.22 (dd, 3J = 7.4 Hz and 4J = 1.8 Hz, 1H, H6), 7.08 (d, 3J = 8.1 Hz, 

1H, H3), 6.98 (td, 3J = 7.5 Hz, 3J = 7.4 Hz and 4J = 1.0 Hz, 1H, H5), 3.79 (s, 3H, COCH3), 

3.44 (bs, 3H, NOCH3), 3.20 (bs, 3H, NCH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 168.5 (Camide), 155.6 (C2), 130.8 (C4), 127.5 

(C6), 125.7 (C1), 120.5 (C5), 111.8 (C3), 61.0 (COCH3), 55.9 (NOCH3), 32.2 (NCH3). 

Rf (DCM/methanol 92:8) = 0.69 
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MS (APCI positive): m/z 196.1 [M+H]+, calcd for [C10H13NO3+H]+: m/z 196.1 

N-Methoxy-N,2-dimethylbenzamide (106b) 

 

C10H13NO2 

Mr = 179.22 

According to the published procedure by Kumar et. al, 281 DMF (3 µL, 0.04 mmol, 

0.5 mol%) was added to a suspension of 2-methylbenzoic acid 105b (1.00 g, 

7.34 mmol, 1 eq.) in dry DCM (10 mL) at 0 °C. Oxalyl chloride (8.81 mL, 8.81 mmol, 

1.2 eq.) was added dropwise. After stirring at r.t. for 1 h, the reaction was 

concentrated in vacuo yielding 2-methylbenzoyl chloride as a yellow oil. 

To a suspension of N,O-dimethylhydroxylamine hydrochloride (1.07 g, 11.02 mmol, 

1.5 eq.) in dry DCM (10 mL) triethylamine (2.05 mL, 14.69 mmol, 2 eq.) was added 

dropwise at 0 °C. The reaction mixture was stirred at 0 °C for 10 min, followed by 

the dropwise addition of a solution of the acid chloride in dry DCM (5 mL). The 

reaction mixture was allowed to warm to r.t., stirred for 14 h and then quenched 

with water (25 mL). The product was extracted with DCM (2x25 mL). The combined 

organic extracts were washed with brine (3x25 mL), dried over Na2SO4, and 

evaporated to dryness. Purification via flash column chromatography 

(CyHex/EtOAc 65:35‒20:80) yielded the desired product as white crystals. 

Yield: 1.06 g (81%) 

Rf (CyHex/EtOAc 3:7) = 0.60 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 7.35–7.30 (m, 1H, H6), 7.28–7.21 (m, 3H, 

Har), 3.46 (s, 3H, OCH3), 3.23 (s, 3H, NCH3), 2.23 (s, 3H, (CH3)ar). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 136.1 (C1), 134.4 (C2), 130.3 (C3 or C4), 

129.3 (C3 or C4), 126.3 (C5), 125.8 (C6), 61.1 (OCH3), 32.5 (weak, NCH3), 19.1 

((CH3)ar). The amide carbon is not visible in the spectrum. 

MS (APCI positive): m/z 180.1 [M+H]+, calcd for [C10H13NO2+H]+: m/z 180.1 
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6.2.10.1.2 Ester 

p-Tolyl 2-phenylacetate (102) 

 

C15H14O2 

Mr = 226.28 

In a modification of the published procedure by Shaye et. al, 282 a solution of 4-

methylphenol (2.00 g, 18.5 mmol, 1 eq.) in dry DCM (7.5 mL) was slowly added to 

a solution of phenylacetic acid (2.47 g, 20.3 mmol, 1.1 eq.) and DCI (4.39 g, 

21.3 mmol, 1.2 eq.) in dry DCM (20 mL) at 0 °C. The mixture was stirred for 18 h 

while slowly warming to r.t. The formed solid was filtered off and the organic 

solution was evaporated to dryness. Purification was performed via flash column 

chromatography (CyHex/EtOAc 95:5‒85:15) yielding the desired product as white 

crystals. 

Yield: 3.56 g (85%) 

Rf (CyHex/EtOAc 7:3) = 0.68 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 7.41–7.34 (m, 4H, Hphenyl), 7.34–7.27 (m, 1H, 

Hphenyl), 7.24–7.19 (m, 2H, H3’, H5’), 7.03–6.97 (m, 2H, H2’, H6’), 3.95 (s, 2H, CH2), 

2.30 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 170.6 (Cketone), 148.7 (C1’), 135.4 (C4’), 134.4 

(C1’’), 130.3 (2C, Car), 129.9 (2C, Car), 128.9 (2C, Car), 127.4 (C4’’), 121.8 (2C, C2’, C6’), 

20.8 (CH3). The CH2 signal overlaps with the solvent signal. 

MS (APCI positive): m/z 109.0 (100%, [M-phenylacetyl]+), 227.1 (3%, [M+H]+), calcd 

for [C15H14O2+H]+: m/z 227.1 

MS (APCI negative): m/z 225.1 [M-H]-, calcd for [C15H14O2-H]-: m/z 225.1 
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6.2.10.1.3 Ketones 

1-(2-Hydroxy-5-methylphenyl)-2-phenylethan-1-one (101a) 

 

C15H14O2 

Mr = 226.28 

In accordance with the published procedure by Ortar et. al,257 102 (5.27 g, 

23.29 mmol, 1 eq.) was heated to 100 °C to give a clear melt. To this, AlCl3 (3.11 g, 

34.94 mmol, 1.5 eq.) was slowly added resulting in a strong evolution of gas and a 

colour change to dark brown. The mixture was stirred at 100 °C for 16 h. The 

reaction was quenched with water (50 mL) and extracted with EtOAc (3x60 mL). 

The combined organic extracts were washed with brine (15 mL), dried over NaSO4, 

filtered, and evaporated to dryness. Purification via flash column chromatography 

(CyHex/EtOAc 100:0‒95:5) followed by recrystallisation from 2-propanol yielded 

the desired product as light-yellow needles. 

Yield: 3.11 g (59%) 

Rf (CyHex/2-propanol 9:1) = 0.70 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.65 (s, 1H, OH’), 7.84 (dd, 4J = 2.3 Hz and 

5J = 1.0 Hz, 1H, H6’), 7.39–7.27 (m, 6H, H4’, Hphenyl), 6.89 (d, 3J = 8.4 Hz, 1H, H3’), 4.44 

(s, 2H, CH2), 2.29 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 204.1 (Cketone), 159.2 (C2’), 137.4 (C4’), 135.3 

(C1’’), 131.1 (C5’), 130.2 (2C, C2’’, C6’’ or C3’’, C5’’), 128.7 (2C, C2’’, C6’’ or C3’’, 

C5’’), 128.3 (C4’’), 127.0 (C6’), 120.2 (C1’), 118.0 (C3’), 45.7 (CH2), 20.4 (CH3). 

MS (APCI positive): m/z 227.1 [M+H]+, calcd for [C15H14O2+H]+: m/z 227.1 

MS (APCI negative): m/z 225.2 [M-H]-, calcd for [C15H14O2-H]-: m/z 225.1 
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1-(2-((Tert-butyldimethylsilyl)oxy)-5-methylphenyl)-2-phenylethan-1-one 
(101b) 

 

C21H28O2Si 

Mr = 340.54 

To a solution of 101a (173 mg, 0.76 mmol, 1 eq.) in dry DCM (3.0 mL), dry 

triethylamine (160 µL, 1.15 mmol, 1.1 eq.) and tert-butyldimethylsilyl chloride 

(346 mg, 2.29 mmol, 3 eq.) were added. The mixture was stirred at r.t. for 0.5 h and 

then refluxed for 16 h. The solvent was evaporated in vacuo and the residue was 

taken up in diethyl ether. The remaining solid was filtered off and the filtrate was 

concentrated in vacuo. Purification was performed via flash column chromato-

graphy (CyHex/EtOAc 100:0–70:30) yielding the desired product as a slightly brown 

oil. 

Yield: 243 mg (93%) 

Rf (CyHex/EtOAc 8:2) = 0.77 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 7.31–7.27 (m, 3H, Har), 7.25–7.21 (m, 2H, 

Har), 7.19–7.15 (m, 2H, Har), 6.88 (d, 3J = 8.3 Hz, 1H, H3’), 4.27 (s, 2H, CH2), 2.24 (s, 

3H, (CH3)ar), 0.96 (s, 9H, (CH3)t-butyl), 0.23 (s, 6H, Si-CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 200.6 (Cketone), 151.5 (C2’), 135.2 (C1’’), 133.7 

(C4’), 131.1 (C5’), 130.6 (C6’), 130.1 (2C, C2’’, C6’’ or C3’’, C5’’), 130.0 (C4’’), 128.7 

(2C, C2’’, C6’’ or C3’’, C5’’), 126.9 (C1’), 120.6 (C3’), 49.4 (CH2), 26.1 (3C, (CH3)t-butyl), 

20.3 ((CH3)ar), 18.5 (Si-C-C3), -3.9 (2C, Si-CH3). 

MS (APCI positive): m/z 341.2 [M+H]+, calcd for [C21H28O2Si+H]+: m/z 341.2 

MS (APCI negative): m/z 239.2 [M-H]-, calcd for [C21H28O2Si-H]-: m/z 239.2 
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1-(2-Methoxyphenyl)-2-phenylethan-1-one (101c) 

 

C15H14O2 

Mr = 226.28 

Following the procedure published by Mc Laughlin et al.,258 benzylmagnesium 

chloride (1.4 M solution in THF, 10.98 mL, 15.37 mmol, 1.5 eq.) was added dropwise 

to a solution of N,2-dimethoxy-N-methylbenzamide (2.00 g, 10.25 mmol, 1 eq.) in 

dry THF (12.5 mL) over 30 min at 0 °C. The mixture was stirred at 0 °C for 1 h, then 

warmed to r.t. and stirred at that temperature for 20 h. The reaction was quenched 

by the addition of an aqueous solution of HCl (1 M, 15 mL), concentrated in vacuo to 

a volume of approximately 10 mL and extracted with EtOAc (3x20 mL). The 

combined organic extracts were dried over Na2SO4, filtered, and evaporated to 

dryness. Purification via flash column chromatography (CyHex/EtOAc 96:4–88:12) 

yielded the desired product as a slightly yellow oil. 

Yield: 1.80 g (78%) 

Rf (CyHex/EtOAc 8:2) = 0.40 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 7.56–7.50 (m, 2H, H4’, H6’), 7.32–7.27 (m, 

2H, H3’, Hphenyl), 7.25–7.15 (m, 4H, Hphenyl), 7.04–6.99 (m, 1H, H5’), 4.26 (s, 2H, CH2), 

3.91 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 200.1 (Cketone), 158.4 (C2’), 135.7 (C1’’), 134.1 

(C4’) 130.1 (2C, C2’’, C6’’ or C3’’, C5’’), 130.0 (C6’), 128.6 (2C, C2’’, C6’’ or C3’’, C5’’), 

128.3 (C4’’), 126.8 (C1’), 120.9 (C5’), 112.8 (C3’), 56.1 (CH3), 49.8 (CH2). 

MS (APCI positive): m/z 227.1 [M+H]+, calcd for [C15H14O2+H]+: m/z 227.1 

MS (APCI negative): m/z 225.1 [M-H]-, calcd for [C15H14O2-H]-: m/z 225.1 

2-Phenyl-1-(o-tolyl)ethan-1-one (101d) 

 

C15H14O 

Mr = 210.28 
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To a solution of 106b (1.06 g, 5.93 mmol, 1 eq.) in dry THF (3 mL) benzylmagnesium 

chloride (1.4 M in THF, 4.66 mL, 6.52 mmol, 1.1 eq.) was added dropwise over 1 h at 

−78 °C. The mixture was allowed to warm to r.t. and was stirred at that temperature 

for 5 h. The reaction was quenched by the addition of a saturated solution of NH4Cl 

(20 mL). The aqueous phase was extracted with EtOAc (3x40 mL). The combined 

organic extracts were washed with brine (40 mL), dried over Na2SO4, filtered, and 

evaporated to dryness. Purification via flash column chromatography 

(CyHex/EtOAc 96:4–89:11) yielded the desired product as a colourless oil. 

