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Zusammenfassung der Dissertation 

Die Proteinkinase MK2 (mitogen-activated protein kinase-activated protein kinase 2) gehört zu den 

Effektorproteinen des p38 MAP-Kinase Signalwegs und spielt eine wichtige Rolle in der Entstehung 

von Entzündungsreaktionen. Darüber hinaus zeigen neuere Erkenntnisse, dass MK2 an der 

Krebsentstehung und Tumorprogression beteiligt ist. Diese Eigenschaften machen die Kinase zu einem 

interessanten Arzneistofftarget.  

Im Rahmen dieser Arbeit wurde ein kovalenter Designansatz zur Entwicklung neuer Inhibitoren der 

Proteinkinase MK2 verfolgt. Der Einsatz kovalenter Proteinkinaseinhibitoren ermöglicht eine 

Verbesserung der Aktivität, Selektivität und Verlängerung der Wirkdauer. Des Weiteren verhindert die 

erfolgreiche kovalente Bindung des Inhibitors dessen Verdrängung durch ATP, dem physiologischen 

Cosubstrat der Kinase. Die Ausbildung der kovalenten Bindung erfolgt dabei durch die Reaktion eines 

elektrophilen Strukturelements, dem sogenannten warhead des Inhibitors mit einem nucleophilen 

Zentrum im Protein, meist einer Aminosäuren-Seitenkette. Die hohe Nucleophilie der Thiolgruppe der 

Seitenkette der Aminosäure Cystein und der geringe Grad der Konservierung von Cysteinen im Kinom, 

machen diese zu attraktiven Zielstrukturen für kovalente Inhibitoren. Typischerweise setzt die 

Entwicklung kovalenter Kinaseinhibitoren die Anwesenheit eines Cysteins in bzw. in der Nähe der ATP-

Bindungstasche voraus. Mit Cystein-140 besitzt die Proteinkinase MK2 ein solches adressierbares 

Cystein in der hinge-Region. Ein äquivalent positionierter Cysteinrest findet sich leidglich in vier 

weiteren Kinasen, FGFR4, MPS1, S6K2 und MK3, wodurch sich über die kovalente Adressierung auch 

eine Möglichkeit zur Verbesserung der Selektivität bietet.  

Die Kombination eines bekannten, nicht-kovalent bindenden, tetracyclischen MK2 Inhibitors mit einem 

elektrophilen warhead stellt den initialen Designansatz dieser Arbeit dar. Die Optimierung der Synthese 

der Gerüststruktur, deren Modifikation zur Verbesserung der synthetischen Zugänglichkeit und 

Vereinfachung der Derivatisierung ermöglichte die Synthese diverser Analoga. Neben etablierten 

Acrylamid-basierten reaktiven Gruppen, konnten auch heteroaromatische Elektrophile erfolgreich als 

warhead-Strukturen eingebaut werden.  

Dabei zeigten sowohl Acrylamid-basierte Derivate als auch solche, die auf einem Chlornitropyridin 

beruhen, sehr gute inhibitorische Aktivität im biochemischen Assay, sowie geringe intrinsische 

Reaktivität gegenüber Surrogatnucleophilen. Die erfolgreiche kovalente Adressierung konnte weiterhin 

durch, im Rahmen einer Kooperation erfolgte, massenspektrometrische Analyse des Inhibitor-

gebundenen Proteins und Röntgenkristallstrukturuntersuchungen bestätigt werden. 

  



II 
 

Summary 
The protein kinase MK2 (mitogen-activated protein kinase-activated protein kinase 2) belongs to the 

effector proteins of the p38 MAP kinase signaling pathway and plays an important role in the regulation 

of inflammatory processes. Furthermore, recent findings show the involvement of MK2 in 

carcinogenesis and tumor progression. These properties render the kinase an interesting target in drug 

discovery. 

In this work, a covalent design approach was pursued for the development of new inhibitors against the 

protein kinase MK2. The application of covalent protein kinase inhibitors enables an improvement in 

activity, selectivity and extends the duration of action. Furthermore, the successful covalent binding of 

the inhibitor prevents its displacement by ATP, the physiological cosubstrate of the kinase. The covalent 

bond is formed by the reaction of an electrophilic group, the so-called warhead of the inhibitor, with a 

nucleophilic center in the protein, usually an amino acid side chain. Cysteine residues display attractive 

target structures for covalent targeting due to the high nucleophilicity of the thiol group of the side chain 

and the low degree of conservation in the kinome. Typically, the development of covalent kinase 

inhibitors requires the presence of a cysteine in or in proximity to the ATP binding pocket. With Cys140, 

the protein kinase MK2 possesses such an addressable cysteine in the hinge region. An equivalently 

positioned cysteine residue is also found in four other kinases, FGFR4, MPS1, S6K2 and MK3, which 

also offers the possibility of improving selectivity via the covalent approach.  

The combination of a known, reversible binding, tetracyclic MK2 inhibitor with an electrophilic 

warhead represents the initial design approach of this work. The optimization of the synthesis of the 

core scaffold, modification thereof to improve synthetic accessibility and derivatization possibilities 

enabled the synthesis of various analogues. In addition to established acrylamide-based warheads, 

heteroaromatic electrophiles could also be successfully incorporated as reactive groups.  

Both acrylamide-based derivatives and those based on a chloronitropyridine showed very good 

inhibitory activity in the biochemical assay, as well as low intrinsic reactivity towards surrogate 

nucleophiles. The successful covalent targeting was further confirmed through intact protein mass 

spectrometric and X-ray crystallography. 
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1 Introduction 

1.1 Inflammatory Processes and Related Diseases 

1.1.1 Stress Response and Inflammation 

The classical definition of inflammation was postulated by CELSUS and GALEN almost 2000 years ago 

and thereafter, inflammation is characterized by dolor, calor, rubor, tumor and functio laesa. [17] 

Inflammatory processes can be described as the escalation of the stress response, occurring as 

physiological response to pathological conditions like hypoxia, heat shock and osmotic stress as a result 

of macroscopic or microscopic injury or change. [18] Possible stimulating events include trauma, 

infection, radiation, autoimmune disorders, toxins and non-communicable diseases like metabolic 

diseases and cancer. [17b, 18a] These incidences can induce antigen-dependent or non-antigenic signaling, 

each activating specific sensors resulting in the triggering of different neuroendocrine and stress 

response pathways. One of these involved pathways is the p38 mitogen-activated protein kinase 

(MAPK) pathway, which is discussed in detail in section 1.2. The complex inflammatory signaling 

network controls diverse physiological effects which are tightly regulated under physiological 

conditions to maintain or reinstate homeostasis after activation through stress-inducing factors. [18b]  

The activating antigens can be sorted into two categories: pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular patterns (DAMPs). Both are recognized by pattern 

recognition receptors (PPR), for example Toll-like receptors (TLR) or NOD-like receptors (NLR). The 

subsequent activation of different cell types, primarily myeloid cells like monocytes and macrophages, 

leads to the expression of pro-inflammatory genes. [17a] These regulated genes include mediators, like 

chemokines (CC-chemokine ligand 2 (CCL2), C-X-C motif chemokine (CXCL8)) and further cytokines 

(interleukine-1 (IL-1), tumor necrosis factor α (TNFα)). [17b] Whilst chemokines are responsible for the 

recruitment of immune cells to the inflammation side, [17a] cytokines, in general, are small, secreted 

proteins (< 40 kDa), which have pleiotropic effects. Depending on the target cell, they play a major role 

in the regulation of the immune response and thereby are key mediators in inflammation.[19] Through 

the activation of epithelial cells, they promote an increase in vascular permeability facilitating the 

entrance of immune cells. In the blood stream, cytokines increase prostaglandin release and the 

activation of the complement system. [17a]  

There is a distinction between acute and chronic inflammation. The aim of acute inflammation is the 

deletion of its cause, clearance of necrotic cells and inducing the following healing processes. [17a] After 

the acute phase, inflammatory signaling is down-regulated by anti-inflammatory mediators such as 

IL-10, IL-37 and interferon-β (IFNβ), soluble cytokine receptors and acute phase proteins. [17a]  

While acute inflammation is an important physiological mechanism regulated through a complex 

signaling network, chronic inflammation is a pathophysiological state. These inflammatory processes 
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change during aging and their dysregulation is involved in many diseases. [17a] Elevated levels of C-

reactive protein (CRP), IL-1β, IL-6 and TNFα are used as biomarkers for the detection of inflammatory 

processes.  

Besides chronic inflammation being a symptom in several diseases, it also increases the risk of 

developing pathological sequelae like metabolic syndrome, diabetes mellitus, cancer and cardiovascular 

diseases. [20]  

1.1.2 Inflammatory Diseases 

About half of the deaths worldwide can be correlated to inflammation-related diseases. [20] The primary 

type of disease that comes to mind in this context are immune-mediated inflammatory diseases (IMIDs). 

IMIDs are a cluster of diseases characterized by chronic inflammation, caused by a dysregulated 

immune response. The Global Burden of Disease study 2019 listed a prevalence of 68 million cases, a 

number that significantly increased over the last 30 years, due to population growth, aging and 

environmental changes (e.g. air pollution, hygiene standards and nutrition). [21] The clinical picture of 

different IMIDs is divers, including for example bronchial asthma, atopic dermatitis, multiple sclerosis, 

type 1 diabetes mellitus, inflammatory bowel disease and rheumatoid arthritis (RA). According to the 

WHO, 18 million patients (2019) worldwide are living with RA [22], a number that doubled since 

1990. [23] At the same time, the death rate decreased by 24% worldwide, and by even more than 40% in 

high-income countries. [23] These data indicate an improvement in diagnostics, including serological 

analysis and imaging techniques, as well as treatment options. [24] Early and effective treatment can 

reduce disease activity and thereby not only suffering and physical constrains in acute phases, but also 

systemic manifestation and disability. [24b]  

While the clinical picture and primary localisation of the inflammatory processes diverge between the 

IMIDs, they share common mechanistic features in disease progression. Therefore, the treatment options 

overlap.  

1.1.3 Treatment of Chronic Inflammation 

Since inflammation-dependent diseases display a great burden, especially in their acute phases, and are 

increasing the risk for developing additional diseases, effective treatment strategies are important. Due 

to the chronic characteristics, treatment needs to be safe and effective on the long term and well tolerated 

at the same time. 

A variety of treatment options are approved by the European Medicines Agency (EMA) to date. In the 

case of RA, remission can be achieved for many patients but no curative treatment or preventive 

intervention [25] is available. Additionally, not all patients respond to the applicable treatment options 

and many suffer from their side effects. The treatment options comprise four categories. The first 

component involves non-pharmacological options, including surgery, physiotherapy or lifestyle 
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changes. Secondly, there are symptomatic treatments. This includes e.g. non-steroidal anti-inflammatory 

drugs (NSAID) for RA [24b] and inhalative bronchodilators for bronchial asthma and chronic obstructive 

pulmonary disease (COPD). [26] The third component, local and/or systemic treatment with 

glucocorticoids, has a beneficial effect on inflammation, but is associated with severe side-effects for 

systemic use. Finally, disease-modifying anti-rheumatic drugs (DMARDs) including conventional 

DMARDs (e.g. methotrexate, hydroxychloroquine), Janus kinase (JAK) inhibitors and biological 

DMARDs, aim for slowing down disease progression and minimizing symptoms. 

For the development of further improved treatments with higher response rates and reduced side effects, 

new targets and mechanisms of action are continuously investigated.  

Intracellular pathways regulating the stress response and inflammation are potential targets in drug 

discovery. A pathway that came into focus around three decades ago is the p38 MAP kinase pathway. [27] 

In addition to its key kinase p38, which has been intensively studied during that time span, the 

downstream MAP kinase-activated protein kinase 2 (MK2) represents an interesting yet less explored 

target, not only for the treatment of inflammatory diseases, but also in cancer research. 

1.2 Protein Kinases and the p38 MAP Kinase Pathway 

1.2.1 Protein Kinases 

As multicellular systems, complex organisms had to develop a strategy to communicate within and 

between cells, and furthermore between larger assemblies like organs. [28] The DNA encodes a great 

variety of proteins, involved in every kind of physiological process. Post-translational modifications 

(PTMs) of proteins increase the variety of functions proteins can adapt. Glycosylation, acetylation, 

ubiquitination and phosphorylation are only four among several other possible PTMs. [29] As one of the 

most important PTMs for regulating protein function, protein phosphorylation is catalyzed by protein 

kinases, which transfer the γ-phosphate group of adenosine triphosphate (ATP) – the protein kinases’ 

co-substrate – onto a target protein. The phosphorylation status not only controls enzymatic activity, but 

also the interactions and localization of a protein. [30] In addition to the phosphorylation of proteins, 

phosphate groups may also be attached to lipids, sugars and other suitable, biologically functional 

molecules by distinct kinase classes. [31] In the following, the focus will be laid on protein kinases, since 

MK2, the target enzyme of this dissertation, belongs to this class of kinase enzymes. 

In eukaryotic cells, proteins can be phosphorylated at hydroxy groups of amino acid side chains, namely 

at the three following: tyrosine, serine, threonine. Depending on the addressed amino acid, protein 

kinases can be classified into three groups: serine/threonine, tyrosine and bispecific kinases. In the 

human genome, 518 genes encoding protein kinases were initially identified by MANNING et al. [32] and 

this number has further increased to at least 538 protein kinase genes in the meantime. [33] Eukaryotic 

protein kinases (ePKs) can be classified into seven groups of classical protein kinases, based on their 

structural and functional similarities, and the “atypical” kinases. Atypical kinases lack the typical 
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structure elements of the kinase domain but are still catalytically active. The seven groups of typical 

ePKs are: 1. AGC kinases (PKA, PKG, PKC); 2. Calcium/calmodulin-dependent kinases (CAMK); 3. 

Casein kinases 1 (CK1); 4. Cyclin-dependent kinases, MAP kinases, glycogen synthase kinases, casein 

kinases 2 (CMGC); 5. The homologues of yeast Sterile 7, Sterile 11, Sterile 20 kinases (STE20); 6. 

Tyrosine kinases (TK); 7. Tyrosine kinase-like (TKL). 

Protein kinases display a two-lobe structure (see Figure 1), with a smaller N-lobe, in which the prevalent 

secondary structure is comprised of β-sheets. The second lobe, the C-lobe, is mostly constructed of 

helices. The C-lobe contains the activation segment starting from the DFG motif and terminated by the 

APE motif and including the activation loop. The catalytic loop is also part of the C-lobe and located 

between β6 and β7. [34] The C-lobe and the N-lobe are connected by a short flexible part, the so-called 

hinge region, which is part of the ATP binding pocket and a central anchoring point for the co-substrate. 

 

Figure 1: Crystal structure of protein kinase A (PKA) bound to AMP-
PNP (PDB (protein data bank): 4DH7 [7]), the C-lobe is depicted in 
green, the N-lobe in orange, AMP-PNP in purple, the hinge region is 
colored in red, the catalytic loop in yellow, the activation segment in 
cyan and the DFG motif in blue. 
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The ATP binding pocket is highly conserved amongst the protein kinases. It contains a hydrophobic 

adenine-binding region, which is occupied by the adenine moiety of ATP (Figure 2B). The ribose part 

of ATP and the three phosphate groups interact with the hydrophilic environment in the ribose- and 

phosphate-binding region of the ATP binding pocket. [33a] The binding mode of the ATP-derivative 

adenylyl-imidodiphosphate (AMP-PNP) in the Proteinkinase A (PKA), as shown in Figure 2, showcases 

the crucial interactions. [7] 

Four conserved residues, the K/E/D/D motif, play an important role in the catalysis of the transfer of 

phosphate groups and are displayed in Figure 3A. [35] A conserved lysine (Lys72 in PKA), located in the 

N-lobe, positions the α- and β-phosphate. This residue forms a salt bridge to a glutamic acid (Glu91 in 

Figure 3: Anchoring of the phosphate groups of AMP-PNP in PKA (PDB: 4DH7 [7]) (AMP-PNP is 
colored by element, Mg2+-ions indicated by blue spheres, polar interactions indicated by yellow dotted 
lines); A) Interactions with the K/E/D/D-motif (light blue); B) Additional interactions with the glycine 
rich loop and K168 (involved amino acids colored in yellow) 

Figure 2: ATP binding pocket of PKA bound to AMP-PNP (colored by element), adenine binding region 
marked in blue, ribose pocket in orange, phosphate pocket in red, hydrophobic regions in green; A) 3D-
depiction based on the crystal structure (PDB:4HD7 [7], hinge region in red, gatekeeper in blue); B) 2D-
depiction of the ATP binding mode.  
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PKA), which contributes to the stabilization of the position of the phosphate groups. The first aspartate 

residue (Asp166 in PKA), part of the catalytic loop, acts as catalytic base by abstracting a proton from 

the substrate protein. The final residue of the K/E/D/D motif is the aspartate of the DFG motif (Asp184 

in PKA). This residue is coordinated to two Mg2+-ions (blue spheres in Figure 3), which coordinate the 

β- and γ-phosphate. Additionally, residues of the glycine rich loop contribute to the binding of the latter 

phosphate groups (Ser53/Phe54/Gly55 in PKA, shown in Figure 3B, colored in yellow). As shown in 

Figure 3B (yellow residue at the bottom), the γ-phosphate interacts with another conserved lysine 

(Lys168). Together, these interactions position and activate the γ-phosphate for being transferred on a 

substrate protein. 

Besides contributing to ATP binding, the conformation of DFG motif influences the activation state. 

Active kinases display the “DFG-in” conformation enabling the aforementioned contribution to 

phosphate binding, while in the “DFG-out” conformation the phenylalanine is oriented towards the 

binding pocket, blocking ATP binding.  

The ribose is anchored by two glutamine (Gln, Q) residues, as shown in Figure 4A. Gln127 is the first 

amino acid following the hinge region and Gln170 is located in the catalytic loop. As mentioned, the 

adenine is bound to the flat and hydrophobic adenine-binding region in proximity to the hinge region.  

Here, its 6-amino group interacts with the backbone carbonyl group of the first amino acid of the hinge 

region (Glu121, shown in Figure 4B, purple residues). Two cyclic nitrogen atoms, N1 and N7, bind to 

the hinge region (Val123) and the activation segment (Thr183), respectively. In addition, the nucleotide 

is fixed by hydrophobic interactions to the N- and C-lobe. [35] The neighboring hydrophobic regions 

(highlighted in green in Figure 2), not involved in ATP binding, display a lower degree of conservation 

between different kinases. The size and access of the hydrophobic region I is regulated by the gatekeeper 

residue (Met120 in PKA, colored in blue in Figure 2A). Additionally, the gatekeeper and mutations of 

this residue can influence the activity of the kinase. [36] 

Figure 4: Depiction of the binding mode of AMP-PNP (colored by element) towards PKA (PDB: 
4DH7 [7]); A) Interaction of the ribose residue of AMP-PNP (relevant residues in pink); B) Interactions 
of the adenine ring in the binding pocket (residues contributing to adenine binding colored in purple, 
gatekeeper residue M120 in blue). 
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1.2.2 MAP Kinase Pathways 

Phosphorylation processes control enzymatic activity and possess the ability to either amplify (more 

common) or attenuate signals in signaling cascades, which is often used to translate extracellular signals 

into cellular responses. These complex signaling networks include multiple steps, enable crosstalk and 

feedback mechanisms, and are crucial for development and survival. On the other hand, dysregulation 

of such intricate signaling pathways can lead to pathophysiological conditions. The MAP kinase 

signaling pathways are one example for such regulatory pathways. 

Three main families of MAP kinases have been identified in mammals: extracellular-response kinases 

(ERK1/-2, ERK5), c-jun N-terminal kinases (JNK), and p38 MAP kinases. [37] The members of the ERK 

family, ERK1, -2 and -5, are predominantly activated by growth factors and mitogens, regulating cell 

proliferation and growth. [38] The JNK pathway, activated by environmental stress, inflammatory 

cytokines and growth factors, governs inflammation, metabolism and apoptosis. [37a, 39] The function of 

the third family, the p38 MAP kinases, as well as its activation and downstream signaling, will be 

discussed in more detail in the following chapters. 

The activation of the MAP kinases follows a three-step cascade, initiated by the activation of mitogen-

activated protein kinase kinase kinases (MAP3Ks). Subsequently, MAP3Ks phosphorylate MAP kinase 

kinases (MAP2Ks, MKKs or MEKs), culminating in MAPK activation. The different MAP kinases 

share a common dual phosphorylation motif (Thr-X-Tyr) in the activation loop. Each pathway includes 

a distinct, yet partially overlapping, set of kinases in the cascade. [40] 

There are several classes of MAP3Ks: MAPK/ERK kinase kinases (MEKK), mixed lineage kinases 

(MLKs), thousand and one kinases (TAOs) and Raf (rapidly accelerated fibrosarcoma). [41] MEKKs 

include MEKK1-4, TGF-β activated kinase 1 (TAK1), apoptosis signal-regulating kinase 1 (ASK1) and 

tumor progression locus 2 (TPL2). [42] MLKs are comprised of MLK2 and -3, dual leucine-zipper kinase 

(DLK) and leucine-zipper and sterile-α motif containing kinase (ZAK). [42d, 43] Both MLK classes include 

distinct kinases involved in activation of the different MAPK pathways. Additionally, TAO1-3 and their 

splice variants are capable of activating the p38 and JNK pathways. [44] The members of the Raf-family, 

such as A-Raf, B-Raf and C-Raf, activate the ERK pathway. [42d] 

Compared to MAP3Ks, the number of MAP2Ks is considerably smaller and they display a notable target 

specificity. For instance, the MAPKs ERK1 and ERK2 are activated by MKK1 and MKK2, while ERK5 

is activated by MKK5. Signal transduction in the JNK pathway is mediated by MKK4 and MKK7. In 

the p38 signaling pathway, MKK3 and MKK6 serve as the two key activating kinases. [37a, 45] 
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1.2.3 The p38 MAP Kinase 

The p38 MAP kinase is the central kinase in its respective pathway. It was first identified in 1994 by 

three independent research groups and described as being activated by endotoxic lipopolysaccharides 

(LPS), hyperosmolarity, and heat shock. [46] Additionally, these studies demonstrated the downstream 

phosphorylation of other kinases and small heat shock proteins (Hsp) as a consequence of p38 activation, 

along with the regulation of cytokine levels. [27, 47] 

Since its discovery, four isoforms of p38 have been identified. While p38α and β are expressed 

ubiquitously, the γ and δ isoforms are only present in specific tissues. [48] The p38γ isoform is 

predominantly expressed in skeletal muscle, whereas the p38δ isoform is found in the kidney, intestine, 

testis and pancreas. [49] Among the isoforms, the α-isoform stands out as the most extensively studied 

family member. It is the main form involved in inflammatory signaling and crucial for MK2 

phosphorylation. [50] 

1.2.4 Activation of the p38 MAP Kinase 

The p38 MAP kinase pathway can be activated by various extracellular stimuli. In addition to cytokines 

(IL-1, IL-6, IL-17, IL-18, TNFα, transforming growth factor-β (TGFβ)), growth factors (granulocyte-

macrophage colony-stimulating factor (GM-CSF), fibroblast growth factor (FGF), erythropoietin, nerve 

growth factor (NGF), insulin-like 

growth factor (IGF), vascular 

endothelial growth factor (VEGF), 

platelet-derived growth factor 

(PDGF), IL-3, IL-2, IL-7), intestinal 

signaling peptides (cholecystokinin, 

vasoactive peptides), and thrombin 

act as activators. Endotoxins and 

classical activators of the immune 

response, such as LPS, phorbol 

myristate acetate, PAMPs and 

DAMPs, can also activate the p38 

pathway. Furthermore, 

physiological responses to 

environmental stress, like UV light, 

heat shock, stretching, osmolarity or 

hypoxia can trigger p38 

activation. [46, 51] Additionally, 

certain chemical drugs, for example 
Figure 5: Activation of p38 MAP kinase (Created with 
BioRender.com). 
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anisomycin, hydroxyurea, or DNA-damage-inducing drugs like cisplatin or doxorubicin can induce cell 

stress and thereby activate p38. [51b, 51c] 

A variety of receptors are involved in the activation of the p38 pathway. Among these, G-protein coupled 

receptors [51a] and members of the Toll/IL-1 receptor (TIR) superfamily, including the IL-1 receptor and 

TLR, play significant roles in p38 signaling and activate MAP3Ks. [52] The MAP3Ks acting upstream of 

p38 include MEKK1-4, ASK1, DLK1, TAK1, TAO1/2, ZAK1, TPL2, MLK3. [40-41, 42d, 51d] The distinct 

upstream signal transduction leading to p38 MAP kinase activation is highly dependent on the type of 

stimulus and the specific cell type. [43c, 51b, 53] For example, TNFα signal transduction is mediated through 

ASK1 and TAK1, while activation by reactive oxygen species (ROS) is transmitted by MEKK4 and 

ASK1. [51b] 

The activation of p38 MAP kinase involves the phosphorylation of two MAP2Ks, MKK3 and MKK6, 

by upstream MAP3Ks (shown in Figure 5), such as TAK1, at serine and threonine residues within the 

activation loop. [45, 54] Activators and substrates of MAP kinases typically contain a docking (D) or 

kinase-interacting motif (KIM), with basic residues like arginine and/or lysine that bind to a negatively 

charged groove. Specificity of the interaction between distinct MAPKs and their activators or substrates 

is mediated by hydrophobic interactions. [55] In the case of p38α MAPK, MKK6 binds via its basic KIM 

motif to the common docking (CD) site. [56] The interaction of this N-terminal linker of MKK6 is 

important for substrate specificity and proper activation. Upon binding and additional interactions, 

conformational changes are induced, enabling access to the p38 phosphorylation side in the A-loop. [56a] 

Subsequently, p38 is activated by dual phosphorylation at Thr180 and Tyr182. [46, 57] The resulting 

conformational changes also stabilize the binding of Mg2+ and ATP. [56a] Binding to its activator not only 

activates the kinase, it also stabilizes the interacting proteins, thereby increasing their cellular 

concentration. [55] 

While MKK3 and 6 are the main activators of p38 MAP kinase, BRANCHO et al. [58] found MKK4 to be 

involved in its activation after UV radiation. Furthermore, MAP2K-independent activation mechanisms 

have been discovered. For instance, in response to ischemia or hypoxia, interaction with TAB1 

(transforming growth factor β-activated protein kinase binding protein-1) can induce 

autophosphorylation of p38α by an allosteric mechanism. [59] Additionally, SALVADOR et al. [60] described 

an autophosphorylation mechanism in T-cells mediated by ZAP70 (zeta-chain associated protein kinase 

70 kDa) and p56lck (lymphocyte-specific protein tyrosine kinase) (Figure 5). 

Several mechanisms contribute to fine-tuning the activity of p38 MAP kinase. One such mechanism 

involves the modulation of the binding affinity towards upstream kinases or the phosphorylation by the 

latter. For example, death-associated protein kinase 1 (DAPK1) enhances phosphorylation by MKK3. 

Posttranscriptional modification of the kinase itself or upstream components of the activation pathway 

also influence protein levels and activity. [51b] Another parameter is the localization of the kinase, which 

affects the phosphorylated substrate set. While p38α and β are manly located in the cytoplasm in the 
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resting state in most cells [61], their shuttling to the nucleus, independent of the phosphorylation state, is 

promoted by importins (Imp3, 7 and 9). [61-62]  

The level of activity of the p38 pathway is also influenced by the type of activation pathway and 

feedback or cross-linked pathways. [51b] Inactivation of p38 signaling can be induced through 

phosphatases like protein phosphatase 2A (PP2A) and PP2C, which dephosphorylate threonine or both 

tyrosine and threonine residues, as observed with dual specificity phosphatase 1 (DUSP1). [51d, 63] 

1.2.5 Physiological Functions of the p38 MAPK 

The main functions of p38 MAPK were described in the mid-90s, including its involvement in cell 

proliferation, cell growth, differentiation and cell cycle control. [64] Subsequent research has further 

unraveled the effectors of p38 signaling in detail. One example is the importance of p38α for placental 

angiogenesis, as evidenced by embryonic lethality in p38α null mice. [40, 65] 

The amino acid sequence recognized and phosphorylated by p38 typically contains a serine or threonine 

followed by a proline. [51d] Several downstream kinases phosphorylated and thereby activated by p38 

kinases and thus contributing to their physiological effects were identified. These include mitogen-

activated protein kinase activated protein kinase 2 (MAPKAPK2/MK2), MK3, p38-regulated/activated 

protein kinase (PRAK, MK5), ribosomal S6 kinase-B (RSK-B), MAP kinase signaling integrating 

kinase (MNK1), and mitogen- and stress-activated protein kinase 1 (MSK1). [66] Moreover, transcription 

factors such as activating transcription factor 2 (ATF2) and cAMP response element-binding protein 

(CREB) are well-established targets of p38 and are only two examples of the various transcription 

factors regulated by this pathway. [51d] Besides kinases and transcription factors, p38 isoforms also 

modulate DNA/RNA binding proteins, and various regulatory and structural proteins. More than 100 

proteins were identified as direct phosphorylation targets of p38 kinases, while signal transduction via 

downstream targets further expand the number of effectors and the diversity of the network. [51b] 

One of the main roles of the p38 MAP kinase pathway is the regulation of the stress response and 

inflammatory signaling, which involves the modulation of cytokine levels, for example TNFα, IL-1, 

IL-6 and IL-18. [49] The effects are mediated by the phosphorylation of transcription factors (e.g. NF-κB 

(nuclear factor 'κ-light-chain-enhancer' of activated B-cells), ATF1) and stabilization of mRNA. [51a] 

Notably, the stability of mRNA in this context is controlled by tristetraprolin (TTP) and human antigen 

R (HuR), two mRNA binding proteins. TTP is phosphorylated by MK2 (for further explanation see 

section 1.3.3). HuR is phosphorylated by p38, supporting cytoplasmatic localisation, [67] while both, p38 

and MK2, appear to cooperate in enhanced shuttling of HuR to the cytosol. [50, 68]  

Furthermore, the downstream kinase MSK1 exerts a regulatory role in controlling the expression of anti-

inflammatory genes, like IL-10, TTP and DUSP1, through phosphorylation of transcription factors (e.g. 

CREB) and components of the nucleosome. [69]  

Activation of p38 induces the senescence-associated secretory phenotype (SASP), which is associated 

with cell cycle arrest and involved in aging-related processes, tissue regeneration and cancer 
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development. [70] In addition, p38α is implicated in the DNA damage response (DDR), regulating cell 

cycle checkpoints (G1/S and G2/M phase), repair mechanisms and enhancing cell viability. [51b, 51d, 53b] 

Enhanced cell viability after metabolic stress is also mediated by p38 signaling. [51b, 71] 

In contrast, the activation level of p38α also regulates proliferation in various cell types, [51d, 72] with 

strong sustained activation in cancer cells being linked to terminal cell differentiation, apoptosis and 

senescence [73], while low activity supports cell survival. [51d] This highlights the pleiotropic functions 

and intricate regulation of this signaling pathway. 

1.2.6 Pathophysiological Role of the p38 Signaling Pathway 

The regulation of inflammatory signaling represents the most prominent role of the p38 MAPK pathway, 

and therefore research focus laid on the pathophysiological role in chronic inflammation like rheumatoid 

arthritis. However, the influence of inflammatory processes on disease development is quite diverse and 

p38 signaling is involved in a variety of disease states beyond “classical” inflammatory phenotypes as 

outlined below.  

Neurodegenerative diseases 

The p38 pathway is involved in neuronal excitability, synaptic plasticity and myelination, but it is also 

associated with neuronal pathologies. [51b] Neuroinflammatory processes and high levels of IL-1, IL-10 

TNFα and IL-6 were found to correlate with increased risk for neurodegenerative diseases like 

Alzheimer’s and Parkinson´s disease. [50, 74] Moreover, p38 kinases have been found to promote Tau 

phosphorylation and subsequent aggregation, a mechanism strongly linked to Alzheimer’s disease 

progression. [75] 

Metabolic diseases 

Through the regulation of glucose and lipid metabolism, the p38 kinases contribute to the development 

of obesity and metabolic diseases like diabetes. [50, 76] Hyperglycemia-induced ROS release can activate 

p38 signaling, thereby engendering cardiovascular complications, neuropathy and nephropathy. [50, 75d] 

Cancer 

The role of p38 signaling in cancer development is complex and multifaceted. While it was found to 

induce tumor growth in some models, a role as tumor suppressor is apparent in other experiments. Its 

role appears to depend on various factors including cell type, kinase expression levels, crosstalk, and 

feedback mechanisms due to the pleiotropic effects and complex pathological mechanisms in cancer 

development. [51d] One example for the tumor suppressing role of p38α is the activation of a negative 

feedback loop by inhibiting Ras-dependent gene expression and cell growth, important for lung tissue 

homeostasis. [77] A similar negative feedback mechanism was identified in liver cells, in which deletion 

of p38α promotes cancer development. [78] In a colorectal cancer model, enhanced metastasis in lung 

tissue was observed after p38 knockdown, which thereby promoted cancer progression. [79] 
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Conversely, increased p38 activation has been observed in lung cancer and head and neck squamous-

cell carcinoma (HNSCC) samples, suggesting a promoting role in these malignancies. [80] In colon and 

liver cancer, p38γ has been shown to be implicated in tumor promotion. [81] 

p38 activity also contributes to the development of chemoresistance. Besides enhancing expression of 

P-glycoprotein in gastric cancer cells [82], its role in the DDR and cell cycle control affects treatment 

response as for taxanes, 5-fluoruracil and cisplatin treatment. [63, 83] Furthermore, resistance to sorafenib 

treatment in hepatocellular carcinoma (HCC) correlates with p38α activity and resulting activation of 

MEK-ERK and ATF2. Inhibition of p38α using small hairpin RNA (shRNA) or the selective small 

molecule inhibitors skepinone-L and PH-797804 restored sorafenib sensitivity in a HCC cell line and 

animal models. [84] 

Additionally, chronic inflammatory processes associated with cancer can create a tumor 

microenvironment (TME) that promotes tumor progression and metastasis. [50, 85] Cytokine and growth 

factor secretion, regulated by the p38 pathway, can promote tumor invasiveness and metastasis in 

different cancer types (e.g. breast cancer, fibrosarcoma and glioblastoma) by boosting angiogenesis, 

glycogen mobilization and motility. [85b, 86] In colorectal cancer (CRC), liver metastasis and dormancy 

can be connected to excretion of signaling molecules, e.g. TGF-β, matrix metalloproteinases (MMPs), 

IL-6, TNFα, to the TME and increased p38 activity, respectively. [87]  

In conclusion, the role of the p38 pathway in cancer development and progression is versatile and 

dependent on several factors including involved cell types, isoform and the stage of tumor 

development. [88]  

1.3 The Protein Kinase MK2 

The growing understanding of the role of p38 MAPKs in pathological settings has intensified the interest 

in its downstream targets. A central one is MK2, which was first discovered over 30 years ago by 

STOKOE et al. [89], with the heat shock proteins Hsp25 and Hsp27 identified as its initial phosphorylation 

targets. [90] 

The kinase belongs to the superfamily of Ca2+/calmodulin-dependent protein kinases (CAMK), a family 

of serine/threonine kinases sharing a similar regulatory mechanism. [11, 91] 

Knock-out experiments showed that MK2-/- mice are viable and fertile without other obvious 

peculiarities, but they exhibited decreased levels of phosphorylated Hsp25 after LPS stimulation (in 

heart tissue). Additionally, a reduction of TNFα, IFNγ, IL-1β and IL-6 levels was observed, suggesting 

a role in inflammatory processes. [92] 

MK2 is expressed ubiquitously [93], with recent proteome analyses indicating especially high levels in 

immune organs and gastrointestinal tissues and low expression in muscles. [40] 

Two main splice variants of MK2, with a molecular mass of 60 kDa and 53 kDa, can be detected in 

western blot analysis. [89, 92, 94] The longer 60 kDa variant is translated from an alternative CUG 

translation initiation start site in the 5’ untranslated region (5’UTR) of the mRNA and contains an 



13 
 

additional phosphorylation site in the extended N-terminus. Nonetheless, only the shorter splice variant 

fits the known open reading frame and expected molecular mass and is capable of mediating some core 

functions like phosphorylation of Hsp27. Therefore, it is considered the main form regarding structure 

and numbering. [95] An additional, rare variant was discovered by ZU et al., lacking the nuclear 

localization signal (NLS) and p38 docking domain. [96] 

MK2 shares a high level of homology with MK3 (MAPKAPK3) which is significantly less explored. 

Consequences of this similarity will be discussed section 1.3.5. 

1.3.1 Structure of the Protein Kinase MK2 

The protein kinase MK2 consists of 400 

amino acids organized in the kinase-typical 

two-lobe structure, along with an additional 

regulatory domain (depicted in Figure 6). [97] 

The N-terminus comprises two proline-rich 

segments (1-40) [98], followed by the kinase 

domain (64-325) [99] and the subsequent C-

terminal regulatory domain. [97] The P-loop 

(64-82, orange in Figure 6) contains the ATP 

binding and glycine-rich motif (GXGXXG, 

71-76, green in Figure 6), and is followed by 

the hinge region (Figure 6, colored in 

red). [11] The C-lobe contains the activation 

segment (Figure 6, colored in purple). MK2 

can be classified into the group of RD 

kinases, wherein the catalytic aspartate 

(Asp186 in MK2) is preceded by an arginine 

(Arg185). Another widespread property 

within this group is the requirement of 

phosphorylation of the activation segment 

for activation. In MK2, the relevant residue 

is a threonine (T222). [11] The activation 

segment is a dynamic structure in the inactive kinase [11], commonly defined as the sequence starting 

with the DFG motif (residues 207-209, yellow in Figure 6) and terminated by the APE motif (231-233, 

light blue in Figure 6). [34, 100] The C-terminal regulatory domain of MK2 (328-400, crystalized part in 

colored in rose in Figure 6) contains the autoinhibitory region, nuclear export signal (NES, 345-368), 

and the bipartite NLS (373-389). [97] Two phosphorylation sites, Thr334 and Thr338, are located in this 

Figure 6: Structure of MK2 (PDB: 1NY3, residues 46-
345 [11]); N-lobe at the top (basis in cyan), C-lobe at the 
bottom (gold), C-terminal regulatory domain (rose), αC-
helix in blue, glycine-rich motif (green) in the P-loop 
(orange on the left), hinge region (red, background), 
ADP (grey), activation segment in purple between the 
DFG (yellow) and APE motif (light blue). 
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domain. The latter, Thr 338, is most likely auto-phosphorylated, while Thr334 is phosphorylated by 

p38α/β and located at the C-terminus of the autoinhibitory region. [97, 101]  

The binding mode of ADP and Staurosporin is similar to other kinase structures bound to ADP or ATP 

mimetics. [11] The adenine ring forms two hydrogen bonds towards the backbone NH of Leu141 and the 

carbonyl oxygen of Glu139, located in the hinge region (shown in Figure 7A). The ribose moiety of ATP 

interacts with the “sugar pocket” (orange in Figure 7) formed by Glu145, Glu190, Leu70, Gly71 and 

Leu72. [99] With methionine (Met138, colored blue in Figure 7A) as a considerably large gatekeeper 

residue, the ATP binding pocket is comparably small. [99]  

The phosphate groups form polar interactions with Asn191, Asp207, Lys93 and Ile74 (Figure 7A, 

residues of the K/E/D/D motif colored in cyan in). The orientation of Lys93 is stabilized by a salt bridge 

towards Glu104 in the αC-helix, indicating the active state and enabling binding to the α- and β-

phosphate of ATP (illustrated by yellow dotted lines in Figure 7). [11] Additionally, the catalytic aspartate 

(Asp186) completes the K/E/D/D motif, abstracting a hydrogen from the substrate. 

Despite several conserved regions and shared structural characteristics among different protein kinases, 

each exhibits unique interaction patterns and structural features. This also applies to the structural 

features of MK2. The proline-rich domains and C-terminus share no significant sequence homology to 

kinases outside the group of MAPKAPK proteins (75% with MK3 and 45% with PRAK). The kinase 

domain bears low sequence homology to other serine/threonine kinases, except MK3. [11, 97] MK2 

possesses structural similarities with PKA, CAMK (especially II and IV), and titin (TTN), a large 

molecule from muscle cells possessing a kinase domain [102], and shares similar regulatory mechanisms 

with these kinases. Furthermore, similarities of the catalytic domain with phosphorylase b kinase (PhK), 

myosin light-chain kinase (MLCK, from rabbit), and p90 ribosomal S6 kinase-II (RSK2, from mouse) 

were identified. [11] This results in a few shared substrates but significantly differing biological 

functions. [93a, 103] 

Figure 7: ATP binding site of MK2. Adenine binding region in blue, ribose pocket in orange, phosphate 
pocket in red; A) Crystal structure of DAP-bound MK2 (PDB: 1NY3 [11]; ADP purple, colored by 
element; hinge region in red, M138 in blue; residues of the K/E/D/D-motif in cyan, polar interactions 
shown as yellow dotted lines); B) 2D depiction of the binding mode of ATP to the hinge region of MK2 
(hydrophobic regions highlighted in green).  
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1.3.2 Activation of MK2  

In an inactive state, MK2 is primarily located in the nucleus. [93a, 98] There, it can form a complex with 

p38α. The formation of this complex not only enables activation but also has an additional stabilizing 

effect on the kinase. [104] Three phosphorylation sites were identified as relevant for the activation of 

MK2: Thr222, Ser272 and Thr334 (highlighted in yellow in Figure 8). All of these sites can be 

phosphorylated by p38α/β, and double phosphorylation is sufficient for activation. [101] An additional 

autophosphorylation sites was also discovered on MK2, Thr338. Phosphorylation at a threonine residue 

in the N-terminal region, Thr25, has also been observed, though it is not involved in activation, and the 

relevance of this event has not yet been fully elucidated. [101] Additional phosphorylation occurrences are 

possible at two serine residues, Ser9 and Ser328, but no functional relevance has been described for 

these events. [99]  

The p38α-docking domain in MK2 is located in the C-lobe, with residues 366-390 being especially 

relevant for the formation of the high-affinity complex. [105] In the resulting complex, the kinases bind 

head-to-head, with their respective N-lobes interacting with each other, and the same applies to the C-

lobes. The interaction interface also covers the 

regulatory domain of MK2 (345-390) 

including the aforementioned crucial 

residues. [105b] Additionally, the conformation 

of the activation segment is stabilized by these 

interactions. [105b] Upon phosphorylation of 

p38 and the resulting conformational change, 

the three phosphorylation sites in MK2 

become accessible to the p38 active site. 

Phosphorylation of Thr334 unmasks the NES, 

resulting in translocation of the complex 

(Figure 9). [105-106] Furthermore, 

phosphorylation of MK2 induces a 

conformational change of the APE motif, 

resulting in a fully activated kinase 

complex. [55] 
Figure 9: Activation and translocation of MK2 (graphic 
created with BioRender.com). 

Figure 8: Localization of the phosphorylation sites in MK2 (regulatory domain in light purple; p38-
mediated phosphorylation sites in yellow, autophosphorylation site in green). 
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After activation, MK2 first activates nuclear targets before being shuttled to the cytoplasm. [107]  

After activation by p38, the complex dissociates, and MK2 is degraded after ubiquitination by MDM2. 

Subsequently, MK2 is re-expressed and stabilized by binding to unphosphorylated p38 after pathway 

activation is terminated. Under conditions of sustained stress and stimulation of the pathway, MK2 levels 

are reduced, and cell death induced. [108]  

1.3.3 Substrates and Functions of MK2 

The minimal sequence requirements for phosphorylation of a substrate by MK2, identified in 1993 by 

STOKOE et al. can be summarized as HydXRXXSXX (with ‘Hyd’ representing a hydrophobic amino 

acid). [93a] A more recent and detailed version of the interaction pattern by MANKE et al. provided an 

updated sequence: (Leu/Phe/Ile)-(Xxx)-(Arg)-(Gln/Ser/Thr)-(Leu)-(Ser/Thr)-(Hydrophobic). [91] 

Although including threonine in addition to serine as a possible phosphorylation site, efficient 

phosphorylation was only observed at serine residues, [91] consistent with the findings of STOKOE et al., 

in which replacement of the serine abolished phosphorylation. [93a] 

The underlying preference for this specific pattern can be attributed to the intermolecular interactions 

between the substrate and the kinase. The hydrophobic residue located five residues N-terminal to the 

phosphorylation site (at Ser –5) is oriented towards Ile255, while the arginine residue three residues 

before the serine (Ser –3) forms interactions with glutamic acid in position 145 of MK2. Moreover, the 

hydrophobic residue at Ser +1, namely valine, leucine, alanine, or glutamic acid [93a] is hosted in a 

hydrophobic pocket defined by four residues -Pro223, Pro227, Val234, and Leu235-, in proximity to the 

APE motif. [91] 

A broad array of substrates for MK2 have been identified, although the physiological relevance of certain 

molecules is not completely understood yet, e.g. the phosphorylation of tyrosine hydroxylase. [109] In 

other cases, extensive investigation has shed light on the multifaceted role of MK2 in the regulation of 

several physiological processes like transcription, mRNA stabilization, cell cycle progression and cell 

mobility. The molecular mechanisms underlying these functions are outlined in Figure 10 and will be 

described in this section. 

As already described for the p38 pathway, MK2 serves as a key regulator of the stress response and 

inflammation. Its physiological role has been investigated across various cell types, and its contribution 

to the adaptive immune response in epithelial and myeloid cells [110], as well as the regulation of epithelial 

cell migration during wound healing, has been described. [111] 
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Stabilization of mRNA and translation 

MK2 knockout or inhibition impedes the progression of asthma, skin inflammation and colitis in animal 

models correlating with decreased levels of inflammatory cytokines. [112] This effect is primarily 

mediated by the regulation of the respective mRNA stability, as briefly discussed in chapter 1.2.5. The 

stability of mRNA is an important regulator of protein expression, facilitating rapid responses to stimuli. 

Adenylate/uridylate-rich elements (AREs), often located in the 3’UTR of mRNAs, serve as destabilizing 

components of mRNA. In this context, the cytokines levels of IL-1β and IL-6 are two relevant examples 

controlled by ARE-dependent mRNA destabilization. [113] These AREs can be recognized and bound by 

various proteins, like TTP and HuR, which alter mRNA stability and thereby protein synthesis. The 

ability of TTP and HuR to bind to AREs is regulated by MK2 and the related processes will be outlined 

below.  

Figure 10: Downstream effectors of MK2 (graphic created with BioRender.com). 
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Tristetraprolin (TTP, encoded by Zfp36) belongs to a family of proteins characterized by tandem CCCH 

zinc fingers. [114] Initially identified as targeting TNFα [115] and GM-CSF [116] mRNAs, TTP has since been 

implicated in the regulation of over 1000 mRNA targets. [117] BROOKS and BLACKSHEAR [114] collected 

more than forty proposed TTP-regulated mRNAs and a selection of relevant targets is displayed below 

in Table 1. [114, 118] 

Classification Proteins 

Inflammatory cytokines  IL-1α/β, IL-6, IL-12, IL-17, IL-23, IFNγ 

Anti-inflammatory cytokines IL-10 

Growth factors GM-CSF, VEGF, IL-2, IL-3 

Chemokines CXCL1/2, CCL3, CCL20, IL-8 

Enzymes COX2, PLK3, UBE3A, DUSP6, PIM1, 

NOS2, MMP2/9 

mRNA binding proteins TTP 

Additional proteins TLR4, Myc, PD-L1 

 

When unphosphorylated, TTP binds to the target mRNA, initiating deadenylation through the 

CCR4/CAF1/NOT deadenylase complex (CCR4 = C-C-chemokine receptor 4; CAF1 = chromatin 

assembly factor 1; NOT = general negative regulator of transcription subunit 3), leading to the 

degradation of the transcript. Phosphorylation of TTP by MK2 disrupts this interaction, induces complex 

formation with 14-3-3 proteins and preventing TTP from destabilization of the mRNA [114] Consequently, 

HuR, another RNA binding protein, can bind to the mRNA and promote translation, [68] with MK2 

activation enhancing the cytoplasmatic localization of HuR. [86f] 

In addition, PABP1 (poly(A)-binding protein 1), PARN (poly(A)-specific ribonuclease) and hnRNP A0 

(heterogenous nuclear ribonucleoprotein A0) are phosphorylated by MK2 and are also involved in the 

regulation of mRNA stability. [119] 

MK2 signaling is implicated in stress-induced changes in the noncoding transcriptome mediated via the 

nuclear exosome targeting complex (NEXT). Phosphorylation of RBM7 (RNA binding motif protein 7), 

a member of the NEXT, reduces affinity for target ncRNAs (non-coding RNAs) and impede their 

degradation. [120] 

Phosphorylation of eIF4E-binding protein 1 (eukaryotic translation initiation factor 4E binding 

protein 1), essential for protein synthesis, is usually inhibited by TSC2 (tuberin or tuberous sclerosis 

Table 1: TTP-regulated mRNA and the associated proteins. CXCL = C-X-C motif 
chemokine ligand; CCL = C-C motif chemokine ligand; COX2 = cyclooxygenase 1; 
PLK3 = Polo-like kinase 3; UBE3A = Ubiquitin-protein ligase E3A; PIM1 = proviral 
integration site for Moloney murine leukemia virus 1; NOS2 = nitric oxide synthase; 
MMP = matrix metalloproteinases; PD-L1 = Programmed cell death ligand-1. 
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complex 2). In turn, phosphorylation of TSC2 by MK2 increases its binding to 14-3-3 proteins enabling 

activation of eIF4E-binding protein-1. [96c, 121] 

Furthermore, MK2 signaling is involved in aging-related processes, particularly through the regulation 

of the senescence-associated secretory phenotype (SASP). In addition to the TTP-mediated mRNA 

stabilization, MK2 contributes to this phenotype by stabilizing mRNA of SASP components through 

phosphorylation of butyrate response factor 1 (BRF1), thereby activating an immune escape 

mechanisms and reinforcing senescence, supporting the development of an age-related pathologic 

phenotype and potentially promoting tumorigenesis. [122] 

Transcription  

Heat shock transcription factor 1 (HSF1) induces the transcription of several heat shock proteins while 

repressing transcription of several cytokines such as IL-6 and TNFα. [40] Phosphorylation of HSF1 by 

MK2 increases its affinity and binding to Hsp90, thereby inactivating the transcription factor and 

abolishing its function as repressor of proinflammatory gene expression. [123] 

MK2 phosphorylates and activates steroid receptor coactivator 3 (SRC3), a coactivator for several 

transcription factors including E2F transcription factor 1 (E2F1) and NF-κB, and regulator for the 

expression of IL-6. [124] 

Furthermore, MK2-mediated phosphorylation of negative elongation factor complex (NELF) subunit E 

(NELFE) enhances its binding to 14-3-3 proteins, resulting in dissociation from chromatin and 

subsequent transcription of genes mainly involved in cell cycle control, RNA metabolism and DNA 

repair. [125] 

MK2 signaling, mediated by Hsp27, is also involved in the regulation of NF-κB signaling, which control 

expression of pro-inflammatory genes. Specifically, in endothelial cells, MK2 is essential for sustaining 

the nuclear localization of NF-κB by decreasing the transcription of its exporter IκBα (nuclear factor of 

κ light polypeptide gene enhancer in B-cells inhibitor α). [112a]  

In response to cellular stress, MK2 contributes to the phosphorylation of CREB, impacting cell cycle 

control and proliferation. [40] Depending on the stimulus, CREB phosphorylation can occur through 

different pathways, such as the ERK pathway and MSK1. [126] The extend of MK2 involvement requires 

further investigation. [53a, 127] 

MK2 was identified to phosphorylate serum response factor (SRF), a regulator of immediate early genes 

like c-fos, c-jun and c-myc through its binding to serum response elements (SRE) and thereby 

influencing cell cycle, cell differentiation and immune response but the role of this event is unknown. [40, 

127b] The same was found for MRTF-A (myocardin related transcription factor A), a transcription factor 

activated by actin polymerization. [40, 128] 

Regulation cell cycle and survival 

MK2 is involved in the cell cycle regulation after DNA damage. This role is especially pronounced in 

p53-deficient cells, a mutation frequently occurring in cancer cell lines. In this setting MK2 is 

responsible for cell cycle arrest at the G2/M and the G1/S checkpoint. [91] 
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The development of chemoresistance against DNA damaging agents like cisplatin and doxorubicin is 

promoted by MK2 activity. Upon DNA damage induced by UV-light or inhibition of the topoisomerase 

by doxorubicin, MK2 mediates Cdc25B binding to 14-3-3 proteins through phosphorylation and thereby 

inhibiting its activity. [91] Since Cdc25B inhibition is critical for cell-cycle escape after DNA damage, 

MK2 mediated regulation leads to arrest at the G2/M checkpoint. Similarly, in p53-deficient cells, 

cisplatin treatment leads to S phase arrest, mediated by MK2. [129] 

In p53-deficient cells, the phosphorylation of hnRNP A0 by MK2 is essential for cell cycle arrest. 

hnRNP A0 modulates mRNA stability of CDKN1B (p27Kip1, cyclin-dependent kinase inhibitor 1B) and 

growth arrest and DNA damage inducible-α (GADD45α). While CDKN1B induces the G1/S checkpoint, 

GADD45α controls the establishment of the G2/M checkpoint. [130] Depletion of MK2 drives cells into 

mitotic catastrophe. As mentioned above, phosphorylation of PARN by MK2 increases mRNA stability. 

