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Abstract 

The human genome is mainly transcribed into non-coding RNAs that are not translated into 

proteins. With increasing understanding of function through continued research it has become 

evident that parts of the transcriptome are disease-related. RNAs are becoming increasingly 

important targets for the development of novel medicines using chemical modalities such as small 

molecules, bifunctional molecules, peptides, oligonucleotides and conjugates. Yet we have only 

discovered part of what is possible to achieve by targeting non-coding RNAs that allows for 

modifications of cellular processes beyond of what is capable by targeting proteins.  

Described in this thesis are strategies targeting RNAs for degradation and the synthesis of lead 

compounds in the development of novel tools and therapeutics. Catalytically acting therapeutics 

offer advantages including lower drug dosage and longer lasting effect. This may allow them to 

serve as tools for target elucidation in biological studies. The main results are divided into three 

chapters. First, the design, synthesis and characterization of 2-aminothiophene-containing 

heterocyclic molecules with the introduction of functional groups were allowing for appendage 

conjugation. Compounds were evaluated in an RNase L activation assay to identify thiophenones 

as the most suitable for incorporation in heterobifunctional molecules to recruit RNase L. Second, 

evolution of the novel RITAC strategy to target the RNA interactome of RNA-binding proteins 

for degradation is described here. As proof-of-concept, targeted degradation of the RNA 

interactome of the RNA-binding protein WDR5 using heterobifunctional molecules may serve to 

identify new protein-RNA interactions as well as to develop therapeutics for the treatment of acute 

myeloid leukemia. Design, synthesis and characterization of heterobifunctional molecules 

containing thiophenones for recruitment of RNase L and reported small molecules for selected 

targets were performed. Third, RIBOTACs were developed from thienopyridines to recruit RNase 

L for degradation of the HIV-1 RNA genome by binding to the transactivation response element. 

Obtained compounds are to be evaluated for their application in potentially addressing HIV-1 

infections.  

This thesis shows the design and synthesis of small molecule-based heterobifunctional molecules 

(Figure 1) for targeted RNA degradation via the recruitment of RNase L, and the potential that the 

synthesized compounds have to be used as tools and therapeutics.    
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Zusammenfassung 

Der Großteil des menschlichen Genoms wird in sogenannte non-coding RNAs transkribiert, die nie 

in Proteine translatiert werden. Die Forschung zeigt, dass Teile des Transkriptoms eine Rolle in 

der Entstehung von Krankheiten spielen. RNA wird daher zu einem immer wichtigeren Ziel für die 

Entwicklung neuartiger Medikamente unter Verwendung chemischer Modalitäten wie small 

molecules, bifunktionelle Moleküle, Peptide und Oligonukleotide. Bis jetzt wurde jedoch nur einen 

Teil dessen entdeckt, was durch das Targeting von non-coding RNAs erreicht werden kann und 

das Adressieren von RNA wird Modifikationen zellulärer Prozesse ermöglichen, die über das 

hinausgehen, was durch das Targeting von Proteinen möglich ist.  

In dieser Arbeit werden Strategien zum selektiven Abbau von RNAs beschrieben, die 

Leitstrukturen für die Entwicklung neuer molekularer Werkzeuge und Therapeutika bieten. 

Katalytisch wirkende Therapeutika haben den Vorteil, dass sie eine geringere Medikamentendosis 

benötigen und gelichzeitig eine länger anhaltende Wirkung aufweisen. Zudem können sie als 

Werkzeug für den Target-Knockdown in biologischen Studien dienen. Die wichtigsten Ergebnisse 

sind in drei Kapitel unterteilt. Zunächst werden Design, Synthese und Charakterisierung von 2-

Aminothiophen enthaltenden heterocyclischen Molekülen mit Einführung funktioneller Gruppen, 

die eine Konjugation ermöglichen, beschrieben. Diese Verbindungen wurden in einem RNase L 

FRET-Aktivierungsassay evaluiert. Thiophenone sind damit am geeignetsten für den Einbau in 

heterobifunktionelle Moleküle zur Rekrutierung von RNase L. Zweitens wird hier die Entwicklung 

der neuartigen RITAC Strategie zum gezielten Abbau des RNA-Interaktoms RNA bindender 

Proteine aufgezeigt. Der gezielte Abbau des WDR5-RNA-Interaktoms unter Verwendung 

heterobifunktioneller Moleküle könnte als Werkzeug zur Identifizierung neuer Protein-RNA-

Interaktionen sowie als Therapeutikum zur Behandlung der akuten myeloischen Leukämie dienen. 

Design, Synthese und Charakterisierung heterobifunktioneller Moleküle, die einerseits 

Thiophenone für die Rekrutierung von RNase L und andererseits bekannte small molecules für 

ausgewählte Targets enthalten, wurden durchgeführt. Drittens wurden RIBOTACs aus 

Thienopyridinen für die Rekrutierung von RNase L zur TAR RNA für den teilweisen oder 

vollständigen Abbau des HIV-1 RNA-Genoms entwickelt. Die gewonnenen Verbindungen sollen 
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in Zukunft auf ihr Anwendungspotenzial bei der Bekämpfung von HIV-1-Infektionen untersucht 

werden. 

Die Arbeit in dieser Dissertation zeigt das Design und die Synthese von heterobifunktionellen 

Molekülen (Figure 1) auf Basis von small molecules für den gezielten RNA-Abbau durch 

Rekrutierung der Endonuklease RNase L sowie das Potenzial, dass die synthetisierten 

Verbindungen als tools und Therapeutika verwendet werden können. 

 

 

Figure 1. Recruitment of RNase L using small molecule-based heterobifunctional molecules for targeted 

degradation of disease-causing RNAs.  



 INTRODUCTION 

 
 

4 
 

1. Introduction 

Development of therapeutics based on different chemical modalities, such as small molecules, 

peptides and peptidomimetics, nucleotides and nucleic acids, are important for advancing the 

treatment of human diseases.[1] In parallel, identification of new drug targets and strategies 

utilizing new mode of actions has promoted the progression of therapeutics in past decades.[2]  

1.1. RNA as a Target in Drug Discovery 

The human genome is, to the greatest extent, transcribed into RNAs without protein-coding 

regions, often reffered to as non-coding RNAs (ncRNAs). Despite that just 1.5% of human genome 

is translated, most efforts in the development of pharmaceuticals have been focused on a small 

number of proteins. Out of all ~20 000 human proteins, less than 700 have been targeted with 

approved drugs, meaning that less than 0.05% of the human genome has been addressed by 

currently available pharmaceuticals (Figure 2).[3, 4] Like proteins, ncRNAs regulate gene 

expression through numerous mechanisms and their dysregulation has been related to a wide range 

of human diseases, which makes ncRNAs a promising target class in drug discovery.[5] Targeting 

ncRNAs offers a wide variety of opportunities to modulate cellular processes, inaccessible when 

targeting proteins, in the search for new medicines.  

 

Figure 2. Overview of the human DNA sequence containing ~3 billion base pairs storing the genetic 

information regarding transcription of protein-coding and non-coding RNAs.  
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The four nucleic bases cytosine, guanine, adenine, and uracil are the natural building blocks of 

RNA with a backbone of ribose units connected by phosphodiesters (Figure 3A). Compared to 

proteins, which are composed of 20 different natural amino acids, the diversity of natural bases is 

low and it was for a long time uncertain if RNA formed stable tertiary structures from the linear 

sequence (Figure 3B). Post-transcriptional modifications further extend the variety of natural 

nucleic bases and impact folding.[6] Numerous stable RNA structures have now experimentally 

been determined using NMR spectroscopy,[7] small-angle X-ray scattering[8] or cryo-EM,[9] 

suggesting that RNAs can be targeted by various chemical modalities depending on tertiary folded 

structures (Figure 3D).  

 

Figure 3. Structure of RNA. A: Elements of ribonucleic acids; ribose, phosphate, nucleic bases. B: Primary 

structure is the sequence of nucleic acids, displayed is the sequence of tRNA. C: Base pairing form RNA 

motifs in the secondary structure of tRNA resembling a cloverleaf structure. D: Tertiary structure of tRNA 

(crystal structure, PDB: 1EHZ) folded into an L-shape stabilized by intramolecular interactions.  
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Conserved structures observed in RNAs include hairpins, internal loops, bulges, pseudoknots and 

G-quadruplexes. They can be efficiently recognized and bound by small molecules, peptides and 

RNA-binding proteins (RBPs).[10] Continued efforts to elucidate the function of RNA networks 

and identification of suitable chemical modalities indicate a resurrection in targeting RNAs in drug 

discovery.  

1.1.1. Oligonucleotide Therapeutics 

High selectivity and potency in targeting RNAs can be achieved by the use of synthetic nucleic 

acid polymers through Watson-Crick base pairing with unstructured regions of endogenously 

expressed transcripts. Limited metabolic stability, off-target cytotoxicity and challenging drug 

delivery, due to poor cell permeability, are issues required to overcome for successful development 

of oligonucleotide-based therapeutics.[11, 12] While oligonucleotides efficiently hybridize with 

linear RNA, it is demanding to target highly structured regions of RNA,[13] where small molecules, 

peptides and proteins are more suitable chemical modalities.  

Chemical modifications of the oligonucleotide backbone linkage, sugar moiety, base pairs and 

terminal conjugates have been employed for stabilization of oligonucleotides to avoid cleavage by 

nucleases.[14] Certain modifications improve cellular uptake, such as conjugation to trivalent N-

acetylgalactoseamine (GalNAc) that mediates active membrane transport through interaction with 

asialoglycoprotein receptor (ASGPR).[15] Targeted delivery to adipocytes can also be achieved 

using neuropeptide Y receptor Y1 (NPY1R) ligands[16] and  folate as a ligand of the folate receptor 

to mediate transport to tumour cells.[17] Conjugation to glucagon-like peptide 1 (GLP1) has also 

been successful for targeted delivery to beta-cells promoting the development of treatments for 

diabetes.[18] Formulation of oligonucleotides is essential for efficient drug delivery and can solve 

issues related to metabolic stability, cytotoxicity and adsorption. Administration of nanoparticles 

has been successful for the delivery of unmodified oligonucleotides to tumours and simultaneously 

provides protection from nucleases and undesired cytotoxicity.[19]  

The first synthetic oligonucleotides were developed in the 1970’s.[20] Despite decades of research 

on nucleic acids it was not until recently that the first therapeutics were approved.[21] With a 

deoxyribose backbone, antisense oligonucleotides (ASOs) (Section 1.2.1.), can form RNA-DNA 

duplexes, which are substrates for human ribonuclease H (RNase H) resulting in cleavage of the 
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target RNA backbone. Targeted RNA degradation by ASOs causes suppressed gene expression.[22] 

There is a growing number of ASO therapeutics approved for drug use (Table 1), including 

Milasen developed for a single patient with a rare disease.[23] Additionally, several ASOs are 

undergoing clinical trials.[24]  

The mechanism of RNA interference (RNAi) (Section 1.2.2.) using synthetic small interfering 

RNA (siRNA) is gaining interest in the pharmaceutical industry. Three siRNAs have already been 

approved for drug use (Table 1). Numerous siRNA therapeutics are also in clinical trials.[25]  

Table 1. Clinically approved oligonucleotide-based therapeutics targeting RNAs. 

Drug Approval year Target Indication 

Antisense oligonucleotides 

Fomivirsen[26] 1998 CMV UL123  CMV retinitis 

Mipomersen[27] 2013 apoB-100 HoFH 

Nusinersen[28] 2016 SMN2 SMA 

Eteplirsen[28] 2016 DMD exon 51 DMD 

Inotersen[29] 2018 TTR hATTR 

Golodirsen[30] 2018 DMD exon 53 DMD 

Milasen[23]  2019 CLN7 Batten disease 

Volanesorsen[31] 2019 apoC-III FCS 

Viltolarsen[32] 2020 DMD exon 53 DMD 

Casimersen[33] 2021 DMD exon 45 DMD 

Small interfering RNAs 

Patisiran[34] 2018 TTR hATTR 

Givosiran[35] 2019 ALAS1 AHP 

Lumasiran[36] 2020 HAO1 PH1 
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This chemical modality has attracted attention in the pharmaceutical industry to develop 

therapeutics for targets that have not been accessible using small molecule-based strategies and 

thereby termed undruggable. Continued efforts in the development of oligonucleotide conjugates 

offers the advantage of targeted delivery in vivo.  

1.1.2. Small Molecule Therapeutics 

The advantages of using small molecule-based therapeutics lies in favorable pharmacokinetic 

properties. This includes sufficient metabolic stability and cell permeability that allow oral 

bioavailability. Structurally stable binding sites within RNA are required for the development of 

selective small molecules, since binding mostly depends on non-covalent interactions, but can be 

challenging to determine due to the flexibility of RNA.[37, 38]  

Microarray assays have been successfully used in the identification of small molecule binders to 

specific RNAs. Aminoglycosides are polycationic small molecules and were one of the first 

compound classes discovered to bind RNA with high affinity and low selectivity.[39] The observed 

antibacterial effect was caused by binding bacterial rRNA and blocking protein production.[40] 

Two-dimensional combinatorial screening (2DCS) microarray assays later identified new classes 

of small molecules as selective binders of secondary RNA structures (Figure 3C).[41, 42] This 

platform was used to build a database by scoring monitored quantified interactions between small 

molecules and RNA motifs, called structure-activity relationships through sequencing 

(StARTS).[43] The software Inforna is based on the generated data and can now be used to predict 

structures of active small molecule binders to RNA motifs or larger RNAs based on sequence.[44, 

45] This powerful tool has successfully generated several small molecules that selectively bind to 

microRNAs (miRNAs),[46-51] RNA repeats[52, 53] and structured mRNAs[54-56] with some examples 

inducing higher selectivity than the corresponding ASOs.[44, 57] Databases using publicly available 

information are small molecule modulators of RNA (SMMRNA),[58] nucleic acid ligand database 

(NALDB)[59] and RNA-targeted bioactive ligand database (R-BIND),[60] where information about 

small molecule structures, physicochemical properties and activities are collected.  

Two examples of RNA-targeting small molecules are Ribocil that was screened as an antibacterial 

agent against riboswitches,[61, 62] and Risdiplam that was recently approved for treatment of spinal 

muscular atrophy (SMA) (Figure 4).[63] Riboswitches are structured regions located within the 5´ 
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untranslated region (UTR) of bacterial mRNAs with the ability to sense small molecule 

metabolites. Interaction with a metabolite, such as Ribocil, shifts the 3D-conformation and thereby 

regulates gene expression.[64, 65] Risdiplam modulates the splicing pattern for the survival of motor 

neuron 2 (SMN2) pre-mRNA by binding structured regions in intron 7 and exon 7. This stabilizes 

the interaction with U1 small nuclear ribonucleoprotein (U1 snRNP) for alternative splicing, 

resulting in increased levels of the SMN2 protein.[66, 67] With the preferred oral administration, 

compared to intrathecal injection required for the oligonucleotide Nusinersen, the new small 

molecule-based drugs are likely to take over part of the market for treatment of SMA. 

 

Figure 4. Examples of RNA-binding small molecules with therapeutic applications.  

RNA-binding small molecules tend to be enriched in sp2 hybridized atoms and aromatic fragments 

resulting in a flat conformation to allow hydrogen bond formation and stacking between nucleic 

bases at the interaction surface. Fragments repeatedly found in RNA targeting small molecules 

include aminopyrimidines, benzimidazoles, diphenylfurans, naphthalenes, purines, quinazolines 

and thiazoles.[50, 68, 69] In terms of physicochemical properties, this generally results in higher 

lipophilicity, fewer aliphatic atoms, fewer chiral centers, more hydrogen bond donors and 

acceptors as well as increased positive charge compared to protein ligands. Such molecular 

structures allow hydrogen bonding and electrostatic interaction with the nucleic bases respectively 

the phosphodiester backbone.[4, 70] Enrichment of sp3 hybridized atoms in small molecules 

targeting proteins normally enhances selectivity[71] and the lack thereof in small molecules 

targeting RNA might be an explanation for the issues obtaining high selectivity in addition to the 

increased flexibility and low diversity of natural bases in RNA.  
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1.1.3. Peptide-Based Modalities 

Peptides have been identified as a suitable chemical modality to develop RNA ligands, similar to 

small molecules. Partially because of their higher molecular weights, larger interaction surfaces 

can be accessed by peptides that lead to increased potency and selectivity. Like oligonucleotides, 

peptides suffer from poor metabolic stability and in some cases limited cell permeability, which 

can be addressed by using unnatural amino acids and cyclisation strategies.[72]  

Various peptide collections have been explored in the search of RNA ligands, such as a dynamic 

combinatorial library for discovery of the first RNA repeat ligands inhibiting the interaction with 

muscle blind-like splicing regulator 1 (MBNL1).[73] A microarray assay was used for the discovery 

of miRNA-155 binding peptides,[74] while phage display libraries were employed for the 

identification of peptides inhibiting miRNA-21 processing.[75, 76] A combinatorial library of 

peptide-nucleic acid hybrids was prepared by using a mixture of amino acids with natural or 

nucleic base-containing side chains and screening identified molecules interacting with RNA 

hairpins as an alternative to hybridisation of oligonucleotides through base pairing.[77] 

Another approach to develop RNA-binding peptides is the extraction of the RNA-binding domain 

(RBD) of various RBPs. Arginine-rich peptides derived from trans-activator of transcription (Tat) 

have been used as ligands of transactivation response (TAR).[78-80] Cyclic peptides derived from 

the tomato aspermy virus 2b (TAV2b) have been used to target pre-miRNA-21 by interaction with 

the major groove of double stranded regions.[81] Conjugation of such peptides with DNA allows 

additional interaction with target RNA through base pairing, which has further expanded the 

toolbox for targeting ssRNA.[82]  

1.1.4. RNA-Binding Proteins 

Using small molecules to target proteins is an established strategy that has been used successfully 

in the development of selective therapeutics, aided by the rigid structure and well-defined pockets 

found in proteins. An alternative strategy to target RNAs with small molecules is indirectly through 

RBPs. These are proteins with RBDs, commonly containing positively charged amino acids 

forming strong electrostatic interactions with the negatively charged backbone of RNA. Types of 

RBDs are RNA recognition motifs (RRMs),[83] arginine-rich motifs (ARMs),[84] K homology (KH) 

domains,[85] DEAD motifs,[86] cold-shock domains (CSDs),[87, 88] zinc-finger domains (ZFDs)[89] 
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and dsRNA-binding motifs.[90-93] The electrostatic substrate identification often leads to 

promiscuous interactions and is the reason for the high number of RNA substrates for each RBP. 

Therefore, it may be difficult to target specific RNAs through interaction mediated by RBPs. 

Another issue with targeting RBPs is the high affinity to RNA, mainly caused by strong 

electrostatic interactions over large surfaces, making the development of small molecules with the 

ability to compete with RNA challenging. This could be an explanation as to why the potency of 

reported small molecules inhibiting protein-RNA interactions is relatively low. However, small 

molecules with unique biological function may be developed if these challenges can be solved, for 

example by targeting allosteric binding sites.  

Human RBPs interact with a wide range of RNAs consisting mainly of mRNA (45%),[94] but also 

rRNA (11%), pre-rRNA (8%), tRNA (10%) and ncRNAs (26%).[95] RBPs can regulate the 

function of or be regulated by their RNA substrates to control cellular processes. Inhibition or 

stabilization of protein-RNA interactions can have therapeutic effects and have been identified as 

potential targets in drug discovery.[96] Well-characterized RBPs for which small molecule 

inhibitors have been reported include abnormal cell lineage protein 28 (LIN28)[97-104] and Toll-like 

receptor 3 (TLR3).[105] 

LIN28 was one of the first discovered and currently most studied RBP with a relatively high 

selectivity for RNA substrates, limited to the miRNA let-7 family (Figure 5A).[106] The interaction 

with RNA is supported by a CSD and two ZFDs which are connected by a flexible linker, where 

the major part of the RNA-binding capacity is contributed by the affinity of the CSD to let-7.[107] 

LIN28 has been found upregulated in numerous human cancers and involved in cell differentiation 

making it a relevant therapeutic target in oncology.[108]  

TLR3 is activated upon interaction with dsRNA forming a dimer (Figure 5B) as a viral response, 

facilitated using ectodomains stabilizing the complex. The horseshoe shape is induced by leucine-

rich repeats found in the RBDs. Activation by dsRNA induces inflammatory signaling by 

expression of type I interferons and pro-inflammatory cytokines. Activation can be triggered by 

treating cells with poly(I:C), a synthetic dsRNA that also target other RBPs.[109-111] Inhibition of 

TLR3-dsRNA interaction may serve as treatment for inflammatory diseases and viral infections 

by reducing inflammatory signaling.[112]  
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Additionally, small molecule inhibitors of RBP-RNA complexes have also been discovered for 

METTL3,[113, 114] MSI1/2,[115-121] RNA-dependent protein kinase (PKR),[122-124] WD (Trp-Asp)-40 

repeat protein 5 (WDR5) (Section 3.2.1.) and others.[125-139] 

 

Figure 5. Crystal structures of RBPs in complex with substrate RNAs. A: LIN28-let7 interaction (PDB: 

3TS0). B: TLR3-dsRNA interaction (PDB: 3CIY).    
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1.2. Targeted RNA Cleavage and Degradation 

Degradation of disease-related targets is more advantageous in comparison to inhibiting them from 

interacting with other partners in signaling pathways. Inhibitors may stabilize the target resulting 

in increased half-life and in return accumulation.[70] Molecules inducing catalytic degradation 

provide a more sustained reduction in signaling, longer duration of response and allow lower drug 

dosage in comparison with an inhibitor. Proteolysis targeting chimeras (PROTACs) have been 

successfully applied for targeted protein degradation using proximity-inducing bifunctional 

molecules that recruit a ubiquitin E3 ligase for ubiquitination and subsequent degradation of the 

target protein by the proteasome.[140, 141] Furthermore proximity-induced degradation has shown 

increased selectivity over the monomeric inhibitor, supported by specific interactions with the 

recruited degrader.[142] Presented here are methods for targeted cleavage or degradation of RNA.  

1.2.1. Ribonuclease H 

Endogenously expressed RNase H is an essential enzyme found in most eukaryotic cells. It is a 

type of endonuclease involved in cleaving the RNA within RNA-DNA duplexes with low 

sequence specificity. This mechanism supports DNA replication by degrading RNA primers on 

Okazaki DNA fragments remaining from processing by DNA polymerases and allows further 

ligation.[143] Single stranded ASOs can modulate gene expression through several mechanisms 

depending on the target RNA, the sequence and chemical modifications introduced during the 

synthesis of the oligonucleotide. Maturation of pre-mRNA can be sterically blocked by ASOs 

hindering interaction with splicing factors. Targeting mature mRNAs can in similar fashion inhibit 

translation by sterically blocking interactions with the ribosome.[144] 

RNase H1 is present in both the cytoplasm and nucleus of mammalian cells and catalytically 

cleaves RNA by hydrolysis of the phosphodiester backbone, leaving the ASO component intact 

(Figure 6). The endonuclease enzyme contains a DEDD motif chelating two Mg2+ ions crucial for 

stabilization of transition states that forms the cleaved RNA products with 3´-hydroxyl and 5´-

phosphate termini.[145] Chemical modifications of the ribose building block in ASOs offer solutions 

to increase metabolic stability. However, it has been shown that RNase H1 do not cleave duplexes 

formed using ASOs carrying modification of the 2´-hydroxyl, such as 2´-OMe, peptide nucleic 

acids and locked nucleic acids. ASOs have been modified on the flanking regions, while the central 
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part consisting of DNA can recruit RNase H1 for targeted RNA degradation in a concept termed 

gapmer strategy. Combined with improved metabolic stability this strategy may offer enhanced 

affinity to target RNA.[146] 

 

Figure 6. Antisense oligonucleotide-mediated degradation of RNA by recognition of RNase H.  

 

1.2.2. RNA Interference 

The gene silencing mechanism of RNAi by oligonucleotides was first described by Andrew Fire 

and Craig Mello[147] and honored with the Nobel prize in Physiology or Medicine 2006. Silencing 

of mRNA transcripts is achieved by dimerization with a complementary RNA strand, which can 

be an administered synthetic siRNA or an endogenous miRNA, resulting in catalytic cleavage of 

target mRNA by the RNA-induced silencing complex (RISC) (Figure 7). Pri-miRNAs are 

transcribed from the human genome by RNA polymerase II to form capped and polyadenylated 

hairpin structures. They are further processed in the cell nucleus by RNA ribonuclease III Drosha 

in complex with DiGeorge syndrome critical region 8 (DGCR8) to form single hairpins of pre-

miRNAs. Exportin 5 transport the transcripts into the cytoplasm, where they are processed into 

mature miRNA by Ribonuclease III Dicer in complex with TAR RNA-binding protein (TRBP). 

These double stranded 20-25 nucleotide long mature miRNAs are loaded onto Argonaute 2 (Ago2) 

that select the guide strand, while the passenger strand is discarded. The RISC is formed to degrade 

target mRNAs with complementary sequence to the miRNA.[148] 
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Figure 7. Mechanism of RNAi. Endogenous miRNA or synthetic siRNA can downregulate gene expression 

by degradation of mRNA in the RISC.  
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Synthetic siRNAs on the other hand can be prepared and administered as double stranded 

oligonucleotides, which are directly loaded onto the RISC after cell uptake without processing. 

Downregulation of protein expression by RNAi has proven useful, but comes with challenges. 

Critical factors to achieve specific and sufficient downregulation are length of siRNA and 

sequence selection.[149] siRNAs with over 30 nucleotide sequences tend to bind RNA-binding 

proteins with affinity for dsRNA, such as PKR, TLRs, oligoadenylate synthetase (OAS), retinoic 

acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA-5). This 

results in activation of an immune response as an off-target effect causing cytotoxicity.[150] Since 

siRNA compete with endogenous miRNA for binding of Ago2, the RISC machinery can be 

saturated if siRNA is dosed at too high concentration resulting in loss of regulatory function.[151] 

Both strands of siRNAs can be loaded onto the RISC, however it is crucial that the complementary 

strand is selected as a guide strand for degradation of target mRNA. The selection process can be 

enhanced using chemical modifications and an AU rich sequence in the 5´ end.[152]  

1.2.3. Ribozymes 

Ribozymes are RNA-based macromolecules with enzymatic activities and have been studied in 

detail by Sidney Altman and Thomas Cech who were rewarded with the Nobel prize in Chemistry 

1989. Many types of ribozymes have been applied for targeted degradation of RNAs, for example 

hammerhead,[153] hairpin,[154] hepatitis delta,[155] varkud satellite[156] and ribonuclease P (RNase P) 

ribozymes.[157] DNA-based enzymes (deoxyribozymes) and other nucleotide modifications have 

been incorporated to improve metabolic stability and reactivity. For example, “10-23” share a 

similar RNA cleavage mechanism with the hammerhead ribozyme. The “10-23” deoxyribozyme 

contains two arms binding target RNA by base pairing and a 15 nucleotide catalytic core chelating 

Mg2+ that mediates RNA cleavage forming a terminal 2´,3´-cyclic phosphate (Figure 8A).[158] 

Incorporation of a hammerhead ribozyme binding sequence in ASOs showed cleavage of target 

RNA directly after hybridization. Cleaved products have 5´-hydroxy and 2´,3´-cyclic phosphates 

termini with inversed stereochemistry.[159]  

External guide sequences (EGS) are derived from natural tRNA sequences and can be used for 

recruitment of endogenous RNase P that cleave target RNA. The RNase P ribozyme catalyses 

phosphodiester hydrolysis to remove the leader sequence of precursor tRNA and is responsible for 

5´ maturation of tRNA. Hybridization with target RNA and formation of a double stranded hybrid 
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with the EGS to mimic the secondary structure of pre-tRNAs is required in order to be recognized 

by RNase P (Figure 8B).[160]  

 

Figure 8. Targeted RNA degradation by enzymatic nucleic acid polymers. A: Mg2+-dependent RNA 

cleavage by deoxyribozyme “10-23”. B: Triggering RNase P to cleave target mRNA by incorporation of 

external guide sequence (EGS).  

1.2.4. RNA Exosome 

The RNA exosome can be compared to the proteasome as a recycling center, where the exosome 

degrades RNAs and the proteasome degrades proteins. Both machineries consist of a complex of 

hydrolytic enzymes to cleave biomolecules into smaller fragments for reuse or excretion.[161] ASOs 

binding the 3´-UTR of pre-mRNAs have been tethered with the sequence of U1 adaptors. Including 

this 10 nucleotide sequence derived from U1 small nuclear RNA (snRNA) in the final ASO results 

in formation of the U1 snRNP complex together with target pre-mRNA (Figure 9). The formed 

complex sterically hinders polyadenylation and since the mRNA fails to mature it is degraded by 

the RNA exosome.[162, 163] 

A small molecule, binding CUG RNA repeats, was shown to inhibit protein interaction with 

MBNL1 (Figure 9) leading to splicing of the transcript coding for dystrophia myotonica protein 

kinase (DMPK). RNA repeats located in the introns subsequently were degraded by the 

endogenous RNA exosome.[164]  



 INTRODUCTION 

 
 

18 
 

 

Figure 9. RNA exosome (PDB: 4IFD) machinery for recycling of unprocessed RNA. 

1.2.5. Hybrid Nucleases 

Conjugation of nucleases catalysing unselective RNA cleavage to ASOs has allowed the 

development of hybrid nucleases where induced proximity promote targeted RNA degradation 

(Figure 10). This strategy may also enhance efficacy of ASOs relying on recruitment of RNase H, 

which requires optimization of sequence and chemical modifications to achieve target knockdown.  

 

Figure 10. Hybrid nuclease composed of a peptide or protein with hydrolytic function and ASO with 

complementary sequence to the oligonucleotide for degradation of target RNA.  