Yield: 814 mg (65%) 

Rf (CyHex/2-propanol 9:1) = 0.69 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 7.73 (dd, 3J = 7.7 Hz and 4J = 1.4 Hz, 1H, 

H6’), 7.40–7.21 (m, 9H, Har), 4.22 (s, 2H, CH2), 2.45 (s, 3H, CH3). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 201.4 (Cketone), 138.5 (C2’), 137.5 (C1’), 134.4 

(C1’’), 131.9 (C4’), 131.3 (C3’), 129.5 (2C, C2’’, C6’’ or C3’’, C5’’), 128.6 (C4’’), 128.6 

(2C, C2’’, C6’’ or C3’’, C5’’), 126.8 (C6’), 125.5 (C5’), 48.4 (CH2), 21.2 (CH3). 

GC-MS (EI positive): m/z 119 (100%, [M-tolyl]+), 210 (15%, [M]+), calcd for 

[C15H14O]+: m/z 210 

MS (APCI negative): m/z 209.5 [M-H]-, calcd for [C15H14O-H]-: m/z 209.1 

6.2.10.1.4 Brominated ketones 

2-Bromo-1-(5-bromo-2-hydroxyphenyl)-2-phenylethan-1-one (97d) 

 

C14H10Br2O2 

Mr = 370.04 

To a solution of 1-(2-hydroxyphenyl)-2-phenylethan-1-one 101e (200 mg, 

0.94 mmol, 1 eq.) in 1.0 mL dioxane, Br2 (97 µL, 1.88 mmol, 2 eq.) was slowly added 

via syringe. The mixture was stirred at r.t. for 4.5 h. EtOAc (5 mL) was added and 

the mixture was washed with a saturated solution of Na2S2O3 (5 mL) and water 

(15 mL), dried over Na2SO4, filtered, and evaporated to dryness. Purification was 
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performed via recrystallization from ethanol yielding the desired product as yellow 

crystals. 

Yield: 63 mg (18%) 

Rf (CyHex/EtOAc 7:3) = 0.70 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.79 (s, 1H, OH’), 7.91 (d, 4J = 2.4 Hz, 1H, 

H6’), 7.59–7.53 (m, 3H, H4’, Hphenyl), 7.45–7.38 (m, 3H, Hphenyl), 6.93 (d, 3J = 8.9 Hz, 1H, 

H3’), 6.31 (s, 1H, CHBr). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 191.0 (Cketone), 157.7 (C2’), 135.1 (C4’), 129.9 

(C1’’), 127.4 (C6’), 124.8 (C4’’), 124.4 (2C, C2’’, C6’’ or C3’’, C5’’), 124.3 (2C, C2’’, C6’’ 

or C3’’, C5’’), 116.3 (C3’), 113.1 (C1’), 106.0 (C5’), 44.1 (C2). 

MS (APCI positive): m/z 369.2 [M+H]+, calcd for [C14H1079Br2O2+H]+: m/z 368.9 

MS (APCI negative): m/z 367.1 [M-H]-, calcd for [C14H1079Br2O2-H]-: m/z 366.9 

2-Bromo-1-(2-((tert-butyldimethylsilyl)oxy)-5-methylphenyl)-2-phenylethan-
1-one (97a) 

 

C21H27BrO2Si 

Mr = 419.43 

Following the procedure adapted from Guan et. al.,262 N-bromosuccinimide (140 mg, 

0.78 mmol, 1.1 eq.) and p-toluenesulfonic acid (8 mg, 0.07 mmol, 0.1 eq.) were added 

to a solution of 101b (243 mg, 0.71 mmol, 1 eq.) in DCM (1.6 mL). The mixture 

was heated to 80 °C under µW-irradiation for 45 min. The mixture was cooled to 

r.t., diluted with DCM (15 mL), washed with a saturated solution of NaHCO3 

(15 mL) and brine (15 mL), dried over Na2SO4, filtered, and evaporated to dryness. 

Purification was performed via flash column chromatography (CyHex/EtOAc 99:1–

97:3) yielding the desired product as a slightly yellow oil. 

Yield: 228 mg (76%) 
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Rf (CyHex/2-propanol 9:1) = 0.72 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 7.42–7.31 (m, 6H, Hphenyl, H6’), 7.22 (ddd, 

3J4’-3’ = 8.3 Hz, 4J4’-6’ = 2.4 Hz and 4J4’-CH3 = 0.8 Hz, 1H, H4’), 6.85 (d, 3J = 8.3 Hz, 1H, 

H3’), 6.78 (s, 1H, CHBr), 2.21 (dd, 4J = 0.8 Hz and 4J = 0.7 Hz, 3H, (CH3)ar), 0.98 (s, 9H, 

(CH3)t-butyl), 0.26 (s, 3H, Si-CH3), 0.21 (s, 3H, Si-CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 193.8 (Cketone), 151.5 (C2’), 136.3 (C1’’), 134.5 

(C4’), 130.8 (C5’), 130.5 (C6’), 129.4 (2C, C2’’, C6’’ or C3’’, C5’’), 129.4 (C4’’), 129.3 

(2C, C2’’, C6’’ or C3’’, C5’’), 128.3 (C1’), 120.4 (C3’), 55.9 (CBr), 26.1 (3C, (CH3)t-butyl), 

20.2 ((CH3)ar), 18.5 (Si-C-C3) , -3.8 (Si-CH3), -3.9 (Si-CH3). 

MS (APCI positive): m/z 419.3 [M+H]+, calcd for [C21H2779BrO2Si+H]+: m/z 419.1 

MS (APCI negative): m/z 417.3 [M-H]-, calcd for [C21H2779BrO2Si-H]-: m/z 417.1 

2-Bromo-1-(2-methoxyphenyl)-2-phenylethan-1-one (97b) 

 

C15H13BrO2 

Mr = 305.17 

Following the procedure adapted from Guan et. al.,262 N-bromosuccinimide 

(1023 mg, 5.73 mmol, 1.1 eq.) and p-toluenesulfonic acid (248 mg, 1.30 mmol, 

0.3 eq.) were added to a solution of 101c (1178 mg, 5.21 mmol, 1 eq.) in DCM 

(16.6 mL). The mixture was heated to 80 °C under µW-irradiation for 2 h. The 

mixture was cooled to r.t., diluted with DCM (15 mL), washed with a saturated 

solution of NaHCO3 (15 mL) and brine (15 mL), dried over Na2SO4, filtered, and 

evaporated to dryness. Purification was performed via flash column 

chromatography (CyHex/EtOAc 97:3–93:7) followed by recrystallization from 2-

propanol yielding the desired product as a white crystalline powder, which 

contained traces of the starting material. 

Yield: 650 mg (41%) 

Rf (CyHex/EtOAc 7:3) = 0.55 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) 7.71 (dd, 3J = 7.7 Hz and 4J = 1.9 Hz, 1H, 

H6’), 7.52–7.41 (m, 3H, H4’, Hphenyl), 7.38–7.25 (m, 3H, Hphenyl), 7.00 (td, 3J = 7.7 Hz, 

3J = 7.7 Hz and 4J = 0.9 Hz, 1H, H5’), 6.93 (dd, 3J = 8.5 Hz and 4J = 0.9 Hz, 1H, H3’), 

6.59 (s, 1H, CHBr), 3.90 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 193.7 (Cketone), 157.8 (C2’), 136.3 (C1’’), 134.1 

(C4’), 131.7 (C6’), 129.3 (2C, C2’’, C6’’ or C3’’, C5’’), 128.7 (C4’’), 128.6 (2C, C2’’, C6’’ 

or C3’’, C5’’), 125.8 (C1’), 121.0 (C5’), 111.5 (C3’), 55.5 (CH3), 55.2 (CH2). 

MS (APCI positive): m/z 305.1 [M+H]+, calcd for [C15H1379BrO2+H]+: m/z 305.0 

MS (APCI negative): m/z 302.9 [M-H]-, calcd for [C15H1379BrO2-H]-: m/z 303.0 

2-Bromo-2-phenyl-1-(o-tolyl)ethan-1-one (97c) 

 

C15H13BrO 

Mr = 289.17 

Bromine (39 µL, 0.76 mmol, 1.1 eq.) was added dropwise to a solution of 101d 

(145 mg, 0.69 mmol, 1 eq.) in acetic acid (0.5 mL). The mixture was stirred at 80 °C 

for 18 h and then evaporated to dryness. The residue was purified via flash column 

chromatography (CyHex/EtOAc 97:3–95:5) yielding the product as a yellowish oil, 

which contained 15% of the starting material (as determined by NMR) and was used 

for the next step without further purification. 

Yield: 158 mg of a mixture of starting material and product (ratio 15:85) 

Calculated product Yield: 147 mg (74%) 

Rf (CyHex/2-propanol 9:1) = 0.75 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 7.61–7.57 (m, 1H, H6’), 7.55–7.48 (m, 2H, 

Hphenyl), 7.40–7.32 (m, 4H, H5’, Hphenyl), 7.26–7.22 (m, 2H, H3’, H4’), 6.22 (s, 1H, CHBr), 

2.44 (s, 3H, CH3). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 194.4 (Cketone), 139.0 (C2’), 135.7 (C1’), 135.5 

(C1’’), 131.9 (C4’), 131.7 (C3’), 129.1 (2C, C2’’, C6’’ or C3’’, C5’’), 129.1 (C4’’), 128.9 

(2C, C2’’, C6’’ or C3’’, C5’’), 127.8 (C6’), 125.6 (C5’), 53.4 (CHBr), 20.9 (CH3). 
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GC-MS (EI positive): m/z 119 (100%, [M-(α-bromotolyl)]+), 197 (80%, [M-tolyl]+), 

calcd for [C15H1379BrO-C7H7]+: m/z 197 

MS (APCI positive): m/z 207.7 (100%, [C15H12O]+), 289.0 (17%, [M+H]+), calcd for 

[C15H1379BrO+H]+: m/z 289.0 

2-Bromo-2-phenyl-1-(thiophen-2-yl)ethan-1-one (97e) 

 

C12H9BrOS 

Mr = 281.17 

Trimethylphenylammonium tribromide (372 mg, 0.99 mmol, 1 eq.) and AIBN 

(38 mg, 0.20 mmol, 0.2 eq.) were added to a solution of 2-phenyl-1-(2-

thienyl)ethanone 101f (200 mg, 0.99 mmol, 1 eq.) in toluene (3.4 mL). The reaction 

mixture was heated to 60 °C under µW-irradiation for 1 h. After cooling to r.t., the 

mixture was diluted with EtOAc (50 mL), washed with a saturated solution of 

NaS2O3 (20 mL) and brine (20 mL), dried over Na2SO4, filtered, and evaporated to 

dryness. Purification via flash column chromatography (CyHex/EtOAc 98:2–95:5) 

yielded the desired product as a brown oil, which contained 9% of the starting 

material (as determined by NMR) and was used for the next step without further 

purification. 