One of the targeted mRNAs encodes GADD45α, where PARN phosphorylation is involved alongside 

hnRNP A0 for stabilization. [40, 119b] 

MK2 also influences p53 signaling. Phosphorylation of human double minute 2 (HDM2) by MK2 

induces p53 degradation and promotes cell survival. [131] Moreover, MK2 suppresses the expression of 

p53-driven pro-apoptotic proteins through phosphorylation of the transcription factor apoptosis-

antagonizing transcription factor (AATF). [132] 

Furthermore, phosphorylation of PLK1 by MK2 is required for centrosome maturation and mitotic 

progression, [133] while enhanced phosphorylation of TRIM29 (ATDC, tripartite motif containing 29) by 

MK2 correlates with resistance to radiation in pancreatic cancer cells, acting as regulator of the DNA-

damage response. [134] 

Additional mechanisms were reported, through which MK2 contributes to the control of cell survival. 

Phosphorylation of NELFE or RBM7 by MK2 promotes cell survival by enhancing RNA polymerase II 

transcriptional activity. [51b] MK2 suppresses receptor-interacting protein kinase 1 (RIPK1) activity by 

phosphorylation, enhancing cell survival. RIPK1 induces cell death in response to inflammatory 

signaling by TNFα and LPS. [135] Under starvation conditions, MK2 and MK3 phosphorylate Beclin-1, 

inducing autophagy. [136] 

In an oncogenic setting, Ras activates a negative feedback loop, mediated by the p38 pathway, including 

MK2, which promotes antiproliferative effects. [77a] 

The regulation of the cell cycle by kinase signaling networks is, however, complex and depends on 

several factors, including the stimulus and cell type. In a study by XIAO et al., it is shown that only 

knockdown of Chk1 (checkpoint kinase 1), and not Chk2 and MK2, prevents S-phase and G2/M 

checkpoint arrest in a human cell lines (HeLa and H1299). Interestingly, a MK2/Chk1 double 

knockdown even partially rescues the effect of Chk1 single knockdown. [137] A recent study by LUO et 

al. in contrast supports the involvement of MK2 in cell cycle regulation. [138] Further research is required 

to clarify the contribution of distinct kinases under specific conditions. 
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Cell migration and mobility 

Cell migration is essential for healthy tissue regeneration and wound healing, but also for immune 

response and metastasis. [139] Epithelial cell migration in wound healing is mediated by MK2/3. [111] The 

same relation was observed in smooth muscle cells in which cell migration influences remodeling and 

hypertrophy. [140] An important downstream target in this process is Hsp27, which executes diverse 

functions in response to stressors, e.g. mechanical stress. Hsp27 acts as a chaperone, supporting proper 

folding of damaged proteins post heat shock and controlling protein degradation. [40, 141] Following 

phosphorylation, it is involved in the control of apoptosis and cell migration by regulating actin 

remodeling. [51b, 132, 142] Unphosphorylated Hsp27 acts as an F-actin capping protein inhibiting actin 

polymerization, while phosphorylation weakens this binding enabling actin polymerization and cell 

migration. Phosphorylated Hsp27 competes with pCofilin for binding to 14-3-3 proteins. Replacement 

and dephosphorylation of Cofilin enable its binding to actin and subsequent remodeling. [96c] 

Moreover, Hsp27 exhibits antioxidative effects, inhibiting oxidant stress-induced cellular damage by 

stimulating glucose-6-phosphat dehydrogenase, maintaining glutathione (GSH) levels, and possessing 

iron-chelating activity. [40, 98, 141a] Activation of Hsp27 also has anti-apoptotic effects by interacting with 

mitochondrial-dependent and independent apoptotic pathways (Fas-FasL mediated, caspase-dependent), 

thereby protecting against neuronal and ischemic injuries. [132, 141a] However, high Hsp27 expression 

correlates with aggressive tumor growth and poor prognosis [132], with phosphorylation of Hsp27 

inducing up-regulation of MMP-2 and cell invasion in prostate cancer after TGF-β stimulation [143] 

Additionally, MK2 activation influences actin remodeling through various targets like LIM domain 

kinase-1 (LIMK1) [144], lymphocyte-specific protein-1 (LSP1) [145] and CapZ-interacting protein. [96c] Cell 

migration and motility can also be modulated by MK2 through intermediate filament functions, MMPs, 

NOGO-B (neurite outgrowth inhibitor), RSK and structural features of the kinase itself. [40, 96c, 146]  

Furthermore, MK2 is involved in the regulation of protein degradation by phosphorylating the E2 

ubiquitin-conjugating enzyme UBE2j1, affecting protein degradation of e.g. major histocompatibility 

complex-1 (MHC1) and influencing TNFα expression. [147] Reorganization of CS (centrosomal 

satellites) during mitosis is also modulated by phosphorylation of centrosomal protein 131 (CEP131) by 

MK2 [148] as well as its contribution to fine-tuning cAMP levels by phosphorylation of phosphodiesterase 

4 (PDE4), which reduces its activation by PKA. [149] Phosphorylation of 5-lipoxygenase (5-LO) by MK2 

adds another contribution to inflammation to the portfolio, modulating its activity and cellular 

localization. [150] 

In neurons, MK2 is activated by mGluR1/5 (group I metabotropic glutamate receptors) and is involved 

in mediating synaptic plasticity. [52b] At the same time, the neuronal response to inflammatory signals 

and stress, like ROS accumulation and increased apoptosis, is mediated by MK2. [151] 
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An overview of the manifold physiological and disease-related functions of MK2 is depicted in Figure 

11. The diversity of stimuli and complexity of processes controlled by MK2 underline its important role. 

Therefore, dysregulation potentially leads to imbalances in the many processes regulated by this kinase 

and disease development. 

1.3.4 Pathophysiological Role of MK2 in Cancer 

Due to its central role in inflammatory processes, research initially focused on the involvement of MK2 

in this setting. As mentioned above, deletion of MK2 function in animal models has been found to 

prevent the development of asthma, skin inflammation and colitis. [112] Moreover, the cancerogenic role 

of inflammation has been associated with MK2 activity. Blockade (knockdown or inhibition) of MK2 

hinders inflammation-driven development of colon and skin cancer, [152] suggesting its potential as a 

therapeutic target in cancer treatment. MK2 levels have been found altered in different tumor settings. 

Increased MK2 levels correlate with worse prognosis in certain cancers such as nasopharyngeal 

carcinoma [153], head and neck squamous cell carcinoma [154] and lung cancer. [155] In gastric cancer, high 

levels of MK2 or cytokines correlate with increased metastasis. [156] MCCORMICK and GANEM were also 

able to reveal a link between the development of Kaposi’s sarcoma and cytokine levels. [157] RANKL-

mediated differentiation of bone marrow cells is mediated by the p38 MAP kinase pathway. [158] MK2 

has been found to be a key regulator in the development of osteoclasts, and inhibition can reduce bone 

Figure 11: The role of MK2 in health and disease. Processes controlled by MK2 colored 
in yellow, resulting physiological processes in green and the pathophysiological events 
in red. 



23 
 

loss caused by tumor metastases or chemotherapy. [159] Indeed, inhibition of p38α and MK2 was effective 

in reducing metastasis and related bone loss in mice even while no reduction of tumor growth could be 

achieved. [159] 

Conversely, reduced copy numbers of MK2 and MKK3 have been observed in non-small cell lung 

cancer (NSCLC) samples, proposing a tumor suppressive role in this setting. [160] Additionally, MK2/p53 

deficient NSCLC cells displayed increased tumor growth. [161] 

Furthermore, MK2 is involved in the regulation of therapy resistance against cancer treatment, 

promoting different outcomes. For instance, high MK2 expression levels in multiple myeloma are 

associated with worse prognosis, whilst knockdown decreases the proliferation of myeloma cells. The 

combination of an MK2 inhibitor with bortezomib, doxorubicin or dexamethasone increases 

efficacy. [162] Similarly, inhibition of MK2 not only sensitizes tumors to radiotherapy by decreasing 

radiotherapy induced inflammation and influencing DDR [134, 154] but also restores etoposide sensitivity 

in small cell lung cancer (SCLC) cell lines with p53 mutation. [163] In contrast, therapy sensitivity towards 

gemcitabine in pancreatic cancer is mediated by MK2 activity. [164]  

1.3.4.1 MK2 Signaling and the Tumor Microenvironment 

Metastasis of cancer is connected to poor prognosis. The tumor microenvironment (TME) plays a crucial 

role in cancer development, progression, and metastasis, and is characterized by immune cell invasion 

and inflammatory processes. [165] Increased activity of MMPs, regulated by p38α, contributes to the 

inflammatory microenvironment and correlates with metastasis. [85b] Inhibition of the p38 MAPK 

pathway has been shown to reduce MMP activity in various cancer cell lines (bladder, breast, prostate), 

suggesting its potential as a therapeutic strategy. [86h, 166] The p38-driven influences in pro-metastatic 

changes in the microenvironment of the tumor are described in section 1.2.6. In Bladder cancer, KUAR 

and coworkers identified MK2 as the responsible downstream effector of p38α, influencing MMP-2 and 

MMP-9 levels through mRNA stabilization. [167] These two proteins belong to the best studied members 

of this TME and are involved in tumor progression. [143, 167-168] In various tumor settings, an increase in 

MMP activity is induced by MK2/Hsp27 signaling. [98, 143, 167] 

The inflammatory processes in the tumor surrounding are driven by secretion of cytokines, a process 

also influenced by MK2. Increased expression levels of cytokines are promoted through mRNA 

stabilization (further described in section 1.3.3), especially IL-6, TNFα, TGFβ and IL-10 appear to be 

relevant. [169] In HNSCC, elevated levels of inflammatory cytokines, e.g. IL-6, IL-1α and TNFα have 

been linked to migration and invasion. [170] High levels of IL-6 in patients also correlate with poor 

prognosis such as tumor progression in glioblastoma. [171] In addition, upregulation of PD-L1 in cancer 

cells is mediated by TTP phosphorylation and has been shown to exert an immunosuppressive effect in 

the tumor microenvironment, enhancing tumor invasion. [172] 
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1.3.5 The Protein Kinase MK3 and its Interplay with MK2 

MK2 shares a high level of homology and 75% sequence identity with MK3, exhibiting homologous 

phosphorylation sites, and a virtually identical ATP binding site, and therefore overlapping interaction 

patterns. [11, 173] Double MK2/MK3 knock-out mice are viable, fertile and behave normally. In contrast 

to MK2 knock-out, MK3 knock-out mice have displayed no significant changes in LPS-induced 

cytokine levels, like IL-6, IL-10 or TNFα, and levels of TTP and p38. The cellular levels of MK3 are 

tissue dependent, elevated levels were found in spleen, lung and skeletal muscle, and are independent 

of MK2. While MK3 can partially compensate MK2 depletion, complete compensation is not achieved 

due to its lower expression levels. [92, 96b] Overexpression of MK3 can compensate for some functions of 

MK2, like phosphorylation of Hsp25 (the rodent equivalent of Hsp27) and stabilization of mRNA 

(CXCL1, GM-CSF). [94] 

In macrophage response to LPS, MK2 and MK3 display a complex interplay. Knock-out studies revealed 

a cooperative relationship for the regulation of TNFα, CXCL2 and IL-10, most likely to some extent 

mediated by TTP. [174] For other examples, like histidine decarboxylase (HDC) or CXCL9 one can 

compensate for loss of the other kinase. Additionally, mutual feedback loops have been observed, 

exemplified by the regulation of IFNβ expression levels which are upregulated by MK2, but 

downregulated by MK3 in absence of MK2 via reduced expression of IκBα and subsequent inhibition 

of NF-κB translocation. A contrasting example is the activation of signal transducer and activator of 

transcription 3 (STAT3) by LPS, mainly mediated by IFNβ and thereby enhanced by MK2. In absence 

of MK2, additional MK3 deficiency is able to restore activity. [175] 

1.4 Protein Kinase Inhibitors 

The US Food and Drug Administration (FDA) approved 81 small molecule protein kinase inhibitors as 

of April 2024. [176] The Protein Kinase Inhibitor Database (PKIDB) lists 372 molecules currently under 

investigation in clinical trials (last updated March 2024). [177] The success story of this class of 

therapeutics began with the approval of imatinib in 2001, the first protein kinase inhibitor (PKI) 

developed for a specific target enzyme. Similar to imatinib, another 68 PKIs are indicated for different 

types of neoplasms, underscoring the importance of kinase inhibitors in cancer treatment. [176a] However, 

the approval of tofacitinib by the FDA in 2012 marked a significant milestone as the first PKI for an 

indication outside the field of cancer. [178] Its approval for a chronic disease requires fulfilment of higher 

standards, regarding long-term tolerability, safety and selectivity. While multi-targeting drugs may offer 

benefits in some cases, off-target effects are often associated with adverse effect and dose 

limitations. [179] Therefore, the development of highly selective molecules is essential, not only from a 

clinical perspective, but also for research on a biochemical or cellular level. For the latter purpose, highly 

selective compounds, so-called “chemical probes” are helpful for the investigation of biochemical 

pathways and enzyme-specific functions.  



25 
 

Classical kinase inhibitors bind to the ATP binding site and therefore face competition by the high 

intracellular ATP concentrations (1-5 mM). In addition, selectivity is one of the major challenges in 

kinase inhibitor development, due to the kinases’ high similarity in the ATP binding pocket. [180] To 

overcome these challenges, different types of binding modes have been explored. Type 1 inhibitors, like 

gefitinib (1), target the ATP binding pocket of the active form of the kinase, whereas Type 2 inhibitors, 

like imatinib and sorafenib, bind to the inactive form of the kinase. [181] The inactive state of the kinase 

differs more between kinases and typically displays lower affinity towards ATP, enhancing the potential 

of increased activity and selectivity. Allosteric binding constitutes the third type of binding, relying on 

interactions outside the ATP binding site to alter kinase activity. Another possibility is the use of covalent 

inhibition, where a covalent bond is formed between the compound and the target and which can be 

applied to all the aforementioned types of binders. As a central topic to this thesis, covalent inhibitors 

will be discussed in detail in chapter 1.4.3. 

Figure 13: Crystal structure of EGFR kinase domain; A) Binding mode of an ATP-analog to EGFR 
(PDB: 2GS6 [6]), relevant regions of the binding pocket labeled and colored; B) Co-crystal structure of 
gefitinib 1 bound to EGFR (PDB: 4WKQ [4]), hinge binding motif marked in gold, hydrophobic region 
and the respective moiety of the inhibitor in light blue. 

A) B) 

Figure 12: Structure of gefitinib 1 (hinge-binding motif marked in gold) and additional hinge 
binders, present in kinase inhibitors. [8] 
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The majority of protein kinase inhibitors bind to the ATP binding site, as shown for gefitinib 1 in Figure 

13. The high degree of conservation of the active site combined with the increasing number of available 

crystal structures provides a starting point for the rational design of these inhibitors. They generally 

consist of a heterocyclic structure, such as the quinazoline in gefitinib 1 (Figure 12), which builds up 

one, two or three hydrogen bond interactions to the hinge region. Other common hinge-binding motifs 

are shown in Figure 12. The addition of variable substituents to the core allows interaction with 

additional parts of the binding pocket, such as the hydrophobic pocket behind the gatekeeper residue 

(sometimes referred to as the hydrophobic region I), as shown for gefitinib in Figure 13. This pocket is 

not occupied by ATP and thus considerably less conserved, which can be utilized to promote selectivity 

between different kinases. 

1.4.1 Inhibitors of the p38 MAPK Pathway 

Taken together, the knowledge outlined in the last sections underscores the potential of targeting the p38 

MAPK pathway, not only in the context of inflammatory diseases but also in cancer therapy, with 

discussions extending to its possible application in the treatment of COVID-19 infection. [182] While 

some efforts have been made to inhibit upstream activators of p38, like MKK3/MKK6 and TAK1, the 

majority of drug discovery programs focused on p38α/β. [183] Several p38 inhibitors have demonstrated 

efficacy in disease models of inflammatory diseases and entered clinical trials, yet none successfully 

reached approval. Hepatotoxicity [184] and cardiotoxicity [185] were observed as limiting factors of 

treatment with p38 inhibitors. Besides toxicity issues, the lack of long-term efficacy was one of the 

major issues occurring during these trials. [49] Despite initial reductions in inflammatory signaling and 

biomarkers, like C-reactive protein (CRP), following p38 inhibition, relapse was observed over time (4-

12 weeks). [186] These observations are likely attributed to inhibition of feedback loops, other anti-

inflammatory mechanisms (IL-10), and downstream targets. [184b]  

Beyond the classical ATP-competitive kinase inhibitors (structures displayed in Figure 14), like 

pamapimod (2) [187], SB203580 (3) [188] or skepinone-L (4) [189], several structures displaying alternative 

binding modes were discovered. One example is doramapimod (BIRB-796, 5) which binds to the DFG 

out conformation (Type 2 binding) and thereby additionally occupies an allosteric binding pocket. [190] 

Moreover, selective inhibitors (CMPD1 (6) and zunsemetinib (7), displayed in Figure 14) against the 

activation of downstream targets, namely MK2, were developed and will be elaborated in the subsequent 

section. 
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Following the lack of success in the treatment of inflammatory diseases, p38 pathway inhibitors like 

talmapimod (SCIO-469) and LY3007113 were also investigated in clinical trials for malignant 

diseases. [51d] However, dose-limiting tolerability issues of LY3007113 led to the termination of further 

investigations. [191] Notably, inhibition of p38 activates different feedback loops mediated by MSK, 

resulting in increased activation of the JNK pathway and inhibiting expression of DUSP1 and anti-

inflammatory cytokines, IL-10 and IL-1RA. [192] These mechanism may contribute to the low levels of 

efficacy of p38 inhibitors in clinical trials. 

1.4.2 Kinase Inhibitors Targeting MK2 

To overcome the challenges associated with direct inhibition of p38, research turned its focus to other 

parts of the pathway, leading to the emergence of MK2 as a promising alternative target. [49, 192b] 

Several activation inhibitors aimed at interrupting the interaction between p38α and MK2 have been 

developed and reached clinical trials. CMPD1 (6, Figure 14), described in 2004 by a group at Boehringer 

Ingelheim, binds to p38α and selectively inhibits MK2 phosphorylation in a non-ATP-competitive 

manner. [193] Zunsemetinib (CDD-450, ATI-450, 7, Figure 14), an inhibitor of MK2 activity acting 

through the prevention of MK2 phosphorylation by p38α, demonstrated promising anti-inflammatory 

effects in a Phase IIa clinical trial, overcoming the typical challenges associated with p38 inhibition. [194] 

However, the phase IIb study for the treatment of rheumatoid arthritis failed to reach the efficacy goals, 

leading to the discontinuation of further development. A similar derivative, ATI-2231 (not shown), is 

Figure 14: Structures of exemplary p38 kinase inhibitors; PoA = point of activation. 
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still in clinical trials for metastatic breast cancer and pancreatic cancer. [195] Additionally, chemists at 

AstraZeneca developed different series of prevention of activation inhibitors with an ATP-competitive 

binding mode, unfortunately, the project was terminated due to decreased IL-10 expression, which was 

hypothesized to limit efficacy. [196]  

Over the past two decades, a variety of classical ATP-competitive inhibitors for MK2 has been 

developed. However, this approach has proven to be challenging, with most structures displaying 

unsatisfactory biochemical efficiency (BE) values, the discrepancy between activity in biochemical 

assays and cellular efficacy. Given that the majority of marketed drugs have a biochemical efficacy (BE) 

greater than 0.4, achieving this threshold is desirable goal in inhibitor development. [197] Here, one 

obstacle is the relatively high affinity of MK2 towards ATP, with a Km value of 30 µM for the active 

form and 43 µM for the inactive form, [66, 180] coupled with the high intracellular ATP concentration 

(1-5 mM) [180] the inhibitor has to compete with. As mentioned before, another challenge is achieving 

selectivity in kinase inhibitors, which is particularly challenging for MK2 due to the closed conformation 

of the nucleotide binding loop, resulting in a small and narrow binding pocket. Combined with a 

methionine residue as a gatekeeper this feature limits possibilities for compound derivatization. [10, 99] 

Consequently, planar compounds are preferred to accommodate the pocket in MK2, albeit at the expense 

of suitable physicochemical properties like solubility, also hampering cellular activity. [99] The similarity 

to the binding sites in other kinases like MK3, PRAK, PKA, cyclin-dependent kinase 2 (CDK2), and 

CaMKII, poses an additional challenge. [99]  

In 2015, FIORE, FORLI and MANETTI [99] reviewed a variety of published MK2 inhibitors including 

aminopyrazinylthiourea (8), carbolines (9), aminopyrimidines (10), squarates (11), meroterpenoids (12) 

from marine sponges and 5,6-ring fused bicyclic scaffolds like pyrazolopyrimidines (13). However, 

these inhibitors exhibit insufficient activity, efficacy in cells, or suitable pharmacokinetic 

parameters. [99, 198] Peptide-derived inhibitors were investigated for their potential to reduce scar 

formation and hyperplasia in mouse vein graft models, with nanoparticle delivery methods used to 

enhance bioavailability and stability. [199] Furthermore, non-ATP-competitive furan-2-carboxamide (14) 

and uncompetitive anilinoquinolines (15) were developed to address challenges accompanying ATP 

competitive inhibitors, albeit with limitations including metabolic stability, cytotoxicity and low 

permeability. [99]  
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An alternative inhibitory mechanism was shown to be effective in vitro and in vivo by TRAN et al. They 

investigated the anti-inflammatory mechanism of the natural product andrographolide 16 and identified 

it as a degrader for the MK2 protein. After binding to the activation loop, andrographolide promotes 

proteasomal degradation. [200] This concept was further investigated by Kymera Therapeutics, who 

developed PROTACs by combining known MK2 inhibitor scaffold with E3-binding motifs (17, shown 

in Figure 15) and published their results in a patent recently. [201]  
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Two relevant structural classes of ATP-competitive MK2 inhibitors were not discussed here so far and 

deserve a closer consideration, the benzothiophene derivatives (exemplified by 19, Figure 17) and the 

pyrrolopyridinone-related structures (Figure 18 and Figure 20) discussed in the following section  

 
Figure 17: Benzothiophene-based MK2 inhibitors 18, PF3644022 19 and gamcemetinib 20. 

In 2009, ANDERSON and coworkers at Pfizer published a novel class of MK2 inhibitors with a 

benzothiophene core. [9] Optimization of the initial tricyclic structure 18 led to the discovery of the 

tetracyclic compound PF3644022 (19) with an IC50 value of 5 nM, which inhibits TNFα-release in U937 

cells (IC50 = 150 nM). Even though, they could achieve good selectivity against CDK2 (IC50 = 7.9 µM), 

overall selectivity was insufficient (16 out of 200 kinases inhibited > 50% @ 1 µM). Among the affected 

kinase, eleven belonged to the CAMK-family. [202] Compound 19 is listed as a high-quality chemical 

probe against MK2 in the Chemical Probes Portal [203] and was further evaluated in a rat model for 

chronic inflammation showing good pharmacokinetic parameters and efficacy in the animal model. 

However, experiments in beagle dogs and monkeys unfortunately showed acute liver toxicity, due to 

off-target activity against hepatobiliary transporters activity (e.g. multidrug resistance protein-2 

(MRP2)). [204] Although, the liver toxicity could be successfully reduced by structural changes, the 

development was discontinued due to reduced cellular potency of the optimized compounds and low 

safety margins. The core structure, however, was not completely forgotten, and Celgene/Bristol Myers 

Squibb included it in their development program for covalent inhibitors. [15, 205] The combination of the 

benzothiophene core with an electron-deficient heterocycle equipped with a leaving group led to the 

development of gamcemetinib (CC-99677, 20), which entered clinical trials. The development will be 

further elucidated in section 1.4.4. 

A second series of MK2 inhibitors with a 1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c]pyridine-4-one core, 

hereafter referred to as pyrrolopyridinone (compounds 21 and 22), developed by ANDERSON et al. [206], 

shares a similar binding mode and common structural features with the related structures discussed 

below.  
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Figure 18: MK2 inhibitors with pyrrolopyridinone (21, 22, 24) and pyrazol-3-carboxylic acid (23) core 
structure. 

X-ray crystal structure analysis revealed the binding mode of 21 (Figure 19). The pyridine nitrogen 

exhibits an H-bond to the backbone NH of Leu141 in the hinge region while the carbonyl of the lactam 

moiety interacts with the side chain amine of 

Lys93 and the lactam-NH forms an H-bond to 

the side chain of Asp207. Additional van-der-

Waals-interactions with the gatekeeper residue 

Met138 and hydrophobic interactions in the 

active site were detected. More detailed 

analysis indicated water-mediated hydrogen 

bond formation of the pyrrole nitrogen to the 

backbone of Leu70, which is located at the 

beginning of the nucleotide binding loop. [10] 

The 2-fluor-phenyl derivative 22 was further 

evaluated as 21 demonstrated poor 

physicochemical properties. Even though good 

selectivity against CDK2 was achieved, only a 

low degree of selectivity towards MK3 (10-

fold) and PRAK (1.5-fold) was found. 

Compound 22 inhibits MK2 with an IC50 value of 126 nM and has a sufficient aqueous solubility 

(160 µM), but efficacy in cells dropped significantly with an EC50 of 4800 nM. Nevertheless, an effect 

on TNFα expression was detected in cells and in an animal model of acute inflammation. Despite of 

this, challenges remained in achieving suitable pharmacokinetic properties. [206-207] 

The combination of the pyrrolopyridinone scaffold and a pyrazole-3-carboxylic acid derivative (23) 

from patent literature [208] served as the starting point for a drug discovery project at Merck. [209] They 

developed a series of spiropiperidines (24) with biochemical activity in a nanomolar range and cellular 

activity below 1 µM. Unfortunately, the membrane permeability for this series was insufficient. [210] 
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pyrrolopyridinone-based inhibitor 21 (in green) 
(PDB: 2JBO [10]; mediating water molecule shown as 
blue sphere, amino acids involved in binding colored 
in orange, gatekeeper Met138 in blue). 



32 
 

A high-throughput screening (HTS) campaign at Novartis identified the tricyclic compound 25 as a 

modest MK2 inhibitor (IC50 = 3.8 µM). Rigidization of the free amide into a 6-membered lactam ring, 

in analogy to the inhibitors discussed above, was beneficial on the activity. Alkylation or replacement 

of the amide by a ketone reduced affinity, underlining the contribution of the lactam-NH to binding 

affinity. Compound 26 demonstrated good biochemical potency (IC50 = 12 nM) and activity in cells 

(EC50(TNFα) = 260 nM), but low solubility (< 4 µM) and it lacked oral bioavailability, which might be 

attributed to the highly planar nature of the tetracyclic system. [3] The co-crystal structures of 26 and the 

partially saturated derivative 28 bound to MK2 showed a comparable binding mode to the 

pyrrolopyridinone 21. The tetracycle’s pyridine acts as the hinge binder, interacting with Leu141. 

Additionally, the aforementioned hydrogen bond interactions of the lactam were detected and the pyrrole 

again forms a water mediated interaction to the backbone carbonyl of Leu70. 

Dearomatization of the central ring of the tetracyclic core and introduction of small spiro cycles at the 

lactam ring, exemplified by compounds 28 and 27, increased solubility and activity (27: IC50 = 50 nM, 

Figure 21: Crystal structure of MK2 bound to a tetracyclic inhibitor (relevant residues colored in 
orange; interaction indicated by yellow dotted lines); A) Compound 26 (colored in magenta) bound to 
MK2 (PDB: 3M42 [3]); B) Compound 28 (colored in marine) bound to MK2 (PDB: 3M2W [1]). 
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EC50(TNFα) = 300 nM, solubility 9 µM). Compound 27 showed good pharmacokinetic properties and 

reduced TNFα levels in mice after oral exposure. Replacement of the tetracycle’s pyridine by a 

pyrimidine and methylation of the pyrrole reduced inhibitory activity but increased oral exposure. 

Fluorination at the 3-position (29) of the pyridine restored activity, in combination with better solubility, 

good oral bioavailability and low clearance. [211] 

1.4.3 Covalent Kinase Inhibitors 

The history of covalent drugs began in 1899 with the discovery of aspirin, although its mode of action 

was only revealed in the 1970s. Like other early drugs with a covalent mode of action, for example 

omeprazole and β-lactam antibiotics, the mechanisms were discovered later and often serendipitously 

involved a covalent binding event. Despite the success stories of these drugs, the deliberate development 

of covalently binding drugs was avoided for a long time due to concerns about potential toxic effects, 

which may be caused by unspecific binding of the reactive part to other biomolecules in the body beside 

the intended target or by the formation of haptens triggering an undesired immune response. [212] 

However, covalent target engagement also offers several advantages. This mode of binding can prolong 

the duration of action, enhance potency and specificity and limit competition with natural ligands or 

substrates. The approval and subsequent success of the first two purposely designed covalent kinase 

inhibitors, afatinib 30 and ibrutinib, in 2013 encouraged further research efforts. The compounds 

represent so-called targeted covalent inhibitors (TCIs), which combine a reversible binding core 

(highlighted in gold in Figure 22) with a weak electrophile, the so-called “warhead” (red in Figure 22). 

A) B) 

Figure 22: Co-crystal structure of inhibitor-bound EGFR (hinge region colored in blue, hydrogen bond 
interaction indicated by dotted yellow lines); A) Gefitinib 1 bound to the kinase domain of EGFR (PDB: 
4WKQ [4], hinge binding motif marked in gold); B) Afatinib 30 bound to EGFR (PDB: 4G5J [13], hinge 
binding motif marked in gold, covalent bond in red; C) Structures of gefitinib 1 and afatinib 30 (core 
highlighted in gold, warhead in red and linker atom in blue). 

C) 
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To enable successful formation of the covalent bond (Figure 22B), the warhead is attached to the core 

at an appropriate position via a suitable linker (blue in Figure 22C). The electrophile then interacts with 

a nucleophilic amino acid residue of the target protein in a proximity-driven manner, strongly enhancing 

the reaction rate on target. The thiol side chains in cysteine, due to their strong nucleophilicity which is 

unique among proteinogenic amino acids, are often engaged in covalent binding interactions. Other 

nucleophilic residues, such as the amino and hydroxy groups of lysine, tyrosine or serine, are also 

possible targets for covalent engagement. [213] For example, two inhibitors against the hepatitis C virus 

NS3/4a protease, boceprevir and telaprevir, bind covalently to the catalytic serine using an α-ketoamide 

as warhead. Voxelotor, approved for the treatment of sickle cell anemia, covalently engages the terminal 

amino group of a valine in sickle cell hemoglobin using a salicylic aldehyde. [214] Although alternative 

target amino acids for covalent engagement and an increasing number of publications targeting different 

proteins and sites have emerged, all approved covalent kinase inhibitor are targeting a non-catalytic 

cysteine. [215] Until the end of 2023, the FDA approved ten covalent PKIs (acalabrutinib, afatinib, 

dacomitinib, futibatinib, ibrutinib, mobocertinib, neratinib, osimertinib, ritlecitinib. 

zanubrutinib). [176b, 216] Five additional covalent kinase inhibitors are approved outside the United 

States. [216] The selectivity of cysteine engagement is enhanced by the poor conservation of cysteine 

residues among protein kinases.  

Out of the more than 500 protein kinases, at least 211 possess a cysteine in proximity to or within the 

ATP binding site. The targetable residues distribute over 27 different positions identified in a study by 

the groups of LAUFER and KNAPP. [217] Of these, more than 60 kinases have been successfully targeted 

until 2022, with this number continuously increasing. [218] The most commonly used warheads are α,β-

unsaturated amides, which were successfully used to target the majority of the kinases mentioned above, 

displaying the variability of this warhead type. [218]  

Figure 23: Schematic depiction of covalent warheads binding to the protein of interest (POI); 
A/B) Thia-Michael addition of an acrylamide; C/D) Covalent binding via SNAr reaction by 
a heterocyclic warhead. 
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α,β-Unsaturated amides react with thiol groups via a thia-MICHAEL addition (Figure 23A/B) where the 

sulfur atom attacks the electrophilic β-position to form a β-thioether adduct. Alternative warhead types 

can further broaden the scope of covalent kinase inhibitors. [219] The possibility of cysteines reacting in 

a nucleophilic aromatic substitution (SNAr), depicted in Figure 23C/D, can also be exploited for covalent 

targeting. The mechanism of this reaction type is usually described via the formation of an 

MEISENHEIMER complex (or σ-complex) as intermediate (shown in Figure 24A). [220] More recent data 

suggest a concerted mechanism, including a negatively charged instable transition state (Figure 24B). 

The mechanism thereby depends on the substitution of the aromatic system by electron withdrawing 

groups (EWG) and their ability to stabilize the MEISENHEIMER-like transition state. [221] Furthermore, 

the substitution pattern strongly influences reactivity and offers the opportunity to tune the warhead 

reactivity. Additionally, the aromatic ring and the incorporated heteroatoms influence the electronic 

properties and thereby reactivity. For example, including an additional nitrogen into a phenyl ring 

increases reactivity in a SNAr reaction. Another factor influencing reactivity is the nature of the leaving 

group (LG). Most commonly, halogens serve as such, with aryl fluorides displaying the highest 

reactivity in this kind of reactions, followed by the chloride and bromide derivatives and the iodide 

substituted arenes being the least reactive aryl halides (F > Cl ~ Br > I). [213] 

Early compounds containing an electron deficient (hetero)arene as warhead targeted the peroxisome 

proliferator activated receptor-γ (PPARγ) using 2-chloroquinoxaline (31) or a p-chloro-nitrobenzene 

(32), respectively, as electrophilic group. [222] Additionally, SNAr based warheads targeting the hepatitis 

C virus nonstructural protein 5B (HCV NS5B) were published by CHEN et al. from Merck utilizing 

electron-deficient p-fluoronitro (33) or p-fluorosulfone substituted benzyl groups, covalently binding to 

Cys366, which was confirmed via X-ray crystallography. [223] The application of the SNAr warhead for 

EGFR inhibition, as tested by HOU et al., was not successful. Even though these inhibitors (exemplified 

Figure 24: Mechanism of the SNAr reaction between a thiol nucleophile and an electron deficient 
heteroarenes (LG = leaving group; EWG = electron withdrawing group); A) Reaction via 
MEISENHEIMER complex; B) Concerted mechanism via an instable transition state. 
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by compound 34) showed good overall activity, no covalent modification could be proven. [224] This 

underlines the importance of the spatial alignment of the warhead to enable the covalent bond formation 

with the targeted residue.  

Interestingly, a HTS identified fragment-like compound 36 to covalently bind to a cysteine in the hinge 

region of fibroblast growth factor receptor-4 (FGFR4), a kinase amongst five kinases, possessing a 

cysteine at the gatekeeper+2 (GK+2) position. [12]  

Besides FGFR4, monopolar spindle-1 (MPS1) and ribosomal protein S6 kinase β-2 (S6K2), MK2 and 

MK3 possess an equivalent cysteine. [217] The heterocyclic chloronitropyridine warhead in compound 36 

also served as a starting point for the discovery of the first S6K2 inhibitor 39 in our research group. [225] 

Following the successful covalent targeting of FGFR4 by an acrylamide-based inhibitor (35) in 2015 [2], 

covalent ligands for the other kinases with a GK+2 cysteine, with the exception of MK3, have been 

published. Notably, beyond S6K2, our publications include the successful targeting MPS1 (38) [226] and 
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very recently FGFR4 (37). [227] In the latter study, we successfully combined the heterocyclic 

chloronitropyridine warhead of compound 36 with the hinge binding quinazoline core of BLU9931 (35), 

resulting in compound 37. [227] In 2023, researchers from Bristol Myers Squibb published the discovery 

and properties of the benzothiophene-based MK2 inhibitor gamcemetinib (CC99677; 20), the 

aforementioned SNAr based clinical candidate, which will be further discussed in section 1.4.4. [228]  

As briefly mentioned above, binding of a covalent inhibitor to its target can be described by a two-step 

mechanism (Figure 27). In the first step, there is a reversible binding event between the inhibitor and 

the protein. This initial interaction positions the warhead in proximity to the reactive amino acid residue, 

facilitating the formation of the covalent bond. While the covalent binding event is usually irreversible, 

reversible-covalent mechanisms are also possible, e.g. by using dually activated MICHAEL acceptors 

such as α-cyano-acrylamides as warhead. [217]  

The activity of an inhibitor against its target is commonly described by the half maximal inhibitory 

concentration (IC50) value. In the case of a covalently acting compound, the inhibition, however, is a 

time-dependent process, so the IC50 value changes when varying the incubation/reaction time leading to 

an increase in (apparent) potency with increasing incubation times.  

Due to the more resource-demanding nature of the experiment, IC50 values are still common for activity 

assessment in the kinase field, especially at early project stages. To include the kinetic aspect of the 

activity for a covalent inhibitor, however the time-independent kinact/KI value is recommended for 

potency evaluation. The kinact/KI value is the second order rate constant of target inactivation. [229] The KI 

value therein represents the required inhibitor concentration to achieve the half-maximal reaction rate 

of the covalent binding event. This term depends on efficient non-covalent binding in step 1 (see Figure 

27). The covalent bond formation is described by kinact, which is the reaction rate thereof essentially 

reflecting the velocity of covalent bond formation at full target occupancy. [230] 

The activity of covalent inhibitors is influenced by the reversible binding event, the intrinsic reactivity 

and the right orientation of the reactive group. The geometry is affected by the attachment positions of 

the linker to the core and the chosen linker/warhead combination. Balancing the reactivity of the 

electrophile is crucial to ensure effective target binding while avoiding unspecific binding to other 

proteins, DNA or small physiological molecules (e.g. GSH), which may cause off-target effects and 

toxicity or simply quench the inhibitor. [217, 231]  

Figure 27: Two-step binding mechanism of a covalent inhibitor and its kinetic parameters; the protein 
is depicted in blue, the inhibitor in green, and the targeted residue in red. 
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A common method to access reactivity towards thiol nucleophiles are stability assays using GSH or 

other surrogate nucleophiles bearing a thiol group. GSH is particularly suitable since it is present in 

cellular environment in high (typically low millimolar) concentrations. In addition, the use of GSH, 

compared to alternative surrogate molecules such as N-acetylcysteine and cysteamine, can distinguish 

the reactivity of a variety of warhead types in a more nuanced manner and covers a wide array of 

reactivities. [232] High-performance liquid chromatography (HPLC)-based methods are mostly used to 

measure degradation of the electrophilic compounds. To represent physiological conditions, an aqueous 

buffer at pH ~7.4 is typically used and the experiment is carried out at ~37 °C. However, differences in 

the experimental conditions like buffer system, type and amount of organic co-solvent and concentration 

of the reactive components, but also minor variations in pH and temperature, influence the obtained 

reaction rates and half-life (t1/2) values, making quantitative comparisons challenging between different 

studies. [233] For drug-like molecules, a known inhibitor, like afatinib, is often included to be used as a 

reference value. [234] 

1.4.4 Development of a Clinical Candidate Covalently Targeting MK2 

The development of gamcemetinib (CC-99677, 20, see Figure 17), the first covalent inhibitor targeting 

MK2, was published in 2022. [228, 235] Since the project for this thesis was already advanced at this point 

the findings of this study were not incorporated 

during our work. Nevertheless, it serves as a 

representative example of a covalent drug 

discovery project building on a related approach, 

and offers valuable insights into target-related 

aspects.  

The design of gamcemetinib (20) started with the 

fusion of the established benzothiophene core 

(chapter 1.4.2, 19 (Figure 17)) and an SNAr 

warhead. Even though the p-fluoronitro group 

(present in 33, Figure 25) was included in the first 

patent [205a], the decision was made to utilize 

halopyrimidines as tunable warhead moieties. The crystal structure of the reversible benzothiophene 

based inhibitor PF3644022 (19), shown in Figure 28, reveals three relevant H-bond interactions. 

Specifically, the tetracycle’s pyridine-nitrogen interacts with the backbone NH of Leu141 in the hinge-

region, while two additional hydrogen bonds are formed between the lactam carbonyl oxygen and the 

ε-NH2 of Lys93, and between the lactam NH and γ-carboxylate of Asp207 in the DFG-motif. [9] Analysis 

of crystal structure of an early covalent compound by MALONA et al. revealed an analogous binding 

mode. [228] Subsequently, the halopyrimidine in CC-99677 (20) forms a covalent bond with Cys140 

(highlighted in yellow in Figure 28) via an SNAr reaction. 

Figure 28: Binding mode of PF3644022 (19, in 
green) to MK2 (PDB: 7NRY [9]); gatekeeper 
Met138 in blue, Cys140 in yellow, amino acids 
involved in inhibitor binding in orange. 
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Table 2: Compound series leading to the development of gamcemetinib (20). 
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However, their initial approach attaching a chloropyrimidine via a nitrogen linker, giving compound 40, 

showed low intrinsic reactivity and no mass modification (see Table 2). Increasing the reactivity by 

adding an amide substituent led to a highly active compound 41 with an IC50 value in the low nanomolar 

range, but the nitrogen linked series showed low solubility and overall poor physicochemical properties. 

Incorporating an oxygen atom as linker improved solubility but negatively influenced metabolic 

degradation (shown in Table 2). Further optimization improved metabolic stability and led to the 

discovery of CC-99677 (20), exhibiting reasonable potency (IC50 = 156 nM, kinact/KI = (4.94 ± 0.63) x 

103 M-1s-1), a good BE value (1.76) and suitable pharmacokinetic properties. [228]  

CC-99677 (20) inhibits the release of CCL2, TNFα, GM-CSF and moderately of IL-6, while showing 

minimal impact on IL-1β levels in human peripheral blood mononuclear cells (PBMCs). [228] 

Additionally, the resynthesis rate of the kinase, which limits the duration of action, was assessed. The 

determined values indicated a slow resynthesis rate (t1/2 ca. 27 h up to 44 ± 7 h; depending on the 

experimental setup), indicating suitability of MK2 for covalent targeting. Despite the inhibitor’s short 

half-life (~ 2 to 7 hours in human) and limited selectivity, further data looked promising. The lack of 

selectivity, especially against kinases with an equivalent cysteine (GK+2), did not translate into cellular 

activity. Observed effects were attributed exclusively to MK2 inhibition and aligned with expected 

outcomes. CC-99677 reduced production of TNF, IL-6 and IL-17 in vitro by inhibiting the 

phosphorylation of TTP. Good efficacy in a rat model of spondyloarthropathy prompted further 

investigation humans and clinical trials. [235] Moreover, a Phase I first-in-human study revealed a linear 

PK profile and a favorable safety profile. Sustained reduction of TNFα levels in a cell-based model 

further supported progression to clinical studies. [235] However, a Phase II trial for active ankylosing 

spondylitis was terminated due to lack of efficacy in the short-term acute phase, while no toxicity issues 

were observed. [236]  
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2 Aims 

The p38 MAP kinase signaling pathway is involved in important physiological and pathophysiological 

processes. [51b, 51d] One of the downstream targets of p38 MAP kinase is the protein kinase MK2, which 

plays an important role in inflammatory signaling. [237] In addition, more recent findings demonstrate its 

involvement in carcinogenesis and tumor progression. [40] Despite great efforts to target MK2 in several 

drug discovery projects, no small molecule inhibitor has yet succeeded in clinical trials. [33b, 99] A great 

portion of these drug design projects already failed in the early stages, due to the major challenges arising 

in terms of the high competing cellular ATP concentrations, kinase selectivity and the physicochemical 

properties. [99, 198] In 2023, two MK2 inhibitors, zunsemetinib (7) [195] and gamcemetinib (20) [236], for 

treatment of inflammatory diseases failed in clinical trials due to lack of efficacy, underlining the need 

for the development of drugs with further improved properties. [195, 236]  

The starting point for this PhD project were the known reversible MK2 inhibitor 28 [3] and the 

acrylamide-containing derivative 43 from the patent literature [15]. According to the limited data provided 

within the patent, attachment of the electrophilic warhead to the tetracyclic core (marked in gold in 

Figure 29) indeed enabled covalent targeting of a nucleophilic cysteine (Cys140) in the hinge region of 

MK2, located two residues C‑terminal to the gatekeeper (Met138). We decided to pursue such a covalent 

approach to exploit the advantages of a long target-residence time and to improve on‑target activity and 

selectivity. While MK2 is a suitable target for covalent approaches due to its low protein turnover, 

addressing Cys140 is also desirable to promote selectivity within the kinome, as only four other kinases 

(MK3, FGFR4, MPS1, S6K2) contain an equivalent cysteine. To enable the formation of a covalent 

bond with the kinase’s cysteine, different electrophilic warheads (highlighted red in Figure 30) were 

incorporated into the molecule. 

 

Figure 29: The MK2 inhibitors lead structures for this PhD project. Reversible 
binding core marked in gold, linker in blue and warhead in red. 
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First, well-established acrylamide warheads were implemented to confirm covalent targetability of the 

respective cysteine. The same warhead type has been successfully used to target the equivalent cysteine 

in FGFR4 (35, BLU9931, Figure 30) [2], encouraging this approach. The second part of the project 

focused on installing an aromatic warhead, which forms the covalent bond via a SNAr mechanism. [213] 

Notably, the fragment 36, which comprises a 2-chloro-5-nitropyridine warhead, has been identified to 

covalently engage FGFR4 via the chloronitropyridine (Figure 30). [12] Consequently, we decided to 

attach its electron-deficient chloronitro aryl residue to the MK2 inhibitor core via a linker nitrogen atom.  

The inhibitor core was to be structurally modified to optimize the reversible binding properties and the 

orientation of the warhead, but also to facilitate chemical synthesis and thereby enabling generation of 

structure–activity relationships (SAR). The substitution at the pyrrole nitrogen was identified as 

interesting derivatization point and its influence in inhibitor binding and physicochemical behavior was 

to be examined. Furthermore, the variation of the linking atom and the warhead, particularly its 

substitution pattern, was envisaged to provide valuable insights into the potential influences of 

heterocyclic warheads on the reactivity and the physicochemical properties of the inhibitor. 

Figure 30: Schematic depiction of the design strategy. Known FGFR4 inhibitors on the top; linker 
highlighted in blue, warhead in red, reversible binding core in gold. 
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3 Synthesis Part 

3.1 Synthesis of Pyridine-based Tetracyclic Compounds  

The first aim of the project was to prove the covalent targetability of the GK+2 cysteine in MK2, before 

varying the type of warhead used. The wealth of experience with acrylamide-based warheads supported 

the choice as a starting point. Not only is this structural group part of several approved drugs, [216] it is 

also suitable for targeting cysteine residues in different kinases and locations. [218] The wide application 

is accompanied by a variety of published synthetic methods, 

which can be useful for establishing a suitable synthetic 

route. In addition, the equivalent cysteine in FGFR4 has 

already been successfully targeted with an α,β-unsaturated 

amide. [2, 226] A patent disclosed by Celgene in 2014, covering 

several of the core structures, mentioned in section 1.4.2, 

combined with an acrylamide warhead, served as an 

inspiration for this project. [15] Considering the experimental 

results and the synthetic steps, including the accessibility of starting materials and the methods used, the 

tetracyclic structure, exemplified by compound 43 (Figure 31), was chosen as the starting point.  

The pyridine-based tetracyclic core has been published in reversible MK2 inhibitors with IC50 values in 

the low nanomolar range in a biochemical assay, but lacking cellular activity. [3] The covalent binding 

mode is proposed to improve the cellular activity by escaping from competition with the high cellular 

ATP concentration after successful irreversible binding. [213]
 Compound 43 was reported to inhibit the 

kinase with an IC50 value ≤ 100 nM, furthermore the authors reported > 70% protein mass modification 

and labelling of Cys140 after trypsin digestion. [15] The synthesis of the tetracyclic core, which involves 

eight steps, is illustrated in Scheme 1.  

The bicyclic isoquinolin-3-ol 47 was synthesized in a two-step procedure from benzylamine 45 and 

ethyl 2,2-diethoxyacetate 44, in a manner analogous to that described in the literature. [5] To this end, 

after an initial ester aminolysis, the obtained amide intermediate 46 was cyclized to isoqunolin-3-ol 47 

by stirring in sulfuric acid. The partial hydrogenation of 47 was carried out under strong acidic 

conditions (trifluoracetic acid (TFA), triflic acid) and catalyzed by PtO2 under hydrogen pressure, as 

described by PAN et al. for the synthesis of sempervirine. [14] The following steps have been described 

in related patent literature and further optimized. [15-16] The obtained 5,6,7,8-tetrahydroisoqinolin-3-ol 48 

was chlorinated with phosphoryl chloride (POCl3) under heating to 170 °C in a pressure vessel. For the 

subsequent introduction of an oxime in the benzylic position, the bicyclic intermediate 49 was first 

partially deprotonated with potassium tert-butanolate (KOtBu) in tetrahydrofuran (THF), before tert-

butyl nitrite (TBN) was added. The oxime 50 was hydrolyzed to the ketone 51 in acetone. The 

concentration of the added hydrochloric acid (HCl) was critical for the outcome of the reaction, with a 
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O

N

O

O

43 

Figure 31: Structure of a covalent MK2 
inhibitor 43 from the patent literature. 
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mixture of concentrated HCl and 6N HCl giving the best results. The bromination at the α-position of 

ketone 51 led to the key intermediate 52. The acidic environment allowed selective monohalogenation. 

The tetracyclic core 54 was completed by closure of the pyrrole ring via a HANTZSCH pyrrole synthesis 

which requires a primary amine and a 1,3-dicarbonyl besides the α-halo ketone. [238] Here tert-butyl 2,4-

dioxopiperidine-1-carboxylate 53 was used as the dicarbonyl and condensed with ammonia and 52 to 

the pyrrole ring in 54. 