 INTRODUCTION 

 
 

19 
 

The Ca2+-dependent staphylococcal nuclease (SNase) has been conjugated with ASOs for directing 

degradation to AU-rich ssRNA with complementary sequence. Cleavage occurs 2-3 bases from 3´ 

termini of the ASO and generate phosphates with free hydroxyls at 3´ and 5´. Mutation of Lys-116 

to Cys-116 in the nuclease allowed disulfide formation with the ASO carrying a propyl linker, 

forming a hybrid nuclease. This methodology has been used for degradation of E. coli M1 RNA, 

16S rRNA and Phe-tRNA in vitro.[165, 166] This method required hybrid nucleases present in 

stoichiometric quantities since catalytic degradation has not been achieved with SNase. However, 

authors mentioned that catalytic degradation may be possible in combination with other nucleases 

and has been proven possible with cleavage of ssDNA.[167] Although a valuable tool for biological 

studies in cell free environments, this conjugate would not pass cell membranes. The conditions 

where the hybrid nuclease is active (60 °C) are also far from physiological conditions making 

applications further limited.  

Comparable strategies using oligonucleotides for RNA binding have been developed by 

conjugation to other molecules possessing hydrolytic activity, which may be used under milder 

conditions. The S peptide, modified by changing Lys-1 to Cys-1, allowed conjugation with 

oligonucleotides by the same principle as described for the SNase hybrid nucleases. This strategy 

recruited RNase S for selective cleavage of RNA one base from the 3´ oligonucleotide binding 

site.[168] Mutation of Glu-135 to Cys-135 in RNase H allowed conjugation by Michael addition to 

maleimide-modified ASOs forming a hybrid nuclease with improved selectivity over wild-type 

RNase H.[169] Peptides containing (Arg-Leu)n repeats conjugated with ASOs have been shown to 

induce cleavage of RNA hybridized with DNA, thereby forming another type of hybrid 

nuclease[170-174] with expanded application scope including cellular activity[175] and effect in animal 

models.[176] Arginine fork domains can also be found in RBPs, but without hydrolytic activity.[177, 

178] Peptide-based nucleases used in this strategy have been shown not to be dependent on metal 

ions for catalytic activity by addition of excess EDTA,[179] but synergistically inducing RNA 

degradation by RNase H recognition of the DNA-RNA duplex.[180]  
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1.2.6. CRISPR 

Genome editing is currently standardized by clustered regularly interspaced short palindromic 

repeat (CRISPR) technologies. This prokaryotic machinery is used as a defense system by bacteria 

to cleave nucleic acid strands of bacteriophages and has been adapted to biological research using 

various CRISPR-associated (Cas) proteins with endonucleolytic activity as RNA guiding 

enzymes.[181] The work by Emmanuelle Charpentier and Jennifer Doudna was awarded with the 

Nobel prize in Chemistry 2020. The CRISPR-Cas13 system has been used to modify RNA with 

high precision, where, especially the Cas13b ortholog has been reported to be stable and efficient 

in mammalian cells. Cas13 family members can process their own pre-crRNA using another 

nuclease domain allowing generation of mature crRNA to bind Cas13 to initiate degradation of 

target RNA. Dual higher eukaryotes and prokaryotes nucleotide-binding (HEPN) nuclease 

domains within Cas13 catalyse cleavage of target ssRNA encoded within the palindromic repeat 

(Figure 11).[182] CRISPR interference (CRISPRi) methods have also been used with dCas13, which 

lack nuclease activity, to sterically block processing or translation of transcripts.[183] However, 

there are still issues with non-specific collateral degradation of proximal transcripts that needs to 

be addressed before developing a therapeutic. Another challenge for development of medicines 

based on CRISPR technologies is efficient delivery of the machinery in vivo.[184]  

 

 

Figure 11. CRISPR-Cas13 targeting RNA for cleavage.  
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1.2.7. Photo-Induced Radical Formation 

N-hydroxypyridine-2(1H)-thione (HPT) (Figure 12) has been conjugated to a small molecule[185] 

binding to a specific RNA sequence. Upon irradiation with UV light, a hydroxyl radical forms that 

subsequently degrades the RNA by a cascade reaction leading to cleavage of the proximal nucleic 

acid polymers. Despite a phenotypic effect, controlling radical formation was problematic. 

Another disadvantage of this strategy is that it is not catalytic.[186, 187] The RNA cleavage 

mechanism caused by the hydroxy radicals is complex with many possible outcomes depending 

on the base and position of radical insertion.  

Conjugation of a tris(bipyridine)ruthenium(II) complex to an RNA-binding small molecule 

resulted in oxidation of proximal guanosines into 8-oxo-7,8-dihydroguanosine within an RNA 

repeat upon irradiation. Subsequent treatment with aniline resulted in cleavage of modified RNA 

in cell-free environment. However, degradation of RNA repeats in cells could not be achieved 

using this 2-step approach.[188]  

 

Figure 12. Photo-induced formation of hydroxy radical using HPTs.  

1.2.8. Synthetic Metallonucleases 

Footprinting experiments have been performed to determine sequences of DNA or RNA that 

interact with proteins. Several approaches to non-selectively degrade nucleic acid polymers, except 

from the sequences bound and protected by proteins, have been established. Synthetic 

metallonucleases, such as EDTA, phenanthroline and other metal chelating molecules (Figure 

13A), have been investigated for footprinting applications. Generation of hydroxyl radicals from 

hydrogen peroxide and reducing agents resulted in the cleavage of nucleic acid polymers.[189] 

Coordination complexes of divalent transition metal ions (Cu2+, Fe2+, Zn2+) or trivalent lanthanide 

metal ions have been conjugated to RNA-binding modalities such as ASOs[190-193] and peptides[194, 

195] for targeted degradation of proximal RNAs. Aminoglycosides have been shown not only to 

bind, but also to catalyse hydrolysis of DNA and RNA by formation of metal coordination 

complexes.[196] Conjugation of neamine to peptide nucleic acids (PNAs) induced degradation of 
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TAR RNA.[197-199] Synthetic metallonuclease conjugates has the disadvantage of lacking 

selectivity in targeting RNA over DNA, which may cause severe off-target effects.  

Introduction of a propargyl modification in cellular RNAs has been achieved by using a propargyl 

substituted S-adenosyl methionine substrate of m6A modifying methyltransferases METTL3 and 

METTL16. Copper(I)-catalyzed click chemistry was applied for conjugation with an imidazole 

(Figure 13B) and was able to degrade modified RNAs. The imidazole mimics the conserved 

histidine in ribonucleases by acting as a base to catalyse deprotonation of 2´-hydroxyl.[200-202] 

Although targeted only for RNA interactome of methyltransferases, this methodology offers a 

novel method of studying RNA modifications in cells.  

 

Figure 13. Radical generating compounds inducing RNA cleavage. A: Copper(II) bis-phenatroline 

complex. B: Imidazole-based ligand for Cu(I) targeting RNA interactome of methyl transferases. C: 

Natural product bleomycin A5 divided into four groups; metal binding unit, RNA binding unit, linker region 

and carbohydrate disaccharide.  
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The glycopeptide natural product family of bleomycins has been shown to degrade DNA and RNA 

in vitro by a related, but not completely determined mechanism forming radicals from cellular 

oxygen.[203] The molecule consists of a metal chelator, a nucleic acid-binding group, a linker region 

connecting previously mentioned domains and a carbohydrate. Total synthesis has afforded several 

analogues with varying activity.[204-207] The Fe2+ chelating functionality is essential to generate 

radicals that cleave phosphodiesters. However, the domain interacting with the nucleic acid 

polymer can be modified to alter the preference of binding RNA over DNA by removing charged 

functionalities and increase hydrophobicity of the C-terminal as found in bleomycin A5 (Figure 

13C).[208-210] The carbohydrate group improves cellular uptake, but removal resulted in increased 

preference of degrading RNA over DNA. Applying acquired knowledge on bleomycin resulted in 

the modified peptide-polyketide deglycobleomycin A5.[211] These bleomycin analogues were 

conjugated with ASOs[212] targeting unstructured RNA as well as small molecules binding RNA 

repeats,[52, 57, 213, 214] pri-miR-96[215] and the pri-miRNA 17-92 cluster[216] respectively and showed 

therapeutic activity by degradation of target RNAs. Degradation of DNA would be detrimental for 

any therapeutic and may cause mutations of the genome, resulting in various side-effects.  

1.2.9. Ribonuclease L 

OAS is an RBP able to sense dsRNA upon viral infections, which trigger ATP-dependent synthesis 

of the short and unique oligonucleotide pxA(2´p5´A)n (2-5A), where x = 1 - 3 and n = 2 – 4.[217, 

218] The only reported function of 2-5A is to activate ribonuclease L (RNase L),[219] which is 

expressed as a latent monomer at basal levels of most mammalian cells.[220] The endonuclease 

RNase L consist of an ankyrin repeat domain, a pseudokinase domain and an ribonuclease domain. 

2-5A binds ankyrin repeats 2 and 4 of RNase L[221] with Kd = 40 pM[222] and EC50 = 0.5 nM[223] 

that induce a fold change within the protein exposing surfaces allowing for dimerization.[224] In 

addition the RNase L dimer is stabilized by binding of ATP or ADP to its pseudokinase domain, 

which lacks enzymatic function.[225] When dimerized and thereby activated RNase L use its 

catalytic ribonuclease domain to cleave single stranded regions of RNA (Figure 14) with moderate 

selectivity to sites 3´ of UN^N (^ marks the cleavage site, N = C, G, A or U).[226, 227] The 

mechanism of RNA cleavage catalysed by RNase L is not fully determined. The RNase domain 

has high sequence similarity with inositol-requiring enzyme 1 (IRE1) and it is likely to follow the 

same mechanism (Figure 15) resulting in cleavage products with terminal 2´,3´-cyclic 
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phosphates.[228] Detection of RNA containing 2´,3´-cyclic phosphates can be performed with RNA 

sequencing (RNA-Seq) using RtcB ligase and thereby mapping the RNA interactome of RNase 

L.[229] The result of RNase L activation is an antiviral response by degradation of viral and 

ribosomal RNA that hinder the virus from replicating. Overactivation of RNase L leads to caspase-

dependent apoptosis.[230, 231] The RNase L pathway is tightly regulated, where phosphodiesterases 

rapidly hydrolyze 2-5A that stop RNA degradation.[232, 233]  
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Figure 14. Natural pathway of RNase L with x-ray crystal structure of active form bound to two 2-5A and 

two ATP mimetics (PDB: 4O1P). 



 INTRODUCTION 

 
 

26 
 

 

Figure 15. RNA cleavage mechanism generating 2´,3´-cyclic phosphates.  

Hijacking the natural pathway of RNase L has been achieved by conjugating ASOs targeting 

mRNAs of disease-causing proteins to 2-5A (Figure 17A) via alkane phosphate or PEG linkers.[234] 

The chimeric constructs activate and recruit RNase L for cleavage of target mRNAs. The antisense 

sequence used to bind targets is DNA-based to avoid cleavage by RNase L and modifications of 

the backbone have proven that degradation is independent of RNase H (Section 1.2.1.). Other 

chemical modifications, such as incorporation of phosphorothioates, have also been applied to 

improve metabolic stability and reduce cytotoxicity of both the ASO and 2-5A.[234] Several 

examples of this methodology showed selective and catalytic degradation of target mRNAs (Table 

2). 2-5A antisense chimeras have been shown effective in cells, which indicate that constructs were 

cell permeable to some extent. Up to 100-fold loss in activation of RNase L in vitro has been 

reported for many 2-5A antisense chimeras compared to the unmodified 2-5A tetramer, while 

conjugates still perform well in cellular assays by efficient degradation of target mRNAs. This is 

explained by steric effects of the construct, but could as well be related to reduced cell 

permeability. Despite the loss in activity the 2-5A antisense chimeras were still highly efficient in 

degradation of target RNA. The sequence preference of RNase L was absent when activated by 

chimeras, meaning that any sequence could be cleaved by 2-5A antisense chimeras.[234]  

Disney and co-workers further developed this approach by conjugating tetrameric 2-5A via PEG-

based linkers to molecules binding target RNAs for degradation by recruitment of RNase L, a 

strategy termed ribonuclease targeting chimera (RIBOTAC). The method was again proven to be 

selective and catalytic with turnover of 3.1 moles of pri-miRNA-96[235] or 9.7 moles of pre-

miRNA-210[236] respectively per mole of RIBOTAC. Degradation efficiency depending on linker 

length was assessed to find that the shortest linker was most effective.[235] Ability to activate RNase 

L using RIBOTAC targeting pri-miRNA-96 was evaluated using an oligomerization assay and 
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found to be reduced by 50% compared to 2-5A,[235] while the RIBOTAC targeting pre-miRNA-

210 was nearly as effective as 2-5A.[236] Cell permeability of RIBOTACs was assessed by flow 

cytometry that showed 50-60% reduced permeability compared to the free RNA-binding 

molecules. Confocal microscopy was used to determine the localization of RIBOTAC targeting 

pre-miRNA-210, which was in the cytoplasm while the RNA-binding molecule was mainly 

located in the nucleus.[236] Treatment of breast cancer cells with RIBOTACs was found to induce 

apoptosis in line with the theory of degrading pri-miRNA-96 or pre-miRNA-210, whereas same 

concentration of 2-5A alone did not induce apoptosis.[235, 236] RIBOTAC did not induce apoptosis 

in healthy breast epithelial cells indicating that the effect was indeed due to targeted RNA 

degradation.[235] RNase L knockdown using siRNA showed that RIBOTACs lost activity and thus 

are dependent on endogenously expressed RNase L.[235, 236]  

Thiophenone C-5966451 and thienopyrimidinones C-5950331 and C-6474572 (Figure 16) were 

discovered as small molecule activators of RNase L from a high-throughput screening (HTS) of 

31 990 compounds using a fluorescence resonance energy transfer (FRET)-based RNA cleavage 

assay. Activation of RNase L by 2-5A is triggered by viral infection in higher vertebrates to hinder 

further replication of the virus. Antiviral activity of the novel small molecule RNase L activators 

was confirmed by suppressing growth of cells infected with encephalomyocarditis virus, vesicular 

stomatitis virus, human parainfluenza virus type 3 and other viruses. In contrast to 2-5A the small 

molecules did not induce apoptosis, showed high cell permeability and stability making them 

useful drug leads.[223]  

Synthesis of thiophenone and thienopyrimidinone analogues for structure-activity relationship 

(SAR) studies to improve activity and identify suitable linker attachment sites recently resulted in 

discovery of C1-3 and C2-3 (Figure 16), however activity of reported thienopyrimidinones could 

not be reproduced in the FRET assay.[49] Thiophenone C1-3 was the most potent activator and 

basis of the small molecule-based RIBOTACs conjugated by linker attachment at the 4-hydroxy 

functionality for retained RNase L activity and efficient RNA degradation (Figure 17B).[237] The 

fully small molecule-based RIBOTAC possessed improved pharmacokinetic properties compared 

to using 2-5A as RNase L activator. Negative control compound with reduced RNase L activation 

ability was prepared by conjugation of the RNA-binding small molecule to 3-hydroxy group on 

the thiophenone. Proof-of-concept was done by selective and catalytic turnover of 26 moles of pre-
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miRNA-21 per mole RIBOTAC in breast cancer cells. Targeted degradation by RIBOTAC 

compared to the RNA binding small molecule, which inhibits processing by Dicer, was more 

potent, faster acting and had a prolonged effect on reducing mature miRNA-21 levels. Selectivity 

of the RIBOTAC was also improved compared to the RNA binding small molecule in a study of 

miRNA levels. Similarly to PROTACs this conclude that recruitment of RNase L may improve 

selectivity by formation of a ternary complex between RNA-RIBOTAC-RNase L. RIBOTAC 

based on thiophenone as activator of RNase L did not induce innate immune response, while 2-5A 

upregulated mRNA levels of immune response biomarkers. When comparing targeted RNA 

degradation by RIBOTAC with corresponding conjugate of bleomycin A5 it was reported that the 

enzymatic cleavage was 10-fold more efficient. In an animal model of breast cancer metastasis 

RIBOTAC had a clear effect on reducing metastasis to lungs showing the great therapeutic 

potential of bifunctional degraders targeting RNA. Additionally degradation of pre-miRNA-210 

was possible with RIBOTAC based on thiophenone for activation of RNase L.[49] 

 

Figure 16. Small molecule RNase L activators.  
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Figure 17. RNase L recruiters used in heterobifunctional molecules for targeted RNA degradation. A: 2´-

5´A4 analogues. B: Thiophenone-based RIBOTACs.  

Further use of the thiophenone RNase L recruiter in RIBOTAC strategies found that degradation 

of the pri-miRNA 17-92 cluster was not possible due to the nuclear localization of target RNA 

while RNase L mainly was cytoplasmic in selected cell line. Instead degradation of pre-miRNA 

17, 18a and 20a was found after processing and transportation to the cytoplasm, which indicate 

that RIBOTACs may be more suitable for targeting RNAs in the cytoplasm than in the nucleus.[216] 

The Inforna software was used for identification of a small molecule selectively binding the RNA 

genome of SARS-CoV-2 and subsequently conjugated with thiophenone for recruitment of RNase 

L. Catalytic turnover of target RNA could be detected and potency of the RIBOTAC was increased 

by at least 10-fold compared to the small molecule alone.[56] In another example the kinase 

inhibitor Dovitinib was identified to interact with the A bulge of pre-miRNA-21 with moderate 

selectivity over other RNAs. However, when conjugated with thiophenone as RNase L recruiter 

the chimeric RIBOTAC possessed increased selectivity in degradation of pre-miRNA-21 and lost 

kinase inhibitory effect.[238] 
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Table 2. Heterobifunctional molecules used for targeted RNA degradation.  

RNase L recruiter RNA ligand Linker Target 

2-5A ASO Bu-PO4-Bu (11 atoms) poly(A)[239] 

2-5A ASO Bu-PO4-Bu (11 atoms) HIV-1 TAR-A25-vif [240] 

2-5A ASO Bu-PO4-Bu (11 atoms) PKR[241-245] 

2-5A ASO Bu-PO4-Bu (11 atoms) RSV[246-248] 

2-5A ASO Bu-PO4-Bu (11 atoms) Telomerase[249-251] 

2-5A ASO Hex (6 atoms) VSV[252] 

2-5A ASO Bu-PO4-Bu (11 atoms) BCR-ABL[244, 253] 

2-5A ASO Bu-PO4-Bu (11 atoms) HIV-1 gag[254] 

2-5A ASO PEG6 (17 atoms) SARS-CoV-2[255] 

2-5A Small molecule PEG3 + Gly (11 atoms) pri-miRNA-96[235] 

2-5A Small molecule Amide ether (12 atoms) pre-miRNA-210[236] 

Thiophenone Small molecule PEG4 (11 atoms) pre-miRNA-21[49] 

Thiophenone Small molecule PEG4 (11 atoms) pre-miRNA-17, -18a, -20a[216] 

Thiophenone Small molecule PEG4 (11 atoms) SARS-CoV-2[56] 

Thiophenone Small molecule PEG4 + urea (16 atoms) pre-miRNA-21[238] 
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2. Aim of the Thesis 

Drug discovery efforts have mainly been focused on proteins as therapeutic targets and thereby 

limited to the coding part of the human genome that is considered druggable by small molecules. 

The role of ncRNA in diseases is becoming more evident as researchers are pushing the boundaries 

of science in transcriptomics. The ability of using small molecules to bind RNA opens new 

possibilities of modulating cellular processes not accessible by targeting proteins. Development of 

medicines with novel mode of actions covering clinical unmet needs will benefit current 

biomedical research.  

Methods to selectively degrade disease-causing RNA has recently been expanded by the 

recruitment of RNase L using small molecule-based strategies. In contrast to oligonucleotide-

based therapeutics, small molecules possess pharmacokinetic properties allowing oral 

administration. This thesis focuses to address three aims as listed below.  

Firstly, to design and synthesize reported and novel compounds with the ability to activate RNase 

L. The introduction of functional groups at varied positions is used to identify suitable linker 

attachment positions. Furthermore, a scaffold hopping approach, based on reported RNase L 

activators, aims to retain or improve activity, increase aqueous solubility and enhance selectivity 

by increasing the fraction of sp3 hybridized atoms as a strategy in targeting proteins.  

Second, the most promising small molecule RNase L activator is conjugated with a small molecule 

inhibitor of a selected RBP. Such proximity-inducing heterobifunctional molecules aim to induce 

targeted RNA degradation through quaternary complex formation between heterobifunctional 

molecule, RNase L, RBP and RNA. Synthesis of such heterobifunctional compounds may serve 

as a tool to study the RNA interactome of RBPs, identify novel protein-RNA interactions and be 

used as therapeutic for diseases where transcripts are upregulated.  

Third, extending the scope of small molecule-based RIBOTACs for targeted degradation of the 

HIV-1 genome by synthesis of heterobifunctional molecules containing thienopyridine ligands 

binding to the TAR element of HIV-1 RNA may offer a therapeutic solution for patients suffering 

from HIV infection.  
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3. Results and Discussion 

The identification of small molecule RNase L activators would allow the construction of 

heterobifunctional molecules for targeted degradation of disease-causing RNAs. Three compound 

classes have been synthesized and the introduction of linkers allows for further conjugation 

performed for the activation of RNase L. When used to target RBPs the methodology may be used 

as a tool to map the protein-RNA interactomes. Extending the scope of the RIBOTAC strategy 

was achieved by conjugation with small molecules targeting viral RNA.  

3.1. Small Molecule RNase L Activators 

Synthesis of reported compounds and analogues with the introduction of functional groups 

allowing linker attachment through amide couplings was performed to explore the 

thienopyrimidinone scaffold for activation of RNase L. Scaffold hopping[256] through a ring 

distortion approach[257, 258] generated thienodiazepines with improved solubility. Furthermore, 

thiophenones were prepared for conjugation strategies.  

3.1.1. Thienopyrimidinones 

Thiophene synthesis was performed using the Gewald multicomponent reaction first reported in 

1961[259] providing a robust procedure for obtaining 2-aminothiophenes (Scheme 1). Knoevenagel 

condensation between cyclic ketones 1 and α-cyanoesters 2 initiates the reaction and elemental 

sulfur allows the formation of 2-aminothiophenes 3a-d including the pharmaceutical agent 

Tinoridine (3d) containing a benzyl-protected amine as handle for potential linker attachment.[260]  

 

Scheme 1. Synthesis of thiophenes via the multicomponent Gewald reaction.  
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Scheme 2. Synthesis of benzonitriles with variations in carboxylic acid position.  

A: 4-carboxybenzonitrile. B: 3-carboxybenzonitrile. C: 2-carboxybenzonitrile.  

Introduction of a carboxylic acid was used as a handle on the thienopyrimidinones for linker 

attachment. A carboxylic acid in position 2 was prepared by using the corresponding nitro-

substituted methyl ester 8 as the staring material. Nitro-reduction afforded aniline 9 that underwent 

diazonium salt formation followed by hydrolysis to generate phenol 10. Ester hydrolysis afforded 

desired bromobenzene 11. Benzonitriles 5, 7 and 12 were prepared from the corresponding 

bromobenzenes 4, 6 and 11 using copper(I) cyanide via nucleophilic aromatic substitution under 

microwave irradiation (Scheme 2). Prepared 2-aminothiophenes 3b-3d and benzonitriles 5, 7 and 

12 were reacted under acidic conditions to form the corresponding thienopyrimidinones 13a-13j 

that were collected by precipitation in water or purified by MPLC resulting in lower yields 

(Scheme 3). 

The overall low solubility of the thienopyrimidinones was a limitation in biological evaluation as 

13a, 13d and 13h were not soluble at 20 mM in DMSO. Functional groups were introduced at 

various positions allowing linker attachment using amide couplings. Benzyl removal can be carried 

out with 13d, 13e and 13f by treatment with palladium hydroxide on active charcoal under 

hydrogenation to generate secondary amines suitable for coupling with carboxylic acids.[261] 
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Similarly, aromatic carboxylic acids on 13h, 13i and 13j were suitable for coupling with amines 

to attach linkers. One example was prepared by coupling a PEG2 linker with terminal amine to 13i 

resulting in 13k. Unfortunately, amide coupling of 13h was not successful.  

 

Scheme 3. Synthesis of thienopyrimidinones through condensation of Gewald products with benzonitriles.  

3.1.2. Thienodiazepines 

Amide coupling of commercially available amino acids 14, containing N-Boc and corresponding 

side chain protecting groups hinder undesired reactions. Reaction with 2-aminothiophenes 3 was 

optimized with HATU as a coupling reagent. Screening of solvent mixtures showed that a mixture 

of 9:1 DCM/DMF resulted in sufficient solubility for the coupling reagent to afford Boc-protected 

dipeptides 15a-15k in good to high yields (Scheme 4). Using HOBt[262] as the additive to avoid 
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racemization of the stereogenic center resulted in decreased yield. Removal of Boc and tert-butyl 

protecting groups from dipeptides was performed in a 1:1 mixture of TFA/DCM to afford free 

amines 16a-16k (Scheme 5).  

 

Scheme 4. Amide coupling of amino acids to 2-aminothiophenes.  
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Scheme 5. Removal of Boc protecting group.  

Intramolecular cyclization was achieved through condensation of amine with ester forming an 

amide bond. Sodium methoxide prepared fresh from sodium metal dissolved in methanol was 

initially used based on reports of the synthesis of amides from esters[263] including intramolecular 

cyclization generating benzodiazepines,[264] but no product was observed (Table 3, Entry 1-2). 

Sodium hydride was used inspired by the synthesis of cyclic dipeptides,[265] and was basic enough 

to deprotonate the amine allowing the intramolecular cyclization to take place in DMF (Table 3, 

Entry 3-4) in high conversion. Ethyl ester proved to be beneficial in the formation of the 

thienodiazepine over methyl ester (Table 3, Entry 4-5), leading interest towards exploring better 

leaving groups. However, such esters would also be prone to hydrolysis during the former acidic 

Boc deprotection step. N-Alkylation represented by a methylated amine was examined to see 

effects of increased nucleophilicity of the amine, but probably steric hindrance reduced yield of 

the reaction compared to the unsubstituted analogue (Table 3, Entry 4 and 6). Optimal reaction 

conditions (Table 3, Entry 4) did not give comparable conversion with the phenylalanine-based 
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dipeptide and required further optimization. Screening of organic solvents, with the ability to 

dissolve starting material whilst having boiling points higher than the generated alcohol, was 

performed with the phenylalanine-based dipeptide to detect conversion. However, the tested 

conditions (Table 3, Entry 7-10) did not improve conversion, indicating that DMF was the most 

suitable solvent. The optimal conditions led to 17a with 51% isolated yield, while only trace of 

thienodiazepines 17b-17g was obtained. Limitations of the reaction scope were detected when 

applying optimized reaction conditions (Scheme 6). Any substitutions of the amino acid side chain 

or amine greatly reduced the yield compared to the dipeptide based on glycine. Functionalities 

including carboxylic acid (16f) or amine (16k) within the amino acid side chain was not tolerated. 

The dipeptide 16d based on β-alanine did not show any formation of expected 8-membered ring.  

Table 3. Optimization of thienodiazepine synthesis through intramolecular cyclization. Reactions 

performed in 0.35 mmol scale at 0.2 M. Conversion determined by LC-MS.  

 

Entry Starting material Solvent Temperature Base Conversion 

1 16b, R1: Et, R2: H, R3: H THF 70 °C NaOMe - 

2 16b, R1: Et, R2: H, R3: H Dioxane 100 °C NaOMe - 

3 16b, R1: Et, R2: H, R3: H Dioxane 100 °C NaH - 

4 16b, R1: Et, R2: H, R3: H DMF 100 °C NaH 86% 

5 16a, R1: Me, R2: H, R3: H DMF 100 °C NaH 12% 

6 16c, R1: Et, R2: H, R3: Me DMF 100 °C NaH 34% 

7 16i, R1: Et, R2: Bn, R3: H DMF 100 °C NaH 27% 

8 16i, R1: Et, R2: Bn, R3: H DMA 100 °C NaH 11% 

9 16i, R1: Et, R2: Bn, R3: H NMP 100 °C NaH 10% 

10 16i, R1: Et, R2: Bn, R3: H DMSO 100 °C NaH trace 
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Scheme 6. Synthesis of thienodiazepines through intramolecular cyclization.  

The goal of improving aqueous solubility was achieved as proven with reduced retention times in 

reverse phase HPLC correlating to aqueous solubility (Figure 18).[266] Other methods may be more 

reliable in predicting solubility,[267] but were not available at the time and would be less suitable 

considering the purity of thienodiazepines 17b-17g obtained in trace amounts. The improved 

solubility of thienodiazepines likely originates from dearomatization of the thienopyrimidinone 

and change from a flat conformation into a three-dimensional chemical space inhibiting π-π 

stacking in the solid state, which may also contribute to improved selectivity when targeting 

proteins.[71]  
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Figure 18. LC-MS elution times of direct analogues 13a (9.67 min, 8.0% H2O in MeCN with 0.1% TFA) 

and 17e (7.47 min, 27.8% H2O in MeCN with 0.1% TFA) indicating improved aqueous solubility of 

thienodiazepines compared to thienopyrimidinones.  

Considering that the thienodiazepines or original thienopyrimidinones did not show significant 

activity against RNase L in-house, no further efforts to optimize reaction conditions to obtain a 

library of thienodiazepines was carried out. In case of further interest to explore thienodiazepines 

in the discovery of ligands for various targets, synthesis with incorporation of amino acids may be 

performed using solid phase synthesis to increase yields and reduce work load. Gewald 

reaction[268] in combination with on-resin or solution phase cyclization would readily generate a 

library of thienodiazepines. Alternatively, various activated esters may be investigated for their 

tolerance to acidic environments allowing Boc deprotection in the previous step followed by 

intramolecular cyclization.  

3.1.3. Thiophenones 

Based on the reported thiophenones as RNase L activators,[49, 223] thiophenones were synthesized 

with linkers (Schemes 7, 8) for conjugation with small molecules binding to RBPs or RNAs 

allowing RNase L to be recruited for targeted RNA degradation. Protocatechuic aldehyde 18 was 
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selectively substituted at the 4-hydroxy position with brominated PEG4 linker 19. Regioselectivity 

of product 20 was confirmed by comparing with reported NMR spectra and characterization 

data.[49] Cyclocondensation between ethyl 4-chloroacetoacetate 21 and phenyl isothiocyanate 22 

generated thiophenone 23 that could further undergo aldol condensation with benzaldehyde 20 to 

introduce an amine as handle for conjugation. Deprotection of 24 under acidic conditions 

generated the primary amine 25 as a hydrochloric acid salt used for synthesis of conjugates and 

recruitment of RNase L.  