Yield: 234 mg of a mixture of starting material and product (ratio 9:91) 

Calculated product Yield: 213 mg (79%) 

Rf (CyHex/EtOAc 8:2) = 0.56 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 7.77 (dd, 3J = 3.9 Hz and 4J = 1.1 Hz, 1H, 

H5‘), 7.69 (dd, 3J = 5.0 Hz and 4J = 1.1 Hz, 1H, H3‘), 7.63–7.50 (m, 2H, Hphenyl), 7.43–

7.28 (m, 3H, Hphenyl), 7.12 (dd, 3J = 5.0 Hz and 3J = 3.9 Hz, 1H, H3‘), 6.21 (s, 1H, CHBr). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 184.1 (Cketone), 140.5 (C2‘), 135.8 (C1‘‘), 135.2 

(C3’ or C5‘), 133.3 (C3’ or C5‘), 129.2 (C4’’), 129.0 (2C, C2’’, C6’’ or C3’’, C5’’), 128.9 

(2C, C2’’, C6’’ or C3’’, C5’’), 128.3 (C4‘), 51.3 (CBr). 

GC-MS (EI positive) m/z 280 [M]+, calcd for [C12H979BrOS]+: m/z 280 
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6.2.10.1.5 Protected thiazoles 

2,4-Bis(2-methoxyphenyl)thiazole (107a) 

 

C17H15NO2S 

Mr = 297.37 

2-Methoxythiobenzamide 98b (100 mg, 0.60 mmol, 1.2 eq.) and 2-bromo-2'-

methoxy-acetophenone 97g (114 mg, 0.50 mmol, 1.2 eq.) were dissolved in dry 

ethanol (15 mL). The mixture was stirred under reflux for 6 h. The solvent was 

evaporated in vacuo. The remaining solid was dissolved in DCM (20 mL), washed 

with brine (3x15 mL), dried over Na2SO4, filtered, and evaporated to dryness. 

Purification was performed via recrystallization from methanol yielding the 

product as slightly yellow crystals. 

Yield: 96 mg (64%) 

Rf (CyHex/EtOAc 7:3) = 0.72 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 8.61 (dd, 3J = 7.8 Hz and 4J = 1.7 Hz, 1H, 

H6’), 8.46 (dd, 3J = 7.7 Hz and 4J = 1.8 Hz, 1H, H6), 8.02 (s, 1H, Ha), 7.41 (ddd, 

3J = 8.3 Hz, 3J = 7.3 Hz and 4J = 1.8 Hz, 1H, H4), 7.32 (ddd, 3J = 8.2 Hz, 3J = 7.3 Hz and 

4J = 1.8 Hz, 1H, H4’), 7.15–7.09 (m, 2H, H3 and H3’), 7.07–7.00 (m, 2H, H5 and H5’), 

4.05 (s, 3H, CH3), 3.98 (s, 3H, CH3). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 160.0 (Cc), 156.8 (C2 or C2’), 156.4 (C2 or 

C2’), 149.4 (Ce), 130.6 (C4 or C4’), 130.2 (C4 or C4’), 128.8 (2C, C6, C6’), 123.1 (C1 or 

C1’), 122.1 (C1 or C1’), 121.0 (C5 or C5’), 120.8 (C5 or C5’), 118.3 (Ca), 111.3 (C3 or 

C3’), 111.0 (C3 or C3’), 55.6 (CH3), 55.4 (CH3). 

MS (APCI positive): m/z 298.2 [M+H]+, calcd for [C17H15NO2S+H]+: m/z 298.1 

MS (APCI negative) m/z 282.3 [M-CH3]-, calcd for [C17H15NO2S-CH3]-: m/z 282.1 
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2,4-Bis(2-methoxyphenyl)-5-phenylthiazole (107e) 

 

C23H19NO2S 

Mr = 373.47 

According to general procedure F, the title compound was synthesized using 97b 

(191 mg, 0.63 mmol, 1 eq.) and 2-methoxythiobenzamide 98b (209 mg, 1.25 mmol, 

2 eq) in DMF (2.4 mL). The reaction was complete after 3 h. Purification via flash 

column chromatography (CyHex/EtOAc 99:1–72:18) yielded the desired product as 

a white powder. 

Yield: 41 mg (18%) 

Rf (CyHex/EtOAc 8:2) = 0.65 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 8.51 (dd, 3J = 7.8 Hz and 4J = 1.7 Hz, 1H, H6), 

7.57 (dd, 3J = 7.5 Hz and 4J = 1.8 Hz, 1H, H6’), 7.39 (ddd, 3J = 8.3 Hz, 3J = 7.3 Hz and 

4J = 1.8 Hz, 1H, H4’), 7.39–7.28 (m, 3H, H4, H2’’, H6’’), 7.29–7.16 (m, 3H, H3’’, H4’’, 

H5’’), 7.08 (ddd, 3J = 7.8 Hz, 3J = 7.3 Hz and 4J = 1.1 Hz, 1H, H5), 7.09–6.98 (m, 2H, 

H3, H5’), 6.86 (dd, 3J = 8.3 Hz and 4J = 1.0 Hz, 1H, H3’), 4.06 (s, 3H, CH3), 3.41 (s, 3H, 

CH3’). 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 155.0 (Cc), 152.2 (C2’), 151.6 (C2), 140.7 (Ce), 

130.5 (Ca), 128.2 (C1’’), 127.1 (C6’), 126.1 (C4), 125.1 (C4’), 123.9 (C6), 123.5 (2C, C2’’, 

C6’’), 123.3 (2C, C3’’,C5’’), 122.7 (C4’’), 119.0* (C1), 116.7* (C1’), 116.4 (C5), 116.0 

(C5’), 106.7 (C3’), 106.5 (C3), 50.9 (CH3), 50.3 (CH3’). 

MS (APCI positive): m/z 373.9 [M+H]+, calcd for [+H]+: m/z 374.1 

MS (APCI negative): m/z 358.1 [M-CH3]-, calcd for [C23H19NO2S-CH3]-: m/z 358.1 
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4-Bromo-2-(2-(2-methoxyphenyl)-5-phenylthiazol-4-yl)phenol (107c) 

 

C22H16BrNO2S 

Mr = 438.34 

According to general procedure F, the title compound was synthesized using 97d 

(50 mg, 0.17 mmol, 1 eq.) and 2-methoxythiobenzamide 98b (35 mg, 0.21 mmol, 

1.2 eq.) in 1.5 mL DMF. The reaction was complete after 4 h. Purification via flash 

column chromatography (CyHex/EtOAc 93:7–40:60) yielded the desired product as 

a white powder. 

Yield: 41 mg (55%) 

Rf (CyHex/EtOAc 7:3) = 0.65 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.91 (s, 1H, OH’), 8.27 (dd, 3J = 7.8 Hz and 

4J =1.6 Hz, 1H, H6), 7.51–7.45 (m, 6H, H4, Hphenyl), 7.25 (dd, 3J = 8.5 Hz and 4J = 2.5 Hz, 

1H, H4’), 7.23 (dd, 4J = 2.5 Hz and 5J = 0.5 Hz, 1H, H6’), 7.14 (ddd, 3J = 7.8 Hz, 

3J = 7.4 Hz and 4J = 1.0 Hz, 1H, H5), 7.08 (dd, 3J = 8.4 Hz and 4J = 1.0 Hz, 1H, H3), 6.95 

(dd, 3J = 8.5 Hz and 5J = 0.5 Hz, 1H, H3'), 4.06 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 160.0 (Cc), 156.5 (C2), 155.7 (C2’), 144.0 

(Ce), 134.6 (C1’’), 132.2 (C6’), 131.6 (C4’), 131.4 (Ca), 130.8 (C4), 129.7 (2C, C2’’, C6’’ 

or C3’’, C5’’), 129.1 (2C, C2’’, C6’’ or C3’’, C5’’), 128.9 (C4’’), 127.6 (C6), 121.2 (C5), 

120.6 (C1’), 119.8 (C1), 119.4 (C3’), 111.5 (C3), 110.4 (C5’), 55.6 (CH3).  
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4-(2-((Tert-butyldimethylsilyl)oxy)-5-methylphenyl)-2-(1H-imidazol-4-yl)-5-
phenylthiazole (107b) 

 

C25H29N3OSSi 

Mr = 447.67 

According to general procedure F, the title compound was synthesized using 97a 

(200 mg, 0.48 mmol, 1 eq.) and 1H-imidazole-4-carbothioamide (73 mg, 0.57 mmol, 

1.2 eq.) in DMF (2.6 mL). The reaction was complete after 5 h. In contrast to the other 

derivatives, cleavage of the protecting group was not observed under these 

conditions. Purification via flash column chromatography (DCM/methanol 98:2–

90:10) yielded the desired product as a brownish-yellow oil. 

Yield: 160 mg (75%) 

Rf (DCM/methanol 9:1) = 0.53 

1H-NMR (400 MHz, CDCl3-d1): δ (ppm) 7.57 (d, 3J = 1.1 Hz, 1H, H2), 7.34–7.27 (m, 

3H, H4, H2’’, H6’’), 7.26–7.19 (m, 3H, H3’’, H4’’, H5’’), 7.15 (dd, 4J = 2.4 Hz and 

4J = 0.7 Hz, 1H, H6’), 7.07 (ddd, 3J = 8.2 Hz, 4J4’-6’ = 2.4 Hz and 4J4’-CH3 = 0.7 Hz, 1H, 

H4’), 6.76 (d, 3J = 8.3 Hz, 1H, H3’), 2.25 (t, 4J = 0.7 Hz, 3H, (CH3)ar), 0.67 (s, 9H, (CH3)t-

butyl), -0.06 (s, 6H, Si-CH3). The NH group is not visible in the spectrum. 

13C-NMR (101 MHz, CDCl3-d1): δ (ppm) 151.4 (2C, Cc, Ce), 147.6 (C2’), 136.2 (C2), 

133.4 (C1’’), 132.0 (Ca), 132.0 (C4’), 130.6 (C5’), 130.4 (C6’), 128.4 (2C, C2’’, C6’’ or 

C3’’, C5’’), 128.1 (2C, C2’’, C6’’ or C3’’, C5’’), 127.4 (C4’’), 126.8 (C1’), 125.2 (C5), 120.6 

(C4), 119.8 (C3’), 25.3 (2C, (CH3)t-butyl), 20.4 ((CH3)ar), 17.8 (Si-C-C3), -4.7 (2C, Si-CH3). 

MS (APCI positive): m/z 448.4 [M+H]+, calcd for [C25H29N3OSSi+H]+: m/z 448.2 

MS (ESI negative): m/z 446.2 [M-H]-, calcd for [C25H29N3OSSi-H]-: m/z 446.2 
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2-(2-Methoxyphenyl)-5-phenyl-4-(thiophen-2-yl)thiazole (107d) 

  

C20H15NOS2 

Mr = 349.47 

According to general procedure F, the title compound was synthesized using 97e 

(210 mg, 0.74 mmol, 1 eq.) and 2-methoxythiobenzamide 98b (250 mg, 1.49 mmol, 

2 eq.) in DMF (5.0 mL). The reaction was complete after 3 h. Purification via flash 

column chromatography (CyHex/EtOAc 95:5‒85:15) yielded the desired product as 

a slightly yellow solid. 