Methylation of the pyrrole nitrogen with methyl iodide worked as expected and 55 was obtained (see 

Scheme 2). The pre-substituted linker was attached to the isoquinoline-3-position of both, the 

methylated and unmethylated core via a SUZUKI coupling. The final steps are illustrated by the synthesis 

Scheme 1: Synthesis of the pyridine-based tetracyclic core: (a) 130 °C, 18 h, quant. [5]; (b) H2SO4, 0 °C 
(0.5 h) to rt (1 h), 98% [5]; (c) PtO2, TFA/triflic acid, H2 (3 bar), 18 h, 42% [14]; (d) POCl3, 170 °C, 16 h, 
47% [15]; (e) 1. KOtBu, THF, 0 °C, 18 h; 2. TBN, 0 °C to rt, 3 h, 83% [16]; (f) HCl, acetone, reflux, 6 h, 
77%; (g) Br2, HBr(aq), acetic acid (HOAc), rt, 3 h, 73% [15]; (h) NH4OAc, methanol (MeOH), reflux, 3 h, 
47%. [15] 
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Scheme 2: Methylation of 55 and exemplary synthesis of the final inhibitor 64; (a) CH3I, Cs2CO3, N,N-
dimethylformamide (DMF), rt, 2 h, 66%; (b) 76, K2CO3, (tBu)3P Pd G3, 1,4-dioxane/H2O, 80 °C, 18 h, 
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of 64 (Scheme 2). The product of the Suzuki coupling 56 was deprotected by means of acid to give the 

final compound 64. 

This synthetic route allowed the synthesis of a series of compounds with a variety of aromatic linkers 

substituted in different ways. The corresponding unreactive control compounds, in which the acrylamide 

was replaced by a saturated propionamide, were synthesized in an analogous manner (see Scheme 3). 

The derivatives lacking the electrophilic group are useful for a first assessment of the relevance of the 

covalent binding step from the biochemical assay data. Due to their high structural similarity, an increase 

in inhibitory activity for the acrylamide-containing derivatives is likely to be related to covalent bond 

formation. 

The synthesis of the pre-substituted boronic acid esters 76 

and 79 bearing an acrylamide or propionamide, which 

were used in the pre-final SUZUKI coupling step, is shown 

in Scheme 4. These p-methoxy substituted derivative 

(76/79) represent the ring-opened analog of the bicyclic 

linker of compound 43 from the patent literature (Figure 

31). The precursor of the former are directly accessible 

from the aniline (72, Scheme 4), while the bicyclic oxazine 

83 had to be built up first (Scheme 5). In addition to these 

two aromatic linker derivatives containing an ether 

substituent (74 and 84) the ortho-methyl linker, present in 

BLU9931 (35) was included as an alternative. The latter 

was successfully used to target the equivalent cysteine in 

FGFR4. [2] The o-substituent influences the orientation of 

Figure 32: Overlay of the crystal 
structure of BLU9931 35 (colored in 
orange) bound to FGFR4 (colored in 
grey; PDB: 4XCU [2]) and a tetracyclic 
inhibitor 28 (turquoise) bound to MK2 
(colored in pale cyan; PDB: 3M2W [1]). 
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Scheme 3: Synthesis of the pyridine-based tetracyclic inhibitors; (a) K2CO3, (tBu)3P Pd G3, 1,4-
dioxane/H2O, 80 °C, 18 h; (b) Na2CO3, Pd(PPh3)4, 1,2-dimethoxyethan/ethanol (EtOH)/H2O, 90 °C, 6 h; 
(c) TFA, DCM, rt, 30 min. 
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the linker moiety by promoting an out-of-plane torsion. An overlay of the X-ray crystal structures 

displayed a similar orientation of the hinge binding motif in the irreversible inhibitor BLU9931 (35) and 

the tetracyclic core of an MK2 inhibitor (28) related to the ones described here in the binding pocket of 

MK2 (Figure 32). 

For the synthesis of the monocyclic linkers (shown in Scheme 4), the respective 3-bromoanilin 

derivatives 72/73 were first converted to the boronic acid pinacol esters 74/75. The MIYAURA borylation 

was followed by an amide coupling with acryloyl chloride and N,N-diisopropylethylamine (DIPEA) to 

introduce the warhead (76/77) or propionyl chloride in combination with triethylamine (TEA) for the 

synthesis of the linkers 78/79 for the unreactive control compounds.  

The bicyclic linker required for compounds 68 and 71 was synthesized from the aminophenol 80 (see 

Scheme 5). As described by ARMITAGE et al. [239], 2-amino-4-bromophenol 80 was reacted with 2-

chloroacetyl chloride 81. The resulting amide 82 was then reduced to the amine 83 using lithium 

aluminum hydride (LiAlH4). The MIYAURA borylation (84) and the subsequent amide couplings were 

performed using the same procedure as described above (Scheme 4). The building blocks 85 and 86 

were also attached to the core by SUZUKI coupling (Scheme 3). 
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Scheme 4: Synthesis of the boronic acid pinacol esters of the aromatic linker; (a) B2pin2, KOAc, 
Pd(dppf)Cl2, 1,4-dioxane, 80 °C, 5- 7 h, 57% (74)/ 87% (75); (b) acryloyl chloride, DIPEA, DCM, -
80 °C to rt, 1 h, 75% (76)/ 66% (77); (c) propionyl chloride, TEA, DCM, 0 °C to rt, 16 h, 97% (78)/ 
58% (79). 
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A series of compounds with the pyridine-derived tetracyclic core were successfully synthesized. 

However, several drawbacks became apparent during the synthesis. The harsh reaction conditions for 

the partial hydrogenation of the isoquinoline (Scheme 1, step c) with strong acidic conditions and 

hydrogen overpressure limited upscaling. Similarly, the subsequent chlorination step (Scheme 1, step 

d), performed at a temperature above the boiling point of POCl3 and the resulting pressure conditions 

with this very aggressive reagent are a limiting factor. The insufficient reactivity of the 2-position of the 

terminal pyridine ring in cross-coupling and SNAr reactions limits the derivatization possibilities and 

SAR studies. Attempts to replace the acrylamide warhead with a chloronitropyridine failed on this 

scaffold (see section 3.2.1 for planned synthetic route). To this end, replacing the chloride leaving group 

of the core with a nitrogen as a linker atom was not successful at all, using either SNAr or transition 

metal catalyzed conditions, due to insufficient reactivity of the halide precursor and potential steric, 

electronic, and coordination effects of the entire tetracyclic core. 
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Scheme 5: Synthesis of the bicyclic linker moiety and attachment of the warhead; (a) 1) NaHCO3, THF, 
< 5 °C, 30 min; 2) K2CO3, reflux, 2.5 h, 81%; (b) LiAlH4, THF, 0 °C to rt, 18 h, 47%; (c) B2pin2, KOAc, 
Pd(dppf)Cl2, 1,4-dioxane, 80 °C, 2 h, 76%; (d) acryloyl chloride, DIPEA, DCM, -80 °C to rt, 1 h, 72%; 
(e) propionyl chloride, TEA, DCM, 0 °C to rt, 16 h, 56%. 
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3.2 Synthesis of Pyrimidine-based Tetracyclic Compounds  

The replacement of the terminal pyridine by a pyrimidine on tetracyclic MK2 inhibitors was described 

by SCHLAPBACH et al. [1] To this end, 2-chloropyridine in intermediate 54 was replaced by a 

2-chloropyrimidine (94). The latter heterocycle is more electron deficient and should therefore be more 

reactive towards nucleophiles and in cross-coupling reactions. [240] In addition to the change in reactivity, 

the synthesis of the core has some significant advantages. The tetracyclic core could be built up from 

the cyclohexanone derivative 87 (see Scheme 6). Starting from this saturated ring avoided the 

hydrogenation, required for the pyridine-based tetracyclic derivative (section 3.1, Scheme 1).  

Condensation of the dicarbonyl compound 87 with urea, as described by ORTEGA et al. [241], gave the 

“pyrimidine diol” 88 (Scheme 6). The chlorination was carried out under reflux conditions to give 89. 

Selective monodehalogenation at the more electrophilic pyrimidine 4-position leading to 90 was 

performed under mild reductive conditions, using zinc dust and ammonium chloride. The reaction 

conditions had to be carefully balanced to avoid complete dehalogenation. The oxime of intermediate 91 

was introduced at -78 °C to reduce by-product formation and the crude product was directly hydrolyzed 

to the ketone 92. In analogy to a procedure described in the patent literature [16], the intermediate 92 was 

brominated at the carbonyl α-position under acidic conditions. The α-bromo ketone 93 was used to close 

the pyrrole ring with tert-butyl 2,4-dioxopiperidine-1-carboxylate 53 as discussed above to give the Boc-

protected tetracyclic building block 94 [15] in satisfactory yields (52% over two steps). 

The final steps to introduce the phenyl-linked warhead and finalize the inhibitor were performed as 

described in section 3.1 (Scheme 3). 95 was obtained after the successful SUZUKI coupling to the 
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Scheme 6: Synthesis of the pyrimidine-based tetracyclic core 94; (a) urea, NaOMe, EtOH, reflux, 16 h, 
49%; (b) POCl3, reflux, 2 h, 80%; (c) Zn, NH4Cl, H2O/acetone, reflux, 6 h, 60%; (d) KOtBu, TBN, THF, 
-78 °C to rt; quant.; (e) HClconc, H2O/acetone, 80 °C, 30 min, 23%; (f) Br2, HClconc, 35 °C, 10 min, quant.; 
(g) 53, NaOAc, NH4OAc, MeOH, rt, 18 h, 52%. 
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warhead/linker moiety (shown in Scheme 7). In the final step, the tert-butoxycarbonyl (Boc) protecting 

group attached to the lactam was cleaved under acidic conditions to give 96. 

3.2.1 Synthesis of Pyrimidine-based Tetracyclic Compounds containing a SNAr-based 

Warhead 

After the successful implementation of the 

acrylamide, an alternative warhead strategy was to be 

applied to this project. As mentioned before, a 

chloronitropyridine residue was found to covalently 

bind the structurally equivalent cysteine in FGFR4 [12] 

and utilized by our group to successfully target S6K2 

(compound 39) by binding the corresponding 

residue. [225] An overlay of the crystal structure of 

inhibitor-bound MK2 with that of FGFR4 bound to 

the covalent fragment 36 showed a similar direction 

of the hinge binding motif and suggested a suitable 

orientation of the warhead to reach Cys140 in MK2 

(Figure 33). Prior to the attachment of the warhead, 

this approach requires the introduction of the linking 

nitrogen atom. The introduction of the nitrogen to an electron-deficient heterocycle, such as pyrimidine, 

can be accomplished by a nucleophilic aromatic substitution (SNAr) or catalyzed by transition metals, 

as in the ULLMANN or BUCHWALD-HARTWIG cross-coupling reactions. 

In order to exclude any interference of the free pyrrole with the synthetic route, the latter was N-

methylated, to synthesize intermediate 97 as depicted in Scheme 8. 

Figure 33: Overlay of inhibitor-bound MK2 
(PDB: 3M2W [1]; kinase colored in grey, 
inhibitor 28 in orange, Cys140 in yellow) and 
FGFR4 bound to an covalent fragment 36 
(PDB: 5NUD [12], kinase colored in pale cyan, 
fragment in raspberry); (polar interactions 
indicated by yellow dotted lines). 
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Scheme 7: Synthesis of the pyrimidine-based tetracyclic compound 96; (a) 76, K2CO3, (tBu)3P Pd G3, 
1,4-dioxane/H2O, 80 °C, 18 h, 55 %; (b) TFA, DCM, rt, 30 min, 57%. 
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Initial attempts to use a nucleophilic aromatic substitution with ammonia or a suitable surrogate, such 

as benzylamine, were unsuccessful. Using a palladium-catalyzed BUCHWALD-HARTWIG coupling only 

worked when the pyrrole nitrogen was methylated. Thus, this approach was pursued, even though the 

inhibitory activity was expected to be lower than for analogs with the free pyrrole NH. [1] The 

monoprotection of the linking nitrogen was found to be necessary to avoid double arylation in the 

subsequent step as observed in the S6K2 project. [225] To choose a suitable protecting group, the 

deprotection method and the stability during the further synthetic route have to be considered. The 

deprotection conditions need to be compatible with the chemical reactivity of the warhead, since the 

groups are cleaved after the introduction of the warhead group. The latter is prone to react with 

nucleophiles, especially under basic conditions, which excludes most alkaline deprotection methods. 

Other common nitrogen protecting groups, such as the benzyl protection group, are removed under 

reductive conditions, potentially dehalogenating the warhead or reducing the nitro group. A global 

deprotection in the final step under acidic conditions was desirable, since the lactam was also protected 

by an acid-sensitive group. Thus, the use of the Boc protecting group met the requirements for adapting 

the synthetic route and structural characteristics. It was also previously shown to be stable under the 

reaction conditions of the subsequent steps. [225]  

The initial plan was to introduce the protected amine via a cross-coupling reaction with tert-butyl 

carbamate to synthesize intermidiate 98. Compared to amines, carbamates exhibit lower nucleophilicity 

and the higher ability to form complexes with Pd catalysts. [242] These properties make them difficult 

substrates for cross-coupling reactions, and only a limited number of specific procedures have been 

described. [242a, 243] In initial attempts using a BUCHWALD-HARTWIG coupling protocol (XPhos Pd G4, 

K2CO3, 1,4-dioxane/tBuOH), no product could be isolated (Scheme 9, step a).  
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Scheme 9: Attachment of the nitrogen-bridged chloronitropyridine warhead to the tetracyclic core; (a) 
Boc-carbamate, XPhos Pd G4, K2CO3, 1,4-dioxane/tBuOH; (b) NaOCN, TEA, tBuXPhos, Pd2dba3, 
tBuOH, 130 °C, 18 h, 17%; (c) Boc-carbamate, Cs2CO3, XantPhos Pd G4, XantPhos, 1,4-dioxane, 
100 °C, 4 h, 21%; (d) benzyl carbamate, Cs2CO3, XantPhos, Pd(OAc)2, 1,4-dioxane, 120 °C, 16 h, 46%; 
(e) Boc2O, TEA, 4-(dimethylamino)pyridine (DMAP), acetonitrile (ACN), rt, 18 h, 60%; (e) Pd/C, 
MeOH, H2, rt, 5 h, 19%; (g) 2-bromo-6-chloro-3-nitropyridine 103, Cs2CO3, XantPhos Pd G4, toluene, 
55 °C, 4 days, 41%; (h) TFA, DCM, rt, 30 min, 31%. 
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As observed in the derivatisation of coumarines by HICKEY et al., changing to benzylcarbamate as the 

coupling partner improved the reaction outcome. [244] The use of the benzyl carbamate indeed made the 

BUCHWALD cross-coupling more efficient. However, this strategy prolonged the synthetic route by two 

steps (Scheme 9). After the Pd-catalyzed introduction of the benzylcarbamate to obtain 99 (step d), the 

Boc protecting group was introduced (100). Selective removal of the benzyloxycarbonyl (Cbz) group 

under reductive conditions afforded the Boc-protected intermediate 98. Notably this exchange of 

protecting groups was nescessary to avoid later incopatibilities between the reductive deprotection of 

the benzyl carbamate and the functional groups of the warhead. Due to the low yields and additional 

synthetic steps, an alternative approach was finally used. 

The BUCHWALD group described the use of sodium cyanate in tert-butanol (tBuOH) to introduce Boc-

protected amines [245], forming a isocyanate intermediate that reacts with the corresponding alcohol (here 

tBuOH) to form the carbamate. Unfortunately, the yield for the synthesis of 98 by an analogous 

procedure (Scheme 9, step c) was low (17%). 

Optimization of the initial procedure using tert-butyl carbamate was achieved at a later stage of the 

project (for more detail see section 3.3.2.1.1). This resulted in shorter reaction time and improved 

reproducibility, although the yields remained low (21%).  

The procedure used for introducing the heterocyclic warhead was based on the optimizations performed 

within the S6K2 project. [225] The proto warhead, 2-bromo-6-chloro-3-nitropyridine 103, was connected 

to the core 98 through a BUCHWALD-type reaction. The final deprotection of 101 was performed as 

described for the acrylamide derivatives in section 3.1 to isolate compound 102. Even though a synthetic 

route to obtain compound 102 was succesfully developed, the numerious synthetic steps required and 

the low yields impede the isolation of sufficient amounts of the key intermediates to further assess 

structure activity relationships on this tetarcyclic core. 

To prevent hindering cross-coupling reactions by the free pyrrole NH, a protection group strategy should 

be implemented. As previously mentioned, an acid-labil group is the most suitable for this synthetic 

route. The 2-(trimethylsilyl)ethoxymethyl group (SEM) is a commonly used protection group for 
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heterocyclic nitrogens and can be cleaved by acids or flouride. [246] The attachment of this silyl-

containing group (104) was achieved using SEM-chloride after deprotonation with sodium hydride. The 

two subsequent cross-coupling reactions to introduce the linker (step b, 105) and the warhead (step c, 

106) afforded the desired products. However, the deprotection to isolate 107 was not successful, neither 

with TFA nor tetrabutylammonium fluoride. 

3.3 Synthesis of Pyrrolopyridinone-Based Compounds 

To facilitate synthetic access and generation of SAR, we simplified the core structure by opening the 

partially saturated β-ring (Scheme 11). This derigidified pyrrolopyridinone based scaffold is found in 

inhibitors targeting MK2 [206], and also used for targeting Cdc7 [247], CK1γ [248], serine/threonine-protein 

kinase N2 (PKN2) [249]. In addition, several targets are mentioned in the patent literature. [250] The various 

possible substitution patterns allow for the introduction of selectivity promoting groups and expand the 

variety of applicable synthetic methods.  

An overlay of the tetracyclic inhibitor 28 

and the pyrrolopyridinone 21, respectively, 

in the binding pocket of MK2, showed good 

alignment (Figure 34). Therefore, the 

warhead also should retain its orientation, 

when attached to the pyrrolopyridinone 

core. To verify the effective and covalent 

binding to the kinase the respective 

acrylamide 108 (Scheme 12), and its 

unreactive counterpart 109, were 

synthesized first. In the following step the 

core structure was linked to the heterocyclic 

chloronitropyridine via the nitrogen atom, 

resulting in 110 (Scheme 12).  

Scheme 11: General core structure of the tetracyclic core and the 
pyrrolopyridinone; X = C or N, labeling of the four rings α-δ adapted 
from REVESZ et al. [3] 

Figure 34: X-ray crystal structure overlay of two 
inhibitors bound to MK2. Tetracyclic inhibitor (28, 
colored in purple) bound to MK2 (colored in blue; PDB: 
3M2W [1]) and pyrrolopyridinone-based inhibitor (21, 
colored in green) bound to MK2 (colored in turquoise; 
PDB: 2JBO [10]).  
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Two different synthetic routes (Scheme 13) were used to enable different derivatization strategies. The 

first route utilized the HANTZSCH pyrrole synthesis, which has already been employed to build up the 

tetracyclic cores (Scheme 1 and Scheme 7). The second variation involved a SUZUKI coupling to connect 

the pyridine (III) to the pyrrole part (IV in Scheme 13). 
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Scheme 13: Initially planned inhibitor structures 108 and 110 to proof the design 
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3.3.1 Synthesis of a Pyrrolopyridinone-based Inhibitor with an Acrylamide Warhead 

and the Corresponding Unreactive Analog 

The pyrrolopyridinone core was synthesized from nicotinic acid N-oxide 111 using the general approach 

depicted in Scheme 13A. To enable ring closure by HANTZSCH pyrrole synthesis, the corresponding α-

bromo ketone 115 was synthesized. 

The introduction of the chlorine at position 2 of the pyridine was carried out following the procedure 

described by ANDERSON et al. [251] Refluxing nicotinic acid N-oxide 111 in POCl3 produced 

2-chloronicotinic acid 112. To convert the acid 112 into the ketone 114 using the WEINREB-NAHM ketone 

synthesis [252], the acid 112 was activated using SOCl2 and transformed into the corresponding WEINREB 

amide 113. [253] The WEINREB amid 113 was then reacted with methyl magnesium bromide in a 

GRIGNARD reaction to prepare the ketone 114 in good yields (93%). Subsequent α-bromination was 

performed following the procedure outlined by ANDERSON et al. [206] The resulting bromoketone 

115·HBr was isolated by filtration. The compound 115·HBr was then cyclized with tert-butyl 2,4-

dioxopiperidine-1-carboxylate 53 and ammonium acetate to yield the pyrrolopyridinone core in 

compound 116.  

The boronic acid pinacol esters of the substituted linker 76/78 were attached to the core 116 via a SUZUKI 

coupling using (tBu)3P Pd G3 as the catalyst. The resulting compounds 117 and 118 were deprotected 

with TFA to yield compounds 108 and 109. 
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Scheme 14: Synthesis of the pyrrolopyridinone core 116; (a) POCl3, reflux, 7 h, 57%; (b) 1. SOCl2, 
reflux, 5 h; 2. N,O-dimethyl hydroxylamine·HCl, NEt3, DCM, 0°C to rt, 18 h, 91%; (c) MeMgBr, THF, 
0°C to rt, 18 h, 93%; (d) 30% HBr(HOAc), Br2, HOAc, rt, 2 h, 80%; (e) tert-butyl 2,4-dioxopiperidine-1-
carboxylate 53, NH4OAc, EtOH, rt, 18 h, 48%. 
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3.3.2 Synthesis of Pyrrolopyridinone-based Inhibitors with Heterocyclic Warheads 

After successfully synthesizing the acrylamide-based compound 108, alternative heteroaromatic 

warheads were attached to the core to assess the structure–activity relationship (SAR). Starting from 

compound 110, three sites were identified to be promising for further derivatization (Scheme 16). 

Replacing the warhead (red hexagon, Scheme 16) delivers insights into the correlation between the 

warhead’s reactivity and inhibitory activity. Exchanging the linker atom (blue oval, Scheme 16) from 

nitrogen to an oxygen or sulfur can influence orientation of the warhead but also its reactivity, as well 

as physicochemical properties such as solubility. This was observed to be beneficial during the 

development of gamcemetinib (CC-9677, 20), as discussed in section 1.4.4. [228] The substitution of the 

pyrrole nitrogen (golden triangle, Scheme 16) may offer a handle to fine-tune physicochemical 

properties but also affects inhibitory activity. A slightly unfavorable effect of the methyl group was 

observed for the tetracyclic acrylamides, consistent with the data published by REVESZ et al. on the 

tetracyclic scaffold. [3] Since the substitution of this hydrogen atom is necessary in several synthetic 

steps, the methyl group can be considered a compromise between synthetic convenience and inhibitory 

activity. Different attempts to replace the methyl group will be discussed in section 3.3.2.4.  

Scheme 15: Synthesis of a pyrrolopyridinone with an acrylamide warhead (108) and the unreactive 
control compound 109; (a) 76/ 78, K2CO3, (tBu)3P Pd G3, 1,4-dioxane/H2O, 90 °C, 18 h; (b) TFA, DCM, 
rt, 15% (108)/ 35% (109) (over 2 steps) 

Scheme 16: Pyrrolopyridinone-based Inhibitors 108 and 110 and general structure with highlighted 
derivatization points (on the right). 
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3.3.2.1 Synthesis of Nitrogen-linked Pyrrolopyridinone Derivatives  

Three different synthetic strategies were used to synthesize the key intermediate 119, which contains the 

Boc-protected linking nitrogen, (Scheme 17). The mono-Boc protection of the nitrogen is necessary to 

prevent double attachment of the warhead, as mentioned previously (section 3.2.1). The attempt to 

introduce the carbamate via BUCHWALD coupling using tert-butyl carbamate to the chloride-containing 

precursor 120 was unsuccessful. Therefore, a three-step synthetic route, as shown in Scheme 19, was 

developed. The increased reactivity of the bromine derivative 121 in cross-coupling reactions was 

exploited, which was also beneficial for the introduction of the sulfur linker (explained in section 

3.3.2.3). This was encouraging to re-investigate the initial synthetic strategy and finally enabled the 

direct attachment of the Boc-protected amine (Scheme 17A). Through optimization of the catalyst 

combination, the product 119 was isolated in satisfactory yield. An alternative approach was also 

developed (Scheme 17B) due to the initial problems with introducing the linker nitrogen at a late stage. 

Here, the protected nitrogen was attached in the first step before building up the core through the 

cyclisation method described for the halogenated derivatives (Scheme 14). The third strategy involves 

a SUZUKI cross-coupling reaction (Scheme 17C) where the protected amine was attached to the pyridine 

beforehand and then linked to the pyrrole-containing part. 
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Scheme 17: Different approaches for the synthesis of amine-containing core 119/122. 



56 
 

3.3.2.1.1 Introduction of the Nitrogen Linker via BUCHWALD Coupling 

The synthesis of key intermediate 116 works well and was therefore initially identified as a suitable 

precursor for the warhead attachment. To prevent side reactions and interference with the catalyst in 

cross-coupling reactions [242a, 254], the pyrrole nitrogen was again methylated (Scheme 18). However, the 

attempted subsequent BUCHWALD coupling of 120 using Boc-carbamate as an ammonia surrogate did 

not work out, in line with the results previously obtained with the tetracyclic scaffold. Only partial 

conversion was achieved and due to problems in purification by column chromatography no pure 

product could be isolated.  

The low reactivity of the chlorine in oxidative additions, as previously observed for the tetracyclic 

derivatives (refer to section 3.1), would require harsher reaction conditions, including a higher 

temperature (> 100 °C) and potentially a stronger base. However, elevated temperatures and stronger 

bases are likely to result in increased side reactions and instability of the starting material, amongst 

others through loss of the Boc group. The successful conversion of 120 in a BUCHWALD-type reaction 

(step a, Scheme 19) was again achieved by exchanging the carbamate to the benzyl carbamate, resulting 

in Cbz-protected product 125. The Cbz-protecting group was removed through hydrogenation before 

introducing the warhead moiety, as the latter is not stable under the required conditions. This process 

involved two additional steps: deprotecting to the free amine 126 and the subsequent protection with di-

tert-butyl dicarbonate (Boc2O) to obtain the desired intermediate 119. The selective attachment of a 

single Boc-group at the nitrogen required careful addition of the anhydride. Unfortunately, this synthetic 

approach resulted in a purity of only approximately 85% (HPLC) for 119 due to partial double 

attachment of the Boc group.  
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Scheme 18: Methylation of 116 and the planned subsequent coupling attempt; (a) CH3I, Cs2CO3, DMF, 
rt, 18 h, 62%. 
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Scheme 19: Three step synthesis of 119 from 120; a) benzyl carbamate, Cs2CO3, XantPhos, Pd(OAc)2, 
1,4-dioxane, 120 °C, 18 h, 56%; (b) Pd/C, H2, MeOH, rt, 18 h, 90%; (b) Boc2O, tBuOH, rt, 18 h, 87%. 
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Therefore, the synthetic route was modified to improve the results. The Boc protection group was 

introduced to NH-acidic intermediate 125 under basic conditions using DMAP as the catalyst before 

removing the Cbz group. The selective deprotection of 127 through hydrogenation was successful, 

resulting in the key intermediate 119.  

However, the additional steps required resulted in a decrease in overall yield. Furthermore, the upscaling 

of the initial BUCHWALD coupling with benzyl carbamate proved to be challenging, and the search for 

more robust conditions was unsuccessful. To enhance the reactivity of the of the hinge-binding 

heterocycle for this conversion the chlorine atom was replaced with a bromine, which is more reactive 

in cross-coupling reactions. [255] The respective bromo derivative 132 was synthesized in a similar 

manner to the chloro-substituted analog 116 (Scheme 14 and Scheme 21). The synthetic route started 

from the carboxylic acid 128. The synthesis of the methyl pyridine ketone 130 was previously described 

in the literature. [256] To activate the carboxylic acid 128, 1,1’-carbonyldiimidazole (CDI) was used, and 

the acid was converted to the WEINREB amide 129 with N,O-dimethyl hydroxylamine. The WEINREB-

NAHM reaction with methyl magnesium bromide yielded the methyl ketone 130 in good yields (88%). 

The α-bromination method, adapted from HAY et al. [257], was successful even at a reduced temperature 

of 40 °C. The reaction of tert-butyl 2,4-dioxopiperidine-1-carboxylate 53 and NH4OAc with the 

hydrobromic salt of 131 yielded pyrrolopyridinone 132, which was isolated through filtration. The 

synthetic route for 132, similar to that of the chloro-derivative 116 (Scheme 14), only required a single 

column chromatographic purification, i.e. of the ketone intermediate 130. 
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Scheme 20: Adjusted synthetic route for 119; (a) Boc2O, DMAP, TEA, ACN, rt, 18 h, 93%; (b) Pd/C, 
H2, MeOH, rt, 2 h, 61%.  
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Scheme 21: Synthesis of the bromopyridinyl-pyrrolopyridinone core 132 and introduction of the amine 
(119): (a) 1. CDI, DCM, rt, 2 h; 2. N,O-dimethyl hydroxylamine·HCl, rt, 18 h, 96%; (b) MeMgBr, THF, 
0°C, 2 h, 88%; (c) 30% HBr(HOAc), Br2, HOAc, 15 °C to 40 °C, 1 h + 1 h, 98%; (d) tert-butyl 2,4-
dioxopiperidine-1-carboxylate 53, NH4OAc, EtOH, rt, 18 h, 57%; (e) CH3I, Cs2CO3, DMF, rt, 2 h, 91%; 
(f) Boc-carbamate, Cs2CO3, XantPhos Pd G4, XantPhos, 1,4-dioxane, 85 °C, 6 h, 51%. 
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After methylating the pyrrole in 132, the Boc-protected amine was introduced using a BUCHWALD cross-

coupling. Initial attempts with XPhos Pd G4 as the catalyst system did not result in the formation of the 

product 119. However, when the XantPhos ligand was used instead, product formation was detected. 

The combination of XantPhos Pd G4 (5 mol%) and XantPhos ligand (5 mol%) increased product 

formation, but longer reaction times led to increased side product formation. Further attempts to improve 

the method, showed that decreasing the catalyst loading had the same effect. Additionally, increasing 

the amount of Boc-carbamate (from 2.00 to 3.00 equivalents) also resulted in higher formation of a by-

product, whilst lowering the reaction temperature from 100 °C to 85 °C reduced the formation thereof. 

The optimized conditions enabled to isolate 119 with a yield of 51%.  

3.3.2.1.2 Introduction of the Nitrogen Linker at an Early Stage 

To overcome the initial challenges of introducing the nitrogen, a complementary approach was 

developed to introduce the amine at an early stage. In the first step the protected amine, 

4-methoxybenzylamine 134, was introduced through a nucleophilic aromatic substitution at 2-chloro-4-

cyanopyridine 133. The subsequent GRIGNARD reaction of the cyano group in 135 produced the methyl 

ketone 136. The α-bromination of the carbonyl in acetic acid concomitantly removed the p-

methoxybenzyl group. As a result, the product 137 contains the primary aromatic amine. To form 138, 

the pyrrole ring was closed using tert-butyl 2,4-dioxopiperidine-1-carboxylate 53 and ammonium 

acetate, as previously described (Scheme 1, Scheme 6 and Scheme 14). To enable the single attachment 

of the warhead a mono-protection strategy was planned and developed, resulting in the isolation of key 

intermediate 139 with an unmethylated pyrrole. However, this strategy was not pursued further due to 

the low yields and the need for an additional step to protect the pyrrole. 
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Scheme 22: Early-stage introduction of the amine; (a) DIPEA, N-methyl-2-pyrrolidinone (NMP), 
120 °C, 18 h, 23%; (b) MeMgBr, Et2O, reflux, 18 h, 82%; (b) 30% HBr(HOAc), Br2, HOAc, 70 °C, 2 h, 
80%; (d) tert-butyl 2,4-dioxopiperidine-1-carboxylate 53, NH4OAc, EtOH, rt, 18 h, 68%; (e) Boc2O, 
tBuOH, rt, 6 h, 27%.  
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An acid-stable group at the amine was expected to remain intact during the entire buildup of the core, 

reducing disruptive influences and increasing the yield. In this approach benzylamine was used instead 

of its p-methoxybenzyl analog as the protected amine to synthesize 140 from 4-chloro-4-cyanopyridine 

133 (Scheme 23). The subsequent step to generate the ketone 141 through a GRIGNARD-reaction worked 

as described above. The bromination using Br2/HBr in HOAc produced the hydrobromide salt of 142. 

Unlike the 4-methoxy benzyl group in 135, which is not stable under these conditions (Scheme 22), the 

benzyl group is preserved. The pyrrolopyridinone derivative 143 was again obtained through subsequent 

condensation reaction with tert-butyl 2,4-dioxopiperidine-1-carboxylate 53. Both free NH positions 

were then protected with a Boc group, resulting in the successful isolation of fully protected 144. To 

attach the warhead, the benzyl group had to be selectively removed. However, the benzyl group was 

more stable under the selected conditions and could not be removed. Attempts to use palladium on 

charcoal and hydrogen under atmospheric pressure for reductive removal only resulted in trace amounts 

of conversion, which were detected by TLC-MS. This approach was thus abandoned due to the 

difficulties in the last deprotection step and the low yields (29% for introduction of the amine (step a, 

140) and 31% for the Boc-protection (step e, 144)).  
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Scheme 23: Synthesis of the benzyl protected amine core; Bn = benzyl; (a) benzylamine 45, NMP, 
DIPEA, 120 °C, 18 h, 29%; (b) MeMgBr, Et2O, reflux, 18 h, 50 %; (b) 30% HBr(HOAc), Br2, HOAc, 
70 °C, 2 h, 90%; (d) tert-butyl 2,4-dioxopiperidine-1-carboxylate 53, NH4OAc, EtOH, rt, 18 h, 40%; 
(e) Boc2O, TEA, DMAP, ACN, rt, 23 h, 31%; (f) Pd/C (10% wt), H2, EtOH, rt, 18 h.  
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3.3.2.1.3 Synthesis of the Pyrrolopyridinone Core via SUZUKI Coupling 

An alternative synthetic route was sought due to the difficulties encountered in incorporating the linking 

nitrogen. Linking the two aromatic heterocycles via SUZUKI coupling was identified as a complementary 

approach. The synthesis of the pyrrole component was adapted from the patent literature [258] and is 

depicted in Scheme 24. To this end, enamine 147 was obtained by condensing tert-butyl 2,4-

dioxopiperidine-1-carboxylate 53 with aminoacetaldehyde dimethyl acetal 146. The pyrrole ring in 148 

was subsequently closed under acidic conditions via an intramolecular aldol condensation. In the next 

step, Boc protecting groups were attached to both nitrogen atoms resulting in 149. Subsequently, the 

Boc protecting group at the pyrrole ring was selectively removed, resulting in the mono-protected 

bicyclic structure 150. This selective cleavage was achieved by applying a mild deprotection procedure 

using ammonia. Typically, strong acids like HCl or TFA are used to remove the Boc-protecting group, 

but in this case, nucleophilic alkaline conditions were used to enable selective removal. [246b] Several 

alternative cleavage methods using nucleophilic or basic conditions are known for heterocycles, 

including pyrrole. [246a, 259] ROUTIER et al. suggested a nucleophilic attack at the carbonyl center of the 

carbamate by a nucleophile. [259] Considering this as the underlying mechanism, two properties primarily 

account for the preference of the deprotection pyrrole nitrogen in this case. The carbamate nitrogen’s is 

part of the aromatic system of the pyrrole ring, which increases electrophilicity at the carbonyl and 

weakens the amide bond. Furthermore, the aromatic ring has favorable leaving group properties in the 

subsequent elimination step. It was crucial to balance temperature, reaction time, and the amount of the 

base to ensure selective, but complete cleavage of the pyrrole protection, while retaining the protecting 

group at the lactam. The procedure for bromination in the next step (Scheme 24, step e) was adapted 

from the literature. [260] N-Bromosuccinimide (NBS) was used in a solvent mixture of THF and methanol. 

To reduce double halogenation, it is necessary to cool the reaction due to the high reactivity of pyrrole 

towards electrophilic aromatic substitution. [261] The starting material can be easily separated from the 

mono-brominated product by column chromatography. However, the double-brominated derivate 
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displays similar behavior during chromatographic purification. Therefore, it is beneficial to ensure 

continuous stirring, even cooling, and to use less than 1.00 equivalent of NBS to isolate the pure mono-

brominated product. 

Using NBS as the brominating agent allows for selective substitution at the α-position of the pyrrole 

ring. [262] The latter is the kinetically favored substitution position, while the β-position is 

thermodynamically preferred. [263] Bromination at the β-position can be detected when using bromine 

(Br2) as the brominating agent. A mixture of the α- and β-substituted pyrrole (and the results of multiple 

bromination) was isolated in this case, due to rearrangement under strongly acidic conditions after in 

situ generation of HBr. [264] The electrophilic attack at the α-position is preferred due to the mesomeric 

stabilization of the intermediate σ-complex (Scheme 25). [261, 265] 

The regiochemistry of the bromination was characterized by nuclear magnetic resonance spectroscopy 

(NMR). The remaining aromatic signal in the 1H-spectrum indicates halogenation of the α-position as it 

gives a singlet, indicating no hydrogens at the neighboring atoms. As coupling with NH groups is often 

not visible in NMR experiments, 120 as synthesized as a reference compound. The same structure 120 

was also synthesized using the procedure described in Scheme 14 and subsequently methylated (Scheme 

18). The pyrrole nitrogen in 151 was therefore methylated and the resulting bromide 124 reacted with 

(2-chloropyridin-4-yl)boronic acid 152 (Scheme 26) resulting in compound 120 to further confirm 

formation of the correct bromination derivative. The analytical data, particularly the NMR spectra, were 

compared to confirm the structural identity and the correct bromination position. 
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Scheme 25: Mesomeric stabilization of the σ-complex after 
electrophilic attack at the pyrrole at the α- and β- position, 
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Prior to performing the SUZUKI coupling to link the pyrrole to the pyridine, it is necessary to protect the 

pyrrole-NH of the key intermediate 151 or to substitute the hydrogen. For the initial series, the 

methylated derivative 124 was utilized. The methylation was successfully carried out in DMF using 

methyl iodide as the methylating agent (Scheme 27). 

The boronic acid required for the coupling was be obtained as the pinacol ester 123 through a two-step 

synthesis (Scheme 27). First, 2-amino-4-bromopyridine 153 was protected using Boc2O. The resulting 

Boc-protected aminopyridine 154 was transformed into the boronic acid pinacol ester 123 using a 

MIYAURA borylation procedure (Scheme 27, step c). Finally, the pinacol ester 123 was reacted with aryl 

bromide 124 in a SUZUKI coupling, resulting in the amine-substituted core 119. The reaction outcome is 

primarily limited by the debromination of the pyrrole. Therefore, the purity of the boronic acid derivative 

is crucial. Any remains of the borylation agent increase the rate of debromination. This observation and 

optimization of this reaction type is further discussed in section 3.3.2.2. 

When comparing the three synthetic strategies for the synthesis of 119 depicted in Scheme 17 and 

explained in the last three sections, it was found that the BUCHWALD coupling of the brominated pyridine 

121 with tert-butyl carbamate was the most suitable approach to obtain the key intermediate. The 

synthesis of the core 132/121 only required chromatographic purification twice and avoided the use of 

large quantities of aggressive chemicals (such as TFA for the synthesis of 148 as precursor for 124). The 

results of a first attempt to increase the scale (multigram scale) were encouraging. 
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3.3.2.1.4 Introduction of Heterocyclic Warheads to the Aminated and Methylated Core 

The proto warhead 2-bromo-5-chloro-3-nitropyridine 103 was attached to 119 via a BUCHWALD-

HARTWIG cross-coupling protocol, which was established and optimized for the synthesis of the S6K2 

inhibitor 39, containing the same warhead moiety. [225] The procedure was successfully applied to this 

project, resulting in the Boc-protected coupling product 158 in excellent yields (98%). The desired 

compound 110 was obtained after removing both protection groups using TFA in DCM (Scheme 28). 

Fine-tuning of the reactivity can be achieved by changing the heterocycle or the leaving group of the 

warhead part. To explore the influence of the differences in reactivity between the different halogens, 

the respective bromo and fluoro derivatives 155 and 156 were synthesized. Additionally, the unreactive 

control compound 157, which lacks the leaving group at the pyridine, was synthesized.  

At first, the bromo derivative of 110 was prepared. Therefore, the dibromopyridine 159 was attached to 

the inhibitor core using a BUCHWALD-coupling method (Scheme 29). However, the purification of 160 

proved to be more challenging due to the competing substitution at the C6 of the proto warhead, which 

occurred as a side reaction and could not be completely avoided. As a result, the yield and purity of the 

isolated compound 160 were rather low. Optimization of the reaction temperature could possibly 

improve the outcome of the reaction.  
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The respective fluorine derivative 163 and the unreactive control 164 were synthesized via a 

nucleophilic aromatic substitution (Scheme 30). The nitropyridines 161/162 contain a fluorine as the 

leaving group, which generally displays good properties for SNAr reactions enabling the transformation 

at room temperature (rt) after deprotonation of the NH-acidic amino nucleophile. 

The three derivatives 155, 156 and 157 were subsequently obtained by following the previously 

described procedure for removing the two protecting 

groups (Scheme 32). During the purification of the 

fluoro analog 156, caution was necessary due to the 

increased reactivity of the fluorine. Unwanted 

substitution can occur in the presence of 

nucleophiles, such as H2O or MeOH, especially 

under basic or acidic conditions and elevated 

temperatures, as depicted in Scheme 31.  

In addition to halopyridines, sulfonylpyri(mi)dines are suitable electrophilic warheads for targeting 

cysteine residues. [266] MAUREL et al. described the synthesis of the sulfone from the corresponding 

chloro-derivative. [267] Following their procedure, sodium methanethiolate was used to introduce a 

NH
N

F

NO2

MeOH
NH

N
O

NO2

-HF
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methylthiol to 110. The resulting intermediate, 165, was then oxidized with meta-chloroperoxybenzoic 

acid (mCPBA) to form the sulfone 166. The final step has potential for further optimization, which was, 

however, not elaborated further due to time constraints. Adapting the added amount of mCPBA and 

reaction conditions to give complete oxidation to the sulfone without formation of an N-oxide should 

increase the yield. Furthermore, the high SNAr reactivity of the sulfonyl group should be respected 

during workup and replacing the aqueous conditions could be beneficial.  

3.3.2.2 Synthesis of Oxygen-linked Compounds 

Replacing the nitrogen atom with an oxygen atom as the attachment point of the warhead could expand 

SAR analysis and potentially improve solubility due to higher flexibility and lack of the pseudobicyclic 

arrangement imposed by the aforementioned intramolecular hydrogen bond. The synthetic approach 

used for the nitrogen-linked compounds (Scheme 27), which is based on a SUZUKI coupling of the bromo 

pyrrole and the pyridin boronic acid, was retained. However, additional considerations were necessary 

for the oxygen-linked structures.  

An initial attempt to directly borylate and couple the pyridin-2-one (2-hydroxy pyridine) moiety, as 

described in the literature [268], was unsuccessful. Therefore, a protected derivative was used (step 1, 

Scheme 34). The choice of the protecting group should enable selective deprotection (step 2), while 

maintaining protection of the lactam nitrogen. The benzyl group was 

used, enabling selective reductive removal. The introduction of the 

heterocyclic warhead (step 3) represents the key step of the synthesis. 

The attachment of the warhead is complicated by the lactam-/lactim 

tautomerism of the 2-pyridone/2-hydroxypyridine, which adds the 

challenge of O-selectivity.  

Due to the presence of pyridin-2-one (II)/pyridin-2-ol (I) in diverse 

bioactive molecules, their reactions have been a subject of research for 

a long time. [269] In the gas phase, the 2-hydroxypyridin (I) was 

calculated to be the more stable tautomer. [270] But only the pyridinone 

(II) is present in crystals and is also the preferred tautomer in solution. 

The ratio of the two tautomers in solution depends on various factors 

Scheme 34: Planned route for the synthesis of oxygen-linked compounds.  
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such as temperature, concentration, matrix and solvent, which influence pH and solvation. [270-271] The 

same applies to the substitution reaction, where the solvent and temperature can affect the amount of N- 

(IIIb) versus O-substitution (IIIa). [272] Quantum chemical calculation revealed that the N-substitution 

is thermodynamically favored, while a slightly higher intrinsic reactivity was calculated for the O-

substitution. [273] 

Nonetheless, some O-selective/preferring arylation and alkylation reactions are described in the 

literature. [269] While the position is not influenced by the leaving group at the electrophilic center [272a], 

the substitution pattern plays an important role, mainly for steric reasons. [272c, 274] The N-substitution is 

more sterically demanding, therefore ortho-substitution, tert-alkylhalids and demanding ligands in 

copper-catalyzed reactions favor O-substitution. [274-275] Selective O-arylation has been achieved using 

diaryliodonium salts [274a, 276], boronic acids [275] and aryl halides [274b], with the latter two utilizing copper 

catalysis for the reaction. Selective O-alkylation was described using gold catalysis [277], zinc(II) for 

benzyl-derivatives [278] and a microwave-assisted method utilizing silver carbonate. [279] The preference 

for O-alkylation when using silver carbonate compared to alkali salts was already observed by 

KORNBLUM et al. [280] in the 1950s. They attribute this to the ability of the silver salts to increase the 

carbenium character of the aryl halide. As a result, the reaction occurs at the position with higher electron 

density, in this case the oxygen, due to the increasing SN1-character of the reaction. BREUGST and MAYR 

later revised this theory, suggesting the coordination of the silver ion, which hinders the N-substitution. 

In addition to the selectivity issues, identifying the resulting isomers, especially for more complex 

molecules, is not straightforward. The resulting shifts in the 13C-NMR do not allow for clear 

differentiation, requiring more complex 2D-NMR experiments and interpretation of the IR (infrared) 

spectra for product identification. [271d, 273] 

The first part of the synthesis was the preparation of the ether-substituted pyridine boronic acid 170. To 

avoid the selectivity issue, mentioned in the previous section, the oxygen-atom was introduced via an 

SNAr reaction by using benzyl alcohol (Scheme 36, step a) based on a literature procedure [281]. The 

borylation of 169 proceeded as anticipated, yielded the boronic acid pinacol ester 170 in good yields. 

The SUZUKI cross-coupling to obtain 171 was performed as shown in Scheme 37. Debromination of 124 

was observed as a side reaction. It has been reported that electron-rich heterocycles tend to undergo 

dehalogenation in palladium-catalyzed reactions, either as a byproduct or as the desired outcome. [282] 

JEDINÁK et al. investigated the influence of several reaction parameters on the rate of dehalogenation of 

halopyrazoles. [282d] They found that the choice of base and temperature were important factors, as well 

N

O Br
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F Br

b

168 169 170

a

Scheme 36: Synthesis of the oxygen-containing hinge binder moiety; (a) benzyl alcohol, KOtBu, THF, 
0°C to rt, 18 h, 95%; (b) B2pin2, KOAc, XPhos Pd G4, 1,4-dioxane, 90 °C, 18 h, 71%. 
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as the solvent and the catalyst system to reduce unwanted dehalogenation. Among the examined catalyst 

systems (XPhos Pd G4, Pd(dppf)Cl2, XantPhos Pd G4, P(tBu)3 Pd G3), the XPhos precatalyst gave the 

lowest rate of debromination, in the case on hand. The change of the base from sodium carbonate to 

potassium carbonate had only minor influence on the side reaction. The purity of the boronic acid ester 

(170) had the strongest influence. Remaining traces of B2pin2 from the prior borylation reaction 

increased dehalogenation, most likely due to their reductive properties. [283] 

The benzyl group was cleaved from 171 under reductive conditions with palladium on charcoal and 

hydrogen. The use of ethanol as solvent instead of methanol resulted in higher yields of 167 due to 

improved solubility of the reactant and hydrogen and cleaner conversion. Complete isolation of the 

product was ensured by rinsing the filter with ethyl acetate and DCM, as the product has limited 

solubility in alcohols, which finally afforded the product 167 in excellent yields (96%). 

Since most of the described O-selective procedures require specific characteristics of the starting 

material, such as diaryliodonium salts [274a], boronic acids [275], or expensive gold catalysts [277], which 

were difficult to implement, the influence of different basic salts was assessed (Scheme 38).  

Scheme 38: Schematic depiction of the warhead attachment at the oxygen linker. Different heterocycles 
used as R are displayed in Scheme 39. 
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Scheme 37: Synthesis of the oxygen-containing core 167; (a) Na2CO3, XPhos Pd G4, 1,4-dioxane/H2O, 
90 °C, 18 h + 5 h, 32%; (b) Pd/C (10% w/t), H2, EtOH, 2 h, 96%. 
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The reaction of 167 with 162 to give 179 was chosen for initial assessment of the substitution. The 

mono-halogenated pyridin 162 was preferred over dihalo-derivatives with a second leaving group to 

avoid potential regioselectivity issues on the warhead part. A clear difference was observed on the ratio 

of the formed products in the UV spectra from the HPLC chromatograms when using K2CO3 (9:3) or 

Ag2CO3 (4:13) as base. However, identifying the respective derivative A or B (Scheme 38) is not 

straightforward. The shifts in the NMR spectra differ between the two isolated fractions, but due to the 

complexity of the molecule, the assigment is complicated. As mentioned previously, BREUGST AND 

MAYR utilized IR spectroscopy for identification of their derivatives. They observed a band at ~1660 

cm-1 for the N-substituted derivatives (B) and at ~1590 cm-1 for the O-substituted derivatives (A). 

Fraction 1 (HPLC: tR=10.344 min (method C)) exhibited an absorbtion at 1591 cm-1, indicating the 

substitution at the oxygen, consitent with the increased proportion in the reaction using the silver salt. 

The band at 1654 cm-1, found in the second fraction 2 (HPLC: tR=9.358 min (method C)) is close to the 

proposed value for the N-substituted derivative and supports the suggested assignment.  

 

Figure 35: IR-spectra of 179, characteristic peaks highlighted with red stars; A) spectra of 179F1; B) 
spectra 179F2. 
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Scheme 39: Haloheterocycles utilized in the reaction with 167. Leaving 
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To attach chloropyrimidine 172 to the core Ag2CO3, Li2CO3 and NaH were tested as bases. The HPLC 

analysis showed formation of 2-3 different products with ΔtR < 0.5 min (no baseline separation), which 

differed in the intensity depending on the base used. However, no pure fraction could be isolated by 

column chromatography. Similaryly, purification efforts for the transformation of 173, 175, 176, 177 

and 178 were unsuccessful, and no product could be isolated and identified. Eventhough, Ag2CO3 was 

used as base in all cases, only the synthesis of 180 using 2,4-dichloro-5-fluoropyrimidine 174 yielded a 

pure main product after purification when Ag2CO3 was used in DMF. Identification of the isolated 

isomer via the IR spectra was not possible for 180, due to the presence of a band at 1701 cm-1 and 

1573 cm-1. Similarily, in the decprotected final product 181 the IR spectra does not allow a clear 

assigment which regioisomer had been generated. Furthermore, crystalisation of compound 181 and its 

HCl salt through slow vapor diffusion was attempted but not succcessful until this point. However, 

compound 181 was tested in the biochemical HotSpotTM assay at Reaction Biology Corp. (Malvern, PA, 

USA, conditions described in detail in section 4.1) against MK2 but only showed weak inhbition 

(IC50(MK2) = 4860 nM). Therefore, no further attempts were made for structural identification.  

Further efforts on this series were abandoned because it was assumed that the regioselectivity issues 

could not be solved in a justifiable time frame. Most derivatives would have required clean conversion 

due to difficulties in removing side products. Establishing an O-selective substitution methode presents 

a considerable challenge, as seen in the examples displayed here and in the literature. In addition, the 

identification of the respective isomer requires extensive analytical efforts, such as crystallisation or 

2D-NMR analysis, even during optimisation. As a result, this series was not pursued any further. 
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Scheme 40: Synthesis of 181A/B; (a) Ag2CO3, 2,4-dichloro-5-fluoropyrimidine 174, DMF, 90 °C, 18 h; 
100 °C, 23 h, 40%; (b) DCM, TFA, rt, 30 min, 54%. 
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3.3.2.3 Synthesis of Sulfur-linked Compounds 

To further explore SAR the linker nitrogen atom was exchanged to a sulfur. The high nucleophilicity of 

the sulfur atom should allow for its introduction to the scaffold via a SNAr reaction. To this end, the 

reaction conditions previously established in the FGFR4 project [227] were tested. However, the desired 

displacement product could not be synthesized by refluxing the aryl halide with thiourea 184 in ethanol. 