 

Scheme 7. Synthesis of thiophenone with (PEG)4 linker and terminal amine.  

Protocatechuic aldehyde 18 was alkylated with 26 at 4-hydroxy position in an optimized one-pot 

two step reaction giving intermediate 4-(2-(2-bromoethoxy)ethoxy)-3-hydroxybenzaldehyde. 

Reaction conditions were compatible with direct substitution of the second bromide using sodium 

azide and catalytic potassium iodine to obtain benzaldehyde 27. Introduction of the azide was 

strategically performed at a structure of higher molecular weight in order to avoid the explosive 

character of low molecular weight organic azides.[269] Aldol condensation with thiophenone 23 

generated RNase L recruiter 28 and regioselectivity of the substitution was confirmed by 2D 

NOESY NMR through coupling of the phenol hydrogen with the singlet hydrogen at 2 position.  
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Scheme 8. Synthesis of thiophenone with (PEG)2 linker and terminal azide.  

3.1.4. Biochemical Evaluation 

The biochemical evaluation of RNase L activation of the synthesized compounds was performed 

by Lydia Borgelt and Neele Haacke. Given the reported RNase L activating potency of the 

thiophenones,[49, 223] thienopyrimidinones and thienodiazepines were evaluated for their RNase L 

activating potency in a FRET assay.  

Synthetic RNA forming two hairpin loops labelled with 6-FAM on 5´ termini and IQ4 on 3´ termini 

undergoes FRET when excited at 489 nm and emission of light is quenched. RNase L was activated 

by the addition of 2-5A or small molecule activators and the single stranded sections cleaved 

resulting in loss of FRET and emission of light from the 6-FAM probe at 525 nm (Figure 19). 

Since thienopyrimidinones 13b, 13c, 13e-13g and 13i nor thienodiazepine 17a did not show any 

activity in the RNase L FRET activation assay (Figure 20), thiophenones 25 and 28 were used for 

conjugation strategies to degrade RNA.  
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Figure 19. RNase L FRET activation assay.  

 

Figure 20. Evaluation of compounds (13b, 13c, 13e-13g, 13i, 17a) in RNase L FRET activation assay.  

In summary, a collection of thienopyrimidinones have been synthesized using combinations of 2-

aminothiophenes with benzonitriles for incorporation of functional groups allowing linker 

attachment at different positions. Thienodiazepines were synthesized from amino acids to increase 

aqueous solubility. However, RNase L activating potency of the synthetic compounds could not 

be observed in a biochemical assay measuring RNA cleavage. Established RIBOTAC 

methodology based on thiophenones was instead utilized to synthesize analogs with amine or azide 

functionalized linkers allowing conjugation.   
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3.2. RNA Interactome Targeting Chimera 

Targeted RNA degradation strategies have so far only been achieved by using RNA-binding 

oligonucleotides or small molecules, which has rendered concern on target selectivity. A novel 

small molecule-based strategy is the recruitment of RNase L to an RBP leading to degradation of 

the RNA interactome (Figure 21). Such an approach has the potential to overcome selectivity 

concerns of current RNA degradation methods as high selectivity of small molecules targeting 

RBPs can be achieved. This strategy utilizing proximity-inducing bifunctional molecules is here 

described for the first time and may be applied as a tool to study and discover unreported protein-

RNA interactions by using total RNA-Seq in cellular experiments for the identification of reduced 

levels of transcripts after compound treatment, but may also be therapeutically relevant in case of 

degradation of oncogenic RNAs. As seen with proximity-inducing PROTACs and RIBOTACs 

generation of novel complexes can enhance selectivity over monomeric ligands.[238, 270, 271]  

Another advantage of the RNA interactome targeting chimera (RITAC) approach is the feasibility 

of targeting long non-coding RNAs (lncRNAs). The defined structures of lncRNAs are challenging 

to determine, making it difficult to target lncRNAs directly with small molecule ligands. There are 

only a few examples of small molecules directly binding lncRNAs.[272-275] The biological functions 

of lncRNAs have been increasingly well-characterized and connected to pathogenesis of multiple 

diseases, making lncRNAs potential drug targets.[276, 277]  

To synthesize the first examples of RITACs, reported small molecule inhibitors of an RBP were 

employed to recruit RNase L through conjugation with thiophenones. PEG linkers were used to 

increase flexibility and aqueous solubility of the heterobifunctional molecules. Considering that 

the RBP may sterically clash with RNase L if using a short inflexible linker, synthesis of the 

RITACs were based on previous reported heterobifunctional RNase L thiophenone recruiters 

(Table 2) using a minimum linker length of 11 atoms to recruit RNase L for targeted RNA 

degradation mediated by RBPs.  

For proof-of-concept, the first RITAC was designed to target the RBP WDR5 based on reported 

inhibitors binding allosterically to the RNA-binding region. WDR5 interacts with oncogenic 

lncRNAs and complex formation with RNase L induced by RITACs would allow for cleavage of 

single stranded regions of the disease-causing RNA, which may serve as an anticancer strategy.  
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Figure 21. Concept of RITAC inducing quaternary complex formation.  

3.2.1. WDR5 Inhibitors 

The scaffolding protein WDR5 is required for the assembly and activity of the histone 

methyltransferase complex together with mixed lineage leukemia 1 (MLL1), retinoblastoma 

binding protein 5 (RbBP5) and absent small or homeotic-2-like (ASH2L) causing trimethylation 

of Lys-4 on histone H3, but also has other interaction partners for additional functions.[278-280] Post-

translational H3K4me3 modifications result in the activation of homeobox A (HOXA) gene 

expression, where upregulation has been associated with acute myeloid leukemia (AML).[281-283] 

WDR5 is a relatively small 37 kDa protein consisting of seven repeats forming a β-propeller 

doughnut-shaped protein with two major interaction sites, the WDR5-interaction (WIN) site and 

the WDR5-binding motif (WBM) (Figure 22A). The WIN site is located within the deep central 

cavity and allows protein-protein interaction (PPI) with histone H3[284-287] and MLL1.[288, 289] The 

WBM site is positively charged, located on the surface of the β-sheets and apart from protein 

interaction with RbBP5, WBM also facilitates interaction with lncRNAs such as HOXA transcript 

at the distal tip (HOTTIP)[290], BLACAT2[291], NeST[292], GClnc1[293], Linc1405[294] and RAIN[295]. 

The promiscuity in RNA-binding of WDR5 might suggest that the development of RITAC against 

this target would be more suitable as a tool to further study the interactome.[296, 297] The same WBM 

binding site mediates PPI with the oncogenic transcription factor c-MYC[298] making WDR5 an 

interesting target for treatment of cancers via small molecule PPI inhibitors.[299, 300]  
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The HOTTIP gene is located at the 5´ tip upstream of the HOXA genes and acts as a scaffold to 

transport and locate the complex in position for accurate methylation by direct interactions with 

target genes (Figure 22B).[301] Knockdown of either WDR5[302] or HOTTIP[303-305] using RNAi 

resulted in reduced trimethylation levels of H3K4 as well as reduced transcription of HOXA genes. 

Neither secondary structure nor the sequence of HOTTIP interacting with WDR5 have been 

determined, but the use of RITACs has the potential to determine both RNA structure and sequence 

in proximity to the RBP. Upregulation of HOTTIP has been connected to gastric cancer,[306] 

pancreatic cancer[307] and prostate cancer[308] amongst others, and HOTTIP levels used as 

biomarker to predict patient survival. Targeted degradation of HOTTIP has potential to serve as 

therapeutic strategy for treatment of several human cancers.  

 

Figure 22. Interactions of the RBP WDR5. A: WDR5 (PDB: 3UR4) binding sites WIN respectively WBM. 

Key residues at the WIN site interacting with MLL1 are shown in green.[285-289, 309, 310] Key residues at the 

WBM site interacting with RNAs are shown in orange.[296, 311, 312] B: MLL1-WDR5-HOTTIP interaction 

with HOXA genes.  

WDR5 is a suitable target for the development of the RITAC strategy due to (1) the allosteric 

nature of the RNA interaction of WDR5 to the extensively explored WIN binding site that would 

avoid competition between the RITAC and RNAs of binding to WDR5, (2) the interaction with at 

least partially single stranded pathologic RNAs that can be cleaved by RNase L and (3) the 

presence of reported ligands of the allosteric WIN site. Potentially challenging may be that WDR5 

and its RNA interactome are mainly present in the nucleus, whereas RNase L is mainly located in 

the cytoplasm. However, targeted degradation of primary miRNA has been reported using the 
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RIBOTAC strategy indicating the nuclear presence of RNase L to some extent.[235] The cellular 

localization of RNase L has also been seen depending on cell line, where in some cases RNase L 

was predominantly found in the nucleus.[313, 314] This may offer additional selectivity to specific 

cells and tissues.  

Properties of WDR5 WIN site inhibitors to be incorporated into the RITACs have been limited to 

compounds with (1) reported activity in cells, (2) available linker attachment site and (3) drug-like 

properties resulting in sufficient metabolic stability and cell permeability.  

Peptides and peptidomimetics have been developed as potent inhibitors of the WDR5 WIN site 

hindering interaction with MLL1 and directly decreasing methylation activity.[315-318] Peptides 

generally require optimization to afford stability and cell permeability including formulation 

strategies in the drug development space to achieve oral bioavailability.[319] Although 

peptidomimetics like MM-589 display improved metabolic stability and cell permeability 

compared to linear analogues,[318] their high molecular weight makes it less suitable to be 

incorporated for the development of cell permeable heterobifunctional molecules.  

Several small molecules have been developed for inhibition of the PPI between WDR5-MLL1 

(Figure 23). [320-325] A general chemotype can be defined by a benzene core substituted with a 

group positively charged at physiological pH (piperazine, imidazole or guanidine analogues) in 

ortho or meta position to an aromatic moiety connected by 2-3 atoms from the benzene. The first 

reported WDR5 inhibitor of such chemotype was WDR5-0103 that forms a water-mediated 

hydrogen bond between the protonated N-methyl piperazine and the carbonyl of Cys-261 in the 

WIN site. This interaction directly replaces the position of Arg-3765 side chain from interaction 

with MLL1.[320] Variation of aromatic substituents and replacement of the ester have further 

expanded the SAR and provided small molecules with improved activity.[326, 327] Introduction of a 

biaryl fragment found in OICR-9429,[322, 328] DDO-2117[323] and other analogues[329-334] further 

increased affinity to WDR5 by interaction with a hydrophobic patch near the solvent exposed 

regions allowing π-π stacking with Tyr-191, while retaining water-mediated hydrogen bonding 

between protonated piperazine and Cys-261. However, limited solubility has been observed for 

compounds containing the biaryl fragment.[328]   
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WDR5 inhibitors with bicyclic scaffolds containing an imidazole or guanidine moiety affording 

higher affinity to the WIN site have recently been reported. Compounds containing the highly 

basic guanidine group also bear issues with limited cell permeability.[324, 325, 335] By studying the 

complex formation of inhibitors “6e” and “16” with WDR5 (PDB: 6E22 and 6E23), the lack of 

solvent exposed functionalities suitable for linker attachment becomes evident and making this 

compound class less suitable to be incorporated for the synthesis of heterobifunctional molecules.  

Proteomic studies have shown that WIN site inhibitors change the protein interactome of WDR5 

indicating the possibility of RITACs binding the WIN site and recruiting RNase L may also affect 

the RNA interactome.[336] Targets of RBPs identified by editing (TRIBE) is an established 

method[337] to identify protein-RNA interactions by using RBPs fused to the catalytic domain of 

adenosine deaminases acting on RNA (ADAR). Altering of the RNA interactome compared to the 

endogenous RBP is likely during mapping of the RNA interactome by RNA-Seq. In comparison 

the RITAC strategy may be used directly on endogenously expressed RBPs and with ability to 

determine the RNA interactome with high precision.  
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Figure 23. Representative small molecule WDR5 WIN site inhibitors.  

WDR5-0103 presents a solvent exposed methyl ester in complex with WDR5 (Figure 24) suitable 

for linker attachment. The closely related analogue WL-1 with modification of the aromatic 

substitution pattern likely forms similar interactions with WDR5 but offers improved affinity.[326]  
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Figure 24. Co-crystal structure of WDR5-0103 binding WIN site of WDR5 (PDB: 3UR4).  

Linker attachment para to the biaryl fragment in WDR5 inhibitor DDO-2084 for introduction of 

biotin as pull-down probe resulting in LC001 barely affected binding affinity to WDR5 and has 

been used to show that selective pull-down of WDR5 from cell lysate is possible.[338]  

Recent development of WDR5 degrading PROTAC XF-048 has been based on OICR-9429, 

where linker attachment was performed by replacing the morpholine group with a piperazine 

allowing substitution and conjugation with E3 ligase recruiters.[339] Another set of PROTACs 

targeting WDR5 were based on OICR-9429, but lacking the morpholine moiety where linker 

attachment for conjugation with von Hippel-Lindau (VHL) E3 ligase recruiter was performed para 

to the biaryl fragment by introducing a tert-butyl ester. This compound possessed higher activity 

than OICR-9249 by increasing the melting temperature of WDR5 during differential scanning 

fluorimetry measurements and served as starting point for amide coupling to obtain the 

bifunctional molecules. It was also found that bifunctional molecules containing PEG linkers had 

higher solubility than those prepared from aliphatic or aromatic linkers. However, most efficient 

WDR5 degradation in AML cell line MV4-11 was achieved using a short butane linker in “8g”.[340] 

Indeed, this position has been proven to be suitable for modifications allowing retained activity of 

inhibitors of WDR5 and the use of PEG linkers enhanced aqueous solubility.  

3.2.2. Chemical Synthesis of WDR5 Inhibitors 

Available data on SAR and co-crystal structure of WDR5 inhibitors was analyzed to identify sites 

suitable for linker attachment to avoid loss of activity (Figure 25). Functional groups present in 
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selected WDR5 inhibitors were utilized for amide coupling and further conjugation strategies with 

thiophenones to induce complex formation with RNase L.  

 

Figure 25. Linker attachment strategies on WDR5 inhibitors.  

Synthesis of first selected WDR5 inhibitor was initiated by esterification of benzoic acid 29 to 

obtain 31 and subsequent substitution with N-methyl piperazine 32 gave 33. Nitro group reduction 

with tin(II) chloride to 34 allowed amide coupling with acyl chloride 30 to obtain WDR5 inhibitor 
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35 (Scheme 9). Following literature procedure[326] hydrolysis of the methyl ester was carried out 

with lithium hydroxide, but also resulted in hydrolysis of the fluoride. In fact, fluoride hydrolysis 

rate was higher than ester hydrolysis due to the electron deficient nature of the aromatic system, 

thereby making it impossible to obtain any sample with intact fluoride in combination with 

hydrolysed ester. Hydrolysis conditions used to afford a carboxylic acid from WL-1 was falsely 

reported to result in an intact fluoride, but according to analytical data in the publication the 

obtained compound was identical to 36 meaning that authors also observed fluoride hydrolysis.[326] 

To evaluate how fluoride hydrolysis affected activity of the compound series esterification with a 

phenol afforded 37, a direct analogue of reported WL-11 (IC50 = 0.48 µM) that has an intact 

fluoride atom and similar activity as WL-1.   

 

Scheme 9. Synthesis of WDR5 inhibitor analogues.  
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Synthesis of the fragment for amide coupling to the scaffold of biaryl WDR5 inhibitor 50 was 

modified from the reported synthetic route.[327] Lewis acid mediated Friedel-Crafts acylation of 38 

with acetyl chloride 39 generated aryl ketone 40 (Scheme 10) that could be oxidized into 

corresponding carboxylic acid 41 by DMSO and TBHP with catalytic iodine.[341] Nitration yielded 

the desired carboxylic acid 42 that was transformed into acyl chloride 43 by reflux in thionyl 

chloride. Synthesis of the biaryl-based WDR5 inhibitor 50 was initiated by substitution of 44 with 

N-methyl piperazine 32 yielding 45, followed by reduction of the nitro group to 46 (Scheme 11). 

The palladium catalysed Suzuki cross-coupling with boronic acid 47 gave the core biaryl scaffold 

48. Amide coupling of prepared fragment 43 generated 49. Reduction of both nitro groups afforded 

WDR5 inhibitor 50. Installation of the alkyne handle for conjugation with the RNase L recruiter 

was performed by synthesis of carboxylic acid 53 from substitution of bromoacetic acid 52 with 

propargyl alcohol 51. Transformation into the corresponding acyl chloride 54 and selective amide 

coupling of 50 gave the alkyne handle at the northern amine due to the increased nucleophilic 

nature (Scheme 12). Small amounts of diacylated by-product were observed and separated from 

desired product 55 with purification by prep. HPLC. Analogues of WL-1 and WL-4 with alkyne 

handles were prepared by alkylation of alcohol 56 with propargyl bromide 57 giving 58. Boc 

deprotection allowed amide coupling of amine 59 with acyl chloride 30. Nucleophilic aromatic 

substitution of 60 with N-methyl piperazine 32 resulted in 61, where further nitro group reduction 

gave core 62. Using either acyl chloride 30 or 43 generated the alkyne tagged WDR5 inhibitors 63 

respectively 64 (Scheme 13).  

 

Scheme 10. Synthesis of 2-chloro-4-fluoro-3-methyl-5-nitro substituted building block.  
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Scheme 11. Synthesis of WDR5 inhibitor analogues with biaryl fragment.  

 

Scheme 12. Synthesis of WDR5 inhibitor with biaryl fragment and alkyne tag.  
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Scheme 13. Synthesis of WDR5 inhibitor with alkyne tag.  
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3.2.3. Biochemical Evaluation 

Biochemical evaluation of the WDR5 inhibitory activities of the synthesized compounds was 

performed by Jen-Yao Chang. Compounds aimed to target the WIN site of WDR5 were evaluated 

in a competitive fluorescence polarization (FP) assay using a 5-FAM-labelled peptide derived from 

MLL1. Reported assay conditions were adapted to be performed in 384 well plate format.[315]   

 

Figure 26. Biochemical evaluation of compounds (35, 50, 55, 63, 64) in competitive WDR5 FP assay. 

Compounds were able to compete with the peptide after incubation with the protein indicating 

direct binding to the WIN site (Figure 26). Evaluation of 35 matched well with reported biological 

evaluation data of WL-1.[326] The experimental IC50 of compound 50 was found to be 7-fold lower 

than the reported value of DDO-2084,[323] still within an acceptable error range. Overall the 

obtained results indicated a robust assay setup and compounds of high quality. Linker attachment 

site para to the biaryl scaffold did not affect WDR5 binding negatively with compound 55. The 

IC50 value is in line with both DDO-2117[323] and LC001,[338] indicating that this position is 

optimal for conjugation. Modification of the ester in 35 to an amide for linker attachment 

negatively affected the binding affinity more than for 55 indicating a less suitable linker attachment 

site. However, 64 still retained activity with 11.3-fold loss in IC50 compared to original compound 
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WL-4[326] indicating a suitable site for conjugation with RNase L recruiter. The binding affinity is 

not necessarily correlating to complex stability and degradation efficiency as seen with 

PROTACs.[342]  

3.2.4. Bifunctional Molecules 

Synthesis of heterobifunctional RITACs was performed using amide coupling or copper-catalyzed 

azide-alkyne cycloaddition (CuAAC) between the WDR5 inhibitor and the reported thiophenone 

RNase L recruiter. The first RITAC was synthesized by amide coupling between carboxylic acid 

36 and amine 25 giving heterobifunctional molecule 65 conjugated via a PEG linker to enhance 

aqueous solubility (Scheme 14). The same linker length was used as in reported examples of small 

molecule-based RIBOTACs (Table 2) to ensure efficient recruitment of RNase L. Hydrolysis of 

the fluoride atom in 37 may have resulted in reduced affinity to WDR5, but was not evaluated in 

the competitive FP assay for WDR5. The aromatic substitution pattern in combination with intact 

methyl ester has not been evaluated for binding of WIN site nor proven active in cell-based assays 

making it uncertain if the obtained molecule will be successful in inducing proximity to WDR5.  

 

Scheme 14. Synthesis of first RITAC containing PEG4 linker by amide coupling.  
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To avoid issues with fluoride hydrolysis during ester hydrolysis a different synthetic route was 

designed for conjugation by Huisgen 1,3-dipolar cycloaddition forming 1,4-disubstituted 1,2,3-

triazoles (Scheme 15). Copper(II) sulfate was used in combination with reducing agent sodium 

ascorbic acid to generate Cu(I) in situ for catalysis of the cycloaddition.[343] A linker length of 12-

13 atoms in the obtained heterobifunctional molecules 66a-66c is in the range of reported 

RIBOTACs (Table 2) and should be suitable for recruitment of RNase L to induce degradation of 

RNA proximal to the small molecule binding site. Aqueous solubility was lower for 66a due to 

the biaryl fragment causing increased lipophilicity, but also potency of precursor 55. However, an 

overall acceptable solubility of 66a was obtained by incorporation of the piperazine moiety, which 

becomes charged at physiological pH. How this affects cell permeability is to be determined. The 

substitution pattern of precursor 64 resulted in higher WDR5 inhibition than 63, which indicates 

that 66c will be more efficient than 66b in stabilizing complex formation between WDR5 and 

RNase L. The balance between solubility and cell permeability has been shown to be an important 

factor for successful development of PROTACs.[344-347]  
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Scheme 15. Synthesis of RITACs conjugated by click chemistry.  

In summary, WDR5 inhibitors have been successfully modified with linkers, resulting in retained 

inhibitory activity of at least two compounds. Obtained inhibitors were conjugated with prepared 

thiophenone RNase L recruiters using amide coupling or click chemistry and thereby the first 

heterobifunctional RITAC molecules have been synthesized, isolated and characterized.   
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3.3. Ribonuclease Targeting Chimera 

RIBOTACs (Section 1.2.9.) have been developed against several miRNA targets, but recently also 

for degradation of the SARS-CoV-2 RNA genome.[56] 2-5A antisense chimera strategies (Table 3) 

have also been successful in degradation of the HIV-1 RNA genome by recruitment of RNase L 

to the gag gene[254] and replacement with fully small molecule-based probes may serve as potent 

antiviral therapeutics allowing oral administration. RNase L inhibitor produced during HIV-1 

infection might interfere with the catalytic cleavage, but has not yet been proven to be a concern 

in strategies to selectively degrade viral RNA.[348] The HIV-1 genome has been targeted for 

degradation in this section to extend the application scope of RIBOTACs.  

3.3.1. HIV-1 TAR Ligands 

HIV-1 infection is a wide-spread infectious disease that affects millions of people leading to the 

serious condition AIDS.[349] The virus recognizes C-C chemokine receptor type 5 (CCR5) located 

at the outer membrane of CD4+ T cells for entrance and makes use of endogenous machinery of 

the white blood host cell for replication and spreading, which ultimately leads to reduced immune 

response.[350] The HIV-1 RNA genome contains nine genes encoding for proteins required in this 

process.[351] Multiple proteins supporting the physical capsid structure common for retroviruses 

are encoded within the gag gene. Reverse transcriptase, integrase and HIV protease are expressed 

from the pol gene allowing viral RNA to be incorporated in the human DNA and proteolytic 

processing of viral precursory polyproteins. Glycoproteins are encoded in the env gene that detect 

CCR5 on the surface of host cells assisting entry.[352]  Tat is a small protein essential for induced 

expression of the virus by interaction of ARMs with the trinucleotide bulge of TAR RNA in both 

5´ and 3´ UTRs (Figure 27). Tat is thereby recruiting endogenous proteins inducing the translation 

of the viral RNA genome. Similarly, Rev is another small RBP recognizing the RRE RNA within 

the env gene by an ARM resulting in complex formation with exportin-1 that transport viral 

transcripts to the cytoplasm for translation into proteins.[353] The virus can stay latent for years 

caused by low levels of Tat protein amongst other factors.[354] It has been shown that the TAR 

RNA can be processed by Dicer-TRBP complex to act as a miRNA and thereby downregulate 

endogenous proteins to prevent apoptosis.[355-357] Genes vif, vpr, vpu and nef are coding for 

accessory proteins with the effect of resisting antiviral responses, for example through recruitment 
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of E3 ubiquitin ligases to induce polyubiquitination and proteasomal degradation of proteins 

implicating on the viral replication.[358]  

The RNA genome of HIV-1 contains several structurally determined sites suitable for binding of 

small molecules.[359] The unstructured reading frame containing coding regions is more suitable 

for targeting using oligonucleotide-based strategies and has been explored in clinical trials.[360, 361] 

Degradation of the viral RNA genome may serve as therapy in treatment of early stages of viral 

infections and hindering the virus from spreading. Using small molecule-based strategies allowing 

oral administration would significantly improve the situation of patients in comparison with 

current methods including bone marrow transplantation.[362, 363]  

Several small molecule ligands have been discovered to bind the bulge area of HIV-1 TAR RNA 

inhibiting interaction with the Tat protein. One of the first discovered scaffolds for targeting the 

TAR RNA is thienopyridine (Figure 28).[364-366] Inhibitors of quinolone[367-373] and amiloride[374-

378] scaffolds have been discovered and induced proliferative effect in HIV-infected cell lines, 

although cell permeability might be of concern when incorporated into heterobifunctional 

molecules due to the presence of readily ionizable functional groups. The selectivity profile of 

reported small molecule TAR ligands has not yet been fully determined and may cause unselective 

RNA degradation when incorporated in RIBOTACs.  
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Figure 27. HIV-1 RNA genome with TAR-Tat interaction as a drug target.  

 

Figure 28. Representative small molecule HIV-1 TAR RNA ligands evaluated by FRET peptide 

displacement assays.  

Based on reported SAR studies of thienopyridines as ligand of TAR RNA, substitutions of the 

pyridine ring are limited to small aliphatic groups and phenyls with small sized substituents. The 
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primary amine can not be modified and the amide only allow N-methylation or replacement with 

an oxadiazole. This leaves the aromatic substituent, which fortunately tolerates a wide range of 

modifications including phenyls with substituents at various positions as well as heterocycles 

including pyridines and benzimidazole.[364-366] In conclusion, linker attachment site is likely most 

suitable at the aromatic region (Figure 29).  

 

Figure 29. SAR of thienopyridines as TAR ligands.  

3.3.2. Chemical Synthesis of HIV-1 TAR Ligands 

Alkyne tagged anilines were prepared for the synthesis of RIBOTACs. For the trifluoromethylated 

aniline, corresponding benzoic acid 67 was nitrated resulting in 68, followed by reduction of first 

carboxylic acid into alcohol 69 and then nitro group yielding 70 (Scheme 16A). Propargyl bromide 

57 was then used to introduce the alkyne handle in 71. Methyl-4-aminopicolinate 72 was used for 

the pyridine analogue and reduced into corresponding primary alcohol 73 (Scheme 16B). 

Propargyl bromide 57 was then used to introduce the alkyne handle in 74. 3-Aminobenzoic acid 

75 was used for the unsubstituted analogue, where reduction lead to the primary alcohol 76 

(Scheme 16C). Propargyl bromide 57 was then used to introduce the alkyne handle in 77. 

Bromoacetyl bromide 79 was used to acylate the anilines 71, 74, 77, 78a and 78b in high 

conversion to obtain bromoacetamides 80a-80e after precipitation in Et2O (Scheme 17). Product 

80a was found to be highly hydrophilic and substantially dissolved in the ether phase and in turn 

explaining the lower yield of 83a. Efficient preparation of the thioxo-dihydropyridine 82 from 81 

was performed by substitution using thiourea and collection of precipitated product by filtration 

(Scheme 18). Thienopyridines 83a-83e were synthesized from prepared bromoacetamides 80a-
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80e and thioxo-dihydropyridine 82 under basic conditions allowing thiophene formation (Scheme 

18).[365] Position of the linker is in agreement with SAR studies and should result in retained 

binding affinity to TAR RNA.  

 

Scheme 16. Synthesis of alkyne tagged anilines. A: 3-trifluoromethylaniline. B: 4-aminopyridine. C: 

Aniline.  
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Scheme 17. Synthesis of bromoacetamides.  

 

Scheme 18. Synthesis of thienopyridine TAR ligands and analogues.  
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3.3.3. Bifunctional Molecules 

Click chemistry was applied for conjugation of the alkyne tagged TAR RNA ligands 83c-83e to 

azide tagged RNase L recruiter 28 to obtain three RIBOTAC compounds with variations in the 

RNA ligand (Scheme 19). Heterobifunctional molecules 84a and 84b are based on reported 

compounds “1” and “2” respectively, while 84c contain an unsubstituted benzene ring with 

potential activity or otherwise useful as negative control in biological experiments.  

 

Scheme 19. Synthesis of RIBOTACs.  

Attachment of the linker through C-C bonds should have minimal impact on the original TAR 

ligands and if the positioning is located on solvent exposed positions it should be fully suitable for 

the development of RIBOTACs. The linker length of 11 atoms is consistent with reported 

RIBOTACs (Table 2). The high structural similarity of RIBOTACs 84a, 84b and 84c with reported 

RIBOTAC targeting SARS-CoV-2 RNA genome[56] indicate that efficient recruitment of RNase 

L is possible and that physiochemical properties will result in sufficient solubility and cell 
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permeability of obtained heterobifunctional molecules. Considering that pyridine containing 

parent compound “2” shows higher activity in combination with improved solubility, it makes this 

heterobifunctional compound a promising RIBOTAC for targeted degradation of the HIV RNA 

genome. 