Yield: 215 mg (82%) 

Rf (CyHex/EtOAc 8:2) = 0.70 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 8.36 (dd, 3J = 7.9 Hz and 4J = 1.8 Hz, 1H, 

H6), 7.59–7.45 (m, 7H, H4, H5’, Hphenyl), 7.29 (dd, 3J = 8.5 Hz and 3J = 1.1 Hz, 1H, H3), 

7.18 (ddd, 3J = 7.9 Hz, 3J = 7.3 Hz and 4J = 1.1 Hz, 1H, H5), 7.02 (dd, 3J = 3.7 Hz and 

4J = 1.2 Hz, 1H, H3’), 6.99 (dd, 3J = 5.0 Hz and 3J = 3.7 Hz, 1H, H4’), 4.03 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.3 (Cc), 156.6 (C2), 143.0 (Ce), 138.0 

(C1’’), 131.9 (C4), 131.8 (Ca), 131.4 (C2’), 130.3 (2C, C2’’, C6’’ or C3’’, C5’’), 129.5 (2C, 

C2’’, C6’’ or C3’’, C5’’), 129.4 (C4’’), 128.0 (C4’), 127.6 (C6), 126.9 (C5’), 125.6 (C3’), 

121.5 (C5), 121.1 (C1), 112.7 (C3), 56.4 (CH3). 

MS (APCI positive): m/z 350.3 [M+H]+, calcd for [C20H15NOS2+H]+: m/z 350.1 

MS (APCI negative): m/z 334.2 [M-CH3]-, calcd for [C20H15NOS2-CH3]-: m/z 334.0 

6.2.10.2 Final compounds 

2,2'-(Thiazole-2,4-diyl)diphenol (99c) 

 

C15H11NO2S 

Mr = 269.32 
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According to general procedure A, 107a (150 mg, 0.50 mmol, 1 eq.) was solubilized 

in freshly distilled DCM (3 mL). BBr3 (1 M solution in dry DCM, 3.0 mL, 0.30 mmol, 

6 eq.) was added dropwise at −78 °C. After completion of the reaction and work-up, 

purification was performed via flash column chromatography (DCM/methanol 

99:1–90:10) yielding the desired product as a slightly yellow powder. 

Yield: 120 mg (88%) 

Rf (CyHex/EtOAc 8:2) = 0.35 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.46 (s, 1H, OH), 11.09 (s, 1H, OH’), 8.23 

(s, 1H, Ha), 8.11 (dd, 3J = 7.9 Hz and 4J = 1.7 Hz, 1H, H6), 8.04 (dd, 3J = 7.8 Hz and 

4J = 1.7 Hz, 1H, H6’), 7.36 (ddd, 3J = 8.3 Hz, 3J = 7.2 Hz and 4J = 1.7 Hz, 1H, H4), 7.23 

(ddd, 3J = 8.2 Hz, 3J = 7.2 Hz and 4J = 1.7 Hz, 1H, H4’), 7.07 (dd, 3J = 8.3 Hz and 

4J = 1.1 Hz, 1H, H3), 7.04–6.97 (m, 2H, H3’, H5), 6.99–6.90 (m, 1H, H5’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 162.6 (Cc), 155.6 (C2’), 155.6 (C2), 150.8 

(Ce), 131.7 (C4), 129.7 (C4’), 128.4 (C6), 127.6 (C6’), 120.1 (C5), 119.8 (C5’), 119.4 (C1’), 

119.0 (C1), 117.1 (C3), 117.0 (Ca), 116.6 (C3’). 

HRMS (ESI positive): m/z 270.0585 [M+H]+, calcd for [C15H11NO2S+H]+: m/z 270.0583 

HRMS (ESI negative): m/z 268.0439 [M-H]-, calcd for [C15H11NO2S-H]-: m/z 268.0438 

HPLC: tR = 24.219 min (kinetex, 99.0%), tR = 22.957 min (polar-RP, 98.5%) 

2,2'-(5-Phenylthiazole-2,4-diyl)diphenol (99b) 

 

C21H15NO2S 

Mr = 345.42 

According to general procedure A, 107e (31 mg, 0.08 mmol, 1 eq.) was solubilized 

in freshly distilled DCM (3.0 mL). BBr3 (1 M solution in dry DCM, 0.50 mL, 

0.50 mmol, 6 eq.) was added dropwise at −78 °C. After completion of the reaction 

and work-up, purification was performed via flash column chromatography 

(CyHex/EtOAc 95:5–30:70) yielding the desired product as a slightly yellow solid. 
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Yield: 14 mg (49%) 

Rf (CyHex/EtOAc 8:2) = 0.48 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.46 (s, 1H, OH), 9.80 (s, 1H, OH‘), 8.04 

(dd, 3J = 7.9 Hz and 4J = 1.7 Hz, 1H, H6), 7.44–7.26 (m, 6H, H4, Hphenyl), 7.28–7.17 (m, 

2H, H4‘, H6‘), 7.06 (dd, 3J = 8.3 Hz and 4J = 1.1 Hz, 1H, H3), 6.99 (td, 3J = 7.9 Hz, 

3J = 7.3 Hz and 4J = 1.1 Hz, 1H, H5), 6.91 (dd, 3J = 8.1 Hz and 4J = 1.1 Hz, 1H, H3‘), 6.81 

(td, 3J = 7.4 Hz, 3J = 7.4 Hz and 4J = 1.1 Hz, 1H, H5‘). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 161.4 (Cc), 155.9 (C2‘), 155.7 (C2), 146.5 

(Ce), 133.8 (Ca), 132.3 (C1’’), 131.7 (C4), 131.2 (C4‘), 130.2 (C6‘), 129.2 (2C, C2’’, C6’’ 

or C3’’, C5’’), 128.6 (2C, C2’’, C6’’ or C3’’, C5’’), 128.3 (C4‘‘), 127.5 (C6), 122.0 (C1‘), 

120.1 (C5), 119.3 (C5‘), 118.9 (C1), 117.1 (C3), 116.6 (C3‘). 

HRMS (ESI negative): m/z 344.0749 [M-H]-, calcd for [C21H15NO2S-[-H]-: m/z 

344.0751 

HPLC: tR = 26.997 min (kinetex, 97.7%), tR = 24.893 min (polar-RP, 97.0%) 

4-Bromo-2-(2-(2-hydroxyphenyl)-5-phenylthiazol-4-yl)phenol (99a) 

 

C21H14BrNO2S 

Mr = 424.31 

According to general procedure A, 107c (27 mg, 0.06 mmol, 1 eq.) was solubilized 

in freshly distilled DCM (1.0 mL). BBr3 (1 M solution in dry DCM, 180 µL, 

0.18 mmol, 3 eq.) was added dropwise at −78 °C. After completion of the reaction 

and work-up, purification was performed via flash column chromatography 

(CyHex/EtOAc 90:10–60:40) yielding the desired product as a white powder. 

Yield: 8 mg (31%) 

Rf (CyHex/EtOAc 7:3) = 0.45 

1H-NMR (DMSO-d6, 400 MHz): δ (ppm) 11.34 (s, 1H, OH’), 10.05 (s, 1H, OH), 8.08 

(dd, 3J = 7.9 Hz and 4J = 1.7 Hz, 1H, H6), 7.42–7.32 (m, 8H, H4, H4’, H6’, Hphenyl), 7.06 
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(dd, 3J = 8.3 Hz and 4J = 1.1 Hz, 1H, H3), 6.98 (ddd, 3J = 7.9 Hz, 3J = 7.4 Hz and 

4J = 1.1 Hz, 1H, H5), 6.88–6.83 (m, 1H, H3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 161.2 (Cc), 155.5 (C2), 155.2 (C2’), 144.9 

(Ce), 134.7 (C1’’), 133.4 (C6’), 132.7 (C4’), 132.2 (Ca), 131.7 (C4), 129.2 (2C, C2’’, C6’’ 

or C3’’, C5’’), 128.5 (2C, C2’’, C6’’ or C3’’, C5’’), 127.5 (C6), 124.7 (C1’), 120.1 (C5), 

119.2 (C1), 118.7 (C3’), 117.0 (C3), 110.1 (C5’). 

HRMS (ESI negative): m/z 421.9852 [M-H]-, calcd for [C21H1479BrNO2S-H]-: m/z 

421.9856 

HPLC: tR = 28.605 min (kinetex, 98.3%), tR = 28.651 min (hydro-RP, 98.9%) 

2-(2-(2-Hydroxyphenyl)-5-phenylthiazol-4-yl)-4-methylphenol (99g) 

 

C22H17NO2S  

Mr = 359.44 

According to general procedure F, the title compound was synthesized using 97a 

(228 mg, 0.42 mmol, 1 eq.) and 2-hydroxybenzothioamide (100 mg, 0.65 mmol, 

1.2 eq.) in DMF (1.8 mL). The reaction was complete after 6 h. Purification via flash 

column chromatography (CyHex/EtOAc 93:7–80:20) yielded the desired product as 

a yellow solid. 

Yield: 78 mg (40%) 

Rf (CyHex/EtOAc 8:2) = 0.37 

1H-NMR (DMSO-d6, 400 MHz): δ (ppm) 11.44 (bs, 1H, OH), 9.50 (bs, 1H, OH’), 8.04 

(dd, 3J = 7.9 Hz and 4J =1.7 Hz, 1H, H6), 7.39–7.30 (m, 6H, H4, Hphenyl), 7.07–7.02 (m, 

3H, H3, H4’, H6’), 6.98 (ddd, 3J = 8.2 Hz, 3J = 7.2 Hz and 4J = 1.1 Hz, 1H, H5), 6.81–

6.78 (m, 1H, H3’), 2.17 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 161.3 (Cc), 155.7 (C2’), 153.5 (C2), 146.6 

(Ce), 133.7 (C1’’), 132.4 (Ca), 131.7 (C4), 131.4 (C6’), 130.7 (C4’), 129.1 (2C, C2’’, C6’’ 
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or C3’’, C5’’), 128.5 (2C, C2’’, C6’’ or C3’’, C5’’), 128.3 (C4’’), 127.7 (C5’), 127.5 (C6), 

121.7 (C1’), 120.0 (C5), 118.9 (C1), 117.1 (C3), 116.4 (C3’), 20.4 (CH3). 

HRMS (ESI positive): m/z 360.1057 [M+H]+, calcd for [C22H17NO2S+H]+: m/z 360.1053 

HRMS (ESI negative): m/z 358.0908 [M-H]-, calcd for [C22H17NO2S-H]-: m/z 358.0907 

HPLC: tR = 28.252 min (kinetex, 99.8%), tR = 25.242 min (polar-RP, 99.8%) 

4-Methyl-2-(5-phenyl-2-(pyridin-2-yl)thiazol-4-yl)phenol (99d) 

 

C21H16N2OS 

Mr = 344.43 

In a variation of general procedure F, the reaction was carried out at r.t. instead of 

65 °C to avoid decomposition of the thioamide. The title compound was 

synthesized using 97a (146 mg, 0.35 mmol, 1 eq.) and pyridine-2-carbothioamide 

(63 mg, 0.45 mmol, 1.3 eq.) in DMF (2.0 mL). The reaction was complete after 18 h. 

Purification via flash column chromatography (CyHex/EtOAc 90:10–87:13) 

followed by reversed-phase flash column chromatography (water/ACN 50:50‒

0:100) yielded the desired product as a yellow solid. 

Yield: 14 mg (12%) 

Rf (CyHex/EtOAc 7:3) = 0.53 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 9.26 (s, 1H, OH’), 8.67 (ddd, 3J = 4.8 Hz, 

4J = 1.7 Hz and 5J = 1.0 Hz, 1H, H3), 8.13 (dt, 3J = 7.7 Hz, 4J = 1.0 Hz and 5J = 1.0 Hz, 

1H, H6), 7.98 (td, 3J = 7.7 Hz, 3J = 7.7 Hz and 4J = 1.7 Hz, 1H, H5), 7.52 (ddd, 

3J = 7.7 Hz, 3J = 4.8 Hz and 4J = 1.0 Hz, 1H, H4), 7.40–7.30 (m, 5H, Hphenyl), 7.11–7.08 

(m, 1H, H6), 7.05 (ddd, 3J = 8.2 Hz, 4J6’-4’ = 2.3, and 4J6’-CH3 = 0.8 Hz, 1H, H6’), 6.77 (d, 

3J = 8.2 Hz, 1H, H3’), 2.21 (t, 4J = 0.8 Hz, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 165.4 (Cc), 153.3 (C2’), 150.9 (C2), 150.2 

(C6), 149.3 (Ce), 138.2 (C4), 136.6 (C1’’), 132.5 (Ca), 131.7 (C6’), 130.7 (C4’), 129.1 (2C, 
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C2’’, C6’’ or C3’’, C5’’), 128.5 (C4’’), 128.3 (2C, C2’’, C6’’ or C3’’, C5’’), 127.7 (C5’), 

125.5 (C5), 122.4 (C1’),119.3 (C3), 116.2 (C3’), 20.4 (CH3). 