Despite varying the solvent (ethanol, methanol, DMF, 1,4-dioxane) and using acidic or basic additives 

the desired product was not formed in significant amounts. To take advantage of the higher reactivity 

towards nucleophilic attack of fluoroarenes, the fluoropyridine precursor 183 was synthesized as shown 

in Scheme 41. In the initial borylation reaction 4-bromo-2-fluoropyridine 168 was transformed into the 

corresponding boronic acid pinacol ester 182. The SUZUKI coupling with the bromo intermediate 124 

then gave 183. Although the fluoropyridine 183 was expected to show increased reactivity, no such 

advantage was observed in the reactions described in Scheme 41. 

When n- or tert-butanol were used as a solvent under acidic conditions (HCl), the corresponding aryl 

alkyl thioethers 187/188 were obtained instead of the desired pyridine thiol/thione (Scheme 42B). The 

tert-butyl group is described as a protecting group for thiols and various strategies for its cleavage have 

been published. However, removal of the tert-butyl substituent at the sulfur with HCl, as described in a 

publication by VAN VELDHOVEN et al. [284], was unsuccessful. Several alternative methods did not give 

the desired product in this case. [285]  

Although ethanethiol was reported for the synthesis of 2-mercaptopyridine [286], only the 

2-(ethylthio)pyridines 189 and 190 could be isolated. Therefore, another thiol surrogate, p-

methoxybenzyl mercaptan (191), was selected. Here, according to the literature, the residue could be 

introduced by an SNAr reaction, and the p-methoxybenzyl group subsequently be removed with TFA 

and m-cresol as a scavenger. [287] The proposed substitution reaction, however, did not work out and an 

alternative palladium-catalyzed reaction was carried out, which led to the desired 

(4-methoxybenzyl)sulfanyl derivative 192.  

Even though, the removal of the benzylic group could not be accomplished, the successful introduction 

of the sulfur encouraged further Pd-catalyzed options. This was even more promising, since the Boc 

protecting group at the lactam moiety was stable under these conditions.  
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Scheme 41: Synthesis of the fluorinated derivative 183; (a) B2pin2, KOAc, Pd(dppf)Cl2·CH2Cl2, 1,4-
dioxane, 90 °C, 18 h, 69%; (b) 124, Na2CO3, XPhos Pd G4, 1,4-dioxane/H2O, 90 °C, 18 h, 35%. 



71 
 

Scheme 

N

N N

O

BocR

H2N NH2

S
116
120
183

-/ HCl/ NH3
EtOH/ MeOH/ DMF/ dioxane

reflux

H2S

183
116

R= H or CH3

SH

NaH, DMF
reflux S

189 R= CH3
190 R= H

S

H2N NH2

S

HCl
n-/ tBuOH

183
188

116

116
183

S

O

KOtBu
THF

S

O

120

XantPhos
Pd2dba3
DIPEA

TFA
m-Cresol

reflux

187

S

+

+

HN

N NH

O

R

HS

+

SH

O

+

191

+

186

185

A)

B)

C)

D)

E)

100 °C

184 185 R= CH3
186 R= H

184

HN

N NH

O

HS

HN

N NH

O

R

HS

185 R= CH3
186 R= H

HN

N NH

O

R

HS

185 R= CH3
186 R= H

HN

N NH

O

HS

192

192

SH

O
191

N

N N

O

BocR

X

116 X= Cl; R= H
120 X= Cl; R= CH3
183 X= F; R= CH3

thiol/
surrogate

Scheme 42: Synthetic attempts to obtain 2-mercaptopyridine 185/186 via a SNAr reaction or palladium-
catalyzed procedure with a suitable thiol surrogate. 

 

 

 



72 
 

KREIS/BRÄSE published a method for synthesizing silyl-protected arylthiols using 

triisopropylsilanethiol (TIPSSH, 193) and a palladium catalyst. [288] Unfortunately, the chloropyridine  

derivative 120 did not react under their cross-coupling conditions. However, the corresponding 

bromoaryl 121 reacted with the thiol-surrogate in toluene using Pd(OAc)2 and triphenylphosphine (PPh3) 

for catalysis. As stated in the publication, the triisopropylsilyl (TIPS) group on the sulfur attached at 

electron-deficient (hetero)arenes is particularly susceptible to nucleophiles. In this case, the TIPS-

substituted product could not even be observed since it is cleaved during the work-up or even the 

reaction. In the first attempts a significant amount of side products were isolated and identified as the 

diarylsulfide 195 and the disulfide 196 (depicted in Scheme 44). Doubling the equivalents of the thiol 

(1.30 to 3.00 equivalents (eq.)) prevented the formation of the diarylsulfide 195 (Scheme 44). Attempts 

to reduce the disulfide with triphenyl-/tributylphosphin [289] or to use it directly in the next step to form 

the desired diheteroaryl thioether [290] were unsuccessful. Disulfide formation was reduced by optimizing 
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Scheme 43: Palladium-catalyzed reaction of TIPSSH 193 and the aryl halides 120 and 121; 
(a) Pd(OAc)2, PPh3, Cs2CO3, toluene, 100 °C, 16 h.; (b) Pd(PPh3)4, XantPhos, DIPEA, 
toluene, 80 °C, 3 h, 92% (containing ~10% 196). 
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the coupling conditions. Good results were achieved using Pd(PPh3)4 as the catalyst and XantPhos as an 

additional ligand. Using DIPEA as the base and reduction of temperature (80 °C) and reaction time (3 h) 

were sufficient for obtaining good yields. Formations of the disulfide could still not be completely 

avoided using these conditions and the removal was difficult. Therefore, the product 185a was used in 

the next step, even though it contains approximately 10% of the disulfide 196. 

The reactivity pattern in substitution reactions of the two nucleophilic centers in pyridin-2-(1H)thione 

(S and N) differs significantly from that of the corresponding pyridin-2-one discussed in section 3.3.2.2, 

with nucleophilic attack via the sulfur atom being largely preferred. [291] The differences in regio 

selectivity can be explained by transferring the knowledge about the reactivity of the ambident 

thiocyanate (SCN- ) and cyanate (OCN-) ions to the cyclic structures. In both cases, nucleophilic attack 

via the oxygen or sulfur is kinetically preferred. The thermodynamic preference, however, favors N-

substitution, and this effect is significantly mor pronounced for the pyridin-2-one leading to the observed 

dominance of its N-substitution product under most conditions. In contrast, the sulfur derivative 

primarily yields the S-substituted product. [291c]  

The heterocyclic warhead was introduced via a SNAr reaction of pyridine-2-(1H)thione 185 with the 

respective 2,4-diaholpyrimidine (Scheme 45; a/b). Selectivity for substitution at the 4-posiiton of the 

pyrimidine was increased by initial cooling of the reaction. Removal of the Boc-protecting group yielded 

the desired compounds 204-210. Mass spectrometric (MS) analytic of the Boc-deprotection process of 

201 and 203 to yield compounds 208 and 210, which include an additional electron-withdrawing group 

TLC-MS (208): ESI(-) calcd. for [M-H]
+
:  

m/z = 395.1; found: 377.3. 

TLC-MS (210): ESI(-) calcd. for [M-H]
+
:  

m/z = 438.1; found: 420.0. 
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Scheme 46: Mechanism for the hydrolysis of electron-deficient heterocyclic moiety. The 
mass difference (ΔM) of 18u was found for the nitril- (208) and CF3-derivates (210).  
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(EWG) at the halopyrimidine warhead, indicated hydrolytic instability during the basic work-up 

(Scheme 46). The finalization of these two derivatives was not pursued further, as the remaining 

compounds in this series (204-207 and 209) are sufficient for the initial proof of concept and SAR 

studies. The NMR spectra of the final compounds were measured in deuterated dimethyl sulfoxide 

(DMSO-d6). Identifying the peaks assigned to the aliphatic CH2 group neighboring the lactam nitrogen 

can be challenging in this solvent. The chemical shifts of these hydrogen signals in the 1H 

NMR-spectrum are close to the peak caused by residual water, and there may be a partial overlap 

depending on the derivative and the water content of the solvent. The corresponding carbon signal in 

the 13C spectrum is located in the area of the solvent residual peak (quintet). A 2D-NMR experiment 

(HSQC) of 209 enabled the identification of the structure and a clear assignment of the partially hidden 

peaks (shown in Figure 52, section 6.2.11). 

The SNAr strategy was found to be superior to an alternative approach of introducing the warhead via a 

palladium-catalyzed reaction due to side reactions, which negatively impacted purification and yield. 

Scheme 47 shows the only compound, dimethoxyquinazoline derivative 211, which was synthesized 

using this alternative approach. 

BANDARU et al. [292] proposed XantPhos as a suitable ligand for thioetherification, which worked well 

for synthesizing the pre-final derivative 211. After deprotection under acidic conditions, the final 

compound 212, was successfully isolated. However, its solubility in DMSO was too low (not dissolved 

@1.67 mM) for biochemical testing.  

3.3.2.4 Variations of the Substitution at the Pyrrole Ring 

The methylation of the pyrrole decreased inhibitory activity against MK2 compared to the free NH in 

this position, as described by REVESZ et al. [1] and observed for the tetracyclic acrylamide compounds 

synthesized in this work (section 4.1.1). On the other hand, NH substitution prevents the formation of 

side products and is often necessary during the synthetic route. Several synthetic steps required the 

masking of the pyrrole NH, including many cross-coupling reactions and the warhead attachment. Since 

the methyl group retains significant activity and introduction worked well, this group was maintained 

for SAR investigation on the linker and warhead part. Various protecting group strategies have been 
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dimethoxyquinazoline, Pd(OAC)2, XantPhos, K3PO4, DMF, 50 °C, 1 h, 46%; (b) TFA, DCM, rt, 15 min, 
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attempted to introduce to the built-up core (54, 94, 116, 132). In order to release the free pyrrole NH in 

a (pre)final step. However, most approaches were impeded by incomplete conversion to the protected 

derivative and difficulties in the purification process (i.e. tosyl, TIPS, methoxymethyl ether (MOM), p-

methoxybenzyl group). Even if the attachment of the protection group was successful, stability in the 

following reaction steps (Boc) or the removal (SEM) appeared to be problematic. Switching to a SUZUKI 

coupling as the key synthetic step simplified the introduction of the linking heteroatom. Additionally, it 

allowed for variations in the pyrrole substitution. Attaching protective groups or alternative residues to 

the bicyclic intermediate 151 thus opens new possibilities. The introduction and purification also worked 

well for several different derivatives (Table 3). Furthermore, the subsequent reaction conditions are 

comparably mild, allowing the use of more susceptible groups. An overview of the compounds obtained 

by this route is given in Scheme 48. The derivatives containing a methyl group on the pyrrole nitrogen 

(R1) have been discussed in previous chapters. The synthesis of 119 and 120 is explained in section 

3.3.2.1.3. Compounds 171 and 183 are discussed in detail in sections 3.3.2.2 and 3.3.2.3, respectively. 

The remaining derivatives will be discussed in the following section.  
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When the respective alkyl iodide (CH3I), methoxybenzyl or MOM bromide (220 or 219) was used 

(Table 3, 124, 213 and 214), the attachment of the masking groups (Scheme 49) went smoothly under 

basic conditions. The addition of DMAP as catalyst was required when using a carboxylic acid chloride 

221 (pivaloyl chloride) or tosyl chloride 222 (215, 216). The synthesis of 217/218 is described in more 

detail below (Scheme 54). The introduction of the dioxolane 223 was carried out under FINKELSTEIN 

conditions.  

Table 3: Reaction conditions for substitution at the pyrrole-N shown in Scheme 49. 

# A Reaction conditions Yield 

124 CH3I 
Cs2CO3, DMF, 
0°C to rt, 2 h 88% 

213 
219 

NaH, THF, 
0 °C, 1 h 82% 

214 

Br
O

 
220 

Cs2CO3, DMF, 
rt, 18 h 33% 

215 

O

Cl
 

221 

DMAP, TEA, DCM, 
0 °C to rt, 18 h 61% 
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O

O
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Scheme 49: Introduction of the masking groups at the pyrrole ring. Structure of R1 in the box on the right, 
reaction conditions summarized in Table 3. 
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The SUZUKI-coupling with the N-substituted pyrroles was performed in 1,4-dioxane, combined with an 

aqueous sodium carbonate solution. The initial reaction conditions employed Pd2(dba)3 as the 

palladium(0) source and XPhos as the ligand. During optimization the catalyst complex was substituted 

for the XPhos Pd G4 pre-catalyst. 

The pivaloyl-protected bromo intermediate 215 was intended to be coupled to the boronic acid ester 123 

through a SUZUKI coupling. However, the pivaloyl protecting group proved to be unstable under these 

conditions, resulting in only a small amount of the coupling product without the pivaloyl substituent 

being detected and none of the pivaloyl protected derivative 224. The main coupling product obtained 

was the free NH derivative 139. The low yield (19%) underlined the relevance of masking the pyrrole 

for proper conversion.  

The pyrrolopyridinone core structures 225, 226, and 227 were obtained by transforming the three 

pyrrole-N-protected intermediates 213, 214, and 216 in a SUZUKI coupling (Scheme 52). The 

introduction of the chloronitropyridine warhead proceeded as expected. However, none of the 

derivatives could be successfully deprotected.  

Compounds 228 and 229 should undergo global deprotection using acidic conditions (TFA/HCl). 

However, the removal of the MOM-protection group and the p-methoxy benzyl did not proceed as 

expected. Only the Boc groups were completely removed under these conditions. The MOM-substituted 

derivative 232 was isolated (Scheme 51) and tested for its inhibitory activity. 

N

N

O
Boc

N

NHBoc

N

N

O
Boc

N

NHBoc

BrB
O

O

123

+
O

215

O

a
N

N
H

O
Boc

N

NHBoc

224

a

139

Scheme 50: SUZUKI coupling of the pivaloyl protected derivative 215; (a) Na2CO3, XPhos Pd G4, 1,4-
dioxane/H2O, 80 °C to 90 °C, 18 h + 3 h, 19% 139. 
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Scheme 51: Partial deprotection of 228 to yield 232; (a) TFA, DCM, rt, 1 h, 51%. 
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Deprotection of the tosyl-protected derivative 230 was expected to be challenging due to the 

basic/nucleophilic conditions required to remove this group. Under these conditions the warhead can 

undergo hydrolysis or other substitutions at the electrophilic position (Scheme 31). To avoid this issue, 

mild deprotection conditions were used, employing Cs2CO3 as a base in a MeOH/THF mixture were 

chosen. The tosyl-group was successfully removed under these conditions, but only the methoxy-

substituted warhead derivative could be detected. Therefore, the order of the synthetic route was 

modified, and the tosyl-group removed prior to the incorporation of the warhead (Scheme 53). 
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Scheme 52: Synthetic approach towards compounds with a free pyrrole-NH; (a) Pd2(dba)3, XPhos, 
Na2CO3, 1,4-dioxane/H2O, 80 °C, 2 h, 36% (225); (b) Pd2(dba)3, XPhos, Na2CO3, 1,4-dioxane/H2O, 
90 °C, 16 h, 56% (226); (c) XPhos Pd G4, Na2CO3, 1,4-dioxane/H2O, 80 °C, 18 h, 58% (227); (d) 2-
bromo-6-chloro-3-nitropyridine 103, Cs2CO3, XantPhos, Pd(OAc)2, toluene, 70 °C, 48 h, 76% (228)/ 
47% (229); (e) 2-bromo-6-chloro-3-nitropyridine 103, Cs2CO3, XantPhos Pd G4, toluene, 70 °C, 16 h, 
86% (230). 
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DMAP, DMF, rt, 42 h, 37%; (c) 5-chloro-2-flouro-3-nitropyridine 177, NaH, DMF, 0 °C to rt, 18 h, 
71%; (d) TFA, DCM, rt, 30 min, 28%. 
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 Under the same conditions as described above, deprotection of 227 resulted in the free pyrrole 

derivative 139. To ensure selective attachment of the warhead at the exocyclic nitrogen, a Boc-protecting 

group was attached to protect the pyrrole-N (145). The warhead was then introduced to 145 through 

nucleophilic aromatic substitution. The SNAr procedure using a chlorofluoropyridine electrophile was 

chosen over the Pd-catalyzed procedure (Scheme 52) due to the lower temperature required increasing 

compatibility with the labile Boc-protecting group at the pyrrole (Scheme 53, step c). This approach 

allowed the isolation of 233 in good yield (71%). The final step involved globally cleaving the three 

protecting groups to obtain compound 231 with a free pyrrole NH. 

During the development of the protection group strategy, repeated drawbacks were encountered, leading 

to the idea of introducing a beneficial substituent at the pyrrole NH. The crystal structure of a MK2 

inhibitor revealed a water-mediated interaction between the pyrrole and the kinase (Figure 19). A polar 

group can mimic this interaction and, at the same time, improve the solubility of the inhibitors.  

GOLDSTEIN et al. introduced a 2,3-dihydroxypropoxy group into their kinase inhibitors to improve 

solubility. Their compounds showed good pharmacokinetic properties and metabolic stability without 

cytotoxicity. [293] The same residue is present in skepinone-L (4), where it enhances hydrophilicity and 

cellular activity. [189] Encouraged by these examples, a ketal-protected 1,2-diol was chosen as a 

substituent in this case.  

To introduce the desired group, (R/S-)4-(chloromethyl)-2,2-dimethyl-1,3-dioxolane 223 was attached to 

the pyrrole (Scheme 49). The initial approach used Cs2CO3 as a base and DMF as the solvent for a 

nucleophilic substitution, as applied for the methylation (124), however, attachment of the residue under 

these conditions was unsuccessful. To increase the reactivity of the alkyl chloride, the corresponding 

iodide was formed in situ under FINKELSTEIN conditions. A procedure from the patent literature [294] was 

followed, which involved changing the base to NaH to further enhance nucleophilicity of the pyrrol(at)e 

and heating the reaction to 120 °C. However, this resulted in the decomposition of the starting material. 

Attempting the reaction under more classical FINKELSTEIN conditions in acetone with Cs2CO3 as the 

base and heating it to reflux was also unsuccessful. When 223 was pre-stirred with NaI in acetone under 

reflux conditions for 18 hours before adding it to the pyrrole 151 and base (Cs2CO3) in DMF and heating 

to 100 °C, traces of the product could be detected. Isolating the corresponding alkyl iodide before adding 

it to the reaction did not improve the outcome. Changing the solvent to NMP or DMSO and replacing 

the base with Na2CO3 was also not beneficial. However, successful reaction conditions could be 

developed by removing possible disruptive factors and combining the knowledge gained from the initial 

attempts about the temperature-dependent stability and reactivity. To ensure the absence of residual 

water traces, the acetone was dried over sodium sulfate and the utilized salts were dried in the oven. The 

alkyl chloride 223 was activated by stirring it with sodium iodide in acetone for 1 hour. In a separate 

flask, Cs2CO3 was used to (partially) deprotonate the bromopyrrole 151 in DMF at 100 °C for 1 hour. 

The solution of the dioxolane was then filtered and added to the reaction mixture of the pyrrole. After 

allowing the acetone to evaporate through a canula perforating the septum, the reaction was stirred at 
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110 °C under an atmosphere of argon (Ar) to obtain the corresponding substitution products 217 and 

218 in ~60% yield (Scheme 55Scheme 49: Introduction of the masking groups at the pyrrole ring. 

Structure of R1 in the box on the right, reaction conditions summarized in Table 3.). The boronic acid 

ester 123 was reacted with these intermediates in a SUZUKI coupling (Scheme 54a) to obtain the 

intermediates 234/235. The adapted BUCHWALD protocol described above (Scheme 28) was successfully 

used to attach the proto warhead 103. The fully protected compounds 236/ 237 were obtained in 

satisfactory yields (69% for 236; 61% for 237). The final compounds 238 and 239 were generated by 

the removal of the Boc protecting groups and the hydrolysis of the ketal in one step.  

To increase the rather poor isolated yield, it is important to consider the reactivity of the warhead and 

its increased aqueous solubility. When performing the aqueous workup to remove the acidic component, 

the compound may partially dissolve in the aqueous phase, making it difficult to extract it completely. 

The use of a mixture of DCM or ethyl acetate (EtOAc) with an alcohol for the extraction can be 

problematic, due to the nucleophilic properties of the hydroxy group. Elevated temperatures during 

evaporation of the solvent can cause substitution reactions at the warhead, as described in Scheme 46. 

Exchanging the workup and purification procedure may improve the outcome of this synthetic route. 
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4 Biochemical Evaluation and Discussion 

4.1 Biochemical Evaluation  

Kinase inhibitors are initially evaluated using specific biochemical assay formats, based on different 

technologies for detection. Assays that measure the activity of the kinase and reduction thereof by an 

inhibitor provide more descriptive results than binding assays. For kinases, the phosphorylation of a 

specific target can be used as an activity metric, enabling the determination of IC50 values. 

Radiometric assays, which capture the phosphorylation reaction from radiolabeled 32P-γ-ATP or 33P-γ-

ATP, are well established and provide reliable results. [295] The HotSpotTM kinase assay (performed at 

Reaction Biology Corp., Malvern, PA, USA), utilized for the determination of IC50 values of the 

compounds in this thesis (see sections 4.1.1 and 4.1.2), is based on this technology. [296] It should be 

noted that the handling of radiolabeled components requires specific precautions and cannot be handled 

in every setting. As an alternative, other detection technologies, such as fluorescence and luminescence, 

are used. [295] The PhosphoSens® technology, applied at AssayQuant® Technologies, Inc., and used for 

determination of activity and kinetic parameters discussed in section 4.2, is based on fluorescence 

measurement. [297] As previously discussed in section 1.4.3, the IC50 values do not take into account the 

kinetic aspects of the two-step binding mode of covalent inhibitors. However, they remain useful as a 

practicable approach for initial activity estimation. Additionally, kinetic parameters were measured for 

selected compounds and discussed in section 4.2. 

4.1.1 Evaluation of Acrylamide-based Compounds 

Inhibitory activity for the compounds synthesized during this thesis was measured in a commercial 

radiometric assay format at Reaction Biology Corp. (RBC), Malvern, PA, USA.  

The pyridine-based tetracyclic inhibitors, containing an acrylamide warhead (shown in Table 4), 

achieved IC50 values down to 2.62 nM (64). As expected from the SAR studies on tetracyclic MK2 

inhibitors by REVESZ et al. [1], the methylation of the pyrrole leads to a 20-fold decrease in activity (65, 

IC50(MK2) = 57.8 nM). Replacement of the electrophilic warhead with a propionamide in 69 

significantly reduces the activity (IC50(MK2) = 995 nM). The weak activity of the non-reactive 

compound supports the proposed covalent binding mode, as the presence of the intact warhead increases 

the activity 400-fold. At the same time, the remaining inhibitory activity indicates an effective 

contribution of the reversible binding. The influence of the latter is most pronounced for the bicyclic 

linker in 71 since this saturated derivative still inhibits the kinase activity with an IC50 value of 55.4 nM. 

The reduced flexibility of the amide also increases the binding of the reactive derivative 68 when 

compared to the secondary amide 65 (IC50(MK2) = 6.75 nM vs. 57.8 nM) supporting the notion that 

appropriate pre-orientation of the warhead supports effective covalent bond formation. 
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Table 4: Inhibitory activity of pyridine-based tetracyclic inhibitors with an acrylamide warhead (left) 
and the corresponding propionamide control compounds; IC50 values were determined in a HotSpotTM 
kinase assay at Reaction Biology Corp., using 5-point singlicate measurements with 5-fold dilution steps 
starting from 2 µM. The assay was performed at 10 µM ATP with 20 minutes of preincubation and 2-
hour duration for the kinase reaction. 

N

N NH

O

R  

Acrylamid-based Inhibitors Unreactive control compounds 

Structure # R IC50 (MK2) Structure # R IC50 (MK2) 

HN

O

O  

65 CH3 57.8 nM 

HN

O

O  

69 H 995 nM 

64 H 2.62 nM 

HN

O

 

67 CH3 610 nM 

HN

O

 

70 H > 2.0 µM 

66 H > 2.0 µM 

N

O

O  

68 CH3 6.75 nM N

O

O  

71 H 55.4 nM 

 

The introduction of an o-methyl was found to be effective for covalent targeting of FGFR4 by a 

pyrimidine-based tetracyclic inhibitor [2], but had a negative effect on inhibitory activity in this case. 

Compounds 66 and 70 showed less than 50% inhibition of the kinase at the highest concentration tested 

(2.0 µM). The o-substituent forces an out-of-plane rotation of the linker, which is approximately 60° in 

BLU9931 (35). [2, 298] Even though, the overlay of the inhibitor-bound co-crystal structure displayed good 

alignment of the respective hinge binding motifs (Figure 32), the resulting orientation of the warhead 

appears to be unfavorable for covalent bond formation towards Cys140 in MK2. In contrast to the results 

discussed previously, the methylation at the pyrrole nitrogen in 67 restores a low level of inhibition 

(IC50(MK2) = 610 nM).  

Incorporation of the methoxy-substituted linker into the series of compounds including 65, 64 and 69, 

provided initial insights into the structure–activity relationships. The substitution pattern of the linker 

was therefore also used to evaluate alternative core structures. 

Inclusion of an additional nitrogen to generate a pyrimidine-based tetracyclic core only had minor 

influence on the activity of the inhibitor. Pyrimidine-based tetracyclic compound 96 inhibited MK2 with 

an IC50 value of 1.96 nM (Table 5) and thus slightly better than the related pyridine-based tetracyclic 

derivative 64. 
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Opening the β-ring of the tetracyclic pyridine-based core led to the pyrrolopyridinone derivatives with 

significantly improved synthetic accessibility. Attachment of the acrylamide warhead via the established 

methoxy-substituted phenyl linker yielded compound 108 which also featured an IC50 in the low 

nanomolar range (IC50(MK2) = 9.59 nM). Thus, the ring opening reduced kinase inhibition by factor 4 

(108 vs. 64, Table 5). The large decrease in activity for the saturated analog 109 (IC50(MK2) = 1190 nM) 

indicates proper orientation of the warhead and formation of the proposed covalent bond in 108 

(Table 5). 

Table 5: Influence of the variation of the core structure on the inhibitory activity of the acrylamide-based 
inhibitors; IC50 values were determined in a HotSpotTM kinase assay at Reaction Biology Corp., using 
5-point singlicate measurements with a) 5-fold dilution steps starting from 2 µM or b) 10-fold dilution 
steps starting from 5 µM. The assay was performed at 10 µM ATP with 20 minutes of preincubation and 
2-hour duration for the kinase reaction. 

 

HN

O

O  

HN

O

O  

# IC50
 

(MK2) # IC50 
(MK2) 

N

HN NH

O

 

64 2.62 nM a) 69 995 nM a) 

N

N
HN NH

O

 

96 1.96 nM b)   

NHHN

N O

 
108 9.59 nM a) 109 1190 nM b) 

 

4.1.2 Evaluation of Heterocyclic Warhead Structures 

Attaching the known chloronitropyridine [12, 225] as a reactive group to the pyrimidine-based tetracyclic 

core in 102 increased the inhibitory activity (IC50 below the lowest concentration tested in this assay, 

i.e. < 3.20 nM, 7.7% residual activity @ 3.2 nM).  

Consistent with the observation for the acrylamide-containing compounds, the activity of the 

derigidified pyrrolopyridinone compound decreases when compared to the tetracyclic core. Compound 

110 inhibits the kinase with an IC50 value in the double-digit nanomolar range. Two separate 

measurements under the same conditions performed at RBC yielded IC50 values of 31.9 nM and 

91.8 nM, respectively. For the comparison of activity data, the mean value of 61.6 nM will be used.  
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Table 6: Activity of the alternative heterocyclic warhead in comparison to the respective acrylamides; 
IC50 values were determined in a HotSpotTM kinase assay at Reaction Biology Corp., using 5-point 
singlicate (c) duplicate) measurements with a) 5-fold dilution steps from 2 µM or b) 10-fold dilution steps 
starting from 5 µM. d) residual activity of the kinase with an inhibitor concentration of 3.20 nM, the 
lowest concentration tested in the assay. 

 N

N
HN NH

O

 
NHHN

N O

 

 
# IC50 

(MK2) 
# IC50 

(MK2) 

HN

O

O  

96 1.96 nM b) 108 9.59 nM a) 

N
H

N

Cl

NO2  

102 
< 3.20 nM a) 

7.7% d) 
110 61.6 nM b,c) 

 

The non-reactive analog 157 lacks the chlorine as the leaving group, which results in a dramatic loss of 

activity (IC50(MK2) = 4570 nM). Changing of the chlorine leaving group also displayed an effect on the 

IC50 values obtained. The bromine derivative 155 shows a similar level of activity 

(IC50(MK2) = 73.7 nM). The value is in line with the expectations, since the reactivity of a bromine 

substituent is similar or slightly lower to that of chlorine in SNAr reactions, according to the reactivity 

order discussed previously in section 1.4.3. [299] The fluorine substituted derivative 156 was expected to 

be more reactive towards nucleophiles, in line with common SNAr reactivity trends and as observed in 

the GSH stability assay (section 4.6). However, despite the expected increase in potency promoted by 

the more reactive warhead, the IC50 value of compound 156 was approximately 1.5- to 2-fold higher 

than that of the other halogen derivatives 110 and 155 (IC50(MK2, 156) = 117 nM; IC50(MK2, 110) = 

61.6 nM; IC50(MK2, 155) = 73.7 nM, Table 7). These values show that the inhibitory activity does not 

necessarily correlate with the reactivity of the warhead, since the half-life in the GSH assay of the chloro 

derivative 110 is three times longer than that of the fluoro compound 156 (124 h vs 35 h). The halogen 

substituent may contribute to the proper pre-orientation of the compound to allow nucleophilic attack of 

the cysteine side chain and covalent bond formation. Moreover, its impact on the electron density of the 

pyridine ring and the pKa of the linker NH may affect the binding properties of the ligan din the pre-

reaction complex. 
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Table 7: Inhibitory activity of potential MK2 inhibitors with heterocyclic warheads; IC50 values were 
determined in a HotSpotTM kinase assay at Reaction Biology Corp., using 5-point singlicate (a) duplicate) 
measurements with 10-fold dilution steps starting from 5 µM. 

 
 

# R IC50 

(MK2) # R 
IC50 

(MK2) 
# R2 IC50 

(MK2) 

110 

 

61.6 nM a) 204 

 

> 5 μM 110 CH3 61.6 nM a) 

156 

 

117 nM 206 

 

> 5 μM 231 H 0.36 nM 

155 

 

73.7 nM 205 

 

> 5 μM 232 MOM 1.36 nM 

166 

 

> 5 µM 209 

 

> 5 μM 238 
OH

HO

(R)

 
1070 nM 

157 

 

4.57 μM 207 

 

> 5 μM 239 
OH

HO

(S)

 
396 nM 

 

Introduction of a sulfone residue instead of halides as the leaving group abolishes the activity of 

compound 166 (71% residual activity @ 5 µM). Considering the low stability towards GSH (see section 

4.6), which is in line with their higher reactivity compared to aryl halides observed by others [266b], the 

compound is expected to react with dithioerythritol (DTT) (or other reaction buffer components) to a 

significant extent before being able to bind the kinase.  

To evaluate the influence of the substitution at the pyrrole the prototype chloronitropyridine warhead 

was combined with variable residues attaches to the pyrrole nitrogen atom. Replacing the methyl group 

(110) with a methoxymethyl (232) reduced the IC50 value to the single digit nanomolar range 

(IC50(MK2) = 1.36 nM). Although it cannot be fully excluded that this compound liberates the free 

pyrrole or its hemiaminal precursor during the assay runtime, the high chemical stability of this 
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compound, which also led to problems with removing the MOM-group during synthesis, indicates that 

this is rather unlikely (see section 3.3.2.1.3). Increasing the size of the substituent further to a 2,3-

dihydroxypropan-1-yl (238, 239), a modification made with the aim of improving solubility, hinders 

inhibitor binding and decreases activity. While the R-enantiomer 238 has an IC50 value of 1.07 µM, the 

activity of the S-enantiomer 239 is 3 times higher (IC50(MK2) = 396 nM) highlighting der different 

binding properties. Complete removal of the pyrrole N-substituent has the greatest positive effect on the 

potency. The unsubstituted compound 231 inhibits MK2 with an IC50 value of 0.36 nM. 

Changing the linking atom from nitrogen to oxygen or sulfur 

did not lead to active compounds (Table 7). Notably, while the 

sulfur-linked congeners where synthetically quite accessible, 

the preparation of the oxygen-linked analogs proved to be 

notoriously challenging. Unfortunately, the sulfur-linked 

compounds 204, 205, 206 and 207 showed no inhibition at the 

highest concentration tested (5 µM). Compound 209 only 

showed low inhibitory activity at this concentration (85% 

residual activity @ 5 µM). However, the intrinsic reactivity 

towards GSH is similar when compared to the active 

inhibitors 64 and 110 (t1/2(204) = 94 h, t1/2(64) = 84.5 h, 

t1/2(110) = 124 h, Figure 41). The sulfur atom is larger than 

the nitrogen (r(S)=1.05 Å versus r(N)= 0.71 Å) [300] and features 

increased bond lengths while also favoring different torsion 

angles, which alters the geometry of the linker. This may 

prevent suitable positioning of the warhead or even induce 

steric clashes. In addition, the linking NH is able to form an 

intramolecular hydrogen bond with the nitro group of the chloronitropyridine warhead, stabilizing the 

right orientation of the electrophilic center (shown in Figure 36). Replacing the nitro group and/or 

exchange of the linking heteroatom disrupts this interaction. The loss in activity for the sulfur derivatives 

was also observed, when targeting FGFR4 via a related strategy. [227] 

4.2 Evaluation of Kinetic Binding Parameters 

Irreversible covalent inhibitors bind to the kinase via a two-step binding mechanism with covalent bond 

formation as the rate-limiting second step. Although the IC50 value is commonly used to initially estimate 

inhibitory activity, it neglects the time-dependency of this binding mechanism. A more accurate measure 

to compare covalent binders is the second order rate constant kinact/KI, which is a time-independent 

measure of potency governing both binding steps i.e. non-covalent complex formation (reflected by KI) 

and the covalent reaction step (reflected by kinact). Optimized irreversible kinase inhibitors typically 

display kinact/KI values between 105 M-1s-1
 and 107 M-1s-1. [301] For Afatinib, the kinact/KI value is 

Figure 36: Covalent fragment 36 
(colored in raspberry) bound to FGFR4 
(PDB: 5NUD, covalent bound cysteine 
displayed as sticks in blue). Relevant 
hydrogen bond interactions to the hinge 
region and the intramolecular 
interactions shown as yellow dotted 
lines. 
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5.2·106 M-1s-1. [302] In this context, it is important to note that kinact does not equal intrinsic chemical 

reactivity and although a correlation between these parameters is often observed, they may also show 

opposing trends. [215]  

Table 8: Assessment of the affinity and kinetic parameters of compound 64 and 110, performed at 
AssayQuant® Technologies, Inc.; values for gamcemetinib published by MALONA et al. [228] 

 

  
IC50 

[nM] 

Ki 

[nM] 

kinact/KI 

[M-1s-1] 

kinact 

[s-1] 

KI 

[µM] 

N

HN
NH

O

HN

O

O  

64 2.50 1.25 2.58·105 11.2·10-3 0.0435 

NH

N
N

NH

O

N
Cl

NO2  

110 40.2 20.1 5.01·103 8.1·10-3 1.65 

O

N
S

HN
NH

ON

NCl

O

 

Gamce

metinib 
156 - 4.94·103 0.82·10-3 0.172 

 

The time-dependent assay format was performed at AssayQuant® Technologies, Inc. (AQ), at their site 

in Marlboro, MA, US. They utilize a modified peptide substrate to continuously detect the reaction 

progress by a fluorescence reader. The attached sulfonamido-oxine (Sox) chromophore changes 

emission upon substrate phosphorylation through its chelating properties, enabling fluorescence-based 

read-out. [303] The kinetic parameters can then be gained from the resulting reaction progress curves. The 

IC50 values were calculated from the 20 min timepoint (Table 8). When compared to the values obtained 

in the HotSpotTM kinase assay at Reaction Biology (RBC), they were found to be in the same range 

(IC50(AQ) = 2.50 nM vs. IC50(RBC) = 2.62 nM for 64; IC50(AQ) = 40.1 nM vs. IC50(RBC) = 61.6 nM 

for 110). The inhibitory constant Ki is defined as the concentration of an inhibitor at equilibrium when 

50% of the enzyme is occupied, while no competing substrate is present. The apparent Ki values can be 

calculated from the IC50 values using the CHENG-PRUSOFF equation under specific conditions. The 

apparent Ki values for 64 and 110 are shown in Table 8. [304] 

The kinact/KI value for the acrylamide compound 64 (2.58·105 M-1s-1) falls within the same range of 

approved EGFR inhibitors compared by ZHAI et al. [302] (104 -107 M-1s-1). The potency of 110 is 50 times 

lower (5.01·103 M-1s-1) and is similar to the value published for the covalent MK2 inhibitor 
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gamcemetinib (4.94·103 M-1s-1). Examining the values for kinact and KI separately allows for further 

interpretation. The KI value describes the non-covalent binding affinity and is defined as the 

concentration at which the rate of covalent bond formation is half the maximum. Inhibitor 110 exhibits 

the lowest reversible binding affinity and therefore the highest KI (KI(110) = 1.65 µM). The affinity of 

64 towards the binding pocket of MK2 is 40 times higher (KI(64) = 0.0435 µM), which explains the 

difference in kinact/KI, since the values for kinact are similar. The efficiency of the covalent bond formation 

from the properly arranged non-covalent pre-reaction complex is described by the second parameter, 

kinact. The efficient bond formation of the heterocyclic warhead in 110, with a similar kinact to the 

acrylamide in 64, underlines the potential of this warhead type. Although, 110 and gamcemetinib have 

a similar kinact/KI, the contribution of both terms differs. While the KI value of gamcemetinib is 10 times 

lower, indicating improved reversible binding, the kinact of 110 is 10 times higher despite the low intrinsic 

reactivity of this compound (vide infra). The potential for improving the reversible binding parameters 

of 110 is highlighted by these relations. 

4.3 Investigations on the Covalent Binding Mode 

To confirm the formation of the suggested covalent bond, various experimental options are available. A 

first indication can be gained from the biochemical assay. The inhibitory activity decreases when the 

reactive acrylamide is replaced by a saturated propionamide (IC50(64) = 2.62 nM vs. 

IC50(69) = 995 nM), suggesting that of the covalent bond formation contributes to the inhibitory activity. 

The same relationship was observed between the heterocyclic chloronitropyridine warhead in 110 and 

the analogous non-chlorinated nitropyridine in 157 (IC50(110) = 61.6 nM vs. IC50(157) = 4570 nM). 

Further experiments are, however, required to support the binding hypothesis. Therefore, modification 

of the target protein by the potential inhibitor was assessed by intact protein mass spectrometry at our 

cooperation partners from the group of Prof. Dr. STEFAN KNAPP (Institute for Pharmaceutical Chemistry, 

Structural Genomics Consortium, Goethe University, Frankfurt). If the protein is labeled successfully 

after incubation with the respective compound, the mass shift corresponding to the protein bound to the 

inhibitor can be detected in the mass spectrum. All four inhibitors tested (64, 96, 108, 102) showed the 

expected shift in the analysis, i.e. addition of the inhibitor mass in the case of the acrylamides and the 

loss of the chloride for the chloronitropyridine compounds upon covalent bond formation via a SNAr 

reaction. These results already strongly support the covalent mechanism via a thia-MICHAEL-addition 

and a SNAr reaction, respectively. However, additional evaluations are necessary for further 

confirmation of the binding mode. To confirm the labeling of the desired cysteine, the protein labeling 

experiment should be combined with trypsin digestion of the labeled protein to identify the location of 

the labeled residue. [305] Additionally, the co-crystal structure of the inhibitor bound to the kinase can 

provides further insights (see section 4.4). 
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4.4 X-Ray Crystal Structure of 64 and 110 bound to the Proteinkinase MK2 

X-ray crystallographic analysis of inhibitor-kinase complexes represents a valuable approach to 

elucidate the binding mode during compound 

evaluation. The crystal structure can 

furthermore support lead optimization and 

delivers a starting point for quantum 

mechanics/ molecular mechanics (QM/MM) 

calculations, shedding light on the details of 

the covalent binding mechanism. In the 

development process of covalent compounds, 

the formation of the covalent bond can be 

visualized in the crystal structure. GUIQUN 

WANG from the group of Prof. Dr. STEFAN 

KNAPP (Institute for Pharmaceutical 

Chemistry, Structural Genomics Consortium, 

Goethe University, Frankfurt) successfully crystallized MK2 bound to compound 64 and 110, 

respectively. The co-crystal structure shows the expected covalent bond formation from Cys140 via 

MICHAEL-addition to the acrylamide warhead in compound 64 (Figure 37).  

For compound 110, the covalent binding by replacement of the chloride via a SNAr reaction is also 

shown in the co-crystal structure (Figure 38). Furthermore, the orientation of both compounds (64 and 

110) within the ATP binding pocket aligns with the expected binding mode (illustrated in Figure 37 and 

Figure 38). The pyridine nitrogen of 

the pyridine-based tetracyclic core of 

64 and the pyridine core in 110 can 

interact with the backbone NH of 

Leu141. The crystal structure of 110 

additionally shows a relatively 

coplanar orientation of the 

heterocyclic warhead, supported by a 

hydrogen bond interaction of the 

warhead residue to the backbone of 

Leu141. In addition, the orientation of 

the lactam moiety towards Lys93 and 

Asp207 is consistent with the binding 

mode observed for the reversible tetracyclic structures and the pyrrolopyridinone derivatives from the 

literature (displayed in Figure 19 and Figure 21, section 1.4.2). 

Figure 38: Co-crystal structure of MK2 bound to 110 generated 
by GUIQUN WANG; inhibitor colored in pink, kinase in pale 
cyan, polar interactions indicated by yellow dotted lines; 
residues involved in inhibitor binding in cyan. 

Figure 37: Co-crystal structure of MK2 bound to 64 
generated by GUIQUN WANG; inhibitor colored in 
orange, kinase in light green, polar interactions 
indicated by yellow dotted lines; residues involved in 
inhibitor binding in forest green. 
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4.5 Assessment of the Selectivity of Selected Compounds 

Compounds 102 and 110 were tested against the subset of kinases with an equivalent positioned cysteine 

(FGFR4, MK3, S6K2 and MPS1). The data for the two compounds were determined at Reaction Biology 

Corp. in a radiometric HotSpotTM kinase assay and compared with the available data for gamcemetinib 

from the literature (Table 9). [228]  

The experimental setting used did not allow differentiation of the binding affinity with the high activity 

of 102. The four kinases, FGFR4, MK2, MK3 and S6K2 were inhibited with an IC50 value below the 

determination limit of the assay system used. However, only the inhibitory activity against MPS1 was 

significantly lower. This trend was even more pronounced for the compound 110, where no inhibition 

of MPS1 could be measured at a compound concentration of 5 µM. Gamcemetinib also did not show 

any inhibition of MPS1. [228] The IC50 value for 110 against FGFR4 demonstrated good selectivity 

(IC50(FGFR4) = 1.39 µM). Unfortunately, compound 110 did not exhibit selectivity against MK3 and 

S6K2, with IC50 values in the double-digit nanomolar range. Similarly, gamcemetinib showed only 20% 

inhibition of FGFR4@ 1 µM. In this case, the activity against MK3 and S6K2 is also similar to that 

observed for MK2.  

Table 9: Inhibition of kinases with a cysteine in an equivalent positioned. IC50 values for 102 and 110 
were determined via 5-point singlicate measurements (assay performed at Reaction Biology Corp.) with 
10-fold dilution steps starting from 5 µM. Values for gamcemetinib were extracted from the 
literature. [228] a) Assay performed with 5-fold dilution steps, starting from 2 µM; b) percent inhibition of 
the kinase @ 1 µM concentration of the compound. 

# FGFR4 MK2 MK3 S6K2 MPS1 

102 < 0.50 nM < 3.20 nM a) < 0.50 nM < 0.50 nM 765 nM 

110 1.39 µM 61.6 nM 21.5 nM 31.2 nM > 5.00 µM 

Gamcemetinib 
CC-99677 20%b) 156 nM 

94%b) 73%b) 71 nM 
89%b) - 

 

To estimate selectivity over a broader panel, compounds 64 and 109 were tested in a thermal shift assay 

against 102 kinases and compounds 96, 102 and 108 against 100 kinases by our cooperation partners at 

the group of Prof. Dr. STEFAN KNAPP (Institute for Pharmaceutical Chemistry, Structural Genomics 

Consortium, Goethe University, Frankfurt) (selected values depicted in Table 10). Tetracyclic 

pyrimidine-based acrylamide compound 96 induces a shift in melting temperature above 10 °C for seven 

kinases, including the target protein MK2 (Table 4). This number decreases for the pyridine-based 

tetracyclic acrylamide structure 64 (4 enzymes with ΔTm > 10 °C). The pyrimidine-based tetracyclic 

compound with the alternative SNAr warhead 102 exhibited a ΔTm > 10 °C for MK2 and one additional 
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kinase, DYRK2. For acrylamide-containing pyrrolopyridinone derivative 108 still 12 kinases displayed 

shifts ΔTm ≥ 5 °C (see section 6.1). The corresponding unreactive propionamide-derivate 109 exhibited 

a significantly lower shift in melting temperature for MK2 (ΔTm = 3.9 °C) compared to acrylamide 108 

(ΔTm = 11.7 °C for MK2), while the Tm-shifts of the other kinases stay in a similar range as observed 

for 108. This indicates that binding to these kinases is not driven by covalent bond formation, but rather 

by non-covalent interactions. However, this assay format only determines the stabilizing effect of a 

compound on the protein which does not always correlate with the inhibitory activity of the compound. 

To confirm or rule out off-target activity the inhibitor must be tested against the kinases in question in a 

biochemical assay format or even in a cellular environment. MALONA et al. evaluated the effect of 

gamcemetinib on a subset of kinases that were inhibited in the biochemical assay on a cellular level. 

However, they found no effect on the suggested off-targets in cells. [228] 

Table 10: Data from the thermal shift screening for 64, 96, 102, 108 and 109; ΔTm > 10 °C in bold; 
ΔTm > 5 °C in italic; relevant kinases selected, which show a greater shift for 96 than MK2. 
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Enzyme ΔTm
 [°C] ΔTm

 [°C] 

MAP3K5A  9.49 14.59 8.56 8.79 6.00 

CAMKK2B 12.60 14.07 3.36 8.68 6.87 

TOPKA 6.82 12.89 0.52 8.67 0.85 

CLK1 8.57 11.44 9.32 5.98 3.53 

STK17A 10.36 11.17 8.29 8.22 7.74 

DYRK2A 10.10 10.94 13.87 8.26 7.63 

GPRK5A 3.24 10.55 2.13 1.40 0.43 

MAPKAPK2A 10.66 10.51 10.32 11.67 3.87 

DYRK1A 7.49 9.51 6.78 5.19 3.89 

TTK1A 6.44 6.96 2.39 2.08 1.88 
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4.6 Stability of Synthesized Inhibitors towards Nucleophiles 

The mode of action of cysteine-targeting covalent inhibitors is determined by their electrophilic 

characteristics. It is important to balance these reactive properties to avoid off-target reactivity, which 

can cause unwanted side-effects and limit activity due to premature quenching of the compound. 

However, sufficient reactivity is necessary for efficient binding to the target structure. Optimized 

reversible binding properties of the inhibitor and positioning of the warhead allow for minimizing the 

warhead reactivity while maintaining adequate inactivation rates (kinact). The reactivity of the warhead 

can be adjusted by changing its (chemo)type or modifying the substitution pattern. [213, 306] Highly 

reactive warheads are often used in early stages of drug discovery programs, such as target identification 

by means of “electrophile first” approaches. Drug-like inhibitors typically exhibit lower reactivity, often 

falling within the same range as established covalent inhibitors, such as afatinib or ibrutinib. Assessing 

warhead reactivity is a crucial step in inhibitor development and often involves evaluating its reactivity 

towards GSH. [215, 232, 306c] 

As GSH assays tend to strongly depend on minor deviations in the assay conditions, afatinib was used 

as a control to obtain a comparative value for our adjusted assay conditions when compared to various 

literature protocols. The assay protocol used by KEELEY et al. [306a] was adapted to enable measurement 

of compounds with low solubility. The following modifications were already applied for reactivity 

assessment on the S6K2 and FGFR4 projects. [225, 227] The compound concentration was lowered to a 

final concentration of 100 µM and the amount of organic co-solvent increased to 50% of acetonitrile. 

The PBS buffer used in the literature procedure [306a] was exchanged to a HEPES (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) buffer system, adapted from the buffer used for the biochemical assay 

at RBC [296]. To prevent interference with the compounds, the composition was adjusted by omitting 

DTT and BSA from the mixture. The half-life (t1/2) of Afatinib was determined to be 8.8 hours under the 

modified conditions. The assay runtime was limited to a maximum between 16 and 20 hours and the 

half-life for compounds with low reactivity extrapolated from the linear regression. 
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The reactivity of the three acrylamide-containing compounds was determined to compare the impact of 

the different core structures. As expected, the core only had a minor influence on the reactivity of the 

warhead (see Figure 39). The determined half-life values were 10- to 20-fold higher than the value found 

for afatinib (84.5 h vs. 8.8 h), which may be rationalized by their more electron-rich aryl linker, which 

deactivates the acrylamide. Additionally, the N,N-dimethylaminomethyl substituent at the β-position of 

the acrylamide in afatinib 30, can increase reactivity. [234b, 306c] The mass spectrometry analysis of the 

assay solution for 64 and 96 showed the formation of the expected product of a thia-MICHAEL-addition 

with GSH. 

Figure 39: GSH-stability of selected acrylamide derivatives 64 (data depicted in blue), 96 (green) and 
108 (orange), compared to afatinib (30, yellow). 

Figure 40: Stability of SNAr-based inhibitors 110 (data depicted in blue), 155 (green) and 156 (orange) 
towards GSH compared to afatinib (30, yellow). 
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When the warhead was changed from the classical acrylamide in 108 (Figure 39) to the heterocyclic 

warhead in 110 (Figure 40), the reactivity did not change significantly (t1/2(108) = 100 h to 

t1/2(110) = 124 h), indicating a favorable and druglike reactivity range of the chloronitropyridine 

warhead. In the next step, the exchange of the halogen leaving group was investigated. In line with 

common reactivity trends for SNAr reactions, the bromine derivative 155 exhibited a half-life similar to 

that of the chlorine compound 110 (see Figure 40). The significantly higher reactivity of the 

fluoropyridine inhibitor 156 was expected, as fluoroarenes are known to be more reactive in SNAr 

reactions than the chloro and bromo derivatives. [299] 

Mass spectrometric analysis supported the presumed reaction with GSH via an SNAr mechanism 

(Scheme 55). The mass of the respective GSH adduct was found, and no hydrolysis could be detected. 

The higher reactivity of the warhead, however, does not translate into higher inhibitory activity of 156 

(IC50(MK2) = 117 nM) compared to the chlorine derivative 110 (IC50(MK2) = 61.6 nM) highlighting 

the discrepancy between intrinsic reactivity and efficiency of covalent binding to the target. 

 
Scheme 55: Adduct formation of the halonitropyridine warhead with GSH; LG = leaving group. 