In summary, thienopyridines were functionalized with alkyne handles for conjugation with 

thiophenone RNase L recruiter using click chemistry. Obtained heterobifunctional molecules 

aiming to target HIV-1 TAR RNA will be used to extend the scope of RIBOTACs and evaluated 

for potential degradation of the HIV-1 RNA genome and ultimately treatment of HIV-1 infection.   
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4. Conclusion 

In this study, synthetic organic chemistry methods were applied to obtain diverse bioactive 

compounds in three parts. Medicinal chemistry approaches were used to identify suitable linker 

attachment sites on small molecules with reported biological activity based on SAR and co-crystal 

structures. The aim was to obtain biologically active compounds to recruit RNase L for targeted 

degradation of RNAs via either small molecule binders to RBPs or RNAs.  

The Gewald reaction was carried out for the synthesis of 2-aminothiophenes, which were 

subsequently used for the divergent synthesis of reported and novel thienopyrimidinones as well 

as thienodiazepines. Introduction of functional groups allowing linker attachment through amide 

coupling to thienopyrimidinones at different positions was achieved, as exemplified by the 

attachment of a PEG2 linker. A route for the synthesis of thienodiazepines in three steps was 

established, albeit with limited scope of amino acid side chains amenable in the final 

intramolecular cyclization step. Aqueous solubility of thienodiazepines was improved compared 

to analogous thienopyrimidinones. No activity of the obtained compound classes could be detected 

in the RNase L FRET activation assay and consequently no further progression on the synthesized 

scaffolds was pursued. Lack of activity in thienopyrimidinones was in line with a recent report,[49] 

but contradictory to the original report.[223] Thiophenone C-5966451 reported to activate RNase L 

in vitro and in cellulo[49, 223] was instead used for regioselective introduction of an azide allowing 

another conjugation strategy using copper(I)-catalyzed click chemistry to obtain novel 

heterobifunctional molecules.  

Development of RITAC as a novel strategy to discover protein-RNA interactions and degrade 

oncogenic lncRNAs was conceived and the synthesis of heterobifunctional compounds was carried 

out for a proof-of-concept study. Synthesis of WDR5 WIN site inhibitors allowed reproduction of 

reported biological activity in-house using a competitive FP assay. Linker attachment at solvent 

exposed positions by the introduction of an alkyne resulted in compounds with retained activity. 

Conjugation with thiophenone as reported RNase L recruiter was carried out using click chemistry 

to obtain the first reported heterobifunctional molecules aimed to induce complex formation 

between RNase L-RITAC-WDR5-HOTTIP as a potential anti-AML approach. Up to 17 individual 

synthetic steps were performed to afford each heterobifunctional molecule. Issues with poor 



 CONCLUSION 

 
 

68 
 

aqueous solubility was solved by the use of smaller WDR5 inhibitors without a biaryl fragment 

yielding a promising lead compound with retained activity.  

Thienopyridines with various aromatic substitutions were synthesized to target HIV-1 TAR RNA. 

Introduction of a C-C bond to minimize loss of target binding of the original molecule allowed the 

attachment of an alkyne handle. Conjugation with the reported thiophenone RNase L recruiter was 

performed via CuAAC to obtain heterobifunctional molecules for targeted degradation of the HIV-

1 RNA genome and thereby expanding the scope of RIBOTACs.  
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5. Perspective 

For small molecule RNase L activators, synthesized 2-aminothiophenes are to be further evaluated 

in orthogonal assays to determine their RNase L activating potency. Reported FRET assay based 

on cleavage of 6-FAM labelled RNA suffer from the autofluorescence of compounds and may 

generate false positive results. Additionally, background levels of dimerized enzyme results in 

poor signal-to-noise ratio. An alternative assay to evaluate activation of RNase L with small 

molecules may be the use of a bioanalyzer instrument for detection of a cleavage pattern of rRNA 

specific to RNase L in the cellular context.[379]  

For the proof-of-concept of the RITAC strategy, validation of the bifunctional molecules 

synthesized from the alkyne functionalized WDR5 inhibitors needs to be performed in cellulo to 

detect the degradation of HOTTIP or other lncRNAs. Since the protein-interacting RNA sequence 

is unknown, a set of overlapping primers will allow identification of cleavage site(s) by RT-qPCR 

analysis, which will indicate approximate binding site to WDR5 and the secondary structure of the 

lncRNA. Knockdown of RNase L and WDR5 respectively using siRNA will serve as negative 

controls in cellular experiments to confirm that the observed effects are dependent on the presence 

of both proteins. To further determine the complete RNA interactome of WDR5, next-generation 

sequencing methods will be applied to detect downregulated transcripts compared to untreated 

cells. The effect of RITACs in cancer cells are to be studied to determine possible therapeutic 

applications, especially by the degradation of oncogenic lncRNAs.  

For the HIV-1 TAR targeting RIBOTACs, thienopyridines designed to target the HIV-1 TAR 

RNA are to be evaluated, for example via differential scanning fluorimetry or microscale 

thermophoresis, to confirm that selected linker attachment sites are suitable for conjugation with 

an RNase L recruiter. Synthesized RIBOTACs are to be evaluated in cell-based assays using RT-

qPCR with a set of primers for the detection of the HIV-1 genomic RNA degradation. This would 

similarly to the RITAC strategy yield information about cleavage site(s) and folding of the RNA. 

Structurally related RNAs containing hairpins with small apical loops containing 4-6 nucleotide 

sequences and di- or trinucleotide bulge regions can be used as controls to confirm selective 

binding and degradation of HIV-1 TAR. Excessive yeast tRNA in the sample may alternatively be 

added to confirm selective binding and degradation of HIV-1 TAR, similarly to the evaluation of 
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reported RIBOTACs. Promising RIBOTACs will subsequently be evaluated in viability assays to 

determine whether HIV-infected cells may be rescued from apoptosis induced by the degradation 

of viral RNA, which can be indicative of the potential to develop therapeutics based on the 

obtained HIV-1 TAR RIBOTACs.  
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6. Experimental 

6.1. General Information 

Commercially available starting materials, reagents and solvents purchased from ABCR, Acros, 

Alfa Aesar, Carl Roth, Fluorochem, Sigma Aldrich, TCI and VWR were used without further 

purification. Moisture sensitive solutions were prepared from solvents dried over activated 

molecular sieves (3 Å) under argon atmosphere in oven-dried glassware and transferred using 

syringes and cannulas.  

Thin-layer chromatography (TLC) was performed on silica coated aluminum plates (Merck 60 

F254) and visualized under UV irradiation (254 nm), bromocresol green stain (0.04 g bromocresol 

green, 100 mL EtOH, aqueous 0.1 M NaOH added dropwise until solution turn blue), 

dinitrophenylhydrazine stain (12 g 2,4-dinitrophenylhydrazine, 60 mL concentrated sulfuric acid, 

80 mL H2O, 200 mL EtOH), iodine stain (0.5 g iodine in 25 mL silica gel) or potassium 

permanganate stain (1.5 g potassium permanganate, 10 g potassium carbonate, 1.25 mL 10% 

aqueous NaOH solution, 200 mL H2O).  

LC-MS was performed on an Agilent 1200 system equipped with a mass detector (column: Zorbax 

Eclipse XDB-C18 4.6 x 150 mm, particle size 5 μm). Appropriate gradients were applied by 

mixing H2O (+ 0.1% TFA) and MeCN (+ 0.1% TFA). 

Analytical UHPLC-MS was performed on an Agilent 1260 II Infinity system equipped with a mass 

detector (column: Zorbax Eclipse C18 Rapid Resolution 2.1 x 50 mm, particle size 1.8 µm). 

Appropriate gradients were applied by mixing H2O (+ 0.1% TFA) and MeCN (+ 0.1% TFA). 

Purification of crude products was achieved through flash column chromatography (FC, silica gel 

60, 0.035-0.070 mm), automated medium pressure liquid chromatography (MPLC, Büchi Pure C-

810 Flash, prepacked silica gel cartridges) with UV detection (254 nm) or preparative high-

performance liquid chromatography (prep. HPLC, Büchi Pure C-850 FlashPrep, Macherey-Nagel 

Nucleodur C18 gravity column) with UV detection (254 nm) using indicated solvents.  

NMR spectra were recorded on Bruker AV 400 Avance III HD (NanoBay), Agilent 

Technologies DD2, Bruker AV 500 Avance III HD (Prodigy), Bruker AV 600 Avance III HD 

(CryoProbe) or Bruker AV 700 Avance III HD (CryoProbe) spectrometers. Data is reported in 

ppm with reference to the used deuterated solvent (CDCl3: 7.26 ppm, 77.16 ppm; DMSO-d6: 2.50 
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ppm, 39.52 ppm; CD2Cl2: 5.32 ppm, 53.84 ppm; MeOH-d4: 3.31 ppm, 49.00 ppm; Acetone-d6: 

2.05 ppm, 29.84 ppm, 206.26 ppm).[380]
 Signals were assigned based on 2D NMR correlations 

(1H/1H COSY, 1H/1H NOESY, 1H/13C HSQC, 1H/13C HMBC).  

High-resolution mass spectrometry (HRMS) was performed on 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)). 

Microwave reactions were performed on a CEM Discover SP Activent device. 

6.2. Synthesis of Thiophenes 

General procedure 1 (GP1): Multicomponent Gewald reaction. 

 

To a solution of cyclohexanone derivative 1 (3.00 mmol), cyanoacetate ester 2 (1.0 equivalent) 

and elemental sulfur (1.0 equivalent) in anhydrous EtOH (0.15 M) was added triethylamine (1.2 

equivalents). The mixture was heated at 78 °C overnight under argon atmosphere. Solvent was 

evaporated under vacuum for purification by flash column chromatography to afford 

corresponding thiophenes.  

Methyl 2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxylate (3a) 

To a solution of cyclohexanone 1a (0.99 mL, 9.58 mmol), methyl cyanoacetate 

2a (0.93 mL, 10.5 mmol) and elemental sulfur (0.37 g, 11.5 mmol) in anhydrous 

MeOH (10 mL) was added diethylamine (0.50 mL, 4.79 mmol). The mixture was 

stirred at room temperature for 24 hours under argon atmosphere. Solvent was evaporated under 

vacuum for purification by MPLC (PE/EtOAc 1:0 to 0:1) to afford title compound as a light-yellow 

solid (1.91 g, 94%). 1H NMR (400 MHz, CDCl3): δ 3.79 (s, 3H), 2.71 – 2.66 (m, 2H), 2.53 – 2.47 

(m, 2H), 1.81 – 1.72 (m, 4H). LCMS-ESI (m/z): 212.1 [M + H]+. Analytical data matches with 

literature values.[381] 

Ethyl 2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxylate (3b) 
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According to GP1. Cyclohexanone 1a (0.31 mL, 3.00 mmol) and ethyl 

cyanoacetate 2b (0.32 mL, 3.00 mmol) was reacted for 21 hours. Purification by 

flash column chromatography (PE/EtOAc 20:1) to afford title compound as a 

light-yellow solid (0.62 g, 91%). 1H NMR (700 MHz, CDCl3): δ 5.92 (br s, 2H), 4.26 (q, J = 7.1 

Hz, 2H), 2.70 (t, J = 7.3 Hz, 2H), 2.50 (t, J = 6.2 Hz, 2H), 1.80 – 1.76 (m, 2H), 1.76 – 1.72 (m, 

2H), 1.33 (t, J = 7.1 Hz, 3H). LCMS-ESI (m/z): 226.1 [M + H]+. Analytical data matches with 

literature values.[382] 

Ethyl 2-amino-6-methyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxylate (3c) 

According to GP1. N-methyl-4-piperidone 1b (0.74 mL, 6.00 mmol) and 

ethyl cyanoacetate 2b (0.64 mL, 6.00 mmol) was reacted for 15 hours. 

Purification by flash column chromatography (DCM, 5% MeOH) to afford 

title compound as a brown solid (0.93 g, 64%). 1H NMR (400 MHz, CDCl3): δ 5.94 (s, 2H), 4.26 

(q, J = 7.1 Hz, 2H), 3.42 (s, 2H), 2.88 – 2.85 (m, 2H), 2.71 (t, J = 5.8 Hz, 2H), 2.47 (s, 3 H), 1.33 

(t, J = 7.1 Hz, 3H). LCMS-ESI (m/z): 241.1 [M + H]+. Analytical data matches with literature 

values.[382] 

Ethyl 2-amino-6-benzyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxylate (3d) 

According to GP1. N-benzyl-4-piperidone 1c (1.11 mL, 6.00 mmol) 

and ethyl cyanoacetate 2b (0.64 mL, 6.00 mmol) was reacted for 15 

hours. Purification by flash column chromatography (PE/EtOAc 4:1) 

to afford title compound as a yellow solid (1.78 g, 94%). 1H NMR (400 MHz, CDCl3): δ 7.39 – 

7.24 (m, 5H), 5.93 (s, 2H), 4.24 (q, J = 7.1 Hz, 2H), 3.68 (s, 2H), 3.41 (s, 2H), 2.84 – 2.80 (m, 

2H), 2.75 (t, J = 5.7 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H). LCMS-ESI (m/z): 317.1 [M + H]+. Analytical 

data matches with literature values.[383]  

6.3. Synthesis of Benzonitriles 

Methyl 4-amino-2-bromobenzoate (9) 

Methyl 2-bromo-4-nitrobenzoate 8 (1.50 g, 5.77 mmol) and iron powder (1.21 

g, 51.8 mmol) was added to EtOH (20.3 mL) and heated at 60 °C. Concentrated 

HCl (4.32 mL) was added dropwise. The mixture was heated at 78 °C for 2 
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hours. H2O (60 mL) was added to the cooled down mixture, which was neutralized to pH 7 by 

addition of aqueous 1 M NaOH and extracted with EtOAc (2 x 60 mL). Combined organic phases 

were filtered through celite and solvent evaporated under vacuum to afford title compound as a 

yellow solid (1.33 g, quant). 1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.5 Hz, 1H), 6.93 (s, 1H), 

6.57 (d, J = 8.5 Hz, 1H), 4.07 (br s, 2H), 3.86 (s, 3H). LCMS-ESI (m/z): 230.0 [M + H]+. Analytical 

data matches with literature values.[384] 

Methyl 2-bromo-4-hydroxybenzoate (10)  

9 (1.22 g, 5.30 mmol) was mixed with H2O (15 mL) and concentrated sulfuric 

acid (1.5 mL). At 0 °C was added a solution of sodium nitrite (0.40 g, 5.82 

mmol) dissolved in H2O (1.5 mL), via pipette below the surface of the reaction. 

The mixture was diluted with H2O (15 mL) after 15 minutes and stirred for at room temperature 

15 minutes. The mixture was heated at 100 °C for 30 minutes and then stirred at room temperature 

for 22 hours. The mixture was extracted with Et2O (3 x 45 mL). Combined organic phases were 

concentrated under vacuum for purification by flash column chromatography (PE/EtOAc 20:1 to 

9:1) to afford title compound as an orange solid (0.91 g, 75%). 1H NMR (400 MHz, CDCl3): δ 

7.83 (d, J = 8.6 Hz, 1H), 7.17 (s, 1H), 6.82 (d, J = 8.6 Hz, 1H), 5.44 (br s, 1H), 3.90 (s, 3H). 

LCMS-ESI (m/z): 231.0 [M + H]+. Analytical data matches with literature values.[385] 

2-Bromo-4-hydroxybenzoic acid (11)  

To 10 (0.50 g, 2.16 mmol) was added 30% hydrogen bromide (w/w) in acetic 

acid (7.00 mL) and solution was heated at 118 °C for 14 hours. The cooled down 

solution was poured into H2O (35 mL) and extracted with Et2O (2 x 35 mL). 

Combined organic phases were dried over MgSO4, filtered and concentrated under vacuum for 

purification by MPLC (PE/EtOAc 1:0 to 0:1) to afford title compound as an off-white solid (0.31 

g, 67%). 1H NMR (400 MHz, DMSO-d6): δ 12.75 (br s, 1H), 10.50 (br s, 1H), 7.72 (d, J = 8.6 Hz, 

1H), 7.02 (s, 1H), 6.80 (d, J = 8.6 Hz, 1H). LCMS-ESI (m/z): 217.0 [M + H]+. Analytical data 

matches with literature values.[385] 
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General procedure 2 (GP2): Nucleophilic aromatic substitution. 

 

Cupper(I) cyanide (1.0 equivalent) was added to a solution of bromobenzene derivative (2.50 

mmol) in NMP (0.83 M). The mixture was heated at 200 °C in a microwave reactor for 2 hours. 

The solution was poured into 1 M aqueous HCl (25 mL) and extracted with EtOAc (3 x 20 mL). 

Combined organic phases were washed with brine (60 mL), dried over Na2SO4, filtered and solvent 

evaporated under vacuum to afford corresponding benzonitriles.  

4-Cyano-2-hydroxybenzoic acid (5) 

According to GP2. Purification by MPLC (PE/EtOAc 1:0 to 0:1) to afford title 

compound as a brown solid (0.35 g, 85%). 1H NMR (400 MHz, DMSO-d6): δ 

10.16 (s, 1H), 7.89 (d, J = 8.0 Hz, 1H), 7.43 (s, 1H), 7.31 (d, J = 8.0 Hz, 1H). 

LCMS-ESI (m/z): 164.0 [M + H]+. Analytical data matches with literature values.[386] 

3-Cyano-5-hydroxybenzoic acid (7) 

According to GP2. Title compound afforded as a brown solid (0.32 g, 79%). 1H 

NMR (400 MHz, DMSO-d6): δ 13.34 (br s, 1H), 10.57 (br s, 1H), 7.67 (s, 1H), 

7.59 (s, 1H), 7.36 (s, 1H). LCMS-ESI (m/z): 164.0 [M + H]+. Analytical data 

matches with literature values.[387] 

2-Cyano-4-hydroxybenzoic acid (12) 

According to GP2. 11 (0.30 g, 1.38 mmol) was reacted with cupper(I) cyanide 

(1.1 equivalents) for 4 hours. Purification by MPLC (DCM, 0-10% MeOH) 

afforded title compound as a brown solid (0.12 g, 65%). 1H NMR (500 MHz, 

DMSO-d6): δ 11.07 (s, 1H), 10.88 (s, 1H), 7.65 (d, J = 8.1 Hz, 1H), 7.12 – 7.09 (m, 2H). 13C NMR 

(126 MHz, DMSO-d6): δ 174.2, 169.5, 163.6, 135.9, 125.5, 123.3, 120.8, 109.9. LCMS-ESI (m/z): 

164.0 [M + H]+.  
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6.4. Synthesis of Thienopyrimidinones 

General procedure 3 (GP3): Pyrimidinone formation. 

 

Thiophene derivative 3 (0.44 mmol) was dissolved in anhydrous 1,4-dioxane (0.5 M) saturated 

with 4 M hydrochloric acid gas. Benzonitrile derivative 5, 7 or 12 (1.1 equivalents) was added and 

mixture heated at 100 °C in a closed vial. The mixture was cooled to room temperature and mixed 

with aqueous saturated NaHCO3 (10 mL). Aqueous phase was extracted with EtOAc (3 x 10 mL). 

Combined organic phases were concentrated under vacuum for purification by flash column 

chromatography to afford corresponding pyrimidinones.  

2-Phenyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4(3H)-one (13a) 

According to GP3. Reaction time 20 hours and purification by flash 

column chromatography (PE/EtOAc 4:1 to 0:1) to afford title compound 

as an off-white solid (0.12 g, 94%). 1H NMR (400 MHz, CDCl3): δ 11.05 

(br s, 1H), 8.16 (d, J = 8.2 Hz, 2H), 7.56 – 7.50 (m, 3H), 3.13 – 3.08 (m, 2H), 2.84 – 2.80 (m, 2H), 

1.94 – 1.87 (m, 4H). LCMS-ESI (m/z): 283.1 [M + H]+. Analytical data matches with literature 

values.[382] 

2-(3-hydroxyphenyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4(3H)-one (13b) 

According to GP3. Reaction time 18 hours and purification by flash 

column chromatography (DCM, 3% MeOH) to afford title compound as 

a white solid (38.6 mg, 58%). 1H NMR (400 MHz, DMSO-d6): δ 12.37 

(s, 1H), 9.69 (s, 1H), 7.52 (d, J = 7.9 Hz, 1H), 7.50 (s, 1H), 7.28 (t, J = 7.9 Hz, 1H), 6.93 (d, J = 

7.9 Hz, 1H), 2.89 (t, J = 5.9 Hz, 2H), 2.74 (t, J = 5.8 Hz, 2H), 1.84 – 1.73 (m, 4H). LCMS-ESI 

(m/z): 299.1 [M + H]+.  

2-(4-Hydroxyphenyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4(3H)-one  (13c) 
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According to GP3. Reaction time 16 hours and purification by flash 

column chromatography (DCM, 3-10% MeOH) to afford title 

compound as a white solid (0.13 g, 99%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.21 (s, 1H), 10.12 (s, 1H), 7.99 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 2.88 

(t, J = 5.9 Hz, 2H), 2.72 (t, J = 5.8 Hz, 2H), 1.83 – 1.72 (m, 4H). LCMS-ESI (m/z): 299.1 [M + 

H]+. Analytical data matches with literature values.[382] 

7-Benzyl-2-phenyl-5,6,7,8-tetrahydropyrido[4',3':4,5]thieno[2,3-d]pyrimidin-4(3H)-one 

(13d) 

According to GP3. Reaction time 64 hours and purification by 

MPLC (DCM, 0-20% MeOH) to afford title compound as a pale-

yellow solid (33.9 mg, 21%). 1H NMR (400 MHz, DMSO-d6): δ 

12.55 (s, 1H), 8.11 (d, J = 8.4 Hz, 2H), 7.58 – 7.48 (m, 3H), 7.37 – 7.31 (m, 4H), 7.28 – 7.24 (m, 

1H), 3.70 (s, 2H), 3.62 (s, 2H), 2.96 (t, J = 5.8 Hz, 2H), 2.77 (t, J = 5.8 Hz, 2H). LCMS-ESI (m/z): 

374.2 [M + H]+. Analytical data matches with literature values.[382] 

7-Benzyl-2-(3-hydroxyphenyl)-5,6,7,8-tetrahydropyrido[4',3':4,5]thieno[2,3-d]pyrimidin-

4(3H)-one (13e) 

According to GP3. Reaction time 96 hours and purification by 

MPLC (DCM, 0-20% MeOH) to afford title compound as an 

off-white solid (33.7 mg, 20%). 1H NMR (700 MHz, DMSO-

d6): δ 12.48 (s, 1H), 9.74 (s, 1H), 7.56 (d, J = 7.8 Hz, 1H), 7.53 (s, 1H), 7.39 – 7.35 (m, 4H), 7.32 

(t, J = 7.9 Hz, 1H), 7.29 (t, J = 6.9 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H), 3.72 (s, 2H), 3.64 (s, 2H), 

2.98 (t, J = 5.8 Hz, 2H), 2.79 (t, J = 5.8 Hz, 2H). 13C NMR (176 MHz, DMSO-d6): δ 163.9, 159.2, 

158.0, 152.9, 138.6, 133.7, 130.5, 130.2, 129.8, 129.3, 128.8, 127.6, 121.0, 119.0, 118.8, 115.0, 

61.3, 51.5, 49.5, 26.1. HRMS-ESI (m/z): [M + H]+ calculated for C22H20O2N3S: 390.1271, found: 

390.1271.  

7-Benzyl-2-(4-hydroxyphenyl)-5,6,7,8-tetrahydropyrido[4',3':4,5]thieno[2,3-d]pyrimidin-

4(3H)-one (13f) 
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According to GP3. Reaction time 20 hours and purification by 

MPLC (DCM, 0-20% MeOH) to afford title compound as a 

pale-yellow solid (38.8 mg, 23%). 1H NMR (400 MHz, 

DMSO-d6): δ 12.28 (s, 1H), 10.13 (s, 1H), 7.99 (d, J = 8.9 Hz, 2H), 7.37 – 7.31 (m, 4H), 7.28 – 

7.24 (m, 1H), 6.84 (d, J = 8.9 Hz, 2H), 3.70 (s, 2H), 3.60 (s, 2H), 2.93 (t, J = 5.7 Hz, 2H), 2.76 (t, 

J = 5.7 Hz, 2H). LCMS-ESI (m/z): 390.1 [M + H]+. Analytical data matches with literature 

values.[382] 

2-(3-Hydroxyphenyl)-7-methyl-5,6,7,8-tetrahydropyrido[4',3':4,5]thieno[2,3-d]pyrimidin-

4(3H)-one (13g) 

According to GP3. Reaction time 24 hours and purification by MPLC 

(DCM, 0-20% MeOH) to afford title compound as a beige solid (69.6 

mg, 53%). 1H NMR (500 MHz, DMSO-d6): δ 8.99 (br s, 1H), 7.75 

(s, 1H), 7.70 (d, J = 7.7 Hz, 1H), 7.13 (t, J = 7.8 Hz, 1H), 6.69 (d, J = 7.9 Hz, 1H), 3.46 (s, 2H), 

2.94 (t, J = 5.6 Hz, 2H), 2.60 (t, J = 5.8 Hz, 2H), 2.35 (s, 3H). LCMS-ESI (m/z): 314.1 [M + H]+. 

Analytical data matches with literature values.[382] 

2-Hydroxy-4-(4-oxo-3,4,5,6,7,8-hexahydrobenzo[4,5]thieno[2,3-d]pyrimidin-2-yl)benzoic 

acid (13h) 

According to GP3. Reaction time 20 hours with 5 (1.0 equivalent) and 

crude product isolated by filtration to afford title compound as a 

curry-yellow solid (93.5 mg, 62%). 1H NMR (500 MHz, DMSO-d6): 

δ 12.62 (s, 1H), 11.39 (br s, 1H), 7.89 (d, J = 8.3 Hz, 1H), 7.71 (s, 1H), 7.68 (d, J = 8.2 Hz, 1H), 

2.92 (t, J = 6.1 Hz, 2H), 2.79 (t, J = 7.9 Hz, 2H), 1.86 – 1.76 (m, 4 H). 13C NMR (126 MHz, 

DMSO-d6): δ 171.7, 161.3, 159.5, 133.9, 131.5, 131.0, 130.2, 123.6, 122.0, 118.7, 116.6, 115.6, 

66.8, 25.8, 25.1, 22.9, 22.2. HRMS-ESI (m/z): [M + H]+ calculated for C17H15O4N2S: 343.0747, 

found: 343.0751.  

3-Hydroxy-5-(4-oxo-3,4,5,6,7,8-hexahydrobenzo[4,5]thieno[2,3-d]pyrimidin-2-yl)benzoic 

acid (13i) 
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According to GP3. Reaction time 18 hours with 7 (1.0 equivalent) and 

crude product isolated by filtration to afford title compound as a light-

purple solid (79.7 mg, 52%). 1H NMR (700 MHz, DMSO-d6): δ 13.11 

(s, 1H), 12.60 (s, 1H), 10.14 (s, 1 H), 8.14 (s, 1H), 7.73 (s, 1H), 7.51 (s, 

1H), 2.91 (t, J = 5.8 Hz, 2H), 2.77 (t, J = 5.7 Hz, 2H), 1.85 – 1.82 (m, 2H), 1.80 – 1.77 (m, 2 H). 

13C NMR (176 MHz, DMSO-d6): δ 167.2, 163.2, 159.2, 158.2, 152.0, 134.1, 133.2, 133.0, 131.4, 

121.6, 120.1, 119.2, 119.0, 25.8, 25.0, 23.0, 22.2. HRMS-ESI (m/z): [M + H]+ calculated for 

C17H15O4N2S: 343.0747, found: 343.0748.  

3-Hydroxy-N-(2-(2-hydroxyethoxy)ethyl)-5-(4-oxo-3,4,5,6,7,8-

hexahydrobenzo[4,5]thieno[2,3-d]pyrimidin-2-yl)benzamide (13k) 

To a solution of 13i (10.0 mg, 29.2 µmol), N,N-diisopropylethylamine 

(15.3 µL, 87.6 µmol) and 2-(2-aminoethoxy)ethanol (5.86 µL, 58.4 

µmol) in anhydrous DMF (0.29 mL) was added HATU (22.2 mg, 58.4 

µmol). The mixture was stirred at room temperature for 6 hours, crude 

product precipitated in H2O (2 mL) and collected by filtration to afford 

title compound as an off-white solid (10.7 mg, 85%). 1H NMR (700 

MHz, DMSO-d6): δ 12.37 (s, 1H), 10.04 (s, 1H), 8.46 (s, 1H), 7.99 (s, 

1H), 7.62 (s, 1H), 7.41 (s, 1H), 4.59 (s, 1H), 3.56 (t, J = 6.0 Hz, 2H), 3.52 (t, J = 5.2 Hz, 2H), 3.48 

– 3.44 (m, 4H), 2.92 (t, J = 6.4 Hz, 2H), 2.78 (t, J = 5.9 Hz, 2H), 1.85 – 1.82 (m, 2 H), 1.80 – 1.77 

(m, 2H). 13C NMR (176 MHz, DMSO-d6): δ 166.2, 163.3, 159.1, 158.1, 136.8, 133.7, 133.2, 

131.4, 121.5, 117.7, 117.5, 117.4, 72.6, 69.4, 60.7, 40.5, 25.8, 25.0, 23.0, 22.2. HRMS-ESI (m/z): 

[M + H]+ calculated for C21H24O5N3S: 430.1431, found: 430.1431. 

6.5. Synthesis of N-Boc Thiophene Dipeptides 

General procedure 4 (GP4): Amino acid amide coupling. 
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2-Aminothiophene 3 (1.00 mmol) was dissolved in a mixture of dry DCM/DMF 9:1 (0.23 M). 

Boc-Aa-OH derivative 14 (2.0 equivalents), N,N-diisopropylethylamine (3.0 equivalents) and 

HATU (2.0 equivalents) was added and the reaction stirred at room temperature for 40 hours. 

Solution was diluted with DCM (30 mL) and washed with H2O (2 x 30 mL). Organic phase was 

concentrated under vacuum for purification by MPLC (PE/EtOAc 1:0 to 4:1) to afford 

corresponding Boc-protected dipeptides.  

Methyl 2-(2-((tert-butoxycarbonyl)amino)acetamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-

3-carboxylate (15a) 

According to GP4. Title compound afforded as a yellow oil (0.35 g, quant). 