HRMS (ESI positive): m/z 345.1059 [M+H]+, calcd for [C21H16N2OS+H]+: m/z 345.1056 

HPLC: tR = 28.359 min (kinetex, 96.5%), tR = 25.124 min (polar-RP, 95.4%) 

4-Methyl-2-(5-phenyl-2-(thiophen-2-yl)thiazol-4-yl)phenol (99f) 

 

C20H15NOS2 

Mr = 349.47 

According to general procedure F, the title compound was synthesized using 97a 

(65 mg, 0.16 mmol, 1 eq.) and thiophene-2-carbothioamide (27 mg, 0.19 mmol, 

1.2 eq.) in DMF (1.0 mL). The reaction was complete after 18 h. Purification via flash 

column chromatography (CyHex/EtOAc 80:20–70:30) followed by reversed-phase 

flash column chromatography (water/ACN 50:50–0:100) yielded the final product 

as a yellow solid. 

Yield: 16 mg (30%) 

Rf (CyHex/EtOAc 7:3) = 0.68 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 9.29 (s, 1H, OH’), 7.75 (dd, 3J = 5.1 Hz and 

4J = 1.2 Hz, 1H, H5), 7.71 (dd, 3J = 3.7 Hz and 4J = 1.2 Hz, 1H, H3), 7.36–7.26 (m, 5H, 

Hphenyl), 7.21 (dd, 3J = 5.1 Hz and 3J = 3.7 Hz, 1H, H4), 7.07–7.01 (m, 2H, H4’, H6’), 6.77 

(d, 3J = 8.8 Hz, 1H, H3’), 2.20 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 158.0 (Cc), 153.4 (C2’), 148.3 (Ce), 136.8 

(C1’’), 133.5 (Ca), 132.1 (C2), 131.6 (C6’), 130.8 (C4’), 129.4 (C4), 129.1 (2C, C2’’, C6’’ 

or C3’’, C5’’), 129.0 (C5), 128.4 (C4’’), 128.2 (2C, C2’’, C6’’ or C3’’, C5’’), 127.8 (C5’), 

127.7 (C3), 122.0 (C1’), 116.2 (C3’), 20.4 (CH3). 

HRMS (ESI positive): m/z 350.0667 [M+H]+, calcd for [C20H15NOS2+H]+: m/z 350.0668 

HPLC: tR = 30.080 min (kinetex, 99.8%), tR = 26.392 min (polar-RP, 99.5%) 
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4-Methyl-2-(5-phenyl-2-(pyrazin-2-yl)thiazol-4-yl)phenol (99k) 

 

C20H15N3OS 

Mr = 345.42 

According to general procedure F, the title compound was synthesized using 97a 

(42 mg, 0.10 mmol, 1 eq.) and pyrazine-2-thiocarboxamide (17 mg, 0.12 mmol, 

1.2 eq.) in DMF (0.4 mL). The reaction was complete after 18 h. Purification via flash 

column chromatography (CyHex/EtOAc, 85:15–80:20) yielded the final product as 

a yellow solid. 

Yield: 3 mg (9%) 

Rf (CyHex/EtOAc 7:3) = 0.45 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 9.32 (d, 4J = 1.5 Hz, 1H, H6), 9.26 (s, 1H, 

OH’), 8.77 (d, 3J = 2.6 Hz, 1H, H3), 8.75 (dd, 3J = 2.6 Hz and 4J = 1.5 Hz, 1H, H5), 7.42–

7.29 (m, 5H, Hphenyl), 7.11 (dd, 4J6’-4’ = 2.3 Hz and 4J6’-CH3 = 0.8 Hz, 1H, H6’), 7.06 (ddd, 

3J = 8.2 Hz, 4J4’-6’ = 2.3 Hz and 4J4’-CH3= 0.8 Hz, 1H, H4’), 6.78 (d, 3J = 8.2 Hz, 1H, H3’), 

2.22 (bs, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 162.7 (Cc), 153.4 (C2’), 150.0 (Ce), 146.3 

(C2), 146.1 (C3), 145.0 (C6), 140.7 (C5), 137.7 (C1’’), 132.1 (Ca), 131.7 (C6’), 130.9 (C4’), 

129.2 (2C, C2’’, C6’’ or C3’’, C5’’), 128.7 (C4’’), 128.3 (2C, C2’’, C6’’ or C3’’, C5’’), 127.8 

(C5’), 122.1 (C1’), 116.2 (C3’), 20.4 (CH3). 

HRMS (ESI positive): m/z 346.1005 [M+H]+, calcd for [C20H15N3OS+H]+: m/z 346.1009 

HPLC: tR = 14.774 min (kinetex, 95.1%), tR = 24.617 min (polar-RP, 97.3%) 

2-(2-(1H-imidazol-4-yl)-5-phenylthiazol-4-yl)-4-methylphenol (99e) 

 

C19H15N3OS 

Mr = 333.41 
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To a solution of 107b (150 mg, 0.34 mmol, 1 eq.) in dry THF (1.6 mL) TBAF (1 M 

solution in THF, 500 µL, 0.50 mmol, 1.5 eq.) was added at 0 °C. The solution was 

stirred for 2 h while slowly warming to r.t. The solvent was evaporated in vacuo. 

Purification via flash column chromatography (DCM/methanol 99.5:0.5–92:8) 

followed by semi-preparative HPLC (water/ACN + 0.05% TFA, 0‒4 min: 50:50, 4‒

20 min: 50:50–20:80) yielded the final product as an off-white solid. 

Yield: 17 mg (15%) 

Rf (CyHex/EtOAc 7:3) = 0.61 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) δ 9.40 (bs, 1H, OH’), 8.24 (s, 1H, H2), 7.97 

(s, 1H, H4), 7.37–7.28 (m, 5H, Hphenyl), 7.07–6.99 (m, 2H, H4’, H6’), 6.80–6.73 (m, 1H, 

H3’), 2.17 (s, 3H, CH3). The NH group is not visible in the spectrum. 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 153.4 (2C, Cc, Ce), 148.1 (C2’), 137.0 (C2), 

132.3 (C1’’), 131.5 (C6’), 130.6 (C4’), 129.1 (2C, C2’’, C6’’ or C3’’, C5’’), 128.3 (2C, C2’’, 

C6’’ or C3’’, C5’’), 128.3 (C4’’), 127.6 (C5’), 125.2 (C5), 122.0 (C1’), 120.6 (C4), 116.3 

(C3’), 20.4 (CH3). 

HRMS (ESI positive): m/z 334.1011 [M+H]+, calcd for [C19H15N3OS+H]+: m/z 334.1009 

HPLC: tR = 17.306 min (kinetex, >99.9%), tR = 18.676 min (polar-RP, 99.9%) 

4-Methyl-2-(5-phenyl-[2,2'-bithiazol]-4-yl)phenol (99l) 

 

C19H14N2OS2 

Mr = 350.45 

According to general procedure F, the title compound was synthesized using 97a 

(300 mg, 0.72 mmol, 1 eq.) and 2-thiazolecarbothioamide (124 mg, 0.86 mmol, 

1.2 eq.) in DMF (2.8 mL). The reaction was complete after 5 h. Purification via flash 

column chromatography (CyHex/EtOAc 80:20‒65:35) followed by reversed-phase 



 
 6.2 Synthesis 

     229 

flash column chromatography (ACN/methanol 90:10) yielded the final product as a 

yellow solid. 

Yield: 27 mg (11%) 

Rf (CyHex/EtOAc 8:2) = 0.45 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 9.30 (s, 1H, OH’), 8.06 (d, 3J = 3.2 Hz, 1H, 

H4), 8.00 (d, 3J = 3.2 Hz, 1H, H5), 7.45–7.33 (m, 5H, Hphenyl), 7.15–7.06 (m, 2H, H4’, 

H6’), 6.81 (d, 3J = 8.1 Hz, 1H, H3’), 2.25 (d, 4J = 0.7 Hz, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 161.0 (C2), 157.7 (Cc), 153.3 (C2’), 149.3 

(Ce), 144.6 (C4), 136.4 (C1’’), 131.8 (Ca), 131.7 (C6’), 130.9 (C4’), 129.2 (2C, C2’’, C6’’ 

or C3’’, C5’’), 128.8 (C4’’), 128.3 (2C, C2’’, C6’’ or C3’’, C5’’), 127.9 (C5’), 123.2 (C5), 

121.9 (C1’), 116.2 (C3’), 20.4 (CH3). 

HRMS (ESI positive): m/z 351.0625 [M+H]+, calcd for [C19H14N2OS2+H]+: m/z 

351.0620 

HPLC: tR = 27.310 min (kinetex, 97.6%), tR = 24.785 min (polar-RP, 98.7%) 

2-(5-Phenyl-4-(thiophen-2-yl)thiazol-2-yl)phenol (99h) 

 

C19H13NOS2 

Mr = 335.44 

According to general procedure A, 107d (200 mg, 0.57 mmol, 1 eq.) was solubilized 

in freshly distilled DCM (7.0 mL). BBr3 (1 M solution in dry DCM, 1.72 mL, 

1.72 mmol, 3 eq.) was added dropwise at −78 °C. After completion of the reaction 

and work-up, purification was performed via flash column chromatography 

(CyHex/EtOAc 99:1–97.5:2.5) followed by recrystallization from methanol yielding 

the desired product as light-yellow needles. 

Yield: 30 mg (16%) 

Rf (CyHex/EtOAc 8:2) = 0.72 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.25 (s, 1H, OH), 8.20 (dd, 3J = 7.9 Hz and 

4J = 1.6 Hz, 1H, H6), 7.59–7.48 (m, 6H, H5’, Hphenyl), 7.36 (dt, 3J = 8.0 Hz, 4J = 1.6 Hz and 

5J = 0.9 Hz, 1H, H4), 7.07 (d, 3J = 8.2 Hz, 1H, H3), 7.05–6.97 (m, 3H, H5, H3’, H4’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 161.2 (Cc), 155.5 (C2), 142.7 (Ce), 137.8 

(C2’), 131.8 (C4) 131.4 (C1’), 131.3 (Ca), 130.3 (2C, C2’’, C6’’ or C3’’, C5’’), 129.5 (2C, 

C2’’, C6’’ or C3’’, C5’’), 129.4 (C4’’), 128.0 (C4’), 127.6 (C6), 126.9 (C5’), 125.7 (C3’), 

120.0 (C5), 119.2 (C1), 116.9 (C3). 

