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Abstract 

Once considered undruggable, RNAs are now emerging as attractive therapeutic targets, with 

various strategies actively being explored to modulate the functional transcriptome using small 

molecules. Among several RNA-binding and RNA-cleaving proteins, ribonucleases play a 

central role in regulating RNA metabolism and transcriptome dynamics, making them 

promising targets for therapeutic intervention. This doctoral thesis focuses on inositol requiring 

enzyme 1 alpha (IRE1α), a key ribonuclease involved in endoplasmic reticulum (ER) stress 

response and a critical regulator of RNA metabolism. IRE1α is a transmembrane ER protein 

with dual serine/threonine kinase and ribonuclease activities, acting as the primary sensor of 

the unfolded protein response (UPR). Upon ER stress, IRE1α catalyzes the splicing of X-box 

binding protein 1 (XBP1) mRNA, a process essential for maintaining proteostasis. 

Dysregulation of the IRE1α–XBP1 axis of UPR has been implicated in the pathogenesis of 

multiple diseases, making IRE1α an attractive therapeutic target. Although several IRE1α 

modulators have been developed to date, the mechanisms of action for certain classes of these 

compounds remain only partially understood. Moreover, how the intensity and duration of ER 

stress influence IRE1α signaling and the balance between its pro-survival and pro-apoptotic 

outputs is yet to be fully understood. Given its central role in RNA processing during ER stress 

and emerging links to disease pathogenesis, this thesis presents a small-molecule screening 

approach to identify novel IRE1α modulators. 

Traditional screening collections often exhibit limited exploration of chemical space, and many 

of the current commercial libraries are heavily centered around established criteria dictated by 

the limitations of traditional medicinal chemistry lead optimization approaches. Therefore, 

diversity-driven approaches for library generation are highly desirable, and novel chemistry 

strategies to generate diverse, structurally complex small molecules are highly in demand. 

Among these, the Petasis reaction (PR)–a three-component coupling reaction–stands out as a 

versatile method for generating highly functionalized amines with structural diversity. 

Integrating the PR with subsequent ring-closing transformations offers a powerful strategy for 

constructing novel polycyclic scaffolds. As a complementary effort to the modulation of the 

IRE1–XBP1 signaling axis, the latter part of this thesis presents the synthesis of a diverse array 

of small molecules featuring polycyclic scaffolds with a high degree of sp³-hybridized carbon 

atoms and multiple stereogenic centers. This was achieved through three-component Petasis 

reaction (3C-PR) followed by intramolecular Diels–Alder (IMDA) reactions, as well as a 
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sequential 3C-PR, ruthenium-catalyzed ring-closing metathesis (RCM), and IMDA process. 

Our synthetic efforts led to the formation of a collection of epoxyisoindoles and pyridazino[4,3-

c]azepines in good yields, within 2-3 steps. The stereochemistry of the products was confirmed 

via single-crystal X-ray diffraction analysis. Our findings highlight the broad substrate scope 

and versatility of Petasis–sequence reactions in accessing previously unexplored polycyclic 

scaffolds with favorable predicted drug-like properties and potential biological relevance. 

Subsequently, a fluorescence resonance energy transfer (FRET)-based assay was established 

and conducted screening of an in-house collection of ~10,000 structurally diverse, complex, 

biologically relevant small molecules based on simplified natural product scaffolds. This 

screening effort led to the identification of promising hit series, including indole-based 

inhibitors (compound 10) and aminopyrimidine-based activators (compound 78). Further 

optimization of the indole scaffold via solid-phase and liquid-phase Fischer indole synthesis, 

as well as Suzuki-Miyaura coupling reactions, resulted in the most potent inhibitor 54 (IRE1α, 

IC50 16 nM; p-IRE1α, IC50 = 9 nM), exhibiting a 20-fold improvement in potency. In parallel, 

systematic modifications of the aminopyrimidine scaffold led to the discovery of compound 

91, the most potent activator with sub-micromolar activity (IRE1α, EC50 0.48 μM; p-IRE1α, 

EC50 0.18 μM). These efforts introduced novel indole-based inhibitors that allosterically 

inhibited IRE1α RNase activity by targeting its ATP-binding pocket and the aminopyrimidine-

based activators that enhanced IRE1α RNase function. Furthermore, through biophysical 

binding assays, cellular evaluations, and mechanistic studies, the potential mechanism of 

RNase activity modulation was elucidated. The resulting compounds can serve as valuable 

chemical tools for probing the IRE1α function and provide insights into IRE1α’s role in UPR 

signaling, offering a foundation for developing therapeutically relevant IRE1α-targeting small 

molecules. 

Collectively, this work showcased the capability of Petasis–sequence reactions as an efficient, 

complexity-generating synthetic strategy in constructing polycyclic bioactive small molecules 

and highlighted the potential of scaffold-diverse IRE1α modulators as useful chemical probes 

and starting points for drug development. The optimized derivatives provided critical insights 

into IRE1α function and its role in ER stress response, paving the way for further studies aimed 

at targeting this pathway therapeutically, such as in cancer. 
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Kurzzusammenfassung 

Lange Zeit als unheilbar geltend, erweisen sich RNAs nun als attraktive therapeutische Ziele, 

wobei verschiedene Strategien aktiv erforscht werden, um das funktionale Transkriptom 

mithilfe small molecules zu modulieren. Unter mehreren RNA-bindenden und RNA-

spaltenden Proteinen spielen Ribonukleasen eine zentrale Rolle bei der Regulierung des RNA-

Metabolismus und der Transkriptomdynamik, was sie zu vielversprechenden Zielen für 

therapeutische Interventionen macht. In dieser Doktorarbeit liegt der Fokus auf dem Inositol-

abhängigen Enzym 1 Alpha (IRE1α), eine Schlüssel-Ribonuklease, die an der Stressreaktion 

des endoplasmatischen Retikulums (ER) beteiligt ist und den RNA-Metabolismus 

entscheidend reguliert. IRE1α ist ein Transmembranprotein des ER mit Serin/Threonin-

Kinase- und Ribonuklease-Aktivität, das als primärer Sensor der ungefalteten Protein-Antwort 

(UPR) fungiert. Bei ER-Stress katalysiert IRE1α das Spleißen der mRNA des X-Box-

Bindungsproteins 1 (XBP1), ein Prozess, der für die Aufrechterhaltung der Proteostase 

unerlässlich ist. Eine Fehlregulation der IRE1α–XBP1-Achse der UPR wurde mit der 

Pathogenese mehrerer Krankheiten in Verbindung gebracht, was IRE1α zu einem attraktiven 

therapeutischen Ziel macht. Obwohl bisher mehrere IRE1α-Modulatoren entwickelt wurden, 

sind die Wirkmechanismen für bestimmte Klassen dieser Verbindungen nur teilweise 

verstanden. Darüber hinaus ist noch nicht vollständig geklärt, wie die Intensität und Dauer von 

ER-Stress die IRE1α-Signalübertragung und das Gleichgewicht zwischen ihren 

überlebensfördernden und ihren apoptotischen Auswirkungen beeinflussen. Angesichts seiner 

zentralen Rolle bei der RNA-Verarbeitung während ER-Stress und seiner neu entdeckten 

Verbindungen zur Pathogenese von Krankheiten präsentiert diese Arbeit einen Screening-

Ansatz für small-molecule Verbindungen zur Identifizierung neuer IRE1α-Modulatoren. 

Die traditionellen Screening-Sammlungen weisen oft eine begrenzte Erkundung des 

chemischen Raums auf, und viele der aktuellen kommerziellen Bibliotheken sind stark auf 

etablierte Kriterien ausgerichtet, die durch die Einschränkungen der traditionellen Ansätze zur 

Optimierung von Leitstrukturen in der medizinischen Chemie vorgegeben sind. Daher sind 

diversitätsorientierte Ansätze für die Erstellung von Bibliotheken sehr wünschenswert und 

neuartige chemische Strategien zur Erzeugung vielfältiger, strukturell komplexer small 

molecules sind sehr gefragt. Unter diesen sticht die Petasis-Reaktion (PR)–eine 

Dreikomponenten-Kupplungsreaktion–als vielseitige Methode zur Erzeugung 

hochfunktionalisierter Amine mit struktureller Vielfalt hervor. Die Integration der PR mit 
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nachfolgenden Ringschlussreaktionen bietet eine leistungsstarke Strategie zur Konstruktion 

neuartiger polycyclischer Gerüste. Als ergänzende Maßnahme zur Modulation der IRE1–

XBP1-Signalachse wird im letzten Teil dieser Arbeit die Synthese einer Vielzahl small-

moleules mit polycyclischen Gerüsten mit einem hohen Grad an sp³-hybridisierten 

Kohlenstoffatomen und mehreren stereogenen Zentren vorgestellt. Dies wurde durch eine 

Dreikomponenten-Petasis-Reaktion (3C-PR) mit anschließenden intramolekularen Diels-

Alder-Reaktionen (IMDA) sowie durch einen sequenziellen 3C-PR-, Ruthenium-katalysierten 

Ringschlussmetathese- (RCM) und IMDA-Prozess erreicht. Unsere synthetischen 

Bemühungen führten zur Bildung einer Sammlung von Epoxyisoindolen und Pyridazino[4,3-

c]azepinen in guten Ausbeuten innerhalb von 2–3 Schritten. Die Stereochemie der Produkte 

wurde durch eine Einkristall-Röntgenstrukturanalyse bestätigt. Unsere Ergebnisse 

unterstreichen die breite Substratpalette und Vielseitigkeit der Petasis–Sequenzreaktionen 

beim Zugang zu bisher unerforschten polyzyklischen Gerüsten mit vielversprechenden 

arzneimittelähnlichen Eigenschaften und potenzieller biologischer Relevanz. 

Anschließend wurde ein auf Fluoreszenz-Resonanzenergietransfer (FRET) basierender Assay 

entwickelt und ein Screening einer internen Sammlung von ca. 10.000 strukturell 

unterschiedlichen, komplexen, biologisch relevanten small molecules durchgeführt, die auf 

vereinfachten Naturstoffgerüsten basieren. Diese Screening-Bemühungen führten zur 

Identifizierung vielversprechender Hit-Serien, darunter Indol-basierte Inhibitoren (Verbindung 

10) und Aminopyrimidin-basierte Aktivatoren (Verbindung 78). Die weitere Optimierung des 

Indolgerüsts durch Festphasen- und Flüssigphasen-Fischer-Indolsynthese sowie Suzuki-

Miyaura-Kupplungsreaktionen führte zum stärksten Inhibitor 54 (IRE1α, IC₅₀ 16 nM; p-IRE1α, 

IC₅₀ 9 nM), der eine 20-fache Verbesserung der Wirksamkeit aufweist. Parallel dazu führten 

systematische Modifikationen des Aminopyrimidin-Gerüsts zur Entdeckung der Verbindung 

91, dem stärksten Aktivator mit submikromolarer Aktivität (IRE1α, EC₅₀ 0.48 μM; p-IRE1α, 

EC₅₀ 0.18 μM). Diese Bemühungen führten zu neuartigen Indol-basierten Inhibitoren, die die 

IRE1α-RNase-Aktivität allosterisch hemmten, indem sie auf ihre ATP-Bindungstasche 

abzielten, und zu Aminopyrimidin-basierten Aktivatoren, die die IRE1α-Funktion verstärkten. 

Darüber hinaus wurde durch biophysikalische Bindungsassays, zelluläre Bewertungen und 

mechanistische Studien der potenzielle Mechanismus der Modulation der RNase-Aktivität 

aufgeklärt. Die resultierenden Verbindungen können als wertvolle chemische Werkzeuge zur 

Untersuchung der IRE1α-Funktion dienen und Einblicke in die Rolle von IRE1α bei der UPR-
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Signalübertragung geben. Sie bieten eine Grundlage für die Entwicklung therapeutisch 

relevanter Moleküle die auf IRE1α abzielen. 

Insgesamt zeigte diese Arbeit die Fähigkeit von Petasis–Sequenzreaktionen als effiziente, 

komplexitätserzeugende synthetische Strategie bei der Konstruktion polyzyklischer bioaktiver 

small molecules und hob das Potenzial von gerüstdiversen IRE1α-Modulatoren als wertvolle 

chemische Sonden und Ausgangspunkte für die Arzneimittelentwicklung hervor. Die 

optimierten Derivate lieferten entscheidende Erkenntnisse über die Funktion von IRE1α und 

seine Rolle bei der Stressreaktion des ER und ebneten den Weg für weitere Studien, die darauf 

abzielen, diesen Signalweg therapeutisch zu beeinflussen, beispielsweise bei 

Krebserkrankungen.  
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1 Introduction 

1.1 Scaffold-diverse synthesis 

Small molecules have been at the center of attention in the pharmaceutical industry for decades. 

They play a crucial role as therapeutic agents for treating diseases and also as effective agents 

for investigating the biological functions of proteins, human physiology, and cellular activities. 

When the protein target and a native ligand are known, structure- or mechanism-based rational 

design is employed to identify new therapeutic compounds or probes. Alternatively, high-

throughput screening (HTS) in which researchers explore small-molecule libraries is employed 

in cases of less-characterized ligands or systems involving multiple ligands. One of the key 

challenges in small-molecule research is the restricted exploration of “chemical space,” as 

synthetic compounds and commercially available screening libraries cover only a limited 

portion of the vast potential structural diversity. There is widespread agreement that many of 

the current compound collections are lacking and are largely dominated by flat, sp2-rich 

compounds. Therefore, chemistry strategies that enable the development of higher-performing 

small molecules are in great need (Figure 1).1-2 Additionally, with the advancement in genomics 

and proteomics approaches in drug discovery, there is a significant growth in potential 

therapeutic targets, driving an ever-increasing demand for access to diverse chemical libraries.3 

Figure 1. The decline in drug discovery successes and the presence of undruggable targets are often attributed to 

low-performing screening collections. 

The immense scope of vast unexplored chemical space has driven researchers to develop 

innovative strategies for expanding current collections of small molecules and compound 

libraries, with a particular focus on areas associated with bioactive chemical space.4-6 Thus, 

there is considerable unmet need in accessing compound collections with high structural 

diversity covering unexplored chemical space that are biologically relevant. Although the term 

Decline in 
drug 

discovery 
success

Undruggable 
targets

Low 
performing 

small-
molecule 
screening 
libraries



Introduction 

7 

 

“diversity” is subjective, there are three major levels of molecular diversity that have been 

consistently identified in the literature reports (Figure 2),7 including “Appendage diversity”–

variation in structural moieties around a common skeleton; “Stereochemical diversity”–

variation in the orientation of potential macromolecule interacting elements; and “Skeletal 

/scaffold diversity”–presence of many distinct molecular skeletons. 

 

Figure 2. Major components of molecular diversity. (A) Appendage, (B) Stereochemical, and (C) Skeletal/scaffold diversity 

Increasing structural complexity in a series of compounds inherently leads to higher diversity; 

examples of such efforts among many include (i) “libraries-from-libraries”- chemical 

transformation of combinatorial libraries using solid-phase synthetic approaches to expand 

their range and collection of chemical diversity. The chemical libraries built by this process 

have very different physical, chemical, and biological properties compared to the original 

libraries from which they were derived.8-9 (ii) “biology-oriented synthesis” (BIOS) is a strategy 

that takes inspiration from natural products to guide the creation of biologically relevant 

compound collections based on simplified natural product scaffolds. Such compound libraries 

inspired by natural products and synthesized following BIOS principles are often enriched in 

biological activity.10 (iii) “diversity-oriented synthesis” (DOS)- this approach follow the 

build/couple/pair strategy, in which chiral building blocks are coupled to induce stereochemical 

diversity, followed by intramolecular pairing of complementary functional groups, resulting in 

skeletal diversity.1 

The scaffold-diverse synthesis of compound libraries greatly depends upon sequences of 

complexity-generating reactions, like multicomponent reactions, cycloadditions, and ring-

opening or ring-closing metathesis reaction.11 Such cascade-type reactions are of great interest 

from a medicinal chemistry perspective, as the structurally diverse heterocycles developed 

contain multiple stereogenic centers, can be readily obtained through single or few subsequent 

synthetic transformations, and exhibit natural-product-like properties.12
 All these factors 
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encouraged us to develop novel synthetic pathways involving multicomponent Petasis–

sequence reactions to access small molecule libraries, covering unexplored chemical space, 

exhibiting improved potency and selectivity, and potentially targeting biological 

macromolecules. 

1.1.1 Multicomponent Petasis reaction 

Multicomponent reactions (MCRs) are relevant to medicinal chemistry and drug discovery as 

they allow for the efficient synthesis of diverse heterocyclic scaffolds with high complexity 

and stereoselectivity.13-14 These are one-pot reactions in which three or more starting materials 

combine in a single reaction to form a single product that incorporates essentially all of the 

atoms of the starting materials.15-16 

Petasis reaction (PR) is one of the significant multicomponent reactions that facilitates the 

synthesis of highly functionalized amines from a primary or secondary amine, a carbonyl 

component, and a boronic acid derivative via the in-situ formation of an iminium boronate 

complex (Scheme 1).17-19 It was first coined in 1993 by Petasis and coworker with the synthesis 

of (E)-allylamines from secondary amines, paraformaldehyde, and (E)-vinylboronic acids.17 

Density functional theory (DFT) and NMR studies revealed that the possible mechanism 

involves the formation of an “iminium boronate complex,” which aids an irreversible transfer 

of the boron substituent in a cis-diastereoselective way, forming a new carbon-carbon bond.20-

22 

 

Scheme 1. General scheme of a three-component PR of an aldehyde, secondary amine, and a boronic acid. DG: directing 

group 

Over the years, the scope of the PR has been rapidly expanded, and it has emerged as a powerful 

and reliable multicomponent transformation. Its key advantages include the wide substrate 

scope, easily available starting materials, mild reaction conditions, short duration, atom-

economical nature, and importantly, the high stereoselectivity for the formation of substituted 

amine products. It also provides straightforward access to structurally diverse and biologically 

relevant amine products.19 Three decades have passed since the discovery of the PR, during 
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which numerous variants have been developed, and the topic has been thoroughly reviewed.12, 

18-19, 23 Some of the very recent developments include covalent organic frameworks (COFs) 

prepared via the photoredox-catalyzed multicomponent PR reported by Wang et al. in 2023,24 

PR catalyzed by nanoparticles under solvent free conditions,25 in 2019 Rivera and coworkers 

introduced PR for the late stage multicomponent diversification, labelling and stapling of 

peptides.26 These findings highlighted the potential of the PR in peptide drug discovery and 

chemical biology, showcasing its effectiveness and versatility. In 2022, Vytla et al. reported an 

efficient three-component photoredox-catalyzed PR using [Ir2(dtbpy)]PF6 as the photocatalyst. 

They showed that a range of amine components like sulphonamides, amides, and hydrazines 

can readily undergo imine formation, followed by radical α-alkylation with 

alkyltrifluoroborates in the presence of sodium hydrogen sulfate, giving rise to structurally 

diverse α-substituted secondary sulfonamides, amides, and hydrazides.27 Additionally, the 

asymmetric versions of PRs are of particular interest from a medicinal chemistry perspective 

and have also undergone several improvements over the years.23 

1.1.2 Diversity syntheses using Petasis–sequence reactions  

The products of multicomponent PRs are versatile precursors for sequential reactions and are 

compatible with various secondary transformations. Such cascade-type reactions yield 

structurally diverse polycyclic scaffolds, many of which display resemblance to natural 

products and contain multiple chiral centers in a single or few subsequent synthetic 

transformations. The build/couple/pair strategy proposed by Schreiber and coworkers is 

applied in Petasis-sequence reactions to synthesize such densely factionalized, biologically 

relevant scaffolds. A few representative examples of sequential strategies combining PR with 

Ruthenium catalyzed ring-closing reactions, intramolecular Diels–Alder (IMDA) reaction, and 

other cyclization reactions are illustrated in Figure 3.28  

Nielsen and coworkers reported successfully combining 3C-PR (couple) with Ru-catalyzed 

ring closing metathesis (RCM) and isomerization reactions (pair). Olefin-containing 

components used for 3C-PR were aligned in such a way as to undergo ring-closing metathesis, 

forming ring moieties. The anti- amino alcohols formed in the “build” stage underwent ring-

closing metathesis reaction in the presence of a ruthenium alkylidene catalyst to form 5- and 

7-membered ring systems (Figure 3A). The different combinations of olefin-containing 

building blocks aid easy access to structural diversity within a few steps.29 Flagstad et al. 

reported the synthesis of highly functionalized anti-hydrazido alcohols via the 3C-PR of 

diverse hydrazides, α-hydroxy aldehydes, and boronic acids. The resulting Petasis products 
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underwent regio and stereoselective cyclization reactions, including ring-closing metathesis 

and intramolecular Diels−Alder reactions to afford ten structurally unique scaffolds (Figure 

3B).30 Ishoey et al. reported rapid access to complex sp3-rich heterocyclic scaffolds by using 

an interesting ROM–RCM (ring opening–closing metathesis) reaction when 3C-PR/IMDA 

products were subjected to the Grubbs II catalyst. The products were formed as a single 

diastereomer (Figure 3C).31 Flagstad et al. reported another 3C-PR/IMDA–oxidative 

cleavage/reductive cyclization strategy (Figure 3D) and the same group reported Petasis/Diels–

Alder/cyclization sequence for the generation of scaffolds with multiple stereogenic centers 

and suitable functionalities for potential diversification. This work resulted in a library of 

compounds with highly complex tricyclic and tetracyclic scaffolds with a high fraction of sp3 

carbon atoms (Figure 3E).32  

 

 

Figure 3. Selected literature reports of multicomponent Petasis sequence reactions to generate structurally diverse small 

molecules. Figure adapted from “Petasis sequence reactions for the scaffold-diverse synthesis of bioactive polycyclic small 

molecules”.28 
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Examples reported in the literature showed the great value of Petasis sequence reactions to 

readily synthesize highly complex, polycyclic scaffolds with a high fraction of sp3 carbons and 

several stereocenters. The presence of “undruggable” targets and “demanding” targets whose 

structural requirements are not completely met by current compound collections makes it 

relevant to develop short synthetic strategies to effectively develop such privileged scaffolds. 

In this context, we are advancing our exploration of novel chemical spaces accessible through 

small molecules by developing efficient synthetic strategies for creating small molecules with 

polycyclic frameworks. Specifically, this study highlighted synthetic approaches using 

multicomponent PR to generate structurally diverse and synthetically accessible small 

molecules, which were further assessed for their potential as bioactive compounds in the early 

stages of drug discovery.  

Building on this foundation, we extended our approach towards the discovery of small 

molecule modulators of IRE1α. We adopted an activity-based screening strategy and screened 

an in-house library of ~10000 compounds containing natural product-inspired, scaffold-diverse 

small molecules. The following part of this introduction explores the discovery and evaluation 

of such small molecules as modulators of protein–RNA interactions.  
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1.2 RNA: The conduit of central dogma 

Ribonucleic acid (RNA) is the key player in genetic information transfer, as explained by the 

central dogma of molecular biology. The genetic information stored in deoxyribonucleic acid 

(DNA) is transcribed into RNA, and then it is translated into proteins.33 Apart from its central 

role in protein translation, it also participates in RNA processing, modification, and the 

regulation of gene expression.34 RNAs with their broad range of biological functions have 

captured significant attention in recent times. It is revealed that about 70-90% of the human 

genome is transcribed to RNAs, while only ~1-2% of which codes for proteins.35-37  Protein-

coding RNA transcripts, known as messenger RNAs (mRNAs), contain genetic information 

and direct protein synthesis. Non-coding RNA (ncRNA) transcripts, by definition, are not 

translated to proteins but play critical regulatory and structural roles in cells, thereby providing 

a vast druggable space.38 But the current protein-targeted therapeutics, such as small molecules 

and biologics, only cover a small fraction of the human genome, as most DNA sequences are 

transcribed into ncRNAs. Hence, RNA-based therapeutics have immense potential as they 

expand the range of druggable targets.39 

The field of RNA therapeutics has been on the rise for many years, and this growth was further 

accelerated by the success of mRNA-based COVID-19 vaccines. Various RNA-targeted 

approaches are used in drug discovery, namely antisense oligonucleotides (ASOs), RNA 

interference (RNAi), CRISPR-based genome editing, aptamers, mRNA and mRNA vaccines, 

and RNA related small- molecules.39-40 Antisense oligonucleotides (ASOs) and small 

interfering RNAs (siRNAs) act via Watson–Crick–Franklin base-pairing with the specific 

RNA target of interest. So far, eight ASO-based drugs and three siRNA-based drugs approved 

by the FDA and are in the market (e.g., ASO exon skipping oligonucleotide Nusinersen 

(Spinraza) approved in 2016 for spinal muscular atrophy; siRNA- Givosiran (Givlaari) 

approved in 2019 targeting liver mRNAs for acute hepatic porphyria).39-41 Several disease 

targets are being addressed with CRISPR-based gene editing and are in clinical trials. But so 

far, none of them are in the market.42 Aptamers are single-stranded oligonucleotides with well-

defined 3D structures that specifically bind to and inhibit proteins.43 The aptamer-based 

therapeutics include (i) antagonist aptamers, which disrupt interaction between disease-

associated targets, and (ii) cell type-specific aptamers serving as carriers in delivering other 

therapeutic agents to the target cells or tissues.39, 44 Anti-vascular endothelial growth factor 

(VEGF) aptamer pegaptanib (Macugen) is the only FDA-approved aptamer-based drug.44 

Vaccines designed to target infectious diseases are the most advanced and widely adopted 
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application of mRNA therapeutics. The most famous examples of mRNA technology in 

therapeutics are the mRNA vaccines developed against the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), the Pfizer-BioNTech vaccine Comirnaty and the Moderna 

vaccine mRNA-1273.45-46 However, RNA-targeted small molecules have certain merits over 

oligonucleotides owing to their favorable pharmacokinetic and pharmacodynamic properties, 

ease of biodelivery, tunability through medicinal chemistry approaches, lower production costs 

and most importantly, the years of experience in developing small molecules for protein 

targets.47-50 The burgeoning interest in RNA as a therapeutic target and subsequent high-

throughput screening campaigns have led to the identification of a number of compounds that 

can regulate disease-associated RNAs.48 One class of initial RNA ligands discovered were 

antibiotics that targeted bacterial ribosomal RNA, such as aminoglycosides, tetracyclines, 

macrolides, and oxazolidinones.51-52 The 2020s marked a significant shift with the discovery 

of FDA-approved mRNA splicing modulator Risdiplam for spinal muscular atrophy, indicating 

the growing potential of small molecule RNA therapeutics.53 Besides, RNA-focused ligand 

datasets were also curated to provide insights into the rational design of chemical probes and 

potential drugs.54-55 These datasets revealed some commonalities among RNA binding small 

molecules, such as the presence of positively charged groups to approach the highly negatively 

charged backbone, heteroaromatic moieties to form π-stacking interactions with nucleobases, 

and nitrogen-containing groups that act as both H-bond donors and acceptors. However, 

targeting more complex tertiary structures of RNA with protein-like binding pockets requires 

a more sp3 nature than planar geometry.48 With the expanding understanding of RNA binders, 

innovative strategies like ribonuclease targeting chimeras (RIBOTACs)-which modulate RNA 

function by facilitating its degradation have emerged. RIBOTACs involve covalently linking 

specific RNA-binding ligands to RNase L-recruiting modules that selectively mediate RNA 

decay.56 Once considered undruggable, RNAs are now seen as attractive therapeutic targets, 

though much remains to be discovered about the rational design of ligands for specific RNA 

targets and their biological outcomes. 

1.2.1 Ribonucleases as regulators of RNA and emerging drug targets 

Ribonucleases are enzymes with a pivotal function in RNA biology. They regulate RNA 

processing, maturation, degradation, and quality control.57  Analysis of the human proteome 

has unraveled 122 ribonucleases.58 Ribonuclease (RNase) acts by cleaving specific RNA 

sequences at internucleotide phosphodiester bonds. They are broadly classified as 

endoribonucleases and exonucleases based on their RNA processing mechanisms. 
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Endoribonucleases cleave RNA internally, breaking the phosphodiester bonds within the RNA 

molecule (e.g. RNase A, RNase E, RNase H) and exoribonucleases degrade RNA from either 

the 5' or 3' end (e.g. RNase II, RNase R).59 Studies on vertebrate proteome identified enzyme 

group exclusive to vertebrates which are homologous to RNase A, called the “RNase A 

superfamily” or vertebrate-secreted RNases. So far, up to eight secretory variants of RNase 

have been characterized in humans. They include pancreatic ribonuclease or RNase 1, 

eosinophil-derived neurotoxin or RNase 2, eosinophil-cationic protein or RNase 3, RNase 4, 

angiogenin or RNase 5, k6 or RNase 6, RNase 7, and RNase 8.60 Zhang et al. in 2002 reported 

the complete identification of human RNase 1-8 genes, located on chromosome 14q11.2.60-61 

 

Figure 4. About 70-90% of the human genome is transcribed into non-coding RNAs and mRNAs. This vast fraction of the 

transcriptome is mediated by a comparatively smaller fraction of 122 ribonucleases.58 

Targeting enzymes and RNA-binding proteins that regulate RNA biology and metabolism is 

an emerging approach in targeting RNA. As approximately three-fourths of the human genome 

is transcribed to RNA, while only 1-2% of which codes for proteins, leading to a major fraction 

of non-coding RNA transcripts. This vast size of transcriptome contains tens of thousands of 

mRNAs and non-coding RNAs that are regulated by a comparatively smaller group of 

ribonucleases (Figure 4).58 In the case of the biogenesis of small non-coding mircoRNA 

(miRNA), it follows a distinct two-step pathway which is conserved for most miRNAs. The 

biogenesis of thousands of miRNA is majorly mediated by two ribonucleases, Drosha and 

Dicer, which belong to the RNase III class of enzymes.62 The primary mRNA transcripts (pri-

miRNA) are cleaved by Drosha to precursor miRNA (pre-mRNA) with ~70 nucleotides length. 

Pre-miRNA is then recognized by the endonuclease Dicer, which processes it to mature 
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miRNA with ~22 nucleotides. Mature miRNA is loaded into a ribonucleoprotein complex, 

known as the RNA-induced silencing complex (RISC). This complex directs the miRNA to the 

target mRNA, which leads either to translational repression or degradation of the target 

mRNA.62 Therefore, small molecules targeting ribonuclease could address multiple RNA 

transcripts involved in a disease pathway. Being central controllers in the RNA metabolism 

network, ribonucleases are positioned as promising targets for RNA therapy. 

Table 1. Selected list of mammalian RNases implicated in cancers 63 

 

Class 

 

RNase Cancer implications Alterations in function 

 

Conventional 

mRNA decay 

PARN Malignant glioma Inaccessibility to mRNA 

 XRN1 Osteosarcoma Downregulation/depletion 

Stress induced RNase L Prostate adenocarcinoma 
Higher frequencies of variants with 

reduced activity (R462Q and E265X) 

 IRE1 

Breast carcinoma  

Breast carcinoma-derived cell lines  

Hepatocellular carcinoma 

Enhanced activity 

Overexpression 

HCC Enhanced activity 

miRNA 

maturation 

Drosha 

 

Esophageal squamous cell carcinoma 

 

Cervical squamous cell carcinoma 

 

 

Overexpression 

 

Amplification 

Overexpression 

 

 

Dicer 

Leukemic cell lines  

Mucoepidermoid carcinoma  

Lung adenocarcinoma  

Prostate adenocarcinoma  

Ovarian serous carcinoma  

Burkitt's Lymphoma  

Non-small cell lung cancer  

Breast carcinoma 

Enhanced accessibility to pri-miRNA 

Abnormal expression  

Overexpression 

Overexpression 

Overexpression 

Overexpression 

Downregulation 

Downregulation 

Others Angiogenin 

Prostate adenocarcinoma  

Gastric carcinoma  

Melanoma 

Overexpression 

Overexpression 

Overexpression 

 
FEN1  

 

Prostate adenocarcinoma  

Non-small cell lung cancer 

 Small cell lung cancer 

Overexpression 

Overexpression 

Overexpression 
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As discussed, RNases, along with ncRNAs and RNA-binding proteins (RBPs), regulate gene 

expression at the mRNA level. Disruption of this process is linked to tumorigenesis and cancer 

progression, and hence several of these RNases have implications in human cancers (Table 

1).63 Some RNases contribute to tumorigenesis (Drosha),64-65 others act as potential tumor 

suppressor candidates (PARN, RNase L),66-69 and some of them exhibit dual roles (IRE1α).70-

72 IRE1α with its dual tumor-suppressing and promoting role, makes it an intriguing target in 

cancer biology. 

1.2.2 The endoribonuclease IRE1α and its activation as a stress sensor 

IRE1α belongs to the class of RNases that require a specific signal to become active and is 

activated in response to stress signals from the endoplasmic reticulum (ER). Housekeeping 

ribonucleases actively contribute to the maturation, quality control, and turnover of cellular 

RNAs. In contrast, stress-induced ribonucleases become active only under specific stress 

conditions. Activation or inactivation of such RNases can rapidly alter RNA levels within the 

cells, thereby altering cellular physiology to protect cells from the deleterious effects of stress.73 

ER serves as the main hub for synthesizing, folding, modifying, and transporting approximately 

one-third of the cellular proteins.74 IRE1α is an ER-resident protein with bifunctional Kinase 

and RNase activity and serves as a primary sensor of the accumulation of unfolded proteins 

and monitors the protein folding quality (β isoform is only expressed in the lung and intestine). 

The accumulation of misfolded proteins within the lumen of the ER induces stress, which 

subsequently activates the evolutionarily conserved, adaptive or anticipatory response called 

unfolded protein response, 75-77 a concept which was introduced by Kozutsumi et al. in 1988.78 

IRE1α ribonuclease is a central component of the UPR activated by ER stress (Figure 5) and 

is the most evolutionarily conserved and well-studied arm of the UPR. UPR mediates ER 

function through three different pathways defined by three distinct ER transmembrane sensors: 

IRE1α, protein kinase R–like endoplasmic reticulum kinase (PERK), and activating 

transcription factor 6 (ATF6).77, 79-80 Impaired UPR signaling is associated with several 

diseases and specifically the IRE1α-XBP1 branch has implications in cancers,81-83 metabolic 

disorders,74 and neurodegeneration.84 Hence, modulating the UPR pathway by targeting the 

key effector proteins of the UPR signaling cascade presents a promising strategy for the 

treatment of these human diseases. 
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Figure 5. Brief illustration of the activation of IRE1α and the subsequent unfolded protein response. 

The bifunctional protein IRE1α consists of two domains: The N-terminal luminal domain (LD) 

and the C-terminal cytoplasmic region, which incorporates two functional domains, the 

serine/threonine kinase and RNase domains.79 The LD of IRE1α senses the presence of 

unfolded proteins in the ER lumen, triggering dimerization/oligomerization and auto-

transphosphorylation, which in turn, leads to the activation of C-terminal RNase activity in the 

cytosolic domain.85 This leads to IRE1α-RNase catalyzed excision of a 26-nucleotide intron 

from the mRNA, unspliced XBP1 (XBP1u) followed by ligation mediated by RNA ligase RtcB 

to yield spliced form of XBP1 (XBP1s) mRNA that encodes the potent transcription factor 

(spliced X-box-binding protein 1) XBP1s (Figure 5).86 XBP1s protein combat the stress by up-

regulation genes involved in protein folding and quality-control mechanisms, as well as by 

activating the ER-associated degradation (ERAD) components.87 In addition, activated IRE1α-

RNase targets ER-bound RNAs (mRNA, miRNA, and rRNA) and degrades them through a 

process known as regulated IRE1α-dependent decay (RIDD), resulting in reduced mRNA 

levels and a subsequent decrease in the protein-folding burden within the endoplasmic 

reticulum.88 The activity of XBP1s is pro-survival and supports proteostasis; however, under 

severe ER stress conditions, UPR can also execute apoptosis via activation of the c-Jun N-

terminal kinase (JNK) pathway. Therefore, IRE1α responds to ER stress via XBP1s, RIDD, 

and induction of apoptosis and acts as a critical regulator in balancing ER homeostasis as well 

as in determining cell fate. 
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1.2.3 Structure of IRE1α  

Two IRE1 genes have been identified in the mammalian genome: ERN1 (endoplasmic 

reticulum to nucleus signaling 1) and ERN2, which encode for IRE1α and IRE1β, respectively. 

The former is ubiquitously expressed79 and serves as a UPR stress sensor in most cells, while 

the latter is expressed only in the gastrointestinal and bronchial epithelium.89-90 Both isoforms 

of IRE1 share structural similarities with TGF-β serine/threonine protein kinase receptors and 

functionally resemble receptor tyrosine kinases, depending on ligand binding-induced 

dimerization as the activation mechanism for the cytoplasmic domains.85 To elucidate the 

molecular mechanism of the IRE1α-XBP1 signalling event, a detailed insight into the structure 

of IRE1α is necessary (Figure 6). 

 

Figure 6. The structure of IRE1. (A) Schematic visualization of the domain architecture of IRE1, showing the signal sequence 

(SS), the N- terminal luminal domain (LD), transmembrane domain (TM), and the cytosolic kinase and RNase domains; (B) 

The crystal structure of the monomer of hIRE1 Kinase/RNase-apo (PDB: 4Z7G), (C) The back-to-back dimer of hIRE1 (PDB: 

4YZC, ligand removed for clarity). 

Zhou et al. reported the crystal structure of the monomer of the LD of human IRE1α,85, which 

included a LD of 367 amino acid residues (24-390). It adopts a unique structural arrangement 

described as a triangular β-sheet cluster with each side occupied by β-structural motifs referred 

to as N, C, and M. These β-structural motifs are interconnected by several α-helices inserted 
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between them. The N, C, M motifs pack tightly together without any visible gaps, forming a 

compact triangular shape. Additionally, an 18-amino-acid signal sequence (SS) is located at 

the N-terminus of the protein.91 The transmembrane domain of IRE1α consists of a single 

continuous amino acid chain with a juxta-membrane amphipathic helix and transmembrane 

helix.92 The cytosolic region of IRE1α is subdivided into a serine/threonine protein kinase 

domain and a C‐terminal endoribonuclease domain. Kinase domain of hIRE1α (571-832) 

consists of a bilobal protein kinase fold with the ATP-binding site in the cleft between the N-

terminal β-sheet lobe and the α-helical C-terminal lobe.93 Additionally, there is a helical 

domain fused to and structurally continuous with the C-terminal lobe of the kinase, which is 

responsible for the sequence-specific RNase activity by which IRE1α is able to initiate splicing 

of XBP1 mRNA.93-95 The kinase activation segment (711-741) is disordered, and the central 

~10 residues 720-729 of the activation segment are proposed to contain the S724 

phosphorylation site. Residues 746-748 are similarly disordered and carry an APE motif and 

the conserved DFG motif at residues 711-713.93 C-terminal RNase domain (residues 835–963) 

has an α-helical conformation with a fully ordered connection between helices 3 and 4 and is 

directly fused to the kinase domain through the kinase C-lobe.91, 96 

1.2.4 Small molecules targeting of IRE1α in cancer 

IRE1α plays a significant role as the key player of the UPR in maintaining ER homeostasis and 

determining cell fate, while also contributing to the progression of various diseases.97-98 Cancer 

cells are exposed to higher levels of stress, and they often exploit the pro-survival UPR signals 

to overcome such physiological, metabolic, or therapeutic stresses. IRE1α activity has been 

reported to promote tumor development and aggressiveness across various cancers, including 

leukemia, glioblastoma, myeloma, renal, and breast cancers.99-102 The IRE1α-XBP1 branch has 

also been reported to exhibit resistance against chemotherapy in cancer.103-104 In prostate 

cancer, the IRE1α-XBP1 pathway regulates c-Myc expression, further contributing to 

oncogenicity.99-100 Similarly, the IRE1α-XBP1 pathway promotes melanoma progression by 

regulating IL-6/STAT3 signaling.105 In contrast to the IRE1-XBP1 signaling arm that exhibits 

pro-tumorigenic effects, RIDD may counteract the tumor invasion and angiogenesis.102 

Because of the indications of the tumorigenic role, IRE1α has been evaluated as an appealing 

target for several anticancer drug development strategies. These efforts can be classified as (i) 

inhibiting IRE1α activity to disrupt the adaptive response that allows tumor cells to survive, 

which can be achieved by IRE1α inhibitors; (ii) hyperactivating IRE1α to initiate its pro-death 

RIDD that ultimately leads to apoptosis, which may be achieved by IRE1α activators. 
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1.2.4.1 IRE1α RNase inhibitors 

Over the years, several small molecules have been identified that bind directly either to the 

catalytic site of the IRE1α RNase domain or to the ATP-binding pocket of its kinase domain, 

ultimately leading to inhibition of the IRE1α–XBP1 signaling axis (Figure 7). Most 

competitive inhibitors of the endoribonuclease activity of IRE1α share a common hydroxy-

aryl-aldehyde residue (HAA). (4µ8c, MCK series, B-109 and STF-083010).106-110 B-109 and 

STF-083010 undergo hydrolysis in physiological conditions to form HAA residue in situ. HAA 

residue reacts specifically with K907 in the active site of the RNase domain, thus forming a 

stable imine via Schiff base formation and inhibiting the ER stress-induced XBP1 mRNA 

splicing.111 HAA derivative, 4μ8C, is also reported to inhibit RIDD-mediated mRNA 

degradation in mouse embryonic fibroblast cultures treated with tunicamycin.112 STF-083010 

shows inhibitory effects in multiple myeloma xenografts.113 B-I09 suppresses the growth of 

human chronic lymphocytic leukemia (CLL) cells in vitro and induces regression in a murine 

CLL model.109 MKC-3946, when used as an adjuvant therapy along with the proteasome 

inhibitor bortezomib, increased the ER stress by blocking XBP1 mRNA splicing.107 All these 

reports from the literature proved the therapeutic potential of IRE1α inhibitors in cancer. 

