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Abstract 

The interaction of RNA-binding proteins (RBPs) and corresponding RNAs plays a critical role in 

various cellular pathways, which once dysregulated can lead to numerous human diseases. Therefore, 

the discovery of small molecules disrupting these protein–RNA interactions represents a novel and 

rapidly emerging strategy for developing chemical probes to elucidate the cellular functions of RBPs 

and therapeutic agents with innovative mechanisms of action. Although some small-molecule inhibitors 

targeting selected RBPs have already been reported, there is huge potential to develop new inhibitors 

with improved potency, selectivity, or reduced cytotoxicity. In this thesis, I synthesized small-molecule 

inhibitors to target three distinct RBPs, the oncogenic miRNA-binding protein LIN28 regulating the 

miRNA biogenesis, the tumor-promoting N6-methyladenosine (m6A) methyltransferase-like protein 16 

(METTL16) installing m6A mRNA modifications, and the YTH-domain containing family protein 2 

(YTHDF2) recognizing and destabilizing m6A mRNA. 

    First, LIN28 was found to negatively regulate let-7 miRNAs which suppress the translation of 

numerous oncogenic proteins. Thus, overexpression of the RBP in many human cancers makes LIN28 

a key driver of tumor progression and metastasis and it depicts a promising target to develop new anti-

cancer therapeutics. The reported LIN28 inhibitors exhibit poor inhibitory potencies, insufficient 

characterization of their inhibitory modes, and poor cellular activity. In this part of the thesis, both 

scaffold- and screening-based approaches were employed to identify new LIN28 inhibitors with 

improved potencies. In the scaffold-based approach, a reported tetrahydroquinoline LIN28 inhibitor 8 

was extensively investigated for its structure-activity relationship (SAR), leading to an analog with 

improved inhibitory activity. In the latter, screening-based approach a fluorescence polarization (FP)-

based assay was utilized to identify new LIN28 inhibitors via screening of an in-house small-molecule 

library. After identifying the most active pyrrolinone 64, a successive SAR study revealed biphenyl- 

and dibenzofuran compounds that showed a 5-fold improved cellular effect in inducing let-7 maturation. 

By providing these well-characterized and potent inhibitors, a valuable foundation was established for 

developing LIN28-targeting chemical probes and novel anticancer drug candidates. 

    Second, the epitranscriptomic methylation of at the N6-positions of adenines (m6A) represents a 

highly dynamic and reversible modification that not only alters the molecular characteristics of RNA 

but also impacts the landscape of natural binding partners which in turn tightly regulates the fate of the 

RNA. The installation of m6A on several coding- and non-coding RNAs was found to be orchestrated 

by the methyltransferase-like protein 16 (METTL16), which plays a tumor-promoting role in cancers 

by co-functioning with other RBPs. Due to the lack of small-molecule modulators of METTL16, this 

work focused on the identification and evaluation of the first-in-class inhibitors using a discovery 

pipeline that started with an FP-based screening. Structural optimization of the initially identified 

aminothiazolone 105 yielded inhibitors, such as compound 154, that showed potent single-digit 

micromolar inhibitory activity against METTL16–RNA interactions. The identification of the 
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aminothiazolone inhibitors provided useful probes for the elucidation of the biological function of 

METTL16 upon perturbation and set the foundation to evaluate the therapeutic potential of METTL16 

inhibition via small molecules. 

    Third, besides the installation of m6A modifications, accumulating evidence suggested that the m6A-

recognizing protein YT521B homology domain family 2 protein (YTHDF2) is associated with various 

biological processes impacting apoptosis, cell cycle change, metastasis, and proliferation in human 

diseases. The m6A reader recently emerged as a promising drug target and only a few limited examples 

of inhibitors with non-favorable potency and selectivity are currently available. In this part of the thesis, 

efforts were made to target YTHDF2 with small molecules and associated bifunctional molecules: 

Initially, YTHDF2-degradation was induced by treating the RBP with pyrimidine-based PROTACs, 

setting the foundation for ongoing efforts in developing YTHDF2-selective degraders. Alternatively, 

the discovery of small-molecule inhibitors by means of a rational design- and a screening-based 

approach led to the identification of phenyl pyrazoles as one of the first structurally modified and 

characterized YTHDF2 inhibitor series. Structural optimization of the original hit compound revealed 

a 1-naphtoyl-containing analog 284 that showed potent anti-YTHDF2 activity in vitro and in cellulo, 

providing a feasible lead structure for the subsequent development of potent and selective small 

molecules targeting YTHDF2. 

    Collectively, the results of this thesis demonstrated the effectiveness of targeting therapeutically 

relevant RBPs using a variety of small-molecule-based strategies including both scaffold-based 

approaches and screening-based efforts that led to the identification of new chemical modalities. The 

characterized compounds, together with the established assays described in this thesis, will be of great 

value for the future development of small molecules targeting RBPs. 
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Zusammenfassung 

Die Interaktion von RNA-bindenden Proteinen (RBP) und entsprechender RNA spielt eine 

entscheidende Rolle in verschiedenen zellulären Prozessen, die bei Fehlregulation zu zahlreichen 

Krankheiten führen können. Daher stellt die Entdeckung von small molecules, die diese Protein-RNA-

Interaktionen inhibieren, eine neuartige Strategie zur Entwicklung chemischer Werkzeuge zur 

Aufklärung der zellulären RBP-Funktionen und therapeutischen Wirkstoffen mit innovativen 

Wirkmechanismen dar. Obwohl einige Berichte über small-molecule Inhibitoren bereits erwähnt 

wurden, gibt es einen erheblichen Spielraum für Verbesserungen hinsichtlich Potenz, Selektivität oder 

Zytotoxizität. In dieser Arbeit habe ich einzelne small-molecule Inhibitoren synthetisiert, um drei 

verschiedene RBP zu modulieren: Das onkogene miRNA-bindende Protein LIN28, die tumorfördernde 

N6-Methyladenosin (m6A) Methyltransferase METTL16 und das m6A RNA-destabilisierende Protein 

YTHDF2. 

    LIN28 reguliert die Reifung von let-7 miRNAs, welche die Translation zahlreicher onkogener 

Proteine unterdrücken. Die Überexpression des RBP in vielen menschlichen Krebserkrankungen macht 

LIN28 daher zu einem Haupttreiber der Tumorprogression und Metastasierung, wodurch es ein 

vielversprechendes Ziel für die Entwicklung neuer Krebstherapeutika darstellt. Die wenig berichteten 

LIN28-Inhibitoren zeigen jedoch geringe inhibitorische Potenz, unzureichende Charakterisierung ihrer 

inhibitorischen Mechanismen und geringe zelluläre Aktivität. Für diese Arbeit wurden daher Scaffold- 

und Screening-basierte Ansätze verwendet, um neue LIN28-Inhibitoren mit verbesserter Potenz zu 

identifizieren. Im erstgenannten Ansatz wurde ein veröffentlichter Tetrahydroquinolin LIN28-Inhibitor 

8 umfassend hinsichtlich seiner Struktur-Wirkungs-Beziehung (SAR) untersucht, was zu einem 

Analogon mit verbesserter inhibitorischer Aktivität führte. Im Gegensatz dazu beinhaltete der 

Screening-basierte Ansatz einen Fluoreszenz-Polarisations-basierten Assay zur Identifizierung neuer 

LIN28-Inhibitoren. Nach der Identifizierung des aktivsten Pyrrolinon 64 wurde eine nachfolgende 

SAR-Studie durchgeführt, die wiederum Biphenyl- und Dibenzofuran-Verbindungen mit fünffach 

verbesserten zellulären Effekten hinsichtlich der Induktion von let-7-Reifung hervorbrachte. Durch die 

Bereitstellung dieser gut charakterisierten und potenten Inhibitoren wurde eine wertvolle Grundlage für 

die Entwicklung von LIN28-addressierenden chemischen Werkzeugen und neuartigen 

Krebstherapeutika geschaffen. 

    Die epitranskriptomische Methylierung der N6-Positionen von Adeninen (m6A) beschreibt eine 

dynamische und reversible Modifikation, die nicht nur die molekularen Eigenschaften von RNA 

verändert, sondern auch die Variation natürlicher Bindungspartner beeinflusst, die wiederum das 

Schicksal der RNA regulieren. Die Installation von m6A auf verschiedenen kodierenden und nicht 

kodierenden RNA wird von dem methyltransferase-ähnlichen Protein 16 (METTL16) koordiniert, 

welches in Krebserkrankungen eine tumorfördernde Rolle spielt, indem es mit anderen RBP interagiert. 

Aufgrund fehlender experimenteller Berichte über small-molecule Modulatoren des RNA-
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modifizierenden Proteins (RMP) konzentrierte sich diese Arbeit auf die Identifizierung und Evaluierung 

der ersten METTL16-Inhibitoren ihrer Art unter Verwendung einer Identifikationspipeline, die mit 

einem FP-basierten Screening begann. Die strukturelle Optimierung des anfänglich identifizierten 

Aminothiazolons 105 ergab Inhibitoren, wie bespielsweise Verbindung 154, die eine potente einstellige 

mikromolare inhibitorische Aktivität gegen METTL16-RNA-Interaktionen zeigten. Die Identifizierung 

der Aminothiazolon-Inhibitoren liefert nützliche chemische Stoffe zur Aufklärung der biologischen 

Funktion von METTL16 und legt die Grundlage zur Bewertung des therapeutischen Potenzials der 

METTL16-Hemmung durch small molecules. 

    Neben der Installation von m6A-Modifikationen deuten vermehrt Forschungsergebnisse darauf hin, 

dass das m6A-erkennende Protein YT521B-Homologiedomäne-Familie 2 (YTHDF2) mit 

verschiedenen biologischen Prozessen in menschlichen Krankheiten in Verbindung steht, die Apoptose, 

den Zellzyklus, die Metastasierung oder die Proliferation beeinflussen. Das m6A-lesende Protein hat 

erst kürzlich als vielversprechendes Ziel für Medikamente Aufmerksamkeit erlangt, weshalb Berichte 

über potente und selektive Modulatoren fehlen. In dieser Arbeit wurden zwei unterschiedliche Ansätze 

verfolgt, um YTHDF2 zu inhibieren. Zunächst wurde die YTHDF2-Degradation durch Behandlung des 

RBP mit pyrimidin-basierten PROTACs induziert, was die Grundlage für laufende Bemühungen zur 

Entwicklung von YTHDF2-selektiven PROTACs schaffen sollte. Alternativ führte die Entdeckung von 

small-molecule Inhibitoren mittels eines rationalen Design- und eines Screening-basierten Ansatzes zur 

Identifizierung von Phenylpyrazolen als eine der ersten gut charakterisierten YTHDF2-Inhibitoren. Die 

strukturelle Optimierung des ursprünglichen Treffers ergab ein 1-Naphthoyl enthaltendes Analogon 

284, das eine potente anti-YTHDF2-Aktivität in vitro und in cellulo zeigte und eine potenziell 

fundamentale Struktur für die weitere Entwicklung von small molecules zur Inhibierung von YTHDF2 

für biologische und therapeutische Anwendungen darstellt. 

    Insgesamt konnten die Ergebnisse dieser Arbeit die Wirksamkeit der Inhibition therapeutisch 

relevanter RBP mittels verschiedener Strategien basierend auf small molecules demonstrieren. Während 

Scaffold-basierte Ansätze sich auf die Optimierung gegebener RBP-Inhibitoren konzentrierten, führten 

Screening-basierte Bemühungen zur Identifizierung neuer chemischer Modalitäten. Die identifizierten 

Verbindungen sowie die in dieser Arbeit etablierten Assays werden wertvoll für die zukünftige 

Entwicklung von small molecules zur Aufklärung und Modulation von RBP sein. 
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1 Introduction 

1.1 Roles of RNA in biology 

The central dogma of molecular biology postulated that ribonucleic acid acts as an intermediate between 

DNA and protein synthesis almost seven decades ago.1 Although the fundamental concept of genetic 

information flow within a biological system remains one of the most important functions of RNA, recent 

efforts indicated that RNA could play diverse biological roles. While three-quarters of the human 

genome is transcribed into RNA, only about 1.5% of those RNA molecules were shown to encode for 

proteins.2 Considering this remarkable discrepancy, many methods were developed to study the rather 

unexplored field of RNA biology. Major achievements in this regard were sequencing techniques to 

detect RNA species,3 polymorphisms and expression levels of all types of RNAs,2,4 helping society to 

better understand their cellular function and regulation. 

    Generally, coding RNA and non-coding RNA (ncRNA) are the two main classes of RNAs. Coding-

RNAs consist of messenger RNAs (mRNAs) which are complementary nucleic acid sequences of a 

corresponding DNA section coding for proteins. The class of ncRNAs, on the other hand, is 

characterized by numerous different subclasses that are either directly involved in gene regulation or 

indirectly alter the process. Ribosomal RNA (rRNA) or transfer RNA (tRNA) for example are key 

players in the translation of mRNAs, while small nuclear RNAs (snRNAs) or small nucleolar RNAs 

(snoRNAs) were shown to be involved in RNA processing.5 Another subclass of small ncRNAs consists 

of micro RNAs (miRNAs) which were shown to be mainly involved in post-transcriptional regulation 

of gene expression by silencing RNA translation into proteins.6 Complementary to the small ncRNAs, 

long non-coding RNAs (lnRNAs) are defined as transcripts consisting of more than 200 nucleotides.7 

While several functions of lnRNAs involving regulation of gene transcription, epigenetics, or DNA 

replication were investigated over the last few decades, many roles of lnRNAs remain unknown.8–10  

    Despite the number and sequence of nucleotides characterizing RNA, functions of the individual 

transcripts were shown to be majorly dependent on their secondary- and tertiary structure.11
 Similar to 

proteins, many structural elements define the three-dimensional appearance of an RNA molecule and 

consequently its function. Next to helices, there are motifs such as a variety of loops (e.g. hairpin loops 

or internal loops), bulges, pseudoknots, or alternative base pairs (e.g. wobble base pairs or Hoogsteen 

base pairs).12 With this plethora of structural elements, RNAs can interact with numerous binding 

partners such as other RNA molecules or proteins.13,14 . In addition to the three-dimensional structures 

ensuring the interaction between different binding partners, the field of epitranscriptomics focuses on 

the impact of chemical RNA modifications and how small structural changes of transcripts can affect 

all steps of gene expression.  
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1.1.1 RNA modifications 

Chemical modifications of RNA were first identified in the 1960s, introducing a new field of RNA 

biology. Today, more than 150 distinct RNA modifications have been identified which can alter 

molecular characteristics such as electrostatic charge, hydrophobic surface, or base pairing of RNA.15 

By varying structural properties of RNA molecules, expression levels of therapeutically relevant 

proteins were shown to be modulated which later was exploited for the clinical use of artificial RNAs. 

The groundbreaking findings of the Nobel laureates Katalin Karikó and Drew Weissman fundamentally 

changed the understanding of mRNA interactions in cells and ever since shaped the development of 

modern mRNA vaccines.16–18  

    Both coding and non-coding RNA structures were shown to carry chemical modifications on all four 

nucleosides. The most common modifications are methylation patterns of the purine or pyrimidine bases 

followed by pseudouridylation and adenosine-to-inosine (A-to-I) editing (Figure 1). While 

modifications of the RNA bases can be rather chemically diverse, the ribose moiety was found to be 

only methylated frequently in rRNA, tRNA, and snRNA.15 The occurrence of such RNA modifications 

throughout the transcriptome was shown to broadly affect RNA metabolism, leading to alterations of 

gene expression on the (post-)transcriptional- and translational level. One prominent RNA modification 

is depicted by a 5’ cap. This cap is built up by a rather unusual 5’ to 5’ triphosphate linkage connecting 

a methylated guanosine (m7G) to an mRNA strand. This in turn can alter the stability of newly 

synthesized mRNA by protecting the transcript from degradation mediated through 5’ exonucleases.19 

With the incorporation of the 5’ cap, it shares chemical similarity to the 3’ end of RNA and thus is not 

recognized by exonucleases but rather by the cap-binding complex (CBC) initiating the nuclear export 

or the interaction with eukaryotic translation initiation factors E and G (eIF4E and eIF4G).20,21 Similar 

to the 5’ cap, another protection layer is formed by the 3’ polyadenylated tail (poly(A) tail) which 

additionally was shown to synergistically enhance translation through circularization of the respective 

mRNA and eIF4E/G.22 Alternative modifications found in eukaryotic RNA include pseudouridine (ψ), 

inosine (I), and less frequently N1-methyladenosine (m1A), 5-methylcytosine (m5C), N4-acetylcytidine 

(ac4C) and 5-hydroxymethylcytosine (hm5C) (Figure 1). Besides the well-known function of ψ 

protecting RNA molecules from degradation, the other modifications are less well understood and 

require further investigation. 
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Figure 1: Chemical modifications of RNA molecules found in nature. From left to right: The 5’ cap consists of a N7-

methylguanosine (m7G) cap. Internal adenosines within consensus DRACH sequences are converted into N6-methyladenosine 

(m6A). Alternative modifications on adenosines and cytosines are N1-methyladenosine (m1A), N5-methylcytosine (m5C), or 

N4-acetylcytosine (ac4C). Adenosines (A) can be converted into inosine (I) and uridines (U) were found to be edited into 

pseudouridine (ψ). While the polyadenylated tail (poly(A) tail) protects the RNA, 3’ uridylation marks the nucleic acid for 

degrading enzymes. 

    The most abundant chemical modification found in RNA is N6-methyladenosine (m6A) which can 

be found in almost all types of coding and ncRNAs throughout the majority of eukaryotic species 

including mammals, plants, insects, and certain viruses.23–25 The deposition of m6A was shown to 

commonly occur at a characteristic DRACH (D = G, A or U; R = G or A; H = A, C or U) sequence 

which is often enriched at the 3’ untranslated region (3’ UTR).26 Once introduced, the methylation 

pattern can alter RNA metabolism including translation, export, splicing, processing, and RNA stability 

which underlines the significant impact of m6A in actively regulating molecular signaling pathways.27–

29 Generally, m6A is described as a highly dynamic and reversible modification due to regulation by two 

important RNA-modifying proteins (RMPs) which orchestrate the deposition as well as the removal of 

m6A. The modification is first introduced by methyltransferases (writers) and can be removed by 

demethylases (erasers). The function implemented by m6A is majorly dependent on specific RNA-

binding protein (RBP) recognizing the methylation pattern (readers). Thereby, the m6A modification 

shows the remarkable impact of minor chemical changes on RNA molecules. It not only alters 

molecular characteristics of the RNA itself but also impacts the landscape of natural binding partners 

which in turn tightly regulate the fate of the RNA. Altogether, this underlines the complex interplay 

between m6A modifications, RBPs, and the function of RNA itself. 

1.1.2 RNA-binding proteins 

The research field of protein–RNA interactions (PRI) is rapidly emerging and already led to the 

discovery of diverse ribonucleoprotein (RNP) assemblies. Today, more than 2,000 proteins interacting 

with transcripts of all kinds have been identified and shown to regulate the life cycle of RNAs 

ubiquitously and potently.30 These RBPs were shown to have a crucial impact on post-transcriptional 

gene regulation by altering the maturation, the transport, or the stability of cellular RNAs.31 How RBPs 
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selectively interact with their natural binding partners is not always fully understood, but many studies 

try to unravel the notable interplay. Techniques varying from next-generation sequencing or deep-

sequencing (e.g. crosslinking and immunoprecipitation followed by sequencing (CLIP-seq) or RNA 

immunoprecipitation and sequencing (RIP-seq)) to modern protein mass spectrometry revealed not only 

the binding range of RBPs but could also show that many proteins interact with thousands of cellular 

transcripts at defined binding sites.31–33 Therefore, it is not surprising that not only single-protein-RNA 

element interactions exist but also large assemblies of multiple RBPs and RNAs were identified over 

the last decades.34 One prominent example of such a large RNP assembly is depicted by the spliceosome 

which is responsible for the maturation of mRNA.35 

    The functional units responsible for recognizing and binding to RNA molecules are known as RNA 

binding domains (RBDs). Studying these domains can be crucial to decipher the mechanisms of RBPs 

in a cellular context, although it should be noted that RBDs are very heterogeneous and cannot be 

categorized easily.31 Methods like X-ray crystallography, nuclear magnetic resonance (NMR), or 

cryogenic electron microscopy (cryo-EM) however helped to resolve numerous protein–RNA 

complexes and their corresponding types of intermolecular interactions.36,37 Prominent molecular 

interactions in protein-RNA structures thereby vary from hydrogen bonds and Van der Waals 

interactions to hydrophobic and π-interactions or stacking.34 These interactions were shown to occur 

dynamically and involve the binding of the RNA base, the RNA sugar, or the RNA backbone.38 

Considering the combination of multiple RNA-binding regions involved in diverse interactions 

cumulatively enables RBPs to specifically bind to RNA regions. By co-existing in one RBP, multiple 

RBDs can either increase specificity in a cooperative or an independent manner.39 Moreover, studies 

revealed that RBDs can facilitate protein-protein interactions (PPIs) alongside RNA binding, adding 

another layer of diverse functionalities within the cellular environment. Classifying PRIs by their target 

RNA revealed that the most frequently targeted RNAs are represented by mRNAs (~45%) followed by 

ribosomal RNAs (~11%), tRNAs (~10%) and other ncRNAs (~34%).31 This outlines the crucial 

participation of RBPs in orchestrating RNA maturation, transport, function, stability, metabolism, and 

RNA degradation.40 However, once dysregulated, RBPs can promote the pathogenesis of diverse human 

diseases making them promising targets for the development of chemical probes and therapeutic 

agents.41 Prominent examples of RBPs that have been targeted by using small molecules are the post-

transcriptional gene editing Musashi proteins (MSI and MSII),42 the eukaryotic translation initiation 

factors 4A and 4E (eIF4A and eIF4E)43,44 and more recently also the RNA methyltransferase complex 

of METTL3/14.45 Within this thesis, three different RBPs were targeted using small-molecule 

modulators: The miRNA-binding protein LIN28, the m6A methyltransferase METTL16, and the m6A 

recognizing protein YTHDF2.  
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1.1.3 RNA-modifying proteins 

One major subgroup of RNA-binding proteins is summarized as RNA-modifying proteins (RMPs). This 

group consists of enzymes placing a covalent modification on RNA molecules, removing a covalent 

modification, and proteins that recognize and selectively interact with the modified RNA. The research 

field describing the installation, recognition, and removal of these post-transcriptional modifications 

has been referred to as epitranscriptomics. As summarized in section 1.1.1, a plethora of covalent RNA 

modifications has been identified over the last years. However, to understand the regulation and 

function of each RNA modification, it is crucial to not only investigate the transcripts individually but 

also the natural binding partners involved in each step.  

    For m6A, there have been developed many techniques which try to unravel the complex regulatory 

network of RNA methylation, leading to the identification of several m6A writers, readers, and erasers 

(see section 1.3).46 Most of the methods rely on combinations of sequencing methods and other 

emerging tools (e.g. genome-editing tools).47–51 For less abundant RNA modifications, however, it 

remains rather challenging to investigate the regulatory networks and to identify the involved RMPs. 

    Another extensively studied PRI describes the interplay between RNA containing pseudouridine (ψ) 

and pseudouridine synthase (PUS) enzymes. PUS enzymes were shown to catalyze the isomerization 

of uridine to ψ and thus stabilize the respective transcript. To identify ψ sites and the corresponding 

isomerase catalyzing the conversion, N3-CMC (cyclohexyl-N-b-(4-methylmorpholinium) 

ethylcarbodiimide)–enriched pseudouridine sequencing (CeU-seq) depicts a selective chemical labeling 

and pulldown method.52 In addition to uridine to ψ isomerization, A-to-I editing was also investigated 

thoroughly, leading to the discovery of adenosine deaminases acting on RNA (ADARs). The family of 

human ADARs consists of three members (ADAR1, 2, 3) which were shown to catalyze the hydrolytic 

deamination reaction converting adenosine into inosine. Interaction of inosine with the translation 

machinery results in base-pairing with cytosine instead of uracil and thus can cause the incorporation 

of amino acids that are not directly encoded in the genome.53 A-to-I editing is found in both coding and 

noncoding RNAs. In tRNA, an A-to-I conversion at the wobble position enables this base to pair with 

uridine, adenosine, or cytidine nucleosides in the codon of an mRNA.54 This, in turn, leads to a reduction 

in the number of tRNA molecules required to decode the full range of mRNA codons.55 In miRNAs, 

A-to-I editing was shown to occur rather frequently (20% of pri-miRNAs) mostly causing an inhibition 

of the miRNA biogenesis.56 The following paragraph describes the canonical pathway of miRNAs in 

more detail and how the prominent RBP LIN28 alters the maturation of let-7 miRNAs. 

1.2 The microRNA-binding protein LIN28 

Since its discovery in 1984, the human abnormal cell lineage protein 28 (LIN28) has emerged as one 

of the best characterized RBPs.57,58 Especially, precedents in Caenorhabditis elegans helped to 

understand the fundamental function of LIN28 in embryonic development. In mouse embryonic stem 
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cells (ESCs) mammalian LIN28 is highly abundant but the expression level decreases upon 

differentiation.59 Along with Oct4, Sox2, and Nanog, LIN28 was later used to reprogram human 

fibroblasts into induced pluripotent stem cells (iPSCs) which further corroborated the function of LIN28 

as a pluripotency factor.60 Further studies revealed that the reprogramming process simultaneously 

increased the cell proliferation rate. Consequently, LIN28 was identified as a proliferation regulator that 

is activated during cell growth and inhibited at high cell densities.61 The mechanism of LIN28 

downregulation later was shown to be dependent on sequestration from the cytoplasm by 

unphosphorylated Merlin/NF2. At low cell density, Merlin/NF2 is phosphorylated, which prevents the 

interaction with LIN28. However, cell-cell contact triggers the dephosphorylation of Merlin/NF2, 

causing LIN28 recruitment in the cytoplasm and thus inhibiting proliferation.62  

    In mammals, two different LIN28 genes are expressed, LIN28A and LIN28B. Both isoforms consist 

of an N-terminal cold shock domain (CSD) and a C-terminal zinc knuckle domain (ZKD).63 The proteins 

both are evolutionary highly conserved and share functions such as the regulation of tissue 

development, cell growth, metabolism, and pluripotency.59 While LIN28A (~ 23 kDa) consists of 209 

amino acids, the sequence of LIN28B comprises 250 amino acids. This discrepancy can be explained 

by an extended C-terminal acidic stretch and the occurrence of nuclear (NLS) and nucleolar (NoLS) 

localization signals of LIN28B (Figure 2). With these localization signals and under conditions such as 

S-phase or G2-phase, LIN28B can localize to the nucleus or the nucleolus, respectively.64 

Predominantly, however, LIN28A and LIN28B are located in the cytoplasm. Structural investigations 

of both isoforms could show that the CSD is built up by a β-barrel consisting of five antiparallel β-

sheets.65 Connected to the CSD via a positively charged and flexible linker (~ 15 amino acids) is the 

ZKD featuring two prominent Cys-Cys-His-Cys (CCHC)-type zinc-finger motifs. In each motif, Zn2+ 

ions are coordinated by three cysteines and one histidine residue that enables the resembling of retroviral 

nucleocapsid proteins.66,67  

 

Figure 2: Schematic comparison of LIN28A and LIN28B sequences. 

    The predominant binding partner of LIN28 is the non-coding, tumor-suppressive miRNA lethal-7 

(let-7), which was shown to interact with both the CSD and the ZKD.68 Generally, it was found that the 

PRI of LIN28 and let-7 results in posttranscriptional inhibition of let-7 biogenesis. Besides this crucial 

and thoroughly studied interaction with the miRNA let-7 (see section 1.2.2), LIN28 was shown to 

interact with thousands of exonic and 3’ untranslated region (UTR)-binding sites. Using CLIP-seq, 

Wilbert et al. were able to identify an enriched GGAGA motif in LIN28-binding sites.69 Among several 
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mRNA targets, they found evidence for LIN28 autoregulation and effects on protein abundances of 

splicing regulators such as hnRNP F, TIA-1, or FUS/TLS.69 Further studies could also show the binding 

of LIN28 to a subset of mRNAs encoding for cell cycle regulators (e.g. cyclin A and B) or the epigenetic 

regulator DNMT3a.70,71 These findings all demonstrate that LIN28 can alter crucial regulatory functions 

by directly interacting with mRNA. The mechanisms of how LIN28 alters cell growth and maintains 

pluripotency by interacting with mRNAs however are not yet fully understood and require further 

investigations. The perturbation of let-7 maturation on the other side depicts one of the most extensively 

studied PRIs today and still holds great potential considering the function of LIN28 in a cellular 

environment. 

1.2.1 The let-7 miRNA family 

After the first discovery of human miRNAs over a decade ago, examples of miRNA-mediated 

regulation were found for almost every cellular process.72–74 The small ncRNA molecules are described 

as regulators of gene expression and commonly show a length of about 22 nucleotides.75 One of the first 

known human miRNAs was lethal-7 (let-7) which was originally found in C. elegans and later identified 

as a regulator of several cell-fate decisions.76 By binding to transcripts including oncogenic mRNAs 

such as c-Myc, Ras, or HMGA2, and cell-cycle factors (e.g. CyclinD1, D2), let-7 is recognized as a 

crucial tumor-suppressive miRNA.77–79 

    There are twelve known members of the let-7 miRNA family: let-7a-1, let-7a-2, let-7a-3, let-7b, let-

7c-1, let-7c-2, let-7d, let-7e, let-7f-1, let-7f-2, let-7g, let-7i and miR-98 (Figure 3C).80 Although their 

sequences differ at the highlighted nucleotides, the mature sequence of let-7 and its function in 

development are conserved among species.81 To finally act as a mature miRNA that induces RNA 

interference (RNAi), let-7 has to undergo a series of canonical processing steps after transcription 

(Figure 3A). First, RNA polymerase II transcribes primary let-7 (pri-let-7) which is equipped with a 

protective 5’ cap and a 3’ poly(A) tail. The precursor miRNA contains at least one hairpin structure and 

an imperfectly base-paired stem showing a length of about 33 base pairs (bp). 82 Additionally, it contains 

a terminal loop, also known as pre-element (preE) loop, and a flanking single-stranded RNA segment 

at the opposite end (Figure 3B). This flanking region is essential for pri-let-7 to undergo the first 

processing step in the nucleus. By interacting with the RNAse III enzyme Drosha in complex with the 

microprocessor complex subunit DGCR8 (DiGeorge syndrome critical region 8) the 5’cap and 

3’poly(A) tail containing, unpaired overhang is cleaved off. This nucleolytic cleavage results in the 60-

70 nucleotide long preliminary let-7 (pre-let-7) miRNA which shows a two nucleotide long 3’-

overhang.83 Subsequently, pre-let-7 interacts with Exportin-5 (XPO5) which in complex with the small 

GTPase RAN can actively export pre-let-7 into the cytosol through nuclear pore complexes (NPCs).84 

Once out of the nucleus, another RNAse III enzyme called Dicer in complex with TRBP (transactivation 

response element RBP), selectively recognizes the terminal loop region of pre-let-7 and cleaves off both 

strands of the base-paired stem.85,86 The resulting cleavage product consists of a ~22 nucleotide-long 
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double-stranded (ds) RNA which contains the mature, single-stranded (ss) let-7 miRNA.87 Then, the 

dsRNA is loaded into the RNA-induced silencing complex (RISC), mediated by the Dicer-TRBP 

complex and Argonaut (AGO) family proteins resulting in the unwinding of the passenger strand. In 

the RISC, the ssRNA can finally bind to complementary 2-8 nucleotide long seed sequences of 

corresponding mRNAs to repress their translation (Figure 3A and 3C).88 The seed binding sequences 

are usually located at the 3’ UTR of mRNAs which previously needs to be decapped and deadenylated 

to be targeted by let-7.  

    Besides the prominent examples of oncogenic mRNAs targeted by let-7, several other genes are 

known to be repressed by the miRNA. Two examples are the cell cycle progression regulators like 

cyclin-dependent kinase 6 (CDK6), or M-phase inducer phosphatase 1 (CDC25A) which could explain 

the effect of let-7 on cell proliferative processes.89 Altogether, the targeted mRNA transcripts underline 

let-7’s important role as a master regulator of cell differentiation and proliferation. Thus, deregulation 

of the let-7 maturation was shown to influence the tumorigenicity of many cancer cells. The major 

negative regulator of let-7 is the RBP LIN28 which is aberrantly expressed in several cancers and thus 

causes the arrest of let-7 biogenesis.83 

 

 

 

 

 

 

 

 

 

 

Figure 3: (A) Canonical pathway of the let-7 maturation process. After transcription by RNA polymerase II, pri-let-7 is 

processed by Drosha in the nucleus and exported by Exportin 5. In the cytosol, pre-let-7 is once more processed by Dicer and 

then loaded onto the RISC to interfere with mRNA translation. (B) Scheme of Pri-let-7 with representative motifs. (C) 

Members of the let-7 family and their corresponding sequences. The seed binding sequence is marked in red. Differences in 

individual let-7 sequences compared to the consensus sequence are highlighted in bold font. 
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1.2.2 The natural role of the LIN28–let-7 interaction 

To understand the phenomenon of LIN28 being a proliferation regulator that is activated especially 

during cell growth, the interaction with let-7 needs to be examined more carefully. LIN28 consists of 

two distinct domains which both were shown to be involved in let-7 binding (Figure 4A). While the 

ZKD was consistently shown to bind single-stranded GGAG or GGUG sequences with high specificity, 

there is still no clear consensus about the interaction between let-7 and the CSD of LIN28.90 It could be 

demonstrated by Nam et al. that most contacts of let-7 to the CSD are created through the preE loop. 

The RNA bases thereby form several π-stacking interactions with aromatic side chains, and additional 

hydrogen bonds or steric exclusions increase the specificity towards the CSD. However, a clear 

consensus sequence could not be identified, not even after the efforts of Maryr et al. who identified a 

binding motif of LIN28 with a preference for the CSD to bind pyrimidine-rich heptanucleotides 

showing the common sequence: GUNNUNN (N = any base).91 Later studies focused on single-

nucleotide-resolution mapping of LIN28, revealing a clearer (U)GAU motif which was shown to 

partition the let-7 miRNA family into two subclasses. Members such as let-7b, let-7d, let-7f, or let-7g 

which possess the (U)GAU motif, bind both the CSD and ZKD and are referred to as CSD+, while other 

members without a CSD binding motif are described with CSD–. These findings could be validated by 

showing different affinities of CSD+ miRNAs compared to CSD– miRNAs to LIN28 in biochemical 

assays.92 

    The binding of LIN28 to the preE loop of precursor let-7 generally blocks the interaction with the 

RNAse III enzymes Drosha and Dicer. This blockage depicts one of the mechanisms of how LIN28 

regulates the maturation of let-7 miRNAs (Figure 4B).93 Alternatively, LIN28 can recruit terminal 

uridylyl transferases (TUTases) such as TUT4 or TUT7 which oligouridylate pre-let-7 at the 3’ end.94–

96 Recruitment of these noncanonical poly(A) polymerases was shown to occur through the ZKD of 

LIN28A binding to the N-terminal LIN28-interacting module (LIM) of TUT4 and 7. The uridylation on 

the other side is executed at the C-terminal catalytic module (CM) and was shown to be dependent on 

UTP.68 Generally, marking pre-let-7 with an oligouridyl tail leads to the recruitment of the 3’ to 5’ 

exonuclease DIS3L2 which successively degrades the tail, followed by the miRNA itself. Therefore, 

binding of LIN28A to pre-let-7 indirectly induces the decay of the miRNA and thus its ability to get 

loaded into the RISC (Figure 4B).97  

    Another way how LIN28 can alter the biogenesis of precursor let-7 miRNAs was described with the 

competitive binding of LIN28 and AGO. Depending on the expression levels, let-7 is recruited by 

LIN28 and thus cannot be loaded into the RISC. This, in turn, causes alternative, low-abundant miRNAs 

to bind to AGO and induces the respective RNA silencing.98 In summary, LIN28 regulates the 

processing of let-7 through three mechanisms: it binds directly to the miRNA, preventing its interaction 

with Drosha and Dicer; LIN28 recruits post-transcriptional modifiers that lead to the recruitment of 

RNA degraders; and it restricts the localization of let-7 to specific cellular compartments.  
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    Strikingly, let-7 was also shown to bind the LIN28a/b genes resulting in inhibition of LIN28 

translation and thus forming a prominent bistable switch.99 Depending on the individual expression 

levels of LIN28 or let-7, this switch mechanism can decide the cell state. With high levels of LIN28, 

let-7 maturation is suppressed causing a pluripotent state. Alternatively, high levels of let-7 inhibit 

LIN28 expression which in contrast causes cell differentiation (Figure 4C).100 This highlights the 

substantial impact of the regulatory interplay between LIN28 and let-7 on cell proliferation and 

differentiation. Therefore, it is unsurprising to observe that dysregulation of this interaction is 

implicated in numerous human diseases, particularly cancers.101–103  

 

Figure 4: The LIN28-let-7 interaction. (A) Crystal structure of LIN28 in complex with truncated preE-let-7f-1 (depicted as 

orange ribbon structure) (PDB: 5UDZ). The cold shock domain (CSD) is colored in blue, while the zinc knuckle domain 

(ZKD) is shown in green. (B) Schematic visualization of LIN28 interacting with precursor let-7 miRNAs and the effects. In 

the nucleus, predominantly LIN28B binds to pri-let-7 and thus inhibits processing by the Drosha-DGCR8 complex. In the 

cytosol, the PRI of LIN28 and let-7 blocks the processing by Dicer and alternatively leads to the recruitment of TUTases 

(TUT4 or 7) marking the miRNA for degradation. (C) LIN28 and let-7 form a bistable switch determining the differentiation 

state of cells. Once LIN28 levels are high a pluripotent cell state can be observed and let-7 levels are suppressed leading to 

increased tumorigenicity in cancer cells. 
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1.2.3 LIN28 as a potential therapeutic target 

LIN28 is found to be overactivated in ~15% of human cancers which causes the inhibition of let-7 

maturation and thus expression of let-7 target genes.104 Typically, high LIN28 levels are related to an 

advanced disease stage among multiple tumor types and are associated with poor clinical prognosis. 

The targets of the LIN28/let-7 axis generally were shown to have a significant impact on each hallmark 

of cancer underlining the significant impact of the perturbed bistable switch on tumorigenesis.105,106 

Additionally, there is growing evidence that LIN28, as a stem cell pluripotency regulator, is important 

in forming cancer stem cells (CSCs) in certain cancers accelerating tumor progression.107 CSCs are 

subpopulations of tumor cells that can drive tumor initiation, impair differentiation, and can cause 

relapses.108 It was claimed that the LIN28/let-7 axis causes a “reprogramming-like” mechanism 

allowing cancer cells to dedifferentiate into CSCs which in turn can evade defense mechanisms as well 

as numerous cancer therapies. Regardless of the mechanism, LIN28 is commonly recognized as a 

biomarker for CSCs.109 

    Besides the crucial interplay between LIN28 and let-7, there is growing evidence for additional 

feedback loops promoting pathogenesis significantly. One important regulatory network involves c-

Myc, let-7, and LIN28: While LIN28 and let-7 form a bistable switch regulating each other, c-Myc was 

shown to transcriptionally activate LIN28 leading to a shift of the LIN28/let-7 axis.110,111 A similar 

positive feedback loop, described by Iliopoulos et al. involves NF-κB, LIN28B, let-7, and IL-6. 

Thereby, NF-κB was shown to increase the expression of LIN28B causing the repression of let-7 which 

in turn increases the expression of IL-6. Finally, IL-6 itself was shown to activate NF-κB thus 

completing the feedback loop.112 HMGA2, another target of let-7, promotes epithelial-to-mesenchymal 

transition (EMT) which is known to be a key event in cell development and metastasis.111113 This 

underlines the fact that LIN28 is specifically activated in high-grade and advanced-stage tumors 

emphasizing its significant role, especially in later tumorigenesis.114 Considering all of the 

aforementioned impacts of the LIN28/let-7 axis, there is a high demand for understanding the precise 

role of LIN28, not only in physiological development but also in its function during tumorigenesis.  

    Ever since its discovery in the 80s, LIN28 has been extensively studied and today depicts a well-

validated oncogene. Thus, inhibition of the RBP displays a promising strategy to balance the impaired 

LIN28/let-7 axis. One attempt by Trang et al. was to recover the function of let-7 by intratumorally 

delivering let-7 and thus utilizing the miRNA itself as an inhibitor of LIN28.115 Later, this approach 

was optimized by using hydrophobically modified let-7b to enhance the biodistribution and 

downregulate HMGA2.116 While in vitro studies could show a significant decrease of LIN28 levels, in 

vivo results indicated that most of the miRNAs were detected in the clearance organs of mice used as a 

model organism.117 This underlines that the emerging field of therapeutic oligonucleotides, despite 

having several advantages over conventional drugs, still suffers from several limitations. Next to 

systematic clearance, drawbacks such as delivery-associated toxicity, poor transfection efficiency, non-
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specific biodistribution, and degradation have been described.118 In another proof-of-concept study, 

oligonucleotides were converted into proteolysis targeting chimeras (PROTACs) linking a section of 

the let-7 sequence to a von Hippel-Lindau (VHL) E3 ligase recruiting small molecule.119 The general 

concept of PROTACs describes a heterobifunctional molecule consisting of two active domains and a 

linking moiety. One domain binds the protein of interest (POI) while the other binds and recruits an E3 

ubiquitin ligase to form a ternary complex which triggers the ubiquitin transfer of the POI. The 

ubiquitinylated POI is subsequently harnessed by the ubiquitin-proteasome system (UPS) finally 

causing the degradation of the POI mediated through the proteasome.120 In their study, Ghidini et al. 

report the first RNA-PROTAC of LIN28 which was able to inhibit and degrade the RBP both in vitro 

and in vivo at micromolar concentrations. However, the RNA-PROTAC strategy also suffers from 

previously stated drawbacks and thus does not depict the optimal strategy to target the LIN28/let-7 

axis.119 

    Therefore, inhibiting LIN28 with small-molecular entities, exhibiting better activity, stability, and 

permeability becomes increasingly desirable. Such LIN28 inhibitors not only should help to understand 

alternative biological roles of the miRNA-binding protein but also hold great potential as anticancer 

therapeutics. Despite the relevance to target oncogenic LIN28, small-molecule inhibitors of the RBP 

only sporadically have been reported since 2016. Nevertheless, there are several studies which utilized 

fluorescence-based high-throughput screens to identify inhibitors disrupting the PRI of LIN28 and let-

7 at micromolar concentrations. One of the first LIN28 inhibitors was discovered in a Förster resonance 

energy transfer (FRET) assay-based screening involving 16,000 compounds.121 By using a GFP-

labelled LIN28 and a black-hole quencher (BHQ)-labeled let-7a-2, Roos et al. were able to identify a 

triazolopyridazine (1632) (1) and a phenethylacetamide (1036) (2) to block the LIN28/let-7 interaction 

with half-maximal inhibitory concentrations (IC50) of 14 µM and 8 µM, respectively. The LIN28-

inhibitory activity of 1632 (1) also led to rescued let-7 processing, induction of cell differentiation of 

mouse ESCs, suppression of programmed cell death ligand 1 (PD-L1) expression, and tumor growth in 

mice.122 Furthermore, a biotinylated derivative of 1632 (1) was synthesized and used in a pulldown 

assay to capture LIN28 from cell lysates. Besides the proven binding of LIN28 however, the probe also 

showed micromolar binding affinities for different bromodomains (bromodomain of BRD4; KD = 7 µM 

and cAMP-response element binding (CREB)-binding protein (CREBBP); KD = 25 µM). Nevertheless, 

the compound (1) was later used as a chemical probe in several studies involving LIN28 inhibition. For 

example, 1632 (1) was shown to protect against lipid accumulation in cells and mouse models of hepatic 

steatosis, highlighting the possibility of treating hepatic disorders of abnormal lipid deposition.123 In 

another study, 1632 (1) was used to restore let-7 levels to reduce replication of the severe-acute-

respiratory-syndrome coronavirus 2 (SARS-CoV-2) and to secret inflammatory cytokines.124  

    Another FRET-based screening of a diversity-oriented synthesis (DOS) library revealed a tricyclic 

chromeno[4,3-c]pyrazole SB1301 (3) inhibiting the LIN28/let-7 interaction with low micromolar IC50 

values (4 µM).125 By using Cy3-labelled LIN28A and a BHQ-2-labelled preE-let-7a-1, the compound 
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was able to restore the Cy3 fluorescence signal and was consequently further evaluated in an orthogonal 

electrophoretic mobility shift assay (EMSA). In the orthogonal EMSA, SB1301 (3) disrupted the 

ribonucleoprotein (RNP) complex formation of recombinant LIN28A and Cy5-labelled let-7, giving 

evidence of PRI inhibition. Subsequent surface plasmon resonance (SPR) and differential scanning 

fluorimetry experiments indicated a binding of SB1301 (3) to the CSD of LIN28. While not clarifying 

a precise binding mode, a structure-activity relationship (SAR) study involving nine analogs of the 

parent compound (3), underlined the importance of the carboxylic acid moiety. All analogs missing the 

carboxylic acid either showed significantly reduced activity or a complete loss of activity against 

LIN28. In cells, SB1301 (3) increased levels of mature let-7 at concentrations of 20-40 µM, as shown 

with reverse transcription PCR (rtPCR) analysis. Additionally, protein expressions of c-Myc, Ras, and 

HMGA2 (let-7 targets) were shown to be downregulated upon compound treatment, indicated by 

western blot analysis.125 Following the study of Lim et al. another screening of 8,400 compounds in a 

similar FRET assay led to the discovery of the quinoline KCB3566 (4), showing an IC50 value of 11 µM. 

Structural optimization of KCB3566 (4) revealed a slightly more active analog KCB3602 (5) 

(IC50 = 4.8 µM) in a dose-dependent EMSA study.126 Additionally, the authors claimed that 

optimization at the 2-phenylamino group may lead to even higher potencies against LIN28. In 

biophysical and cellular assays, compound KCB3602 (5) could reduce the protein expression of let-7 

target genes, similar to SB1301 (3) but with a higher potency.126 

    An alternative assay that has been established to screen for LIN28 inhibitors involves a fluorescence 

polarization (FP)-based readout. Utilizing this assay to screen 2,769 pharmacologically active small 

molecules, led to the identification of several compounds that inhibited the interaction between pre-let-

7g and LIN28 by >50%. To validate the activity of preliminary hits an EMSA and a Dicer cleavage 

assay were developed revealing that, out of four hit compounds, only the benzo[a]phenoxazine-5-one 

SBZW0065 (6) and 6-hydroxy-DL-DOPA (7) was able to restore LIN28-mediated inhibition of Dicer-

processing of pre-let-7g. While activity in vitro could be demonstrated for both compounds, in LIN28-

expressing P19 embryonal carcinoma cells, the hit compounds did not show any effect.127 One of the 

most extensive screenings to identify LIN28 inhibitors, involved the combination of 17 compound 

libraries, containing more than 100,000 small molecules. In this FP assay-based screening, using 

LIN28A and FAM-labelled preE-let-7f-1, 53 compounds were shown to dose-dependently inhibit the 

PRI with IC50 values ranging from 0.2 µM to 10 µM. To note, a truncated version of human LIN28 was 

used for the screening, only containing residues 16-187 and an F73A point mutation lowering the 

affinity between CSD and let-7 and thus increasing the sensitivity of compounds binding to the 

ZKD.72,94 Initial hit compounds were subsequently tested in a let-7 oligouridylation inhibition assay, 

leading to the validation of six LIN28 inhibitors (Figure 5). A tricyclic cyclopenta[c]quinoline (LI71) 

(8), tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) (9), and gossypol (10) were shown to 

completely abolish LIN28-mediated oligouridylation at 40 µM, leading to binding mode studies using 

heteronuclear, single-quantum, coherence (HSQC)-spectroscopy. Here, it was demonstrated that LI71 
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(8) modulated the let-7 binding activity of the CSD, while TPEN (9) destabilized the ZKD, most likely 

due to Zn2+ chelation. Because of its chelating effect, the toxicity observed in LIN28-expressing mouse 

ESCs upon TPEN (9) treatment, needs to be scrutinized carefully. To further elaborate the binding of 

LI71 to the CSD of LIN28, a saturation transfer difference (STD) experiment was conducted, indicating 

that the carboxylic acid and the ethoxy residue of LI71 (8) both contribute to the interaction with LIN28. 

This could also be confirmed by a concise SAR analysis involving four LI71 derivatives and the 

corresponding enantiomer. In cellular assays, LI71 (9) could increase levels of mature let-7(a-g and let-

7i) in LIN28-dependent cancer cells and embryonic stem cells. As the carboxylic acid moiety proofed 

to be beneficial for LIN28 inhibition, another focused screening was performed, revealing a 5-

(methylamino)nicotinic acid fragment (11) to act as a weak LIN28 inhibitor in vitro (IC50 ≥ 76 µM) and 

in cellulo.128  

    Next to the fluorescence polarization, also the fluorescence intensity (FI) of fluorophores coupled to 

pre-let-7 was shown to be influenced by LIN28 binding, giving another read-out to screen for small-

molecule inhibitors. Utilizing this technique led to the identification of four initial hits, the pyrazoyl 

thiazolidinedione KCB170522 (12), luteolin (13), an alkaloid rhynchophylline (14), and the saponine 

tenuifolin. Byun et al. then focused on KCB170522 (12) and investigated the structure-activity 

relationship by synthesizing four derivatives. After showing robust activity against LIN28 in the FI 

assay and in EMSA, JAR cells were treated with the most potent KCB170522 (12) resulting in the 

upregulation of mature let-7 levels and downregulated expression of let-7 target genes (c-Myc and Ras).  

    In 2016, Lorenz and Ganer established a catalytic enzyme-linked click chemistry assay (cat-ELCCA) 

to later screen a collection of 127,007 compounds from various sources.129–131 In their assay, LIN28 

with an N-terminal HaloTag fusion protein labeled with biotin and 5’-trans-cyclooctene labeled pre-

let-7d were used to monitor a subsequent reaction with tetrazine-labeled horseradish peroxidase. Once 

a compound interferes with let-7 binding, it demolishes the click reaction, and thus no luminescence 

signal can be amplified. Two compounds, CCG-233094 (15) and CCG-234459 (16) could show this 

inhibitory effect in a dose-dependent manner and were subsequently subjected to EMSA showing 

similar outcomes. However, no clear inhibition mechanism of the two aryl bis-sulfonamides was stated, 

leading to the assumption that the compounds might extract the Zn2+ ions from the ZKD to destabilize 

the PRI of LIN28 and let-7. Another recent effort of the Garner lab involved the establishment of a live-

cell assay technology, RNA interaction with protein-mediated complementation assay (RiPCA), for 

high-throughput screening to identify small molecule inhibitors of the let-7 and LIN28A interaction. 

The screening of a biased library resulted in the identification of the Wee1 kinase inhibitor SID-415260 

(17) which was able to inhibit the pre-let-7d–LIN28A PRI with an IC50 value of 7.6 µM.132 

    To summarize, several research groups already identified small-molecule LIN28 inhibitors which 

show significant impact by restoring levels of mature let-7 not only in vitro but also in vivo. However, 

no inhibitor reached the submicromolar potency leading to only minor effects in mouse models or 

cellular effects thus creating much space for improvement. Most of the inhibitors identified so far suffer 
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from limited characterization which handicaps structural optimization of the compounds to improve 

LIN28 binding. Additionally, no co-crystal structure showing LIN28 in complex with an inhibitor has 

been reported to date, which could be helpful in understanding and optimizing a binding mode more 

rationally. Another drawback created by most of the compounds obtained from the screening 

approaches is their lack of selectivity. As shown for 1632 (1), the compound interacts with different 

bromodomains in a similar affinity compared to LIN28 and thus does not allow for effective therapeutic 

usage. Also, ZKD binders such as TPEN (9), CCG-233094 (15), and CCG-234459 (16) harbor 

symmetrical nitrogen moieties with lone pairs which potentially complex different zinc ions throughout 

the cell and thus decrease the selectivity of the small molecules. Therefore, more extensive evaluation 

of the target specificity and structural optimization is needed to obtain better LIN28 inhibitors as useful 

probes in chemical biology or as potential lead structures for drug development.  

 

Figure 5: Small molecules inhibiting the protein-RNA interaction of LIN28 and let-7. Listed are the different structures and 

the corresponding IC50 values as well as the assay used to identify the inhibitory effect. Blue boxes indicate CSD binders and 

green boxes indicate ZKD binders. No box indicates unclear inhibition mechanisms. 
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1.3 m6A RNA-modifying proteins 

All major macromolecules (DNA, RNA, proteins, lipids, and carbohydrates) found in nature were 

shown to undergo covalent modifications that impact their structure, function, and stability.133 

Installation of these modifications mainly occurs through enzymatic catalysis. The field of 

epitranscriptomics describes the impact of diverse post-transcriptional modifications found on RNA 

throughout the transcriptome and how these modifications can alter the translation of proteins.134 The 

enzymes catalyzing the installation of RNA modifications in many cases are yet to be identified and 

characterized in detail. Proteins involved in N6-methylation of adenosines however have been 

particularly well studied in recent years due to the severe effects of N6-methyladenosine (m6A) in many 

cellular functions. M6A has emerged as the most abundant and prevalent RNA modification in nature, 

underlining the need to comprehensively understand its functional significance and its interactome 

throughout the cell. Deposition of transcriptome-wide m6A modifications is majorly mediated by the 

m6A methyltransferase complex (MTC) consisting of several proteins such as methyltransferase-like 3 

(METTL3), METTL14, Wilms’ tumor 1-associating protein (WTAP), vir-like m6A methyltransferase-

associated (VIRMA), Cbl proto-oncogene-like 1 (HAKAI), zinc finger CCCH-type containing 13 

(ZC3H13), and RNA-binding motif protein 15/15B (RBM15/15B).135–139 Thereby, the enzyme mainly 

catalyzing the S-adenosylmethionine (SAM)-dependent methyl transfer was shown to be the tight 

heterodimer of METTL3 and METTL14, while the other proteins act as regulator factors (Figure 6).137 

Besides the transfer of m6A onto a plethora of RNAs, ZC3H4, and METTL5 in complex with tRNA 

methyltransferase activator subunit 11-2 (TRMT112) were reported to methylate 28S and 18S rRNA, 

respectively leading to a promoted global translation rate.140–143 Another more specifically methylating 

RMP is depicted by METTL16, which installs m6A in U6 snRNAs and the mRNA MAT2A and thereby 

regulates RNA splicing and SAM homeostasis, respectively.144–146 

    Similar to the introduction of m6A, there is another class of RMPs catalyzing the removal of the RNA 

modification, the class of m6A erasers. To date, two erasers could be identified, both belonging to the 

alkylation B (AlkB) family of Fe(II)/ α-ketoglutarate-dependent dioxygenase superfamily.147 Fat mass 

and obesity-associated protein (FTO) was shown to remove the methyl group in a two-step oxidation 

mechanism creating N6-hydroxymethyladenosine (hm6A) first and then fragmenting the intermediate 

into adenosine and formaldehyde. However, it was also reported that FTO produces a mixture of 

adenosine, hm6A, and N6-formyladenosine (f6A) giving evidence that the eraser not efficiently removes 

all methylation marks.148–151 On the other side human AlkB homologue 5 (AlkBH5) depicts another 

m6A eraser which similarly oxidizes m6A by converting 2-oxoketoglutarate into succinate under oxygen 

consumption to create carbon dioxide and hm6A. In contrast to FTO, only demethylated adenosine has 

been observed in AlkBH5 catalysis, showing the ability to remove the methylation pattern more 

effectively (Figure 6).152–154 The occurrence of writers and erasers generally makes m6A a highly 

dynamic modification which can be actively regulated by diverse signaling pathways.  
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    Proteins recognizing m6A and thereby implementing cellular functions are called m6A readers. 

Depending on the subcellular localization, readers can influence the fate of m6A in numerous ways. 

Among the best-characterized readers today are the YT521-B homology (YTH) domain family 

members YTHDF1-3 and YTHDC1-2, all sharing a similar m6A recognition motif but manifesting 

diverse effects on RNA fate.155,156 While YTHDF1 and YTHDF3 are mainly actively accelerating 

protein synthesis by interacting with the translation machinery,157,158 YTHDF2 was shown to alter the 

stability of RNA by recruiting RNA-degrading enzymes (Figure 6) (for a more detailed description see 

section 1.3.3).159,160 Similarly, YTHDC1 is actively regulating the decay of m6A-modified chromosome-

associated regulatory RNAs (carRNAs) through nuclear exosome targeting–mediated degradation. In a 

different study however, YTHDC1 was shown to promote exon inclusion by recruiting splicing 

enhancer-binding SR protein 3 (SRSF3) and thus actively regulating mRNA splicing.161–163 Reminiscent 

of YTHDC1, the role of YTHDC2 is also not fully understood as underlined by studies demonstrating 

either an alteration of m6A RNA stability or an upregulation of the translation machinery.164,165 Another 

group of m6A readers recognizing the methylation mark through K-homology domains are insulin-like 

growth factor 2 mRNA-binding proteins (IGF2BPs). The three members IGF2BP1-3 were majorly 

shown to increase mRNA stability and enhance translation.166 Eukaryotic initiation factor 3 (eIF3) 

similarly can promote the translation of m6A mRNAs by recruiting 43S complexes to initiate the protein 

synthesis which mainly can be observed upon cellular stress induction.167,168 
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Figure 6: Schematic representation of the m6A pathway. The RNA is first transcribed by RNA polymerase II and then further 

processed to give a 5’ capped and polyadenylated RNA. Then, m6A writers can install the methyl group on N6 positions of 

adenine bases which is subsequently recognized by m6A readers to implement a specific function. Here depicted is the 

oppositional outcome of YTHDF1 or YTHDF2 interaction. m6A erasers together with α-ketoglutarate are found to remove the 

methyl group by means of oxygen consumption.  

Next to the m6A recognition on coding RNAs, heterogeneous nuclear ribonucleoprotein (HNRNP) 

family members, including HNRNPC, -G, and -A2B1, can identify m6A on precursor miRNAs (pre-/ 

pri-miRNA). By recruitment of the miRNAs, either nucleocytoplasmic trafficking is regulated, or 

splicing of the ncRNA is mediated.169–171 

    Collectively, m6A depicts a dynamic and tightly controlled RNA modification with crucial roles in 

processes such as RNA transcription, maturation, function, metabolism, and localization.172,173 But not 

only the mark itself regulates the molecular signaling pathways, but also the RMPs involved in the 

network of m6A RNA. Thus, it is unsurprising that all components of m6A regulators (writers, readers, 

and erasers) have been connected with several types of human cancer.174–176 Despite being rather poorly 

understood, their disease association makes RMPs of the m6A network, an attractive new target class 

for the discovery of novel therapeutic candidates.133,172,177 Therefore, the identification of modulators 

targeting m6A RMPs not only should help to better understand the m6A pathway, but it also forms a 

foundation for modern drug discovery. 



 Introduction  

23 

 

1.3.1 The m6A writer METTL16 

Although the majority of RNA was shown to be methylated at the N6 position by the nuclear MTC, 

consisting of active methyltransferase-like proteins METTL3 and METTL14, there is growing interest 

in unraveling the function of another m6A methyltransferase called METTL16. Human METTL16 

consists of 562 amino acids which form a catalytic N-terminal methyltransferase domain (MTD) and a 

C-terminal domain composed of two vertebrate-conserved regions (VCRs).178 In-depth structural 

investigations of the MTD could show that METTL16 is a class I SAM-MTase that uses a conserved 

Rossmann fold to bind SAM, as methyldonor, and a large positively charged groove to interact with 

RNA substrates. The conserved MTase core (residues 79-288) consists of mostly parallel, seven-

stranded β-sheets (β1- β7) which are stabilized by a disulfide bridge between C183 and C247 to link β4 

with β5. Interestingly, this disulfide bridge was found to be absent in the S-adenosyl-L-homocysteine 

(SAH) bound state of METTL16.179 Compared to the METTL3/METTL14 complex, METTL16 

possesses several structural elements unique to its structure that most likely contribute to the RNA 

substrate specificity. Especially, the N-terminal residues 1-78 are thought to be majorly determining 

this selectivity. Nevertheless, uncertainty persists regarding how METTL16 recognizes its RNA 

substrates, mainly attributed to potential conformational changes upon RNA binding and the missing 

structural clarification of the C-terminal domain which may also contribute to substrate recognition.179 

Studies involving METTL16 and U6 snRNA or MAT2A, two confirmed substrates of the RMP, 

provided more details about the PRI showing that METTL16 accommodates single-stranded bulges in 

a ~37 × 18 Å groove which are flanked by double-stranded RNA.179–181 Moreover, conserved residues, 

essential for methyl transfer catalysis, could be identified: N184, P185, P186, F187 (Figure 7A). This 

184NPPF187 motif is located between the SAM/SAH-binding site and the positively charged groove and 

was proposed to use the oxygen atom of N184 and the carbonyl oxygen of P185 to negatively polarize 

the N6 amino group via hydrogen bonding (Figure7A). Subsequently, the amino group accepts the 

methyl group from SAM in a nucleophilic substitution reaction (SN2) to give SAH and an N6-

methylammonium adenosine cation which may be stabilized further by the 184NPPF187 amino acids. In 

addition to the 184NPPF187 motif several aromatic residues (Y, F, or W) are located at the active site of 

METTL16 to hold the extrahelical, 180°-rotated adenine in place by π-π stacking.179 
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Figure 7: (A) Co-crystal structure of METTL16 (MTD) in complex with the 3' UTR of MAT2A (PDB: 6DU5). The 184NPPF187 

motif is shown in more detail, highlighting the potential activation of the N6 amino group. (B) The dual functionality of 

METT16 depends on the localization in the nucleus or the cytosol. Nuclear METTL16 binds MAT2A and thus regulates SAM 

homeostasis, while cytosolic METTL16 was shown to promote the translation of mRNAs independent from m6A. 

    In a crosslinking experiment, the interaction of METTL16 with several cellular RNAs was 

demonstrated which were subsequently subjected to Illumina deep sequencing to reveal U6 snRNA as 

one of the most abundant binding partners of METTL16. Furthermore, the methyl mark of U6 snRNA 

was identified at A43 as being part of the commonly recognized UACAGAGAA (the target adenosine 

is marked in bold and underlined) motif.179,181 This nonameric sequence motif is known for its unique 

three-dimensional structure and was later found to be recognized commonly by METTL16.180 

Methionine adenosyltransferase 2A (MAT2A) is another transcript to be methylated by METTL16 at 

the UACAGAGAA motif in 3’ UTR hairpins. MAT2A encodes for a SAM synthetase and thus drives 

SAM production to regulate numerous methylation events in the cell.182 The methylation of MAT2A by 

means of METTL16 was shown to either promote splicing of the mRNA or to retain an intron at the 

hairpin 1 (hp1) of MAT2A dependent on intracellular SAM levels. In limited SAM supply, METTL16 

A 

B 
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has a slower turnover and thus halts on hp1 which in turn induces splicing of MAT2A. Once there is 

high availability of SAM in the cell, hp1 is rapidly methylated, METTL16 dissociates from the RNP 

complex, and no splicing event occurs.180,183 The retained intron on hp1 subsequently marks nuclear 

MAT2A for YTHDC1 recognition leading to RNA degradation, mediated by poly(A)-binding protein 1 

(PABPn1) in complex with poly(A)-polymerases α/γ (PAPα/γ).184,185 This SAM-dependent interplay is 

thought to allow cells to monitor and maintain intracellular SAM levels, highlighting the intricate role 

of METTL16 in SAM homeostasis (Figure 7B). 