HRMS (ESI positive): m/z 336.0505 [M+H]+, calcd for [C19H13NOS2+H]+: m/z 336.0511 

HRMS (ESI negative): m/z 334.0367 [M-H]-, calcd for [C19H13NOS2-H]-: m/z 334.0366 

HPLC: tR = 31.005 min (kinetex, 99.8%), tR = 27.115 min (polar-RP, 99.8%) 

4-Methyl-2-(5-phenyl-2-(o-tolyl)thiazol-4-yl)phenol (99j) 

 

C23H19NOS 

Mr = 357.47 

According to general procedure F, the title compound was synthesized using 97a 

(272 mg, 0.65 mmol, 1 eq.) and 2-methylthiobenzamide (118 mg, 0.78 mmol, 1.2 eq.) 

in DMF (2.0 mL). The reaction was complete after 18 h. Purification via flash column 

chromatography (CyHex/DCM 85:15‒80:20) yielded the final product as a yellow 

solid. 

Yield: 175 mg (76%) 

Rf (CyHex/EtOAc 7:3) = 0.69 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 9.38 (s, 1H, OH’), 7.87–7.79 (m, 1H, H6), 

7.42–7.30 (m, 8H, H3, H4, H5, Hphenyl), 7.10–7.06 (m, 1H, H6’), 7.03 (ddd, 3J = 8.1 Hz, 

4J4’-6’ = 2.3 Hz and 4J4’-CH3 = 0.8 Hz, 1H, H4’), 6.77 (d, 3J = 8.2 Hz, 1H, H3’), 2.63 (s, 3H, 

CH3), 2.18 (s, 3H, CH3’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 164.0 (Cc), 153.4 (C2’), 148.1 (Ce), 136.2 

(C1’’), 134.6 (Ca), 132.4 (C1), 132.3 (C2), 132.1 (C3), 131.5 (C6’), 130.6 (C4’), 130.1 (C4), 
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129.8 (C6), 129.1 (2C, C2’’, C6’’ or C3’’, C5’’), 128.4 (2C, C2’’, C6’’ or C3’’, C5’’), 128.4 

(C4’’), 127.7 (C5’), 126.9 (C5), 122.0 (C1’), 116.3 (C3’), 21.7 (CH3), 20.5 (CH3’). 

HRMS (ESI positive): m/z 358.1256 [M+H]+, calcd for [C23H19NOS+H]+: m/z 358.1260 

HPLC: tR = 31.923 min (kinetex, 96.7%), tR = 27.105 min (polar-RP, 98.7%) 

2-(5-Phenyl-4-(o-tolyl)thiazol-2-yl)phenol (99i) 

 

C22H17NOS 

Mr = 343.44 

To a solution of 97c (164 mg, 0.57 mmol, 1 eq.) in ethanol 2-hydroxythiobenzamide 

(104 mg, 0.68 mmol, 1.2 eq.) and copper acetate (23 mg, 0.11 mmol, 0.2 eq.) were 

added. The mixture was stirred at r.t. for 20 h. An orange solid was filtered off and 

discarded. The filtrate was evaporated to dryness. The residue was taken up in 

EtOAc (15 mL), washed with a diluted aqueous ammonia solution (15 mL) and 

brine (15 mL), dried over Na2SO4, filtered, and evaporated to dryness. Purification 

via flash column chromatography (CyHex/DCM 90:10‒70:30) followed by 

recrystallisation from methanol yielded the final product as a yellow solid. 

Yield: 24 mg (12%) 

Rf (CyHex/EtOAc 7:3) = 0.79 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.32 (s, 1H, OH), 8.10 (dd, 3J = 7.9 Hz and 

4J = 1.7 Hz, 1H, H6), 7.37–7.22 (m, 10H, H4, Hphenyl, Htolyl), 7.06 (dd, 3J = 8.3 Hz and 

4J = 1.1 Hz, 1H, H3), 6.97 (ddd, 3J = 7.9 Hz, 3J = 7.2 Hz and 4J = 1.1 Hz, 1H, H5), 2.09 

(s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 161.1 (Cc), 155.6 (C2), 149.2 (Ce), 136.9 

(C2’), 135.4 (C1’’), 133.8 (Ca), 131.9 (C1’), 131.6 (C4), 130.8 (C3’), 130.7 (C4’), 129.3 

(2C, C2’’, C6’’ or C3’’, C5’’), 128.8 (C4’’), 128.6 (2C, C2’’, C6’’ or C3’’, C5’’), 128.3 

(C6’), 127.6 (C5), 126.3 (C5’), 120.0 (C6), 119.4 (C1), 117.0 (C3), 20.0 (CH3). 

HRMS (ESI positive): m/z 344.1104 [M+H]+, calcd for [C22H17NOS]+: m/z 344.1104 
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HPLC: tR = 31.569 min (kinetex, 95.4%), tR = 27.255 min (polar-RP, 96.8%) 

 Oxazoles 

6.2.11.1 Protected oxazoles 

2-(4-(2-Methoxyphenyl)oxazol-2-yl)phenol (108c) 

 

C16H13NO3 

Mr = 267.28 

According to general procedure G, the title compound was synthesized using 2-

bromo-2'-methoxyacetophenone (300 mg, 1.31 mmol, 1 eq.), salicylamide (180 mg, 

1.31 mmol, 1 eq.) and AgSbF6 (495 mg, 1.44 mmol, 1.1 eq.) in EtOAc (2.6 mL). The 

reaction was performed at 65 °C under µW-irradiation for 2 h. Purification via flash 

column chromatography (CyHex/EtOAc 95:5–50:50) followed by recrystallization 

from 2-propanol yielded the desired product as light-yellow crystals. 

Yield: 33 mg (9%) 

Rf (CyHex/EtOAc 7:3) = 0.72 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.09 (s, 1H, OH), 8.58 (s, 1H, Ha), 8.02 (dd, 

3J = 7.7 Hz and 4J = 1.7 Hz, 1H, H6’), 7.89 (dd, 3J = 7.9 Hz and 4J = 1.7 Hz, 1H, H6), 7.46 

(ddd, 3J = 8.5 Hz, 3J = 7.5 Hz and 4J = 1.7 Hz, 1H, H4), 7.40 (ddd, 3J = 8.3 Hz, 

3J = 7.5 Hz and 4J = 1.7 Hz, 1H, H4’), 7.18 (dd, 3J = 8.3 Hz and 4J = 1.0 Hz, 1H, H3’), 

7.15–7.09 (m, 2H, H3, H5’), 7.05 (ddd, 3J = 8.5 Hz, 3J = 7.9 Hz and 4J = 1.1 Hz, 1H, H5), 

3.98 (s, 3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 160.0 (Cc), 156.8 (C2), 156.6 (C2’), 137.2 

(Ca), 135.3 (Ce), 133.2 (C4), 129.8 (C4’), 127.4 (C6’), 126.9 (C6), 121.2 (C5), 120.3 (C5’), 

118.5 (C1’), 117.4 (C3), 111.7 (C3’), 111.2 (C1), 56.0 (CH3). 

MS (ESI positive): m/z 268.3 [M+H]+, calcd for [C16H13NO3+H]+: m/z 268.1 

MS (ESI negative): m/z 266.3 [M-H]-, calcd for [C16H13NO3-H]-: m/z 266.1 

HPLC: tR = 23.166 min (kinetex, 96.8%), tR = 29.231 min (hydro-RP, 97.5%) 
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4-(2-Methoxyphenyl)-2-(thiophen-2-yl)oxazole (108a) 

 

C14H11NO2S 

Mr = 257.31 

According to general procedure G, the title compound was synthesized using 2-

bromo-2′-methoxyacetophenone (50 mg, 0.22 mmol, 1 eq.), thiophene-2-

carboxamide 100 (28 mg, 0.22 mmol, 1 eq.) and AgSbF6 (83 mg, 0.24 mmol, 1.1 eq.) 

in EtOAc (0.9 mL). The reaction was performed at 70 °C under µW-irradiation for 

1.5 h. Purification via flash column chromatography (CyHex/EtOAc 95:5–60:40) 

followed by recrystallization from 2-propanol yielded the desired product as light-

yellow crystals. 

Yield: 6 mg (11%) 

Rf (CyHex/EtOAc 8:2) = 0.65 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 8.45 (s, 1H, Ha), 8.05 (dd, 3J = 7.5 Hz and 

4J = 1.8 Hz, 1H, H6’), 7.84 (dd, 3J = 5.0 Hz and 4J = 1.2 Hz, 1H, H5), 7.78 (dd, 

3J = 3.7 Hz and 4J = 1.2 Hz, 1H, H3), 7.36 (ddd, 3J = 8.4 Hz, 3J = 7.5 Hz and 4J = 1.8 Hz, 

1H, H4’), 7.26 (dd, 3J = 5.0 Hz and 3J = 3.7 Hz, 1H, H4), 7.15 (dd, 3J = 8.4 Hz and 

4J = 1.1 Hz, 1H, H3’), 7.09 (td, 3J = 7.5 Hz, 3J = 7.5 Hz and 4J = 1.1 Hz, 1H, H5’), 3.96 (s, 

3H, CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 156.6 (C2’), 156.5 (Cc), 137.5 (Ca), 136.8 (Ce), 

130.2 (C5), 129.5 (C4’), 129.4 (C2), 129.0 (C4), 128.7 (C3), 127.5 (C6’), 121.0 (C5’), 119.3 

(C1’), 111.6 (C3’), 55.9 (CH3). 

MS (APCI positive): m/z 258.1 [M+H]+, calcd for [C14H11NO2S+H]+: m/z 258.1 

MS (APCI negative): m/z 256.0 [M-H]-, calcd for [C14H11NO2S-H]-: m/z 256.0 
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2-(4-(2-Methoxyphenyl)-5-phenyloxazol-2-yl)phenol (108b) 

 

C22H17NO3 

Mr = 343.38 

According to general procedure G, the title compound was synthesized using 97b 

(200 mg, 0.66 mmol, 1 eq.), salicylamide (90 mg, 0.66 mmol, 1 eq.) and AgSbF6 

(248 mg, 0.72 mmol, 1.1 eq) in EtOAc (1.0 mL). The reaction was performed at 60 °C 

under µW-irradiation for 4 h. Purification via flash column chromatography 

(CyHex/EtOAc 99:1–80:20) followed by recrystallization from 2-propanol yielded 

the desired product as a white solid. 

Yield: 35 mg (16%) 

Rf (CyHex/EtOAc 8:2) = 0.68 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.95 (s, 1H, OH), 8.04 (dd, 3J = 7.9 Hz and 

4J = 1.6 Hz, 1H, H6), 7.55–7.49 (m, 4H, H4’, H6’, H2’’, H6’’), 7.49–7.36 (m, 4H, H4, 

H3’’, H4’’, H5’’), 7.21–7.17 (m, 1H, H3’), 7.15–7.05 (m, 3H, H3, H5, H5’), 3.62 (s, 3H, 

CH3). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.2 (Cc), 157.2 (C2), 156.8 (C2‘), 145.4 

(Ca), 133.1 (C4), 131.5 (Ce), 131.4 (C6‘), 131.3 (C4‘), 129.1 (2C, C3‘‘, C5‘‘), 129.0 (C4‘‘), 

128.3 (C1‘‘), 126.9 (C6), 125.4 (2C, C2‘‘, C6‘‘), 121.2 (C5‘), 120.5 (C1‘), 120.3 (C5), 117.3 

(C3), 112.3 (C3‘), 111.1 (C1), 55.7 (CH3). 

MS (APCI positive): m/z 344.2 [M+H]+, calcd for [C22H17NO3+H]+: m/z 344.1 

MS (APCI negative): m/z 342.2 [M-H]-, calcd for [C22H17NO3-H]-: m/z 342.1 

6.2.11.2 Final compounds 

2,2'-(Oxazole-2,4-diyl)diphenol (109c) 

 

C15H11NO3 

Mr = 253.26 
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According to general procedure A, 108c (20 mg, 0.07 mmol, 1 eq.) was solubilized 

in freshly distilled DCM (0.5 mL). BBr3 (1 M solution in dry DCM, 225 µL, 

0.22 mmol, 3 eq.) was added dropwise at −78 °C. After completion of the reaction, 

the mixture was worked up yielding the desired product as a white powder without 

further purification. 