In search of more specific inhibitors of IRE1α RNase, a type of ATP-competitive kinase (type 

II) inhibitors that inhibit IRE1α RNase through the kinase domain by stabilizing monomeric 

IRE1α were identified.114-115 Compound 3 is a type II kinase inhibitor that attenuates IRE1α 

RNase activity.115 Accordingly, a series of Kinase-inhibiting RNase-attenuators (KIRAs) were 

developed based on compound 3, sharing a similar allosteric mode of action.116-117 

Successively, GSK2850163 is a type III inhibitor of IRE1α that has been described to occupy 

a binding site adjacent to the hinge region of the kinase was identified.117 An imidazo[1,2-

b]pyridazin-8-amine based kinase inhibitor (compound 31) with allosteric RNase inhibition 

was discovered through small molecule screening followed by structural optimization.118 

Additionally, compound 18 was reported as a selective inhibitor of IRE1α kinase, and it 

inhibited its RNase activity towards XBP1 and showed efficacy in pre-clinical myeloma 

models.119-120 
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Figure 7. Different classes of reported small molecule inhibitors and activators of IRE1α RNase. 

1.2.4.2 IRE1α RNase activators 

Hyperactivating IRE1α to initiate its pro-death RIDD that ultimately leads to apoptosis is an 

alternate strategy to harness IRE1α as a therapeutic target in cancer. Sunitinib, APY 29, and 

Imidazo[1,2-b]pyridazin derivative (Compound 3) are type I kinase inhibitors - a type of ATP-

competitive inhibitors of IRE1α which interact with the ATP binding site, block kinase trans 

autophosphorylation but promote dimerization and activation of RNase activity.114, 121-122 

Sunitinib is a FDA-approved anti-cancer small-molecule kinase inhibitor.83 CXC195 is another 

reported activator that induced ER stress and apoptosis by inhibiting the PI3K/Akt/mTOR 

signaling pathway in hepatocarcinoma.123 Even though a number of studies showed the 

tumorigenic as well as tumor-suppressing roles of the IRE1α-XBP1 branch of UPR, there are 

remaining questions to be addressed regarding the switch between those dual roles. Therefore, 

there is a pressing need to develop specific and selective chemical tools to explore IRE1α 

functions. Furthermore, among the reported IRE1α modulators, many exhibit poor 

pharmacokinetic properties, limiting their utility as clinically useful agents (e.g., 4µ8c). The 

discovery of novel modulators of IRE1α, along with gaining insight into IRE1α mediated 

signaling pathways, is of relevance for the development of new therapeutics.
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2 Objective of the thesis 

Small molecules have long been central to pharmaceutical research, serving as therapeutic 

agents and tools for investigating biological functions. While structure-based and high-

throughput screening approaches aid in drug discovery, the key challenge remains the limited 

exploration of chemical space, as most available small molecule libraries are dominated by flat, 

sp²-rich compounds. The growing number of potential therapeutic targets, driven by advances 

in genomics and proteomics, underscores the urgent need for novel chemistry strategies to 

generate diverse, structurally complex small molecules. The first part of this thesis aims to 

develop novel and efficient synthetic strategies for the construction of polycyclic scaffolds 

covering the underrepresented area of chemical space. A sequence of complexity generating 

Petasis and secondary cyclization reactions is designed for library production of complex 

tricyclic and tetracyclic scaffolds. The resulting complex scaffolds with high content of sp3-

hybridized carbon atoms are tested for their drug-like properties and biological relevance. 

The latter part of this thesis aims to expand the RNA-targeting drug discovery by focusing on 

a regulator of RNA metabolism, the ribonuclease IRE1α. As a dual kinase/RNase, IRE1α 

controls the splicing of XBP1 mRNA and mediates RNA degradation via downstream 

pathways like RIDD, making it a crucial player in RNA processing and cellular stress 

responses. Given its dual role in cancer progression and stress adaptation, modulating IRE1α 

activity with small molecules offers a powerful approach to influencing RNA-driven disease 

pathways. We search for new IRE1α-targeting small molecules from an in-house library with 

structurally diverse compounds for novel classes of modulators of endoribonuclease IRE1α. 

This work focuses on identifying and optimizing small-molecule IRE1α modulators through 

an RNase activity-based screening, following a pipeline of extensive structure modifications, 

leading to the discovery of indole-based inhibitors that allosterically inhibit the RNase activity 

by targeting its ATP-binding pocket and aminopyrimidine-based activators that enhance RNase 

function and downstream UPR signaling while inhibiting the kinase function. Through 

biophysical binding assays, mechanistic studies, and cellular evaluations, the study aims to 

elucidate the mechanism of action of the identified modulators, offering insights into IRE1α 

function and its role in disease-related unfolded protein response signaling. Collectively, this 

research work demonstrates the potential of Petasis-based methodologies in generating 

complex bioactive small molecules and highlights the significance of scaffold-diverse IRE1α 

modulators as promising candidates for RNA-targeted therapeutic development.
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3 Results and discussion 

3.1 Bioactive polycyclic small molecules via Petasis–sequence reactions 

Results from this section were published as “Petasis sequence reactions for the scaffold-

diverse synthesis of bioactive polycyclic small molecules.”28 Figures were adapted from the 

publication. MTT assay was performed by X. Qiu.  

 

3C-PR serves as a highly adaptable approach for synthesizing amines with diverse functional 

groups. Numerous studies from the literature have highlighted its value in the construction of 

structurally diverse small molecules, natural products, and compound libraries.12, 29, 31-32, 124-126  

Integrating the PR with subsequent cyclization steps provides a concise and efficient route to 

increase molecular complexity and generate novel polycyclic scaffolds. In this chapter, various 

small molecules bearing polycyclic scaffolds, enriched with sp3-hybridized carbon atoms and 

multiple stereocenters, were synthesized using 3C-PR in tandem with intramolecular Diels–

Alder (IMDA) cyclizations or through a sequence involving 3C-PR, ring-closing metathesis 

(RCM), and IMDA reactions (Figure 8). 

 

 

Figure 8. Summary of 3C-PR/ (IMDA) and 3C-PR/ RCM/ IMDA sequence strategy used in this thesis for library generation. 

Figure adapted from publication Petasis- sequence reactions for the scaffold-diverse synthesis of bioactive polycyclic small 

molecules 28 

3.1.1 Synthesis of allylated tertiary amines by Petasis reaction 

This work began with the preparation of Petasis products designed to undergo further 

transformations leading to polycyclic scaffold formation. The initial reactions utilized primary 

amines such as furfurylamine (1a) and 2-thiophenemethylamine (1b), along with an α-hydroxy 
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aldehyde protected in the form of its corresponding lactol, specifically 5-allyl-2,2-dimethyl-

1,3-dioxolan-4-ol (2), which was synthesized based on a reported procedure31 and various 

arylboronic acids 3, which were commercially supplied. Hexafluoroisopropanol (HFIP) was 

used as the solvent127 because of its reported evidence in enhancing the reactivity in PR.128 The 

reaction was carried out in the presence of 3Å molecular sieves (MS) at room temperature 

(Scheme 2). Interestingly, primary aromatic amines (1), which are typically less reactive in PR 

reactions, successfully produced the corresponding PR products with yields varied from 13% 

to 87% depending on the boronic acid derivative used. As expected, boronic acids containing 

electron-withdrawing groups, such as (4-nitrophenyl)boronic acid and (4-

(trifluoromethyl)phenyl)boronic acid, did not afford Petasis products. 

 

 

Entry R Ar X Time (h) Yield (%) Product  

1 H 
 

O 5 87 4a 

2 H 
 

S 3 83 4b* 

3 H 
 

S 1 50 4c 

4 H 
 

O 3 13 4d 

5 Allyl 
 

O 2 80 4e 

6 Allyl 
 

O 3 70 4f 

7* Allyl 
 

S 24 45 4g 

8 Allyl 
 

O 3 62 4h 

9 Allyl 
 

O 2.5 43 4i 

 

Scheme 2. The 3C-PR synthetic route to obtain allylated tertiary amines 4. Reagents and conditions: primary aromatic amine 

(1 equiv.), 5-allyl-2,2-dimethyl-1,3-dioxolan-4-ol (1.2 equiv.), boronic acid (1.2 equiv.). *N-allylation of 4b 
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Subsequent N-alkylation with allyl bromide successfully yielded the corresponding allylated 

compounds. Alternatively, using secondary amines, N-allyl-furfurylamine and N-allyl-

thiophenemethylamine as the amine components, resulted in Petasis products 4e−4i with 

moderate to good yields (43−83%). The synthesis resulted in the formation of only one 

diastereomer for all products with strategically positioned appendages for secondary 

transformations. 

3.1.2 Intramolecular Diels–Alder Reaction of Petasis-Derived Compounds (3-C 

PR/IMDA) 

Initial cyclization of Petasis products 4e−4i, containing olefinic groups, was attempted for an 

intramolecular Diels-Alder (IMDA) reaction. The goal was to form two types of cyclic 

scaffolds, epoxyisoindole and epoxybenzoazepine. Despite exploring multiple cyclization 

conditions, only the epoxyisoindole scaffold was successfully formed. The furan-2-ylmethyl-

substituted Petasis products (4f, 4h, 4i) underwent cyclization to afford epoxyisoindoles 

(5a−5c) with yields ranging from 50% to 59%. (Scheme 3). In contrast, the thiophen-2-

ylmethyl-substituted product 4g failed to cyclize even under prolonged reflux at 120 ˚C in 

toluene. All final compounds were isolated as single diastereomer, and the exo-configuration 

was confirmed via single-crystal X-ray diffraction analysis of one of the representative 

compounds, 5a, and deposited in the Cambridge Crystallographic Data Centre (CCDC) under 

deposition number 2191710. 

 

 

 

Scheme 3. Intramolecular Diels-Alder products 5 from Petasis products 4g,4j,4i. Reaction conditions: toluene (0.5−0.4 M), 

reflux at 110 °C, 6 h. 

3.1.3 N-propargylated tertiary amines by Petasis reaction 

Motivated by the results of the efficient 3-C PR/IMDA sequence, I continued the synthesis of 

Petasis products with propargyl appendages to couple them via IMDA or RCM. The amine 
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component N-propargyl-thiophenemethylamine 6 was synthesized by the reported literature 

procedure.129 Using 5-allyl-2,2-dimethyl-1,3-dioxolan-4-ol (2) and arylboronic acids, the 

corresponding Petasis products (7a-d) were yielded as a single diastereomer in yields up to 

91% in 2-3 h reaction time (Scheme 4).  

 

 
 

Scheme 4. Synthetic route to access tertiary amines with allyl and propargyl functionalities. Reaction condition: N-propargyl-

thiophenemethylamine (1 equiv.), boronic acid (1.2 equiv.), 5-allyl-2,2-dimethyl-1,3-dioxolan-4-ol (1.2 equiv.). 

3.1.4 Ring closing metathesis–intermolecular Diels Alder reaction of Petasis products 

(3-C PR/RCM/IMDA) 

Having confirmed the viability of allylated 3-C PR products as IMDA precursors, it was 

decided to use 7a−7d as substrates under refluxing conditions, but it did not result in the 

formation of any IMDA cyclized products. Therefore, I tried to employ ring closing metathesis 

reaction to bring about cyclization. Various ruthenium catalysts were screened to obtain 

maximum conversion. Using the Grubbs second-generation catalyst to perform the eneyne 

metathesis reaction primarily resulted in the dimerization of the Petasis product 7, with only 

minimal formation of the desired cyclized product 8. In contrast, the use of Grubbs first- 

generation catalyst resulted in the formation of cyclized products 8a-8d, however, in low yields 

(Scheme 5). 

The products obtained from the 3C-PR/RCM reaction sequence were subsequently employed 

in an intermolecular Diels-Alder reaction, thereby providing a more divergent approach. 

Cyclized intermediates 8a-8d were reacted with activated dienophiles to form bicyclic 

compounds 9 featuring a pyridazino[4,3-c]azepine core (Scheme 6). Activated dienophiles 

such as azodicarboxylic dimorpholide and 1,1′-(azodicarbonyl)dipiperidine provided the 

expected products in 55–77% yields as diastereomeric mixtures, predominantly favoring the 

Entry R Ar Time (h) 
Yield 

(%) 
Product 

1 H 
 

2 82 7a 

2 H 
 

2 80 7b 

3 H 
 

3 74 7c 

4 CH3 

 
2.5 91 7d 
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endo-product. The stereochemistry of final compounds 9a (CCDC number: 2191711) and 9j 

(CCDC number: 2191712) was assigned via X-ray crystallography, which provided 

unambiguous confirmation of the endo diastereomer being the major product. Further 

functionalization of pyridazino[4,3-c]azepines can be achieved by Boc-deprotection and 

subsequent modification of hydrazine amines (e.g., 9e and 9f), opening the possibility for 

further diversification. The in-silico study of pharmacokinetic parameters is an essential tool 

for the development of bioactive compounds and hence assessed the molecular (Table 1) and 

absorption-distribution-metabolism-excretion (ADME) profiles (Table 3) of synthesized 

compounds 5 and 9. The analysis indicated that several of these compounds exhibited 

promising predicted drug-likeness attributes. 

 

 

 

Scheme 5. Enyne metathesis reaction of Petasis Products 7a-d, forming cyclized products 8a-d. 

 

Table 2. Predicted molecular properties*: 

ID 5a 5b 5c 9a 9c 9g 9h 9j 9l 

Molecular 

Weight 
303.42 311.43 297.47 569.78 573.73 519.68 492.61 646.60 551.67 

LogP 2.87 3.42 2.97 4.55 2.43 4.13 2.76 3.29 2.69 

Rotatable 

bonds 
5 5 5 3 3 7 1 3 11 

tPSA 32.70 32.70 32.70 70.56 89.03 82.55 72.41 89.03 101.02 

*The Molecular properties were predicted using pkCSM tool https://biosig.lab.uq.edu.au/pkcsm/prediction130 and the 

molinspiration cheminformatics free web services were used. Figure adapted from publication  Petasi- sequence reactions for 

the scaffold-diverse synthesis of bioactive polycyclic small molecules. 28 

https://biosig.lab.uq.edu.au/pkcsm/prediction
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Table 3. Predicted ADME properties*: 

ID 5a 5b 5c 9a 9c 9g 9h 9j 9l 

Absorption          

Water solubility 

log mol/L 
-2.305  -2.365  -2.406  -4.984 -4.462  -5.473  -4.107  -4.666  -4.784 

Caco2 

permeability 

log Papp in 10-

6 cm/s 

1.522 1.358 1.517 0.986 0.905 0.566  0.834  1.029  0.836 

Intestinal 

absorption 

(human) % 

Absorbed 

89.378 90.642 90.532 88.04 91.233 87.246  92.584  91.768  85.498 

Skin 

Permeability 

log Kp 

-2.793  -2.779  -2.755  -2.857 -2.859  -2.858  -2.752  -2.824  -2.814 

P-glycoprotein 

substrate  
No No  No  Yes Yes  Yes  Yes  Yes  Yes 

P-glycoprotein 

I inhibitor  
No Yes No  Yes Yes  Yes  Yes  Yes  Yes 

P-glycoprotein 

II inhibitor 
No No No  Yes Yes  Yes  Yes  Yes  Yes 

Distribution          

VDss (human) 0.876  1.101  1.076  0.862  0.358  0.322  0.571  0.483  0.227 

Fraction 

unbound 

(human) 

0.62  0.593  0.597  0.082  0.191  0.026  0.103  0.15  0.183 

BBB 

permeability 
0.167 0.177 0.207 -1.09 -1.22 -0.618 -0.447 -1.26 -1.244 

CNS 

permeability 
-2.86  -2.8  -2.767  -1.859  -2.491  -1.86  -2.05  -2.303  -3.223 

Metabolism          

CYP2D6 

substrate 
No No No Yes  Yes  No  No  Yes  No 

CYP3A4 

substrate 
Yes  Yes Yes  Yes  Yes  Yes  Yes  Yes  Yes 

CYP1A2 

inhibitior 
No  Yes Yes  No  No  No  Yes  No  No 

CYP2C19 

inhibitior 
No  No No  No  No  No  No  No  No 

CYP2C9 

inhibitior 
No  No No  No  No  Yes  No  No  No 
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CYP2D6 

inhibitior 
Yes Yes Yes  No  No  No  Yes  No  No 

CYP3A4 

inhibitior 
No No No  Yes  No  Yes  Yes  No  Yes 

Excretion          

Total 

Clearance 

log ml/min/kg 

1.179 1.055  1.053  0.477  0.449  0.506  0.688  0.218  0.629 

Renal OCT2 

substrate 
No Yes  No  Yes  Yes  Yes  No  Yes  Yes 

P-glycoprotein substrate- (Yes): Compound is effluxed out of cells causing reduced bioavailability: P-glycoprotein inhibitor- 

(Yes): Compound can inhibit drug efflux, possibly affecting other drugs’ systemic absorption; CYP inhibitors-(Yes): 

Compound may alter metabolism of co-administered drugs; CYP substrates-(Yes): Compound is metabolized by the enzyme; 

Renal OCT2 substrate (Yes): Compound may be excreted through the kidney via OCT2 transporter. *The ADME properties 

were predicted using pkCSM tool https://biosig.lab.uq.edu.au/pkcsm/prediction130 and the molinspiration cheminformatics 

free web services were used. Figure adapted from publication  Petasis- sequence reactions for the scaffold-diverse synthesis 

of bioactive polycyclic small molecules.28 

3.1.5 Antiproliferative effect evaluation 

Finally, the biological significance of the synthesized polycyclic compounds was demonstrated 

using an MTT assay, a colorimetric method employed to assess cell viability and proliferation. 

In this assay, cell growth inhibition was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT). The principle of the assay is based on the reduction of 

MTT, a yellow tetrazolium dye, into insoluble purple formazan crystals by NAD(P)H-

dependent oxidoreductases in metabolically active cells. Since this reduction occurs only in  

living cells, the assay provides a reliable measure of cell number and growth. At a test 

concentration of 10 μM, pyridazino[4,3-c]azepine derivatives (9) displayed 40–90% inhibition 

against human acute myeloid leukemia (MOLM-13) and choriocarcinoma (JAR) cell lines. 

From the tested series, compounds that achieved at least 50% inhibition were selected for 

further evaluation of their IC50 values. Among these, several analogs–including 9a, 9b, 9e, and 

9f–exhibited potent activity in the low micromolar range. Notably, compound 9e demonstrated 

IC50 values of 5.3 μM against MOLM-13 and 9.0 μM against JAR cells (Figure 9). 

https://biosig.lab.uq.edu.au/pkcsm/prediction
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Scheme 6: Scheme for the secondary cyclization of 3C-PR/RCM products via an intermolecular Diels-Alder reaction. 

Reaction conditions: a Toluene reflux. b DCM reflux. dr determined by LC-MS. 
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Figure 9. Antiproliferation activity of the pyridazinoazepines 9a, 9b, 9e, and 9f. Dose-dependent response and the IC50 against 

two human cancer cells lines, (A) MOLM13 and (B) JAR. Experiments were conducted in duplicate. MTT assay was 

performed by X. Qiu. 
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3.1.6 Summary 

 

Figure 10. Summary of the 3C-PR/IMDA and 3C-PR/RCM/IMDA reaction sequences for generating complex polycyclic 

small molecules. 

I utilized 3C-PR/IMDA and 3C-PR/RCM/IMDA reaction sequences, known for their 

robustness and ability to build molecular complexity, to synthesize novel small molecules 

bearing epoxyisoindole and pyridazinoazepine scaffolds (Figure 10). These sequential 

reactions were conducted under facile and mild reaction conditions using readily available 

substrates. The resulting Petasis products and polycyclic compounds exhibited a high fraction 

of sp³-hybridized carbon atoms and suitable substitutions, which offered opportunities for 

further functionalization. 

The biological significance of the synthesized compounds was evaluated in an antiproliferation 

assay against human cancer cell lines. This study highlights the broad applicability of 3C-PR-

based sequence reactions in accessing previously unexplored polycyclic scaffolds with 

potential biological relevance. 
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3.2 Identification and evaluation of ribonuclease IRE1α-modulators 

“Harnessing indole scaffolds to identify small-molecule IRE1α inhibitors modulating XBP1 

mRNA splicing, 2025” [Manuscript in revision]. Y. Liu performed small-molecule screening, 

validations, and mechanism studies. 

This chapter outlines the discovery of new classes of IRE1α modulators via a screening-based 

approach. Subsequent ligand optimization by using medicinal chemistry-driven optimization 

yielded potent inhibitors (nanomolar range) and activators (submicromolar range). 

3.2.1 IRE1α ribonuclease inhibition 

3.2.1.1 FRET-based screening for IRE1α inhibitors and hit validation 

A FRET-based assay was established for IRE1α small-molecule inhibitor screening by using 

unphosphorylated IRE1α protein and XBP1 hairpin substrate dually-labeled with FAM 

(Fluorescein amidites) and Black Hole Quencher (BHQ). Upon cleavage of the dual-labeled 

RNA substrate by IRE1α, the FAM will be switched on, and the resultant fluorescence is 

monitored by a fluorescent spectrometer (Figure 11A). To identify IRE1α inhibitors, a 

screening approach was performed against a chemical library of about ~10,000 compounds 

from the Compound Management and Screening Center (COMAS, MPI Dortmund, Germany).  

 

Figure 11. The screening-based approach resulted in the discovery of 10 as a potential IRE1α inhibitor. (A) Schematic diagram 

of FRET-based screening assay; (B) The hit compound 10 based on an indole scaffold. 

The FRET-based screening assay used 40 nM unphosphorylated IRE1α (Kinase and RNase) 

sequence 547-977 and 100 nM FAM and BHQ-labeled XBP1 hairpin RNA, and the compound 

collection was screened at a test concentration (5 μM). The assay revealed indole-based 

compounds as potential IRE1α inhibitors showing micromolar potency. The most promising 

hit compound 102793 was resynthesized as 10 (Figure 11B), and it showed inhibitory potency 

of 0.30 μM against unphosphorylated IRE1α and 0.32 μM against phosphorylated IRE1α (p-

IRE1α) in primary FRET assay. This indicated that compound 10 (Figure 12A) displays 

comparable potency against both the phosphorylated and unphosphorylated forms of IRE1α 



Results and Discussion 

 34  

 

(Figure 12C). Gel-based cleavage assay using phosphorylated IRE1α showed a dose-dependent 

inhibition of the cleavage of RNA substrate (Figure 12B). In order to evaluate the interaction 

between IRE1α and compound 10, in vitro biochemical assays were performed. The differential 

scanning fluorimetry (DSF) assay revealed that 10 dose-dependently stabilized both 

unphosphorylated and phosphorylated IRE1α upon binding (Figure 12D). To quantify the 

binding affinity between IRE1α and 10, an isothermal titration calorimetry (ITC) assay was 

performed to determine the dissociation constant (KD) of 12 μM (Figure 12E). 

 

Figure 12. (A) The structure of 10; (B) Gel-based cleavage assay showed 10 dose-dependently inhibited RNase activity of p-

IRE1α; (C) FRET results showed that 10 has inhibitory activity against IRE1α (0.30 μM) and p-IRE1α (0.32 μM). Data are 

reported as mean±SEM, (n=4); (D) DSF assay demonstrates dose-dependent stabilization of IRE1α.  Data are reported as 

mean±SD, n=2; (E) Compound 10 exhibited binding to IRE1α (KD =12.0 ± 9.81 μM) in ITC. 
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Collectively, we identified a new IRE1α inhibitor 10, 3-(1-(4-chlorobenzoyl)-5-methoxy-2-

methyl-1H-indol-3-yl)propanoic acid, which formed the foundation for the following structural 

modifications to explore the structure-activity, based on the initial scaffold. 

3.2.1.2 Structural optimization to improve inhibitory efficiency 

Intrigued by the structural resemblance of compound 10, to a well-known a non-steroidal anti-

inflammatory drug (NSAID)–indomethacin (11) and indole-3-acetic acid (auxin)-a plant 

hormone (12), we began by screening a selection of indomethacin and auxin analogues from 

our compound library for their ability to inhibit IRE1α RNase activity. These similarities did 

not translate into functional activity, and none of the tested compounds or their analogues 

demonstrated more than 50% inhibition at a concentration of 50 μM (Table 4 and Table 5). To 

further explore the structure-activity relationships (SAR) of 10, we systematically modified the 

indole scaffold at various substituent positions (R1, R2, and R3) (Table 6 ,Table 7, Table 8, 

Table 9) to identify pharmacophoric features critical for enhancing IRE1α inhibitory activity. 

The in vitro endoribonuclease activity was evaluated in a FRET assay to investigate the 

improvement in potency of the new derivatives.  

Table 4. The IRE1α RNase inhibitory activities of indomethacin and its analogues at a single tested concentration (50 μM) in 

the FRET assay 

 

Compounds from the in-house screening collection, Data reported as mean±SEM, n=4. FRET assay performed by Y.Liu 

Entry R1 

IRE1α 

Inhibition 

(%) 

p-IRE1α 

Inhibition 

(%) 

Entry R1 

IRE1α 

Inhibition 

(%) 

p-IRE1α 

Inhibition 

(%) 

Indomethacin, 

11  
< 30 < 30 11e 

 
< 30 < 30 

11a 
 

< 30 < 30 11f 

 
35.3±4.4 32.5±5.3 

11b 
 

< 30 < 30 11g 

 

< 30 < 30 

11c 
 

< 30 < 30 11h 
 

< 30 < 30 

11d 
 

< 30 < 30     
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Table 5. The IRE1α RNase inhibitory activities of auxin and its analogues at a single tested concentration (50 μM) in the 

FRET assay 

 

 

 

  

 

 Compounds from the in-house screening collection. Data are reported as mean±SEM, n=4. FRET assay performed by Y.Liu 

 

Table 6. Structural optimization based on the hit compound 10 with varying C3/R1 substituents 

 

Data are reported as mean±SEM, n=4. Blue colour label for the most active compound in the collection 

 

 

 

Entry R2 R3 
IRE1α 

Inhibition (%) 

p-IRE1α 

Inhibition (%) 

Auxin, 

12 
-H -H < 30 < 30 

12a 
 

-H < 30 < 30 

12b -CH3 
 

< 30 < 30 

Entry R1 

IRE1α 

Inhibition 

(%) 

p-IRE1α 

Inhibition 

(%) 

Entry R1 

IRE1α 

Inhibition 

(%) 

p-IRE1α 

Inhibition 

(%) 

10 
 

97.1±16.9 99.3±4.2 18 
 

< 30 < 30 

13 
 

40.3±26.1 42.5±22.5 19 
 

< 30 < 30 

14 

 

< 30 < 30 20  < 30 < 30 

15 
 

< 30 < 30 21 
 

< 30 < 30 

16 
 

< 30 < 30 22 
 

< 30 < 30 

17 
 

< 30 < 30 23 

 

< 30 < 30 
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Table 7. Structural optimization based on the hit compound 10 with varying R2 substituents  

 

Data are reported as mean±SEM, n=4. Blue colour label for the most active compound in the collection. 

 

Entry R2 
IRE1α 

IC50 (μM) 

p-IRE1α 

IC50 (μM) 
Entry R2 

IRE1α 

IC50 (μM) 

p-IRE1α 

IC50 (μM) 

10 

 
0.30±0.10 0.32±0.17 35 

 

0.32±0.14 0.73±0.59 

24 

 
1.46±0.66 1.98±0.16 36 -H >20  >20 

25 
 

0.10±0.02 0.12±0.05 37 

 

0.86±0.35 1.15±0.33 

26 

 

0.53±0.45 1.01±0.82 38 
 

>20 >20 

27 

 

7.32±2.58 

 

7.79±2.98 
 

39 

 
>20 >20 

28 

 
1.81±0.98 1.97±1.01 40 

 
2.04±0.17 5.61±1.74 

29 

 

0.09±0.02 0.04±0.02 41 
 

0.83±0.38 1.74±0.72 

30 

 

0.76±0.34 0.61±0.46 42 

 
>20 >20 

31 

 
>20 >20 43 

 
>20 >20 

32 

 

0.10±0.06 0.06±0.04 44 

 
0.18±0.04 0.34±0.13 

33 

 
0.03±0.01 0.03±0.02 45 

 

0.17±0.19 0.20±0.17 

34 

 
0.14±0.07 0.20±0.14     
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Table 8. Structural optimization based on the hit compound 10 with varying R2 and R3 substituents  

 

Data are reported as mean±SEM, n=4. 

 

The modifications at the R1 substitution involved replacing the propionic acid moiety with 

different carboxylic acids with varied chain lengths, esters, aliphatic heterocycles, aromatic 

rings, and alkyl groups (13-23). Based on the data obtained from the FRET assay, it is revealed 

that compounds with R1 groups being carboxylic acid derivatives showed the most potent 

activity. In contrast, all other substitutions led to a significant decline in activity (IRE1α 

inhibition less than 30%), indicating that the presence of a carboxylic acid at the C-3 position 

of the core indole scaffold is essential for the RNase activity. Consequently, propionic acid at 

the C-3 (R1) position was maintained for subsequent studies, with 10 displaying an IC50 of 

0.30±0.10 µM against IRE1α (Table 7). 

We then investigated the modifications at the N-substituent (R2) position of the indole core, 

which revealed that a diverse range of acyl groups could be tolerated well as R2, incorporating 

functionalized phenyl rings, aromatic heterocycles, aliphatic rings, and fused or isolated 

Entry R2 R3 
IRE1α 

IC50 (μM) 

p-IRE1α 

IC50 (μM) 
Entry R2 R3 

IRE1α 

IC50 (μM) 

p-IRE1α 

IC50 (μM) 

25 
 

OCH3 0.10±0.02 0.12±0.05 29 

 

OCH3 0.09±0.02 0.04±0.02 

46 
 

-H 2.09±1.12 2.77±2.34 50 

 

-H 2.93±1.23 2.84±2.92 

47 
 

-Br 0.08±0.02 0.10±0.09 51 

 

-F 2.82±1.66 5.57±2.09 

48 

 

-F 0.35±0.21 0.80±0.49 52 

 

-Cl 0.09±0.01 0.23±0.16 

49 
 

-Cl 0.11±0.01 0.27±0.19      
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bicyclic/tricyclic systems without losing the inhibitory activity. Variations in the N-benzoyl 

group, including both electron-donating and electron-withdrawing substituents, resulted in 

only modest changes in inhibitory activity. Remarkably, the analogue bearing an unsubstituted 

N-benzoyl moiety (33) exhibited a substantial enhancement in potency against IRE1α (IC50 = 

0.030 ± 0.01 µM). Building on this promising result, we expanded the structural scope to 

include indole derivatives incorporating benzothiophene, thiophene, and nitrogen-based 

heterocycles. The majority of these newly synthesized analogues maintained a similar level of 

inhibition to that of compound 33. Conversely, substitution of the aromatic ring with a 

secondary amine (38) or complete elimination of the acyl group (36) abolished inhibitory 

activity entirely (IC50 > 20 µM). Furthermore, compounds containing thiophene-2-carbonyl 

(25) and 3-cyanobenzoyl (29) groups displayed strong inhibitory effects, which led us to further 

explore modifications at the 5-methoxy position. Several halogenated analogues at this site 

retained potent IRE1α inhibition, as summarized in Table 8. 

Finally, guided by the potent activities of 10 and 33, we further explored modifications at the 

C-5 (R3) position while maintaining the carboxylic acid at R1 and the benzoyl group at R2 

(Table 9). Indole derivatives featuring a meta-substituted phenyl group (66 and 63) exhibited 

comparable potency (IRE1α, IC50 1.01±0.27 µM and 1.21±0.82 µM, respectively). However, 

ortho- and para-substituted aromatic rings led to a potency reduction. Substituting the methoxy 

group in 33 with a trifluoromethoxy group (65, IC50 0.57±0.36 µM) resulted in an 

approximately 19-fold decrease in activity. Retaining an unsubstituted indole C-5 led to a 10-

fold potency decrease compared to 33. Interestingly, introducing halogen substituents at R3 

significantly enhanced inhibitory activity. Notably, 54, featuring a bromine atom at C-5, 

exhibited a 20-fold potency increase (IRE1α IC50 16±1 nM), establishing it as the most active 

compound among those synthesized. 
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Table 9. Structural optimization based on the hit compound 10 with a varying R3 substituent 

 

 

Data are reported as mean±SEM (n=4). Blue colour label for the most active compound in the collection. 

 

 

  

Cpd R3 

IRE1α 

Inhibition 

IC50 (μM) 

p-IRE1α 

Inhibition 

IC50 (μM) 

Cpd R3 

IRE1α 

Inhibition 

IC50 (μM) 

p-IRE1α 

Inhibition 

IC50 (μM) 

53 -H 0.34±0.29 0.54±0.13 63 

 

1.21±0.82 6.65±1.83 

54 -Br 0.016±0.001 0.009±0.002 64 -CH3 0.066±0.023 0.133±0.12 

55 
 

0.24±0.05 0.20±0.01 65 -OCF3 0.57±0.36 0.94±0.12 

56 -F 0.42±0.25 0.72±0.44 66 

 

1.01±0.27 8.81±2.49 

57 
 

1.27±1.05 2.03±1.87 67 

 

12.08±11.12 >20 

58 
 

2.97±0.77 7.56±4.85 68 
 

2.16±0.64 11.59±4.27 

59 -Cl 0.052±0.015 0.082±0.018 69 
 

0.70±0.01 2.34±1.19 

60 
 

1.61±0.94 4.68±0.94 70 
 

6.22±1.00 >20 

61 

 

14.1±5.4 >20 71 

 

4.73±2.05 15.12±0.98 

62 
 

13.40±1.34 >20 72 
 

7.41±1.46 >20 
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3.2.1.3 Chemical synthesis of the indole-based IRE1α inhibitors 

Extensive structural modifications around the best hit compound 10 have been performed while 

retaining the indole core. The modifications resulted in a 20-fold improvement in the inhibitory 

potential compared to the initial hit compound. The synthesis of various indole derivatives was 

performed by using two synthetic approaches: (i) a solid-phase Fischer-indole synthesis 

utilizing a resin-capture-release strategy (scheme 7)131 and typical liquid phase Fischer-indole 

synthesis (scheme 8), followed by Suzuki coupling for further functionalization. 

 

Scheme 7. Fischer indole-based a solid-phase synthesis with resin-capture-release strategy131; Reagents and conditions: (a) 

TEA (6 equiv.), DCM 5 mL, reflux 16 h; (b) Pyridine 5 mL, 80 °C, Ar, 16 h; (c) TFA: DCE (1:1), 70 °C, 15 min-2 h. 

 

In the Fischer indole-based solid-phase synthesis, the aldehyde resin was condensed with 4-

methoxyphenylhydrazine to form hydrazine bound to the polymer, which facilitates the 

regioselective N-acylation. The acylated hydrazine is then treated with trifluoracetic acid and 

the corresponding ketone (4-acetylbutyric acid), in the presence of a trace amount of water, to 

get the corresponding indole derivative. During this process, water hydrolyzes the hydrazones, 
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selectively releasing acylated hydrazines into the solution. These subsequently condense with 

ketones to generate hydrazone intermediates, which undergo a [3,3]-sigmatropic 

rearrangement under the reaction conditions (Scheme 7). This strategy yields a diverse set of 

indole derivatives efficiently within a very short span of time. Alternatively, liquid phase 

Fischer indole synthesis followed by Suzuki coupling reaction was also used to generate more 

complex indole derivatives needed for the study (Scheme 8). Indole derivatives formed by both 

the synthetic routes were all isolated in >99% purity.  

 

 

Scheme 8. Liquid phase Fischer indole synthesis and subsequent functionalization; Reagents and conditions: (a) i. Glacial 

acetic acid, sodium acetate, reflux, 3 h; ii. Ethanol, 4M HCl in 1,4-dioxane, reflux, 15 h/ H2SO4, Ethanol, reflux, 16-24 h (b) 

NaH, DMF, Ar, 0 °C – rt, 12 h, (c) Trimethyltin hydroxide, DCE, 80 °C; (d) Pd(dppf)Cl2 (5.0 mol%), K3PO4, 1,4-dioxane and 

water (4:1), Ar, 80°C, 14 h (e) Trimethyltin hydroxide, DCE, 80 °C. 
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3.2.1.4 Biochemical and biophysical validations  

Compound 54, which exhibited the highest inhibitory potency against IRE1α RNase (IC50 

IRE1α 16±1 nM; Figure 13 A), was subsequently selected for further validation through 

biochemical and biophysical assays. Gel-based RNA cleavage assay showed that 54 inhibited 

p-IRE1α RNase activity in a dose-dependent manner ( Figure 13 B). The interactions of IRE1α 

with the inhibitor 54 were confirmed by DSF assay, demonstrating stabilization of IRE1α in a 

dose-dependent manner, with changes in melting temperature (ΔTm) correlating with its 

inhibitory activity ( Figure 13 C). Inactive indole derivative 31 (IRE1α and p-IRE1α IC50 > 20 

μM) with an N-naphthoyl substitution used as a negative control did not induce detectable 

change in ΔTm in the DSF assay ( Figure 13 D). 

Furthermore, microscale thermophoresis (MST) analysis confirmed the binding affinity of 

compound 54, resulting in a dissociation constant (KD) of 1.36 μM ( Figure 13 E). Isothermal 

titration calorimetry revealed that 54 bound to IRE1α with a dissociation constant (KD) of 0.94 

μM ( Figure 13 F). 

 

 

Figure 13. (A) FRET results showing 54 inhibited both IRE1α and p-IRE1α RNase activity. Data are reported as mean±SEM, 

(n=4); (B) Gel-based cleavage assay showing compound 54 dose-dependently inhibiting the p-IRE1α RNase activity; (C) 
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Stabilization of IRE1α and p-IRE1α by 54 was observed in a dose-dependent manner in the DSF.assay. Data are reported as 

mean±SEM, (n=4); (D) Thermal shift (ΔTm) values of IRE1α protein measured in the DSF assay following treatment with 

inhibitors and negative control 31; Data are reported as mean±SD, (n=2); (E) MST (Data are reported as mean±SEM, (n=3) 

and (F) ITC confirmed the interaction of 54 with IRE1α, indicating specific binding affinity.  