    Independent from its methyltransferase activity, METTL16 more recently was found to contribute to 

gene regulation distinctly. While occurring in the nucleus, the RMP functions as m6A writer, but once 

it localizes in the cytosol, METTL16 was shown to promote the translation of more than 4,000 mRNA 

transcripts.186 This function as a translation-initiating facilitator is based on direct interaction between 

METTL16, eucaryotic initiation factor 3a/b (eIF3a/b), and the rRNA of ribosomes. As demonstrated by 

Crosslinking immunoprecipitation and quantitative PCR (CLIP-qPCR), the MTD of METTL16 

interacts with the 18S rRNA and eIF3a/b, facilitating the binding of eIF3a/b to the 40S ribosomal 

subunit and causing the formation of an active 80S translation-initiation complex (TIC) (Figure 

7B).187,188  

    Taken together, METTL16 is a m6A methyltransferase responsible for the methylation of only a few 

hundred transcripts. Among those, MAT2A is most striking, as the mRNA decoding for a SAM 

synthetase directly influences SAM levels in cells. Depending on the m6A mark, MAT2A splicing was 

found to be either promoted or retained and thus an intricate interplay between METTL16 and MAT2A 

is generated. Dependent on its localization, METTL16 was identified to facilitate in translation-

initiation, promoting thousands of transcripts to be translated into proteins. With this crucial dual 

functionality METTL16 not only gains more recognition as RMP but also as a therapeutic target since 

overexpression was found to mediate tumorigenesis.180,186,189  

Many RNA-modifying proteins have been associated with a variety of human diseases (e.g. cancer, 

infectious diseases, inflammatory and autoimmune diseases).190–194 Especially METTL3, as being the 

major methyltransferase to form m6A modifications, is upregulated in many cancers such as lung– and 

liver cancer or acute myeloid leukemia.195–197 However, dependent on which mRNA is methylated by 

the METTL3-METTL14 complex, it was shown to have opposite effects with either an oncogenic or a 

tumor-suppressive outcome.198 The underlying cause of this striking behavior warrants further 

investigation, yet accumulating evidence indicates that cancer-specific downstream targets may be 

pivotal drivers. In 2021, the first potent and selective METTL3 inhibitor UZH2 (18) was reported to 

reduce m6A levels in MOLM-13 (AML) and PC-3 (prostate cancer) cells. With a single-digit nanomolar 

potency, the inhibitor since then served as an important chemical probe to study the METTL3 biology 

and may act as a lead for further optimization.199 Another important milestone of METTL3 inhibition 

was the identification and structural optimization of the pyridopyrimidine compound STM2457 (19) 
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which shows an IC50 value of 16.9 nM on the PRI of METTL3 and m6A RNA.200 Notably, together with 

the derivative STC-15 (20), the METTL3 inhibitors entered clinical trials in 2022 (Figure 8).201 Overall, 

these efforts in inhibitor discovery could highlight the effects of ‘hijacking’ the disease-related m6A 

pathway.  

 

Figure 8: Reported METTL3 inhibitors with their respective IC50 values and the assay used to calculate the inhibitory effect. 

STM2457 and STC-15 are currently being investigated in phase I clinical trials. 

    Similar to the contradictory effects of METTL3 in different cancers, the exact role of METTL16 in 

pathology remains rather poorly understood. Besides the crucial effect on maintaining cellular SAM 

levels, METTL16 was shown to methylate the lncRNA metastasis-associated lung adenocarcinoma 

transcript 1 (MALAT1).202 This lncRNA was found to act as both an oncogene as well as a tumor 

suppressor in different cancers.203 Additionally, recent studies could visualize the cytosolic role of 

METTL16 which exerts an m6A-independent function to facilitate translation of numerous mRNAs. In 

the same study, overexpression of METTL16 in liver cancer cells was identified to be the pathogenic 

driver by promoting the translation of oncogenic mRNAs. Genetic depletion of METTL16 significantly 

inhibited growth, migration, and invasion of hepatocellular carcinoma (HCC) cells and suppressed 

tumor growth in vivo.186 Given that the MTD of METTL16 is structurally characterized and was found 

to be critical for both m6A-dependent and -independent activities, the development of effective 

inhibitors targeting the MTD of METTL16 would be promising and hold great therapeutic potential for 

cancer treatment.  

    Because the tumorigenic role of METTL16 only recently has been recognized, there are very limited 

studies focusing on small molecules to inhibit the methyltransferase. Today, there is only one published 

report utilizing a virtual screening to identify approved drugs such as VX-809 Lumacaftor204 or kinase-

inhibiting Nilotinib205 as potential inhibitors of METTL16. However, these results are based on 

theoretical calculations and require further experimental validation.206 Another report which is still 

being revised by the scientific community describes thiourea fragments as potent METTL16 inhibitors. 

Although the authors claim that the identified compounds are highly selective and inhibit METTL16 at 

nanomolar concentrations, the research work also requires further validation and insights into the 

inhibitory mechanisms of their METTL16-inhibiting fragments.207 Therefore, the discovery of a first 

reported, potent, and validated METTL16 inhibitor represents a unique opportunity for researchers. The 

identification of such an inhibitor could serve as a valuable tool in chemical biology research or as a 

potential starting point for drug development. 
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1.3.2 The m6A reader YTHDF2 

After methyl transfer mediated by writers, m6A is considered a unique recognition element for binding 

of specific RBPs which facilitates numerous biochemical processes. One of the most extensively studied 

m6A readers are the members of the YT521-B homology (YTH) domain family, whose name-giving 

YTH domain recognizes m6A specifically.133,208–210 Despite this commonality, the different members 

exert diverse effects on RNA fate leading to alternative cellular outcomes.157,160 One of the first 

discovered m6A readers is YTHDF2, which binds m6A mainly in the cytoplasm to efficiently orchestrate 

the degradation of RNAs.211 Structural insights of YTHDF2 not only visualized the unique domains of 

the reader but also helped to understand the molecular mechanism for specific m6A recognition. The 

reader protein consists of a conserved C-terminal YTH domain (residues 410-554) that specifically 

binds to m6A-containing RNA and a P/Q/N-rich N-terminus.212–214 A crystal structure of the YTH 

domain revealed a mixed α-helix-β-sheet fold composed of three α-helices (α1-3), eight β-sheets (β1-

8), and two 310 helices. While the β-sheets are arranged in a β-barrel fold, the α-helices were shown to 

cover the β-barrel and thereby form a hydrophobic core. Upon binding of an m6A mononucleotide α1 

and β2, β4 and β5 tightly lock the nucleotide in this hydrophobic pocket.212 Particularly, m6A interacts 

with an aromatic cage consisting of four aromatic amino acids (Y418, W486, W432, W491) (Figure 

9A).213 The aromatic rings of W432 and W491 were shown to undergo induced flipping coupled with 

m6A binding and are nearly parallel to each other forming two aromatic walls. Studies involving 

W432A, W486A, or W491A mutations could show a significant loss of binding affinity to m6A RNA 

and confirmed the importance of the aromatic cage. In addition to aromatic interactions, m6A was also 

found to form several intermolecular hydrogen bonds. The N1 nitrogen for example interacts with the 

side chain carbonyl oxygen of D422, the N3 nitrogen atom with the NH of Y418, and the N6 nitrogen 

atom with the backbone of C433. Altogether, the specific interaction with m6A is facilitated by several 

π-π and π-cation interactions as well as hydrogen bonds, all contributing to a well-organized pocket for 

m6A reading.212 
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Figure 9: Structure of the m6A reader YTHDF2 and the resulting effect on m6A RNA in cells. (A) The co-crystal structure of 

the YTH domain in complex with a short m6A oligomer (PDB: 7Z26) with the close-up showing the aromatic cage (Y418, 

W432, W486, and W491) and the corresponding interaction with an m6A mononucleoside (PDB: 4RDN). (B) Schematic 

representation of YTHDF2 interacting with m6A RNA through the C-terminal YTH domain. The N-terminus of YTHDF2 

recruits different protein complexes to create a multi-layered regulation of m6A RNA stability. Recruitment of UPF1 leads to 

a decapping mediated degradation, interaction with the RNase P/MRP complex induces endoribonucleolytic cleavage, and 

recruitment of the CCR4-NOT complex leads to deadenylation followed by degradation.  

    While the C-terminal YTH domain selectively binds m6A RNA, the N-terminal P/Q/N-rich domain 

was shown to recruit different protein complexes which facilitate RNA degradation diversely. The first 

report of a YTHDF2-mediated decay of m6A RNA-proofed CCR4-NOT complex recruitment which 

initiates deadenylation of the RNA (Figure 9B). This complex comprises nine subunits among which 

are the two deadenylases chromatin assembly factor 1 (CAF1) and carbon catabolite repressor protein 

4A homolog (CCR4A). In a co-immunoprecipitation study the SH-domain of CCR4-NOT transcription 

complex subunit 1 (CNOT1) was revealed to directly interact with the N-terminus of YTHDF2, thus 

bringing the two deadenylases in close proximity to the m6A RNA mediating the decay.211 Another 

complex to be recruited by YTHDF2 is the RNase P/MRP complex consisting of the two ribonucleases 

A 

B 
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P and RNase for mitochondrial RNA processing (MRP) (Figure 9B). In their study, Park et al. 

immunoprecipitated YTHDF2 with heat-responsive protein 12 (HRSP12) which functions as an adapter 

between the N-terminal P/Q/N-rich domain of YTHDF2 and the RNase P/MRP complex. By linking 

the proteins, the RNases are brought in closer proximity to the m6A RNA which results in 

endoribonucleolytic cleavage.215 Lastly, a recent report identified the recruitment of upstream 

frameshift 1 (UPF1) to add another layer of m6A RNA degradation mediated through a decapping 

mechanism (Figure 9B). UPF1, as ATP-dependent RNA helicase, previously was shown to act as a key 

player in nonsense-mediated mRNA decay (NMD) by interacting with endoribonucleases (e.g. SMG6) 

either directly or by recruiting adaptor proteins connected to such. To further elucidate the mechanism 

of YTHDF2-mediated decay of m6A RNA, Boo et al. confirmed the recruitment of UPF1 together with 

the adaptor protein PNCR2 mediated by N-terminal YTHDF2 residues 101-168.216 PNCR2 

subsequently was shown to promote decapping of the RNA to finally initiate the degradation (Figure 

9B). Furthermore, transcriptome-wide analyses revealed a correlation between m6A RNAs that are not 

substrates for the RNase P/MRP mediated cleavage to be more dependent on decay by UPF1.216 

Collectively, these studies indicate a multilayered and dynamic regulation of m6A RNA stability and 

highlight the importance of the m6A reader YTHDF2.  

YTHDF2 presents a dual functionality in many human cancers by altering the proliferation and 

migration of tumor cells.217,218 While YTHDF2 was found to act oncogenic in cancers such as AML, 

lung cancer, and gastric cancer, it served as a tumor suppressor in osteosarcoma and melanoma.219–221 

In most cases, an upregulation of YTHDF2 expression was found to correlate with its oncogenic role. 

As a result, YTHDF2 was shown to alter a variety of essential cellular pathways such as the pentose 

phosphate pathway, TNF pathway, PI3K/AKT pathway, or the Wnt/β-catenin pathway.222–225 In 

contrast, mRNA degradation of transcripts involved in the MAPK/ERK pathway, Hippo/YAP pathway, 

or the inflammatory pathway, involving an interplay between YTHDF2 and interleukin-11 and Serpin 

E2, could show the tumor suppressive effect of the m6A reader in cancers.226–228 This intricate effect of 

YTHDF2 generally demonstrates the clinical prognostic and therapeutic value of the m6A reader in 

various cancers and highlights the need for developing effective modulators of YTHDF2 to provide 

novel strategies for anticancer treatment. 

    However, given the fact that the exact function of YTHDF2 still needs to be further explored in terms 

of cancer treatment, there is a scarcity of reports on small-molecule YTHDF2 inhibitors. In 2021, 

Einstein et al. demonstrated that downregulation of YTHDF2 could trigger proteotoxic cell death in 

triple-negative, MYC-driven, breast cancer cells and tumors.229 Their study not only emphasized the 

crucial pathological role of YTHDF2 but also underlined that targeting the RBP should hold great 

potential for minimally toxic and highly specific treatment modalities in specific cancers. To date, only 

a few YTHDF2-binding fragments (21-24) and two small-molecule inhibitors have been reported 

showing both poor selectivity and potency as represented by similar inhibitory effects against 



 Introduction  

30 

 

YTHDF1.230–232 Although Micaelli et al. could characterize the binding mode of ebselen (25) to 

YTHDF2, it is noteworthy to mention that this selenazolone compound is known to act in a covalent 

and non-selective manner.233 Therefore, the binding of ebselen to a variety of off-target proteins besides 

YTHDF1 cannot be excluded. Another inhibitor to disrupt the m6A–YTHDF2 interaction is DC-Y13-

27 (26) showing a reversible-covalent α-cyanoacrylamide warhead. An AlphaScreen-based assay could 

demonstrate the inhibitory effect of the compound on the PRI of the YTH domain and m6A RNA 

(IC50 = 21.8 μM) whereas YTHDF2-binding could be confirmed via microscale thermophoresis 

(KD = 37.9 μM) and surface plasmon resonance (SPR) studies. Furthermore, a selectivity evaluation 

was conducted involving potential inhibition of YTHDF1. Here, a significantly reduced inhibitory 

potency (IC50 = 165.2 μM) could demonstrate a preferred binding of DC-Y13-27 (25) to YTHDF2. 

Together with ionizing radiation treatment, the inhibitor also was able to inhibit NF-κB activation, a 

known target of YTHDF2. However, treatment of tumor-bearing mice with the compound did not show 

any inhibitory effect on tumor growth, underlining that the moderate micromolar inhibitory potency of 

the small molecule still holds great potential for further optimization.231  

    Taken together, YTHDF2 plays opposite roles in different cancers for which the reasons are yet to 

be elucidated in more detail. Thus, the RBP depicts a bona fide example to be further investigated using 

chemical biology approaches and to establish the foundation for m6A-related drug discovery. 

 

Figure 10: Reported fragments and small-molecule inhibitors of YTHDF2. aIC50 values were determined based on a 

homogeneous time-resolved fluorescence (HTRF) assay. bEC50 values were measured based on a tryptophan quenching assay. 

cIC50 values were determined based on an AlphaScreen assay.  
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2 Aim of this thesis 

RBPs crucially participate in the orchestration of RNA biology and thus modulate numerous 

transcriptional and translational processes. Alteration of RBP-associated pathways can affect RNA life 

cycles, produce abnormal protein phenotypes, and thus lead to the occurrence and development of many 

human diseases. As a consequence, targeting RBPs that were found to promote pathogenesis has gained 

increasing attention in the last decade. Especially, small molecule-based approaches depict an 

accessible strategy to modulate RBP-related pathways to better understand RNA biology and to develop 

novel therapeutics. The aim of the thesis is the discovery and structural evaluation of small-molecule 

inhibitors targeting three distinct and disease-related RBPs that have been found to influence different 

RNA species: The miRNA-binding protein LIN28, the m6A methyltransferase METTL16 and the m6A 

recognizing protein YTHDF2. 

    The first part aims to investigate LIN28, an RBP which represses the tumor-suppressive miRNA let-

7 and thereby promotes the expression of various oncogenic proteins. LIN28 was shown to be 

overexpressed in numerous cancers acting as a key driver of tumorigenesis. To date, there are several 

efforts to identify small-molecule LIN28 inhibitors which already show significant impact by restoring 

levels of mature let-7. However, most of the small molecules are poorly characterized in terms of their 

inhibitory mode. Additionally, no inhibitor reached the submicromolar potency at this stage, leading to 

only minor effects in mouse models or LIN28-dependent cancer cells. Therefore, improvement of 

potency in vitro and in cellulo might be beneficial to develop improved LIN28-targeting small 

molecules. Consequently, in this chapter of the thesis, the aim is to identify potent LIN28 inhibitors via 

a scaffold-based approach and to discover novel LIN28-inhibiting small molecules by using a 

screening-based approach. 

    The second part of the thesis focuses on modulation of the m6A RNA network which was proven to 

be crucial in all aspects of RNA biology. In this complex network, the m6A writer METTL16 was found 

to be responsible for the methylation of specific mRNA transcripts, including MAT2A. By catalyzing 

the m6A transfer for MAT2A, the writer can induce degradation of the transcript and thus controls SAM 

homeostasis throughout the cell. Depending on its localization, METTL16 was also found to facilitate 

translation-initiation, promoting the protein expression of several thousand transcripts including 

oncogenes. With this intricate dual functionality, METTL16 not only depicts a key player in the m6A 

pathway but also makes METTL16 a promising target for small-molecule inhibition, independent of its 

methyltransferase activity. A small-molecule inhibitor could serve as a chemical tool to further 

elaborate the function of the methyltransferase and might act as a starting point for drug development 

targeting METTL16-associated cancers. Thus, this part of the work aims to identify the first 

experimentally validated METTL16-inhibiting small molecule via a screening-based approach.  
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    Another RMP, acting as a key player in the m6A network, is the m6A reader YTHDF2 which has 

been found to control the stability of all kinds of RNA in a multilayered and dynamic fashion. By 

recruitment of different protein complexes, YTHDF2 can induce the decay of RNA via deadenylation, 

endoribonucleolytic cleavage, or decapping. The fact that YTHDF2 recognizes m6A globally results in 

a dual functionality of the reader in many human cancers by altering the proliferation and migration of 

tumor cells. Although it has been demonstrated to function as an oncogene in most cancers, there is also 

evidence for YTHDF2 acting as a tumor suppressor.217 This prominent effect of YTHDF2 generally 

demonstrates the therapeutic value of the m6A reader and highlights the need for developing effective 

modulators to provide further insights into its function. The final aim of this work is therefore to identify 

small-molecular entities that can interfere with the PRI of m6A RNA and YTHDF2. Both a scaffold-

based and a screening-based approach are used to either rationally design a YTHDF2-inhibiting small 

molecule or to identify novel YTHDF2 inhibitors. 
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3 Results and discussion 

3.1 Identification and evaluation of LIN28-inhibiting small molecules 

Parts of this section were done in cooperation with L. Borgelt, L. Hohnen, P. Hommen, X. Qiu, F. 

Huang, J.S. Pallesen, F. Bosica, Y. Liu, J. Hwang, F. Li, G. O’Mahony, P. Lampe, H. Lightfoot or were 

part of my master’s thesis.234 Contributions are indicated below the respective figures and tables. 

Small molecules disrupting the PRI of LIN28 and let-7 hold great potential to develop new anticancer 

therapeutics and serve as chemical probes which should help to better understand the complex pathways 

and mechanisms in which LIN28 is involved. Since the miRNA-binding protein has been identified as 

a key driver of many cancers and today is a well-validated oncogene, a reverse chemical genomics 

approach depicts a reasonable strategy to perturb the LIN28-let-7 interaction causing a restoration of 

the let-7 biogenesis and thus a potential inhibition of cancer progression. In this work, inhibitors of the 

LIN28-let-7 interaction were first synthesized and then evaluated in biochemical or cellular assays. To 

achieve this, two strategies were pursued: A scaffold-based approach and a screening-based approach. 

The starting point for the scaffold-based approach was a reported LIN28 inhibitor which I extensively 

investigated with regard to its structure-activity relationship. In contrast, the screening-based approach 

involved developing an assay capable of medium to high throughput to identify new LIN28 inhibitors, 

which were subsequently also structurally investigated. 

3.1.1 Scaffold-derived LIN28 inhibitors 

Results from this section were published as “Small molecules with tetrahydroquinoline-containing 

Povarov scaffolds as inhibitors disrupting the Protein–RNA interaction of LIN28–let-7”.235 

Most of the previously reported LIN28-inhibiting small molecules are poorly validated and 

characterized without a clear mode of inhibition. Additionally, cellular data involving treatment with 

LIN28 inhibitors mostly suggests a lack of potency or is missing entirely. Among the best-characterized 

compounds are the tetrahydroquinoline LI71 (8) and the chromenopyrazole SB1301 (3). The 

chromenopyrazole scaffold of SB1301 (3) allowed for the exploration of multiple positions, which has 

been summarized in several publications by our research group.236–239 Part of this work was the in-depth 

characterization of the tetrahydroquinoline scaffold of LI71 (8) by chemical derivatization to identify a 

more potent analog and provide a systematic analysis of structural features required for LIN28 

inhibition (Figure 11). 

3.1.1.1 Initial SAR of tetrahydroquinoline LIN28 inhibitors 

LI71 (8) and its enantiomer were reported as weak inhibitors of the LIN28 CSD with moderate IC50 

values of 50 µM and 40 µM, respectively (Figure 9). The compound shows a tetrahydroquinoline 

(THQ) core scaffold accessible through a Povarov reaction which was initially reported in 1965 as an 
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efficient, acid-catalyzed, multicomponent reaction involving an aniline, an aldehyde, and an olefin 

component to form a cyclic product with three new stereocenters.240 Two distinct mechanistic scenarios 

were proposed to explain the reactivity of each component: The first proposal consists of a concerted 

[4+2] cycloaddition process while another mechanistic hypothesis involves a sequential Mannich-Pictet 

Spengler ionic transformation with a subsequent electrophilic attack of the olefin component to give a 

cationic intermediate. The activated iminium ion is subsequently trapped by the aryl group and finally 

yields the THQ adduct upon re-aromatization. Generally, the involvement of three components allows 

for efficient variations of individual substituents, making the Povarov reaction an optimal procedure for 

diversity-oriented synthesis (DOS) (Figure 11A).241 To investigate the structure-activity relationship 

(SAR) of LI71 (8) I therefore evaluated the impact of different substituents on the phenyl moiety of the 

THQ core, the benzoic acid substituent, and the fused cyclopentene ring (Figure 11B).  

 

Figure 11: Structural investigation of Povarov-derived tetrahydroquinolines (THQs) as LIN28 inhibitors. (A) Scheme of multi-

component Povarov reaction involving an aniline, an aldehyde, and a cyclic olefin to form the THQ core scaffold. (B) Strategy 

to investigate the structure-activity relationship (SAR) of the reported LIN28 inhibitor LI71 (8).  

To start the first extensive SAR study of LI71 (8), the reported compound was initially synthesized and 

biochemically evaluated in-house to confirm its inhibitory effect against LIN28. Consequently, 2-

ethoxyaniline, 4-formylbenzoic acid, and cyclopenta-1,3-diene were treated with the Lewis acid 
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ytterbium triflate to form the desired THQ-containing compound (8) which was isolated in good yield 

and an excellent diastereomeric ratio (d.r. > 99:1) measured by NOESY NMR. After obtaining LI71 

(8), the compound was subjected to an electrophoretic mobility shift assay (EMSA) using Cy3-labeled 

preE-let-7f-1 and LIN28A (residues 16-187) to evaluate the LIN28-inhibitory potency. Single-dose 

treatment with LI71 (8) at 75 µM revealed 53% inhibition of the LIN28-let-7 interaction and thus 

confirmed its ability to moderately disrupt the PRI. To improve the inhibitory potency, initially, a 

systematic investigation of the phenyl moiety of the THQ core was performed while maintaining the 4-

carboxyphenyl moiety. This approach was primarily selected because Wang et al. claimed in their initial 

publication that the carboxylic acid moiety was crucial for the interaction with LIN28.128 Therefore, 

several anilines, with different electronic characteristics, were converted into THQ-containing 

compounds under Povarov conditions and subsequently tested in single-dose EMSAs to investigate 

their respective inhibitory effects. Next to the synthesis of electron-rich, aliphatic ether moiety-

containing compounds (2-methoxy (27), 2-iso-propoxy (28) or 3,4,5-trimethoxy (29)), additional 

electron-withdrawing compounds were synthesized (4-cyano (30), 2,4-dichloro (31), 4-acetyl (32) and 

3-acetyl (33)). Subsequent evaluation in the established mobility shift assay indicated no significant 

inhibitory effects of the compounds against LIN28-let-7, except compound 31 which only showed 

limited activity against the PRI (34% inhibition at 75 µM) (Table 1; Figure 12). Consequently, it was 

discovered that the 2-ethoxy residue of LI71 (8) not only provided previously claimed benefits but was 

deemed crucial for the interaction with LIN28.128 

 

Figure 12: Inhibitory activity of synthesized compounds in electrophoretic mobility shift assay (EMSA). EMSA was 

performed using Cy3-labeled preE-let-7f-1 and LIN28A (residues 16-187). THQ compounds were tested in single 

concentration of 75 µM. PH-31 represents a LIN28 inhibitor that was previously identified in an FP-based screening and was 

used as a small-molecule positive control (-* diastereomer of LI71 (8)). The experiment was performed by Lisa Hohnen as 

part of her master’s thesis. 

    In another SAR perspective, the essential effect of the carboxylic acid moiety should be further 

evaluated. Therefore, the aldehyde component of the Povarov reaction was varied while maintaining 

the aniline and the olefin component. Due to the electron-withdrawing nature of the carboxylic acid and 

its previously exhibited importance for LIN28 inhibition, we only used alternative electron-withdrawing 

components for the synthesis of LI71 analogs (34-40). A change of the carboxylic acid to a methyl ester 
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(34) or a nitro group (35) led to a complete loss of activity as indicated by EMSA matching with the 

reported data (Figure 12).128 Similar trends were observed for a cyano group in para position (36), a 

trifluoromethyl group (37), or a pyridine-3-yl group (38). A change of the carboxylic acid position from 

para to meta (39), however, showed improved inhibitory activity against LIN28 compared to LI71 (8), 

and thus compound 39 was the subject of further investigations. Additionally, we incorporated a 3-

hydroxy group (40) which could serve as an improved LIN28 inhibitor with better cell permeability, 

metabolic stability, and less potential idiosyncratic toxicity.242 However, in a single-dose EMSA no 

disruptive effect on the LIN28-let-7 interaction was observed for 40. For compounds without a benzoic 

acid moiety, it was intriguing to observe the improved potency of carboxy-containing compound 42 

compared to LI71 (8). The compound was synthesized using ethyl glyoxylate as an aldehyde component 

for the Povarov reaction to form a compound with an ethyl ester directly attached to the THQ core. 

After ester hydrolysis, the carboxy-containing compound 42 was tested at 75 µM showing 86% 

inhibition of the LIN28-let-7 complex, thus depicting a promising hit candidate for further 

investigations (Table 1). Altogether, variations on the 4-carboxyphenyl moiety of LI71 (8) might be 

considered beneficial to improve the inhibitory activity against the LIN28-let-7 complex. 

    Lastly, the olefin component was exchanged to investigate the impact of the respective cyclic moiety 

of LI71 (8). Thus, 2,3-dihydrofurane, 3,4-dihydropyran, and boc-protected tetrahydropyridine were 

used as electron-rich alkenes to be individually converted into the respective THQ compounds 43, 44, 

and 45. Subsequent hydrolysis of the individual esters, and boc-deprotection under acidic conditions, 

gave compounds 46-49 which were then biologically evaluated in a single-dose EMSA (Scheme 1). 

Here, a complete loss of activity against LIN28 was observed for each compound, emphasizing the 

necessity of the original cyclic moiety of LI71 (8) to inhibit the PRI of LIN28 and let-7 (Table 1). 

 

Scheme 1: Synthesis of the THQ compounds 43-49. aThe synthesis was performed as part of my master’s thesis and is included 

to give a complete SAR study.234 
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Table 1: THQ-containing Povarov compounds and their respective inhibitory activity against the PRI of LIN28–let-7. 

 

Compound ID R1 R2 Olefin 
Yield 

(%) 

Inhibition at 

75 µM (%)b 

LI71 (8) 2-ethoxy 4-carboxy-phenyl cyclopentadiene 68a 53 

variation of R1 

27 2-methoxy 4-carboxyphenyl cyclopentadiene 40a <5 

28 2-iso-propoxy 4-carboxyphenyl cyclopentadiene 70a <5 

29 3,4,5-trimethoxy 4-carboxyphenyl cyclopentadiene 62a <5 

30 4-cyano 4-carboxyphenyl cyclopentadiene 21a <5 

31 2,4-dichloro 4-carboxyphenyl cyclopentadiene 47a 34 

32 4-acetyl 4-carboxyphenyl cyclopentadiene 23a <5 

33 3-acetyl 4-carboxyphenyl cyclopentadiene 50a <5 

variation of R2 

34 2-ethoxy 
4-methoxy-

carbonylphenyl 
cyclopentadiene 94a <5 

35 2-ethoxy 4-nitrophenyl cyclopentadiene 77a <5 

36 2-ethoxy 4-cyano cyclopentadiene 76a <5 

37 2-ethoxy 4-trifluoromethyl cyclopentadiene 76a <5 

38 2-ethoxy pyridine-3-yl cyclopentadiene 43a <5 

39 2-ethoxy 3-carboxyphenyl cyclopentadiene 59a 92 

40 2-ethoxy 3-hydroxyphenyl cyclopentadiene 62a <5 

41 2-ethoxy ethoxycarbonyl cyclopentadiene 36a <5 

42 2-ethoxy carboxyl cyclopentadiene 71a 86 
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variation of olefins 

43 2-ethoxy 
4-methoxy-

carbonylphenyl 
2,3-dihydrofuran 66a <5 

44 2-ethoxy 
4-methoxy-

carbonylphenyl 
3,4-dihydropyran 73a <5 

45 2-ethoxy 
4-methoxy-

carbonylphenyl 

boc-

tetrahydropyridine 
58 <5 

46 2-ethoxy 4-carboxyphenyl 2,3-dihydrofuran 69a <5 

47 2-ethoxy 4-carboxyphenyl 3,4-dihydropyran 23a <5 

48 2-ethoxy 4-carboxyphenyl 
boc-

tetrahydropyridine 
99 <5 

49 2-ethoxy 4-carboxyphenyl 
1,2,3,4-

tetrahydropyridine 
99 <5 

aThe synthesis was performed as part of my master’s thesis and is included to give a complete SAR study.234 

bEMSAs were performed in duplicates by Lisa Hohnen as part of her master’s thesis.243  

Taken together, initial SAR investigations of the LIN28 inhibitor LI71 (8) could show that replacement 

of the 2-ethoxy group with other substituents on the phenyl moiety or replacement of the cyclopentene 

with heterocyclic, five- or six-membered rings led to reduced- or a complete loss of activity. Only the 

2,4-dichlorophenyl-containing compound 31 showed 34% inhibition of the RNP complex at 75 µM. 

Nevertheless, many other cyclic and acyclic olefins still can be incorporated in the Povarov reaction to 

obtain additional compounds with different THQ scaffolds that may present opportunities to identify 

other LIN28-inhibiting compounds. In contrast, variations of the 4-carboxyphenyl moiety resulted in 

the identification of two additional compounds (39, 42) capable of disrupting the PRI of LIN28 and let-

7 in vitro with improved potencies. Therefore, the two compounds, together with LI71 (8) were used in 

a second round of structural modifications to further explore structural features required for LIN28 

inhibition. 

3.1.1.2 Second SAR of tetrahydroquinoline LIN28 inhibitors 

With the identification of two additional potential LIN28 inhibitors, a second round of structural 

modification was performed which focused on three different aspects: i) the modification of the 

secondary amine of the THQ core; ii) the replacement of hydrogens with bioisosteric groups at crucial 

moieties of the LIN28 inhibitors and iii) the use of different heterocyclic, aromatic rings to replace the 

original carboxyphenyl moiety (Figure 13). The modification of the secondary amine residue of the 

quinoline core should help to prevent redox cycling and thus trapping the mesomeric structure of the 

original hit compound. Therefore, the THQ compounds 8, 39, and 42 were acetylated at the NH of the 
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THQ core resulting in the incorporation of an oxygen as alternative hydrogen bond acceptor to be 

involved with LIN28 binding. For practical reasons, the acetylation of the THQ compounds was 

performed on methyl ester containing THQ analogs which reduced polarity and allowed for a more 

efficient purification by silica gel column chromatography of intermediates 50-52. After purification, 

the acetylated analogs 50-52 were hydrolyzed using lithium hydroxide to give the desired carboxylic 

acid and acetyl-containing analogs 53-55 (Scheme 2). All intermediates and final compounds were 

subsequently investigated in the established mobility shift assay in which no inhibitory effect on the 

RNP complex could be observed for any of the compounds (Figure 14). This loss of activity led to the 

assumption that the original amino group of LI71 (8) may also essentially contribute to LIN28 binding 

by donating and accepting hydrogen bonds. The acetyl group, on the other side, might be sterically 

more demanding compared to the original proton and thus might clash with amino acid residues of the 

RBD resulting in no inhibitory effect.  

 

Figure 13: Second round of SAR investigation of THQ compounds as potential LIN28 inhibitors. Three distinct strategies 

were pursued to extend the understatement of the inhibitory mode of LI71 (8). 

    Another strategy that was intended to help increase the inhibitory potency of previously identified 

THQ compound incorporating additional fluorine atoms to the moieties that are assumed to contribute 

to LIN28 inhibition. Fluorinated compounds have a wide-ranging effect on molecular properties and 

thus are frequently used in chemical drug design. Among the reported effects of fluorine incorporation 

are the enhancement of potency or specificity, the improvement of cell permeability, and the creation 

of higher-order bioisosteres that offer context-dependent advantages.244 To fluorinate 39, which showed 

the highest potency against LIN28 in vitro, I used 2-fluoro-3-formylbenzoic acid, 3-formyl-2-

(trifluoromethyl)benzoic acid or 2-(trifluoromethoxy)aniline in individual Povarov reactions to form 

compounds 56-59 (Scheme 2). While compounds 58 and 59 were synthesized to investigate the effect 

of fluoride atoms on the 3-carboxyphenyl moiety, 56 and 57 should help to explore the impact of a 

fluorinated, aliphatic ether moiety. After the successful isolation of the desired compounds, testing in 
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single-dose EMSA was conducted which revealed a complete loss of activity (Figure 14). These 

negative results might be attributed to the potential of fluorinated compounds to be destabilized under 

specific assay conditions thus causing the formation of fluoride anions that interfere with LIN28 

inhibition.245 

 

Figure 14: Inhibitory activity of synthesized compounds in electrophoretic mobility shift assay (EMSA). EMSA was 

performed using Cy3-labeled preE-let-7f-1 and LIN28A (residues 16-187). THQ compounds were tested in single 

concentration of 75 uM. PH-31 represents a LIN28 inhibitor which was previously identified in an FP-based screening and 

was used as a small-molecule positive control. The experiment was performed by Lisa Hohnen as part of her master’s thesis. 

    The last strategy pursued to optimize the inhibitory potency of 39, was to replace the original 

carboxyphenyl moiety with alternative heterocyclic, aromatic rings which should increase the number 

of hydrogen bond acceptors or donors, respectively. Therefore, 5-formylfuran-2-carboxylic acid, 5-

formylthiophene-2-carboxylic acid, and 5-formyl-1H-pyrrole-2-carboxylate were used as aldehyde 

components to be converted into the desired LI71 (8) analogs 60-63 under Povarov conditions (Scheme 

2). The methyl-pyrrole-2-carboxylate (62) was hydrolyzed to obtain the desired carboxylic acid-

containing compound upon which all compounds were subjected to EMSA analysis. Although pyrrole 

63 and furan 60 led to a complete loss of inhibitory activity against LIN28, the thiophene 61 

interestingly showed slightly reduced potencies compared to 39 (Figure 12). The observed 60% 

inhibitory activity of 61 might be explained by the sulfur atom of the thiophene moiety which 

contributes to the interaction with backbone oxygens of LIN28 amino acids. In these interactions, 

despite its electronegativity, the sulfur atom can function as Lewis acid to form σ-hole bonds with 

different oxygens which are likely motivated by HOMO–LUMO and electrostatic interactions.246 

Alternatively, the sulfur could function as a chalcogen atom to form σ-hole interactions with LIN28.247 

    Collectively, the performed structural investigations of the previously identified LIN28 inhibitors 8, 

39, and 42 showed a limited extent of tolerability for the crucial functional groups of the THQ core 

scaffold. Neither the acetylation nor the fluorination approach resulted in the identification of LIN28 

inhibiting small molecules. Only the exchange of the carboxyphenyl ring with a thiophene carboxylate 

led to a moderate disruptive effect of the LIN28–let-7 interaction. Since attempts to enhance the potency 

of compound 39 were unsuccessful, subsequent biochemical and cellular investigations were conducted 

exclusively with the most effective LIN28 inhibitors. 
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Scheme 2: Synthesis of the THQ compounds 50-63. (A) Acetylation of THQ compounds 8, 39, and 42 (B) Incorporation of 

fluorine atoms, or a trifluoromethyl group to compound 39. (C) Replacement of the carboxyphenyl moiety of compound 39 

with aromatic heterocycles. 
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3.1.1.3 Validation of tetrahydroquinolines in orthogonal assays 

To further confirm the inhibitory activity of the most active LIN28 inhibitors identified via the single-

dose EMSA, the compounds were tested in a dose-dependent EMSA for the determination of IC50 

values. Therefore, the compounds were individually titrated against LIN28 with increasing 

concentrations up to 75 µM. The inhibitory activity, measured by dose-dependent EMSA, matched with 

that of the reported IC50 value thus proofing the LIN28-inhibiting effect of LI71 (8) (Figure 15A).128  

 

Figure 15: Dose-dependent inhibition of selected THQ compounds measured by EMSA. (A) Inhibitory effect of LI71 (8) on 

LIN28-let-7 (IC50 = 41.6 µM). (B) Compound 39, the 3-carboxyphenyl analog of the reported LI71 (8), showed an improved 

IC50 of 21.9 µM. (C) Compound 42, the carboxy-THQ analog of the reported LI71 (8), showed an improved IC50 of 21.5 µM. 

The experiment was performed by Lisa Hohnen as part of her master’s thesis. 

Investigations of compounds 39 and 42 in the dose-dependent experiment resulted in improved IC50 

values compared to that of inhibitor 8, validating the previous findings (Figure 15B, C). Surprisingly, 

compound 42 exhibited an even stronger inhibitory effect against LIN28 compared to compound 39. 

To further evaluate the activity of the potential LIN28 inhibitors, an orthogonal fluorescence 

polarization (FP) assay was performed. This technique is widely used to monitor binding events in 

solution by measuring the degree of polarization of a fluorophore which is inversely related to its 

molecular rotation. Thereby, the rotation is largely driven by Brownian motion, allowing the 

identification of diverse molecular interactions and enzymatic activities.248 In our case, a FAM (6-

carboxyfluorescein)-fluorophore-labeled preE-let-7f-1 was used together with human LIN28A 

(residues 16-187) to monitor inhibitory effects of the best-performing compounds 39 and 42 against the 
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LIN28-let-7 interaction. Prior to the evaluation of the LIN28 inhibiting small molecules, the assay was 

performed using unlabeled preE-let-7f as control (Figure 16A). Similar to dose-dependent EMSAs, the 

established FP assay requires a titration of compounds against LIN28 allowing for the determination of 

half-maximal inhibitory concentrations. Testing compound 39 via FP assay could further validate its 

improved potency against LIN28-let-7 showing an IC50 value of 4 µM (Figure 16B). The IC50 value of 

compound 42 however, could not be accurately determined in the FP assay due to observed 

autofluorescence of the compound interfering with the readout of the assay (Figure 16C). 

 

Figure 16: FP assay of compounds 39 and 42 using human LIN28A (residues 16-187) and FAM-labeled preE-let-7f-1. (A) 

Unlabeled preE-let-7f-1 was used as a control and showed an IC50 value of 55 nM. (B) The most active compound 39 showed 

IC50 of 4 µM. (C) The IC50 of compound 42 could not be accurately measured in FP. The experiment was performed by Lisa 

Hohnen as part of her master’s thesis.243 

This discrepancy of the inhibitory effect observed for compound 39 in the two different assays is a 

commonly observed phenomenon that can be explained for various reasons. While the EMSA relies on 

the mobility of a fluorophore-labeled miRNA in a native polyacrylamide gel, the FP assay depicts a 

method that allows for the investigation of PRIs in solution. Additionally, the choice of different 

fluorophores may lead to varied results. Nevertheless, the LIN28-inhibiting activity of 39 could be 

confirmed via FP assay and thus a more potent small-molecule inhibitor was identified.  

    Furthermore, we continued to test the antiproliferation activity of synthesized THQ compounds (8, 

39, 42) against JAR cells. However, none of the tested compounds showed an inhibitory rate of more 

than 50% at a single concentration of 10 µM as measured in a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. The fact that the rather potent LIN28 inhibitors 8, 39, and 

42 barely showed any inhibitory activity indicated that the antiproliferation activity against JAR cells 

did not correlate with LIN28 inhibition. Altogether, testing of the most potent LI71 analogs (39 and 42) 

in a dose-dependent EMSA and an orthogonal FP assay resulted in the identification of 39 as the most 

active THQ compound which disrupts the LIN28-let-7 interaction with low micromolar potency. On 

the other hand, Compound 42 needs further scrutiny with additional assays, as it exhibited 

autofluorescence in the FP assay, preventing the accurate calculation of an IC50 value using the methods 

employed here. 
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3.1.1.4 Binding mode prediction for THQ LIN28 inhibitors  

To predict a binding mode between synthesized inhibitors and LIN28, we performed a molecular 

docking study for the most potent compound 39. LI71 (8) was found to interact with the CSD of LIN28 

as indicated by a saturation transfer difference (STD) analysis. In the original publication, an additional 

HSQC titration of LI71 and STD analysis of a mutant protein LIN28ΔK102 treated with the inhibitor 

showed that K102 contributes mainly to the binding.128 Therefore, we chose the G9-A10 binding site 

of LIN28 to perform the docking of compound 39 into the RBD (Figure 17). 

 

Figure 17: Molecular docking analysis to predict the binding mode of the most potent THQ inhibitor 39 to the CSD of LIN28 

(PDB: 5UDZ). Compound 39 bound to the G9-A10 binding site with the Lys102 forming a salt bridge with the 3-

carboxyphenyl moiety. 

In the most optimal binding configuration, compound 39 fits into the RBD of LIN28 and forms a salt 

bridge between the 3-carboxyphenyl moiety and K102 similar to the reported LI71 (8).128 Additionally, 

extensive π-π stackings could be identified involving F53, F55, and F73 which were found to interact 

with the phenyl moiety of the THQ core and the 3-carboxyphenyl moiety. Moreover, this visualization 

might explain the greatly reduced activity of other synthesized THQ compounds, which could be 

attributed to the additional substituents on the phenyl moiety creating steric clashes or displacing the 

carboxylic acid, which in turn cannot form the crucial salt bridge with K102. 

    Altogether, the prediction of a binding mode for compound 39 revealed reasonable interactions with 

the CSD of LIN28 matching with reported data and our own experimental data. However, the analysis 

relies on static crystal structure models of LIN28 or even fully predicted configurations of the small 

molecule and thus requires careful evaluation. Hence, further experimental evidence is necessary to 

validate the mode of action of compound 39. For example, co-crystallization or cryo-EM analysis, as 

being the most reliable techniques for elucidating biomolecular structures, might be considered. 



 Results and discussion  

45 

 

Alternatively, molecular dynamics (MD) simulations to capture the behavior of LIN28 and 39 in full 

atomic detail and at fine temporal resolution could be performed to create a more realistic and accurate 

model.249 

3.1.2 Screening-derived LIN28 inhibitors 

Results from this section were published as “Trisubstituted Pyrrolinones as Small-Molecule Inhibitors 

Disrupting the Protein–RNA Interaction of LIN28 and Let-7” and “N-Biphenyl Pyrrolinones and 

Dibenzofuran Analogues as RNA-Binding Protein LIN28 Inhibitors Disrupting the LIN28–Let-7 

Interaction.”250, 251 

To identify a new class of LIN28 inhibitors with scaffolds that are amenable to further structural 

optimization, a screening-based approach was designed. The aim was to establish an assay capable of 

medium-to-high throughput which should help to identify small molecules interfering with LIN28-let-

7 binding. After the hit identification and validation in orthogonal assays, a structural evaluation and 

optimization of potential LIN28 inhibitors was performed, which should allow for the discovery of 

compounds with increased activity, and potentially reduced toxicity. 

3.1.2.1 Identification and validation of a new LIN28 inhibiting small molecule 

For the identification of new LIN28 inhibitors, an FP assay was established to measure the binding 

between truncated human LIN28A containing the CSD (residues 16-187) and a FAM-labeled preE-let-

7f-1 miRNA. In the FP assay, unlabeled preE-let-7f-1 was used as a positive control showing an IC50 

value of 55 nM, equivalent to the reported value (Figure 18C).128 To further proof the robustness of the 

assay the reported LIN28 inhibitor SB1301 (3) was used as a small-molecule positive control which 

also showed an IC50 consistent with the reported value (Figure 18D).125 Consequently, the assay was 

deemed suitable for small-molecule screening which was executed using a natural-product-inspired 

collection of 1,400 compounds. As a result, compound 64 could be identified as a potential CSD-

binding LIN28 inhibitor showing micromolar inhibitory activity (Figure 18E). 
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Figure 18: FP assay to identify new LIN28 inhibitors. (A) Structure of the re-synthesized hit compound PH-31 (64). Re-

synthesis of 64 was performed by Pascal Hommen. (B) Principle of the established FP assay. (C) Inhibition of the LIN28−let-

7 interaction using unlabeled preE-let-7f-1 (IC50 = 55 nM). (D) Inhibition of the LIN28 using the reported inhibitor SB1301 

(3) (IC50 = 27 µM). (E) Inhibitory activity of C902 (64) showing a disruptive effect on the LIN28-let-7 interaction. The FP 

assay was adapted, optimized, and performed by Lydia Borgelt and Philipp Lampe. 

To validate the activity of 64, the hit compound was re-synthesized (as PH-31 (64)) by using a three-

component Doebner condensation-type reaction. This reaction was first described in 1887 and involves 

an aniline, an aldehyde, and pyruvic acid.252 Although the exact mechanism for the reaction has not yet 

been elucidated entirely, there are two possible scenarios to occur: The first involves an aldol 

condensation between the aldehyde and pyruvic acid forming a β,γ-unsaturated α-keto-carboxylic acid. 

This intermediate subsequently reacts with the aniline in an addition to the γ-position and lastly 

undergoes a ring-closing condensation followed by re-aromatization (Scheme 3A). An alternative 

pathway describes the formation of a Schiff base instead of the aldol condensation, which then forms 

the same addition product with the keto-enol tautomerizing pyruvic acid and lastly undergoes the same 

condensation reaction (Scheme 3B).253 After isolating the desired pyrrolinone 64, the compound was 

tested in a dose-response FP assay as well as an EMSA (Figure 19A). Here, the inhibitory activity could 

be verified and 64 was identified as a new inhibitor that is able to disrupt the formation of the LIN28−let-

7 complex. To furthermore show the inhibitory effects of pyrrolinone 64 in cellulo, levels of mature let-

7 miRNA family members let-7a and let-7g were measured in JAR cells using reverse transcription-

quantitative polymerase chain reaction (RT-qPCR). Treatment with 5 µM or 20 µM of 64, respectively 

upregulated the mature miRNA levels twofold thus indicating cellular LIN28 inhibition mediated by 

the small molecule (Figure 19B). 
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    Altogether, the screening-based approach involving the investigation of 1,400 compounds in an 

established FP assay resulted in the identification of a trisubstituted pyrrolinone (64) as a new LIN28-

inhibiting scaffold which diversifies the limited number of available LIN28 inhibitors. Additionally, 

compound 64 served as a lead structure to guide follow-up SAR investigations of the structural features 

required for LIN28 inhibition. 

 

Figure 19: (A) In EMSA 64 showed dose-dependent inhibition of the LIN28−let-7 interaction. (B) Treatment of JAR cells 

with 64 led to increased levels of mature let-7a and let-7g quantified by RT-qPCR. Error bars indicate standard deviations of 

two independent measurements. The assays were performed by Lydia Borgelt. 

 

Scheme 3: Proposed mechanisms for the three-component Doebner reaction. (A) The pathway involves an aldol condensation, 

followed by the addition of an aniline and recovery of aromaticity. (B) The pathway involves the formation of an imine, 

followed by a reaction with keto-enol tautomerizing pyruvic acid.  
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3.1.2.2 Initial SAR of the LIN28-inhibiting trisubstituted pyrrolinone 

After identifying the trisubstituted pyrrolinone 64 as LIN28 inhibitor interfering with let-7 binding to 

the CSD, our group focused on structural investigations of the initial compound by varying substituents 

at each of the 1-, 4-, and 5- positions. Here, the importance of the N-salicylic acid substituent on the 

pyrrolinone core scaffold was highlighted and claimed essential for LIN28 inhibition while other 

substituents of the pyrrolinone core scaffold allowed for modifications to a variable extent.250 However, 

the carboxylic acid is not always an optimal residue for potential lead candidates, as it has been linked 

with issues such as poor membrane permeability and metabolic toxicity.242 So, we continued to 

investigate the SAR of the original pyrrolinone 64, in cooperation with O’Mahony and colleagues, to 

identify more potent and less toxic LIN28 inhibitors. By synthesizing several pyrrolinones, we were 

able to build up a focused compound library containing 60 analogs of 64 featuring a variety of 

modifications at the 1-, 3-, 4-, and 5-positions of the core scaffold.254 Thereby, the substituent variations 

can be subdivided into three different strategies: i) A change of the carboxyphenyl residue; ii) Variations 

of the thiazole moiety, and iii) a change of the salicylic acid moiety (Figure 20).  

 

Figure 20: Structural investigation of trisubstituted pyrrolinones as potential LIN28 inhibitors. The strategy to investigate the 

structure-activity relationship (SAR) of the LIN28 inhibitor PH-31 (64) consisted of individual changes in the carboxyphenyl 

residue, the thiazole moiety, and the salicylic acid moiety. Synthesis of the focused library of 60 pyrrolinone analogs was 

performed by Jakob S. Pallesen and Francesco Bosica. 

Upon isolation, all 60 analogues were tested in single-dose EMSAs at 75 µM, to identify potential 

inhibitory effects against the LIN28-let-7 complex. Here, a total of twelve compounds showed at least 

60% inhibition of the RNP complex formation. Generally, most of the active small molecules still 

harbored a salicylic acid moiety underlining the importance for LIN28 inhibition. Among the most 
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potent analogs of 64 were compounds with N-heterocycles either at the 5-position or the 4-position of 

the pyrrolinone core, possibly forming additional hydrogen bonds with amino acids of LIN28. Although 

modifications of the 1-position commonly confirmed the observed trend that exchanging the salicylic 

acid leads to a complete loss of activity, compound 66 showed a promising inhibition rate of 84%. This 

inhibitory effect against LIN28 was of particular interest since pyrrolinone 66 shows a biphenyl moiety 

at the 1-position and thus potentially depicts a small molecule with better bioavailability and less 

toxicity.255 Therefore, 66 was re-synthesized using the previously established three-component Doebner 

condensation reaction involving ethyl 2,4-dioxo-4-phenylbutanoate, 4-nitrobenzaldehyde and a [1,1’-

biphenyl]-3-amine (Scheme 4). After validating the inhibitory activity of 66, the compound was chosen 

as an alternative lead candidate to investigate the structural features required to disrupt the LIN28-let-

7 interaction.  

 

Scheme 4: Synthetic procedure to obtain the LIN28-inhibiting, trisubstituted pyrrolinone 66 as a racemic mixture. 

First, biolayer interferometry was measured to evaluate the direct binding of 66 to LIN28, in which it 

showed dose-dependent binding to the CSD (Figure 21B). Since all synthesized pyrrolinones have a 

stereocenter at the 5-position of the core scaffold, 66 underwent purification by chiral high-performance 

liquid chromatography (HPLC) to separate both the (S)- and (R)-enantiomer, namely 66S and 66R 

respectively. Both enantiomers were then tested for their inhibitory potency against LIN28 in a dose-

dependent EMSA and nano differential scanning fluorimetry (DSF) (Figure 21C, D). While dose-

response EMSA revealed that 66R was slightly more active than 66S with IC50 values of 24 µM and 

37 µM, respectively which indicates that the (R)-enantiomer has a slightly favorable geometry, 

nanoDSF could show a similar LIN28-stabilizing effect of both enantiomers by ~1.9°C at 75 µM. 

Furthermore, 66, as a racemic mixture, was tested in cellulo by measuring the relative mature let-7d 

and let-7i levels in JAR cells. Here, the biogenesis of both let-7 family members was affected by dose-

dependent compound treatment of 66. To note, a comparison with the alteration of mature let-7 levels 

induced by compound 64 revealed a 2- to 3-fold increase in potency of the biphenyl analog 66, 

indicating that the exchange of the salicylic acid moiety led to increased cell permeability (Figure 21E).  
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Figure 21: Validation of pyrrolinone 66 as LIN28 inhibitor. (A) Structure of re-synthesized trisubstituted pyrrolinone 66 as a 

racemic mixture. Separation via chiral HPLC afforded the individual enantiomers 66S and 66R and was performed by Jakob 

S. Pallesen and Francesco Bosica. (B) Concentration-dependent biolayer interferometry (BLI) of 66. (C) Melting temperature 

of the CSD of LIN28 treated with 75 µM pyrrolinones measured by nanoDSF. Compounds AZ-0018, -6554, -5772, -4130, 

and -4132 depict compounds of the focused library whose structure is not disclosed in this thesis. (D) Dose-dependent 

inhibition of the LIN28-let-7 interaction by 66R and 66S measured by EMSA. (E) RT-qPCR measurement to monitor relative 

mature let-7d and let-7i levels in JAR cells after treatment with compounds 64 and 66; error bars indicate the standard 

deviation. All biophysical, and cellular assays were performed by Lydia Borgelt; The dose-dependent EMSA was performed 

by Lisa Hohnen.  

In summary, we performed a structural investigation of the original trisubstituted pyrrolinone 64 by 

evaluating different substitution patterns at the 1-, 3- 4- and 5-position of the pyrrolinone core. Most of 

the LIN28-inhibiting compounds harbored a salicylic acid moiety except for the promising hit candidate 

66. The biphenyl moiety-containing analog thus was chosen to be further evaluated in biophysical-, 

biochemical, and cellular assays. To our delight, we identified 66 as being able to inhibit the LIN28-

let-7 interaction in a dose-dependent manner, to interact with the CSD of LIN28, and to show improved 

cellular activity in comparison with the original compound 64. To continue with these promising results, 

we furthermore extended the SAR study of pyrrolinone 66 to identify more potent analogs. 

3.1.2.3 Binding mode prediction for trisubstituted pyrrolinone LIN28 inhibitors 

To predict a binding mode between synthesized inhibitors and LIN28, we performed a molecular 

docking study for the biphenyl-substituted pyrrolinone 66. Since all the previously performed 

experiments indicated binding of the inhibitor to the CSD of LIN28, we used the G9-A10 binding site 

to dock compound 66 into the RBD (Figure 22). 
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Figure 22: Molecular docking analysis to predict the binding mode of pyrrolinone 66 to the CSD of LIN28 (PDB: 5UDZ). 

Surface structure of LIN28A (sky blue) and 66 in gray carbon backbone (left) and the enlarged visualization of the ribbon 

structure of LIN28A with 66 (right). Selected key interacting residues are depicted as sticks. 

In our model, docking analysis indicated the formation of a salt bridge between the nitro group of 66 

and K102 of LIN28, as well as extensive π–cation and π–π stacking interactions involving the aromatic 

moieties of 66 and LIN28 residues K102, K78, and F73. Altogether, the prediction of a binding mode 

for compound 66 revealed reasonable interactions with the CSD of LIN28 in line with reported- as well 

as experimental data.250 

3.1.2.4 Second SAR of trisubstituted pyrrolinone LIN28 inhibitors 

We next aimed to improve the moderate micromolar potency of compound 66 and thus synthesized an 

additional 16 analogs. These analogs included variations specifically at the 4-position of the pyrrolinone 

core, such as cycloalkyls (67-69), fluorophenyls (75, 76), or furan-2-yls (78, 79). A general trend we 

could observe after testing the individual compounds in single-dose EMSA was the decrease in activity 

for cycloalkyl substituents (67-69) and certain substituents at the phenyl ring (70-72, 77, and 81). 

Additionally, aromatic five-membered heterocycles with hydrogen bond acceptors such as furan-2-yl 

(78) and N-methyl-pyrrole (80) led to slightly decreased activities compared to the original 66. Only 

compound 76 with a 2-fluorophenyl group indicated more potent LIN28 inhibition. (Table 2). To further 

extend the SAR study, we picked the most active pyrrolinones obtained from the previous variation of 

the 4-position and focused on changes in the biphenyl moiety. Therefore, we used dibenzo[b,d]furan-

3-amine and dibenzo[b,d]furan-2-amine, respectively, to synthesize ten more derivatives with an 

additional hydrogen bond acceptor and a rigidified scaffold (Table 2). With the incorporation of a 

dibenzofuran moiety, the idea was to reduce the conformational entropy penalty upon small-molecule 
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binding to LIN28. Upon isolation, the analogs (83-92) were tested for their ability to disrupt the 

interaction of LIN28 and let-7 in single-dose EMSA at 75 µM. All of the dibenzofuran-containing 

analogs inhibited LIN28 with similar activities compared to the original compound 66. Compounds 

with a dibenzofuran-3-yl instead of dibenzofuran-2-yl moiety generally showed higher potencies and 

compounds 88 and 92 even exhibited better LIN28-inhibiting activities than 66. The 4-phenyl- (88) and 

4-furan-2-yl (92) containing compounds subsequently were subjected to dose-dependent EMSA in 

which the best inhibitory activities among all evaluated small molecules could be observed (Figure 22).  

 

Figure 23: Concentration-dependent inhibition of the LIN28−let-7 interaction in EMSA for the most potent dibenzo[b,d]furan-

3-yl pyrrolinones 88 and 92 The dose-dependent EMSAs were performed by Lisa Hohnen.  

Table 2: Trisubstituted pyrrolinone compounds and their respective inhibitory activity against the PRI of LIN28–let-7. 

 

Compound ID R1 R2 Yield (%) 
Inhibition at 

75 µM (%)b 

66 Phenyl [1,1'-biphenyl]-3-ylbiphenyl 24 95 

Variation of R1 

67 Cyclohexyl [1,1'-biphenyl]-3-ylbiphenyl 74a 49 

68 Cyclopropyl [1,1'-biphenyl]-3-ylbiphenyl 9a <5 

69 Cyclobutyl [1,1'-biphenyl]-3-ylbiphenyl 58a 8 

70 4-fluoro-2-hydroxyphenyl [1,1'-biphenyl]-3-ylbiphenyl 4a <5 

71 methylsulfonyl-phenyl [1,1'-biphenyl]-3-ylbiphenyl 26a <5 
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72 3,4-dimethoxyphenyl [1,1'-biphenyl]-3-ylbiphenyl 49a <5 

73 4-bromophenyl [1,1'-biphenyl]-3-ylbiphenyl 22 73 

74 4-methoxyphenyl [1,1'-biphenyl]-3-ylbiphenyl 30 a 87 

75 4-fluorophenyl [1,1'-biphenyl]-3-ylbiphenyl 52 76 

76 2-fluorophenyl [1,1'-biphenyl]-3-ylbiphenyl 48 98 

77 4-nitro-3-hydroxyphenyl [1,1'-biphenyl]-3-ylbiphenyl 2a 49 

78 Furanyl [1,1'-biphenyl]-3-ylbiphenyl 50 87 

79 5-methyl furanyl [1,1'-biphenyl]-3-ylbiphenyl 33 83 

80 N-methyl-pyrrole [1,1'-biphenyl]-3-ylbiphenyl 14a 75 

81 thiazolyl [1,1'-biphenyl]-3-ylbiphenyl 60a 8 

82 4-trifluoromethyl-phenyl [1,1'-biphenyl]-3-ylbiphenyl 25a 40 

Variation of R2 

83 Phenyl dibenzo[b,d]furan-2-yl 39a 94 

84 4-bromophenyl dibenzo[b,d]furan-2-yl 23a 53 

85 4-methoxyphenyl dibenzo[b,d]furan-2-yl 15a 74 

86 4-fluorophenyl dibenzo[b,d]furan-2-yl 19a 60 

87 Furanyl dibenzo[b,d]furan-2-yl 61a 90 

88 Phenyl dibenzo[b,d]furan-3-yl 27 97 

89 4-bromophenyl dibenzo[b,d]furan-3-yl 26 86 

90 4-methoxyphenyl dibenzo[b,d]furan-3-yl 29 87 

91 4-fluorophenyl dibenzo[b,d]furan-3-yl 32 93 

92 Furanyl dibenzo[b,d]furan-3-yl 47 95 

aCompounds 66-71, 73, 76, and 79-86 were synthesized by Pascal Hommen. 

bTwo independent replicates of the EMSAs were performed by Lisa Hohnen as part of her Master thesis. 

    In a last synthetic effort, we aimed to investigate the inhibitory impact of a spirocyclic pyrrolinone 

scaffold. This strategy should help to further rigidify the original scaffold while simultaneously adding 

three-dimensionality which finally should increase the binding affinity and LIN28 inhibitory potency 
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of the compounds. Therefore, we synthesized six spirocyclic pyrrolinones harboring either -phenyl, -

biphenyl, or dibenzofuranyl substituents at the 1-position of the pyrrolinone core scaffold (Scheme 5). 

It is noteworthy to mention, that the prior formation of imine intermediates (94, 95, 98, 101, and 103) 

seemed beneficial for the ring-closing condensation to occur, which suggests that the reaction may 

follow the pathway involving the formation of a Schiff base, rather than the aldol condensation pathway 

(Scheme 3A, B). After isolation of the desired compounds (96-97, 99-100, 102, and 104) we performed 

single-dose EMSA with compound concentrations at 75 µM. However, none of the spirocyclic 

pyrrolinones could disrupt the LIN28-let-7 interaction leading to no further efforts in synthesizing 

additional spirocycles. 

    In summary, we performed an extensive SAR study of LIN28-inhibiting trisubstituted pyrrolinones 

by analyzing a collection of a total of 95 analogs of the original inhibitor 64. Contrary to our first 

assumption, that a salicylic acid moiety is required to obtain optimal inhibitory activity against LIN28, 

we identified a biphenyl-containing pyrrolinone 66 showing equivalent potency in vitro and improved 

activity in cellulo. Further structural investigations revealed dibenzofuranyl-containing compounds (88 

and 92) as another generation of pyrrolinone LIN28 inhibitors, exhibiting the best inhibitory activities 

among all evaluated compounds. In a final diversification, we used a spirocyclization approach to 

rigidify the pyrrolinone scaffold while simultaneously adding three-dimensionality. However, the 

spirocyclic compounds did not show any inhibitory effect against the PRI of LIN28 and let-7. Taken 

together, this work represents one of the most extensive structural investigations performed so far for 

small molecules targeting the LIN28−let-7 interaction and paves the way for the development of next-

generation LIN28 inhibitors. 
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Scheme 5: Spirocyclization of trisubstituted pyrrolinones. 

3.1.3 Conclusions from the scaffold- and screening-based approach to identify LIN28 inhibitors 

Using two different strategies resulted in the identification of THQ compound 39 and a trisubstituted 

pyrrolinone 64 as new LIN28 inhibitors. For both compounds, extensive SAR analyses were performed 

which led to improved potencies against the miRNA-binding protein LIN28 and helped to understand 

the inhibitory mode of the individual compounds.  

    For the scaffold-based approach, the reported LIN28 inhibitor LI71 (8) was used as a fundamental 

compound for a systematic structural exploration leading to 34 analogs which were subsequently 
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investigated in orthogonal assays allowing for visualization of LIN28-let-7 disruption upon compound 

treatment. Among the most active THQ compounds was 39, which included a carboxylic acid residue 

that seemed to be crucial for its inhibitory effect. This general trend for LIN28 inhibitors might be 

explained by the negative charge of the carboxylic acid which mimics the phosphate backbone of RNA 

and thus interacts preferably with the rather positively charged RBD of LIN28.125,128,237 In general, the 

SAR study around the reported LI71 (8) did not yield many new LIN28-inhibiting small molecules but 

could expand the knowledge about a potential inhibitory mode of the THQ-containing compound class 

of LIN28 inhibitors. Despite the rather positive findings, however, there is growing evidence that THQ 

compounds are likely interfering with assay readouts due to reactive byproducts.256 To exclude potential 

degradation and false positive results obtained from our assays, the stability of the THQ compounds 

should be investigated using different buffers or conditions. 

    In a screening-based approach, we were able to identify a new class of LIN28-inhibiting small 

molecules. The trisubstituted pyrrolinone 64 showed consistent activity against LIN28-let-7 in 

orthogonal biochemical assays and in cellulo and thus was chosen as a lead structure to guide follow-

up SAR investigations. In this SAR study another equipotent pyrrolinone 66 was identified which lacks 

the salicylic acid moiety and instead likely interacts with amino acids of LIN28 via π-π interactions. 

The absence of the carboxylic acid residue additionally led to improved effects of 66 in cellular assays 

which might be due to an improved cell permeability. Further structural optimization of the biphenyl 

moiety revealed dibenzofuranyl-containing pyrrolinones as next-generation LIN28 inhibitors showing 

improved potency. However, further orthogonal assays and cellular experiments are required to support 

these findings. 