ZAMBALDO et al. [266a] and PICHON et al. [266b] described sulfonyl-substituted heterocyclic derivatives as 

cysteine-reactive moieties. In their study, PICHON et al. performed an extensive evaluation of 

sulfonylpyrimidine reactivity showing, that sulfonyl leaving groups generally feature an increased 

reactivity compared to halides in this context. [266b] In line with these results, the sulfone-containing 

derivative 166, which was synthesized with the aim of improving solubility, displayed extensive 

reactivity towards GSH, leading to complete degradation after two hours (exact half-life not 

determined). Adduct formation with GSH via the expected SNAr mechanism could be confirmed by 

HPLC-MS analysis. The reactivity of 166 is significantly higher than that of the other compounds, 

including afatinib, which is a comparably reactive example of an approved TCI drug. Based on the 

substantial data available on the clinical use of afatinib, its reactivity seems to be suitable to define an 

upper limit for drug-like compounds to reduce the risk of toxicity related to promiscuous electrophilic 

reactivity. [307] Furthermore, fast degradation impedes biochemical evaluation. Since the reaction buffer 

typically contains DTT, a thiol-containing reducing agent used to stabilize the kinase, excessive 

reactivity towards thiols can result in reaction with the buffer component during incubation and thus 

premature degradation of the inhibitor.  
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The sulfur-linked 2-chloropyrimidine compound 204 does not exhibit inhibitory activity against MK2 

in the biochemical assay up to the highest concentration tested (5 µM). However, this lack of activity 

does not correlate with the intrinsic reactivity of the warhead. The determined half-life of 94 hours falls 

in the same range as the values obtained for compounds 64 and 110 (Figure 41). 

The adjustments of the method for GSH assays, as described above and in section 6.1, due to the low 

solubility of the compounds, limit the comparability of the stability data with values from the literature. 

The better solubility of the diol-substituted inhibitor 239 in aqueous systems enables the determination 

of the reactivity in two additional settings. Initially, the stability was determined in a 50:50 buffer/ACN 

mixture, as used for the previous experiments to compare the value with the one obtained previously 

(Figure 42). The half-life of 110 is twice as long as for 239, despite sharing the same warhead moiety. 

Figure 41: Comparison of the reactivity of different warhead structures present in 64 (data depicted in 
green), 110 (blue) and 204 (orange) compared to afatinib (30, yellow). 

Figure 42: Comparison of the GSH-stability of 110 (data depicted in blue) and 239 (orange) in a 50:50 
HEPES buffer/ACN mixture. 
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The higher reactivity of 239 is likely linked to better solvation of the molecule. Additionally, it is also 

conceivable that the diol moiety impacts reactivity by altering conformational preferences or assisting 

nucleophilic attack. Nevertheless, the compound remained in a favorable reactivity rage with a half-life 

~8-times longer than afatinib. 

When the amount of organic co-solvent was reduced to 10% ACN, the half-life decreased to 99 min 

(Figure 43A). The half-life of afatinib was also reduced to 26 min in buffer containing 10% ACN and 

25 min in plain GSH-containing buffer. These values are consistent with those determined by WARD et 

al. in their assay system (t1/2 = 25 min; LC-UV-MS-based, phosphate buffer pH = 7.4, 4.6 mM GSH, 

37 °C). [307] When measuring the stability of 239 in HEPES buffer without additionally cosolvent the 

half-life increased to 124 min. However, this was accompanied by an increased deviation of the 

measured values, as indicated by the error bars in Figure 43B. These effects may be caused by limited 

solubility of compound 239 in this system. Significant precipitation of the compound was observed at 

room temperature (rt) (in solution A), which was not obvious in the reaction solution at 40 °C at which 

the GSH assays were performed. Nevertheless, this may have caused systematic errors during sample 

preparation and/or possibly during the runtime of the assay. 

The aqueous stability of 239 was also assessed in HEPES buffer without the addition of GSH, and no 

degradation was observed after 3.40 h (displayed in orange in Figure 43B). 

4.7 Metabolic Stability in Mouse Liver Microsomes 

The metabolism of a molecule has significant impact on its pharmacokinetic behavior and its toxicity. 

Biotransformation processes are typically intended to facilitate the excretion and detoxification of 

xenobiotics. However, some metabolic processes can produce reactive and toxic intermediates. 

 

Figure 43: Stability of compound 239 (blue graph) and afatinib (in yellow) towards GSH; A) measurement 
in HEPES buffer with 10% ACN; B) in 100% HEPES buffer, values for aqueous stability of 239 in orange. 
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Evaluating metabolic stability is a critical part of the drug discovery process. Liver enzymes play a 

crucial role in the metabolic process, and various model systems, such as the use of liver microsomes, 

hepatocytes or recombinant enzymes, have been established for in vitro assessment of liver metabolism. 

Using liver microsomes offers several experimental advantages, like low complexity for the test 

procedure, low costs and good stability during storage, making them a suitable model for early 

experiments. [308] Liver microsomes are a subcellular system, derived from the endoplasmic reticulum 

(ER) and isolated from liver tissue. They contain ER-associated enzymes, such as cytochrome P450 

(CYP) and CYP reductase, which are involved in drug metabolism. These two enzyme classes are key 

enzymes in drug metabolism and are known to be involved in the biotransformation of aromatic nitro 

groups, such as those present in the heterocyclic warhead of 110, as well as various oxidative processes.  

Nitroaromatic compounds have been linked to liver toxicity and mutagenicity due to highly reactive 

intermediates formed during reductive metabolism that are able to bind proteins and DNA. However, 

not all nitroarene compounds undergo reductive metabolism, as the reactivity of the nitro group towards 

metabolism is influenced by different structural features. [309] Notably, a variety of nitro-containing drugs 

is approved. [310] In order to detect metabolic soft spots, the microsomal metabolism of three selected 

compounds 108, 110 and 102 was investigated in mouse liver microsomes (MLM). The experiments 

were conducted by MARK KUDOLO and ALEXANDER RASCH from the group of Prof. Dr. STEFAN 

LAUFER (Institute of Pharmaceutical Chemistry, Eberhard Karls University, Tübingen). 

The acrylamide derivative 108 showed good metabolic stability, with 93% of the compound remaining 

after 90 min, indicating no specific metabolic hotspot related to the pyrrolopyridinone core. In contrast, 

the metabolic degradation of SNAr-based inhibitors 102 and 110 was significantly increased. Compound 

102 underwent 83% conversion of the parent compound within 90 min, leaving only 17% intact. 

Inhibitor 110 displayed better stability, with 54% of the compound remaining after 120 min. Based on 

the experimental results from other projects, the warhead appears to be metabolically stable in both the 

S6K2 inhibitor 39 [225] and the quinazoline-based FGFR4 inhibitor 37. [227] The absence of any reduction 

of the nitro group suggests that metabolism occurs at the core structure. Mass analysis of the metabolite 

revealed a difference in m/z of +16 Da, indicating oxidation of the compound. Hydroxylation and N-

oxide formation are known metabolic pathways for pyridines and are consistent with the observed mass 

shift, while hydroxylation of a benzylic CH-group may also be possible. [311] Additionally, a second 

metabolite with a mass shift of -2 Da was detected for compound 110. The detected m/z of 397.8 

(Δm = -2 Da) was suggested to be due to desaturation of the lactam ring. The metabolic stability of 110 
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Figure 44: Selected compounds 108, 110, and 102 tested for metabolic stability in MLM. 
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was found to be similar to the published data for gamcemetinib. [228] MALONA et al. measured the 

metabolic stability in mouse S9 fraction, a subcellular fraction which contains microsomal and cytosolic 

enzymes involved in metabolism, and found that 72% of the compound remained after 30 min (63% for 

110 after 30 min). [228] 

4.8 Determination of the Solubility of Selected Compounds 

Physicochemical properties of a compound such as solubility and lipophilicity determine its 

pharmacokinetic behavior and ADMET (absorption, distribution, metabolism, excretion, toxicity) 

properties in a broader sense. Furthermore, these characteristics can influence in vitro assays, in the early 

stages of drug development. Low solubility of a compound and resulting precipitation can lead to 

systematic and time-dependent deviation during dilution processes, resulting in misinterpretation of 

measured values and underestimation of the activity. [312] Increased size, planarity, number of aromatic 

rings, and certain hydrogen bond donor/acceptor patterns negatively affect solubility. [313] In the 

development of protein kinase inhibitors these properties are particularly relevant because they are often 

directly linked to compound activity and selectivity. The narrow binding pocket of MK2 favors planar 

molecules, which hampers solubility. [99] Here, kinetic solubility was tested by adding a stock solution 

of the compound in DMSO to aqueous HEPES buffer. The resulting concentration after stirring for 17 h 

was determined by HPLC/UV measurements. 

Table 11: Solubility of a subset of compounds in HEPES buffer (pH 7.5). Values for the calibration 
curves were measured as triplicates; a) calibration curve measured as singlicate. 

# 64 102 108 110 232 157 181 204 239 

Solubility 
[µM] 

6.78 a) 1.1 102 < 0.50 2.35 < 0.50 99.9 13.5 14.0 

Compounds 64 and 102, which are based on tetracyclic core structures, only displayed a solubility below 

10 µM in the buffer system (Table 1). Opening of the β-ring in the pyrrolopyridinone derivative 

increased the solubility for the acrylamide-containing compounds by 10-fold (6.78 µM (64) vs. 102 µM 

(108)). The attachment of the nitropyridine via a nitrogen linker resulted in a significant loss in solubility 

(< 0.50 µM for compound 110 and 157). Replacing the linker atom with sulfur, as in compound 204, 

was beneficial for solubility (13.5 µM). Notably, during the development of gamcemetinib, which was 

published later, it was shown that the replacement of the amino linker by an ether significantly increased 

solubility. [228] Additionally, the nitro group of the warhead is able to form an intramolecular hydrogen 

bond to the linking NH (shown in Figure 36), which stabilizes a pseudobicyclic planar conformation 

presumably resulting in a further loss in solubility. Replacing the pyrrole N-methyl group with the propyl 

diol in chloronitropyridine derivative 239 significantly increased the solubility (14.0 µM), while the 

MOM group (232) had only a minor solubilizing effect. 
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5 Conclusion and Outlook 

Three related MK2 inhibitor core structures were employed within this thesis. All of them were 

successfully equipped with electrophilic warheads resulting in compounds which displayed high 

potency against MK2 with IC50 values down to the single digit nanomolar range (64, 102, 231). Here, 

different warhead types were installed. “Classical” acrylamide warheads were successfully attached to 

all three cores. The resulting inhibitor structures showed good potency in the nanomolar range and the 

expected mass shift for the covalent modification of the kinase was observed in intact protein mass 

spectrometry experiments (performed by GUIQUN WANG from the group of Prof. Dr. STEFAN KNAPP, 

Institute for Pharmaceutical Chemistry, Structural Genomic Consortium, Goethe University, Frankfurt). 

Additionally, the kinetic binding parameters of 64 proved to be very good, with a kinact/KI of 

2.58·105 M-1s-1. Moreover, in comparison to afatinib, 64 displayed a significantly lower intrinsic 

reactivity towards thiols as shown in a GSH stability assay (t1/2 = 84.5 h vs. t1/2 = 8.8 h).  

For compound 102 (tetracyclic core structure II, Figure 45), replacing the acrylamide warhead with an 

alternative heterocyclic warhead maintained the high potency (IC50 < 3 nM). The electron-deficient 

chloronitropyridine warhead, is supposed to react with the target via an SNAr reaction. Due to synthetic 

reasons, further SAR studies concerning this warhead type were performed on the simplified 

pyrrolopyridinone core III (Figure 45). The resulting ring-opened derivative 110 (III) retained satisfying 

potency (IC50 = 61.6 nM). Changing the heteroatom linking the warhead to the core structure 

(highlighted in blue in Figure 45) to a sulfur atom, however, abolished inhibitory activity. As expected, 

removal of the chloride leaving group from a nitrogen-linked analog also strongly decreased inhibitory 

activity (157, IC50 = 4.6 µM), in line with a covalent mode of action which was again confirmed by 

intact protein MS. 

Figure 45: Overview of the different core structures and derivatization 
possibilities (linker colored in blue, warhead in red, pyrrole substituent in 
gold. I: tetracyclic pyridine-based compounds; II: tetracyclic pyrimidine-
based compounds; III: pyrrolopyridinone derivatives 
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Exchanging the chloride leaving group to fluorine, bromine or sulfone did not show any benefit either, 

which is interesting since the fluorine and the sulfone derivatives show enhanced intrinsic reactivity. 

This behavior deserves further investigations. 

Finally, various substituents were introduced at the pyrrole nitrogen atom (golden triangle in Figure 45). 

Removing the methyl group, which had been introduced for synthetic convenience, increased potency 

(231, IC50 = 0.36 nM), enabling additional polar interactions with the target. Larger substituents, such 

as the dihydroxy propyl in 238 and 239, decrease inhibitory activity but improve solubility (< 0.5 µM 

(110) vs. 14.0 µM (239)). Additional derivatization at this position could be beneficial for balancing 

activity and physiochemical properties. Another possibility for further inhibitor development is the 

variation of the warhead substitution pattern to enable tuning of warhead reactivity and potentially 

increase solubility, especially replacement of the nitro group is a desirable goal. It remains to be tested 

if activity can be retained by alternative, more drug-like functional groups which are capable of making 

a similar intramolecular hydrogen bond as the nitro group. 

Importantly, it should be noted that significant obstacles had to be overcome in the chemical synthesis 

of the compounds presented herein and these efforts, the methods developed, and the lessons learned 

could significantly facilitate further SAR exploration. 

After the protein MS experiments had already confirmed the successful covalent labeling of MK2, our 

cooperation partners from the group of Prof. Dr. STEFAN KNAPP (Institute for Pharmaceutical Chemistry, 

Goethe University, Frankfurt, experiments conducted by GUIQUN WANG) recently solved the X-ray 

crystal structures of the two key compounds 64 and 110. These structures confirm the desired covalent 

binding of Cys140 in MK2 by the electrophilic warhead via a thia-MICHAEL addition in case of 64 and 

a SNAr mechanism for 110. In addition, they show the expected non-covalent binding interactions, which 

are in line with the data from the literature for the reversible analogs [1, 3, 206], confirming the initial design 

hypothesis. Furthermore, X-ray crystal structures can now be utilized to design further improved 

inhibitors and to elucidate the details of the binding mechanism, e.g. by applying QM/MM calculations. 

Beyond this, the most promising compounds were shared with our colleagues at the University Hospital 

Tübingen (group of Dr. DANIEL DAUCH). Their obtained results showed a very interesting activity of 

the SNAr based compounds in cells and organoid cultures of CRC and pancreatic ductal adenocarcinoma 

(PDAC), which was superior to the efficacy of acrylamide-based analogs. Despite being still 

preliminary, these results encourage the further exploration of SNAr-based MK2 inhibitors in an 

anticancer setting. 
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6 Experimental Part 

6.1 Materials and Methods 

Chemistry 

Starting materials and reagents for the chemical synthesis were purchased from commercial suppliers 

and were used without purification. Anhydrous and oxygen-free solvents were also commercially 

acquired and stored over molecular sieve under an inert atmosphere. Thin layer chromatography (TLC) 

was performed using Merck 60 F254 silica plates (Merck KGaA, Darmstadt, Germany) and the spots 

were detected under UV light (254 nm or 366 nm). Purification of the compounds was performed by 

preparative column chromatography using either an Interchim PuriFlash XS420 (Interchim S.A., 

Montlucon, Allier, France) or a LaFlash V2.3 system (VWR International®). For normal phase 

separation Grace Davison Davisil LC60A 20-45 micron Silica (W.R. Grace and Company, Columbia, 

MD, USA) and Merck Geduran Si60 633200 micron silica (Merck KGaA, Darmstadt, Germany), or 

pre-packed columns from the puriFlash® SIHP series (60 Å, 500 m2/g, 30 µM dp, 12/25/40 g; Interchim® 

S.A., Montlucon, Allier, France) were used. Reverse phase preparative column chromatography was 

conducted using a CHROMABOND® Flash RS 40 C 18 ec column (Machery-Nagel GmbH & Co. KG, 

Düren, Germany).  

High-performance liquid chromatography (HPLC) 

Method A: 

The purity of the compounds was determined using Agilent 1100 systems (injection module, ColCom 

setup, degasser and binary pump, diode array detector (DAD) detector module; Agilent Technologies 

Inc., Santa Clara, CA, USA). A Phenomenex Luna® 5 µM C8 RP (150 mm x 4.6 mm, 5 µM, 100 Å) 

was used with an injection volume of 10 µL and a flow rate of 1.5 mL/min mL/min at 35 °C. Detection 

was performed at two different wavelengths, 254 nm and 230 nm.  

0 min min: 40% MeOH, 60% phosphate buffer (0.01 M) pH 2.3 

8 min: 85% MeOH, 15% phosphate buffer (0.01 M) pH 2.3 

13 min: 85% MeOH, 15% phosphate buffer (0.01 M) pH 2.3 

14 min: 40% MeOH, 60% phosphate buffer (0.01 M) pH 2.3 

16 min: 40% MeOH, 60% phosphate buffer (0.01 M) pH 2.3 

Method B/C: 

The purity of the compounds was determined using an Agilent 1100 system (injection module with 

thermostat module, ColCom setup, degasser and binary pump; Agilent Technologies Inc., Santa Clara, 

CA, USA) coupled to an Agilent 1260 DAD detector module. Both methods used a Phenomenex 

Kinetex® 2.6 µM C8 100 Å (150 × 4.6 mm) column with an injection volume of 5 µL and a flow rate 

of 0.5 mL/min at 23 °C. Detection was performed at two different wavelengths, 254 nm and 230 nm. 
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Method B: 

0 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3 

15 min: 85% MeOH, 15% phosphate buffer (0.01 M) M) pH 2.3 

20 min: 85% MeOH, 15% phosphate buffer (0.01 M) M) pH 2.3 

22 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3 

28 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3 

Method C:  

0 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3 

9 min: 85% MeOH, 15% phosphate buffer (0.01 M) M) pH 2.3 

10 min: 85% MeOH, 15% phosphate buffer (0.01 M) M) pH 2.3 

11 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3 

16 min: 40% MeOH, 60% phosphate buffer (0.01 M) M) pH 2.3 

Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectra were acquired using Bruker Avance III HD 200/400/600 spectrometers (Bruker 

Corporation, Billerica, MA, USA). Deuterated solvents were used to dissolve the samples. The residual 

solvent signal according to FULMER et al. [314] was used to calibrate the chemical shift relative to 

tetramethylsilane (TMS) as δ [ppm] = 0. The following indications were given for the multiplicity of 

signals: s = singlet, d = doublet, dd = doublet of doublet, t = triplet, q = quartet, b = broad singlet and 

m = multiplet. 

Mass spectrometry  

TLC-MS: MS data for intermediates was acquired using an Advion TLC-MS interface (Advion, Ithaca, 

NY, USA) based on electrospray ionization (ESI) in positive or negative mode. ESI voltage = 3.50 kV; 

capillary voltage = 187 V; source voltage = 44 V; capillary temperature = 250 °C; desolvation gas 

temperature = 250 °C; gas flow = 5 L/min nitrogen. 

HPLC-MS: The HPLC-MS measurements were performed at the MS department of the Institute of 

Organic Chemistry at the Eberhard Karls University, Tübingen. An Agilent 1260 Infintiy II system was 

used to perform separation by HPLC. A gradient elution at a flow rate of 0.3 mL/min mL/min was 

employed. Detection was carried out using a DAD detector combined with an MS system (Bruker 

AmaZon SL, ESI in positive mode). 

Method A (64, 239, 166, 110, 156):  

The separation was performed on a Luna Omega polar 100 C18 column (length: 15 cm; diameter: 4.6 

mm, T: 30 °C, C-18 modified silica, particle size: 3µm).  

Gradient: 

0 min: 90% H20 with 0.01% formic acid, 10% ACN with 0.01% formic acid 
30 min: 100% ACN with 0.01% formic acid 
40 min: 100% ACN with 0.01% formic acid 



103 
 

41 min: 90% H20 with 0.01% formic acid, 10% ACN with 0.01% formic acid 
50 min: 90% H20 with 0.01% formic acid, 10% ACN with 0.01% formic acid 

Method B (96): 

The separation was performed on a Reprosil 100 C18 column (length: 10 cm; diameter: 3 mm, T: 30 °C, 

C-18 modified silica, particle size: 3µm). Mass data was additionally acquired in the negative mode of 

the ESI. 

Gradient B: 

0 min: 80% H20 with 0.01% formic acid, 20% MeOH with 0.01% formic acid 

20 min: 100% MeOH with 0.01% formic acid 

30 min: 100% MeOH with 0.01% formic acid 

High-resolution MS (HRMS): The HRMS measurements were conducted at the MS department of the 

Institute of Organic Chemistry, using a Bruker maXIs 4G ESI-TOF (Bruker Corporation, Billerica, MA, 

USA) based on ESI in positive mode. Dry heater = 200 °C; nebulizer = 1.2 bar; dry gas flow = 6.0 L/min; 

capillary voltage = 4500 V; endplate voltage Offset = 2500 V. 

Infrared spectroscopy (IR) 

The IR spectra were obtained using an Agilent Cary 630 FTIR (Agilent Technologies Inc., Santa Clara, 

CA, USA) with the pure substances. 

PYMOLTM 

X-ray crystal structures and overlays thereof were analyzed using The PyMOL Molecular Graphics 

System, Version 2.5.7. Schrödinger, LLC. 

Biochemical assay performed at Reaction Biology Corp. 

The IC50 values were determined using a HotSpotTM Kinase assay [296], a radiometric assay format, which 

employed 33P-ATP for the phosphorylation reaction. The assay was performed by the commercial 

provider Reaction Biology® Corp. at their site in Malvern, PA, USA. The resulting radioactive labeling 

of a suitable substrate was measured to determine the amount of phosphorylation in relation to a control 

reaction and assessed as a function of the inhibitor concentration. Five-point measurements were 

performed starting from 5 µM following a 10-fold or from 2 µM in a 5-fold dilution scheme, 

respectively. The IC50 value was determined as the concentration of half-maximal inhibition of the 

enzymatic activity. The assay was performed in HEPES buffer system at pH 7.5, which consisted of 

20 mM HEPES, 10 mM MgCl2, 1 mM EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-

tetraacetic acid), 0.01% Brij35 (polyoxyethylene(23)laurylether), 0.02 mg/ml BSA (bovine serum 

albumine), 0.1 mM Na3VO4, 2 mM DTT, and 1% DMSO. 

1. The oligopeptide [KKLNRTLSVA] is added as a substrate (20 µM) to the buffer, followed by the 

necessary cofactors and the specific kinase.  

2. The compound is added and incubated for 20 min at rt (non-competitive phase).  

3. 33P-ATP (10 µM) is added and incubated for 2 h at rt (competitive phase).  
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4. Unreacted ATP is removed by spotting the reaction onto P81 ion exchange filter paper and washing.  

5. The amount of phosphorylated substrate is quantified by an undisclosed method, relying on measuring 

the radioactivity of 33P.  

Table 12: Inhibitory activity (IC50) against MK2; a) 5-fold dilution from 2 µM; b) 10-fold dilution starting 
from 5 µM. 

Acrylamide-based Inhibitors Unreactive control compounds 

# Structure IC50 (MK2) # Structure IC50 (MK2) 

65 

 

57.8 nM a) 69 

 

995 nM a) 

64 

 

2.62 nM a)    

67 

 

610 nM a) 70 

 

> 2.0 µM a) 

66 

 

> 2.0 µM a)    

68 

 

6.75 nM a) 71 

 

55.4 nM a) 

96 

 

1.96 nM b)    

108 

 

9.59 nM a) 109 

 

1190 nM b) 

Tetracyclic compound with heterocyclic warhead 
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Pyrrolopyridinone derivatives with heterocyclic warhead 

Nitrogen-linked compounds with methylated pyrrole 

110 

 

61.58 ± 

15 nM b) 

(n=2) 

157 

 

4570 nM b) 

155 

 

73.7 nM b) 166 

 

> 5 µM b) 

156 

 

117 nM b)    

Nitrogen-linked compounds with varying substitution at the pyrrole 

232 

 

1.36 nM b) 238 

 

1070 nM b) 

231 

 

0.36 nM b) 239 

 

396 nMb) 

Sulfur-linked compounds 
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> 5.0 μM b) 209 

 

> 5.0 μM b) 
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206 

 

> 5.0 μM b)    

N

N
H N NH

O
N

Cl

NO2

N

N
H N NH

O
N

NO2

N

N
H N NH

O
N

NO2

Br

N

N
H N NH

O
N

NO2

SO O

N

N
H N NH

O
N

NO2

F

N
N

NH

O

NH
N

Cl

NO2

O

N
N

NH

O

NH

OH

OH

N
Cl

NO2

N
N
H

NH

O

NH
N

Cl

NO2

N
N

NH

O

NH

OH

OH

N
Cl

NO2

O

NH

N
S

N
N

N

Cl

O

NH

N
S

N
N

N

Cl

O

O

NH

N
S

N
N

N

Br

O

NH

N
S

N
N

N

Cl

F

O

NH

N
S

N
N

N

F



106 
 

The biochemical activities of 102 and 110 against kinases with an equivalent positioned cysteine 

(FGFR4, MK3, S6K2, MPS1) was determined using the HotSpotTM kinase assay by Reaction Biology® 

as previously described. The substrate was adjusted to the respective kinase ([KKLNRTLSVA] for 

MK3, [KKRNRTLTK] for S6K2, poly[Glu:Tyr] (4:1) for FGFR4 and MPS1).  

Table 13: Inhibition of kinases with an equivalent positioned cysteine. IC50 values for 102 and 110 were 
determined via 5-point singlicate measurements with 10-fold dilution steps starting from 5 µM. a) Assay 
performed with 5-fold dilution steps, starting from 2 µM. 

# FGFR4 MK2 MK3 S6K2 MPS1 

102 < 0.50 nM < 3.20 nM a) < 0.50 nM < 0.50 nM 765 nM 

110 1.39 µM 61.6 nM 21.5 nM 31.2 nM > 5.00 µM 

Biochemical activity determined at AssayQuant® 

IC50 and Ki values for compounds 64 and 110 were additionally determined using a fluorescence-based 

kinase assay with the PhosphoSense® technology at AssayQuant® Technologies, Inc., Marlboro, MA, 

US. The assay was performed in 50 mM HEPES buffer at pH 7.5. The final reaction solution contained 

1.0 mM DTT, 0.01% Brij-35, 0.5 mM EGTA, 1% glycerol, 10 mM MgCl2, 0.20 mg/mL BSA, 15 µM 

AQT sensor substrate AQT0425, 2% DMSO, 10.1 µM ATP and the kinase (1 nM MK2, full length (1-

400), N-terminal GST fusion, Carna (cat. # 02-142/ Lot: 22CBS-0444 B)). The compound was diluted 

in a 3-fold serial dilution from 10 µM concentration and 16 (64) and 18 (110) data points were included 

in the evaluation. The kinase reaction was conducted at a final volume of 15 µL in a 384-well microplate 

(purchased from Perkin Elmer, white, low-volume, sealed with optically-clear adhesive film (TopSealA-

plus plate seal, Perkin Elmer)) and incubated at 30 °C for 240 min. The reaction was detected using a 

Biotek Synergy Neo 2 microplate reader with excitation (360 nm) and emission (485 nm) wavelengths. 

Table 14: Determination of IC50 and Ki values for 64 and 110 at 
AssayQuant®. 

# Structure IC50
 [nM] Ki

 [nM] 

64 
N

HN NH

OHN

O

O  

2.50 1.25 

110 
Cl

NO2

N N

NH

O

NH

N

 

40.2 20.1 
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Assessment of the Kinetic Binding Parameters 

The binding of a covalent inhibitor can be described as a two-step mechanism and the binding is time-

dependent. Therefore, the kinact/KI values describe the activity of irreversible inhibitors better than the 

IC50 values. To determine the kinact/KI values of 64 and 110, a PhosphoSens® CSox-based continuous 

assay format was used at AssayQuant® Technologies, Inc. The assay was performed in 50 mM HEPES 

buffer at pH 7.5. The final reaction solution contained 1.0 mM DTT, 0.01% Brij-35, 0.5 mM EGTA, 1% 

glycerol (from EDB), 10 mM MgCl2, 0.20 mg/mL BSA (from EDB), 15 µM AQT sensor substrate 

AQT0425, 1% DMSO, 10.1 µM ATP and the kinase (1 nM MK2, full length (1-400), N-term GST 

fusion, Carna (cat. # 02-142/ Lot: 22CBS-0444 B)). The compound was diluted in a 1.5-fold serial 

dilution from 0.5 µM concentration and 24 data points were measured. For the reaction setup 0.3 µL of 

a 100x compound solution in 100% DMSO, 3.0 µL of 10x Sox-based substrate, and 3.0 µL of 10x ATP 

were combined. The mixture was incubated for 30 min at rt, while reaction mix is prepared. 23.7 µL of 

reaction mix with 1.4x enzyme was added. The kinase reaction was performed at a final volume of 30 µL 

in a 384-well microplate (purchased from Perkin Elmer, white, low-volume, sealed with optically-clear 

adhesive film (TopSealA-plus plate seal, Perkin Elmer)) at 30 °C for 240 min. The reaction was 

measured with a Biotek Synergy Neo 2 microplate reader, using excitation and emission wavelengths 

of 360 nm and 485 nm, respectively. 

Table 15: Kinetic binding parameters determined for 64 and 110 at Assay Quant®. 

# Structure 
kinact/KI 

[M-1s-1] 

kinact 

[s-1] 

KI 

[µM] 

64 
N

HN NH

OHN

O

O  

2.58·105 0.0112 0.0435 

110 
Cl

NO2

N N

NH

O

NH

N

 

5.01·103 0.0081 1.65 

Differential Scanning Fluorimetry (DSF) Assay 

The Differential scanning fluorimetry (DSF) or thermal shift assay is used in the context of drug 

discovery as a high-throughput method for evaluating ligand binding and selectivity in the early stages. 

The method is based on the ligand’s ability to stabilize the protein fold as a result of a binding event to 

the respective protein. The folding state stabilization can then be measured as change in the melting 

temperature (Tm) of the protein. The melting temperature (Tm) is defined as the temperature at which 

50% of the protein is in the unfolded stage. The folding stage of the protein can be tracked by measuring 
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the fluorescence of a suitable dye, such as SYPRO Orange, which is used for the experiment described 

herein. [315] SYPRO Orange interacts with the hydrophobic regions of the protein that become accessible 

during unfolding. The fluorescence is increased by these interactions, allowing for the tracking of 

changes in the folding stage through changes in dye fluorescence emission. [316] 

The DSF assay was conducted in the group of Prof. Dr. STEFAN KNAPP (Institute for Pharmaceutical 

Chemistry, Structural Genomics Consortium, Goethe University, Frankfurt), following the procedure 

described in FEDOROV et al. [315b] Purified proteins were buffered in 25 mM HEPES (pH 7.5) containing 

500 mM NaCl and were assayed in a 384-well plate with a final protein concentration of 2 μM in a 

10 μL assay volume. Inhibitors were added to a final concentration of 10 μM using an ECHO 550 

acoustic dispenser (Labcyte, San José, CA, USA). A 1:5000 dilution of SYPRO-Orange (Molecular 

Probes, Eugene, OR, USA) was used as a fluorescence probe. The filters for excitation and emission 

were set to 465 nm and 590 nm, respectively. The temperature was increased from 25 °C at a rate of 

3 °C/min to a final temperature of 95 °C while scanning with the QuantStudio5 (Applied Biosystems, 

Waltham, MA, USA). The data were analyzed using the Boltzmann equation in the Protein Thermal 

Shift software (Applied Biosystems, Waltham, MA, USA). The samples were measured in technical 

duplicates. 

Table 16: Data from the thermal shift screening; ΔTm > 10 °C in bold; ΔTm > 5 °C in italic; empty cells 
not determined. 

Enzyme 64 96 102 108 109 
Stauro-
sporine 

pos. control 
MAP3K5A 9,49 14,59 8,56 8,79 6,00 17,60 

CAMKK2B 12,60 14,07 3,36 8,68 6,87 25,14 

TOPKA 6,82 12,89 0,52 8,67 0,85 8,14 

CLK1A 8,57 11,44 9,32 5,98 3,53 13,70 

STK17AA 10,36 11,17 8,29 8,22 7,74 12,36 

DYRK2A 10,10 10,94 13,87 8,26 7,63 7,04 

GPRK5A 3,24 10,55 2,13 1,40 0,43 8,56 

MK2 10,66 10,51 10,32 11,67 3,87 3,43 

DYRK1AA 7,49 9,51 6,78 5,19 3,89 10,68 

CLK3A 3,74 9,20 6,12 2,21 0,83 7,46 

RPS6K5A  8,35 6,63 5,53  15,00 

DAPK3A 7,07 8,24 3,98 7,46 5,15 18,73 

MELKA 6,72 8,22 3,59 5,00 3,04 14,09 

GAKA 6,60 7,92 2,84 4,05 4,03 9,53 

GSK3BB 4,73 7,59 4,44 4,07 4,15 12,21 
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BMP2KA 4,65 7,56 5,59 5,87 5,25 19,25 

STK10A 2,98 7,42 1,02 3,00 1,65 24,40 

MAPK15HSD 5,51 7,01 6,86 2,52 1,58 14,17 

CSNK2A2A 5,43 6,97 1,48 5,03 4,50 5,68 

TTKA 6,44 6,96 2,39 2,08 1,88 12,44 

ABL1A 1,78 6,62 0,91 1,66 1,36 10,27 

CHEK2A 6,17 6,27 2,71 2,42 2,74 18,30 

BMPR2A 2,91 6,07 0,67 2,80 1,41 2,91 

FGFR3A 2,97 5,58 1,21 1,92 0,79 13,67 

SLKA  5,31 0,73 1,60  20,78 

PLK4A 4,68 5,28 3,12 3,67 2,65 19,00 

FLT1A 6,12 5,17 0,71 1,38 3,14 12,53 

PIM3A 5,72 5,16 2,02 2,89 3,23 18,43 

PHKG2A 4,18 5,14 8,16 1,25 0,71 22,50 

CK2A1A  4,83 1,95 4,38  4,40 

STK6A 2,00 4,40 0,69 2,55 2,01 17,29 

GSG2A 4,34 4,38 1,44 1,31 0,72 7,93 

AAK1A 3,17 4,37 2,66 3,05 3,70 12,23 

NEK2A 0,13 3,87 2,16 1,90 -0,33 2,24 

PIM1A 6,18 3,85 3,93 2,52 3,41 11,48 

CSNK1DA 3,45 3,84 2,50 2,32 1,70 2,49 

STK17BA 4,71 3,65 5,95 -0,04 0,80 8,57 

DAPK1A 3,95 3,61 3,50 1,94 1,95 9,61 

ULK3A 1,94 3,41 0,55 1,04 0,74 17,38 

SRPK1A 4,31 3,13 3,55 0,74 0,58 7,42 

STK38LA 1,72 2,87 0,54 0,74 0,30 11,26 

FGFR2A 1,24 2,47 0,24 1,14 0,16 8,65 

MAPK8B 4,25 2,05 2,28 2,80 0,92 7,71 

RIOK1A  1,89 0,92 5,73  -0,22 

MAPK10A 2,57 1,82 1,89 1,56 0,28 8,21 

CAMK2DA 1,30 1,46 2,21 -0,11 -0,08 17,47 

RPS6KA1A 1,41 1,39 1,07 0,44 -0,07 4,58 

VRK1A 3,25 1,32 2,09 0,58 0,31 3,37 

CDK2A 0,63 1,29 2,53 -0,05 0,03 15,29 

STK3A 0,48 1,04 0,26 0,24 0,08 14,81 
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STK39A 0,03 0,98 0,96 0,33 -0,23 9,27 

FESA 0,36 0,90 0,60 0,24 0,09 7,49 

MAP2K4A 0,49 0,86 2,80 0,78 0,18 12,48 

MAPK1A 0,82 0,79 1,02 0,20 0,09 -0,37 

MERTKA 0,41 0,78 0,63 0,58 0,19 5,95 

EPHB3A 0,68 0,69 -0,17 -0,26 -0,45 6,65 

MARK3A 0,73 0,68 0,60 0,97 0,60 19,24 

FGFR1B 0,13 0,64 0,09 0,21 -0,10 5,96 

CDKL1A 0,13 0,62 -0,05 -0,10 0,20 3,96 

EPHA2A -0,01 0,61 0,26 0,18 0,01 7,81 

BRPF1B 1,30 0,60 0,50 0,77 0,84 1,30 

PAK1A -0,76 0,57 -0,45 -0,31 -0,52 7,43 

EPHA5A 0,47 0,51 -0,11 -0,41 -0,23 8,67 

CAMK4A 0,40 0,49 0,46 -0,01 0,10 8,95 

AKT3A 0,51 0,49 0,69 0,27 0,38 7,77 

AURKBA 1,83 0,42 2,33 -2,41 -0,68 14,06 

MAPK6  0,33 0,70 0,39  0,99 

OSR1A 0,11 0,33 0,30 0,05 0,31 7,57 

PAK4A -0,05 0,31 0,75 -0,09 -0,25 14,87 

BRAFA 0,44 0,29 1,59 0,38 0,11 0,36 

MARK4A 1,21 0,26 -0,66 -0,26 0,06 18,34 

MAP2K6A 0,09 0,25 0,73 0,41 -0,09 12,51 

PCTK1A 0,36 0,19 0,24 0,10 -0,06 8,87 

WNK1A -0,24 0,19 0,00 0,18 -0,08 1,42 

BMXA 0,85 0,14 -0,38 0,08 -0,34 7,16 

DMPK1A 0,43 0,08 0,28 -0,29 -0,34 9,75 

CAMK2BA 1,48 0,07 1,36 -0,68 0,22 11,42 

STK4A 0,17 -0,02 -0,27 -0,37 0,06 15,52 

MAPK14A -0,15 -0,02 0,42 -0,76 -0,13 -0,05 

RPS6KA6A  -0,03 0,10 0,38  1,00 

MST3A 1,48 -0,04 -0,09 -0,99 0,38 6,46 

MAPK13A 0,34 -0,06 0,99 -0,23 0,30 6,21 

MAPK9A 2,81 -0,14 0,53 1,25 -1,29 4,83 

NEK1A 0,80 -0,15 0,02 0,64 0,04 -0,69 

PKMYT1A 0,18 -0,21 0,66 -0,73 -0,79 -1,07 
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CAMK1DA -1,08 -0,21 0,55 0,01 -1,47 10,49 

TAF1A -0,52 -0,29 -0,09 -0,15 -0,40 0,43 

SRCA -0,18 -0,31 -0,02 -0,04 0,10 5,09 

MAP2K1A  -0,32 -0,38 -0,21  1,62 

EPHA7A 0,09 -0,48 -0,01 0,10 -0,18 12,72 

DCAMKL1A 2,60 -0,57 0,27 -1,36 1,24 6,32 

CASKA -0,06 -0,69 -0,49 -0,64 0,02 5,11 

TLK1A 0,03 -0,73 -0,09 0,00 0,08 8,88 

MST4A 0,15 -1,03 -0,16 -2,37 -0,23 4,56 

PDK4A  -1,22 -0,05 0,02  0,07 

CDC42BPAA 0,28 -1,30 0,01 -0,06 0,42 2,18 

CAMK1GA 0,93 -1,68 -0,95 -0,72 -0,06 10,46 

NEK7A -0,39 -1,81 -0,59 -0,56 -0,99 -0,20 

BRD4A 0,23 -1,92 -0,43 -1,03 -0,96 -0,81 

RIOK2A  -2,98 1,59 0,86  2,29 

CSNK1EA 2,45    0,51  

CSNK2A1A 5,60    4,17  

EPHA4A 0,16    0,07  

EPHB1A 0,11    -0,02  

FECH 2,50    -0,16  

HIPK2 1,86    0,35  

MAP2K7A 9,57    0,86  

NQO2A 0,27    0,55  

RPS6kA5A 7,32    4,26  

TIF1A 0,28    -0,26  

ULK1A 2,27    0,23  

GSH stability assay 

The stability of a representative subset of compounds towards nucleophiles was evaluated. Reduced 

glutathione, which is present under physiological conditions and the thiol exhibits high nucleophilicity, 

is commonly used. Several different methods for this purpose can be found in the literature, differing in 

the concentration of the reaction partners, buffer composition and organic cosolvent. [306a, 306c, 306d, 307, 317] 

For this evaluation, the procedure from KEELEY et al. [306a] was adapted. To adjust for the low solubility 

of most of the compounds, the method required modifications as already used for the published data on 

the S6K2 and FGFR4 projects. [225] The buffer was changed from a PBS buffer to a HEPES buffer 

(20 mM HEPES, 1 mM EGTA, 10 mM MgCl2, 0.01% Brij35, 0.1 mM Na3VO4; pH adjusted to 7.5 by 
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dropwise addition of 1 M HCl or 1 M NaOH), which was adapted from the buffer used in the biochemical 

assay at Reaction Biology Corp. to prevent interference with the compounds, the composition was 

adjusted by omitting DTT and BSA from the mixture. Additionally, a 50:50 mixture of the buffer with 

acetonitrile was used and the final compound concentration was reduced to 100 µM. Indoprofen was 

used as an internal standard at a final concentration of 100 µM. To ensure pseudo-first order kinetics, 

the GSH concentration in the final solution was 5 mM. The assay was performed at 40 °C. Compound 

stability was measured in duplicates. Afatinib stability was assessed simultaneously as a positive control. 

To prepare the assay solution, 20 µL of a 10 mM compound solution in DMSO was diluted with 980 µL 

of 1:1 HEPES buffer (pH 7.5)/ACN (Solution A). For compound 110 the concentration of the DMSO 

solution was 5 mM. Therefore, 40 µL of the 5 mM solution in DMSO were diluted with 470 µL ACN 

and 490 µL HEPES buffer (pH 7.5). A 200 µM solution of indoprofen with 10 mM GSH in 1:1 HEPES 

buffer (pH7.5)/ACN was freshly prepared (solution B).  

A mixture of 250 µL of solution A and B was monitored for reaction using a HPLC-based method. The 

decreasing area under the curve for the compound was measured relative to the internal standard 

indoprofen.  

The kinetic parameters of the reaction were calculated by linearizing the data. The half-life t1/2 for the 

pseudo-first order reaction can be calculated using the following formula: 

𝑡𝑡1/2 =
𝑙𝑙𝑙𝑙2
𝑘𝑘

 

The reaction rate constant, k, can be obtained from the linear regression by plotting the natural logarithm 

of AUC divided by AUC0 against the time. The slope of the trend line represents the value for k. 

General formula for the linear regression:  

𝑦𝑦 = 𝑘𝑘 ∗ 𝑥𝑥 

Formula for the reaction rate:   

ln �
𝐴𝐴𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝐴𝐴0

� = 𝑘𝑘 ∗ 𝑡𝑡 

Less soluble compounds showed an increase of the compound AUC at t1, due to increased solubility at 

40 °C compared to rt. The corrected value for AUC0 (AUC0(corr)) was calculated from the linearization, 

which did not affect the values for k or t1/2 but allowed for better comparison and depiction. 

After the assay was completed, selected reaction mixtures were analyzed by HPLC-MS at the MS 

department of the Institute of Organic Chemistry (Eberhard Karls University, Tübingen) to identify the 

reaction products formed. Besides the mass of the internal standard, the parent compound and the GSH-

adduct could be identified in the mass spectrum. No hydrolysis product was identified. 
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Table 17: Measurements of GSH-stability for selected compounds. Structures of the compound and the 
corresponding GSH adduct are shown when reaction products were analyzed by mass spectrometry. 
Plots and values for the half-life t1/2 are presented in the plots. HPLC-MS methods are described in the 
experimental section; a) Method A; b) Method B. 

# Structure Experimental data 

 

64 

 
Exact Mass: 414.16919 

64GSH 
Exact Mass: 721.25300 

 
HPLC-MS:a) 

m/z14.90min(1) = 361.74 (64GSH+2H+) 

m/z14.90min(2) = 722.37 (64GSH+H+) 

 

96 

 
Exact Mass: 415.16444 

 
96GSH 

Exact Mass: 722.24825 

 

HPLC-MS:b) 

m/z14.55min(1) = 362.18 (96GSH+2H+) 

m/z14.55min(2) = 723.32 (96GSH+H+) 
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108 

 
Exact Mass: 388,15354 

 
 

110 

 
Exact Mass: 398.08942 

 
110GSH 

Exact Mass: 669.19654 

 
HPLC-MS:a) 

m/z16.30min(1) = 335.71 (110GSH+2H+) 

m/z16.30min(2) = 670.30 (110GSH+H+) 

 

156 

 
Exact Mass: 382.11897 

 
156GSH 

Exact Mass: 669.19654 

 
HPLC-MS:a)  

m/z16.70min(1) = 335.71 (156GSH+2H+) 

m/z16.70min(2) = 670.31 (156GSH+H+) 
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155 

 
Exact Mass: 442.03890 

 
 

204 

Exact Mass: 371.06076 

 

 
 

239 

 
Exact Mass: 458.11055 

 
239GSH 

Exact Mass: 729.21767 

 
HPLC-MS: a) 

m/z14.92min(1) = 365.71 (239GSH+2H+) 

m/z14.92min(2) = 730.31 (239GSH+H+) 
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30 Afatinib 

 

 
 

No half-life could be determined for the sulfone-containing derivative 166, due to its fast degradation. 

The first measurement (t0) already showed significant degradation (Figure 46). The solution was 

analyzed using HPLC-MS (Method A), which identified the degradation product as the GSH adduct of 

compound 166 (m/z16.33min(1)= 335.71 (166GSH+2H+); m/z16.33min(2)= 670.20 (166GSH+H+)). After two 

hours (t1) the parent compound 166 could not be detected anymore. In order to determine the half-life 

for compounds with higher reactivity, adjustments to the method are necessary. Firstly, the time between 

the addition of solution B and the injection must be minimized to reduce degradation at the t0 time point. 

Furthermore, reducing the assay temperature can slow down adduct formation. However, it is desired to 

have lower reactivity in comparison to afatinib (30, t1/2 = 8.8 h). [233, 307] Therefore, an exact 

determination of highly reactive compounds is not required.  

N

N

O

O

N
H

O
N

NH

F
Cl

Figure 46: A) Structure of compound 166 and the respective GSH adduct. B) HPLC chromatograms 
of the GSH stability assay of 166 for time point t0 and t1. 
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Compound 239 has higher solubility in water. Therefore, the GSH stability for this compound was 

assessed using two additional methods. The first method uses 10% ACN as cosolvent in the reaction 

buffer (Figure 48), analog to the literature procedure described in the literature by KEELEY et al. [306a] 

Additionally, the stability measurement was performed in plan buffer without any additional organic 

cosolvent (1% of DMSO from the compound stock solution)(Figure 47). Solutions A and B were 

prepared with the respective solvent mixture and treated as described previously. 

The half-life for afatinib in 100% HEPES buffer and 90% buffer/ 10% ACN was also determined and a 

value of 26 min and 25 min, respectively, was obtained. The aqueous stability of 239 was also assessed 

in HEPES buffer. No degradation was observed after 3.40 h (displayed in orange in Figure 47). 

Figure 48: GSH-stability of 239 (data depicted in blue) and afatinib 30 (in green) in 100% 
HEPES buffer (pH 7.5) and stability of 239 in plain buffer (orange). 

Figure 47: GSH-stability of 239 (date depicted in blue) and afatinib 30 (in green) in HEPES 
buffer (pH 7.5) with 10% ACN. 
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Metabolic stability in Mouse Liver Microsomes  

The metabolic stability assays were conducted by MARK KUDOLO (for 102 and 108) and ALEXANDER 

RASCH (for 110) (group of Prof. Dr. STEFAN LAUFER, Institute for Pharmaceutical Chemistry, Eberhard 

Karls University, Tübingen), respectively, using mouse liver microsomes (MLM) in the presence of an 

NADPH (nicotinamide adenine dinucleotide phosphate)-regenerating system. The system consisted of 

5 mM glucose-6-phosphate, 5 U/mL glucose-6-phosphate dehydrogenase, and 1 mM NADP+. Liver 

microsomes (20 mg/mL), NADPH-regenerating system, and 4 mM MgCl2 · 6 H2O in 0.1 M TRIS-HCl 

buffer (pH 7.4) were preincubated for 5 min at 37 °C and 750 rpm on a shaker. The reaction was initiated 

by adding the preheated compounds in DMSO at concentrations of 5 mM (110) and 10 mM (102, 108), 

respectively, resulting in respective final concentrations of 0.050 mM (110) and 0.1 mM (102, 108). The 

reaction was terminated at selected time points (0, 10, 20, 30, 60, and 120 min) by adding 100 μL of 

internal standard (ketoprofen) in ACN at a concentration of 0.050 mM (110, 102, 108). The samples 

were vortexed for 30 s and then centrifuged (21910 relative centrifugal force, 4 °C, 20 min). The 

resulting supernatant was used directly for LC-MS analysis. All compound incubations were conducted 

at least in triplicate. Additionally (for 110), a negative control containing BSA (20 mg/mL) instead of 

liver microsomes and a positive control using Verapamil instead of the compound were performed. A 

limit of 1% organic solvent during incubation was not exceeded. Pooled liver microsomes from mice 

(male) were purchased from Sekisui XenoTech, LLC, Kansas City, KS, USA. 

Sample separation and detection were performed using an Alliance 2695 Separations Module HPLC 

system (Waters Corporation, Milford, MA, USA) equipped with a Phenomenex Kinetex 2.6 μm XB-

C18 100 Å 50 x 3 mm column (Phenomenex Inc., Torrance, CA, USA) coupled to an Alliance 2996 

Photodiode Array Detector and a MICROMASS QUATTRO micro API mass spectrometer (both Waters 

Corporation, Milford, MA, USA) with electrospray ionization in positive mode. 

Mobile phase A: 90% water, 10% acetonitrile and additionally 0.1% formic acid (v/v), mobile phase B: 

100% acetonitrile with additionally 0.1% formic acid (v/v). The gradient was set to: 0-2.5 min 0% B, 

2.5-10 min from 0 to 40% B, 10-12 min 40% B, 12-12.01 min from 40 to 0% B, 12.01-17 min 0% B at 

a flow rate of 0.7 mL/min (110) and 0-2.5 min 10% B, 2.5-12.5 min from 10 to 50% B, 12.5-15 min 

50% B, 15-15.01 min from 50 to 10% B, 15.01-18 min 10% B at a flow rate of 0.6 mL/min mL/min 

(102) and 0-2.5 min 0% B, 2.5-11 min from 0 to 20% B, 11-12 min 20% B, 12.5-12.51 min from 20 to 

10% B, 12.51-17 min 10% B at a flow rate of 1.2 mL/min (108). Samples were maintained at 10 °C, the 

column temperature was set to 20 °C with an injection volume of 5 μL. Spray, cone, extractor, and RF 

lens voltages were at 4 kV, 30 V, 8 V and 2 V, respectively. The source and desolvation temperatures 

were set to 120 °C and 350 °C, respectively, and the desolvation gas flow was set to 750 L/h (110) or 

650 L/h (102, 108), respectively. MassLynx 4.1 software (Waters Corporation, Milford, MA, USA) was 

used for data analysis. 
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The plotted data for metabolic stability is depicted in Figure 49 (102), Figure 50, (108) and Figure 51 

(110). 

 

 

. 

Figure 49: Metabolic stability in MLM of compound 102. 