 

3.2.1.5 Cellular inhibition of IRE1α RNase function 

The cellular inhibition of IRE1α RNase function was measured for the most potent derivative 

54 (Figure 14A). Under conditions of ER stress, IRE1α activation leads to splicing of XBP1 

mRNA.132 To evaluate the cellular impact of compound 54, experiments were conducted in 

HAP1 and A549 cell lines. As illustrated in Figure 14 B and Figure 14 C, tunicamycin treatment 

induced XBP1 mRNA splicing, while pre-treatment with 54 resulted in a dose-dependent 

reduction of this splicing event. These results indicate that compound 54 effectively suppresses 

ER stress-induced XBP1 mRNA splicing in cells. 

 

 
 

Figure 14. Dose-dependent inhibition of ER stress-mediated XBP1 splicing by 54; (A) Structure of the most potent indole 

derivative 54; RT-qPCR to detect spliced XBP1 transcript due to ER stress induced by tunicamycin (Tm) in (B) A549 and (C) 

HAP-1 cells. (The statistical significance: ns when p>0.05 * when p≤ 0.05, ** when p≤0.01, *** when p≤0.001 was calculated 

using one-tailed independent student’s t-test). 

 

3.2.1.6 Preliminary studies on the inhibitory mechanism of compound 54 

The mode of inhibition of IRE1α by 54 was studied via Michaelis–Menten kinetic analysis. It 

was investigated whether there is competition between potent indole-based inhibitor and XBP1 

mRNA substrate to bind to IRE1α. The results showed minimal changes in the Km values across 

different tested concentrations, such as 0.01 μM, 0.1 μM, and 1 μM of compound 54. However, 

the measured values of Vmax showed a dose-dependent decrease as summarized in the Figure 

15. The relatively unchanged Km values, along with the dose-dependent reduction in Vmax, 

indicate that compound 54 likely functions as a non-competitive inhibitor of the XBP1 mRNA. 
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Figure 15.  Kinetic studies. Non-competitive inhibition of IRE1α by 54 revealed by Michaelis–Menten kinetic analysis. 

 

 
 

Figure 16. The inhibitory mechanism studies of 54. (A) ITC-based competition assays, 200 μM of reference compound G1749 

was titrated into 10 μM IRE1α pre-incubated with DMSO control or with compound 54 at increasing concentrations; (B) 

Structure of G1749 (C) Schematic diagram of LanthaScreen® Eu kinase binding assay; (D) Compound 54 demonstrated 

binding to the kinase domain of IRE1α (IC50 768 nM). Data are reported as mean±SD (n=2). 

To explore the mechanism by which compound 54 modulates IRE1α activity, it was 

investigated whether it targets the ATP-binding site within the kinase domain–a region known 

to influence RNase function when occupied by small molecules. For comparison, we utilized 



Results and Discussion 

 46  

 

G1749, a previously characterized RNase activator that engages this same ATP-binding site 

(Figure 16B). G1749 was synthesized following reported protocols.133 Using isothermal 

titration calorimetry, it was observed that increasing concentrations of compound 54 

progressively weakened the binding affinity of G1749 (Figure 16A). This reduction suggested 

that compound 54 competes for the ATP-binding pocket in the IRE1α kinase domain. To 

confirm this hypothesis, we employed a LanthaScreen™ Eu kinase binding assay (Figure 16C), 

which verified the interaction between compound 54 and the ATP-binding site. The assay 

yielded an IC50 value of 768 nM, supporting the conclusion that compound 54 engages the 

ATP-binding region of the kinase domain (Figure 16D). 

3.2.1.7 Evaluation of IRE1α kinase selectivity of compound 54  

Once the studies on the RNase inhibitory mechanism of the most potent compound 54 

confirmed that it binds to the ATP binding site of the kinase domain of IRE1α, the compound 

was profiled for its broad kinase selectivity (Figure 17).  

 

Figure 17. Kinase dendrogram of compound 54 at 5 μM test concentration. Kinases where probe binding was inhibited by 

>50% at 5 μM test compound concentration are marked in the kinase profiling tree from the LanthaScreenTM Eu kinase binding 

assay (Thermo Fisher SelectScreen). 

When tested at a concentration of 5 µM in the LanthaScreen™ Eu kinase binding assay 

(Thermo Fisher SelectScreen), compound 54 showed very low inhibitory effects on the 
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majority of kinases in the screening panel, with most showing inhibition of less than 10%–30 

%. As expected, a notable exception was observed in the IRE1 isoforms: compound 54 

significantly suppressed kinase activity of ERN1 (IRE1α) by 91% and ERN2 (IRE1β) by 70%, 

indicating a roughly two-fold preference for IRE1α over IRE1β, despite the high sequence 

similarity (80%) shared between their kinase domain.134 Besides IRE1α and IRE1β, 54 

exhibited >50% inhibition of TGFBR1 with an inhibition rate of 54%.  

3.2.1.8 Assessment of the effect of compound 54 on p-IRE1α dimerization and 

oligomerization 

As a continued effort to understand the inhibition of IRE1α by compound 54, a DSS 

(disuccinimidyl suberate) mass photometry-based cross-linking assay was performed to assess 

its effect on the self-association of phosphorylated IRE1α. Previously reported allosteric 

inhibitor of  p-IRE1α, KIRA8 (AMG-18)133 which inhibited RNase activity by stabilizing the 

monomeric form of IRE1α and thereby inhibiting the dimer formation, was used as a reference 

compound in this assay along with test compound 54. The comparison of the results revealed 

that compound 54 did not inhibit the self-association of phosphorylated IRE1α compared to 

KIRA8, suggesting that the kinase domain interactions remain stable upon binding to 54 

(Figure 18). 

 

 

 

Figure 18. DSS cross-linking assay showing that compound 54 did not inhibit the self-association of p-IRE1α. (A) p-IRE1α 

without DSS; (B) p-IRE1α with DSS and DMSO (control); (C) Structure of DSS; (D) p-IRE1α with KIRA8 and DSS; (E) p-

IRE1α with 54 and DSS, and (F) Structure of KIRA8. 
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3.2.1.9 Summary 

In summary, this chapter presented a study that identified substituted indoles as a novel class 

of potent as well as selective IRE1α inhibitors via a FRET-based screening assay and reported 

a collection of indole-based inhibitors represented by compound 10. The hit compound showed 

an IC50 of 0.30 μM against unphosphorylated IRE1α and 0.32 μM against phosphorylated 

IRE1α, and effectively stabilized IRE1α dose-dependently in a DSF assay. Compound 54, an 

indole analogue obtained after rigorous structural modifications based on 10, exhibited a 20-

fold potency increase with an IC50 value of 16 nM (IRE1α). Multiple biophysical techniques 

confirmed that compound 54 directly interacted with IRE1α, with binding affinities determined 

by MST (KD = 1.36 μM) and ITC (KD = 0.94 μM). Mechanistic investigations further revealed 

that 54 acts as a non-competitive inhibitor by targeting the ATP-binding site within the kinase 

domain. Consistent with this, the LanthaScreenTM Eu kinase binding assay demonstrated 

compound 54’s engagement with the ATP-binding pocket of IRE1α, showing an IC50 of 

768 nM. Subsequent cellular assays demonstrated that 54 suppressed ER stress-induced XBP1 

mRNA splicing in a dose-dependent manner. Collectively, these findings indicated that 

compound 54 bound to the kinase domain and allosterically inhibited RNase activity, thereby 

enriching the IRE1α targeting chemotypes. Compound 54 could potentially be used as a 

chemical tool to probe IRE1α functions and as a base for developing IRE1α-targeting small-

molecule therapeutic candidates. 
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3.2.2 IRE1α ribonuclease activation 

3.2.2.1 FRET-based screening for IRE1α activators and hit validation 

Y. Liu. performed small-molecule screening. Compound validations were performed by Y.Liu 

and O. Hastürk. Antiproliferative assay was performed by O. Hastürk. RT-qPCR was 

performed by O. Hastürk and L.Wagner. 

Following the successful efforts in discovering new chemotypes for IRE1α inhibition, we 

simultaneously pursued the identification of novel chemotypes for IRE1α RNase activation. 

The FRET assay was used to screen our in-house compound collection of approximately 

10,000 compounds from COMAS, MPI Dortmund, Germany, by using unphosphorylated 

IRE1α (residues 547-977) and XBP1 hairpin substrate mimic labelled with FAM and BHQ. 

Upon cleavage of the dually-labelled RNA substrate (5′FAM-CAUGUCCGCAGCGCAUG-

3′BHQ1) by IRE1α, the FAM will be switched on and monitored by fluorescent spectrometer. 

The aminopyrimidine-based hit compound 286214, recognized for its versatile and valuable 

scaffold in medicinal chemistry, was identified from the screening collection and selected for 

further validations. (Figure 19). The compound showed a single-digit micro-molar range of 

activation potency against unphosphorylated IRE1α. 

 

Figure 19.  Discovery of potential IRE1α activators. (A) Schematic diagram of FRET-based screening assay; (B) most potent 

hit compound 286214, with an aminopyrimidine scaffold resynthesised in-house as 78. 

IRE1α activator hit candidate 286214135 obtained in the FRET-based screening assay was 

synthesized in-house as compound 78 for further validations (Scheme 9). The hit compound 

shares scaffold with the previously reported IRE1α RNase activator compound, APY 29.136 It 

has been utilized in structural studies on IRE1α activity and preclinical studies, but  found to 

be toxic at low micromolar concentrations, which limits its application. However, the 
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established interaction of aminopyrimidine with IRE1α provided a rational starting point for 

further validations and structural optimisations. By optimising the hit compound, we aimed to 

enhance potency as well as expanding the chemical space for IRE1α-targeting therapeutics. 

 

Figure 20. Validation of aminopyrimidine based hit compound from screening campaign. (A) FRET results showed that 78 

activates IRE1α and (B) p-IRE1α; (C) Compound 78 showed dose dependant activation of IRE1α and (D) p-IRE1α in gel-

based cleavage assay; (E) MST measurement showed KD= 52 nM for reference compound (APY 29, N=1) and (F) KD= 256 

nM for compound 78 in MST assay. 

Compound 78 was tested against IRE1α and its phosphorylated form. The resynthesized hit 

has an EC50 value of 1.31 ± 0.52 μM (IRE1α) and 0.488 ± 0.04 μM (p-IRE1α) (Figure 20A and 

Figure 20B). 78 showed better activation towards phosphorylated IRE1α (p-IRE1α). The 

reason for the better EC50 value of the p-IRE1 is attributed to the oligomerisation of 

phosphorylated IRE1α leading to conformational changes of the RNase domain. The activation 

could be observed with a gel-based experiment where a dose-dependent enhanced cleavage 

effect could be seen (Figure 20C and Figure 20D) for the compound treatment compared to the 

control. Additionally, the binding affinity of 78 was determined by MST assay.  The KD value 
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of the hit compound was found to be 256 nM (Figure 20F). The reported IRE1 activator APY 

29136 was used as the positive control (KD= 52 nM) (Figure 20E). 

3.2.2.2 Synthetic procedure for the preparation of hit compound 78 

The best hit compound from the screening campaign was synthesized using the reported 

procedure (Scheme 9).135 4,6-Dichloro-2-(methylthio)pyrimidine was oxidized using meta-

chloroperoxybenzoic acid to generate the corresponding sulfone, 75. The methylsulfonyl 

leaving group activated by the pyrimidine undergoes nucleophilic aromatic substitution 

reaction with phenoxide nucleophile generated from p-nitrophenol, giving rise to the 

subsequent intermediate 76. 

The chlorine at the 4-position of the pyrimidine core was substituted by 5-methyl-1H-pyrazol-

3-amine using DIPEA and DMF as solvent, yielding intermediate 77. Subsequently, the 

methylpiperazine group was introduced at position-6 of the pyrimidine core by refluxing the 

corresponding precursor, 77, in 1-methylpiperazine, affording compound 78 in 79% yield. 

 

 

Scheme 9. Synthetic route for compound 78.  Reagents and conditions: (a) mCPBA, DCM, 0 °C-rt, 72h; (b) NaH, DMF, Ar, 

0 °C-rt, 4h; DIPEA, DMF, 80 °C, 12 h; 110 °C, 30 min. 

3.2.2.3 Structural activity studies to improve activation efficiency 

To optimize ligand potency, a preliminary SAR study was conducted. For this study, the N-(5-

methyl-1H-pyrazol-3-yl)pyrimidin-4-amine core of the hit compound 78 was retained due to 

its reported network of interactions with the ATP-binding pocket of the IRE1α kinase domain. 

The C6/R2 position of the pyrimidine and the phenoxide moiety were altered for improved 

potency (Table 10). 
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Table 10. Series I of synthesized IRE1α activators and their potency in the FRET assay 

 

 

Entry 

 

 

R1 

 

R2 
EC50  

(IRE1α, µM) 

EC50  

(p-IRE1α, µM) 

78 -NO2 1-methylpiperazinyl  1.31 0.49 

81 -CONH2 -Cl 8.35 2.27 

82 -SO2CH3 -Cl 0.65 1.10 

83 -SO2NH2 -Cl 1.04 0.45 

84 -CHO -Cl 0.87 2.52 

85 -NH2 -Cl 10.02 5.39 

86 amino-2-phenylacetic acid  -Cl 2.71 4.96 

87 
 2-amino-2-(thiophen-2-yl)acetic 

acid 
-Cl 2.23 4.28 

88 

2-amino-2-(2,4-

dimethoxypyrimidin-5-yl)acetic 

acid  

-Cl 17.66 5.49 

89 
 2-amino-2-(3,5-

dimethylisoxazol-4-yl)acetic acid 
-Cl ND 4.23 

91 -SO2NH2 
2-phenyl-2-(piperazin-

1-yl)acetic acid 
0.48 0.18 

    Blue colour label for the most active compound in the collection 

 

Initially, the study explored the effect of different para-substitutions on the phenyl ring by 

keeping the R2 position as chloride. Different para-substituted phenol derivatives were used or 

nucleophilic aromatic substitution reaction with intermediate 80 (Scheme 10). Derivatives with 

groups like sulphonamide (1.04 μM EC50 IRE1α, 0.45 μM EC50 p-IRE1α) and sulphone, 82 

(0.65 μM EC50 IRE1α, 1.10 μM EC50 pIRE1α) which can potentially act as hydrogen bond 

donor/acceptor and hydrogen bond acceptor, respectively, at the ATP binding site, showed the 

best activation potential. In case of an aldehyde substitution (84), the compound retained the 

activity, but the higher EC50 2.52 μM (p-IRE1α), suggests poor activation. The removal of 
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methyl piperazine as R2 did not affect the activity significantly. The -NH₂ group (85) 

significantly weakens activity on both IRE1α and p-IRE1α, making it a less suitable candidate.  

 

 

 

Scheme 10. Synthetic route for N-(5-methyl-1H-pyrazol-3-yl)pyrimidin-4-amine based IRE1α activators I. Reagents and 

conditions: (a) DIPEA, 50 °C, 16 h; (b) 2KHSO5. KHSO4. K2SO4, MeOH, 0 °C 30 min, 0 °C-rt, 2 h; (c) KOtBu, tert-butanol, 

50 °C137 ; * (c) K2CO3, DMF, 100 °C, 2 h; (d) HFIP, 3 Å MS, rt, 3-4 h; (e) 1, 4-dioxane, 100 ˚C, 1 h; (f) 75c, PhB(OH)2, HFIP, 

3 Å MS, rt, 3 h. 
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Subsequently, we tried to modify this -NH₂ group by multicomponent PR, which can also bring 

functional diversity in a single transformation. The primary aromatic amino group of the 

derivative 85 successfully reacted with heterocyclic arylboronic acids and glyoxylic acid as the 

carbonyl component to produce the corresponding PR products with satisfactory yields 

(Scheme 10). When the R1 group was substituted by bulky groups like 2-(methylamino)-2-

phenylacetic acid (86) and 2-(2,4-dimethoxypyrimidin-5-yl)-2-(methylamino)acetic acid (88), 

there was a sharp deterioration of activity or complete loss of activity. 

The sulphonamide-based derivative, 83, which showed the best activation potential, was 

further modified at the R2 position, replacing the chloride group with a 2-(4-methylpiperazin-

1-yl)-2-phenylacetic acid moiety, resulting in compound 91 with an EC50 value of 0.48 μM 

(IRE1α) and 0.18 μM (p-IRE1α). When the -OPh group at the C-2 position of aminopyrimidine 

scaffold was replaced by other nitrogen-containing ring systems was also proven to be 

detrimental to the activity (Table 11 and Scheme 11). 

 

Table 11. Series II of synthesized IRE1α activators and their potency in the FRET assay 

 

 

Entry 

 

 

R1 

 

R2 R3 
EC50  

(IRE1α, µM) 

EC50  

(p-IRE1α, µM) 

92 

 

-Cl 

 

31.81 55.85 

95 

  

-H 22.85 8.2 

97 

  

-H 19.41 16.70 

 

From the preliminary structure activity studies performed, it is revealed that the IRE1α RNase 

activation by the hit is mostly structure-dependent, and there is a limited scope to explore 

around the scaffold to obtain better activity. However, the sulphonamide group as R1 

substituent and bulky phenyl and piperazine groups, which can potentially form hydrophobic 

interactions as R2, contributed to the IRE1α RNase activation. The structure activation studies 
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resulted in compound 91 with approximately 3-fold improvement in potency in activation of 

the phosphorylated IRE1α. The aminopyrimidine derivatives 78 and 91 with the best potency 

were selected for further analysis. 

 

 

Scheme 11. Synthetic route for pyrimidine-based IRE1α activator series II. Reagents and conditions: (a) KOtBu, tert-butanol, 

50 °C; (b) DIPEA, EtOH, 50 °C, 24 h, (c) 1, 4-dioxane, 80 °C, 72 h; (d) NaH, DMF, -10 °C –rt, overnight, (e) PTSA, EtOH, 

100 °C, 12 h. 

3.2.2.4 Evaluation of binding affinity of compound 91 to IRE1α 

The interactions of IRE1α with the activator compound 91, which showed the best potency in 

the FRET assay, were confirmed by DSF assay. The assay demonstrated the stabilization of 

IRE1α in a dose-dependent manner, with changes in melting temperature (ΔTm) in correlation 

with its IRE1α RNase activity (Figure 21). 
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Figure 21. Stabilization of IRE1α and p-IRE1α by compound 91 was observed in a dose-dependent manner in the DSF assay. 

3.2.2.5 Inhibition of IRE1α kinase 

After confirming the in vitro binding and activation of IRE1α RNase, we moved on to identify 

the effect of our small collection of compounds on the IRE1α kinase activity. LanthaScreenTM 

Eu kinase binding assay was used to measure the inhibition of the kinase domain at 5μM test 

concentration. Derivatives 78, 91 which showed maximum RNase activation potency showed 

maximum Kinase inhibition too. The IC50 values of both derivatives with particularly high 

inhibition (>85%) were identified as 0.13 µM (compound 78) and 0.19 µM (compound 91) 

against IRE1α (Figure 22). 

 

Figure 22. Inhibition of IRE1α kinase. (A) Percentage inhibition of Kinase activity by LanthaScreenTM Eu kinase binding 

assay at 5 μM concentration. a reported IRE1α RNase activator APY29 used as a positive control; (B) IC50 value of compound 

78 and (C) 91. 
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The results from the in vitro binding, kinase inhibition, and RNase activation assays for the 

most potent compounds suggest that our compound is a kinase-inhibiting, RNase-activating 

type of derivative. Such ligands bind to the kinase domain and act by stabilizing it in its active 

conformation, followed by allosteric activation of the RNase domain. To better understand the 

kinase inhibitory and RNase activation potential for the newly synthesized compounds, their 

binding mode can be investigated by docking studies or by X-ray crystallography for the 

complex. 

3.2.2.6 Evaluation of the effect of compound 78 on the dimerization and 

oligomerization of IRE1α 

In order to study the effect of compound 78 on the self-association of IRE1α, a mass 

photometry-based DSS crosslinking assay was performed. The analysis was carried out in the 

presence of test compound 78, DMSO (control), and reported IRE1 α RNase activator 

compound G-7658. Consistent with its ability to activate, IRE1α compound 78 induced the 

dimerization and oligomerization of IRE1α compared to the DMSO control (Figure 23). 

 

 

 

Figure 23. DSS cross-linking assay showing compound 78 promoted the self-association of p-IRE1α. (A) p-IRE1α without 

DSS, (B) p-IRE1α with DSS and DMSO (control), (C) Structure of DSS, (D) p-IRE1α with G-7658 and DSS, (E) p-IRE1α 

with 78 and DSS, (F) Structure of G-7658. 
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3.2.2.7 Cellular effects of IRE1α activators 78 and 91 

The cellular activation of IRE1α RNase function was measured for the two best-performing 

aminopyrimidine derivatives 78 and 91. The activation is measured as a function of XBP1 

splicing activity tested at the cellular level by RT-qPCR measurement (reverse transcription-

quantitative polymerase chain reaction) in Michigan Cancer Foundation-7 (MCF-7) breast 

cancer cell line. MCF-7 cells were incubated with different concentrations of 78 and 91 for a 

period of 24h. After treatment, the total RNA was isolated and converted to cDNA, followed 

by an RT qPCR measurement, and the levels of the spliced XBP1 mRNA were measured. The 

results revealed that compound 78 can dose-dependently activate the XBP1 mRNA splicing, 

even at submicromolar range as 0.74 μM concentration. (Figure 24 A). Compound 91 also 

showed a dose-dependent activation of XBP1 mRNA splicing; however, in comparison to 78, 

it exhibited weaker activation of IRE1α RNase function in MCF-7 cells ( Figure 24 B). The 

reduced activity may be attributed to the carboxyl group present in its structure, which could 

hinder cellular permeability. 

 

 

 

Figure 24. RT-qPCR-based evaluation of cellular effects of IRE1α activators. (A) Compound 78 and (B) compound 91 

treatment dose dependently increase the splicing of XBP1 mRNA; (C) degradation of Bloc1s1 mRNA by compound 78 

indicated activation of IRE1α downstream pathways like RIDD in the MCF-7 cell line; (D) however, there was no significant 

degradation of Bloc1s1 mRNA. Statistical significance (ns when p ≥ 0.05; * when p ≤ 0.05, ** when p  ≤  0.01, *** when p  

≤  0.001, **** when p  ≤  0.0001) calculated by Student’s t-test. 
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Additionally, the RIDD activity was assessed using RT-qPCR by quantifying Bloc1s1 mRNA 

levels, a known RNA substrate of the RIDD pathway. Since Bloc1s1 mRNA is expected to be 

degraded upon RIDD activation, its levels were measured following treatment with compounds 

78 and 91. The RT-qPCR results of compound 78 demonstrated a dose-dependent decrease in 

Bloc1s1 mRNA levels at concentrations of 20.00 µM and 6.67 µM, with approximately a 50% 

reduction compared to the control ( Figure 24 C). However, no significant changes were 

observed in the case of compound 91 ( Figure 24 D). The cell-based experiments suggest that 

compounds 78 and 91 successfully activate IRE1α at the cellular level. 

3.2.2.8 Evaluation of anti-proliferative activity  

To evaluate the effect of IRE1α activation in cancer cells, the colony formation assay was 

conducted using two breast cancer cell lines, MCF-7 and MDA-MB-231, as well as the human 

colorectal adenocarcinoma cell line HT-29. All cell lines were treated with the compound 78 

and a DMSO control group for a duration of nine days. At concentrations of 20 µM and 10 

µM, no colony formation was observed. The first detectable colonies appeared at 5 µM, with 

their numbers increasing at lower concentrations. Cell lines HT29 and MDA-MB-231 

displayed a similar reduction in proliferation when compared to the DMSO control. Among 

the tested cell lines, MCF-7 exhibited lower proliferative capacity, as evidenced by a reduced 

number of colonies in its control group compared to the other cell lines (Figure 25). 

 

   

 

Figure 25. Antiproliferation effect of compound 78 measured by colony formation assay. Dose-dependent response exhibited 

by cancer cell lines HT29, MCF-7, and MDA-MB-2
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3.2.2.9 Summary 

In summary, we reported a new collection of aminopyrimidine-based compounds represented 

by the most potent derivatives 91 as IRE1α activators. The hit compound 78 was validated in 

our in-house assays. It showed EC50 value of 0.488 ± 0.04 µM for p-IRE1 and 1.31 ± 0.52 µM 

for IRE1α in FRET-based assay. In the attempt to improve the potency of the activators, 

structural modification was performed. Most of the synthesized derivatives retained the 

activity, and we could see a three-fold improvement in activation of p-IRE1α. The results 

suggested that the activity was mostly structure-dependent. The most advanced compound 91 

in our collection showed a sub-micromolar potency (EC50 0.48 μM IRE1α and 0.18 μM p-

IRE1α) against IRE1 ribonuclease and IRE1α kinase (IC50 0.19 µM). The binding between 91 

and IRE1α was evaluated by a DSF assay, and it was revealed that our compound bound to and 

dose-dependently stabilized IRE1α. Subsequent cellular assays indicated that 91 upregulated 

the ER stress-induced XBP1 splicing as well as other downstream IRE1α signaling in a 

concentration-dependent manner. Additionally, compound 78 exhibited good anticancer 

effects in colon, breast, and colorectal cancer cells at a low µM range. 

Collectively, our RNase activity-based screening studies and structural optimization resulted 

in the identification of novel IRE1α RNase activator compounds that also inhibit the kinase 

activity of the protein. The optimized derivatives are anticipated to serve as useful chemical 

tools for deciphering IRE1α-related downstream signaling pathways and as a starting point for 

subsequent drug design efforts targeting the IRE1α branch of UPR. 
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4 Conclusion and Perspectives 

In this thesis, two distinct small molecule-based approaches have been described, focusing on 

the scaffold-diverse synthesis of bioactive polycyclic compounds and the discovery of novel 

IRE1α modulators, respectively. The former centers on addressing the need for small molecule 

libraries covering unexplored chemical space by providing complex three-dimensional 

chemical structures. This work successfully leveraged the Petasis–sequence reactions to 

achieve the scaffold-diverse synthesis of bioactive polycyclic small molecules, leading to a 

collection of small molecules featuring a high content of sp3-hybridized carbon atoms, multiple 

stereogenic centers, and a polycyclic core scaffold. In the latter part, such a library of scaffold-

diverse small molecules containing natural product-inspired compounds was screened to 

identify novel chemotypes for the modulation of the dual RNase/Kinase RNA-cleaving protein 

IRE1α, a key regulator of the unfolded protein response signaling pathway. 

The 3C-PR enabled the rapid synthesis of highly functionalized amines in a single one-pot 

transformation with mild reaction conditions. We designed and synthesized PR products with 

strategically positioned side chains suitable for undergoing secondary transformations. 

Preliminary cyclization was performed based on Petasis products that contained olefin side 

chains, which undergo an intramolecular Diels–Alder reaction with the furan ring present 

within the scaffold. Furthermore, Petasis products with allyl and propargyl appendages were 

synthesized for a subsequent ruthenium-catalyzed eneyne metathesis reaction for the 

generation of a diene within the molecule, which in turn was used for intermolecular Diels–

Alder reaction with appropriate dienophile components. The integration of 3C-PR with 

intramolecular Diels–Alder and ring-closing metathesis sequences successfully enabled the 

rapid construction of structurally diverse polycyclic scaffolds enriched with sp3-hybridized 

carbon centres and multiple stereogenic elements. The stereochemistry of the final products 

from the Petasis–sequence reactions was confirmed by X-ray crystallographic structures of 

three derivatives, 5a, 9a, and 9j. The resulting library of complex small molecules not only 

demonstrated high chemical diversity but also exhibited favorable drug–like properties and 

promising antiproliferative effects against human cancer cell lines, underscoring their potential 

for therapeutic applications. 

In parallel, an RNase activity-based screening approach was employed to identify new small-

molecule modulators of IRE1α, a key player in the unfolded protein response. IRE1α activity 

has been reported to promote tumor development and aggressiveness across various cancers, 
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and hence, using small molecules to target the IRE1α-XBP1 branch of UPR poses a promising 

strategy for the treatment of these diseases. The screening efforts enabled the discovery of 

indole-based IRE1α inhibitors and aminopyrimidine-based activators, which were further 

structurally modified and optimized to yield small molecules with improved potency. The 

extensive structural modifications for the indole-based activators resulted in a collection of 61 

indole-based IRE1α inhibitors. The structural activity relationship analysis guided by the 

inhibitory potency in the FRET assay led to the identification of highly selective inhibitors with 

nanomolar potency.  Among them, compound 54 emerged as the most potent, exhibiting IC50 

values of 16 nM and 9 nM towards IRE1α and pIRE1α, respectively. Its binding affinity was 

further validated using orthogonal biophysical techniques, including MST (KD = 1.36 μM) and 

ITC (KD = 0.94 μM). Mechanistic studies demonstrated that 54 engages the ATP-binding site 

within the kinase domain of IRE1α, thereby inducing allosteric inhibition of its RNase function. 

In cellular assays, compound 54 effectively suppressed ER stress-induced XBP1 mRNA 

splicing in a dose-dependent manner and attenuated downstream UPR signaling.  

In comparison, the aminopyrimidine-based activators, represented by compound 91, 

demonstrated sub-micromolar potency (EC50 0.48 μM IRE1α and 0.18 μM p-IRE1α) in 

enhancing IRE1α RNase activity. Preliminary structure-activity relationship studies identified 

critical functional groups responsible for the IRE1α ribonuclease activity. The binding of the 

novel activator compounds to IRE1α was confirmed through biophysical techniques, including 

MST (KD= 256 nM for 78) and DSF, which demonstrated a dose-dependent, ligand-induced 

stabilization of IRE1α. Cellular assays confirmed their ability to upregulate XBP1 mRNA 

splicing and downstream UPR signalling. Additionally, antiproliferative effects of the 

identified IRE1α activators were evaluated using in vitro assays across multiple cancer cell 

lines. The methylpiperazinylphenylacetic acid 91 showed a significant reduction in colony 

formation at low micromolar concentrations.  Notably, the evaluated RNase activators also 

inhibited IRE1α kinase function, suggesting its dual function modulating IRE1α that could be 

further exploited for therapeutic benefit. 

Overall, this thesis work showcases the capability of Petasis–sequence reactions as efficient 

and complexity-generating strategies in constructing polycyclic bioactive small molecules and 

highlights the potential of scaffold-diverse IRE1α modulators as valuable chemical probes and 

starting points for drug development. The optimized derivatives provide critical insights into 

IRE1α function and its role in ER stress response, paving the way for further studies targeting 

this pathway in disease contexts such as cancer.
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5 Experimental Section 

5.1 General chemistry information 

All reagents and solvents used in this study were obtained from commercial sources, including 

Sigma-Aldrich, TCI Chemicals, BLD Pharm, or Fisher Scientific and were used without 

additional purification. All solvents employed for chromatography were laboratory grade. 

Reaction progress was monitored by an LC-MS (Agilent 1260 II Infinity system) coupled with 

a mass detector (column: InfinityLab Poroshell 120 EC-C18, 2.1 × 150, 2.7 μm) and thin layer 

chromatography (TLC). Suitable gradient systems were employed for LC-MS analysis using 

mixtures of water and acetonitrile containing 0.1% trifluoroacetic acid. TLC analyses were 

conducted on Merck silica gel aluminum plates with F-254 indicator, visualized under UV light 

(at 254 nm or 356 nm) as well as by using iodine stain, or dipping in potassium permanganate 

stain (1.5 g of KMnO4, 1.25 mL of 10% aqueous NaOH solution, 10 g of K2CO3 and 200 mL 

of water). Crude products were purified using flash column chromatography (FlashPure 

EcoFlex Silica gel cartridge, Irregular particle shape, particle size: 40-63 μm) and preparative 

HPLC with acetonitrile and water in appropriate gradients (Nucleodur C18 gravity column, 5 

μm). The 1H and 13C NMR spectra were recorded on a Bruker DRX400 (400 MHz), DRX500 

(500 MHz), DRX600 (600 MHz), and DRX700 (700 MHz) spectrometers in solvents CDCl3, 

DMSO-d6, and CD3OD. NMR data are presented in the following sequence: chemical shift 

values (in ppm), followed by signal multiplicities defined as s (singlet), d (doublet), t (triplet), 

q (quartet), hep (heptet), dd (doublet of doublets), dt (doublet of triplets), td (triplet of doublets), 

tt (triplet of triplets), ddt (doublet of doublet of triplets), and m (multiplet). Coupling constants 

(J) are reported in Hertz (Hz). High-resolution mass spectrometry (HRMS) analyses were 

conducted using either an LTQ Orbitrap mass spectrometer interfaced with an Accela HPLC 

System (equipped with a Hypersyl GOLD column, 50 mm × 1 mm, 1.9 μm), or a compact 

QTOF (Bruker Daltonics GmbH & Co. KG, Bremen, Germany) coupled to an Agilent 1260 

Infinity II platform (Agilent Technologies, Waldbronn, Germany) comprising a G7129A 

autosampler, G7116A column compartment, G7117C photodiode array detector, and G7111B 

quaternary pump, using either ESI or APCI ionization techniques. Compounds 13–23, 24, 26, 

36, and indomethacin were sourced from the COMAS compound library at the Max Planck 

Institute of Molecular Physiology, Dortmund.131 All the remaining compounds in this thesis 

were synthesized following the procedures detailed in the subsequent sections, with references 

to previously published methods provided where appropriate.      
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5.2 Synthetic procedures and compound characterizations 

5.2.1 Petasis–sequence reactions 

5.2.1.1 Building blocks with olefin substitution 

N-Allyl-N-(2-furylmethyl) amine (1c) 

 

The synthesis of compound  1c was carried out according to the reported procedure138 using 

allylamine (0.98 g, 17.17 mmol), furfural (1.50 g, 15.61 mmol), and MgSO4 (1.88 g) in DCM 

(12 mL). The crude imine formed from the reaction was used in the next step in methanol (30 

mL) and NaBH4 (0.42 g, 11.10 mmol). The resulting crude amine was purified by column 

chromatography to afford pure N-allyl-N-(2-furylmethyl) amine (1c), 1.65 g, 81% yield. 1H 

NMR (600 MHz, DMSO-d 6) δ= 7.54 (m, 1H), 6.37 (dd, J = 3.0, 1.8 Hz, 1H), 6.21 (d, J = 3.0 

Hz, 1H). 5.85-5.78 (m, 1H), 5.16-5.03 (m, 2H), 3.63 (s, 2H), 3.12-3.11 (m, 2H), 2.12 (bs, 1H). 

Spectroscopic data were in accordance with the reported data.138 

 5-Allyl-2,2-dimethyl-1,3-dioxolan-4-ol (2) 

 

The synthesis of compound 2 was carried out according to the reported procedure.31 At first, 

2-hydroxypent-4-enoic acid was obtained from glyoxylic acid (3.00 g, 32.59 mmol), allyl 

bromide (6.81 g, 52.15 mmol), and fine flakes of freshly cut indium (3.78 g, 0.174 mmol) in a 

2:1 mixture of THF and H2O (60 mL). The resulting 2-hydroxypent-4-enoic acid was used in 

the next step without further purification (2.23 g, 59% yield). 1H NMR (400 MHz, CDCl3) δ= 

5.87-5.77 (m, 1H), 5.23-5.17 (m, 2H), 4.36 (dd, J = 6.8, 4.8 Hz, 1H), 2.68-2.46 (m, 2H). 

Spectroscopic data were in accordance with the reported literature.31  

Secondly, 5-allyl-2,2-dimethyl-1,3-dioxolan-4-one was synthesized from 2-hydroxypent-4-

enoic acid (2.21 g, 19.07 mmol), 2,2-dimethoxypropane (15.87 g, 152.54 mmol), and pyridine 

p-toluenesulfonate (0.96 g, 3.8 mmol) in acetone (124 mL). The crude reaction mixture was 

purified by using flash column chromatography on silica gel to afford the title compound as a 

colorless oil that was used for the next step (2.3 g, 77% yield). 1H NMR (400 MHz, CDCl3) δ 
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5.82 (ddt, J = 17.1, 10.2, 6.9 Hz, 1H), 5.33-5.14 (m, 2H), 4.47 (dd, J = 6.7, 4.3 Hz, 1H), 2.71-

2.59 (m, 1H), 2.56-2.43 (m, 1H), 1.61 (s, 3H), 1.55 (s, 3H). Spectroscopic data were in 

accordance with the reported literature.31 

Finally, 5-allyl-2,2-dimethyl-1,3-dioxolan-4-ol (2) was synthesized from a solution of 5-allyl-

2,2-dimethyl-1,3-dioxolan-4-one (2.30 g, 14.73 mmol) in toluene (60 mL) using DIBAL-H 

(18.59 mL, 17.52 mmol, 25% DIBAL-H in toluene). The final product (2) was immediately 

used for reactions without further purification (2.08 g, 89 % yield). 

N-Propargyl-thiophenemethylamine (6a) 

  

The synthesis of 6a was carried out according to the reported procedure139 using thiophene 

methylamine (2.0 g, 17.67 mmol), propargylbromide 80% (2.63 g, 17.67 mmol), and K2CO3 

in THF. The crude amine was purified by column chromatography to afford the pure product 

(1.63 g, 60.91% yield). 1H NMR (500 MHz, CDCl3) δ= 7.24 (dd, J = 5.0, 1.0 Hz, 1H), 6.99-

6.98 (m, 1H), 6.96 (dd, J = 5.0, 3.5 Hz, 1H), 4.11 (d, J = 0.7 Hz, 2H), 3.47 (d, J = 2.5 Hz, 2H), 

2.27 (t, J = 2.5 Hz, 1H). Spectroscopic data were in accordance with the reported data.139 

N-(Thiophen-2-ylmethyl)but-2-yn-1-amine (6b) 

  

The synthesis of compound 6b was carried out by a procedure adapted from reported 

literature.139 Thiophene methylamine 0.70 g (6.18 mmol) and K2CO3 1.734 g (12.37 mmol) 

were added to THF (42 mL), cool down the mixture to zero degree. A solution of 1-bromo-2-

butyne 822.487 (6.18 mmol) in THF 42 mL was added drop-wise to the mixture over a period 

of 2 h at 0 ˚C. Stirred the reaction mixture at room temperature for 12 h. The mixture was 

concentrated in vacuo. The crude amine was purified by column chromatography on silica gel 

using petroleum ether and ethyl acetate (355 mg, 35% yield). 1H NMR (400 MHz, CDCl3) δ= 

7.22 (dd, J = 4.8, 1.2 Hz, 1H), 6.97-6,.94 (m, 2H), 4.07 (s, 2H), 3.41 (q, J = 2.3 Hz, 2H), 1.84 

(t, J = 2.4 Hz, 3H), 1.77 (s, 1H). 
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5.2.1.2 General Procedure for allylated tertiary amines by Petasis reaction 

 

A mixture of primary or secondary amine (1 equiv.), aldehyde (1.2 equiv.), and boronic acid 

(1.2 equiv.) was added to HFIP (0.1 M) in the presence of 3Å molecular sieves. The reaction 

was stirred at ambient temperature, with progress monitored by TLC and LC-MS. Upon 

completion, the solvent was removed under reduced pressure. The crude product was then 

subjected to flash chromatography using 4–10% ethyl acetate in petroleum ether as the eluent 

to afford the purified compound. 