Yield: 19 mg (100%)  

Rf (CyHex/EtOAc 7:3) = 0.46 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.16 (s, 1H, OH), 10.60 (s, 1H, OH’), 8.50 

(s, 1H, Ha), 7.91 (dd, 3J = 7.6 Hz and 4J = 1.7 Hz, 1H, H6’), 7.88 (dd, 3J = 7.9 Hz and 

4J = 1.7 Hz, 1H, H6), 7.46 (ddd, 3J = 8.3 Hz, 3J = 7.3 Hz and 4J = 1.7 Hz, 1H, H4), 7.22 

(ddd, 3J = 8.3 Hz, 3J = 7.3 Hz and 4J = 1.7 Hz, 1H, H4’), 7.10 (dd, 3J = 8.3 Hz and 

4J = 1.1 Hz, 1H, H3), 7.05 (ddd, 3J = 7.9 Hz, 3J = 7.3 Hz and 4J = 1.1 Hz, 1H, H5), 6.99 

(dd, 3J = 8.3 Hz and 4J = 1.1 Hz, 1H, H3’), 6.97 (ddd, 3J = 7.6 Hz, 3J = 7.3 Hz and 

4J = 1.1 Hz, 1H, H5’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.9 (Cc), 156.7 (C2), 155.1 (C2’), 136.6 

(Ca), 135.9 (Ce), 133.2 (C4), 129.5 (C4’), 127.3 (C6’), 126.8 (C6), 120.3 (C5), 119.9 (C5’), 

117.4 (C3), 116.8 (C1’), 116.0 (C3’), 111.2 (C1). 

HRMS (ESI negative): m/z 252.0667 [M-H]-, calcd for [C15H11NO3-H]-: m/z 252.0666 

HPLC: tR = 23.745 min (kinetex, 96.5%), tR = 22.485 min (polar-RP, 97.5%) 

2-(2-(Thiophen-2-yl)oxazol-4-yl)phenol (109a) 

 

C13H9NO2S 

Mr = 243.28 

According to general procedure G, the title compound was synthesized using 

thiophene-2-carboxamide 100 (100 mg, 0.46 mmol, 1 eq.), salicylamide 87a (59 mg, 

0.46 mmol, 1 eq.) and AgSbF6 (176 mg, 0.51 mmol, 1.1 eq.) in EtOAc (1.8 mL). The 

reaction was performed at 50 °C under µW-irradiation for 5 h. Purification via flash 
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column chromatography (CyHex/EtOAc 95:5–60:40) followed by recrystallization 

from 2-propanol yielded the final product as light-brown crystals. 

Yield: 12 mg (11%) 

Rf (CyHex/EtOAc 8:2) = 0.49 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.39 (s, 1H, OH’), 8.40 (s, 1H, Ha), 7.95 

(dd, 3J = 7.5 Hz and 4J = 1.7 Hz, 1H, H6’), 7.82 (dd, 3J = 5.0 Hz and 4J = 1.2 Hz, 1H, H5), 

7.77 (dd, 3J = 3.7 Hz and 4J = 1.2 Hz, 1H, H3), 7.25 (dd, 3J = 5.0 Hz and 3J = 3.7 Hz, 1H, 

H4), 7.19 (ddd, 3J = 8.1 Hz, 3J = 7.5 Hz and 4J = 1.7 Hz, 1H, H4’), 6.97 (dd, 3J = 8.1 Hz 

and 4J = 1.2 Hz, 1H, H3’), 6.93 (td, 3J = 7.5 Hz and 4J = 1.2 Hz, 1H, H5’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 156.4 (Cc), 155.0 (C2’), 137.5 (Ce), 137.0 (Ca), 

130.1 (C5), 129.4 (C2), 129.2 (C4’), 129.0 (C4), 128.6 (C3), 127.5 (C6’), 119.6 (C5’), 117.6 

(C1’), 115.9 (C3’). 

HRMS (ESI positive): m/z 244.0424 [M+H]+, calcd for [C13H9NO2S+H]+: m/z 244.0427 

HRMS (ESI negative): m/z 242.0284 [M-H]-, calcd for [C13H9NO2S-H]-: m/z 242.0281 

HPLC: tR = 23.178 min (kinetex, 98.4%), tR = 24.124 min (hydro-RP, 99.8%) 

2,2'-(5-Phenyloxazole-2,4-diyl)diphenol (109b) 

 

C21H15NO3 

Mr = 329.36 

According to general procedure A, 108b (25 mg, 0.07 mmol, 1 eq.) was solubilized 

in freshly distilled DCM (0.5 mL). BBr3 (1 M solution in dry DCM, 220 µL, 

0.22 mmol, 3 eq.) was added dropwise at −78 °C. After completion of the reaction 

and work-up, purification was performed via flash column chromatography 

(CyHex/EtOAc 95:5–80:20) yielding the desired product as a white powder. 

Yield: 18 mg (75%) 

Rf (CyHex/EtOAc 8:2) = 0.48 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) 11.02 (s, 1H, OH), 9.79 (s, 1H, OH’), 8.06 

(dd, 3J = 8.1 Hz and 4J = 1.7 Hz, 1H, H6), 7.63–7.55 (m, 2H, H2’’, H6’’), 7.52–7.40 (m, 

4H, H4, H6’, H3’’, H5’’), 7.40–7.31 (m, 2H, H4’, H4’’), 7.13–7.04 (m, 2H, H3, H5), 7.00 

(dd, 3J = 8.2 and 4J = 1.1 Hz, 1H, H3’), 6.96 (td, 3J = 7.4 Hz, 3J = 7.4 Hz and 4J = 1.1 Hz, 

1H, H5’). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.1 (Cc), 156.9 (C2), 155.8 (C2’), 145.2(Ca), 

133.1 (C4), 131.9 (Ce), 131.3 (C4’), 131.0 (C1’’), 129.1 (2C, C3’’, C5’’), 128.9 (C4’’), 128.3 

(C6’), 126.8 (C6), 125.4 (2C, C2’’, C6’’), 120.3 (C5), 119.8 (C5’), 118.7 (C1’), 117.3 (C3), 

116.6 (C3’), 111.1 (C1). 

HRMS (ESI positive): m/z 330.1126 [M+H]+, calcd for [C21H15NO3+H]+: m/z 330.1125 

HRMS (ESI negative): m/z 328.0979 [M-H]-, calcd for [C21H15NO3-H]-: m/z 328.0979 

HPLC: tR = 27.074 min (kinetex, 99.7%), tR = 27.250 min (polar-RP, 99.9%) 

2-(5-Phenyl-4-(thiophen-2-yl)oxazol-2-yl)phenol (109d) 

 

C19H13NO2S 

Mr = 319.38 

According to general procedure G, the title compound was synthesized using 97e 

(200 mg, 0.71 mmol, 1 eq.), salicylamide (98 mg, 0.71 mmol, 1 eq.) and AgSbF6 

(269 mg, 0.78 mmol, 1.1 eq.) in EtOAc (1.0 mL). The reaction was performed at 60 °C 

under µW-irradiation for 4 h. Purification via flash column chromatography 

(CyHex/EtOAc 99:1–94:6) followed by recrystallization from methanol yielded the 

final product as white needles. 

Yield: 34 mg (15%) 

Rf (CyHex/EtOAc 8:2) = 0.72 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) 10.75 (s, 1H, OH), 7.96 (dd, 3J = 7.9 Hz and 

4J = 1.7 Hz, 1H, H6), 7.87 – 7.79 (m, 2H, H2‘‘, H6‘‘), 7.69 (dd, 3J = 5.1 Hz and 4J = 1.2 

Hz, 1H, H5‘), 7.62 – 7.43 (m, 5H, H4, H3‘, H3‘‘, H4‘‘, H5‘‘), 7.18 (dd, 3J = 5.1 Hz and 
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3J = 3.6 Hz, 1H, H4‘), 7.13 – 7.09 (m, 1H, H3), 7.07 (ddd, 3J = 7.9 Hz, 3J = 7.3 Hz and 

4J = 1.1 Hz, 1H, H5). 

13C-NMR (101 MHz, DMSO-d6): δ (ppm) 159.7 (Cc), 156.8 (C2), 144.2 (Ca), 133.4 (C4), 

132.9 (C2‘), 130.1 (C4‘‘), 129.5 (2C, C3‘‘, C5‘‘), 129.5 (C1‘‘), 129.3 (Ce), 128.5 (C4‘), 127.7 

(C6), 127.7 (C5‘), 127.5 (2C, C2‘‘, C6‘‘), 126.7 (C3‘), 120.3 (C5), 117.5 (C3), 111.1 (C1). 

HRMS (ESI positive): m/z 320.0739 [M+H]+, calcd for [C19H13NO2S+H]+: m/z 320.0740 

HRMS (ESI negative): m/z 318.0592 [M-H]-, calcd for [C19H13NO2S-H]-: m/z 318.0594 

HPLC: tR = 30.381 min (kinetex, 99.6%), tR = 26.791 min (polar-RP, 99.7%) 
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Appendix 

A. Abbreviations 

6-FAM azide 6-Carboxyfluorescein azide 95a 

2-OG 2-oxoglutarate (α-ketoglutarate) 

2,4-PDCA pyridine-2,4-dicarboxylic acid 

5-TAMRA azide 5-carboxamido-(6-azidohexanyl)tetramethylrhodamine 95b 

ADD ATRX-DNMT3-DNMT3L (Alpha Thalassemia/Mental Retardation 

Syndrome X-Linked-DNA methyltransferase3-DNA methyltransferase3L; 

methyl reader domain) 

ACN acetonitrile 

AIBN azabisisobutyronitrile 

AOL amine oxidase-like 

AML acute myeloid leukaemia 

APCI atmospheric pressure chemical ionization 

AR androgen receptor 

ASAP® atmospheric solids analysis probe (Advion) 

BAH bromo adjacent homology (methyl reader domain) 

BDNF brain-derived neurotrophic factor 

BSA bovine serum albumin 

CD chromodomain (methyl reader domain) 

CDI N,N′-dicyclohexylcarbodiimide 

CLL chronic lymphocytic leukaemia 

COSY 1H,1H-correlation spectroscopy 

DCD double chromodomain (methyl reader domain) 

DMF dimethyl formamide 

EtOAc  ethyl acetate 

DCC dicyclohexylcarbodiimide 

DCM dichloromethane 
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DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DNMT DNA methyltransferase 

DMSO-d6 perdeuterated dimethyl sulfoxide 

EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

EDTA ethylenediaminetetraacetic acid 

ERRα estrogen-related receptor α  

ELISA enzyme-linked immunosorbent assay 

ESI electrospray ionization 

ER estrogen receptor 

FBXW7 F-box/WD repeat-containing protein 7 

FDH formaldehyde dehydrogenase 

FHL1 four-and-a-half LIM domains 1 

FI Fluorescence intensity 

FRET fluorescence (or Förster) resonance energy transfer 

GC gas chromatography 

GFAP glial fibrillary acidic protein 

GI50 concentration at which 50% inhibition of cell growth is observed 

HEAT domain Huntingtin-elongation factor 3-protein phosphatase 2A-Target 

of rapamycine 1 domain (methyl reader domain) 

H3K9me3 histone H3 trimethylated at lysine residue 9 

HDAC histone deacetylase 

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic acid 

HMBC  1H, 13C-heteronuclear multiple bond correlation 

HOBt 1-hydroxybenzotriazole hydrate 

HPLC high-performance liquid chromatography 

HSQC  1H, 13C-heteronuclear single quantum coherence 

HRMS high-resolution mass spectrometry 

HTS high-throughput screening 
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IC50 concentration at which 50% inhibition is observed 