Figure 50: Metabolic stability in MLM of compound 108. 
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Solubility assay 

The aqueous solubility was determined using a HPLC-based method in a buffer system with HEPES 

buffer (pH 7.5), which is similar to the one used in the HotSpotTM Kinase Assay at Reaction Biology. To 

prevent unwanted reactions between the buffer components and the compounds, DTT and BSA were 

excluded from the buffer. The same buffer composition was used for the GSH stability assay and was 

described previously. A calibration curve was generated using calibration points were set at 5, 10, 25, 

and 50 µM in either singlicate or triplicate measurements. Linear regression was used to fit to fit the 

calibration curve, with the axis origin being a fixed artificial fifth calibration point. To determine the 

solubility of the compound, 990 µL of HEPES buffer and 10 µL of a 10 mM solution of the compound 

in DMSO were combined in an HPLC vial, equipped with a stir bar. The mixture was stirred for 17 

hours at rt and then centrifuged at g = 35060 (14000 rpm with 16.53 cm radius) for 30 minutes at 20 °C. 

Next, 700 µL of the mixture were decanted and centrifuged again at g = 35060 for 30 minutes at 20 °C. 

Finally, 500 µL were decanted and analyzed by HPLC (method C). The solubility was calculated by 

dividing the slope of the calibration curve by the AUC of the residual compound peak (singlicate 

measurements). 

Table 18: Solubility of a subset of compounds in HEPES buffer (pH 7.5). Values for the calibration 
curves were measured as triplicates; a) calibration curve measured as singlicate. 

# 64 102 108 110 232 157 181 204 239 

Solubility 
[µM] 6.78 a) 1.1 102 < 0.50 2.35 < 0.50 99.9 13.5 14.0 

Figure 51: Metabolic stability in MLM of compound 110. 
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Intact protein mass spectrometry 

The mass spectrum can detect the covalent modification of the target protein by an irreversible inhibitor. 

The analysis was performed by GUIQUN WANG from the group of Prof. Dr. STEFAN KNAPP (Institute for 

Pharmaceutical Chemistry, Structural Genomic Consortium, Goethe University, Frankfurt). The protein 

(concentration: 50 µM) was incubated with the acrylamide compounds 64, 96 and 108 were incubated 

for two hours at rt with at a compound concentration of 250 µM. The experiment showed complete 

labelling of the protein by the inhibitors (Table 19). Compound 102 was incubated at rt at concentration 

of 50 µM for the protein and 25 µM for the inhibitor for 3 min min. Significant labeling of the protein 

was detected after this short incubation time. 

Table 19: Results from intact protein MS experiments performed by GUIQUN WANG. 

Mw(MK2): 37560 Δm m/z (ESI-)  

64 414.2 37973.58 
80% 1-site bound 

20% 2-site bound 

96 415.2 37974.45 
90% 1-site bound 

10% 2-site bound 

108 388.2 37947.24 
90% 1-site bound 

10% 2-site bound 

102 389.1 37559.1  

6.2 Synthesis 

6.2.1 General Synthetic Procedures (GSP) 

GSP 1: MIYAURA borylation A 

The corresponding 3-bromo-aniline (1.00 eq.), bis(pinacolato)diboron (1.20 eq.), potassium acetate 

(5.00 eq.) and Pd(dppf)Cl2 (20 mol%) were dissolved in 1,4-dioxane (dry, degassed, 1 mL/mmol) and 

the reaction stirred at 80 °C for 7 h. After cooling to rt the reaction was diluted with EtOAc and filtered 

through a patch of celite. The solution was washed with brine three times, the organic layer dried over 

Na2SO4 and the solvent evaporated. The residue was purified by flash column chromatography. 

GSP 2: MIYAURA borylation B 

The corresponding 3-bromoaniline (1.00 eq.), bis(pinacolato)diboron (1.20 eq.) and potassium acetate 

(5.00 eq.) were dissolved in 1,4-dioxane (dry, 7 mL/mmol) and argon bubbled through the solution for 

10 min. XPhos Pd G3 (2 mol%) was added and the reaction stirred at 90 °C for 18 h. After cooling to rt, 

the reaction was diluted with EtOAc and filtered through a patch of celite. The solution was washed 
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with brine three times, the organic layer dried over Na2SO4 and the solvent evaporated. The residue was 

purified by flash column chromatography. 

GSP 3: Acrylamide introduction 

The corresponding aniline (1.00 eq) was dissolved in dry DCM (5 mL/mmol) under an atmosphere of 

argon and DIPEA (3.00 eq.) was added. The solution was cooled in a N2/acetone bath (-92 °C) and 

acryloyl chloride added slowly (1.00 eq). The reaction was allowed to warm up to rt and stirred for 1 h. 

The reaction was monitored by TLC and acryloyl chloride added, if the conversion was not completed, 

and the reaction stirred another 30 min. After complete conversion the reaction was quenched by the 

addition of water (20 mL) and the layers were separated. The organic layer was dried over Na2SO4 and 

the solvent evaporated. The residue was purified by flash column chromatography. 

GSP 4: Amide coupling using Propionyl Chloride 

The corresponding aniline (1.10 eq.) was dissolved in DCM (dry, 10 mL/mmol) under Ar atmosphere 

and cooled to 0 °C, followed by the addition of TEA (1.10 eq.). Propionyl chloride (as 1M solution in 

DCM, 1.00 eq.) was added dropwise at 0 °C and the reaction stirred for 16 h at rt. The reaction was 

quenched by the addition of saturated (sat.) Na2CO3 solution and the layers separated. The aqueous layer 

was extracted with DCM (50 mL) and the combined organic phases washed with 1 M HCl(aq) (20 mL) 

and dried over Na2SO4. The solvent was removed under reduced pressure to afford the product. 

GSP 5: Introduction of the pre-substituted linker via SUZUKI coupling A 

The aryl halide of the core (1.00 eq.), boronic acid pinacol ester and (tBu)3P Pd G3 (3 mol%) were 

weighed into a flask, purged with argon and dissolved in degassed 1,4-dioxane (1 mL/0.04 mmol). An 

aqueous solution of K2CO3 (0.5 mol/L, 3.00 eq) was added dropwise to the stirred solution. The reaction 

was heated to 80 °C for 18 h. After the reaction was finished, the mixture was diluted with EtOAc and 

washed with NH4Cl solution, water and brine. The organic layer was dried over Na2SO4 and the solvent 

removed. The raw product was purified by flash column chromatography. 

GSP 6: Introduction of the pre-substituted linker via SUZUKI coupling B 

The aryl halide of the core (1.00 eq.) and boronic acid pinacol ester (3.00 eq.) were dissolved in a mixture 

of 1,2-dimethoxyethan and ethanol (10:1) and a saturated solution of Na2CO3 in water (1.10 mL/ 0.05 

mmol) was added. The solution was degassed with argon for 10 min and Pd(PPh3)4 (20 mol%) was 

added. After degassing for additional 10 min the reaction was stirred at 90 °C for 6 h. After cooling to 

rt, water and EtOAc (1:1) were added to the reaction and the layers separated. The aqueous layer was 

extracted with EtOAc and combined organic layers were dried over Na2SO4 and the solvent removed 

under reduced pressure. The residue was purified by flash column chromatography. 



123 
 

GSP 7: Cleavage of Boc protection groups 

The corresponding protected amine or amide was dissolved in DCM (dry) and TFA (10% V/V) was 

added. The reaction was stirred at rt until conversion is completed and then diluted with toluene (twice 

the volume of DCM). The volatiles were removed under reduced pressure and the residue purified.  

GSP 8: Introduction of the heterocyclic warhead via BUCHWALD coupling  

The corresponding Boc-protected amine (1.00 eq.), 2-bromo-6-chloro-3-nitropyridine (103, 1.50 eq) 

and Cs2CO3 (4.00 eq.) were weighed into a flask. The flask was evacuated and backfilled with argon 

three times. XantPhos Pd G4 (5 mol%) was added, and toluene (degassed, dry) was added to the solids. 

The reaction was heated until complete consumption of the amine. The reaction mixture was then 

subjected to an aqueous workup and the crude product purified by flash column chromatography.  

GSP 9: Introduction of the pyrimidine warhead to thiol-derivative 

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (185) (1.00 eq) and K2CO3 (2.00 eq) were dissolved in DMF (dry, ~1 mL/0.10 mmol) and 

cooled to 0 °C. After stirring for 15 min the corresponding halopyrimidine (1.10 eq) was added and 

stirred at rt until complete conversion. The solvent was evaporated and the residue dissolved in DCM 

(10 mL/0.1 mmol) and washed with sat. NH4Cl solution (10 mL/0.1 mmol). The aqueous phase was 

extracted with DCM twice. The combined organic layers were dried over Na2SO4 and the solvent 

evaporated. The raw product was purified by flash column chromatography. 

6.2.2 Synthesis of Compounds described in Section 3.1 

N-Benzyl-2,2-diethoxyacetamide (46) 

Synthesis of 46, and subsequent 47, was carried out in an analogous 

manner as described in the literature. [5] A mixture of benzylamine 45 

(30.0 g, 0.280 mol, 1.00 eq.) and ethyl 2,2-diethoxyacetate 44 (54.3 g, 

0.308 mol, 1.10 eq.) was heated to 130 °C and stirred for 18 h. After 

cooling to room temperature, the volatiles were removed under 

reduced pressure. The residue was diluted with toluene and remaining 

volatiles and solvent removed under reduced pressure. The crude 

product 46 was isolated as yellow oil (67.0 g, quant.) and used in the next step without further 

purification.  
1H NMR (200 MHz, CDCl3) δ 7.32 (dd, J = 10.4, 4.9 Hz, 5H), 6.95 (s, 1H), 4.85 (s, 1H), 4.47 (d, J = 

6.0 Hz, 2H), 3.66 (dd, J = 9.1, 5.7 Hz, 4H), 1.24 (dd, J = 8.5, 5.5 Hz, 6H). 13C NMR (50 MHz, CDCl3) 

δ 167.85, 138.03, 128.78, 127.81, 127.54, 98.40, 62.44, 42.68, 15.11. TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z = 260.1; found: 259.9. HPLC: tret = 6.53 min (method A). 

 
46 

Chemical Formula: C13H19NO3 
Exact Mass: 237.13649 

Molecular Weight: 237.29900 
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Isoquinolin-3-ol (47) 

A flask containing N-benzyl-2,2-diethoxyacetamide (46, 61.2 g, 

0.258 mol) was equipped with a stir bar and cooled to 0 °C using an 

ice bath. 150 mL of sulfuric acid (conc.) were added dropwise at 

0 °C. After complete addition of the acid the solution was stirred for 

30 min at 0 °C, warmed up to rt and stirred for one hour. The 

reaction was poured onto ice and the pH adjusted to 10 by slow 

addition of ammonia to precipitate the product. The product was isolated by filtration and dried under 

vacuum to afford the product 47 (36.6 g, 0.252 mol, 98%) as a yellow powder.  
1H NMR (200 MHz, DMSO) δ 8.90 (s, 1H), 7.93 (d, J = 8.1 Hz, 1H), 7.69 (d, J = 8.4 Hz, 1H), 7.56 (t, 

J = 7.5 Hz, 1H), 7.41 – 7.17 (m, 2H), 6.88 (s, 1H). 13C NMR (50 MHz, DMSO) δ 160.70, 150.14, 

139.41, 130.44, 127.73, 125.07, 123.58, 123.37, 100.36. HPLC: tret = 2.87 min (91.1% at 254 nm, 

94.8% at 230 nm, method A). 

5,6,7,8-Tetrahydroisoquinolin-3-ol (48) 

In an analogue manner to the procedure described by PAN et al. [14] 

to isoquinolin-3-ol (47, 10.0 g, 68.9 mmol, 1.00 eq) in a pressure 

reactor was added PtO2 (0.234 g, 1.03 mmol, 1.5 mol%). The solids 

were dissolved in 25 mL TFA and 2.5 mL triflic acid under argon 

atmosphere. Then the reactor was purged with hydrogen and the 

reaction stirred under 3 bar H2 for 18 h. After complete conversion 

the reaction mixture was filtered through celite and ice water was added. The solution was basified to 

pH 8 by adding sat. Na2CO3 solution and extracted with EtOAc (4x 250 mL). The organic phases were 

dried over Na2SO4 and the solvent removed. The product 48 (28.9 mmol, 4.33 g, 42%) was afforded as 

yellow solid, which was used in the next step without further purification. A small fraction was purified 

by column chromatography (Silica gel, 0% - 10% DCM/MeOH) and identified by NMR.  
1H NMR (200 MHz, MeOH) δ 7.17 (s, 1H), 6.30 (s, 1H), 2.69 (s, 2H), 2.57 (s, 2H), 1.91 – 1.57 (m, 

4H). 13C NMR (50 MHz, MeOH) δ 164.72, 156.80, 133.29, 119.65, 117.81, 30.35, 26.06, 23.73, 23.19. 

3-Chloro-5,6,7,8-tetrahydroisoquinoline (49) 

According to the procedure described in patent literature [15], 

5,6,7,8-Tetrahydroisoquinolin-3-ol (48, 2.00 g, 13.4 mmol, 

1.00 eq.) was dissolved in 7.5 mL phosphorus oxychloride in a 

pressure tube and heated to 170°C for 16 h. After cooling to rt, the 

reaction was quenched by pouring it into ice water and neutralized 

by careful addition of Na2CO3 solution. The aqueous mixture was 

extracted three times with EtOAc (500 mL), the organic phases dried over Na2SO4 and the solvent 
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Chemical Formula: C9H7NO 
Exact Mass: 145.05276 

Molecular Weight: 145.16100 
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Chemical Formula: C9H11NO 
Exact Mass: 149.08406 

Molecular Weight: 149.19300 
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Chemical Formula: C9H10ClN 
Exact Mass: 167.05018 

Molecular Weight: 167.63600 
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evaporated. The crude product was purified by flash column chromatography (Silica gel, 0 – 70% 

hexane/EtOAc) which afforded the product 49 (1.06 g, 6.30 mmol, 47%) as yellow oil.  
1H NMR (200 MHz, CDCl3) δ 8.04 (s, 1H), 6.99 (s, 1H), 2.69 (s, 4H), 1.78 (s, 4H). 13C NMR (50 MHz, 

CDCl3) δ 150.20, 149.91, 148.40, 132.34, 124.07, 29.00, 26.00, 22.69, 22.33. HPLC: tret = 7.40 min 

(87.9% at 254 nm, 68.4% at 230 nm, method A) 

3-Chloro-7,8-dihydroisoquinolin-5(6H)-one oxime (50) 

Potassium tert-butoxide (4.61 g, 41.1 mmol, 2.00 eq.) was 

suspended in 30 mL THF (dry) under an argon atmosphere and a 

solution of 49 (3.43 g, 20.5 mmol, 1.00 eq.) in 5 mL THF (dry) 

was added dropwise. After stirring for 18 h the reaction was 

cooled to 0 °C (ice) and tert-butyl nitrite (6.35 g, 7.33 mL, 

61.6 mmol, 3.00 eq.) was added and stirred for 3 h at rt. The 

reaction was quenched by addition of 200 mL brine and then 

extracted with EtOAc (4x 100 mL), the organic phases dried over Na2SO4 and the solvent removed 

under reduced pressure. The residue was washed with n-pentane to afford the product 50 (3.35 g, 

17.0 mmol, 83%) as brown solid.  
1H NMR (200 MHz, DMSO) δ 11.86 (s, 1H), 8.29 (s, 1H), 7.66 (s, 1H), 2.77 – 2.58 (m, 4H), 1.85 – 

1.65 (m, 2H). 13C NMR (50 MHz, DMSO) δ 150.50, 150.30, 148.02, 141.83, 133.05, 116.54, 25.25, 

22.79, 20.18. TLC-MS: ESI(+) calcd. For [M+H]+: m/z = 197.0; found: 196,9. HPLC: tret = 5.66 min 

(98.1 % at 254 nm, 88.5 % at 230 nm, method A). 

3-Chloro-7,8-dihydroisoquinolin-5(6H)-one (51) 

3-Chloro-7,8-dihydroisoquinolin-5(6H)-one oxime (50, 2.8 g, 

14.2 mmol, 1.00 eq.) was dissolved in 50 mL acetone and a 

mixture of 15 mL 6 N HCl and 15 mL conc. HCl was added. The 

mixture was heated to reflux for 6 h. After cooling to rt the 

reaction was poured into 150 mL of saturated Na2CO3 solution 

and extracted with EtOAc (3x 150 mL). The organic phases were 

dried over Na2SO4 and the solvent evaporated. The residue was 

purified by flash column chromatography (silica gel, 10 – 70% hexane/ EtOAc). The product containing 

fractions were purified a second time (silica gel, 10 – 40% hexane/EtOAc) which afforded the product 

51 (2.12 g, 11.0 mmol, 77%) as yellow oil.  
1H NMR (200 MHz, CDCl3) δ 8.38 (s, 1H), 7.71 (s, 1H), 2.92 (t, J = 6.1 Hz, 2H), 2.74 – 2.57 (m, 2H), 

2.27 – 2.03 (m, 2H). 13C NMR (50 MHz, CDCl3) δ 196.19, 151.20, 150.22, 140.23, 136.38, 120.13, 

38.83, 25.73, 22.63. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 182.0; found: 181.9. HPLC: tret = 

5.38 min (83.0 % at 254 nm, 97.8 % at 230 nm, method A). 
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6-Bromo-3-chloro-7,8-dihydroisoquinolin-5(6H)-one (52) 

3-Chloro-7,8-dihydroisoquinolin-5(6H)-one (51, 2.70 g, 

14.9 mmol, 1.00 eq.) was dissolved in 30 mL acetic acid and 

bromine (2.38 g, 0,76 mL, 14.87 mmol, 1.00 eq.) and HBraq 

(47% m/m, 1.20 g, 1.67 mL, 14.9 mmol, 1 eq.) added. The 

reaction was stirred at rt for 3 h and then poured into sat. Na2CO3 

solution and extracted with EtOAc (3x 100 mL). The organic 

phases were dried over Na2SO4, the solvent removed under 

reduced pressure. The crude product was washed with n-pentane and purified by flash column 

chromatography (silica gel, 0 – 50% hexane/EtOAc) to isolate the product 52 (2.82 g, 10.9 mmol, 73%) 

as yellow solid.  
1H NMR (200 MHz, CDCl3) δ 8.41 (s, 1H), 7.75 (s, 1H), 4.69 (t, J = 3.8 Hz, 1H), 3.35 – 3.02 (m, 1H), 

2.91 (dt, J = 17.3, 4.1 Hz, 1H), 2.64 – 2.21 (m, 2H). 13C NMR (50 MHz, CDCl3) δ 188.77, 151.60, 

150.77, 138.24, 135.05, 121.58, 49.12, 31.14, 22.59. HPLC: tret = 7.06 min (94.7 % at 254 nm, 96.0 % 

at 230 nm, method A). 

tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-

carboxylate (54) 

In analogous manner to the described procedure in patent 

literature [15] 6-Bromo-3-chloro-7,8-dihydroisoquinolin-

5(6H)-one (52, 0.763 g, 2.93 mmol, 1.00 eq.) was dissolved in 

25 mL MeOH and tert-butyl 2,4-dioxopiperidine-1-

carboxylate (53, 0.874 g, 4.10 mmol, 1,4 eq.) and ammonium 

acetate (1.13 g, 14.64 mmol, 5 eq.) were added. The reaction 

was refluxed for 3h and then the solvent removed under 

reduced pressure. The residue was dissolved in 50 mL EtOAc 

and washed with water (50 mL) and brine (50 mL). The organic phase was dried over Na2SO4 and the 

solvent evaporated. The residue was purified by flash column chromatography (silica gel, 1 – 4% 

DCM/MeOH) which afforded the product 54 (0.527 g, 1.41 mmol, 47%) as brown powder.  
1H NMR (200 MHz, CDCl3) δ 11.31 (s, 1H), 8.04 (s, 1H), 7.25 (s, 1H), 4.10 (d, J = 6.0 Hz, 2H), 3.03 

(d, J = 6.7 Hz, 4H), 2.83 (t, J = 7.5 Hz, 2H), 1.51 (s, 9H). 13C NMR (50 MHz, CDCl3) δ 164.37, 153.26, 

149.96, 147.52, 142.36, 139.36, 128.48, 126.55, 126.14, 114.32, 113.09, 83.37, 45.96, 28.52, 25.52, 

23.53, 20.64. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 396.1; found: 396.0. ESI(-) calcd. for [M-

H]-: m/z = 372.1; found: 372.0. HPLC: tret = 8.21 min (95.8% at 254 nm, 95.4% at 230 nm, method A). 
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tert-Butyl 2-chloro-11-methyl-7-oxo-5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-f]-

isoquinoline-8-carboxylate (55) 

tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate (54, 

0.465 g, 1.24 mmol, 1.00 eq.) was dissolved in 11 mL DMF 

(dry) under an argon atmosphere and Cs2CO3 (0.892 g, 

2.74 mmol, 2.20 eq.) was added. After 1 h of pre-stirring at rt 

iodomethane (0.389 g, 0.170 mL, 2.74 mmol, 2.20 eq.) was 

added. The reaction was stirred for 2 h at rt. When the 

conversion was completed DCM (20 mL) and water (20 mL) 

were added and the layers separated. The organic phase was dried over Na2SO4, the solvent evaporated 

and the residue was purified by flash column chromatography (silica gel, 20 – 80% hexane/EtOAc). The 

product 55 (0.317 g, 0.722 mmol, 66%) was isolated as an off-white powder.  
1H NMR (200 MHz, CDCl3) δ 8.08 (s, 1H), 7.18 (s, 1H), 4.06 (t, J = 6.3 Hz, 2H), 3.77 (s, 3H), 2.99 (t, 

J = 7.5 Hz, 2H), 2.87 (t, J = 6.3 Hz, 2H), 2.72 (t, J = 7.5 Hz, 2H), 1.52 (s, 9H). 13C NMR (50 MHz, 

CDCl3) δ 162.49, 153.47, 149.89, 147.92, 142.34, 138.48, 128.76, 127.75, 127.16, 113.81, 112.06, 

82.74, 44.43, 33.46, 28.18, 25.92, 22.00, 20.30. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 410.1; 

found: 410.0. HPLC: tret = 7.95 min (98.9% at 254 nm, 99.0% at 230 nm, method A). 

tert-Butyl 2-(3-acrylamido-4-methoxyphenyl)-7-oxo-5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]-

pyrrolo[2,3-f]isoquinoline-8-carboxylate (56) 

tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate 

(54, 0.100 g, 0.268 mmol, 1.00 eq.) and N-(2-methoxy-5-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)acrylamide (76, 0.122 g, 0.401 mmol, 1.50 eq.) 

were coupled under the conditions described in GSP 5. The 

raw product was purified by flash column chromatography 

(Silica gel, 0 – 5% DCM/MeOH) which afforded the 

product 56 (0.100 g, 0.195 mmol, 73%) as beige powder.  
1H NMR (200 MHz, CDCl3) δ 11.38 (s, 1H), 8.71 (s, 1H), 

8.18 (s, 1H), 7.95 (s, 1H), 7.25 (d, J = 4.6 Hz, 1H), 7.04 (s, 1H), 6.49 – 6.17 (m, 3H), 5.71 (d, J = 8.5 

Hz, 1H), 4.03 – 3.91 (m, 2H), 3.59 (s, 3H), 3.09 – 2.79 (m, 4H), 2.72 (t, J = 7.7 Hz, 2H), 1.52 (s, 9H). 
13C NMR (50 MHz, CDCl3/10% CD3OD) δ 163.88, 163.59, 155.24, 153.49, 148.98, 147.12, 140.69, 

136.62, 131.72, 131.11, 127.69, 127.00, 126.81, 126.68, 124.26, 122.96, 118.65, 112.63, 110.37, 110.24, 

82.61, 55.69, 45.18, 27.99, 25.16, 24.44, 22.77. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 515.2; 

found: 515.2. HPLC: tret = 5.91 min (92.5% at 254 nm, 90.3% at 230 nm, method A). 
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tert-Butyl 2-(3-acrylamido-4-methoxyphenyl)-11-methyl-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate (57) 

tert-Butyl 2-chloro-11-methyl-7-oxo-5,6,7,9,10,11-hexa-

hydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-

carboxylate (55, 70.0 mg, 0.180 mol, 1.00 eq) and N-(2-

methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)acrylamide (76, 0.109 g, 0.361 mmol, 2.00 eq.) 

were weighed into a flask an subjected to GSP 5. The raw 

product was purified by flash column chromatography 

(Silica gel, 0 - 6% DCM/MeOH) which afforded the 

product 57 (82.0 mg, 0.155 mmol, 86%) as yellow solid.  

1H NMR (200 MHz, CDCl3) δ 8.97 (s, 1H), 8.38 (s, 1H), 

7.97 (s, 1H), 7.75 (dd, J = 8.6, 2.2 Hz, 1H), 7.62 (s, 1H), 6.92 (d, J = 8.7 Hz, 1H), 6.34 (t, J = 5.5 Hz, 

2H), 5.73 (dd, J = 8.6, 2.8 Hz, 1H), 4.05 (t, J = 6.0 Hz, 2H), 3.88 (s, 3H), 3.83 (s, 3H), 3.04 (t, J = 7.3 

Hz, 2H), 2.89 – 2.73 (m, 4H), 1.54 (s, 9H). 13C NMR (50 MHz, CDCl3) δ 163.42, 162.66, 155.71, 

153.54, 148.46, 148.17, 141.54, 136.30, 132.57, 131.52, 128.15, 127.44, 127.25, 126.34, 122.63, 118.03, 

111.73, 110.67, 110.09, 82.46, 55.81, 44.42, 33.49, 28.11, 26.10, 24.72, 21.93. TLC-MS: ESI(+) calcd. 

for [M+H]+: m/z = 529.2; found: 529.0 . HPLC: tret = 5.51 min (96.9% at 254 nm, 96.8% at 230 nm, 

method A). 

tert-Butyl 2-(5-acrylamido-2-methylphenyl)-7-oxo-5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]-

pyrrolo[2,3-f]isoquinoline-8-carboxylate (58) 

tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate 

(54, 0.100 g, 0.268 mmol, 1.00 eq.) and N-(4-methyl-3-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)acrylamide (77, 0.230 g, 0.800 mmol, 3.00 eq.) 

were dissolved in a mixture of 1,2-dimethoxyethane and 

EtOH (8 mL, 10:1) and subjected to GSP 6. The crude 

product was purified by flash column chromatography 

(Silica gel, 0 – 8% DCM/MeOH) which afforded the product 58 (60.0 mg, 59.0 μmol, 22%) as light-

yellow solid and was directly used in the next step.  

TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 499.2; found: 499.1. HPLC: tret = 5.60 min (100% at 254 

nm, 100% at 230 nm, method A). 
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tert-Butyl 2-(5-acrylamido-2-methylphenyl)-11-methyl-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate (59) 

tert-Butyl 2-chloro-11-methyl-7-oxo-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-

f]isoquinoline-8-carboxylate (55, 70.0 mg, 0.180 mmol, 

1.00 eq.) and N-(4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl)acrylamide (77, 0.104 g, 

0.361 mmol, 2.00 eq.) were treated according to GSP 5 

and purified by flash column chromatography (Silica gel, 

0 – 6% DCM/MeOH). The fraction, which contained 

product, were purified by a second column (Silica gel, 1 

– 5% DCM/MeOH) which afforded the product 59 (47.0 mg, 90.3 μmol, 50%) as yellowish solid.  
1H NMR (200 MHz, CDCl3) δ 8.78 (s, 1H), 8.41 (s, 1H), 7.50 (d, J = 9.6 Hz, 2H), 7.31 (s, 1H), 7.13 (d, 

J = 7.9 Hz, 1H), 6.33 (dd, J = 15.1, 12.4 Hz, 2H), 5.64 (dd, J = 9.0, 2.6 Hz, 1H), 4.08 (t, J = 6.0 Hz, 2H), 

3.75 (s, 3H), 3.07 (t, J = 7.5 Hz, 2H), 2.84 (d, J = 5.9 Hz, 4H), 2.27 (s, 3H), 1.55 (s, 9H). 13C NMR (50 

MHz, CDCl3) δ 164.1, 162.9, 158.4, 153.7, 147.9, 141.9, 140.8, 136.3, 131.6, 131.6, 131.2, 128.6, 128.0, 

127.4, 127.0, 121.6, 120.6, 114.6, 112.1, 82.8, 44.6, 33.6, 28.3, 26.5, 22.22, 20.7, 19.8. TLC-MS: ESI(+) 

calcd. for [M+H]+: m/z = 513.2; found: 523.2. HPLC: tret = 5.483 min (100% at 254 nm, 100% at 230 

nm, method A). 

tert-Butyl 2-(4-acryloyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-6-yl)-11-methyl-7-oxo-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate (60) 

tert-Butyl 2-chloro-11-methyl-7-oxo-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-

f]isoquinoline-8-carboxylate (55, 70.0 mg, 0.180 mmol, 

1.00 eq.) and 1-(6-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-2,3-dihydro-4H-benzo[b][1,4]oxazin-

4-yl)prop-2-en-1-one (85, 0.114 g, 0.361 mmol, 2.00 eq.) 

were subjected to GSP 5 and purified by flash column 

chromatography (Silica gel, 0 – 6% DCM/MeOH) which 

afforded the product 60 (71.0 mg, 0.131 mmol, 73%) as 

brown oil which was used in the next step without further purification.  
1H NMR (200 MHz, CDCl3) δ 8.41 (s, 1H), 7.77 (s, 1H), 7.66 (dd, J = 8.6, 2.1 Hz, 1H), 7.54 (s, 1H), 

6.98 (d, J = 8.6 Hz, 1H), 6.92 – 6.61 (m, 2H), 6.48 (dd, J = 16.8, 1.9 Hz, 1H), 5.77 (dd, J = 10.2, 1.9 Hz, 

1H), 4.43 – 4.29 (m, 2H), 4.14 – 4.00 (m, 4H), 3.84 (s, 3H), 3.07 (t, J = 7.6 Hz, 2H), 2.98 – 2.74 (m, 

5H), 1.55 (s, 9H). 13C NMR (50 MHz, CDCl3) δ 164.31, 162.73, 155.42, 153.72, 148.66, 147.54, 141.70, 

136.60, 132.32, 129.12, 128.61, 128.20, 126.84, 125.80, 124.79, 122.77, 117.65, 112.11, 110.45, 82.79, 
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75.03, 67.15, 44.56, 33.52, 28.27, 26.30, 24.90, 22.17, 20.58. TLC-MS: ESI(+) calcd. for [M+H]+: m/z 

= 541.2; found:541.1. HPLC: tret = 5.66 min (80.7% at 254 nm, 80.6% at 230 nm, method A).  

tert-Butyl 2-(4-methoxy-3-propionamidophenyl)-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate (61) 

A mixture of tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-

8-carboxylate (54, 70.0 mg, 0.187 mmol, 1.00 eq.) and N-

(2-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)propionamide (78, 0.114 g, 0.562 mmol, 

2.00 eq.) was subjected to GSP 5. After 18 h an additional 

portion of (tBu)3P Pd G3 (3.21 mg, 5.62 μmol, 3.00 mol%) 

was added and the reaction continued for 18 h at 90 °C. 

After the aqueous work-up the raw product was purified by 

flash column chromatography (Silica gel, 40 – 100% hexane/EtOAc). The product containing fractions 

were purified in a second step (Silica gel, 2 – 6 % DCM/MeOH) which afforded the product 61 (27.0 mg, 

52.4 μmol, 28%) as light-yellow powder. Due to low solubility in NMR solvents the product was directly 

transferred to the next step.  

TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 517.2; found: 517.1. HPLC: tret = 13.16 min (99.1% at 254 

nm, 98.8% at 230 nm, method B). 

tert-Butyl 2-(2-methyl-5-propionamidophenyl)-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate (62) 

tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate 

(54, 70.0 mg, 0.187 mmol, 1.00 eq.) and boronic acid 

derivative 79 (0.108 g, 0.375 mmol, 2.00 eq.) were 

subjected to GSP 5. After the reaction was stirred for 18 h 

an additional portion of boronic acid derivative 79 

(54.1 mg, 0.188 mmol, 1.00 eq.)and (tBu)3P Pd G3 

(3.20 mg, 5,62 μmol, 3 mol%) were added and the 

reaction stirred for another 18 h. The reaction was then 

treated as described in GSP 5 and purified by flash column chromatography (Silica, 0 – 6% 

DCM/MeOH) which afforded the product 62 (40.0 mg, 80.4 μmol, 43%) as light-green powder. Due to 

low solubility in NMR solvents the product was directly transferred to the next step. 

TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 501.2 ; found: 501.1. HPLC: tret = 5.69 min (97.2% at 254 

nm, 95.1% at 230 nm, method A). 
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tert-Butyl 7-oxo-2-(4-propionyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-6-yl)-5,6,7,9,10,11-hexahydro-

8H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate (63) 

tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate 

(54) (70.0 mg, 0.187 mmol, 1.00 eq.) and 1-(6-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3-dihydro-4H-

benzo[b][1,4]oxazin-4-yl)propan-1-one (86, 0.119 g, 

0.374 mmol, 2.00 eq.) were subjected to GSP 5. After the 

reaction was stirred for 18 h an additional portion of 1-(6-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3-

dihydro-4H-benzo[b][1,4]oxazin-4-yl)propan-1-one (86, 

59.5 mg, 0.187 mmol, 1.00 eq.)and (tBu)3P Pd G3 (3.20 mg, 5,62 μmol, 3 mol%) were added and the 

reaction stirred for another 18 h. The reaction was then treated as described in GSP 5 and purified by 

flash column chromatography (Silica, 0 – 6% DCM/MeOH) which afforded the product 63 (47.0 mg, 

80.7 μmol, 47%) as a light-brown oil.  
1H NMR (200 MHz, CDCl3) δ 11.08 (s, 1H), 8.26 (s, 1H), 7.54 (s, 2H), 6.79 (d, J = 8.6 Hz, 1H), 4.23 

(s, 2H), 4.04 (d, J = 5.3 Hz, 2H), 3.80 (s, 2H), 3.11 – 2.91 (m, 2H), 2.93 – 2.73 (m, 4H), 2.53 (dd, J = 

14.4, 7.0 Hz, 3H), 1.53 (s, 9H), 1.17 – 1.02 (m, 3H). 13C NMR (50 MHz, CDCl3) δ 164.60, 163.59, 

153.67, 147.78, 140.82, 136.57, 131.95, 127.39, 127.06, 124.75, 124.46, 122.61, 117.48, 112.92, 110.0, 

82.79, 75.20, 45.41, 28.31, 27.97, 25.55, 24.97, 23.06, 20.64, 9.72. TLC-MS: ESI(+) calcd. for [M+H]+: 

m/z = 529.2; found: 529.1. HPLC: tret = 6.02 min (100 % at 254 nm, 95.7% at 230 nm, method A). 

N-(2-methoxy-5-(7-oxo-6,7,8,9,10,11-hexahydro-5H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinolin-2-

yl)phenyl)acrylamide (64) 

tert-Butyl 2-(3-acrylamido-4-methoxyphenyl)-7-oxo-

5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-

f]isoquinoline-8-carboxylate (56, 0.100 g, 0.194 mmol) 

was dissolved in DCM (5 mL) and subjected to GSP 7 and 

stirred for 30 min. The residue was dissolved in a 9:1 

mixture of DCM and MeOH (5 mL) and washed with sat. 

Na2CO3 solution (3 mL). The aqueous phase was extracted 

with DCM/MeOH (9:1, 2x 5 mL) and the combined 

organic layers dried over Na2SO4 and the solvent 

evaporated. The residue was purified by flash column chromatography (Silica gel, 1 – 7% 

DCM/MeOH). The product containing fractions were combined, the solvent removed and purified by 

reverse phase column chromatography (43 g, CHROMABOND® Flash RS 40 C18 ec, 5 – 40% 

water/MeCN + 0.2%TFA, 60 min). The pure product containing fractions were lyophilized to afford the 

product 64 (54.8 mg, 0.132 mmol, 68%) as yellow solid.  
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1H NMR (200 MHz, DMSO) δ 11.99 (s, 1H), 9.49 (s, 1H), 8.70 (s, 1H), 8.34 (s, 1H), 7.90 – 7.75 (m, 

2H), 7.19 (d, J = 8.7 Hz, 1H), 7.03 (s, 1H), 6.73 (dd, J = 16.8, 10.1 Hz, 1H), 6.27 (dd, J = 17.1, 1.9 Hz, 

1H), 5.81 – 5.68 (m, 1H), 3.91 (s, 3H), 3.42 (d, J = 5.9 Hz, 2H), 2.88 (p, J = 6.5 Hz, 6H). 13C NMR (50 

MHz, DMSO) δ 165.52, 163.39, 154.53, 150.78, 147.61, 138.89, 136.41, 132.02, 131.45, 127.02, 

126.71, 126.29, 125.07, 122.89, 121.97, 120.84, 111.93, 111.22, 108.81, 55.90, 48.59, 25.02, 22.16, 

20.18. HRMS: ESI(+) calcd. for [M+H]+: m/z = 415.17647; found: 415.17667; rel. deviation: 0.49 ppm. 

HPLC: tret = 7.29 min (95.1% at 254 nm, 95.2% at 230 nm, method B). IR (ATR) [cm-1]: 3235, 3068, 

3022, 2946, 2902, 2844, 1653, 1623, 1511, 1437, 1420, 1395, 1327, 1268, 1196, 1176, 1126, 1056, 1018, 

979, 877, 797, 746, 718, 663. 

N-(2-methoxy-5-(11-methyl-7-oxo-6,7,8,9,10,11-hexahydro-5H-pyrido[3',4':4,5]pyrrolo[2,3-

f]isoquinolin-2-yl)phenyl)acrylamide (65) 

tert-Butyl 2-(3-acrylamido-4-methoxyphenyl)-11-methyl-

7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate 

(57, 16.3 mg, 30.8 μmol, 1.00 eq.) was dissolved in DCM 

(4 mL) and subjected to GSP 7 (stirred for 30 min). A 

saturated solution of Na2CO3 was added to the residue and 

extracted with EtOAc (2x 10 mL). The organic phases were 

dried over Na2SO4 and the solvent removed under reduced 

pressure and the raw product was purified by flash column 

chromatography (Silica gel, 0 – 10% DCM/MeOH). The product was washed with n-pentane and dried 

in vacuum which afford the product 65 (8.00 mg, 18.5 μmol, 60%) as yellow powder. 1H NMR (200 

MHz, CDCl3/10% CD3OD) δ 8.75 (s, 1H), 8.25 (s, 1H), 7.62 (s, 2H), 6.96 (d, J = 8.3 Hz, 1H), 6.31 (d, 

J = 5.1 Hz, 2H), 5.78 – 5.65 (m, 1H), 3.87 (s, 3H), 3.84 (s, 3H), 3.51 (t, J = 6.9 Hz, 2H), 2.93 (d, J = 7.4 

Hz, 2H), 2.83 (t, J = 7.2 Hz, 4H). 13C NMR (50 MHz, CDCl310% CD3OD) δ 166.94, 164.25, 155.22, 

149.53, 145.80, 141.73, 138.29, 131.19, 130.88, 128.73, 127.73, 127.34, 127.26, 126.75, 123.50, 118.89, 

111.70, 110.73, 110.61, 55.85, 40.14, 33.58, 26.15, 21.48, 20.26. HRMS: ESI(+) calcd. for [M+H]+: m/z 

= 429.19212; found: 429.19250; rel. deviation 1.7 ppm. HPLC: tret = 2.82 min (96.6% at 254 nm, 95.0% 

at 230 nm, method A). IR (ATR) [cm-1]: 3322, 3257, 3232, 3211, 3139, 3105, 3083, 3069, 3019, 2921, 

2849, 2651, 1653, 1618, 1592, 1528, 1491, 1448, 1420, 1323, 1261, 1198, 1173, 1128, 1072, 1018, 986, 

893, 861, 799, 720, 668. 
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N-(4-Methyl-3-(7-oxo-6,7,8,9,10,11-hexahydro-5H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinolin-2-

yl)phenyl)acrylamide (66) 

tert-Butyl 2-(5-acrylamido-2-methylphenyl)-7-oxo-

5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-

f]isoquinoline-8-carboxylate (58, 60.0 mg, 0.120 mmol) 

was dissolved in DCM (4 mL) and subjected to GSP 7. 

Sat. Na2CO3 solution was added to the residue and 

extracted with EtOAc (2x 10 mL). The combined organics 

were dried over Na2SO4 and the solvent evaporated. The 

raw product was purified by flash column chromatography 

(Silica gel, 3 – 10% DCM/MeOH) which afforded the 

product 66 (25.0 mg, 62.7 μmol, 52%) as beige powder.  
1H NMR (200 MHz, DMSO) δ 11.88 (s, 1H), 10.17 (s, 1H), 8.38 (s, 1H), 7.77 (d, J = 2.0 Hz, 1H), 7.60 

(dd, J = 8.3, 2.3 Hz, 1H), 7.46 (s, 1H), 7.23 (s, 1H), 7.04 (s, 1H), 6.52 – 6.18 (m, 2H), 5.74 (d, J = 12.3 

Hz, 1H), 3.44 – 3.37 (m, 2H), 2.86 (dt, J = 13.5, 5.2 Hz, 5H), 2.31 (s, 3H). 13C NMR (50 MHz, DMSO) 

δ 165.48, 163.06, 157.48, 147.35, 140.70, 139.06, 136.82, 135.89, 131.89, 130.90, 130.31, 126.72, 

126.27, 124.82, 122.19, 120.44, 118.91, 113.17, 111.96, 25.01, 22.15, 22.12, 20.13, 19.68. HRMS: 

ESI(+) calcd. for [M+H]+: m/z = 399.18155; found: 399.18202; rel. deviation: 1.16 ppm. HPLC: tret = 

2.47 min (97.7% at 254 nm, 97.8% at 230 nm, method A). IR (ATR) [cm-1]: 3218, 3111, 3056, 2948, 

2926, 2857, 1635, 1605, 1540, 1499, 1437, 1401, 1360, 1330, 1284, 1233, 1204, 1182, 1156, 1137, 1115, 

1052, 985, 947, 893, 819, 797, 778, 731, 710, 690, 664. 

N-(4-Methyl-3-(11-methyl-7-oxo-6,7,8,9,10,11-hexahydro-5H-pyrido[3',4':4,5]pyrrolo[2,3-

f]isoquinolin-2-yl)phenyl)acrylamide (67) 

tert-butyl 2-(5-acrylamido-2-methylphenyl)-11-methyl-7-oxo-

5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-

f]isoquinoline-8-carboxylate (59, 47.0 mg, 91.7 μmol) was 

dissolved in DCM (5 mL, dry) and subjected to GSP 7. The 

residue was dissolved in a 9:1 mixture of DCM and MeOH 

(15 mL) and washed with sat. Na2CO3 solution (15 mL). The 

aqueous phase was extracted with DCM/MeOH (9:1, 2x 

15 mL) and the combined organic layers dried over Na2SO4. 

The solvent was removed under reduced pressure and the residue purified by flash column 

chromatography (Silica gel, 1 – 9% DCM/MeOH) which afforded the product 67 (23.0 mg, 55.8 μmol, 

61%) as yellow powder.  
1H NMR (400 MHz, DMSO) δ 10.18 (s, 1H), 8.46 (s, 1H), 7.76 (d, J = 1.6 Hz, 1H), 7.69 – 7.62 (m, 

1H), 7.50 (s, 1H), 7.26 (d, J = 8.3 Hz, 1H), 7.12 (s, 1H), 6.43 (dd, J = 16.9, 10.1 Hz, 1H), 6.24 (dd, J = 

16.9, 1.6 Hz, 1H), 5.79 – 5.69 (m, 1H), 3.81 (s, 3H), 3.45 – 3.37 (m, 2H), 2.95 – 2.77 (m, 6H), 2.33 (s, 
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3H). 13C NMR (101 MHz, DMSO) δ 165.11, 163.00, 157.36, 147.32, 141.06, 140.53, 136.77, 135.92, 

131.89, 130.82, 130.36, 127.69, 126.55, 126.05, 124.33, 120.66, 119.02, 114.05, 110.76, 54.78, 33.17, 

25.76, 21.05, 20.08, 19.66. HRMS: ESI(+) calcd. for [M+H]+: m/z = 413.19720; found: 413.19751; rel. 

deviation: 0.74 ppm. HPLC: tret = 6.63 min (95.6% at 254 nm, 96.3% at 230 nm, method B). IR (ATR) 

[cm-1]: 3308, 3058, 2949, 2924, 2850, 1676, 1640, 1590, 1554, 1529, 1512, 1487, 1437, 1401, 1356, 

1328, 1251, 1237, 1195, 1170, 1067, 976, 943, 914, 893, 873, 826, 782, 756, 731, 699, 668. 

2-(4-Acryloyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-6-yl)-11-methyl-5,6,8,9,10,11-hexahydro-7H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinolin-7-one (68) 

tert-Butyl 2-(4-acryloyl-3,4-dihydro-2H-

benzo[b][1,4]oxazin-6-yl)-11-methyl-7-oxo-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-

carboxylate (60, 71.0 mg, 0.131 mmol) was dissolved in 

DCM (dry, 4 mL) and subjected to GSP 7. The residue was 

dissolved in a 9:1 mixture of DCM and MeOH (15 mL) and 

washed with sat. Na2CO3 solution (15 mL). The aqueous 

phase was extracted with DCM/MeOH (9:1, 2x 15 mL). The 

combined organic layers were dried over Na2SO4 and the 

solvent was removed under reduced pressure. The raw product was purified by flash column 

chromatography (Silica gel, 1 – 10% DCM/MeOH) which afforded the product 68 (9.00 mg, 20.4 μmol, 

16%) as brown solid.  
1H NMR (200 MHz, CDCl3/10% CD3OD) δ 8.31 (s, 1H), 7.82 – 7.44 (m, 3H), 6.96 (d, J = 8.8 Hz, 1H), 

6.78 (dd, J = 16.4, 10.3 Hz, 1H), 6.42 (d, J = 16.6 Hz, 1H), 5.76 (d, J = 9.8 Hz, 1H), 4.31 (d, J = 5.0 Hz, 

2H), 4.00 (d, J = 5.0 Hz, 2H), 3.81 (s, 3H), 3.54 (t, J = 6.8 Hz, 2H), 2.95 (d, J = 7.4 Hz, 2H), 2.84 (t, J 

= 7.0 Hz, 4H). 13C NMR (50 MHz, CDCl3/10% CD3OD) δ 166.72, 164.45, 154.85, 147.33, 147.00, 

140.57, 137.09, 131.22, 129.01, 128.69, 128.36, 127.04, 125.89, 125.11, 124.90, 122.42, 117.40, 110.82, 

110.47, 76.99, 66.48, 39.96, 33.23, 25.86, 21.30, 20.04. HRMS: ESI(+) calcd. for [M+H]+: m/z = 

441.19212; found: 441.19268; rel. deviation: 1.27 ppm. HPLC: tret = 1.497 min (87.6% at 254 nm, 

92.0% at 230 nm, method A, overlaying injection peak). IR (ATR) [cm-1]: 2920, 2852, 1636, 1594, 

1507, 1457, 1405, 1363, 1320, 1254, 1219, 1198, 1170, 1112, 1067, 1041, 977, 944, 894, 860, 820, 784, 

724, 700, 668. 
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N-(2-methoxy-5-(7-oxo-6,7,8,9,10,11-hexahydro-5H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinolin-2-

yl)phenyl)propionamide (69) 

tert-Butyl 2-(4-methoxy-3-propionamidophenyl)-7-oxo-

5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-

f]isoquinoline-8-carboxylate (61, 27.0 mg, 52.2 μmol) was 

dissolved in 4 mL DCM (dry) and subjected to GSP 7. The 

reaction was stirred for 30 min. The raw product was 

dissolved in a DCM/MeOH mixture (5% MeOH, 10 mL) and 

washed with sat, Na2CO3 solution (5 mL). the organic layer 

was dried over Na2SO4 and the solvent evaporated. The 

residue was purified by flash column chromatography (Silica 

gel, 1 – 10% DCM/MeOH). The isolated product was washed with n-pentane and dried in vacuum which 

afforded the product 69 (18.0 mg, 43.2 μmol, 83%) as a beige powder.  
1H NMR (400 MHz, DMSO) δ 11.99 (s, 1H), 9.13 (s, 1H), 8.61 (s, 1H), 8.33 (s, 1H), 7.83 (s, 1H), 7.77 

(dd, J = 8.6, 2.0 Hz, 1H), 7.16 (d, J = 8.7 Hz, 1H), 7.05 (s, 1H), 3.89 (s, 3H), 3.40 (td, J = 6.8, 2.4 Hz, 

2H), 2.89 (ddd, J = 18.6, 9.7, 4.6 Hz, 6H), 2.42 (q, J = 7.5 Hz, 2H), 1.10 (dd, J = 10.1, 5.0 Hz, 3H).13C 

NMR (101 MHz, DMSO) δ 172.06, 165.42, 154.63, 150.50, 147.51, 138.78, 136.32, 131.45, 127.40, 

126.15, 125.00, 122.32, 121.88, 120.52, 111.89, 111.00, 108.73, 55.78, 40.03, 29.12, 24.95, 22.10, 

20.11, 9.65. HRMS: ESI(+) calcd. for [M+H]+: m/z = 417.19212; found: 417,19253; rel. deviation 0.98 

ppm. HPLC: tret = 3.25 min (100% at 254 nm, 100% at 230 nm, method A). IR (ATR) [cm-1]: 3339, 

2962, 2930, 2895, 2836, 1603, 1536, 1506, 1483, 1440, 1401, 1363, 1331, 1274, 1257, 1140, 1113, 

1057, 1032, 910, 869, 809, 782, 753, 723, 700, 678. 

N-(4-methyl-3-(7-oxo-6,7,8,9,10,11-hexahydro-5H-pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinolin-2-

yl)phenyl)propionamide (70) 

tert-Butyl 2-(2-methyl-5-propionamidophenyl)-7-oxo-

5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[2,3-

f]isoquinoline-8-carboxylate (62, 40.0 mg, 79.9 μmol) was 

dissolved in DCM (dry, 5 mL) subjected to GSP 7. The 

residue was dissolved in a 9:1 mixture of DCM and MeOH 

(5 mL) and washed with sat. Na2CO3 solution (3 mL). The 

aqueous phase was extracted with the 9:1 mixture of DCM 

and MeOH (2x 5 mL) and the combined organic extracts 

were dried over Na2SO4 and the solvent removed. The raw product was purified by flash column 

chromatography (Silica gel, 1 – 8% DCM/MeOH)which afforded the product 70 (6.5 mg, 16.2 μmol, 

20%) as yellow solid.  
1H NMR (200 MHz, DMSO) δ 11.89 (s, 1H), 9.87 (s, 1H), 8.37 (s, 1H), 7.69 (s, 1H), 7.51 (d, J = 9.7 

Hz, 1H), 7.45 (s, 1H), 7.20 (d, J = 8.2 Hz, 1H), 7.04 (s, 1H), 3.40 (d, J = 6.2 Hz, 2H), 2.95 – 2.75 (m, 
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5H), 2.39 – 2.19 (m, 5H), 1.08 (t, J = 7.5 Hz, 3H). 13C NMR (50 MHz, DMSO) δ 171.82, 165.45, 

157.65, 140.62, 139.02, 137.15, 135.80, 130.69, 129.57, 126.16, 124.82, 122.10, 120.16, 113.12, 111.93, 

29.48, 25.02, 22.13, 20.13, 19.61, 9.70. HRMS: ESI(+) calcd. for [M+H]+: m/z = 401.19720; found: 

401.19726; rel. deviation 0.15 ppm. HPLC: tret = 2.63 min (96.7% at 254 nm, 94.6% at 230 nm, 

method A).  

2-(4-Propionyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-6-yl)-5,6,8,9,10,11-hexahydro-7H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinolin-7-one (71) 

tert-Butyl 7-oxo-2-(4-propionyl-3,4-dihydro-2H-

benzo[b][1,4]oxazin-6-yl)-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[2,3-f]isoquinoline-8-carboxylate 

(63, 47.0 mg, 88.9 μmol) was dissolved in DCM (dry, 5 mL) 

and subjected to GSP 7. The residue was dissolved in a 9:1 

mixture of DCM and MeOH (10 mL) and washed with sat. 