(1S,2R)-1-((Furan-2-ylmethyl)amino)-1-(thiophen-2-yl)pent-4-en-2-ol (4a) 

 

Synthesized by following the general procedure for the preparation of 4a-4j. Compound 4a 

was obtained from furfurylamine 1a (50 mg, 0.51 mmol), 5-allyl-2,2-dimethyl-1,3-dioxolan-

4-ol 2 (97.74 mg, 0.62 mmol), and 2-thienylboronic acid 3a (79.06 mg, 0.62 mmol) in HFIP (5 

mL) for 5 h. Purified as a colourless oil. (117.96 mg, 87% yield). 1H NMR (500 MHz, CDCl3) 

δ= 7.37 (dd, J = 1.8, 0.8 Hz, 1H), 7.31 – 7.29 (m, 1H), 7.02 – 6.99 (m, 2H), 6.31 (dd, J = 3.2, 

1.9 Hz, 1H), 6.18 (m, 1H), 5.79 (m, 1H), 5.07 (m, 2H), 4.05 (d, J = 3.6 Hz, 1H), 3.96 (ddd, J = 

8.5, 5.1, 3.7 Hz, 1H), 3.75 (dd, J = 73, 14.5 Hz, 2H), 2.11 (m, 2H). 13C NMR (126 MHz, 

CDCl3) δ= 152.73, 142.29, 141.17, 134.62, 127.07, 126.49, 125.82, 118.01, 110.36, 107.93, 

72.24, 61.22, 43.50, 37.88. HRMS-ESI (m/z): calculated for [M+H]+ C14H18NO2S, 264.1053; 

found, 264.1054.  
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(1S,2R)-1-(Thiophen-2-yl)-1-((thiophen-2-ylmethyl)amino)pent-4-en-2-ol (4b) 

 

Synthesized by following the general procedure for the preparation of 4a-4j. Compound 4b 

was obtained from 2-thiophenemethylamine 1b (50 mg, 0.44 mmol), 5-allyl-2,2-dimethyl-1,3-

dioxolan-4-ol 2 (83.86 mg, 0.53 mmol), and 2-thienylboronic acid 3a (67.83 mg, 0.53 mmol) 

in HFIP (4 mL) for 3 h. Purified as a colourless oil (102.46 mg, 83% yield). 1H NMR (600 

MHz, CDCl3) δ= 7.30 (m, 1H), 7.22 (dd, J = 5.4, 1.2 Hz, 1H), 7.01 (dd, J = 5.3, 3.6 Hz, 1H), 

6.99-6.98 (m, 1H), 6.95 (dd, J = 4.8, 3.0 Hz, 1H), 6.90-6.89 (m, 1H), 5.84-5.77 (m, 1H), 5.05-

5.09 (m, 2H), 4.09 (d, J =3. 6 Hz, 1H), 4.00 (dd, J = 13.8, 0.6 Hz, 1H), 3.95-3.92 (m, 1H), 3.88 

(dd, J = 13.8, 0.6 Hz, 1H), 2.199-2.15 (m, 1H), 2.12-2,07 (1H, m).13C NMR (151 MHz, CDCl3) 

δ= 143.25, 142.02, 134.75, 126.83, 126.76, 126.51, 125.56, 125.52, 124.85, 117.97, 72.70, 

61.25, 45.74, 37.91. HRMS-ESI (m/z): calculated for [M+H]+ C14H18NOS2, 280.0824; found, 

280.0825. 

4-((1R,2R)-2-Hydroxy-1-((thiophen-2-ylmethyl)amino)pent-4-en-1-yl)phenol (4c) 

 

Synthesized by following the general procedure for the preparation of 4a-4j. Compound 4c 

was obtained from 2-thiophenemethylamine 1b (50 mg, 0.44 mmol), 5-allyl-2,2-dimethyl-1,3-

dioxolan-4-ol 2 (83.86 mg, 0.53 mmol), and 4-hydroxyphenylboronic acid 3b (72.83 mg, 0.53 

mmol) in HFIP (4 mL) for 1 h. Purified as a white powder (53 mg, 50% yield). 1H NMR (700 

MHz, DMSO-d6) δ= 9.19 (s, 1H), 7.36 (dd, J = 4.9, 1.4 Hz, 1H), 7.12 – 7.09 (m, 2H), 6.93 (dd, 

J = 4.9, 2.8 Hz, 1H), 6.85 – 6.83 (m, 1H), 6.72 –6.70 (m, 2H), 5.81 – 5.75 (m, 1H), 4.96 – 4.93 

(m, 2H), 4.56 (d, J = 5.4 Hz, 1H), 3.73 (d, J = 14 Hz, 1H), 3.65 (m, 1H), 3.58 (d, J = 14 Hz, 

1H), 3.50 (d, J = 4.9 Hz, 1H), 2.55 (bs, 1H), 2.11-1.95 (m, 2H). 13C NMR (176 MHz, (CD3)2SO) 



Experimental 

 68  

 

δ= 156.55, 145.57, 137.11, 131.13, 129.72, 127.01, 124.86, 124.76, 116.47, 115.16, 73.84, 

65.49, 45.70, 37.98. HRMS-ESI (m/z): calculated for [M+H]+ C16H20NO2S, 290.1209; found, 

290.1209. 

(1R,2R)-1-((Furan-2-ylmethyl)amino)-1-(4-methoxyphenyl)pent-4-en-2-ol (4d) 

 

Synthesized by following general procedure for the preparation of 4a-4j. Compound 4d was 

obtained from furfurylamine 1a (70 mg, 0.72 mmol), 5-allyl-2,2-dimethyl-1,3-dioxolan-4-ol 2 

(136.83 mg, 0.86 mmol), 4-methoxyphenylboronic acid 3c (131.43 mg, 0.86 mmol) in HFIP 

(5 mL) for 3 h. Purified as a light-yellow oil (27 mg, 13% yield). 1H NMR (500 MHz, CDCl3) 

δ= 7.36 (dd, J = 3.1, 1.9 Hz, 1H), 7.28 – 7.25 (m, 2H), 6.91 – 6.88 (m, 2H), 6.30 (dd, J = 3.1, 

1.9 Hz, 1H), 6.12 (dd, J = 3.5, 0.5 Hz, 1H),  5.82-5.74 (m, 1H), 5.07-5.03 (m, 2H), 3.90-3.87 

(m, 1H), 3.81 (s, 3H), 3.76 (d, J = 14.5 Hz, 1H), 3.69 (d, J =  2.5 Hz, 1H), 3.60 (d, J = 14.5 Hz, 

1H), 2.12-1.97 (m, 2H). 13C NMR (126 MHz, CDCl3) δ= 159.25, 153.26, 142.12, 135.15, 

130.46, 129.72, 117.74, 113.94, 110.28, 107.52, 72.78, 64.86, 55.38, 43.65, 37.66. HRMS-ESI 

(m/z): calculated for [M+H]+ C17H22NO3, 288.1594; found, 288.1595. 

(1R,2R)-1-(Allyl(furan-2-ylmethyl)amino)-1-(furan-3-yl)pent-4-en-2-ol (4e) 

 

Synthesized by following general procedure for the preparation of 4a-4j. Compound 4e was 

obtained from N-allyl-N-(2-furylmethyl) amine (1c) (100 mg, 0.73 mmol), 5-allyl-2,2-

dimethyl-1,3-dioxolan-4-ol 2 (138.38 mg, 0.87 mmol), furan-3-boronicacid 3d (97.879 mg, 

0.87 mmol) in HFIP (5 mL) for 2 h. Purified as a colourless oil (168.60 mg, 80 % yield). 1H 

NMR (500 MHz, CDCl3) δ= 7.44 (t, J = 1.5 Hz, 1H), 7.38-7.37 (m, 2H), 6.44 (d, J = 1.5 Hz, 

1H), 6.32 (dd, J = 3.1, 1.9 Hz, 1H), 6.16 (d, J = 2.9 Hz, 1H), 5.86-5.77 (m, 2H), 5.22-5.15 (m, 
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2H), 5.11-5.07 (m, 2H), 4.11 (m, 1H), 3.82-3.76 (m, 1H), 3.60 (d, J = 6.1 Hz, 1H), 3.44-3.37 

(m, 1H), 3.26 (m, 1H), 2.90 (dd, J = 14.5, 7.5 Hz, 1H), 2.39-2.34 (m, 1H), 2.16-2.10 (m, 1H). 

13C NMR (126 MHz, CDCl3) δ= 152.86, 143.22, 142.08, 142.05, 135.98, 135.14, 119.54, 

117.81, 117.69, 111.21, 110.27, 108.64, 70.31, 59.79, 53.81, 46.99, 38.67. HRMS-ESI (m/z): 

calculated for [M+H]+ C17H22NO3, 288.1594; found, 288.1594. 

 (1S,2R)-1-(Allyl(furan-2-ylmethyl)amino)-1-(thiophen-2-yl)pent-4-en-2-ol (4f) 

 

Synthesized by following general procedure for the preparation of 4a-4j. Compound 4f was 

obtained from N-allyl-N-(2-furylmethyl) amine (1c) (100 mg, 0.73 mmol), 5-allyl-2,2-

dimethyl-1,3-dioxolan-4-ol 2 (138.38 mg, 0.87 mmol), 2-thienylboronicacid 3a (111.934 mg, 

0.87 mmol) in HFIP (5 mL) for 3 h. Purified as a colourless oil (154.8 mg, 70 % yield).  1H 

NMR (600 MHz,CDCl3) δ= 7.39 (m, 1H), 7.31 (d, J = 4.8 Hz, 1H), 7.04 (dd, J = 5.4, 3.6 Hz, 

1H), 6.98-6.97 (m, 1H), 6.33 – 6.32 (m, 1H), 6.20 (m, 1H), 5.86 – 5.80 (m, 2H), 5.24 (dd, J = 

17.2, 1.2 Hz, 1H), 5.18-5.16 (m, 1H), 5.11 – 5.08 (m, 2H), 4.20 (m, 1H), 3.96 (m, 1H), 3.82 (d, 

J = 14.5 Hz, 1H), 3.45 (d, J = 14.5 Hz, 1H), 3.28 (m, 1H), 2.93-2.89 (m, 1H), 2.45-2.43 (m, 

1H), 2.19 (bs, 1H), 2.17-2.13 (m, 1H). 13C NMR (151 MHz, CDCl3) δ= 152.81, 142.17, 138.67, 

136.01, 135.00, 127.94, 126.49, 125.60, 117.91, 117.84, 110.29, 108.81, 70.95, 63.81, 53.82, 

46.95, 38.66. HRMS-ESI (m/z): calculated for [M+H]+ C17H22NO2S, 304. 1366; found, 

304.1366.  

(1S,2R)-1-(allyl(thiophen-2-ylmethyl)amino)-1-(thiophen-2-yl)pent-4-en-2-ol  (4g) 

 

Compound 4b (40 mg, 0.14 mmol) was dissolved in DCM (2.5 mL), followed by the addition 

of triethylamine (43.46 mg, 0.43 mmol) and allyl bromide (86.59 mg, 0.72 mmol). The reaction 

mixture was stirred at room temperature for 24 hours. Upon completion, the solvent was 
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removed, and the crude product was purified by flash chromatography using a mobile phase of 

1% ethyl acetate in petroleum ether to yield the purified compound as a yellow oil (21 mg, 45% 

yield). 1H NMR (700 MHz, CDCl3) δ= 7.32 (d, J = 4.9, 1H), δ 7.23 (d, J = 4.9, 1H), δ 7.07 (t, 

J = 3.5, 1H), 6.97-6.90 (m, 3H), 5.92-5.82 (m, 2H), 5.26-5.18 (m, 2H), 5.16-5.11 (m, 2H), 4.16 

(t, J = 8.4, 1H), 4.00 (d, J = 7.7, 1H), 3.95 (d, J = 14, 1H), 3.55 (d, J = 14, 1H), 3.34-3.32 

(m,1H), 2.88 (m, 1H), 2.67-2.64 (m, 1H),  2.24-2.20 (m, 1H), 1.93 (bs, 1H). 13C NMR (176 

MHz, CDCl3) δ= 143.83, 138.25, 136.04, 135.16, 127.90, 126.69, 126.61, 125.75, 125.50, 

125.03, 118.06, 117.97, 71.59, 63.23, 53.46, 49.62, 38.90. HRMS-ESI (m/z): calculated for 

[M+H]+ C17H22NOS2, 320.1137; found, 320.1137.  

(1R,2R)-1-(Allyl(furan-2-ylmethyl)amino)-1-(p-tolyl)pent-4-en-2-ol (4h) 

 

Synthesized by following general procedure for the preparation of 4a-4j. Compound 4h was 

obtained from N-allyl-N-(2-furylmethyl) amine (1c) (73.33 mg, 0.53 mmol), 5-allyl-2,2-

dimethyl-1,3-dioxolan-4-ol 2 (101.33 mg, 0.64 mmol), tolylboronicacid 3e (87.08 mg, 0.64 

mmol) in HFIP (3 mL). Purified as a colourless oil (103.3 mg, 62% yield). 1H NMR (400 MHz, 

CDCl3) δ= 7.39 –7.38 (m, 1H), 7.20 (d, J = 8 Hz, 2H), 7.17 (d, J = 8 Hz, 2H), 6.33 (dd, J = 3.2, 

1.6 Hz, 1H), 6.16 (d, J = 3.2, 1H), 5.91 – 5.78 (m, 2H), 5.23 – 5.15 (m, 2H), 5.09 – 5.06 (m, 

2H), 4.31–4.26 (m, 1H), 3.81 (d, J = 15.0 Hz, 1H), 3.58 (d, J = 6.4 Hz, 1H), 3.47 (d, J = 15.0 

Hz, 1H), 3.24 (dd, J = 14.5, 5.0 Hz, 1H), 2.94-2.89 (m, 1H), 2.36 (S, 3H) 2.34 – 2.31 (m, 1H) 

2.04 – 1.97 (m, 1H). 13C NMR (101 MHz, CDCl3) δ= 152.95, 142.02, 137.44, 135.98, 135.52, 

133.23, 129.82, 129.07, 117.77, 117.42, 110.21, 108.69, 69.73, 68.07, 53.40, 46.51, 38.89, 

21.26. HRMS-ESI (m/z): calculated for [M+H]+ C20H26NO2, 312.1958; found, 312.1957.  
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(1R,2R)-1-(Allyl(furan-2-ylmethyl)amino)-1-phenylpent-4-en-2-ol (4i) 

 

Synthesized by following general procedure for the preparation of 4a-4j. Compound 4i was 

obtained from N-allyl-N-(2-furylmethyl) amine (1c) (60.00 mg, 0.44 mmol), 5-allyl-2,2-

dimethyl-1,3-dioxolan-4-ol 2 (83.63 mg, 0.53 mmol), phenylboronicacid 3f (64.46 mg, 0.53 

mmol) in HFIP (4 mL). Purified as a white powder (56 mg, 43 % yield). 1H NMR (600 MHz, 

CDCl3) δ= 7.39 (m, 1H), 7.38-7.30 (m, J = 5H), 6.33 (m, 1H), 6.17 (m, 1H), 5.84 (m, 2H), 

5.22-5.17 (m, 2H), 5.08-5.05 (m, 2H), 4.32 (m, 1H), 3.82 (d, J =12 Hz, 1H), 3.61 (m, 1H), 3.49 

(d, J =12.6 Hz, 1H), 3.26-3.24 (m, 1H), 2.95-2.92 (m, 1H), 2.37 (bs, 1H), 2.31-2.30 (m, 1H), 

2.01-1.96 ( m, 1H). 13C NMR (151 MHz, CDCl3) δ= 152.88, 142.11, 136.49, 135.89, 135.39, 

129.98, 128.37, 127.87, 117.87, 117.55, 110.27, 108.80, 69.62, 68.46, 53.44, 46.48, 38.89. 

HRMS-ESI (m/z): calculated for [M+H]+ C19H24NO2; 298.1802 found, 298.1802.  

5.2.1.3 General procedure for IMDA of Petasis derived products 

 

 

Intermediates (4g, 4i, 4j) formed from PR were individually dissolved in toluene (0.15 M) and 

heated to reflux at 110 °C with continuous stirring. Reaction progress was monitored using 

TLC and LC-MS. Upon completion, the solvent was removed under reduced pressure, and the 

crude material was purified by silica gel column chromatography using 2–5% methanol in 

dichloromethane as the eluent. 
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(1S,2R)-1-((3aR,6R,7aR)-1,6,7,7a-Tetrahydro-3a,6-epoxyisoindol-2(3H)-yl)-1-(thiophen-

2-yl)pent-4-en-2-ol (5a)  

 

Synthesized by following the general procedure for the preparation of 5a-5c. 5a was obtained 

from 4g (138 mg, 0.45 mmol) dissolved in toluene (3 mL) and stirred at 110 °C. Purified as 

colourless crystals, formed as 1:1 rotamers. (81.80 mg, 59 % yield). 1:1 rotamers:  1H NMR 

(400 MHz, CDCl3) δ= 7.29-7.28 (m,1H), 6.97-6.96 (m, 1H), 6.37 (dd, J= 41.2, 5.6, 1H), 6.29-

6.26 (m, 1H), 5.86-5.76 (m, 1H), 5.07-5.02 (m, 2H), 4.98-4.97 (m, 1H), 4.12-4.06 (m, 1H), 

3.81 (d, J= 2.8, 0.50 H, rotamer 1) 3.78-3.76 (m, 1H), 3.48 (t, J= 7.6, 0.50 H, rotamer 2), 3.31 

(d, , J = 12.5 Hz, 0.50 H, rotamer 1), 3.14, 3.02 (two bs, total 1 H, 2 rotamers), 2.88-2.81 

(m,1H), 2.75 (d, J = 12.5 Hz, 0.50 rotamer 2), 2.28-2.24 (m, 0.50 H, rotamer 1),  2.16-2.11 (m, 

0.50H, rotamer 2), 2.09-1.92 (m, 3H), 1.74-1.71 (m, 0.50 H, rotamer 1) 1.64-1-59 (m, 0.50 H, 

rotamer 2), 1.37 (dd, J = 11.6, 7.6 Hz, 0.50 H, rotamer 1), 1.28 (dd, J = 11.2, 7.6 Hz, 0.50 H, 

rotamer 2). 13C NMR (176 MHz, CDCl3) δ= 140.19 (rotamer 1), 139.92 (rotamer 2), 136.26 

(rotamer 1), 136.11 (rotamer 2), 135.91 (rotamer 1), 135.85 (rotamer 2), 134.76 (rotamer 1), 

134.68 (rotamer 2), 127.58 (rotamer 1), 127.42 (rotamer 2), 126.11 (rotamer 1), 125.91 

(rotamer 2), 125.83 (rotamer 1), 125.71 (rotamer 2), 117.62 (rotamer 1), 117.59 (rotamer 2), 

95.86 (rotamer 1), 95.27 (rotamer 2), 80.21 (rotamer 1), 80.11 (rotamer 2), 70.55 (rotamer 1), 

70.31 (rotamer 2), 69.19  (rotamer 1), 69.11 (rotamer 2), 57.44(rotamer 1), 57.15 (rotamer 2), 

54.11 (rotamer 1), 54.03 (rotamer 2), 43.37 (rotamer 1), 42.75 (rotamer 2), 38.03 (rotamer 1), 

37.92 (rotamer 2), 29.54 (rotamer 1), 29.13 (rotamer 2). HRMS-ESI (m/z): calculated for 

[M+H]+ C17H22NO2S, 304. 1366; found, 304.1366. 

(1R,2R)-1-((3aR,6R,7aR)-1,6,7,7a-Tetrahydro-3a,6-epoxyisoindol-2(3H)-yl)-1-(p-

tolyl)pent-4-en-2-ol (5b) 
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Synthesized by following the general procedure for the preparation of 5a-5c. 5b was obtained 

from 4i (81 mg, 0.26 mmol) dissolved in toluene (1.8 mL) and stirred at 110 °C. Purified as 

colourless crystals, formed as 1:1 rotamers. (47.3 mg, 58 % yield). 1:1 rotamers:  1H NMR (400 

MHz, CDCl3) δ= 7.24-7.11 (m, 4H), 6.44, 6.31 (two d, J = 5.6 Hz, total 1H, 2 rotamers), 6.29, 

6.26 (two dd, J = 5.6, 1.6 Hz, total 1 H, two rotamers), 5.86 – 5.75 (m, 1H), 5.04 - 4.96 (m, 

3H), 4.12-4.06 (m, 1H), 3.80 (d, J = 11.6 Hz, 0.50 H, rotamer 1), 3.56-3.48 (m, 0.50 H, rotamer 

1), 3.37 (dd, J = 20, 3.2 Hz, 1H), 3.28 (d, J = 12.4 Hz, 0.50 H, rotamer 1), 2.91-2.87 (m, 0.50 

H, rotamer 2), 2.85 (d, J = 11.7 Hz, 0.50 H, rotamer 2), 2.60 (d, J = 12.4 Hz, 0.50 H, rotamer 

2), 2.34 (m, 3H), 2.30-2.25, 2.06-2.01(two m, total 1H, 2 rotamers), 2.13-2.07, 1.99-1.95 (two 

m, total 1 H, 2 rotamers), 1.93-1.78 (m, 2H), 1.77-1.71, 1.61-1.55 (two m, total 1H, 2 rotamers), 

1.37, 1.26 (two dd, J = 11.6, 7.6 Hz, total 1H, two rotamers). 13C NMR (101 MHz, CDCl3) δ= 

137.42, 136.12 (rotamer 1), 136.04 (rotamer 2), 135.99 (rotamer 1), 135.87 (rotamer 2), 135.27 

(rotamer 1), 135.18 (rotamer 2), 134.80, 129.56 (rotamer 1), 129.49 (rotamer 2), 128.91 

(rotamer 1), 128.86 (rotamer 2), 117.24 (rotamer 1), 117.18 (rotamer 2), 95.95 (rotamer 1), 

95.34 (rotamer 2), 80.16 (rotamer 1), 80.09 (rotamer 2), 73.77 (rotamer 1), 73.67 (rotamer 2), 

71.07 (rotamer 1), 70.74 (rotamer 2), 57.60 (rotamer 1), 57.32 (rotamer 2), 54.54 (rotamer 1), 

54.37 (rotamer 2), 43.33 (rotamer 1), 42.89 (rotamer 2), 38.40 (rotamer 1), 38.38 (rotamer 2), 

29.55 (rotamer 1), 29.09 (rotamer 2), 21.25. HRMS-ESI (m/z): calculated for [M+H]+ 

C20H26NO2, 312.1958; found, 312.1957. 

(1R,2R)-1-Phenyl-1-((3aR,6R,7aR)-1,6,7,7a-tetrahydro-3a,6-epoxyisoindol-2(3H)-

yl)pent-4-en-2-ol (5c) 

 

Synthesized by following the general procedure for the preparation of 5a-5c. 5c was obtained 

from 4j (33 mg, 0.11 mmol) dissolved in toluene (1.0 mL) and stirred at 110 °C. Purified as a 

white powder, formed as 1:1 rotamers. (16.5 mg, 50 % yield). 1:1 rotamers:  1H NMR (400 

MHz, CDCl3) δ= 7.35-7.31 (m, 5H), 6.46-6.26 (m, total 2H, 2 rotamers), 5.85-5.75 (m, 1H), 

5.05-4.99 (m, 3H), 4.16-4.11 (m, 1H), 3.89-3.59 (two singlet, total 1H, 2 rotamers), 3.44 (dd, 

J= 18.8, 1.6, 1H), 3.32, 2.64 (two doublets , J= 12.4, total 1H, 2 rotamers), 2.95-2.89 (m, 1H), 

δ 2.36 – 2.29, 2.11 – 2.05 (two multiplets, total 1H, 2 rotamers), 2.17-2.13, 2.03-1.99 (two 

multiplets, total 1H, 2 rotamers) 1.93-1.80 (m, 2H) 1.78-1.73, 1.61-1.56 (two multiplets, total 



Experimental 

 74  

 

1H, 2 rotamers), 1.42-1.28 (m, total 1H, 2 rotamers). 13C NMR (101 MHz, CDCl3) δ= 136.26 

(rotamer 1), 136.18 (rotamer 2), 135.8, 135.69 (rotamer 1), 135.68 (rotamer 2), 135.11 (rotamer 

1), 135.01(rotamer 2), 129.78 (rotamer 1), 129.72 (rotamer 2), 128.28 (rotamer 1), 128.23 

(rotamer 2), 127.99, 117.45 (rotamer 1), 117.37 (rotamer 2), 95.83 (rotamer 1), 95.25 (rotamer 

2), 80.26 (rotamer 1), 80.19 (rotamer 2), 74.29 (rotamer 1), 74.23 (rotamer 2), 70.93 (rotamer 

1), 70.59 (rotamer 2), 57.78 (rotamer 1), 57.51 (rotamer 2), 54.61(rotamer 1), 54.44 (rotamer 

2), 43.30 (rotamer 1), 42.89 (rotamer 2), 38.38 (rotamer 1), 38.37 (rotamer 2), 29.67 (rotamer 

1), 29.22 (rotamer 2). HRMS-ESI (m/z): calculated for [M+H]+ C19H24NO2; 298.1802 found, 

298.1801. 

5.2.1.4 General procedure for the synthesis N-allylated and propargylated tertiary 

amines by Petasis reaction  

Corresponding secondary amine (1 equiv.), masked aldehyde component (1.2 equiv.), and 

boronic acid (1.2 equiv.) were simultaneously added to HFIP (0.5 M) in presence of 3Å 

molecular sieves. The mixture was stirred at room temperature and monitored by LC-MS and 

TLC. The solvent then evaporated under reduced pressure. Purified the resultant residue by 

column chromatography (5-7% ethyl acetate in petroleum ether). 

 

(1R,2R)-1-(Furan-3-yl)-1-(prop-2-yn-1-yl(thiophen-2-ylmethyl)amino)pent-4-en-2-ol (7a) 

 

Using general procedure for the preparation of 7a-7d. Compound 7a was obtained from N-

propargyl-thiophenemethylamine 6a (223.00 mg, 1.47 mmol), 5-allyl-2,2-dimethyl-1,3-

dioxolan-4-ol 2 (279.93 mg, 1.77 mmol), furan-3-boronicacid 3d (197.99 mg, 1.77 mmol) in 

HFIP (6 mL). Purified as a colourless oil (365.00 mg, 82 % yield). 1H NMR (500 MHz, CDCl3) 

δ= 7.46 (s, 1H), 7.44-43 (m, 1H), 7.24 (dd, J = 3.5 Hz, J = 1.5 Hz, 1H) 6.94-6.92 (m, 2H), 6.53 

(m, 1H), 5.89-5.80 (m, 1H), 5.10-5.06 (m, 2H), 4.20-4.17 (m, 1H), 3.89 (dd, J = 14.5 Hz, J = 
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54 Hz, 2H), 3.76 (d, J = 2.5 Hz, 1H), 3.51-3.25 (m, 2H), 2.72 (bs, 1H), 2.25 (t, J = 2.5 Hz; 1H), 

2.14-2.11 (m, 2H). 13C NMR (126 MHz, CDCl3) δ= 143.35, 142.54, 142.28, 134.88, 126.75, 

126.20, 125.30, 120.09, 117.63, 111.28, 78.71, 77.41, 77.16, 76.91, 73.75, 69.33, 60.42, 49.31, 

39.32, 38.69. HRMS-ESI (m/z): calculated for [M+H]+ C17H20NO2S, 302.1209; found, 

302.1211. 

(1S,2R)-1-(Prop-2-yn-1-yl(thiophen-2-ylmethyl)amino)-1-(thiophen-2-yl)pent-4-en-2-ol 

(7b) 

 

Using general procedure for the preparation of 7a-7d. Compound 7b was obtained from N-

propargyl-thiophenemethylamine 6a (400.00 mg, 2.64 mmol), 5-allyl-2,2-dimethyl-1,3-

dioxolan-4-ol 2 (502.12 mg, 3.17 mmol), 2-thienylboronicacid 3a (406.14 mg, 1.77 mmol) in 

HFIP (5.5 mL). Purified as a pale-yellow oil (668.00 mg, 80 % yield). 1H NMR (600 MHz, 

CDCl3) δ= 7.32 (d, J = 4.5 Hz, 1H), 7.23 (d, J = 4.5 Hz, 1H), 7.07 (d, J = 3, Hz, 1H), 7.02 (dd, 

J = 5.1, 3.5 Hz, 1H), 6.95 (m, 1H), 6.92 (dd, J = 5.0, 3.4 Hz, 1H), 5.89-5.82 (m, 1H), 5.11-5.08 

(m, 2H), 4.27-4.24 (m, 1H), 4.12 (d, J = 1.8 Hz, 1H), 3.85 (dd, J = 49.2, 13.8 Hz, 1H), 3.55 (d, 

J = 17.4 Hz, 1H), 3.30 (d, J = 17.4 Hz, 1H), 2.52 (bs, 1H), 2.27 (s, 1H), 2.19-2.07 (m, 2H). 13C 

NMR (151 MHz, CDCl3) δ= 142.35, 138.88, 134.70, 128.38, 126.67, 126.31, 126.26, 125.38, 

117.84, 78.58, 73.89, 69.52, 64.51, 49.54, 39.14, 38.73. HRMS-ESI (m/z): calculated for 

[M+H]+ C17H20NOS2, 318.0981; found, 318.0981.  

(1R,2R)-1-(2-Bromophenyl)-1-(prop-2-yn-1-yl(thiophen-2-ylmethyl)amino)pent-4-en-2-

ol (7c) 

 

Using general procedure for the preparation of 7a-7d. Compound 7c was obtained from N-

propargyl-thiophenemethylamine 6a (300.00 mg, 1.98 mmol), 5-allyl-2,2-dimethyl-1,3-

dioxolan-4-ol 2 (376.58 mg, 2.38 mmol), 2-bromophenyl boronicacid 3g (478.06 mg, 2.38 
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mmol) in HFIP (4.0 mL). Purified as a pale-yellow oil. (573.60 mg, 74 % yield). 1H NMR (700 

MHz, CDCl3) δ= 7.81 (d, J = 8.4 Hz, 1H), 7.58 (dd, J = 7.7 Hz, J = 1.4 Hz, 1H), 7.35 (t, J = 

7.7 Hz, 1H), 7.21 (d, J = 4.9 Hz, 1H), 7.18-7.15 (m, 1H), 6.92-6.90 (m, 2H), 5.87-5.81 (m, 1H), 

5.07-5.03 (m, 2H), 4.44 (m, 1H), 4.30 (d, J=8.4, 1H), 3.99 (d, J=14, 1H), 3.70 (d, J = 14.7 Hz, 

1H), 3.63 (d, J = 17.9 Hz, 1H), 3.45 (d, J = 17.8 Hz, 1H). 13C NMR (176 MHz, CDCl3) δ= 

142.54, 137.11, 135.20, 133.09, 131.36, 129.36, 127.70, 126.67, 126.56, 126.18, 125.24, 

117.77, 78.31, 74.25, 69.67, 66.75, 49.36, 38.80, 38.28. HRMS-ESI (m/z): calculated for 

[M+H]+ C19H21BrNOS, 390.0522; found, 390.0525.  

(1S,2R)-1-(But-2-yn-1-yl(thiophen-2-ylmethyl)amino)-1-(thiophen-2-yl)pent-4-en-2-ol 

(7d) 

 

Using general procedure for the preparation of 7a-7d. Compound 7d was obtained from N-

(thiophen-2-ylmethyl)but-2-yn-1-amine 6b (324.10 mg, 1.96 mmol), 5-allyl-2,2-dimethyl-1,3-

dioxolan-4-ol 2 (372.30 mg, 2.35 mmol), 2-thienylboronicacid 3a (301.14mg, 2.35 mmol) in 

HFIP (4.0 mL). Purified as a colourless oil (591.62 mg, 91 % yield). 1H NMR (400 MHz, 

CDCl3) δ= 7.31 (d, J = 4.8 Hz, 1H), 7.21 (dd, J = 4.8 Hz, J = 1.6 Hz, 1H), 7.05 (d, J = 2.8 Hz, 

1H), 7.02-7.00 (m, 1H), 6.93-6.91 (m, 2H), 5.92-5.82 (m, 1H), 5.12-5.08 (m, 2H), 4.25-4.24 

(m, 1H), 4.12 (d, , J = 4.0 Hz, 1H), 3.86 (d, J = 14.4 Hz, 1H), 3.76 (d, J = 14.0 Hz, 1H), 3.48 

(d, J = 17.2 Hz, 1H), 3.23 (d, J = 17.2 Hz, 1H), 2.56 (bs, 1H), 2.21-2.06 (m, 2H), 1.87 (t, 2.4) 

13C NMR (101 MHz, CDCl3) δ= 142.87, 139.18, 134.92, 128.16, 126.60, 126.20, 126.05, 

125.15, 117.61, 81.55, 73.69, 69.62, 64.37, 49.58, 39.58, 38.66, 3.73. HRMS-ESI (m/z): 

calculated for [M+H]+ C18H22NOS2, 332.1137; found, 332.1140.  
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5.2.1.5 General procedure for enyne metathesis of Petasis products  

 

 

Intermediates 7a-7d (1 equiv.) formed after the PR were dissolved in DCM (0.05 M) were 

added into an oven-dried Schlenk tube followed by Grubbs first generation catalyst (10 mol%, 

0.1 equiv.). The reaction was heated at 40° C for 4 h under argon atmosphere, whereupon the 

volatiles were removed in vacuo. The residue was purified by column chromatography on silica 

gel (10-20% EA in petroleum ether). 

(2S,3R)-2-(Furan-3-yl)-1-(thiophen-2-ylmethyl)-6-vinyl-2,3,4,7-tetrahydro-1H-azepin-3-

ol (8a) 

 

Synthesis was carried out by following the general procedure for the preparation of 8a-8d.  8a 

was obtained from 7a (388.00 mg, 1.29 mmol), using Grubbs first generation catalyst (106.16 

mg, 0.129 mmol) in DCM (25 mL, 0.05 M). Purified as a brown oil (104.76 mg, 27 % yield).  

1H NMR (500 MHz, CDCl3) δ= 7.45 (m, 1H), 7.44 (m, 1H), 7.22 (dd, J = 5, 1.5 Hz, 1H), 6.92 

(dd, J = 5.0, 3.5 Hz, 1H), 6.87-6.86 (m, 1H), 6.46 (m, 1H), 6.30 (dd, J = 17.6, 11.0 Hz, 1H), 

5.79 (t, J = 5.8 Hz, 1H), 4.86-4.79 (m, 2H), 3.99-396 (m, 1H), 3.92-3.90 (m, 3H), 3.55 – 3.50 

(m, 1H), 3.40 (d, J = 16.5 Hz, 1H), 2.88-2.77 (m, 1H), 2.58-2.54 (m, 1H), 2.36 (bs, 1H). 13C 

NMR (126 MHz, CDCl3) δ= 144.28, 143.48, 141.16, 139.79, 139.36, 128.68, 126.48, 125.44, 

125.17, 123.06, 110.97, 110.86, 65.11, 54.63, 47.87, 34.34. HRMS-ESI (m/z): calculated for 

[M+H]+ C17H20NO2S, 302.1209; found, 302.1209. 
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(2R,3R)-2-(thiophen-2-yl)-1-(thiophen-2-ylmethyl)-6-vinyl-2,3,4,7-tetrahydro-1H-

azepin-3-ol (8b) 

 

Synthesis was carried out by following the general procedure for the preparation of 8a-8d. 

Compound 8b was obtained from 7b (600.00 mg, 1.89 mmol), using Grubbs first generation 

catalyst (155.53 mg, 0.189 mmol) in DCM (35 mL, 0.05 M). Purified as a brown oil (196.8 

mg, 33% yield).  1H NMR (500 MHz, CDCl3) δ= 7.31 (m, 1H), 7.22 (dd, J = 5.0 Hz, J = 1.0 

Hz, 1H), 7.05-7.04 (m, 2H), 6.92 (dd, J = 5.0 Hz, J = 3.5 Hz, 1H), 6.89-6.88 (m, 1H), 6.31 (dd, 

J = 17.5 Hz, J = 11 Hz, 1H) 5.81 (t, J =  5.5 Hz, 1H), 4.87-4.81 (m, 2H), 4.19 (d, J = 7.5 Hz, 

1H), 4.13-4.10 (m, 1H), 3.97 (d, J = 14.0 Hz, 1H), 3.90 (d, J = 14.5 Hz, 1H), 3.68 (d, J = 17.0 

Hz, 1H), 3.42 (d, J = 17.0 Hz, 1H), 2.87-2.82 (m, 1H), 2.63 (dd, J = 16.5, 7.5 Hz, 1H). 13C 

NMR (126 MHz, CDCl3) δ= 144.05, 143.52, 139.75, 139.20, 128.5, 126.89, 126.55, 126.42, 

125.61, 125.36, 125.23, 111.02, 74.40, 68.88, 54.67, 47.28, 34.50. HRMS-ESI (m/z): 

calculated for [M+H]+ C17H20NOS2, 318.0981; found, 318.0980. 

(2S,3R)-2-(2-bromophenyl)-1-(thiophen-2-ylmethyl)-6-vinyl-2,3,4,7-tetrahydro-1H-

azepin-3-ol (8c) 

 

Synthesis was carried out by following the general procedure for the preparation of 8a-8d. 

Compound 8c was obtained from 7c (546.00 mg, 1.40 mmol), using Grubbs first generation 

catalyst (155.21 mg, 0.140 mmol) in DCM (28 mL, 0.05 M). Purified as a brown oil (142 mg, 

26% yield). 1H NMR (500 MHz, CDCl3) δ= 7.77-7.75 (m, 1H), 7.61 (dd, J = 8.0, 1 Hz, 1H), 

7.35 (t, J = 7.0 Hz, 1H), 7.18-7.13 (m, 2H), 6.89 (dd, J = 5.0, 3.5 Hz, 1H), 6.81 (d, J = 3.0 Hz, 

1H), 6.33 (dd, J = 17.5, 11.0 Hz, 1H), 5.73 (t, J = 5.2 Hz, 1H), 4.86-4.78 (m, 2H), 4.32 (d, J = 

4.5 Hz, 1H), 4.06 (m, 1H), 3.76-3.69 (m, 3H), ), 3.49 (d, J = 16.5 Hz, 1H), 2.82-2.78 (m, 1H), 
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2.54-2.48 (m, 1H), 1.89 (d, J = 4.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ= 143.16, 140.60, 

140.15, 139.11, 133.48, 129.10, 129.01, 127.95, 127.59, 126.49, 125.74, 125.65, 124.91, 

111.14, 73.83, 72.22, 53.85, 48.61, 32.30. HRMS-ESI (m/z): calculated for [M+H]+ 

C19H21BrNOS, 390.0522; found, 390.0522. 

(2R,3R)-6-(Prop-1-en-2-yl)-2-(thiophen-2-yl)-1-(thiophen-2-ylmethyl)-2,3,4,7-

tetrahydro-1H-azepin-3-ol (8d) 

 

Synthesis was carried out by following the general procedure for the preparation of 8a-8d. 

Compound 8d was obtained from 7d (540.00 mg, 1.63 mmol), using Grubbs first generation 

catalyst (134.1425 mg, 0.163 mmol) in DCM (32 mL, 0.05 M). Purified as a brown oil (143 

mg, 27% yield). 1H NMR (500 MHz, CDCl3) δ= 7.31-7.30 (m, 1H), 7.21 (d, J = 5.0 Hz, 1H), 

7.04-7.02 (m, 2H), 6.92 – 6.90 (m, 1H), 6.88 (d, J = 3.3 Hz, 1H), 5.91 (t, J = 6 Hz, 1H), 4.78 

(s, 1H), 4.70 (s, 1H), 4.15 (d, J = 7.5 Hz, 1H), 4.12 – 4.07 (m, 1H), 3.96 (d, J = 14.0 Hz, 1H), 

3.90 (d, J = 14.5 Hz, 1H), 3.77 (d, J = 16.5 Hz, 1H), 3.45 (d, J = 16.5 Hz, 1H), 2.87-2.83 (m, 

1H), 2.64 (dd, J = 16.0, 7.5 Hz, 1H), 1.88 (s, 3H). 13C NMR (126 MHz, CDCl3) δ= 144.23, 

144.05, 143.20, 141.47, 126.83, 126.48, 126.40, 125.53, 125.36, 125.15, 123.80, 111.13, 74.43, 

69.18, 54.61, 49.15, 34.46, 21.63. HRMS-ESI (m/z): calculated for [M+H]+ C18H22NOS2, 

332.1137; found, 332.1139. 

5.2.1.6 Intermolecular Diels-Alder reaction of PR/RCM products 
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((7R,8R,9aS)-8-Hydroxy-7-(thiophen-2-yl)-6-(thiophen-2-ylmethyl)-5,6,7,8,9,9a-

hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-diyl)bis(piperidin-1-ylmethanone) (9a) 

 

Compound 8a (80.3 mg, 0.25 mmol, 1 equiv.), formed after the PR/RCM sequence, was 

dissolved in toluene (0.5 M), after which 1,1′-(azodicarbonyl)dipiperidine (70. 20 mg, 0.28 

mmol, 1.1 equiv.) was added. The reaction mixture was heated to reflux and stirred overnight. 