    Generally, the LIN28 inhibitors reported here along with those from previous reports, have not yet 

achieved nanomolar potencies. This limitation hinders the development of chemical probes to 

understand cellular contexts of the LIN28-let-7 interaction or the discovery of therapeutics for LIN28-

related diseases. A major challenge to overcome this problem is the competition with the high-affinity 

interaction with let-7 miRNAs and the absence of a well-defined and deep pocket of LIN28 which might 

be targeted by rationally designed small molecules. A feasible approach might involve the discovery of 

strong allosteric binders which could be used as proximity-inducing bifunctional molecules, such as 

PROTACs to initiate the proteasomal degradation of LIN28 and the release of let-7. 
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3.2 Identification and evaluation of METTL16-inhibiting small molecules 

Parts of this section were done in cooperation with Y. Liu, L. Kanis, C. Kemker, O. Hastürk, L. Wagner 

and COMAS. Contributions are indicated below the respective figures and tables. 

N6-methyladenosine has been described as the most abundant chemical RNA modification in nature 

which can have significant impacts on key molecular signaling pathways. The installation of m6A on 

MAT2A is primarily mediated by the methyltransferase METTL16 and results in the decay of the 

mRNA. In turn, no translation into the SAM synthetase occurs leading to a negative feedback loop 

showing decreased SAM levels in the cell and alterations of numerous SAM-dependent processes. 

Additionally, METTL16 was shown to have a distinct function in the cytosol. Here, the recruitment of 

eIF3a/b, ribosomes, and respective mRNAs is mediated by METTL16 and results in a translational 

promotion. Once METTL16 recruits oncogenes, it was shown to promote tumorigenesis making the 

RMP a key driver of several cancers. Therefore, METTL16 inhibition via small molecules depicts a 

promising new anticancer strategy. To date, there is no experimental report of METTL16 inhibitors nor 

has there been an efficient discovery approach, underlining the unmet need to develop such small 

molecules to elucidate the METTL16-involved regulatory network. Within this work, a screening was 

performed to identify first-in-class, small-molecule METTL16 inhibitors, which were subsequently 

structurally optimized. The resulting compounds furthermore could be useful probes to elucidate the 

biological function of METTL16 and might evaluate the therapeutic potential of METTL16 inhibition. 

3.2.1 Identification of aminothiazolones as METTL16 inhibitors 

Results from this section were published as “Aminothiazolone Inhibitors Disrupt the Protein−RNA 

Interaction of METTL16 and Modulate the m6A RNA Modification.”257 

To identify small-molecule inhibitors of METTL16, we initially established an FP assay involving the 

methyltransferase domain (MTD) of METTL16 (residues 1-291) and its natural binding partner 

MAT2A. The interaction between METTL16 and the FAM-labeled RNA results in the formation of a 

larger complex, leading to a higher fluorescence polarization (FP) signal compared to unbound RNA 

(Figure 24A). Titrations were conducted with varying concentrations of FAM-labeled RNA and protein 

to determine the optimal assay conditions, which were found to be reached at a concentration of 80 nM 

METTL16 and 2 nM FAM-MAT2A RNA, along with assessment of different incubation times. As a 

control inhibitor, unlabeled MAT2A RNA was used, disrupting the interaction between METTL16 and 

FAM-labelled MAT2A dose-dependently with an IC50 value of 60 nM. This approximately matches with 

reported affinities of MAT2A towards the MTD of METTL16 and thus proofed the assay to be robust.146 

In the following, a compound library of ~25,000 small molecules was screened using the established 

FP assay to identify potential METTL16 inhibitors. One hit compound, which showed an IC50 value of 

16.3 µM, was the 5-(2-oxoindolin-3-ylidene)thiazol-4(5H)-one (105) (Figure 24B, C). To validate the 

inhibitory effect against the METTL16-MAT2A interaction, a re-synthesis of the potential hit compound 
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was performed, which involved a two-step synthetic route. In the first step, 4-methoxybenzenesulfonyl 

chloride was used in a nucleophilic substitution reaction with pseudothiohydantoin to form the desired 

intermediate 106 in good yields. In the following, a Knoevenagel condensation reaction involving 106 

and 5-chloroisatin afforded the desired hit compound 105 in moderate yields (Scheme 6).258 

Subsequently, the re-synthesized compound was tested in the FP assay as well as a dose-dependent 

EMSA. In both assays, the inhibitory effect of compound 105 could be validated, thus confirming the 

METTL16-inhibiting hit molecule (Figure 24D). 

 

Figure 24: Identification of aminothiazolone 105 as METTL16 inhibitor. (A) Principle of the established FP assay which 

measures the disruption of the interaction between METTL16 and MAT2A. Small-molecule inhibitors disrupting the interaction 

lead to weaker FP signals. (B) Structure of the identified hit compound 105. (C) 105 inhibited the PRI with an IC50 value of 

16.3 µM in the FP assay. Data are shown as mean ± SEM, n = 4. (D) 105 disrupted the RNP complex of METTL16 and 

MAT2A in EMSA in a dose-dependent manner. The experiments were adapted, optimized, and conducted by Yang Liu.  

 

Scheme 6: Synthetic procedure to obtain the METTL16-inhibiting, aminothiazolone 105. Yields are indicated in brackets as 

well as the inhibitory effect against METTL16 measured by FP. 
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After confirming the ability of aminothiazolone 105 to disrupt the protein–RNA interaction of 

METTL16 and MAT2A in a dose-dependent manner, we next aimed to investigate the structural features 

of the hit compound required for METTL16 inhibition. 

3.2.1.1 Initial SAR of the METTL16-inhibiting aminothiazolone 

To explore structural features contributing to the inhibitory effect of compound 105, we performed 

structural modifications on the oxindole moiety (R1), the sulfonamide moiety (R2), and the thiazolone 

core scaffold (Figure 25). 

 

Figure 25: Structural investigation of aminothiazolones as potential METTL16 inhibitors. The strategy to investigate the 

structure-activity relationship (SAR) of the METTL16 inhibitor 105 consisted of individual changes in the oxindole moiety, 

the sulfonamide moiety, and the core scaffold. 

Therefore, we synthesized 38 derivatives of the original aminothiazolone showing a variety of 

substituents characterized by either electron-donating groups (108, 133), electron-withdrawing groups 

(109, 110, 127, 132, 135, 137) or hydrophobic and bulky groups (115, 124, 128, 130, 131, 136). 

Additionally, we introduced a methyl group at the N-1 position of the oxindole moiety (110, 112, 114, 

121, 122) and exchanged the aminothiazolone core with an oxazole core scaffold (143) (Table 3). Upon 

isolation of the desired compounds, inhibitory potencies against METTL16-MAT2A were measured in 

the established FP assay, as well as the dose-response EMSA. Here, the following trend was observed: 

Changes in substituents on the oxindole group (R1) were generally accepted to varying extents. The 

corresponding changes included the variation of halide groups (113, 114, 116, 118-122), hydrophobic 

residues (107, 112), electron-donating (108) or electron-withdrawing groups (109), and methylation at 

the N-1 position (110, 114, 121, 122) of the previously modified oxindole. The introduction of a phenyl 

ring to the N-1 position of the oxindole however led to a complete loss of activity similar to the exchange 

of the aminothiazolone core scaffold with an oxazole core. Also, the exchange of the oxindole with an 

indole moiety led to decreasing inhibition against METTL16 (Table 3). In a separate investigation, 

variations of the sulfonamide moiety revealed alternative trends. The introduction of hydrophobic and 
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bulky sulfonamides (128, 130, 131, 134) for example led to decreased activities or even the complete 

loss of activity against METTL16. This phenomenon could be explained by the size of the substituents 

which might cause steric clashes with amino acids of METTL16 and therefore cannot compete with the 

RNA. Variation of the methoxy residue of 105 to a carboxylic acid (132) revealed the most potent 

inhibition against the PRI with an IC50 value of 2.7 µM. This recurring effect can probably be attributed 

to the ionic interactions formed between the positively charged RNA-binding site of the RBP and the 

negatively charged carboxylic acid of 132. Contrarily, changes in the sulfonamide moiety to amides 

(139-142) resulted in a complete loss of activity against METTL16 (Table 3).  

Table 3: Aminothiazolone compounds and their respective inhibitory activity against the PRI of METTL16–MAT2A. 

 

Compound ID R1 R2 
Yield 

(%) 

Inhibition / IC50 

(µM) 

105 5-chlorooxindole 4-methoxybenzenesulfonamide 53 16.3±2.2 

Variation of R1 

107 5-methyloxindole 4-methoxybenzenesulfonamide 71 24.3.3±5.3 

108 5-methoxyoxindole 4-methoxybenzenesulfonamide 47 23.8±5.5 

109 5-nitrooxindole 4-methoxybenzenesulfonamide 71 8.2±0.76 

110 
N-methyl-5-

nitrooxindole 
4-methoxybenzenesulfonamide 70a 6.8±1.0 

111 oxindole 4-methoxybenzenesulfonamide 68 39.4±11.5 

112 N-methyloxindole 4-methoxybenzenesulfonamide 59 25.2±3.4 

113 5-bromooxindole 4-methoxybenzenesulfonamide 85 12.4±2.8 

114 
N-methyl-5-

bromooxindole 
4-methoxybenzenesulfonamide 82 6.8±0.45 

115 N-phenyloxindole 4-methoxybenzenesulfonamide 71 inactive 

116 7-fluorooxindole 4-methoxybenzenesulfonamide 65 28.9±5.8 

117 6-fluorooxindole 4-methoxybenzenesulfonamide 52 Inactive 

118 5-fluorooxindole 4-methoxybenzenesulfonamide 83 26.9±5.8 
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119 7-chlorooxindole 4-methoxybenzenesulfonamide 85 57.6±1.3 

120 6-chlorooxindole 4-methoxybenzenesulfonamide 85 26.4±5.0 

121 
N-methyl-5-

fluorooxindole 
4-methoxybenzenesulfonamide 81a 15.0±1.0 

122 
N-methyl-6-

fluorooxindole 
4-methoxybenzenesulfonamide 67a 22.8±2.3 

123 indole 4-methoxybenzenesulfonamide 32 23.2±2.7 

Variation of R2 

124 5-chlorooxindole 4-methylbenzenesulfonamide 48 13.5±1.7 

125 5-chlorooxindole benzenesulfonamide 64 15.7±1.6 

126 5-chlorooxindole 3,5-difluorobenzenesulfonamide 51 13.6±1.7 

127 5-chlorooxindole 3-nitrobenzenesulfonamide 76 12.0±2.0 

128 5-chlorooxindole 4-tert-butylbenzenesulfonamide 79 Inactive 

129 5-chlorooxindole 2-chloro-4-fluorobenzenesulfonamide 81 14.0±1.5 

130 5-chlorooxindole 4-cyclohexylbenzenesulfonamide 80 Inactive 

131 5-chlorooxindole [1,1'-biphenyl]-4-sulfonamide 82 Inactive 

132 5-chlorooxindole 4-carboxybenzenesulfonamide 82 2.7±0.7 

133 5-chlorooxindole 2-methoxy-5-bromobenzenesulfonamide 79 9.8±0.6 

134 5-chlorooxindole methanesulfonamide 74 36.2±2.8 

135 5-chlorooxindole 4-trifluoromethylbenzenesulfonamide 88 13.6±3.6 

136 5-chlorooxindole naphthalene-2-sulfonamide 88 9.9±1.3 

137 5-chlorooxindole 4-cyanobenzenesulfonamide 85 38.9±22.2 

138 5-chlorooxindole 4-fluorobenzenesulfonamide 81 30.4±10.5 

139 5-chlorooxindole 4-methylamide 79 Inactive 

140 5-chlorooxindole 4-methoxyamide 85 Inactive 

141 5-chlorooxindole 3,4-dimethoxyamide 69 Inactive 
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142 5-chlorooxindole 4-fluoroamide 76 Inactive 

aCompounds 110, 121, and 122 were synthesized by Laurin Kanis as part of his Master thesis. 

bFP assays as well as orthogonal EMSAs were performed by Yang Liu. 

To further proof the necessity of the sulfonamide moiety contributing to the activity, we evaluated 

compounds lacking the moiety entirely. Therefore, one-pot condensation reactions were performed to 

synthesize six derivatives of 105 (147-152) (Scheme 6) which were then tested in the established FP 

assay and EMSA to investigate their ability to disrupt the PRI of METTL16 and MAT2A. Most of the 

compounds did not show an inhibitory effect, except for compound 150 that showed a decreased activity 

(IC50 = 26.9 µM) compared to the original hit compound 105. Potentially, the compound (150) forms 

an alternative interaction mediated by the 5-nitrooxindole moiety. Nevertheless, concluding the results 

from the evaluation of amide moiety-containing compounds and derivatives that lack the moiety 

completely, it can be assumed that the sulfonamide moiety is beneficial for METTL16 inhibition. 

 

Scheme 7: Synthesis of aminothiazolones lacking the sulfonamide moiety. (A) Synthesis of thiourea intermediate 146. (B) 

Synthesis of six derivatives of 105 lacking the sulfonamide moiety which showed decreased inhibitory activity against 

METTL16. FP assays as well as orthogonal EMSAs were performed by Yang Liu. 

In summary, we established an FP assay suitable for medium to high throughput and screened a 

compound collection of ~25,000 small molecules with regard to their ability to disrupt the PRI of 

METTL16 and MAT2A. The screening resulted in the identification of several hit compounds among 

which the aminothiazolone 105 showed robust activity, which was confirmed for the re-synthesized 

compound. After the validated inhibition of METTL16, we systematically investigated the structural 

features required for METTL16 inhibition by varying substituents of either the oxindole- or the 

sulfonamide moiety. Here, we identified analogs 110, 113, 114, and 132 showing the best METTL16-

inhibiting activity, which should be investigated in another SAR to identify more potent inhibitors. 

Additionally, the sulfonamide moiety was identified to be beneficial for METTL16 inhibition that could 

be attributed to additional hydrogen bond acceptors formed by the oxygen atoms of the moiety. 
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3.2.1.2 Second SAR of aminothiazolone METTL16 inhibitors 

After identifying the three aminothiazolones 110, 113, 114, and 132 as the most potent METTL16 

inhibitors, we continued with the synthesis of another collection of modified analogs by combining the 

structural key features of the three analogs, which resulted in compounds 154, 155, and 156 (Scheme 

8A). Dose-response FP assays revealed the most potent METTL16 inhibitor 154 with an IC50 value of 

1.7 µM and equipotent analogs 155 and 156 with IC50 values of 2.0 and 2.1 µM, respectively (Figure 

26A, C). Given the obtained results from previous studies, we next investigated the impact of the 

carboxylic acid residue and synthesized a methyl ester-containing analog (159) which was subsequently 

tested regarding its ability to inhibit METTL16.235,237,250 In addition to the methyl ester analog (159), 

we also changed the carboxylic acid group from para- to meta position, which has been proven to 

significantly increase the potency of an RBP inhibitor (Scheme 8B).235 However, the synthesized analog 

(160) did not show improved METTL16 inhibition (IC50 = 3.0 µM) (Figure 26B, C).  

    Altogether, through extensive structural optimization based on the original aminothiazolone scaffold 

of 105, we were able to identify a series of compounds that revealed single-digit micromolar potency 

against METTL16. In the following, we focused on probing the inhibition mechanism of the newly 

identified METTL16 inhibitors via various binding assays.  
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Scheme 8: Synthesis of the most potent aminothiazolone-based METTL16 inhibitors. (A) Variations of the oxindole moiety 

resulted in the most potent compounds 154, 155, 156. Compound 156 was synthesized by Laurin Kanis as part of his master’s 

thesis. (B) Variation of the carboxylic acid position slightly decreased the activity against METTL16, while methyl ester 

containing analogue 159 significantly decreased the activity against METTL16. FP assays as well as orthogonal EMSAs were 

performed by Yang Liu. 
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Figure 26: Biochemical evaluation of aminothiazolones. (A) Combination of the most potent aminothiazolones yielded potent 

inhibitors 154, 155, 156. (B) Evaluation of carboxylic acid residue and methyl ester analog 159 decreased the activity, while 

meta-position carboxylic acid analog 160 maintained the activity. (F) EMSA results and gel quantification data for compounds 

154-156, and 160. FP assays as well as orthogonal EMSAs were performed by Yang Liu. 

3.2.1.3 Biological evaluation of aminothiazolones 

To probe the inhibitory mechanism of the optimized aminothiazolones, we investigated the direct 

binding of the inhibitors to METTL16 with a DSF experiment which shows the protein unfolding by 

monitoring changes in fluorescence as a function of temperature.259 Therefore, we measured the thermal 

stability of METTL16 MTD upon treatment with the four most active compounds (132, 154, 155, and 

156). The treatment generally showed a dose-dependent stabilization of METTL16 upon binding of the 

compounds (Figure 27A). To confirm this binding event and to determine binding affinities, a 

switchSENSE biosensor assay was performed which allows for the detection of molecular interactions 

through changes in fluorescence intensity. Here, especially compounds 154 and 156 could be confirmed 

as METTL16 binders and showed KD values of 1.35 and 1.76 µM, respectively. For compound 156 the 

binding affinity could be further validated by isothermal titration calorimetry (ITC) measurements, 

giving a KD value of 5.12 µM (Figure 27B, C). 
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Figure 27: Biophysical assays to confirm binding of the aminothiazolones to METTL16. (A) DSF measurement shows 

stabilization of METTL16 upon dose-dependent compound treatment. (B) switchSENSE biosensor assay could confirm the 

binding of 154 and 156 to METTL16 and allowed for the determination of KA and KD values. (C) Confirmation of 156 binding 

to METTL16 in an orthogonal ITC measurement. All assays were performed by Yang Liu. 

    As the performed assays only confirm the general binding of the small molecules to the MTD of 

METTL16, we next evaluated the mode of inhibition by monitoring the methyltransferase activity of 

METTL16 using the MTase-Glo assay kit (Promega). With this assay, it is possible to measure a SAM-

dependent methyl transfer based on the formation of S-adenosyl homocysteine which is converted into 

adenosine diphosphate (ADP) by the MTase-Glo reagent, resulting in visualization via luciferase 

reaction. In our case, especially the aminothiazolones 132, 155, and 156 showed potent inhibitory 

activity against the methyltransferase activity of METTL16 toward MAT2A in a dose-dependent manner 

(Figure 28A). These results indicated that the aminothiazolones bind to the RBD of METTL16 to inhibit 
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the PRI with MAT2A. However, binding to the SAM binding pocket with an extended part reaching the 

RNA binding site would also cause this effect. To exclude this possibility, we performed a competitive 

FP assay by incubating METTL16 together with different concentrations of SAM before compound 

treatment. In the case of competition between SAM and the aminothiazolones, this would result in a 

decreasing inhibitory effect of the aminothiazolones. However, the inhibitory activity of our compounds 

did not vary in the presence of SAM confirming the IC50 values for compounds 154, 155, and 156 

(Figure 28B).  

 

Figure 28: Inhibitory mechanism of the aminothiazolones. (A) Principle of the MTase Glo assay which allows to monitor 

methyltransferase activity. (B) Results of the MTase Glo assay showed dose-dependent methyl transfer inhibition mediated 

by the aminothiazolones. (C) Competitive FP assay using excessive SAM concentrations did not alter the inhibitory activity 

of the aminothiazolones. MTase Glo assay as well as FP assays were performed by Yang Liu. 

    The structure of the different aminothiazolones exhibits an unsaturated double bond connecting the 

oxindole moiety with the aminothiazolone core which could cause a covalent bond formation between 

the compound and reactive amino acids of METTL16. To rule out this possibility, we performed LC-

MS analysis of METTL16 after incubating the protein with the most active aminothiazolones for 30 

and 150 min, respectively. In the case of a covalent interaction, the formation of mass adducts could be 

observed which would accrue over time. However, in our case, no such adduct with a mass value shift 

was observed indicating that the aminothiazolones are non-covalent or potentially reversible covalent 

METTL16 binders (Figure 29). 
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Figure 29: LC-MS analysis to probe for covalent binding of the aminothiazolones to METTL16. (A) Mass spectrum of 30 μM 

METTL16 (1-291) incubated with 1% DMSO for 30 min (left) and 150 min (right). (B) Representative mass spectrum of 

30 μM METTL16 (1-291) incubated with 100 μM 154 for 30 min (left) and 150 min (right). Expected Mass for METTL16 (1-

291), 33,455.7 Da. LC-MS analysis was performed by Yang Liu. 

    In conclusion, the aminothiazolones 132, 154, 155, and 156 were investigated in several binding- and 

activity assays which should help to understand the inhibition mechanism of the compounds toward the 

METTL16-MAT2A interaction. After confirming general binding by DSF, biosensor assays, and ITC, 

we continued to narrow down the binding site where the compounds might interfere with RNA binding 

and thus performed a methyltransferase activity monitoring MTase Glo assay. Dose-dependent 

inhibition of the methyl transfer suggested the binding of the aminothiazolones to the RNA pocket or 

the SAM binding pocket. Competitive FP assays involving excessive amounts of SAM however could 

rule out the possibility of SAM binding pocket occupation by the aminothiazolones. A covalent 

interaction of the compound with METTL16 was also disproved via LC-MS monitoring.  

3.2.1.4 Binding mode prediction for aminothiazolone METTL16 inhibitors 

Based on the findings of the previously mentioned binding assays, we studied the potential binding 

mode of the aminothiazolones via molecular docking analysis based on the complex structure of 

METTL16 MTD and MAT2A-hp1. An optimal binding pose between aminothiazolone 154 and the 

RNA binding site of METTL16 revealed some key interactions consistent with our experimental 

observations. For example, the carboxylic acid of 154 forms a stable salt bridge with K251 and an 

additional hydrogen bond with N198 which could explain the beneficial effect on the inhibitory 
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potency. Additionally, the sulfonamide moiety is involved in hydrogen bonding with R204 echoing the 

results obtained from previous SAR studies. Compounds lacking the moiety (147-152) either showed 

decreased activity or a complete loss of activity.  

 

Figure 30: Molecular docking analysis to predict the binding mode of aminothiazolone 154 to the MTD of METTL16 (PDB: 

6DU5). Surface structure of METTL16MTD (sky blue) and 154 in gray carbon backbone (left) and the enlarged visualization 

of the ribbon structure of METTL16 with 154 (right). Selected key interacting residues are depicted as sticks. 

Furthermore, the phenyl ring of the oxindole group is engaged in a π−π stacking interaction with W283. 

Another potential π−π interaction might form between the sulfonamide moiety and F188 upon rotation 

of the amino acid which brings the phenyl ring of 154 in closer proximity to enable the binding. 

    Generally, the proposed binding mode of compound 154 provides a plausible explanation for its 

inhibitory effect on METTL16, as it involves amino acids close to the conserved 185NPPF188 catalytic 

motif (R204, F188). Consequently, the interaction of compound 154 with METTL16 has the potential 

to obstruct the RNA binding site, thereby disrupting the protein−RNA interaction between METTL16 

and MAT2A-hp1. 

3.2.1.5 Evaluation of aminothiazolones as METTL16 inhibitors in cellular assays 

To further elucidate the potential of our hit compounds, we proceeded to evaluate the potential 

anticancer activity of the synthesized aminothiazolones (132, 154, 155, and 156) against human cancer 

cells. Therefore, we treated different cancer cell lines to monitor the effect of our compounds on their 

viability. Only mild antiproliferative effects in triple-negative breast cancer cells MDA-MB-231 could 

be observed after treatment with 132 (Figure 31B), while in HAP1 cells the compounds did not show 

any effect (Figure 31A). Subsequently, we evaluated the colony formation inhibition for the 

aminothiazolone inhibitors against MDA-MB-231, which showed varied results for different 

compounds. For example, compounds 154 and 155 did not show an inhibitory effect on colony 

formation while 132 and 156 demonstrated mild inhibition in all three tested concentrations (Figure 

31C). The discrepancy observed in anticancer activities between cellular data and in vitro results for the 

inhibitors suggests that other physicochemical properties, such as cellular permeability, likely play 

significant roles in translating biochemical activity into cellular activity. Consequently, additional in 
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cellulo experiments could be performed using compounds, such as the methyl ester containing analog 

159 to act as a prodrug that is hydrolyzed by esterases upon entering the cell. This strategy is often used 

in drug development to overcome deficiencies in physicochemical properties with the final goal of 

improving all LADME (Liberation, Absorption, Distribution, Metabolism, and Excretion) properties of 

a compound.258 Additionally, the exchange of the carboxylic acid residue with bioisosteres could lead 

to improved cellular activity of the METTL16 inhibitors.260  

 

Figure 31: Cellular effects of the selected aminothiazolone METTL16 inhibitors 132, 154, 155, 156. (A) Antiproliferation 

assay involving the aminothiazolones did not show significant suppressive effects on cell viability in HAP1 cells. (B) Slight 

suppression of cell viability in MDA-MB-231 cells upon treatment with 132. (C) Inhibition of colony formation by 132 and 

156 in MDA-MB-231 cells. The assays were performed by Yang Liu. 

Next, we investigated the impact of the aminothiazolones on global m6A levels (Figure 32A) and 

MAT2A splicing (Figure 32B). The methylation of MAT2A was shown to cause the decay of the mRNA, 

thus disrupting the translation into the SAM synthetase. Consequently, SAM levels decrease in the cell 

and less methyl transfer processes occur leading to lower m6A levels (Figure 32C (black arrows)). 

However, once METTL16 is inhibited, splicing of MAT2A is promoted, leading to protein synthesis 

and thus higher cellular SAM- and m6A levels (Figure 32C (red arrows)). Treatment of MDA-MB-231 

cells with our aminothiazolone 154 could show this effect, by significantly upregulating spliced MAT2A 

levels along with increasing m6A levels in a dose-dependent manner (Figure 32A, B). Nevertheless, the 

underlying mechanism requires further investigation to unravel the dynamic m6A methylation network 

and the effects of METTL16-inhibiting small molecules.  

    Altogether, the cellular evaluation of the best-performing aminothiazolones obtained after structural 

optimization of the initial hit compound 105 did not show obvious anti-viability effects in different 

cancer cell lines. However, monitoring of METTL16-related levels of spliced MAT2A and global levels 

of m6A could show a significant effect of aminothiazolone 154, which increased levels of spliced 

MAT2A and concurrently global m6A levels, giving evidence about the crucial role of METTL16 as a 

global SAM level regulator.180 
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Figure 32: Impact of aminothiazolones on MAT2A splicing and m6A levels. (A) Compound 154 treatment increases the global 

m6A levels in MDA-MB-231 cells. (B) Compound 154 treatment concurrently increases levels of spliced MAT2A in MDA-

MB-231 cells. The assays were performed by Yang Liu. (C) Assumed effect of METTL16 inhibitors on the m6A methylation 

network. 

3.2.2 Identification of hydantoins and pseudothiohydantoins as METTL16 inhibitors 

Next to the previously investigated aminothiazolones acting as METTL16 inhibitors, our screening 

revealed two alternative hit compounds (164 and 170) with IC50 values of 4.0 µM, and 3.3 µM, 

respectively. Similar to previous investigations, a re-synthesis of both compounds was performed to 

confirm their inhibitory effects against METTL16. In the case of 164, the hydantoin core (163) was 

synthesized in a sequence of substitution reactions, followed by a coupling reaction with the aryl furane 

building block (161) in a Knoevenagel condensation (Scheme 9A). For 170, a similar strategy was 

pursued by initially synthesizing two building blocks, which were subsequently used to form the desired 

hit compound (Scheme 9B). After purification both potential hit compounds were tested in the 

established FP assay, to confirm the METTL16-inhibiting activities. Both compounds showed 

disruptive effects on the METTL16-MAT2A interaction (Figure 33A, B) and thus were identified as 

alternative hit compounds which should be further investigated regarding their structure-activity 

relationships. 
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Scheme 9: Synthesis of potential METTL16 inhibitors 164 and 170. (A) The synthesis of 164 involved a Suzuki coupling 

reaction. (B) The synthesis of 170 involved a Suzuki coupling reaction to form the aryl furane moiety. Lastly, a condensation 

of both building blocks afforded the desired hit compound in poor yield. The synthesis of 166-170 was performed by Claus 

Kemker as part of his master’s thesis. 

 

Figure 33: Hydantoin 164 and pseudothiohydantoin 170 both inhibit the METTL16-RNA interaction. (A) The inhibitory effect 

of 164 with an IC50 value of 2.8 µM. (B) The inhibitory effect of 170 with an IC50 value of 4.2 µM. FP assays were performed 

by Leon Wagner as part of his master’s thesis. 

3.2.2.1 SAR analysis of METTL16-inhibiting small molecules 

Since both compounds (164 and 170) share the same aryl furan moiety, a simultaneous investigation of 

structural features contributing to the inhibitory activity against METTL16 was performed. Therefore, 

several aryl furans containing an aldehyde residue were synthesized by using Suzuki coupling 

conditions. The intermediates showed a variety of substituents characterized by either electron-

withdrawing groups (171-175 and 179), electron-donating groups (178, 180, 181), or N-heterocycles 
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(182-185). Subsequently, the isolated intermediates were either converted into hydantoin-containing 

compounds (171-185) or pseudothiohydantoins (186-197), respectively, which should allow for the 

simultaneous investigation of features required for the core scaffold to inhibit METTL16 (Figure 34).  

 

Figure 34: Simultaneous structural investigation of hydantoins and pseudothiohydantoins as potential METTL16 inhibitors. 

The strategy to investigate the structure-activity relationship (SAR) of the METTL16 inhibitors 164 and 170 included 

individual changes of the aryl furan moiety and the core scaffold. 

For both core scaffolds Knoevenagel condensation conditions afforded the individually desired 

compounds in poor to excellent yields (Table 4). After the isolation of the hydantoins and 

pseudothiohydantoins, the individual compounds were tested in the established FP assay as well as 

orthogonal EMSAs. The biological evaluation only revealed compounds 175 and 186 to act as 

METTL16-inhibiting small molecules with IC50 values of 12.9 µM and 3.4 µM, respectively. All other 

analogs did not show any effect on the METTL16-MAT2A interaction. Compound 175 contains two 

carboxylic acid residues, which likely decrease cell permeability and increase cell toxicity. Therefore, 

we did not further investigate this compound. The pseudothiohydantoin 186 showed slightly improved 

activity against METTL16 compared to the original 170, however, the potency still did not match with 

the hydantoin 164. Thus, additional experiments were only conducted with the original hit compound 

164. 

Table 4: Hydantoin- and Pseudothiohydantoin compounds and their respective inhibitory activity against the PRI of 

METTL16–MAT2A. 

Compound ID Yield (%) Inhibition / IC50 (µM)b 

164 84 2.8 

171 60 inactive 

172 42 inactive 

173 73 inactive 

174 35 inactive 
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175 21 12.9 

176 39 inactive 

177 27 inactive 

178 57 inactive 

179 52 inactive 

180 60 inactive 

181 50 inactive 

182 54 inactive 

183 24 inactive 

184 55 inactive 

185 13 inactive 

170 31 4.2 

186 37a 3.4 

187 64a inactive 

188 46a inactive 

189 66a inactive 

190 69a inactive 

191 63a inactive 

192 66a inactive 

193 53a inactive 

194 72a inactive 

195 59a inactive 

196 25a inactive 

197 37a inactive 

aCompounds 186-197 were synthesized by Claus Kemker as part of his master’s thesis. 
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b IC50 values were determined based on FP assays. The FP assay as well as orthogonal EMSAs were performed by Leon 

Wagner as part of his master’s thesis. 

To further probe the inhibitory activity of 164, we focused on the disruptive effects of the compound 

toward METTL16-U6 dTS3 RNA labeled with a Cyanine 5 (Cy5) fluorophore. Our group has 

previously reported that this RNA containing an UACAGAGAA motif similarly interacts with 

METTL16 to MAT2A.257 Furthermore, the incorporation of the Cy5 fluorophore was expected to 

minimize any potential interference from autofluorescence emitted by our compounds, thereby ensuring 

the reliability of our data (Figure 35A). Since the hydantoin 164 has an unsaturated double bond which 

might act as a Michael acceptor to form covalent adducts with METTL16, we additionally investigated 

potentially occurring covalent interactions. Hence, we initially increased the incubation time of the 

compound together with METTL16 (Figure 35B). Surprisingly, we observed a significantly increased 

potency of 164 after 4 h incubation time which might be attributed to covalent binding to the MTD of 

METTL16 of the compound. 

 

Figure 35: (A) 164 inhibited the PRI of METTL16 and Cy5-U6 dTS3 RNA after 30 minutes of incubation with METTL16. 

(B) The potency of 164 increased significantly after prolonging the incubation time with METTL16 up to 4 h.  

    To further validate the possibility of covalent inhibition, we tested for adduct formation via LC-MS 

analysis that should reveal a mass value shift for METTL16. As anticipated, upon incubation with 

compound 164, we detected a mass shift indicative of a covalent adduct formation, likely representing 

a METTL16-compound complex. This observation supports a mechanism of covalent inhibition (Figure 

36). 
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Figure 36: LC-MS analysis to probe for covalent binding of the hydantoin 164 to METTL16. Mass spectrum of 30 μM 

METTL16 (1-291) incubated with 100 μM 164 for 150 min indicates the formation of an adduct with a mass shift of 339 Da. 

The expected Mass for METTL16 (1-291) is 33,455.7 Da. LC-MS analysis was performed by Leon Wagner as part of his 

master’s thesis. 

In summary, we identified two potential METTL16 inhibitors in a screening approach and performed 

extensive SAR analyses involving the simultaneous investigation of hydantoins and 

pseudothiohydantoins which shared similar aryl furan moieties. After testing the 27 analogs in the 

established FP assay and dose-dependent EMSA, no improvement in inhibitory potency could be 

observed. Therefore, we continued to only investigate the original hit compound 164 in an alternative 

dose-dependent EMSA involving the PRI of METTL16 and U6 dTS3 RNA. A prolonged incubation 

time indicated significantly improved potency of 164 leading to the assumption that the compound 

might covalently interact with METTL16. This hypothesis could be validated via LC-MS analysis in 

the first instance; however, the underlying inhibition mechanism requires further investigation to 

understand the exact binding of 164. Generally, additional studies are necessary to investigate the 

inhibitory mechanism of compound 164 and assess its potential as a METTL16 inhibitor. 

3.2.3 Conclusions from the screening-based approach to identify METTL16 inhibitors 

Using a screening-based approach resulted in the identification of aminothiazolones and hydantoins as 

first-in-class METTL16 inhibitors. Multiple derivatizations of both hit substances coupled with activity 

profiling of the resulting compound library led to the identification of more potent METTL16 inhibitors 

and helped to understand their mode of action towards the target protein. 

    The aminothiazolone 105 showed robust activity against METTL16-MAT2A in orthogonal 

biochemical assays and thus was chosen as a lead structure to guide follow-up structural investigations. 

In this SAR study, several equipotent compounds could be identified, as well as four compounds 

showing improved inhibitory potency. In a synthetic effort, the key structural features of the best-

performing aminothiazolones 110, 113, 114, and 132 were combined and the resulting compounds 154, 

155, and 156 were tested in FP assays as well as dose-response EMSAs. The biological evaluation 

revealed single-digit micromolar potency for those compounds, thus justifying further biophysical and 
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cellular characterization of the inhibitors. To proof the binding of the compounds 132 154, 155, and 

156 to METTL16, several binding assays were performed that indicated interactions of the 

aminothiazolones with the protein. Furthermore, the mode of inhibition was investigated by using an 

MTase Glo assay, which revealed the inhibition of the methyltransferase activity of METTL16 upon 

compound treatment. To exclude the possibility of a SAM binding site occupation of the 

aminothiazolones, competitive FP assays, involving excessive SAM concentrations, were conducted 

for each of the best-performing compounds 154, 155, and 156. In the case that the aminothiazolones 

bind to the SAM binding site of METTL16, the high SAM concentration would interfere with the 

inhibitory activity of the compounds. As this effect was not observed, we assumed that the inhibitory 

mechanism relies on the binding of the aminothiazolones to the RNA binding site of METTL16. A 

potential interaction of 154 was visualized by molecular docking analysis which matches with 

experimental observations. Nevertheless, further structural investigations are required to fully 

comprehend the interaction of the METTL16-inhibiting aminothiazolones. In a last effort, the most 

potent compounds 132, 154, 155, and 156 were evaluated with regard to their anticancer potential. Here, 

mild cell viability inhibition was observed for 132 which was confirmed in an additional colony 

formation assay. The disparity between the anticancer activities in cells and in vitro data for the involved 

inhibitors indicated that other physicochemical properties such as cellular permeability, likely played 

non-negligible roles in the translation from biochemical to cellular activity. Alternatively, inhibition of 

METTL16 alone could be insufficient to induce lethality in the used cancer cells. While anti-viability 

effect of compound 154 was not obvious in both cellular assays, the compound could demonstrate 

upregulation of MAT2A splicing in MDA-MB-231 cells and a concomitant increase of global m6A 

levels. This trend helped to understand the m6A methylation network together with the role of 

METTL16 and thus underscores the significant impact resulting from METTL16 inhibition. However, 

more analyses are required to fully understand the dynamical regulation network among METTL16, 

MAT2A splicing, SAM levels, and m6A levels.  

    Alternative hit compounds identified from the screening were the hydantoin 164 and the 

pseudothiohydantoin 170, which were re-synthesized in-house and then evaluated in FP assays and 

dose-response EMSAs. After confirming their inhibitory activity against METTL16-MAT2A, we 

performed a simultaneous investigation of structural features required for the inhibition of both 

compounds (164 and 170). Therefore, a synthesis of a total 27 analogs was performed containing 

different substituents on the shared aryl furan moiety. In vitro assays only revealed hydantoin 175 and 

pseudothiohydantoin 186 to act as potential METTL16 inhibitors with similar potencies compared to 

the original hit compounds. Thus, additional investigations were performed with the most active 

substance 164. In a time-dependent, dose-response EMSA, potential covalent binding of the unsaturated 

compound 164 was observed which was further investigated in LC-MS analysis of METTL16. Upon 

incubation with the compound, a mass shift was observed indicating a covalent interaction of 164 with 

METTL16. To validate this inhibitory mode, additional experiments such as Michaelis Menten's 
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kinetics studies should be performed allowing for the determination of a kinact / KI rate that describes the 

efficiency of a covalent bond formation.261 Also established assays such as DSF, biosensor, or ITC 

would provide important clarification on the binding mode of the compound. Lastly, cellular assays are 

needed to probe the potential anticancer effect of hydantoin 164. 
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3.3 Identification and evaluation of YTHDF2-targeting small molecules 

and bifunctional molecules 

Parts of this section were done in cooperation with X. Qiu, C. Kemker, N. Giannino, J. Schloßhauer, Y. 

Liu, L. Borgelt, R. Gasper, N. Wallis, D. Schiller, J. Imig, G. Yeo and COMAS. Contributions are 

indicated below the respective figures and tables. 

Once the dynamic and reversible m6A modification is installed onto RNA, it can be recognized by a 

variety of reader proteins determining the function and fate of the transcript. YT521-B homology 

domain family 2 (YTHDF2) is an m6A reader that was shown to initiate the decay of RNA by recruiting 

different RNA-degrading protein complexes. The N-terminal domain of YTHDF2 for example can 

interact with the CCR4-NOT complex and thereby brings two deadenylases in close proximity to the 

m6A RNA, thus initiating its decay.211 Alternatively, endonucleolytic cleavage of m6A RNA was shown 

to be mediated by YTHDF2 after recruitment of the RNase P-/ MRP complex.215 In more recent studies, 

it was also discovered that YTHDF2 mediates an additional level of m6A RNA stability regulation by 

recruiting UPF1, which triggers decapping and subsequent RNA decay.216 The fact that YTHDF2 

creates this multilayered stability arrangement of m6A RNA throughout the cell, highlights its crucial 

role in multiple biological processes such as cell viability, differentiation, proliferation, and 

inflammation. Therefore, it is not surprising that YTHDF2 was shown to play a significant role in 

multiple diseases such as cancer.218 While in most cases, the reader protein was shown to act as an 

oncogene, there are examples in which YTHDF2 plays a tumor suppressive role, highlighting the unmet 

need to clarify the exact function of the m6A reader. Generally, the development of effective modulators 

of YTHDF2 may provide novel strategies for the treatment of a variety of cancers in the future. To date, 

only very few examples of YTHDF2 inhibitors have been reported which describe rather poorly 

validated and characterized compounds lacking either in potency or selectivity. This underlines the 

importance of discovering such small molecules able to inhibit YTHDF2 to better understand the 

regulatory network in which the m6A reader is involved in. Within this work, several approaches were 

performed to target YTHDF2: Initially, a targeted protein degradation (TPD) approach was utilized to 

initiate the UPS-mediated decay of the reader. In another attempt, rationally designed small-molecule 

inhibitors should be identified based on YTHDF2’s natural ligand, N6-methyladenosine. Lastly, a 

screening-based approach was performed to identify new YTHDF2-inhibiting small molecules. One hit 

compound identified from the screening was further investigated regarding its structure-activity 

relationship to YTHDF2, leading to the identification of an inhibitor being three times more potent. The 

resulting bifunctional molecules and small molecules depict useful chemical probes to unravel the exact 

biological function of YTHDF2 and might evaluate the therapeutic potential of the m6A reader.  
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3.3.1 Identification of YTHDF2 degraders based on multitargeted kinase inhibitors 

Results from this section were published as “Profiling Cellular Morphological Changes Induced by 

Dual-targeting PROTACs of Aurora Kinase and RNA-binding Protein YTHDF2.”262 

While in 2021, no report about YTHDF2-targeting small molecules existed, the work of Donovan et al. 

was found to provide notable insights about targeted degradation across entire gene families which 

should help to understand TPD beyond the kinome. In their report, multitargeted kinase degraders were 

used to comprehend the efficiency and selectivity of proteome-wide degradation events which should 

finally help to accelerate the development of chemical probes as well as clinically relevant lead 

compounds improving the prediction of degradation activity.263 

    Cereblon (CRBN) was found to form an E3 ubiquitin ligase complex with damaged DNA binding 

protein 1 (DDB1), Cullin-4A (CUL4A), and the regulator of cullins 1 (ROC1) which adds polyubiquitin 

chains to proteins and thus marks them for proteasomal degradation.264 The recruitment of the CRBN 

complex by thalidomide- or pomalidomide analogs was found exceptionally useful for TPD and today 

several PROTACs using CRBN recruiters are being investigated in clinical trials.265 One PROTAC, 

used in their study, was SK-3-91 (198) which, among several proteins, was found to significantly 

degrade YTHDF2 and thus in our case depicted a promising starting point to identify YTHDF2 

inhibitors. Additionally, the potential degrader represents an alternative strategy to target the disease-

related m6A reader allowing the investigation of the therapeutic potential of YTHDF2-degradation. To 

verify the degradational effect of SK-3-91 (198), we initially re-synthesized the compound and 

subsequently investigated YTHDF2 levels in western blot analysis upon compound treatment (Scheme 

10).  
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Scheme 10: Synthesis of SK-3-91 (198). (A) Synthesis of ethylene glycol linker moiety 201. (B) Synthesis of cereblon 

(CRBN)-recruiting small molecule (204). (C) Kinase inhibitor-containing and CRBN-recruiting PROTAC SK-3-91 (198). 

The synthesis of the bifunctional molecule consisted of forming three individual building blocks which 

were finally combined to obtain SK-3-91 (198). First, a functionalized ethylene glycol linker was 

synthesized in three nucleophilic substitution reactions to get the electrophilic and azide-containing 

compound (201) (Scheme 10A). Another building block was the functionalized pomalidomide analog 

(204) which depicts the CRBN-recruiting moiety to induce close proximity between CRBN and a 

protein of interest (Scheme 10B). The last building block of the potential YTHDF2 degrader SK-3-91 

(198) was the multi-kinase inhibiting small molecule TL13-87 (212) which was synthesized in a 

nucleophilic aromatic substitution reaction (SNAr) to form the N-boc protected analog of TL13-87 (205) 

(Scheme 10C).266 After deprotection, the azide linker 201 was connected to the small-molecule moiety, 

which was then further functionalized under Staudinger reaction conditions to give a primary amine. In 

the final step, the resulting amine reacted with a prior formed active ester of carboxylic acid 204 to give 

the desired PROTAC (198). 

    With the establishment of a synthetic route for SK-3-91 (198), I next synthesized two additional 

compounds showing different linker moieties. Instead of the ethylene glycol linker, I incorporated a 

short alkyl linker or removed the linker moiety completely to directly attach pomalidomide (204) to the 

piperidine moiety of 207 (Scheme 11). Here, the strategy was to form more rigid and drug-like 

PROTACs with improved potencies against YTHDF2. 
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Scheme 11: Synthesis of potential YTHDF2 degraders based on SK-3-91 (198). The small-molecule moiety 207 either directly 

was converted into the bifunctional molecule 210 or underwent alkyl linker attachment and final conversion into 211 using 

coupling conditions. 

After isolating the desired bifunctional molecules, we tested the potential YTHDF2 degraders in 

western blot analysis to monitor protein levels after compound treatment. As previously demonstrated, 

compound 198 indeed could show significant degradational effects on the m6A RNA-binding protein 

YTHDF2 with low micromolar potency in K562 cells (Figure 37A). The corresponding analogs 210 

and 211 with shorter linker moieties also demonstrated consistent potent degrading activity against 

YTHDF2 (Figure 37). For dose-response western blot analysis, the hook effect was observed 

underlining an effective binding of the PROTACs to both the POI and CRBN. The hook effect is a 

reoccurring phenomenon describing squelching activity at high concentrations of degraders which is 

caused by the unproductive binary interaction of a PROTAC with substrates or ubiquitin ligases rather 

than a productive ternary complex of both target and E3 ligase.267 
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Figure 37: PROTACs degrading the m6A RNA-binding protein YTHDF2. (A) PROTACs 198, 210, and 211 recruit the E3 

ligase cereblon to achieve YTHDF2 degradation via the UPS. (B) PROTAC 209 degraded YTHDF2 in the low micromolar 

potency in the K562 cells, with the hook effect showing at the higher concentration of 10 µM. (C) PROTAC 211 degraded 

YTHDF2 in the low micromolar potency in the K562 cells, with the hook effect showing at the higher concentration of 10 µM. 

(D) Washout of 211 demonstrated YTHDF2 recovery after 24 h. Western Blot analyses were performed by Xiaqiu Qiu. 

Given the scarcity of small molecules targeting YTHDF2 and no degrader of the m6A reader is currently 

available, the revealed potent YTHDF2 degrading activity of PROTACs 198 and 211 served as a 

feasible foundation for our ongoing efforts in developing YTHDF2-selective degraders. 

    In addition to degradation, we next tested the ability of 198, 210, and 211 to disrupt the interaction 

between YTHDF2 and a FAM-labeled m6A RNA probe in a fluorescence polarization assay. Despite 

the double-digit micromolar inhibitory activity of 198 (IC50 = 10.1 µM) and 211 (IC50 = 28.9 µM), the 

inhibitory activity of 210 was less significant (Figure 38). To investigate whether the small-molecule 

components of the degraders are crucial structural features required for YTHDF2 inhibition, we also 

synthesized the corresponding compounds without the pomalidomide ligand (209, 212, and 214) 

(Scheme 12) and tested their potential inhibitory effects. For all small-molecule components, no 

disruptive activity was observed which may be explained by an allosteric binding of the compounds to 

YTHDF2. In the case of PROTACs 198, 210, and 211 the additional pomalidomide moiety potentially 

reaches into the RBD of YTHDF2 and thus interferes with RNA-binding. However, this hypothesis 

needs to be investigated in more detail by using alternative binding assays which could allow for the 

identification of an exact binding site of the PROTACs.  
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Figure 38: Principle of the established FP assay which measures the disruption of the interaction between YTHDF2 and FAM-

labelled m6A RNA. Inhibitors disrupting the interaction lead to weaker FP signals. (B) 198 inhibited the PRI with an IC50 

value of 10.1 µM in the FP assay while PROTACs 210 and 211 showed weaker inhibitory effects. 

 

Scheme 12: Synthesis of the kinase inhibiting small molecules. (A) Synthesis of reported kinase inhibitor TL13-87 (212). (B) 

Synthesis of kinase inhibitor connected with a short alkyl linker (209). (C) Synthesis of kinase inhibitor connected with an 

ethylene glycol linker (214). 

    Nevertheless, the observed YTHDF2 degrading effect and YTHDF2–RNA inhibitory activity of 198 

and 211 gave feasible candidates to be developed as more selective YTHDF2-targeting PROTACs, 

although it may be challenging and daunting to attenuate the multitargeting kinase inhibitory- and 

degrading effect of the PROTACs while at the same time maintain or even improve the YTHDF2-

targeting activity. A strategy for future studies might involve an extensive variation of linker moieties 
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which previously has been proved to increase the selectivity against numerous POIs.120 Alternatively, 

the PROTACs could be employed to compare YTHDF2 degradation with knockdown experiments or 

the inhibitory effects of more potent small molecule inhibitors, providing a detailed overview of 

YTHDF2 modulation effects. 

3.3.2 Identification of small-molecule YTHDF2 inhibitors 

Next to the emerging event-driven pharmacology mediated by proximity-inducing bifunctional 

molecules, there is also potential in the traditional approach of occupancy-driven pharmacology 

mediated by small-molecule inhibitors of specific target proteins.268 Due to their numerous advantages 

e.g. low molecular weight, oral bioavailability, cell permeability, or target specificity, small molecules 

depict attractive candidates for drug development across a wide range of therapeutic areas.269 

    Disrupting PRIs of YTHDF2 and m6A RNA by using small-molecule inhibitors holds great potential 

to develop new anticancer therapeutics and enables better understatement of the complex pathways and 

mechanisms in which YTHDF2 is involved. In this work, inhibitors of YTHDF2 should be identified 

and then evaluated in biochemical or cellular assays. To achieve this, two strategies were pursued: First, 

rationally designed inhibitors were synthesized based on the structure of the natural ligand N6-

methyladenosine and reported, co-crystallized fragments in complex with YTHDF2. Secondly, a 

screening-based approach was performed to identify new YTHDF2 inhibitors which subsequently were 

assessed for structural features necessary for inhibiting the m6A reader.  

3.3.2.1 Rationally designed small-molecule YTHDF2 inhibitors 

Due to the limited reports of YTHDF2-targeting small molecules, we initially focused on the natural 

binding partner of the reader. M6A RNA has been reported to bind YTHDF2 with a moderate affinity, 

characterized by a KD value of 2.54 µM, making it suitable for investigating compounds that can 

outcompete the protein–RNA interaction.213 Besides studies on m6A RNA recognition, another report 

by Nai et al. focused on binding affinities of m6A-based fragments identified from an HTRF-based 

assay. Upon identification of the fragments, the authors investigated the small molecules in co-crystal 

structure analyses with YTHDF2YTH, which revealed similar binding modes compared to m6A (Figure 

39).230 In addition to YTHDF2, most of the fragments were found to also interact with YTHDC1, which 

was neglected for their initial study. With this structural foundation, I aimed to rationally design small 

molecules, capable of inhibiting YTHDF2–m6A RNA interactions. Thus, I synthesized m6A-based 

fragments (218-221) (Scheme 13) which subsequently were tested regarding their ability to interfere 

with m6A RNA binding to YTHDF2. The synthesis of the four adenine analogs consisted of an 

alkylation of the N6- and the N9 position of the purine core scaffold. To form compounds 218 and 219, 

6-chloropurine was converted via two individual methylation or alkylation reactions. Contrarily, 9-

cyclopropylpurines 220 and 221 initially underwent an SNAr using cyclopropylamine and subsequently 

were treated with triethyl orthoformate under acidic conditions to form the purine core scaffold. In the 

last step, the 6-chloride was substituted with methylamine or cyclopropylamine, respectively. 
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Scheme 13: Synthesis of m6A-based fragments with alkylation patterns of the N6- and the N9 positions. 

After the isolation of the fragments, we tested their ability to disrupt the interaction between YTHDF2 

and a FAM-labeled m6A RNA probe in an established FP assay. However, none of the m6A-based 

fragments showed inhibitory activity against the PRI at 100 µM which is not surprising considering that 

the compounds are small fragments lacking in reactive residues to form stable interactions with the 

RBP. Additionally, the report of Nai et al. demonstrated that N6-adenine derivatives did not show 

inhibitory effects at concentrations of 1 mM.230 To further increase the affinity of the fragments, we 

therefore investigated alternative, reported co-crystallized fragments binding to YTHDF2. Here, 

fragment 222 was identified and should serve as a fundament for further functionalization (Figure 39C). 

The fact that the phenyl moiety did not sterically clash with the aromatic cage of YTHDF2, especially 

represented a promising starting point to incorporate additional moieties to improve the binding affinity 

to the RBP. 
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Figure 39: Co-crystal structures of YTHDF2 and m6A or m6A-based fragments. (A) M6A in complex with the aromatic cage 

of the YTH domain of YTHDF2. (B) Structural overlap of m6A and fragment 218 in complex with the YTH domain of 

YTHDF2. (C) Structural overlap of fragments 218 and 222 in complex with the YTH domain of YTHDF2. 

To synthesize compounds based on the co-crystallized fragment 222, I started with the substitution of 

the N9-position of a purine core scaffold with a methyl-4-phenylcarboxlyate moiety allowing for further 

functionalization upon hydrolysis (Scheme 14). The pyrazolo core scaffold of 222 was exchanged due 

to the reactive secondary amine which might interfere with further reactions. Additionally, the pyrazolo 

scaffold was described to bind YTHDC1 with a higher affinity compared to YTHDF2 and thus does 

not depict an optimal starting point for selective compounds.230 Therefore, I chose the hydrolyzed aryl 

purine 223 as a key intermediate allowing for the synthesis of different derivatives showing variations 

either at the N6-position or a terminal, rather drug-like piperazine moiety. Additionally, a first attempt 

to exchange the core scaffold with a pyrimidine heterocycle was performed (Figure 40; Scheme 14C) 
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Figure 40: Structural variations of the key intermediate 223 including different substitution patterns of the N6-position, 

differently substituted benzylpiperazines, and a change of the core scaffold. 

The analysis of the reported YTHDF2 crystal structure revealed a shallow and positively charged pocket 

which depicts an optimal structural feature that might be targetable with rather negatively charged 

residues of rationally designed small molecules. Therefore, I coupled the carboxylic acid residue of 233 

with benzylpiperazine moieties exhibiting different electron-withdrawing residues such as carboxylic 

acids, a methylsulfonyl residue, or a nitro group to form the desired aryl purines (237-240) (Scheme 

14A). For compounds showing variations at the N6-position (244) or at the core scaffold (247), I only 

incorporated a 4-(piperazin-1-ylmethyl)benzoic acid moiety (Scheme 14B, C).  

    After isolating the desired compounds, we tested the potential disruptive effects against the PRI of 

YTHDF2 and m6A RNA in the FP assay. Unfortunately, none of the rationally designed m6A-based 

compounds showed significant inhibitory activity. Only compounds 239 and 240 showed minor 

inhibition rates at 100 µM (24% and 49% respectively), however, the mechanism of inhibition appeared 

rather unclear, as none of the other derivatives exhibited any activity against YTHDF2. Additionally, 

no activity was observed in an orthogonal EMSA leading to no further efforts of rationally synthesized 

compounds. To improve the binding affinities of the compounds, structural clarification of a potential 

binding site is required to optimally design residues that tightly interact with YTHDF2. Alternatively, 

other fragments could be used as a starting point to successively build up a small molecule inhibitor.  
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Scheme 14: Synthesis of rationally designed, potential YTHDF2 inhibitors. (A) Variations of the benzylpiperazine moiety 

using different electron-withdrawing substituents. (B) Variation of the N6-position. (C) Exchange of the core scaffold starting 

with dichloropyrimidine.  

 

 

 



 Results and discussion  

90 

 

3.3.2.2 Identification of phenyl pyrazoles as YTHDF2 inhibitors 

Besides the numerous advantages of rationally designed protein inhibitors such as specificity, 

versatility, improved drug-like properties, or the use for precision medicine, there are drawbacks that 

hinder the process of developing optimal hit- or lead candidates.270 Especially, limited structural 

elucidation of the target protein and its inherent complexity can be particularly daunting, presenting 

significant challenges in optimizing the binding affinities of small-molecule inhibitors.271 To 

circumvent these problems of the top-down approach, we performed an alternative strategy to identify 

potential YTHDF2 inhibitors by using a bottom-up screening approach. Therefore, we used the 

established FP assay involving the YTH domain of YTHDF2 and a FAM-labelled 17mer m6A RNA 

(Figure 38A). After proving the assay to be robust, which showed a low background and high signal-

to-noise ratio, we screened an in-house library of ~15,000 synthetic small molecules using single 

concentrations of 30 µM. Among several hit candidates, we identified 3-(3-(2-hydroxybenzoyl)-1H-

pyrazol-1-yl)benzoic acid (248) to act as a moderate YTHDF2 inhibitor showing an IC50 value of 

13.64 µM. After re-synthesizing and confirming the activity of the compound in the FP assay, we next 

tested the hit candidate in an amplified luminescent proximity homogenous assay (AlphaScreen). Here, 

an inhibition rate of ~31% at 100 µM could be observed, confirming the disruptive effect against the 

PRI of YTHDF2 and m6A RNA. To further optimize the inhibitory effect of the phenyl pyrazole 248, 

we subsequently focused on synthesizing a collection of 36 structural analogs featuring various residues 

at the phenyl moiety or the hydroxyphenon moiety (Scheme 15, Table 5).  

 

Scheme 15: Synthesis of substituted 3-formylchromones intermediates which were subsequently converted into phenyl 

pyrazoles in a ring-opening ring-closing condensation reaction involving nucleophilic hydrazines.  

For the phenyl moiety either electron withdrawing (250-251, 263-266), electron donating (257-262), or 

a variety of halogen residues (252-256) were incorporated and initially tested for YTHDF2 inhibition. 

Testing of the compounds (250-266) in AlphaScreen revealed that most of the small molecules showed 

decreased activity, and only five compounds (251, 261, 262, 264-265) showed equipotent or improved 

potencies against YTHDF2. For the next round of structural optimization, we, therefore, chose 

compound 251 as the fundamental compound to separately investigate the hydroxyphenon moiety of 

the phenyl pyrazole. The additional 18 analogs of 251 included an incorporation of hydrophobic 

residues (267-270, 284), varieties of halogen residues (271-279), and electron donating residues (280-

281) as well as one nitro group-containing analog (282). Especially, hydrophobic residues at the 5-
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position of the hydroxyphenon moiety seemed to be well tolerated as indicated by improved inhibitory 

effects against YTHDF2 (Table 5). Among the best-performing phenyl pyrazoles was 284 containing a 

1-napthoyl moiety which increased the potency up to 89% inhibition at 100 µM. 

Table 5: Phenyl pyrazoles and their respective inhibitory activity against the PRI of YTHDF2–m6A RNA. 

 

Compound ID R1 R2 Yield (%)a 
Inhibition at 100 µM 

(%)b 

248 3-COOH H 33 30.7 ± 4.9 

Phenyl moiety 

249 H H 58 10.8 ± 9.0 

250 2-COOH H 60 5.1 ± 6.4 

251 4-COOH H 33 30.9 ± 4.0 

252 2-fluoro H 33 4.8 ± 3.4 

253 4-fluoro H 64 23.4 ± 2.2 

254 2-chloro H 60 25.0 ± 9.0 

255 4-chloro H 19 2.9 ± 3.4 

256 4-bromo H 13 19.9 ± 8.0 

257 2-methyl H 45 3.3 ± 8.3 

258 4-methyl H 58 22.2 ± 5.0 

259 2-methoxy H <10 5.4 ± 4.2 

260 4-methoxy H 49 11.9 ± 3.6 

261 6-methoxypyridin-3-yl H 38 30.5 ± 5.2 

262 4-trifluoromethoxy H 48 31.7 ± 3.5 

263 4-trifluoromethyl H 61 3.5 ± 4.8 

264 4-cyano H 81 31.9 ± 7.2 

265 4-methylsulfonyl H 66 48.5 ± 5.6 
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266 4-sulfonamide H 56 15.8 ± 8.5 

Hydroxyphenon moiety 

267 4-COOH 5-methyl 60 35.5 ± 6.9 

268 4-COOH 4-methyl 27 61.9 ± 6.9 

269 4-COOH 5-ethyl 61 71.3 ± 7.6 

270 4-COOH 5-isopropyl 54 84.9 ± 2.6 

271 4-COOH 5-fluoro 35 55.3 ± 3.5 

272 4-COOH 4-fluoro 47 53.1 ± 1.7 

273 4-COOH 3,5-difluoro 36 42.1 ± 3.1 

274 4-COOH 5-chloro 47 81.9 ± 5.7 

275 4-COOH 4-chloro 46 46.0 ± 3.8 

276 4-COOH 3-chloro 14 29.6 ± 6.6 

277 4-COOH 3,5-dichloro 62 88.2 ± 4.2 

278 4-COOH 5-bromo 11 44.6 ± 6.1 

279 4-COOH 4-bromo 63 40.5 ± 1.5 

280 4-COOH 5-methoxy 33 88.4 ± 1.7 

281 4-COOH 6-methoxy 8 57.7 ± 5.6 

282 4-COOH 5-nitro 63 36.0 ± 6.9 

283 4-COOH 4-methyl-5-chloro 47 36.6 ± 5.0 

284 4-COOH 1-naphtoyl 43 89.4 ± 2.1 

aAll phenyl pyrazoles 247-283 were synthesized by Claus Kemker as part of his master’s thesis. 

bInhibition rates of the compounds at 100 µM were determined via AlphaScreen. Data represent average values ± s.d. The 

assay was performed by Xiaqiu Qiu. 

3.3.2.3 Biological evaluation of phenyl pyrazoles 

After identifying several phenyl pyrazoles with improved potency against YTHDF2 according to 

AlphaScreen investigations, we next validated the compounds in a pipeline of orthogonal assays. 

Initially, a single-dose EMSA was performed using a FAM-labeled m6A RNA probe together with 

YTHDF2YTH and compound concentrations of 100 µM. The best-performing compounds 277, 283, and 
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284 were then subjected to dose-dependent EMSAs allowing for approximate determinations of IC50 

values. Here, especially compound 284 could be confirmed as a potent YTHDF2 inhibitor showing 

100% inhibition at 25 µM, echoing the AlphaScreen results (Figure 41) 

 

Figure 41: Phenyl pyrazoles 277, 283 and 284 dose-dependently inhibit the YTHDF2–m6A RNA interaction as indicated by 

EMSA. The most potent compound 284 fully inhibited the PRI at a concentration of 25 µM. The assay was performed by 

Xiaqiu Qiu. 

Due to the promising inhibitory effects against YTHDF2, we selected compound 284 for evaluating a 

direct binding to the reader protein in a nano-differential scanning fluorimetry thermal shift assay 

(nanoDSF). Matching with the previous findings, the phenyl pyrazole showed significant stabilizing 

effects at increasing concentrations inducing a thermal shift of ~2°C. This phenomenon can probably 

be explained by increasing intramolecular interactions caused by the aggregation of YTHDF2. To 

further proof the binding of 284 to YTHDF2, we next investigated the effect of the compound on the 

cellular protein–RNA complex by using a cellular thermal shift assay (CETSA). Hereby, changes in the 

aggregation temperature (Tagg), describing the temperature of protein unfolding, can be modified by the 

binding of small molecules that causes a thermal shift. To optimally visualize such an effect of 284, we 

used K562 cells, showing high expression levels of YTHDF2. Similar to the in vitro findings, treatment 

of the cells with 284 (50 µM) significantly increased the Tagg of YTHDF2 by 2.4°C after 24 h, indicating 

the binding of the small molecule to YTHDF2 (Figure 42). 
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Figure 42: Stabilizing effect of 284 against YTHDF2 measured by CETSA (left: Western blot results; right: Tagg curves 

representing the results of the Western blot results). The assay was performed by Xiaqiu Qiu. 

    Altogether, compound 284 depicts a promising YTHDF2-binding small molecule indicating not only 

effects in vitro but also in cellulo. To further demonstrate this effect alternative cellular assays were 

performed, such as flow cytometry-based experiments. Initially, we evaluated the effect of 284 on cell 

cycle changes of K562 cells. Treatment of the cells with either 10 µM or 25 µM of 284 induced a strong 

increase in the G0/ G1 stage of the cell cycle, indicating the formation of apoptotic cells (Figure 43A). 