1H NMR (500 MHz, CDCl3): δ 11.65 (s, 1H), 5.31 (s, 1H), 4.04 (s, 2H), 

3.84 (s, 3H), 2.72 (t, J = 5.9 Hz, 2H), 2.62 (t, J = 5.8 Hz, 2H), 1.81 – 1.73 

(m, 4 H), 1.48 (s, 9 H). 13C NMR (126 MHz, CDCl3): δ 166.9, 166.6, 155.8, 

146.7, 130.9, 127.0, 112.0, 51.4, 44.5, 38.7, 28.3, 26.2, 24.4, 23.9, 23.0. HRMS-ESI (m/z): [M + 

H]+ calculated for C17H25O5N2S: 369.1479, found: 369.1482.  

Ethyl 2-(2-((tert-butoxycarbonyl)amino)acetamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-

carboxylate (15b) 

According to GP4. Title compound afforded as a white solid (0.37 g, 96%). 

1H NMR (600 MHz, CDCl3): δ 11.70 (s, 1H), 5.19 (s, 1H), 4.31 (q, J = 7.1 

Hz, 2H), 4.04 (s, 2H), 2.76 (t, J = 5.7 Hz, 2H), 2.64 (t, J = 5.8 Hz, 2H), 1.81 

– 1.75 (m, 4 H), 1.48 (s, 9 H), 1.36 (t, J = 7.1 Hz, 3H). 13C NMR (151 MHz, 

DMSO-d6): δ 166.7, 166.3, 155.8, 146.7, 131.0, 127.0, 112.2, 80.6, 60.4, 44.5, 28.3, 26.3, 24.4, 

23.0, 22.8, 14.3. HRMS-ESI (m/z): [M + H]+ calculated for C18H26O5N2S: 383.1635, found: 

383.1629.  

Ethyl 2-(2-((tert-butoxycarbonyl)(methyl)amino)acetamido)-4,5,6,7-

tetrahydrobenzo[b]thiophene-3-carboxylate (15c) 
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According to GP4. Title compound afforded as a light-yellow oil (0.35 g, 

89%). 1H NMR (700 MHz, CDCl3): δ 11.66 (s, 1H), 4.31 (q, J = 6.7 Hz, 

2H), 4.14 – 4.02 (m, 2H), 3.06 – 2.98 (m, 2H), 2.78 – 2.74 (m, 2H), 2.65 (t, 

J = 5.8 Hz, 2H), 1.82 – 1.75 (m, 4 H), 1.46 (s, 9 H), 1.35 (t, J = 7.1 Hz, 3H). 

13C NMR (176 MHz, CDCl3): δ 166.7, 166.0, 155.2, 146.4, 127.0, 112.2, 81.0, 60.5, 60.3, 53.5, 

52.8, 35.8, 27.4, 24.4, 23.8, 22.8, 14.3. HRMS-ESI (m/z): [M + H]+ calculated for C19H29O5N2S: 

397.1792, found: 397.1794.  

Ethyl 2-(3-((tert-butoxycarbonyl)amino)propanamido)-4,5,6,7-

tetrahydrobenzo[b]thiophene-3-carboxylate (15d) 

According to GP4. Title compound afforded as a yellow oil (0.34 g, 86%). 

1H NMR (700 MHz, CDCl3): δ 11.29 (s, 1H), 5.18 (s, 1H), 4.32 (q, J = 7.2 

Hz, 2H), 3.50 (q, J = 5.9 Hz, 2H), 2.76 (t, J = 5.9 Hz, 2H), 2.68 (t, J = 5.8 

Hz, 2H), 2.64 (t, J = 5.7 Hz, 2H), 1.81 – 1.75 (m, 4 H), 1.42 (s, 9 H), 1.37 

(t, J = 7.1 Hz, 3H). 13C NMR (176 MHz, CDCl3): δ 168.7, 166.6, 155.9, 

147.0, 130.9, 126.8, 111.7, 79.4, 60.5, 36.5, 36.2, 28.4, 26.4, 24.4, 23.0, 22.8, 14.3. HRMS-ESI 

(m/z): [M + H]+ calculated for C19H29O5N2S: 397.1792, found: 397.1793.  

Ethyl (S)-2-(2-((tert-butoxycarbonyl)amino)propanamido)-4,5,6,7-

tetrahydrobenzo[b]thiophene-3-carboxylate (15e) 

According to GP4. Title compound afforded as a white solid (0.33 g, 83%). 

1H NMR (700 MHz, CDCl3): δ 11.72 (s, 1H), 5.06 (s, 1H), 4.43 – 4.41 (m, 

1H), 4.32 (q, J = 7.1 Hz, 2H), 2.76 (t, J = 5.9 Hz, 2H), 2.64 (t, J = 5.9 Hz, 

2H), 1.81 – 1.75 (m, 4H), 1.48 (s, 9H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR 

(176 MHz, CDCl3): δ 169.9, 166.3, 155.2, 147.0, 131.0, 127.0, 112.2, 80.4, 60.4, 50.5, 28.3, 26.4, 

24.4, 23.0, 22.8, 18.5, 14.3. HRMS-ESI (m/z): [M + H]+ calculated for C19H29O5N2S: 397.1792, 

found: 397.1794. 

Ethyl (S)-2-(4-(tert-butoxy)-2-((tert-butoxycarbonyl)amino)-4-oxobutanamido)-4,5,6,7-

tetrahydrobenzo[b]thiophene-3-carboxylate (15f) 
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According to GP4. Title compound afforded as an orange oil (0.40 g, 

80%). 1H NMR (700 MHz, CDCl3): δ 11.28 (s, 1H), 5.67 (s, 1H), 

4.51 – 4.48 (m, 1H), 4.32 (q, J = 7.1 Hz, 2H), 3.13 – 3.09 (m, 1H), 

2.94 – 2.90 (m, 1H), 2.76 (t, J = 5.9 Hz, 2H), 2.63 (t, J = 5.9 Hz, 2H), 

1.81 – 1.75 (m, 4H), 1.43 (s, 9H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (176 MHz, CDCl3): δ 169.9, 

167.2, 166.5, 155.6, 146.9, 130.8, 126.9, 111.7, 82.3, 79.9, 60.5, 50.8, 38.7, 28.3, 27.9, 26.4, 24.3, 

23.0, 22.8, 14.3. HRMS-ESI (m/z): [M + H]+ calculated for C24H37O7N2S: 497.2316, found: 

497.2315.  

tert-Butyl (S)-2-((3-(ethoxycarbonyl)-4,5,6,7-tetrahydrobenzo[b]thiophen-2-

yl)carbamoyl)pyrrolidine-1-carboxylate (15g) 

According to GP4. Title compound afforded as a colourless oil (0.25 g, 60%). 

1H NMR (700 MHz, CDCl3): δ 11.60 (s, 1H), 4.53 – 4.50 (m, 1H), 4.31 (q, 

J = 7.1 Hz, 2H), 3.67 – 3.55 (m, 2H), 2.79 – 2.74 (m, 2H), 2.67 – 2.63 (m, 

2H), 2.30 – 2.23 (m, 1H), 2.17 – 2.11 (m, 1H), 1.94 – 1.89 (m, 2H), 1.82 – 

1.75 (m, 4H), 1.57 (s, 9H), 1.35 (t, J = 7.1 Hz, 3H). 13C NMR (176 MHz, 

CDCl3): δ 170.4, 166.0, 155.2, 154.3, 131.1, 127.0, 112.1, 80.6, 61.5, 60.5, 46.8, 31.4, 28.4, 26.4, 

24.4, 23.9, 23.8, 23.0, 14.4. HRMS-ESI (m/z): [M + H]+ calculated for C21H31O5N2S: 423.1948, 

found: 423.1951.  

Ethyl (R)-2-(2-((tert-butoxycarbonyl)amino)-2-phenylacetamido)-4,5,6,7-

tetrahydrobenzo[b]thiophene-3-carboxylate (15h) 

According to GP4. Title compound afforded as a yellow solid (0.34 g, 

75%). 1H NMR (700 MHz, CDCl3): δ 11.61 (s, 1H), 7.42 (d, J = 7.6 Hz, 

2H), 7.37 (t, J = 7.6 Hz, 2H), 7.32 (t, J = 7.3 Hz, 1H), 5.75 (s, 1H), 5.38 (s, 

1H), 4.29 (q, J = 6.6 Hz, 2H), 2.75 – 2.71 (m, 2H), 2.62 (t, J = 4.7 Hz, 2H), 

1.80 – 1.73 (m, 4H), 1.44 (s, 9H), 1.34 (t, J = 7.1 Hz, 3H). 13C NMR (176 MHz, CDCl3): δ167.3, 

166.2, 155.0, 146.6, 137.4, 131.1, 129.2, 128.7, 127.3, 127.1, 112.4, 80.3, 60.5, 59.3, 28.3, 26.3, 

24.4, 23.0, 22.8, 14.3. HRMS-ESI (m/z): [M + H]+ calculated for C24H31O5N2S: 459.1948, found: 

459.1948.  
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Ethyl (S)-2-(2-((tert-butoxycarbonyl)amino)-3-phenylpropanamido)-4,5,6,7-

tetrahydrobenzo[b]thiophene-3-carboxylate (15i) 

According to GP4. 3b (0.66 g, 3.00 mmol) and Boc-L-Phe-OH 14 (1.59 

g, 6.00 mmol) was reacted. Title compound afforded as a light-yellow 

solid (1.35 g, 95%). 1H NMR (700 MHz, CDCl3): δ 11.59 (s, 1H), 7.28 

(t, J = 7.5 Hz, 2H), 7.23 (t, J = 7.4 Hz, 1H), 7.18 (d, J = 7.5 Hz, 2H), 

4.98 (s, 1H), 4.63 (s, 1H), 4.27 (q, J = 7.1 Hz, 2H), 3.20 (d, J = 6.2 Hz, 2H), 2.76 (t, J = 6.6 Hz, 

2H), 2.65 (t, J = 5.9 Hz, 2H), 1.82 – 1.76 (m, 4H), 1.42 (s, 9H), 1.33 (t, J = 7.2 Hz, 3H). 13C NMR 

(176 MHz, CDCl3): δ 168.7, 166.0, 155.2, 146.5, 136.0, 131.1, 129.3, 128.9, 127.2, 127.1, 112.3, 

80.5, 60.4, 55.8, 38.0, 28.2, 28.2, 26.3, 24.4, 23.0, 14.3. HRMS-ESI (m/z): [M + H]+ calculated 

for C25H33O5N2S: 473.2105, found: 473.2104.  

Ethyl (S)-2-(3-(4-(tert-butoxy)phenyl)-2-((tert-butoxycarbonyl)amino)propanamido)-4,5,6,7-

tetrahydrobenzo[b]thiophene-3-carboxylate (15j) 

According to GP4. Title compound afforded as a white solid 

(0.51 g, 94%). 1H NMR (700 MHz, CDCl3): δ 11.53 (s, 1H), 7.07 

(d, J = 8.3 Hz, 2H), 6.89 (d, J = 8.3 Hz, 2H), 5.00 (s, 1H), 4.57 

(s, 1H), 4.26 (q, J = 7.2 Hz, 2H), 3.13 (d, J = 6.5 Hz, 2H), 2.74 

(t, J = 6.0 Hz, 2H), 2.64 (t, J = 5.8 Hz, 2H), 1.81 – 1.74 (m, 4H), 1.42 (s, 9H), 1.33 (t, J = 7.1 Hz, 

3H), 1.29 (s, 9H). 13C NMR (176 MHz, CDCl3): δ 168.7, 166.0, 155.2, 154.4, 146.5, 131.0, 130.8, 

129.7, 127.0, 124.5, 112.3, 80.4, 78.4, 60.4, 56.0, 37.6, 28.8, 28.3, 26.3, 24.4, 23.0, 22.8, 14.3. 

HRMS-ESI (m/z): [M + H]+ calculated for C29H41O6N2S: 545.2680, found: 545.2680.  

Ethyl (S)-2-(2-((tert-butoxycarbonyl)amino)-3-(1H-indol-3-yl)propanamido)-4,5,6,7-

tetrahydrobenzo[b]thiophene-3-carboxylate (15k) 

According to GP4. Title compound afforded as a yellow oil (0.50 g, 

99%). 1H NMR (700 MHz, CDCl3): δ 11.57 (s, 1H), 8.13 (s, 1H), 7.60 

(d, J = 7.9 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.18 (t, J = 8.1 Hz, 1H), 

7.10 (t, J = 8.0 Hz, 1H), 7.02 (s, 1H), 5.10 (s, 1H), 4.71 (s, 1H), 4.21 

(q, J = 7.1 Hz, 2H), 3.46 – 3.42 (m, 1H), 3.37 – 3.32 (m, 1H), 2.72 (t, J = 5.7 Hz, 2H), 2.65 (t, J = 

5.7 Hz, 2H), 1.81 – 1.74 (m, 4H), 1.43 (s, 9H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (176 MHz, 
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CDCl3): δ 169.3, 165.8, 165.5, 146.5, 136.1, 131.1, 126.9, 123.5, 123.1, 122.3, 119.9, 118.8, 112.2, 

111.1, 110.1, 60.3, 55.4, 47.3, 28.3, 27.6, 26.3, 24.4, 23.0, 22.8, 14.3. HRMS-ESI (m/z): [M + H]+ 

calculated for C27H34O5N3S: 512.2214, found: 512.2212.  

6.6. Synthesis of Thiophene Dipeptides 

General procedure 5 (GP5): Boc deprotection. 

 

To a solution of Boc-Aa-Thiophene-OEt derivative 15 (0.76 mmol) in DCM (0.15 M) was added 

TFA (1:1 (v/v) to solvent). Solution was stirred at room temperature for 2 hours and concentrated 

under vacuum. Residue was neutralized to pH 7-10 with aqueous 1 M NaOH and extracted with 

EtOAc. Combined organic phases were dried over MgSO4, filtered and concentrated under 

vacuum to afford corresponding dipeptides.  

Methyl 2-(2-aminoacetamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxylate (16a) 

According to GP5. 15a (0.35 g, 0.95 mmol) was used as starting material. Title 

compound afforded as a light-yellow solid (0.25 g, quant). 1H NMR (500 

MHz, DMSO-d6): δ 11.13 (s, 1H), 8.29 (s, 3H), 4.10 (s, 2H), 3.83 (s, 3H), 2.70 

(t, J = 5.4 Hz, 2H), 2.62 (t, J = 5.6 Hz, 2H), 1.76 – 1.70 (m, 4H). 13C NMR 

(126 MHz, DMSO-d6): δ 165.0, 158.2, 144.6, 131.3, 127.4, 113.2, 52.1, 41.4, 26.2, 24.1, 22.9, 

22.6. HRMS-ESI (m/z): [M + H]+ calculated for C12H17O3N2S: 269.0954, found: 269.0956.  

Ethyl 2-(2-aminoacetamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxylate (16b) 

According to GP5. 15b (0.40 g, 1.05 mmol) was used as starting material. Title 

compound afforded as a light-yellow solid (0.30 g, quant). 1H NMR (600 

MHz, DMSO-d6): δ 5.76 (s, 1H), 4.28 (q, J = 7.1 Hz, 2H), 3.38 (s, 2H), 3.33 

(s, 2H), 2.72 (t, J = 5.7 Hz, 2H), 2.59 (t, J = 5.6 Hz, 2H), 1.75 – 1.70 (m, 4H), 
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1.32 (t, J = 7.1 Hz, 3H). 13C NMR (151 MHz, DMSO-d6): δ 171.9, 164.8, 146.1, 131.0, 126.1, 

122.7, 111.6, 60.6, 44.7, 26.3, 24.2, 23.0, 14.7. HRMS-ESI (m/z): [M + H]+ calculated for 

C13H19O3N2S: 283.1111, found: 283.1109.  

Ethyl 2-(2-(methylamino)acetamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxylate 

(16c) 

According to GP5. 15c (0.16 g, 0.40 mmol) was used as starting material. Title 

compound afforded as a light-yellow oil (0.12 g, quant). 1H NMR (700 MHz, 

DMSO-d6): δ 4.29 (q, J = 7.1 Hz, 2H), 3.35 (s, 3H), 2.73 (t, J = 5.3 Hz, 2H), 

2.60 (t, J = 5.5 Hz, 2H), 2.35 (s, 3H), 1.76 – 1.70 (m, 4H), 1.33 (t, J = 7.1 Hz, 

3H). 13C NMR (176 MHz, DMSO-d6): δ 170.1, 164.8, 145.9, 131.1, 126.3, 111.7, 60.7, 54.4, 36.8, 

26.3, 24.2, 23.0, 22.8, 14.6. HRMS-ESI (m/z): [M + H]+ calculated for C14H21O3N2S: 297.1267, 

found: 297.1272.  

Ethyl 2-(3-aminopropanamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxylate (16d) 

According to GP5. Title compound afforded as an orange solid (0.22 g, 

quant). 1H NMR (500 MHz, DMSO-d6): δ 11.05 (s, 1H), 7.90 (s, 3H), 4.29 

(q, J = 7.1 Hz, 2H), 3.12 (t, J = 6.8 Hz, 2H), 2.89 (t, J = 6.8 Hz, 2H), 2.72 – 

2.69 (m, 2H), 2.60 (t, J = 5.8 Hz, 2H), 1.76 – 1.69 (m, 4H), 1.32 (t, J = 7.1 

Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 167.8, 165.3, 145.9, 130.9, 

126.8, 112.2, 60.9, 35.1, 33.6, 26.3, 24.2, 23.0, 22.8, 14.5. HRMS-ESI (m/z): [M + H]+ calculated 

for C14H21O3N2S: 297.1267, found: 297.1272.  

Ethyl (S)-2-(2-aminopropanamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carboxylate 

(16e) 

According to GP5. Title compound afforded as a yellow oil (0.22 g, quant). 

1H NMR (500 MHz, DMSO-d6): δ 4.28 (q, J = 7.1 Hz, 2H), 3.55 (q, J = 7.0 

Hz, 1H), 2.72 (t, J = 5.5 Hz, 2H), 2.60 (t, J = 5.2 Hz, 2H), 1.75 – 1.69 (m, 4H), 

1.33 (t, J = 7.1 Hz, 3H), 1.27 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO-

d6): δ 174.4, 164.8, 146.3, 131.0, 126.1, 111.7, 60.6, 50.5, 26.3, 24.2, 23.0, 22.8, 22.3, 14.7. 

HRMS-ESI (m/z): [M + H]+ calculated for C14H21O3N2S: 297.1267, found: 297.1271.  
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(S)-3-Amino-4-((3-(ethoxycarbonyl)-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)amino)-4-

oxobutanoic acid (16f) 

According to GP5. Title compound afforded as an off-white solid (0.25 

g, quant). 1H NMR (500 MHz, DMSO-d6): δ 4.28 (q, J = 7.1 Hz, 2H), 

3.70 – 3.67 (m, 1H), 3.10 (d, J = 15.7, 1H), 2.86 – 2.80 (m, 1H), 2.72 – 

2.68 (m, 2H), 2.59 (t, J = 5.5 Hz, 2H), 1.76 – 1.69 (m, 4H), 1.31 (t, J = 

7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 165.2, 158.3, 158.0, 146.0, 142.1, 130.9, 126.5, 

60.8, 50.8, 26.2, 24.2, 23.0, 22.8, 21.6, 14.6. HRMS-ESI (m/z): [M + H]+ calculated for 

C15H21O5N2S: 341.1166, found: 341.1170.  

Ethyl (S)-2-(pyrrolidine-2-carboxamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-

carboxylate (16g) 

According to GP5. 15g (0.24 g, 0.56 mmol) was used as starting material. 

Title compound afforded as an orange oil (0.18 g, quant). 1H NMR (500 

MHz, DMSO-d6): δ 12.26 (s, 1H), 4.27 (q, J = 7.2 Hz, 2H), 3.84 (dd, J = 9.3, 

5.2 Hz, 1H), 3.02 – 2.97 (m, 1H), 2.80 – 2.75 (m, 1H), 2.70 (t, J = 5.1 Hz, 

2H), 2.57 (t, J = 5.2 Hz, 2H), 2.12 – 2.04 (m, 1H), 1.82 – 1.74 (m, 1H), 1.74 – 1.68 (m, 4H), 1.65 

– 1.60 (m, 2H), 1.32 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 173.8, 164.6, 146.0, 

131.1, 126.1, 111.8, 60.6, 60.5, 47.2, 30.9, 26.5, 26.3, 24.2, 23.0, 22.8, 14.6. HRMS-ESI (m/z): 

[M + H]+ calculated for C16H23O3N2S: 323.1424, found: 323.1429.  

Ethyl (R)-2-(2-amino-2-phenylacetamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-

carboxylate (16h) 

According to GP5. 15h (0.30 g, 0.65 mmol) was used as starting material. 

Title compound afforded as a white solid (0.23 g, quant). 1H NMR (500 

MHz, DMSO-d6): δ 7.46 (d, J = 7.2 Hz, 2H), 7.41 (t, J = 7.4 Hz, 2H), 7.36 

(t, J = 7.2 Hz, 1H), 4.94 (s, 1H), 4.29 (q, J = 7.1 Hz, 2H), 2.71 (t, J = 5.4 

Hz, 2H), 2.59 (t, J = 5.0 Hz, 2H), 1.75 – 1.68 (m, 4H), 1.32 (t, J = 7.1 Hz, 3H). 13C NMR (126 

MHz, DMSO-d6): δ 164.9, 146.7, 139.6, 139.4, 137.7, 131.3, 129.2, 127.9, 126.8, 112.4, 60.8, 

58.9, 26.8, 24.2, 23.0, 22.7, 14.6. HRMS-ESI (m/z): [M + H]+ calculated for C19H23O3N2S: 

359.1424, found: 359.1430.  
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Ethyl (S)-2-(2-amino-3-phenylpropanamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-

carboxylate (16i)  

According to GP5. 15i (1.30 g, 2.75 mmol) was used as starting 

material. Title compound afforded as a yellow solid (1.02 g, quant). 1H 

NMR (700 MHz, DMSO-d6): δ 7.30 (t, J = 7.4 Hz, 2H), 7.26 (d, J = 7.5 

Hz, 2H), 7.22 (t, J = 7.3 Hz, 1H), 4.25 (q, J = 7.0 Hz, 2H), 3.71 (dd, J = 

9.1, 4.1 Hz, 1H), 3.15 (dd, J = 13.7, 4.1 Hz, 1H), 2.76 (dd, J = 13.8, 8.9 Hz, 1H), 2.71 (t, J = 5.2 

Hz, 2H), 2.61 (t, J = 5.4 Hz, 2H), 1.76 – 1.70 (m, 4H), 1.30 (t, J = 7.1 Hz, 3H). 13C NMR (176 

MHz, DMSO-d6): δ 173.0, 164.7, 146.1, 138.6, 131.1, 129.8, 128.8, 126.7, 126.3, 111.8, 60.6, 

56.3, 40.3, 26.3, 24.2, 24.0, 22.8, 14.6. HRMS-ESI (m/z): [M + H]+ calculated for C20H25O3N2S: 

373.1580, found: 373.1586.  

Ethyl (S)-2-(2-amino-3-(4-hydroxyphenyl)propanamido)-4,5,6,7-

tetrahydrobenzo[b]thiophene-3-carboxylate (16j) 

According to GP5. Title compound afforded as a yellow solid (0.29 

g, quant). 1H NMR (500 MHz, DMSO-d6): δ 9.26 (s, 1H), 7.03 (d, 

J = 8.5 Hz, 2H), 6.68 (d, J = 8.5 Hz, 2H), 4.25 (q, J = 7.1 Hz, 2H), 

3.76 – 3.72 (m, 1H), 3.35 (s, 1H), 3.00 (dd, J = 13.7, 4.5 Hz, 1H), 

2.72 (t, J = 5.8 Hz, 2H), 2.61 (t, J = 5.5 Hz, 2H), 1.76 – 1.69 (m, 4H), 1.30 (t, J = 7.1 Hz, 3H). 13C 

NMR (126 MHz, DMSO-d6): δ 164.8, 156.5, 145.9, 131.1, 130.7, 128.1, 126.4, 115.6, 114.2, 

112.0, 60.6, 60.2, 56.3, 26.3, 24.2, 23.0, 22.8, 14.6. HRMS-ESI (m/z): [M + H]+ calculated for 

C20H25O4N2S: 389.1530, found: 389.1539.  

Ethyl (S)-2-(2-amino-3-(1H-indol-3-yl)propanamido)-4,5,6,7-tetrahydrobenzo[b]thiophene-

3-carboxylate (16k) 

According to GP5. Title compound afforded as a yellow solid (0.33 g, 

quant). 1H NMR (500 MHz, DMSO-d6): δ 10.96 (s, 1H), 7.54 (d, J = 

7.9 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.21 (s, 1H), 7.07 (t, J = 8.2 Hz, 

1H), 6.96 (t, J = 8.0 Hz, 1H), 4.21 (q, J = 6.9 Hz, 2H), 4.12 – 4.02 (m, 

1H), 3.24 (dd, J = 14.5, 5.3 Hz, 1H), 3.05 (dd, J = 14.5, 7.6 Hz, 1H), 2.72 – 2.68 (m, 2H), 2.62 (t, 

J = 5.4 Hz, 2H), 1.76 – 1.68 (m, 4H), 1.27 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): 



 EXPERIMENTAL 

 
 

88 
 

δ 172.5, 164.8, 158.3, 145.5, 136.7, 131.1, 127.6, 126.8, 124.8, 121.6, 119.1, 119.0, 118.6, 111.9, 

60.7, 29.6, 26.3, 24.2, 23.0, 22.8, 21.6, 14.6. HRMS-ESI (m/z): [M + H]+ calculated for 

C22H26O3N3S: 412.1689, found: 412.1691.  

6.7. Synthesis of Thienodiazepines 

3,4,6,7,8,9-Hexahydro-1H-benzo[4,5]thieno[2,3-e][1,4]diazepine-2,5-dione (17a) 

Aa-Thiophene-OEt derivative 16b (0.35 mmol) was dissolved in dry DMF (0.2 

M) and transferred to a flask with 60% sodium hydride dispersion in mineral 

oil (4.0 equivalents) under argon atmosphere. Reaction was heated at 100 °C 

for 24 hours. Cooled down mixture was quenched with addition of aqueous 0.1 M HCl and 

extracted with EtOAc (2 x 30 mL). Combined organic phases were dried over MgSO4, filtered and 

solvent evaporated under vacuum for purification by MPLC (DCM, 0-12% MeOH) to afford title 

compound as a brown solid (42.4 mg, 51%). 1H NMR (700 MHz, DMSO-d6): δ 10.86 (s, 1H), 

8.07 (s, 1H), 3.63 (d, J = 5.7 Hz, 2H), 2.65 (t, J = 6.2 Hz, 2H), 2.60 (t, J = 6.2 Hz, 2H), 1.77 – 1.73 

(m, 2H), 1.70 – 1.66 (m, 2H). 13C NMR (176 MHz, DMSO-d6): δ 170.4, 165.3, 142.4, 134.4, 

127.6, 121.1, 45.5, 25.8, 24.3, 23.1, 22.4. HRMS-ESI (m/z): [M + H]+ calculated for 

C11H13O2N2S: 237.0692, found: 237.0693.  

6.8. Synthesis of Thiophenones 

Ethyl 4-oxo-2-(phenylamino)-4,5-dihydrothiophene-3-carboxylate (23) 

Ethyl 4-chloroacetoacetate 21 (0.61 mL, 4.52 mmol) was added to a solution of 60% 

sodium hydride dispersion in mineral oil (0.36 g, 9.04 mmol) in dry THF (20 mL) 

and the mixture was stirred at room temperature for 1 hour under argon atmosphere. 

A solution of phenyl isothiocyanate 22 (0.54 mL, 4.52 mmol) in dry THF (16 mL) 

was added dropwise and the mixture stirred for another 20 hours. Aqueous 1 M HCl 

(50 mL) was added and extracted with EtOAc (2 × 50 mL). Combined organic phases were dried 

over Na2SO4, filtered and concentrated under vacuum. Crude was triturated with methyl tert-butyl 

ether (20 mL) and filtered to afford title compound as a light-beige solid (0.74 g, 63%). 1H NMR 

(400 MHz, CDCl3): δ 11.49 (s, 1H), 7.45 (t, J = 7.8 Hz, 2H), 7.38 – 7.33 (m, 3H), 4.38 (q, J = 7.1 
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Hz, 2H), 3.64 (s, 2H), 1.41 (t, J = 7.1 Hz, 3H). LCMS-ESI (m/z): 264.1 [M + H]+. Analytical data 

matches with literature values.[388] 

tert-Butyl (2-(2-(2-(2-(4-formyl-2-hydroxyphenoxy)ethoxy)ethoxy)ethoxy)ethyl)carbamate 

(20) 

To a solution of tert-butyl (2-(2-(2-(2-bromoethoxy)ethoxy)ethoxy)ethyl) 

carbamate 19 (0.21 g, 0.59 mmol) in anhydrous DMF (1.9 mL) was added 

3,4-dihydroxybenzaldehyde 18 (81.7 mg, 0.59 mmol) and potassium 

carbonate (81.7 mg, 0.59 mmol). The mixture was heated at 50 ˚C for 19 

hours. Solvent was evaporated by SpeedVac (50 °C) for purification by MPLC (PE/EtOAc 1:0 to 

0:1). Title compound was afforded as a yellow oil (0.13 g, 51%). 1H NMR (400 MHz, CDCl3): δ 

9.85 (s, 1H), 7.44 (s, 1H), 7.39 (d, J = 8.2 Hz, 1H), 7.11 (br s, 1H), 6.98 (d, J = 8.3 Hz, 1H), 5.14 

(br s, 1H), 4.28 – 4.25 (m, 2H), 3.91 – 3.88 (m, 2H), 3.76 – 3.73 (m, 2H), 3.71 – 3.68 (m, 2H), 

3.67 – 3.61 (m, 4H), 3.55 (t, J = 5.1 Hz, 2H), 3.34 – 3.29 (m, 2H), 1.43 (s, 9H). Analytical data 

matches with literature values.[49] 

4-(2-(2-Azidoethoxy)ethoxy)-3-hydroxybenzaldehyde (27) 

To a solution of bis(2-bromoethyl) ether 26 (1.21 mL, 9.60 mmol) in dry DMF 

(12 mL) was added 3,4-dihydroxybenzaldehyde 18 (0.66 g, 4.80 mmol) and 

potassium carbonate (0.66 g, 4.80 mmol). The mixture was heated at 50 ˚C 

for 24 hours. Sodium azide (1.25 g, 19.2 mmol) and potassium iodide (79.7 

mg, 0.48 mmol) was added to the reaction mixture that was heated at 50 ˚C for another 21 hours. 