Upon completion, solvent was evaporated and the crude product was purified by column 

chromatography using ethyl acetate in petroleum ether 20%-45% as colourless crystal in 69% 

yield (dr 9:1). The major diastereomer: 1H NMR (500 MHz, CDCl3) δ= 7.29-7.28 (m, 1H), 

7.19 (m, 1H), 7.07 (m, 1H), 7.00 (m, 1H), 6.90-6.86 (m, 2H), 5.58 (m, 1H), 4.50 (t, J=8.5, 1H) 

, 4.20 (m, 2H), 4.11 (m, 1H), 4.04 (m, 1H), 3.91 (d, J = 14.0 Hz, 1H), 3.69 (d, J = 11.5 Hz, 

1H), 3.57 (d, J = 15.5 Hz, 1H), 3.43-3.47 (m, 2H), 3.33-3.31 (m, 2H), 3.30-3.28 (m, 4H), 2.71-

2.70 (m, 1H), 2.10 (m, 1H), 1.69-1.67 (m, 5H), 1.57-1.53 (m, 8H). 13C NMR (126 MHz, CDCl3) 

δ= 162.78, 162.47, 146.30, 143.55, 134.30, 127.07, 126.60, 125.90, 125.80, 125.13, 124.98, 

119.27, 73.82, 69.80, 58.11, 53.81, 52.96, 47.28, 47.22, 43.41, 36.94, 26.05, 25.96, 24.71. 

HRMS-ESI (m/z): calculated for [M+H]+ C29H40N5O3S2, 570.2567; found, 570.2557. 

((7S,8R,9aS)-7-(Furan-3-yl)-8-hydroxy-6-(thiophen-2-ylmethyl)-5,6,7,8,9,9a-hexahydro-

1H-pyridazino[4,3-c]azepine-1,2(3H)-diyl)bis(piperidin-1-ylmethanone) (9b) 
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Compound 8b (123.3 mg, 0.41 mmol, 1 equiv.), formed after the PR/RCM sequence, was 

dissolved in toluene (0.5 M), after which 1,1′-(azodicarbonyl)dipiperidine (113.54 mg, 0.45 

mmol, 1.1 equiv.) was added. The reaction mixture was heated to reflux and stirred overnight. 

Upon completion, solvent was evaporated and the crude product was purified by column 

chromatography using acetate in petroleum ether 0%: 15% :25% then Methanol in DCM 0%: 

2%: 4%, as an off-white powder in 60% yield (dr 1:9). The major diastereomer: 1H NMR (500 

MHz, CDCl3) δ= 7.49 (m, 1H), 7.44 (m, 1H), 7.17 (d, J = 4.5 Hz, 1H), 6.89 (t, J = 3.5 Hz, 1H), 

6.81 (m, 1H), 6.48 (m, 1H), 5.54 (m, 1H), 4.36 (t, J = 7.0 Hz, 1H), 4.12 (m, 2H), 4.00 (m, 1H), 

3.92 (d, J = 14.5 Hz, 1H), 3.78 (d, J = 5.0 Hz, 1H), 3.67 (d, J = 14.0 Hz, 1H), 3.53 (d, J = 15.5 

Hz, 1H), 3.43 – 3.35 (m, 2H), 3.31 (m, 2H), 3.28-3.25 (m, 4H), 2.59-2.56 (m, 1H), 2.48 (bs, 

1H), 2.08 m (1H), 1.66 (m, 4H), 1.55-1.53 (m, 9 H). 13C NMR (126 MHz, CDCl3) δ= 162.50, 

144.38, 143.78, 140.76, 126.72, 126.70, 125.33, 125.24, 124.60, 119.18, 109.97, 72.89, 65.38, 

57.91, 54.25, 54.21, 47.23, 47.21, 37.85, 25.94, 24.70. HRMS-ESI (m/z): calculated for 

[M+H]+ C29H40N5O4S, 554.2796; found, 554.2788. 

((7R,8R,9aS)-8-Hydroxy-7-(thiophen-2-yl)-6-(thiophen-2-ylmethyl)-5,6,7,8,9,9a-

hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-diyl)bis(morpholinomethanone) (9c)  

 

Compound 8b (70 mg, 0.22 mmol, 1 equiv.), formed after the PR/RCM sequence, was 

dissolved in toluene (0.5 M), after which azodicarboxylic dimorpholide (62.15, 0.24 mmol, 1.1 

equiv.) was added. The reaction mixture was heated to reflux and stirred overnight. Upon 

completion, solvent was evaporated and the crude product was purified by column 

chromatography using 70% ethyl acetate in petroleum ether (Isocratic flow), as a as an off-

white powder in 73% yield (dr 2:1). The major diastereomer: 1H NMR (700 MHz, CDCl3) δ= 

7.29 (m, 1H), 7.21 (m, 1H), 7.06-6.86 (m, 4H), 5.58 (m, 1H), 4.59 (m, 1H), 4.18 (m, 2H), 4.06 

(m, 1H), 3.93 (d, J = 13.8 Hz, 1H), 3.85-3.83 (m, 2H), 3.73-3.69 (m, 3H), 3.66-3.69 (m, 5H), 

3.59-3.56 (m, 3H), 3.46-3.43 (m, 1H), 3.37-3.32 (m, 6H), 2.65 (m, 1H), 2.11-2.07 (m, 1H). 13C 
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NMR (151 MHz, CDCl3) δ= 162.40, 161.89, 145.66, 143.27, 134.75, 127.21, 126.69, 125.97, 

125.12, 125.10, 118.63, 73.61, 69.48, 66.84, 57.78, 53.84, 52.91, 46.65, 43.80, 36.90. HRMS-

ESI (m/z): calculated for [M+H]+ C27H36N5O5S2, 574.2152; found, 574.2142. 

((7S,8R,9aS)-7-(Furan-3-yl)-8-hydroxy-6-(thiophen-2-ylmethyl)-5,6,7,8,9,9a-hexahydro-

1H-pyridazino[4,3-c]azepine-1,2(3H)-diyl)bis(morpholinomethanone) (9d) 

 

Compound 8a (80 mg, 0.27 mmol, 1 equiv.), formed after the PR/RCM sequence, was 

dissolved in toluene (0.5M), after which azodicarboxylic dimorpholide (74.82 mg, 0.29 mmol, 

1.1 equiv.) was added. The reaction mixture was heated to reflux and stirred overnight. Upon 

completion, the solvent was evaporated and the crude product was purified by column 

chromatography using 70% ethyl acetate in petroleum ether (Isocratic flow), as an off-white 

powder in 66% yield (dr 2:1) by The major diastereomer: 1H NMR (700 MHz, CDCl3) δ= 7.48 

(m, 1H), 7.46 (m, 1H), 7.19 (d, J =4.9 Hz, 1H), 6.89 (t, J = 3.5 Hz, 1H), 6.81 (m, 1H), 6.45 (m, 

1H), 5.55 (m, 1H), 4.38 (dd, J = 8.4, 4.2 Hz, 1H), 4.17 (m, 2H), 4.02 (m, 1H), 3.93 (d, J = 14.4 

Hz, 1H), 3.80 (d, J = 5.8 Hz, 1H), 3.78 – 3.73 (m, 2H), 3.69 – 3.64 (m, 7H), 3.54 (d, J = 15.4 

Hz, 1H), 3.50-3.48 (m, 2H), 3.38-3.29 (m, 7H), 2.52 (d, J = 13.4 Hz, 1H), 2.39 (bs, 1H), 2.07 

(m, 1H). 13C NMR (176 MHz, CDCl3) δ= 162.32, 161.95, 144.27, 144.00, 140.80, 126.80, 

125.42, 124.70, 124.53, 118.96, 111.42, 109.83, 72.36, 66.83, 66.75, 64.93, 57.72, 54.44, 

53.28, 46.68, 46.57, 44.00, 38.33. HRMS-ESI (m/z): calculated for [M+H]+ C27H36N5O6S, 

558.2381; found, 558.2371. 
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Di-tert-butyl (7R,8R,9aS)-8-hydroxy-7-(thiophen-2-yl)-6-(thiophen-2-ylmethyl)-

5,6,7,8,9,9a-hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-dicarboxylate (9e) 

 

Compound 8b (100 mg, 0.31 mmol, 1 equiv.), formed after the PR/RCM sequence, was 

dissolved in DCM (0.5 M), after which di-tert-butyl azodicarboxylate (79.78 mg, 0.35 mmol, 

1.1 equiv.) was added. The reaction mixture was heated to reflux and stirred for 2.5 h. Upon 

completion, the solvent was evaporated, and the crude product was purified as a brown powder 

in 70.1% yield (6:1 d.r) by column chromatography using ethyl acetate in petroleum ether (25% 

isocratic flow). The major diastereomer: 1H NMR (700 MHz, CDCl3) δ= 7.29 (m, 1H), 7.21 

(m, 1H), 7.05-7.00 (m, 2H), 6.90-6.87 (m, 2H), 5.50-5.46 (m, 1H), 4.78 (m, 1H), 4.49-4.29 (m, 

1H), 4.09-3.98 (m, 3H), 3.87 (d, J = 11.2 Hz, 1H), 3.74-3.72 (m, 1H), 3.49-3.34 (m, 2H), 2.58-

2.47 (m, 1H), 2.08 (bs, 1H), 2.01 (m, 1H), 1.50 (s, 9H), 1.47 (s, 9H). 13C NMR (176 MHz, 

CDCl3) δ= 154.52, 154.27, 146.32, 143.51, 135.26, 126.98, 126.49, 126.15, 125.78, 125.44, 

125.34, 120.58, 81.39, 81.10, 72.50, 69.12, 54.22, 53.14, 51.85, 42.32, 39.59, 28.47. HRMS-

ESI (m/z): calculated for [M+H]+ C27H38N3O5S2, 548.2247; found, 548.2236 

Di-tert-butyl (7S,8R,9aS)-7-(Furan-3-yl)-8-hydroxy-6-(thiophen-2-ylmethyl)-5,6,7,8,9,9a-

hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-dicarboxylate (9f) 

 

Compound 8a (100 mg, 0.33 mmol, 1 equiv.), formed after the PR/RCM sequence, was 

dissolved in DCM (0.5 M), after which di-tert-butyl azodicarboxylate (84.04 mg, 0.36 mmol, 

1.1 equiv.) was added. The reaction mixture was heated to reflux and stirred for 3 h. Upon 

completion, the solvent was evaporated and the crude product was purified as a brown powder 

in 65% yield (6:1 d.r) by column chromatography using ethyl acetate in petroleum ether (25% 
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isocratic flow). The major diastereomer: 1H NMR (700 MHz, CDCl3) δ= 7.53-7.42 (m, 2 H), 

7.24 (m, 1H), 6.94 (m, 2H), 6.55 (m, 1H), 5.49 (m, 1H), 4.82 (m, 1H), 4.43 (d, 17 Hz, 1H), 

4.30-3.96 (m, 4H), 3.83-3.71 (m, 1H), 3.61 (d, 18.5 Hz, 1H), 3.47 (m, 1H), 2.47-2.45 (m, 1H), 

2.00-1.96 ( m, 2H), 1.48 (s, 9H), 1.46 (s, 9H). 13C NMR (126 MHz, CDCl3) δ= 154.40, 154.18, 

144.12, 143.90, 143.75, 134.28, 126.67, 125.50, 110.26, 81.42, 81.09, 71.79, 64.92, 53.68, 

52.85, 42.21, 37.22, 31.95, 29.72, 28.32. HRMS-ESI (m/z): calculated for [M+H]+ 

C27H38N3O6S, 532.2476; found, 532.2467. 

Diisopropyl (7R,8R,9aS)-8-hydroxy-7-(thiophen-2-yl)-6-(thiophen-2-ylmethyl)-

5,6,7,8,9,9a-hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-dicarboxylate (9g) 

 

Compound 8b (73.0 mg, 0.23 mmol, 1 equiv.), formed after the PR/RCM sequence was 

dissolved in DCM (0.5M), after which diisopropyl azodicarboxylate (51.15 mg, 0.25 mmol, 

1.1 equiv.) was added. The reaction mixture was heated to reflux and stirred for 4h. Upon 

completion, the solvent was evaporated and the crude product was purified as a brown powder 

in 80% yield (5:1 dr) by column chromatography using 60% ethyl acetate in petroleum ether 

(isocratic flow). The major diastereomer: 1H NMR (500 MHz, CDCl3) δ= 7.31-7.28 (m, 1H), 

7.202 (dd, J = 5.0 Hz, 1.0 Hz, 1H), 7.05 (d, J = 3.0 Hz, 1H), 6.99 (m, 1H), 6.94-6.86 (m, 2H), 

5.49 (m, 1H), 4.99-4.94 (m, 2H), 4.90-4.88 (m, 1H), 4.53-4.33 (m, 1H), 4.21-4.09 (m, 1H), 

3.99-3.85 (m, 2H), 3.71-3.64 (m, 1H), 3.49 (d, J = 15.0 Hz, 1H), 3.36-3.27 (m, 1H), 2.51-2.43 

(m, 1H), 2.16-1.97 (m, 2H), 1.26 (m, 6H), 1.23-1.25 (m, 6H). 13C NMR (126 MHz, CDCl3) δ= 

155.22, 146.19, 143.43, 135.35, 126.95, 126.44, 126.10, 125.75, 125.41, 120.00, 116.70, 72.39, 

70.19, 69.99, 69.12, 54.42, 51.75, 42.67, 39.29, 22.23, 22.07. HRMS-ESI (m/z): calculated for 

[M+H]+ C25H34N3O5S2, 520.1934; found, 520.1924 
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(9R,10R,11aS)-10-Hydroxy-2-phenyl-9-(thiophen-2-yl)-8-(thiophen-2-ylmethyl)-

7,8,9,10,11,11a-hexahydro-1H,5H-[1,2,4]triazolo[1',2':1,2]pyridazino[4,3-c]azepine-

1,3(2H)-dione (9h) 

 

Compound 8b (90 mg, 0.28 mmol, 1 equiv.), formed after the PR/RCM sequence, was 

dissolved in DCM (0.5 M), after which 4-phenyl-1,2,4-triazoline-3,5-dione (54.80 mg, 0.31 

mmol, 1.1 equiv.) was added. The reaction mixture was heated to reflux and stirred for 30 min. 

Upon completion, the solvent was evaporated, and the crude product was purified as a white 

powder in 55% yield (9:1 d.r) using 30% ethyl acetate in petroleum ether with isocratic flow. 

Major diastereomer: 1H NMR (500 MHz, CDCl3) δ= 7.55-7.53 (m, 2H), 7.49-7.46 (m, 2H), 

7.39-7.35 (m, 2H), 7.29 (d, J = 5.6 Hz, 1H), 7.07 (dd, J = 5.0, 3.5 Hz, 1H), 6.97-6.95 (m, 3H), 

5.73 (m, 1H), 5.14 (m, 1H), 4.38 (d, J = 16.3 Hz, 1H), 4.24 – 4.23 (m, 2H), 3.95-3.92 (m, 2H), 

3.71 (d, J = 10.5 Hz, 1H), 3.51-3.48 (m, 2H), 2.68-2.62 (m, 1H), 2.23 (bs, 1H), 2.0-1.98 (1H, 

m ). 13C NMR (126 MHz, CDCl3) δ= 153.43, 151.83, 131.31, 129.26, 128.24, 127.14, 126.81, 

125.97, 125.84, 125.45, 114.73, 72.57, 67.42, 54.41, 52.71, 50.96, 43.65, 37.33. HRMS-ESI 

(m/z): calculated for [M+H]+ C25H25N4O3S2, 493.1363; found, 493.1352. 

((7R,8R,9aS)-8-Hydroxy-4-methyl-7-(thiophen-2-yl)-6-(thiophen-2-ylmethyl)-

5,6,7,8,9,9a-hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-

diyl)bis(morpholinomethanone) (9i)  
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Compound 8d (123 mg, 0.37 mmol, 1 equiv.), formed after the PR/RCM sequence was 

dissolved in toluene (0.5 M), after which azodicarboxylic dimorpholide (104.59 mg, 0.41 

mmol, 1.1 equiv.) was added. The reaction mixture was heated to reflux and stirred overnight. 

Upon completion, the solvent was evaporated and the crude product was purified as a yellow 

powder in 72% yield (4:1 dr) by column chromatography using 70% ethyl acetate in petroleum 

ether (Isocratic flow).  

NMR of 5:1 diastereomeric mixture, reporting major diastereomer. 1H NMR (500 MHz, 

CDCl3) δ= 7.27-7.26 (m, 1H), δ 7.21 (d, J = 4.9 Hz, 1H), 7.06 (d, J = 4.9 Hz, 1H), 7.02 – 6.99 

(m, 1H), 6.91 (dd, J = 5.0, 3.0 Hz, 1H), 6.87 (m, 1H), 4.92 (t, J = 8.2 Hz, 1H), 4.19 (m, 1H), 

4.12 (d, J = 16.9 Hz, 1H), 3.99-3.91 (m, 5H), 3.78-3.74 (m, 2H), 3.66-3.62 (m, 6H), 3.57 (m, 

1H), 3.54-3.53 (m, 2H), 3.38-3.35 (m, 6H), 2.69 (m, 1H), 2.50 (bs, 1H), 2.01 – 1.94 (m, 1H), 

1.55 (s, 3H). 13C NMR (126 MHz, CDCl3) δ= 162.46, 161.76, 146.19, 143.22, 128.04, 127.21, 

126.75, 125.85, 125.64, 124.96, 124.71, 123.83, 74.77, 70.26, 66.86, 56.61, 54.79, 51.65, 

47.28, 46.55, 34.88, 15.61. HRMS-ESI (m/z): calculated for [M+H]+ ) C28H38N5O5S2, 

588.2309; found, 588.2297. 

((7S,8R,9aS)-7-(2-Bromophenyl)-8-hydroxy-6-(thiophen-2-ylmethyl)-5,6,7,8,9,9a-

hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-diyl)bis(morpholinomethanone) (9j)  

 

Compound 8c (122 mg, 0.31 mmol, 1 equiv.), formed after the PR/RCM sequence was 

dissolved in toluene (0.5 M), after which azodicarboxylic dimorpholide (88.10 mg, 0.34 mmol, 

1.1 equiv.) was added. The reaction mixture was heated to reflux and stirred overnight. The 

solvent was evaporated, and the crude product was purified as colourless crystals in 67% yield 

(dr 6:1) by column chromatography using 70% ethyl acetate in petroleum ether (Isocratic 

flow). The major diastereomer: 1H NMR (500 MHz, CDCl3) δ= 7.79 (d, J = 7.5 Hz, 1H), 7.62 

(dd, J = 8.0 Hz, 1Hz,1H), 7.39-7.37 (m, 1H), 7.19-7.17 (m, 2H), 6.90 – 6.88 (m, 1H), 6.80 – 

6.79 (m, 1H), 5.60 (m, 1H), 4.72 (t, J = 7.5 Hz, 1H), 4.27 (d, J = 4.5 Hz, 1H), 4.21 (m, 2H), 
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4.10-3.09 (m, 1H), 3.90- 3.86(m, 2H), 3.77-3.73 (m, 2H), 3.69-3.70 (m, 1H), 3.66-3.64 (m, 

5H), 3.61 (m, 1H), 3.59-3.53 (m, 3H), 3.38-3.38 (m, 6H), 2.51-2.46 (m, 1H), 2.06-2.0 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ= 162.59, 161.96, 143.55, 139.86, 135.65, 133.87, 129.41, 

128.63, 127.80, 126.92, 125.78, 125.62, 124.71, 117.40, 71.93, 71.40, 66.84, 57.30, 53.68, 

53.09, 46.65, 43.73, 36.85. HRMS-ESI (m/z): calculated for [M+H]+ C29H37BrN5O5S, 

646.1693; found, 646.1689. 

Bis(7-(λ5-chloraneyl)hepta-2,4,6-triyn-1-yl) (7R,8R,9aS)-8-hydroxy-7-(thiophen-2-yl)-6-

(thiophen-2-ylmethyl)-5,6,7,8,9,9a-hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-

dicarboxylate (9k) 

 

Compound 8b (59 mg, 0.19 mmol, 1 equiv.), formed after the PR/RCM sequence was dissolved 

in DCM (0.5 M), after which di-(4-chlorobenzyl) azodicarboxylate (75.06 mg, 0.20 mmol, 1.1 

equiv.) was added. The reaction mixture was heated to reflux and stirred for 0.5 h. The solvent 

was evaporated, and the crude product was purified as a brown oily liquid in 59% yield (4:1 

d.r) by column chromatography using 30% ethyl acetate in petroleum ether (Isocratic flow). 

The major diastereomer: 1H NMR (700 MHz, CDCl3) δ= 7.32-7.10 (m, 10H), 7.14 (m, 1H), 

7.03-6.93 (m, 3H), 5.50 (m, 1H), 5.20-5.04 (m, 4H), 4.92 (m, 1H), 4.54-4.41 (m, 1H), 4.12-

3.80 (m, 4H), 3.71-3.43 (m, 2H), 2.49-2.64 (m, 1H), 1.90-1.68 (m, 2H). 13C NMR (176 MHz, 

CDCl3) δ= 155.14, 134.52, 134.38, 134.27, 129.64, 129.56, 129.33, 128.94, 128.89, 128.84, 

127.20, 126.73, 126.53, 125.81, 69.07, 67.51, 67.30, 54.64, 53.12, 51.79, 43.28, 29.84. HRMS-

ESI (m/z): calculated for [M+H]+ C33H32Cl2N3O5S2, 684.1155; found, 684.1148. 
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Bis(2-methoxyethyl) (7R,8R,9aS)-8-hydroxy-7-(thiophen-2-yl)-6-(thiophen-2-ylmethyl)-

5,6,7,8,9,9a-hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-dicarboxylate (9l)  

 

Compound 8b (75.5 mg, 0.24 mmol, 1 equiv.), formed after the PR/RCM sequence was 

dissolved in DCM (0.5 M), after which di-2-methoxyethyl azodicarboxylate (61.27 mg, 0.26 

mmol, 1.1 equiv.) was added. Stirred the reaction in reflux for 0.5 h. Evaporated the solvent, 

purified as a brown oily liquid in 50.3% yield (dr 4:1) by column chromatography using 60% 

ethyl acetate in petroleum ether (Isocratic flow). 1H NMR (600 MHz, CDCl3) δ= 7.28-7.27 (m, 

1H), 7.21 (d, J = 4.8 Hz, 1H), 7.04 (m, 1H), 7.00-6.98 (m, 1H), 6.90-6.89 (m, 1H), 6.87-6.84 

(m, 1H), 5.48-5.44 (m, 1H), 4.90-4.86 (m, 1H), 4.53 (d, J = 16.8 Hz, 1H), 4.44-4.39 (m, 1H), 

4.29-4.28 (m, 4H), 4.22-4.18 (m, 1H), 4.11 (m, 1H), 4.06-4.01 (m, 1H), 3.90-3.88 (m, 1H), 

3.64 (m, 1H), 3.60 – 3.58 (m, 4H), 3.49-3.46 (m, 1H), 3.40 (m, 1H), 3.37-3.35 (m, 6H), 2.59-

2.52 (1H, m), 2.06-2.01 (m, 1H). 13C NMR (151 MHz, CDCl3) δ= 156.56, 155.43, 146.29, 

143.55, 134.97, 126.96, 126.46, 125.95, 125.73, 125.33, 125.21, 119.81, 77.37, 77.16, 76.95, 

72.45, 70.61, 69.00, 65.61, 65.18, 59.02, 54.70, 53.19, 51.61, 38.98. HRMS-ESI (m/z): 

calculated for [M+H]+ C25H34N3O7S2, 552.1828; found, 552.1833. 

Dibenzyl (7R,8R,9aS)-8-hydroxy-7-(thiophen-2-yl)-6-(thiophen-2-ylmethyl)-5,6,7,8,9,9a-

hexahydro-1H-pyridazino[4,3-c]azepine-1,2(3H)-dicarboxylate (9m)  

 

Compound 8b (59 mg, 0.19 mmol, 1 equiv.), formed after the PR/RCM sequence was dissolved 

in DCM (0.5 M), after which dibenzyl azodicarboxylate (60.98 mg, 0.20 mmol, 1.1 equiv.) was 

added. The reaction mixture was heated to reflux and stirred for 0.5 h. Evaporated the solvent, 
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purified as a white powder in 64% yield (4:1 dr) by column chromatography using ethyl acetate 

in petroleum ether 30% isocratic flow). Major diastereomeric product: 1H NMR (500 MHz, 

CDCl3) δ= 7.35-7.29 (m, 10 H), 7.22 (m, 2H), 7.07 (m, 1H), 7.00 (m, 1H), 6.90 (m, 2H), 5.47 

(m, 1H), 5.23-5.08 (m, 4H), 4.92 (m, 1H), 4.49 (dd, J = 63.9, 16.5 Hz, 1H), 4.16-4.08 (m, 2H), 

3.91-3.71 (m, 3H), 3.55 – 3.34 (m, 2H), 2.50-2.47 (m, 1H), 1.95-1.93 (m, 1H). 13C NMR (126 

MHz, CDCl3) δ= 155.38, 155.21, 135.90, 128.71, 128.64, 128.61, 128.44, 128.36, 128.29, 

128.21, 128.14, 127.83, 127.82, 127.06, 126.56, 125.63, 125.61, 125.60, 125.55, 72.04, 69.09, 

68.27, 68.04, 54.65, 53.12, 51.68, 43.17. HRMS-ESI (m/z): calculated for [M+H]+  

C33H34N3O5S2, 616.1934; found, 616.1924. 

5.2.2 IRE1α inhibitors 

5.2.2.1 Synthetic route A to obtain compounds 25, 31-34, 58-45: 

 

i. Ethyl 3-(5-methoxy-2-methyl-1H-indol-3-yl)propanoate (10a) 

 

A stirred mixture containing 4-methoxyphenyl hydrazine hydrochloride (1.5 g, 8.59 mmol) and 

ethyl 4-acetylbutyrate (1.35 g, 8.59 mmol) was treated with sodium acetate (704.64 mg, 8.59 

mmol) in glacial acetic acid (12 mL). The mixture was refluxed for 3 hours and subsequently 

concentrated under reduced pressure to afford a crude residue. This residue was dissolved in 

ethanol (7 mL), followed by the addition of 4 M HCl in 1,4-dioxane (5 mL), and the mixture 

was further heated under reflux for 15 hours. After evaporation under vacuum, the residue was 
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extracted with ethyl acetate and subjected to sequential washes with water, aqueous potassium 

carbonate, and brine. The combined organic extracts were dried over anhydrous magnesium 

sulfate, filtered, and concentrated. Final purification was achieved via flash chromatography 

on silica gel using 11% (v/v) ethyl acetate in petroleum ether as the mobile phase, affording 

ethyl 3-(5-methoxy-2-methyl-1H-indol-3-yl)propanoate as a pale brown oil (1.35 g, 60% 

yield). 1H NMR (400 MHz, CDCl3) δ = 7.67 (s, 1H), 7.14 (d, 1H, J = 8.8 Hz), 6.96-6.95 (m, 

1H), 6.78-6.75 (m, 1H), 4.15-4.10 (m, 2H), 3.86 (s, 3H), 3.00 (t, 2H, J = 7.6 Hz), 2.60 (t, 2H, 

J = 7.6 Hz), 2.37 (s, 3H), 1.25-1.21 (m, 3H). Synthesized by using a modified literature 

procedure.140  

ii. General procedure for N-acylated 3-(5-methoxy-2-methyl-1H-indol-3-yl) 

propanoic acid  

To a round-bottom flask containing ethyl 3-(5-methoxy-2-methyl-1H-indol-3-yl)propanoate 

(130 mg, 0.50 mmol, 1.0 equiv) in 2 mL of DMF, maintained under an argon atmosphere at 

−20 °C. Sodium hydride (NaH, 60% dispersion in mineral oil, 30 mg, 0.75 mmol, 1.5 equiv) 

was added cautiously, and this suspension was stirred for 15 minutes. Subsequently, the acid 

chloride (2.0 equiv) was introduced to the reaction mixture. The mixture was then allowed to 

gradually come to room temperature and stirred overnight. Reaction progress was monitored 

by TLC or LC-MS. Upon completion, methanol was added dropwise to quench the reaction, 

and the resulting mixture was extracted with ethyl acetate. The combined organic extracts were 

dried over anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure to 

yield the crude N-acylated product. This intermediate was dissolved in DCE, followed by the 

addition of trimethyltinhydroxide (2–4 equiv). The reaction mixture was heated to reflux until 

complete conversion, as verified by TLC or LC-MS. The solvent was then removed under 

vacuum, and the residue was redissolved in ethyl acetate. The organic layer was washed three 

times with 5% aqueous HCl, followed by a wash with 5 mL of brine. After drying over 

anhydrous magnesium sulfate, the solution was concentrated and subjected to flash 

chromatography using appropriate solvent systems, as specified for each individual.  
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5.2.2.2 Synthetic route B to obtain compounds 53-56, 59, 64-65: 

 

An equimolar mixture of 4-substituted phenylhydrazine hydrochloride and ethyl 4-

acetylbutyrate was dissolved in ethanol (1.5 mL per mmol), followed by the addition of 

aqueous concentrated sulfuric acid (120 µL per mmol). The reaction mixture was heated under 

reflux for 16–24 hours. After cooling to ambient temperature, water (20 mL) was added, and 

the aqueous phase was extracted with ethyl acetate (3 × 10 mL). The combined organic layers 

were subsequently washed with 10% aqueous hydrochloric acid (10 mL), followed by saturated 

sodium bicarbonate solution (10 mL), dried over anhydrous magnesium sulfate, and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography using 5–10% ethyl acetate in petroleum ether as the eluent, affording the 

corresponding indole derivative.  The resulting intermediate was dissolved in DMF and cooled 

to −20 °C under an inert argon atmosphere. Sodium hydride (60% dispersion in mineral oil, 1.5 

equivalents) was cautiously added, and the mixture was stirred for 15 minutes. Acid chloride 

(2 equivalents) was then introduced, and the reaction mixture was allowed to warm to room 

temperature and stirred overnight. Reaction progress was monitored by thin-layer 

chromatography (TLC) or LC-MS. Upon completion, the reaction was quenched with 

methanol and extracted with ethyl acetate. The combined organic extracts were dried over 

anhydrous magnesium sulfate and evaporated under vacuum to yield the N-acylated indole 

ester. This crude product was dissolved in 1,2-dichloroethane (DCE), and 

trimethyltinhydroxide (2–4 equivalents) was added. The mixture was heated under reflux until 

complete conversion was confirmed by TLC or LC-MS. After solvent removal under reduced 

pressure, the residue was taken up in ethyl acetate and washed three times with 5% aqueous 

hydrochloric acid, followed by a brine wash (5 mL). The organic phase was dried over 
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anhydrous magnesium sulfate, concentrated, and purified via flash chromatography using 

suitable solvent gradients specified under each respective final compound.  

5.2.2.3 Synthetic route C to obtain 57-58, 60-63, 66-72: 

 

i. Ethyl 3-(5-bromo-2-methyl-1H-indol-3-yl) propanoate (10b) 

 

A stirred mixture containing 4-bromophenylhydrazine hydrochloride (1 equiv, 1000 mg, 4.47 

mmol) and ethyl 4-acetylbutyrate (707. 814 mg, 1 equiv, 4.47 mmol, 715.69 µL) in ethanol (7 

mL), conc. H2SO4 (aq) (0.675 mL) was added and stirred at reflux for 16 h. After allowing the 

reaction mixture to return to room temperature, water (20 mL) was added, and the aqueous 

phase was extracted with ethyl acetate (3 × 10 mL). The combined organic extracts were 

subsequently washed with 10% aqueous hydrochloric acid (10 mL), followed by saturated 

sodium bicarbonate solution (10 mL). The organic layer was dried over anhydrous magnesium 

sulfate and concentrated under reduced pressure. The crude residue was purified by flash 

column chromatography on silica gel using 8% ethyl acetate in petroleum ether as the eluent, 

affording ethyl 3-(5-bromo-2-methyl-1H-indol-3-yl)propanoate as a pale brown oil (723.30 

mg, 52% yield).; 1H NMR (600 MHz, CDCl3) δ= 7.81 (s, 1H), 7.60 (d, 1H, J = 1.8 Hz), 7.18 

(dd, 1H, J= 8.40, J= J= 8.4, 1.8 Hz), 7.11 (d, 1H, J= 8.4), 4.11 (q, 2H, J = 7.2 Hz), 2.98 (t, 2H, 
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J = 7.7 Hz), 2.59 (t, 2H, J = 7.8 Hz), 2.37 (s, 3H) 1.23 (t, 3H, J = 7.2 Hz). 13C NMR (151 MHz, 

CDCl3) δ= 173.41, 133.98, 132.93, 130.28, 123.83, 120.60, 112.60, 111.74, 110.24, 60.56, 

35.24, 19.70, 14.33, 11.77. Prepared using modified literature procedure.141 

ii. Ethyl 3-(1-benzoyl-5-bromo-2-methyl-1H-indol-3-yl) propanoate (10c) 

 

To a round-bottom flask containing ethyl 3-(5-bromo-2-methyl-1H-indol-3-yl)propanoate (1 

equiv, 853.0 mg, 2.75 mmol) in 5 mL DMF, maintained under an argon atmosphere at -20˚C, 

sodium hydride (NaH) (60%, 1.5 equiv, 4.12 mmol, 164.98 mg) was carefully added. The 

mixture was stirred for 15 minutes. Benzoyl chloride (2.0 equivalents) was subsequently 

introduced, and the mixture was allowed to gradually reach room temperature and stirred 

overnight. Reaction progress was monitored by thin-layer chromatography (TLC) or LC-MS. 

Upon completion, the reaction was quenched with methanol and extracted with ethyl acetate. 

The combined organic extracts were dried over anhydrous magnesium sulfate, filtered, and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography using 6% ethyl acetate in petroleum ether as the eluent, affording ethyl 3-(1-

benzoyl-5-bromo-2-methyl-1H-indol-3-yl)propanoate as a bright yellow oil (865.86 mg, 76% 

yield).; 1H NMR (700 MHz, CDCl3) δ = 7.69-7.67 (m, 2H), 7.65-7.63 (m, 1H), 7.59 (d, 1H, J 

= 1.4 Hz), 7.51-7.46 (m, 2H), 7.12 (dd, 1H, J = 9.1, 2.1 Hz), 6.87 (d, 1H, J = 8.8 Hz), 4.14 (q, 

2H, J = 7.0 Hz), 3.00-2.98 (m, 2H), 2.61 (t, 2H, J = 7.7 Hz), 2.34 (s, 3H), 1.25 (t, 3H, J = 7.0 

Hz). 13C NMR (176 MHz, CDCl3) δ= 172.86, 169.60, 135.39, 135.37, 135.34, 133.28, 131.49, 

129.89, 128.99, 125.80, 120.85, 117.14, 115.91, 115.73, 60.77, 34.42, 19.57, 14.35, 13.21. 

HRMS (ESI): m/z calculated for C21H21BrNO3 [M+H]+:414.0700, found: 414.0697. 

iii. General procedure for 5-substituted 3-(1-benzoyl-2-methyl-1H-indol-3-yl) 

propanoic acid  

Compound 10c (1 equiv), corresponding boronic acid (1.5 equiv), [1,1'-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (Pd(dppf)Cl2)  (5.0 mol%), and 

potassium phosphate tribasic (K3PO4) (2.0 equiv) were charged in a Schlenk. A degassed 

mixture of 1,4-dioxane and water (4:1 v/v) was added, and the reaction was carried out under 
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an argon atmosphere at 80 °C. The progress of the reaction was monitored by thin-layer 

chromatography (TLC) and LC-MS. Upon completion, the reaction mixture was diluted with 

ethyl acetate and passed through a Celite pad. The celite was washed with additional ethyl 

acetate, and the combined organic filtrates were collected. The organic layer was washed 

sequentially with water and brine, dried over anhydrous magnesium sulfate, filtered, and 

concentrated under reduced pressure. The crude product was dissolved in a minimal volume of 

ethyl acetate and purified by passage through a short silica plug. After solvent removal, the 

resulting intermediate was directly employed in the subsequent step without additional 

purification. 

The resulting intermediate (1.0 equiv) was dissolved in DCE, and trimethyltinhydroxide (2–4 

equiv) was added. The mixture was refluxed until complete conversion, as determined by TLC 

or LC-MS analysis. After reaction completion, the solvent was removed under reduced 

pressure, and the residue was dissolved in ethyl acetate. The organic phase was washed three 

times with 5% aqueous hydrochloric acid, followed by a single wash with 5 mL of brine. The 

organic layer was dried over anhydrous magnesium sulfate, filtered, and concentrated. Final 

purification was achieved via flash chromatography using appropriate solvent gradients, as 

detailed for each final compound. 

 3-(1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (10) 

 

The aldehyde-functionalized resin (500 mg, 0.55 mmol, 1.0 equiv) was dried under high 

vacuum overnight and subsequently suspended in 5 mL of DCE. Under an argon atmosphere, 

(4-methoxyphenyl)hydrazine hydrochloride (384.19 mg, 2.22 mmol, 4.0 equiv) and 

triethylamine (162.55 mg, 2.75 mmol, 242.61 μL, 5.0 equiv) were added to the suspension. 

The reaction mixture was stirred at 45 °C overnight. Upon cooling to room temperature, the 

resin was filtered and sequentially washed three times with 5 mL each of DMF, 90:10 

DMF/H₂O (v/v), DMF, dichloromethane, ethyl acetate, and methanol. 
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The resulting hydrazone resin (500 mg, 0.47 mmol) was again dried under high vacuum 

overnight and suspended in 5 mL of pyridine. To this mixture, 4-chlorobenzoyl chloride 

(987.06 mg, 5.64 mmol, 723.12 μL, 12.0 equiv) was added under an argon atmosphere. The 

reaction was allowed to proceed with shaking at 80 °C overnight. After cooling, the resin was 

filtered and washed as previously described using 5 mL portions of DMF, 90:10 DMF/H₂O, 

DMF, dichloromethane, ethyl acetate, and methanol (three times each). 

Subsequently, the acylated hydrazone resin (150 mg, 0.13 mmol) was suspended in 6 mL of a 

1:1 mixture of DCE and trifluoroacetic acid (TFA). 5-Oxohexanoic acid (327.20 mg, 1.26 

mmol, 20.0 equiv) was added, and the reaction mixture was heated at 70 °C for 2 hours. After 

cooling, the resin was filtered and washed three times each with 5 mL of dichloromethane, 

ethyl acetate, and methanol. The combined filtrates were evaporated to dryness, and the crude 

product was purified by preparative HPLC using a water/acetonitrile gradient system to afford 

the title compound as a white solid (65 mg, 67% yield). 1H NMR (DMSO-d6, 500 MHz) δ= 

12.17 (bs, 1H), 7.67-7.62 (m, 4H), 7.07 (d, 1H, J = 2.5 Hz), 6.94 (d, 1H, J = 9.0 Hz), 6.70 (dd, 

1H, J = 9.0, 2.5 Hz), 3.78 (s, 3H), 2.89 (t, 2H, J = 7.5 Hz), 2.48 (m, 2H), 2.20 (s, 3H). The 

analytical data were consistent with those reported in the literature.131  

3-(5-Methoxy-2-methyl-1-(thiophene-2-carbonyl)-1H-indol-3-yl)propanoic acid (25): 

 

The compound 25 was synthesized following synthetic route A, employing ethyl 3-(5-

methoxy-2-methyl-1-(thiophene-2-carbonyl)-1H-indol-3-yl)propanoate (0.29 mmol) and 

trimethyltinhydroxide (0.59 mmol). The crude product was purified by flash column 

chromatography using 5% methanol in dichloromethane (v/v) as the eluent, affording the target 

compound as a white powder (72 mg, 71.5% yield).; 1H NMR (CDCl3, 600 MHz) δ= 7.72 (1H, 

dd, J = 4.9, 0.9 Hz), 7.53 (1H, dd, J = 3.7, 0.9 Hz), 7.14-7.12 (m, 2H), 6.93 (1H, d, J = 2.5 Hz), 

6.70 (1H, dd, J = 9.0, 2.5 Hz), 3.85 (3H, s), 3.03 (2H, t, J = 7.7 Hz), 2.70 (2H, t, J = 7.7 Hz), 

2.41 (3H, s). Data were consistent with those reported in the literature.131  
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3-(1-(4-(Fluorosulfonyl)benzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (27): 

 

The compound 27 was synthesized following a procedure analogous to that described for 

compound 10 to afford pure product as a yellow powder (10.26 mg, 18% yield); 1H NMR 

(CDCl3, 500 MHz), δ= 8.06 (d, 2H, J= 8.5 Hz), 7.83 (d, 2H, J= 8.5 Hz), 6.86 (d, 1H, J= 2.5 

Hz), 6.83 (d, 1H, J= 9 Hz), 6.62 (dd, 1H, J= 9 Hz, J= 2.5 Hz), 3.77 (s, 3H), 2.93 (t, 2H, J= 7.5 

Hz), 2.62 (t, 2H, J= 7.5 Hz), 2.23 (s, 3H). 13C NMR (126 MHz, CDCl3) δ= 177.06, 167.02, 

156.63, 142.65, 136.26 (d, J= 25.2), 134.45, 131.04, 130.88, 130.64 (d, 2C, J= 39.06 Hz), 129.1 

(s, 2C), 119.06, 115.36, 111.75, 101.83, 55.92, 33.47, 19.39, 13.83. 19F NMR (470 MHz, 

CDCl3) δ= -75.82. HRMS (ESI): m/z calculated for C20H18FNO6SNa [M+Na] +: 442.0732 

found: 442.0732.  