Given the fact that overexpression of YTHDF2 has been reported to inhibit apoptosis in ovarian cancer 

cells, the effect of 284 to induce apoptosis was delightful to observe.272 However, the exact mechanism 

remains unclear and may be triggered by entirely different factors. In another flow cytometry-based 

assay, we continued to investigate the apoptotic effect on K562 cells and found that 27% of the cells 

underwent apoptosis after treatment with 25 µM of 284. It is noteworthy to mention that the effect 

occurred with slight dose-dependency, as 5 µM treatment only showed 23% apoptosis and 10 µM 24% 

(Figure 43B). Concomitantly, we could demonstrate a moderate micromolar inhibitory effect against 

the proliferation of human cancer cells (K562, IC50 = 29.7 µM, HCT116, IC50 = 33.3 µM; JAR, IC50 = 

47.5 µM). Generally, these results confirmed the effect of 284 against human cancer cell lines, but the 

exact apoptotic mechanism remains unclear and needs to be further clarified.  
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Figure 43: 284 induced cell cycle arrest and apoptosis in K562. (A) Cell cycle changes upon treatment with 284. The 

compound induced a significant arrest at the G0/ G1 stage measured in flow cytometry. (B) The dose-dependent, apoptotic 

effect of 284 as measured in flow cytometry. The assays were performed by Damian Schiller. 

3.3.2.4 Binding mode prediction for phenyl pyrazole YTHDF2 inhibitors 

Next, a molecular docking analysis was performed to provide a plausible binding mode of the best-

performing phenyl pyrazole 284. Therefore, the crystal structure of the C-terminal YTH domain in 

complex with m6A served as a fundament for the model. An optimal binding pose between 284 and the 

RNA binding site revealed several key interactions consistent with the previous findings of in vitro and 

in cellulo studies. For example, the 1-naphtoyl moiety of 284 optimally fits into the m6A binding site 

forming a π−π interaction with Y418, one of the amino acids forming the prominent aromatic cage of 

YTHDF2. The fact that the hydrophobic moiety occupies the aromatic cage of the protein could also 

explain the similar potencies of other hydrophobic compounds. For further structural optimizations, the 

hydrophobic character of the hydroxyphenon moiety generally should be maintained. The phenyl 

moiety or the pyrazole core scaffold on the other side could be rather extensively varied to improve the 

potency of the YTHDF2 inhibitor.  

    Furthermore, K490 forms a stable salt bridge with the carboxylic acid residue of the 284 which might 

also explain the moderate affinities of phenyl pyrazoles 264 and 265. Here, the cyano- or the 

methylsulfonyl residue might form similar interactions with K490. Another hydrogen bond is formed 

by D528 and the hydroxyl residue of 284, potentially also increasing the binding affinity towards 

YTHDF2. 
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Figure 44: Molecular docking analysis to predict the binding mode of phenyl pyrazole 284 to the YTH domain of YTHDF2 

(PDB: 4RDN). Surface structure of YTHDF2YTH (violet purple) and 284 in gray carbon backbone (left) and the enlarged 

visualization of the ribbon structure of YTHDF2 with 284 (right). Selected key interacting residues are depicted as sticks. 

    Generally, the proposed binding mode of compound 284 provides a plausible explanation for its 

inhibitory effect on YTHDF2, as it involves amino acids of the aromatic cage (Y418) and other residues 

of the RBD. Consequently, the interaction of 284 with YTHDF2 has the potential to obstruct the RNA-

binding site, thereby disrupting the PRI between YTHDF2 and m6A RNA. 

3.3.3 Conclusions from the identification of YTHDF2 degraders and small-molecule inhibitors 

Due to lacking reports of YTHDF2-inhibiting small molecules or -degrading bifunctional molecules, 

there is a great need for discovering such modalities in order to understand and modulate the pathogenic 

pathways of the RBP. To initiate the discovery of novel YTHDF2-targeting modalities, we pursued two 

different strategies: First, the report of Donovan et al. provided helpful insights about a 

polypharmacological PROTAC SK-3-91 (198), capable of degrading YTHDF2 significantly. This 

PROTAC initially was resynthesized and tested in western blot analysis to validate the degradation of 

YTHDF2. After confirming the decrease of YTHDF2 levels upon compound treatment, we next 

installed different linkers to the small-molecule moiety and investigated the changes in degradational 

efficacy. PROTAC 211 showed equipotent degradation of YTHDF2 and thus was further investigated 

in dose-dependent western blot analysis as well as a washout experiment, revealing a full recovery of 

YTHDF2 levels after 24 h. Generally, the YTHDF2 degrading activity of PROTACs 198 and 211 serves 

as a feasible foundation for our ongoing efforts in developing YTHDF2-selective degraders. To test 

whether the PROTACs or the small molecules functionalized with amine linker moieties are also 

capable of disrupting the PRI of YTHDF2 and m6A RNA, we furthermore subjected the compounds to 

an FP assay. However, only PROTACs 198 and 211 moderately inhibited YTHDF2, providing evidence 

for allosteric binding of the small-molecule moiety to the RBP. Altogether, the compounds 198 and 211 



 Results and discussion  

97 

 

depict a promising starting point to identify alternative and more selective YTHDF2 degraders, 

however, for the discovery of YTHDF2-inhibiting small molecules another strategy is required. 

    To discover novel inhibitors of the m6A reader, two different approaches were performed. One 

attempt was to rationally design a small-molecule inhibitor based on m6A and m6A-derived fragments. 

Alternatively, a bottom-up screening approach should provide a variety of synthetic small molecules 

capable of disrupting the PRI of YTHDF2 and m6A RNA. For the rational design of a YTHDF2 

inhibitor, initially, alkylated purine fragments were synthesized and tested against the m6A reader. 

Unfortunately, none of the fragments showed an inhibitory effect at 100 µM, however, the report of Nai 

et al. demonstrated an interaction of fragment 218 with the m6A binding site of YTHDF2, justifying 

further functionalization of the purine core scaffold.230 To expand the structure of the purine core 

scaffold, a benzyl piperazine moiety was installed, which should reach into a rather positively charged 

pocket of the YTH domain. Alternative variations of rationally designed molecules consisted of N6-

alkylation or an exchange of the core scaffold with a pyrimidine heterocycle. After isolating a total 

amount of eight different small molecules, we tested their ability to inhibit the YTHDF2–m6A RNA 

interaction. However, none of the compounds showed significant inhibitory effects, outlining the 

importance of clarifying a specific binding mode and structural features required for inhibiting a protein 

of interest. To improve the potency of the rationally designed small molecules, other fragments binding 

to the RBD of YTHDF2 could serve as fundamental compounds. Additionally, a detailed structural 

investigation of the compounds binding to the m6A reader is required to fully comprehend the structural 

features involved in interactions with the protein.  

    Due to the missing success in identifying selective and rationally designed YTHDF2 inhibitors, next 

a screening approach was carried out involving a compound collection of ~15,000 compounds. The 

treatment of YTHDF2–m6A RNA with the different synthetic small molecules revealed the phenyl 

pyrazole 248 as a moderate YTHDF2 inhibitor. Subsequent to its identification, we next investigated 

the structure-activity relationship of the 248 which not only should help to understand the binding mode 

of the compound to YTHDF2 but also should provide more potent analogs. To our delight, we identified 

several phenyl pyrazoles that showed over 50% inhibition against the YTHDF2–m6A RNA interaction 

in a bead-based AlphaScreen. In particular, compound 284 showed promising anti-YTHDF2 activity, 

as indicated in orthogonal, dose-dependent EMSA analysis, or cellular thermal shift analysis. 

Consequently, the 1-napthoyl containing compound was further evaluated in flow cytometry-based 

cellular assays. Here, 284 was found to induce a cell cycle arrest in the G0/ G1 stage of K562 cells. 

Additionally, moderate apoptosis induction was observed after treating the cells with the phenyl 

pyrazole. Although the exact mechanism of apoptosis induction and cell cycle arrest mediated by 284 

needs to be further investigated, the small molecule depicts a promising tool compound that could be 

utilized to study the m6A reader YTHDF2 in more detail. Next to our attempt to provide a plausible 

binding mode via molecular docking analysis, it might be reasonable to investigate the binding mode 

of 284 in more detail, e.g. by using X-ray crystallography or cryo-EM. This should help to identify 
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structural features required for YTHDF2 binding and thus could support the optimization of the 

compound’s rather moderate potency. 
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4 Conclusion and perspectives 

The interaction between proteins and RNA is critical for various cellular activities, and its dysregulation 

can lead to a variety of human diseases. Therefore, targeting disease-related RBPs using small 

molecules or proximity-inducing bifunctional molecules represents a promising strategy to elucidate 

the cellular functions of RBPs and could help in the development of new therapeutic approaches. In this 

work, the miRNA-binding protein LIN28, the m6A writer METTL16, and the m6A reader YTHDF2 

were targeted using small molecules. While LIN28 depicts an ncRNA-binding protein specifically 

interacting with tumor-suppressive let-7, METTL16, and YTHDF2 represent RNA-modifying proteins 

binding to a variety of coding- and ncRNAs. The strategies to target the individual RBPs varied from 

scaffold-based approaches that focused on optimizing specific RBP-targeting scaffolds, to screening-

based efforts aiming for the identification of small-molecule inhibitors of new scaffolds. Additionally, 

we initiated the first efforts to identify bifunctional molecules that degrade YTHDF2, representing an 

alternative strategy to address the disease-related protein. 

    To target LIN28, we applied two complementary strategies which allowed for the successful 

identification of alternative and more potent LIN28 inhibitors. In a scaffold-based approach, one of the 

first systematic SAR studies surrounding the reported LIN28-inhibiting tetrahydroquinoline LI71 (8) 

led to the identification of a 2-fold more potent analog (39) expanding the knowledge about its potential 

inhibitory mode. The biological evaluation data obtained from the THQ scaffold-containing compounds 

however must be carefully scrutinized, as compounds of such scaffolds are likely to interfere with assay 

readouts due to reactive byproducts. The alternative screening-based approach led to the identification 

of a trisubstituted pyrrolinone (64) showing a micromolar potency, adding a new scaffold to the small-

molecule collection of LIN28 inhibitors. Follow-up efforts included an extensive structural 

investigation of the original pyrrolinone (64) resulting in the synthesis and evaluation of a total 95 

analogues. Among the tested compounds, a biphenyl moiety-containing analogue (66) depicted a 

promising hit compound with improved cellular activity and equivalent potency in vitro and thus the 

hit was further optimized by changing the biphenyl moiety to a dibenzofuranyl moiety. A resulting 

compound 88 represented the most potent LIN28 inhibitor among the trisubstituted pyrrolinone series. 

    Epitranscriptomic modifications, such as m6A, have a profound impact on regulating RNA stability 

and gene expression. Installation of the chemical modification can be mediated by METTL16 which 

was found to actively contribute to tumor progression once aberrantly active, highlighting the need for 

identifying METTL16-inhibiting small molecules. Due to the lack of such inhibitors, a screening-based 

approach led to the identification of compound series that showed significant disruptive effects on the 

METTL16-MAT2A interaction. Among the aminothiazolone series, the inhibitor 105 was initially 

investigated through an extensive SAR study, resulting in more potent tool compounds 132, 154, 155, 

and 156. These compounds were tested in binding assays demonstrating the direct binding to 
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METTL16. Furthermore, cellular assays revealed effective modulation of m6A RNA levels as well as 

spliced MAT2A levels upon treatment with compound 154, thus providing new insights into the 

regulatory network among METTL16, MAT2A splicing, SAM levels, and m6A levels. In addition to the 

aminothiazolones, a small collection of hydantoin- and pseudothiohydantoin compounds (164 and 170) 

were identified as potential METTL16 inhibitors. The shared aryl furan moiety of both hit compounds 

allowed for a simultaneous SAR analysis comprising the synthesis of 16 hydantoin- and 11 

pseudothiohydantoin analogs. As none of the analogs showed improved potencies against METTL16, 

the original hit candidate 164 was further investigated in dose- and time-dependent EMSAs that 

revealed nanomolar potencies potentially mediated through a covalent interaction with the RMP. The 

formation of a covalent adduct was further confirmed in an LC-MS-based analysis of METTL16 treated 

with 164. The newly identified inhibitors in this work represent one of the first examples of METTL16-

inhibiting small molecules, which could serve as tool compounds to explore the m6A-regulatory role of 

METTL16 in pathogenic scenarios. 

    In addition to the m6A writer, another strategy to comprehend and manipulate pathways involving 

the m6A modification was to target m6A readers including YTHDF2, which acts as an oncogene in 

many cancers and has thus recently emerged as a promising drug target. Among very few reports about 

YTHDF2-targeting chemical modalities, the polypharmacological PROTAC SK-3-91 (198) was 

demonstrated to degrade cellular YTHDF2 significantly. After confirming the degradational activity of 

198, additional analogues were synthesized showing shorter linker moieties that were also identified as 

YTHDF2-degrading PROTACs. However, testing the ability of the degraders to disrupt the YTHDF2–

m6A RNA interaction demonstrated only weak- to no inhibitory effects suggesting an allosteric binding 

mode of the compounds. Although further confirmation is needed to prove this assumption, another 

strategy was required to identify potential small-molecule YTHDF2 inhibitors. First, a rational design 

strategy based on m6A and m6A-like fragments was performed leading to eight compounds among 

which only 239 and 240 showed weak inhibitory effects. To identify more potent and novel YTHDF2 

inhibitors, another screening approach was conducted, leading to the discovery of a phenyl pyrazole 

(248) with moderate potency. This hit compound was successively investigated in a SAR analysis 

providing not only meaningful insights into the inhibitory mode of the compound but also leading to 

the identification of the more potent 4-(4-(2-hydroxy-1-naphthoyl)-1H-pyrazol-1-yl)benzoic acid 284, 

which was tested in a pipeline of orthogonal assays and showed promising cellular activities measuring 

cell cycle changes and induction of apoptosis. Although the exact apoptotic mechanism remains to be 

further clarified, 284 depicts one of the first examples of YTHDF2-inhibiting tool compounds that can 

be utilized to manipulate m6A RNA decay. 

    Targeting RBPs with small molecules is generally considered challenging due to the high affinities 

of RNAs, which result from extensive surface- and electrostatic interactions with the RNA-binding site. 

This fact is also echoed by the identified RBP inhibitors mentioned in this work, which mostly showed 

low micromolar potencies. For LIN28 particularly, more potent small-molecule inhibitors are difficult 
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to be discovered as the RBP consists of two distinct domains contributing to tight interactions with let-

7. If only one of these domains is targeted, the miRNA can potentially still bind to the protein and thus 

remains blocked for Drosha- or Dicer-mediated cleavage. In this context, new modalities covering both 

RNA-binding sites need to be sought after to efficiently target the miRNA-binding protein. The RMPs 

METTL16 and YTHDF2 depict emerging targets in the field of epitranscriptomics that were studied 

within this thesis via small-molecule inhibition. While the potencies of most compounds lay within the 

micromolar range, the identified inhibitors represent some of the first-in-class or best-in-class RMP 

modulators. Taken together, these findings paved the way for the development of small-molecule 

therapeutic agents aimed at disrupting the function of m6A regulators. 
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5 Experimental 

5.1 General Chemistry Information 

Unless stated otherwise, all commercially available reagents and solvents were used without any further 

purification. The solvents used for silica gel column chromatography were laboratory grade. Dry 

solvents were bought from Fischer Scientific, Acros, and/or VWR, and were employed without any 

additional processing. Moisture and/or oxygen-sensitive solutions were transferred in an inert gas 

atmosphere using cannulas and syringes.  

Analytical thin-layer chromatography (TLC) was conducted on silica-coated aluminum plates 

(Merck 60 F254) and visualization of synthetic products proceeded with UV irradiation (254 nm and/or 

356 nm), potassium permanganate stain (1.5 g KMnO4, 10 g K2CO3 in 1.25 mL of 10% aq. NaOH and 

200 mL demineralized water) or phosphomolybdic acid (PMA) stain (phosphomolybdic acid in 100 mL 

absolute ethanol). 

Analytical uHPLC-MS and LC-MS were performed and evaluated either on an Agilent 1290 Infinity 

system equipped with a mass detector (column: Zorbax Eclipse C18 Rapid Resolution 2.1x50 mm 

1.8μm) (flow rate: 0.5 mL/min) or an Agilent Infinity HPLC system with 3x50 mm, 1.8 μm Macherey-

Nagel Nucleodur C18 Gravity column (flow rate: 0.56 mL/min). To analyze intermediates and final 

products, a gradient was applied starting from 10% acetonitrile (+0.1% TFA) in water (+0.1% TFA) up 

to 99.9% acetonitrile (+0.1% TFA).  

Purification of crude products was performed by using silica gel column chromatography (Merck 60, 

particle size 0.040-0.063 mm) or automated medium-pressure liquid chromatography (Büchi Pure C-

810 Flash or Pure C-850 Flash/Prep) using indicated solvents. 

NMR spectra were recorded either with a Bruker AV 400 Avance III HD (NanoBay), Agilent 

Technologies DD2, Bruker AV 500 Avance III HD (Prodigy), Bruker Avance NEO – 500 MHz, Bruker 

AV 600 Avance III HD (CryoProbe) or a Bruker AV 700 Avance III HD (CryoProbe) spectrometer. 

Data is reported in parts per million (ppm) with reference to the deuterated solvent (CDCl3: 7.26 ppm, 

77.16 ppm; DMSO-d6: 2.50 ppm, 39.52 ppm). Multiplicities are abbreviated as follows: s = singlet, d 

= doublet, t = triplet, dd = double doublet, and m = multiplet, and coupling constant values are given in 

Hz. Signals were assigned to their corresponding hydrogens or carbons based on 2D NMR correlations 

(1H/1H COSY, 1H/1H NOESY, 1H/13C HSQC, 1H/13C HMBC). To facilitate accurate analysis of 

fluoride-containing compounds, 19F NMR analysis without {1H} decoupling was conducted. 

High-resolution mass spectrometry (HRMS) was measured using an LTQ Orbitrap mass 

spectrometer coupled to an Accela HPLC-system (HPLC column: Hypersyl GOLD, 50 mm x 1 mm, 

particle size 1.9 μm, ionization method: electron spray ionization (ESI)). 
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5.2 Synthetic procedures and compound characterizations 

5.2.1 LIN28 

5.2.1.1 Tetrahydroquinolines (THQs) 

General Procedure A (Povarov reaction): 

In a two-neck round bottom flask, a catalytic amount of scandium trifluoromethane sulfonate 

(0.05 mmol, 0.10 equiv.) in anhydrous acetonitrile (3.00 mL) was added to a mixture of an aldehyde 

(0.50 mmol, 1.00 equiv.) and an aniline derivative (0.50 mmol, 1.00 equiv.) under an argon atmosphere. 

Then, freshly distilled cyclopentadiene (2.00 mmol, 4.00 equiv.) was added slowly to the stirring 

solution. The reaction mixture was stirred at room temperature for a further 16 h. Afterwards, the 

solvent was evaporated and purification of the crude material by silica gel flash chromatography 

afforded the corresponding tricyclic tetrahydroquinoline product.273 

General Procedure B (acetylation):  

Tetrahydroquinoline derivative (1 equiv.) was dissolved in 3 ml dichloromethane, and pyridine 

(1.3 equiv.) was added dropwise at 0°C. While maintaining the temperature, acetyl chloride (1.5 equiv.) 

was added dropwise. Afterward, the cooling bath was removed, and the solution was allowed to stir at 

room temperature for an additional 3 h. Upon completion, the reaction was quenched with a saturated 

solution of ammonium chloride, and the organic layer was extracted with dichloromethane (3 x 15 mL). 

The combined organic layer was dried over anhydrous MgSO4 and concentrated under reduced 

pressure. Purification of the crude via silica gel column chromatography afforded the desired acetylated 

tetrahydroquinoline product as a diastereomeric mixture. 

General Procedure C (hydrolysis): 

To a suspension of an ester (1.0 equiv.) in a THF water mixture (1:1), lithium hydroxide monohydrate 

(2.5 equiv.) was added. The mixture was stirred for 3 h and upon completion of the reaction, the mixture 

was acidified with a 1 M HCl solution and extracted with EtOAc (2 x 30 mL). The organic layer was 

washed with 20 mL of saturated aqueous NaCl solution, dried, and concentrated under reduced 

pressure. The resulting crude mixture was purified by using silica gel column chromatography applying 

an appropriate gradient. 

tert-Butyl (4aR,10bR)-7-ethoxy-5-(4-(methoxycarbonyl)phenyl)-3,4,4a,5,6,10b-

hexahydrobenzo[h][1,6]naphthyridine-1(2H)-carboxylate (45). 

A catalytic amount of scandium trifluoromethane sulfonate (24.6 mg, 0.05 mmol, 0.10 eq) and 4 Å 

molecular sieves were added to a stirring mixture of 4-formylbenzoate (82.10 mg, 0.50 mmol, 1.00 eq) 

and 2-ethoxyaniline (65.10 µL, 0.50 mmol, 1.00 eq) in anhydrous acetonitrile (3 mL). The resulting 

solution was allowed to stir for 5 min and then tert-butyl 3,4-dihydropyridine-1(2H)-carboxylate 

(89.00 µL, 0.50 mmol, 1.00 eq) was added via syringe. The reaction mixture was stirred overnight 
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under an argon atmosphere and then quenched with a saturated 

NaHCO3 solution. After extracting with EtOAc (3x 50 mL) the 

combined organic layer was dried using anhydrous MgSO4 and 

the solvent was evaporated under reduced pressure. The crude 

material was purified using silica gel flash column 

chromatography with an elution of 6% EtOAc in petroleum ether 

to afford the desired tricyclic tetrahydroquinoline compound as 

a white foam (133.20 mg, 0,29 mmol, 58%). Rf = 0.35 (petroleum ether / EtOAc = 4:1). 1H NMR (600 

MHz, DMSO-d6) δ 7.92 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 6.75 (d, J = 7.9 Hz, 1H), 6.52 (t, 

J = 8.1 Hz, 1H), 6.32 (dd, J = 51.0, 7.8 Hz, 1H), 5.89 (d, J = 5.1 Hz, 1H), 4.81 – 4.71 (m, 1H), 4.48 (d, 

J = 4.2 Hz, 1H), 4.10 (h, J = 6.7 Hz, 1H), 4.06 – 3.99 (m, 1H), 3.83 (s, 3H), 2.43 (t, J = 12.8 Hz, 1H), 

1.98 (d, J = 14.5 Hz, 1H), 1.77 (s, 1H), 1.56 (dt, J = 12.9, 3.2 Hz, 1H), 1.47 – 1.23 (m, 12H), 1.15 (s, 

3H). 13C NMR (151 MHz, DMSO-d6) δ 166.60, 155.10, 151.90, 144.80, 134.20, 129.80, 128.50, 

126.40, 118.40, 116.40, 115.30, 110.40, 79.40, 64.10, 57.80, 52.50, 47.00, 40.50, 37.70, 28.50, 28.10, 

26.30, 25.50, 15.30. 

4-((4aR,10bR)-1-(tert-Butoxycarbonyl)-7-ethoxy-1,2,3,4,4a,5,6,10b-

octahydrobenzo[h][1,6]naphthyridin-5-yl)benzoic acid (48).  

To a suspension of tetrahydroquinoline 45 (100.00 mg, 

0.21 mmol, 1.00 eq) in 4 mL of THF was added 2 mL of water 

and lithium hydroxide monohydrate (22.48 mg, 0.54 mmol, 

2.50 eq). The mixture was stirred and heated at 50°C overnight 

before treatment with 1 M aqueous HCl solution and extraction 

with DCM (3 x 15 mL). The organic layer was dried with 

anhydrous MgSO4 and the solvent was removed in vacuo. 

Recrystallization using petroleum ether (4 mL) and EtOAc (0.2 mL) afforded the pure acid as white 

crystals (95.0 mg, 0.21 mmol, 99%). Rf = 0.2 (petroleum ether / EtOAc = 1:1). 1H NMR (600 MHz, 

DMSO-d6) δ 12.84 (s, 1H), 7.89 (d, J = 8.1 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 6.75 (d, J = 7.9 Hz, 1H), 

6.52 (t, J = 7.9 Hz, 1H), 6.32 (dd, J = 50.5, 7.8 Hz, 1H), 5.88 (t, J = 7.1 Hz, 1H), 4.78 (dd, J = 30.0, 5.0 

Hz, 1H), 4.47 (s, 1H), 4.10 (h, J = 6.9 Hz, 1H), 4.03 (q, J = 7.1 Hz, 2H), 3.87 – 3.65 (m, 1H), 1.99 (s, 

1H), 1.94 (d, J = 33.9 Hz, 1H), 1.81 – 1.72 (m, 1H), 1.56 (dq, J = 12.9, 3.2 Hz, 1H), 1.40 – 1.33 (m, 

9H), 1.19 – 1.14 (m, 4H). 13C NMR (151 MHz, DMSO-d6) δ 167.70, 155.10, 151.40, 144.80, 134.20, 

129.90, 126.20, 118.40, 116.40, 115.30, 110.40, 79.40, 64.10, 60.20, 57.80, 48.70, 47.10, 38.50, 37.70, 

28.50, 28.10, 26.40, 25.50, 21.20, 15.30, 14.60.  

4-((4aS,10bR)-7-Ethoxy-1,2,3,4,4a,5,6,10b-octahydrobenzo[h][1,6]naphthyridin-5-yl)benzoic acid 

(49). 
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To a stirred solution of N-Boc protected tetrahydroquinoline 47 

(45.00 mg, 0.10 mmol, 1.00 eq) in dry dichloromethane (1 mL), 

cooled to 0 °C, trifluoracetic acid (76.60 μL, 1.00 mmol, 10.00 eq) 

was added. After 30 min the mixture was allowed to warm to room 

temperature and stirred for an additional 2.5 h. The mixture was 

concentrated under reduced pressure to afford the desired 

tetrahydroquinoline as a TFA salt (35.24 mg, 0.10 mmol, 99%).36 Rf = 0.01 (petroleum ether / EtOAc 

and 0.1% AcOH = 1:1). 1H NMR (700 MHz, DMSO-d6) δ 12.97 (s, 1H), 9.17 – 9.05 (m, 1H), 8.82 (d, 

J = 9.6 Hz, 1H), 7.97 (d, J = 8.1 Hz, 2H), 7.46 (d, J = 7.9 Hz, 2H), 6.93 (dd, J = 8.1, 1.2 Hz, 1H), 6.87 

(dd, J = 8.1, 1.2 Hz, 1H), 6.64 (t, J = 7.9 Hz, 1H), 5.66 (s, 1H), 4.69 (d, J = 8.8 Hz, 1H), 4.35 (s, 1H), 

4.08 (dq, J = 9.8, 7.0 Hz, 1H), 4.01 (dq, J = 9.8, 7.0 Hz, 1H), 3.16 – 3.03 (m, 2H), 2.38 (dt, J = 9.3, 4.5 

Hz, 1H), 1.73 – 1.61 (m, 2H), 1.32 (t, J = 7.0 Hz, 3H), 1.24 (qd, J = 6.3, 3.2 Hz, 1H). 13C NMR (176 

MHz, DMSO-d6) δ 167.60, 158.50, 158.30, 145.50, 135.20, 130.70, 130.10, 127.80, 118.50, 116.70, 

116.20, 111.90, 64.10, 36.00, 23.30, 15.20. 

 

Ethyl (3aS,9bR)-5-acetyl-6-ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-4-carboxylate 

(50) 

Following the general procedure B, the product was obtained as a yellow 

solid using an elution system of 50% EtOAc in petroleum ether which 

afforded the desired acetylated tetrahydroquinoline as a diastereomeric 

mixture (dr = 4:1) (487.10 mg, 1.48 mmol, 85%). Rf = 0.15 (petroleum 

ether / EtOAc = 1:1 +0.1% AcOH). 1H NMR (400 MHz, Chloroform-d) 

δ 7.14 (t, J = 8.0 Hz, 1H), 6.87 (dt, J = 7.7, 1.2 Hz, 1H), 6.81 (dt, J = 8.3, 

1.1 Hz, 1H), 5.96 (dq, J = 5.8, 2.2 Hz, 1H), 5.81 (dq, J = 5.9, 2.4 Hz, 1H), 5.77 (d, J = 8.8 Hz, 1H), 4.16 

– 4.01 (m, 2H), 3.91 (qd, J = 7.2, 2.9 Hz, 2H), 3.81 (d, J = 8.5 Hz, 1H), 3.25 (qd, J = 8.5, 5.1 Hz, 1H), 

2.56 (ddq, J = 16.5, 8.4, 2.3 Hz, 1H), 2.41 (dtd, J = 16.4, 4.4, 2.2 Hz, 1H), 2.07 (s, 3H), 1.41 (t, J = 7.0 

Hz, 3H), 1.06 (t, J = 7.1 Hz, 3H). LC-MS (ESI) (m/z) calculated for C19H23NO4 [M+H]+ = 330.1; found: 

330.0. 

Methyl 4-((3aS,9bR)-5-acetyl-6-ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)benzoate 

(51) 

Following the general procedure B, the product was obtained as a 

yellow oil using an elution system of 20% EtOAc in petroleum 

ether which afforded the desired acid as a diastereomeric mixture 

(dr = 4:1) (233.1 mg, 0.6 mmol, 99%). Rf = 0.1 (petroleum ether / 

EtOAc = 3:1). 1H NMR (400 MHz, Chloroform-d) δ 7.69 (d, J = 
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8.4 Hz, 2H), 7.15 (t, J = 8.0 Hz, 1H), 6.96 (d, J = 15.6 Hz, 3H), 6.85 (d, J = 8.7 Hz, 1H), 6.65 (d, J = 

8.2 Hz, 1H), 6.41 (d, J = 9.0 Hz, 1H), 6.22 (d, J = 12.9 Hz, 1H), 5.82 (d, J = 12.8 Hz, 1H), 4.01 (d, J = 

10.8 Hz, 1H), 3.83 (s, 3H), 3.60 (s, 1H), 3.45 (s, 1H), 2.49 (d, J = 29.4 Hz, 1H), 2.04 (s, 3H), 1.96 (d, J 

= 25.7 Hz, 1H), 1.08 (t, J = 7.0 Hz, 3H). LC-MS (ESI) (m/z) calculated for C24H25NO4 [M+H]+ = 392.2; 

found: 392.0. 

Methyl 3-((3aS,9bR)-5-acetyl-6-ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)benzoate 

(52) 

Following the general procedure B, the product was obtained as a 

yellow oil using an elution system of 50% EtOAc in petroleum 

ether which afforded the desired acetylated tetrahydroquinoline as 

a diastereomeric mixture (dr = 78:22) (233.1 mg, 0.6 mmol, 99%). 

Rf = 0.6 (petroleum ether / EtOAc = 1:1). 1H NMR (400 MHz, 

Chloroform-d) δ 7.74 (dt, J = 7.5, 1.5 Hz, 1H), 7.63 (d, J = 2.0 Hz, 

1H), 7.19 – 7.12 (m, 1H), 7.10 – 6.95 (m, 3H), 6.66 (dt, J = 8.2, 1.1 Hz, 1H), 6.42 (d, J = 9.0 Hz, 1H), 

6.23 (d, J = 12.8 Hz, 1H), 5.83 (d, J = 12.8 Hz, 1H), 4.00 (d, J = 10.9 Hz, 1H), 3.82 (s, 3H), 3.65 (d, J 

= 35.8 Hz, 1H), 3.50 (d, J = 30.5 Hz, 1H), 2.47 (d, J = 33.6 Hz, 1H), 2.05 (s, 3H), 1.91 (s, 1H), 1.06 (t, 

J = 7.0 Hz, 3H). 

(3aS,9bR)-5-Acetyl-6-ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-4-carboxylic acid (53) 

Following the general procedure C, the product was obtained as a yellow solid 

using an elution system of 75% EtOAc in petroleum ether (233.10 mg, 

0.77 mmol, 67%). Rf: 0.15 (EtOAc). 1H NMR (700 MHz, DMSO-d6) δ 12.41 

(s, 1H), 7.13 (t, J = 7.9 Hz, 1H), 6.92 (dd, J = 8.4, 1.3 Hz, 1H), 6.86 (dd, J = 

7.8, 1.2 Hz, 1H), 5.69 (dq, J = 4.8, 2.4 Hz, 1H), 5.51 (dq, J = 4.8, 2.3 Hz, 1H), 

5.47 (d, J = 1.2 Hz, 1H), 4.10 (dq, J = 9.7, 7.0 Hz, 1H), 4.06 – 3.96 (m, 2H), 

3.44 (tdd, J = 9.6, 5.0, 1.3 Hz, 1H), 2.74 (dddd, J = 17.2, 9.8, 4.2, 2.2 Hz, 1H), 2.30 (ddq, J = 17.2, 5.1, 

2.5 Hz, 1H), 1.86 (s, 3H), 1.30 (t, J = 7.0 Hz, 3H). 13C NMR (176 MHz, DMSO-d6) δ 152.90, 136.30, 

133.60, 130.20, 127.90, 127.30, 120.80, 111.80, 64.40, 59.50, 47.70, 40.50, 38.80, 21.70, 15.10. LC-

MS (ESI) (m/z) calculated for C17H19NO4 [M+H]+ = 302.1; found: 302.0. 

4-((3aS,9bR)-5-Acetyl-6-ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)benzoic acid 

(54). 
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Following the general procedure C, the product was obtained as a 

yellow solid using an elution system of 50% EtOAc in petroleum 

ether which afforded the desired acid as a diastereomeric mixture 

(dr = 85:15) (135,88 mg, 0,36 mmol, 70%). Rf = 0.15 (petroleum 

ether / EtOAc = 1:1 and 0.1% AcOH). 1H NMR (600 MHz, DMSO-

d6) δ 12.82 (s, 1H), 7.65 – 7.61 (m, 2H), 7.20 (t, J = 8.0 Hz, 1H), 

7.03 (dt, J = 7.8, 1.2 Hz, 1H), 7.00 – 6.95 (m, 2H), 6.89 (dt, J = 8.3, 1.2 Hz, 1H), 6.40 – 6.29 (m, 1H), 

6.24 (d, J = 9.4 Hz, 1H), 5.78 (dt, J = 5.8, 2.2 Hz, 1H), 3.97 – 3.92 (m, 2H), 3.73 (dq, J = 9.9, 7.0 Hz, 

1H), 3.52 (qd, J = 9.7, 6.7 Hz, 1H), 2.41 – 2.33 (m, 1H), 1.90 (s, 3H), 1.67 (ddq, J = 17.0, 7.2, 2.5 Hz, 

1H), 1.05 (t, J = 6.9 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 169.70, 167.50, 152.70, 144.50, 138.10, 

132.50, 132.20, 129.70, 129.00, 128.60, 127.60, 126.90, 119.40, 111.70, 64.20, 54.90, 45.20, 41.80, 

35.50, 22.10, 14.80. 

3-((3aS,9bR)-5-Acetyl-6-ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)benzoic acid 

(55). 

Following the general procedure C, the product was obtained as a 

yellow solid using an elution system of 50% EtOAc in petroleum 

ether which afforded the desired acid as a diastereomeric mixture 

(dr = 78:22) (144.37 mg, 0.38 mmol, 75%). Rf = 0.1 (petroleum 

ether / EtOAc = 1:1). 1H NMR (700 MHz, DMSO-d6) δ 12.81 (s, 

1H), 7.67 (dt, J = 7.7, 1.5 Hz, 1H), 7.60 (dt, J = 10.5, 1.9 Hz, 1H), 

7.17 (dt, J = 20.5, 7.8 Hz, 2H), 7.01 (ddt, J = 17.1, 7.8, 1.4 Hz, 2H), 6.87 (dt, J = 8.3, 1.1 Hz, 1H), 6.34 

(dq, J = 4.7, 2.3 Hz, 1H), 6.25 (d, J = 9.4 Hz, 1H), 5.79 (dq, J = 6.2, 2.2 Hz, 1H), 3.97 – 3.92 (m, 2H), 

3.66 (dq, J = 9.8, 7.0 Hz, 1H), 3.53 (qd, J = 9.7, 6.8 Hz, 1H), 2.35 (ddq, J = 16.9, 9.6, 2.0 Hz, 1H), 1.99 

(s, 3H), 1.68 (ddq, J = 17.0, 7.2, 2.5 Hz, 1H), 1.18 (t, J = 7.1 Hz, 3H). 13C NMR (176 MHz, DMSO-

d6) δ 170.80, 169.60, 167.60, 152.80, 140.00, 138.20, 132.40, 129.80, 128.00, 127.60, 126.90, 119.30, 

111.70, 64.30, 60.20, 54.90, 45.20, 41.80, 35.60, 24.60, 22.10, 21.20, 14.60. 

Methyl 3-((3aS,9bR)-6-(trifluoromethoxy)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-

yl)benzoate (56) 

Following the general procedure A, the product was obtained 

as a pale grey solid using a silica gel flash chromatography 

elution system of 4% EtOAc in petroleum ether which afforded 

the product as diastereomeric mixture (dr = 94:6) (106.80 mg, 

0.27 mmol, 54%). Rf = 0.65 (petroleum ether / EtOAc = 4:1) 

1H NMR (400 MHz, Chloroform-d) δ 8.10 (tdt, J = 2.0, 1.4, 

0.7 Hz, 1H), 8.00 (dq, J = 7.7, 1.4 Hz, 1H), 7.67 (dddd, J = 7.8, 2.0, 1.2, 0.6 Hz, 1H), 7.48 (td, J = 7.8, 
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1.1 Hz, 1H), 7.01 – 6.96 (m, 2H), 6.72 (td, J = 7.9, 1.1 Hz, 1H), 5.85 (dtt, J = 5.6, 2.7, 1.2 Hz, 1H), 5.67 

(dh, J = 5.9, 1.4 Hz, 1H), 4.70 (d, J = 3.3 Hz, 1H), 4.18 – 4.10 (m, 1H), 3.94 (s, 3H), 3.07 – 2.97 (m, 

1H), 2.66 – 2.53 (m, 1H), 1.77 (dddt, J = 16.5, 8.7, 2.8, 1.3 Hz, 1H). 

3-((3aS,9bR)-6-(Trifluoromethoxy)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)benzoic acid 

(57). 

Following the general procedure C, the product was obtained as 

a gray solid elution system of 11% EtOAc in petroleum ether 

which afforded the product as diastereomeric mixture 

(dr = 95:5) (64.80 mg, 0.17 mmol, 77%). Rf = 0.2 (petroleum 

ether / EtOAc = 1:1). 1H NMR (700 MHz, DMSO-d6) δ 12.95 

(s, 1H), 8.03 (t, J = 1.8 Hz, 1H), 7.88 (dt, J = 7.7, 1.4 Hz, 1H), 

7.68 (dt, J = 7.7, 1.5 Hz, 1H), 7.52 (t, J = 7.7 Hz, 1H), 7.06 (d, J = 7.7 Hz, 1H), 7.00 (dt, J = 8.2, 1.7 

Hz, 1H), 6.70 (t, J = 7.9 Hz, 1H), 5.93 (dtd, J = 5.9, 2.9, 1.3 Hz, 1H), 5.61 (ddt, J = 5.8, 2.9, 1.3 Hz, 

1H), 5.41 (s, 1H), 4.68 (d, J = 3.5 Hz, 1H), 4.10 (dd, J = 7.7, 2.5 Hz, 1H), 2.97 – 2.90 (m, 1H), 2.36 

(ddq, J = 16.6, 9.8, 2.4 Hz, 1H), 1.60 (dddd, J = 16.1, 8.5, 2.7, 1.4 Hz, 1H). 13C NMR (176 MHz, 

DMSO-d6) δ 167.90, 143.70, 138.70, 136.20, 134.80, 131.50, 131.20, 130.40, 128.90, 128.40, 128.10, 

127.90, 118.60, 117.80, 56.10, 45.50, 45.30, 31.50.  

3-((3aS,9bR)-6-Ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)-5-fluorobenzoic acid 

(58). 

Following the general procedure A, the product was obtained as a 

greenish solid using a silica gel flash chromatography elution 

system of 4% EtOAc 0.1% AcOH in petroleum ether which 

afforded the product as diastereomeric mixture (dr = 97:3) 

(55.30 mg, 0.16 mmol, 40%). Rf = 0.3 (petroleum ether / EtOAc 

and 0.1% AcOH = 1:1). 1H NMR (700 MHz, DMSO-d6) δ 13.16 (s, 

1H), 7.90 (s, 1H), 7.64 – 7.50 (m, 2H), 6.66 (dp, J = 15.2, 8.5, 7.7 Hz, 3H), 5.88 (p, J = 2.9 Hz, 1H), 

5.58 (d, J = 5.6 Hz, 1H), 4.65 – 4.58 (m, 2H), 4.06 (dq, J = 9.7, 6.9 Hz, 2H), 4.01 – 3.93 (m, 1H), 3.08 

– 2.85 (m, 1H), 2.43 – 2.36 (m, 1H), 1.69 – 1.56 (m, 1H), 1.34 (t, J = 6.9 Hz, 3H). 13C NMR (176 MHz, 

DMSO-d6) δ 166.80, 163.10, 161.70, 147.30, 146.60, 135.10, 133.60, 129.80, 126.00, 123.80, 121.00, 

118.50, 118.30, 114.70, 108.70, 63.90, 56.50, 45.90, 45.30, 31.50, 15.20. 
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3-((3aS,9bR)-6-Ethoxy-3a,4,5,9b-tetrahydro-3H-

cyclopenta[c]quinolin-4-yl)-5-(trifluoromethyl)benzoic acid (59). 

Following the general procedure A, the product was obtained as a pale 

greenish solid using a silica gel flash chromatography elution system 

of 4% EtOAc 0.1% AcOH in petroleum ether which afforded the 

product as diastereomeric mixture (dr = 98:2) (74.10 mg, 0.18 mmol, 

45%). Rf = 0.3 (petroleum ether / EtOAc and 0.1% AcOH = 1:1). 1H NMR (700 MHz, DMSO-d6) δ 

13.49 (s, 1H), 8.32 (d, J = 1.7 Hz, 1H), 8.11 (d, J = 1.7 Hz, 1H), 8.04 (d, J = 1.8 Hz, 1H), 6.70 – 6.61 

(m, 3H), 5.90 (ddq, J = 5.8, 2.9, 1.4 Hz, 1H), 5.60 – 5.54 (m, 1H), 4.78 (s, 1H), 4.72 (d, J = 3.4 Hz, 

1H), 4.10 – 4.03 (m, 2H), 3.98 (dq, J = 9.7, 7.0 Hz, 1H), 2.97 (qdd, J = 8.7, 3.6, 1.8 Hz, 1H), 2.43 – 

2.35 (m, 1H), 1.60 (ddt, J = 15.8, 8.8, 2.2 Hz, 1H), 1.33 (t, J = 6.9 Hz, 3H). 13C NMR (176 MHz, 

DMSO-d6) δ 166.60, 146.70, 146.30, 135.10, 135.00, 132.50, 131.60, 129.80, 127.90, 125.90, 124.70, 

121.10, 118.50, 108.80, 63.90, 56.40, 45.80, 45.20, 31.40, 15.20. 

5-((3aS,9bR)-6-Ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)furan-2-carboxylic acid 

(60). 

Following the general procedure A, the product was obtained as a 

yellow solid using a silica gel flash chromatography elution system of 

10% EtOAc +0.1% AcOH in petroleum ether which afforded the 

product as diastereomeric mixture (dr = 24:1) (78.70 mg, 0.24 mmol, 

48%). Rf = 0.15 (petroleum ether / EtOAc = 1:1 +0.1% AcOH). 1H 

NMR (700 MHz, DMSO-d6) δ 12.98 (s, 1H), 7.20 (d, J = 3.5 Hz, 1H), 

6.72 – 6.62 (m, 3H), 6.53 (dd, J = 3.4, 0.9 Hz, 1H), 5.83 (dtd, J = 5.7, 2.8, 1.6 Hz, 1H), 5.62 – 5.58 (m, 

1H), 4.65 (s, 1H), 4.56 (d, J = 3.4 Hz, 1H), 4.02 (ddtd, J = 33.3, 14.0, 7.0, 3.2 Hz, 3H), 3.11 (qdd, J = 

8.9, 3.5, 1.8 Hz, 1H), 2.46 (ddq, J = 16.2, 8.8, 2.4 Hz, 1H), 2.08 (ddt, J = 16.3, 8.9, 2.2 Hz, 1H), 1.35 

(t, J = 6.9 Hz, 3H). 13C NMR (176 MHz, DMSO-d6) δ 160.40, 159.80, 146.50, 144.20, 135.00, 134.40, 

129.80, 126.10, 121.10, 119.10, 118.70, 108.80, 108.50, 63.90, 52.00, 45.60, 42.20, 32.60, 15.20. 

5-((3aS,9bR)-6-Ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)thiophene-2-carboxylic 

acid (61). 

Following the general procedure A, the product was obtained as a 

yellow solid using a silica gel flash chromatography elution system 

of 10% EtOAc +0.1% AcOH in petroleum ether which afforded the 

product as diastereomeric mixture (dr = 24:1) (126.30 mg, 

0.39 mmol, 78%). Rf = 0.25 (petroleum ether / EtOAc = 1:1 +0.1% 

AcOH). 1H NMR (600 MHz, DMSO-d6) δ 12.43 (s, 1H), 7.66 (d, J 

= 3.8 Hz, 1H), 7.19 (dd, J = 3.8, 0.8 Hz, 1H), 6.70 – 6.63 (m, 3H), 5.88 (dtd, J = 5.8, 2.8, 1.5 Hz, 1H), 



 Experimental part  

110 

 

5.64 – 5.53 (m, 1H), 4.83 (d, J = 3.5 Hz, 1H), 4.67 (s, 1H), 4.04 (dq, J = 9.6, 7.0 Hz, 2H), 3.97 (dq, J = 

9.6, 6.9 Hz, 1H), 2.99 (qdd, J = 8.9, 3.5, 1.8 Hz, 1H), 1.91 (s, 2H), 1.33 (t, J = 7.0 Hz, 3H). 13C NMR 

(151 MHz, DMSO-d6) δ 172.50, 163.40, 154.70, 146.50, 135.00, 134.40, 133.50, 132.80, 129.80, 

125.30, 121.00, 118.90, 108.80, 63.90, 53.90, 45.60, 32.30, 21.50, 15.20. 

Methyl 5-((3aS,9bR)-6-ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)-1H-pyrrole-2-

carboxylate (62) 

Following the general procedure A, the product was obtained as a 

yellow solid using an elution system of 4% EtOAc in petroleum 

ether which afforded the product as diastereomeric mixture 

(dr = 96:4) (64.80 mg, 0.17 mmol, 77%). Rf = 0.3 (petroleum ether 

/ EtOAc = 4:1). 1H NMR (600 MHz, DMSO-d6) δ 11.91 (s, 1H), 

6.77 (dd, J = 3.7, 2.4 Hz, 1H), 6.66 (s, 3H), 6.18 – 6.14 (m, 1H), 

5.80 (d, J = 12.9 Hz, 1H), 5.58 (d, J = 12.7 Hz, 1H), 4.52 (d, J = 3.3 Hz, 1H), 4.40 (s, 1H), 3.99 (d, J = 

60.7 Hz, 3H), 3.75 (s, 3H), 3.10 – 3.02 (m, 1H), 2.89 (s, 1H), 2.73 (d, J = 0.7 Hz, 1H), 1.90 (d, J = 29.6 

Hz, 1H), 1.32 (t, J = 6.9 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 161.29, 146.36, 140.30, 134.99, 

130.05, 126.22, 121.42, 121.05, 118.40, 115.91, 108.61, 107.01, 63.84, 51.70, 51.43, 45.94, 43.61, 

40.52, 32.41, 15.19. 

 5-((3aS,9bR)-6-Ethoxy-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-4-yl)-1H-pyrrole-2-

carboxylic acid (63). 

Following the general procedure C, the product was obtained as a 

yellow solid using an elution system of 11% EtOAc in petroleum 

ether which afforded the product as diastereomeric mixture (dr = 

24:1) (32.10 mg, 0,09 mmol, 41%). Rf = 0.2 (petroleum ether / 

EtOAc = 1:1). 1H NMR (600 MHz, DMSO-d6) δ 12.14 (s, 1H), 11.74 

(t, J = 2.4 Hz, 1H), 6.71 (dd, J = 3.7, 2.4 Hz, 1H), 6.68 – 6.56 (m, 

3H), 6.15 – 6.11 (m, 1H), 5.80 (dtd, J = 5.7, 2.8, 1.5 Hz, 1H), 5.62 – 5.53 (m, 1H), 4.51 (d, J = 3.2 Hz, 

1H), 4.38 (d, J = 1.9 Hz, 1H), 4.09 – 3.89 (m, 3H), 3.06 (qdd, J = 9.0, 3.4, 1.9 Hz, 1H), 1.98 – 1.88 (m, 

1H), 1.32 (t, J = 6.9 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δ 162.40, 146.40, 139.60, 135.20, 135.00, 

130.10, 126.20, 122.50, 121.10, 118.40, 115.50, 108.60, 106.70, 63.80, 51.70, 46.00, 43.60, 32.40, 

15.20.  

5.2.1.2 Pyrrolinones 

General Procedure D (Butanoate synthesis) 

Butanoates (65, I-VI) (1 equiv.) followed by diethyl oxalate (1 equiv.) were added to a solution of 

sodium ethoxide (1.0 M, 1.1 equiv.) in EtOH (3.5 mL) at 0°C. The resulting suspension was warmed to 

room temperature and subsequently stirred overnight, at room temperature. After completion of the 
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reaction, the mixture was added to ice water and acidified by the addition of 1 M HCl. The aqueous 

solution was extracted with dichloromethane (3 × 15 mL), washed with water and brine, dried over 

anhydrous MgSO4, and evaporated under reduced pressure. The resulting residue was then purified by 

using flash column chromatography using appropriate gradients to afford the desired butanoates.274 

General Procedure E (Doebner Condensation) 

Benzaldehyde (1 equiv.) followed by aniline (1 equiv.) were added to a suspension (0.06 M) of the 

corresponding dioxobutanoates (1 equiv.) in acetic acid. The reaction mixture was stirred, overnight at 

90°C. After the mixture was cooled to room temperature, it was diluted with Et2O. The resulting residue 

was washed with additional Et2O and then dried under reduced pressure to give the desired pyrrolinone 

derivative. In the case that precipitation did not yield a pure product, the precipitate was further purified 

with an appropriate gradient on a preparative HPLC system.275 

Ethyl-4-(4-fluorophenyl)-2,4-dioxobutanoate (65). 

Ethyl 2,4-dioxo-4-phenylbutanoate (200.00 µL, 1.71 mmol 1.00 equiv.) 

was used according to the general procedure D (petroleum ether / ethyl 

acetate = 5:1) (460.20 mg, 37%) 1H NMR (600 MHz, Chloroform-d) δ 

15.30 (s, 1H), 8.05 – 7.96 (m, 2H), 7.61 (ddt, J = 8.7, 7.0, 1.3 Hz, 1H), 7.53 – 7.48 (m, 2H), 7.08 (s, 

1H), 4.40 (q, J = 7.2 Hz, 2H), 1.42 (t, J = 7.2 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 190.76, 

169.81, 162.23, 133.81, 128.92, 127.91, 97.97, 62.64, 14.11. LC-MS (ESI) (m/z) calculated for 

C12H12O4 [M+H]+ = 221.1; found:221.0. 

Ethyl-4-(4-fluorophenyl)-2,4-dioxobutanoate (I). 

4-Bromo-acetophenone (403.09 mg, 3.33mmol 1.00 equiv.) was used 

according to the general procedure D and was used without further 

purification (460.20 mg, 37%). 1H NMR (600 MHz, Chloroform-d) 

δ 15.41 (s, 1H), 8.12 – 8.05 (m, 2H), 7.91 – 7.83 (m, 2H), 7.26 (s, 

1H), 4.63 (q, J = 7.1 Hz, 2H), 1.64 (t, J = 7.1 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 189.70, 

170.34, 162.25, 133.94, 132.48, 129.52, 97.95, 62.95, 14.31. LC-MS (ESI) (m/z) calculated for 

C12H11BrO4 [M+H]+ = 299.0; found: 299.0.  

Ethyl-4-(furan-2-yl)-2,4-dioxobutanoate (II). 

2-Acetylfuran (111.31 μL, 1.11 mmol, 1.00 equiv.) was used according to 

the general procedure D and purified by flash column chromatography to 

yield the desired product as a white powder (151.00 mg, 65%). 1H NMR 

(600 MHz, Chloroform-d) δ 14.41 (s, 1H), 7.60 (dd, J = 1.7, 0.7 Hz, 1H), 7.26 (dd, J = 3.6, 0.8 Hz, 1H), 

6.86 (s, 1H), 6.54 (dd, J = 3.6, 1.7 Hz, 1H), 4.31 (q, J = 7.1 Hz, 2H), 1.32 (t, J = 7.2 Hz, 3H). 13C NMR 

(151 MHz, Chloroform-d) δ 181.24, 162.21, 151.12, 147.88, 118.68, 113.34, 99.21, 62.79, 14.29. LC-

MS (ESI) (m/z) calculated for C10H10O5 [M+H]+ = 211.1; found:211.1. 
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Ethyl-4-(4-methoxyphenyl)-2,4-dioxobutanoate (III). 

4-Methoxy-Acetophenone (500.00 mg, 3.33 mmol, 1.00 equiv.) was 

used according to the general procedure D and purified by flash 

column chromatography to yield the desired product as a white 

powder (318.00 mg, 21%). 1H NMR (600 MHz, Chloroform-d) δ 

15.39 (s, 1H), 7.95 – 7.89 (m, 2H), 6.96 (s, 1H), 6.94 – 6.89 (m, 2H), 4.33 (q, J = 7.1 Hz, 2H), 3.83 (s, 

3H), 1.34 (t, J = 7.1 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 190.37, 168.11, 164.34, 162.50, 

130.33, 127.75, 114.24, 97.76, 62.52, 55.61, 14.13. LC-MS (ESI) (m/z) calculated for C13H14O5 

[M+H]+ = 251.1; found:251.0. 

Ethyl-4-(4-fluorophenyl)-2,4-dioxobutanoate (IV). 

4-Fluoro-acetophenone (403.09 mg, 3.33mmol 1.00 equiv.) was used 

according to the general procedure D and was used without further 

purification (460.20 mg, 37%). 1H NMR (500 MHz, Chloroform-d) δ 

15.16 (s, 1H), 8.00 – 7.94 (m, 2H), 7.15 – 7.09 (m, 2H), 6.96 (s, 1H), 

4.33 (q, J = 7.1 Hz, 2H), 1.35 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) δ 189.74, 169.20, 

167.25, 165.21, 162.15, 130.59 (d, J = 9.5 Hz), 116.18 (d, J = 21.9 Hz), 97.83, 63.16, 62.69, 14.10, 

13.94. LC-MS (ESI) (m/z) calculated for C12H11FO4 [M+H]+ = 239.1; found: 239.3. 

Ethyl-4-(5-methylfuran-2-yl)-2,4-dioxobutanoate (V). 

5-Methyl-2-acetylfuran (387.06 µl, 3.33mmol, 1.00 equiv.) according to 

the general procedure D and was used without further purification (672.20 

mg, 72%). 1H NMR (600 MHz, Chloroform-d) δ 14.51 (s, 1H), 6.80 (s, 

1H), 6.18 (dd, J = 3.5, 1.0 Hz, 1H), 4.32 (q, J = 7.1 Hz, 2H), 2.37 (s, 3H), 

2.32 (s, 1H), 1.33 (t, J = 7.1 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 179.59, 161.21, 158.52, 

148.66, 119.61, 109.09, 107.90, 98.05, 61.47, 24.65, 13.08. LC-MS (ESI) (m/z) calculated for C11H12O5 

[M+H]+ = 225.0; found: 224.8. 

Ethyl-4-(2-fluorophenyl)-2,4-dioxobutanoate (VI). 

2-Fluoroacetophenone (404.58 µl, 3.33mmol 1.00 equiv.) according to the 

general procedure D and was used without further purification (669.60 mg, 

59%) 1H NMR (600 MHz, Chloroform-d) δ 15.04 (s, 1H), 7.89 (td, J = 7.7, 

1.9 Hz, 1H), 7.52 – 7.45 (m, 1H), 7.23 – 7.20 (m, 1H), 7.11 (ddd, J = 11.5, 

8.4, 1.1 Hz, 1H), 7.05 (d, J = 1.4 Hz, 1H), 4.33 (q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H). 13C NMR 

(151 MHz, Chloroform-d) δ 187.55, 187.53, 170.15, 162.52, 162.02, 160.81, 135.17, 135.10, 130.50, 

130.49, 124.74, 124.72, 116.90 (d, J = 23.3 Hz), 102.33 (d, J = 13.0 Hz), 62.65, 14.08. LC-MS (ESI) 

(m/z) calculated for C12H11FO4 [M+H]+ = 239.1; found: 239.2. 

1-([1,1'-Biphenyl]-3-yl)-4-benzoyl-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one (66). 
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4-Nitrobenzaldehyde (44.65 mg, 0.30 mmol, 1.00 equiv.) followed 

by the 3-Aminobiphenyl (50.00 mg, 0.30 mmol, 1.00 equiv.) were 

added to a suspension (6.0 mL, 0.06 M) of Ethyl 2,4-dioxo-4-

phenylbutanoate (65.07 mg, 0.30 mmol, 1.00 equiv.) in acetic acid 

following the general procedure E to give the desired product as a 

yellow solid (38.6 mg, 24%). 1H NMR (700 MHz, DMSO-d6) δ 8.08 

– 8.05 (m, 2H), 7.96 (t, J = 1.9 Hz, 1H), 7.82 – 7.79 (m, 2H), 7.75 – 7.73 (m, 2H), 7.66 (dt, J = 7.4, 1.9 

Hz, 1H), 7.65 – 7.62 (m, 2H), 7.50 – 7.45 (m, 5H), 7.44 – 7.40 (m, 3H), 6.68 (s, 1H). 13C NMR (176 

MHz, DMSO-d6) δ 189.53, 165.21, 147.64, 145.17, 141.28, 139.77, 138.34, 137.12, 133.22, 129.94, 

129.74, 129.50, 129.46, 129.22, 128.67, 128.29, 128.01, 127.22, 127.11, 127.04, 126.96, 124.44, 

123.96, 122.17, 121.21, 119.76, 60.83. HRMS-ESI (m/z) calculated for C29H21N2O5 [M+H]+ 477.1445; 

found, 477.1447. 

1-([1,1'-Biphenyl]-3-yl)-4-(4-bromobenzoyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-

one (73): 

4-Nitrobenzaldehyde (44.65 mg, 0.30 mmol, 1.00 equiv.) 

followed by the 3-Aminobiphenyl (50.00 mg, 0.30 mmol, 1.00 

equiv.) were added to a suspension (6.0 mL, 0.06 M) of Ethyl 4-

(4-bromophenyl)-2,4-dioxobutanoate (88.38 mg, 0.30 mmol, 

1.00 equiv.) in acetic acid following the general procedure E to 

give the desired product as a yellow solid (40.4 mg, 22%). 1H 

NMR (600 MHz, DMSO-d6) δ 8.94 (s, 1H), 8.04 (d, J = 8.9 Hz, 2H), 7.98 (s, 1H), 7.88 (d, J = 8.5 Hz, 

2H), 7.83 (d, J = 8.5 Hz, 2H), 7.66 (d, J = 8.9 Hz, 2H), 7.65 – 7.59 (m, 2H), 7.47 (t, J = 7.7 Hz, 2H), 

7.38 (d, J = 7.4 Hz, 2H), 7.35 (d, J = 7.3 Hz, 2H), 6.25 (s, 1H). 13C NMR (176 MHz, DMSO-d6) δ 

189.51, 165.06, 147.66, 145.12, 141.29, 139.75, 137.44, 137.06, 132.70, 132.29, 131.76, 131.17, 

130.38, 129.95, 129.92, 129.76, 129.50, 129.46, 128.30, 127.22, 127.11, 126.96, 124.50, 123.95, 

122.19, 121.22, 60.73. HRMS-ESI (m/z) calculated for C29H20N2O5Br [M+H]+ 555.0550; found, 

555.0553.  

1-([1,1'-Biphenyl]-3-yl)-3-hydroxy-4-(4-methoxybenzoyl)-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-

one (74). 

4-Nitrobenzaldehyde (44.65 mg, 0.30 mmol, 1.00 equiv.) 

followed by the 3-Aminobiphenyl (50.00 mg, 0.30 mmol, 1.00 

equiv.) were added to a suspension (5 mL, 0.06 M) of Ethyl-4-

(4-methoxyphenyl)-2,4-dioxobutanoate (95d) (123.23 mg, 0.30 

mmol, 1.00 equiv.) in acetic acid following the general procedure 

E to give the desired product as a yellow solid (50.7 mg, 30%). 

1H NMR (700 MHz, DMSO-d6) δ 12.04 (s, 1H), 8.03 (d, J = 8.4 Hz, 2H), 7.96 (s, 1H), 7.80 (d, J = 8.3 
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Hz, 2H), 7.74 (d, J = 8.4 Hz, 2H), 7.68 – 7.64 (m, 1H), 7.61 (d, J = 7.6 Hz, 2H), 7.46 (t, J = 7.6 Hz, 

2H), 7.42 – 7.34 (m, 3H), 6.94 (d, J = 8.4 Hz, 2H), 6.55 (s, 1H), 3.81 (s, 3H). 13C NMR (176 MHz, 

DMSO-d6) δ 186.87, 166.69, 162.93, 147.31, 146.81, 141.18, 139.90, 137.63, 131.67, 129.95, 129.85, 

129.55, 129.43, 128.21, 127.19, 126.96, 124.02, 123.74, 121.80, 120.92, 114.28, 113.59, 60.86, 55.87. 

HRMS-ESI (m/z) calculated for C30H23N2O6 [M+H]+ 507.1551; found, 507.1557. 

1-([1,1'-Biphenyl]-3-yl)-4-(4-fluorobenzoyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-

one (75): 

4-Nitrobenzaldehyde (44.65 mg, 0.30 mmol, 1.00 equiv.) followed 

by the 3-Aminobiphenyl (50.00 mg, 0.30 mmol, 1.00 equiv.) were 

added to a suspension (5 mL, 0.06 M) of Ethyl-4-(4-fluorophenyl)-

2,4-dioxobutanoate (95h) (125.19 mg, 0.30 mmol, 1.00 equiv.) in 

acetic acid following the general procedure E to give the desired 

product as a yellow solid (84.4 mg, 58%). 1H NMR (700 MHz, 

DMSO-d6) δ 7.99 (s, 2H), 7.90 (s, 2H), 7.61 (dd, J = 23.3, 10.4 Hz, 6H), 7.46 (t, J = 7.6 Hz, 3H), 7.37 

(t, J = 7.0 Hz, 3H), 7.10 (t, J = 8.3 Hz, 2H), 6.36 (s, 1H). 13C NMR (176 MHz, DMSO-d6) δ 183.83, 

170.33, 164.33, 162.94, 162.77, 150.17, 146.69, 141.09, 140.06, 138.27, 137.51, 131.62, 129.75, 

129.42, 129.22, 128.16, 127.18, 123.67, 123.33, 121.25, 120.51, 115.45, 114.35, 114.22, 60.85. 

HRMS-ESI (m/z) calculated for C29H20N2O5F [M+H]+ 495.1351; found, 495.1354. 

1-([1,1'-Biphenyl]-3-yl)-4-(2-fluorobenzoyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-

one (76):  

4-Nitrobenzaldehyde (44.65 mg, 0.30 mmol, 1.00 equiv.) followed 

by the 3-Aminobiphenyl (50.00 mg, 0.30 mmol, 1.00 equiv.) were 

added to a suspension (5 mL, 0.06 M) of Ethyl-4-(2-fluorophenyl)-

2,4-dioxobutanoate (95o) (87.98 mg, 0.30 mmol, 1.00 equiv.) in 

acetic acid following the general procedure E to give the desired 

product as a yellow solid (70.8 mg, 48%). 1H NMR (700 MHz, 

DMSO-d6) δ 8.13 – 8.08 (m, 2H), 7.95 (t, J = 2.0 Hz, 1H), 7.77 – 7.74 (m, 2H), 7.65 – 7.62 (m, 3H), 

7.55 (dddd, J = 8.5, 7.1, 5.2, 1.8 Hz, 1H), 7.49 – 7.46 (m, 2H), 7.46 – 7.42 (m, 3H), 7.42 – 7.37 (m, 

2H), 7.28 – 7.23 (m, 2H), 6.65 (s, 1H). 13C NMR (176 MHz, DMSO-d6) δ 164.93, 160.55, 159.13, 

147.64, 145.25, 141.30, 139.72, 136.94, 133.64, 130.75, 130.07, 129.96, 129.75, 129.46, 128.64, 

128.30, 127.22, 127.12, 124.87, 124.63, 123.93, 122.28, 121.35, 119.99, 116.35, 116.23, 60.36. 