Na2CO3 solution (5 mL). The aqueous phase was extracted 

with DCM/MeOH (9:1, 10 mL). The combined organic 

extracts were dried over Na2SO4 and the solvent was removed 

under reduced pressure. The raw product was purified by flash column chromatography (Silica gel, 2 – 

8% DCM/MeOH) which afforded the product 71 (23.0 mg, 20.4 μmol, 23%) as yellow powder.  
1H NMR (400 MHz, DMSO) δ 11.92 (s, 1H), 8.50 (s, 1H), 8.33 (s, 1H), 7.84 (s, 1H), 7.71 (d, J = 7.6 

Hz, 1H), 7.01 (d, J = 8.4 Hz, 2H), 4.35 – 4.28 (m, 2H), 3.94 – 3.86 (m, 2H), 3.45 – 3.36 (m, 2H), 2.88 

(dt, J = 12.9, 6.7 Hz, 6H), 2.63 (dd, J = 14.6, 7.2 Hz, 2H), 1.09 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, 

DMSO) δ 171.85, 165.44, 154.31, 147.41, 146.99, 138.93, 136.48, 130.86, 126.42, 126.29, 125.01, 

123.06, 122.15, 122.06, 116.88, 111.95, 108.82, 66.27, 66.25, 40.06, 27.00, 24.96, 22.15, 20.13, 9.32. 

HRMS: ESI(+) calcd. for [M+H]+: m/z = 429.19212; found:429.19244 ; rel. deviation: 0.76 ppm. 

HPLC: tret = 3.23 min (98.4% at 254 nm, 97.0% at 230 nm, method A). IR (ATR) [cm-1]: 3213, 2921, 

2850, 1663, 1610, 1497, 1443, 1384, 1325, 1285, 1251, 1217, 1197, 1115, 1043, 952, 934, 887, 847, 

819, 781, 723, 691, 668, 651. 

2-Methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (74) 

5-Bromo-2-methoxyanilin (72, 0.500 g, 2.50 mmol, 1.00 eq.) 

was dissolved in 1,4 dioxane (3 mL) subjected to GSP1, heated 

for 7 h and purified by flash chromatography (Silica gel, 0 – 

20% hexane/EtOAc) which afforded the product 74 (0.352 g, 

1.41 mmol, 57%) as a yellow oil.  

1H NMR (200 MHz, CDCl3) δ 7.33 (d, J = 8.0 Hz, 1H), 7.26 (s, 

1H), 6.88 (d, J = 8.0 Hz, 1H), 3.94 (s, 3H), 3.81 (s, 2H), 1.42 (s, 

12H). 13C NMR (50 MHz, CDCl3) δ 150.00, 135.57, 126.07, 
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120.99, 120.96, 109.70, 83.48, 55.34, 24.87. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 249.2; found: 

250.0. HPLC: tret = 4.319 min (96.9% at 254 nm, 91.5% at 230 nm, method A). 

4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (75) 

3-Bromo-4-methylaniline (73, 1.50 g, 8.06 mmol, 1.00 eq.) was 

subjected to GSP 1, using 15 mL of 1,4-dioxane as solvent and 

stirring for 5 h. The raw product was purified by flash column 

chromatography (Silica gel, 0 – 20% hexane/EtOAc) which 

afforded the product 75 (1.63 g, 7.01 mmol, 87%) as an orange-

brown solid.  
1H NMR (200 MHz, CDCl3) δ 7.14 (d, J = 2.5 Hz, 1H), 6.98 (d, 

J = 8.0 Hz, 1H), 6.69 (dd, J = 8.1, 2.6 Hz, 1H), 3.53 (s, 2H), 2.45 (s, 3H), 1.35 (s, 12H). 13C NMR (50 

MHz, CDCl3) δ 143.35, 134.85, 130.83, 122.61, 118.12, 83.55, 25.05, 21.24. TLC-MS: ESI(+) calcd. 

for [M+H]+: m/z = 234.2; found: 234.0. HPLC: tret = 6.36 min (98.4% at 254 nm, 99.6% at 230 nm, 

method A). 

N-(2-Methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acrylamide (76) 

2-Methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)aniline (74, 0.280 g, 1.12 mmol, 1.00 eq.) was subjected to 

GSP 3. After 1 h another portion of acryloyl chloride (50.0 mg, 

42.0 μL, 0.560 mmol, 0.50 eq.) was added and the reaction 

stirred for 30 min. The described purification procedure by 

column chromatography (Silica gel, 0 – 70% hexane/EtOAc) 

afforded the product 76 (0.256 g, 0.841 mmol, 75%) as white 

powder.  
1H NMR (200 MHz, CDCl3) δ 8.83 (s, 1H), 7.81 (s, 1H), 7.52 (dd, J = 8.1, 1.4 Hz, 1H), 6.86 (d, J = 8.2 

Hz, 1H), 6.35 (qd, J = 16.8, 5.8 Hz, 2H), 5.72 (dd, J = 9.6, 2.0 Hz, 1H), 3.88 (s, 3H), 1.30 (s, 12H). 13C 

NMR (50 MHz, CDCl3) δ 162.70, 150.36, 131.25, 131.00, 127.05, 126.66, 125.94, 109.03, 83.24, 55.34, 

24.60. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 236.2; found: 326.0. HPLC: tret = 14.60 min 

(100% at 254 nm, 94.6 % at 230 nm, method B). 
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N-(4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acrylamide (77) 

4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline 

(75, 0.500 g, 2.14 mmol, 1.00 eq.) was subjected to GSP 3 and 

purified by flash column chromatography (0 – 70% 

hexane/EtOAc) which afforded the product 77 (0.428 g, 

1.41 mmol, 66%) as white powder.  

1H NMR (200 MHz, CDCl3) δ 7.85 (d, J = 7.1 Hz, 1H), 7.64 (s, 

1H), 7.45 (s, 1H), 7.14 (d, J = 8.3 Hz, 1H), 6.27 (dt, J = 16.8, 12.9 

Hz, 2H), 5.71 (d, J = 9.8 Hz, 1H), 2.49 (s, 3H), 1.33 (s, 12H). 13C 

NMR (50 MHz, CDCl3) δ 163.91, 141.06, 134.84, 131.50, 130.44, 127.54, 127.21, 123.17, 83.58, 24.91, 

21.53. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 310.2; found: 310.0. HPLC: tret = 9.17 min (96.0 

% at 254 nm, 97.5% at 230 nm, method A). 

N-(2-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)propionamide (78) 

2-Methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)aniline (74, 0.920 g, 3.69 mmol, 1.10 eq) was subjected to 

GSP 4 which afforded the product 78 (1.10 g, 3.58 mmol, 97%) 

as an off-white solid.  
1H NMR (200 MHz, CDCl3) δ 8.76 (s, 1H), 7.67 (s, 1H), 7.50 

(d, J = 8.0 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H), 3.89 (s, 3H), 2.42 

(q, J = 7.5 Hz, 2H), 1.31 (s, 12H), 1.24 (t, J = 7.6 Hz, 3H). 13C 

NMR (50 MHz, CDCl3) δ 171.67, 150.45, 150.34, 130.86, 

127.32, 126.18, 109.19, 83.83, 55.65, 31.07, 25.02, 9.68. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 

328.2; found: 327.9. HPLC: tret = 7.68 min (100% at 254 nm, 99.3% at 230 nm, method A). 

N-(4-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)propionamide (79) 

4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)aniline (75, 0.499 g, 2,14 mmol, 1.10 eq.) was subjected to 

GSP 4 which afforded the product 79 (0.370 g, 1.21 mmol, 58%) 

as beige solid.  
1H NMR (200 MHz, CDCl3) δ 7.75 (dd, J = 8.3, 2.0 Hz, 1H), 

7.60 (s, 1H), 7.51 (s, 1H), 7.10 (d, J = 8.2 Hz, 1H), 2.47 (s, 3H), 

2.34 (q, J = 7.6 Hz, 2H), 1.31 (s, 12H), 1.20 (t, J = 7.5 Hz, 3H). 
13C NMR (50 MHz, CDCl3) δ 172.19, 140.72, 135.06, 130.48, 

127.09, 122.96, 83.61, 30.64, 24.96, 21.61, 9.82. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 312.2 ; 

found: 312.0. HPLC: tret = 9.21 min (97,3% at 254 nm, 97.7% at 230 nm, method A). 
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6-Bromo-2H-benzo[b][1,4]oxazin-3(4H)-one (82) 

Following the procedure described by ARMITAGE et al. [239], 2-

amino-4-bromophenol (80, 5.00 g, 26.6 mmol, 1.00 eq.) and 

NaHCO3 (4.47 g, 53.2 mmol, 2.00 eq.) were suspended in 80 mL 

THF (dry)(solution A) and cooled to 6 °C. 2-Chloroacetyl 

chloride (81, 3.15 g, 2.22 mL, 27.9 mmol, 1.05 eq.) was 

dissolved in 10 mL THF and added to solution A over a time 

period of 20 min, while the inner temperature was kept below 

5 °C. The reaction was stirred 20 min before 1.00 mL 2-chloroacetyl chloride (81) was added and stirred 

for 10 min. K2CO3 (7.35 g, 53.2 mmol, 2.00 eq.) was added and the mixture refluxed for 2.5 h. After 

cooling to rt, EtOAc (60 mL) was added and the suspension was stirred for 20 minutes. The precipitate 

was filtered of and washed with 30 mL EtOAc. The filtrate was concentrated and the resulting pink solid 

suspended in water (60 mL) and stirred for 1 h. The product was isolated by filtration, washed with 

water (30 mL) twice and dried to afford a rose-colored powder 82 (4.93 g, 4.93 mmol, 81%).  
1H NMR (200 MHz, DMSO) δ 10.81 (s, 1H), 7.11 – 6.99 (m, 2H), 6.91 (d, J = 8.5 Hz, 1H), 4.59 (s, 

2H). 13C NMR (50 MHz, DMSO) δ 164.52, 142.66, 128.82, 124.97, 118.09, 117.99, 66.65. TLC-MS: 

ESI(-) calcd. for [M-H]-: m/z = 226.0; found: 225.8. HPLC: tret = 6.54 min (99.1 % at 254 nm, 98.8 % 

at 230 nm, method A). 

6-Bromo-3,4-dihydro-2H-benzo[b][1,4]oxazine (83) 

LiAlH4 (2.50 g, 65.8 mmol, 15.0 eq.) was suspended in 20 mL 

THF (dry) and cooled to 0 °C in an ice bath. A solution of 6-

bromo-2H-benzo[b][1,4]oxazin-3(4H)-one (82, 1.00 g, 

4.39 mmol, 1.00 eq) in 20 mL THF (dry) was added dropwise. 

The reaction was allowed to warm up to rt and stirred for 18 h. 

After the reaction was complete it was cooled to 0 °C and 

quenched by addition of 40 mL of 1N KOH solution. The organic 

solvent was removed under reduced pressure and water and EtOAc were added. The precipitate was 

filtered off and the phases separated. The organic layer was dried over Na2SO4 and the solvent 

evaporated. The raw product was purified by flash column chromatography (Silica gel, 0 – 30% 

hexane/EtOAc) which afforded the product 83 (0.500 g, 2.06 mmol, 47%) as a colorless oil.  
1H NMR (200 MHz, CDCl3) δ 6.77 – 6.61 (m, 3H), 4.24 – 4.10 (m, 2H), 3.80 (s, 1H), 3.41 – 3.26 (m, 

2H). 13C NMR (50 MHz, CDCl3) δ 142.93, 135.16, 120.81, 117.96, 117.54, 113.07, 64.90, 40.49. 

HPLC: tret = 7.05 min (99.3% at 254 nm, 99.3% at 230 nm, method A). 
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6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-dihydro-2H-benzo[b][1,4]oxazine (84) 

6-Bromo-3,4-dihydro-2H-benzo[b][1,4]oxazine (83, 0.579 g, 

2.69 mmol, 1.00 eq) was dissolved in 1,4-dioxane (8 mL) and 

subjected to GSP 1. After stirring for 2 h, the work-up was 

carried out as described and the raw product purified by flash 

column chromatography (0 – 70% hexane/EtOAc) to afford the 

product 84 (0.529 g, 2.03 mmol, 76%) as a colorless oil.  
1H NMR (200 MHz, CDCl3) δ 7.14 (d, J = 7.9 Hz, 1H), 7.06 (s, 

1H), 6.78 (d, J = 7.9 Hz, 1H), 4.30 – 4.17 (m, 2H), 3.59 (s, 1H), 

3.43 – 3.31 (m, 2H), 1.32 (s, 12H). 13C NMR (50 MHz, CDCl3) δ 147.31, 133.54, 126.31, 122.33, 

116.56, 83.79, 65.85, 41.17, 25.15. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 262.2; found: 261.9. 

HPLC: tret = 7.51 min (99.2% at 254 nm, 99.4% at 230 nm, method A). 

1-(6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3-dihydro-4H-benzo[b][1,4]oxazin-4-yl)prop-

2-en-1-one (85) 

6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-dihydro-2H-

benzo[b][1,4]oxazine (84, 0.165 g, 0.630 mmol, 1.00 eq.) was 

subjected to GSP 3 and purified by column chromatography 

(Silica gel, 0 – 70% hexane/EtOAc) to afford the product 85 

(0.143 mg, 0.454 mmol, 72%) as a yellow oil.  
1H NMR (200 MHz, CDCl3) δ 7.49 (s, 1H), 7.45 (s, 1H), 6.84 (d, 

J = 8.2 Hz, 1H), 6.70 (dd, J = 16.8, 10.1 Hz, 1H), 6.44 (dd, J = 

16.8, 1.9 Hz, 1H), 5.73 (dt, J = 16.3, 8.1 Hz, 1H), 4.34 – 4.19 (m, 

2H), 3.99 – 3.77 (m, 2H), 1.26 (s, 12H). 13C NMR (50 MHz, CDCl3) δ 164.04, 149.46, 133.08, 130.91, 

129.11, 128.52, 125.20, 120.68, 116.79, 83.68, 67.02, 39.89, 24.77. TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z = 338.2; found: 338.0. HPLC: tret = 8.70 min (92.6% at 254 nm, 82.7% at 230 nm, 

method A). 

1-(6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3-dihydro-4H-benzo[b][1,4]oxazin-4-

yl)propan-1-one (86) 

6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-3,4-dihydro-

2H-benzo[b][1,4]oxazine (84, 0.287 g, 1.10 mmol, 1.10 eq.) was 

subjected to GSP 4 to afford the product 86 (0.196 g, 0.616 mmol, 

56%) as yellow oil.  
1H NMR (200 MHz, CDCl3) δ 7.65 (s, 1H), 7.51 (d, J = 8.1 Hz, 

1H), 6.89 (d, J = 8.2 Hz, 1H), 4.44 – 4.16 (m, 2H), 4.01 – 3.54 (m, 

2H), 2.64 (q, J = 7.3 Hz, 2H), 1.32 (s, 12H), 1.18 (t, J = 7.3 Hz, 

3H). 13C NMR (50 MHz, CDCl3) δ 172.69, 149.56, 132.85, 
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130.91, 126.05, 116.75, 83.66, 67.09, 28.61, 27.42, 24.81, 9.63, 8.34. TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z = 340.2; found: 340.0. HPLC: tret = 8.93 min (99.9% at 254 nm, 99.9% at 230 nm, 

method A). 

6.2.3 Synthesis of Compounds described in Section 3.2 

5,6,7,8-Tetrahydroquinazoline-2,4-diol (88) 

According to the procedure described by ORTEGA et al. [241], urea (37.5 g, 0.625 mol, 5.00 eq.), sodium 

methanolate (30.4 g, 0.563 mol, 4.50 eq.) and ethyl 2-

oxocyclohexanecarboxylate (87, 20.0 mL, 21.3 g, 0.125 mol, 

1.00 eq.) were dissolved in EtOH (400 mL) and stirred for 16 h at 

reflux. The solvent was removed under reduced pressure and the 

residue diluted with water. The pH of the mixture was adjusted to 

pH 8-9 by addition careful of HCl solution. The suspension was 

cooled in an ice bath and filtered. The residue was washed with 

cold methanol (300 mL) and diethyl ether (300 mL) and dried under high vacuum which afforded the 

product 88 (10.3 g, 61.3 mmol, 49 %) as white powder.  
1H NMR (200 MHz, DMSO) δ 10.80 (s, 2H), 2.42 – 2.19 (m, 2H), 2.19 – 1.97 (m, 2H), 1.76 – 1.39 (m, 

J = 4.8 Hz, 4H). 13C NMR (50 MHz, DMSO) δ 164.40, 150.89, 148.88, 105.72, 25.70, 21.36, 21.04, 

20.48. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 189.1; found: 189.1; ESI(-) calcd. for [M-H]-: m/z 

= 165.1; found: 165.0. HPLC: tret = 2.40 min (100% at 254 nm, 100% at 230 nm, method A). 

2,4-Dichloro-5,6,7,8-tetrahydroquinazoline (89) 

5,6,7,8-Tetrahydroquinazoline-2,4-diol (88, 7.10 g, 43.0 mmol, 

1.00 eq.) was suspended in phosphorus oxychloride (50 mL) and 

stirred for 2 h at reflux. After cooling to rt the reaction was 

quenched by pouring it into ice (200 g) and allowed to warm to rt. 

The pH of the mixture was neutralized by slow addition of NaOH 

and a solution of Na2CO3. The solution was extracted with EtOAc 

which afforded the product 89 (7.00g, 34.4 mmol, 80%) as yellow 

powder.  
1H NMR (200 MHz, CDCl3) δ 2.77 (s, 2H), 2.62 (s, 2H), 1.79 (dd, J = 6.2, 3.1 Hz, 4H). 13C NMR (50 

MHz, CDCl3) δ 171.02, 161.99, 156.45, 127.75, 32.26, 25.16, 21.61, 21.43. TLC-MS: ESI(+) calcd. 

for [M+H]+: m/z = 203.0; found: 202.8. HPLC: tret = 7.086 min (97.4% at 254 nm, 99.1% at 230 nm, 

method A). 

 
88 

Chemical Formula: C8H10N2O2 
Exact Mass: 166.07423 

Molecular Weight: 166.18000 

N

N

OH

HO

 
89 

Chemical Formula: C8H8Cl2N2 
Exact Mass: 202.00645 

Molecular Weight: 203.06600 
 

N

N

Cl

Cl



142 
 

2-Chloro-5,6,7,8-tetrahydroquinazoline (90) 

To a mixture of 2,4-dichloro-5,6,7,8-tetrahydroquinazoline (89, 

3.70 g, 18.2 mmol, 1.00 eq.), zinc dust (8.23 g, 128 mmol, 7.00 eq.) 

and ammonium chloride (1.27 g, 23.7 mmol, 1.30 eq.) water 

(40 mL) and acetone (40 mL) were added and the reaction stirred at 

reflux for 6 h. After cooling to rt, the mixture was filtered through 

celite and the solvent partially removed under reduced pressure and 

DCM (50 mL) was added. The pH of the aqueous phase was adjusted to pH 8 by addition of a 2 M 

NaOH solution. The layers were separated and the aqueous phase extracted with DCM (2x 50 mL). The 

combined organic layers were dried over Na2SO4 and the solvent removed under reduced pressure. The 

raw product was purified by flash column chromatography (Silica gel, 0 – 60% hexane/EtOAc) which 

afforded the product 90 (1.90 g, 11.3 mmol, 60%) as an off-white powder.  
1H NMR (200 MHz, CDCl3) δ 8.25 (s, 1H), 2.85 (t, J = 5.3 Hz, 2H), 2.71 (t, J = 5.4 Hz, 2H), 1.85 (dt, 

J = 9.4, 6.0 Hz, 4H). 13C NMR (50 MHz, CDCl3) δ 169.82, 159.31, 158.37, 128.89, 31.92, 25.09, 21.91, 

21.88. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 169.0; found: 168.9. HPLC: tret = 9.56 min (93.8% 

at 254 nm, 98.0% at 230 nm, method B). 

2-Chloro-6,7-dihydroquinazolin-8(5H)-one oxime (91) 

2-Chloro-5,6,7,8-tetrahydroquinazoline (90, 2.00 g, 11.9 mmol, 

1.00 eq) was dissolved in THF (dry, 150 mL) under argon and 

cooled in an N2/acetone mixture (-78 °C). Potassium tert-

butoxide (2.66 g, 23.7 mmol, 2.00 eq.) was suspended in THF 

(dry, 25 mL) and added dropwise under stirring. The mixture 

was stirred for 15 min and tert-butyl nitrite (8.47 mL, 7.34 g, 

71.1 mmol, 6.00 eq.) added dropwise while cooling was 

maintained. The reaction was stirred for 15 min while slowly warming up to rt. After the reaction was 

completed, the solution was poured into a mixture of water and acetic acid (1.5 mL acetic acid in 

1200 mL water) and extracted with EtOAc (5x 300 mL). The combined organic phases were dried over 

Na2SO4 and evaporated to dryness which afforded the product 91 (2.36 g, quant.) as brown solid which 

was used in the next step without further purification.  
1H NMR (200 MHz, CDCl3) δ 14.59 (s, 1H), 8.69 (s, 1H), 2.86 – 2.65 (m, 4H), 2.16 – 1.91 (m, 2H). 13C 

NMR (50 MHz, CDCl3) δ 161.92, 156.30, 155.28, 144.94, 129.71, 30.48, 25.57, 21.59. TLC-MS: 

ESI(+) calcd. for [M+Na]+: m/z = 220.0; found: 219.9.; ESI(-) calcd. for [M-H]-: m/z = 196.0; found: 

195.9:. HPLC: tret = 3.25 min (83.0% at 254 nm, 92.1% at 230 nm, method A). 
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2-Chloro-6,7-dihydroquinazolin-8(5H)-one (92) 

2-Chloro-6,7-dihydroquinazolin-8(5H)-one oxime (91, 1.20 g, 

6.07 mmol, 1.00 eq.) was dissolved in conc. HCl (14 mL) and 

water (100 mL) and acetone (24 mL) were added. The mixture 

was stirred at 80 °C for 30 min. After cooling to rt, the reaction 

was poured into a solution of Na2CO3 (24 g/ 300 mL water) and 

extracted with EtOAc (3x 200 mL). The combined organic 

layers were dried over Na2SO4 and the solvent removed under 

reduced pressure. The residue was purified by flash column chromatography (Silica gel, 10 – 100% 

hexane/EtOAc) which afforded the product 92 (0.278 mg, 1.40 mmol, 23%) as light-yellow solid.  
1H NMR (200 MHz, CDCl3) δ 14.59 (s, 1H), 8.69 (s, 1H), 2.86 – 2.65 (m, 4H), 2.16 – 1.91 (m, 2H). 
13C NMR (50 MHz, CDCl3) δ 161.92, 156.30, 155.28, 144.94, 129.71, 30.48, 25.57, 21.59. TLC-MS: 

ESI(+) calcd. for [M+Na]+: m/z =195.0; found: 195.0. HPLC: tret = 2.121 min (66.9% at 254 nm 

(minimum of the UV spectra at 254 nm), 96.6% at 230 nm, method A). 

7-Bromo-2-chloro-6,7-dihydroquinazolin-8(5H)-one (93) 

In analogous manner to the procedure described in patent 

literature [16] 2-Chloro-6,7-dihydroquinazolin-8(5H)-one (92, 

1.60 g, 8.76 mmol, 1.00 eq.) was dissolved in conc. HCl 

(60 mL) and a solution of bromine (0.495 mL, 1.54 g, 

9.64 mmol, 1.1 eq.) in conc. HCl (9.5 mL) was added dropwise 

and the solution stirred at 35 °C for 10 min. The reaction was 

poured into water (50 mL) and extracted with EtOAc (3x 

100 mL). The combined organic layers were dried over Na2SO4 and evaporated to dryness which 

afforded the crude product 93 (2.64 g, quant.) as a brown oil. The crude product was directly used in the 

next step instability.  

tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-

carboxylate (94) 

According to the procedure described in the patent literature [15] 

7-Bromo-2-chloro-6,7-dihydroquinazolin-8(5H)-one (93, 

0.510 g, 1.95 mmol, 1.00 eq.), tert-butyl 2,4-dioxopiperidine-1-

carboxylate (53, 0.624 g, 2.93 mmol, 1.5 eq.) and sodium 

acetate (0.160 g, 1.95 mmol, 1.00 eq.) were dissolved in MeOH 

(20 mL) and stirred for 10 min. After addition of ammonium 

acetate (0.301 g, 3.90 mmol, 2.00 eq), the reaction was stirred 

for 18 h at rt. After the reaction was completed, the solvent was removed under reduced pressure and 
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the residue purified by flash column chromatography (Silica gel, 0 – 100 % hexane/EtOAc) which 

afforded the product 94 (0.379 g, 1.01 mmol, 52%) as light-yellow powder.  
1H NMR (400 MHz, CDCl3) δ 10.37 (s, 1H), 8.26 (s, 1H), 4.09 (t, J = 6.3 Hz, 2H), 3.17 (t, J = 7.9 Hz, 

2H), 3.00 – 2.87 (m, 4H), 1.55 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.68, 159.06, 156.18, 155.71, 

153.47, 142.95, 131.17, 125.90, 124.59, 114.23, 83.06, 44.98, 28.29, 24.44, 23.22, 20.17. TLC-MS: 

ESI(+) calcd. for [M+Na]+: m/z = 397.1; found: 397.1.; ESI(-) calcd. for [M-H]-: m/z = 373.1; found: 

373.2. HPLC: tret = 15.413 min (96.0% at 254 nm, 95.6% at 230 nm, method B). 

tert-Butyl 2-(3-acrylamido-4-methoxyphenyl)-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (95) 

tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate 

(94, 0.250 g, 0.667 mmol, 1.00 eq.) and N-(2-methoxy-5-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)acrylamide (76, 0.404 g, 1.33 mmol, 2.00 eq) 

were subjected to GSP 5. The raw product was purified by 

flash column chromatography (Silica gel, 0 - 5% 

DCM/MeOH) which afforded the product 95 (0.189 mg, 

0.367 mmol, 55%) as light-yellow solid.  
1H NMR (400 MHz, CDCl3) δ 11.65 (s, 1H), 9.36 (s, 1H), 8.23 (s, 1H), 8.09 (s, 1H), 8.03 (dd, J = 8.6, 

1.9 Hz, 1H), 6.80 (d, J = 8.7 Hz, 1H), 6.39 – 6.25 (m, 2H), 5.71 (dd, J = 9.6, 1.6 Hz, 1H), 4.00 (t, J = 

6.1 Hz, 2H), 3.79 (s, 3H), 3.07 (t, J = 7.9 Hz, 2H), 2.89 (t, J = 6.1 Hz, 2H), 2.83 (t, J = 7.9 Hz, 2H), 1.50 

(s, 9H). TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 538.2; found: 538.2. ESI(-) calcd. for [M-H]-: m/z 

= 514.2; found: 513.7. HPLC: tret = 8.43 min (98.0% at 254 nm, 97.5% at 230 nm, method A). 

N-(2-Methoxy-5-(7-oxo-6,7,8,9,10,11-hexahydro-5H-pyrido[3',4':4,5]pyrrolo[3,2-h]quinazolin-2-

yl)phenyl)acrylamide (96) 

tert-Butyl 2-(3-acrylamido-4-methoxyphenyl)-7-oxo-

5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-

h]quinazoline-8-carboxylate (95, 0.189 g, 0.367 mmol) was 

dissolved in DCM (5 mL), subjected to GSP 7 and stirred for 

30 min. The raw product was dissolved in a DCM/MeOH 

(5%) mixture (10 mL) and washed with sat, Na2CO3 solution 

(5 mL). the organic layer was dried over Na2SO4 and the 

solvent evaporated. The residue was purified by flash 

column chromatography (Silica gel, 1 – 10% DCM/MeOH). 

The isolated product was washed with n-pentane and dried in vacuum which afforded the product 96 

(86.5 mg, 0.209 mmol, 57%) as yellow solid.  
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1H NMR (400 MHz, DMSO) δ 12.06 (s, 1H), 9.50 (s, 1H), 8.94 (s, 1H), 8.45 (s, 1H), 8.30 (dd, J = 8.6, 

2.1 Hz, 1H), 7.18 (d, J = 8.8 Hz, 1H), 7.13 (s, 1H), 6.70 (dd, J = 17.0, 10.2 Hz, 1H), 6.26 (dd, J = 17.0, 

1.9 Hz, 1H), 5.74 (dd, J = 10.4, 2.0 Hz, 1H), 3.93 (s, 3H), 3.40 (td, J = 6.7, 2.3 Hz, 2H), 2.96 (d, J = 6.9 

Hz, 2H), 2.88 (dd, J = 14.9, 7.4 Hz, 4H). 13C NMR (101 MHz, DMSO) δ 165.24, 163.33, 161.33, 153.51, 

152.30, 140.87, 132.00, 130.06, 126.81, 126.67, 126.51, 125.28, 124.98, 122.78, 112.33, 110.81, 55.89, 

24.30, 22.20, 19.86. HRMS: ESI(+) calcd. for [M+H]+: m/z = 416.17172; found: 416.17211; rel. 

deviation: 0.95 ppm. HPLC: tret = 5.02 min (100% at 254 nm, 97.8% at 230 nm, method A). IR (ATR) 

[cm-1]: 3338, 3014, 2958, 2890, 2835, 1686, 1617, 1581, 1545, 1507, 1477, 1438, 1395, 1361, 1327, 

1289, 1257, 1215, 1179, 1128, 1055, 1026, 966, 950, 917, 890, 838, 798, 782, 712, 671. 

6.2.4 Synthesis of Compounds described in Section 3.2.1 

tert-Butyl 2-chloro-11-methyl-7-oxo-5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-

h]quinazoline-8-carboxylate (97) 

tert-Butyl 2-chloro-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate 

(94, 0.410 g, 1.09 mmol, 1.00 eq.) and Cs2CO3 (0.784 g, 

2.41 mmol, 2.2 eq.) were dissolved in DMF (dry, 12 mL) 

under an atmosphere of argon and stirred for 1 h at rt. Then 

methyl iodide (0.150 mL, 0.342 g, 2.41 mmol, 2.2 eq.) was 

added and the reaction stirred for 2 h at rt. After the reaction 

was completed, DCM (50 mL) and water (50 mL) were added and the layers separated. The organic 

layer was dried over Na2SO4 and the solvent removed under reduced pressure. The raw product was 

purified by flash column chromatography (Silica gel, 30 – 100% hexane/EtOAc) which afforded the 

product 97 (0.320 g, 0.818 mmol, 75%) as light-yellow powder.  
1H NMR (400 MHz, CDCl3) δ 8.19 (s, 1H), 4.10 (t, J = 6.3 Hz, 2H), 4.01 (s, 3H), 3.14 (t, J = 7.9 Hz, 

2H), 2.89 (t, J = 6.3 Hz, 2H), 2.84 (t, J = 7.9 Hz, 2H), 1.56 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

162.39, 158.91, 157.39, 155.56, 153.56, 144.31, 131.97, 126.20, 125.03, 112.60, 82.99, 44.47, 33.66, 

28.31, 24.82, 22.03, 20.26. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 411.1; found: 411.3; ESI(-) 

calcd. for [M-H]-: m/z = 387.1; found: 387.2. HPLC: tret = 16.55 min (95.9% at 254 nm, 96.3% at 

230 nm, method B). 
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tert-Butyl 2-((tert-butoxycarbonyl)amino)-11-methyl-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (98) 

A) tert-Butyl 2-chloro-11-methyl-7-oxo-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-

carboxylate (97, 0.100 g, 0.257 mmol, 1.00 eq.) and sodium 

cyanate (41.8 mg, 0.643 mmol, 2.50 eq.) were dissolved in 

tBuOH (7.0 mL). TEA (42.9 µL, 31.3 mg, 1.20 eq.) was added 

and the solution degassed with argon. tBuXPhos (7.86 mg, 

18.5 µmol, 7.2 mol%) and Pd2(dba)3 (7.06 mg, 7.71 µmol, 3 

mol%) were added and the reaction heated to 130 °C under for 

18 h. After cooling to rt, the solvent was evaporated and the residue purified by flash column 

chromatography (Silica gel, 10 – 100% hexane/EtOAc). The purification afforded the product 98 

(42.0 mg, 44.7 µmol, 17%) as off-white solid.  

TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 492.2; found: 492.5. HPLC: tret = 8.658 min (96.9% at 254 

nm, 97.9% at 230 nm, method A). 

B) tert-Butyl 2-chloro-11-methyl-7-oxo-5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-

h]quinazoline-8-carboxylate (97, 0.150 g, 0.386 mmol, 1.00 eq.), tert-butyl carbamate (90.5 mg, 

0.772 mmol, 2.00 eq.) and Cs2CO3 (0.377 g, 1.16 mmol, 3.00 eq.) was evacuated and back filled with 

argon 3 times. XantPhos Pd G4 (18.6 mg, 19.3 μmol, 5 mol%) and XantPhos (11.2 mg, 19.3 μmol, 5 

mol%) were added and the flask evacuated and backfilled again. 1,4-dioxane (dry, degassed, 4 mL) was 

added and the reaction heated to 100 °C for 4 h. After cooling to rt, the mixture was concentrated and 

the residue diluted with EtOAc (20 mL). The suspension was filtered through a pad of celite and the 

solvent removed under reduced pressure. The residue was purified by flash column chromatography 

(Silica gel, 50 – 100% hexane/EtOAc). The product containing fractions were subjected to a second 

flash chromatography method (Silica gel, 1 – 5% DCM/MeOH) which afforded the product 98 (38 mg, 

81.0 μmol, 21%) as off-white solid.  
1H NMR (400 MHz, CDCl3) δ 8.21 (s, 1H), 7.45 (s, 1H), 4.13 – 4.05 (m, 5H), 3.11 (t, J = 7.8 Hz, 2H), 

2.88 (t, J = 6.3 Hz, 2H), 2.80 (t, J = 7.8 Hz, 2H), 1.57 (s, 9H), 1.53 (s, 9H). 13C NMR (101 MHz, CDCl3) 

δ 162.67, 155.96, 155.88, 154.64, 153.80, 150.69, 143.55, 131.04, 126.99, 121.11, 112.35, 82.89, 81.09, 

44.60, 33.59, 28.41, 28.36, 24.92, 22.03, 20.67. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 492.2; 

found: 491.9. HPLC: tret = 15.65 min (99.1% at 254 nm, 97.0% at 230 nm, method B). 

C) tert-Butyl 2-(((benzyloxy)carbonyl)(tert-butoxycarbonyl)amino)-11-methyl-7-oxo-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (100, 70.0 mg, 0.135 mmol, 

1.00 eq.) was dissolved in MeOH (5.0 mL). Pd on charcoal (10% wt, 7.00 mg, 10% m/m) was added 

and hydrogen bubbled through the mixture. After stirring for 5 h at rt, the mixture was filtered through 

a pad of silica. The solvent was removed under reduced pressure which afforded the product 98 

(12.0 mg, 25.6 µmol, 19%) as white powder.  
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Exact Mass: 469.23252 
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1H NMR (400 MHz, CDCl3) δ 8.20 (s, 1H), 7.53 (s, 1H), 4.10 (d, J = 4.7 Hz, 5H), 3.11 (t, J = 7.8 Hz, 

2H), 2.87 (dd, J = 13.2, 6.9 Hz, 2H), 2.80 (t, J = 7.8 Hz, 2H), 1.57 (s, 9H), 1.53 (s, 9H). 13C NMR (101 

MHz, CDCl3) δ 162.70, 155.96, 155.86, 154.58, 153.79, 150.71, 143.56, 131.05, 126.96, 121.08, 112.31, 

82.91, 81.09, 44.59, 33.59, 28.40, 28.34, 24.91, 22.00, 20.59. TLC-MS: ESI(+) calcd. for [M+H]+: m/z 

= 492.2; found: 492.4. HPLC: tret = 15.016 min (95.9% at 254 nm, 88.4% at 230 nm, method B). 

tert-Butyl 2-(((benzyloxy)carbonyl)amino)-11-methyl-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (99) 

tert-Butyl 2-chloro-11-methyl-7-oxo-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-

carboxylate (97, 0.100 g, 0.257 mmol, 1.00 eq.), benzyl 

carbamate (0.194 g, 1.29 mmol, 5.00 eq.) and Cs2CO3 

(0.168 g, 0.514 mmol, 2.00 eq.) were weighed into a Schlenk 

tube and evaporated and backfilled with argon. XantPhos 

(22.3 mg, 38.6 µmol, 15 mol%) and Pd(OAc)2 (5.77 mg, 

25.7 µmol 10 mol%) were added and 1,4-dioxane (3.0 mL) 

added. The reaction was heated to 120 °C for 16 h. After cooling to rt, the solvent was removed under 

reduced pressure. The residue was dissolved in EtOAc and washed with sat. solution of NH4Cl, water 

and brine. The organic layer was dried over Na2SO4 and the solvent evaporated. The residue was purified 

by flash column chromatography (Silica gel, 0 – 100% hexane/EtOAc) which afforded the product 99 

(60.0 mg, 0.118 mmol, 46%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 10.03 (s, 1H), 7.88 (s, 1H), 7.36 – 7.29 (m, 5H), 5.13 (d, J = 16.8 Hz, 

2H), 4.06 (s, 3H), 4.02 (s, 2H), 2.98 (t, J = 7.8 Hz, 2H), 2.79 (t, J = 6.2 Hz, 2H), 2.47 (t, J = 7.8 Hz, 2H), 

1.50 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.69, 155.96, 155.78, 154.13, 153.69, 152.06, 143.75, 

135.87, 131.05, 128.84, 128.79, 128.63, 128.20, 126.97, 120.86, 112.22, 82.83, 67.31, 44.55, 33.40, 

28.29, 24.66, 21.92, 20.54. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 526.2; found: 526.4. HPLC: tret 

= 16.711 min (100% at 254 nm, 99.4% at 230 nm, method B). 

tert-Butyl 2-(((benzyloxy)carbonyl)(tert-butoxycarbonyl)amino)-11-methyl-7-oxo-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (100) 

tert-Butyl 2-(((benzyloxy)carbonyl)amino)-11-methyl-7-

oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (99, 

0.100 g, 0.199 mmol, 1.00 eq.) and DMAP (4.86 mg, 39.8 

µmol, 0.20 eq.) were dissolved in ACN (3.0 mL, dry)(Ar). 

After the addition of Boc2O (68.6 µL, 65,1 mg, 0.298 mmol, 

1.50 eq.) and TEA (49.9 µL, 36.2 mg, 0.358 mmol, 1.20 eq.), 

the reaction was stirred at rt for 18 h. After complete 
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conversion, the mixture was diluted with DCM (20 mL) and water (20 mL). The layers were separated 

and the organic layer dried over Na2SO4. The solvent was evaporated and the residue purified by flash 

column chromatography (Silica gel, 20 – 100% hexane/EtOAc) which afforded the product 100 

(72.0 mg, 0.119 mmol, 60%) as white powder. 
1H NMR (400 MHz, CDCl3) δ 8.28 (s, 1H), 7.22 – 7.16 (m, J = 7.4 Hz, 5H), 5.16 (s, 2H), 4.01 (t, J = 

6.2 Hz, 2H), 3.76 (s, 3H), 3.08 (t, J = 7.8 Hz, 2H), 2.80 (dt, J = 9.5, 7.1 Hz, 4H), 1.49 (s, 9H), 1.36 (s, 

9H). 13C NMR (101 MHz, CDCl3) δ 162.46, 156.64, 155.93, 154.97, 153.53, 152.32, 150.75, 143.73, 

135.39, 131.02, 128.41, 128.20, 127.97, 126.45, 125.00, 112.29, 83.73, 82.83, 68.29, 44.44, 33.45, 

28.22, 27.88, 24.97, 21.88, 20.18. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 626.3; found: 626.5. 

HPLC: tret = 18.147 min (95.3% at 254 nm, 95.5% at 230 nm, method B). 

tert-Butyl 2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)-11-methyl-7-oxo-

5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (101) 

tert-Butyl 2-((tert-butoxycarbonyl)amino)-11-methyl-7-oxo-

5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-

h]quinazoline-8-carboxylate (98, 37.0 mg, 78.8 µmol, 

1.00 eq.) was subjected to GSP 8 and suspended in 1.0 mL of 

toluene. After stirring at 55 °C for 4 days, the reaction mixture 

was filtered through a pad of celite and the solvent evaporated, 

without aqueous work-up. The residue was purified by flash 

column chromatography (silica gel, 0.5 – 5% DCM/MeOH) 

which afforded the product 101 (20 mg, 31.9 µmol, 41%) as yellow oil.  
1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 8.5 Hz, 1H), 8.22 (s, 1H), 7.40 (d, J = 8.4 Hz, 1H), 4.08 (t, 

J = 6.2 Hz, 2H), 3.80 (s, 3H), 3.14 (t, J = 7.8 Hz, 2H), 2.84 (dd, J = 13.9, 7.1 Hz, 4H), 1.57 (s, 9H), 1.44 

(s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.57, 157.39, 155.98, 154.69, 153.75, 153.69, 150.64, 147.98, 

143.63, 136.49, 131.13, 126.86, 123.47, 123.25, 112.47, 84.08, 82.94, 44.54, 33.33, 28.36, 27.96, 24.98, 

22.00, 20.42. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 648.2; found: 648.5. HPLC: tret = 18.184 

min (97.9% at 254 nm, 97.5% at 230 nm, method B). 
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2-((6-Chloro-3-nitropyridin-2-yl)amino)-11-methyl-5,6,8,9,10,11-hexahydro-7H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazolin-7-one (102) 

tert-Butyl 2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-

yl)amino)-11-methyl-7-oxo-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (101, 

19 mg, 30.4 µmol, 1.00 eq.) was subjected to GSP 7 and stirred 

for 30 min. the residue was dissolved in DCM (5 mL) and 

washed with a sat. solution of Na2CO3. The organic phase was 

dried over Na2SO4 and the solvent evaporated. The crude 

product was purified by flash column chromatography (Silica 

gel, 1,5 – 7% MeOH/DCM) and the isolated product washed with n-pentane which afforded the product 

102 (4.0 mg, 9.39 µmol, 31%) as orange powder.  
1H NMR (400 MHz, DMSO) δ 10.68 (s, 1H), 8.48 (d, J = 8.5 Hz, 1H), 8.18 (s, 1H), 7.31 (d, J = 8.5 Hz, 

1H), 7.14 (s, 1H), 3.95 (s, 3H), 3.40 (td, J = 6.8, 2.4 Hz, 2H), 2.92 (t, J = 7.7 Hz, 2H), 2.84 (t, J = 6.8 

Hz, 2H), 2.76 (t, J = 7.8 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 164.83, 155.82, 155.01, 153.95, 

152.18, 146.27, 143.08, 137.96, 133.96, 128.60, 124.73, 120.36, 117.40, 111.26, 32.92, 24.24, 20.80, 

20.77, 20.01. HRMS: ESI(+) calcd. for [M+H]+: m/z = 426.10759; found: 426.10722; rel. deviation: 

0.88 ppm. HPLC: tret = 13.879 min (97.4% at 254 nm, 97.6% at 230 nm, method B). IR (ATR) [cm-1]: 

3311, 2975,2918, 2840, 1641, 1577, 1535, 1511, 1491, 1457, 1429, 1380, 1344, 1288, 1241, 1211, 1152, 

1060, 1002, 979, 934, 899, 835, 761, 718, 680. 

tert-Butyl 2-chloro-7-oxo-11-((2-(trimethylsilyl)ethoxy)methyl)-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (104) 

Sodium hydride (60% in mineral oil, 32.0 mg, 0.800 mmol, 

1.50 eq.) was added to tert-Butyl 2-chloro-7-oxo-

5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-

h]quinazoline-8-carboxylate (94, 0.200 mg, 0.534 mmol, 

1.00 eq.) and suspended in DMF (20 mL). After stirring at rt 

for 30 min, SEM-Cl was added (0.238 mL, 0.214 mg, 

1.07 mmol, 2.00 eq.) and the reaction stirred for 18 h. Water 

(50 mL) was added to stop the reaction and the mixture extracted with DCM (3x 50 mL). The organic 

phases were dried over Na2SO4 and the solvent removed under reduced pressure. The residue was 

purified by flash column chromatography (Silica gel, 0 – 70% hexane/EtOAc) which afforded the 

product 104 (0.138 g, 0.273 mmol, 51%) as yellowish oil.  
1H NMR (400 MHz, CDCl3) δ 8.20 (s, 1H), 5.91 (s, 2H), 4.08 (t, J = 6.6 Hz, 2H), 3.65 – 3.58 (m, 2H), 

3.14 (t, J = 7.9 Hz, 2H), 2.98 (t, J = 6.3 Hz, 2H), 2.84 (t, J = 7.9 Hz, 2H), 1.54 (s, 9H), 0.93 – 0.87 (m, 

2H), -0.09 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.37, 158.73, 157.05, 155.77, 153.41, 145.43, 

132.17, 125.91, 125.15, 113.69, 83.00, 73.93, 66.22, 44.54, 28.25, 24.62, 22.20, 20.14, 17.94, -1.43. 
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TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 527.2; found: 527.2. HPLC: tret = 11.212 min (95.4% at 

254 nm, 95.6% at 230 nm, method A). 

tert-Butyl 2-((tert-butoxycarbonyl)amino)-7-oxo-11-((2-(trimethylsilyl)ethoxy)methyl)-5,6,7,9,10,11-

hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (105) 

tert-Butyl 2-chloro-7-oxo-11-((2-

(trimethylsilyl)ethoxy)methyl)-5,6,7,9,10,11-hexahydro-8H-

pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-carboxylate (104, 

0.120 g, 0.238 mmol, 1.00 eq.), Boc carbamate (55.7 mg, 

0.475 mmol, 2.00 eq.) and K2CO3 (98.5 mg, 0.713 mmol, 

3.00 eq.) were weigh into a Schlenk tube, the tube evaporated 

and backfilled with argon. A solvent mixture of 1,4-dioxane and 

tBuOH (4:1) (10 mL) was added. After addition of XPhos Pd G4 

(2.04 mg, 2.38 µmol, 1 mol%), the reaction was stirred at 90 °C for 18 h. Boc-carbamate (27.8 mg, 

0.238 mmol, 1.00 eq.) and XPhos Pd G4 (1.02 mg, 1.19 µmol, 0.5 mol%) were added and the reaction 

heated to 100 °C for 24 h. After cooling to rt, the mixture was diluted with EtOAc (20 mL) and washed 

with water (30 mL). The organic layer was dried over Na2SO4 and the solvent removed under reduced 

pressure. The residue was purified by flash column chromatography (Silica gel, 10 – 80% 

hexane/EtOAc) which afforded the product 105 (50.0 mg, 85.5 µmol, 36%) as off-white solid.  
1H NMR (400 MHz, CDCl3) δ 8.77 (s, 1H), 8.24 (s, 1H), 6.19 (s, 2H), 4.08 (dd, J = 12.0, 5.8 Hz, 2H), 

3.63 – 3.57 (m, 2H), 3.12 (t, J = 7.9 Hz, 2H), 2.98 (t, J = 6.3 Hz, 2H), 2.80 (t, J = 7.9 Hz, 2H), 1.55 (s, 

9H), 1.53 (s, 9H), 0.89 – 0.83 (m, 2H), -0.12 (s, 9H). TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 608.3; 

found: 608.6. HPLC: tret = 11.150 min (99.1% at 254 nm, 98.7% at 230 nm, method A). 

tert-Butyl 2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)-7-oxo-11-((2-

(trimethylsilyl)ethoxy)methyl)-5,6,7,9,10,11-hexahydro-8H-pyrido[3',4':4,5]pyrrolo[3,2-

h]quinazoline-8-carboxylate (106) 

tert-Butyl 2-((tert-butoxycarbonyl)amino)-7-oxo-11-((2-

(trimethylsilyl)ethoxy)methyl)-5,6,7,9,10,11-hexahydro-

8H-pyrido[3',4':4,5]pyrrolo[3,2-h]quinazoline-8-

carboxylate (105, 25.0 mg, 42.7 µmol, 1.00 eq.) was 

subjected to GSP 8. After stirring at 70 °C for 18 h, 2-bromo-

6-chloro-3-nitropyridine (5.07 mg, 21.3 µmol, 0.50 eq.) and 

XantPhos Pd G4 (2.05 mg, 21.3 µmol, 5 mol%) were added 

and the stirring continued at 80 °C for 3 h. The reaction was 

cooled to rt and diluted with EtOAc (10 mL). The mixture was washed with water and a solution of 

NH4Cl (10 mL) and the organic layer tried over Na2SO4. The solvent was removed under reduced 
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pressure and the residue purified by flash column chromatography (Silica gel, 10 – 50% hexane/EtOAc) 

which afforded the product 106 (5.00 mg, 6.74 µmol, 16%) as yellow powder.  
1H NMR (400 MHz, CDCl3) δ 8.41 (d, J = 8.5 Hz, 1H), 8.22 (s, 1H), 7.41 (d, J = 8.5 Hz, 1H), 5.86 (s, 

2H), 4.08 (t, J = 6.3 Hz, 2H), 3.52 – 3.43 (m, 2H), 3.16 (t, J = 7.9 Hz, 2H), 2.97 (t, J = 6.3 Hz, 2H), 2.87 

(t, J = 7.9 Hz, 2H), 1.57 (s, 9H), 1.43 (s, 9H), 0.84 – 0.78 (m, 2H), -0.09 (s, 9H). TLC-MS: ESI(+) 

calcd. for [M+Na]+: m/z = 764.3; found: 764.5. HPLC: tret = 11.947 min (83.0% at 254 nm, 84.5% at 

230 nm, method A). 

6.2.5 Synthesis of Compounds described in Section 3.3.1 

2-Chloroisonicotinic acid (112) 

Pyridine-4-carboxylic acid N-oxid (111, 14.0 g, 0.100 mol) was 

suspended on POCl3 (60 mL) and treated according to the 

procedure described by ANDERSON et al. [251]After the mixture was 

heated to reflux for 7 h and cooled to rt, it was poured into ice 

water (300 mL) and the precipitate filtered. The solid was 

recrystallized from EtOAc and dried which afforded the product 

112 (8.90 g, 56.0 mmol, 57%) as light-brown solid.  
1H NMR (400 MHz, DMSO) δ 13.99 (s, 1H), 8.61 (dd, J = 5.0, 0.7 Hz, 1H), 7.90 – 7.74 (m, 2H). 13C 

NMR (101 MHz, DMSO) δ 164.84, 151.12, 151.10, 141.76, 123.48, 122.24. TLC-MS: ESI(-) calcd. 

for [M-H]-: m/z = 156.0; found: 156.0. HPLC: tret = 5.48 min (96.7% at 254 nm, 96.5% at 230 nm, 

method B). 

2-Chloro-N-methoxy-N-methylisonicotinamide (113) 

In an analogous manner to the procedure described by ANSIDERI 

et al., [253] 2-Chloroisonicotinic acid (112, 5.50 g, 34.9 mmol, 

1.00 eq.) was suspended in SOCl2 (35mL) and heated to reflux 

for 5 h. After cooling to rt, the excess of reagent was removed 

under reduced pressure to isolate the crude acidic chloride which 

was then dissolved in DCM (dry, 10 mL). N,O-

dimethylhydroxylamine hydrochloride (4.08 g, 41.9 mmol, 

1.2 eq.) and NEt3 (11.6 mL, 8.48 mmol, 2.4 eq.) were dissolved in DCM (dry, 15 mL), cooled in an ice 

bath and the solution of the acid chloride added dropwise. The reaction was warmed up to rt and stirred 

for 18 h. The solvent was evaporated and water (150 mL) added to the residue. The solution was 

extracted with DCM (150 mL) and the organic layer dried over Na2SO4. The solution was evaporated to 

dryness which afforded the product 113 (6.35 g, 31.8 mmol, 91%) as brown solid.  
1H NMR (400 MHz, CDCl3) δ 8.46 (d, J = 5.1 Hz, 1H), 7.55 (s, 1H), 7.44 (d, J = 5.0 Hz, 1H), 3.54 (s, 

3H), 3.35 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.22, 151.82, 149.96, 144.71, 123.06, 120.93, 61.70, 
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33.11. TLC-MS: ESI(+) calcd. for [M+H]+: m/z =201.0; found: 201.2. HPLC: tret = 7.12 min (99.3% 

at 254 nm, 96.9% at 230 nm, method B). 