3-(1-(Benzo[b]thiophene-2-carbonyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid 

(28) 

 

The compound 28 was synthesized following a procedure analogous to that described for 

compound 10 to afford pure product as a yellow powder (4 mg, 8% yield); 1H NMR (CDCl3, 

500 MHz), δ= 7.93 (d, 1H, J= 8.0 Hz), 7.83 (d, 1H, J= 8.0 Hz), 7.77 (s, 1H), 7.50 (m,1H), 7.43 

(m,1H), 7.20 (d, 1H, J= 9.0 Hz), 6.95 (d, 1H, J= 2.5 Hz), 6.69 (dd, 1H, J= 9 Hz, J= 2.5 Hz), 

3.85 (s, 3H), 3.05 (t, 2H, J= 7.5 Hz), 2.71 (t, 2H, J= 7.5 Hz), 2.45 (s, 3H). 13C NMR (126 MHz, 

CDCl3) δ 177.14, 163.60, 156.07, 142.58, 138.57, 138.15, 134.78, 131.73, 131.39, 130.50, 
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127.57, 126.02, 125.40, 123.04, 117.53, 114.95, 111.50, 101.14, 55.93, 33.71, 19.51, 12.98. 

HRMS (ESI): m/z calculated for C22H20NO4S [M+H]+: 394.1108 found: 394.1105. 

3-(1-(3-Cyanobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (29) 

 

The compound 29 was synthesized following a procedure analogous to that described for 

compound 10 to afford pure product as a yellow powder (11.9 mg, 12.1 % yield); 1H NMR 

(CDCl3, 500 MHz), δ= 7.97 (t, 1H, J= 1.5 Hz), 7.92-7.88 (m, 2H) 7.65-7.62 (m, 1H), 6.94 (d, 

1H, J= 1.5 Hz), 6.85 (d, 1H, J= 9.0 Hz) 6.67 (dd, 1H, J= 9.0 Hz, J= 2.5 Hz), 3.85 (s, 3H), 3.01 

(t, 2H, J= 7.5 Hz), 2.69 (t, 2H, J= 7.5 Hz), 2.33 (s, 3H). 13C NMR (126 MHz, CDCl3) δ= 

177.38, 167.18, 156.43, 137.27, 135.74, 134.58, 133.66, 133.15, 130.91, 129.91, 118.65, 

117.72, 115.16, 113.49, 111.69, 101.64, 55.92, 33.59, 19.39, 13.61. HRMS (ESI): m/z 

calculated for C21H19N2O4 [M+H]+: 363.1339 found: 363.1340. 

3-(1-(9,10-Dioxo-9,10-dihydroanthracene-2-carbonyl)-5-methoxy-2-methyl-1H-indol-3-

yl)propanoic acid  (30) 

 

The compound 28 was synthesized following a procedure analogous to that described for 

compound 10 to afford pure product as a yellow powder (7.0 mg, 8% yield); 1H NMR (CDCl3, 

600 MHz) δ= 8.47-8.46 (m, 2H), 8.37-8.33 (m, 2H), 8.16-8.14 (m, 1H), 7.88-7.83 (m, 2H), 

7.16 (d, 1H, J= 9.0 Hz), 6.95 (d, 1H, J= 2.4 Hz), 6.70 (dd, 1H, J= 9.0 Hz, J= 2.4 Hz), 3.85 (s, 
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3H), 3.03 (t, 2H, J= 7.5 Hz), 2.72 (t, 2H, J= 7.5 Hz), 2.26 (s, 3H). 13C NMR (151 MHz, CDCl3) 

δ= 182.67, 182.44, 174.83, 167.67, 156.54, 141.17, 135.76, 134.86, 134.75, 134.51, 134.08, 

133.68, 133.57, 133.50, 131.20, 130.85, 128.53, 128.25, 127.79, 127.70, 119.04, 115.30, 

111.84, 101.63, 55.93, 33.31, 19.76, 14.16. HRMS (ESI): m/z calculated for C28H22NO6 

[M+H]+: 468.1442, found: 468.1444. 

3-(1-(2-Naphthoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (31) 

 

The compound 31 was synthesized following synthetic route A, employing ethyl 3-(1-(2-

naphthoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoate (0.15 mmol) and trimethyltin 

hydroxide (0.44 mmol). The crude product was purified by flash chromatography using ethyl 

acetate in petroleum ether (20% v/v) as the eluent, affording the target compound as a white 

powder (51.46 mg, 90% yield); 1H NMR (CDCl3, 500 MHz) δ= 8.24 (s, 1H), 7.95-7.90 (m, 

3H), 7.75 (dd, 1H, J= 8.5 Hz, J= 1.7 Hz), 7.65-7.55 (m, 2H), 6.95 (d, 1H, J = 2.5 Hz), 6.91 (d, 

1H, J = 9.0 Hz), 6.61 (dd, 1H, J= 9.0 Hz, J= 2.5 Hz), 3.84 (s, 3H), 3.05 (t, 2H, J= 7.7 Hz), 2.71 

(t, 2H, J= 7.7 Hz), 2.38 (s, 3H). 13C NMR (CDCl3, 126 MHz) δ= 178.06, 169.69, 156.00, 

135.43, 135.06, 133.07, 132.64, 131.41, 131.19, 130.57, 129.42, 128.78, 128.65, 128.08, 

127.20, 125.67, 117.51, 115.33, 111.40, 101.15, 55.90, 33.90, 19.49, 13.41.  HRMS (ESI): m/z 

calculated for C24H21NO4Na [M+Na]+: 410.1363 found: 410.1356. 
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3-(5-Methoxy-2-methyl-1-(3-(trifluoromethyl)benzoyl)-1H-indol-3-yl)propanoic acid 

(32) 

 

Compound 32 was synthesized by following synthetic route A, employing ethyl 3-(5-methoxy-

2-methyl-1-(3-(trifluoromethyl)benzoyl)-1H-indol-3-yl)propanoate (0.05 mmol) and 

trimethyltin hydroxide (0.20 mmol). The crude product was purified by flash chromatography 

using ethyl acetate in petroleum ether (25% v/v) as the eluent, affording the target compound 

as a white powder (18 mg, 87.4% yield); 1H NMR (CDCl3, 600 MHz), δ= 7.98 (s, 1H), 7.86 

(pseudo t, 2H, J = 7.8 Hz), 7.63 (t, 1H, J = 7.8 Hz), 6.94 (d, 1H, J = 2.4 Hz), 6.91 (d, 1H, J = 

9.0 Hz), 6.68 (dd, 1H, J = 9.0 Hz, J =3.0 Hz), 3.85 (s, 3H), 3.02 (t, 2H, J= 7.8 Hz), 2.69 (t, 2H, 

J= 7.8 Hz), 2.32 (s, 3H). 13C NMR (151 MHz, CDCl3) δ= 178.65, 168.02, 156.3, 136.74, 

134.61, 132.93, 131.59 (q, J = 33.2 Hz), 131.06, 130.80, 129.51, 129.24 (q, J = 3.0 Hz), 126.63 

(q, J = 3.7 Hz), 123.62 (q, J = 272.6 Hz), 118.34, 115.24, 111.63, 101.42, 55.89, 33.83, 19.39, 

13.58. 19F NMR (565 MHz, CDCl3) δ= -62.79. HRMS (ESI): m/z calculated for 

C21H18F3NO4Na [M+Na]+: 428.1081, found: 428.1076. 

3-(1-Benzoyl-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (33) 

 

Compound 33 was synthesized by following synthetic route A, employing ethyl 3-(1-benzoyl-

5-methoxy-2-methyl-1H-indol-3-yl)propanoate (0.33 mmol) and trimethyltin hydroxide (0.99 

mmol). The crude product was purified by flash chromatography using methanol in 
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dichloromethane (5% v/v) as the eluent,  affording the target compound as a white powder 

(109.68 mg, quant. yield); 1H NMR (CDCl3, 700 MHz), δ= 7.69-7.68 (m, 2H), 7.62-7.20 

(m,1H), 7.47-7.49 (m, 2H), 6.93 (d, 1H, J = 2.8 Hz), 6.90 (d, 1H, J = 9.1 Hz), 6.65 (dd, 1H, J= 

9.1 Hz, J= 2.8 Hz), 3.84 (s, 3H), 3.02 (t, 2H, J= 7.7 Hz), 2.68 (t, 2H, J= 7.7 Hz), 2.34 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ= 177.54, 169.68, 156.00, 135.94, 134.94, 132.83, 131.34, 

130.57, 129.77, 128.87, 117.52, 115.34, 111.34, 101.11, 55.90, 33.77, 19.45, 13.39. HRMS 

(ESI): m/z calculated for C20H19NO4Na[M+Na] +: 360.1207, found: 360.1202. 

3-(1-(4-Fluorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (34) 

 

Compound 34 was synthesized by following synthetic route A, employing ethyl 3-(1-(4-

fluorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoate (0.25 mmol) and trimethyltin 

hydroxide (0.99 mmol). The crude product was purified by flash chromatography using ethyl 

acetate in petroleum ether (19 % v/v) as the eluent, affording the target compound as a yellow 

powder (40 mg, 45.49 % yield); 1H NMR (CDCl3, 600 MHz) δ= 7.74-7.71 (m, 2H), 7.18-7.15 

(m, 2H), 6.93 (d, 1H, J = 2.5 Hz), 6.87 (d, 1H, J = 9.0 Hz), 6.66 (dd, 1H, J = 9.0, 2.5 Hz), 3.84 

(s, 3H), 3.02 (t, 2H, J = 7.7 Hz), 2.69 (t, 2H, J = 7.7 Hz), 2.36 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ= 178.02, 168.42, 165.61 (d, J = 254.8 Hz), 156.05, 134.89, 132.49 (d, J = 9.2 Hz), 

131.97 (d, 2C, J = 3.2 Hz), 131.25, 130.57, 117.61, 116.14 (d, 2C, J = 22.1 Hz), 115.13, 111.41, 

101.22, 55.90, 33.83, 19.43, 13.31. HRMS (ESI): m/z calculated for C20H19FNO4 [M+H]+: 

356.1293, found: 356.1294. 
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3-(1-(4-(Dimethylamino)benzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (35) 

 

The synthesis of compound 35 was carried out according to reported procedure,131 to afford 

pure product as a yellow crystalline powder (6 mg, 14% yield); 1H NMR (CDCl3, 700 MHz), 

δ= 7.63 (d, 2H, J = 8.9 Hz), 6.98 (d, 1H, J = 8.9 Hz), 6.93 (d, 1H, J = 2.4 Hz), 6.67-6.65 (m, 

3H), 3.84 (s, 3H), 3.08 (s, 6H), 3.03 (t, 2H, J = 7.8 Hz), 2.69 (t, 2H, J = 7.8 Hz), 2.39 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ= 178.27, 169.29, 155.40, 153.73, 135.08, 132.85, 131.74, 

129.92, 121.51, 115.83, 114.79, 111.07, 110.89, 100.63, 55.92, 40.20, 34.16, 19.57, 12.81. 

HRMS (ESI): m/z calculated for C22H25N2O4 [M+H]+: 381.1809, found: 381.1805.  

3-(1-([1,1'-Biphenyl]-4-carbonyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (37) 

 

The synthesis of compound 37 was carried out according to reported procedure,131 to afford 

pure product as a yellow powder (6 mg, 14% yield); 1H NMR (CDCl3, 700 MHz), δ= 7.78 (d, 

2H, J = 8.4 Hz), 7.71 (d, 2H, J = 8.4), 7.66 (d, 2H, J = 7.7 Hz), 7.49 (t, 2H, J = 7.7 Hz), 7.42 

(m, 1H),  6.98 (d, 1H, J = 9.1 Hz), 6.94 (d, 1H, J = 2.1 Hz), 6.67 (dd, 1H, J = 9.1, 2.1 Hz), 3.85 

(s, 3H), 3.03 (t, 2H, J = 7.7 Hz), 2.70 (t, 2H, J = 7.7 Hz), 2.39 (s, 3H). 13C NMR (176 MHz, 

CDCl3) δ= 177.48, 169.40, 155.99, 145.69, 139.83, 134.98, 134.45, 131.35, 130.55, 130.52, 

129.17, 128.50, 127.45, 127.43, 117.44, 115.31, 111.35, 101.13, 55.91, 33.79, 19.48, 13.39. 

The analytical data were consistent with those reported in the literature.131  
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3-(1-(Dimethylcarbamoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (38) 

 

Compound 38 was synthesized by following synthetic route A, employing ethyl 3-(1-

(dimethylcarbamoyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoate (0.15 mmol ) and  

trimethyltin hydroxide (0.60 mmol). The crude product was purified by flash chromatography 

using methanol in dichloromethane (50 % v/v) as the eluent, affording the target compound as 

a colorless oil (40 mg, 87% yield); 1H NMR (CDCl3,500 MHz) δ= 7.09 (d, 1H, J = 9 Hz), 6.94 

(d, 1H, J = 2.0 Hz), 6.82 (dd, 1H, J = 9, J = 2.5 Hz), 3.85 (s, 3H), 3.00 (m, 6H), 3.00-2.98 (2H, 

m), 2.64 (t, 2H, J= 8 Hz), 2.38 (s, 3H). 13C NMR (CDCl3, 126 MHz) δ= 178.88, 155.02, 154.77, 

133.39, 129.95, 129.11, 113.54, 111.90, 111.52, 100.97, 55.98, 37.95, 37.89, 34.48, 19.53, 

11.05. HRMS (ESI): m/z calculated for C16H21N2O4 [M+H]+: 305.1496 found: 305.1498. 

3-(5-Methoxy-2-methyl-1-(morpholine-4-carbonyl)-1H-indol-3-yl)propanoic acid (39) 

 

Compound 39 was synthesized by following synthetic route A, employing ethyl 3-(5-methoxy-

2-methyl-1-(morpholine-4-carbonyl)-1H-indol-3-yl)propanoate (0.36 mmol) and trimethyltin 

hydroxide (1.44 mmol). The crude product was purified by flash chromatography using 

methanol in dichloromethane (4 % v/v) as the eluent, affording the target compound as a white 

powder (56 mg, 45% yield); 1H NMR (CDCl3,600 MHz) δ= 7.19 (d, 1H, J = 9 Hz), 6.94 (d, 

1H, J = 2.4 Hz), 6.83 (dd, 1H, J = 9, J =2.4 Hz), 3.85 (s, 3H), 3.77-3.68 (m, 4H), 3.51 (bs, 4H), 

2.99 (t, 2H, J= 7.7 Hz), 2.64 (t, 2H, J= 7.7 Hz), 2.34 (s, 3H). 13C NMR (151 MHz, CDCl3) δ= 

178.69, 155.23, 153.65, 133.43, 129.77, 129.22, 114.03, 111.70, 111.63, 101.13, 66.94, 55.95, 
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46.54, 34.37, 19.49, 11.20. HRMS (ESI): m/z calculated for C18H23N2O5 [M+H]+: 347.1602 

found: 347.1603. 

3-(5-Methoxy-2-methyl-1-(tetrahydro-2H-pyran-4-carbonyl)-1H-indol-3-yl)propanoic 

acid (40) 

 

Compound 40 was synthesized by following synthetic route A, employing ethyl 3-(5-methoxy-

2-methyl-1-(tetrahydro-2H-pyran-4-carbonyl)-1H-indol-3-yl)propanoate (0.30 mmol) and 

trimethyltin hydroxide (0.87 mmol). The crude product was purified by flash chromatography 

using methanol in dichloromethane (2 % v/v) as the eluent, affordingthe  target compound as 

a white powder (44 mg, 43% yield);  1H NMR (CDCl3, 500 MHz) δ= 7.66 (d, 1H, J = 9 Hz), 

6.96 (d, 1H, J = 2.5 Hz), 6.86 (dd, 1H, J = 9, J =2.5 Hz), 4.07 (dt, 2H, J = 11.5, J = 3.5 Hz), 

3.87 (s, 3H), 3.55 (td, 2H, J = 11.5, J = 2.0 Hz), 3.49-3.45 (m, 1H), 2.98 (t, 2H, J= 8.0 Hz), 

2.63 (t, 2H, J= 7.5 Hz), 2.55 (s, 3H), 2.07-1.98 (m, 2H), 1.90-1.87 (m, 2H). 13C NMR (126 

MHz, CDCl3) δ= 178.53, 175.35, 156.12, 134.34, 131.06, 130.09, 117.90, 115.16, 111.90, 

101.52, 67.17, 67.10, 55.89, 42.65, 33.96, 29.35, 28.51, 19.38, 14.24. HRMS (ESI): m/z 

calculated for C19H23NO4Na [M+Na]+: 368.1469 found: 368.1486. 

3-(1-(Cyclopropanecarbonyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (41) 

 

Compound 41 was synthesized by following synthetic route A, employing ethyl 3-(1-

(cyclopropanecarbonyl)-5-methoxy-2-methyl-1H-indol-3-yl)propanoate (0.29 mmol) and  

trimethyltin hydroxide (1.14 mmol). The crude product was purified by flash chromatography 
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using  ethyl acetate in petroleum ether (34 % v/v) as the eluent, affording the target compound 

as a white powder (77.39 mg, 90% yield);  1H NMR (CDCl3, 700 MHz) δ= 7.85 (d, 1H, J = 9 

Hz), 6.94 (d, 1H, J = 2.5 Hz), 6.84 (dd, 1H, J = 9.0, J = 2.5 Hz), 3.87 (s, 3H), 3.00 (t, 2H, J= 

7.7 Hz), 2.65 (t, 2H, J= 7.7Hz), 2.56 (s, 3H), 2.35 (tt, 1H, J = 7.9, 4.6 Hz), 1.40 – 1.37 (m, 2H), 

1.16-1.32 (m, 2H). 13C NMR (176 MHz, CDCl3) δ= 178.26, 174.20, 155.99, 134.36, 130.80, 

130.41, 116.87, 115.25, 111.60, 101.25, 55.92, 33.99, 19.37, 17.78, 13.73, 10.89. HRMS (ESI): 

m/z calculated for C17H19NO4 [M+Na]+: 324.1206 found: 324.1208. 

3-(5-Methoxy-2-methyl-1-(piperidine-1-carbonyl)-1H-indol-3-yl)propanoic acid (42) 

 

Compound 42 was synthesized by following synthetic route A, employing ethyl 3-(5-methoxy-

2-methyl-1-(piperidine-1-carbonyl)-1H-indol-3-yl)propanoate (0.26 mmol) and trimethyltin 

hydroxide (1.03 mmol). The crude product was purified by flash chromatography using ethyl 

acetate in petroleum ether (35 % v/v) as the eluent, affording the target product as a colorless 

gummy solid (26 mg, 29% yield); 1H NMR (CDCl3, 500 MHz) δ= 7.16 (d, 1H, J = 8.5 Hz), 

6.94 (d, 1H, J = 2.0 Hz), 6.81 (dd, 1H, J = 8.5, J = 2.0 Hz), 3.853 (s, 3H), 3.49-3.38 (m, 4H), 

3.00 (t, 2H, J= 7.7 Hz), 2.65 (t, 2H, J= 7.7Hz), 2.39 (s, 3H), 1.68-1.56 (s, 6H). 13C NMR (126 

MHz, CDCl3) δ= 178.74, 155.03, 153.47, 133.43, 130.11, 129.00, 113.35, 111.77, 111.44, 

100.87, 55.99, 48.08, 47.26, 34.48, 26.31, 25.90, 24.47, 19.57, 11.10. HRMS (ESI): m/z 

calculated for C19H25N2O4 [M+H]+: 345.1809 found: 345.1802. 
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3-(5-Mthoxy-2-methyl-1-(4,7,7-trimethyl-3-oxo-2-oxabicyclo[2.2.1]heptane-1-carbonyl)-

1H-indol-3-yl)propanoic acid (43) 

 

Compound 43 was synthesized by following synthetic route A, employing ethyl 3-(5-methoxy-

2-methyl-1-(4,7,7-trimethyl-3-oxo-2-oxabicyclo[2.2.1]heptane-1-carbonyl)-1H-indol-3-

yl)propanoate (0.18 mmol) and trimethyltin hydroxide (0.72 mmol). The crude product was 

purified by flash chromatography using methanol in dichloromethane (7 % v/v) as the eluent, 

affording the target product as a brown powder (40 mg, 53% yield); 1H NMR (700 MHz, 

CDCl3) δ= δ 7.55 (d, 1H, J = 9.0 Hz), 6.89 (d, 1H, J = 2.5 Hz), 6.82 (dd, 1H, J = 9.0, 2.5 Hz), 

3.85 (s, 3H), 2.98 (t, 2H, J = 7.7 Hz), 2.65 (m, 2H), 2.61-2.58 and 2.10-2.06 (2m, 2H), 2.43-

2.39 and 1.86-1.82 (m, 2H), 2.41 (s, 3H), 1.29 (s, 3H), 1.12 (s, 3H), 0.86 (s, 3H). 13C NMR 

(176 MHz, CDCl3) δ = 178.09, 176.45, 172.08, 156.12, 134.12, 130.67, 130.44, 117.76, 

114.67, 111.72, 101.25, 93.30, 77.34, 77.16, 76.98, 58.99, 55.95, 54.81, 33.49, 31.25, 29.85, 

19.65, 17.84, 16.69, 13.70, 9.87. HRMS (ESI): m/z calculated for C23H27NO6Na [M+Na]+: 

436.1731 found: 436.1727. 

3-(1-Isonicotinoyl-5-methoxy-2-methyl-1H-indol-3-yl)propanoic acid (44): 

 

Compound 44 was synthesized by following synthetic route A, employing ethyl 3-(1-

isonicotinoyl-5-methoxy-2-methyl-1H-indol-3-yl)propanoate (0.26 mmol) and trimethyltin 

hydroxide (1.06 mmol). The crude product was purified by flash chromatography using 

methanol in dichloromethane (2 % v/v) as the eluent, affording the target compound as a yellow 
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powder (30.45 mg, 34% yield); 1H NMR (CDCl3, 600 MHz) δ= 8.81-8.80 (m, 2H), 7.54-7.53 

(m, 2H), 7.02 (d, 1H, J = 9.0 Hz), 6.94 (d, 1H, J = 3 Hz), 6.69 (dd, 1H, J = 9.0, J = 3 Hz), 3.84 

(s, 3H), 3.00 (t, 2H, J = 7.6 Hz), 2.67 (t, 2H, J = 7.6 Hz), 2.29 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ= 177.20, 167.34, 156.57, 150.50, 143.80, 134.29, 131.06, 130.80, 122.89, 119.11, 

115.53, 111.69, 101.67, 55.90, 33.71, 19.47, 13.89. HRMS (ESI): m/z calculated for 

C19H19N2O4 [M+H]+: 339.1340 found: 339.1354. 

3-(5-Methoxy-1-(4-methoxybenzoyl)-2-methyl-1H-indol-3-yl)propanoic acid (45): 

 

Compound 45 was synthesized by following synthetic route A, employing ethyl 3-(5-methoxy-

1-(4-methoxybenzoyl)-2-methyl-1H-indol-3-yl)propanoate (0.33 mmol) and trimethyltin 

hydroxide (0.67 mmol). The crude product was purified by flash chromatography using ethyl 

acetate in petroleum ether (40% v/v) as the eluent, affording the target compound as an off-

white powder (119.85 mg, 97% yield); 1H NMR (CDCl3, 500 MHz) δ= 7.70-7.68 (m, 2H), 

6.97-6.96(m, 2H), 6.93 (d, 1H, J= 2.5), 6.91 (d, 1H, J= 9.0), 6.65 (dd, 1H, J = 9.0, 2.5 Hz), 

3.90 (s, 3H), 3.84 (s, 3H), 3.02 (t, 2H, J = 7.5 Hz), 2.69 (m, 2H), 2.37 (s, 3H). 13C NMR (126 

MHz, CDCl3) δ= 178.07, 169.07, 163.61, 155.77, 135.02, 132.44, 131.48, 130.31, 127.81, 

116.87, 115.04, 114.12, 111.26, 100.95, 55.91, 55.69, 33.95, 19.48, 13.11. HRMS (ESI): m/z 

calculated for C21H22NO5 [M+H]+: 368.1493 found: 368.1493. 

5.2.2.4 Synthetic route D to obtain 46-52 

The synthesis was performed using a previously established resin-capture-release 

methodology.131 Aldehyde-functionalized resin (500 mg, 0.55 mmol; loading capacity: 0.9 

mmol/g) was dried under high vacuum overnight and suspended in 5 mL of dichloroethane 

(DCE). Under an inert argon atmosphere, hydrazine hydrochloride (2.75 mmol, 5.0 equiv) and 

triethylamine (194 μL, 6.0 equiv) were added. The reaction mixture was stirred at 45 °C 

overnight. Upon cooling to room temperature, the resin was filtered and washed three times 
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sequentially with 5 mL each of DMF, 90:10 DMF/H₂O (v/v), DMF, dichloromethane, ethyl 

acetate, and methanol to obtain the hydrazone-bound resin. 

The hydrazone resin (500 mg) was dried under high vacuum overnight and suspended in 5 mL 

of pyridine. The appropriate acid chloride (3.0 equivalents) was added under argon, and the 

mixture was stirred at 80 °C overnight. After cooling to room temperature, the resin was filtered 

and washed three times each with 5 mL of DMF, 90:10 DMF/H₂O, DMF, dichloromethane, 

ethyl acetate, and methanol to remove residual reagents and byproducts. 

The acylated hydrazone resin (150 mg) was suspended in a 1:1 mixture of DCE and 

trifluoroacetic acid (total volume 6 mL). The desired ketone (10.0 equiv.) was added to the 

suspension, and the reaction mixture was heated at 70 °C for a period ranging from 15 minutes 

to 2 hours. After cooling, the resin was quenched with methanol, filtered, and washed 

sequentially with dichloromethane, methanol, ethyl acetate, and an additional methanol wash 

(each in 5 mL portions). The combined filtrates were concentrated under reduced pressure, and 

the crude product was purified by preparative HPLC using a gradient of water and acetonitrile 

as the mobile phase to yield the final compound. 

3-(2-Methyl-1-(thiophene-2-carbonyl)-1H-indol-3-yl)propanoic acid (46) 

 

Compound 46 was prepared in accordance with general procedure D, affording the purified 

product as a white powder (17.39 mg, 42% yield); 1H NMR (CDCl3, 700 MHz) δ= 7.74 (1H, 

dd, J = 4.9, 1.4 Hz), 7.54-7.53 (m, 1H), 7.49 (1H, d, J = 7.8 Hz), 7.24 (1H, d, J = 8.3 Hz), 7.20 

– 7.17 (m, 1H), 7.13 (1H, dd, J = 4.9, 3.5 Hz), 7.10-7.08 (1H, m), 3.06 (t, 2H, J = 7.7 Hz), 2.71 

(t, 2H, J = 7.7 Hz), 2.43 (3H, s). 13C NMR (176 MHz, CDCl3) δ= 177.13, 163.06, 138.72, 

136.72, 135.11, 134.34, 133.91, 129.40, 127.98, 122.93, 122.42, 118.08, 117.05, 113.82, 33.86, 

19.51, 12.67. HRMS (APCI): m/z calculated for C17H15NO3S [M+H]+: 314.0846 , found: 

314.0837. 
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3-(5-Bromo-2-methyl-1-(thiophene-2-carbonyl)-1H-indol-3-yl)propanoic acid (47) 

 

 

Compound 47 was prepared in accordance with general procedure D, affording the purified 

product as a white powder (16 mg, 34 % yield); 1H NMR (CDCl3, 500 MHz) δ= 7.77 (1H, dd, 

J = 5.0, 1.0 Hz), 7.61 (1H, d, J = 1.5 Hz), 7.50 (1H, dd, J = 3.5, 1.0 Hz), 7.17 1H, (dd, J = 9.0, 

2.0 Hz), 7.14 (1H, dd, J = 5.0, 3.5 Hz), 7.09 (1H, d, J = 9.0 Hz), 3.02 (2H, t, J = 7.8 Hz, 2H), 

2.69 (2H, t, J = 7.8 Hz), 2.42 (s, 3H). 13C NMR (126 MHz, CDCl3) δ= 176.50, 162.72, 138.28, 

135.38, 135.34, 134.87, 131.14, 128.12, 125.67, 120.82, 116.30, 115.73, 115.15, 33.70, 19.37, 

12.69. HRMS (APCI): m/z calculated for C17H14BrNO3S [M+H]+: 391.9951, found: 391.9947. 

3-(5-Fluoro-2-methyl-1-(thiophene-2-carbonyl)-1H-indol-3-yl)propanoic acid (48) 

 

Compound 48 was prepared in accordance with general procedure D, affording the purified 

product as a white powder (13 mg, 30% yield); 1H NMR (CDCl3, 600 MHz) δ= 7.75 (1H, d, 

J= 4.8 Hz), 7.52 (1H, d, J= 4.2 Hz), 7.18 (1H, dd, J= 9, 4.2 Hz), 7.144-7.125 (2H, m), 6.81 

(1H, td, J = 9.0, 2.4 Hz, 1H) 3.02 (t, 2H, J = 7.8 Hz), 2.68 (t, 2H, J = 7.8 Hz), 2.41 (3H, s). 13C 

NMR (151 MHz, CDCl3) δ= 177.04, 162.83, 159.27 (d, J = 239.2 Hz), 138.43, 135.67, 135.14, 

134.56, 133.0, 130.36 (d, J = 9.4 Hz), 128.04, 116.95 (d, J = 3.9 Hz), 114.69 (d, J = 9.2 Hz), 

110.73 (d, J = 23.8 Hz), 103.70 (d, J = 23.8 Hz), 33.72, 19.47, 12.87. HRMS (APCI): m/z 

calculated for C17H14FNO3S [M+H]+:332.0752, found:332.0740. 
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3-(5-Chloro-2-methyl-1-(thiophene-2-carbonyl)-1H-indol-3-yl)propanoic acid (49) 

 

Compound 49 was prepared in accordance with general procedure D, affording the purified 

product as a white powder (10.25, 22% yield); 1H NMR (CDCl3, 600 MHz) δ= 7.76 (dd, 1H, J 

= 4.9, 1.2 Hz), 7.51 (dd, 1H, J = 3.6, 1.2 Hz), 7.45 (d, 1H, J = 2.0 Hz), 7.15-7.13 (m, 2H), 7.04 

(dd, 1H, J = 8.8, 2.1 Hz), 3.02 (t, 2H, J = 7.7 Hz), 2.69 (t, 2H, J = 7.7 Hz), 2.42 (s, 3H). 13C 

NMR (151 MHz, CDCl3) δ= 177.04, 162.74, 138.30, 135.47, 135.30, 135.03, 134.81, 130.63, 

128.12, 128.10, 123.01, 117.76, 116.43, 114.76, 33.79, 19.39, 12.74. HRMS (APCI): m/z 

calculated for C17H15ClNO3S [M+H]+:348.0456, found: 348.0451. 

3-(1-(3-Cyanobenzoyl)-2-methyl-1H-indol-3-yl)propanoic acid (50) 

 

Compound 50 was prepared in accordance with general procedure D, affording the purified 

product as a white powder (7 mg, 16% yield); 1H NMR (CDCl3, 700 MHz) δ= 8.00-7.99 (1H, 

m), 7.93 (dt, 1H, J = 7.7, 1.4 Hz), 7.90 (dt, 1H, J = 7.7, 1.4 Hz), 7.64 (t, 1H, J = 7.7 Hz), 7.50 

(d, 1H, J = 7.7 Hz), 7.22-7.20 (m, 1H), 7.08-7.06 (m, 1H),  6.92 (d, 1H, J = 8.4 Hz), 3.06 (t, 

2H, J = 7.7 Hz), 2.71 (t, 2H, J = 7.7 Hz), 2.37 (s, 3H). 13C NMR (176 MHz, CDCl3) δ= 176.83, 

167.48, 137.11, 136.32, 135.93, 133.82, 133.78, 133.28, 129.95, 129.82, 123.66, 123.27, 

118.58, 118.42, 117.70, 114.23, 113.55, 33.59, 19.40, 13.39. HRMS (APCI): m/z calculated 

for C20H17N2O3 [M+H]+:333.1234, found: 333.1223. 
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3-(1-(3-Cyanobenzoyl)-5-fluoro-2-methyl-1H-indol-3-yl)propanoic acid (51) 

 

Compound 51 was prepared in accordance with general procedure D, affording the purified 

product as a white powder (6.23 mg, 14% yield); 1H NMR (CDCl3, 600 MHz) δ = 7.98 (s, 1H), 

7.92-7.90 (m, 2H), 7.65 (t, 1H, J = 7.8 Hz), 7.15 (dd, 1H, J = 8.4, 2.4 Hz), 6.98 (dd, 1H, J = 

9.0, 4.3 Hz), 6.83-6.80 (m, 1H), 3.00 (t, 2H, J = 7.5 Hz), 2.69 (t, 2H, J = 7.5 Hz), 2.31 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ= 176.72, 167.27, 159.64 (d, J = 240.7 Hz), 136.91, 136.02, 

135.41, 133.68, 133.20, 132.63, 130.95 (d, J = 9.3 Hz), 130.03, 118.48 (d, J = 3.8 Hz), 117.61, 

115.24 (d, J = 9.2 Hz), 113.63, 111.35 (d, J = 25.2 Hz), 104.24 (d, J = 23.9 Hz), 33.44, 19.37, 

13.67. HRMS (APCI):  m/z calculated for C20H16FN2O3 [M+H]+: 351.1140, found: 351.1122. 

3-(5-Chloro-1-(3-cyanobenzoyl)-2-methyl-1H-indol-3-yl)propanoic acid (52) 

 

Compound 51 was prepared in accordance with general procedure D, affording the purified 

product as a white powder (8.33 mg, 18% yield); 1H NMR (CDCl3, 700 MHz) δ = 7.98-7.97 

(m, 1H), 7.92-7.90 (m, 2H), 7.65 (t, 1H, J = 7.7 Hz, 1H), 7.46 (d, 1H, J = 2.0 Hz), 7.04 (1H, 

dd, J = 9.1, 2.1 Hz), 6.92 (1H, d, J = 8.4 Hz), 3.01 (t, J = 7.6 Hz, 1H), 2.70 (t, J = 7.6 Hz, 1H), 

2.33 (s, 3H). 13C NMR (176 MHz, CDCl3) δ= 176.79, 167.24, 136.71, 136.15, 135.25, 134.68, 

133.73, 133.25, 131.10, 130.05, 129.05, 123.78, 118.14, 117.97, 117.56, 115.21, 113.68, 33.51, 

19.28, 13.54. HRMS (APCI): m/z calculated for C20H16ClN2O3 [M+H]+: 367.0844, found: 

367.0849. 
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3-(1-Benzoyl-2-methyl-1H-indol-3-yl)propanoic acid (53): 

 

Compound 53 was synthesized following synthetic route B, using ethyl 3-(1-benzoyl-2-

methyl-1H-indol-3-yl)propanoate (0.30 mmol) and trimethyltinhydroxide (0.83 mmol). The 

crude product was purified by flash chromatography using ethyl acetate in petroleum ether 

(25% v/v) as the eluent, affording the target compound as a white powder (90.72 mg, 99% 

yield); 1H NMR (CDCl3, 500 MHz) δ= 7.72-7.70 (m, 2H), 7.64-7.61 (m, 1H), 7.49 (m, 3H), 

7.19-7.16 (m, 1H), 7.06-6.99 (m, 2H) 3.08-3.04 (m, 2H), 2.72-2.69(m, 2H), 2.37 (m, 3H). 13C 

NMR (126 MHz, CDCl3) δ= 178.13, 169.91, 136.67, 135.82, 134.14, 133.03, 129.92, 129.57, 

128.91, 123.15, 122.61, 118.00, 117.44, 114.44, 33.99, 19.46, 13.19. HRMS (ESI): m/z 

calculated for C19H18NO3 [M+H]+: 308.1281  found:. 308.1281. 

3-(1-Benzoyl-5-bromo-2-methyl-1H-indol-3-yl)propanoic acid (54): 

 

Compound 54 was synthesized following synthetic route B, using ethyl 3-(1-benzoyl-5-bromo-

2-methyl-1H-indol-3-yl)propanoate (0.20 mmol) and  trimethyltin hydroxide (0.40 mmol). The 

crude product was purified by flash chromatography using ethyl acetate in petroleum ether 

(22% v/v) as the eluent, affording the target compound as a white powder (76,61 mg, 99% 

yield); 1H NMR (CDCl3, 500 MHz) δ = 7.69-7.67 (m, 2H), 7.65-7.62 (m, 1H), 7.60 (d, 1H, J = 

2.0 Hz), 7.51-7.48 (m, 2H), 7.13 (dd, 1H, J = 9, J = 2.0 Hz,), 6.87 (d, 1H, J = 9.0 Hz), 3.01 (t, 

2H, J = 7.5 Hz), 2.68 (t, 2H, J = 7.5 Hz), 2.35 (m, 3H). 13C NMR (126 MHz, CDCl3) δ= 177.98, 

169.60, 135.55, 135.36, 135.33, 133.34, 131.34, 129.92, 129.01, 125.90, 120.75, 116.70, 

115.97, 115.77, 33.91, 19.32, 13.23. HRMS (ESI): m/z calculated for C19H18NO3Br [M+H]+: 
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386.03863 found:. 386.03879, HRMS (ESI): m/z calculated for C19H18NO3
81Br [M+H]+: 

388.0366 found: 388.0366. 

3-(1-Benzoyl-5-isopropyl-2-methyl-1H-indol-3-yl)propanoic acid (55) 

 

Compound 55 was synthesized following synthetic route B, using ethyl 3-(1-benzoyl-5-

isopropyl-2-methyl-1H-indol-3-yl)propanoate (0.13 mmol) and trimethyltin hydroxide (0.26 

mmol). The crude product was purified by flash chromatography using ethyl acetate in 

petroleum ether (16% v/v) as the eluent, affording the target compound as a white powder (40 

mg, 87% yield); 1H NMR (CDCl3, 600 MHz) δ= 7.71-7.70 (m, 2H), 7.63-7.60 (m, 1H), 7.50-

7.47 (m, 2H), 7.29 (m, 1H), 6.93-6.88 (m, 2H) 3.06 (t, 2H, J = 7.6 Hz), 2.97 (hep, 1H, J =6.9) 

2.71 (t, 2H, J = 7.8 Hz), 2.36 (s, 3H), 1.28 (d, 6H, J = 6.6 Hz). 13C NMR (151 MHz, CDCl3) 

δ= 178.21, 169.84, 143.57, 136.01, 135.11, 134.26, 132.82, 129.81, 129.74, 128.86, 121.96, 

117.62, 115.23, 114.32, 34.23, 34.01, 24.58, 19.42, 13.27. HRMS (ESI): m/z calculated for 

C22H24NO3 [M+H]+: 350.1751 found: 350.1751. 