HRMS-ESI (m/z) calculated for C29H20N2O5F [M+H]+ 495.1351; found, 495.1355. 

1-([1,1'-Biphenyl]-3-yl)-4-(furan-2-carbonyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-

one (78):  
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4-Nitrobenzaldehyde (44.65 mg, 0.30 mmol, 1.00 equiv.) followed 

by the 3-Aminobiphenyl (50.00 mg, 0.30 mmol, 1.00 equiv.) were 

added to a suspension (5 mL, 0.06 M) of Ethyl-4-(furan-2-yl)-2,4-

dioxobutanoate (95c) (77.63 mg, 0.30 mmol, 1.00 equiv.) in acetic 

acid following the general procedure E to give the desired product 

as a yellow solid (77.9 mg, 50%). 1H NMR (700 MHz, DMSO-d6) 

δ 8.07 – 8.03 (m, 2H), 7.97 (dd, J = 1.7, 0.7 Hz, 1H), 7.94 (t, J = 2.0 Hz, 1H), 7.74 – 7.70 (m, 2H), 7.67 

– 7.66 (m, 1H), 7.66 – 7.63 (m, 2H), 7.62 (t, J = 1.1 Hz, 1H), 7.50 – 7.46 (m, 3H), 7.43 – 7.37 (m, 3H), 

6.72 (dd, J = 3.6, 1.7 Hz, 1H), 6.67 (s, 1H). 13C NMR (176 MHz, DMSO-d6) δ 174.69, 165.04, 151.99, 

150.59, 148.52, 147.64, 145.05, 141.28, 139.74, 137.01, 129.93, 129.73, 129.44, 128.28, 127.22, 

127.10, 127.04, 124.47, 123.94, 122.22, 121.25, 120.98, 119.42, 112.92, 60.66. HRMS-ESI (m/z) 

calculated for C27H18N2O6 [M+H]+  467.1165; found, 467.1241. 

1-([1,1'-Biphenyl]-3-yl)-3-hydroxy-4-(5-methylfuran-2-carbonyl)-5-(4-nitrophenyl)-1,5-dihydro-2H-

pyrrol-2-one (79): 

4-Nitrobenzaldehyde (44.65 mg, 0.30 mmol, 1.00 equiv.) followed 

by 3-Aminobiphenyl (50.00 mg, 0.30 mmol, 1.00 equiv.) were 

added to a suspension (5 mL, 0.06 M) of Ethyl-4-(5-methylfuran-2-

yl)-2,4-dioxobutanoate (95m) (82.81 mg, 0.30 mmol, 1.00 equiv.) in 

acetic acid following the general procedure E to give the desired 

product as a yellow solid (46.7 mg, 33%). 1H NMR (700 MHz, 

DMSO-d6) δ 8.05 (d, J = 8.9 Hz, 2H), 7.94 (t, J = 2.0 Hz, 1H), 7.70 (d, J = 8.9 Hz, 2H), 7.65 – 7.62 (m, 

3H), 7.60 (d, J = 3.5 Hz, 1H), 7.47 (t, J = 7.7 Hz, 3H), 7.42 (t, J = 1.6 Hz, 1H), 7.40 – 7.38 (m, 2H), 

6.66 (s, 1H), 6.37 (dd, J = 3.5, 1.1 Hz, 1H), 2.33 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ 173.84, 

165.13, 158.79, 150.94, 147.62, 145.08, 141.26, 139.75, 137.06, 129.92, 129.72, 129.49, 129.47, 

129.44, 129.29, 128.28, 127.21, 127.10, 126.98, 124.40, 123.92, 123.08, 122.19, 121.22, 60.69, 14.10. 

HRMS-ESI (m/z) calculated for C28H20N2O6 [M+H]+  481.1321; found, 481.1398. 

4-Benzoyl-1-(dibenzo[b,d]furan-3-yl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-2-one (88): 

4-Nitrobenzaldehyde (34.30 mg, 0.23 mmol, 1.00 equiv.) followed by the 

dibenzo[b,d]furan-3-amine (41.60 mg, 0.23 mmol, 1.00 equiv.) were added 

to a suspension (3 mL, 0.06 M) of ethyl 3-oxo-3-phenylpropanoate 

(50.00 mg, 0.23 mmol, 1.00 equiv.) in acetic acid following the general 

procedure E to give the desired product as a pale yellow solid (30.10 mg, 

0.06 mmol, 27%). 

1H NMR (700 MHz, DMSO-d6) δ 11.66 (d, J = 421.9 Hz, 1H), 8.10 – 8.01 

(m, 5H), 7.82 (d, J = 8.9 Hz, 2H), 7.75 (d, J = 6.8 Hz, 2H), 7.72 (dd, J = 8.3, 
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1.9 Hz, 1H), 7.67 (d, J = 8.2 Hz, 1H), 7.59 (d, J = 17.6 Hz, 1H), 7.48 (dt, J = 13.5, 7.5 Hz, 3H), 7.38 (t, 

J = 7.5 Hz, 1H), 6.68 (s, 1H). 13C NMR (176 MHz, DMSO-d6) δ 189.56, 165.18, 156.34, 155.77, 

147.62, 144.97, 138.31, 135.95, 133.27, 130.24, 129.77, 129.23, 128.68, 128.00, 124.57, 123.92, 

123.80, 123.51, 121.65, 121.50, 121.47, 119.80, 118.46, 112.06, 106.53, 104.67, 61.23. HRMS-ESI 

(m/z) calculated for C29H19N2O6 [M+H]+  490.1165; found, 491.1243. 

4-(4-Bromobenzoyl)-1-(dibenzo[b,d]furan-3-yl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-

2-one (89): 

4-Nitrobenzaldehyde (25.30 mg, 0.17 mmol, 1.00 equiv.) followed by the 

dibenzo[b,d]furan-3-amine (30.60 mg, 0.17 mmol, 1.00 equiv.) were 

added to a suspension (3 mL, 0.06 M) of ethyl 3-(4-bromophenyl)-3-

oxopropanoate (50.00 mg, 0.17 mmol, 1.00 equiv.) in acetic acid following 

the general procedure E to give the desired product as a yellow solid 

(24.70 mg, 0.04 mmol, 26%). 1H NMR (600 MHz, DMSO-d6) δ 12.49 (s, 

1H), 8.10 – 8.02 (m, 5H), 7.84 – 7.80 (m, 2H), 7.73 – 7.64 (m, 6H), 7.49 

(ddd, J = 8.4, 7.2, 1.4 Hz, 1H), 7.38 (td, J = 7.5, 0.9 Hz, 1H), 6.66 (s, 1H). 

13C NMR (176 MHz, DMSO-d6) δ 188.50, 165.06, 156.35, 155.76, 152.04, 147.64, 144.94, 137.42, 

135.89, 131.77, 131.19, 129.80, 128.01, 127.15, 123.91, 123.81, 123.50, 121.66, 121.52, 119.32, 

118.48, 112.07, 106.55, 61.13. HRMS-ESI (m/z) calculated for C29H18N2O6Br [M+H]+  569.0270; 

found, 569.0350. 

1-(Dibenzo[b,d]furan-3-yl)-3-hydroxy-4-(4-methoxybenzoyl)-5-(4-nitrophenyl)-1,5-dihydro-2H-

pyrrol-2-one (90): 

4-Nitrobenzaldehyde (30.2 mg, 0.2 mmol, 1.0 equiv.) followed by the 

dibenzo[b,d]furan-3-amine (36.6 mg, 0.2 mmol, 1.0 equiv.) were added 

to a suspension (3 mL, 0.06 M) of ethyl 3-(4-methoxyphenyl)-3-

oxopropanoate (95d) (50.0 mg, 0.2 mmol, 1.0 equiv.) in acetic acid 

following the general procedure E to give the desired product as a yellow 

solid (33.30 mg, 0.06 mmol, 32%). 1H NMR (700 MHz, DMSO-d6) δ 

11.97 (s, 1H), 8.10 (s, 1H), 8.08 – 7.99 (m, 2H), 7.93 (dd, J = 15.2, 8.4 

Hz, 3H), 7.73 (d, J = 8.6 Hz, 2H), 7.63 (d, J = 8.3 Hz, 1H), 7.58 (d, J = 

8.4 Hz, 1H), 7.51 – 7.44 (m, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.04 – 6.70 (m, 3H), 6.41 (s, 1H), 3.75 (s, 

3H). 13C NMR (176 MHz, DMSO-d6) δ 184.61, 171.09, 161.34, 156.26, 155.89, 150.17, 146.58, 

137.26, 133.57, 131.18, 129.21, 127.71, 123.70, 123.65, 123.21, 121.51, 121.38, 121.37, 121.32, 

120.69, 117.72, 113.65, 112.78, 112.30, 111.98, 105.60, 61.52, 55.59. HRMS-ESI (m/z) calculated for 

C30H21N2O7 [M+H]+  521.1271; found, 521.1348. 
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1-(Dibenzo[b,d]furan-3-yl)-4-(4-fluorobenzoyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-pyrrol-

2-one (91): 

4-Nitrobenzaldehyde (31.70 mg, 0.21 mmol, 1.00 equiv.) followed by the 

dibenzo[b,d]furan-3-amine (38.50 mg, 0.21 mmol, 1.00 equiv.) were added 

to a suspension (3 mL, 0.06 M) of ethyl 3-(4-fluorophenyl)-3-oxopropanoate 

(95h) (50.00 mg, 0.17 mmol, 1.00 equiv.) in acetic acid following the 

general procedure E to give the desired product as a yellow solid (34.20 mg, 

0.07 mmol, 32%). 1H NMR (600 MHz, DMSO-d6) δ 12.36 (s, 1H), 8.09 – 

8.02 (m, 5H), 7.87 – 7.80 (m, 4H), 7.71 (dd, J = 8.5, 1.8 Hz, 1H), 7.67 (d, J 

= 8.2 Hz, 1H), 7.49 (ddd, J = 8.4, 7.2, 1.4 Hz, 1H), 7.38 (td, J = 7.5, 1.0 Hz, 

1H), 7.34 – 7.27 (m, 2H), 6.67 (s, 1H). 13C NMR (151 MHz, DMSO-d6) δ 188.04, 166.10, 165.11, 

164.43, 156.35, 155.77, 151.51, 147.64, 144.93, 135.92, 134.90, 132.23, 132.17, 129.79, 128.00, 

123.92, 123.80, 123.50, 121.65, 121.50, 121.49, 119.58, 118.47, 115.84, 115.70, 112.06, 106.53, 61.21. 

HRMS-ESI (m/z) calculated for C29H17N2O6 [M+H]+  509.1071; found, 509.1148. 

1-(Dibenzo[b,d]furan-3-yl)-4-(furan-2-carbonyl)-3-hydroxy-5-(4-nitrophenyl)-1,5-dihydro-2H-

pyrrol-2-one (92): 

4-Nitrobenzaldehyde (35.90 mg, 0.24 mmol, 1.00 equiv.) followed by the 

dibenzo[b,d]furan-3-amine (43.60 mg, 0.24 mmol, 1.00 equiv.) were added 

to a suspension (3 mL, 0.06 M) of ethyl 3-(furan-2-yl)-3-oxopropanoate 

(95c) (50.00 mg, 0.24 mmol, 1.00 equiv.) in acetic acid following the general 

procedure E to give the desired product as a yellow solid (39.00 mg, 

0.08 mmol, 34%). 1H NMR (700 MHz, DMSO-d6) δ 11.96 (s, 1H), 8.61 (d, 

J = 41.1 Hz, 1H), 8.30 – 7.95 (m, 4H), 7.94 – 7.76 (m, 2H), 7.75 – 7.69 (m, 

1H), 7.65 (s, 1H), 7.58 (d, J = 8.8 Hz, 2H), 7.47 (s, 1H), 7.40 – 7.31 (m, 1H), 

6.99 – 6.60 (m, 1H), 6.59 – 6.27 (m, 1H). 13C NMR (176 MHz, DMSO-d6) δ 172.48, 162.78, 156.29, 

155.85, 154.12, 152.54, 146.94, 146.53, 144.87, 137.31, 136.29, 129.66, 129.38, 128.03, 127.69, 

123.70, 123.07, 121.39, 120.62, 117.73, 116.24, 112.90, 112.01, 111.73, 111.53, 105.58, 46.08. 

HRMS-ESI (m/z) calculated for C27H16N2O7 [M+H]+  481.0958; found, 481.1033. 

Ethyl 2-oxo-2-(2-oxocyclopentyl)acetate (94). 

A solution of sodium ethoxide was freshly prepared by the cautious addition of 

sodium (316.17 mg, 13.75 mmol, 1.1 equiv.) to 10.0 mL of anhydrous ethanol in 

a 100.0 mL two-necked flask equipped with a dropping funnel. Once the sodium 

was fully dissolved the flask was immersed in an ice bath and a cold solution (1.11 mL, 12.5 mmol, 

1.0 equiv.) of cyclohexanone in (1,70 mL, 12.5 mmol, 1.0 equiv.) of diethyl oxalate was added from 

the dropping funnel over a period of about 15 min. When the addition was complete, the ice bath was 
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retained for 30 min, and then the mixture was stirred at room temperature for another 16 h. The reaction 

mixture was added to ice water and acidified by the addition of aqueous 1 M HCl. The aqueous solution 

was extracted with dichloromethane (3 × 40.0 mL), washed with brine, and dried over anhydrous 

MgSO4. Then, the resulting residue was purified by flash column chromatography on silica gel to afford 

the desired enol form of the product (1.86 g, 10.1 mmol, 81%) as a yellow oil. 1H NMR (400 MHz, 

Chloroform-d) δ 12.87 (s, 1H), 4.34 – 4.23 (m, 2H), 2.90 (t, J = 7.3 Hz, 2H), 2.44 – 2.38 (m, 2H), 1.98 

– 1.87 (m, 2H), 1.31 (td, J = 7.1, 0.5 Hz, 3H). LC-MS (ESI) (m/z) calculated for C9H12O4 

[M+H]+ = 184.1; found: 184.0. 

Ethyl 2-oxo-2-(2-oxocyclohexyl)acetate (95). 

A solution of cyclohexanone (517.60 µL, 5.00 mmol, 1.00 equiv.) in abs. EtOH 

(10 mL) was cooled to 0°C, then sodium ethoxide (21% wt solution in EtOH, 

2.05 mL, 5.50 mmol, 1.10 equiv.) was added. To this mixture diethyl oxalate 

(679.1 µL, 5.0 mmol, 1.0 equiv.) was added and the mixture was allowed to warm to room temperature. 

After stirring the beige solution overnight ice water and 2 M HCl (aq.) were added to acidify the crude 

mixture. The aqueous solution was extracted with dichloromethane (3 x 50 mL), washed with brine, 

dried over anhydrous MgSO4, and evaporated under reduced pressure. The resulting crude residue was 

purified by silica gel column chromatography (eluent system: Petroleum ether/ EtOAc = 6:1) to give 

the desired product as a yellow oil (594.60 mg, 3.0 mmol, 60%). 1H NMR (400 MHz, Chloroform-d) 

δ 4.34 (qd, J = 7.1, 1.2 Hz, 2H), 2.50 – 2.41 (m, 4H), 2.25 – 1.82 (m, 1H), 1.79 – 1.64 (m, 4H), 1.37 

(td, J = 7.2, 1.2 Hz, 3H). LC-MS (ESI) (m/z) calculated for C10H14O4 [M+H]+ = 199.2; found: 199.2. 

1,2-Diphenyl-2-azaspiro[4.4]nonane-3,4,6-trione (96). 

A mixture containing the imine (36.8 mg, 0.2 mmol, 1.0 equiv.), intermediate 94 

(36.2 mg, 0.2 mmol, 1.0 equiv.), and benzaldehyde (42.4 mg, 0.4 mmol, 

2.0 equiv.) was dissolved in diethyl ether. A solid formed almost at once which was 

collected via filtration after stirring the suspension at room temperature for 24 h. 

The solid was then thoroughly washed with diethyl ether and water to afford the 

desired spirocyclic product as a beige solid (10.80 mg, 0.03 mmol, 17%). 1H NMR (400 MHz, DMSO-

d6) δ 7.67 (d, J = 7.8 Hz, 2H), 7.41 – 7.20 (m, 8H), 5.87 (s, 1H), 2.52 (d, J = 15.4 Hz, 2H), 2.17 – 1.97 

(m, 1H), 1.95 – 1.80 (m, 2H), 1.44 – 1.33 (m, 1H). LC-MS (ESI) (m/z) calculated for C20H17NO3 

[M+H]+ = 320.4; found: 320.4. 

1,2-Diphenyl-2-azaspiro[4.5]decane-3,4,6-trione (97). 

A mixture containing the imine (36.8 mg, 0.2 mmol, 1.0 equiv.), intermediate 95 (36.2 mg, 0.2 mmol, 

1.0 equiv.), and benzaldehyde (42.4 mg, 0.4 mmol, 2.0 equiv.) was dissolved in diethyl ether. A solid 

formed almost at once which was collected via filtration after stirring the suspension at room 
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temperature for 24 h. The solid was then thoroughly washed with diethyl ether and 

water to afford the desired spirocyclic product as a beige solid. (10.00 mg, 

0.03 mmol, 15%). 1H NMR (400 MHz, DMSO-d6) δ 7.61 (d, J = 14.2 Hz, 2H), 

7.55 – 7.15 (m, 8H), 6.24 (s, 1H), 2.64 (dd, J = 8.0, 5.2 Hz, 2H), 1.92 (d, J = 39.8 

Hz, 2H), 1.67 (d, J = 34.4 Hz, 2H), 1.49 (d, J = 18.2 Hz, 1H), 1.15 – 1.03 (m, 1H). 

LC-MS (ESI) (m/z) calculated for C21H19NO3 [M+H]+ = 334.4; found: 334.2.  

2-([1,1'-Biphenyl]-3-yl)-1-(4-nitrophenyl)-2-azaspiro[4.4]nonane-3,4,6-trione (99). 

Intermediate 94 (27.60 mg, 0.15 mmol, 1.00 equiv.) and imine 98 

(45.30 mg, 0.15 mmol, 1.0 equiv.) were suspended in toluene 

(2 mL) and the mixture was stirred at 120°C overnight. After 

completion of the reaction as monitored by TLC and LC-MS, water 

was added to the solution, and it was extracted with EtOAc (3 x 

10 mL). After drying the combined organic layer using MgSO4, the solvent was removed under reduced 

pressure. Purification using silica gel column chromatography afforded the desired spirocyclic trione as 

a yellow solid (41.4 mg, 0.09 mmol, 47%). 1H NMR (500 MHz, Chloroform-d) δ 8.09 (d, J = 8.8 Hz, 

2H), 7.57 (d, J = 4.0 Hz, 1H), 7.24 (s, 10H), 5.52 (s, 1H), 2.28 (s, 2H), 1.25 – 1.18 (m, 4H). LC-MS 

(ESI) (m/z) calculated for C26H20N2O5 [M+H]+ = 441.4; found: 441.2. 

2-([1,1'-Biphenyl]-3-yl)-1-(4-nitrophenyl)-2-azaspiro[4.5]decane-3,4,6-trione (100). 

Intermediate 95 (39.6 mg, 0.2 mmol, 1.0 equiv.) and imine 98 

(60.5 mg, 0.2 mmol, 1.0 equiv.) were suspended in toluene (2 mL) 

and the mixture was stirred at 120°C overnight. After completion of 

the reaction as monitored by TLC and LC-MS, water was added to 

the solution, and it was extracted with EtOAc (3 x 10 mL). After 

drying the combined organic layer using MgSO4, the solvent was removed under reduced pressure. 

Purification using silica gel column chromatography afforded the desired spirocyclic trione as a yellow 

solid (46.4 mg, 0.1 mmol, 51%). 1H NMR (500 MHz, Chloroform-d) δ 8.09 (d, J = 8.8 Hz, 2H), 7.57 

(d, J = 4.0 Hz, 1H), 7.24 (s, 10H), 5.52 (s, 1H), 2.28 (s, 2H), 1.24 – 1.15 (m, 6H). 13C NMR (126 MHz, 

Chloroform-d) δ 178.49, 167.34, 148.07, 143.38, 142.35, 142.29, 140.25, 136.68, 129.57, 128.87, 

128.25, 127.75, 127.13, 125.85, 124.49, 124.45, 120.35, 120.31, 64.03, 33.17, 29.73, 26.81, 24.10, 

24.02, 14.22. LC-MS (ESI) (m/z) calculated for C27H22N2O5 [M+H]+ = 455.4; found: 455.4.  

2-(Dibenzo[b,d]furan-2-yl)-1-(4-nitrophenyl)-2-azaspiro[4.4]nonane-3,4,6-trione (102). 
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Intermediate 94 (36.8 mg, 0.2 mmol, 1.0 equiv.) and imine 101 

(63.2 mg, 0.2 mmol, 1.0 equiv.) were suspended in toluene (2 mL) 

and the mixture was stirred at 120°C overnight. After completion of 

the reaction as monitored by TLC and LC-MS, water was added to 

the solution, and it was extracted with EtOAc (3 x 10 mL). After 

drying the combined organic layer using MgSO4, the solvent was 

removed under reduced pressure. Purification using silica gel column chromatography afforded the 

desired spirocyclic trione as a yellow solid (22.7 mg, 0.05 mmol, 25%). 1H NMR (700 MHz, DMSO-

d6) δ 8.16 – 8.11 (m, 2H), 8.06 – 7.98 (m, 3H), 7.71 – 7.57 (m, 3H), 7.55 – 7.43 (m, 2H), 7.41 – 7.33 

(m, 1H), 2.45 – 2.28 (m, 2H), 1.92 (s, 1H), 1.91 – 1.72 (m, 2H), 1.45 – 1.40 (m, 1H), 1.29 – 1.23 (m, 

1H). 13C NMR (176 MHz, DMSO-d6) δ 170.80, 166.52, 147.69, 145.49, 143.04, 139.56, 137.23, 

129.02, 127.04, 126.29, 124.49, 123.69, 121.50, 120.91, 120.14, 118.96, 116.79, 115.10, 111.90, 

104.61, 102.32, 60.22, 41.22, 24.57, 21.23, 14.56. LC-MS (ESI) (m/z) calculated for C26H18N2O6 

[M+H]+ = 455.4; found: 455.4. 

2-(Dibenzo[b,d]furan-3-yl)-1-(4-nitrophenyl)-2-azaspiro[4.4]nonane-3,4,6-trione (104). 

Intermediate 94 (36.8 mg, 0.2 mmol, 1.0 equiv.) and imine 103 (63.2 mg, 

0.2 mmol, 1.0 equiv.) were suspended in toluene (2 mL) and the mixture was 

stirred at 120°C overnight. After completion of the reaction as monitored by 

TLC and LC-MS, water was added to the solution and it was extracted with 

EtOAc (3 x 10 mL). After drying the combined organic layer using MgSO4, 

the solvent was removed under reduced pressure. Purification using silica 

gel column chromatography afforded the desired spirocyclic trione as a 

yellow solid (30.9 mg, 0.07 mmol, 34%). 1H NMR (700 MHz, DMSO-d6) δ 10.05 (s, 1H), 9.82 (s, 1H), 

8.41 (d, J = 2.2 Hz, 1H), 8.31 (d, J = 2.3 Hz, 1H), 8.13 – 8.10 (m, 1H), 8.07 – 8.02 (m, 1H), 7.73 (dd, J 

= 8.9, 2.3 Hz, 1H), 7.67 (ddt, J = 8.1, 7.2, 0.9 Hz, 1H), 7.63 (dd, J = 8.9, 3.1 Hz, 2H), 7.56 (dd, J = 8.9, 

2.2 Hz, 1H), 7.52 (dddd, J = 8.4, 7.2, 4.0, 1.4 Hz, 1H), 7.38 (dtd, J = 25.8, 7.5, 1.0 Hz, 1H), 6.20 (s, 

1H), 2.45 – 2.31 (m, 2H), 1.92 – 1.74 (m, 2H). 13C NMR (176 MHz, DMSO-d6) δ 171.18, 170.81, 

166.40, 156.42, 152.73, 151.95, 147.69, 145.48, 143.13, 135.33, 133.14, 129.14, 128.06, 125.84, 

124.45, 123.43, 122.39, 121.42, 120.20, 114.86, 62.28, 60.22, 21.23, 14.56. LC-MS (ESI) (m/z) 

calculated for C26H18N2O6 [M+H]+ = 455.4; found: 455.4. 

5.2.2 METTL16 

5.2.2.1 Aminothiazolones 

General Procedure F (thiazolidinonesulfonamide formation): 

An excess of pseudothiohydantoin or 2-imino-4-oxazolidinone (3 equiv) was suspended in anhydrous 

DMF and sodium hydride (3 equiv; 60% dispersion in mineral oil) was added portion-wise. After 



 Experimental part  

121 

 

stirring for 30 min at room temperature, the corresponding sulfonyl chloride was added to the milky 

solution and the reaction mixture was stirred for an additional 16 h. Then, 1 M HCl was slowly added 

to form a precipitate, which was isolated via vacuum filtration by using a sintered glass funnel. The 

solid was washed with 1 M HCl, water, ethanol, and finally diethyl ether. Subsequently, the solid was 

dried under high vacuum to afford the desired sulfonamides. In case no precipitate formed after adding 

1 M HCl, the solution was extracted using EtOAc. The organic layer was collected and dried over 

anhydrous MgSO4, and the solvent was removed under reduced pressure. The crude product was then 

purified via silica gel column chromatography using the indicated solvent gradient.276 

General Procedure G (thiazolidinoneamide formation): 

An excess of pseudothiohydantoin (3 equiv) was suspended in anhydrous DMF and sodium hydride (3 

equiv; 60% dispersion in mineral oil) was added thereto portion-wise. After stirring for 30 min at room 

temperature, benzoyl chloride was added to the milky solution and the reaction mixture was stirred for 

an additional 16 h. Then 1 M HCl was slowly added to form a precipitate which was isolated via vacuum 

filtration by using a sintered glass funnel. The solid was washed with 1 M HCl, water, ethanol, and 

finally diethyl ether. Subsequently, the solid was dried under high vacuum to afford the desired 

sulfonamides. In case no precipitate formed after adding 1 M HCl, the solution was extracted using 

EtOAc. The organic layer was collected, and dried over anhydrous MgSO4 and the solvent was removed 

under reduced pressure. The crude product was then purified via silica gel column chromatography 

using indicated solvent gradients.276 

General Procedure H (Knoevenagel condensation): 

A mixture of a(n) ketone/aldehyde (1 equiv.), corresponding sulfonamide/benzoyl chloride (1 equiv.), 

and sodium acetate (3 equiv.) in glacial acetic acid (0.06 M) was heated to reflux and then stirred for 

16 h. After cooling to room temperature, the resulting precipitate was filtered and washed with water, 

ethanol, and diethyl ether to afford the desired product. 

General Procedure I (One-pot condensation) 

A solution of 1-(4-hydroxyphenyl)thiourea (146) (1 equiv.), chloroacetic acid (1 equiv.), isatin (1 

equiv.), and sodium acetate (1 equiv.) in acetic acid (0.12 M) was stirred under reflux for 16 h. After 

cooling to room temperature, the red-brownish solid was filtered off, and washed with water, ethanol, 

and diethyl ether in sequence to afford the desired 4-thiazolidinones. 

4-Methoxy-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (106): 

Following the general procedure F, the product was obtained as a beige 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (770.00 mg, 2.69 mmol, 74%). 1H NMR (700 MHz, 

DMSO-d6) δ 12.46 (s, 1H), 7.81 – 7.77 (m, 2H), 7.16 – 7.11 (m, 2H), 4.04 (s, 2H), 3.85 (s, 3H). 13C 

NMR (176 MHz, DMSO-d6) δ 174.20, 172.46, 163.24, 132.67, 129.16, 114.94, 56.23, 35.36. 
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N-(4-Oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (VII): 

Following the general procedure F, the product was obtained as a beige solid 

after filtration and washing using 1 M HCl, water, ethanol, and diethyl ether 

(143.70 mg, 0.56 mmol, 99%). 1H NMR (700 MHz, DMSO-d6) δ 12.54 (s, 

1H), 7.92 – 7.83 (m, 2H), 7.73 – 7.67 (m, 1H), 7.67 – 7.58 (m, 2H), 4.06 (s, 2H). 13C NMR (176 MHz, 

DMSO-d6) δ 174.24, 173.42, 141.02, 133.68, 129.81, 126.86, 35.48. 

4-Methyl-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (VIII): 

Following the general procedure F, the product was obtained as a beige 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (36.20 mg, 0.13 mmol, 51%). 1H NMR (600 MHz, DMSO-

d6) δ 12.50 (s, 1H), 7.79 – 7.71 (m, 2H), 7.43 (d, J = 8.0 Hz, 2H), 4.05 (s, 2H), 2.40 (s, 3H). 13C NMR 

(151 MHz, DMSO-d6) δ 174.22, 173.00, 144.12, 138.19, 130.20, 126.94, 40.53, 35.42, 21.51. 

3,5-Difluoro-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (IX): 

Following the general procedure F, the product was obtained as a yellow 

solid after filtration and washing using 1 M HCl, water, ethanol, and diethyl 

ether (82.20 mg, 0.28 mmol, 64%). 1H NMR (600 MHz, DMSO-d6) δ 12.69 

(s, 1H), 7.69 (tt, J = 9.2, 2.3 Hz, 1H), 7.60 – 7.53 (m, 2H), 4.08 (s, 2H). 13C 

NMR (151 MHz, DMSO-d6) δ 175.50, 174.36, 163.49 (d, J = 12.2 Hz), 161.82 (d, J = 12.2 Hz), 144.28 

(t, J = 8.6 Hz), 111.23 – 110.27 (m), 109.49 (t, J = 25.7 Hz), 35.82. 

3-Nitro-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (X): 

Following the general procedure F, the product was obtained as a yellow 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (92.50 mg, 0.31 mmol, 69%). 1H NMR (700 MHz, DMSO-

d6) δ 12.71 (s, 1H), 8.54 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 8.52 (t, J = 2.0 Hz, 1H), 8.30 (ddd, J = 7.8, 1.8, 

1.0 Hz, 1H), 7.94 (t, J = 8.0 Hz, 1H), 4.08 (s, 2H). 13C NMR (151 MHz, DMSO-d6) δ 175.32, 174.32, 

148.31, 142.51, 132.89, 132.06, 128.28, 121.48, 35.84. 

4-(tert-Butyl)-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (XI): 

Following the general procedure F, the product was obtained as a white 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (123.60 mg, 0.4 mmol, 92%). 1H NMR (600 MHz, 

DMSO-d6) δ 12.49 (s, 1H), 7.81 – 7.76 (m, 2H), 7.67 – 7.61 (m, 2H), 4.05 (s, 2H), 1.31 (s, 9H). 13C 

NMR (151 MHz, DMSO-d6) δ 174.24, 173.02, 156.76, 138.21, 126.81, 126.64, 40.53, 35.42, 35.41, 

31.24. 

2-Chloro-4-fluoro-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (XII): 
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Following the general procedure F, the product was obtained as a yellow 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (107.40 mg, 0.35 mmol, 79%). 1H NMR (600 MHz, 

DMSO-d6) δ 12.67 (s, 1H), 8.14 (dd, J = 8.9, 5.9 Hz, 1H), 7.76 (dd, J = 

8.9, 2.6 Hz, 1H), 7.47 (ddd, J = 8.9, 8.0, 2.6 Hz, 1H), 4.10 (s, 2H). 13C NMR (151 MHz, DMSO-d6) δ 

174.79, 174.30, 165.44, 163.75, 134.99 (d, J = 3.3 Hz), 133.84 (d, J = 11.6 Hz), 132.68 (d, J = 10.3 

Hz), 119.97 (d, J = 26.2 Hz), 115.41 (d, J = 21.9 Hz), 35.78. 

4-Cyclohexyl-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (XIII): 

Following the general procedure F, the product was obtained as a 

yellow solid after filtration and washing using 1 M HCl, water, 

ethanol, and diethyl ether (78.00 mg, 0.23 mmol, 59%). 1H NMR 

(700 MHz, DMSO-d6) δ 12.48 (s, 1H), 7.77 (d, J = 8.0 Hz, 2H), 7.47 

(d, J = 8.0 Hz, 2H), 4.05 (s, 2H), 2.60 (d, J = 11.6 Hz, 1H), 1.79 (d, J = 11.6 Hz, 4H), 1.71 (d, J = 13.4 

Hz, 1H), 1.40 (tt, J = 13.4, 12.4 Hz, 4H), 1.23 (t, J = 12.4 Hz, 1H).  13C NMR (176 MHz, DMSO-d6) δ 

174.22, 172.95, 153.65, 138.52, 128.07, 127.04, 44.12, 35.40, 33.97, 26.61, 25.90. 

N-(4-Oxo-4,5-dihydrothiazol-2-yl)-[1,1'-biphenyl]-4-sulfonamide (XIV): 

Following the general procedure F, the product was obtained as a 

yellow solid after filtration and washing using 1 M HCl, water, 

ethanol, and diethyl ether (86.40 mg, 0.26 mmol, 65%). 1H NMR 

(700 MHz, DMSO-d6) δ 12.56 (s, 1H), 7.92 (p, J = 10.3 Hz, 4H), 

7.74 (t, J = 10.3 Hz, 2H), 7.60 – 7.39 (m, 3H), 4.07 (s, 2H). 13C NMR (176 MHz, DMSO-d6) δ 174.25, 

173.46, 145.19, 139.72, 138.90, 129.64, 129.12, 128.02, 127.62, 127.58, 55.82, 35.51. 

4-(N-(4-Oxo-4,5-dihydrothiazol-2-yl)sulfamoyl)benzoic acid (153): 

Following the general procedure F, the product was obtained as an 

orange solid after filtration and washing using 1 M HCl, water, and 

diethyl ether (130.40 mg, 0.43 mmol, 50%). 1H NMR (700 MHz, 

DMSO-d6) δ 13.39 (s, 1H), 12.62 (s, 1H), 8.31-8.13 (m,  2H), 8.07-

7.96 (m, 2H), 4.07 (s, 2H). 13C NMR (176 MHz, DMSO-d6) δ 174.25, 166.58, 144.40, 135.22, 130.67, 

130.49, 127.29, 127.21, 35.63. 

5-Bromo-2-methoxy-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (XV): 
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Following the general procedure F, the product was obtained as a yellow solid 

after filtration and washing using 1 M HCl, water, ethanol, and diethyl ether 

(87.40 mg, 0.24 mmol, 68%). 1H NMR (700 MHz, DMSO-d6) δ 12.55 (s, 1H), 

7.92 – 7.79 (m, 2H), 7.24 (d, J = 8.8 Hz, 1H), 4.10 (s, 2H), 3.89 (s, 3H). 13C 

NMR (176 MHz, DMSO-d6) δ 174.43, 174.35, 156.70, 137.99, 130.99, 

130.20, 116.26, 111.42, 57.19, 35.35. 

N-(4-Oxo-4,5-dihydrothiazol-2-yl)methanesulfonamide (XVI): 

Following the general procedure F, the product was obtained as a yellow solid after 

filtration and washing using 1 M HCl, water, and diethyl ether (112.40 mg, 

0.58 mmol, 89%). 1H NMR (600 MHz, DMSO-d6) δ 12.44 (s, 1H), 4.05 (s, 2H), 

3.07 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 174.34, 172.05, 41.75, 35.30. 

N-(4-Oxo-4,5-dihydrothiazol-2-yl)-4-(trifluoromethyl)benzenesulfonamide (XVII): 

Following the general procedure F, the product was obtained as a 

yellow solid after filtration and washing using 1 M HCl, water, ethanol, 

and diethyl ether (152.00 mg, 0.47 mmol, 77%). 1H NMR (600 MHz, 

DMSO-d6) δ 12.67 (s, 1H), 8.08 (d, J = 8.3 Hz, 2H), 8.02 (d, J = 8.3 Hz, 2H), 4.07 (s, 2H). 13C NMR 

(151 MHz, DMSO-d6) δ 174.91, 174.28, 162.77, 144.80, 133.24 (q, J = 32.3 Hz), 127.92, 127.07 (q, J 

= 3.7 Hz), 123.89 (q, J = 272.9 Hz), 35.74. 

N-(4-Oxo-4,5-dihydrothiazol-2-yl)naphthalene-2-sulfonamide (XVIII): 

Following the general procedure F, the product was obtained as a beige 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (162.90 mg, 0.53 mmol, 81%). 1H NMR (700 MHz, 

DMSO-d6) δ 12.56 (s, 1H), 8.56 (s, 1H), 8.22 (d, J = 8.2 Hz, 1H), 8.16 (d, 

J = 9.1 Hz, 1H), 8.07 (d, J = 8.2 Hz, 1H), 7.85 (d, J = 9.1 Hz, 1H), 7.71 (m, 2H), 4.07 (s, 2H). 13C NMR 

(176 MHz, DMSO-d6) δ 174.23, 173.53, 137.96, 134.90, 132.08, 129.95, 129.87, 129.57, 128.34, 

128.21, 127.78, 122.59, 35.53. 

4-Cyano-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (XIX): 

Following the general procedure F, the product was obtained as a 

yellow solid after filtration and washing using 1 M HCl, water, ethanol, 

and diethyl ether (45.40 mg, 0.16 mmol, 32%). H NMR (700 MHz, 

DMSO-d6) δ 12.69 (s, 1H), 8.11 (d, J = 8.4 Hz, 2H), 8.03 (d, J = 8.4 Hz, 2H), 4.07 (s, 2H). 13C NMR 

(176 MHz, DMSO-d6) δ 175.14, 174.31, 144.93, 134.03, 127.63, 118.11, 116.01, 35.78. 

4-Fluoro-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (XX): 
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Following the general procedure F, the product was obtained as a yellow 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (95.70 mg, 0.35 mmol, 68%). 1H NMR (600 MHz, DMSO-

d6) δ 12.56 (s, 1H), 7.93 (dd, J = 8.9, 5.1 Hz, 2H), 7.47 (t, J = 8.9 Hz, 2H), 4.06 (s, 2H). 13C NMR (151 

MHz, DMSO-d6) δ 174.24, 173.69, 165.84, 164.17, 137.45 (d, J = 3.1 Hz), 130.00 (d, J = 9.5 Hz), 

117.01 (d, J = 22.8 Hz), 35.55. 

Methyl 4-(N-(4-oxo-4,5-dihydrothiazol-2-yl)sulfamoyl)benzoate (156): 

Following the general procedure F, the product was obtained as a 

yellow solid after filtration and washing using 1 M HCl, water, 

ethanol, and diethyl ether (85.30 mg, 0.27 mmol, 68%). 1H NMR 

(700 MHz, DMSO-d6) δ 12.64 (s, 1H), 8.17 (d, J = 8.4 Hz, 2H), 8.00 

(d, J = 8.4 Hz, 2H), 4.07 (s, 2H), 3.90 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ 174.45, 174.26, 

165.56, 144.86, 133.93, 130.61, 127.36, 53.17, 35.67. 

3-(N-(4-Oxo-4,5-dihydrothiazol-2-yl)sulfamoyl)benzoic acid (157): 

Following the general procedure F, the product was obtained as a 

yellow solid after purification using silica gel column chromatography 

(eluent system: MeOH in DCM (0-4%)) (85.30 mg, 0.27 mmol, 68%). 

1H NMR (500 MHz, DMSO-d6) δ 12.63 (s, 2H), 8.64 (t, J = 1.8 Hz, 

1H), 8.37 (dt, J = 7.8, 1.6 Hz, 1H), 8.10 (dt, J = 7.8, 1.6 Hz, 1H), 7.80 (t, J = 7.8 Hz, 1H), 4.07 (s, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 174.35, 174.08, 141.54, 133.95, 131.05, 130.53, 127.56, 49.07, 

35.69, 35.11.  

4-Methoxy-N-(4-oxo-4,5-dihydrooxazol-2-yl)benzenesulfonamide (XXI): 

Following the general procedure F, the product was obtained as a white 

solid after filtration and washing using 1 M HCl, water, and diethyl ether 

(102.5 mg, 0.4 mmol, 79%). 1H NMR (600 MHz, DMSO-d6) δ 12.53 (s, 

1H), 7.85 – 7.74 (m, 2H), 7.15 – 7.03 (m, 2H), 4.91 (s, 2H), 3.84 (s, 3H). 13C NMR (151 MHz, DMSO-

d6) δ 173.55, 162.71, 161.57, 134.20, 129.21, 114.53 71.86, 56.12. 

4-Methyl-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzamide (XXII): 

Following the general procedure G, the product was obtained as a yellow 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (154.60 mg, 0.66 mmol, 100%). 1H NMR (600 MHz, DMSO-

d6) δ 12.48 (s, 1H), 8.03 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H), 3.96 (s, 2H), 2.39 (s, 3H). 13C 

NMR (151 MHz, DMSO-d6) δ 167.77, 165.84, 143.96, 130.29, 130.21, 129.79, 129.67, 128.61, 98.18, 

35.10, 21.69. 
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4-Methoxy-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzamide (XXIII): 

Following the general procedure G, the product was obtained as a yellow 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (118.40 mg, 0.47 mmol, 64%). 1H NMR (700 MHz, 

DMSO-d6) δ 12.41 (s, 1H), 8.17 – 8.02 (m, 2H), 7.13 – 6.99 (m, 2H), 3.95 (s, 2H), 3.85 (s, 3H). 13C 

NMR (176 MHz, DMSO-d6) δ 176.38, 175.41, 174.71, 163.66, 131.93, 128.19, 114.37, 56.00. 

3,4-Dimethoxy-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzamide (XXIV): 

Following the general procedure G, the product was obtained as a yellow 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (66.20 mg, 0.24 mmol, 36%). 1H NMR (600 MHz, DMSO-

d6) δ 12.52 (s, 1H), 7.81 (dd, J = 8.4, 2.0 Hz, 1H), 7.65 (d, J = 2.0 Hz, 1H), 7.10 (d, J = 8.4 Hz, 1H), 

3.94 (s, 2H), 3.85 (s, 3H), 3.83 (s, 3H).13C NMR (151 MHz, DMSO-d6) δ 167.57, 153.53, 148.89, 

124.05, 123.64, 112.34, 112.13, 111.45, 56.20, 55.97. 

4-Fluoro-N-(4-oxo-4,5-dihydrothiazol-2-yl)benzamide (XXV) 

Following the general procedure G the product was obtained as a yellow 

solid after filtration and washing using 1 M HCl, water, ethanol, and 

diethyl ether (155.00 mg, 0.65 mmol, 99%). 1H NMR (600 MHz, 

DMSO-d6) δ 12.58 (s, 1H), 8.29 – 8.12 (m, 2H), 7.37 (t, J = 8.9 Hz, 2H), 3.98 (s, 2H). 13C NMR (151 

MHz, DMSO-d6) δ 166.83, 166.34, 164.67, 133.31 (d, J = 9.8 Hz), 132.55 (d, J = 9.4 Hz), 116.87 (d, J 

= 22.3 Hz), 116.14 (d, J = 21.9 Hz), 35.49 – 34.78 (m). 

1-Methyl-5-nitroindoline-2,3-dione (XXVI) 

A mixture of 5-nitroindoline-2,3-dione (500.00 mg, 2.60 mmol, 1.00 equiv.) 

in DMF (10 mL) was cooled to 0 °C and NaH (60% dispersion in mineral oil, 

122.00 mg, 3.04 mmol, 1.17 equiv.) was added and stirred for 5 minutes, 

followed by the dropwise addition of iodomethane (190.00 µL, 3.04 mmol, 

1.17 equiv.). After two hours at rt, the reaction was poured onto NH4Cl (aq., saturated) and extracted 

with EtOAc (3x). The combined organic layers were washed with brine and water and dried over 

MgSO4. The solvents were removed under reduced pressure and purified by flash chromatography 

(DCM) to give 1-Methyl-5-nitroindoline-2,3-dione (484 mg, 2.35 mmol, 90%). 1H NMR (500 MHz, 

DMSO-d6) δ 8.55 (dd, J = 8.8, 2.4 Hz, 1H), 8.23 (d, J = 2.4 Hz, 1H), 7.36 (d, J = 8.8 Hz, 1H), 3.22 (s, 

3H). 13C NMR (126 MHz, DMSO) δ 181.73, 159.37, 156.13, 143.41, 133.48, 119.43, 118.31, 111.41, 

26.97. 

5-Fluoro-1-methylindoline-2,3-dione (XXVII) 



 Experimental part  

127 

 

The synthesis was adapted from literature.277 A mixture of 5-fluoroisatin 

(300.00 mg, 1.82 mmol, 1.00 eq) in DMF (10 mL) was cooled to 0 °C and NaH 

(60% dispersion in mineral oil, 85.00 mg, 2.13 mmol, 1.17 eq) was added and 

stirred for 5 minutes. Followed by the dropwise addition of iodomethane 

(132.00 µL, 2.13 mmol, 1.17 eq). After two hours at rt, the reaction was poured onto NH4Cl (aq., 

saturated) and extracted with EtOAc (3x). The combined organic layers were washed with brine and 

water and dried over MgSO4. The solvents were removed under reduced pressure and purified by flash 

chromatography (DCM) to give 5-fluoro-1-methylindoline-2,3-dione (322 mg, 1.82 mmol, 99%). 1H 

NMR (600 MHz, Chloroform-d) δ 7.37 – 7.29 (m, 2H), 6.89 – 6.83 (m, 1H), 3.26 (s, 3H). 

6-Fluoro-1-methylindoline-2,3-dione (XXVIII) 

A mixture of 6-fluoroisatin (300.00 mg, 1.82 mmol, 1.00 eq) in DMF (10 mL) was 

cooled to 0 °C and NaH (60% dispersion in mineral oil, 85.00 mg, 2.13 mmol, 

1.17 eq) was added and stirred for 5 minutes. Followed by the dropwise addition of 

iodomethane (132.00 µL, 2.13 mmol, 1.17 eq). After two hours at rt, the reaction was poured onto 

NH4Cl (aq., saturated) and extracted with EtOAc (3x). The combined organic layers were washed with 

brine and water and dried over MgSO4. The solvents were removed under reduced pressure and purified 

by flash chromatography (100% dichloromethane) to give 6-fluoro-1-methylindoline-2,3-dione 

(322 mg, 1.82 mmol, 99%). 1H NMR (700 MHz, Chloroform-d) δ 7.64 (dd, J = 8.3, 5.6 Hz, 1H), 6.79 

(ddd, J = 9.1, 8.3, 2.2 Hz, 1H), 6.62 (dd, J = 8.6, 2.1 Hz, 1H), 3.25 (s, 3H). 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (105) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (193.90 mg, 0.43 mmol, 53%). 1H NMR (700 

MHz, DMSO-d6) δ 13.33 (s, 1H), 11.40 (s, 1H), 8.78 (d, J = 2.2 

Hz, 1H), 7.91 – 7.79 (m, 2H), 7.44 (dd, J = 8.4, 2.2 Hz, 1H), 

7.20 – 7.10 (m, 2H), 6.96 (d, J = 8.4 Hz, 1H), 3.85 (s, 3H).13C NMR (176 MHz, DMSO-d6) δ 168.72, 

167.69, 167.69, 163.48, 143.16, 133.44, 132.46, 132.22, 129.32, 127.91, 126.64, 126.31, 121.71, 

115.13, 112.39, 56.28. HRMS-ESI (m/z): calculated for [M+H]+ C18H12ClN3O5S2, 449.99797; found: 

449.99816. 

4-Methoxy-N-(5-(5-methyl-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-

yl)benzenesulfonamide (107) 



 Experimental part  

128 

 

Following the general procedure H, the product was obtained 

as a red-brown solid after filtration and washing using water, 

ethanol, and diethyl ether (51.80 mg, 0.12 mmol, 71%). 1H 

NMR (600 MHz, DMSO-d6) δ 13.20 (s, 1H), 11.15 (s, 1H), 

8.59 (q, J = 0.9 Hz, 1H), 7.89 – 7.79 (m, 2H), 7.20 (ddd, J = 8.0, 1.8, 0.9 Hz, 1H), 7.18 – 7.13 (m, 2H), 

6.83 (d, J = 8.0 Hz, 1H), 3.85 (s, 3H), 2.29 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 168.97, 168.11, 

167.16, 163.41, 142.35, 133.75, 132.40, 131.25, 130.77, 129.26, 129.11, 128.29, 120.52, 115.09, 

110.69, 56.27, 21.39. HRMS-ESI (m/z): calculated for [M+H]+ C19H15N3O5S2, 430.04531; found: 

430.91353; 452.03459 [M+Na]+. 

N-(5-(5-Methoxy-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (108) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (35.10 mg, 0.08 mmol, 47%). 1H NMR (600 

MHz, DMSO-d6) δ 13.22 (s, 1H), 11.07 (s, 1H), 8.45 (d, J = 2.7 

Hz, 1H), 7.87 – 7.81 (m, 2H), 7.18 – 7.14 (m, 2H), 7.00 (dd, J 

= 8.5, 2.7 Hz, 1H), 6.85 (d, J = 8.5 Hz, 1H), 3.85 (s, 3H), 3.75 (s, 3H). 13C NMR (151 MHz, DMSO-

d6) δ 168.91, 168.07, 167.32, 163.43, 155.05, 138.34, 132.36, 131.42, 129.27, 128.49, 121.06, 118.82, 

115.10, 114.59, 111.32, 56.27, 55.96. HRMS-ESI (m/z): calculated for [M+H]+ C19H15N3O6S2, 

446.04750; found: 446.04762. 

4-Methoxy-N-(5-(5-nitro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide 

(109) 

Following the general procedure H, the product was 

obtained as an orange solid after filtration and washing 

using water, ethanol, and diethyl ether (54.50 mg, 

0.12 mmol, 71%). 1H NMR (600 MHz, DMSO-d6) δ 13.38 

(s, 1H), 11.94 (s, 1H), 9.65 (d, J = 2.5 Hz, 1H), 8.31 (dd, J 

= 8.7, 2.5 Hz, 1H), 7.88 – 7.82 (m, 2H), 7.19 – 7.15 (m, 2H), 7.13 (d, J = 8.7 Hz, 1H), 3.86 (s, 3H). 13C 

NMR (151 MHz, DMSO-d6) δ 172.48, 169.34, 167.26, 163.53, 149.55, 142.69, 135.28, 132.10, 129.37, 

128.79, 125.61, 123.83, 120.42, 115.15, 111.19, 56.29. HRMS-ESI (m/z): calculated for [M+H]+ 

C18H12N4O7S2, 461.02202; found: 461.02230. 

4-Methoxy-N-(5-(1-methyl-5-nitro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-

yl)benzenesulfonamide (110) 
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Following the general procedure H, the product was 

obtained as an orange-brown solid after filtration and 

washing using water, ethanol, and diethyl ether (52.90 mg, 

0.11 mmol, 77%). 1H NMR (600 MHz, DMSO-d6) δ 11.94 

(s, 1H), 9.67 (dd, J = 10.7, 2.4 Hz, 1H), 8.40 (dd, J = 8.8, 

2.4 Hz, 1H), 7.85 (dd, J = 8.8, 2.4 Hz, 2H), 7.37 (d, J = 8.8 Hz, 1H), 7.18 – 7.14 (m, 2H), 3.85 (s, 3H), 

3.34 (s, 3H). 13C NMR (151 MHz, DMSO) δ 169.37, 167.96, 163.53, 150.15, 143.05, 132.11, 129.40, 

129.37, 128.62, 123.83, 123.36, 119.74, 115.15, 111.20, 110.11, 56.30, 40.41, 40.27, 40.14, 40.00, 

39.86, 39.72, 39.58, 27.40. HRMS-ESI (m/z): calculated for [M+H]+ C19H13N4O7S2, 475.03767; found: 

475.03794. 

4-Methoxy-N-(4-oxo-5-(2-oxoindolin-3-ylidene)-4,5-dihydrothiazol-2-yl)benzenesulfonamide (111) 

Following the general procedure H, the product was obtained 

as a red-brown solid after filtration and washing using water, 

ethanol, and diethyl ether (48.00 mg, 0.12 mmol, 68%). 1H 

NMR (600 MHz, DMSO-d6) δ 13.21 (s, 1H), 11.27 (s, 1H), 

8.79 – 8.74 (m, 1H), 7.87 – 7.82 (m, 2H), 7.40 (td, J = 7.7, 1.3 Hz, 1H), 7.18 – 7.14 (m, 2H), 7.07 (td, 

J = 7.7, 1.1 Hz, 1H), 6.95 (dt, J = 7.7, 0.9 Hz, 1H), 3.85 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 

168.96, 168.06, 167.27, 163.42, 144.55, 133.31, 132.38, 131.21, 129.27, 128.73, 128.03, 122.57, 

120.47, 115.10, 111.00, 56.27. HRMS-ESI (m/z): calculated for [M+H]+ C18H13N3O5S2, 416.03694; 

found: 416.03699. 

4-Methoxy-N-(5-(1-methyl-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-

yl)benzenesulfonamide (112) 

Following the general procedure H, the product was obtained 

as a red-brown solid after filtration and washing using water, 

ethanol, and diethyl ether (41.10 mg, 0.1 mmol, 59%). 1H 

NMR (600 MHz, DMSO-d6) δ 13.25 (s, 1H), 8.77 (dd, J = 8.1, 

1.2 Hz, 1H), 7.88 – 7.82 (m, 2H), 7.47 (td, J = 7.7, 1.2 Hz, 1H), 7.19 – 7.15 (m, 2H), 7.15 – 7.10 (m, 

2H), 3.85 (s, 3H), 3.25 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 172.48, 167.83, 167.32, 163.45, 

145.45, 133.18, 132.31, 131.86, 129.31, 128.40, 127.08, 123.10, 119.73, 115.11, 109.81, 56.28, 26.84. 

HRMS-ESI (m/z): calculated for [M+H]+ C19H15N3O5S2, 430.04531; found: 430.91367; 452.03465 

[M+Na]+. 

N-(5-(5-Bromo-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (113) 
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Following the general procedure H, the product was obtained 

as a red-brown solid after filtration and washing using water, 

ethanol, and diethyl ether (71.10 mg, 0.14 mmol, 85%). 1H 

NMR (600 MHz, DMSO-d6) δ 13.30 (s, 1H), 11.40 (s, 1H), 

8.92 (s, 1H), 7.84 (d, J = 8.5 Hz, 2H), 7.57 (d, J = 8.5 Hz, 1H), 

7.16 (d, J = 8.5 Hz, 2H), 6.91 (d, J = 8.5 Hz, 1H), 3.85 (s, 3H).13C NMR (151 MHz, DMSO-d6) δ 

168.61, 167.56, 167.41, 163.48, 143.51, 135.24, 133.45, 132.23, 130.70, 129.32, 126.50, 122.19, 

115.13, 114.03, 112.87, 56.28. HRMS-ESI (m/z): calculated for [M+H]+ C18H12
79BrN3O5S2, 493.94018; 

found: 493.94571. Calculated for [M+H]+ C18H12
81BrN3O5S2, 495.94018; found: 495.94571. 

N-(5-(5-Bromo-1-methyl-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (114) 

Following the general procedure H, the product was obtained 

as a red-brown solid after filtration and washing using water, 

ethanol, and diethyl ether (72.50 mg, 0.14 mmol, 82%). 1H 

NMR (600 MHz, DMSO-d6) δ 13.36 (s, 1H), 8.92 (d, J = 2.1 

Hz, 1H), 7.90 – 7.82 (m, 2H), 7.66 (dd, J = 8.4, 2.1 Hz, 1H), 

7.19 – 7.15 (m, 2H), 7.11 (d, J = 8.4 Hz, 1H), 3.85 (s, 3H), 3.24 (s, 3H). 13C NMR (151 MHz, DMSO-

d6) δ 172.48, 167.46, 166.99, 163.50, 144.44, 135.06, 134.07, 132.17, 130.40, 129.36, 125.50, 121.37, 

115.13, 114.69, 111.74, 56.29, 26.99. HRMS-ESI (m/z): calculated for [M+H]+ C19H14
79BrN3O5S2, 

507.96310; found: 507.96353. Calculated for [M+H]+ C19H14
81BrN3O5S2, 509.96105; found: 

509.96132. 

4-Methoxy-N-(4-oxo-5-(2-oxo-1-phenylindolin-3-ylidene)-4,5-dihydrothiazol-2-

yl)benzenesulfonamide (115) 

Following the general procedure H, the product was 

obtained as a red-brown solid after filtration and washing 

using water, ethanol, and diethyl ether (59.00 mg, 

0.12 mmol, 71%). 1H NMR (600 MHz, DMSO-d6) δ 13.32 

(s, 1H), 8.91 (dd, J = 8.0, 1.2 Hz, 1H), 7.89 – 7.79 (m, 2H), 

7.68 – 7.59 (m, 2H), 7.58 – 7.49 (m, 3H), 7.42 (td, J = 7.7, 

1.3 Hz, 1H), 7.20 (td, J = 7.7, 1.2 Hz, 1H), 7.18 – 7.13 (m, 2H), 6.82 (dt, J = 7.9, 0.8 Hz, 1H), 3.85 (s, 

3H). 13C NMR (151 MHz, DMSO-d6) δ 172.48, 167.64, 167.24 – 167.09 (m), 166.98, 163.47, 145.20, 

133.76, 133.18, 132.89 – 132.68 (m), 132.24, 130.25, 129.32, 129.15, 128.77, 127.36, 126.88, 123.69, 

119.98, 115.12, 110.12, 56.28. HRMS-ESI (m/z): calculated for [M+H]+ C24H17N3O5S2, 492.026824; 

found: 492.06859. 
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N-(5-(7-Fluoro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (116) 

Following the general procedure H, the product was 

obtained as a red solid after filtration and washing using 

water, ethanol, and diethyl ether (46.30 mg, 0.11 mmol, 

65%). 1H NMR (600 MHz, DMSO-d6) δ 13.28 (s, 1H), 

11.80 (s, 1H), 8.62 (dt, J = 7.9, 0.8 Hz, 1H), 7.87 – 7.82 (m, 2H), 7.37-7.33 (m, 1H), 7.19 – 7.14 (m, 

2H), 7.09 (td, J = 8.2, 5.1 Hz, 1H), 3.85 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 168.81, 163.46, 

147.86, 146.25, 132.28, 131.50 (d, J = 13.1 Hz), 129.31, 127.00, 124.68, 123.11 (dd, J = 7.5, 4.9 Hz), 

119.69 (d, J = 16.7 Hz), 115.12, 56.28. 19F NMR (470 MHz, DMSO-d6) δ -132.68 (dd, J = 10.0, 5.1 

Hz). HRMS-ESI (m/z): calculated for [M+H]+ C18H12FN3O5S2, 434.02024; found: 434.02749; 

456.00953 [M+Na]+. 

N-(5-(6-Fluoro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (117) 

Following the general procedure H, the product was 

obtained as a red solid after filtration and washing using 

water, ethanol, and diethyl ether (61.20 mg, 0.14 mmol, 

83%). 1H NMR (600 MHz, DMSO-d6) δ 13.31 (s, 1H), 

11.29 (s, 1H), 8.55 (dd, J = 10.1, 2.8 Hz, 1H), 7.87 – 7.82 (m, 2H), 7.27 (td, J = 8.8, 2.8 Hz, 1H), 7.19 

– 7.14 (m, 2H), 6.94 (dd, J = 8.8, 4.6 Hz, 1H), 3.85 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 169.33, 

167.92, 167.50 – 167.28 (m), 165.71, 164.05, 163.44, 146.69 (d, J = 12.6 Hz), 132.33, 130.98 (d, J = 

10.1 Hz), 129.28, 126.87, 117.18, 115.11, 109.16 (d, J = 22.3 Hz), 99.09 (d, J = 27.4 Hz), 56.28. 19F 

NMR (565 MHz, DMSO-d6) δ -104.23. HRMS-ESI (m/z): calculated for [M+H]+ C18H12FN3O5S2, 

434.02752.; found: 434.02718. 

N-(5-(5-Fluoro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (118) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (38.60 mg, 0.09 mmol, 52%). 1H NMR (600 

MHz, DMSO-d6) δ 13.23 (s, 1H), 11.44 (s, 1H), 8.81 (dd, J = 

8.9, 5.8 Hz, 1H), 7.86 – 7.82 (m, 2H), 7.18 – 7.14 (m, 2H), 6.90 

(td, J = 9.1, 2.3 Hz, 1H), 6.77 (dd, J = 8.9, 2.3 Hz, 1H), 3.85 (s, 3H).13C NMR (151 MHz, DMSO-d6) 

δ 168.93, 167.76, 167.42, 163.48, 158.70, 157.14, 140.89, 132.24, 129.31, 127.30, 127.28, 121.10 (d, J 

= 10.3 Hz), 119.57 (d, J = 24.2 Hz), 115.31, 115.12, 111.77 (d, J = 8.2 Hz), 56.28, 40.53. 19F NMR 

(470 MHz, DMSO-d6) δ -121.06 (td, J = 9.4, 4.4 Hz). HRMS-ESI (m/z): calculated for [M+H]+ 

C18H12FN3O5S2, 434.02752.; found: 434.02738. 
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N-(5-(7-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (119) 

Following the general procedure H, the product was 

obtained as a red solid after filtration and washing using 

water, ethanol, and diethyl ether (64.80 mg, 0.14 mmol, 

85%). 1H NMR (600 MHz, DMSO-d6) δ 13.29 (s, 1H), 

11.69 (s, 1H), 8.74 (d, J = 8.0 Hz, 1H), 7.88 – 7.82 (m, 2H), 7.48 (dt, J = 8.2, 1.2 Hz, 1H), 7.18 – 7.14 

(m, 2H), 7.10 (td, J = 8.0, 1.0 Hz, 1H), 3.85 (s, 3H).13C NMR (151 MHz, DMSO-d6) δ 168.96, 167.63, 

167.17, 163.47, 141.81, 133.47, 132.56, 132.26, 129.31, 127.12, 123.62, 122.18, 115.15, 115.12, 56.28. 

HRMS-ESI (m/z): calculated for [M+H]+ C18H12ClN3O5S2, 449.99069.; found: 449.99741. 

N-(5-(6-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (120) 

Following the general procedure H, the product was 

obtained as a red solid after filtration and washing using 

water, ethanol, and diethyl ether (61.70 mg, 0.14 mmol, 

81%). 1H NMR (600 MHz, DMSO-d6) δ 13.27 (s, 1H), 

11.42 (s, 1H), 8.73 (d, J = 8.5 Hz, 1H), 7.88 – 7.77 (m, 2H), 7.18 – 7.14 (m, 2H), 7.13 (dd, J = 8.5, 2.0 

Hz, 1H), 6.95 (d, J = 2.0 Hz, 1H), 3.85 (s, 3H).13C NMR (151 MHz, DMSO-d6) δ 168.98, 167.76, 

167.28, 163.46, 145.74, 137.15, 132.28, 132.11, 129.93, 129.30, 126.68, 122.39, 119.35, 115.11, 

110.96, 56.28. HRMS-ESI (m/z): calculated for [M+H]+ C18H12ClN3O5S2, 449.99069.; found: 

449.99801. 

N-(5-(5-Fluoro-1-methyl-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (121) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (61.10 mg, 0.14 mmol, 82%). 1H NMR (700 

MHz, DMSO-d6) δ 13.34 (s, 1H), 8.58 (dd, J = 10.0, 2.7 Hz, 

1H), 7.91 – 7.79 (m, 2H), 7.36 (td, J = 8.8, 2.7 Hz, 1H), 7.18 – 

7.12 (m, 3H), 3.85 (s, 3H), 3.25 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ 167.22, 163.49, 159.04, 

157.70, 141.84, 132.19, 129.34, 120.41 (d, J = 10.1 Hz), 119.23 (d, J = 24.6 Hz), 115.24, 115.13, 

115.08, 110.70 (d, J = 8.1 Hz), 56.29, 27.02.19F NMR (470 MHz, DMSO-d6) δ -120.54 (td, J = 9.3, 4.3 

Hz). HRMS-ESI (m/z): calculated for [M+H]+ C19H14FN3O5S2, 448.04317; found: 448.04331. 