H2O (80 mL) was added and mixture extracted with EtOAc (2 x 80 mL). Combined organic layers 

were dried over Na2SO4, filtered, and concentrated. Remaining solvent was evaporated by 

SpeedVac (50 ˚C) for purification by MPLC (PE/EtOAc 1:0 to 3:2). Title compound was afforded 

as a yellow oil (0.61 g, 50%). 1H NMR (500 MHz, DMSO-d6): δ 9.77 (s, 1H), 7.38 (d, J = 8.2 Hz, 

1H), 7.27 (s, 1H), 7.14 (d, J = 8.3 Hz, 1H), 4.22 (t, J = 4.6 Hz, 2H), 3.84 (t, J = 4.6 Hz, 2H), 3.70 

(t, J = 5.0 Hz, 2H), 3.44 (t, J = 5.0 Hz, 2H). 13C NMR (126 MHz, DMSO-d6): δ 192.0, 153.0, 

147.6, 130.4, 124.8, 114.1, 113.2, 69.9, 69.2, 68.6, 50.5. HRMS-ESI (m/z): [M + H]+ calculated 

for C11H14O4N3: 252.0979, found: 252.0981.  
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General procedure 6 (GP6): Thiophenone synthesis through aldol condensation. 

 

A mixture of aldehyde derivative 20 or 27 (0.16 mmol), 23 (1.1 equivalents) and piperidine (0.15 

equivalents) in EtOH (0.15 M) was heated at 78 ˚C for 8 hours. Solvent was evaporated under 

vacuum for purification by MPLC (PE/EtOAc 1:0 to 2:3) to afford corresponding thiophenones.  

Ethyl (Z)-5-(4-((2,2-dimethyl-4-oxo-3,8,11,14-tetraoxa-5-azahexadecan-16-yl)oxy)-3-

hydroxybenzylidene)-4-oxo-2-(phenylamino)-4,5-dihydrothiophene-3-carboxylate (24) 

According to GP6. 20 (50.0 mg, 0.12 mmol) was used as 

starting material. Purification by MPLC (PE/EtOAc 0:1 to 

1:0) afforded title compound afforded as a yellow oil (66.6 

mg, 84%). 1H NMR (400 MHz, DMSO-d6): δ 11.21 (s, 1H), 

9.37 (s, 1H), 7.55 – 7.46 (m, 4H), 7.45 – 7.40 (m, 1H), 7.02 – 

6.94 (m, 3H), 6.72 – 6.68 (m, 1H), 4.26 (q, J = 7.1 Hz, 2H), 

4.11 – 4.08 (m, 2H), 3.74 – 3.71 (m, 2H), 3.59 – 3.54 (m, 2H), 

3.53 – 3.44 (m, 6H), 3.34 (t, J = 6.1 Hz, 2H), 3.02 (q, J = 6.0 Hz, 2H), 1.34 (s, 9H), 1.27 (t, J = 7.1 

Hz, 3H). LCMS-ESI (m/z): 659.3 [M + H]+. Analytical data matches with literature values.[49] 

Ethyl (Z)-5-(4-(2-(2-azidoethoxy)ethoxy)-3-hydroxybenzylidene)-4-oxo-2-(phenylamino)-

4,5-dihydrothiophene-3-carboxylate (28) 
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According to GP6. Title compound afforded as a yellow solid 

(60.8 mg, 77%). 1H NMR (500 MHz, DMSO-d6): δ 11.25 (s, 1H), 

9.44 (s, 1H), 7.57 – 7.51 (m, 4H), 7.49 (s, 1H), 7.48 – 7.43 (m, 

1H), 7.05 – 7.02 (m, 1H), 7.01 – 6.99 (m, 1H), 6.98 (s, 1H), 4.28 

(q, J = 7.1 Hz, 2H), 4.13 (t, J = 4.7 Hz, 2H), 3.79 (t, J = 4.7 Hz, 

2H), 3.67 (t, J = 5.5 Hz, 2H), 3.43 (t, J = 5.5 Hz, 2H), 1.30 (t, J = 

7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 181.4, 175.8, 165.3, 149.2, 147.5, 138.0, 130.5, 

130.1, 128.7, 126.8, 126.1, 125.1, 123.6, 116.3, 114.2, 97.3, 69.9, 69.2, 68.5, 60.0, 50.5, 14.9. 

HRMS-ESI (m/z): [M + H]+ calculated for C24H25O6N4S: 497.1489, found: 497.1484.  

 

Figure 30. 2D NOESY NMR (1H/1H) of 28.  
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Figure 31. NOE coupling between phenol proton and aromatic 1H singlet proving isolation of desired 

regioisomer of 28.  

Ethyl (Z)-5-(4-(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethoxy)-3-hydroxybenzylidene)-4-

oxo-2-(phenylamino)-4,5-dihydrothiophene-3-carboxylate (25) 

To a solution of 24 (40.0 mg, 60.7 μmol) in DCM (2 mL) was 

added 4 M HCl in 1,4-dioxane (0.5 mL, 2.0 mmol). The mixture 

was stirred at room temperature for 30 minutes. Mixture was 

concentrated under vacuum to afford HCl salt of title compound 

as a yellow oil (33.9 mg, quant). 1H NMR (400 MHz, DMSO-

d6): δ 11.22 (s, 1H), 9.47 (s, 1H), 7.86 (br s, 3H), 7.55 – 7.38 

(m, 6H), 7.02 – 6.95 (m, 3H), 4.26 (q, J = 7.1 Hz, 2H), 4.11 – 

4.08 (m, 2H), 3.74 – 3.71 (m, 2H), 3.59 – 3.56 (m, 4H), 3.55 – 3.51 (m, 6H), 2.96 – 2.90 (m, 2H), 

1.27 (t, J = 7.1 Hz, 3H). LCMS-ESI (m/z): 559.2 [M + H]+. Analytical data matches with literature 

values.[49] 
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6.9. Synthesis of WDR5 Inhibitors 

Methyl 4-fluoro-3-nitrobenzoate (31)  

4-Fluoro-3-nitrobenzoic acid 29 (3.00 g, 16.2 mmol) was added to thionyl chloride 

(15 mL) and heated at 79 °C for 6 hours. Mixture was concentrated under vacuum to 

afford 4-fluoro-3-nitrobenzoyl chloride 30 and residue dissolved in dry DCM (20 

mL). Dry MeOH (6.57 mL, 162 mmol) was added followed by triethylamine (2.70 

mL, 19.4 mmol) and the solution stirred at room temperature for 30 minutes under argon 

atmosphere. Mixture was concentrated under vacuum to afford title compound as a light-yellow 

solid (3.23 g, quant over two steps). 1H NMR (400 MHz, CDCl3): δ 8.74 (d, 1H), 8.32 (d, 1H), 

7.39 (m, 1H), 3.98 (s, 3H). LCMS-ESI (m/z): 200.1 [M + H]+. Analytical data matches with 

literature values.[326] 

Methyl 4-(4-methylpiperazin-1-yl)-3-nitrobenzoate (33)  

To a solution of 31 (3.19 g, 16.0 mmol) in DMF (30 mL) was added 1-

methylpiperazine 32 (2.31 mL, 20.8 mmol) followed by N,N-diisopropylethylamine 

(3.62 mL, 20.8 mmol). The mixture was stirred at room temperature for 30 minutes, 

then diluted with EtOAc (100 mL) and washed with H2O (3 x 50 mL). Organic phase 

was dried over Na2SO4, filtered and concentrated under vacuum to afford title 

compound as a dark-red oil (4.47 g, quant). 1H NMR (700 MHz, CDCl3): δ 8.43 (s, 

1H), 8.06 (d, J = 8.7 Hz, 1H), 7.07 (d, J = 8.8 Hz, 1H), 3.91 (s, 3H), 3.21 (t, J = 4.9 Hz, 4H), 2.58 

(t, J = 4.9 Hz, 4H), 2.36 (s, 3H). LCMS-ESI (m/z): 280.1 [M + H]+. Analytical data matches with 

literature values.[326] 

Methyl 3-amino-4-(4-methylpiperazin-1-yl)benzoate (34)  

To a solution of 33 (3.69 g, 13.2 mmol) in EtOAc (100 mL) at room temperature was 

added tin(II) chloride dihydrate (8.96 g, 39.7 mmol). The mixture was heated at 77 

°C with vigorous stirring for 8 hours, and subsequently cooled to room temperature. 

Following dilution with EtOAc (150 mL), the mixture was neutralized with aqueous 

saturated NaHCO3 (200 mL) and filtered through celite. Residue was washed with 

EtOAc (5 x 20 mL) and the aqueous phase extracted with EtOAc (100 mL). Combined 
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organic phases were dried over Na2SO4, filtered, and concentrated under vacuum to afford title 

compound as a yellow solid (2.14 g, 65%). 1H NMR (400 MHz, CDCl3): δ 7.44 (d, J = 8.2 Hz, 

1H), 7.39 (s, 1H), 6.99 (d, J = 8.2 Hz, 1H), 3.94 (s, 2H), 3.87 (s, 3H), 3.03 (t, J = 4.6 Hz, 4H), 2.70 

– 2.58 (m, 4H), 2.40 (s, 3H). LCMS-ESI (m/z): 250.1 [M + H]+. Analytical data matches with 

literature values.[326] 

Methyl 3-(4-fluoro-3-nitrobenzamido)-4-(4-methylpiperazin-1-yl)benzoate (35)  

29 (1.81 g, 9.77 mmol) was added to thionyl chloride (9 mL) and heated at 

79 °C for 6 hours. Mixture was concentrated under vacuum to afford 4-

fluoro-3-nitrobenzoyl chloride 30. To a solution of 34 (1.00 g, 4.00 mmol) 

in dry DCM (90 mL) was added 30 (0.99 g, 4.88 mmol) dissolved in dry 

DCM (30 mL) at room temperature under argon atmosphere. Pyridine (0.39 

mL, 4.88 mmol) was added and the mixture stirred at room temperature for 

19 hours. Reaction mixture was subsequently diluted with DCM (200 mL) and washed with 

aqueous saturated NaHCO3 (3 x 150 mL) then brine (200 mL). Organic phase was dried over 

Na2SO4, filtered and concentrated under vacuum for purification by flash column chromatography 

(DCM, 0-4% MeOH) to afford title compound as a light-yellow solid (0.94 g, 56% over two steps). 

1H NMR (400 MHz, DMSO-d6): δ 9.94 (s, 1H), 8.70 (d, J = 7.2 Hz, 1H), 8.40 – 8.35 (m, 1H), 

8.31 (s, 1H), 7.82 – 7.76 (m, 2H), 7.24 (d, J = 8.4 Hz, 1H), 3.82 (s, 3H), 3.30 – 3.28 (m, 6H), 2.99 

– 2.95 (m, 4H), 2.20 (s, 3H). LCMS-ESI (m/z): 417.1 [M + H]+. Analytical data matches with 

literature values.[326] 

3-(4-Hydroxy-3-nitrobenzamido)-4-(4-methylpiperazin-1-yl)benzoic acid (36)  

35 (0.83 g, 2.00 mmol) was dissolved in THF (40 mL) to which was 

dropwise added aqueous 1 M lithium hydroxide (30 mL). Mixture was 

stirred vigorously at room temperature for 66 hours. Mixture was 

acidified to pH 4-6 with addition of aqueous 1 M HCl to form a 

precipitate that was collected by filtration and washed with DCM (10 

mL) to afford title compound as a yellow solid (0.56 g, 70%). 1H NMR (500 MHz, DMSO-d6): δ 

9.60 (s, 1H), 8.50 (s, 1H), 8.45 (s, 1H), 8.06 (d, J = 8.8 Hz, 1H), 7.75 (d, J = 8.4 Hz, 1H), 7.27 (d, 

J = 8.4 Hz, 1H), 7.20 (d, J = 8.8 Hz, 1H), 3.10 (t, J = 4.9 Hz, 4H), 2.92 (t, J = 4.9 Hz, 4H), 2.53 
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(s, 3H). 13C NMR (126 MHz, DMSO-d6): δ 167.4, 163.5, 157.9, 148.4, 137.0, 133.9, 131.9, 127.1, 

126.3, 126.0, 125.4, 123.1, 121.1, 120.4, 54.3, 49.6, 44.6. HRMS-ESI (m/z): [M + H]+ calculated 

for C19H21O6N4: 401.1456, found: 401.1455.  

Phenyl 3-(4-hydroxy-3-nitrobenzamido)-4-(4-methylpiperazin-1-yl)benzoate (37)  

A solution of 36 (33.3 mg, 83.2 μmol), HATU (37.8 mg, 99.3 μmol), 

HOAt (13.5 mg, 99.3 μmol), and N,N-diisopropylethylamine (43.2 µL, 

0.25 mmol) in dry DMF (2.6 mL) was stirred for 10 minutes, then a 

solution of phenol (28.0 mg, 0.30 mmol) and N,N-diisopropylethylamine 

(43.2 µL, 0.25 mmol) in dry DMF (1.0 mL) was added. The mixture was 

stirred at room temperature for 19 hours. Mixture was diluted with DCM 

(20 mL) and washed with H2O (2 x 20 mL). Organic phase was dried 

over Na2SO4, filtered and concentrated under vacuum for purification by MPLC (DCM, 0-10% 

MeOH) to afford title compound as a yellow oil (24.1 mg, 61%). 1H NMR (500 MHz, DMSO-

d6): δ 9.52 (s, 1H), 8.67 (s, 1H), 8.50 (s, 1H), 7.91 (s, 1H), 7.89 (s, 1H), 7.48 (t, J = 7.9 Hz, 2H), 

7.35 (d, J = 8.4 Hz, 1H), 7.32 (t, J = 7.4 Hz, 1H), 7.27 (d, J = 7.5 Hz, 2H), 6.92 (d, J = 9.0 Hz, 

1H), 3.03 (t, J = 4.8 Hz, 4H), 2.66 – 2.60 (m, 4H), 2.32 (s, 3H). 13C NMR (126 MHz, DMSO-d6): 

δ 164.8, 163.8, 151.2, 149.7, 136.9, 133.3, 133.3, 132.4, 130.1, 127.3, 127.3, 126.5, 126.4, 125.0, 

123.8, 123.4, 122.5, 120.5, 55.1, 50.7, 45.9. HRMS-ESI (m/z): [M + H]+ calculated for 

C25H25O6N4: 477.1769, found: 477.1774. 

1-(2-Chloro-4-fluoro-3-methylphenyl) ethanone (40)  

To a solution of 2-chloro-6-fluorotoluene 38 (11.0 mL, 90.6 mmol) and aluminum 

chloride (36.9 g, 0.28 mol) in dry DCM (100 mL), acetyl chloride 39 (7.31 mL, 

0.10 mol) was added dropwise at 0 °C under argon atmosphere, then the reaction 

mixture was allowed to stir at room temperature for 3 hours. The mixture was poured into ice-cold 

H2O (200 mL) and neutralized to pH 3-4 by addition of aqueous 1 M NaOH. The solution was 

extracted with DCM (2 x 200 mL), and the combined organic phases were washed with H2O (400 

mL), dried over MgSO4, filtered and solvent evaporated under vacuum for purification by flash 

column chromatography (PE/EtOAc 1:0 to 1:2) to afford title compound as a light-yellow oil (4.03 
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g, 24%). 1H NMR (400 MHz, CDCl3): δ 7.36 (dd, 8.6, 6.0 Hz, 1H), 7.01 (t, J = 8.6 Hz, 1H), 2.62 

(s, 3H), 2.35 (s, 3H). Analytical data matches with literature values.[327] 

2-Chloro-4-fluoro-3-methylbenzoic acid (41)  

A mixture of 40 (0.11 g, 0.56 mmol), DMSO (0.24 mL, 3.38 mmol) and iodine 

(14.3 mg, 56.3 µmol) in chlorobenzene (1.1 mL) was stirred at 132 °C for 3 hours. 

5-6 M tert-Butyl hydroperoxide in nonane (0.20 mL, 1.13 mmol) was added to 

the cooled down reaction mixture that was subsequently heated at 132 °C for another 3 hours. 

Reaction was quenched with addition of H2O (3 mL) and extracted with Et2O (3 x 3 mL). 

Combined organic phases were dried over Na2SO4, filtered and concentrated under vacuum for 

purification by MPLC (PE/EtOAc 1:0 to 1:2, with 1% AcOH) to afford title compound as a white 

solid (67.7 mg, 64%). 1H NMR (400 MHz, DMSO-d6): δ 13.33 (s, 1H), 7.65 (dd, J = 8.7, 6.3 Hz, 

1H), 7.26 (t, J = 8.6 Hz, 1H), 2.28 (s, 3H). Analytical data matches with literature values.[341] 

2-Chloro-4-fluoro-3-methyl-5-nitrobenzoic acid (42)  

Fuming nitric acid (0.24 mL, 3.79 mmol) was added dropwise into a solution of 

41 (0.65 g, 3.45 mmol) and concentrated sulfuric acid (10 mL) under stirring at 0 

°C. The reaction mixture was stirred at room temperature for 2 hours and then 

poured in ice-cold H2O (50 mL). Precipitate was collected by filtration and washed 

with H2O (60 mL) to afford title compound as a light-yellow solid (0.66 g, 82%). 1H NMR (400 

MHz, DMSO-d6): δ 13.96 (br s, 1H), 8.35 (d, J = 8.0 Hz, 1H), 2.37 (s, 3H). LCMS-ESI (m/z): 

234.0 [M + H]+. Analytical data matches with literature values.[327] 

5-Bromo-2-(4-methylpiperazin-1-yl) nitrobenzene (45)  

To a solution of 5-bromo-2-fluoronitrobenzene 44 (2.80 mL, 22.7 mmol) in DMF (30 

mL) was added 1-methylpiperazine 32 (3.03 mL, 27.3 mmol) followed by N,N-

diisopropylethylamine (4.75 mL, 27.3 mmol). The mixture was heated at 80°C for 3 

hours, and subsequently cooled to room temperature. Mixture was diluted with EtOAc 

(250 mL) and washed with H2O (3 x 100 mL). Organic phase was dried over Na2SO4, 

filtered, and concentrated under vacuum to afford title compound as a red oil (6.82 g, quant). 1H 

NMR (500 MHz, CDCl3): δ 7.89 (s, 1H), 7.55 (d, J = 8.8 Hz, 1H), 7.02 (d, J = 8.8 Hz, 1H), 3.06 



 EXPERIMENTAL 

 
 

97 
 

(t, J = 4.9 Hz, 4H), 2.56 (t, J = 4.9 Hz, 4H), 2.35 (s, 3H). LCMS-ESI (m/z): 300.0 [M + H]+. 

Analytical data matches with literature values.[327] 

5-Bromo-2-(4-methylpiperazin-1-yl)aniline (46)  

To a solution of 45 (6.78 g, 22.6 mmol) in EtOAc (150 mL) at room temperature was 

added tin(II) chloride dihydrate (20.4 g, 90.6 mmol). The mixture was heated at 77 °C 

with vigorous stirring for 3 hours, and subsequently cooled to room temperature. 

Following dilution with EtOAc (150 mL), the mixture was neutralized with aqueous 

saturated NaHCO3 (150 mL) and filtered through celite. Residue was washed with 

EtOAc (2 x 50 mL) and organic phase dried over Na2SO4, filtered, and concentrated under vacuum 

to afford title compound as a light-yellow solid (4.11 g, 67%). 1H NMR (400 MHz, CDCl3): δ 

6.87 – 6.81 (m, 3H), 4.01 (s, 2H), 2.91 (t, J = 4.9 Hz, 4H), 2.62 – 2.52 (m, 4H), 2.37 (s, 3H). 

LCMS-ESI (m/z): 270.1 [M + H]+. Analytical data matches with literature values.[327] 

4-(4-Methylpiperazin-1-yl)-4'-nitro-[1,1'-biphenyl]-3-amine (48)  

4-Nitrophenylboronic acid 47 (1.53 g, 9.14 mmol) was added to a solution of 46 (2.06 

g, 7.61 mmol) in 1,4-dioxane (56 mL). Cesium carbonate (4.96 g, 15.2 mmol) in H2O 

(5.6 mL) followed by bis(triphenylphosphine)palladium(II) dichloride (0.22 g, 0.31 

mmol) was added to the mixture. Reaction mixture was heated at 100 °C for 20 hours 

under argon atmosphere. The mixture was filtered through celite and residue washed 

with H2O (2 x 20 mL) then EtOAc (3 x 20 mL). Aqueous phase was extracted with 

EtOAc (2 x 100 mL). Filter was washed with MeOH (10 x 50 mL). Combined organic 

phases were dried over Na2SO4, filtered and concentrated under vacuum for purification by MPLC 

(DCM, 0-40% MeOH) to afford title compound as an orange solid (1.27 g, 54%). 1H NMR (500 

MHz, DMSO-d6): δ 8.27 (d, J = 8.9 Hz, 2H), 7.82 (d, J = 8.9 Hz, 2H), 7.09 (s, 1H), 7.03 – 6.97 

(m, 2H), 4.90 (s, 2H), 2.90 – 2.83 (m, 4H), 2.50 – 2.44 (m, 4H), 2.25 (s, 3H). LCMS-ESI (m/z): 

313.2 [M + H]+. Analytical data matches with literature values.[327] 

2-Chloro-4-fluoro-3-methyl-N-(4-(4-methylpiperazin-1-yl)-4'-nitro-[1,1'-biphenyl]-3-yl)-5-

nitrobenzamide (49)  
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42 (0.63 g, 2.70 mmol) was added to thionyl chloride (20 mL) and heated at 

79 °C for 6 hours. Mixture was concentrated under vacuum to afford 2-

chloro-4-fluoro-3-methyl-5-nitrobenzoyl chloride 43. To a solution of 48 

(0.70 g, 2.25 mmol) in dry DCM (50 mL) was added 43 (0.68 g, 2.70 mmol) 

at 0 °C under argon atmosphere. Pyridine (0.22 mL, 2.70 mmol) was added 

and the mixture stirred at room temperature for 16 hours. Reaction mixture 

was subsequently diluted with DCM (30 mL) and washed with H2O (30 mL), 

aqueous saturated copper(II) sulfate pentahydrate (2 x 30 mL), H2O (30 mL), aqueous saturated 

NaHCO3 (2 x 30 mL) then brine (30 mL). Organic phase was dried over Na2SO4, filtered, and 

concentrated under vacuum to afford title compound as a brown solid (0.57 g, 48% over two steps). 

1H NMR (400 MHz, DMSO-d6): δ 9.89 (s, 1H), 8.38 (s, 1H), 8.33 – 8.30 (m, 3H), 7.91 (d, J = 8.9 

Hz, 2H), 7.64 (dd, J = 8.4, 2.3 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H), 3.10 – 3.04 (m, 4H), 2.86 – 2.78 

(m, 4H), 2.42 (s, 3H), 2.35 (s, 3H). LCMS-ESI (m/z): 528.2 [M + H]+. Analytical data matches 

with literature values.[327] 

5-Amino-N-(4'-amino-4-(4-methylpiperazin-1-yl)-[1,1'-biphenyl]-3-yl)-2-chloro-4-fluoro-3-

methylbenzamide (50)  

To a solution of 49 (0.53 g, 1.00 mmol) in EtOAc (50 mL) at room 

temperature was added tin(II) chloride dihydrate (3.40 g, 15.1 mmol). The 

mixture was heated at 77 °C with vigorous stirring for 17 hours, and 

subsequently cooled to room temperature. Following dilution with EtOAc 

(75 mL), the mixture was neutralized with aqueous saturated NaHCO3 (75 

mL) and filtered through celite. Residue was washed with EtOAc (5 x 20 

mL) and organic phase dried over Na2SO4, filtered and concentrated under 

vacuum for purification by MPLC (DCM, 0-15% MeOH) to afford title compound as a yellow oil 

(0.25 g, 53%). 1H NMR (400 MHz, DMSO-d6): δ 9.20 (s, 1H), 8.28 (s, 1H), 7.29 – 7.23 (m, 4H), 

6.88 (d, J = 9.2 Hz, 1H), 6.63 (d, J = 8.5 Hz, 2H), 5.47 (s, 2H), 5.18 (s, 2H), 2.83 (t, J = 4.7 Hz, 

4H), 2.46 – 2.39 (m, 4H), 2.24 (d, J = 2.6 Hz, 3H), 2.19 (s, 3H). LCMS-ESI (m/z): 468.2 [M + 

H]+. Analytical data matches with literature values.[327] 

2-(Prop-2-yn-1-yloxy)acetic acid (53)  
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Propargyl alcohol 51 (0.48 mL, 8.30 mmol) in dry THF (10 mL) was added 

dropwise to a stirred mixture of 60% sodium hydride dispersion in mineral oil 

(0.66 g, 16.6 mmol) in dry THF (10 mL) at room temperature and stirred for 10 minutes under 

argon atmosphere. Bromoacetic acid 52 (1.15 g, 8.30 mmol) in dry THF (10 mL) was added 

dropwise and resulting mixture stirred at room temperature for 18 hours. Reaction was quenched 

with addition of H2O (30 mL) and the mixture concentrated under vacuum. Residue was taken up 

in H2O and washed with Et2O (30 mL). Aqueous phase was acidified to pH 1 by addition of 

aqueous 3 M HCl and extracted with EtOAc (2 x 30 mL). Combined organic phases were dried 

over Na2SO4 and concentrated under vacuum to afford title compound as a light-yellow oil (0.76 

g, 80%). 1H NMR (400 MHz, CDCl3): δ 10.01 (br s, 1H), 4.32 (s, 2H), 4.26 (s, 2H), 2.50 (s, 1H). 

Analytical data matches with literature values.[389] 

5-Amino-2-chloro-4-fluoro-3-methyl-N-(4-(4-methylpiperazin-1-yl)-4'-(2-(prop-2-yn-1-

yloxy)acetamido)-[1,1'-biphenyl]-3-yl)benzamide (55)  

53 (21.9 mg, 0.19 mmol) was added to thionyl chloride (3 mL) 

and heated at 79 °C for 6 hours. Mixture was concentrated under 

vacuum to afford 2-(prop-2-yn-1-yloxy)acetyl chloride 54. To a 

solution of 50 (50.0 mg, 0.11 mmol) in dry DMF (2.3 mL) was 

added 54 (25.5 mg, 0.19 mmol) dissolved in dry DMF (0.8 mL) 

at room temperature under argon atmosphere. Pyridine (10.4 µL, 

0.13 mmol) was added and the mixture stirred at room 

temperature for 2 hours. Reaction mixture was subsequently 

diluted with EtOAc (40 mL) and washed with saturated aqueous NaHCO3 (2 x 30 mL). Organic 

phase was dried over Na2SO4, filtered, concentrated under vacuum for purification by prep. HPLC 

(H2O, 10-50% MeCN with 0.1% TFA) and lyophilization to afford TFA salt of title compound as 

a white solid (14.4 mg, 24% over two steps). 1H NMR (700 MHz, DMSO-d6): δ 9.95 (s, 1H), 9.42 

(s, 1H), 8.29 (s, 1H), 7.76 (d, J = 8.3 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.47 (d, J = 8.2 Hz, 1H), 

7.30 (d, J = 8.3 Hz, 1H), 6.86 (d, J = 9.1 Hz, 1H), 4.33 (s, 2H), 4.16 (s, 1H), 3.55 – 3.52 (m, 3H), 

3.24 – 3.18 (m, 2H), 3.26 (d, J = 12.6 Hz, 2H), 3.05 (t, J = 11.5 Hz, 2H), 2.87 (s, 3H), 2.27 (s, 3H). 