3-(1-Benzoyl-5-fluoro-2-methyl-1H-indol-3-yl)propanoic acid (56) 

 

Compound 55 was synthesized following synthetic route B, using ethyl ethyl 3-(1-benzoyl-5-

fluoro-2-methyl-1H-indol-3-yl)propanoate (0.09 mmol) and trimethyltin hydroxide (0.28 

mmol). The crude product was purified by flash chromatography using ethyl acetate in 

petroleum ether (17% v/v) as the eluent, affording the target compound as a brown powder (21 

mg, 67% yield); 1H NMR (CDCl3, 500 MHz) δ= 7.70-7.68 (m, 2H), 7.65-7.62 (m, 1H), 7.51-
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7.48 (m, 2H), 7.13 (dd, 1H, J=9.0, J= 2.5), 6.98 (q, 1H, J= 4.5), 6.77 (1H, td, J = 9.0, J= 2.5 

Hz), 3.02-2.99 (m, 2H), 2.69-2.67 (m, 2H), 2.33 (s, 3H). 13C NMR (126 MHz, CDCl3,) δ= 

177.75 (d, J = 71.7 Hz), 169.70 (s), 159.36 (d, J = 239.4 Hz), 135.72 (d, J = 35.7 Hz), 133.28 

(d, J=44.1), 133.15 (s), 131.80 (s), 130.61 (d, J = 9.3 Hz), 129.85 (s), 128.97 (s), 117.34 (d, J 

= 3.8 Hz), 115.35 (d, J = 9.1 Hz), 110.80 (d, J = 25.2 Hz), 109.22 (d, J = 26.1 Hz), 103.70 (d, 

J = 23.9 Hz), 103.06 (d, J = 23.5 Hz), 34.16 (d, J = 103.4 Hz), 19.53 (d, J = 23.6 Hz), 12.64 

(d, J = 190.9 Hz). 19F NMR (470 MHz, CDCl3) δ= -120.73 (td, J = 8.9, 4.4 Hz), -124.94 (td, J 

= 9.5, 4.3 Hz). HRMS (ESI): m/z calculated for C19H16NO3FNa [M+Na]+: 348.1007 found: 

348.1004. 

3-(1-Benzoyl-5-(furan-3-yl)-2-methyl-1H-indol-3-yl)propanoic acid (57) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

5-(furan-3-yl)-2-methyl-1H-indol-3-yl)propanoate (0.08 mmol) and trimethyltin hydroxide 

(0.32 mmol). The crude product was purified by flash chromatography using ethyl acetate in 

petroleum ether (25% v/v) as the eluent, affording the target compound as a yellow powder (16 

mg, 54%); 1H NMR (CDCl3, 700 MHz) δ= 7.72-7.71 (m, 3H), 7.64-7.62 (m, 1H), 7.55 (d, 1H, 

J= 1.4 Hz), 7.50 (t, 2H, J = 7.7 Hz), 7.47 (t, 1H, J = 1.4 Hz), 7.17 (dd, 1H, J = 8.4, J= 1.4 Hz), 

6.96 (d, 1H, J = 8.4 Hz), 6.72 (m, 1H), 3.07 (t, 2H, J = 7.7 Hz), 2.71 (t, 2H, J = 7.7 Hz), 2.37 

(s, 3H). 13C NMR (176 MHz, CDCl3) δ= 177.56, 169.77, 143.72, 138.30, 135.81, 135.73, 

134.86, 133.08, 130.11, 129.91, 128.94, 127.16, 126.87, 121.48, 117.53, 115.13, 114.77, 

109.30, 33.98, 19.42, 13.25. HRMS (ESI): m/z calculated for C23H20NO4 [M+H]+: 374.1387 

found: 374.1386. 
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3-(1-Benzoyl-2-methyl-5-(thiophen-2-yl)-1H-indol-3-yl)propanoic acid (58): 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

2-methyl-5-(thiophen-2-yl)-1H-indol-3-yl)propanoate (0.07 mmol) and trimethyltin hydroxide 

(0.29 mmol). The crude product was purified by flash chromatography using ethyl acetate in 

petroleum ether (27% v/v) as the eluent, affording the target compound as a white powder (20 

mg, 73%); 1H NMR (CDCl3, 700 MHz) δ= 7.73-7.71 (m, 2H), 7.67 (d, 1H, J =2.1), 7.65-7.62 

(m, 1H), 7.51-7.49 (m, 2H), 7.30 (dd, 1H, J = 8.6, J =1.8 Hz,), 7.28 (dd, 1H, J = 3.6, J = 1.1 

Hz), 7.25 (dd, 1H, J = 5.1, J =1.1 Hz), 7.07 (dd, 1H, J = 5.1, J = 3.6 Hz), 6.96 (d, 1H, J = 8.6 

Hz), 3.08 (t, 2H, J = 7.7 Hz), 2.72 (t, 2H, 7.7 Hz), 2.38 (s, 3H). 13C NMR (176 MHz, CDCl3) 

δ= 178.25, 169.72, 145.07, 136.10, 135.63, 135.15, 133.14, 130.11, 129.93, 129.32, 128.96, 

128.11, 124.46, 122.89, 121.73, 117.58, 115.34, 114.76, 34.07, 19.38, 13.26. HRMS (ESI): 

m/z calculated for C23H20NO3 [M+H]+: 390.1159 found: 390.1144. 

3-(1-Benzoyl-5-chloro-2-methyl-1H-indol-3-yl)propanoic acid (59) 

 

The compound was prepared in accordance with synthetic route B, ethyl 3-(1-benzoyl-5-

chloro-2-methyl-1H-indol-3-yl)propanoate (0.22 mmol) and trimethyltin hydroxide (0.43 

mmol). The crude product was purified by flash chromatography using ethyl acetate in 

petroleum ether (15% v/v) as the eluent, affording the target compound as colorless crystals 

(59 mg, 80% yield); 1H NMR (CDCl3, 500 MHz) δ= 7.69-7.66 (m, 2H), 7.65-7.62 (m, 1H), 

7.51-7.48 (m, 2H), 7.44 (d, 1H, J= 2 Hz), 6.99 (dd, 1H, J= 8.8, J=2.0), 6.92 (d, 1H, J=8.5), 

3.01 (t, 2H, J = 7.7 Hz), 2.68 (t, 2H, J = 7.7 Hz), 2.35 (s, 3H). 13C NMR (126 MHz, CDCl3) δ= 
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177.52, 169.62, 135.67, 135.38, 135.00, 133.30, 130.84, 129.91, 129.01, 128.34, 123.23, 

117.71, 116.84, 115.38, 33.83, 19.35, 13.27. HRMS (ESI): m/z calculated for C19H17NO3Cl 

[M+H]+: 342.08915 found: 342.08902; m/z calculated for C19H17NO3 
37Cl [M+H]+: 344.0862 

found: 344.0860. 

3-(1-Benzoyl-5-(3,5-dimethylisoxazol-4-yl)-2-methyl-1H-indol-3-yl)propanoic acid (60) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

5-(3,5-dimethylisoxazol-4-yl)-2-methyl-1H-indol-3-yl)propanoate (0.03 mmol) and 

trimethyltin hydroxide (0.14 mmol). The crude product was purified by preparative HPLC 

using acetonitrile and water as eluent, affording the target compound as a white powder (10 

mg, 71% yield); 1H NMR (CDCl3, 500 MHz) δ=7.75-7.73 (m, 2H), 7.67-7.64 (m, 1H), 7.52 (t, 

2H, J = 7.5 Hz), 7.33 (d, 1H, J = 1.0 Hz), 7.08 (d, 1H, J = 8.5 Hz), 6.92 (dd, 1H, J = 8.5, J =1.5 

Hz), 3.06 (t, 2H, J = 7.5 Hz), 2.70 (t, 2H, J = 7.7 Hz), 2.41 (s, 3H), 2.38 (s, 3H), 2.28 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ= 176.85, 169.82, 165.35, 159.06, 135.98, 135.57, 135.19, 

133.27, 130.02, 129.92, 129.03, 124.55, 124.29, 118.62, 117.33, 117.23, 114.69, 33.81, 19.35, 

13.30, 11.69, 10.92. HRMS (ESI): m/z calculated for C24H23N2O4 [M+H]+: 403.1652 found: 

403.1650. 

3-(1-Benzoyl-5-(2,4-dimethoxypyrimidin-5-yl)-2-methyl-1H-indol-3-yl)propanoic acid 

(61) 
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The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

5-(2,4-dimethoxypyrimidin-5-yl)-2-methyl-1H-indol-3-yl)propanoate (0.10 mmol) and 

trimethyltin hydroxide (0.31 mmol). The crude product was purified by flash chromatography 

using methanol in dichloromethane (2 % v/v) as the eluent, affording the target compound as 

a white powder (28,5 mg, 62% yield); 1H NMR (CDCl3, 700 MHz) δ= 8.30 (s, 1H), 7.73 (d, 

2H, J = 7.7 Hz), 7.64 (t, 1H, J = 7.7 Hz), 7.57 (d, 1H, J = 1.4 Hz), 7.51 (t, 2H, J = 7.7 Hz), 7.16 

(dd, 1H, J = 8.4, J =1.4 Hz), 7.02 (d, 1H, J = 8.4 Hz), 4.04 (s, 3H), 4.02 (s, 3H), 3.08 (t, 2H, J 

= 7.7 Hz), 2.70 (t, 2H, J = 7.7 Hz), 3.07 (s, 3H). 13C NMR (176 MHz, CDCl3) δ= 176.65, 

169.78, 168.38, 164.39, 157.60, 136.13, 135.66, 134.93, 133.15, 129.93, 129.88, 128.98, 

127.58, 124.08, 118.43, 117.68, 116.70, 114.31, 55.04, 54.35, 33.95, 19.49, 13.23. HRMS 

(ESI): m/z calculated for C25H24N3O5 [M+H]+: 446.1711 found: 446.1709. 

3-(1-Benzoyl-2-methyl-5-(4-(trifluoromethyl)phenyl)-1H-indol-3-yl)propanoic acid (62) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

2-methyl-5-(4-(trifluoromethyl)phenyl)-1H-indol-3-yl)propanoate (0.10 mmol) and 

trimethyltin hydroxide (0.42 mmol). The crude product was purified by preparative HPLC 

using acetonitrile and water as eluent, affording the target compound as a white powder (17 

mg, 36% yield); 1H NMR (CDCl3, 500 MHz) δ= 7.84 (m, 1H), 7.78 (m, 1H), 7.74-7-73 (m 

2H), 7.67-7.63 (m, 2H), 7.89-7.57 (m, 1H), 7.56-7.50 (m 3H), 7.28 (d, 1H, J = 1.5 Hz), 7.05 

(d, 1H, J = 8.5 Hz), 3.11 (t, 2H, J = 7.7 Hz), 2.73 (t, 2H, J = 7.7 Hz), 2.40 (s, 3H). 13C NMR 

(126 MHz, CDCl3) δ= 176.93, 169.78, 142.54, 136.45, 135.59, 135.29, 134.58, 133.23, 131.38, 

130.74, 130.24, 129.95, 129.32, 129.00, 123.93 (dd, J = 63.3, 3.8 Hz), 122.56, 117.61, 116.59, 

114.85, 77.42, 77.16, 76.91, 33.87, 19.38, 13.27. 19F NMR (470 MHz, CDCl3) δ = -62.52. 

HRMS (ESI): m/z calculated for C26H21NO3F3 [M+H]+: 452.1468 found: 452.1469. 
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3-(5-(3-Aminophenyl)-1-benzoyl-2-methyl-1H-indol-3-yl)propanoic acid (63) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(5-(3-

aminophenyl)-1-benzoyl-2-methyl-1H-indol-3-yl)propanoate (0.05 mmol) and trimethyltin 

hydroxide (0.14 mmol). The crude product was purified by preparative HPLC using acetonitrile 

and water as eluent, affording the target compound as a white powder (9 mg, 48% yield); 1H 

NMR (CDCl3, 700 MHz) δ= 8.10-8.09 (m, 1H), 7.69-7-67 (m, 2H), 7.64-7.62 (m, 2H), 7.60 

(d, 1H, J= 1.4 Hz), 7.50-7.46 (m, 4H), 7.13 (m, 1H), 6.88 (d, J = 9.0 Hz, 1H), 3.02 (t, 2H, J = 

7.7 Hz), 2.69 (t, 2H, J = 7.7 Hz), 2.34 (s, 3H). 13C NMR (176 MHz, CDCl3) δ= 178.61, 169.63, 

135.52, 135.33, 133.32, 131.35, 130.32, 129.91, 129.00, 128.62, 125.89, 123.93, 120.75, 

116.76, 115.97, 115.77, 113.92, 112.69, 111.80, 109.85, 34.06, 19.34, 13.24. HRMS (ESI): 

m/z calculated for C25H23N2O3 [M+H]+: 399.1703 found: 399.1696. 

3-(1-Benzoyl-2,5-dimethyl-1H-indol-3-yl)propanoic acid (64) 

 

The compound was prepared in accordance with synthetic route B, using ethyl 3-(1-benzoyl-

2-methyl-5-(p-tolyl)-1H-indol-3-yl)propanoate (0.24 mmol) and trimethyltin hydroxide (0.73 

mmol). The crude product was purified by flash column chromatography using ethyl acetate in 

petroleum ether (17 % v/v) as the eluent, affording the target compound as a pale brown powder 

(77.39 mg, 99% yield); 1H NMR (CDCl3, 500 MHz) δ= 7.71-7.69 (m, 2H), 7.63-7.60 (m, 1H), 

7.48 (m, 2H), 7.26 (m, 1H), 6.85 (m, 2H), 3.03 (t, 2H, J = 7.8 Hz), 2.70 (t, 2H, J = 7.8 Hz), 

2.41 (s, 3H), 2.36 (s, 3H). 13C NMR (126 MHz, CDCl3) δ= 179.02, 169.84, 135.93, 134.89, 
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134.22, 132.85, 132.18, 129.82, 129.81, 128.84, 124.40, 117.96, 117.31, 114.19, 34.14, 21.44, 

19.46, 13.23. HRMS (ESI): m/z calculated for C20H20N3 [M+H]+: 322.1438 found: 322.1433. 

3-(1-Benzoyl-2-methyl-5-(trifluoromethoxy)-1H-indol-3-yl)propanoic acid (65) 

 

The compound was prepared in accordance with synthetic route B, using ethyl 3-(1-benzoyl-

2-methyl-5-(4-(trifluoromethoxy)phenyl)-1H-indol-3-yl)propanoate (0.27 mmol) and 

trimethyltin hydroxide (0.82 mmol). The crude product was purified by flash column 

chromatography using ethyl acetate in petroleum ether (20 % v/v) as eluent, affording the target 

compound as an off-white powder (50 mg, 46% yield); 1H NMR (CDCl3, 700 MHz) δ= 7.70-

7.69 (m, 2H), 7.65-7-63 (m, 1H), 7.52-7.49 (m, 2H), 7.32 (m, 1H), 7.02 (d, 1H, J = 9.0 Hz), 

6.98-6.91 (m, 1H), 3.03 (t, 2H, J = 7.7 Hz), 2.68 (t, 2H, J = 7.7 Hz), 2.35 (s, 3H). 13C NMR 

(176 MHz, CDCl3) δ= 178.79 (d, J = 98.5 Hz), 169.67, 144.95 (d, J= 4.7), 136.15, 135.06 (d, 

J = 87.5 Hz), 133.36, 130.34, 129.91, 129.05, 120.78 (q, J = 256.2 Hz), 115.05 (d, J = 11.4 

Hz), 117.29, 116.48, 115.05 (d, J = 11.4 Hz), 110.72 (d, J = 34.2 Hz), 110.57 (d, J = 7.04 Hz), 

34.38 (d, J = 143.4 Hz), 19.37 (d, J = 32.1 Hz), 12.58 (d, J = 262.5 Hz). 19F NMR (470 MHz, 

CDCl3) δ= -58.02 (d, J = 26.0 Hz).  HRMS (ESI): m/z calculated for C20H17F3NO4 [M+H]+: 

392.1105 found: 392.1095. 

4-(1-Benzoyl-3-(2-carboxyethyl)-2-methyl-1H-indol-5-yl)benzoic acid (66) 

 

The compound was prepared in accordance with synthetic route C, using 3-(1-benzoyl-3-(3-

ethoxy-3-oxopropyl)-2-methyl-1H-indol-5-yl)benzoic (0.09 mmol) and trimethyltin hydroxide 



Experimental 

 119  

 

(0.26 mmol). The crude product was purified by preparative HPLC using acetonitrile and water 

as eluent, affording the target compound as a white powder (9.9 mg, 26% yield); 1H NMR 

(CDCl3, 700 MHz) δ= 8.47 (m, 1H), 8.00 (m, 1H), 7.87 (m, 1H), 7.81 (d, 1H, J = 1.6 Hz), 7.76 

(dd, 2H, J=8.2 Hz, J= 1.2 Hz) 7.67-7.65 (m, 1H), 7.54-7.51 (m, 3H), 7.35 (dd, 1H, J = 8.6 Hz, 

1.8 Hz), 7.04 (d, 1H, J = 8.6 Hz), 3.16 (t, 2H, J= 8.1 Hz), 2.75-2.72 (t, 2H, J= 8.2 Hz), 2.42 (s, 

3H). 13C NMR (176 MHz, CDCl3) δ= 179.43, 172.16, 169.77, 141.41, 136.40, 135.63, 135.01, 

134.10, 133.19, 132.33, 130.39, 129.95, 129.86, 129.11, 129.00, 128.63, 128.60, 122.01, 

117.79, 116.30, 114.87, 34.59, 19.49, 13.24. HRMS (ESI): m/z calculated for C26H22NO5 

[M+H]+: 428.1493 found: 428.1493. 

3-(1-Benzoyl-5-(4-carbamoylphenyl)-2-methyl-1H-indol-3-yl)propanoic acid (67) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

5-(4-carbamoylphenyl)-2-methyl-1H-indol-3-yl)propanoate (0.08 mmol) and trimethyltin 

hydroxide (0.25 mmol). The crude product was purified by HPLC using acetonitrile and water 

as eluent, affording the target compound as a white powder (30.3 mg, 79% yield, 94% purity); 

1H NMR (700 MHz, DMSO-d6) δ= 12.14 (s, 1H), 8.01 (s, 1H), 7.96-7.95 (2H, m), 7.92 (m, 

1H), 7.80 (d, 2H, J = 7.7 Hz), 7.75-7.72 (m, 1H), 7.70-7.68 (m, 2H), 7.61-7.59 (m, 2H), 7.44-

7.43 (m, 1H), 7.36-7.30 (m, 1H), 7.04 (d, 1H, J = 9.1 Hz), 3.00 (t, 2H, J = 7.5 Hz), 2.57 (t, 2H, 

J = 7.5 Hz), 2.26 (s, 3H). 13C NMR (176 MHz, DMSO-d6) δ= 173.95, 169.13, 167.61, 143.25, 

135.70, 135.25, 134.21, 133.73, 133.12, 132.53, 129.94, 129.37, 129.01, 128.07, 126.53, 

126.19, 122.00, 118.15, 116.73, 114.09, 34.05, 18.97, 12.91. HRMS (ESI): m/z calculated for 

C26H23N2O4 [M+H]+: 427.1652 found: 427.1653. 
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3-(1-Benzoyl-2-methyl-5-(pyridin-4-yl)-1H-indol-3-yl)propanoic acid (68) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

2-methyl-5-(pyridin-4-yl)-1H-indol-3-yl)propanoate (0.05 mmol) and trimethyltin hydroxide 

(0.19 mmol). The crude product was purified by preparative HPLC using acetonitrile and water 

as eluent, affording the target compound as a white powder (5.03 mg, 27% yield); 1H NMR 

(CD3OD, 500 MHz) δ= 8.77-8.76 (m, 2H), 8.36 (dd, 2H, J= 5.5 Hz, J=1.5 Hz ) 8.22 (d, 1H, 

J= 1.8), 7.74-7.72 (m, 3H), 7.66 (dd, 1H, J = 8.7 Hz, 2.0 Hz), 7.61-7.57 (m, 2H), 7.24 (d, 1H, 

J= 8.7 Hz), 3.16 (t, 2H, J= 7.3 Hz), 2.70 (t, 2H, J= 7.5 Hz), 2.37 (s, 3H). 13C NMR (126 MHz, 

CD3OD) δ= 176.68, 171.01, 143.48, 139.92, 137.30, 136.53, 134.63, 131.94, 130.89, 130.19, 

130.13, 129.46, 124.91, 123.59, 119.59, 119.42, 116.10, 35.22, 20.36, 13.18. HRMS (ESI): 

m/z calculated for C24H21N2O3 [M+H]+: 385.1553 found: 385.1547. 

3-(1-Benzoyl-2-methyl-5-(1H-pyrazol-4-yl)-1H-indol-3-yl)propanoic acid  (69) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

2-methyl-5-(1H-pyrazol-4-yl)-1H-indol-3-yl)propanoate (0.05 mmol) and trimethyltin 

hydroxide (0.24 mmol). The crude product was purified by preparative HPLC using acetonitrile 

and water as eluent, affording the target compound as a white powder (2.5 mg, 14% yield); 1H 

NMR (CDCl3, 700 MHz) δ= 7.80 (s, 2H), (dd, J = 8.4, 1.4 Hz, 2H), 7.65 – 7.63 (m, 2H), 7.50 

(t, J = 7.7 Hz, 2H), 7.11 (dd, J = 8.5, 1.6 Hz, 1H), 6.97 (d, J = 8.5 Hz, 1H), 3.14 (t, J = 7.2 Hz, 

2H), 2.69 (t, J = 7.2 Hz, 2H), 2.39 (s, 3H). 13C NMR (176 MHz, CDCl3) δ= 176.80, 169.73, 
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135.76, 135.69, 135.00, 133.13, 130.53, 129.98, 129.89, 128.97, 125.71, 123.94, 121.09, 

118.01, 115.45, 114.84, 34.92, 19.97, 13.24. HRMS (ESI): m/z calculated for C22H20N3O3 

[M+H]+: 374.1499 found:. 374.1499. 

3-(1-Benzoyl-5-(2-cyanophenyl)-2-methyl-1H-indol-3-yl)propanoic acid (70) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

5-(2-cyanophenyl)-2-methyl-1H-indol-3-yl)propanoate (0.07 mmol) and trimethyltin 

hydroxide (0.21 mmol). The crude product was purified by preparative HPLC using acetonitrile 

and water as eluent, affording the target compound as a white powder (9 mg, 32% yield); 1H 

NMR (CDCl3, 600 MHz) δ= 7.78-7.77 (m, 2H), 7.75 (d, J = 1.3 Hz, 1H), 7.70 (d, J = 1.8 Hz, 

1H), 7.66-7.63 (m, 2H), 7.55-7.51 (m, 3H), 7.44-7.41 (m, 1H), 7.19 (dd, J = 8.6, 1.8 Hz, 1H), 

7.10 (d, J = 8.5 Hz, 1H), 3.10 (t, J = 7.4 Hz, 2H), 2.73 (t, J = 7.4 Hz, 2H), 2.40 (s, 3H). 13C 

NMR (151 MHz, CDCl3) δ= 174.70, 169.81, 146.23, 136.71, 135.56, 135.39, 133.89, 133.26, 

132.99, 132.59, 130.46, 129.99, 129.91, 129.03, 127.35, 123.86, 119.40, 118.74, 117.78, 

114.62, 111.42, 34.03, 19.78, 13.25. HRMS (ESI): m/z calculated for C26H21N2O3 [M+H]+: 

409.1547 found: 409.1547. 

3-(5-(5-Acetylthiophen-2-yl)-1-benzoyl-2-methyl-1H-indol-3-yl)propanoic acid (71) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(5-(5-

acetylthiophen-2-yl)-1-benzoyl-2-methyl-1H-indol-3-yl)propanoate (0.05 mmol) and 

trimethyltin hydroxide (0.21 mmol). The crude product was purified by preparative HPLC 
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using acetonitrile and water as eluent, affording the target compound as a brown powder (10 

mg, 43% yield), 1H NMR (700 MHz, CDCl3) δ= 7.74 (d, 1H, J = 1.6 Hz), 7.72 (dd, 2H, J = 

8.3, 1.2 Hz), 7.67-7.64 (m, 2H), 7.53-7.50 (m, 2H), 7.33 (m, 1H), 7.30 (d, 1H, J = 3.5 Hz), 7.00 

(d, 1H, J = 8.4 Hz), 3.09 (t, 2H, J = 7.7 Hz), 2.72 (t, 2H, J = 7.7 Hz), 2.56 (s, 3H), 2.39 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ= 190.72, 175.88, 169.64, 153.81, 142.70, 136.96, 135.68, 

135.38, 133.74, 133.38, 130.19, 129.98, 129.04, 128.08, 123.62, 121.67, 117.53, 115.93, 

114.90, 33.69, 26.67, 19.35, 13.24. HRMS (ESI): m/z calculated for C25H21NO4SNa [M+Na]+: 

454.1084 found: 454.1066. 

3-(1-Benzoyl-5-(4-hydroxyphenyl)-2-methyl-1H-indol-3-yl)propanoic acid (72) 

 

The compound was prepared in accordance with synthetic route C, using ethyl 3-(1-benzoyl-

5-(4-hydroxyphenyl)-2-methyl-1H-indol-3-yl)propanoate (0.11 mmol) and trimethyltin 

hydroxide (0.33 mmol). The crude product was purified by flash chromatography using 

methanol in dichloromethane (4% v/v) as eluent, affording the target compound an off-white 

powder (34.39 mg, 80% yield); 1H NMR (DMSO, 700 MHz) δ= 12.12 (s, 1H), 9.46 (s, 1H), 

7.74-7.72 (m, 2H), 7.69 (d, 2H, J=7.7 Hz), 7.60 (t, 1H, J = 7.7 Hz), 7.52 (d, 1H, J = 9.1 Hz), 

7.28 (dd, 1H, J = 9.1, J = 1.4 Hz), 6.99 (d, 1H, J = 8.4 Hz), 6.84 (d, 2H, J = 8.4 Hz), 2.98 (t, 

2H, J = 7.7 Hz), 2.56 (t, 2H, J = 7.7 Hz), 2.26 (s, 3H). 13C NMR (176 MHz, DMSO) δ= 173.90, 

169.08, 156.70, 135.41, 134.97, 134.80, 133.78, 132.95, 131.42, 129.85, 129.27, 128.95, 

127.86, 121.40, 118.10, 115.60, 115.51, 113.93, 34.00, 19.00, 12.91. HRMS (ESI): m/z 

calculated for C25H22NO4 [M+H]+: 400.1543 found: 400.1542. 
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3-(1-Benzyl-5-bromo-2-methyl-1H-indol-3-yl)propanoic acid (73) 

 

Ethyl 3-(5-bromo-2-methyl-1H-indol-3-yl)propanoate (10b) (150 mg, 0.48 mmol, 1.0 equiv) 

was dissolved in 1 mL of DMF in a round-bottom flask and cooled to -20 °C under an inert 

argon atmosphere. Sodium hydride (NaH, 60% dispersion in mineral oil, 29.01 mg, 0.73 mmol, 

1.5 equiv) was carefully added to the solution, and the reaction was stirred for 15 minutes. 

Benzyl chloride (122.43 mg, 0.97 mmol, 111.29 µL, 2.0 equiv) was then added, and the mixture 

was allowed to gradually reach room temperature and stirred overnight. Reaction progress was 

monitored via TLC and LC-MS. Upon completion, methanol was cautiously added to quench 

the reaction, followed by extraction with ethyl acetate. The organic phases were combined, 

dried over anhydrous magnesium sulfate, and concentrated under reduced pressure to give the 

crude intermediate (185 mg, 0.46 mmol, 1.0 equiv), which was dissolved in 1 mL of 1,2-

dichloroethane (DCE). To this solution, trimethyltinhydroxide (100.28 mg, 0.56 mmol, 1.2 

equiv) was added, and the mixture was heated to reflux. The reaction was monitored by TLC 

and LC-MS until complete conversion was observed. The solvent was removed under vacuum, 

and the residue was dissolved in ethyl acetate. The organic phase was sequentially washed 

three times with 5% aqueous HCl and once with 5 mL of brine. After drying over anhydrous 

magnesium sulfate, the solution was concentrated and purified by flash chromatography using 

2% methanol in dichloromethane (v/v) as the eluent, affording the pure product as a white 

powder (143 mg, 83% yield); 1H NMR (CDCl3, 500 MHz), δ= 7.65 (d, 1H, J = 1.8 Hz), 7.27-

7.23 (m, 2H), 7.22-7.21 (m, 1H), 7.17 (dd, 1H, J = 8.6, 1.8 Hz), 7.04 (d, 1H, J = 8.6 Hz), 6.90 

– 6.87 (m, 2H), 5.25 (s, 2H), 3.04 (t, 2H, J = 7.6 Hz), 2.66 (t, 2H, J = 7.6 Hz), 2.29 (s,3H).  13C 

NMR (126 MHz, CDCl3) δ= 179.10, 137.57, 135.34, 134.81, 129.34, 128.98, 127.54, 125.93, 

123.85, 120.57, 112.66, 110.73, 109.78, 46.80, 35.11, 19.87, 10.40. HRMS (ESI): m/z 

calculated for C19H19BrNO2 [M+H] +: 372.0594, found: 372.0568. 
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3-(5-Bromo-1-(cyclohexanecarbonyl)-2-methyl-1H-indol-3-yl)propanoic acid (74) 

 

Ethyl 3-(5-bromo-2-methyl-1H-indol-3-yl)propanoate (10b) (150 mg, 0.48 mmol, 1.0 equiv) 

was dissolved in 1 mL of DMF in a round-bottom flask and cooled to -20 °C under an inert 

argon atmosphere. Sodium hydride (NaH, 60% dispersion in mineral oil, 29.01 mg, 0.73 mmol, 

1.5 equiv) was carefully added to the solution, and the reaction was stirred for 15 minutes. 

Cyclohexyl carbonyl chloride (2 equiv, 141.8 mg, 0.97 mmol, 129.85 µL was then added, and 

the mixture was allowed to gradually reach room temperature and stirred overnight. Reaction 

progress was monitored via TLC and LC-MS. Upon completion, methanol was cautiously 

added to quench the reaction, followed by extraction with ethyl acetate. The organic phases 

were combined, dried over anhydrous magnesium sulfate, and concentrated under reduced 

pressure to give the crude intermediate (1 equiv. 141 mg, 0.34 mmol), which was dissolved in 

1 mL of 1,2-dichloroethane (DCE). To this solution, trimethyltinhydroxide 

trimethyltinhydroxide (2 equiv, 121.48 mg, 0.67 mmol) was added, and the mixture was heated 

to reflux. The reaction was monitored by TLC and LC-MS until complete conversion was 

observed. The solvent was removed under vacuum, and the residue was dissolved in ethyl 

acetate. The organic phase was sequentially washed three times with 5% aqueous HCl and once 

with 5 mL of brine. After drying over anhydrous magnesium sulfate, the solution was 

concentrated and purified by flash chromatography using methanol in dichloromethane (1% 

v/v) as the eluent, affording the pure product as a white powder (120 mg, 91%); 1H NMR 

(CDCl3, 700 MHz), δ= 7.65 (d, 1H, J = 8.8 Hz), 7.58 (d, 1H, J = 2.0 Hz), 7.34 (dd, 1H, J = 8.8, 

2.0 Hz), 3.14 (tt, 1H, J = 11.3, 3.3 Hz), 2.98 (t, 2H, J = 7.7 Hz), 2.63 (t, 2H, J = 7.7 Hz), 2.54 

(s, 3H), 1.99-1.97 (m, 2H), 1.88-1.86 (m, 2H), 1.76-1.74 (m, 1H), 1.68-1.62 (m, 2H), 1.39-1.37 

(m, 1H), 1.36 – 1.31 (m, 2H). 13C NMR (176 MHz, CDCl3) δ= 177.98, 177.47, 134.76, 134.45, 

131.59, 126.48, 120.82, 116.75, 116.02, 115.84, 45.99, 33.96, 29.73, 25.81, 25.72, 19.29, 

13.92. HRMS (ESI): m/z calculated for C19H23BrNO3 [M+H]+: 392.0856, found: 392.0848. 
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Ethyl (S)-(6-methyl-5-((3-(2-(piperidin-3-ylamino)pyrimidin-4-yl)pyridin-2-

yl)oxy)naphthalen-1-yl)carbamate (G1749) 

 

The compound G1749 was synthesized in accordance with a previously reported method.133 

The product was obtained as an off-white powder in 60% yield; 1H NMR (DMSO-d6, 600 

MHz) δ= 9.57 (s, 1H), 8.48 (d, 1H, J = 5.4 Hz), 8.05 (dd, 1H, J = 4.8, 1.8 Hz), 7.93 (d, 1H, J 

= 9.0 Hz), 7.58 – 7.55 (m, 2H), 7.51 (d, 1H, J = 7.2 Hz), 7.49 (d, 1H,  J = 9.0 Hz), 7.46 (d, 1H, 

J = 8.4 Hz), 7.41 – 7.37 (m, 1H),  7.26 (dd, 1H, J = 7.8, 4.8 Hz), 4.25 (s, 1H), 4.17 (q, J = 7.1 

Hz, 2H), 3.46 (m, 1H), 3.23-3.21 (m, 1H), 2.89-2.84 (m, 2H), 2.21 (s, 3H), 2.03-1.91 (m, 2H), 

1.75-1.61 (m, 2H), 1.28 (t, 3H, J = 7.2 Hz). 13C NMR (151 MHz, DMSO-d6) δ= 161.56, 160.39, 

158.22, 157.99, 154.86, 148.74, 146.38, 140.21, 134.23, 128.70, 128.27, 127.89, 126.80, 

126.28, 120.46, 120.18, 120.16, 119.02, 117.92, 110.60, 60.41, 46.59, 44.72, 43.14, 28.06, 

20.74, 16.14, 14.62. 

(S)-2-Chloro-N-(6-methyl-5-((3-(2-(piperidin-3-ylamino)pyrimidin-4-yl)pyridin-2-

yl)oxy)naphthalen-1-yl)benzenesulfonamide (AMG18 or KIRA8) 

 

 

The compound KIRA8 was synthesized in accordance with a previously reported method.119 

The product was obtained as an off-white powder in 50% yield; 1H NMR (DMSO-d6, 600 

MHz) δ= 10.63 (s, 1H), (d, 1H, J = 5.4 Hz), 8.06 (d, 1H, J = 8.4 Hz), 8.04 (dd, 1H, J = 4.8, 1.8 

Hz), 7.85 (dd, 1H, J = 7.8, 1.2 Hz), 7.70 (dd, 1H, J = 8.4, 1.2 Hz), 7.64-7.61 (m, 1H), 7.54 (d, 

1H, J = 4.2 Hz), 7.51-7.47 (m, 3H), 7.44 (td, 1H, J = 7.8, 1.2 Hz), 7.31-7.28 (m, 1H), 7.26 (dd, 

1H, J = 7.8, 4.8 Hz), 7.15 (d, 1H,  J = 7.2 Hz), 4.24 (s, 1H), 3.45-3.43 (m 1H), 3.23-3.20 (m, 

1H), 2.91-2.81 (m 2H), 2.17 (s, 3H), 2.02-1.90 (m 2H), 1.74-1.59 (m, 2H). 13C NMR (151 
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MHz, DMSO-d6) = 161.54, 160.27, 158.19, 157.96, 148.72, 146.27, 140.23, 137.40, 134.53, 

132.24, 131.97, 131.08, 130.89, 129.54, 129.21, 128.44, 127.74, 127.29, 126.19, 122.36, 

120.44, 120.18, 119.96, 119.08, 110.63, 46.59, 44.71, 43.13, 28.04, 20.73, 16.12. 

5.2.3 IRE1α activators 

5.2.3.1 General procedure A for the synthesis of aminopyrimidines 81-84 

 

Synthesized using the reported procedure.142 A stirred solution of 1.0 g (5.12 mmol) of 4,6-

dichloro-2-(thiomethyl)pyrimidine, 0.93 g (7.18 mmol) of DIPEA, and 0.70 g (7.18 mmol) of 

5-methyl-1H-pyrazol-3-amine was heated at 50 °C for 16 hours. After cooling to room 

temperature, the mixture was poured into 10 mL of water, and the resulting precipitate was 

filtered off. The solid was then dissolved in 12 mL of EtOAc, filtered again, and finally taken 

up in 5 mL of MeOH. Drying the product under vacuum produced compound 79, as a pale-

yellow solid with a yield of 76% (1.0 g, 3.91 mmol)  

The intermediate compound 79 (1.0 g, 3.91 mmol) produced in the previous step was stirred in 

25 mL MeOH and cooled in an ice bath. To it, a slurry of oxone (5.53 g, 9.00 mmol) in water 

(13 mL) was added portion by portion over 10 minutes. The reaction mixture was stirred by 

allowing it to come to room temperature for 2 hours. The solid, isolated by filtration, was stirred 

vigorously in a 1:1 mixture of water and saturated bicarbonate solution. The solid was then 

filtered and dried in vacuo to afford the final product (80) as a yellow solid (0.66 g, 2.31 mmol, 

59%). 
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A stirred solution of 6-chloro-N-(5-methyl-1H-pyrazol-3-yl)-2-(methylsulfonyl)pyrimidin-4-

amine (80) (1 eq), potassium tert-butoxide (1.15 eq) and the corresponding phenol (1.1 eq) in 

tert- butanol (0.05 M with respect to the pyrimidine) was heated to 50 °C until complete 

conversion as indicated by LC-MS. The reaction was quenched by the addition of water and 

EtOAc. The organic layer was separated, and the aqueous layer was extracted with EtOAc (3x). 

The combined organic layers were dried over magnesium sulfate and concentrated in vacuo. 

The resulting crude was then purified to obtain the desired compound. 

N-(5-Methyl-1H-pyrazol-3-yl)-6-(4-methylpiperazin-1-yl)-2-(4-nitrophenoxy)pyrimidin-

4-amine (78) 

 

The synthesis was carried out as described in the literature.135 Product formed as a light-yellow 

solid. 1H NMR (500 MHz, DMSO-d6) δ= 10.30 (s, 1H), 9.60 (s, 1H), 8.32-8.30 (m, 2H), 7.46-

7.43 (m, 2H), 6.33 (s, 1H), 5.66 (s, 1H), 4.19 (m, 2H), 3.48 (m, 2H), 3.22-3.05 (m, 4H), 2.82 

(s, 3H), 2.07 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 163.75, 163.41, 161.75, 158.62, 

148.06, 143.93, 138.65, 125.30, 122.68, 95.22, 80.33, 51.75, 42.18, 41.10, 10.50. HRMS (ESI): 

m/z calculated for C19H23N8O3 [M + H]+: 411.1815 , Found: 411.1888. 

4-((4-Chloro-6-((5-methyl-1H-pyrazol-3-yl)amino)pyrimidin-2-yl)oxy)benzamide (81) 

 

 

The synthesis was carried out as described in the literature, 142 and pure product 81 formed as 

1:1 mixture of rotamers, 1H NMR (400 MHz, DMSO-d6) δ= 11.97 (s, 1H), 10.36 (s, 1H),  8.02, 

7.38 (two s, total 2H, two rotamers), 7.99, 7.30 (two m, total 4H, two rotamers), 7.73 (d, J = 

8.6 Hz, 0.50 H, rotamer 1), 6.77 (d, J = 8.6 Hz, 0.50 H, rotamer 2), 6.52 (s, 0.50 H, rotamer 1), 
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5.52 (s, 0.50 H, rotamer 2), 2.22-1.97 (m, 3H). Spectroscopic data were in accordance with the 

reported literature. 