N-(5-(6-Fluoro-1-methyl-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

methoxybenzenesulfonamide (122) 
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Following the general procedure H, the product was 

obtained as a red solid after filtration and washing using 

water, ethanol, and diethyl ether (50.00 mg, 0.11 mmol, 

67%). 1H NMR (600 MHz, DMSO-d6) δ 13.25 (s, 1H), 

8.83 (dd, J = 8.7, 5.9 Hz, 1H), 7.88 – 7.80 (m, 2H), 7.20 – 7.11 (m, 3H), 6.96 (ddd, J = 9.5, 8.7, 2.5 Hz, 

1H), 3.84 (s, 3H), 3.25 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 167.83, 165.96, 164.30, 163.45, 

147.85 (d, J = 12.5 Hz), 132.29, 130.58 (d, J = 10.0 Hz), 129.30, 116.34, 115.11, 109.32 (d, J = 22.3 

Hz), 98.67 (d, J = 28.3 Hz), 56.28, 27.15.19F NMR (470 MHz, DMSO-d6) δ -104.18, -106.76 (td, J = 

9.8, 6.4 Hz). HRMS-ESI (m/z): calculated for [M+H]+ C19H14FN3O5S2, 448.04317; found: 448.04333. 

N-(5-((1H-Indol-2-yl)methylene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-methoxybenzenesulfonamide (123) 

Following the general procedure H, the product was 

obtained as a yellow solid after filtration and washing 

using water and diethyl ether (22.70 mg, 0.06 mmol, 

32%). 1H NMR (700 MHz, DMSO-d6) δ 12.46 (s, 1H), 

11.97 (s, 1H), 9.86 (s, 1H), 7.81 – 7.78 (m, 2H), 7.75 (dd, J = 8.2, 1.1 Hz, 1H), 7.46 (dq, J = 8.2, 1.0 

Hz, 1H), 7.40 (dd, J = 2.2, 1.0 Hz, 1H), 7.34 (ddd, J = 8.2, 6.9, 1.1 Hz, 1H), 7.16 – 7.12 (m, 2H), 4.04 

(s, 2H), 3.85 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ 183.47, 174.21, 172.47, 163.24, 138.87, 

136.81, 132.69, 129.16, 127.23, 126.82, 123.51, 120.95, 114.93, 114.62, 113.39, 56.22, 35.36. HRMS-

ESI (m/z): calculated for [M+H]+ C19H15N3O4S2, 414.05767; found: 414.05767. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-methylbenzenesulfonamide 

(124) 

Following the general procedure H, the product was obtained as 

a red solid after filtration and washing using water, ethanol, and 

diethyl ether (172.0 mg, 0.4 mmol, 48%). 1H NMR (600 MHz, 

DMSO-d6) δ 13.36 (s, 1H), 11.40 (s, 1H), 8.79 (d, J = 2.2 Hz, 

1H), 7.88 – 7.72 (m, 2H), 7.50 – 7.39 (m, 3H), 6.96 (d, J = 8.4 

Hz, 1H), 2.41 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 168.72, 168.31, 167.47, 144.50, 143.19, 

137.81, 133.41, 132.50, 130.36, 127.92, 127.05, 126.70, 126.32, 121.70, 112.40, 21.54. HRMS-ESI 

(m/z): calculated for [M+H]+ C18H12ClN3O4S2, 434.00305; found: 434.00303. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)benzenesulfonamide (125) 

Following the general procedure H, the product was obtained as a 

red solid after filtration and washing using water, ethanol, and 

diethyl ether (166.5 mg, 0.3 mmol, 64%). 1H NMR (700 MHz, 

DMSO-d6) δ 13.40 (s, 1H), 11.41 (s, 1H), 8.78 (d, J = 2.2 Hz, 1H), 

8.00 – 7.86 (m, 2H), 7.77 – 7.70 (m, 1H), 7.69 – 7.63 (m, 2H), 7.44 
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(dd, J = 8.4, 2.2 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H). 13C NMR (176 MHz, DMSO-d6) δ 168.74, 168.71, 

167.49, 143.20, 140.65, 133.98, 133.39, 132.52, 129.97, 127.92, 126.98, 126.77, 126.33, 121.68, 

112.41. HRMS-ESI (m/z): calculated for [M+H]+ C17H10ClN3O4S2, 419.98740; found: 419.98754. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-3,5-

difluorobenzenesulfonamide (126) 

Following the general procedure H, the product was obtained as 

a red solid after filtration and washing using water, ethanol, and 

diethyl ether (60.40 mg, 0.13 mmol, 78%). 1H NMR (600 MHz, 

DMSO-d6) δ 13.61 (s, 1H), 11.42 (s, 1H), 8.79 (d, J = 2.2 Hz, 

1H), 7.71 (tt, J = 9.2, 2.4 Hz, 1H), 7.67 – 7.59 (m, 2H), 7.46 (dd, 

J = 8.4, 2.2 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H).13C NMR (151 MHz, DMSO-d6) δ 172.48, 170.96, 170.95, 

168.70, 167.93, 167.92, 163.53 (d, J = 12.2 Hz), 161.86 (d, J = 12.2 Hz), 144.00 (t, J = 8.6 Hz), 143.27, 

133.90 – 132.63 (m), 132.65, 127.90, 126.94, 126.38, 121.64, 112.47, 111.04 – 110.60 (m), 109.70 (t, 

J = 25.7 Hz), 40.52. 19F NMR (470 MHz, DMSO-d6) δ -105.88 (t, J = 6.9 Hz). HRMS-ESI (m/z): 

calculated for [M+H]+ C17H8ClF2N3O4S2, 455.96128; found: 455.96874. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-3-nitrobenzenesulfonamide 

(127) 

Following the general procedure H, the product was obtained 

as an orange solid after filtration and washing using water, 

ethanol, and diethyl ether (60.20 mg, 0.13 mmol, 76%). 1H 

NMR (600 MHz, DMSO-d6) δ 12.69 (s, 1H), 11.42 (s, 1H), 

8.80 (d, J = 2.2 Hz, 2H), 8.58 – 8.50 (m, 1H), 8.35 (d, J = 8.0 

Hz, 1H), 7.96 (t, J = 8.0 Hz, 1H), 7.47 (dd, J = 8.4, 2.2 Hz, 1H), 6.98 (d, J = 8.4 Hz, 1H). 13C NMR 

(151 MHz, DMSO-d6) δ 172.48, 171.02, 168.74, 168.29 148.36, 143.24, 142.34, 133.44, 133.02, 

132.62, 132.10, 128.42, 127.90, 126.86, 126.36, 121.69, 112.47. HRMS-ESI (m/z): calculated for 

[M+H]+ C17H9ClN4O6S2, 464.96520; found: 464.94006. 

4-(tert-Butyl)-N-(5-(5-chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-

yl)benzenesulfonamide (128) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (60.00 mg, 0.13 mmol, 79%). 1H NMR (600 

MHz, DMSO-d6) δ 13.35 (s, 1H), 11.41 (s, 1H), 8.79 (d, J = 

2.2 Hz, 1H), 7.88 – 7.80 (m, 2H), 7.70 – 7.65 (m, 2H), 7.45 

(dd, J = 8.4, 2.2 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H), 1.31 (s, 9H). 13C NMR (151 MHz, DMSO-d6) δ 

168.72, 168.33, 167.48, 157.12, 143.19, 137.80, 133.43, 132.50, 127.92, 126.94, 126.82, 126.70, 
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126.32, 121.71, 112.41, 35.46, 31.21. HRMS-ESI (m/z): calculated for [M+H]+ C21H18ClN3O4S2, 

476.05000; found: 476.05030. 

2-Chloro-N-(5-(5-chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

fluorobenzenesulfonamide (129) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (61.50 mg, 0.13 mmol, 81%). 1H NMR (600 

MHz, DMSO-d6) δ 13.51 (s, 1H), 11.41 (s, 1H), 8.79 (d, J = 2.2 

Hz, 1H), 8.20 (dd, J = 8.9, 5.9 Hz, 1H), 7.79 (dd, J = 8.6, 2.6 

Hz, 1H), 7.51 (ddd, J = 8.9, 8.0, 2.6 Hz, 1H), 7.46 (dd, J = 8.4, 2.2 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H).13C 

NMR (151 MHz, DMSO-d6) δ 170.35, 168.71, 167.65, 165.62, 163.92, 143.28, 134.70 (d, J = 3.3 Hz), 

133.97 (d, J = 11.6 Hz), 133.18, 133.18, 132.73, 132.66, 132.62, 127.94, 127.02, 126.35, 121.69, 120.06 

(d, J = 26.2 Hz), 115.61 (d, J = 22.0 Hz), 112.45. 19F NMR (470 MHz, DMSO-d6) δ -103.44. HRMS-

ESI (m/z): calculated for [M+H]+ C17H8Cl2FN3O4S2, 471.93901; found: 471.93950. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

cyclohexylbenzenesulfonamide (130) 

Following the general procedure H, the product was 

obtained as a red solid after filtration and washing using 

water, ethanol, and diethyl ether (60.10 mg, 0.12 mmol, 

80%). 1H NMR (600 MHz, DMSO-d6) δ 13.35 (s, 1H), 

11.40 (s, 1H), 8.78 (d, J = 2.2 Hz, 1H), 7.82 (d, J = 8.4 Hz, 

2H), 7.50 (d, J = 8.4 Hz, 2H), 7.44 (dd, J = 8.4, 2.2 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H), 2.62 (d, J = 29.3 

Hz, 1H), 1.81-1.77 (m, 4H), 1.74 – 1.66 (m, 1H), 1.48 – 1.30 (m, 4H), 1.27-1.20 (m, 1H). 13C NMR 

(176 MHz, DMSO-d6) δ 168.72, 168.23, 167.41, 154.00, 143.18, 138.09, 133.43, 132.49, 128.23, 

127.91, 127.17, 126.69, 126.32, 121.70, 112.40, 44.14, 33.95, 26.59, 25.88. HRMS-ESI (m/z): 

calculated for [M+H]+ C23H20ClN3O4S2, 502.05838; found: 502.43341. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-[1,1'-biphenyl]-4-sulfonamide 

(131) 

Following the general procedure H, the product was 

obtained as a red solid after filtration and washing using 

water, ethanol, and diethyl ether (61.10 mg, 0.12 mmol, 

82%). 1H NMR (600 MHz, DMSO-d6) δ 13.41 (s, 1H), 

11.41 (s, 1H), 8.79 (d, J = 2.2 Hz, 1H), 8.02 – 7.96 (m, 

2H), 7.96 – 7.92 (m, 2H), 7.77 – 7.72 (m, 2H), 7.52 (dd, J = 8.4, 7.0 Hz, 2H), 7.48 – 7.43 (m, 2H), 6.97 

(d, J = 8.4 Hz, 1H). 13C NMR (151 MHz, DMSO-d6) δ 168.73, 168.60, 167.51, 145.45, 143.21, 143.03, 
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139.34, 138.83, 133.36, 132.54, 129.65, 129.18, 128.15, 127.93, 127.70, 127.64, 126.78, 126.34, 

121.70, 121.66, 112.43. HRMS-ESI (m/z): calculated for [M+H]+ C23H14ClN3O4S2, 496.01870; found: 

496.01910. 

4-(N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)sulfamoyl)benzoic acid 

(132) 

Following the general procedure H, the product was 

obtained as a red-brown solid after filtration and washing 

using water, ethanol, and diethyl ether (d.r. = 1:1) 47.0 mg, 

0.1 mmol, 78%). 1H NMR (600 MHz, DMSO-d6) δ 13.52 

(s, 1H), 11.41 (s, 1H), 8.78 (d, J = 2.0 Hz, 1H), 8.35 (d, J = 

2.0 Hz, 1H), 8.18 – 8.15 (m, 1H), 8.06 – 8.02 (m, 2H), 7.44 (dd, J = 4.4, 2.0 Hz, 1H), 6.96 (d, J = 8.4 

Hz, 1H), 4.08 (s, 1H). 13C NMR (151 MHz, DMSO-d6) δ 174.26, 168.70, 166.54, 144.75, 144.20, 

143.31, 135.42, 132.63, 130.79, 127.92, 127.33, 126.88, 126.36, 121.66, 112.44, 35.66. HRMS-ESI 

(m/z): calculated for [M+H]+ C18H10ClN3O6S2, 463.97723; found: 463.97758. 

5-Bromo-N-(5-(5-chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-2-

methoxybenzenesulfonamide (133) 

Following the general procedure H, the product was obtained as a 

red-brown solid after filtration and washing using water, ethanol, 

and diethyl ether (58.50 mg, 0.11 mmol, 79%). 1H NMR (600 MHz, 

DMSO-d6) δ 13.42 (s, 1H), 11.40 (s, 1H), 8.82 (d, J = 2.2 Hz, 1H), 

7.93 (d, J = 2.6 Hz, 1H), 7.88 (dd, J = 8.9, 2.6 Hz, 1H), 7.46 (dd, J 

= 8.4, 2.2 Hz, 1H), 7.26 (d, J = 8.9 Hz, 1H), 6.98 (d, J = 8.4 Hz, 1H), 3.85 (s, 3H). 13C NMR (151 MHz, 

DMSO-d6) δ 169.88, 168.75, 167.48, 156.71, 143.23, 138.37, 133.47, 132.51, 130.92, 129.69, 127.92, 

126.83, 126.30, 121.77, 116.33, 112.40, 111.62, 57.30. HRMS-ESI (m/z): calculated for [M+H]+ 

C18H11
79BrClN3O5S2, 527.90848; found: 527.90910. Calculated for [M+H]+ C18H11

81BrClN3O5S2, 

529.90643; found: 529.90667. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)methanesulfonamide (134) 

Following the general procedure H, the product was obtained as a brown 

solid after filtration and washing using water, ethanol, and diethyl ether 

(63.60 mg, 0.18 mmol, 74%). 1H NMR (700 MHz, DMSO-d6) δ 13.35 (s, 

1H), 11.38 (s, 1H), 8.80 (d, J = 2.3 Hz, 1H), 7.45 (dd, J = 8.3, 2.3 Hz, 1H), 

6.96 (d, J = 8.3 Hz, 1H), 3.19 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 

168.69, 167.55, 143.14, 133.52, 132.44, 127.90, 127.70, 126.51, 126.32, 121.69, 112.39, 42.12. 

HRMS-ESI (m/z): calculated for [M+H]+ C12H8ClN3O4S2, 357.97175; found: 357.97170. 
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N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-

(trifluoromethyl)benzenesulfonamide (135) 

Following the general procedure H, the product was obtained 

as a red-brown solid after filtration and washing using water, 

ethanol, and diethyl ether (64.10 mg, 0.13 mmol, 85%). 1H 

NMR (700 MHz, DMSO-d6) δ 13.51 (s, 1H), 11.42 (d, J = 

5.1 Hz, 1H), 8.77 (d, J = 4.8 Hz, 1H), 8.13 (t, J = 6.4 Hz, 2H), 

8.04 (dd, J = 8.4, 4.8 Hz, 2H), 7.45 (t, J = 7.1 Hz, 1H), 6.96 (dd, J = 8.4, 4.7 Hz, 1H). 13C NMR (176 

MHz, DMSO-d6) δ 170.32, 168.68, 167.69, 144.51, 143.26, 133.43 (q, J = 34.5, 33.6 Hz), 132.64, 

128.05, 127.91, 127.20, 127.18, 126.96, 126.37, 124.63, 123.08, 121.63, 112.46, 55.79. 19F NMR (470 

MHz, DMSO-d6) δ -61.71. HRMS-ESI (m/z): calculated for [M+H]+ C18H9ClF3N3O4S2, 487.97479; 

found: 487.97524. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)naphthalene-2-sulfonamide 

(136) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (65.60 mg, 0.14 mmol, 88%). 1H NMR (600 

MHz, DMSO-d6) δ 13.41 (s, 1H), 11.41 (s, 1H), 8.78 (d, J = 2.2 

Hz, 1H), 8.62 (d, J = 1.9 Hz, 1H), 8.24 (dd, J = 8.4, 1.3 Hz, 1H), 

8.18 (d, J = 8.7 Hz, 1H), 8.11 – 8.06 (m, 1H), 7.90 (dd, J = 8.7, 1.9 Hz, 1H), 7.74 (ddd, J = 8.2, 6.8, 1.3 

Hz, 1H), 7.70 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.44 (dd, J = 8.4, 2.2 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H). 

13C NMR (151 MHz, DMSO-d6) δ 168.77, 168.72, 167.51, 143.20, 137.66, 135.00, 133.39, 132.52, 

132.13, 130.09, 129.94, 129.73, 128.37, 128.28, 127.97, 127.91, 126.77, 126.33, 122.54, 121.69, 

112.41. HRMS-ESI (m/z): calculated for [M+H]+ C21H12ClN3O4S2, 470.00305; found: 470.00334. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-cyanobenzenesulfonamide 

(137) 

Following the general procedure H, the product was 

obtained as a bright red solid after filtration and washing 

using water, ethanol, and diethyl ether (49.10 mg, 

0.11 mmol, 85%). 1H NMR (600 MHz, DMSO-d6) δ 12.69 

(s, 1H), 11.41 (s, 1H), 8.89 – 8.73 (m, 1H), 8.17 – 8.04 (m, 

4H), 7.47 (dd, J = 8.4, 2.3 Hz, 1H), 6.98 (d, J = 8.4 Hz, 1H). 13C NMR (151 MHz, DMSO-d6) δ 168.76, 

144.82, 143.20, 134.08, 134.03, 132.55, 127.90, 127.76, 127.63, 126.73, 126.34, 121.72, 118.11, 

116.10, 112.44, 21.53. LC-MS (m/z): calculated for [M+H]+ C18H9ClN4O4S2,  444.9; found: 444.8.  
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N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-fluorobenzenesulfonamide 

(138) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (63.9 mg, 0.15 mmol, 81%). 1H NMR (700 

MHz, DMSO-d6) δ 13.41 (s, 1H), 11.41 (s, 1H), 8.80 (s, 1H), 

7.98 (d, J = 7.0 Hz, 2H), 7.66 – 7.27 (m, 3H), 6.98 (d, J = 8.3 

Hz, 1H).13C NMR (176 MHz, DMSO-d6) δ 168.75, 165.85, 164.42, 143.18, 137.16, 132.52, 130.17 (d, 

J = 9.7 Hz), 127.91, 126.68, 126.32, 121.72, 117.15 (d, J = 22.5 Hz), 112.43, 55.84. 19F NMR (470 

MHz, DMSO-d6) δ -105.25. HRMS-ESI (m/z): calculated for [M+H]+ C17H9ClFN3O4S2, 437.97798; 

found: 437.19340. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-methylbenzamide (139) 

Following the general procedure H, the product was obtained as 

a red solid after filtration and washing using water, ethanol, and 

diethyl ether (94.7 mg, 0.24 mmol, 79%). 1H NMR (600 MHz, 

DMSO-d6) δ 13.31 (s, 1H), 11.30 (s, 1H), 8.91 (s, 1H), 8.07 (d, J 

= 7.3 Hz, 2H), 7.44 (dd, J = 8.3, 2.2 Hz, 1H), 7.37 (d, J = 7.3 Hz, 

2H), 6.95 (d, J = 8.3 Hz, 1H), 2.40 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 168.89, 144.62, 143.17, 

142.02, 136.06, 132.40, 130.04, 129.81, 129.59, 129.02, 128.60, 127.94, 127.71, 126.21, 121.98, 

112.22, 21.75. HRMS-ESI (m/z): calculated for [M+H]+ C19H12ClN3O3S, 398.02879.; found: 

397.05910. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-methoxybenzamide (140) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (69.7 mg, 0.17 mmol, 84%). 1H NMR (600 

MHz, DMSO-d6) δ 13.28 (s, 1H), 11.31 (s, 1H), 8.94 (s, 1H), 

8.16 (d, J = 8.9 Hz, 2H), 7.46 (dd, J = 8.4, 2.3 Hz, 1H), 7.11 

(d, J = 8.9 Hz, 2H), 6.97 (d, J = 8.4 Hz, 1H), 3.88 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 168.93, 

168.76, 167.50, 164.10, 143.14, 143.08, 132.35, 132.26, 127.92, 127.58, 126.19, 126.05, 122.02, 

114.58, 112.23, 111.88, 56.10. HRMS-ESI (m/z): calculated for [M+H]+ C19H12ClN3O4S, 414.03098; 

found: 414.26945. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-3,4-dimethoxybenzamide 

(141) 
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Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (55.4 mg, 0.12 mmol, 69%). 1H NMR (600 

MHz, DMSO-d6) δ 13.28 (s, 1H), 11.30 (s, 1H), 8.94 (s, 1H), 

7.87 (dd, J = 8.4, 2.2 Hz, 1H), 7.71 (s, 1H), 7.46 (dd, J = 8.4, 

2.2 Hz, 1H), 7.15 (d, J = 8.6 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 3.88 (s, 3H), 3.85 (s, 3H). 13C NMR 

(151 MHz, DMSO-d6) δ 172.48, 168.94, 153.99, 148.99, 143.15, 132.92, 132.36, 130.12, 127.92, 

126.20, 124.57, 123.68, 123.19, 122.03, 112.23, 111.89, 111.60, 56.28, 56.02. LC-MS (ESI) (m/z): 

calculated for [M+H]+ C20H14ClN3O5S,  444.0; found: 444.8. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)-4-fluorobenzamide (142) 

Following the general procedure H, the product was obtained 

as a red solid after filtration and washing using water, ethanol, 

and diethyl ether (63.9 mg, 0.16 mmol, 76%). 1H NMR (600 

MHz, DMSO-d6) δ 13.36 (s, 1H), 11.29 (s, 1H), 8.87 (d, J = 2.3 

Hz, 1H), 8.21 (dd, J = 8.7, 5.7 Hz, 2H), 7.44 – 7.33 (m, 3H), 

6.92 (d, J = 8.3 Hz, 1H). 13C NMR (151 MHz, DMSO-d6) δ 168.82, 166.59, 164.92, 143.20, 143.02, 

135.65, 132.86 (d, J = 9.7 Hz), 132.44, 131.46, 127.94, 127.60, 126.22, 121.90, 116.28 (d, J = 22.0 Hz), 

112.19. 19F NMR (470 MHz, DMSO-d6) δ -105.49. LC-MS (m/z): calculated for [M+H]+ 

C18H9ClFN3O3S,  402.0; found: 401.6. 

N-(5-(5-Chloro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrooxazol-2-yl)-4-

methoxybenzenesulfonamide (143) 

Following the general procedure H, the product was obtained 

as a beige solid after filtration and washing using water, 

ethanol, and diethyl ether (126.4 mg, 0.2 mmol, 100%). 1H 

NMR (600 MHz, DMSO-d6) δ 12.63 (s, 1H), 10.74 (s, 1H), 

7.86 (d, J = 8.4 Hz, 2H), 7.32 (dd, J = 8.3, 2.2 Hz, 1H), 7.13 (d, 

J = 8.4 Hz, 2H), 6.93 (s, 1H), 6.84 (d, J = 8.3 Hz, 1H), 3.85 (s, 3H). 13C NMR (151 MHz, DMSO-d6) 

δ 174.18, 169.94, 162.99, 159.34, 141.81, 133.44, 130.93, 129.68, 128.39, 126.45, 125.23, 114.79, 

112.22, 85.33, 75.57, 56.16. HRMS-ESI (m/z): calculated for [M+H]+ C19H12BrN3O6S2, 434.0; found: 

434.0. 

Benzoyl isothiocyanate (144) 

Benzoyl chloride (500.0 µL, 4.3 mmol, 1 equiv.) was added to a freshly prepared 

solution of NH4SCN (327.9 mg, 4.3 mmol, 1 equiv.) in acetone (7 mL), and the 

mixture was stirred for 30 minutes at room temperature: The in situ-generated 
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benzoyl isothiocyanate was obtained after removing the solvent under reduced pressure. The product 

was used in the next step without further purification (703.3 mg, 4.3 mmol, 100%). 

N-((4-Hydroxyphenyl)carbamothioyl)benzamide (145) 

The benzoyl isothiocyanate (703.4 mg, 4.3 mmol, 1 equiv.) was 

resuspended in ethyl acetate (10 mL) and 4-aminophenol (470.3 mg, 

4.3 mmol, 1 equiv.) was added. The mixture was stirred overnight and 

then poured into ice water with vigorous stirring. The resulting white solid was collected by vacuum 

filtration and dried to obtain the desired thiourea (688.76 mg, 4.09 mmol, 95%). Compound 

characterization correlates with previously reported characterization.278 

1-(4-Hydroxyphenyl)thiourea (146) 

N-((4-hydroxyphenyl)carbamothioyl)benzamide (145) from the previous 

step was poured into a mixture of aqueous sodium hydroxide (4 M) and 

ethanol (1:1) and then heated to reflux for 1.5 h. The precipitating beige solid 

was collected via vacuum filtration and then washed with H2O to yield the desired product (688.8 mg, 

4.1 mmol, 95%). 1H NMR (600 MHz, DMSO-d6) δ 12.95 (s, 1H), 9.36 (s, 1H), 7.96 (dd, J = 8.3, 1.4 

Hz, 2H), 7.65 – 7.60 (m, 1H), 7.51 (t, J = 7.8 Hz, 2H), 6.77 – 6.69 (m, 1H). 13C NMR (151 MHz, 

DMSO-d6) δ 167.78, 133.35, 131.21, 129.73, 129.04. 

5-(5-Chloro-2-oxoindolin-3-ylidene)-2-((4-hydroxyphenyl)amino)thiazol-4(5H)-one (147) 

Following the general procedure I, the product was obtained as a 

red-brown solid after filtration and washing using water, ethanol, 

and diethyl ether (24.40 mg, 0.07 mmol, 20%). 1H NMR (700 

MHz, DMSO-d6) δ 11.60 (s, 1H), 11.23 (d, J = 7.6 Hz, 1H), 9.64 

(s, 1H), 9.02 (d, J = 2.2 Hz, 1H), 7.71 – 7.53 (m, 2H), 7.39 (ddd, J 

= 12.0, 8.3, 2.2 Hz, 1H), 6.96 (d, J = 8.3 Hz, 1H), 6.87 – 6.81 (m, 2H). 13C NMR (176 MHz, DMSO-

d6) δ 180.72, 172.84, 169.22, 155.78, 142.07, 139.23, 131.15, 130.48, 127.54, 126.08, 124.08, 123.03, 

122.26, 116.06, 111.95. HRMS-ESI (m/z): calculated for [M+H]+ C17H10ClN3O3S, 372.02042; found: 

372.02026. 

2-((4-Hydroxyphenyl)amino)-5-(5-methyl-2-oxoindolin-3-ylidene)thiazol-4(5H)-one (148) 

Following the general procedure I, the product was obtained as a 

red-brown solid after filtration and washing using water, ethanol, 

and diethyl ether (d.r. = 8:1) 34.8 mg, 0.1 mmol, 27%). 1H NMR 

(700 MHz, DMSO-d6) δ 11.48 (s, 1H), 10.99 (d, J = 6.9 Hz, 1H), 

9.61 (s, 1H), 8.85 – 8.72 (m, 1H), 7.66 – 7.56 (m, 1H), 7.18 – 6.98 

(m, 2H), 6.87 – 6.81 (m, 3H), 2.32 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ 180.72, 173.19, 169.50, 
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155.62, 141.18, 136.90, 132.33, 130.87, 129.79, 128.70, 125.55, 122.94, 121.06, 116.02, 110.27, 21.53. 

HRMS-ESI (m/z): calculated for [M+H]+ C17H13N4O5S, 352.07504; found: 352.07473. 

2-((4-Hydroxyphenyl)amino)-5-(5-methoxy-2-oxoindolin-3-ylidene)thiazol-4(5H)-one (149) 

Following the general procedure I, the product was obtained as a 

brown solid after filtration and washing using water, ethanol, and 

diethyl ether (37.7 mg, 0.1 mmol, 28%). 1H NMR (700 MHz, 

DMSO-d6) δ 11.51 (s, 1H), 10.90 (s, 1H), 9.61 (s, 1H), 8.70-8.62 

(m, 1H), 7.66 – 7.56 (m, 1H), 7.03-6.94 (m, 2H), 6.82 (d, J = 6.3 

Hz, 3H), 3.76 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ 180.80, 173.14, 169.43, 155.65, 154.98, 

137.19, 130.58, 129.82, 125.81, 122.95, 121.65, 117.29, 116.02, 114.45, 110.82, 55.94. HRMS-ESI 

(m/z): calculated for [M+H]+ C18H13N3O4S, 368.06995; found: 368.06969. 

2-((4-Hydroxyphenyl)amino)-5-(5-nitro-2-oxoindolin-3-ylidene)thiazol-4(5H)-one (150) 

Following the general procedure I, the product was obtained as an 

orange solid after filtration and washing using water, ethanol, and 

diethyl ether (27.40 mg, 0.07 mmol, 19%). 1H NMR (700 MHz, 

DMSO-d6) δ 11.75 (s, 1H), 11.66 (s, 1H), 9.85 (s, 1H), 9.66 (s, 

1H), 8.29 – 8.15 (m, 1H), 7.61 (d, J = 8.6 Hz, 1H), 7.10 (s, 1H), 

7.03 (s, 1H), 6.84 (d, J = 9.1 Hz, 2H). 13C NMR (176 MHz, DMSO-d6) δ 180.56, 172.32, 169.81, 

155.88, 148.56, 142.58, 140.95, 130.42, 127.61, 123.50, 123.05, 120.93, 116.43, 116.07, 110.70. 

HRMS-ESI (m/z): calculated for [M+H]+ C17H10N4O5S, 383.04447; found: 383.04441. 

5-(5-Bromo-2-oxoindolin-3-ylidene)-2-((4-hydroxyphenyl)amino)thiazol-4(5H)-one (151) 

Following the general procedure I, the product was obtained as a 

red-brown solid after filtration and washing using water, ethanol, 

and diethyl ether (46.20 mg, 0.11 mmol, 30%). 1H NMR (700 

MHz, DMSO-d6) δ 11.60 (s, 1H), 11.25 (d, J = 7.9 Hz, 1H), 9.64 

(s, 1H), 9.16 (d, J = 2.1 Hz, 1H), 7.63 – 7.60 (m, 1H), 7.52 (ddd, J 

= 10.9, 8.3, 2.1 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 6.88 (d, J = 8.3 Hz, 1H), 6.86 – 6.82 (m, 2H). 13C 

NMR (176 MHz, DMSO-d6) δ 180.73, 172.82, 169.11, 155.79, 142.43, 139.24, 133.96, 130.31, 123.95, 

123.03, 122.74, 116.41, 116.07, 113.87, 112.46. LC-MS (m/z): calculated for [M+H]+ C17H10BrN3O3S,  

416.0; found: 416.8. 

5-(7-Fluoro-2-oxoindolin-3-ylidene)-2-((4-hydroxyphenyl)amino)thiazol-4(5H)-one (152) 

Following the general procedure I, the product was obtained as 

a red-brown solid after filtration and washing using water, 

ethanol, and diethyl ether (34.3 mg, 0.1 mmol, 26%). 1H NMR 

(600 MHz, DMSO-d6) δ 11.62 (s, 1H), 11.57 (s, 1H), 9.63 (s, 
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1H), 8.83 (d, J = 7.9 Hz, 1H), 7.64 – 7.59 (m, 1H), 7.29 (dd, J = 10.2, 8.3 Hz, 1H), 7.10 (s, 2H), 6.87 – 

6.80 (m, 2H). 13C NMR (151 MHz, DMSO-d6) δ 180.51, 172.77, 169.31, 158.53, 155.74, 148.23 – 

147.60 (m), 146.55 – 145.83 (m), 139.23, 130.51, 129.72, 124.42 (d, J = 3.8 Hz), 123.02, 122.72 (t, J 

= 5.7 Hz), 116.41, 116.05. 19F NMR (565 MHz, DMSO-d6) δ -133.16 (dd, J = 10.3, 5.2 Hz), -133.21 

(dd, J = 10.3, 5.2 Hz). HRMS-ESI (m/z): calculated for [M+H]+ C17H10FN3O3S, 356.04997; found: 

356.04981. 

4-(N-(5-(5-Bromo-1-methyl-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)sulfamoyl)benzoic 

acid (154) 

Following the general procedure H, the product was 

obtained as a diastereomeric mixture as a red-brown solid 

after filtration and washing using water, ethanol, and diethyl 

ether (74.90 mg, 0.14 mmol, 84%). 1H NMR (600 MHz, 

DMSO-d6) δ 13.49 (s, 1H), 12.65 (s, 1H), 8.92 (d, J = 2.2 

Hz, 1H), 8.21 – 8.14 (m, 2H), 8.05 – 8.02 (m, 2H), 7.66 (dd, J = 8.5, 2.2 Hz, 1H), 7.11 (d, J = 8.5 Hz, 

1H), 3.24 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 174.26, 172.47, 166.99, 166.54, 144.51, 144.18, 

135.43, 135.18, 130.79, 130.49, 130.41, 127.37, 125.71, 121.35, 114.73, 111.80, 27.01. HRMS-ESI 

(m/z): calculated for [M+H]+ C19H12
79BrN3O6S2, 521.94237; found: 521.94287. Calculated for [M+H]+ 

C19H12
81BrN3O6S2, 523.94079; found: 523.94079. 

4-(N-(5-(1-Methyl-5-nitro-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)sulfamoyl)benzoic 

acid (155) 

Following the general procedure H, the product was 

obtained as a diastereomeric mixture visible as an orange-

brown solid after filtration and washing using water, 

ethanol, and diethyl ether (62.10 mg, 0.13 mmol, 75%). 1H 

NMR (700 MHz, DMSO-d6) δ 13.54 (s, 1H), 9.66 (d, J = 

2.4 Hz, 1H), 8.42 – 8.28 (m, 2H), 8.17 (d, J = 8.1 Hz, 2H), 8.04 (d, J = 8.1 Hz, 2H), 7.36 (d, J = 8.9 Hz, 

1H), 3.33 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ 172.48, 169.33, 168.54, 167.92, 166.54, 150.18, 

144.09, 143.05, 142.71, 135.47, 130.79, 128.72, 127.40, 123.34, 119.67, 110.14, 27.41. HRMS-ESI 

(m/z): calculated for [M+H]+ C19H12BrN3O6S2, 489.00966; found: 488.32701. 

4-(N-(5-(5-Bromo-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)sulfamoyl)benzoic acid 

(156) 

Following the general procedure H, the product was 

obtained as a red-brown solid after filtration and washing 

using water, ethanol, and diethyl ether (117.10 mg, 

0.23 mmol, 69%). 1H NMR (600 MHz, DMSO-d6) δ 13.51 
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(s, 1H), 11.41-11.33 (m, 1H), 9.01-8.91 (m, 1H), 8.39 – 8.31 (m, 1H), 8.21 – 8.13 (m, 1H), 8.08 – 7.99 

(m, 2H), 7.57 (dd, J = 8.3, 2.1 Hz, 1H), 6.91 (dd, J = 8.3, 5.1 Hz, 1H), 4.07 (s, 1H). 13C NMR (151 

MHz, DMSO-d6) δ 173.88, 173.79, 168.25, 168.13, 166.07, 144.29, 143.75, 143.18, 143.10, 134.94, 

130.30, 126.86, 121.90, 121.69, 113.58, 112.44, 39.94, 39.80, 39.66, 39.52, 39.38, 39.24, 39.10. 

HRMS-ESI (m/z): calculated for [M+H] + C18H10
79BrN3O6S2, 507.91944; found: 507.94079. Calculated 

for [M+H] + C18H10
81BrN3O6S2, 509.91739; found: 509.94287. 

Methyl-4-(N-(5-(5-bromo-1-methyl-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-

yl)sulfamoyl)benzoate (159) 

Following the general procedure H, the product was 

obtained as a red-brown solid after filtration and washing 

using water, ethanol, and diethyl ether (75.40 mg, 

0.14 mmol, 88%). 1H NMR (500 MHz, DMSO-d6) δ 

13.54 (s, 1H), 8.94 (d, J = 2.7 Hz, 1H), 8.19 (d, J = 8.1 Hz, 

2H), 8.06 (d, J = 8.1 Hz, 2H), 7.74 – 7.60 (m, 1H), 7.13 (d, J = 8.4 Hz, 1H), 3.90 (s, 3H), 3.25 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 171.94, 167.02, 165.53, 156.68, 144.54, 135.19, 134.79, 134.12, 

133.84, 130.70, 130.41, 127.51, 125.72, 121.37, 114.72, 111.83, 53.19, 27.02. HRMS-ESI (m/z): 

calculated for [M+H]+ C20H14
81BrN3O6S2, 537.95074.; found: 537.95632; .559.94831. 

3-(N-(5-(5-Bromo-1-methyl-2-oxoindolin-3-ylidene)-4-oxo-4,5-dihydrothiazol-2-yl)sulfamoyl)benzoic 

acid (160) 

Following the general procedure H, the product was 

obtained as a red-brown solid after filtration and washing 

using water, ethanol, and diethyl ether ((d.r. = 3:1) 

34.80 mg, 0.07 mmol, 74%). 1H NMR (700 MHz, DMSO-

d6) δ 13.57 (s, 1H), 9.44 (s, 1H), 9.19 (s, 1H), 8.95 (s, 1H), 

8.39 (s, 1H), 8.24 (d, J = 7.8 Hz, 1H), 7.80 (t, J = 7.8 Hz, 1H), 7.68 (d, J = 8.5 Hz, 1H), 7.13 (d, J = 8.5 

Hz, 1H), 3.25 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ 180.45, 178.77, 167.64, 167.03, 144.51, 

143.45, 141.73, 135.14, 134.35, 133.72, 130.73, 130.21, 127.47, 122.84, 121.38, 114.70, 111.80, 

111.24, 27.02. HRMS-ESI (m/z): calculated for [M+H]+ C19H12
79BrN3O6S2, 521.94237; found: 

521.94293. Calculated for [M+H]+ C19H12
81BrN3O6S2, 523.94032; found: 523.94073. 

5.2.3 YTHDF2 

5.2.3.1 SK-3-91-based molecules 

2-(2-Azidoethoxy)ethan-1-ol (199) 

2-(2-Chloroethoxy)ethanol (1.0 mL, 9.5 mmol, 1.0 equiv.) was dissolved in 

distilled water (12 mL), and sodium azide (1.5 g, 23.7 mmol, 2.5 equiv.) was 

added thereto. The resulting mixture was stirred at 80°C for 16 h. The reaction mixture was cooled to 
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room temperature, poured into 5% NaOH (aq.) (20 mL), and stirred for approximately 10 min. The 

reaction mixture was extracted three times with diethyl ether, and the organic layer was dried over 

magnesium sulfate, filtered, and concentrated under reduced pressure to obtain the desired product 

(1.25 g, 9.5 mmol, 99%). 1H NMR (400 MHz, Chloroform-d) δ 3.77 – 3.74 (m, 2H), 3.70 (dd, J = 5.6, 

4.5 Hz, 2H), 3.63 – 3.60 (m, 2H), 3.44 – 3.37 (m, 2H), 1.96 (s, 1H). 

2-(2-Azidoethoxy)ethyl methanesulfonate (200) 

To a solution of intermediate I (1.3 g, 9.9 mmol, 1.0 equiv.) and Et3N 

(2.75 mL, 19.80 mmol, 2.00 equiv.) in dry dichloromethane (10 ml) at 

0°C, mesityl chloride (1.15 mL, 14.80 mmol, 1.50 equiv.) was added dropwise. Then, the reaction was 

stirred at room temperature for 6 h. After the desired reaction time the mixture was quenched with water 

and the aqueous phase was extracted with dichloromethane (3 x 25 ml). The organic layers were 

combined, washed with brine, and dried with anhydrous MgSO4.After filtration, the solvent was 

removed under reduced pressure to afford the desired methanesulfonate as a colorless liquid (2.0 g, 

9.8 mmol, 99%). 1H NMR (600 MHz, Chloroform-d) δ 4.42 – 4.35 (m, 2H), 3.81 – 3.68 (m, 4H), 3.67 

– 3.37 (m, 2H), 3.07 (d, J = 8.3 Hz, 3H). 

1-Azido-2-(2-bromoethoxy)ethane (201) 

Intermediate II (2.0 g, 9.8 mmol, 1.0 equiv.) and LiBr (2.60 g, 29.45 mmol, 

3.00 equiv.) were dissolved in acetone and refluxed for 16 h. After the desired 

reaction time, the solvent was evaporated, and the crude mixture was washed with water. The aqueous 

phase was extracted with dichloromethane (3 x 25 ml), and the resulting organic layers were combined, 

washed with brine, and dried using anhydrous MgSO4. After filtration, the solvent was removed under 

reduced pressure to afford the desired linker (1.4 g, 7.1 mmol, 72%). 1H NMR (600 MHz, Chloroform-

d) δ 3.87 – 3.75 (m, 3H), 3.72 – 3.62 (m, 2H), 3.48 (t, J = 6.2 Hz, 2H), 3.40 (t, J = 5.0 Hz, 1H). 

2-(2,6-Dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (202) 

Sodium acetate (352.4 mg, 4.3 mmol, 2.0 equiv.) and 3-aminopiperidine-

2,6-dione hydrochloride (353.50 mg, 2.15 mmol, 1.00 equiv.) were added to 

a solution of 3-fluorophthalic anhydride (356.8 mg, 2.1 mmol, 1.0 equiv.) in 

acetic acid (6 mL) and the mixture was stirred at 120°C for 4 h. After cooling 

to room temperature, the mixture was poured into ice water (20 mL) and stirred for additional 10 min. 

The resulting precipitate was filtered and washed with water, diethyl ether, and finally ethanol to afford 

the desired thalidomide 6 as a grey solid (451.00 mg, 1.63 mmol, 76%). 1H NMR (600 MHz, 

Chloroform-d) δ 8.08 (s, 1H), 7.78 (ddd, J = 8.2, 7.3, 4.3 Hz, 1H), 7.72 (d, J = 7.4 Hz, 1H), 7.43 (t, J = 

8.5 Hz, 1H), 4.99 (dd, J = 12.6, 5.4 Hz, 1H), 2.96 – 2.89 (m, 1H), 2.89 – 2.71 (m, 2H), 2.16 (dtd, J = 

12.4, 5.0, 2.3 Hz, 1H). 13C NMR (151 MHz, Chloroform-d) δ 170.80, 166.31 (d, J = 2.8 Hz), 164.13, 

158.94, 157.17, 137.37 (d, J = 7.4 Hz), 134.01, 123.12 (d, J = 19.4 Hz), 120.28 (d, J = 3.7 Hz), 117.81 
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(d, J = 12.4 Hz), 49.67, 31.58, 22.71. LC-MS (ESI) (m/z) calculated for C13H9FN2O4 [M+H]+ = 276.1; 

found: 276.2. 

tert-Butyl (2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycinate (203) 

A solution of intermediate III (250.0 mg, 0.9 mmol, 1.0 equiv.) 

and tert-butyl 2-aminoacetate (148.4 µL, 1.1 mmol, 1.2 equiv.) in 

DMSO (3 mL) was added DIPEA (315.3 2 µL, 1.8 mmol, 

2 equiv.). The reaction mixture was stirred overnight at 130°C and 

on completion, the solvent was removed in vacuo. The crude 

residue was purified by column chromatography (eluent system: 2% Methanol in dichloromethane) to 

afford the desired pomalidomide as a yellow solid (205.00 mg, 0.53 mmol, 59%). 1H NMR (600 MHz, 

Chloroform-d) δ 8.06 (s, 1H), 7.50 (ddd, J = 17.1, 8.4, 7.2 Hz, 1H), 7.15 (ddd, J = 7.3, 4.9, 0.6 Hz, 1H), 

6.75 (ddd, J = 13.5, 8.5, 0.6 Hz, 1H), 4.93 (dd, J = 12.5, 5.4 Hz, 1H), 4.27 (s, 1H), 3.94 (s, 2H), 2.89 

(dddd, J = 16.8, 4.1, 2.5, 1.2 Hz, 1H), 2.86 – 2.66 (m, 2H), 2.18 – 2.08 (m, 1H), 1.50 (s, 9H). 13C NMR 

(151 MHz, Chloroform-d) δ 171.15, 169.30, 168.70, 168.35, 167.72, 145.98, 136.36, 132.74, 116.87, 

112.54, 111.26, 82.95, 49.14, 45.32, 39.54, 31.62, 28.26, 22.95. LC-MS (ESI) (m/z) calculated for 

C19H21N3O6 [M+H]+ = 388.1; found: 388.1. 

(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycine (204) 

Intermediate IV (170.2 mg, 0.44 mmol) was dissolved in 

dichloromethane (3 mL) and TFA (1 mL) was added thereto. The 

mixture was stirred at room temperature for 2 h. After monitoring the 

full conversion of the reaction using LC-MS analysis, the solvent was 

removed in vacuo to give the desired product 204 (145.50 mg, 

0.44 mmol, 99%), which was used in the next step without further purification. LC-MS (ESI) (m/z) 

calculated for C15H13N3O6 [M+H]+ = 332.1; found: 332.1. 

tert-Butyl 4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-

yl)amino)phenyl)piperazine-1-carboxylate (205) 

A solution of 2,5-dichloro-N-(2-

(isopropylsulfonyl)phenyl)pyrimidin-4-amine 

(300.00 mg, 0.87 mmol, 1.00 equiv.), tert-butyl 4-(4-

aminophenyl)piperazine-1-carboxylate (240.30 mg, 

0.87 mmol, 1.00 equiv.) and para-toluenesulfonic acid 

monohydrate (164.80 mg, 0.87 mmol, 1 equiv.) in 1,4-dioxane (4 mL) was heated to 90°C for 16 h. 

After completion of the reaction (monitored by TLC) the reaction mixture was concentrated. The crude 

solid was purified by silica gel column chromatography by using 2% methanol in dichloromethane as 

eluents to get the title compound as a white solid (208.6 mg, 0.36 mmol, 41%). 1H NMR (500 MHz, 
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DMSO-d6) δ 9.49 (s, 1H), 9.36 (s, 1H), 8.65 (s, 1H), 8.25 (s, 1H), 7.85 (dd, J = 8.0, 1.6 Hz, 1H), 7.76 

(ddd, J = 8.7, 7.3, 1.7 Hz, 1H), 7.46 (d, J = 8.4 Hz, 2H), 7.42 – 7.35 (m, 1H), 6.93 – 6.84 (m, 2H), 3.47 

(t, J = 6.3 Hz, 5H), 3.06 – 2.98 (m, 4H), 1.43 (s, 9H), 1.17 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, 

DMSO-d6) δ 158.33, 155.75, 155.21, 154.30, 146.94, 138.55, 135.43, 132.99, 131.40, 124.56, 123.97, 

121.57, 116.95, 79.42, 55.32, 49.68, 28.54, 15.33. LC-MS (ESI) (m/z) calculated for C28H35ClN6O4S 

[M+H]+ = 587.2; found: 587.0. 

5-Chloro-N-(2-(isopropylsulfonyl)phenyl)-N-(4-(piperazin-1-yl)phenyl)pyrimidine-2,4-diamine 

(XLIV) 

TFA was added (1 mL) to a solution of tert-butyl 4-(4-((5-

chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-

yl)amino)phenyl)piperazine-1-carboxylate (208.60 mg, 

0.36 mmol) in dichloromethane (3 mL), and the mixture was 

stirred at room temperature for 2 h. After completion of the 

reaction, the mixture was concentrated under reduced pressure. The TFA salt was used in the following 

step without further purification. LC-MS (ESI) (m/z) calculated for C23H27ClN6O2S [M+H]+ = 487.1; 

found: 487.2. 

N-(4-(4-(2-(2-Azidoethoxy)ethyl)piperazin-1-yl)phenyl)-5-chloro-N-(2-

(isopropylsulfonyl)phenyl)pyrimidine-2,4-diamine (206) 

Intermediate 3 (152.40 mg, 0.28 mmol, 

1.00 equiv.) was dissolved in acetonitrile 

(3 mL), to which was added intermediate 4 

(65.60 mg, 0.34 mmol, 1.20 equiv.) and 

potassium carbonate (118.50 mg, 

0.84 mmol, 3.00 equiv.). The resulting mixture was stirred at 80°C overnight, then cooled to room 

temperature and diluted with 5 mL of dichloromethane. The mixture was washed with water and the 

resulting biphasic solution was extracted using dichloromethane (3 x 15 mL). The organic layers were 

combined, dried with anhydrous MgSO4, and filtered. The filtrate was then concentrated under reduced 

pressure and purified by column chromatography (methanol in dichloromethane (2%)) to yield 5 as a 

colorless oil (65.80 mg, 0.11 mmol, 39%). 1H NMR (700 MHz, Chloroform-d) δ 9.54 (s, 1H), 8.51 (dd, 

J = 8.4, 1.1 Hz, 1H), 8.04 (s, 1H), 7.82 (dd, J = 8.0, 1.6 Hz, 1H), 7.49 (ddd, J = 8.7, 7.2, 1.6 Hz, 1H), 

7.37 – 7.30 (m, 2H), 7.16 (ddd, J = 8.2, 7.3, 1.1 Hz, 1H), 6.95 (d, J = 4.7 Hz, 1H), 6.84 – 6.81 (m, 2H), 

5.23 (s, 2H), 3.77 (s, 2H), 3.63 – 3.59 (m, 2H), 3.37 – 3.31 (m, 3H), 3.31 – 3.19 (m, 4H), 3.16 (h, J = 

6.8 Hz, 1H), 2.86 (d, J = 41.2 Hz, 4H), 1.24 (d, J = 6.9 Hz, 6H). 13C NMR (176 MHz, Chloroform-d) 

δ 158.09, 155.37, 155.23, 138.47, 134.49, 131.23, 124.38, 123.44, 123.09, 122.02, 117.23, 105.87, 

69.99, 57.61, 55.62, 53.46, 53.44, 50.70, 48.98, 15.37. LC-MS (ESI) (m/z) calculated for 

C27H34ClN9O3S [M+H]+ = 600.2; found: 600.4. 
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N2-(4-(4-(2-(2-Aminoethoxy)ethyl)piperazin-1-yl)phenyl)-5-chloro-N4-(2-

(isopropylsulfonyl)phenyl)pyrimidine-2,4-diamine (214) 

Intermediate 206 (65.80 mg, 0.11 mmol, 

1.00 equiv.) was dissolved in THF (5 mL) 

and water (0.5 mL) under an argon 

atmosphere and triphenylphosphine 

(34.50 mg, 0.13 mmol, 1.20 equiv.) was 

added thereto. The reaction mixture was 

stirred overnight, then concentrated and dried under vacuum to give the desired intermediate as a yellow 

solid (62.30 mg, 0.11 mmol, 99%). The intermediate was used for the following step without further 

purification. 1H NMR (700 MHz, DMSO-d6) δ 10.87 (s, 1H), 9.85 (s, 1H), 8.34 (d, J = 14.8 Hz, 4H), 

7.89 (dd, J = 7.9, 1.5 Hz, 1H), 7.83 – 7.75 (m, 1H), 7.49 (t, J = 7.8 Hz, 1H), 7.38 (s, 2H), 6.94 (d, J = 

8.4 Hz, 2H), 3.84 (t, J = 4.8 Hz, 2H), 3.72 – 3.69 (m, 4H), 3.57 (s, 2H), 3.50 (d, J = 4.8 Hz, 1H), 3.47 

(q, J = 5.1 Hz, 2H), 3.40 (dt, J = 7.3, 3.8 Hz, 2H), 3.23 (q, J = 10.7 Hz, 2H), 3.01 (p, J = 5.2 Hz, 2H), 

1.14 (d, J = 6.7 Hz, 6H). 13C NMR (176 MHz, DMSO-d6) δ 167.43, 137.68, 135.47, 132.01, 131.53, 

122.37, 116.86, 104.75, 72.63, 70.99, 66.88, 66.83, 63.92, 60.64, 55.31, 55.19, 51.25, 46.07, 44.10, 

38.95, 15.29. LC-MS (ESI) (m/z) calculated for C27H36ClN7O3S [M+H]+ = 575.1; found: 575.2. 

N-(2-(2-(4-(4-((5-Chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-

yl)amino)phenyl)piperazin-1-yl)ethoxy)ethyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)amino)acetamide (198) 

 

 

 

 

 

 

To the azide intermediate 206 (98.90 mg, 0.09 mmol, 1.00 equiv.) in anhydrous dichloromethane 

(3 mL) was added 204 (31.4 mg, 0.09 mmol, 1.1 equiv.) and (1-[bis(dimethylamino)methylene]-1H-

1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) (98.20 mg, 0.26 mmol, 3.00 equiv.) and 

DIPEA (45 μL, 0.26 mmol, 3.00 equiv.) and the reaction mixture was stirred for 2 h. Then, the mixture 

was concentrated in vacuo and the resulting residue was purified by reverse phase HPLC (gradient: 10-

30% MeCN (+0.1%TFA) in water (+0.1% TFA)). Lyophilization afforded the desired degrader as a 

yellow solid (35.00 mg, 0.04 mmol, 46%). 1H NMR (600 MHz, DMSO-d6) δ 11.11 (s, 1H), 9.68 (s, 

1H), 9.53 (s, 1H), 9.42 (s, 1H), 8.64 (s, 1H), 8.26 (s, 1H), 8.25 (t, J = 5.7 Hz, 1H), 7.85 (dd, J = 8.0, 1.6 
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Hz, 1H), 7.78 – 7.70 (m, 1H), 7.59 (dd, J = 8.5, 7.1 Hz, 1H), 7.47 (d, J = 8.5 Hz, 2H), 7.40 – 7.35 (m, 

1H), 7.08 (d, J = 7.1 Hz, 1H), 6.97 (t, J = 6.0 Hz, 1H), 6.93 – 6.89 (m, 2H), 6.87 (d, J = 8.5 Hz, 1H), 

5.06 (dd, J = 12.8, 5.5 Hz, 1H), 3.98 (d, J = 3.7 Hz, 2H), 3.79 (t, J = 4.9 Hz, 2H), 3.71 (d, J = 12.9 Hz, 

2H), 3.60 (d, J = 12.1 Hz, 2H), 3.53 (t, J = 5.7 Hz, 2H), 3.46 (p, J = 6.8 Hz, 1H), 3.41 – 3.33 (m, 4H), 

3.22 (q, J = 10.8 Hz, 2H), 2.98 (t, J = 12.4 Hz, 2H), 2.88 (ddd, J = 17.0, 13.9, 5.5 Hz, 1H), 2.60 – 2.54 

(m, 1H), 2.03 – 1.96 (m, 1H), 1.17 (d, J = 6.8 Hz, 6H). 13C NMR (151 MHz, DMSO-d6) δ 173.26, 

170.51, 169.28, 169.22, 167.74, 159.03, 158.79, 158.56, 158.33, 158.10, 155.35, 146.23, 145.43, 

138.52, 136.73, 135.36, 133.46, 132.53, 131.43, 124.25, 124.03, 121.65, 119.31, 117.91, 116.85, 

115.43, 113.49, 111.54, 110.36, 104.68, 69.56, 64.45, 55.44, 55.34, 51.82, 49.05, 46.60, 45.63, 38.67, 

31.44, 22.61, 15.33. HRMS-ESI (m/z) calculated for C42H47ClN10O8S [M+H]+ = 887.2988; found, 

887.3091. Calculated for C42H47ClN10O8S [M+2H]2+ = 444.1494; found, 444.1494.263 

tert-Butyl (2-(4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-

yl)amino)phenyl)piperazin-1-yl)ethyl)carbamate (208) 

Intermediate XLIV (223.1 mg, 0.37 mmol, 1 

equiv.) was dissolved in acetonitrile (5 mL), to 

which was added tert-butyl (2-

bromoethyl)carbamate (99.80 mg, 0.45 mmol, 

1.20 equiv.) and potassium carbonate 

(153.9 mg, 1.1 mmol, 3.0 equiv.). The resulting mixture was stirred at 80°C overnight, then cooled 

down to room temperature and diluted with 5 mL of dichloromethane. The mixture was washed with 

water and the resulting biphasic solution was extracted using dichloromethane (3 x 20 mL). The organic 

layers were combined, dried with anhydrous MgSO4, and filtered. The filtrate was then concentrated 

under reduced pressure and purified by column chromatography (methanol in dichloromethane (2%)) 

to yield 208 as a colorless oil (111.10 mg, 0.18 mmol, 48%). 1H NMR (500 MHz, DMSO-d6) δ 9.49 

(s, 1H), 9.30 (s, 1H), 8.65 (s, 1H), 8.23 (s, 1H), 7.84 (dd, J = 8.0, 1.6 Hz, 1H), 7.77 – 7.70 (m, 1H), 7.42 

(d, J = 8.4 Hz, 2H), 7.37 (td, J = 7.6, 1.2 Hz, 1H), 6.91 – 6.81 (m, 2H), 6.68 (t, J = 5.8 Hz, 1H), 3.48 – 

3.41 (m, 1H), 3.08 (dt, J = 10.2, 5.6 Hz, 6H), 2.54 (d, J = 5.0 Hz, 4H), 2.38 (t, J = 6.8 Hz, 2H), 1.39 (s, 

9H), 1.17 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, DMSO-d6) δ 158.42, 156.05, 155.75, 155.19, 

147.18, 138.59, 135.38, 132.31, 131.38, 124.48, 124.09, 123.89, 121.78, 116.11, 104.41, 78.01, 64.60, 

57.85, 55.36, 53.22, 49.36, 37.85, 28.74, 15.33. LC-MS (ESI) (m/z) calculated for C30H40ClN7O4S 

[M+H]+ = 630.2; found: 630.4. 

N2-(4-(4-(2-Aminoethyl)piperazin-1-yl)phenyl)-5-chloro-N4-(2-(isopropylsulfonyl)phenyl)pyrimidine-

2,4-diamine (209) 



 Experimental part  

149 

 

TFA was added (1 mL) to a solution of 

intermediate 208 (108.50 mg, 0.17 mmol) in 

dichloromethane (3 mL), and the mixture was 

stirred at room temperature for 2 h. After 

completion of the reaction, the mixture was 

concentrated under reduced pressure. The TFA salt was used in the following step without further 

purification. LC-MS (ESI) (m/z) calculated for C25H32ClN7O2S [M+H]+ = 530.2; found: 530.2. 

4-((2-(4-(4-((5-Chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-

yl)amino)phenyl)piperazin-1-yl)-2-oxoethyl)amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione 

(210) 

 

 

 

 

 

 

To a solution of intermediate XLIV (83.00 mg, 0.17 mmol, 1.00 equiv.) in DMSO (2 mL) was added 

1-Hydroxy-7-azabenzotriazol (HOAt) (340.8 μL, 0.17 mmol, 1 equiv.), 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimid hydrochloride (EDC·HCl) (32.70 mg, 0.17 mmol, 1.00 equiv.), 4-

methylmorpholin (NMM) (93.70 μL, 0.85 mmol, 5.00 equiv.) and 204 (66.00 mg, 0.17 mmol, 

1.00 equiv.) sequentially. The resulting solution was stirred at 25°C for 16 h before the reaction was 

poured into water (20 mL) and extracted with ethyl acetate (3 x 15 mL). The combined organic layers 

were washed with saturated brine (25 mL), dried over anhydrous MgSO4, filtered, and evaporated under 

reduced pressure. The resulting residue was purified by silica gel column chromatography to yield the 

desired product as yellow solid (40.90 mg, 0.05 mmol, 30%). 1H NMR (600 MHz, DMSO-d6) δ 11.11 

(s, 1H), 9.50 (s, 1H), 9.36 (s, 1H), 8.66 (s, 1H), 8.25 (s, 1H), 7.85 (dd, J = 7.9, 1.6 Hz, 1H), 7.80 – 7.72 

(m, 1H), 7.63 (dd, J = 8.5, 7.1 Hz, 1H), 7.47 (d, J = 8.5 Hz, 2H), 7.42 – 7.34 (m, 1H), 7.14 (d, J = 8.5 

Hz, 1H), 7.12 – 7.05 (m, 2H), 6.99 – 6.89 (m, 2H), 5.08 (dd, J = 12.8, 5.5 Hz, 1H), 4.27 (d, J = 4.5 Hz, 

2H), 3.68 (dt, J = 17.1, 5.2 Hz, 4H), 3.49 – 3.42 (m, 1H), 3.32 (s, 2H), 3.16 (t, J = 5.0 Hz, 2H), 3.10 (t, 

J = 5.3 Hz, 2H), 2.90 (ddd, J = 16.8, 13.7, 5.5 Hz, 1H), 2.10 – 2.00 (m, 1H), 1.17 (d, J = 6.7 Hz, 6H). 

13C NMR (151 MHz, DMSO-d6) δ 173.30, 170.56, 169.29, 168.69, 167.83, 166.90, 158.35, 155.74, 

155.23, 146.78, 145.96, 138.57, 136.67, 135.40, 132.50, 131.40, 130.12, 123.97, 121.65, 118.75, 
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116.94, 116.86, 111.32, 110.04, 55.35, 49.82, 49.52, 49.06, 44.17, 41.96, 31.47, 22.62, 15.34. HRMS-

ESI (m/z) calculated for C38H38ClN9O7S [M+H]+ = 800.2303; found: 800.2413. 

N-(2-(4-(4-((5-Chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-yl)amino)phenyl)piperazin-

1-yl)ethyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)acetamide (211) 

 

 

 

 

 

To the obtained TFA salt of 209 (135.30 mg, 0.21 mmol, 1.00 equiv.) in anhydrous dichloromethane (3 

mL) was added 204 (76.50 mg, 0.23 mmol, 1.10 equiv.) and (1-[bis(dimethylamino)methylene]-1H-

1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) (HATU) (239.50 mg, 0.63 mmol, 

3.00 equiv.) and DIPEA (108.90 μL, 0.63 mmol, 3.00 equiv.). and the reaction mixture was stirred for 

3 h. Then, the mixture was concentrated in vacuo and the resulting residue was purified by reverse phase 

HPLC (gradient: 10-30% MeCN (+0.1%TFA) in water (+0.1% TFA)). Lyophilization afforded the 

desired product as a yellow solid (35.00 mg, 0.04 mmol, 37%). 1H NMR (600 MHz, DMSO-d6) δ 11.04 

(s, 1H), 9.66 (s, 1H), 9.44 (s, 1H), 9.34 (s, 1H), 8.57 (s, 1H), 8.36 (t, J = 5.9 Hz, 1H), 8.19 (s, 1H), 7.78 

(dd, J = 8.0, 1.6 Hz, 1H), 7.72 – 7.65 (m, 1H), 7.55 (dd, J = 8.5, 7.1 Hz, 1H), 7.42 (d, J = 8.4 Hz, 2H), 

7.30 (td, J = 7.6, 1.2 Hz, 1H), 7.04 (d, J = 7.1 Hz, 1H), 6.91 (t, J = 5.8 Hz, 1H), 6.89 – 6.83 (m, 3H), 

5.01 (dd, J = 12.8, 5.4 Hz, 1H), 3.94 (d, J = 5.3 Hz, 2H), 3.67 (d, J = 13.0 Hz, 2H), 3.57 (d, J = 11.8 

Hz, 2H), 3.49 – 3.43 (m, 2H), 3.38 (p, J = 6.8 Hz, 1H), 3.21 (t, J = 6.4 Hz, 2H), 3.14 (s, 2H), 2.92 – 

2.78 (m, 3H), 1.96 (dtd, J = 13.1, 5.4, 2.3 Hz, 1H), 1.10 (d, J = 6.8 Hz, 6H). 13C NMR (151 MHz, 

DMSO-d6) δ 173.29, 170.53, 170.05, 169.22, 167.76, 158.21, 155.58, 155.30, 146.27, 145.33, 138.55, 

136.75, 135.37, 133.57, 132.55, 131.43, 123.99, 121.61, 118.01, 117.97, 116.90, 111.66, 110.48, 55.35, 

55.03, 51.52, 49.06, 46.71, 45.81, 40.53, 34.11, 31.46, 22.64, 15.33. LC-MS (ESI): calculated for 

C40H43ClN10O7S [M+H]+ = 843.2; found: 843.0. HRMS-ESI (m/z) calculated for C40H43ClN10O7S 

[M+2H]2+ = 422.6363; found: 422.6444 [M+2H]2+. 