13C NMR (176 MHz, DMSO-d6): δ 168.0, 166.0, 158.8 and 158.6 and 158.4 and 158.2 (q, 2J C-F 

= 32 Hz), 150.3 and 148.9 (d, 1J C-F = 241 Hz), 141.9, 138.3, 136.7, 136.0 and 135.9 (d, 2J C-F = 14 
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Hz), 135.2, 133.5, 133.1, 127.2, 123.6, 121.6, 121.3, 120.7, 116.2, 113.3, 80.1, 78.5, 70.0, 58.4, 

53.4, 48.9, 42.8, 12.5. 19F NMR (470 MHz, DMSO-d6): δ -131.8. HRMS-ESI (m/z): [M + H]+ 

calculated for C30H32O3N5ClF: 564.2172, found: 564.2169.  

tert-Butyl (2-(prop-2-yn-1-yloxy)ethyl)carbamate (58)  

tert-Butyl (2-hydroxyethyl) carbamate 56 (3.10 mL, 20.0 mmol) was added 

dropwise to a stirred mixture of 60% sodium hydride dispersion in mineral 

oil (2.04 g, 51.0 mmol) in dry THF (167 ml) at 0 °C and stirred for 15 minutes under argon 

atmosphere. 80% Propargyl bromide 57 in toluene (2.84 mL, 25.5 mmol) was added dropwise at 

0 °C and resulting mixture stirred at room temperature for 16 hours. Reaction was quenched with 

addition of ice-cold H2O (250 ml) and extracted with EtOAc (2 x 200 ml). Combined organic 

phases were dried over Na2SO4, filtered and concentrated under vacuum for purification by flash 

column chromatography (PE/EtOAc 1:19 to 1:6) to afford title compound as an uncoloured oil 

(2.75 g, 69%). 1H NMR (400 MHz, CDCl3): δ 4.87 (br s, 1H), 4.16 (s, 2H), 3.58 (t, J = 5.2 Hz, 

2H), 3.34 (q, J = 5.2 Hz, 2H), 2.44 (s, 1H), 1.44 (s, 9H). Analytical data matches with literature 

values.[390] 

2-(Prop-2-yn-1-yloxy)ethan-1-amine (59)  

A solution of 58 (2.70 g, 13.6 mmol) in DCM (68 mL) was treated with 4 M 

HCl in 1,4-dioxane (25.4 mL, 102 mmol). The reaction mixture was stirred at 

room temperature for 3 hours. Mixture was concentrated under vacuum to afford HCl salt of title 

compound as a light-yellow solid (1.84 g, quant). 1H NMR (600 MHz, DMSO-d6): δ 7.91 (br s, 

1H), 4.22 (s, 2H), 3.64 (t, J = 5.3 Hz, 2H), 3.54 (s, 1H), 3.00 (t, J = 5.3 Hz, 2H). Analytical data 

matches with literature values.[129] 

4-Fluoro-3-nitro-N-(2-(prop-2-yn-1-yloxy)ethyl)benzamide (60)  

4-Fluoro-3-nitrobenzoic acid 29 (3.01 g, 16.3 mmol) was added to 

thionyl chloride (15 mL) and heated at 79 °C for 6 hours. Mixture was 

concentrated under vacuum to afford 4-fluoro-3-nitrobenzoyl chloride 

30. To a mixture of 59 (1.84 g, 13.6 mmol) in dry DCM (13.6 mL) was 

added triethylamine (4.16 mL, 29.8 mmol) followed by 30 (3.31 g, 16.3 mmol) dissolved in dry 

DCM (13.6 mL) at 0 °C under argon atmosphere. Mixture was stirred at 0 °C for 30 minutes. 
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Reaction mixture was subsequently diluted with DCM (200 mL) and washed with H2O (2 x 150 

mL), aqueous 10 mM HCl (2 x 100 mL) then H2O (100 mL). Organic phase was dried over 

Na2SO4, filtered and concentrated under vacuum for purification by MPLC (PE/EtOAc 1:0 to 0:1) 

to afford title compound as a yellow oil (3.05 g, 85% over two steps). 1H NMR (500 MHz, DMSO-

d6): δ 8.96 (t, J = 5.5 Hz, 1H), 8.65 (s, 1H), 8.29 (d, J = 8.7 Hz, 1H), 7.72 (d, J = 8.7 Hz, 1H), 4.18 

(s, 2H), 3.60 (t, J = 5.7 Hz, 2H), 3.47 (t, J = 5.7 Hz, 2H), 3.45 (s, 1H). 13C NMR (126 MHz, 

DMSO-d6): δ 163.8, 157.8 and 155.6 (d, 1J C-F = 266 Hz), 137.1 and 137.0 (d, 2J C-F = 8 Hz), 135.7 

and 135.6 (d, 2J C-F = 10 Hz), 131.6 and 131.5 (d, 3J C-F = 4 Hz), 125.8 and 125.8 (d, 3J C-F = 2 Hz), 

119.4, 119.2, 80.7, 77.8, 68.0, 57.9. 19F NMR (470 MHz, DMSO-d6): δ -115.2. HRMS-ESI (m/z): 

[M + H]+ calculated for C12H12O4N2F: 267.0776, found: 267.0776.  

4-(4-Methylpiperazin-1-yl)-3-nitro-N-(2-(prop-2-yn-1-yloxy)ethyl)benzamide (61)  

To a solution of 60 (2.00 g, 7.51 mmol) in DMF (14 mL) was added 1-

methylpiperazine 32 (1.08 mL, 9.77 mmol) followed by N,N-

diisopropylethylamine (1.70 mL, 9.77 mmol). The mixture was stirred 

at room temperature for 1 hour, then diluted with EtOAc (50 mL) and 

washed with H2O (3 x 30 mL). Organic phase was dried over Na2SO4, 

filtered, and concentrated under vacuum to afford title compound as a 

brown-red oil (1.98 g, 76%). 1H NMR (600 MHz, DMSO-d6): δ 8.65 (t, J = 5.6 Hz, 1H), 8.31 (s, 

1H), 8.02 (d, J = 8.8 Hz, 1H), 7.32 (d, J = 8.8 Hz, 1H), 4.16 (s, 2H), 3.57 (t, J = 5.9 Hz, 2H), 3.45 

– 3.41 (m, 3H), 3.09 (t, J = 4.9 Hz, 4H), 2.43 (t, J = 4.9 Hz, 4H), 2.22 (s, 3H). 13C NMR (151 

MHz, DMSO-d6): δ 164.6, 147.4, 140.4, 132.9, 125.9, 125.8, 120.7, 80.7, 77.7, 68.2, 57.8, 54.7, 

50.7, 46.1, 39.5. HRMS-ESI (m/z): [M + H]+ calculated for C17H23O4N4: 347.1714, found: 

347.1715.  

3-Amino-4-(4-methylpiperazin-1-yl)-N-(2-(prop-2-yn-1-yloxy)ethyl)benzamide (62)  

To a solution of 61 (1.80 g, 5.2 mmol) in EtOAc (40 mL) at room 

temperature was added tin(II) chloride dihydrate (3.52 g, 15.6 mmol). 

The mixture was heated at 77 °C with vigorous stirring for 8 hours and 

subsequently cooled to room temperature. Following dilution with 

EtOAc (80 mL), the mixture was neutralized with aqueous saturated 
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NaHCO3 (100 mL) and filtered through celite. Residue was washed with EtOAc (5 x 10 mL) and 

the aqueous phase extracted with EtOAc (50 mL). Combined organic phases were dried over 

Na2SO4, filtered, and concentrated under vacuum to afford title compound as a yellow solid (1.02 

g, 62%). 1H NMR (500 MHz, DMSO-d6): δ 8.20 (t, J = 5.7 Hz, 1H), 7.17 (s, 1H), 7.06 (d, J = 8.2 

Hz, 1H), 6.89 (d, J = 8.2 Hz, 1H), 4.80 (s, 2H), 4.16 (s, 2H), 3.54 (t, J = 6.0 Hz, 2H), 3.45 (s, 1H), 

3.39 (t, J = 5.7 Hz, 2H), 2.87 – 2.79 (m, 4H), 2.50 – 2.42 (m, 4H), 2.23 (s, 3H). 13C NMR (126 

MHz, DMSO-d6): δ 167.2, 142.2, 141.2, 130.3, 118.6, 116.1, 114.1, 80.8, 77.7, 75.8, 68.3, 57.8, 

55.5, 50.3, 39.2. HRMS-ESI (m/z): [M + H]+ calculated for C17H25O2N4: 317.1972, found: 

317.1974.  

4-Fluoro-N-(2-(4-methylpiperazin-1-yl)-5-((2-(prop-2-yn-1-yloxy)ethyl)carbamoyl)phenyl)-

3-nitrobenzamide (63)  

4-Fluoro-3-nitrobenzoic acid 29 (0.28 g, 1.52 mmol) was 

added to thionyl chloride (1.6 mL) and heated at 79 °C for 6 

hours. Mixture was concentrated under vacuum to afford 4-

fluoro-3-nitrobenzoyl chloride 30. To a solution of 62 (0.40 

g, 1.26 mmol) in dry DCM (24 mL) was added 30 (0.31 g, 

1.52 mmol) dissolved in dry DCM (10 mL) at room 

temperature under argon atmosphere. Pyridine (0.12 mL, 1.52 mmol) was added and the mixture 

stirred at room temperature for 18 hours. Reaction mixture was subsequently diluted with DCM 

(100 mL) and washed with aqueous saturated NaHCO3 (3 x 70 mL) then brine (70 mL). Organic 

phase was dried over Na2SO4, filtered and concentrated under vacuum for purification by MPLC 

(DCM, 0-15% MeOH) to afford title compound as a yellow oil (0.17 g, 28% over two steps). 1H 

NMR (500 MHz, DMSO-d6): δ 10.01 (s, 1H), 8.56 (d, J = 7.5 Hz, 1H), 8.50 (t, J = 5.7 Hz, 1H), 

8.22 (s, 1H), 7.82 (d, J = 8.7 Hz, 1H), 7.73 (d, J = 8.4 Hz, 1H), 7.67 (d, J = 8.7 Hz, 1H), 7.24 (d, 

J = 8.5 Hz, 1H), 4.17 (s, 2H), 3.64 (s, 1H), 3.58 (t, J = 6.0 Hz, 2H), 3.46 – 3.43 (m, 2H), 3.00 (t, J 

= 4.8 Hz, 4H), 2.64 – 2.59 (m, 4H), 2.32 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ 166.0, 158.1, 

149.1, 148.8, 137.3 and 137.2 (d, 2J C-F = 10 Hz), 135.8 and 135.8 (d, 2J C-F = 8 Hz), 131.7 and 

129.5 (d, 1J C-F = 275 Hz), 131.1, 129.5, 127.4, 126.1, 125.8, 125.3, 119.9, 80.8, 77.7, 68.3, 57.8, 

55.4, 55.0, 50.8, 45.8. 19F NMR (470 MHz, DMSO-d6): δ -114.9. HRMS-ESI (m/z): [M + H]+ 

calculated for C24H27O5N5F: 484.1991, found: 484.1985.  
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2-Chloro-4-fluoro-3-methyl-N-(2-(4-methylpiperazin-1-yl)-5-((2-(prop-2-yn-1-

yloxy)ethyl)carbamoyl)phenyl)-5-nitrobenzamide (64)  

2-Chloro-4-fluoro-3-methyl-5-nitrobenzoic acid 42 (0.36 g, 

1.52 mmol) was added to thionyl chloride (12.8 mL) and 

heated at 79 °C for 6 hours. Mixture was concentrated under 

vacuum to afford 2-chloro-4-fluoro-3-methyl-5-

nitrobenzoyl chloride 43. To a solution of 62 (0.40 g, 1.26 

mmol) in dry DCM (24 mL) was added 43 (0.38 g, 1.52 

mmol) dissolved in dry DCM (10 mL) at room temperature under argon atmosphere. Pyridine 

(0.12 mL, 1.52 mmol) was added and the mixture stirred at room temperature for 20 hours. 

Reaction mixture was subsequently diluted with DCM (100 mL) and washed with aqueous 

saturated NaHCO3 (3 x 70 mL) then brine (70 mL). Organic phase was dried over Na2SO4, filtered 

and concentrated under vacuum for purification by MPLC (DCM, 0-15% MeOH) to afford title 

compound as a yellow oil (0.11 g, 16% over two steps). 1H NMR (500 MHz, DMSO-d6): δ 9.86 

(s, 1H), 8.50 (t, J = 5.7 Hz, 1H), 8.30 – 8.26 (m, 2H), 7.71 (d, J = 8.5 Hz, 1H), 7.19 (d, J = 8.5 Hz, 

1H), 4.17 (s, 2H), 3.64 (s, 1H), 3.58 (t, J = 6.0 Hz, 2H), 3.46 – 3.40 (m, 4H), 2.97 (t, J = 4.7 Hz, 

4H), 2.44 (s, 3H), 2.23 (s, 3H). 13C NMR (126 MHz, DMSO-d6): δ 166.1, 163.5, 148.8, 137.9 and 

137.8 (d, 2J C-F = 6 Hz), 135.9 and 135.8 (d, 2J C-F = 10 Hz), 133.9, 130.7, 129.3, 128.2, 128.1, 

128.1, 125.6 and 123.5 (d, 1J C-F = 271 Hz), 125.2, 119.5, 80.8, 77.7, 68.3, 57.8, 55.4, 54.9, 51.2, 

46.2, 13.0. 19F NMR (470 MHz, DMSO-d6): δ -115.5. HRMS-ESI (m/z): [M + H]+ calculated for 

C25H28O5N5ClF: 532.1758, found: 532.1753.  

6.10. Synthesis of RITACs 

Ethyl (Z)-5-(3-hydroxy-4-((1-(3-(4-hydroxy-3-nitrobenzamido)-4-(4-methylpiperazin-1-

yl)phenyl)-1-oxo-5,8,11-trioxa-2-azatridecan-13-yl)oxy)benzylidene)-4-oxo-2-

(phenylamino)-4,5-dihydrothiophene-3-carboxylate (65)  
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A solution of 36 (50.0 mg, 0.12 mmol), 

HATU (40.8 mg, 0.11 mmol), HOAt (14.6 

mg, 0.11 mmol), and N,N-

diisopropylethylamine (46.8 µL, 0.27 

mmol) in dry DMF (2.8 mL) was stirred 

for 10 minutes, then a solution of 25 (50.0 

mg, 89.5 µmol) and N,N-diisopropylethylamine (46.8 µL, 0.27 mmol) in dry DMF (1.1 mL) was 

added. The mixture was stirred at room temperature for 45 hours. Solvent was evaporated by 

SpeedVac (50 °C) for purification by prep. HPLC (H2O, 5-95% MeCN with 0.1% TFA) and 

lyophilization to afford TFA salt of title compound as a yellow solid (17.3 mg, 18%). 1H NMR 

(700 MHz, DMSO-d6): δ 11.24 (s, 1H), 9.71 (s, 1H), 9.42 (s, 1H), 9.04 (br s, 1H), 8.53 (s, 1H), 

8.46 (t, J = 4.7 Hz, 1H), 8.28 (s, 1H), 8.15 (d, J = 8.7 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H), 7.56 – 

7.51 (m, 4H), 7.49 (s, 1H), 7.46 – 7.44 (m, 1H), 7.28 (t, J = 8.2 Hz, 2H), 7.02 – 7.00 (m, 1H), 6.98 

(s, 1H), 4.28 (q, J = 7.1 Hz, 2H), 4.10 (t, J = 4.7 Hz, 2H), 3.73 (t, J = 4.7 Hz, 2H), 3.59 – 3.56 (m, 

2H), 3.55 – 3.50 (m, 9H), 3.13 – 3.08 (m, 8H), 2.89 – 2.86 (m, 4H), 1.30 (t, J = 7.1 Hz, 3H). 13C 

NMR (176 MHz, DMSO-d6): δ 181.4, 175.8, 166.0, 165.3, 163.6, 158.4, 158.2, 155.3, 149.2, 

147.5, 146.8, 138.0, 137.0, 134.4, 131.8, 130.6, 130.5, 130.1, 128.7, 126.8, 126.1, 125.8, 125.4, 

125.3, 125.1, 124.9, 120.5, 119.7, 116.3, 114.3, 97.4, 70.4, 70.3, 70.2, 70.1, 69.4, 69.3, 68.4, 60.0, 

48.3, 46.2, 42.9, 14.9. HRMS-ESI (m/z): [M + H]+ calculated for C47H53O13N6S: 941.3386, found: 

941.3395.  

General procedure 7 (GP7): CuAAC conjugation. 
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Thiophenone 28 (96.7 µmol) and alkyne derivative (1.0 equivalent) were suspended in THF (0.125 

M) and sonicated to afford a cloudy mixture. An aqueous solution of copper sulfate pentahydrate 

(0.2 equivalents, 0.2 M, 96.7 µL) and an aqueous solution of (+)-sodium L-ascorbate (0.2 

equivalents, 0.2 M, 96.7 µL) were added in that order. The resulting reaction mixture was stirred 

at room temperature for 24 hours under argon atmosphere. Reaction mixture was diluted with H2O 

(0.4 mL) and organic solvent evaporated under vacuum. The aqueous solution was mixed with 

MeCN/H2O (4:1, 3.5 mL) for purification by prep. HPLC (H2O/MeCN, 0.1% TFA) to afford 

corresponding heterobifunctional molecules.  

Ethyl (Z)-5-(4-(2-(2-(4-((2-((3'-(5-amino-2-chloro-4-fluoro-3-methylbenzamido)-4'-(4-

methylpiperazin-1-yl)-[1,1'-biphenyl]-4-yl)amino)-2-oxoethoxy)methyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)-3-hydroxybenzylidene)-4-oxo-2-(phenylamino)-4,5-dihydrothiophene-3-

carboxylate (66a)  

According to GP8. 28 (26.5 

mg, 53.4 µmol) was reacted 

with 55 (30.1 mg, 53.4 

µmol), purified by prep. 

HPLC (H2O, MeCN 10-

60% with 0.1% TFA) and 

lyophilized to afford TFA 

salt of title compound as a 

yellow solid (12.2 mg, 19%). 1H NMR (500 MHz, DMSO-d6): δ 11.24 (s, 1H), 9.89 (s, 1H), 9.49 

(br s, 1H), 8.28 (s, 1H), 8.18 (s, 1H), 7.75 (d, J = 8.3 Hz, 2H), 7.58 – 7.54 (m, 2H), 7.53 – 7.47 (m, 

3H), 7.46 – 7.41 (m, 1H), 7.28 (d, J = 8.3 Hz, 1H), 7.00 – 6.96 (m, 3H), 6.85 (d, J = 9.2 Hz, 1H), 

4.65 (s, 2H), 4.56 (t, J = 5.2 Hz, 2H), 4.27 (q, J = 7.1 Hz, 2H), 4.11 (s, 2H), 4.09 (t, J = 5.9 Hz, 

2H), 3.88 (t, J = 5.2 Hz, 2H), 3.76 (t, J = 4.5 Hz, 2H), 3.55 – 3.50 (m, 2H), 3.28 – 3.16 (m, 4H), 

3.03 (t, J = 11.4 Hz, 2H), 2.86 (s, 3H), 2.26 (s, 3H), 1.29 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, 

DMSO-d6): δ 181.4, 175.8, 168.4, 166.1, 166.0, 165.3, 159.4, 158.7, 150.5, 149.1, 148.6, 147.5, 

143.7, 141.9, 138.6 and 136.7 (d, 1J C-F = 251 Hz), 138.3, 138.0, 133.5, 133.1, 130.5, 130.1, 128.7, 

127.1, 126.8, 126.1, 125.2, 125.1, 123.6, 121.5 and 121.3 (d, 2J C-F = 31 Hz), 120.6, 116.6, 116.3 

and 116.1 (d, 2J C-F = 21 Hz), 114.1, 108.8, 97.3, 73.0, 69.6, 69.3, 69.0, 68.2, 64.2, 60.0, 53.3, 49.8, 
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48.8, 48.7, 14.9, 12.5. 19F NMR (470 MHz, DMSO-d6): δ -131.8. HRMS-ESI (m/z): [M + H]+ 

calculated for C54H56O9N9ClFS: 1060.3589, found: 1060.3599.  

Ethyl (Z)-5-(4-(2-(2-(4-((2-(3-(4-fluoro-3-nitrobenzamido)-4-(4-methylpiperazin-1-

yl)benzamido)ethoxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)-3-hydroxybenzylidene)-

4-oxo-2-(phenylamino)-4,5-dihydrothiophene-3-carboxylate (66b)  

According to GP8. 28 (50.0 mg, 

0.10 mmol) was reacted with 63 

(48.7 mg, 0.10 mmol), purified 

by prep. HPLC (H2O, MeCN 10-

80% with 0.1% TFA) and 

lyophilized to afford TFA salt of 

title compound as a yellow solid (13.3 mg, 12%). 1H NMR (500 MHz, DMSO-d6): δ 11.24 (s, 

1H), 10.02 (s, 1H), 9.84 (br s, 1H), 9.48 (br s, 1H), 8.74 – 8.70 (m, 1H), 8.52 (t, J = 5.6 Hz, 1H), 

8.41 – 8.37 (m, 1H), 8.22 (s, 1H), 8.07 (s, 1H), 7.81 – 7.72 (m, 2H), 7.56 – 7.49 (m, 4H), 7.47 (s, 

1H), 7.46 – 7.41 (m, 1H), 7.27 (d, J = 8.4 Hz, 1H), 6.99 – 6.95 (m, 3H), 4.54 – 4.46 (m, 4H), 4.27 

(q, J = 7.1 Hz, 2H), 4.07 (t, J = 5.8 Hz, 2H), 3.86 (t, J = 5.2 Hz, 2H), 3.74 (t, J = 5.7 Hz, 2H), 3.56 

– 3.49 (m, 4H), 3.41 – 3.31 (m, 4H), 3.16 – 3.08 (m, 2H), 3.04 (t, J = 12.2 Hz, 2H), 2.85 (s, 3H), 

1.29 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 181.4, 175.8, 175.1, 165.9, 165.3, 

163.1, 155.9, 149.1, 147.5, 144.2, 141.4, 138.0, 137.1, 136.1, 131.8, 131.3, 130.5 and 130.3 (d, 2J 

C-F = 27 Hz), 130.1, 128.7, 126.8, 126.5, 126.1, 125.8, 125.1 and 124.9 (d, 2J C-F = 26 Hz), 123.6, 

120.4, 119.6, 117.8, 116.9, 116.3 and 114.2 (d, 1J C-F = 265 Hz), 106.0, 97.3, 69.3, 69.0, 68.6, 68.2, 

65.4, 63.7, 60.0, 53.4, 49.7, 48.2, 42.8, 14.9. 19F NMR (470 MHz, DMSO-d6): δ -114.4. HRMS-

ESI (m/z): [M + H]+ calculated for C48H51O11N9FS: 980.3407, found: 980.3418.  

Ethyl (Z)-5-(4-(2-(2-(4-((2-(3-(2-chloro-4-fluoro-3-methyl-5-nitrobenzamido)-4-(4-

methylpiperazin-1-yl)benzamido)ethoxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)-3-

hydroxybenzylidene)-4-oxo-2-(phenylamino)-4,5-dihydrothiophene-3-carboxylate (66c)  
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According to GP8. Purification 

by prep. HPLC (H2O, MeCN 10-

80% with 0.1% TFA) and 

lyophilized to afford TFA salt of 

title compound as a yellow solid 

(46.5 mg, 42%). 1H NMR (500 

MHz, DMSO-d6): δ 11.25 (s, 1H), 9.91 (s, 1H), 9.48 (br s, 1H), 8.53 (t, J = 5.7 Hz, 1H), 8.41 (s, 

1H), 8.38 (d, J = 7.6 Hz, 1H), 8.07 (s, 1H), 7.70 (d, J = 8.4 Hz, 2H), 7.56 – 7.49 (m, 4H), 7.48 – 

7.42 (m, 2H), 7.23 (d, J = 8.4 Hz, 1H), 6.99 – 6.91 (m, 3H), 4.55 – 4.49 (m, 4H), 4.27 (q, J = 7.1 

Hz, 2H), 4.07 (t, J = 4.4 Hz, 2H), 3.86 (t, J = 5.2 Hz, 2H), 3.74 (t, J = 4.4 Hz, 2H), 3.56 – 3.48 (m, 

4H), 3.44 – 3.34 (m, 4H), 3.20 – 3.12 (m, 1H), 3.03 (t, J = 12.0 Hz, 2H), 2.84 (s, 3H), 1.29 (t, J = 

7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 181.5, 175.8, 166.0, 165.3, 163.6, 158.8, 158.5, 

154.5, 152.4, 149.1, 147.5, 146.2, 144.2, 140.4, 138.0, 136.0, 134.1, 131.2, 130.5, 130.3, 130.1, 

128.7, 128.0, 126.8, 126.1, 125.2, 125.1 and 124.9 (d, 2J C-F = 23 Hz), 124.5, 123.6 and 123.4 (d, 

2J C-F = 24 Hz), 120.1, 116.2 and 114.1 (d, 1J C-F = 266 Hz), 97.3, 69.3, 69.0, 68.6, 68.2, 63.7, 60.0, 

55.4, 53.1, 49.7, 48.3, 42.8, 14.9, 13.0. 19F NMR (470 MHz, DMSO-d6): δ -115.7. HRMS-ESI 

(m/z): [M + H]+ calculated for C49H52O11N9ClFS: 1028.3174, found: 1028.3188.  

6.11. Synthesis of HIV TAR Ligands 

3-Nitro-5-(trifluoromethyl)benzoic acid (68) 

Fuming nitric acid (2.20 mL, 34.5 mmol) was added dropwise into a mixture of 

3-trifluoromethylbenzoic acid 67 (2.00 g, 10.5 mmol) and concentrated sulfuric 

acid (10 mL) under vigorous stirring at 0 °C. The reaction mixture was stirred 

at room temperature for 3 hours and then poured in ice-cold H2O (100 mL). Precipitate was 

collected by filtration and washed with H2O (40 mL). Solids were redissolved in EtOAc (20 mL) 

and washed with H2O (2 x 20 mL) then brine (20 mL). Organic phase was dried over Na2SO4 and 

concentrated under vacuum to afford title compound as a light-yellow solid (1.94 g, 78%). 1H 

NMR (500 MHz, CDCl3): δ 9.13 (s, 1H), 8.76 (s, 1H), 8.70 (s, 1H). Analytical data matches with 

literature values.[391] 

(3-Nitro-5-(trifluoromethyl)phenyl)methanol (69) 
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68 (1.70 g, 7.23 mmol) was dissolved in dry THF (20.4 mL) and cooled to 0 °C 

under argon atmosphere. A solution of 1 M borane THF complex solution in 

THF (14.5 mL, 14.5 mmol) was added dropwise. After stirring at 0 °C for 3 

hours reaction mixture was allowed to warm to room temperature and stirred for another 18 hours. 

Reaction was quenched by the slow addition of aqueous saturated NaHCO3 (50 mL), then extracted 

with EtOAc (2 x 50 mL). Combined organic phases were washed with H2O (100 mL) then brine 

(100 mL), dried over Na2SO4, filtered and concentrated under vacuum to afford title compound as 

a yellow oil (1.60 g, quant). 1H NMR (500 MHz, CDCl3): δ 8.44 (s, 1H), 8.41 (s, 1H), 7.99 (s, 

1H), 4.91 (s, 2H). LCMS-ESI (m/z): 222.1 [M + H]+. Analytical data matches with literature 

values.[392] 

(3-Amino-5-(trifluoromethyl)phenyl)methanol (70) 

69 (1.00 g, 4.52 mmol) in anhydrous MeOH (12.8 mL) was flushed with argon 

and treated with 10% palladium on activated charcoal (0.10 g, 94.0 µmol). The 

flask was flushed with hydrogen and allowed to stir under hydrogen atmosphere 

at room temperature for 18 hours. The reaction mixture was flushed with argon, filtered through 

celite and concentrated under vacuum to afford title compound as an oil (0.81 g, 93%). 1H NMR 

(500 MHz, CDCl3): δ 6.98 (s, 1H), 6.84 (s, 1H), 6.82 (s, 1H), 4.66 (s, 2H), 3.87 (br s, 2H). LCMS-

ESI (m/z): 192.0 [M + H]+. Analytical data matches with literature values.[393] 

3-((Prop-2-yn-1-yloxy)methyl)-5-(trifluoromethyl)aniline (71) 

70 (0.70 g, 3.66 mmol) in dry THF (14.6 mL) was added dropwise to 60% 

sodium hydride dispersion in mineral oil (0.18 g, 4.39 mmol) at 0 °C and 

stirred for 30 minutes under argon atmosphere. 80% Propargyl bromide 57 

in toluene (0.48 mL, 4.39 mmol) was added dropwise and resulting mixture stirred at room 

temperature for 19 hours. Reaction was quenched with addition of H2O (15 mL) and extracted 

with EtOAc (2 x 15 mL). Combined organic phases were dried over Na2SO4, filtered and 

concentrated under vacuum for purification by MPLC (PE/EtOAc 1:0 to 3:2) to afford title 

compound as a yellow oil (0.67 g, 80%). 1H NMR (500 MHz, CDCl3): δ 6.98 (s, 1H), 6.85 (s, 

1H), 6.84 (s, 1H), 4.56 (s, 2H), 4.20 (s, 2H), 2.48 (s, 1H). 13C NMR (126 MHz, CDCl3): δ 146.7, 

139.6, 132.2 and 132.0 and 131.7 and 131.4 (q, 2J C-F = 32 Hz), 127.3 and 125.1 and 123.0 and 
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120.8 (q, 1J C-F = 272 Hz), 117.2, 114.6 and 114.6 and 114.6 and 114.5 (q, 3J C-F = 4 Hz), 111.1 

and 111.0 and 111.0 and 111.0 (q, 3J C-F = 4 Hz), 79.3, 75.0, 70.9, 57.4. 19F NMR (470 MHz, 

CDCl3): δ -62.9. HRMS-ESI (m/z): [M + H]+ calculated for C11H11ON4F3: 230.0787, found: 

230.0791.  

(4-Aminopyridin-2-yl)methanol (73) 

To lithium aluminum hydride (0.62 g, 16.4 mmol) was slowly added dry THF (6 

mL) at 0 °C under argon atmosphere. To the mixture was slowly added methyl-4-

aminopicolinate 72 (1.00 g, 6.57 mmol) in dry THF (28 mL) at 0 °C. The reaction 

mixture was heated at 50 °C for 18 hours. Reaction mixture was cooled to 0 °C and quenched by 

sequential addition of H2O (0.6 mL), 15% aqueous NaOH (0.6 mL) and H2O (1.9 mL). Mixture 

was stirred at room temperature before filtration through celite and residue washed with THF (20 

mL), water (20 mL) then MeOH (10 mL). Organic solvents were removed under vacuum and 

aqueous phase saturated with sodium chloride, then extracted with EtOAc (3 x 100 mL) then DCM 

(2 x 100 mL). Combined organic phases were dried over Na2SO4, filtered and concentrated under 

vacuum to afford title compound as a light-yellow solid (0.69 g, 85%). 1H NMR (400 MHz, 

DMSO-d6): δ 7.84 (d, J = 5.5 Hz, 1H), 6.57 (s, 1H), 6.28 (d, J = 5.6 Hz, 1H), 5.91 (s, 2H), 5.08 (s, 

1H), 4.31 (s, 2H). LCMS-ESI (m/z): 125.2 [M + H]+. Analytical data matches with literature 

values.[394] 

2-((Prop-2-yn-1-yloxy)methyl)pyridin-4-amine (74) 

73 (0.50 g, 4.03 mmol) in dry THF (16.2 mL) was added dropwise to 60% 

sodium hydride dispersion in mineral oil (0.19 g, 4.83 mmol) at 0 °C and stirred 

for 30 minutes under argon atmosphere. 80% Propargyl bromide 57 in toluene 

(0.53 mL, 4.83 mmol) was added dropwise and resulting mixture stirred at room temperature for 

17 hours. Reaction was quenched with addition of H2O (10 mL) and extracted with EtOAc (2 x 20 

mL) then DCM (20 mL). Combined organic phases were dried over Na2SO4, filtered and 

concentrated under vacuum for purification by MPLC (DCM, 0-20% MeOH) to afford title 

compound as a brown oil (0.25 g, 38%). 1H NMR (700 MHz, DMSO-d6): δ 7.90 (d, J = 5.6 Hz, 

1H), 6.54 (s, 1H), 6.36 (d, J = 5.6 Hz, 1H), 6.01 (s, 2H), 4.38 (s, 2H), 4.22 (s, 2H), 3.47 (s, 1H). 
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13C NMR (176 MHz, DMSO-d6): δ 157.8, 155.3, 149.3, 108.1, 106.4, 80.7, 77.8, 72.5, 57.7. 