6-Chloro-N-(5-methyl-1H-pyrazol-3-yl)-2-(4-(methylsulfonyl)phenoxy)pyrimidin-4-

amine (82) 

 

The synthesis was carried out as described in the literature.142 1H NMR (500 MHz, DMSO-d6) 

δ = 12.15-12.00 (m, 1H), 10.43 – 10.19 (m, 1H), 8.02 (m, 2H), 7.52 (d, J = 8.4 Hz, 2H), 6.56 

(s, 1H), 5.62(s, 1H), 3.27 (s, 3H), 2.07 (s, 3H). Spectroscopic data were in accordance with the 

reported literature. 

4-((4-Chloro-6-((5-methyl-1H-pyrazol-3-yl)amino)pyrimidin-2-

yl)oxy)benzenesulfonamide (83) 

 

The synthesis was carried out as described in the literature.142 1H NMR (500 MHz, DMSO-d6) 

δ = 12.00 (s, 1H), 10.41 (s, 1H), 7.90 (d, J = 8.0, 2H), 7.44 – 7.42 (m, 4H), 6.55 (s, 1H), 5.69 

(s,1H), 2.07 (s, 3H). Spectroscopic data were in accordance with the reported literature. 

4-((4-Chloro-6-((5-methyl-1H-pyrazol-3-yl)amino)pyrimidin-2-yl)oxy)benzaldehyde (84) 

 

Synthesized by following general procedure A, A stirred solution of 6-chloro-N-(5-methyl-1H-

pyrazol-3-yl)-2-(methylsulfonyl)pyrimidin-4-amine (80) (1 equiv., 50 mg, 0.17 mmol), 

potassium tert-butoxide (1.15 eq, 22.43 mg, 0.20 mmol) and the corresponding phenol (1.1 eq) 
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in tert- butanol (0.05 M with respect to the pyrimidine) was heated to 50 °C until complete 

conversion as indicated by LCMS. The reaction was quenched by the addition of water and 

EtOAc. The organic layer was separated, and the aqueous layer was extracted with EtOAc (3x). 

The combined organic layers were dried over magnesium sulfate and concentrated in vacuo. 

The resulting crude was then purified by preparative HPLC using water and acetonitrile (0-

95% gradient) to yield pure product as a white powder (57 mg, quant.). 1H NMR (700 MHz, 

DMSO-d6) δ= 12.13-12.00 (m, 1H), 10.42-10.18 (m, 1H), 10.05 (s, 1H), 8.03 (m, 2H), 7.47 

(m, 2H), 6.54 (s, 1H), 5.56 (s, 1H), 2.18-1.95 (m, 3H). 13C NMR (176 MHz, DMSO-d6) δ= 

192.08, 176.46, 164.05, 161.22, 158.30, 157.45, 146.95, 138.15, 133.60, 131.35, 123.21, 99.80, 

95.80, 10.47. HRMS (ESI): m/z calculated for C15H12ClN5O2 [M + H] +: 330.0753, Found: 

330.0749. 

2-(4-Ainophenoxy)-6-chloro-N-(5-methyl-1H-pyrazol-3-yl)pyrimidin-4-amine (85) 

 

A solution of 4,6-dimethyl-2-(methylsulfonyl)pyrimidine (1 equiv., 100 mg, 0.35 mmol), 4-

aminophenol (1 equiv., 37.93 mg, 0.35 mmol) and K2CO3 (2 equiv., 96.07 mg 0.70  mmol) in 

DMF (1.5 mL) was stirred at 100 ˚C for 2 h. The reaction mixture was poured into water and 

extracted with EtOAc. The organic layer was washed with water and saturated brine, dried over 

magnesium sulfate, and evaporated. The residue was purified by preparative HPLC using water 

and acetonitrile (0-95% gradient) to yield pure product as a white powder (53 mg, 48%). 1H 

NMR (600 MHz, DMSO-d6) δ = 10.29 (s, 1H), 7.16-1.13 (m, 4H), 6.44 (s, 1H), 5.72 (s, 1H), 

2.06 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ= 164.40, 161.40, 149.29, 147.14, 138.39, 

123.08, 121.40, 99.40, 95.94, 10.59. HRMS (ESI): m/z calculated for C14H14ClN6O [M + H] +: 

317.0913, Found: 317.0915. 

5.2.3.2 General procedure B for the synthesis of aminopyrimidines 86-89 

Compound 85 (1 equiv.), glyoxylic acid monohydrate (1.2 equiv.), and corresponding boronic 

acid (1.2 equiv.) were added simultaneously to hexafluoro-2-propanol (HFIP) (0.1 M) with 3Å 

molecular sieves. The mixture was stirred at room temperature and monitored by LC-MS and 
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TLC. The solvent then evaporated under reduced pressure. The resulting residue was purified 

by preparative HPLC using water and acetonitrile (0-95% gradient). 

 

2-((4-((4-Chloro-6-((5-methyl-1H-pyrazol-3-yl)amino)pyrimidin-2yl)oxy)phenyl)amino)-

2-phenylacetic acid (86) 

 

Using the general procedure for the preparation of 86-89. Compound 86 was obtained from 2-

(4-aminophenoxy)-6-chloro-N-(5-methyl-1H-pyrazol-3-yl)pyrimidin-4-amine, 85 (1 equiv., 

42 mg, 0.13 mmol), glyoxylicacid monohydrate (75c) (1.2 equiv., 14.7 mg, 0.16 mmol), 

phenylboronic acid (1.2 equiv., 19.4 mg, 0.16 mmol) in HFIP (2 mL). Purified as a brown 

powder (29.9 mg, 50% yield). 1H NMR (600 MHz, DMSO-d6) δ = 10.24 (s, 1H), 7.54 (d, J = 

7.2 Hz, 2H), 7.37 (m, 2H), 7.31 (m, 1H), 6.89 (d, J = 9.0 Hz, 2H), 6.71 (d, J = 9.0 Hz, 2H), 

5.76 (s, 1H), 5.08 (s, 1H), 3.10-3.05 (m, 1H), 2.09 (s, 3H). 13C NMR (151 MHz, DMSO) δ = 

172.95, 164.96, 161.38, 147.12, 144.57, 143.55, 138.56, 128.53, 127.87, 127.54, 124.23, 

122.18, 113.42, 98.82, 95.84, 79.21, 60.18, 45.61, 10.50. HRMS (ESI): m/z calculated for 

C22H20ClN6O3 [M + H]+: 451.1280, Found: 451.1276. 
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2-((4-((4-Chloro-6-((5-methyl-1H-pyrazol-3-yl)amino)pyrimidin-2yl)oxy)phenyl)amino)-

2-(thiophen-2-yl)acetic acid (87) 

 

Using the general procedure for the preparation of 86-89. Compound 87 was obtained from 2-

(4-aminophenoxy)-6-chloro-N-(5-methyl-1H-pyrazol-3-yl)pyrimidin-4-amine (85) (50.00 mg, 

0.16 mmol), glyoxylic acid monohydrate (75c) (17.44 mg, 0.19 mmol), 2-thienylboronic acid 

(24.24 mg, 0.19 mmol) in HFIP (2 mL). Purified as a white powder (35 mg, 49 % yield). 1H 

NMR (500 MHz, DMSO-d6) δ = 7.47 (d, 1H, J = 5.0 Hz), 7.21 (m, 1H), 7.03-7.01 (m, 1H), 

6.92-6.91 (m, 2H), 6.76 (d, J = 7.5 Hz, 2H), 6.46 (s, 1H), 5.76 (s, 1H), 5.35 (s, 1H), 2.08 (s, 

3H). HRMS (ESI): m/z calculated for C20H18ClN6O3S [M + H] +: 457.0845, Found: 457.0845. 

2-((4-((4-Chloro-6-((5-methyl-1H-pyrazol-3-yl)amino)pyrimidin-2yl)oxy)phenyl)amino)-

2-(2,4-dimethoxypyrimidin-5-yl)acetic acid (88) 

 

Using general procedure for the preparation of 86-89 was obtained from 2-(4-aminophenoxy)-

6-chloro-N-(5-methyl-1H-pyrazol-3-yl)pyrimidin-4-amine (85) (1 equiv. 35.00 mg, 0.11 

mmol), glyoxylicacid monohydrate (75c) (1.2 equiv., 12.21 mg, 0.13 mmol), 2,4-

dimethoxypyrimidin-5-boronsäure (1.2 equiv., 24.39 mg, 0.13 mmol), (1.2 equiv.,16.02 mg, 

0.11 mmol) in HFIP (1.5 mL). Purified as a white powder (19 mg, 35 % yield).  1H NMR (500 

MHz, CD₃OD) δ = 8.37 (s, 1H), 6.99-6.97 (m, 2H), 6.78-6.77 (m, 2H), 6.65 (s, 1H), 5.81 (s, 

1H), 5.30 (s, 1H), 4.13 (s, 3H), 4.04 (s, 3H), 2.16 (s, 3H). 13C NMR (126 MHz, CD₃OD) δ= 

173.62, 170.98, 166.66, 165.83, 157.17, 146.36, 145.48, 125.26, 124.96, 123.72, 115.39, 

114.08, 100.20, 97.48, 55.94, 55.35, 54.80,10.93. HRMS (ESI): m/z calculated for 

C22H22ClN8O5 [M + H] +: 513.1397, Found: 513.1387. 
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2-((4-((4-Chloro-6-((5-methyl-1H-pyrazol-3-yl)amino)pyrimidin-2yl)oxy)phenyl)amino)-

2-(3,5-dimethylisoxazol-4-yl)acetic acid (89) 

 

Using general procedure for the preparation of 86-89 was obtained from 2-(4-aminophenoxy)-

6-chloro-N-(5-methyl-1H-pyrazol-3-yl)pyrimidin-4-amine (85) (1 equiv. 30.00 mg, 

0.095mmol), glyoxylicacid monohydrate (75c) (1.2 equiv., 10.46 mg, 0.11 mmol), 3,5-

dimethylisoxazol-4-yl-4-boronic acid, (1.2 equiv.,16.02 mg, 0.11 mmol) in HFIP (1.5 mL). 

Purified as a white powder (15 mg, 34 % yield).  1H NMR (600 MHz, CD₃OD) δ = 7.46-7.45 

(m, 1H), 7.39-7.38 (m, 1H), 6.98-6.97 (m, 2H), 6.72-6.70 (m, 2H), 6.66 (s, 1H), 5.37 (s, 1H), 

5.03 (s, 1H), 2.47 (s, 3H), 2.31 (s, 3H), 2.16 (s, 3H). 13C NMR (151 MHz, CD₃OD) δ= 173.70, 

168.86, 166.82, 160.79, 146.26, 145.91, 142.55, 125.19, 125.07, 123.81, 115.05, 112.89, 

100.21, 99.67, 52.83, 11.46, 11.12, 10.62. HRMS (ESI): m/z calculated for C21H21ClN7O4 [M 

+ H] +: 470.1339, Found: 470.1348. 

2-(4-(6-((5-Methyl-1H-pyrazol-3-yl)amino)-2-(4-sulfamoylphenoxy)pyrimidin-4-

yl)piperazin-1-yl)-2-phenylacetic acid (91) 

 

Compound 83 (1 equiv., 0.091 mmol) and piperazine (6.5 equiv., 0.60 mmol)  were dissolved 

in 1,4-dioxane and refluxed at 100 ˚C until complete conversion, monitored by LC-MS. The 

reaction mixture was then cooled to room temperature, and a saturated solution of sodium 

bicarbonate was added to the reaction mixture, which was extracted with EtOAc (x3). The 

combined organic layers were dried over magnesium sulfate and evaporated in vacuo. The 

resultant crude product (90) was directly used for the next step without further purification. 
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90 (1 equiv., 33.00 mg, 0.08 mmol), glyoxylic acid monohydrate (1.2 equiv., 8.47 mg, 0.09 

mmol), and phenyl boronic acid (1.2 equiv., 11.22 mg, 0.09 mmol) were added simultaneously 

to hexafluoro-2-propanol (HFIP) (0.1 M) with 3Å molecular sieves. The mixture was stirred at 

room temperature and monitored by LC-MS and TLC. The solvent then evaporated under 

reduced pressure. The resulting residue was purified by preparative HPLC using water and 

acetonitrile (0-95% gradient) to yield pure product 91 as a white powder (32 mg, 75 %). 1H 

NMR (500 MHz, CD₃OD) δ = 7.95-7.94 (m, 2H), 7.74-7.72 (m, 1H), 7.57-7.55 (m, 2H), 7.47-

7.46 (m, 3H), 7.31 (d, J = 8.6 Hz, 2H), 6.88-6.86 (m, 1H), 5.75 (s, 1H), 4.52 (s, 1H), 3.75 (s, 

4H), 3.29 (s, 4H), 2.97-2.95 (m, 2H), 2.19 (s, 3H) 13C NMR (126 MHz, CD₃OD) δ= 165.50, 

163.66, 162.44, 157.59, 141.49, 134.86, 133.28, 131.03, 130.64, 130.38, 129.35, 128.81, 

123.53, 116.31, 96.47, 80.88, 75.64, 51.82, 49.51, 49.34, 49.17, 49.00, 48.83, 48.66, 48.49, 

42.78, 11.10. HRMS (APCI): m/z calculated for C26H29N8O5S [M + H] +: 565.1977, Found: 

565.1986. 

6-Chloro-N-(5-methyl-1H-pyrazol-3-yl)-2-(pyridin-4-ylmethoxy)pyrimidin-4-amine (92) 

 

The synthesis was carried out as described in the literature, 142 and the pure product 92 as a 

white powder (yield 89%).  1H NMR (600 MHz, CD₃OD) δ = 8.80 (d, J =6.6 Hz, 2H), 8.06 (d, 

J = 6.6 Hz, 2H), 6.83 (s, 1H), 6.07 (s, 1H), 5.71 (s, 2H), 2.30 (s, 3H). Spectroscopic data were 

in accordance with the reported literature.137 

Methyl 1-(4-((3-methyl-1H-pyrazol-5-yl)amino)pyrimidin-2-yl)piperidine-4-carboxylate 

(95) 

 

3-Methyl-1H-pyrazol-5-amine (1.1 equiv., 717.09 mg, 7.38 mmol) was dissolved in ethanol 

(15 mL), then 2,4-dichloropyrimidine (1 equiv., 1000.00 mg, 6.71 mmol) was added, followed 
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by DIPEA (1.7 equiv., 2 mL). The mixture was heated at 50 °C for 24 h, cooled, and evaporated 

to dryness to give an orange gum Purified by flash silica chromatography, elution gradient 0-

10% MeOH in DCM to obtain pure product 2-chloro-N-(3-methyl-1H-pyrazol-5-yl)pyrimidin-

4-amine (94) as a yellow powder (Yield 900.58 mg, 64%). Intermediate 94 (374.30 mg, 1.78 

mmol) was dissolved in 1,4-dioxane (4 mL), and to it methyl piperidine-4-carboxylate 1.2 

equiv, 286. 33 mg, 2 mmol) was added and stirred at 80 °C for 72 h. The solvent then 

evaporated under reduced pressure. The resulting residue was purified by preparative HPLC 

using water and acetonitrile (0-95% gradient) to yield the pure product 95 as a white powder 

(564.85 mg, quant.). 1H NMR (500 MHz, DMSO-d6) δ = 11.88 (s, 1H), 9.32 (s, 1H), 7.87 (d, 

1H, J = 6.0 Hz), 6.31 (s, 1H), 6.11 (s, 1H), 2.11 (m, 2H), 3.61 (s, 3H), 2.98 (m, 2H), 2.62 (m, 

1H), 2.20 (s, 3H), 1.86 (m, 2H), 1.48 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ= 174.70, 

172.09, 161.13, 159.78, 156.06, 138.23, 95.89, 95.15, 51.47, 42.78, 40.49, 27.49, 10.81. HRMS 

(ESI): m/z calculated for C15H21N6O2 [M+H]+: 317.1721, found: 317.1722.  

Ethyl (2-((3-methyl-1H-pyrazol-5-yl)amino)pyrimidin-4-yl)carbamate (97) 

 

Ethylcarbamate (1 equiv., 100 mg, 1.12 mmol) was dissolved in DMF (1.5 mL), and the 

mixture was maintained under an argon atmosphere at -20˚C. Then sodium hydride (60%, 1.5 

equiv., 67.34 mg, 1.68 mmol) was added carefully to the reaction mixture, which was allowed 

to stir for 15 min, followed by the addition of 2,4-dichloropyrimidine (1 equiv., 167.22 mg, 

1.12 mmol). The resulting mixture was allowed to warm to room temperature and stirred 

overnight. Once the reaction is completed, as monitored by TLC or LC-MS, the mixture is 

carefully quenched using methanol and extracted using ethyl acetate. The organic layers were 

combined, dried over anhydrous magnesium sulphate, and evaporated in vacuo to obtain the 

crude product ethyl (2-chloropyrimidin-4-yl)carbamate (96) (203.66 mg, 90%), which was 

directly used in the next step without further purification. 5-methyl-1H-pyrazole-3-amine (1 

equiv., 24.09 mg, 0.23 mmol) was added to 96 (2 equiv., 100 mg, 0.496 mmol) dissolved in 

ethanol (5 ml). To this mixture, p-toluenesulfonic acid monohydrate (1 equiv., 94.35 mg, 0.50 

mmol) was added and stirred the mixture at 100 °C in reflux for 12 h. Once the reaction is 

complete, neutralize the mixture with a saturated aqueous solution. of NaHCO3. Extract the 

resulting mixture with EtOAc (x 3). Dry over magnesium sulphate and purified by preparative 
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HPLC using water and acetonitrile (0-95% gradient) to yield the pure product 97 as a white 

powder (81 mg, 62 %). 1H NMR (500 MHz, CDCl3) δ = 10.57 (s, 1H), 8.23 (d, 1H, J = 6.5 

Hz), 7.77 (d, 1H, J = 6.5 Hz), 6.02 (s, 1H), 4.29 (q, 2H, J= 7.5 Hz), 2.42 (s, 3H), 1.36 (t, 3H, J 

= 7.5 Hz). 13C NMR (126 MHz, CDCl3) δ= 164.23, 161.49, 154.42, 153.13, 143.21, 141.28, 

102.14, 94.66, 62.76, 14.07, 11.70. HRMS (ESI): m/z calculated for C11H15N6O2 [M+H]+: 

263.1251, found: 263.1250.  

(S)-N-(6-Methyl-5-((3-(2-(piperidin-3-ylamino)pyrimidin-4-yl)pyridin-2-

yl)oxy)naphthalen-1-yl)but-2-ynamide (G7658) 

 

The reference compound G7658 was synthesized in accordance with a previously reported 

method.133 The product was obtained as a yellow powder. Spectroscopic data were consistent 

with those reported in the literature.133 1H NMR (600 MHz, MeOD) δ = 8.64 (d, J= 7.2 Hz, 

1H), 8.45 (d, J= 5.4 Hz, 1H), 7.98 (dd, J= 1.8 Hz, 4.8 Hz, 1H), 7.86 (d, J= 8.4, 1H), 7.69 (d, 

J=5.4, 1H), 7.62 (d, J=8.4, 1H), 7.57 (d, J=7.2, 1H), 7.52 (d, J=8.4, 1H), 7.39 (m, 1H), 7.22 

(dd, J=4.8 Hz, 7.8 Hz, 1H), 4.36 (m, 1H), 3. 61 (dd, J= 3 Hz, 12 Hz, 1H), 3.35-3.33 (m, 1H), 

3.09-3.03 (m 2H), 2.27 (s, 3H), 2.22-2.12 (m, 2H), 2.10 (s, 3H), 1.92-1.77 (m, 2H). 
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5.3 X-Ray crystallography  

5.3.1 X-Ray diffraction parameters and data for 5a 

Compound 5a was crystallized from a solvent mixture of dichloromethane and diethyl ether at 

room temperature, yielding single crystals. The asymmetric unit comprises two distinct 

molecules. Structural analysis of 5a revealed disorder in the thiophene substituent, which was 

resolved during refinement. 

 

Figure S1. Single Crystal X-ray structure of 5a (CCDC number: 2191710)  

 

Compound ID mo_B2684  

    

Formula  C17H21NO2S  

Dcalc./ g cm-3  1.327  

m/mm-1  0.217  

Formula Weight  303.41  

Colour  colourless  

Shape  plate  

Size/mm3  0.66×0.28×0.12  

T/K  100.00  

Crystal System  monoclinic  
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Space Group  P21/c  

a/Å  9.9071(4)  

b/Å  15.6821(5)  

c/Å  19.5899(7)  

a/°  90  

b/°  93.5510(10)  

g/°  90  

V/Å3  3037.72(19)  

Z  8  

Z'  2  

Wavelength/Å  0.71073  

Radiation type  MoKa  

Qmin/
°  2.060  

Qmax/
°  31.610  

Measured Refl.  202138  

Independent Refl.  10174  

Reflections with I 

> 2(I)  

8849  

Rint  0.0560  

Parameters  419  

Restraints  0  

Largest Peak  0.811  

  

  

Deepest Hole  -0.502  

GooF  1.057  

wR2 (all data)  0.1137  

wR2  0.1082  

R1 (all data)  0.0486  

R1  0.412  
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5.3.2 X-Ray diffraction parameters and data for 9a 

Compound 9a was crystallized from a solvent mixture of dichloromethane and acetonitrile at 

room temperature, yielding single crystals. Disorder at the thiophene substituent in the structure 

of 9a was resolved in refinement. 

 

 

Figure S2. Single Crystal X-ray structure of 9a (CCDC number: 2191711) 

 

Compound ID  mo_B2666_0m   

Empirical formula  C29H39N5O3S2  

Formula weight  569.77  

Temperature/K  100.00  

Crystal system  monoclinic  

Space group  P21/n  

a/Å  9.725(2)  

b/Å  13.562(3)  

c/Å  22.111(5)  

α/°  90  

β/°  98.704(10)  

γ/°  90  
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Volume/Å3  2882.7(11)  

Z  4  

ρcalcg/cm3  1.313  

μ/mm-1  0.224  

F(000)  1216.0  

Crystal size/mm3  0.216 × 0.192 × 0.061  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  3.728 to 60.192  

Index ranges  -13 ≤ h ≤ 13, -18 ≤ k ≤ 19, -31 ≤ l ≤ 31  

Reflections collected  62861  

Independent reflections  8474 [Rint = 0.0458, Rsigma = 0.0296]  

Data/restraints/parameters  8474/0/377  

Goodness-of-fit on F2  1.062  

Final R indexes [I>=2σ (I)]  R1 = 0.0417, wR2 = 0.0920  

Final R indexes [all data]  R1 = 0.0578, wR2 = 0.1013  

Largest diff. peak/hole / e Å-3  0.31/-0.47  
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5.3.3 X-Ray diffraction parameters and data for 9j 

Compound 9j was crystallized from a solvent mixture of dichloromethane and acetonitrile at 

room temperature, yielding single crystals. Structural analysis of 9j revealed disorder in the 

thiophene substituent, which was resolved during refinement. 

 

Figure S3. Single Crystal X-ray structure of 9j (CCDC number: 2191712) 

 

Compound ID 

  

mo_B2498_0m 

  

Empirical formula  C29H35BrN5O5S  

Formula weight  645.59  

Temperature/K  100.00  

Crystal system  triclinic  

Space group  P-1  

a/Å  10.1270(3)  

b/Å  12.4110(5)  

c/Å  12.9814(5)  

α/°  94.3570(10)  

β/°  105.8450(10)  

γ/°  109.4430(10)  
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Volume/Å3  1454.83(9)  

Z  2  

ρcalcg/cm3  1.474  

μ/mm-1  1.533  

F(000)  670.0  

Crystal size/mm3  0.264 × 0.193 × 0.125  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  3.54 to 66.552  

Index ranges  -15 ≤ h ≤ 14, -19 ≤ k ≤ 19, -19 ≤ l ≤ 19  

Reflections collected  79554  

Independent reflections  10929 [Rint = 0.0447, Rsigma = 0.0304]  

Data/restraints/parameters  10929/0/399  

Goodness-of-fit on F2  1.025  

Final R indexes [I>=2σ (I)]  R1 = 0.0400, wR2 = 0.1019  

Final R indexes [all data]  R1 = 0.0529, wR2 = 0.1088  

Largest diff. peak/hole / e Å-3  1.27/-0.87  
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5.4 Biological Evaluation 

5.4.1 Methods for evaluation of Petasis-sequence reaction products 

Antiproliferative MTT assay in cancer cells 

To assess the anti-proliferative effects of the synthesized compounds, an MTT assay was 

conducted. MOLM13 and JAR cancer cell lines (from DSMZ – German Collection of 

Microorganisms and Cell Cultures, Braunschweig) were plated at a density of 4,000 cells per 

well in 96-well plates and allowed to adhere and grow for 24 hours. Following incubation, the 

existing medium was removed and replaced with fresh medium containing the test compounds. 

A vehicle control consisting of medium with 1% DMSO was used for normalization. After 72 

hours of treatment, 20 μL of MTT solution (5 mg/mL) was added to each well under light-

protected conditions, and the cells were incubated for an additional 4 hours. Subsequently, the 

medium containing MTT was discarded, and 150 μL of DMSO was added to each well to 

solubilize the formazan crystals. Absorbance was measured at 492 nm using a TECAN plate 

reader. 

5.4.2 Methods for the identification and evaluation of IRE1α modulators 

IRE1α expression and purification 

The purification of protein was carried out by following the reported procedures.133 The gene 

segment encoding the human IRE1α kinase and RNase domains (residues 547–977) was cloned 

into a pLIB vector featuring a His-tag and a TEV protease cleavage site. Expression was carried 

out using the Bac-to-Bac baculovirus system. For protein expression, SF9 insect cells were 

infected with recombinant baculovirus and incubated for 72 h at 27 °C, with shaking at 110 

rpm. After harvesting by centrifugation at 4,000 rpm for 15 minutes, the cell pellets were 

resuspended in lysis buffer (300 mM Sodium Chloride, 50 mM HEPES pH 7.5, 10% glycerol, 

1 mM MgCl₂, 1 mM TCEP, 5 mM imidazole). The buffer was enriched with benzonase 

(1:10,000 dilution; Sigma E1014), one SIGMAFAST™ protease inhibitor tablet per 25 mL 

(Sigma S8830), and 1 mM PMSF. Lysis was achieved via sonication on ice. The lysate was 

clarified by centrifugation at 20,000 rpm for 45 minutes, and the supernatant was filtered before 

loading onto a pre-equilibrated Ni²⁺-affinity column (Ni Sepharose™ 6 Fast Flow, GE 

Healthcare). After washing with lysis buffer containing 30 mM imidazole, the target protein 

was eluted with lysis buffer with 300 mM imidazole. The eluted protein was incubated 

overnight at 4 °C with TEV protease to remove the His-tag. The resulting sample was diluted 

sixfold in buffer (5% glycerol, 50 mM HEPES pH 7.5, 1 mM TCEP,) and loaded onto a 5 mL 
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HiTrap Q HP anion exchange column (Cytiva) equilibrated in QA buffer (50 mM Sodium 

chloride, 50 mM HEPES pH 7.5, 1 mM TCEP, 5% glycerol). A linear gradient elution (0–30%) 

of QB buffer (1M NaCl, 5% glycerol, 50 mM HEPES (pH 7.5), 1 mM TCEP) was used to 

separate phosphorylated and unphosphorylated protein species. Fractions were analyzed by 

LC-MS to confirm phosphorylation states. The phosphorylated IRE1α fraction was further 

purified using size-exclusion chromatography (HiLoad 16/600 Superdex 200 pg column, 

Cytiva) in SEC buffer (10% glycerol, 25 mM HEPES (pH 7.5), 1 mM TCEP, 250 mM NaCl), 

and monomeric fractions were collected. Remaining fractions from the anion exchange step 

were treated overnight with Lambda protein phosphatase (New England BioLabs, P0753S) at 

4 °C. Dephosphorylation was verified by LC-MS, followed by another round of size-exclusion 

chromatography in the same SEC buffer. Final purified proteins were frozen and stored at 

−80 °C. 

Small-molecule screening 

An RNase activity-based small-molecule screen aimed at identifying novel modulators of 

RNase activity was conducted using an in-house library of approximately 10000 compounds, 

sourced from COMAS, MPI Dortmund. The FRET assay described below was used to assess 

the compound’s activity. Each compound was tested at a concentration of 5 μM in a 384-well 

black plate with 40 nM IRE1α protein and 100 nM dual-labeled RNA substrate.  

FRET assay  

RNA substrate bearing a 5′ FAM fluorophore and a 3′ BHQ-1 quencher, corresponding to the 

XBP1 cleavage sequence (5′FAM-CAUGUCCGCAGCGCAUG-3′BHQ1), was obtained from 

Integrated DNA Technologies (IDT). The assay was performed in a reaction buffer (50 mM 

potassium acetate, 20 mM HEPES (pH 7.5), 1 mM magnesium acetate, 1 mM DTT, and 0.05% 

Triton X-100), with a final volume of 20 μL per well using black 384-well plates. For 

experiments involving unphosphorylated IRE1α, final concentrations of 40 nM IRE1α protein 

and 100 nM RNA substrate were used. In contrast, reactions with phosphorylated IRE1α (p-

IRE1α) employed 4 nM protein and 200 nM substrate. The protein and compounds were pre-

incubated at room temperature for 30 minutes before initiating the reaction with the RNA 

substrate. Fluorescence signals were monitored kinetically for one hour using a TECAN Spark 

plate reader with excitation at 485 nm and emission at 535 nm (both with 10 nm bandwidths), 

in top-read mode. The initial linear portion of each fluorescence-time curve was fitted using 
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linear regression to calculate the slope, representing reaction velocity. Percent inhibition was 

calculated using the following formula: 

Inhibition (%) = 100 × [(slope of DMSO control – slope of sample) / (slope of DMSO control 

– slope of blank)], 

where the DMSO control contained both protein and substrate, and the blank contained only 

substrate in DMSO. The dose-response model in GraphPad Prism 9 software was used to 

determine the IC50 values. 

Gel-based cleavage assay 

To assess cleavage activity, p-IRE1α (10 nM) was incubated with test compounds for 30 min 

at ambient temperature. Following incubation, FAM and BHQ-labeled XBP1 (50 nM) RNA 

substrate was introduced and let it incubated for another 45 min at room temperature. Reactions 

were terminated by mixing with 6× TBE loading dye containing 40% glycerol, 45% water, 15% 

10× TBE, and 0.1% of bromophenol blue. A 5 μL aliquot of each reaction mixture was loaded 

onto a 15% denaturing urea-PAGE gel that had been pre-run in 1× TBE buffer at approximately 

60 °C. Gel electrophoresis was conducted in the dark to preserve fluorophore integrity. After 

separation, fluorescence signals were captured using the ChemiDoc MP system (Bio-Rad) to 

detect cleaved RNA fragments. 

LanthaScreenTM Eu-based kinase assay and kinase profiling. 

Kinase binding interactions were evaluated using the LanthaScreen™ Eu binding assay, 

conducted by Thermo Fisher’s SelectScreen Kinase Profiling Services. For the IRE1α (ERN1) 

assay, reaction mixtures contained 5 nM of ERN1, 2 nM of Eu-labeled anti-GST antibody, and 

100 nM of tracer 236 (KD= 160 nM). In the IRE1β (ERN2) assay, the same concentrations 

were used, with tracer 236 having a KD of 108 nM. Changes in FRET signal were used to assess 

compound binding affinity. 

Broad-spectrum kinase profiling was carried out by Thermo Fisher’s SelectScreen Kinase 

Profiling Services using a combination of assay platforms, including Z′-LYTE™, Adapta™, 

and LanthaScreen™ Eu kinase binding assays, depending on the target kinase. 
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DSS-crosslinking assay 

To probe protein-compound interactions, phosphorylated IRE1α (2 μM) was incubated in a 

buffer (50 mM KOAc, 1 mM MgOAc2, 20 mM HEPES, pH 7.5, 1 mM DTT, 0.05% v/v 

TritonX-100) with selected compounds (100 μM) for 30 minutes at room temperature. 

Following incubation, disuccinimidyl suberate was added to a final concentration of 250 μM 

to initiate crosslinking, which proceeded for 1 hour at room temperature. The reaction was 

quenched by adding Tris buffer (pH 7.5) to a final concentration of 50 mM. Crosslinked 

samples were analyzed by mass photometry using an instrument from Refeyn Ltd. Prior to 

measurement, samples were diluted to 100 nM protein concentration in PBS buffer. Results 

from three replicates were combined and analyzed by Discover MP software. 

Differential scanning fluorimetry  

Reactions were prepared in PBS buffer supplemented with 2 mM DTT, with a total volume of 

20 μL per well. Each mixture contained 1 μM of dephosphorylated IRE1α protein, 5× SYPRO 

Orange dye (from a 5000X stock in DMSO; Sigma S5692), and test compounds at a final 

DMSO concentration of 1%. Thermal unfolding was monitored using a Bio-Rad CFX96 Real-

Time PCR detection system in FRET scan mode. The temperature was increased from 25 °C 

to 95 °C in 1 °C increments, with each step lasting 30 seconds. The melting temperature (Tm) 

was derived by fitting the fluorescence data to a Boltzmann sigmoidal curve using GraphPad 

Prism software. The thermal shift (ΔTm) was calculated using the following formula: ΔTm = 

Tm (compound) – Tm (DMSO control). 

Isothermal titration calorimetry assay 

All ITC measurements were performed at 25 °C using a MicroCal PEAQ-ITC system 

(Malvern) in buffer (250 mM NaCl, 25 mM HEPES (pH 7.5), 1 mM TCEP, 5% glycerol, 1% 

DMSO). Pure IRE1α protein and compound samples were degassed before loading.  200 μM 

of compound was loaded into the syringe, while 10 μM of IRE1α protein was added to the 

calorimeter cell. For competitive binding assays, the protein was pre-incubated with a 

compound at a final DMSO concentration of 1% prior to loading. Experimental parameters 

included a reference power of 10 μcal/s, high feedback mode, and stirring at 750 rpm. After an 

initial delay of 60 seconds, 18 (or 15) injections of 2 μL each were performed following a 0.4 

μL initial injection, with 150-second spacing between injections and 4-second durations. Data 

analysis was carried out using the MicroCal PEAQ-ITC software. 
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Microscale thermophoresis  

Binding interactions between dephosphorylated IRE1α and small molecules were assessed 

using microscale thermophoresis. The protein was fluorescently labeled using the RED-NHS 

2nd Generation Protein Labeling Kit (NanoTemper, MO-L011) following the manufacturer’s 

protocol. Labeling was performed in a buffer consisting of 200 mM NaCl, 2% glycerol, 50 mM 

HEPES (pH 7.5), 0.5 mM TCEP, and 0.05% Tween-20. MST measurements were performed 

on a Monolith NT. 115 instrument (NanoTemper). Labeled protein was used at a final 

concentration of 20 nM. Compounds were prepared as a serial 2-fold dilution and incubated 

with the labeled protein. The highest tested concentration was 250 μM, with a final DMSO 

content of 2.5%. Measurements were taken using the red channel detector and 60% LED 

excitation power. Binding curves were generated, and data were processed using 

NanoTemper’s analysis software. Measurements were done in three independent replicates. 

Cell culture 

The human cancer cell lines A549, HCT 116, HT-29, and MDA-MB-468 were procured from 

the American Type Culture Collection (ATCC) and cultured in high-glucose Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco, 61965026) supplemented with 1% penicillin-

streptomycin (Gibco, 15140122) and 10% fetal bovine serum (FBS; Gibco, 10500064) and at 

37 °C in a humidified incubator with 5% CO2. 

RT-qPCR 

A549 cells (obtained from ATCC) were plated in 6-well plates at a density of 5 x 105 cells per 

well in 6-well plates and allowed to adhere overnight. The following day, cells were treated 

with either test compounds or DMSO control for 2 hours. Subsequently, tunicamycin (Tm) was 

introduced to achieve a final concentration of 0.5 μg/mL to induce endoplasmic reticulum (ER) 

stress, and cells were incubated for an additional 2 hours. Total RNA was extracted using the 

RNeasy Mini Kit (Qiagen, 74106), and 500 ng of RNA was used for cDNA synthesis using the 

High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher, 4368814). The resulting 

cDNA was diluted 1:5 with RNase-free water, and 1 μL was used per qPCR reaction. Reactions 

were performed using PowerUp™ SYBR™ Green Master Mix (Thermo Fisher, A25742) in a 

total volume of 10 μL on a Bio-Rad CFX96 Real-Time PCR Detection System. Thermal 

cycling conditions followed the manufacturer’s standard protocol for primers with annealing 

temperatures ≥60 °C. Gene expression data were analyzed using the 2−ΔΔCt method. Inhibition 

percentages were determined using the following equation: 
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Inhibition (%) = 100 x (normalized Tm control − normalized sample) / (normalized Tm control 

− normalized DMSO control), where the Tm control refers to tunicamycin-treated cells and the 

DMSO control to vehicle-only treated cells. 

Cell colony formation assay 

HT-29 and MDA-MB-468 cell lines were purchased from ATCC, and MCF-7 was purchased 

from DMSZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen). The cell lines 

were cultured as per the previously mentioned protocol under cell culture conditions.  Each cell 

line was plated at a density of 1000 cells/well in 24-well plates and incubated overnight. Test 

compounds were diluted using medium, whereby a 2-times dilution was done with a total of 7 

concentrations. Every three days, the medium was discarded, and the cells were treated with 

compounds that were dissolved in the medium. After 9 days, the medium was discarded, and 

cells were washed 2 times with 500 µL phosphate-buffered saline (PBS) and fixed with 4 % 

paraformaldehyde (500 µL) for 15 minutes. Following fixation, wells were washed again with 

PBS and stained using 0.1% (w/v) crystal violet solution for 15 minutes. Excess stain was 

removed by repeated PBS washes, and plates were left to dry overnight before imaging the 

resulting colonies.  
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7 Abbreviations 

ATP Adenosine Triphosphate 

BHQ Black Hole Quencher 

BIOS Biology-oriented synthesis 

Boc tert-butyloxycarbonyl 

CCDC Cambridge Crystallographic Data Centre 

CDCl3 Deuterated chloroform 

circRNA Circular RNA 

Cpd Compound 

3C-PR 3 Component Petasis Reaction 

DCE 1,2-Dichloroethane 

DCM Dichloromethane 

DFT Density Functional Theory 

DOS Diveraity-oriented synthesis 

DIPEA  N,N-Diisopropylethylamine  

DMSO Dimethylsulphoxide 

DNA  Deoxyribonucleic acid  

DMF Dimethylformamide 

DSF Differential Scanning Fluorimetry 

DSS Disuccinimidyl suberate 

d.r. Diastereomeric ratio 

EC50 Half maximal effective Concentration 

Et Ethyl 

EtOAc / EA  Ethyl acetate  

ER Endoplasmic Reticulum 

FAM Fluorescein amidites 

JNK c-Jun N-terminal Kinases 

h Hours 

HRMS High-Resolution Mass Spectrometry 

IC50  Half maximal inhibitory concentration  

IRE1α Inositol Requiring Enzyme 1 Alpha 

ITC Isothermal Titration Calorimetry 
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LC-MS  Liquid chromatography-mass spectrometry  

LD Luminal Domain 

lncRNA Long Non-Coding RNA 

mCPBA meta-Chloroperoxybenzoic acid 

MCRs Multicomponent Reactions 

MeOD Deuterated methanol 

mRNA Messenger RNA 

MST Microscale Thermophoresis 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide 

NMR Nuclear Magnetic Resonance 

PARN Poly(A)-specific ribonuclease 

PBS Phosphate Buffered Saline 

piRNA PIWI-interacting RNA 

PR Petasis Reaction 

PTSA para-toluene sulfonic acid 

RCM Ring opening metathesis 

ROM Ring closing metathesis 

RIDD Regulated IRE1-Dependent Decay 

RNA Ribonucleic acid 

rRNA Ribosomal RNA 

rt  Room Temperature  

RT-qPCR Reverse Transcription quantitative PCR 

scRNA Small Cytoplasmic RNA 

snRNA Small Nuclear RNA 

TLC  Thin-layer chromatography  

tRNA Transfer RNA 

UPR Unfolded protein response 

RIBOTACs Ribonuclease Targeting Chimeras 
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8 Appendix 

8.1 Affidavit 

 