5-Chloro-N4-(2-(isopropylsulfonyl)phenyl)-N2-(4-(4-methylpiperazin-1-yl)phenyl)pyrimidine-2,4-

diamine (212) 

2,5-dichloro-N-(2-(isopropylsulfonyl)phenyl)pyrimidin-4-

amine (50.00 mg, 0.14 mmol, 1.00 equiv.), 4-(4-

methylpiperazin-1-yl)aniline (27.60 mg, 0.14 mmol, 

1.00 equiv.) and p-toluenesulfonic acid monohydrate 

(27.50 mg, 0.14 mmol, 1.00 equiv.) were placed in a 25 mL 
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flask, and isopropanol was added (2 mL). The resulting suspension was heated to 85°C and stirred for 

16 h until completion of the reaction monitored by TLC. Then, the mixture was cooled to room 

temperature, the solvent was removed under reduced pressure, and purification using silica gel column 

chromatography afforded the desired product as an off-white solid (44.10 mg, 0.09 mmol, 61%). 1H 

NMR (400 MHz, DMSO-d6) δ 9.46 (s, 1H), 9.28 (s, 1H), 8.63 (s, 1H), 8.21 (s, 1H), 7.81 (dd, J = 7.9, 

1.6 Hz, 1H), 7.71 (ddd, J = 8.7, 7.4, 1.7 Hz, 1H), 7.40 (d, J = 8.6 Hz, 2H), 7.35 (td, J = 7.6, 1.2 Hz, 1H), 

6.87 – 6.81 (m, 2H), 3.43 (q, J = 6.8 Hz, 1H), 3.08 – 3.01 (m, 4H), 2.45 (t, J = 5.0 Hz, 4H), 2.21 (s, 

3H), 1.15 (d, J = 6.8 Hz, 6H). 13C NMR (176 MHz, DMSO-d6) δ 158.40, 155.74, 155.20, 146.93, 

138.59, 135.39, 132.48, 131.39, 124.53, 124.12, 123.91, 121.70, 116.23, 104.43, 55.35, 54.91, 48.96, 

45.85, 15.34. LC-MS (ESI) (m/z) calculated for C24H29ClN6O2S [M+H]+ = 501.2; found: 501.0. 

5.2.3.2 Rationally designed fragments and small molecules 

General Procedure L (N6-Alkylation) 

To a solution of intermediate 215 or 217 (1.0 equiv.) in absolute ethanol (5 ml), methylamine (7% 

solution in THF, 1.1 equiv.) or cyclopropyl amine (1.1 equiv.) was added in the presence of 

triethylamine (1.1 equiv.). The reaction mixture was heated to 80°C and stirred for 3 h. Then, the 

reaction mixture was left to cool and concentrated under reduced pressure. The resulting crude residue 

was purified using silica gel column chromatography using the indicated eluent system. 

6-Chloro-9-methyl-9H-purine (215) 

To a solution of 6-chloro-9H-purine (500.00 mg, 3.24 mmol, 1.00 equiv.) in anhydrous 

THF (8 mL), sodium hydride (60% dispersion in mineral oil, 194.10 mg, 4.85 mmol, 

1.50 equiv.) was added portion wise at 0°C. After the suspension was stirred for 0.5 h in 

the ice bath, iodomethane (201.40 µL, 3.24 mmol, 1.00 equiv.) was added and the 

reaction mixture was stirred for another hour at room temperature. Subsequently, the mixture was 

diluted with ddH2O and extracted with EtOAc (3 x 30 mL). The combined organic layer was dried with 

anhydrous MgSO4 and the solvent was evaporated in vacuo. The crude solid was purified using silica 

gel column chromatography (elution system: Petroleum ether/ EtOAc (5:1)) to afford the desired 

product as a white solid (409.0 mg, 2.43 mmol, 75%). 1H NMR (400 MHz, DMSO-d6): δ 3.72 (s, 3H), 

8.72 (s, 1H), 9.15 (s, 1H).  

6-Chloro-N4-cyclopropylpyrimidine-4,5-diamine (216) 

To a stirring solution of 4,6-dichloro-5-aminopyrimidine (250.00 mg, 1.52 mmol, 

1.00 equiv.) in isopropanol (4 mL), was added cyclopropyl amine (105.60 µL, 

1.52 mmol, 1.00 equiv.) and triethylamine (233.70 µL, 1.68 mmol, 1.10 equiv.) and the 

mixture was refluxed for 5 h. After the reaction was complete monitored by TLC (eluent 

system: Petroleum ether/ EtOAc (3:1), Rf = 0.4), the solvent was removed in vacuo and 
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the resulting crude was purified using silica gel column chromatography (eluent system: Petroleum 

ether/ EtOAc (4:1)) to give the desired substituted pyrimidine (205.5 mg, 1.1 mmol, 73%). 

6-Chloro-9-cyclopropyl-9H-purine (217) 

To a solution of intermediate 216 (186.5 mg, 1.0 mmol, 1.0 equiv.) in triethyl 

orthoformate (3.4 mL, 20.2 mmol, 20 equiv.) under an argon atmosphere was added 

concentrated HCl (12 M) and the mixture was stirred at room temperature for 5 h. After 

the reaction was complete (monitored by TLC and LC-MS) the solvent was removed 

under reduced pressure. The resulting crude mixture was purified using silica gel 

column chromatography (eluent system: Petroleum ether/ EtOAc = 3:1) to afford the desired 

chloropurine as a white solid (180.1 mg, 0.93 mmol, 92%). 1H NMR (400 MHz, Chloroform-d) δ 8.77 

(s, 1H), 8.11 (s, 1H), 3.51 (d, J = 26.1 Hz, 1H), 1.25 (d, J = 36.9 Hz, 2H), 1.20 – 1.10 (m, 2H). LC-MS 

(ESI) (m/z): calculated for C8H7ClN4 [M+H]+ = 195.6; found: 195.1. 

N,9-Dimethyl-9H-purin-6-amine (218) 

Following the general procedure L, the product was isolated as a white solid after 

purification using silica gel column chromatography (146.9 mg, 0.9 mmol, 61%) (eluent 

system: petroleum ether/ EtOAc (6:1)). 1H NMR (400 MHz, Chloroform-d) δ 8.42 (s, 

1H), 7.70 (s, 1H), 5.90 (s, 1H), 3.81 (s, 3H), 3.21 (s, 3H). 

N-Cyclopropyl-9-methyl-9H-purin-6-amine (219) 

Following the general procedure L, the product was isolated as a white solid after 

purification using silica gel column chromatography (97.6 mg, 0.5 mmol, 90%) 

(eluent system: petroleum ether/ EtOAc (6:1)). 1H NMR (400 MHz, Chloroform-d) δ 

8.48 (s, 1H), 7.71 (s, 1H), 5.96 (s, 1H), 3.81 (s, 3H), 3.12 – 2.94 (m, 1H), 0.92 (td, J = 

7.0, 5.2 Hz, 2H), 0.65 (ddd, J = 7.0, 5.1, 3.8 Hz, 2H). LC-MS (ESI) (m/z): calculated 

for C9H11N5 [M+H]+ = 190.2; found: 190.2.  

9-Cyclopropyl-N-methyl-9H-purin-6-amine (220) 

Following the general procedure L, the product was isolated as a white solid after 

purification using silica gel column chromatography (78.0 mg, 0.4 mmol, 98%) (eluent 

system: petroleum ether/ EtOAc (6:1)). 1H NMR (400 MHz, Chloroform-d) δ 8.44 (s, 

1H), 7.72 (s, 1H), 5.83 (s, 1H), 3.42 (tt, J = 7.2, 3.8 Hz, 1H), 3.20 (d, J = 4.9 Hz, 3H), 

1.25 – 1.13 (m, 2H), 1.13 – 1.05 (m, 2H). LC-MS (ESI) (m/z): calculated for C9H11N5 

[M+H]+ = 190.2; found: 190.2.  

N,9-Dicyclopropyl-9H-purin-6-amine (221) 
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Following the general procedure L, the product was isolated as a white solid after 

purification using silica gel column chromatography (88.0 mg, 0.4 mmol, 99%) 

(eluent system: petroleum ether/ EtOAc (6:1)). 1H NMR (400 MHz, Chloroform-d) 

δ 8.52 (s, 1H), 7.75 (s, 1H), 5.98 (s, 1H), 3.43 (tt, J = 7.6, 3.9 Hz, 1H), 3.04 (s, 1H), 

1.23 – 0.62 (m, 8H). LC-MS (ESI) (m/z): calculated for C11H13N5 [M+H]+ = 216.3; 

found: 216.4.  

General Procedure M (Piperazine substitution) 

Benzyl bromide (1 equiv.) was added to a stirred solution of tert-butyl piperazine-1-carboxylate 

(1 equiv.) and triethylamine (2 equiv.) in dichloromethane (4 ml). The solution was stirred at room 

temperature for 16 h and then concentrated in vacuo. The residue was purified by silica gel column 

chromatography using indicated eluent systems to give the desired piperazine. 

tert-Butyl 4-(3-(methoxycarbonyl)benzyl)piperazine-1-carboxylate (224) 

The intermediate 224 was synthesized according to the general 

procedure M. The product was obtained as a white solid (278.30 mg, 

0.82 mmol, 62%) (eluent system: Petroleum ether/ EtOAc = 3:1)). 1H 

NMR (400 MHz, Chloroform-d) δ 8.00 (s, 3H), 7.45 (s, 1H), 3.92 (s, 

5H), 3.52 (s, 4H), 2.50 (s, 4H), 1.44 (s, 9H). LC-MS (ESI) (m/z): 

calculated for C18H26N2O4 [M+H]+ = 335.2; found: 335.2. 

tert-Butyl 4-(4-(methoxycarbonyl)benzyl)piperazine-1-carboxylate (225) 

The intermediate 225 was synthesized according to the general procedure M. 

The product was obtained as a white solid (328.50 mg, 0.98 mmol, 75%) 

(eluent system: Petroleum ether/ EtOAc = 3:1)). 1H NMR (500 MHz, 

Chloroform-d) δ 7.97 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 3.89 (s, 

3H), 3.40 (t, J = 5.1 Hz, 4H), 2.37 (t, J = 5.1 Hz, 4H), 1.43 (s, 9H). 13C NMR 

(126 MHz, Chloroform-d) δ 167.30, 155.10, 143.80, 129.90, 129.40, 129.20, 

79.90, 62.90, 52.30, 28.70. LC-MS (ESI) (m/z): calculated for C18H26N2O4 

[M+H]+ = 335.2; found: 335.2. 

tert-Butyl 4-(4-(methylsulfonyl)benzyl)piperazine-1-carboxylate (226) 
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The intermediate 226 was synthesized according to the general procedure 

M. The product was obtained as a beige solid (285.50 mg, 0.81 mmol, 75%) 

(eluent system: Petroleum ether/ EtOAc = 4:1)). 1H NMR (500 MHz, 

Chloroform-d) δ 7.97 (d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), , 3.39 (t, 

J = 5.1 Hz, 4H), 3.35 (s, 3H), 2.36 (t, J = 5.1 Hz, 4H), 1.43 (s, 9H). LC-MS 

(ESI) (m/z): calculated for C17H26N2O4S [M+H]+ = 355.2; found: 355.2.  

 

tert-Butyl 4-(4-nitrobenzyl)piperazine-1-carboxylate (227) 

The intermediate 227 was synthesized according to the general procedure M. 

The product was obtained as a pale-yellow solid (714.1 mg, 2.2 mmol, 96%) 

(eluent system: Petroleum ether/ EtOAc = 5:1)). 1H NMR (700 MHz, 

Chloroform-d) δ 8.18 (s, 2H), 7.92 (d, J = 39.4 Hz, 1H), 7.66 – 7.30 (m, 1H), 

4.43 – 3.83 (m, 2H), 3.70 – 3.33 (m, 4H), 3.22 – 1.93 (m, 4H), 1.39 (s, 9H). 

13C NMR (176 MHz, Chloroform-d) δ 190.26, 154.34, 140.07, 140.06, 

132.70, 130.50, 129.52, 124.83, 124.33, 124.05, 80.71, 60.40, 52.49, 43.48, 

40.87, 28.32. LC-MS (ESI) (m/z): calculated for C16H23N3O4 [M+H]+ = 322.2; found: 322.1. 

Methyl 3-(piperazin-1-ylmethyl)benzoate (228) 

Trifluoroacetic acid (1 mL) was added to a solution of intermediate 224 

(278.30 mg, 0.82 mmol) in dichloromethane (3 mL), and the mixture was 

stirred at room temperature for 2 h. After full consumption of the starting 

material (monitored by LC-MS) the solvent was removed under reduced 

pressure to give the intermediate as TFA salt (193.0 mg, 0.82 mmol, 99%). 

LC-MS (ESI) (m/z): calculated for C13H18N2O2 [M+H]+ = 235.1; found: 235.1. 

Methyl 4-(piperazin-1-ylmethyl)benzoate (229) 

Trifluoroacetic acid (1 mL) was added to a solution of intermediate 225 (278.30 mg, 

0.82 mmol) in dichloromethane (3 mL), and the mixture was stirred at room 

temperature for 2 h. After full consumption of the starting material (monitored by LC-

MS) the solvent was removed under reduced pressure to give the intermediate as TFA 

salt (258.0 mg, 1.1 mmol, 99%). LC-MS (ESI) (m/z): calculated for C13H18N2O2 

[M+H]+ = 235.1; found: 235.1. 

1-(4-(Methylsulfonyl)benzyl)piperazine (230) 
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Trifluoroacetic acid (1 mL) was added to a solution of intermediate 226 (280.00 mg, 

0.78 mmol) in dichloromethane (3 mL), and the mixture was stirred at room 

temperature for 2 h. After full consumption of the starting material (monitored by LC-

MS) the solvent was removed under reduced pressure to give the intermediate as TFA 

salt (198.90 mg, 0.78 mmol, 99%). LC-MS (ESI) (m/z): calculated for C12H18N2O2S 

[M+H]+ = 255.1; found: 255.2. 

1-(4-Nitrobenzyl)piperazine (231) 

Trifluoroacetic acid (1 mL) was added to a solution of intermediate 227 (500.0 mg, 

1.5 mmol) in dichloromethane (3 mL), and the mixture was stirred at room 

temperature for 2 h. After full consumption of the starting material (monitored by LC-

MS) the solvent was removed under reduced pressure to give the intermediate as TFA 

salt (340.7 mg, 1.5 mmol, 99%). LC-MS (ESI) (m/z): calculated for C12H18N2O2S 

[M+H]+ = 222.1; found: 222.1. 

Methyl 4-(6-chloro-9H-purin-9-yl)benzoate (232) 

A mixture of 6-chloropurine (300.0 mg, 1.9 mmol, 1.0 equiv.), (4-

(methoxycarbonyl)phenyl)boronic acid (698.6 mg, 3.9 mmol, 2.0 equiv.), 

anhydrous copper(II) acetate (352.6 mg, 1.9 mmol, 1 equiv.), triethylamine 

(541.1 µL, 3.9 mmol, 2 equiv.) in anhydrous DMF (5 mL) in the presence of 4 Å 

molecular sieves was stirred vigorously at room temperature overnight. After 

completion of the reaction, monitored by TLC and LC-MS, methanol was added, 

and the resulting mixture was filtered through a pad of celite. The filtrate was 

concentrated under reduced pressure and the crude material was purified by silica gel column 

chromatography (elution system: petroleum ether/ EtOAc = 5:1) to give the intermediate as an off-white 

solid (163.20 mg, 0.57 mmol, 29%). 1H NMR (700 MHz, Chloroform-d) δ 8.79 (s, 1H), 8.42 (s, 1H), 

8.24 – 8.19 (m, 2H), 7.86 – 7.80 (m, 2H), 3.92 (s, 3H). 13C NMR (176 MHz, Chloroform-d) δ 164.77, 

151.87, 151.05, 150.33, 142.45, 136.59, 131.36, 130.53, 129.37, 121.82, 51.55. LC-MS (ESI) (m/z): 

calculated for C13H9ClN4O2 [M+H]+ = 289.0; found: 289.0.  

Methyl 4-(6-(methylamino)-9H-purin-9-yl)benzoate (233) 

Following the general procedure L, the product was isolated as a white solid after 

purification using silica gel column chromatography (108.10 mg, 0.38 mmol, 

58%) (eluent system: petroleum ether/ EtOAc (3:1)). 1H NMR (600 MHz, 

DMSO-d6) δ 8.74 (s, 1H), 8.35 (s, 1H), 8.22 – 8.13 (m, 4H), 7.94 (s, 1H), 3.90 (s, 

3H), 3.00 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 166.03, 155.73, 153.89, 

148.60, 139.62, 139.55, 131.03, 128.41, 122.66, 120.48, 52.81, 27.51. LC-MS 

(ESI) (m/z): calculated for C14H13N5O2 [M+H]+ = 284.1; found: 284.1. 
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4-(6-(Methylamino)-9H-purin-9-yl)benzoic acid (234) 

To a suspension of intermediate 233 (150.0 mg, 0.5 mmol, 1.0 equiv.) in THF 

(1.5 mL) was added water (1.5 mL) and sodium hydroxide (31.70 mg, 

0.79 mmol, 1.50 equiv.). The mixture was stirred at room temperature for 3 h and 

then acidified using a 1 M aqueous HCl solution. The mixture was extracted with 

EtOAc (3 x 30 mL) and the organic layer was combined, washed with a saturated 

aqueous NaCl solution (20 mL), dried using anhydrous MgSO4, and concentrated 

under reduced pressure to give the desired carboxylic acid 233 as a white solid 

(141.10 mg, 0.52 mmol, 99%). The intermediate was used in the following step without further 

purification. 1H NMR (700 MHz, DMSO-d6) δ 13.21 (s, 1H), 8.81 (s, 1H), 8.42 (s, 1H), 8.18 – 8.13 (m, 

2H), 8.10 (d, J = 8.2 Hz, 2H), 3.47 (s, 1H), 3.05 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ 167.02, 

153.80, 151.40, 148.05, 140.75, 138.74, 131.17, 130.17, 123.11, 120.35, 28.24. LC-MS (ESI) (m/z): 

calculated for C13H11N5O2 [M+H]+ = 270.1; found: 270.1. 

General Procedure N (Amide coupling–rationally designed compounds) 

The deprotected piperazine (228-231) (1.0 equiv.) was added to a solution of carboxylic acid (234, 241 

or 245) (1.0 eq) and HATU (1.25 eq) in anhydrous DMF (5 mL) and triethylamine (3.5 equiv.). The 

reaction was stirred at room temperature for 16 h. After adding water and ethyl acetate to the mixture, 

the biphasic solution was transferred to a separation funnel and the aqueous layer was extracted using 

additional ethyl acetate (3 x 20 mL). The combined organic layer was washed with brine, dried over 

anhydrous MgSO4, and the solvent was concentrated in vacuo. Purification of the resulting residue using 

silica gel column chromatography gave the desired compound. 

Methyl 3-((4-(4-(6-(methylamino)-9H-purin-9-yl)benzoyl)piperazin-1-yl)methyl)benzoate (235) 

The intermediate 235 was synthesized according to the 

general procedure N. The product was obtained as a 

colorless oil (36.10 mg, 0.07 mmol, 20%) (eluent system: 

3% MeOH in dichloromethane). 1H NMR (700 MHz, 

DMSO-d6) δ 8.65 (s, 1H), 8.32 (s, 1H), 8.02 (d, J = 8.4 Hz, 

2H), 7.93 (t, J = 1.8 Hz, 1H), 7.87 (dt, J = 7.8, 1.5 Hz, 1H), 

7.63 – 7.55 (m, 4H), 7.50 (t, J = 7.7 Hz, 1H), 3.86 (s, 3H), 

3.71 (d, J = 64.0 Hz, 2H), 3.60 (s, 3H), 3.05 – 2.95 (m, 4H), 

2.44 (d, J = 40.7 Hz, 4H). 13C NMR (176 MHz, DMSO-d6) 

δ 169.62, 168.59, 166.72, 153.75, 148.60, 139.68, 139.66, 139.17, 136.40, 135.11, 134.31, 130.14, 

129.96, 129.23, 128.77, 128.43, 127.89, 123.00, 61.73, 52.62, 46.24, 27.51. LC-MS (ESI) (m/z): 

calculated for C26H27N7O3 [M+H]+ = 486.5; found: 486.4. 

Methyl 4-((4-(4-(6-(methylamino)-9H-purin-9-yl)benzoyl)piperazin-1-yl)methyl)benzoate (236) 
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The intermediate 236 was synthesized according to the general 

procedure N. The product was obtained as a colorless oil 

(43.30 mg, 0.09 mmol, 24%) (eluent system: 3% MeOH in 

dichloromethane). LC-MS (ESI) (m/z): calculated for 

C26H27N7O3 [M+H]+ = 486.5; found: 486.4. 

 

 

 

 

(4-(6-(Methylamino)-9H-purin-9-yl)phenyl)(4-(4-(methylsulfonyl)benzyl)piperazin-1-yl)methanone 

(237) 

237 was synthesized according to the general procedure N. The 

product was obtained as a yellow oil (20.00 mg, 0.04 mmol, 26%) 

(eluent system: 1% MeOH in dichloromethane). 1H NMR (700 

MHz, DMSO-d6) δ 8.61 (s, 1H), 8.27 (s, 1H), 7.98 (dd, J = 15.1, 

8.0 Hz, 4H), 7.70 (d, J = 7.9 Hz, 2H), 7.64 – 7.59 (m, 2H), 4.49 – 

3.93 (m, 3H), 3.19 (s, 8H), 3.11 (d, J = 30.7 Hz, 3H), 2.93 (s, 3H). 

13C NMR (176 MHz, DMSO-d6) δ 166.74, 156.83, 156.64, 

156.45, 156.26, 153.30, 151.23, 146.43, 140.05, 140.01, 137.79, 

134.71, 131.94, 130.41, 127.01, 125.79, 121.02, 118.28, 115.77, 

114.09, 49.35, 41.74, 25.57. LC-MS (ESI) (m/z): calculated for 

C26H27N7O3 [M+H]+ = 506.6; found: 506.4. 

(4-(6-(Methylamino)-9H-purin-9-yl)phenyl)(4-(4-nitrobenzyl)piperazin-1-yl)methanone (238) 

238 was synthesized according to the general procedure N. The 

product was obtained as a yellow oil (112.30 mg, 0.24 mmol, 

64%) (eluent system: 1% MeOH in dichloromethane). 1H NMR 

(700 MHz, DMSO-d6) δ 8.65 (d, J = 3.5 Hz, 1H), 8.32 (s, 1H), 

8.24 – 8.18 (m, 1H), 8.10 – 7.95 (m, 3H), 7.89 (s, 1H), 7.65 – 7.60 

(m, 1H), 7.60 – 7.51 (m, 2H), 5.76 (s, 1H), 3.68 (s, 2H), 3.45 (s, 

2H), 3.25 (s, 2H), 3.02 – 2.96 (m, 3H), 1.19 – 1.12 (m, 4H). 13C 

NMR (176 MHz, DMSO-d6) δ 169.63, 168.63, 153.74, 148.60, 

147.13, 146.79, 139.68, 136.58, 135.98, 130.27, 128.77, 127.89, 
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123.89, 123.03, 61.24, 55.38, 46.25, 27.51, 14.56, 13.31. LC-MS (ESI) (m/z): calculated for 

C24H24N8O3 [M+H]+ = 473.5; found: 473.4. 

3-((4-(4-(6-(Methylamino)-9H-purin-9-yl)benzoyl)piperazin-1-yl)methyl)benzoic acid (239) 

To a suspension of intermediate 235 (46.5 mg, 0.1 mmol, 

1.0 equiv.) in THF (1 mL) was added water (1 mL) and 

sodium hydroxide (5.75 mg, 0.14 mmol, 1.5 equiv.). The 

mixture was stirred at room temperature for 3 h and then 

acidified using a 1 M aqueous HCl solution. The mixture 

was extracted with EtOAc (3 x 30 mL) and the organic layer 

was combined, washed with a saturated aqueous NaCl 

solution (20 mL), dried using anhydrous MgSO4, and 

concentrated under reduced pressure. Purification of the 

crude product using silica gel column chromatography (eluent system: 5% MeOH in dichloromethane) 

afforded the desired compound as a beige solid (24.40 mg, 0.05 mmol, 54%). 1H NMR (500 MHz, 

DMSO-d6) δ 12.95 (s, 1H), 8.66 (s, 1H), 8.32 (s, 1H), 8.02 (d, J = 8.4 Hz, 2H), 7.96 – 7.89 (m, 2H), 

7.87 – 7.81 (m, 1H), 7.64 – 7.59 (m, 2H), 7.55 (d, J = 7.6 Hz, 1H), 7.45 (t, J = 7.6 Hz, 1H), 3.70 (d, J 

= 43.0 Hz, 2H), 3.59 (s, 2H), 3.52 – 3.46 (m, 1H), 3.10 – 2.88 (m, 4H), 2.49 – 2.30 (m, 4H). 13C NMR 

(126 MHz, DMSO-d6) δ 168.59, 155.70, 153.75, 148.58, 139.68, 138.75, 136.39, 135.09, 133.61, 

130.18, 128.92, 128.78, 128.55, 122.99, 120.33, 61.86, 45.73, 43.93, 27.52, 8.96. LC-MS (ESI) (m/z): 

calculated for C25H25N7O3 [M+H]+ = 472.5; found: 472.4. 

4-((4-(4-(6-(Methylamino)-9H-purin-9-yl)benzoyl)piperazin-1-yl)methyl)benzoic acid (240) 

To a suspension of intermediate 236 (41.40 mg, 0.09 mmol, 

1.0 equiv.) in THF (1 mL) was added water (1 mL) and sodium 

hydroxide (5.11 mg, 0.13 mmol, 1.5 equiv.). The mixture was 

stirred at room temperature for 3 h and then acidified using a 

1 M aqueous HCl solution. The mixture was extracted with 

EtOAc (3 x 30 mL) and the organic layer was combined, 

washed with a saturated aqueous NaCl solution (20 mL), dried 

using anhydrous MgSO4, and concentrated under reduced 

pressure. Purification of the crude product using silica gel 

column chromatography (eluent system: 5% MeOH in 

dichloromethane) afforded the desired compound as a beige solid (40.00 mg, 0.08 mmol, 99%). 1H 

NMR (500 MHz, DMSO-d6) δ 12.99 (s, 1H), 8.66 (s, 1H), 8.32 (s, 1H), 8.02 (d, J = 8.2 Hz, 2H), 7.91 

(dd, J = 10.9, 4.7 Hz, 3H), 7.65 – 7.57 (m, 2H), 7.44 (d, J = 8.0 Hz, 2H), 3.70 (d, J = 35.1 Hz, 2H), 3.59 

(s, 2H), 3.17 (s, 1H), 3.06 – 2.90 (m, 3H), 2.49 – 2.25 (m, 4H), 1.26 – 1.18 (m, 1H). 13C NMR (126 
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MHz, DMSO-d6) δ 168.60, 155.70, 153.75, 148.57, 143.37, 139.68, 136.40, 135.07, 129.77, 129.29, 

128.78, 122.99, 120.32, 61.84, 53.24, 49.04, 47.67, 27.52. LC-MS (ESI) (m/z): calculated for 

C25H25N7O3 [M+H]+ = 472.5; found: 472.4. 

Methyl 4-(6-(cyclopropylamino)-9H-purin-9-yl)benzoate (241) 

Following the general procedure L, the product was isolated as a white solid 

after purification using silica gel column chromatography (106.10 mg, 

0.34 mmol, 99%) (eluent system: petroleum ether/ EtOAc (3:1)). 1H NMR 

(700 MHz, Chloroform-d) δ 8.84 (s, 1H), 8.46 (s, 1H), 8.14 – 8.06 (m, 2H), 

8.02 – 7.94 (m, 2H), 2.91 (s, 1H), 1.21 – 1.13 (m, 1H), 0.85 (dt, J = 7.0, 3.4 

Hz, 2H), 0.76 – 0.62 (m, 2H). 3.00 (s, 3H). LC-MS (ESI) (m/z): calculated for 

C16H15N5O2 [M+H]+ = 310.1; found: 310.1. 

4-(6-(Cyclopropylamino)-9H-purin-9-yl)benzoic acid (242) 

To a suspension of intermediate 241 (109.70 mg, 0.35 mmol, 1.0 equiv.) in 

THF (1.5 mL) was added water (1.5 mL) and sodium hydroxide (21.30 mg, 

0.53 mmol, 1.5 equiv.). The mixture was stirred at room temperature for 3 h 

and then acidified using a 1 M aqueous HCl solution. The mixture was 

extracted with EtOAc (3 x 30 mL) and the organic layer was combined, 

washed with a saturated aqueous NaCl solution (20 mL), dried using 

anhydrous MgSO4, and concentrated under reduced pressure to give the 

desired carboxylic acid x as a white solid (141.10 mg, 0.52 mmol, 99%). The 

intermediate was used in the following step without further purification. 1H NMR (700 MHz, DMSO-

d6) δ 9.69 (s, 1H), 8.84 (s, 1H), 8.46 (s, 1H), 8.14 – 8.06 (m, 2H), 8.02 – 7.94 (m, 2H), 2.91 (s, 1H), 

1.21 – 1.13 (m, 1H), 0.85 (dt, J = 7.0, 3.4 Hz, 2H), 0.76 – 0.62 (m, 2H). 13C NMR (176 MHz, DMSO-

d6) δ 171.70, 157.22, 152.99, 146.87, 142.93, 135.95, 135.45, 128.43, 124.88, 85.77, 72.24, 55.78, 

12.08. LC-MS (ESI) (m/z): calculated for C15H13N5O2 [M+H]+ = 296.1; found: 296.1. 

Methyl 4-((4-(4-(6-(cyclopropylamino)-9H-purin-9-yl)benzoyl)piperazin-1-yl)methyl)benzoate (243) 
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The intermediate 243 was synthesized according to the general 

procedure N. The product was obtained as a colorless oil 

(93.60 mg, 0.18 mmol, 45%) (eluent system: 2% MeOH in 

dichloromethane). LC-MS (ESI) (m/z): calculated for 

C28H29N7O3 [M+H]+ = 512.6; found: 512.4. 

 

 

 

 

 

4-((4-(4-(6-(Cyclopropylamino)-9H-purin-9-yl)benzoyl)piperazin-1-yl)methyl)benzoic acid (244) 

To a suspension of intermediate 243 (103.5 mg, 0.2 mmol, 

1.0 equiv.) in THF (1.5 mL) was added water (1.5 mL) and 

sodium hydroxide (12.1 mg, 0.3 mmol, 1.5 equiv.). The 

mixture was stirred at room temperature for 3 h and then 

acidified using a 1 M aqueous HCl solution. Then, the solvent 

was removed under reduced pressure and the residue was re-

dissolved in an ACN/ water mixture. Purification of the crude 

product using C18-reversed phase silica gel column 

chromatography (eluent system: 20% ACN in water (+0.1% 

TFA)) afforded the desired compound as a white solid 

(24.10 mg, 0.05 mmol, 24%). 1H NMR (700 MHz, DMSO-

d6) δ 12.66 (s, 1H), 8.58 (s, 1H), 8.26 (s, 1H), 8.00 (d, J = 22.8 Hz, 1H), 7.95 – 7.92 (m, 2H), 7.81 – 

7.76 (m, 2H), 7.56 – 7.51 (m, 2H), 7.25 (d, J = 7.9 Hz, 2H), 3.48 (s, 2H), 3.33 (s, 4H), 2.97 (s, 1H), 

2.41 – 2.23 (m, 4H), 0.68 (dt, J = 6.8, 3.3 Hz, 2H), 0.60 – 0.55 (m, 2H). 13C NMR (176 MHz, DMSO-

d6) δ 168.90, 168.60, 156.32, 153.61, 140.80, 139.94, 139.82, 136.35, 135.48, 135.16, 130.58, 129.57, 

128.76, 128.70, 123.08, 122.12, 120.18, 62.07, 53.26, 52.70, 47.73, 42.12, 6.76. LC-MS (ESI) (m/z): 

calculated for C25H25N7O3 [M+H]+ = 498.5; found: 498.4.  

4-((6-Chloropyrimidin-4-yl)amino)benzoic acid (245) 
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4,6-Dichloropyrimidine (923.50 mg, 6.20 mmol, 1.00 equiv.), 4-

aminobenzoic acid (901.10 mg, 6.57 mmol, 1.10 equiv.) were heated at 

90°C in a mixture of concentrated HCI (12 M, 0.1 mL), water (3.2 mL), and 

acetone (2.2 mL) for 4 h. Afterwards, the mixture was cooled to room 

temperature, filtered and washed using water, abs. EtOH and diethyl ether 

yielding the title compound as a white solid (1.4 g, 5.7 mmol, 92%). 1H 

NMR (700 MHz, DMSO-d6) δ 12.70 (s, 1H), 10.19 (s, 1H), 8.57 (d, J = 0.9 Hz, 1H), 7.96 – 7.90 (m, 

2H), 7.82 – 7.78 (m, 2H), 6.91 (d, J = 1.0 Hz, 1H). 13C NMR (176 MHz, DMSO-d6) δ 167.39, 161.36, 

158.92, 158.67, 143.74, 130.95, 125.10, 119.47, 106.63. LC-MS (ESI) (m/z): calculated for 

C11H8ClN3O2 [M+H]+ = 250.6; found: 250.2.  

Methyl 3-((4-(4-((6-chloropyrimidin-4-yl)amino)benzoyl)piperazin-1-yl)methyl)benzoate (246) 

The intermediate 246 was synthesized according to 

the general procedure N. The product was obtained as 

a colorless oil (123.20 mg, 0.26 mmol, 44%) (eluent 

system: 2% MeOH in dichloromethane). LC-MS 

(ESI) (m/z): calculated for C24H24ClN5O3 [M+H]+ = 

466.9; found: 467.0. 

 

3-((4-(4-((6-Chloropyrimidin-4-yl)amino)benzoyl)piperazin-1-yl)methyl)benzoic acid (247) 

To a suspension of intermediate 246 (67.80 mg, 

0.15 mmol, 1.0 equiv.) in THF (1.5 mL) was added 

water (1.5 mL) and sodium hydroxide (8.73 mg, 

0.22 mmol, 1.5 equiv.). The mixture was stirred at 

room temperature for 3 h and then acidified using a 

1 M aqueous HCl solution. Then, the solvent was 

removed under reduced pressure and the residue was 

re-dissolved in an ACN/ water mixture. Purification of the crude product using C18-reversed phase 

silica gel column chromatography (eluent system: 20% ACN in water (+0.1% TFA)) afforded the 

desired compound as a white solid (16.40 mg, 0.04 mmol, 25%). 1H NMR (700 MHz, DMSO-d6) δ 

10.25 (s, 1H), 8.44 (d, J = 0.9 Hz, 1H), 7.80 (t, J = 1.8 Hz, 1H), 7.74 (dt, J = 7.6, 1.5 Hz, 1H), 7.68 – 

7.61 (m, 2H), 7.39 – 7.26 (m, 4H), 6.86 (d, J = 0.9 Hz, 1H), 3.47 (s, 2H), 3.37 – 3.29 (m, 4H), 2.38 – 

2.24 (m, 4H). 13C NMR (176 MHz, DMSO-d6) δ 169.19, 168.80, 161.54, 158.90, 158.47, 140.81, 

138.03, 135.50, 132.04, 130.42, 130.24, 128.62, 128.44, 128.30, 119.94, 106.18, 62.23, 55.79, 53.02. 

LC-MS (ESI) (m/z): calculated for C23H22ClN5O3 [M+H]+ = 452.9; found: 453.0. 

5.2.3.3 Phenyl pyrazoles 
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General Procedure O (3-formylchromone synthesis): 

A substituted 2-hydroxyacetophenone (1 equiv.) was dissolved in anhydrous dimethylformamide 

(3 mL). Phosphorus(V) oxychloride (2 equiv.) subsequently was added dropwise over 10 min and the 

reaction mixture was then stirred at ambient temperatures for 3 h. Afterward, ice-cold water (10 mL) 

was added, and the mixture was stirred for an additional 3 h. The resulting precipitate was filtered off, 

washed with ice-cold water, and allowed to dry. The residue was either used directly or purified using 

silica column chromatography to give the desired 3-formylchromone.279 

General Procedure P (pyrazole synthesis): 

A corresponding 3-formylchromone (1 equiv.) and substituted arylhydrazine (1 equiv.) were dissolved 

in ethanol (1.5 mL) and aqueous KOH (0.5 mL, 4 M, 4 equiv.) was added thereto. The reaction mixture 

was heated to 80°C and stirred for 16 h. After cooling to ambient temperatures, aqueous HCl (1 M) was 

added until pH < 1. The resulting precipitate was filtered off, washed with a small amount of water and 

ethanol, and allowed to dry. In case the purity of the compound was insufficient purification by silica 

gel column chromatography was conducted to give the desired pyrazole. 

7-Fluoro-4-oxo-4H-chromene-3-carbaldehyde (XLIV)  

The intermediate was synthesized according to the general procedure O. The 

product was obtained as an orange solid and required no further purification 

(110.80 mg, yield 44%). 1H NMR (400 MHz, Chloroform-d) δ 10.31 (s, 1H), 8.45 

(s, 1H), 8.29 – 8.23 (m, 1H), 7.19 – 7.14 (m, 2H); LC-MS (ESI) (m/z): calculated 

for C10H5FO3 [M+H]+ = 192.02; found: 193.00. 

7-Chloro-4-oxo-4H-chromene-3-carbaldehyde (XLV)  

The intermediate was synthesized according to the general procedure O. The 

product was obtained as an orange solid and required no further purification 

(159.30 mg, yield 65%). 1H NMR (400 MHz, Chloroform-d) δ 10.30 (s, 1H), 

8.44 (s, 1H), 8.17 (d, J = 8.5 Hz, 1H), 7.50 (d, J = 1.9 Hz, 1H), 7.41 (dd, J = 8.5, 

1.9 Hz, 1H). LC-MS (ESI) (m/z): calculated for C10H5ClO3 [M+H]+ = 207.99; found: 208.80. 

7-Methyl-4-oxo-4H-chromene-3-carbaldehyde (XLVI) 

The intermediate was synthesized according to the general procedure O. The 

product was obtained as a red solid and required no further purification (94.30 mg, 

yield 70%). 1H NMR (400 MHz, DMSO-d6) δ 10.10 (s, 1H), 8.86 (s, 1H), 8.01 (d, 

J = 8.1 Hz, 1H), 7.56 (s, 1H), 7.39 (dd, J = 8.2, 1.6 Hz, 1H), 2.47 (s, 3H). LC-MS 

(ESI) (m/z): calculated for C11H8O3 [M+H]+ = 188.05; found: 188.80. 

8-Chloro-4-oxo-4H-chromene-3-carbaldehyde (XLVI)  
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The intermediate was synthesized according to the general procedure O. The product 

was obtained as a pale yellow solid and required no further purification (25.70 mg, 

21%). 1H NMR (700 MHz, Chloroform-d) δ 10.31 (s, 1H), 8.53 (s, 1H), 8.14 (dd, J 

= 8.0, 1.6 Hz, 1H), 7.75 (dd, J = 7.8, 1.6 Hz, 1H), 7.38 (t, J = 7.9 Hz, 1H). LC-MS 

(ESI) (m/z): calculated for C10H5ClO3 [M+H]+ = 209.0; found: 209.0. 

5-Methoxy-4-oxo-4H-chromene-3-carbaldehyde (XLVII)  

The intermediate was synthesized according to the general procedure O. The product 

was obtained as an orange solid and required no further purification (112.30 mg, yield 

91%). 1H NMR (400 MHz, Chloroform-d) δ 10.28 (s, 1H), 8.32 (s, 1H), 7.55 (t, J = 

8.4 Hz, 1H), 7.01 (dd, J = 8.4, 0.9 Hz, 1H), 6.83 (dd, J = 8.4, 0.9 Hz, 1H), 3.95 (s, 

3H). LC-MS (ESI) (m/z): calculated for C11H8O4 [M+H]+ = 204.04; found: 205.00. 

6,8-Difluoro-4-oxo-4H-chromene-3-carbaldehyde (XLVIII)  

The intermediate was synthesized according to the general procedure O. The 

product was obtained as a beige solid and required no further purification 

(86.00 mg, yield 70%); no further purification; 1H NMR (400 MHz, Chloroform-

d) δ 10.30 (s, 1H), 8.49 (s, 1H), 7.68 (ddd, J = 7.7, 3.0, 1.9 Hz, 1H), 7.26 (ddd, J 

= 9.8, 7.7, 3.0 Hz, 1H). LC-MS (ESI) (m/z): calculated for C10H4F2O3 [M+H]+ = 210.01; found: 210.80. 

1-Oxo-1H-benzo[f]chromene-2-carbaldehyde (XLIX)  

The intermediate was synthesized according to the general procedure O. The 

product was obtained as a pale yellow solid and required no further purification 

(104.20 mg, yield 87%). 1H NMR (400 MHz, Chloroform-d) δ 10.52 (s, 1H), 

10.00 (ddq, J = 8.7, 1.3, 0.6 Hz, 1H), 8.56 (s, 1H), 8.17 (dd, J = 9.0, 0.6 Hz, 1H), 

7.95 (ddd, J = 8.1, 1.4, 0.7 Hz, 1H), 7.82 (ddd, J = 8.6, 7.0, 1.5 Hz, 1H), 7.69 (dddd, J = 8.1, 6.9, 1.2, 

0.5 Hz, 1H), 7.56 (d, J = 9.1 Hz, 1H). LC-MS (ESI) (m/z): calculated for C14H8O3 [M+H]+ = 224.05; 

found: 224.60. 

3-(4-(2-Hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (248) 

Compound 248 was synthesized using the general procedure P. The 

product was obtained as a yellow solid (29.50 mg, 0.10 mmol, 33%) 

without further purification. 1H NMR (500 MHz, DMSO-d6) δ 

13.32 (s, 1H), 11.07 (s, 1H), 9.21 (s, 1H), 8.49 (t, J = 2.0 Hz, 1H), 

8.27 – 8.21 (m, 2H), 7.96 (dt, J = 7.7, 1.3 Hz, 1H), 7.78 (dd, J = 7.8, 1.7 Hz, 1H), 7.68 (t, J = 7.9 Hz, 

1H), 7.52 (ddd, J = 8.7, 7.2, 1.7 Hz, 1H), 7.06 – 6.97 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 

190.60, 167.00, 159.00, 143.20, 139.50, 134.80, 132.70, 132.50, 131.20, 130.50, 128.50, 124.50, 

123.90, 123.80, 120.30, 119.70, 117.70; LC-MS (ESI) (m/z): calculated for C17H12N2O4 [M+H]+ = 

308.29; found: 304.20. 
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(2-Hydroxyphenyl)(1-phenyl-1H-pyrazol-4-yl)methanone (249) 

Compound 249 was synthesized using the general procedure P. The 

product was obtained as a yellow solid without further purification 

(66.30 mg, yield 58%). 1H NMR (600 MHz, DMSO-d6) δ 11.09 (s, 1H), 

9.10 (s, 1H), 8.21 (s, 1H), 7.98 (d, J = 8.0 Hz, 2H), 7.77 (dd, J = 7.8, 1.7 Hz, 1H), 7.58 – 7.50 (m, 3H), 

7.41 (t, J = 7.4 Hz, 1H), 7.05 – 6.97 (m, 2H). 13C NMR (151 MHz, DMSO-d6) δ 190.70, 159.00, 142.90, 

139.30, 134.80, 132.10, 131.20, 130.00, 127.90, 124.30, 123.80, 119.80, 117.70. HRMS-ESI (m/z): 

calculated for C16H13N2O2 [M+H]+ = 265.0972; found: 265.0966. 

2-(4-(2-Hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (250) 

Compound 250 was synthesized using the general procedure P. The 

product was obtained as a yellow solid without further purification 

(26.50 mg, yield 60%). 1H NMR (700 MHz, DMSO-d6) δ 13.11 (s, 1H), 

11.21 (s, 1H), 8.78 (s, 1H), 8.16 (s, 1H), 7.85 (dd, J = 7.7, 1.3 Hz, 1H), 

7.77 (dd, J = 7.8, 1.7 Hz, 1H), 7.74 – 7.69 (m, 2H), 7.61 (ddd, J = 7.6, 6.5, 2.1 Hz, 1H), 7.51 (ddd, J = 

8.6, 7.2, 1.7 Hz, 1H), 7.02 (dd, J = 8.3, 1.1 Hz, 1H), 6.98 (td, J = 7.5, 1.1 Hz, 1H). 13C NMR (176 MHz, 

DMSO) δ 190.80, 167.60, 159.30, 142.40, 138.20, 135.60, 134.90, 132.50, 131.20, 131.10, 130.50, 

129.30, 126.40, 123.50, 123.40, 119.70, 117.80. HRMS-ESI (m/z): calculated for C17H12N2O4 [M+H]+ 

= 309.0870; found: 309.0866. 

4-(4-(2-Hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (251) 

Compound 251 was synthesized using the general procedure P. 

The product was obtained as a yellow solid without further 

purification (29.60 mg, yield 33%). 1H NMR (600 MHz, DMSO-

d6) δ 13.11 (s, 1H), 11.02 (s, 1H), 9.21 (s, 1H), 8.26 (s, 1H), 8.15 

– 8.06 (m, 4H), 7.75 (dd, J = 7.8, 1.8 Hz, 1H), 7.52 (ddd, J = 8.7, 7.3, 1.7 Hz, 1H), 7.05 – 6.97 (m, 2H). 

13C NMR (151 MHz, DMSO) δ 190.50, 167.00, 158.90, 143.50, 142.30, 134.80, 132.60, 131.30, 

131.10, 124.80, 124.00, 119.80, 119.40, 117.70. HRMS-ESI (m/z): calculated for C17H12N2O4 [M+H]+ 

= 309.0870; found: 309.0866. 

(1-(2-Fluorophenyl)-1H-pyrazol-4-yl)(2-hydroxyphenyl)methanone (252)  

Compound 252 was synthesized using the general procedure P. The 

product was obtained as a yellow solid without further purification 

(13.20 mg, yield 33%). 1H NMR (500 MHz, DMSO-d6) δ 10.99 (s, 1H), 

8.76 (d, J = 2.1 Hz, 1H), 8.25 (s, 1H), 7.86 (td, J = 7.8, 7.4, 1.1 Hz, 1H), 

7.71 (dd, J = 7.8, 1.7 Hz, 2H), 7.55 – 7.48 (m, 9H), 7.43 – 7.39 (m, 4H), 7.02 (dd, J = 8.2, 1.1 Hz, 3H), 

7.01 – 6.95 (m, 4H). 13C NMR (126 MHz, DMSO) δ 158.70, 142.80, 134.70, 131.90, 130.90, 130.50, 
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130.40, 126.00, 125.80 (d), 124.10, 119.70, 119.60, 118.00, 117.70, 117.60, 117.40; HRMS-ESI (m/z): 

calculated for C16H11FN2O2 [M+H]+ = 283.0805; found: 283.877. 

(1-(4-Fluorophenyl)-1H-pyrazol-4-yl)(2-hydroxyphenyl)methanone (253)  

Compound 253 was synthesized using the general procedure P. The 

product was obtained as a yellow solid without further purification 

(51.90 mg, yield 64%). 1H NMR (400 MHz, Chloroform-d) δ 11.98 

(s, 1H), 8.43 (d, J = 0.7 Hz, 1H), 8.17 (d, J = 0.7 Hz, 1H), 7.91 (dd, J = 8.0, 1.7 Hz, 1H), 7.77 – 7.69 

(m, 2H), 7.53 (ddd, J = 8.7, 7.2, 1.7 Hz, 1H), 7.26 – 7.17 (m, 2H), 7.08 (dd, J = 8.4, 1.1 Hz, 1H), 6.98 

(ddd, J = 8.2, 7.2, 1.2 Hz, 1H); HRMS-ESI (m/z): calculated for C16H12N2O2 [M+H]+ = 283.0877; 

found: 283.0872. 

(1-(2-Chlorophenyl)-1H-pyrazol-4-yl)(2-hydroxyphenyl)methanone (254) 

Compound 254 was synthesized using the general procedure P. The 

product was obtained as a beige solid without further purification 

(25.80 mg, yield 60%). 1H NMR (500 MHz, DMSO-d6) δ 11.08 (s, 1H), 

8.78 (s, 1H), 8.22 (s, 1H), 7.75 – 7.69 (m, 3H), 7.60 – 7.54 (m, 2H), 7.50 

(ddd, J = 8.7, 7.3, 1.7 Hz, 1H), 7.02 (dd, J = 8.4, 1.1 Hz, 1H), 6.98 (td, J = 7.5, 1.2 Hz, 1H). 13C NMR 

(126 MHz, DMSO) δ 190.60, 159.00, 142.50, 137.40, 136.80, 134.80, 131.20, 131.00, 130.90, 128.80, 

128.70, 123.80, 123.50, 119.70, 117.70. HRMS-ESI (m/z): calculated for C16H11ClN2O2 [M+H]+ = 

299.0582; found: 299.0577. 

(1-(4-Chlorophenyl)-1H-pyrazol-4-yl)(2-hydroxyphenyl)methanone (255)  

Compound 255 was synthesized using the general procedure P. The 

product was obtained as a yellow solid without further purification 

(16.40 mg, yield 19%). 1H NMR (400 MHz, Chloroform-d) δ 11.97 

(s, 1H), 8.46 (s, 1H), 8.18 (s, 1H), 7.90 (dd, J = 8.0, 1.7 Hz, 1H), 7.74 – 7.68 (m, 2H), 7.53 (ddd, J = 

8.7, 7.2, 1.7 Hz, 1H), 7.51 – 7.47 (m, 2H), 7.08 (dd, J = 8.4, 1.1 Hz, 1H), 6.98 (ddd, J = 8.3, 7.2, 1.2 

Hz, 1H); HRMS-ESI (m/z): calculated for C16H12ClN2O2 [M+H]+ = 299.0582; found: 299.0577. 

(1-(4-Bromophenyl)-1H-pyrazol-4-yl)(2-hydroxyphenyl)methanone (256) 

Compound 256 was synthesized using the general procedure P. The 

product was obtained as a brown solid without further purification 

(6.60 mg, yield 13%). 1H NMR (700 MHz, DMSO-d6) δ 11.04 (s, 

1H), 9.13 (s, 1H), 8.22 (s, 1H), 7.98 – 7.94 (m, 2H), 7.77 – 7.73 (m, 3H), 7.51 (ddd, J = 8.6, 7.2, 1.8 

Hz, 1H), 7.02 (dd, J = 8.3, 1.1 Hz, 1H), 6.99 (td, J = 7.5, 1.1 Hz, 1H). 13C NMR (176 MHz, DMSO) δ 

190.50, 158.90, 143.10, 138.60, 134.80, 132.90, 132.30, 131.10, 124.50, 123.90, 121.70, 120.40, 

119.70, 117.70; HRMS-ESI (m/z): calculated for C16H12BrN2O2 [M+H]+ = 343.0077; found: 343.0075. 

(2-Hydroxyphenyl)(1-(o-tolyl)-1H-pyrazol-4-yl)methanone (257)  
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Compound 257 was synthesized using the general procedure P. The 

product was obtained as a brown solid without further purification 

(18.00 mg, yield 45%). 1H NMR (500 MHz, DMSO-d6) δ 11.16 (s, 1H), 

8.68 (d, J = 0.7 Hz, 1H), 8.19 (s, 1H), 7.78 (dd, J = 7.8, 1.7 Hz, 1H), 7.52 

– 7.48 (m, 1H), 7.47 (dd, J = 7.9, 1.3 Hz, 1H), 7.46 – 7.43 (m, 2H), 7.38 (ddd, J = 7.7, 4.9, 3.6 Hz, 1H), 

7.01 (dd, J = 8.3, 1.1 Hz, 1H), 6.98 (td, J = 7.5, 1.1 Hz, 1H), 2.24 (s, 3H). 13C NMR (126 MHz, DMSO) 

δ 190.80, 159.20, 142.20, 139.20, 136.00, 134.80, 133.60, 131.70, 131.20, 129.50, 127.20, 126.50, 

123.70, 123.10, 119.70, 117.70, 18.20. HRMS-ESI (m/z): calculated for C17H15N2O2 [M+H]+ = 

279.1128; found: 279.1123. 

(2-Hydroxyphenyl)(1-(p-tolyl)-1H-pyrazol-4-yl)methanone (258) 

Compound 258 was synthesized using the general procedure P. The 

product was obtained as a brown solid without further purification 

(23.20 mg, yield 58%). 1H NMR (600 MHz, DMSO-d6) δ 11.10 (s, 

1H), 9.04 (s, 1H), 8.18 (s, 1H), 7.88 – 7.83 (m, 2H), 7.76 (dd, J = 7.8, 1.8 Hz, 1H), 7.51 (ddd, J = 8.7, 

7.2, 1.7 Hz, 1H), 7.35 (d, J = 8.4 Hz, 2H), 7.02 (d, J = 8.4 Hz, 1H), 7.00 (t, J = 7.5 Hz, 1H), 2.37 (s, 

3H); 13C NMR (151 MHz, DMSO) δ 190.60, 159.00, 142.70, 137.40, 137.10, 134.70, 131.90, 131.10, 

130.40, 124.10, 123.80, 119.71, 119.70, 117.70, 20.90. HRMS-ESI (m/z): calculated for C17H15N2O2 

[M+H]+ = 279.1128; found: 279.1123. 

(2-Hydroxyphenyl)(1-(2-methoxyphenyl)-1H-pyrazol-4-yl)methanone (259) 

Compound 259 was synthesized using the general procedure P. The 

product was obtained as a brown solid without further purification 

(3.10 mg, yield 7%). 1H NMR (500 MHz, DMSO-d6) δ 9.95 (s, 1H), 8.81 

(d, J = 0.7 Hz, 1H), 8.26 (d, J = 0.9 Hz, 1H), 8.13 (dd, J = 8.0, 1.6 Hz, 

1H), 7.84 (ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 7.71 (dd, J = 8.6, 1.0 Hz, 1H), 7.53 (ddd, J = 8.1, 7.0, 1.1 Hz, 

1H), 7.43 (dd, J = 7.9, 1.7 Hz, 1H), 6.94 (dd, J = 8.0, 1.3 Hz, 1H), 6.88 (td, J = 7.7, 1.3 Hz, 1H), 6.76 

(td, J = 7.7, 1.7 Hz, 1H), 3.84 (s, 3H). 13C NMR (126 MHz, DMSO) δ 175.40, 156.20, 152.80, 145.60, 

134.71, 134.70, 130.00, 126.10, 125.60, 123.70, 121.50, 120.30, 119.20, 119.10, 112.40, 111.30, 56.02. 

HRMS-ESI (m/z): calculated for C17H15N2O3 [M+H]+ = 295.1004; found: 295.1077. 

(2-Hydroxyphenyl)(1-(4-methoxyphenyl)-1H-pyrazol-4-yl)methanone (260) 

Compound 260 was synthesized using the general procedure P. The 

product was obtained as a grey solid without further purification 

(20.60 mg, yield 49%). 1H NMR (600 MHz, DMSO-d6) δ 11.12 (s, 

1H), 8.99 (s, 1H), 8.16 (s, 1H), 7.90 – 7.86 (m, 2H), 7.77 (dd, J = 7.8, 1.8 Hz, 1H), 7.51 (ddd, J = 8.7, 

7.3, 1.7 Hz, 1H), 7.11 – 7.07 (m, 2H), 7.02 (dd, J = 8.3, 1.1 Hz, 1H), 6.99 (td, J = 7.5, 1.1 Hz, 1H), 3.82 

(s, 3H). 13C NMR (151 MHz, DMSO) δ 190.70, 159.10, 158.90, 142.60, 134.70, 132.90, 131.80, 
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131.10, 123.90, 123.80, 121.40, 119.70, 117.70, 115.10, 55.90. HRMS-ESI (m/z): calculated for 

C17H15N2O3 [M+H]+ = 295.1077; found: 295.1072. 

(2-Hydroxyphenyl)(1-(6-methoxypyridin-3-yl)-1H-pyrazol-4-yl)methanone (261) 

Compound 261 was synthesized using the general procedure P. The 

product was obtained as a brown solid without further purification 

(15.90 mg, yield 38%). 1H NMR (500 MHz, DMSO-d6) δ 11.07 (s, 

1H), 9.07 (d, J = 0.6 Hz, 1H), 8.75 (dd, J = 2.9, 0.6 Hz, 1H), 8.27 (dd, J = 8.9, 2.8 Hz, 1H), 8.21 (s, 

1H), 7.76 (dt, J = 7.8, 2.1 Hz, 1H), 7.51 (ddd, J = 8.7, 7.3, 1.7 Hz, 1H), 7.03 (dd, J = 3.9, 0.9 Hz, 1H), 

7.02 – 7.00 (m, 1H), 6.99 (dd, J = 7.6, 1.1 Hz, 1H), 3.92 (s, 3H). 13C NMR (126 MHz, DMSO) δ 190.50, 

163.00, 159.00, 143.00, 138.60, 134.80, 132.50, 131.90, 131.10, 131.00, 124.20, 123.80, 119.70, 

117.70, 111.50, 54.10. HRMS-ESI (m/z): calculated for C16H14N3O3 [M+H]+ = 296.1030; found: 

296.1024. 

(2-Hydroxyphenyl)(1-(4-(trifluoromethoxy)phenyl)-1H-pyrazol-4-yl)methanone (262)  

Compound 262 was synthesized using the general procedure P. 

The product was obtained as a pale orange solid without further 

purification (24.10 mg, yield 48%). 1H NMR (700 MHz, DMSO-

d6) δ 11.04 (s, 1H), 9.15 (s, 1H), 8.23 (s, 1H), 8.13 – 8.09 (m, 2H), 7.77 – 7.74 (m, 1H), 7.59 – 7.55 (m, 

2H), 7.51 (ddt, J = 8.6, 7.3, 2.0 Hz, 1H), 7.04 – 7.01 (m, 1H), 7.01 – 6.98 (m, 1H). 13C NMR (176 MHz, 

DMSO) δ 190.60, 159.00, 147.40, 143.20, 138.20, 134.80, 132.60, 131.20, 125.20, 124.60, 123.90, 

122.80, 121.60, 119.70, 117.70. HRMS-ESI (m/z): calculated for C17H12F3N2O3 [M+H]+ = 349.0795; 

found: 349.0792. 

(2-Hydroxyphenyl)(1-(4-(trifluoromethyl)phenyl)-1H-pyrazol-4-yl)methanone (263) 

Compound 263 was synthesized using the general procedure P. The 

product was obtained as an orange solid without further purification 

(29.00 mg, yield 61%). 1H NMR (600 MHz, DMSO-d6) δ 11.03 – 

10.99 (m, 1H), 9.27 – 9.19 (m, 1H), 8.28 – 8.25 (m, 1H), 8.23 (d, J = 8.4 Hz, 1H), 8.17 – 8.07 (m, 2H), 

7.93 (d, J = 8.6 Hz, 1H), 7.75 (dt, J = 7.8, 1.8 Hz, 1H), 7.54 – 7.49 (m, 1H), 7.05 – 7.02 (m, 1H), 7.00 

(td, J = 7.5, 1.1 Hz, 1H). 13C NMR (151 MHz, DMSO) δ 190.50, 158.90, 143.60, 142.30, 134.80, 

132.80, 131.30, 131.10, 127.30, 124.90, 124.00, 120.10, 119.80, 119.40, 117.70. HRMS-ESI (m/z): 

calculated for C17H12F3N2O2 [M+H]+ = 333.0845; found: 333.0843. 

4-(4-(2-Hydroxybenzoyl)-1H-pyrazol-1-yl)benzonitrile (264)  

Compound 264 was synthesized using the general procedure P. The 

product was obtained as a pale-yellow solid without further 

purification (33.60 mg, yield 81%). 1H NMR (700 MHz, DMSO-

d6) δ 11.02 (s, 1H), 9.21 (s, 1H), 8.26 (s, 1H), 8.15 – 8.10 (m, 2H), 8.10 – 8.06 (m, 2H), 7.75 (dd, J = 
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7.7, 1.7 Hz, 1H), 7.51 (ddd, J = 8.6, 7.2, 1.7 Hz, 1H), 7.03 (dd, J = 8.3, 1.1 Hz, 1H), 7.00 (td, J = 7.5, 

1.1 Hz, 1H). 13C NMR (176 MHz, DMSO) δ 190.50, 167.00, 158.90, 143.50, 142.30, 134.80, 132.60, 

131.30, 131.10, 129.80, 124.80, 124.00, 119.80, 119.40, 117.70. HRMS-ESI (m/z): calculated for 

C17H11N3O2Na [M+Na]+ = 311.07, found: 309.00. 

(2-Hydroxyphenyl)(1-(4-(methylsulfonyl)phenyl)-1H-pyrazol-4-yl)methanone (265) 

Compound 265 was synthesized using the general procedure P. The 

product was obtained as a beige solid without further purification 

(32.30 mg, yield 66%). 1H NMR (600 MHz, DMSO-d6) δ 10.99 (s, 

1H), 9.27 (s, 1H), 8.28 (d, J = 2.9 Hz, 2H), 8.27 (d, J = 2.0 Hz, 1H), 8.11 – 8.07 (m, 2H), 7.75 (dd, J = 

7.8, 1.7 Hz, 1H), 7.52 (ddd, J = 8.3, 7.3, 1.7 Hz, 1H), 7.03 (dd, J = 8.3, 1.1 Hz, 1H), 7.01 (td, J = 7.5, 

1.1 Hz, 1H), 3.29 (s, 3H).13C NMR (151 MHz, DMSO) δ 190.40, 158.80, 143.70, 142.70, 139.50, 

134.80, 132.90, 131.10, 129.20, 125.10, 124.00, 120.10, 119.80, 117.70, 43.90; LC-MS (ESI) (m/z) 

calculated for C17H14N2O4S [M+H]+ = 342.07; found: 342.80. 

4-(4-(2-Hydroxybenzoyl)-1H-pyrazol-1-yl)benzenesulfonamide (266) 

Compound 266 was synthesized using the general procedure P. 

The product was obtained as a beige solid without further 

purification (27.50 mg, yield 56%). 1H NMR (600 MHz, 

DMSO-d6) δ 11.00 (s, 1H), 9.21 (s, 1H), 8.26 (s, 1H), 8.21 – 8.17 (m, 2H), 8.00 – 7.94 (m, 2H), 7.75 

(dd, J = 7.8, 1.7 Hz, 1H), 7.54 – 7.49 (m, 1H), 7.48 (s, 2H), 7.03 (dd, J = 8.3, 1.1 Hz, 1H), 7.00 (td, J = 

7.5, 1.1 Hz, 1H). 13C NMR (151 MHz, DMSO) δ 190.50, 158.80, 143.50, 143.00, 141.40, 134.80, 

132.70, 131.10, 127.70, 124.90, 124.00, 119.81, 119.80, 117.70. LC-MS (ESI) (m/z) calculated for 

C16H13N3O4S [M+H]+ = 343.06; found: 344.00. 

4-(4-(2-Hydroxy-4-methylbenzoyl)-1H-pyrazol-1-yl)benzoic acid (267) 

Compound 267 was synthesized using the general procedure P. 

The product was obtained as a brown solid without further 

purification (11.50 mg, yield 27%). 1H NMR (700 MHz, 

DMSO-d6) δ 13.11 (s, 1H), 11.45 (s, 1H), 9.23 (s, 1H), 8.29 (s, 1H), 8.15 – 8.07 (m, 4H), 7.78 (d, J = 

8.0 Hz, 1H), 6.86 (s, 1H), 6.84 (dd, J = 8.0, 1.6 Hz, 1H), 2.35 (s, 3H). 13C NMR (176 MHz, DMSO) δ 

190.70, 167.00, 160.40, 146.50, 143.40, 142.30, 132.50, 131.70, 131.30, 129.80, 124.40, 120.90, 

120.10, 119.40, 118.00, 21.80. HRMS-ESI (m/z): calculated for C18H15N2O4 [M+H]+ = 323.1026; 

found: 323.1023. 

4-(4-(2-Hydroxy-5-methylbenzoyl)-1H-pyrazol-1-yl)benzoic acid (268)  

Compound 268 was synthesized using the general procedure P. 