JARID Jumonji, AT-rich interactive domain 

JMJC JumonjiC domain 

JMJC demethylase JumonjiC domain-containing histone demethylase 

KAT lysine acetyltransferase 

KDAC lysine deacetylase 

KDM lysine demethylase 

KMT lysine methyltransferase 

Ki inhibition constant 

λabs absorption wavelength 

λem emission wavelength 

λex excitation wavelength 

LANCE® lanthanide chelate excite (assay technology by Perkin Elmer) 

LDL low-density lipoprotein 

LRMS low-resolution mass spectrometry 

LSD1 lysine-specific demethylase 1 

LRR leucine-rich repeat domain 

MALDI matrix-assisted laser desorption ionization 

MBT malignant brain tumour (methyl reader domain) 

MS mass spectrometry 

mTOR  mammalian target of rapamycin 

NAD+ oxidized form of nicotinamide adenine dinucleotide 

NADH reduced form of nicotinamide adenine dinucleotide 

NFκB nuclear factor kappa-light-chain-enhancer of activated B cells 

n. i. no inhibition 

NMR nuclear magnetic resonance 

NOG N-oxalyl glycine 

n. t. not tested 

Pd(dppf)Cl2 [1,1′-Bis(diphenylphosphino)ferrocene]dichloropalladium(II) 
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PHD plant homeodomain (methyl reader domain) 

ppm parts per million 

PRMT protein arginine methyl transferase 

PTSA para-toluenesulfonic acid 

PWWP domain proline-tryptophan-tryptophan-proline domain (methyl reader 

domain) 

RB1 retinoblastoma protein 1 

RDM arginine demethylase 

RNA ribonucleic acid 

RP reversed phase 

r.t. room temperature 

SAR structure-activity relationship 

SDS-PAGE sodium dodecylsulfate polyacrylamide gel electrophoresis 

SERS surface enhanced Raman scattering 

Snail2 Snail Family Transcriptional Repressor 2 

Sox SRY-related HMG-box (sex-determining region Y-related high mobility 

group box) 

SPR surface plasmon resonance  

SWIRM domain Swi3p, Rsc8p and Moira domain (binding domain of LSDs) 

TAMRA tetramethylrhodamine 

TBAF tetrabutylammonium fluoride 

TBTA tris(benzyltriazolylmethyl)amine 

TET ten-eleven translocation 

TFA trifluoroacetic acid 

TfO2 triflic anhydride (trifluoromethanesulfonic anhydride) 

THF tetrahydrofuran 

TLC thin-layer chromatography 

TPR tetratricopeptide domain 

TRF time-resolved fluorescence 
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TTD tandem tudor domain (methyl reader domain) 

UV ultraviolet light 

WD40 tryptophan-aspartic acid domain (methyl reader domain) 

zf-CW zinc finger-cysteine tryptophan (methyl reader domain) 

B. List of Compound Synonyms 

All chemical compounds that were tested for their inhibition against KDM4A are 

numbered consecutively in the text. This tables give a summary of the lab codes for 

compounds obtained from collaboration partners and of synthesised compounds, 

as well as the trivial names of precursors. 

67a NBT61 84l GF058 99e SWE179 

67b MPB18 84m GF055b 99f SWE133 

67c NBT78 85a AA027 99g SWE122 

67d NBT67i 85b AA046 99h SWE223 

67e NBT41 85c AA028 99i SWE164 

67f RK6 85d AA036 99j SWE154 

67g RK11 85e AA039 99k SWE155 

67h RK13 85f AA026 99l SWE198 

67i NBT66 85g AA040 100 thiophene-2-

carboxamide  

67j NBT81 85h AA031 101a SWE111 

67k MPB09 86a salicylic acid 101b SWE120 

67l NBT58 86b 4-chlorosalicylic 

acid 

101c SWE177 

67m NBT70 86c 4-methoxy-

salicylic acid 

101d SWE157 

67n RK9 86d 4-bromosalicylic 

acid 

101e 1-(2-hydroxy-

phenyl)-2-

phenylethan-1-

one  

67o MPB11 86e 4-fluorosalicylic 

acid 

101f 2-phenyl-1-(2-

thienyl)ethanone  
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67p NBT35 87a salicylamide 101g 2-phenyl-

benzofuran-

3(2H)-one 

67q NBT83 87b 4-chloro-

salicylamide 

102 SWE110 

67r NBT87 87c 4-bromo-

salicylamide 

103 4-methylphenol  

67s NBT86 87d 4-methoxy-

salicylamide 

104 phenylacetic acid  

67t MPB10 87e 4-fluoro-

salicylamide 

105a 2-methoxy-

benzoic acid  

67u MPB15 88a SWE20a 105b 2-methylbenzoic 

acid  

67v MPB13 88b SWE57 106a SWE159 

68a SWE88 88c SWE134 106b SWE143 

68b SWE117 88d SWE55 107a SWE24 

69a SWE56 88e SWE147 107b SWE178 

69b SWE230 89a 4-hydrazino-

benzoic acid  

107c SWE69 

70 2-(methylthio)-

isonicotinic acid  

89b phenylhydrazine 

hydrochloride  

107d SWE220 

71a SWE68 89c 4-hydrazinyl-

benzonitrile  

107e SWE227 

71b SWE99 89d 2-methoxy-

phenylhydrazine 

hydrochloride 

108a SWE166 

72a SWE70 89e 2-hydrazino-

pyridine  

108b SWE181 

72b SWE116 89f 8-hydrazino-

quinoline 

dihydrochloride  

108c SWE184 

73 methyl 2,6-

dichloro-

isonicotinate 

90a SWE20b 109a SWE169 
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74 phenylmethane-

thiol 

90b SWE58 109b SWE217 

75 SWE229 90c SWE138 109c SWE191 

76 tert-butyl-

dimethyl 

chlorosilane  

90d SWE66 109d SWE222 

77 5-bromquinolin-

8-ol 

90e SWE150 110a NBT286 

78 SWE126  90f SWE61 110b NBT243 

79 SWE128 90g SWE203 110c NBT296 

80 SWE136 90h SWE173 110d NBT291 

81a PZ005 90i SWE186 110e NBT264 

81b PZ012 90j SWE185 110f MOS02 

81c PZ014  90k SWE189 110g NBT261 

81d PZ011 90l SWE188 110h MTH01 

81e PZ034 90m SWE176 111a NBT203 

81f PZ020 90n SWE216 111b MOS01 

81g PZ002 90o MR04 111c MOS06 

81h PZ007 90p MR23 111d NBT479 

81i PZ025 90q NBT511 111e NBT135 

81j PZ003 90r NBT512 111f MOS09 

81k PZ027 90s NBT513 111g MOS11 

81l PZ015 90t NBT331 111h NBT509 

81m PZ016 91 SWE211 111i NBT510 

81n PZ010 92 SWE192 111j MOS08 

81o PZ024 93 SWE215 111k MOS14 

81p PZ030 94a SWE109 111l NBT280 

81q PZ028 94b SWE140 111m NBT314 

81r PZ041 95a 6-FAM azide 111n MTH04 

81s PZ036 95b 5-TAMRA-azide 111o NBT245 

81t PZ018 96a SWE153 111p NBT271 

81u PZ039 96b SWE163 111q MOS13 

82 GF55b COOH  96c SWE165 111r NBT283 

83a GF028 97a SWE121 111s NBT288 
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83b GF026 97b SWE180 111t MOS15 

84a PZ51 97c SWE161 111u NBT248 

84b GF036 97d SWE65 111v NBT332 

84c GF067c 97e SWE199 111w MOS16 

84d GF062 97f SWE71 111x NBT247 

84e GF068 97g 2-bromo-2'-

methoxy-

acetophenone  

111y NBT282 

84f GF066 98a SWE103 112a pyNS3 

84g GF069 98b 2-methoxy-

thiobenzamide  

112b quNS6 

84h GF052 99a SWE75 112c quNS3 

84i GF049 99b SWE228 112d pyNSe3 

84j GF046 99c SWE74 112e phNSe3 

84k GF053 99d SWE131 112f quNS9 

C. List of Publications 

Certain parts of this thesis work have previously been published in scientific 

journals and presented at conferences according to the following list. 

• Published Original Articles 

– Roatsch, M.; Hoffmann, I.; Abboud, M. I.; Hancock, R. L.; Tarhonskaya, H.; 

Hsu, K.-F.; Wilkins, S. E.; Yeh, T.-L.; Lippl, K.; Serrer, K.; Moneke, I.; Ahrens, 

T. D.; Robaa, D.; Wenzler, S.; Barthes, N. P. F.; Franz, H.; Sippl, W.; Lassmann, 

S.; Diederichs, S.; Schleicher, E.; Schofield, C. J.; Kawamura, A.; Schüle, R.; 

Jung, M. The Clinically Used Iron Chelator Deferasirox Is an Inhibitor of 

Epigenetic JumonjiC Domain-Containing Histone Demethylases. ACS Chem 

Biol 2019, 14, 1737-1750. 

• Original Articles in Preparation 

– Barthes, N. P. F.; Wenzler, S.; Spiske, M.;  Ngo, V.; Schmidtkunz, K.;  Robaa, 

D.; Schüle, R.; Hein, L.; Sippl, W.; Jung, M. Design, synthesis and biological 

evaluation of 1,2,4-Triazole, Thiazole, Pyrazole & Imidazole analogs of 

Deferasirox as inhibitors of the JumonjiC-Domain-Containing Histone 

Demethylase KDM4A. currently in preparation 



 Appendix 

     269 

• Poster Presentations 

– M. Roatsch, S. Wenzler, R. L. Hancock, H. Tarhonskaya, M. I. Abboud, K.-F. 

Hsu, S. E. Wilkins, K. Serrer, T. D. Ahrens, D. Robaa, R. Schüle, W. Sippl, S. 

Laßmann, E. Schleicher, C. J. Schofield, A. Kawamura, M. Jung, Deferasirox 

derivatives as Inhibitors of JumonjiC Domain-Containing Histone 

Demethylases. Epigenetics 2017, September 7, 2017; Windlesham, United 

Kingdom. (selected for short talk) 

– S. Wenzler, M. Roatsch, R. L. Hancock, H. Tarhonskaya, M. Abboud, K.-F. 

Hsu, S. Wilkins, K. Serrer, D. Robaa, E. Metzger, R. Schüle, W. Sippl, E. 

Schleicher, C. J. Schofield, A. Kawamura, M. Jung, Synthesis and Biological 

Activity of Inhibitors for JumonjiC-domain containing Histone 

Demethylases. Albert-Ludwigs-Universität, July 13, 2018; Freiburg, 

Germany. 

– N. P. F. Barthes,* S. Wenzler,* M. Spiske, K. Schmidtkunz, D. Robaa, V. Ngo, 

R. Schüle, W. Sippl, L. Hein, M. Jung, Synthesis and biological evaluation of 

imidazole and pyrazole analogs of Deferasirox targeting KDM4A 

demethylase.  RICT2019, July 03-05,2019; Nantes, France. (poster prize) 

– N. P. F. Barthes,* S. Wenzler,* M. Spiske, K. Schmidtkunz, V. Ngo, D. Robaa, 

R. Schüle, W. Sippl, L. Hein, M. Jung, Synthesis and Biological Evaluation of 

derivatives of Deferasirox as Inhibitors for JumonjiC-domain containing 

Histone Demethylases. DPhG Annual meeting 2019, September 01-04, 2019; 

Heidelberg, Germany. 

 

 