HRMS-ESI (m/z): [M + H]+ calculated for C9H11ON2: 163.0866, found: 163.0867.  

3-Aminobenzyl alcohol (76) 

To lithium aluminum hydride (0.42 g, 11.1 mmol) was slowly added dry THF (5 

mL) at 0 °C under argon atmosphere. To the mixture was slowly added 3-

aminobenzoic acid 75 (1.00 g, 7.29 mmol) in dry THF (25 mL) at 0 °C. The reaction 

mixture was stirred vigorously at 66 °C for 17 hours. Reaction mixture was cooled to 0 °C and 

quenched by sequential addition of H2O (0.4 mL), 15% aqueous NaOH (0.4 mL) and H2O (1.3 

mL). Mixture was stirred at room temperature before filtration through celite and residue washed 

with H2O (10 mL). Filtrate was extracted with EtOAc (2 x 15 mL). Combined organic phases were 

dried over Na2SO4, filtered and concentrated under vacuum to afford title compound as a brown 

solid (0.84 g, 93%). 1H NMR (500 MHz, CDCl3): δ 7.15 (t, J = 7.7 Hz, 1H), 6.74 (d, J = 7.5 Hz, 

1H), 6.72 (s, 1H), 6.62 (d, J = 7.9 Hz, 2H), 4.61 (s, 2H). LCMS-ESI (m/z): 124.1 [M + H]+. 

Analytical data matches with literature values.[395] 

3-((Prop-2-yn-1-yloxy)methyl)aniline (77) 

76 (0.70 g, 5.68 mmol) in dry THF (22.7 mL) was added dropwise to 60% 

sodium hydride dispersion in mineral oil (0.27 g, 6.82 mmol) at 0 °C and stirred 

for 30 minutes under argon atmosphere. 80% Propargyl bromide 57 in toluene 

(0.75 mL, 6.82 mmol) was added dropwise and resulting mixture stirred at room temperature for 

21 hours. Reaction was quenched with addition of H2O (25 mL) and extracted with EtOAc (2 x 25 

mL). Combined organic phases were dried over Na2SO4, filtered and concentrated under vacuum 

for purification by MPLC (PE/EtOAc 1:0 to 3:2) to afford title compound as a yellow oil (0.70 g, 

76%). 1H NMR (700 MHz, CDCl3): δ 7.14 (t, J = 7.7 Hz, 1H), 6.75 (d, J = 7.6 Hz, 1H), 6.71 (s, 

1H), 6.64 (d, J = 8.0 Hz, 2H), 4.53 (s, 2H), 4.16 (s, 2H), 2.46 (s, 1H). 13C NMR (176 MHz, CDCl3): 

δ 146.4, 138.5, 129.4, 118.5, 114.8, 114.7, 79.8, 74.5, 71.5, 57.0. HRMS-ESI (m/z): [M + H]+ 

calculated for C10H12ON: 162.0913, found: 162.0913.  
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General procedure 8 (GP8): Synthesis of bromoacetamides. 

 

To a stirred solution of aniline derivative 71, 74, 77 or 78 (1.74 mmol) in dry DCM or DMF (0.42 

M) at 0 °C was added bromoacetyl bromide 79 (2.0 equivalents) dropwise under argon atmosphere. 

Reaction mixture was stirred at room temperature for 24 hours. Precipitation in Et2O afforded 

corresponding bromoacetamides. 

2-Bromo-N-(3-(trifluoromethyl)phenyl)acetamide (80a) 

According to GP8. 3-(Trifluoromethyl)aniline 78a (0.27 mL, 2.13 mmol) was 

reacted with 79 (0.37 mL, 4.26 mmol) in DCM. Precipitation in Et2O (20 mL) was 

collected to afford title compound as a white solid. LCMS-ESI (m/z): 282.0 [M + 

H]+. Analytical data matches with literature values.[365] 

2-Bromo-N-(pyridin-4-yl)acetamide (80b) 

According to GP8. 4-Aminopyridine 78b (0.20 g, 2.13 mmol) was reacted with 79 

(0.37 mL, 4.26 mmol) in DMF. Precipitation in DCM (40 mL) gave product in 

supernatant, which was further precipitated in Et2O (200 mL). Product was observed 

in pellet, which was collected to afford title compound as a brown solid. LCMS-ESI 

(m/z): 215.0 [M + H]+. Analytical data matches with literature values.[365] 

2-Bromo-N-(3-((prop-2-yn-1-yloxy)methyl)-5-(trifluoromethyl)phenyl)acetamide (80c) 

According to GP8. 71 (0.40 g, 1.75 mmol) was reacted with 79 (0.30 mL, 

3.50 mmol) in DCM. Precipitation in Et2O (24 mL) gave product in 

supernatant, which was concentrated under vacuum to afford title 

compound as a yellow oil. HRMS-ESI (m/z): [M + H]+ calculated for 

C13H12O2NBrF3: 349.9998, found: 350.0001.  
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2-Bromo-N-(2-((prop-2-yn-1-yloxy)methyl)pyridin-4-yl)acetamide (80d) 

According to GP8. 74 (0.23 g, 1.42 mmol) was reacted with 79 (0.25 mL, 

2.84 mmol) in DMF. Precipitation in DCM (32 mL) gave product in 

supernatant, which was further precipitated in Et2O (160 mL). Product 

was observed in pellet, which was collected to afford title compound as 

a brown solid. HRMS-ESI (m/z): [M + H]+ calculated for C11H12O2N2Br: 283.0077, found: 

283.0081.  

2-Bromo-N-(3-((prop-2-yn-1-yloxy)methyl)phenyl)acetamide (80e) 

According to GP8. 77 (0.28 g, 1.74 mmol) was reacted with 79 (0.30 mL, 

3.48 mmol) in DCM. Precipitation in Et2O (20 mL) gave product in 

supernatant, which was concentrated under vacuum to afford title 

compound as a brown oil. HRMS-ESI (m/z): [M + H]+ calculated for 

C12H13O2NBr: 282.0124, found: 282.0130.  

6-Methyl-2-thioxo-1,2-dihydropyridine-3-carbonitrile (82) 

A mixture of 2-chloro-6-methylnicotinonitrile 81 (2.00 g, 13.1 mmol), and thiourea 

(3.16 g, 41.6 mmol) in n-butanol (33 mL) was heated at 118 °C for 3 hours. After 

cooling to room temperature, the formed precipitate was collected by filtration and 

rinsed with cold n-butanol (25 mL) to afford title compound as a yellow solid (1.97 g, quant). 1H 

NMR (700 MHz, DMSO-d6): δ 14.10 (s, 1H), 8.00 (d, J = 7.7 Hz, 1H), 6.73 (d, J = 8.0 Hz, 1H), 

2.39 (s, 3H). LCMS-ESI (m/z): 151.1 [M + H]+. Analytical data matches with literature values.[365] 

General procedure 9 (GP9): Thienopyridine formation. 

 

To a suspension of 82 (1.06 equivalents) in anhydrous EtOH (0.16 M) was added bromoacetamide 

derivative 80 (1.07 mmol) and 21% sodium ethoxide in EtOH (2.2 equivalents). Reaction mixture 
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was heated at 78 °C for 18 hours in a closed vial. Mixture was concentrated under vacuum for 

purification by MPLC (PE/EtOAc 1:0 to 0:1) to afford corresponding thienopyridines.  

3-Amino-6-methyl-N-(3-(trifluoromethyl)phenyl)thieno[2,3-b]pyridine-2-carboxamide (83a) 

According to GP9. Title compound afforded as a yellow solid (11.2 

mg, <10% over two steps). 1H NMR (500 MHz, DMSO-d6): δ 9.71 

(s, 1H), 8.41 (d, J = 8.3 Hz, 1H), 8.23 (s, 1H), 7.99 (d, J = 8.2 Hz, 1H), 

7.56 (t, J = 8.0 Hz, 1H), 7.49 (s, 2H), 7.41 (d, J = 8.0 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H), 2.61 (s, 

3H). LCMS-ESI (m/z): 352.0 [M + H]+. Analytical data matches with literature values.[365] 

3-Amino-6-methyl-N-(pyridin-4-yl)thieno[2,3-b]pyridine-2-carboxamide (83b) 

According to GP9. 80b (68.8 mg, 0.32 mmol) was reacted with 82 (51.1 

mg, 0.34 mmol). Title compound afforded as a yellow solid (86.7 mg, 

90% over two steps). 1H NMR (700 MHz, DMSO-d6): δ 9.73 (s, 1H), 

8.44 – 8.41 (m, 3H), 7.77 (d, J = 6.5 Hz, 2H), 7.54 (s, 2H), 7.36 (d, J = 8.3 Hz, 1H), 2.61 (s, 3H). 

LCMS-ESI (m/z): 285.1 [M + H]+. Analytical data matches with literature values.[365] 

3-Amino-6-methyl-N-(3-((prop-2-yn-1-yloxy)methyl)-5-(trifluoromethyl)phenyl)thieno[2,3-

b]pyridine-2-carboxamide (83c) 

According to GP9. Purification by MPLC (PE, 5-60% EtOAc) 

to afford title compound as a light-yellow solid (0.10 g, 23% 

over two steps). 1H NMR (500 MHz, DMSO-d6): δ 10.72 (s, 

1H), 8.12 (d, J = 7.9 Hz, 1H), 7.99 (s, 1H), 7.77 (s, 1H), 7.36 

(s, 1H), 7.19 (d, J = 7.9 Hz, 1H), 4.60 (s, 2H), 4.24 (s, 2H), 4.21 (s, 2H), 3.54 (s, 1H), 2.43 (s, 1H). 

13C NMR (126 MHz, DMSO-d6): δ 167.2, 162.9, 160.4, 142.2, 140.7, 140.3, 130.1, 129.9, 127.8, 

125.6, 123.4, 121.7, 119.8, 119.0, 116.3, 114.7, 103.4, 80.4, 78.2, 70.3, 57.7, 35.2, 24.9. 19F NMR 

(470 MHz, DMSO-d6): δ -61.4. HRMS-ESI (m/z): [M + H]+ calculated for C20H17O2N4F3S: 

420.0988, found: 420.0989.  
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3-Amino-6-methyl-N-(2-((prop-2-yn-1-yloxy)methyl)pyridin-4-yl)thieno[2,3-b]pyridine-2-

carboxamide (83d) 

According to GP9. 80d (0.37 g, 1.30 mmol) was reacted with 

82 (0.21 g, 1.38 mmol). Purification by MPLC (DCM, 0-10% 

MeOH) to afford title compound as a yellow solid (0.17 g, 37% 

over two steps). 1H NMR (700 MHz, DMSO-d6): δ 10.80 (s, 1H), 8.39 (d, J = 5.6 Hz, 1H), 8.11 

(d, J = 7.9 Hz, 1H), 7.65 (s, 1H), 7.53 (d, J = 5.6 Hz, 1H), 7.18 (d, J = 7.9 Hz, 1H), 4.57 (s, 2H), 

4.28 (s, 2H), 4.21 (s, 2H), 3.51 (s, 1H), 2.42 (s, 3H). 13C NMR (176 MHz, DMSO-d6): δ 167.8, 

162.9, 160.3, 158.8, 149.9, 147.1, 142.2, 119.8, 116.3, 112.5, 110.8, 103.4, 80.4, 78.1, 71.9, 58.0, 

35.4, 24.9. HRMS-ESI (m/z): [M + H]+ calculated for C18H17O2N4S: 353.1067, found: 353.1070.  

3-Amino-6-methyl-N-(3-((prop-2-yn-1-yloxy)methyl)phenyl)thieno[2,3-b]pyridine-2-

carboxamide (83e) 

According to GP9. Purification by MPLC (PE, 20-50% EtOAc) 

afforded title compound as a white solid (0.20 g, 58% over two 

steps). 1H NMR (500 MHz, DMSO-d6): δ 10.36 (s, 1H), 8.11 

(d, J = 7.9 Hz, 1H), 7.59 (s, 1H), 7.51 (d, J = 8.1 Hz, 1H), 7.30 (t, J = 7.8 Hz, 1H), 7.19 (d, J = 7.9 

Hz, 1H), 7.01 (d, J = 7.6 Hz, 1H), 4.49 (s, 2H), 4.19 (s, 2H), 4.18 (s, 2H), 3.51 (s, 1H), 2.46 (s, 

3H). 13C NMR (126 MHz, DMSO-d6): δ 166.5, 162.9, 160.5, 142.1, 139.5, 138.7, 129.3, 123.1, 

119.8, 118.8, 118.8, 116.3, 103.4, 80.6, 78.0, 71.1, 57.3, 35.2, 25.0. HRMS-ESI (m/z): [M + H]+ 

calculated for C19H18O2N3S: 352.1114, found: 352.1117.  

6.12. Synthesis of RIBOTACs 

Ethyl (Z)-5-(4-(2-(2-(4-(((3-(3-amino-6-methylthieno[2,3-b]pyridine-2-carboxamido)-5-

(trifluoromethyl)benzyl)oxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)-3-

hydroxybenzylidene)-4-oxo-2-(phenylamino)-4,5-dihydrothiophene-3-carboxylate (84a) 
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According to GP7. 28 (54.9 mg, 

0.11 mmol) was reacted with 83c 

(46.4. mg, 0.11 mmol), purified 

by prep. HPLC (H2O, MeCN 20-

80% with 0.1% TFA) and 

lyophilized to afford TFA salt of 

title compound as a yellow solid 

(50.8 mg, 45%). 1H NMR (500 

MHz, DMSO-d6): δ 11.24 (s, 1H), 10.68 (s, 1H), 9.46 (br s, 1H), 8.12 (s, 1H), 8.09 (d, J = 7.9 Hz, 

1H), 7.97 (s, 1H), 7.73 (s, 1H), 7.54 – 7.48 (m, 4H), 7.47 (s, 1H), 7.45 – 7.41 (m, 1H), 7.30 (s, 

1H), 7.15 (d, J = 8.0 Hz, 1H), 6.98 – 6.94 (m, 3H), 4.58 – 4.54 (m, 6H), 4.27 (q, J = 7.1 Hz, 2H), 

4.18 (s, 2H), 4.08 (t, J = 4.5 Hz, 2H), 3.88 (t, J = 5.2 Hz, 2H), 3.76 (t, J = 4.5 Hz, 2H), 2.40 (s, 

3H), 1.29 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO-d6): δ 181.4, 175.8, 167.1, 165.4, 162.9, 

160.4, 149.1, 147.5, 146.5, 145.2, 143.9, 142.1, 141.2, 140.3, 138.0, 130.5, 130.1, 129.8, 128.6, 

126.8, 126.1, 125.1, 125.1, 123.5, 121.5, 119.8, 118.8, 118.8, 118.7, 116.3, 114.6, 114.1, 103.4, 

97.3, 70.6, 69.3, 69.0, 68.2, 63.5, 60.0, 49.8, 35.2, 24.9, 14.9. 19F NMR (470 MHz, DMSO-d6): δ 

-61.4. HRMS-ESI (m/z): [M + H]+ calculated for C44H41O8N7F3S2: 916.2405, found: 916.2410.  

Ethyl (Z)-5-(4-(2-(2-(4-(((4-(3-amino-6-methylthieno[2,3-b]pyridine-2-

carboxamido)pyridin-2-yl)methoxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)-3-

hydroxybenzylidene)-4-oxo-2-(phenylamino)-4,5-dihydrothiophene-3-carboxylate (84b) 

According to GP7. 28 (44.0 mg, 

88.5 µmol) was reacted with 83d 

(31.2 mg, 88.5 µmol), purified by 

prep. HPLC (H2O, MeCN 10-

60% with 0.1% TFA) and 

lyophilized to afford TFA salt of 

title compound as a yellow solid 

(28.9 mg, 34%). 1H NMR (500 

MHz, DMSO-d6): δ 11.44 (s, 1H), 11.24 (s, 1H), 9.50 (br s, 1H), 8.51 (d, J = 6.4 Hz, 1H), 8.15 (s, 

1H), 8.10 (d, J = 7.9 Hz, 1H), 7.85 (s, 1H), 7.78 (d, J = 6.4 Hz, 1H), 7.56 – 7.49 (m, 4H), 7.46 – 
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7.41 (m, 2H), 7.16 (d, J = 7.9 Hz, 1H), 6.97 – 6.92 (m, 3H), 4.70 (s, 2H), 4.65 (s, 2H), 4.55 (t, 2H), 

4.27 (q, 2H), 4.24 (s, 2H), 4.08 (m, 2H), 3.87 (t, 2H), 3.76 (m, 2H), 2.36 (s, 3H), 1.29 (t, 3H). 13C 

NMR (126 MHz, DMSO-d6): δ 181.4, 175.8, 168.8, 165.3, 162.9, 160.0, 158.7, 149.1, 147.5, 

143.4, 142.2, 138.0, 130.4, 130.1, 128.7, 126.8, 126.1, 125.4, 125.1, 123.5, 119.9, 116.3, 116.2, 

114.1, 113.2, 111.6, 103.4, 97.3, 69.2, 69.0, 68.2, 64.1, 60.0, 49.8, 35.6, 24.8, 14.9. HRMS-ESI 

(m/z): [M + H]+ calculated for C42H41O8N8S2: 849.2483, found: 849.2491.  

Ethyl (Z)-5-(4-(2-(2-(4-((3-(3-aminobenzo[b]thiophene-2-carboxamido)phenethoxy)methyl)-

1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)-3-hydroxybenzylidene)-4-oxo-2-(phenylamino)-4,5-

dihydrothiophene-3-carboxylate (84c) 

According to GP7. 28 (54.8 mg, 

0.11 mmol) was reacted with 83e 

(38.8 mg, 0.11 mmol), purified by 

prep. HPLC (H2O, MeCN 10-

60% with 0.1% TFA) and 

lyophilized to afford TFA salt of 

title compound as a yellow solid 

(51.3 mg, 48%). 1H NMR (500 

MHz, DMSO-d6): δ 11.24 (s, 1H), 10.33 (s, 1H), 9.45 (br s, 1H), 8.09 – 8.06 (m, 2H), 7.56 – 7.46 

(m, 7H), 7.45 – 7.41 (m, 1H), 7.24 (t, J = 7.8 Hz, 1H), 7.15 (d, J = 7.9 Hz, 1H), 6.98 – 6.95 (m, 

4H), 4.54 (t, J = 5.1 Hz, 2H), 4.51 (s, 2H), 4.45 (s, 2H), 4.27 (q, J = 7.1 Hz, 2H), 4.16 (s, 2H), 4.07 

(t, J = Hz, 2H), 3.88 (t, J = 5.2 Hz, 2H), 3.75 (t, J = 4.5 Hz, 2H), 2.42 (s, 3H), 1.29 (t, J = 7.1 Hz, 

3H). 13C NMR (126 MHz, DMSO-d6): δ 181.4, 175.8, 171.6, 166.4, 165.3, 162.9, 160.5, 149.1, 

147.5, 144.1, 142.1, 139.5, 139.3, 138.0, 130.6, 130.1, 129.2, 128.7, 126.8, 126.1, 125.4, 125.1, 

124.9, 123.6, 123.0, 119.7, 118.7, 116.3, 114.2, 103.4, 97.3, 71.5, 69.3, 69.0, 68.2, 63.3, 60.0, 49.8, 

35.2, 24.9, 14.9. HRMS-ESI (m/z): [M + H]+ calculated for C43H42O8N7S2: 848.2531, found: 

848.2531.  
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6.13. Biochemical Evaluation 

RNase L FRET activation assay 

Performed by Lydia Borgelt and Neele Haacke. RNase L was expressed as monomer in E. coli 

and purified. The FRET-based RNA cleavage assay to determine activation of RNase L was 

established according to literature[49, 223] and adapted to 384 well plate format. In assay buffer (0.1 

M KCl, 25 mM Tris, 10 mM MgCl2, 2 mM glutathione, 2.5 µM ATP, pH 7.4) was incubated at 

room temperature for 60 minutes at final concentrations of 5 nM monomeric RNase L with 50 nM 

labelled RNA probe (6-FAM-5´-UUAUCAAAUUCUUAUUUGCCCCAUUUUUUUGGUUUA-

3´-IQ4) and varied concentrations of 2-5A (25 nM) or compounds (60 or 130 µM) diluted from 20 

mM DMSO stock solutions. Fluorescence intensity measurements (excitation wavelength: 489 

nm, emission wavelength: 525 nm) were performed with two technical replicates using a TECAN 

Spark plate reader. Half maximal effective concentrations (EC50) values were determined with 

non-linear regression fit using GraphPad Prism 7 software.  

WDR5 competitive FP assay 

Performed by Jen-Yao Chang. WDR5 was expressed in E. coli and purified by the protein 

chemistry facility at Max Planck Institute of Molecular Physiology in Dortmund. The competitive 

FP assay was established according to literature[315] and adapted to 384 well plate format. In assay 

buffer (0.1 M phosphate, 25 mM KCl, 0.01% Triton X-100, pH 6.5) was premixed WDR5 with 5-

FAM-labelled MLL1 peptide (10mer-Thr-FAM: ARTEVHLRKS, Ahx-Ahx linker). Compounds 

in assay buffer with 8% DMSO were added 1:1 (v/v) in dilution series and incubated at room 

temperature for 60 minutes at final concentrations of 4 nM WDR5, 0.6 nM 5-FAM-labelled MLL1 

peptide and 4% DMSO. FP measurements (excitation wavelength: 485 nm, emission wavelength: 

535 nm) were performed with two technical replicates using a TECAN Spark plate reader. Half 

maximal inhibitory concentrations (IC50) values were determined with non-linear regression fit 

using GraphPad Prism 7 software. 
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8. Appendix 

8.1. List of Abbreviations 

2-5A 2´-5´ Polyadenylate 

µM Micromolar 

µm Micrometer 

  

AcOH Acetic acid 

ADP Adenosine diphosphate 

Ago2 Argounate 2 

AHP Acute hepatic porphyria 

Ahx 6-Amino hexanoic acid 

AIDS Acquired immunodeficiency syndrome 

ALAS1 Delta-aminolevulinate synthase 1  

AlCl3 Aluminium trichloride 

AML Acute myeloid leukemia 

apoB Apolipoprotein B-100 

apoC Apolipoprotein C-III 

ARM Arginine-rich motif 

ASO Antisense oligonucleotide 

ATP Adenosine triphosphate 

  

BCR-ABL Breakpoint cluster region-Abelson proto-oncogene 

BH3 Borane 

BLACAT2 Bladder cancer-associated transcript 2 
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Cas13 CRISPR-associated protein 13 

CCR5 C-C chemokine receptor type 5  

CD50 Half-maximal inhibitory band intensity concentration 

CLN7 Ceroid lipofuscinosis-7 

cLog P Calculated Log P 

CMV Cytomegalovirus  

COSY Correlation spectroscopy 

COVID-19 Coronavirus disease 2019 

CRISPR Clustered regularly interspaced short palindromic repeats 

crRNA CRISPR RNA 

CSD Cold-shock domain 

CuAAC Copper‐catalyzed azide-alkyne cycloaddition 

  

DC50 Half-maximal degradation concentration 

DGCR8 DiGeorge syndrome critical region 8 

DIPEA N,N-diisopropylethylamine 

DMA Dimethylacetamide 

DMD Duchenne muscular dystrophy 

DMPK Dystrophia myotonica protein kinase 

DMSO Dimethylsulfoxide 

DNA Deoxyribonucleic acid 

dsRNA Double stranded RNA 

  

E. Coli Escherichia coli 

EC50 Half-maximal effective concentration 

EDTA Ethylenediaminetetraacetic acid 
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EGS External guide sequence 

EIC Extracted ion chromatogram 

EM Electron microscopy 

ESI Electrospray ionization 

  

FAM Carboxyfluorescein 

FCS Familial chylomicronemia syndrome 

Fnorm Fluorescence normalized to negative and positive controls 

FP Fluorescence polarization 

FRET Fluorescence resonance energy transfer 

  

GClnc1 Gastric cancer–associated lncRNA1 

  

H3K4me3 Trimethylation of histone H3 at lysine 4 

HAO1 Hydroxyacid oxidase 1 

hATTR Hereditary transthyretin amyloidosis 

HATU Hexafluorophosphate azabenzotriazole tetramethyl uronium 

HEPN Higher eukaryotes and prokaryotes nucleotide-binding 

HIV Human immunodeficiency virus 

HMBC Heteronuclear multiple bond correlation 

HOAt 1-Hydroxy-7-azabenzotriazole 

HOBt 1-Hydroxybenzotriazole 

HoFH Homozygous familial hypercholesterolaemia 

HOTTIP HOXA transcript at the distal tip 

HOXA Homeobox A 

HPLC High performance liquid chromatography 
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HPT N-hydroxypyridine-2(1H)-thione 

HRMS High resolution mass spectrometry 

HSQC Heteronuclear single quantum coherence 

HTS High-throughput screening 

Hz Hertz 

  

IC50 Half-maximal inhibitory concentration 

IQ4 Fourth generation instant quenchers 

  

KD Dissociation constant 

kDa Kilodalton 

KH K homology 

Ki Inhibition constant 

KI Potassium iodide 

  

LC-MS Liquid chromatography-mass spectrometry 

let-7 Lethal-7 

LiAlH4 Lithium aluminum hydride 

LIN28 Abnormal cell lineage protein 28 

Linc1405 Long intergenic non-coding RNA 1405 

lncRNA Long non-coding RNA 

  

MBNL1 Muscle blind-like splicing regulator 1 

METTL Methyltransferase-like 

miRNA MicroRNA 

MLL1 Mixed lineage leukemia 1 
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mM Millimolar 

mm Millimeter 

mP Millipolarization 

MPLC Medium pressure liquid chromatography 

mRNA Messenger RNA 

MS Mass spectrometry 

MSI Musashi 

MTBE Methyl tert-butyl ether 

MW Molecular weight 

MYC Myelocytomatosis oncogene 

  

ncRNA Non-coding RNA 

NeST Nettoie salmonella pas Theilers's 

nM Nanomolar 

nm Nanometer 

NMP N-Methyl-2-pyrrolidone 

NMR Nuclear magnetic resonance 

NOESY Nuclear Overhauser effect spectroscopy 

  

OAS Oligoadenylate synthesase 

OICR Ontario institute of cancer research 

  

Pd(OH)2/C Palladium hydroxide on charcoal 

Pd(PPH3)2Cl2 Bis(triphenylphosphine)palladium(II) dichloride 

Pd/C Palldium on charcoal 

PDB Protein data bank 
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PE Petroleum ether 

PEG Polyethylene glycol 

PH1 Primary hyperoxaluria type 1 

PKR RNA-dependent protein kinase 

PPi Pyrophosphate 

PPI Protein-protein interaction 

ppm Parts per million 

pre-crRNA Precursor CRISPR RNA 

pre-miRNA Precursor microRNA 

pre-mRNA Precursor messenger RNA 

pre-rRNA Precursor ribosomal RNA 

pre-tRNA Precursor transport RNA 

pri-miRNA Primary microRNA 

PROTAC Proteolysis targeting chimera 

PS Phosphorothioate 

PtO2/C Palladium oxide on charcoal 

  

Quant Quantitative 

  

RAIN RUNX2-associated intergenic lncRNA 

RbBP5 Retinoblastoma binding protein 5 

RBD RNA-binding domain 

RBP RNA-binding protein 

RIBOTAC Ribonuclease targeting chimera 

RISC RNA-induced silencing complex 

RITAC RNA interactome targeting chimera 
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RNA Ribonucleic acid 

RNA-Seq RNA sequencing 

RNAi RNA interference 

RNase H Ribonuclease H 

RNase L Ribonuclease L 

RNase P Ribonuclease P 

rpm Rounds per minute 

RRM RNA recognition motif 

rRNA Ribosomal RNA 

RSV Respiratory syncytial virus 

rt Room temperature 

RT-qPCR 
Reverse transcription-quantitative polymerase chain 

reaction 

  

S8 Elemental sulfur 

SAR Structure-activity relationship 

SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2 

SET1 Su(var)3-9, Enhancer-of-zeste and Trithorax 1 

siRNA Small interfering RNA 

SMA Spinal muscular atrophy 

SMN2 Survival of motor neuron 2 

SNase Staphylococcal nuclease 

snRNA Small nuclear RNA 

ssDNA Single stranded DNA 

ssRNA Single stranded RNA 
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TAR Transactivation response 

Tat Trans-activator of transcription 

TBHP tert-Butyl hydroxy peroxide 

TFA Trifluoroacetic acid 

TLC Thin-layer chromatography 

TLR Toll-like receptor 

TRBP TAR RNA-binding protein 

tRNA Transfer RNA 

TTR Transthyretin  

  

U1 snRNP U1 small nuclear ribonucleoprotein 

UHPLC Ultra-high-performance liquid chromatography 

UTR Untranslated region 

UV Ultraviolet 

  

VEGF-165 Vascular endothelial growth factor 165 

  

WBM WDR5-binding motif 

WDR5 WD (Trp-Asp)-40 repeat protein 5 

WIN WDR5-interaction 

  

ZFD Zinc-finger domain 
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