The product was obtained as a yellow solid without further 

purification (32.00 mg, yield 60%). 1H NMR (500 MHz, 



 Experimental part  

169 

 

DMSO-d6) δ 13.02 (s, 1H), 10.79 (s, 1H), 9.20 (s, 1H), 8.26 (s, 1H), 8.15 – 8.06 (m, 4H), 7.51 (d, J = 

1.9 Hz, 1H), 7.32 (dd, J = 8.3, 2.2 Hz, 1H), 6.93 (d, J = 8.3 Hz, 1H), 2.30 (s, 3H). 13C NMR (126 MHz, 

DMSO) δ 190.60, 167.00, 156.70, 143.50, 142.40, 135.50, 132.60, 131.30, 130.90, 129.70, 128.50, 

124.90, 123.70, 119.40, 117.60. LC-MS (ESI) (m/z) calculated for C18H14N2O4 [M+H]+ = 322.10, 

found: 322.00. 

4-(4-(5-Ethyl-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (269)  

Compound 269 was synthesized using the general procedure 

P. The product was obtained as a yellow solid without 

further purification (33.50 mg, yield 61%). 1H NMR (600 

MHz, DMSO-d6) δ 13.04 (s, 1H), 10.76 (s, 1H), 9.19 (s, 1H), 8.25 (d, J = 0.5 Hz, 1H), 8.14 – 8.06 (m, 

4H), 7.50 (d, J = 2.3 Hz, 1H), 7.36 (dd, J = 8.4, 2.3 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 2.62 (q, J = 7.6 

Hz, 2H), 1.19 (t, J = 7.6 Hz, 3H). 13C NMR (151 MHz, DMSO) δ 190.60, 167.00, 156.80, 143.40, 

142.40, 134.90, 134.30, 132.60, 131.30, 129.81, 129.80, 124.90, 123.80, 119.40, 117.70, 27.50, 16.20. 

HRMS-ESI (m/z): calculated for C19H17N2O4 [M+H]+ = 337.1183, found: 337.1180. 

4-(4-(2-Hydroxy-5-isopropylbenzoyl)-1H-pyrazol-1-yl)benzoic acid (270) 

Compound 270 was synthesized using the general procedure 

P. The product was obtained as a yellow solid without 

further purification (31.00 mg, yield 54%). 1H NMR (500 

MHz, DMSO-d6) δ 13.09 (s, 1H), 10.71 (s, 1H), 9.18 (s, 1H), 8.23 (s, 1H), 8.15 – 8.06 (m, 4H), 7.49 

(d, J = 2.3 Hz, 1H), 7.40 (dd, J = 8.5, 2.3 Hz, 1H), 6.96 (d, J = 8.5 Hz, 1H), 2.93 (hept, J = 6.9 Hz, 1H), 

1.22 (s, 3H), 1.20 (s, 3H). 13C NMR (126 MHz, DMSO) δ 190.50, 167.00, 156.70, 143.40, 142.40, 

139.50, 132.70, 132.60, 131.30, 129.70, 128.30, 125.10, 124.00, 119.40, 117.70, 32.80, 24.30. HRMS-

ESI (m/z): calculated for C20H19N2O4 [M+H]+ = 351.1339, found: 351.1338. 

4-(4-(5-Fluoro-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (271) 

Compound 271 was synthesized using the general procedure 

P. The product was obtained as a yellow solid after purification 

using silica gel column chromatography (eluent system: 0-6% 

MeOH in dichloromethane) (19.00 mg, yield 35%). 1H NMR (700 MHz, DMSO-d6) δ 13.13 (s, 1H), 

10.49 (s, 1H), 9.19 (s, 1H), 8.24 (s, 1H), 8.13 – 8.07 (m, 4H), 7.40 (dd, J = 8.7, 3.2 Hz, 1H), 7.33 (td, J 

= 8.6, 3.2 Hz, 1H), 7.02 (dd, J = 9.0, 4.4 Hz, 1H). 13C NMR (176 MHz, DMSO) δ 188.60, 167.00, 

156.00, 154.70, 153.70, 143.40, 142.30, 132.90, 131.30, 125.90 (d), 125.00, 120.60 (d), 119.40, 118.90 

(d), 116.20 (d). LC-MS (ESI) (m/z) calculated for C17H11FN2O4 [M+H]+ = 326.07; found: 327.00. 

4-(4-(4-Fluoro-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (272) 
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Compound 272 was synthesized using the general procedure 

P. The product was obtained as an orange solid without further 

purification (19.80 mg, yield 47%). 1H NMR (700 MHz, 

DMSO-d6) δ 13.12 (s, 1H), 11.49 (s, 1H), 9.22 (s, 1H), 8.27 (s, 1H), 8.13 – 8.07 (m, 4H), 7.84 (dd, J = 

8.7, 6.7 Hz, 1H), 6.87 – 6.81 (m, 2H). 13C NMR (176 MHz, DMSO) δ 189.30, 166.90, 165.10, 161.20 

(d), 143.40, 142.30, 133.70 (d), 132.70, 131.30, 129.80, 124.70, 121.10, 119.40, 107.30 (d), 104.50 (d). 

LC-MS (ESI) (m/z) calculated for C17H11FN2O4 [M+H]+ = 326.07; found: 326.80. 

4-(4-(3,5-Difluoro-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (273) 

Compound 273 was synthesized using the general procedure 

P. The product was obtained as a brown solid without further 

purification (14.90 mg, yield 36%) 1H NMR (700 MHz, 

DMSO-d6) δ 13.12 (s, 1H), 10.31 (s, 1H), 9.18 (s, 1H), 8.25 (s, 

1H), 8.12 – 8.06 (m, 4H), 7.52 (ddd, J = 11.3, 8.6, 3.1 Hz, 1H), 7.22 (ddd, J = 8.4, 3.1, 1.6 Hz, 1H). 13C 

NMR (176 MHz, DMSO) δ 187.20, 166.90, 153.60, 152.50, 151.10, 143.20, 142.30, 133.30, 131.30, 

129.80, 125.10, 119.40, 111.30 (d), 108.00 (t). LC-MS (ESI) (m/z) calculated for C17H10F2N2O4 

[M+H]+ = 344.06; found: 344.80. 

4-(4-(5-Chloro-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (274)  

Compound 274 was synthesized using the general procedure 

P. The product was obtained as a yellow solid without further 

purification (26.70 mg, yield 47%). 1H NMR (500 MHz, 

DMSO-d6) δ 12.97 (s, 1H), 10.60 (s, 1H), 9.17 (s, 1H), 8.21 (s, 1H), 8.13 – 8.06 (m, 4H), 7.51 – 7.46 

(m, 2H), 7.03 (d, J = 8.6 Hz, 1H). 13C NMR (126 MHz, DMSO) δ 188.20, 167.00, 155.60, 143.30, 

142.30, 132.90, 132.90, 131.30, 129.80, 129.30, 127.80, 125.30, 123.20, 119.40, 119.30; LC-MS (ESI) 

(m/z) calculated for C17H11ClN2O4 [M+H]+ = 342.04; found: 342.80. 

4-(4-(4-Chloro-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (275) 

Compound 275 was synthesized using the general procedure 

P. The product was obtained as an orange solid without 

further purification (18.90 mg, yield 46%). 1H NMR (700 

MHz, DMSO-d6) δ 13.10 (s, 1H), 11.07 (s, 1H), 9.19 (s, 1H), 8.24 (s, 1H), 8.13 – 8.06 (m, 4H), 7.65 

(d, J = 8.3 Hz, 1H), 7.08 (d, J = 2.0 Hz, 1H), 7.02 (dd, J = 8.3, 2.0 Hz, 1H). 13C NMR (176 MHz, 

DMSO) δ 188.90, 166.90, 158.70, 143.30, 142.30, 137.90, 132.80, 132.30, 131.30, 129.80, 125.10, 

124.40, 119.80, 119.40, 117.20. LC-MS (ESI) (m/z) calculated for C17H11ClN2O4 [M+H]+ = 342.04; 

found: 342.80. 

4-(4-(3-Chloro-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (276) 
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Compound 276 was synthesized using the general procedure P. 

The product was obtained as an orange solid without further 

purification (5.90 mg, yield 14%). 1H NMR (700 MHz, DMSO-

d6) δ 13.15 (s, 1H), 11.61 (s, 1H), 9.28 (s, 1H), 8.34 (s, 1H), 8.15 

– 8.08 (m, 4H), 7.86 (dd, J = 7.8, 1.6 Hz, 1H), 7.74 (dd, J = 7.9, 1.5 Hz, 1H), 7.06 (td, J = 7.9, 5.0 Hz, 

1H). 13C NMR (176 MHz, DMSO) δ 190.40, 155.10, 143.50, 142.57, 142.30, 135.10, 135.10, 133.10, 

131.30, 130.30, 124.60, 124.00, 122.00, 120.70, 119.60. LC-MS (ESI) (m/z) calculated for 

C17H11ClN2O4 [M+H]+ = 342.04; found: 343.00. 

4-(4-(3,5-Dichloro-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (277) 

Compound 277 was synthesized using the general procedure 

P. The product was obtained as a yellow solid without further 

purification (38.50 mg, yield 62%). 1H NMR (600 MHz, 

DMSO-d6) δ 13.11 (s, 1H), 10.88 (s, 1H), 9.24 (s, 1H), 8.29 

(s, 1H), 8.13 – 8.07 (m, 4H), 7.82 (d, J = 2.6 Hz, 1H), 7.61 (d, J = 2.6 Hz, 1H). 13C NMR (151 MHz, 

DMSO) δ 187.90, 166.90, 152.00, 143.30, 142.20, 133.40, 132.80, 131.30, 129.90, 128.50, 128.50, 

124.60, 123.80, 123.50, 119.50. LC-MS (ESI) (m/z) calculated for C17H10Cl2N2O4 [M+H]+ = 376.00; 

found: 376.80. 

4-(4-(5-Bromo-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (278) 

Compound 278 was synthesized using the general procedure 

P. The product was obtained as a yellow solid after 

purification using silica gel column chromatography (eluent 

system: 0-6% MeOH in dichloromethane + 0.1% AcOH) (7.10 mg, yield 11%). 1H NMR (600 MHz, 

DMSO-d6) δ 13.07 (s, 1H), 10.60 (s, 1H), 9.17 (s, 1H), 8.20 (s, 1H), 8.09 (q, J = 8.6 Hz, 4H), 7.59 (dq, 

J = 5.5, 2.4 Hz, 2H), 6.98 (d, J = 9.5 Hz, 1H). 13C NMR (151 MHz, DMSO) δ 188.00, 167.00, 156.00, 

143.30, 142.30, 135.70, 132.90, 132.00, 131.30, 129.80, 128.50, 125.60, 119.70, 119.40, 110.60. LC-

MS (ESI) (m/z) calculated for C17H11BrN2O4 [M+H]+ = 385.99, found: 384.80. 

4-(4-(4-Bromo-2-hydroxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (279) 

Compound 279 was synthesized using the general procedure 

P. The product was obtained as a yellow solid without further 

purification (24.10 mg, yield 63%). 1H NMR (600 MHz, 

DMSO-d6) δ 13.09 (s, 1H), 11.00 (s, 1H), 9.18 (s, 1H), 8.24 (s, 1H), 8.14 – 8.07 (m, 4H), 7.55 (d, J = 

8.3 Hz, 1H), 7.22 (d, J = 1.9 Hz, 1H), 7.16 (dd, J = 8.3, 1.9 Hz, 1H). 13C NMR (151 MHz, DMSO) δ 

189.0, 166.9, 158.5, 143.3, 142.3, 132.9, 132.3, 131.3 (2C), 129.8, 126.6, 125.1, 124.8, 122.6, 120.1, 

119.4 (2C). LC-MS (ESI) (m/z) calculated for C17H11BrN2O4 [M+H]+ = 385.99, found: 386.60. 
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4-(4-(2-Hydroxy-5-methoxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (280) 

Compound 280 was synthesized using the general procedure 

P. The product was obtained as a yellow solid without 

further purification (18.50 mg, yield 33%). 1H NMR (700 

MHz, DMSO-d6) δ 13.16 (s, 1H), 10.33 (s, 1H), 9.20 (s, 1H), 8.25 (s, 1H), 8.13 – 8.05 (m, 4H), 7.15 – 

7.08 (m, 2H), 6.96 (d, J = 8.8 Hz, 1H), 3.76 (s, 3H). 13C NMR (176 MHz, DMSO) δ 190.00, 167.00, 

152.30, 152.20, 143.40, 142.20, 132.60, 132.60, 131.30, 125.00, 124.60, 121.40, 119.30, 118.70, 

114.00, 56.00; HRMS-ESI (m/z): calculated for C18H15N2O5 [M+H]+ = 339.0976; found: 339.0973. 

4-(4-(2-Hydroxy-6-methoxybenzoyl)-1H-pyrazol-1-yl)benzoic acid (281) 

Compound 281 was synthesized using the general procedure P. 

The product was obtained as a red-brown solid without further 

purification (3.40 mg, yield 8%). 1H NMR (600 MHz, DMSO-d6) 

δ 13.10 (s, 1H), 9.73 (s, 1H), 8.97 (d, J = 0.6 Hz, 1H), 8.10 – 8.03 

(m, 4H), 7.99 (s, 1H), 7.26 – 7.21 (m, 1H), 6.61 – 6.55 (m, 2H), 3.68 (s, 3H); 13C NMR (151 MHz, 

DMSO) δ 206.90, 188.10, 166.90, 157.70, 155.50, 142.80, 142.40, 131.90, 131.30, 131.10, 127.40, 

119.30, 117.60, 109.20, 102.80, 56.00; LC-MS (ESI) (m/z) calculated for C18H14N2O5 [M+H]+ = 

338.09; found: 339.0. 

4-(4-(2-Hydroxy-5-nitrobenzoyl)-1H-pyrazol-1-yl)benzoic acid (282)  

Compound 282 was synthesized using the general 

procedure P. The product was obtained as a yellow solid 

without further purification (36.30 mg, yield 63). 1H NMR 

(600 MHz, DMSO-d6) δ 13.11 (s, 1H), 11.71 (s, 1H), 9.21 (s, 1H), 8.32 (dd, J = 9.1, 2.9 Hz, 1H), 8.28 

(d, J = 2.9 Hz, 1H), 8.26 (s, 1H), 8.12 – 8.06 (m, 4H), 7.18 (d, J = 9.1 Hz, 1H). 13C NMR (151 MHz, 

DMSO) δ 186.90, 166.90, 162.00, 143.20, 142.20, 139.80, 133.20, 131.30, 129.80, 128.30, 127.40, 

126.10, 125.40, 119.30, 117.90. HRMS-ESI (m/z): calculated for C17H12N3O6 [M+H]+ = 354.0721; 

found: 354.0719. 

4-(4-(5-Chloro-2-hydroxy-4-methylbenzoyl)-1H-pyrazol-1-yl)benzoic acid (283) 

Compound 283 was synthesized using the general procedure 

P. The product was obtained as a yellow solid after 

purification using silica gel column chromatography (eluent 

system: 0-6% MeOH in dichloromethane + 0.1% AcOH) (19.00 mg, 47%). 1H NMR (600 MHz, 

DMSO-d6) δ 13.05 (s, 1H), 10.80 (t, J = 90.5 Hz, 1H), 9.20 (s, 1H), 8.23 (s, 1H), 8.14 – 8.06 (m, 4H), 

7.58 (s, 1H), 7.01 (s, 1H), 2.35 (s, 3H). 13C NMR (151 MHz, DMSO) δ 188.40, 167.00, 156.50, 143.30, 

142.30, 141.80, 132.80, 131.30, 130.20, 129.90, 125.00, 124.50, 123.80, 120.00, 119.40, 20.40. LC-

MS (ESI) (m/z) calculated for C18H13ClN2O4 [M+H]+ = 356.06; found: 356.80. 
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4-(4-(2-Hydroxy-1-naphthoyl)-1H-pyrazol-1-yl)benzoic acid (284) 

Compound 284 was synthesized using the general procedure P. 

The product was obtained as a beige solid without further 

purification (17.20 mg, yield 43%). 1H NMR (700 MHz, 

DMSO-d6) δ 13.10 (s, 1H), 10.14 (s, 1H), 9.04 (s, 1H), 8.09 (s, 

1H), 8.08 – 8.02 (m, 4H), 7.94 (d, J = 8.9 Hz, 1H), 7.89 (dd, J = 8.2, 1.4 Hz, 1H), 7.52 (dd, J = 8.5, 1.0 

Hz, 1H), 7.41 (ddd, J = 8.4, 6.7, 1.4 Hz, 1H), 7.34 (ddd, J = 8.0, 6.7, 1.2 Hz, 1H), 7.28 (d, J = 8.9 Hz, 

1H). 13C NMR (176 MHz, DMSO) δ 190.50, 166.90, 152.70, 143.00, 142.30, 132.50, 131.80, 131.50, 

131.20, 129.70, 128.60, 128.10, 127.50, 123.50, 120.70, 119.30, 118.90; HRMS-ESI (m/z): calculated 

for C21H15N2O4 [M+H]+ = 359.1038; found: 359.1024. 
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5.3 Biological evaluation 

5.3.1 Methods for the identification and evaluation of LIN28 inhibitors 

5.3.1.1 LIN28 expression and purification 

Human LIN28A (residues 16-187) was expressed in Escherichia coli BL21(DE3). The culture was 

incubated at 37°C until absorbance reached 0.5–0.7 at 600 nm (OD600). Then, IPTG was added to a 

final concentration of 300 mM, and an induction was performed at 18°C overnight. Upon 

centrifugation, the bacterial pellet was resuspended in lysis buffer (pH = 7.5, 50 mM NaH2PO4, 300 mM 

NaCl, 0.1 mM PMSF) and lysed using a Microfluidizer. Afterward, a fresh portion of 0.1 mM PMSF 

and Triton X-100 (final concentration: 1%) were added. The lysate underwent clarification by 

ultracentrifugation at 23000 x g and 4°C for 1 h. Purification of the obtained protein occurred via 

immobilized nickel affinity chromatography (HisTrap, GE Healthcare) in a buffer containing 50 mM 

NaH2PO4 (pH = 8), 300 mM NaCl and 5% glycerol. For the gradient elution a maximum concentration 

of 0.5 M imidazole was used, the affinity tag was cleaved using His6-TEV-protease, and the protease 

and unspecific binders were separated by a second nickel affinity chromatography. LIN28A-containing 

fractions were concentrated and applied to a High Load Superdex 75 pg 16/ 600 column (GE 

Healthcare) with gel-filtration buffer (pH = 7.5, 30 mM NaH2PO4, 50 mM NaCl, 5% glycerol, 2 mM 

b-ME). The purified protein was concentrated and then stored at -80°C. 

5.3.1.2 Fluorescence polarization assay 

Fluorescence polarization assays were performed in black low-volume polystyrene 384 well plates 

(Cornig 4514). IC50 values were measured in technical triplicates. First, purified LIN28A (residues 16-

187) was incubated for 30 min at a concentration of 200 nM with individual compounds in FP assay 

buffer (20 mM Tris, pH = 7, 100 mM NaCl, 5 mM MgCl2, 2 mM glutathione (reduced), 0.1% NP-40). 

Afterward, FAM-labeled preE-let-7f-1 (mus musculus), synthesized by IDT, was added to a final 

concentration of 2 nM. Anisotropy was detected after incubation at room temperature using a TECAN 

Spark plate reader. Half maximal inhibitory concentrations (IC50) were calculated using GraphPad 

Prism. 

5.3.1.3 Compound screening 

The Screening of compounds against LIN28 was performed by the Compound Management and 

Screening Center (COMAS) of the Max Planck Institute of Molecular Physiology. Compounds were 

used at 30 μM in FP assay buffer (20 mM Tris, pH 7, 100 mM NaCl, 5 mM MgCl2, 2 mM glutathione 

(reduced), 0.1% NP-40), and 40 μM LIN28A (residues: 16-187) and 2 nM FAM-labeled preE-let-7f-1 

were used. The Pipetting of compounds occurred automatically with an ECHO 520 liquid handler, and 

subsequently, protein as well as RNA were dispensed using a multidrop dispenser with a 30-minute 

incubation time in between the individual additions. After 15 minutes, fluorescence polarization was 

measured on an EnVision plate reader, and total fluorescence was measured on a Paradigm plate reader. 
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Every plate contained a positive control consisting of a reaction without compound and a negative 

control consisting of a reaction without protein. Finally, data was analyzed using the software Quattro 

Workflow (Quattro Research GmbH). 

5.3.1.4 Electrophoretic mobility shift assay (EMSA) 

The electrophoretic mobility shift assay (EMSA) was used as a secondary assay to validate compounds 

identified as hit molecules in the FP assay. Therefore, purified LIN28A (residues: 16–187) was 

incubated with individual compounds and 5 U recombinant ribonuclease inhibitor (Takara Bio) in the 

EMSA reaction buffer (50 mM Tris, pH = 7.5, 100 mM NaCl, 10 mM β-mercaptoethanol, 50 μM ZnCl2, 

0.01% Tween 20, 12% glycerol and 2% DMSO) for 2 hours at room temperature. Then, preE-let-7f-1-

Cy3 (mus musculus) (GGGGUAGUGAUUUUAC CCUGUUUAGGAGAU-Cy3, purchased from 

IDT) was added to a reaction volume of 50 μL and a final concentration of 5 nM. The final concentration 

of LIN28A was 10 nM and compound concentrations up to 75 μM were used. The reaction mixtures 

were incubated for an additional 15 minutes and 10 μL loading dye (40 % glycerol, 1.5x TAE) was 

added. 10 μL of each reaction was separated in an 8% polyacrylamide TAE gel at 4°C and 220 V for 

1 hour using 0.25x TAE running buffer. Cy3 fluorescence was detected using a ChemiDoc MP (Bio-

Rad) and 2 minutes of exposure time. 

5.3.1.5 Nano differential scanning fluorimetry (nanoDSF) 

Compounds at a final concentration of 75 μM were incubated with LIN28A protein (CSD residues: 16-

126) for 45 minutes at room temperature in a buffer containing 30 mM NaH2PO4, 50 mM NaCl, and 

1 mM MgCl2 at pH = 8.0. Thermal protein stability was determined using a NanoTemper Prometheus 

NT.48 with a temperature rise from 20°C to 90°C increasing the temperature by 1°C per minute. 

Measurements were taken using standard capillaries. Intrinsic tryptophan fluorescence was recorded, 

and the ratio of fluorescence at 350 nm to that at 330 nm was determined. Calculations of the first 

derivative and the inflection point of the melting curve were performed using the software of the device.  

5.3.1.6 Biolayer Interferometry (BLI) 

Following the manufacturer's guidelines, recombinant LIN28A (CSD residues: 16-126) was 

biotinylated with EZ-Link Sulfo NHS-LC-LC-Biotin (Thermo Fisher Scientific) showing a labeling 

ratio of one biotin per protein. Excessive biotin reagent was removed using dialysis in a buffer 

containing 20 mM HEPES pH = 7.5, 150 mM NaCl, and 1 mM MgCl2. After loading optimization, 

LIN28A was immobilized on SA biosensors (Sartorius). The dissociation and association of compounds 

were recorded in a buffer containing 20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM MgCl2, 0.05% 

Tween 20, 0.3 mg/mL BSA, and 1% DMSO. Data was measured and analyzed using the Octet Red384 

instrument (Sartorius). Double referencing against samples without compound and sensors loaded with 

10 μg/mL biocytin was performed instead of protein. 

5.3.1.7 qPCR 
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JAR cells (obtained from DSMZ, German Collection of Microorganisms and Cell Cultures, 

Braunschweig, Germany, DSMZ no. ACC462) were plated in six-well plates and three independent 

replicates per individual compounds were treated at indicated concentrations (0.5% DMSO) for 24 h 

after which the total RNA was extracted using the RNeasy Mini Kit (Qiagen). Reverse transcription of 

20 ng RNA was performed following the protocol of the TaqMan microRNA Reverse Transcription Kit 

(Applied Biosystems). Then, qPCR was done with TaqMan microRNA assays purchased from Applied 

Biosystems (Assay IDs: 001973, 002221, 002283) detecting for let-7d and let-7i using U6 snRNA as 

control. The assay was performed in two technical replicates from independent biological triplicates 

using TaqMan Universal Master Mix II, with UNG (Applied Biosystems) and a CFX Connect Real-

Time PCR System S14 (BioRad). The obtained results were normalized to U6 snRNA expression and 

DMSO control using the 2-ΔΔCT method. 

5.3.1.8 Docking analysis 

Docking analysis of active compounds to the preE-let-7 binding site of LIN28A (CSD residues: 16-

187) (PDB code: 5UDZ) was performed with Schroedinger® Maestro 12.3. Three-dimensional 

structures of the compounds were prepared by calculating energy minimization with the MM2 function 

of PerkinElmer Chem3D® 20.1 and the chemical states were then generated using the ligand preparation 

module. For the preparation of the conformation of LIN28A, the protein preparation module was used 

to include hydrogen addition, water molecule removal, and energy minimization. For the reveal of 

crucial interactions of the RNA with LIN28A, to identify binding sites for small molecules, fragments 

of the miRNA were removed except for oligomers used as ligands. The potential binding site for 

docking was then generated by using the grid generation module. The grid was either generated using 

a preE-let-7 fragment (A6-U8, U8eU11, or U13-A15) or crucial residues of LIN28A involved in 

binding to preE-let-7. Glide docking was subsequently performed by the glide dock module and 

evaluation occurred according to small molecule orientation, interactions between small molecules and 

LIN28A, docking score, and solvent exposure of small molecules. The interactions of compounds and 

LIN28A were visualized using PyMOL. 

5.3.2 Methods for the identification and evaluation of METTL16 inhibitors 

5.3.2.1 METTL16 expression and purification 

A plasmid encoding the full-length human METTL16 sequence was gifted by Prof. Dr. Jessica A. 

Brown’s lab. METTL16 (MTD: residues 1-291) was subcloned to a pOPIN plasmid containing N-

terminal His tag, followed by an HRV 3C cleavage site. The plasmid was transformed into competent 

Escherichia coli Rosetta (DE3). Cells were cultured in fresh LB medium supplemented with 50 μg/mL 

kanamycin and 34 μg/mL chloramphenicol at 37°C in a 170-rpm shaker. After OD reached 0.8, the 

medium was chilled to 18°C, and IPTG was added to a final concentration of 0.5 mM to induce protein 

expression at 18°C for 16-20 h. Cells were harvested by 5000 x g, 18°C centrifugation for 15 min, then 
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the cell pellet was resuspended in lysis buffer containing 50 mM HEPES, pH = 7.5, 500 mM NaCl, 5% 

v/v glycerol, 0.5 mM TCEP, and 5 mM imidazole and supplemented with 1 mM PMSF. Then, cells 

were lysed by sonication on ice and the resulting lysate was centrifuged at 25000 x g at 4°C for 30 min 

and the supernatant was filtered and loaded to a nickel-affinity column (Ni Sepharose™ 6 Fast Flow, 

GE Healthcare). The column was equilibrated first using 50 mL lysis buffer, then 50 mL lysis buffer 

supplemented with 20 mM imidazole, then 30 mL lysis buffer supplemented with 30 mM imidazole, 

after which the protein finally was eluted using 15 mL lysis buffer supplemented with 300 mM 

imidazole. The eluate was treated with his-HRV-3C protease with the ratio of 1:30 w/w, and dialysis 

was performed in a buffer containing 50 mM HEPES, pH 7.5, 250 mM NaCl, 5% v/v glycerol and 

0.5 mM TCEP overnight to lower the imidazole concentration to around 20 mM and to cleave the His 

tag. Subsequently, the protein was loaded onto another nickel affinity column to separate the cleaved 

His6-tag and his-HRV-3C protease. The METTL16-containing fractions were collected and 

concentrated using an Amicon ultra-centrifugal filter unit (Millipore). Finally, the protein was further 

purified by an SEC 75 column using SEC buffer (20 mM pH 7.5, 200 mM NaCl, 0.5 mM TCEP,2% 

v/v glycerol). The purity and size of METTL16 (MTD) were confirmed by SDS-PAGE and LC-MS 

and the purified protein was concentrated to 10 mg/mL, aliquoted, snap frozen using liquid nitrogen, 

and then stored at -80°C for the following experiments. His-tagged METTL16 (1-291) was purified 

following the same protocol, without protease cleavage and reverse nickel column chromatography. 

5.3.2.2 Fluorescence polarization assay 

The fluorescence polarization (FP) assay was performed using 384-well black plates (Corning #4514) 

in a total reaction volume of 20 μL, with the final concentration of METTL16 (MTD residues: 1-291) 

and FAM-MAT2A-hp1 RNA probe being 50 nM and 5 nM, respectively. Therefore, compounds were 

diluted in FP buffer and incubated with protein for 30 mins at room temperature, then the RNA probe 

was added and the fluorescence polarization was measured using a TECAN Spark plate reader, using 

an excitation wavelength of 485 nm and an emission wavelength of 535 nm with bandwidth of 20 nm. 

As a control 1% DMSO was used and the inhibition was calculated with the equation: 

inhibition=100%(Control-X)/(Control-Blank); Control: DMSO with protein and FAM-RNA; Blank: 

DMSO with FAM-RNA; X: compound with protein and FAM-RNA. The IC50 values were determined 

using GraphPad Prism. The FP assay using U6 snRNAΔ followed the same protocol as mentioned 

before, also using a final concentration of METTL16 MTD and U6 snRNA are 50 nM and 5 nM, 

respectively. The polarization was measured under an excitation wavelength of 630 nm and an emission 

wavelength of 680 nm with a bandwidth of 20 nm. 

5.3.2.3 Compound screening 

The screening was performed using a chemical library containing about 25,000 compounds provided 

by the COMAS of the Max Planck Institute of Molecular Physiology, using the aforementioned FP 

assay using 30 μM of compounds, 80 nM METTL16 (MTD residues: 1-291) and 2 nM FAM-MAT2A-



 Experimental part  

178 

 

hp1 RNA (FAM-CUUGUUGGCGUAGGCUACAGAGAAGCCUU CAAG) in 384-well black plates 

(4514, Corning) with a final volume of 18 μL. Subsequently, 0.27 μL (2 mM compound stock solution) 

or 0.054 μL (10 mM compound stock solution) of compounds and the same volume of DMSO, 

functioning as control and blank group, were transferred to the plates using an ECHO machine. Then, 

9 μL of the protein solution (or 9 uL buffer as Blank group) was dispensed to 160 nM protein solution 

using a Multidrop dispenser. After 30 min incubation at room temperature, 9 μL of 4 nM FAM-RNA 

solution was dispended to every well and the fluorescence polarization was measured by a TECAN 

Spark plate reader. The protein and FAM-RNA solutions were prepared using the FP buffer (20 mM 

HEPES, pH = 7.5, 50 mM NaCl, 0.05% v/v Tween 20, 0.05 mg/mL BGG). Primary screen hits were 

tested in serial dilutions to determine IC50 values and potential hit compounds were subsequently 

subjected to the orthogonal EMSA assay, to validate the activity against METTL16. 

5.3.2.4 EMSA 

For EMSA, METTL16 (MTD residues: 1-291) was incubated with indicated compounds or DMSO as 

a control in a buffer containing 20 mM HEPES, pH = 7.5, 50 mM NaCl, 0.05% v/v Tween 20, 

0.05 mg/mL BGG at room temperature for 30 mins. Subsequently, a FAM-labelled MAT2A-hp1 RNA 

probe was added and incubated at room temperature for 10 min. Thereby, the final concentration of 

protein and RNA were 50 nM and 5 nM, respectively and 1% DMSO was used as control. After 

incubation with the RNA probe, the sample was loaded to a 6.6% native PAGE gel with 6x loading 

buffer (45 % H2O, 40 % glycerol, 15 % 10x TBE buffer, 0.1% bromphenol blue) and separated by 

electrophorese using a 0.5x TBE running buffer, at 120 V for 40 min at 4°C in the dark. The gel was 

then imaged by Chemi Doc MP (Bio-Rad). The EMSA using U6 snRNAΔ followed the same protocol, 

as the aforementioned with a final concentration of METTL16 (MTD residues: 1-291) and U6 snRNA 

at 50 nM and 5 nM, respectively. The EMSA using GGAUC-motif-containing RNA followed the same 

protocol, as the aforementioned with a final concentration of METTL16 (MTD residues: 1-291) and 

FAM-labeled-GGACU RNA at 600 nM and 5 nM, respectively. For EMSA showing RNA binding, 

indicated concentrations of fluorophore-labeled RNA were incubated with respective concentrations of 

METTL16 (MTD residues: 1-291) in EMSA buffer for 15 min at room temperature, then loaded to 

native PAGE gels and imaged with the method described above. 

5.3.2.5 Differential scanning fluorimetry 

The differential scanning fluorimetry (DSF) assay was performed in PBS buffer containing 2 mm DTT, 

in a total reaction volume of 20 μl with a final concentration of 1 μM METTL16 (MTD residues: 1-

291) and 5×SYPRO Orange fluorescent dye (Sigma Aldrich S5692) and 0.35% DMSO (including 

DMSO from SYPRO Orange). The resulting melting curve was measured at a temperature gradient 

from 25°C to 95°C using increasements of 1°C each 30 seconds using a Bio-Rad CFX96 Real-Time 

PCR Detection System with the FRET scan mode. The midpoint of the transition (Tm) was obtained 
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by fitting the melting curve to Boltzmann sigmoidal in GraphPad Prism and the thermal shift (ΔTm) 

was calculated using the following equation ΔTm= Tm(compound)-Tm(DMSO). 

5.3.2.6 SwitchSENSE biosensor assay 

For the switchSENSE biosensor assay, a heliX instrument (Dynamic Biosensors) was used with a heliX 

adapter chip. The His-capture kit (HK-NTA-1) was used to functionalize and regenerate the chip. 

100 nM, his-tagged METTL16 (MTD residues: 1-291) was captured to the surface and regenerated with 

imidazole solution (250 mM in 10 mM Tris, pH = 7.4, 140 mM NaCl, 0.05 % Tween20, 50 μM EDTA, 

50 μM EGTA) after each measurement. PE140 buffer was used as running buffer (10 mM 

Na2HPO4/NaH2PO4, pH = 7.4, 140 mM NaCl, 0.05% Tween20, 50 μM EDTA) and 0.2% DMSO was 

used as blank. The association and dissociation flowrate were set at 200 μL/min, with an association 

time of 90 seconds and a dissociation time of 120 seconds. The resulting data was analyzed using 

heliOS with the “kinetics-mono & biphasic-free amplitudes fitting” mode. 

5.3.2.7 Isothermal calorimetry assay 

The isothermal calorimetry assay (ITC) was performed using the MicroCal PEAQ-ITC system 

(Malvern) at 25°C. METTL16 (MTD residues: 1-291) was directly used after purification. 700 μM 

protein in SEC buffer (20 mM pH = 7.5, 200 mM NaCl, 0.5 mM TCEP, 2% v/v glycerol) was 

supplemented with 0.5% DMSO and loaded into the syringe. Thereto, 50 μM compound in SEC buffer 

(final 0.5%DMSO) was loaded to the cell, and both samples were adjusted to 25°C and degassed before 

loading. The experiment was carried out using the reference power of 10, with 19 injections. Data were 

analyzed using MicroCal PEAQ-ITC Analysis Software. 

5.3.2.8 In vitro methylation assay 

Using the MTase GloTM kit (Promega V7601), the methyltransferase activity of METTL16 (MTD 

residues: 1-291) was measured following the manufacturer’s instructions. Therefore, the reaction was 

carried out in white 384-well plates (Corning #3824), with a total methyltransferase reaction volume of 

8 μL, and final concentrations of METTL16, MAT2A-hp1 and SAM being 1 μM, 1 μM, and 10 μM, 

respectively. 1% of DMSO was used as control and compounds were diluted in reaction buffer (20 mM 

Tris, pH 8.0, 50 mM NaCl, 1 mM EDTA, 3mM MgCl2, 0.1 mg/ml BSA, 1mM DTT) and preincubated 

with METTL16 for 30 min at room temperature. Double the amount of freshly prepared substrate 

solution was added to the reaction buffer containing MAT2A-hp1 and SAM (supplemented in MTase 

Glo kit) and the mixture was allowed to stand for 1 h at room temperature. Then, 5x MTase-Glo Reagent 

was added and incubated for 30 min at room temperature, after which the MTase-Glo Detection 

Solution was added and incubated for another 30 min at room temperature. Luminescence was 

measured using a TECAN Spark plate reader. Varying the SAM concentrations, afforded the adjustment 

of the SAM concentration in 2x substrate solution. Finally, the inhibition was calculated using the 
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equation: inhibition = 100% (Control-X)/(Control-Blank), Control: DMSO with protein and RNA; 

Blank: DMSO with RNA; X: compound with protein and RNA. 

5.3.2.9 Anti-proliferation assay 

HAP1 and HCT116 cells were seeded in 96-well plates with 2000 cells/well and incubated overnight. 

Then, the compounds or DMSO (0.5%) as control were added. After 72 h of treatment, a CCK-8 

solution (Vazyme, A311) was added to the wells and incubated at 37°C for 2 h. Afterward, the 

absorbance was measured at 450 nM using a TECAN Spark plate reader and finally, cell viability was 

calculated with the equation: Cell viability = 100% (X-Blank)/(Control-Blank); Control: the absorbance 

of DMSO treatment; Blank: the absorbance of only medium; X: the absorbance of compound treatment. 

5.3.2.10 Colony formation assay 

To visualize cellular effects upon compound treatment, MDA-MB-231 cells were collected and seeded 

with a density of 1000 cells per well into 24-well plates. After culturing the cells overnight, the medium 

was exchanged, and treated with indicated compounds or DMSO (0.5%) as control. The medium change 

and simultaneous compound treatment were performed every three days. After 7 days, the cell culture 

medium was discarded and cells were washed with PBS and fixed with 4% paraformaldehyde solution 

at room temperature for 15 min. After removal of the paraformaldehyde solution, the cells were washed 

with PBS again to remove excessive paraformaldehyde and then the cells were stained with 0.1% (w/v) 

crystal violet for 15 min. Finally, the cells were washed with H2O to remove the remaining dye and then 

photographed. 

5.3.2.11 RT-qPCR 

The reverse transcription (RT) was conducted by using High-Capacity cDNA Reverse Transcription 

Kits (Thermo Fisher, 4368814) showing 500 ng of total RNA, and quantitative PCR (qPCR) was 

performed using PowerUp™ SYBR™ Green Master Mix (Thermo Fisher, A25742) with 10 μL 

volume. The cycling was performed using Bio-Rad CFX96 Real-Time PCR Detection System 

following the standard cycling mode (primer Tm ≥ 60°C) of the manufacturer’s protocol. The primers 

used are listed in Table S1. The P value was calculated using GraphPad Prism software’s one-way 

ANOVA analysis.  

Table 6: Sequence of used primers and oligonucleotidesa 

Primers/oligos Sequence (5’-3’) Experiment Source 

288-METTL16_M1_Fwd 
AAGTTCTGTTTCAGGGCCCGATGGCT

CTGAGTAAATCAATGCATGCAAG 
subclone IDT 

290-

METTL16_D291_Rev 

ATGGTCTAGAAAGCTTTAATCATAAA

AACTCCAAGCTAAGGCCCATCTC 
subclone IDT 

FAM-MAT2A-hp1 
FAM-

CUUGUUGGCGUAGGCUACAGAGA 
FP, EMSA IDT 
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AGCCUUCAAG 

MAT2A-hp1 
CUUGUUGGCGUAGGCUACAGAGAAG

CCUUCAAG 
MTase Glo IDT 

Cy5-U6 snRNA ∆ 

Cy5-

GGAUACAGAGAAGAUUAGCAUGGCC

CCUGCGCAAGGAUGACACGCAAAUU

CGU 

FP, EMSA IDT 

FAM- GGACU-RNA FAM-UUCUUCUGUGGACUGUG FP, EMSA  IDT 

GGACU-RNA UUCUUCUGUGGACUGUG MTase Glo IDT 

Pre-miR-17-hp 
GUGCAGGUAGUGAUAUGUGCAUCU

ACUGCAC 
FP IDT 

Pre-miR-17-hp bp 
GUGCAGGUAGAUGAUAUGUGCAUC

UACCUGCAC 
FP IDT 

Pre-miR-21-hp 
GGGUUGACUGUUGAAUCUCAUGGCA

ACCC 
FP IDT 

GAPDH_Fwd GAAGGTGAAGGTCGGAGTC RT-qPCR IDT 

GAPDH_Rev GAAGATGGTGATGGGATTTC RT-qPCR IDT 

MAT2A_spliced_Fwd GAATTTCGATCTCCGCCCTG RT-qPCR IDT 

MAT2A_spliced_Rev AGCCTACGCCAACAAGTCTG RT-qPCR IDT 

aNote: RNAs were pre-folded by heating at 95 ˚C for 3 min and then slowly cooled to room temperature. 

5.3.2.12 Dot blot assay 

Concentrations of the total RNA were measured by using NanoDrop and calibrated by adding RNase-

free water to each sample to the same concentration. The RNA samples were then heated at 95°C for 

3 min and immediately cooled on ice to disrupt the formation of secondary structures. The total amount 

of RNA (1 μg) was dropped onto a positively charged nylon membrane (Invitrogen, AM10102). With 

the RNA side up, the membrane was then immediately transferred to the UVP Crosslinker (analytik 

jena) equipped with a 254 nM bulb and crosslinked under the UV light for 5 min twice. After this 

procedure, the membrane was washed in TBST (1x TBS with 0.1% Tween-20) for 10 min at room 

temperature and blocked with 5% skimmed milk in TBST for another hour at room temperature. The 

membrane was incubated with anti-m6A antibody (Synaptic systems, 202003, 1 μg/mL) overnight at 

4˚C and washed with TBST for 10 min three times. Then, the membrane was incubated with the 

secondary antibody HRP-conjugated Goat Anti-Rabbit (Proteintech, SA00001-2, 1: 3000) at 37°C, 

shaking for 1 h. The membrane was washed with TBST and detected with the Amersham ECL Prime 

Western Blotting Detection Reagent. After imaging, the membrane was washed once more with TBST 
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and finally stained with methylene blue (0.2% methylene blue in 0.2 M sodium acetate and 0.2 M acetic 

acid) as the loading control. 

5.3.2.13 Docking analysis 

To analyze a potential binding mode of aminothiazolones, computational analysis was conducted by 

docking the compounds to the RNA binding site of METTL16 (PDB code: 6B91)179 For the analysis, 

Schrödinger® Maestro 12.3 was used. First, three-dimensional structures of compounds were prepared 

after calculating energy minimization by MM2 with PerkinElmer Chem3D® 22.2. Chemical states were 

generated with the ligand preparation module and METTL16 conformation with the protein preparation 

module. Protein preparation consisted of hydrogen addition, water molecule removal, and energy 

minimization. Crucial interactions of MAT2A 3’UTR with METTL16 were identified based on the 

resolved structure of the RNP complex and then used to identify potential binding sites for the 

aminothiazolones. The binding site for docking was generated by using the grid generation module at 

residues of METTL16 involved in the binding of MAT2A 3’UTR. Finally, the glide dock module was 

used and the results were evaluated according to interactions between small molecules and METTL16, 

small molecule orientations, docking scores, and solvent exposure patterns. The interactions of 

aminothiazolones and METTL16 were visualized using PyMOL. 

5.3.2.14 Protein mass spectrometry  

To investigate potential covalent interaction of the aminothiazolones and METTL16 (MTD residues: 

1-291), the protein was first diluted to a final concentration of 30 μM in SEC buffer containing 20 mM 

pH = 7.5, 200 mM NaCl, 0.5 mM TCEP and 5% v/v glycerol, and incubated with DMSO or 100 μM 

compound (final 1% DMSO) at room temperature for either 30 min or 150 min. Then, the samples were 

analyzed on an Agilent 1260 II Infinity system equipped with an electrospray ion source in positive 

mode, run through a Desalting cartridge (AdvanceBio Desalting-RP, 2.1 mm, 12.5mm, Agilent) with a 

gradient of 5-80% acetonitrile (HPLC-grade) (+ 0.1% TFA) in double distilled water (+ 0.1% TFA) 

(flowrate: 0.4 mL/min, runtime: 6 min). The Spectra were deconvoluted using the ProMass software 

(Enovatia). 

5.3.3 Methods for the identification and evaluation of YTHDF2 degrader and small-molecule 

inhibitors 

5.3.3.1 Western blot 

MCF7, MDA-MB-231, JAR, K562, MOLM13, A549, and Hela cell lines were seeded in 6-well plates 

with 1.0 × 106 cells/well and incubated overnight. Subsequently, the cells were detached with trypsin 

or collected directly and then washed with PBS (two times). To the cell lysis buffer (RIPA: 1 mM PMSF 

= 99: 1) (SERVA) was added and all samples were kept on ice for 30 min and then centrifuged at 4°C 

for 20 min at 12,000 rpm. The resulting supernatants were then collected and the protein concentration 

was determined by the BCA kit (SERVA). Afterward, the supernatants were transferred to clean tubes 
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with a 5× loading buffer and heated for 5 min at 95 °C. Primary antibody YTHDF2 (Proteintech, 24744-

1-AP, 1: 15000) and secondary antibody Goat Anti-Rabbit IgG Antibody (H+L), HRP Conjugated (bs-

0295G-HRP, 1:5000) were used. Chemiluminescent detection was performed using a ChemiDoc MP 

(Bio-Rad). 

5.3.3.2 YTHDF2 expression and purification 

A YTHDF2 (YTH-domain: residues 383-553) construct was subcloned to a pOPIN plasmid containing 

N-terminal His6 and GST tags. The plasmid was transformed to chemically competent Escherichia coli 

BL21(DE3). The culture was incubated in an LB medium at 37°C until absorbance reached 0.5–0.7 at 

600 nm (OD600). Subsequently, expression of the fusion protein was induced by adding 300 µM IPTG 

at 18°C for 18 h. Then, the cells were collected and lysed via sonication in buffer (20 mM HEPES, 

pH = 7.4, 200 mM NaCl, 5% glycerol, 0.1 mM PMSF, 10 µg/mL DNase I, 10 µg/mL lysozyme, 

SIGMAFAST Protease inhibitor cocktail). The lysate underwent clarification by ultracentrifugation at 

60000 x g and 4°C for 1 h and the resulting supernatant was purified by an immobilized nickel affinity 

chromatography using a 5 mL HisTrap column (Cytiva) which was equilibrated with a buffer containing 

20 mM HEPES (pH = 7.4), 200 mM NaCl and 5% glycerol beforehand. For the gradient elution, a 

maximum concentration of 0.5 M imidazole was used, the affinity tag was cleaved using His6-HRV 3C 

protease, and the protease and unspecific binders were separated by a second nickel affinity 

chromatography (HisTrap column). YTHDF2-containing fractions were concentrated and further 

purified using a High Load Superdex 75 pg 16/600 column (Cytiva), which was equilibrated with a 

buffer containing 20 mM HEPES (pH = 7.4), 200 mM NaCl, and 5% glycerol. The purified protein was 

concentrated and then stored at -80°C. 

5.3.3.3 Fluorescence polarization assay 

The fluorescence polarization (FP) assays were performed in black low volume polystyrene 384 well 

plates (Cornig #4514) in a total reaction volume of 15 μL, with the final concentration of YTHDF2 

(residues 383-553) and FAM-m6A RNA probe being 20 nM and 5 nM respectively, in buffer containing 

20 mM HEPES/KOH pH = 7.5, 50 mM NaCl, 0.005% Tween 20 and 1 mM GSH (DTT). After 

incubating the compounds with protein for 20 min, the RNA probe was added and incubated at 4˚C for 

an additional 30 min, and then the fluorescence polarization was measured using a TECAN Spark plate 

reader, using an excitation wavelength of 485 nm and an emission wavelength of 535 nm (bandwidth = 

20 nm). Half maximal inhibitory concentrations (IC50) were calculated using GraphPad Prism, 

calculated with the equation: inhibition rate=100% (Control-X)/(Control-Blank); Control: DMSO with 

protein and FAM-RNA; Blank: DMSO with FAM-RNA; X: compound with protein and FAM-RNA. 

5.3.3.4 Compound screening 

The screening of compounds against YTHDF2 was performed against a chemical library containing 

15,000 compounds at the Compound Management and Screening Center (COMAS) of the Max Planck 
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Institute of Molecular Physiology. Therefore, 20 nM YTH-domain (residues: 383-553) and 5 nM FAM-

17mer-m6A RNA (UUCUUCUGUGG(m6)ACUGUG, purchased from IDT) were treated with 

compounds in FP assay buffer (20 mM HEPES/KOH pH = 7.5, 50 mM NaCl, 0.005% Tween 20 and 

1 mM GSH (DTT)). The Pipetting of compounds occurred automatically with an ECHO 520 liquid 

handler, and subsequently, protein as well as RNA were dispensed using a multidrop dispenser with a 

30-minute incubation time in between the individual additions. After 15 minutes, fluorescence 

polarization was measured on an EnVision plate reader, and total fluorescence was measured on a 

Paradigm plate reader. Every plate contained a positive control consisting of a reaction without 

compound and a negative control consisting of a reaction without protein. Finally, data was analyzed 

using the software Quattro Workflow (Quattro Research GmbH). Primary screen hits were tested in 

serial dilutions to determine the IC50 values. 

5.3.3.5 EMSA 

Compounds (varying concentrations from 3.1 μM to 100 μM) were incubated with 250 nM YTHDF2 

(YTH-domain: residues: 383-553) and 20 nM FAM-17mer-RNA (UUCUUCUGUGG(m6)ACUGUG) 

(purchased from IDT) in a buffer containing 20 mM HEPES, pH = 8.2, 50 mM NaCl, 0.05% Triton X-

100, 5% v/v Glycerol for 20 min at 4°C. The samples were subjected to a 12% native polyacrylamide 

gel and run at 120 V for 90 min at 4°C using 0.5× TBE buffer. Afterward, the gels were imaged with a 

ChemiDoc MP (Bio-Rad), and Cy3/Alexa488 fluorescence was detected using a 1 min exposure time. 

Finally, band intensities were analyzed by ImageJ. 

5.3.3.6 NanoDSF 

Compounds at a final concentration of 50 μM were incubated with YTHDF2 protein (YTH-domain 

residues: 383-553) for 50 min at room temperature in a buffer containing 100mM KPi, pH 7.0, 250mM 

NaCl, 10% Glycerol. Thermal protein stability was determined using a NanoTemper Prometheus NT.48 

with a temperature rise from 20°C to 90°C increasing the temperature by 1°C per minute. Measurements 

were taken using standard capillaries. Intrinsic tryptophan fluorescence was recorded, and the ratio of 

fluorescence at 350 nm to that at 330 nm was determined. Calculations of the first derivative and the 

inflection point of the melting curve were performed using the software of the device. 

5.3.3.7 Cellular thermal stability assay (CETSA) 

JAR cells were seeded on cell culture plates (100 mm) and incubated overnight. The cells were treated 

with 50 μM compound or 0.1% DMSO as a control, respectively, and incubated for 24 h. Afterwards, 

the cells were collected and washed in PBS and then lysed in a buffer containing RIPA: 1 mM to which 

PMSF = 99: 1 (SERVA) was added. The resulting lysates were then divided into 9 aliquots of 50 μL 

into 0.2 mL microcentrifuge tubes and incubated at a temperature gradient (40-64°C) on a PCR cycler 

for 3 min. After that, the lysates were frozen and thawed three times in dry ice and at room temperature 

for 3 min each. All tubes were then centrifuged at 4°C for 20 min at 12,000 rpm, supernatants were 
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collected and the protein concentration was determined by BCA kit (SERVA). The supernatants were 

transferred to clean tubes with a 5× loading buffer and heated for 5 min at 95 °C. Primary antibody 

YTHDF2 (Proteintech, 24744-1-AP, 1: 15000) and secondary antibody Goat Anti-Rabbit IgG Antibody 

(H+L), HRP Conjugated (bs-0295G-HRP, 1:5000) were used. Chemiluminescent detection was 

performed using a ChemiDoc MP (Bio-Rad). 

5.3.3.8 Dot blot assay 

K562 and JAR cell lines were seeded in 6-well plates with 1.0 × 106 cells/well and incubated overnight. 

The cells were detached directly and then washed with PBS. Total RNA was then extracted with the 

Aurum total RNA mini kit and the RNA concentration was determined by NANODROP 2000c 

(Thermo) and then heated for 5 min at 95°C. Primary antibody Rb pAb to N6-methyladenosine (m6A) 

(abcam, ab286164, 1: 1000) and secondary antibody HRP-conjugated Affinipure Goat Anti-Rabbit 

IgG(H+L) (SA00001-2, 1:8000) were used. Chemiluminescent detection was performed using a 

ChemiDoc MP (Bio-Rad). 

5.3.3.9 Cell cycle analysis 

K562 cell line was seeded in 6-well plates with 1.0 × 106 cells/well and incubated overnight. 

Compounds were added in varying concentrations to the medium to the 6-well plates and the cells were 

then incubated for 24 h. Then, the cell cycle analysis kit (Sigma-Aldrich, MAK344) was used. The cells 

were detached with trypsin and washed with 2 mL ice-cold cell cycle assay buffer for each sample. 

After being centrifuged, the supernatant was removed, cells were fixed by adding 2 mL ice-cold 70% 

ethanol dropwise while vortexing to the cell pellet, and then placed on ice for 30 min. The cells were 

centrifuged at 400×g for 5 min, and the supernatant was removed. Cells were washed with 2 mL cell 

cycle assay buffer and then resuspended completely in 500 μL staining solution and protected from 

light exposure. After being incubated at room temperature for 30 min, each sample was analyzed by 

flow cytometry (Sony Biotechnology Cell Sorter SH800S) with proper machine settings and the data 

was analyzed by cell sorter software (Sony Biotechnology). 

5.3.3.10 Apoptosis assay 

For apoptosis assays, the K562 cell line was seeded in 6-well plates with 1.0 × 106 cells/well and 

incubated overnight. Compounds were added in varying concentrations to the medium to the 6-well 

plates and the cells were then incubated for 24 h. Afterward, the cells were detached with trypsin and 

washed twice with PBS and cold BioLegend’s cell staining buffer. Then, 5 μL of FITC Annexin V and 

10 μL of propidium iodide solution were added and the cells were gently vortexed and incubated for 

15 min at room temperature (25°C) in the dark. After adding 400 μL of Annexin V binding buffer to 

each tube, the individual samples were analyzed by flow cytometry (Sony Biotechnology Cell Sorter 

SH800S) with proper machine settings and the data was analyzed by cell sorter software (Sony 

Biotechnology). 
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5.3.3.11 Anti-proliferation MTT assay 

HCT116, K562, and JAR cells were seeded in 96-well plates with 3500 cells/well and were incubated 

for 8 h. The medium with different concentrations of compounds was added to the 96-well plates. Data 

was normalized to the medium (+0.1% DMSO). The cells were incubated for 72 h, and MTT solution 

(5 mg/mL, 20 μL) was added per well in the dark and incubated for an additional 4 h. The old medium 

was discarded and 150 μL DMSO was added per well. The absorbance of the well was measured by a 

TECAN plate reader at a wavelength of 492 nm. 

5.3.3.12 Docking analysis 

To analyze a potential binding mode of pyrazoles, computational analysis was conducted by docking 

the compounds to the RNA binding site of YTHDF2 (PDB code: 4RDN).212 For the analysis, 

Schrödinger® Maestro 12.3 was used. First, three-dimensional structures of compounds were prepared 

after calculating energy minimization by MM2 with PerkinElmer Chem3D® 22.2. Chemical states were 

generated with the ligand preparation module and YTHDF2 conformation with the protein preparation 

module. Protein preparation included hydrogen addition, water molecule removal, and energy 

minimization. Crucial interactions of m6A with YTHDF2 were identified based on the resolved 

structure of the protein-m6A complex and then used to identify potential binding sites for the pyrazoles. 

The binding site for docking was generated using the grid generation module at residues of YTHDF2 

crucial for binding m6A. Finally, the glide dock module was used and the results were evaluated 

according to interactions between small molecules and YTHDF2, small molecule orientations, docking 

scores, and solvent exposure patterns. The interactions of pyrazoles and YTHDF2 were visualized using 

PyMOL. 
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7 Abbreviations 

A-to-I editing Adenosine-to-inosine editing 

Ac Acetyl 

Ac4C N4-acetylcytidine 

ACN Acetonitrile 

ADAR Adenosine deaminases acting on RNA 

ADP Adenosine diphosphate 

AGO Argonaut  

ALKBH5 AlkB homolog 5 

AlphaScreen Amplified luminescent proximity homogenous assay screen 

AML Acute myelogenous leukemia 

Boc tert-butoxycarbonyl 

b.p. boiling point 

BHQ Black-hole-quencher 

CAF Chromatin assembly factor 1 

carRNA chromosome-associated regulatory RNAs 

Cat-ELCCA Catalytic enzyme-linked click chemistry assay 

CCR4A Carbon catabolite repressor protein 4A homolog 

CBC Cap-binding complex 

CDK Cyclin dependent kinase 

CETSA Cellular thermal shift assay 

Clip-Seq Crosslinking and immunoprecipitation-sequencing 

CM C-terminal catalytic module 

c-Myc Cellular Myelocytomatosis 
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CNOT1 CCR4-NOT transcription complex subunit 1 

COSY Correlated spectroscopy 

CSC Cancer stem cell 

CSD Cold shock domain 

CRBN Cereblon 

CREB cAMP-response element binding 

Cryo-EM Cryogenic electron microscopy  

CuAAC Copper(I)-catalyzed azide-alkyne cycloaddition 

CUL4A Cullin-4A 

Cy3/5 Tetramethylindo(di)‐carbocyanine 3/5 

DCM Dichloromethane 

DDB1 Damaged DNA binding protein 1 

DGCR8 DiGeorge syndrome critical region 8 

DIPEA N,N-Diisopropylethylamine 

DNA Deoxyribonucleic acid 

DMAP 4-(dimethylamino)pyridine 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DOS Diversity oriented synthesis 

d.r. diastereomeric ratio 

Ds Double-stranded 

DSF Differential scanning fluorimetry  

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid 

eIF Eukaryotic initiation factor 
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EDTA Ethylenediaminetetraacetic acid 

EGFP Enhanced green fluorescent protein 

EMSA Electrophoretic mobility shift assay 

EMT Epithelial-to-mesenchymal transition 

ELISA Enzyme-linked immunosorbent assay 

ESC Embryonic stem cells 

Et Ethyl 

EtOAc / EA Ethyl acetate 

EtOH Ethanol 

EXP5 Exportin 5 

FAM carboxyfluorescein 

FI Fluorescence intensity 

FP Fluorescence polarization 

FRET Fluorescence resonance energy transfer 

FTO Fat mass and obesity-associated protein 

GTP Guanosine triphosphate  

h hours 

HAKAI Cbl proto-oncogene-like 1 

HATU hexafluorophosphate azabenzotriazole tetramethyl uronium 

HCC Hepatocellular carcinoma 

HRSP12 Heat-responsive protein 12 

HIF-1α Hypoxia-inducible factor 1α 

HMBC Heteronuclear multiple bond correlation 

Hm5C 5-Hydroxymethyl cytosine 
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HMGA-2 High mobility group A-2 

HNRNP Heterogeneous nuclear ribonucleoprotein 

HOBt 1-hydroxybenzotriazole 

HOMO Highest occupied molecular orbital 

Hp Hairpin 

HPLC/MS High-performance liquid chromatography/mass spectrometry 

HRMS High-resolution mass spectroscopy  

HRSP12 Heat-responsive protein 12 

HSQC Heteronuclear single-quantum coherence 

HTRF Homogeneous time-resolved fluorescence 

HTS High throughput screening 

I Inosine 

IC50 half inhibitory concentration 

IGF2BP insulin-like growth factor 2 mRNA-binding proteins 

i-Pr iso-propyl 

iPSC induced pluripotent stem cells 

ITC Isothermal calorimetry 

LADME Liberation, Absorption, Distribution, Metabolism and Excretion 

LC-MS Liquid chromatography-mass spectrometry 

let-7 lethal-7 

LIN28 human abnormal cell lineage protein 28 

LIM LIN28 interacting module 

LUMO Lowest unoccupied molecular orbital 

lncRNA long non-coding RNA 
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MALAT1 Metastasis-associated lung adenocarcinoma transcript 1 

MAT2A methionine adenosyltransferase 2A 

m1A N1-methyladenosine 

m6A N6-methyladenosine 

m3C N3-methylcytidine 

m1G N1-methylguanosine 

Me Methyl 

MD Molecular dynamics 

MeCN Acetonitrile 

MeOH Methanol 

METTL3/5/14/16 Methyltransferase like3/5/14/16  

m.p. Melting point 

miRNA micro RNA 

miR-98 micro RNA 98 

mRNA messenger RNA 

MRP Mitochondrial RNA processing 

MTase Methyltransferase 

MTC Methyltransferase complex 

MTD Methyltransferase domain 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 

ncRNA non-coding RNA 

NMR Nuclear magnetic resonance 

NMD Nonsense-mediated mRNA decay 

NLS Nuclear localization signal 
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NoLS Nucleolar localization signal 

NSCLC Non-small-cell lung cancer 

o.n. overnight 

PAGE Polyacrylamide gel electrophoresis 

PAINS Pan-assay interference compounds 

PABPn1 poly(A)-binding protein 1 

PAP poly(A)-polymerase 

PD-L1 Programmed cell death ligand 1 

PE Petroleum ether (b.p. = 40-60 °C) 

PIC Pre-initiation complex 

psU (Ψ) Pseudouridine  

POI Protein of interest 

PPI Protein–protein interaction 

ppm Parts per million 

preE pre-Element  

pre-miRNA Precursor miRNA 

pri-miRNA Primary miRNA 

PRI Protein–RNA interaction 

PROTAC Proteolysis targeting chimera 

PTGR Post-transcriptional gene regulation 

p-TsOH para-toluene sulfonic acid 

PUS Pseudouridine synthase 

PyBOP 
benzotriazol-1-yloxytripyrrolidinophosphonium 

hexafluorophosphate 

Ran Ras-related nuclear protein 
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Ras Rat sarcoma 

RBD RNA binding domain 

RBP RNA–binding protein 

Rf Retardation factor 

RIP-seq RNA immunoprecipitation-sequencing 

RISC RNA-induced silencing complex 

RMP RNA–modifying protein 

RNA Ribonucleic acid 

RNAi RNA interference 

RNA Pol II RNA polymerase II 

RNase  Ribonuclease  

RNP Ribonucleoprotein  

rRNA Ribosomal RNA 

ROC1 Regulator of cullins 1 

rt Room temperature 

RT-(q)PCR Reverse transcription (quantitative) polymerase chain reaction 

SAH  S-adenosylhomocysteine 

SAM S-adenosylmethionine 

SAR Structure-activity relationship  

SARS-Cov2 Severe acute respiratory syndrome coronavirus 2 

SH Superfamily homology 

siRNA small interfering RNA 

SNAr Nucleophilic aromatic substitution 

snRNA small nuclear RNA 
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snoRNA small nucleolar RNA 

SPR Surface plasmon resonance  

SRSF3 Splicing enhancer-binding SR protein 3 

ss Single-stranded 

STD Saturation transfer difference 

TAE Tris acetic acid EDTA containing buffer 

t-Bu tert-Butyl 

TFA Trifluoroacetic acid 

THF Tetrahydrofurane 

THQ Tetrahydroquinoline 

TIC Translation-initiation complex 

TPD Targeted protein degradation 

TPEN Tetrakis(2-pyridylmethyl)ethylenediamine 

TRBP Transactivation response element RBP 

Tris tris(hydroxymethyl)aminomethane 

TRMT112 tRNA methyltransferase activator subunit 11-2 

tRNA transfer RNA 

Ts Toluenesulfonyl  

TLC Thin-layer chromatography 

TUTase Terminal uridylyltransferase 

UHPLC UltraHPLC 

UPF1 Regulator of nonsense transcripts 1 

UPS Ubiquitin–proteasome system 

UV Ultraviolet  
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UTR Untranslated region 

VCR Vertebrate conserved region 

VHL Von Hippel-Lindau 

VIRMA Vir-like m6A methyltransferase-associated 

WTAP Wilms’ tumor 1-associating protein 

YTHDC1/2/3 YTH domain-containing protein 1/2/3 

YTHDF1/2/3 YT521B homology domain family 1/2/3 

ZC3H4/13 zinc finger CCCH-type containing 4/13 

ZKD Zinc Knuckle Domain 
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