1-(2-Chloropyridin-4-yl)ethan-1-one (114) 

2-Chloro-N-methoxy-N-methylisonicotinamide (113, 5.80 g, 

29.0mmol, 1.00 eq.) was dissolved in THF (dry, 90 mL) under an 

atmosphere of argon and cooled in a cooling bath (ice/NaCl). A 

solution of MeMgBr (3 M, 14.5 mL, 43.5 mmol, 1.50 eq.) in 

diethyl ether was added dropwise. After the addition was 

completed, the reaction was allowed to warm up to rt and stirred 

for 18 h. The reaction was then quenched by addition of NH4Cl 

solution (100 mL) and extracted with EtOAc (3x 150 mL). The combined organic layers were dried over 

Na2SO4 and the solvent evaporated which afforded the product 114 (4.20 g, 27.0 mmol, 93%) as brown 

oil.  
1H NMR (400 MHz, DMSO) δ 8.63 (d, J = 5.0 Hz, 1H), 7.91 (s, 1H), 7.81 (d, J = 5.1 Hz, 1H), 2.64 (s, 

3H). 13C NMR (101 MHz, DMSO) δ 196.80, 151.41, 151.18, 146.06, 122.41, 120.74, 27.11. TLC-MS: 

ESI(+) calcd. for [M+H]+: m/z = 156.0; found: 156.0; ESI(-) calcd. for [M-H]-: m/z = 154.0; found: 

154.0. HPLC: tret = 7.88 min (93.8% at 254 nm, 97.7% at 230 nm, method B). 

2-Bromo-1-(2-chloropyridin-4-yl)ethan-1-one hydrobromide (115·HBr) 

2-Bromo-1-(2-chloropyridin-4-yl)ethan-1-one·HBr (115·HBr) 

was synthesized according to the procedure described by 

ANDERSON et al. [206]1-(2-Chloropyridin-4-yl)ethan-1-one (114, 

2.37 g, 15.2 mmol, 1.00 eq.) was dissolved in acetic acid 

(65 mL) and bromine (0.86 mL, 2.68 g, 16.8 mmol, 1.1 eq.) and 

hydrobromic acid (30% in acetic acid, 4.10 mL, 15.2 mmol, 1.0 

eq) were added. The reaction mixture was stirred at rt for 2 h. 

Diethyl ether was added to precipitate the product which was then isolated by filtration. The raw product 

115·HBr (3.83 g, 12.2 mmol, 80%, light-yellow powder) was dried in vacuum and used in the next step 

without further purification. TLC-MS: ESI(-) calcd. for [M-H]-: m/z = 231.9; found: 232.0. 
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tert-Butyl 2-(2-chloropyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (116) 

2-Bromo-1-(2-chloropyridin-4-yl)ethan-1-one hydrobromide 

(115·HBr, 0.925 g, 7.19 mmol, 1.00 eq.), tert-butyl 2,4-

dioxopiperidine-1-carboxylate (53, 1.71 g, 8.02 mmol, 

1.10 eq.) and ammonium acetate (2.25 g, 29.2 mmol, 4.00 eq.) 

were dissolved in EtOH (30 mL, HPLC grade) and stirred at rt 

for 18 h. Water (40 mL) was added to the reaction and the 

mixture was stirred for one hour. The precipitate was collected 

by filtration, washed with water and diethyl ether and dried in 

vacuum which afforded the product 116 (1.31 g, 3.50 mmol, 48%) as white powder.  
1H NMR (400 MHz, DMSO) δ 12.23 (s, 1H), 8.32 (d, J = 5.3 Hz, 1H), 7.78 (d, J = 1.1 Hz, 1H), 7.67 

(dd, J = 5.4, 1.6 Hz, 1H), 7.25 (d, J = 2.4 Hz, 1H), 3.96 (t, J = 6.3 Hz, 2H), 2.95 (t, J = 6.3 Hz, 2H), 1.46 

(s, 9H). 13C NMR (101 MHz, DMSO) δ 161.62, 152.94, 151.26, 150.19, 141.92, 141.92, 128.50, 117.31, 

117.15, 115.67, 108.83, 81.28, 45.01, 27.77, 22.08. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 370.1; 

found: 370.4; ESI(-) calcd. for [M-H]-: m/z = 346.1; found: 346.3. HPLC: tret = 14.57 min (97.1% at 

254 nm, 96.5% at 230 nm, method B). 

tert-Butyl 2-(2-(3-acrylamido-4-methoxyphenyl)pyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (117) 

tert-Butyl 2-(2-chloropyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-

5H-pyrrolo[3,2-c]pyridine-5-carboxylate (116, 0.200 g, 

0.575 mmol, 1.00 eq.) and N-(2-methoxy-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acrylamide (76, 

0.262 g, 0.863 mmol, 1.50 eq.) were subjected to GSP 5, but 

heated at 90 °C for 18 h. The crude product was purified by 

flash column chromatography (Silica gel, 1 – 8% MeOH) 

which afforded the product 117 (91.5 mg, 0.190 mmol, 33%) 

as light-yellow solid.  
1H NMR (400 MHz, CDCl3) δ 11.40 (s, 1H), 8.70 (s, 1H), 8.25 (d, J = 5.3 Hz, 1H), 7.92 (s, 1H), 7.58 

(s, 1H), 7.48 (dd, J = 8.5, 1.8 Hz, 1H), 7.19 – 7.04 (m, 1H), 6.90 (d, J = 2.1 Hz, 1H), 6.64 (d, J = 8.7 

Hz, 1H), 6.30 (qd, J = 16.8, 5.6 Hz, 2H), 5.75 – 5.63 (m, 1H), 3.97 (t, J = 6.2 Hz, 2H), 3.70 (s, 3H), 2.82 

(t, J = 6.2 Hz, 2H), 1.51 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 163.68, 163.22, 156.88, 153.42, 149.22, 

149.16, 140.93, 139.78, 131.60, 131.27, 130.77, 127.90, 126.90, 123.26, 119.03, 116.45, 116.13, 114.45, 

110.03, 107.41, 82.56, 55.79, 45.35, 28.21, 22.59. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 511.2; 

found: 511.7; ESI(-) calcd. for [M-H]-: m/z = 487.2; found: 487.7. HPLC: tret = 14.69 min (99.6% at 

254 nm, 99.5% at 230 nm, method B). 
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N-(2-Methoxy-5-(4-(4-oxo-4,5,6,7-tetrahydro-1H-pyrrolo[3,2-c]pyridin-2-yl)pyridin-2-

yl)phenyl)acrylamide (108) 

tert-Butyl 2-(2-(3-acrylamido-4-methoxyphenyl)pyridin-4-

yl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (117, 91.5 mg, 0.190 mmol) was dissolved in 

DCM (20 mL) and subjected to GSP 7. To the residue saturated 

Na2CO3 solution (10 mL) and DCM (10 mL) was added. The 

precipitate was isolated by filtration which afforded a first 

fraction of product. In addition, the phases were separated and 

the aqueous phase extracted with DCM (2x 10 mL). the organic 

phases were dried over Na2SO4 and evaporated to dryness which afforded the product 108 (combined 

fraction; 34.0 mg, 88.7 μmol, 47%) as beige powder.  
1H NMR (400 MHz, DMSO) δ 12.02 (s, 1H), 9.48 (s, 1H), 8.79 (s, 1H), 8.52 (d, J = 5.1 Hz, 1H), 8.09 

(s, 1H), 7.93 (d, J = 8.3 Hz, 1H), 7.52 (d, J = 4.7 Hz, 1H), 7.19 (d, J = 8.7 Hz, 1H), 7.08 (d, J = 26.6 Hz, 

2H), 6.72 (dd, J = 16.8, 10.3 Hz, 1H), 6.27 (d, J = 17.2 Hz, 1H), 5.74 (d, J = 10.3 Hz, 1H), 3.92 (s, 3H), 

3.42 (d, J = 4.9 Hz, 2H), 2.88 (t, J = 6.6 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 164.81, 163.37, 

156.31, 151.05, 149.67, 139.75, 138.85, 132.01, 131.09, 128.74, 127.03, 126.62, 123.31, 121.29, 115.81, 

115.63, 112.93, 111.11, 106.45, 69.75, 55.88, 21.86. HRMS: ESI(+) calcd. for [M+H]+: m/z = 

389.16082; found: 389.16089; rel. deviation: 0.20 ppm. HPLC: tret = 7.90 min (99.1% at 254 nm, 98.9% 

at 230 nm, method B). IR (ATR) [cm-1]: 3189, 2919, 2850, 1647, 1607, 1534, 1491, 1457, 1411, 1374, 

1330, 1255, 1217, 1169, 1128, 1073, 1041, 1021, 990, 962, 877, 810, 772, 737, 701, 670. 

tert-Butyl 2-(2-(4-methoxy-3-propionamidophenyl)pyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (118) 

tert-Butyl 2-(2-chloropyridin-4-yl)-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (116, 

0.150 g, 0.431 mmol, 1.00 eq.) and N-(3-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)propionamide 

(78, 0.197 g, 0.647 mmol, 1.50 eq.) were subjected to GSP 5 

and heated to 90 °C. After 18 h of stirring, an additional 

portion of N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)propionamide (78, 65.8 mg, 0.216 mmol, 

0.50 eq.) and (tBu)3P Pd g3 (2.46 mg, 4.30 μmol, 1.00 mol%) were added and the reaction stirred at 

100 °C for 24 h. After cooling to rt, the solvent was evaporated and the residue diluted with EtOAc. The 

mixture washed with NH4Cl solution, water and brine. The organic layer was dried over Na2SO4 and the 

solvent removed. The residue was purified by flash column chromatography (Silica gel,0 – 10% 

DCM/MeOH) which afforded the raw product 118, which was used in the next step without further 
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purification. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 513.2; found: 513.3; ESI(-) calcd. for [M-H]-

: m/z = 489.2; found: 489.3. HPLC: tret = 12.59 min (68.9% at 254 nm, 69.3% at 230 nm, method B). 

N-(2-methoxy-5-(4-(4-oxo-4,5,6,7-tetrahydro-1H-pyrrolo[3,2-c]pyridin-2-yl)pyridin-2-

yl)phenyl)propionamide (109) 

The crude product obtained for tert-butyl 2-(2-(4-methoxy-3-

propionamidophenyl)pyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-

5H-pyrrolo[3,2-c]pyridine-5-carboxylate (118) was dissolved in 

DCM (5 mL) and subjected to GSP 7 and stirred for 30 min. The 

residue was dissolved in DCM (10 mL) and washed with sat. 

Na2CO3 solution. The organic layer was dried over Na2SO4 and 

the solvent evaporated. The raw product was purified by flash 

column chromatography (Silica gel, 0 – 10% DCM/MeOH) 

which afforded the product 109 (59.0 mg, 0.151 mmol, 35% over 2 steps) as off-white solid.  
1H NMR (400 MHz, DMSO) δ 12.00 (s, 1H), 9.12 (s, 1H), 8.70 (s, 1H), 8.51 (d, J = 5.3 Hz, 1H), 8.08 

(s, 1H), 7.89 (dd, J = 8.6, 1.8 Hz, 1H), 7.51 (dd, J = 5.3, 1.5 Hz, 1H), 7.15 (d, J = 8.7 Hz, 1H), 7.11 (d, 

J = 2.3 Hz, 1H), 7.06 (s, 1H), 3.90 (s, 3H), 3.43 (td, J = 6.8, 2.4 Hz, 2H), 2.87 (t, J = 6.8 Hz, 2H), 2.42 

(q, J = 7.4 Hz, 2H), 1.09 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 172.15, 164.86, 156.42, 

150.90, 149.68, 139.76, 138.88, 131.05, 128.77, 127.41, 122.84, 121.19, 115.80, 115.65, 112.94, 111.00, 

106.50, 55.84, 29.19, 21.89, 9.76. HRMS: ESI(+) calcd. for [M+H]+: m/z = 391.17647; found: 

391.17671; rel. deviation: 0.61 ppm. HPLC: tret = 6.85 min (98.6% at 254 nm, 94.2% at 230 nm, 

method B). IR (ATR) [cm-1]: 3397, 3232, 3192, 3065, 2932, 2834, 1639, 1607, 1539, 1491, 1464, 1412, 

1375, 1327, 1263, 1217, 1168, 1129, 1062, 1020, 990, 808, 767, 733, 703, 656. 

6.2.6 Synthesis of Compounds described in Section 3.3.2.1.1 

tert-Butyl 2-(2-chloropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (120) 

A) tert-Butyl 2-(2-chloropyridin-4-yl)-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (116, 

0.450 g, 1.29 mmol, 1.00 eq.) and Cs2CO3 (0.927 g, 

2.85 mmol, 2.20 eq.) were dissolved in DMF (dry, 20 mL) and 

stirred at rt for 30 min. After addition of methyl iodide 

(0.177 mL, 0.404 g, 2.85 mmol, 2.2 eq.) the reaction was 

stirred at rt for 18 h. The solvent was removed under reduced 

pressure and the residue dissolved in EtOAc (50 mL). The 

mixture was washed with sat. NH4Cl solution, water and brine (50 mL) and the organic layer dried over 

Na2SO4. The solvent was evaporated and the crude product purified by flash column chromatography 
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(Silica gel, 0 – 100% hexane/EtOAc) which afforded the product 120 (0.290 g, 0,801 mmol, 62%) as 

white powder.  

1H NMR (400 MHz, DMSO) δ 8.42 (d, J = 5.2 Hz, 1H), 7.64 (d, J = 1.0 Hz, 1H), 7.55 (dd, J = 5.2, 1.6 

Hz, 1H), 6.88 (s, 1H), 3.98 (t, J = 6.3 Hz, 2H), 3.65 (s, 3H), 2.97 (t, J = 6.3 Hz, 2H), 1.47 (s, 9H). 13C 

NMR (101 MHz, DMSO) δ 161.36, 152.92, 150.92, 150.04, 142.89, 142.24, 131.41, 121.68, 121.26, 114.24, 

109.91, 81.31, 44.63, 32.65, 27.78, 21.53. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 384.1; found: 384.2. 

HPLC: tret = 14.09 min (97.0% at 254 nm, 96.9% at 230 nm, method B). 

B) An alternative approach for the synthesis of 120 is described in section 6.2.8 

tert-Butyl 2-(2-(((benzyloxy)carbonyl)amino)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (125) 

tert-Butyl 2-(2-chloropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (120, 

0.100 g, 0.276 mmol, 1.00 eq.), benzyl carbamate (0.209 g, 

1.38 mmol, 5.00 eq.) and Cs2CO3 (76.4 mg, 0.553 mmol, 

2.00 eq.) were dissolved in 1,4-dioxane (3.0 mL, dry, 

degassed). After adding XantPhos (24.0 mg, 41.5 µmol, 

15 mol%) and Pd(OAc)2 (6.21 mg, 27.6 µmol, 10 mol%), the 

reaction was heated to 120 °C for 18 h. The mixture was 

allowed to cool to rt and the solvent removed under reduced pressure. The residue was dissolved in 

DCM and washed with a solution of NH4Cl and water. The organic layer was dried over Na2SO4 and the 

solvent evaporated. The residue was purified by flash column chromatography (Silica gel, 0 – 100% 

hexane/EtOAc) which afforded the product 125 (73.0 mg, 0,155 mmol, 56%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 10.57 (s, 1H), 8.02 (d, J = 5.4 Hz, 2H), 7.31 (ddd, J = 7.4, 3.9, 1.5 Hz, 

5H), 6.75 (s, 1H), 6.73 (dd, J = 5.3, 1.4 Hz, 1H), 5.15 (s, 2H), 4.05 (t, J = 6.2 Hz, 2H), 3.56 (s, 3H), 2.81 

(t, J = 6.3 Hz, 2H), 1.49 (s, 9H).13C NMR (101 MHz, CDCl3) δ 162.35, 153.68, 153.64, 152.68, 147.98, 

141.83, 141.27, 135.78, 133.67, 128.72, 128.60, 117.45, 115.44, 110.53, 109.84, 82.58, 67.34, 44.74, 

32.72, 28.24, 22.28. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 499.2; found: 499.2. HPLC: tret = 

16.486 min (97.8% at 254 nm, 97.8% at 230 nm, method B). 
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tert-Butyl 2-(2-aminopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (126) 

tert-Butyl 2-(2-(((benzyloxy)carbonyl)amino)pyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (125, 0.173 g, 0.363 mmol, 1.00 eq.) was suspended 

in MeOH (15 mL, HPLC grade). Pd/C (10%wt ,17.3 mg, 10% 

m/m) was added and the H2 bubbled through the mixture. The 

reaction was stirred for 18 h under H2 atmosphere. After 

complete conversion, the suspension was filtered and the solvent 

removed under reduced pressure which afforded the product 126 

(0.111 g, 0.322 mmol, 90%) as white powder.  
1H NMR (400 MHz, DMSO) δ 7.93 (d, J = 5.3 Hz, 1H), 6.58 (dd, J = 5.3, 1.3 Hz, 1H), 6.53 (s, 1H), 

6.50 (s, 1H), 5.99 (s, 2H), 3.97 (t, J = 6.3 Hz, 2H), 3.57 (s, 3H), 2.94 (t, J = 6.3 Hz, 2H), 1.46 (s, 9H). 
1H NMR (400 MHz, CDCl3) δ 8.03 (d, J = 5.3 Hz, 1H), 6.69 (s, 1H), 6.60 (d, J = 5.3 Hz, 1H), 6.51 (s, 

1H), 4.78 (s, 2H), 4.10 (t, J = 6.3 Hz, 2H), 3.56 (s, 3H), 2.86 (t, J = 6.3 Hz, 2H), 1.54 (s, 9H).13C NMR 

(101 MHz, CDCl3) δ 162.58, 158.86, 153.66, 147.87, 141.36, 140.76, 134.17, 115.26, 113.31, 109.00, 

107.49, 82.68, 44.85, 32.52, 28.27, 22.27. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 343.2; 

found:343.5. HPLC: tret = 7.423 min (95.7% at 254 nm, 93.4% at 230 nm, method B). 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (119) 

A) tert-Butyl 2-(2-aminopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (126, 

15.0 mg, 43.8 µmol, 1.00 eq.) and Boc2O (14.3 mg, 65.7 µmol, 

1.50 eq.) was dissolved in tert-butanol (2 mL) at stirred at rt. 

After stirring for 18 h, the solvent was evaporated and the residue 

purified by flash column chromatography (Silica gel, 0 – 5% 

DCM/MeOH) which afforded the product 119 (16.5 mg, 34.1 

µmol, 87%) as white solid.  

1H NMR (400 MHz, CDCl3) δ 8.85 (s, 1H), 8.23 (d, J = 5.2 Hz, 1H), 8.00 (s, 1H), 6.91 (dd, J = 5.2, 1.0 

Hz, 1H), 6.78 (s, 1H), 4.07 (t, J = 6.3 Hz, 2H), 3.60 (s, 3H), 2.83 (t, J = 6.3 Hz, 2H), 1.50 (s, 9H), 1.47 

(s, 9H).13C NMR (101 MHz, CDCl3) δ 162.44, 153.78, 152.73, 152.72, 147.79, 141.89, 141.17, 133.88, 

117.43, 115.49, 110.87, 109.87, 82.68, 81.25, 44.83, 32.81, 28.44, 28.31, 22.35. TLC-MS: ESI(+) calcd. 

for [M+Na]+: m/z = 465.2; found: 465.7. HPLC: tret = 15.897 min (85.6% at 254 nm, 69.7% at 230 nm, 

method B). 

B) tert-Butyl 2-(2-(((benzyloxy)carbonyl)(tert-butoxycarbonyl)amino)pyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (127, 0.113 g, 0.195 mmol, 1.00 eq.) was 

dissolved in MeOH (3.0 mL, HPLC-grade). Palladium on charcoal (10% wt, 11.3 mg, 10% m/m) was 
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added and H2 bubbled through the mixture. After stirring for 2 h at rt under H2 atmosphere, the mixture 

was filtered through a pad of silica gel. The filtrate was collected and the solvent evaporated which 

afforded the product 119 (53.0 mg, 0.125 mmol, 61%) as yellowish solid.  
1H NMR (400 MHz, CDCl3) δ 9.23 (s, 1H), 8.31 (d, J = 5.2 Hz, 1H), 8.07 (s, 1H), 6.97 (d, J = 4.5 Hz, 

1H), 6.83 (s, 1H), 4.12 (t, J = 6.2 Hz, 2H), 3.65 (s, 3H), 2.88 (t, J = 6.2 Hz, 2H), 1.55 (s, 9H), 1.53 (s, 

9H). 13C NMR (101 MHz, CDCl3) δ 162.42, 153.78, 152.90, 152.80, 147.97, 141.78, 141.09, 133.92, 

117.35, 115.45, 110.89, 109.75, 82.63, 81.14, 44.82, 32.78, 28.45, 28.29, 22.33. TLC-MS: ESI(+) calcd. 

for [M+Na]+: m/z = 465.2; found: 465.4. HPLC: tret = 15.808 min (97.7% at 254 nm, 97.5% at 230 nm, 

method B). 

C) A flask containing tert-Butyl 2-(2-bromopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (121, 0.500 g, 1.23 mmol, 1.00 eq.), tert-butyl carbamate 

(0.288 g, 2.46 mmol, 2.00 eq.) and Cs2CO3 (1.20 g, 3.69 mmol, 3.00 eq.) was evacuated and back filled 

with argon 3 times. XantPhos Pd g4 (59.2 mg, 61.5 μmol, 5 mol%) and XantPhos (35.6 mg, 61.5 μmol, 

5 mol%) were added and the flask evacuated and backfilled again. 1,4-dioxane (dry, degassed, 10 mL) 

was added and the reaction heated to 85 °C for 6 h. After cooling to rt the mixture was concentrated and 

the residue diluted with EtOAc (25 mL). The suspension was filtered through celite and the solvent 

removed under reduced pressure. The residue was purified by flash column chromatography (Silica gel, 

30 – 100% hexane/EtOAc). The product containing fractions were subjected to a second flash 

chromatography method (Silica gel, 1 – 5% DCM/MeOH) which afforded the product 119 (0.279 g, 

0.628 mmol, 51%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 8.52 (s, 1H), 8.29 (s, 1H), 8.04 (s, 1H), 6.97 (d, J = 4.2 Hz, 1H), 6.83 (s, 

1H), 4.13 (t, J = 6.0 Hz, 2H), 3.65 (s, 3H), 2.88 (t, J = 6.1 Hz, 2H), 1.56 (s, 9H), 1.53 (s, 9H). 13C NMR 

(101 MHz, CDCl3) δ 162.69, 154.04, 153.40, 153.19, 148.43, 141.98, 141.31, 134.27, 117.58, 115.71, 

111.27, 109.93, 82.86, 81.31, 45.12, 33.02, 28.76, 28.57, 22.61. TLC-MS: ESI(+) calcd. for [M+Na]+: 

m/z = 465.2; found: 465.2. HPLC: tret = 16.19 min (98.6% at 254 nm, 97.8% at 230 nm, method B). 

D) Alternative synthetic method based on a SUZUKI coupling procedure is described in section 6.2.8. 

tert-Butyl 2-(2-(((benzyloxy)carbonyl)(tert-butoxycarbonyl)amino)pyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (127)  
tert-Butyl 2-(2-(((benzyloxy)carbonyl)amino)pyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (125, 0.100 g, 0.210 mmol, 1.00 eq.) and DMAP 

(5.1 mg, 42.0 µmol, 0.20 eq.) were dissolved in ACN (3.0 mL, 

dry) under an atmosphere of argon. Boc2O (72.3 µL, 68.7 mg, 

0.315 mmol, 1.50 eq.) and TEA (52.7 µL, 38.3 mg, 0.378 mmol, 

1.20 eq.) were added and the rection stirred for 18 h. The reaction 

was diluted with DCM (20 mL) and water (20 mL) and the layers 

separated. The organic phase was dried over Na2SO4 and the solvent evaporated. The residue was 
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purified by flash column chromatography (Silica gel, 20 – 100% hexane/EtOAc) which afforded the 

product 127 (0.113 g, 0.195 mmol, 93%) as light-yellow solid. 1H NMR (400 MHz, CDCl3) δ 8.45 (d, 

J = 5.1 Hz, 1H), 7.28 – 7.16 (m, 7H), 6.76 (s, 1H), 5.18 (s, 2H), 4.17 – 3.98 (m, 2H), 3.46 (s, 3H), 2.84 

(t, J = 6.3 Hz, 2H), 1.51 (s, 9H), 1.37 (s, 9H).13C NMR (101 MHz, CDCl3) δ 162.22, 153.57, 152.41, 

152.18, 150.81, 149.23, 141.73, 141.27, 135.19, 132.72, 128.54, 128.39, 128.02, 121.52, 120.50, 115.62, 

109.98, 83.95, 82.67, 68.51, 44.70, 32.40, 28.21, 27.85, 22.21. TLC-MS: ESI(+) calcd. for [M+Na]+: 

m/z = 599.3; found: 599.4. HPLC: tret = 17.059 min (94.8% at 254 nm, 94.3% at 230 nm, method B). 

2-Bromo-N-methoxy-N-methylisonicotinamide (129) 

2-Bromoisonicotinic acid (128, 13.0 g, 64.4 mmol, 1.00 eq.) was 

treated according to the procedure described in patent 

literature. [256] The acid was dissolved in DCM (dry, 120 mL) and 

1,1′-carbonyldiimidazole (11.5 g, 70.8 mmol, 1.10 eq.) was 

added. The reaction was stirred at rt for 2 h. N,O-

dimethylhydroxylamine hydrochloride (9.41 g, 96.5 mmol, 

1.50 eq.) was added and the reaction stirred for 18 h. The reaction 

was quenched with 0.1 N NaOH solution (60 mL) and diluted with water (60 mL). The layers were 

separated and the aqueous layer extracted with DCM (2x 125 mL). The combined organic layers were 

dried over Na2SO4 and evaporated to dryness which afforded the product 129 (15.1 g, 61.8 mmol, 96%) 

as colorless oil. 1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 5.0 Hz, 1H), 7.71 (s, 1H), 7.47 (dd, J = 5.0, 

1.3 Hz, 1H), 3.55 (s, 3H), 3.36 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.09, 150.34, 144.40, 142.34, 

126.72, 121.22, 61.67, 33.20. HPLC: tret = 7.83 min (98.5% at 254 nm, 96.2% at 230 nm, method B). 

1-(2-Bromopyridin-4-yl)ethan-1-one (130) 

1-(2-Bromopyridin-4-yl)ethan-1-one 130 was synthesized in a 

similar manner as described in literature [256], therefore 2-Bromo-

N-methoxy-N-methylisonicotinamide (129, 5.00 g, 20.4 mmol, 

1.00 eq.) was dissolved in THF (dry, 30 mL) under an argon 

atmosphere and stirred for 15 min at 0 °C. Methyl magnesium 

bromide (3 M solution in diethyl ether, 8.16 mL, 24.5 mmol, 

1.20 eq.) was added slowly and stirred for 2 h at 0 °C. After 

complete conversion the reaction was quenched by the addition of sat. NH4Cl solution (30 mL) and 

extracted with EtOAc (2x 50 mL). The combined organic layers were washed with brine (50 mL) and 

dried over Na2SO4. The solvent was evaporated and the residue purified by flash column 

chromatography (Silica gel, 10 – 70 % hexane/EtOAc) which afforded the product 130 (3.59 g, 

18.0 mmol, 88%) as white crystals.  
1H NMR (400 MHz, CDCl3) δ 8.48 (dd, J = 5.1, 0.6 Hz, 1H), 7.84 (dd, J = 1.4, 0.7 Hz, 1H), 7.63 (dd, J 

= 5.1, 1.5 Hz, 1H), 2.56 (s, 3H). 1H NMR (400 MHz, DMSO) δ 8.60 (dd, J = 5.0, 0.6 Hz, 1H), 8.03 – 
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8.01 (m, 1H), 7.83 (dd, J = 5.0, 1.4 Hz, 1H), 2.62 (s, 3H). 13C NMR (101 MHz, DMSO) δ 196.92, 

151.80, 145.76, 142.45, 126.12, 121.11, 27.20. HPLC: tret = 8.63 min (95.2% at 254 nm, 95.3% at 230 

nm, method B). 

2-Bromo-1-(2-bromopyridin-4-yl)ethan-1-one hydrobromide (131·HBr) 

The synthesis was performed in a similar manner as described by 

HAY et al. [257]. 1-(2-Bromopyridin-4-yl)ethan-1-one (130, 6.02 g, 

30.1 mmol, 1.00 eq.) was dissolved in acetic acid (10 mL) and 

30% HBr/HOAc (50 mL) was added and the solution cooled to 

15 °C. Bromine (1.55 mL, 3.38 g, 30.1 mmol, 1.00 eq.) was 

added in two portions and the reaction was stirred at 20 °C for 

1 h. After heating the reaction to 40 °C for 1 h it was cooled to rt 

and diluted with Et2O (30 mL). The suspension was cooled to 0°C 

and stirred for 30 min. The precipitate was isolated by filtration and dried in vacuum which afforded the 

product 131·HBr (10.6 g, 29.5 mmol, 98%) as light-yellow powder.  

HPLC: tret = 11.52 min (98.9% at 254 nm, 97.0% at 230 nm, method B). 

tert-Butyl 2-(2-bromopyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (132) 

2-Bromo-1-(2-bromopyridin-4-yl)ethan-1-one hydrobromide 

(131·HBr, 10.6 g, 29.5 mmol, 1.00 eq.), tert-butyl 2,4-

dioxopiperidine-1-carboxylate (53, 6.60 g, 30.9 mmol, 

1.05 eq.) and ammonium acetate (9.10 g, 117.8 mmol, 4.00 eq.) 

were dissolved in EtOH (90 mL) and stirred at rt for 18 h. Water 

(50 mL) was added to the reaction and the product collected by 

filtration. Drying the solid in vacuum afforded the product 132 

(6.26 g, 16.8 mmol, 57%) as white powder.  
1H NMR (400 MHz, DMSO) δ 12.23 (s, 1H), 8.29 (d, J = 5.3 Hz, 1H), 7.91 (d, J = 0.8 Hz, 1H), 7.69 

(dd, J = 5.3, 1.4 Hz, 1H), 7.25 (d, J = 2.3 Hz, 1H), 3.97 (t, J = 6.3 Hz, 2H), 2.94 (t, J = 6.3 Hz, 2H), 1.46 

(s, 9H). 13C NMR (101 MHz, DMSO) δ 161.68, 152.99, 150.66, 142.47, 142.02, 141.65, 128.38, 120.97, 

117.51, 115.71, 108.90, 81.35, 45.05, 27.81, 22.11. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 414.1; 

found: 414.5; ESI(-) calcd. for [M-H]-: m/z = 390.1; found: 390.5. HPLC: tret = 15.18 min (98.9% at 

254 nm, 99.5% at 230 nm, method B). 
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tert-Butyl 2-(2-bromopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (121) 

tert-Butyl 2-(2-bromopyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-

5H-pyrrolo[3,2-c]pyridine-5-carboxylate (132, 2.50 g, 

6.37 mmol, 1.00 eq.) and Cs2CO3 (4.57 g, 14.0 mmol, 2.20 eq.) 

were dissolved in DMF (dry, 80 mL) under an argon 

atmosphere. And stirred at rt for 30 min. After addition of 

methyl iodide (0.992 mL, 2.26 g, 15.9 mmol, 2.5 eq.), the 

reaction was stirred at rt for 2 h. Sat. NH4Cl solution (80 mL) 

was added to terminate the reaction and the precipitate was 

isolated by filtration to collect a first portion of crude product. The filtrate was extracted with EtOAc 

(2x 100 mL) and the organic layers dried over Na2SO4. The solvent was evaporated to isolate a second 

portion of crude product. The two portions of product were combined and purified by flash column 

chromatography (Silica gel, 0 – 6% DCM/MeOH) which afforded the product 121 (2.36 g, 14.5 mmol, 

91%) as light-yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.36 (d, J = 5.1 Hz, 1H), 7.46 (s, 1H), 7.24 (d, J = 4.8 Hz, 1H), 6.82 (s, 

1H), 4.12 (t, J = 6.2 Hz, 2H), 3.61 (s, 3H), 2.89 (t, J = 6.2 Hz, 2H), 1.54 (s, 9H). 13C NMR (101 MHz, 

CDCl3) δ 162.14, 153.60, 150.38, 142.81, 142.20, 141.66, 131.96, 126.17, 121.45, 115.90, 110.70, 

82.83, 44.71, 32.67, 28.27, 22.30. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 428.1; found: 428.6. 

HPLC: tret = 14.72 min (100% at 254 nm, 97.9% at 230 nm, method B). 

6.2.7 Synthesis of Compounds described in Section 3.3.2.1.2 

2-((4-Methoxybenzyl)amino)isonicotinonitrile (135) 

2-Chloro-4-cyanopyridin (133, 5.00 g, 36.1 mmol, 1.00 eq.) 

was dissolved in NMP (8.0 mL, dry). After addition of 4-

methoxybenzylamine (134, 5.19 mL, 5.55 g, 39.7 mmol, 

1.10 eq.) and DIPEA (9.15 mL, 7.01 g, 54.1 mmol, 1.50 eq.), 

the reaction was heated to 120 °C for 18 h. The mixture was 

allowed to cool to rt and the solvent removed under reduced 

pressure. The residue was dissolve din EtOAc (50 mL) and 

washed with a solution of NH4Cl (50 mL) and water (50 mL). the organic layer was dried over NasSO4 

and the solvent removed in vacuum. The residue was purified by flash column chromatography 

(Silica gel, 0 – 80% hexane/EtOAc) which afforded the product 135 (2.03 g, 8.30 mmol, 23%) as 

yellowish solid.  

1H NMR (400 MHz, DMSO) δ 8.16 (dd, J = 5.2, 0.6 Hz, 1H), 7.55 (t, J = 5.8 Hz, 1H), 7.25 (d, J = 8.7 

Hz, 2H), 6.91 – 6.86 (m, 2H), 6.83 (s, 1H), 6.79 (dd, J = 5.2, 1.3 Hz, 1H), 4.40 (d, J = 5.9 Hz, 2H), 3.72 
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(s, 3H). 13C NMR (101 MHz, CDCl3) δ 159.28, 158.51, 149.63, 129.99, 128.89, 121.48, 117.40, 114.37, 

113.79, 109.09, 55.46, 45.76. TLC-MS: ESI(-) calcd. for [M-H]-: m/z = 238.1; found: 238.2. HPLC: 

tret = 12.449 min (99.6% at 254 nm, 99.2% at 230 nm, method B). 

1-(2-((4-Methoxybenzyl)amino)pyridin-4-yl)ethan-1-one (136) 

2-((4-Methoxybenzyl)amino)isonicotinonitrile (135, 0.600 g, 

2.51 mmol, 1.00 eq.) was dissolved in Et2O (20 mL, dry) and 

cooled to 0°C. A solution of MeMgBr (5.02 mL, 3M in THF, 

15.1 mmol, 6.00 eq.) was added dropwise and the reaction 

heated under reflux for 18 h. After cooling to rt, the mixture 

was poured into ice (50 mL) and HClconc. (2 mL) added and 

stirred for 1 h. the mixture was neutralized using NH3 solution 

and extracted with EtOAc (3x 50 mL). The organic layer was dried over Na2SO4 and the solvent 

evaporated. The residue was purified by flash column chromatography (Silica gel, 0 – 60% 

hexane/EtOAc) which afforded the product 136 (0.218 g, 3.06 mmol, 82%) as yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.08 (dd, J = 5.2, 0.7 Hz, 1H), 7.21 – 7.13 (m, 2H), 6.86 (dd, J = 5.3, 1.4 

Hz, 1H), 6.80 – 6.74 (m, 2H), 6.74 – 6.69 (m, 1H), 5.26 (t, J = 5.0 Hz, 1H), 4.37 (d, J = 5.6 Hz, 2H), 

3.68 (s, 3H), 2.41 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 198.16, 159.48, 158.96, 149.33, 144.60, 

130.78, 128.85, 114.10, 110.62, 105.00, 55.30, 45.79, 26.79. TLC-MS: ESI(+) calcd. for [M+H]+: m/z 

= 257.1; found: 257.1; ESI(-) calcd. for [M-H]-: m/z = 255.1; found: 255.2. HPLC: tret = 6.112 min 

(99.2% at 254 nm, 98.0% at 230 nm, method B).  

1-(2-Aminopyridin-4-yl)-2-bromoethan-1-one hydrobromide (137·HBr) 

1-(2-((4-Methoxybenzyl)amino)pyridin-4-yl)ethan-1-one 

(136, 0.490 g, 1.91 mmol, 1.00 eq.) was dissolved in HAc 

(8 mL) and Br2 (98.2 µmL, 310 mg, 1.91 mmol, 1.00 eq.) was 

added. After adding HBr (3M in HAc, 1.65 mL, 6.12 mmol, 

3.20 eq.), the mixture was stirred at 70°C for 2 h. The reaction 

was cooled to rt and the solvent evaporated. Then DCM was 

added to crystallize the product and isolated through filtration. 

This afforded the crude product 137·HBr (0.580 g, 1.53 mmol, 80%) which was used in the next step 

without further purification. 
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tert-Butyl 2-(2-aminopyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (138) 

1-(2-aminopyridin-4-yl)-2-bromoethan-1-one hydrobromide 

(137·HBr, 0.430 g, 1.45 mmol, 1.00 eq.), tert-butyl 2,4-

dioxopiperidine-1-carboxylate (53, 0.341 g, 1.60 mmol, 

1.10 eq.) and NH4OAc (0.448 g, 5.81 mmol, 4.00 eq.) were 

dissolved in EtOH (10 mL, HPLC grad). After stirring for 18 h 

at rt, the solvent was removed under reduced pressure and 

residue purified by flash column chromatography (Silica gel, 

3 – 15% DCM/MeOH) which afforded the product 138 

(0.256 g, 0.986 mmol, 68%) as light-yellow powder.  
1H NMR (400 MHz, DMSO) δ 12.13 (s, 1H), 7.88 (d, J = 5.7 Hz, 1H), 6.93 (d, J = 2.2 Hz, 1H), 6.88 

(dd, J = 5.8, 1.6 Hz, 1H), 6.73 (d, J = 1.6 Hz, 1H), 6.41 (s, 2H), 3.96 (t, J = 6.2 Hz, 2H), 2.93 (t, J = 6.3 

Hz, 2H), 1.46 (s, 9H). 13C NMR (101 MHz, DMSO) δ 172.04, 161.76, 158.46, 153.06, 145.06, 141.40, 

130.12, 115.33, 107.59, 107.10, 101.92, 81.25, 45.10, 27.80, 21.07. TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z = 351.2; found: 351.3; ESI(-) calcd. for [M-H]-: m/z = 327.2; found: 327.2. HPLC: tret = 

8.459 min (95.1% at 254 nm, 97.4% at 230 nm, method B). 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (139) 

A) tert-Butyl 2-(2-aminopyridin-4-yl)-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (138, 

42.0 mg, 0.128 mmol, 1.00 eq.) was dissolved in tBuOH 

(1.0 mL) and Boc2O (27.6 µmol, 28.2 mg, 0.129 mmol, 

1.01 eq.) added. The reaction was stirred at rt for 6 h. After 

complete conversion the solvent was removed under reduced 

pressure and the residue dissolved in EtOAc (20 mL). The 

mixture was washed with water (20 mL) and the organic layer 

dried over Na2SO4 . The solvent was evaporated and the residue purified by flash column 

chromatography (Silica gel, 0 – 10% DCM/MeOH) which afforded the product 139 (15.0 mg, 34.6 

µmol, 27%) as yellow oil.  
1H NMR (400 MHz, Acetone) δ 11.42 (s, 1H), 8.13 (d, J = 5.4 Hz, 1H), 7.98 (d, J = 4.5 Hz, 1H), 7.55 

– 7.37 (m, 1H), 7.18 (s, 1H), 7.06 (dt, J = 5.3, 2.5 Hz, 1H), 4.06 – 3.98 (m, 3H), 2.94 (q, J = 6.2 Hz, 

3H), 1.47 (ddd, J = 7.3, 4.0, 2.3 Hz, 18H). TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 451.2; found: 

451.4; ESI(-) calcd. for [M-H]-: m/z = 427.2; found: 427.4. HPLC: tret = 14.664min (94.9% at 254 nm, 

94.3% at 230 nm, method B). 

B/C) Synthetic methods B and C, based on a SUZUKI coupling procedure are described in section 6.2.12. 
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2-(Benzylamino)isonicotinonitrile (140) 

2-Chloro-4-cyanopyridine (133, 0.500 g, 3.61 mmol, 1.00 eq,) was 

dissolved in NMP (1.0 mL) and benzylamine (0.434 mL, 0.425 g, 

3.97 mmol, 1.10 eq.) added. After addition of DIPEA (0.944 mL, 

0.698 g, 5.41 mmol, 1.50 eq.) the reaction was stirred for 18 h at 

120 °C. After cooling to rt, the solvent was evaporated and the 

residue dissolved in EtOAc (20 mL). The organic solution was 

washed with water (20 mL) and the organic layer dried over 

Na2SO4. The solvent was removed under reduced pressure and the residue purified by flash column 

chromatography (Silica gel, 0 – 80% hexane/EtOAc) which afforded the product 140 (0.219 g, 

1.05 mmol, 29%) as light-yellow solid. 1H NMR (400 MHz, CDCl3) δ 8.06 (dd, J = 5.1, 0.6 Hz, 1H), 

7.31 – 7.16 (m, 5H), 6.65 (dd, J = 5.1, 1.3 Hz, 1H), 6.53 – 6.39 (m, 1H), 5.41 (s, 1H), 4.43 (d, J = 5.8 

Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 158.55, 149.64, 138.05, 128.92, 127.72, 127.48, 121.39, 

117.36, 113.76, 108.98, 46.13. TLC-MS: ESI(-) calcd. for [M-H]-: m/z = 208.1; found: 208.0. HPLC: 

tret = 12.452 min (96.6% at 254 nm, 95.7% at 230 nm, method B). 

1-(2-(Benzylamino)pyridin-4-yl)ethan-1-one (141) 

2-(Benzylamino)isonicotinonitrile (140, 0.220 g, 1.05 mmol, 

1.00 eq.) was dissolved in Et2O (8.0 mL, dry) and cooled to 0 °C. 

A solution of MeMgBr (3 M in THF, 2.10 mL, 6.31 mmol, 

6.00 eq.) was added dropwise. After complete addition the reaction 

was refluxed for 18 h. The reaction was cooled to rt and poured 

into ice (50 mL) and conc. HCl (2.0 mL) added to the mixture. 

After stirring for 1 h ammonia was added to neutralize the pH of 

the solution. The mixture was extracted with EtOAc (100 mL) and the organic layer dried over Na2SO4. 

The solvent was removed under reduced pressure and the residue purified by flash column 

chromatography (Silica gel, 0 – 50% hexane/EtOAc) which afforded the product 141 (0.100 mg, 

0.389 mmol, 37%) as yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 5.2 Hz, 1H), 7.31 – 7.14 (m, 5H), 6.89 (dd, J = 5.2, 1.4 Hz, 

1H), 6.74 (s, 1H), 5.20 (d, J = 4.7 Hz, 1H), 4.46 (d, J = 5.7 Hz, 2H), 2.42 (s, 3H). 13C NMR (101 MHz, 

CDCl3) δ 198.14, 159.49, 149.36, 144.76, 138.80, 128.81, 127.58, 127.51, 110.86, 105.07, 46.38, 26.88. 

TLC-MS: ESI(+) calcd. for [M+H]+: m/z =227.1; found: 227.1; ESI(-) calcd. for [M-H]-: m/z =225.1; 

found: 224.9.  

 
140 

Chemical Formula: C13H11N3 
Exact Mass: 209.09530 

Molecular Weight: 209.25200 

N

N
H CN

 
141 

Chemical Formula: C14H14N2O 
Exact Mass: 226.11061 

Molecular Weight: 226.27900 

N

N
H

O



165 
 

1-(2-(Benzylamino)pyridin-4-yl)-2-bromoethan-1-one hydrobromide (142·HBr) 

1-(2-(Benzylamino)pyridin-4-yl)ethan-1-one (141, 

0.100 g, 0.442 mmol) was dissolved in HOAc (4.0 mL). 

Br2 (22.7 µL, 70.6 mg, 0.442 mmol, 1.00 eq.) and HBr (3 

M in HAc, 0.381 mL, 1.41 mmol, 3.20 eq.) were added 

and the reaction heated to 70 °C for 2 h. The solvent was 

evaporated and the crude product 142·HBr (0.154 g, 

90%) used in the next step without purification. 

tert-Butyl 2-(2-(benzylamino)pyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (143) 

1-(2-(Benzylamino)pyridin-4-yl)-2-bromoethan-1-one 

hydrobromide (142·HBr, 0.154 mg, 0.399 mmol, 1.00 eq.), 

tert-butyl 2,4-dioxopiperidine-1-carboxylate (53, 0.128 g, 

0.598 mmol, 1.5 eq.) and NH4OAc (0.123 g, 1.60 mmol, 

4.00 eq.) were dissolved in EtOH (10 mL, HPLC grade). After 

stirring the reaction for 18 h at rt, the solvent was evaporated. 

The residue was purified by flash column chromatography 

(Silica gel, 2 – 10% DCM/MeOH) which afforded the product 

143 (67.0 mg, 0.160 mmol, 40%) as yellow solid. The isolated 

product was directly used in the next step.  

TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 441.2; found: 441.4; ESI(-) calcd. for [M-H]-: m/z = 417.2; 

found: 417.3. 

Di-tert-butyl 2-(2-(benzyl(tert-butoxycarbonyl)amino)pyridin-4-yl)-4-oxo-6,7-dihydro-1H-

pyrrolo[3,2-c]pyridine-1,5(4H)-dicarboxylate (144) 

tert-Butyl 2-(2-(benzylamino)pyridin-4-yl)-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (143, 

67.0 mg, 0.160 mmol, 1.00 eq.) and DMAP (9.8 mg, 80.1 

µmol, 0.5 eq.) were dissolved in ACN (15 mL, dry) under an 

argon atmosphere). Boc2O (0.147 mL, 0.140 g, 0.641 mmol, 

4.00 eq.) and TEA (0.112 mL, 81.1 mg, 0.801 mmol, 5.00 eq.) 

were added and the reaction stirred for 18 h. To enable 

complete conversion another portion of Boc2O (29.4 µL, 

28.0 mg, 0.128 mmol, 0.80 eq.) and DMAP (2.0 mg, 

16.0 µmol, 0.1 eq.) were added and the reaction prolonged for 5 h. The reaction mixture was diluted 

with DCM (20 mL) and H2O (20 mL). The layers were separated and the organic layer dried over 
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Na2SO4. The residue was purified by flash column chromatography (Silica gel, 0 – 50% hexane/EtOAc) 

which afforded the product 144 (31.0 mg, 49.7 µmol, 31%) as rose-colored oil.  
1H NMR (400 MHz, CDCl3) δ 8.36 (d, J = 5.1 Hz, 1H), 7.77 (s, 1H), 7.28 (ddd, J = 25.5, 14.3, 6.8 Hz, 

5H), 6.94 (dd, J = 5.1, 1.2 Hz, 1H), 6.72 (s, 1H), 5.28 (s, 2H), 4.13 (t, J = 6.4 Hz, 2H), 3.25 (t, J = 6.4 

Hz, 2H), 1.59 (s, 9H), 1.43 (s, 9H), 1.30 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 161.98, 154.32, 154.11, 

153.31, 148.52, 146.77, 142.68, 142.10, 139.47, 133.86, 128.30, 127.36, 126.86, 119.32, 118.76, 118.40, 

112.81, 86.20, 83.02, 81.69, 49.78, 44.74, 28.27, 27.42, 24.71. TLC-MS: ESI(+) calcd. for [M+Na]+: 

m/z = 641.3; found: 641.6; ESI(-) calcd. for [M-H]-: m/z = 617.3; found: 617.6. HPLC: tret = 22.260 min 

(98.3% at 254 nm, 98.6% at 230 nm, method B). 

Di-tert-butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-4-oxo-6,7-dihydro-1H-pyrrolo[3,2-

c]pyridine-1,5(4H)-dicarboxylate (145) 

Di-tert-butyl 2-(2-(benzyl(tert-butoxycarbonyl)amino)pyridin-

4-yl)-4-oxo-6,7-dihydro-1H-pyrrolo[3,2-c]pyridine-1,5(4H)-

dicarboxylate (144, 31.0 mg, 49.7 µmol, 1.00 eq.) was 

dissolved in EtOH (2.0 mL, HPLC grade) and Palladium on 

charcoal added (10% wt, 3.0 mg, 10% m/m). H2 was bubbled 

through the reaction. After 18h only traces of the product 145 

could be detected by TLC-MS (ESI(+) calcd. for [M+Na]+: m/z 

= 551.3; found: 551.6). A successful method for the synthesis 

of intermediate 145 is described in section 6.2.12 

6.2.8 Synthesis of Compounds described in Section 3.3.2.1.3 

tert-Butyl 4-((2,2-dimethoxyethyl)amino)-6-oxo-3,6-dihydropyridine-1(2H)-carboxylate (147) 

tert-Butyl 4-((2,2-dimethoxyethyl)amino)-6-oxo-3,6-

dihydropyridine-1(2H)-carboxylate (147) was synthesized in a 

similar manner as described in the patent literature. [258a] tert-

Butyl 2,4-dioxopiperidine-1-carboxylate (53, 10.0 g, 46.9 mmol, 

1.00 eq.), molecular sieve (4Å, 4.00 g) and aminoacetaldehyde 

dimethyl acetal (5.38 mL, 4.93 g, 46.9 mmol, 1.00 eq.) were 

weighed into a flask and toluene (dry, 100 mL) was added. The 

reaction was stirred for 18 h at 70 °C under an atmosphere of 

argon. After cooling to rt, the mixture was filtered and the filtrate evaporated to dryness which afforded 

the product 147 (14.0 g, 46.7 mmol, 99.5%) as yellow solid.  
1H NMR (400 MHz, DMSO) δ 11.13 (s, 1H), 6.94 (s, 1H), 6.65 (t, J = 2.4 Hz, 1H), 6.21 (d, J = 2.1 Hz, 

1H), 3.35 (t, J = 6.9 Hz, 2H), 2.73 (t, J = 6.9 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 165.71, 135.59, 

117.67, 113.31, 105.52, 40.38, 21.84. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 323.2; found: 323.3; 
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ESI(-) calcd. for [M-H]-: m/z = 299.2; found: 299.1. HPLC: tret = 9.69 min (96.3% at 254 nm, 98.0% at 

230 nm, method B). 

1,5,6,7-Tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (148) 

tert-Butyl 4-((2,2-dimethoxyethyl)amino)-6-oxo-3,6-

dihydropyridine-1(2H)-carboxylate (147, 14.1 g, 46.9 mmol, 

1.00 eq.) was dissolved in DCM (dry, 25 mL) and added dropwise to 

cold TFA (120 mL) in an ice bath. [258a] The reaction was stirred at rt 

for 2 h and the solvent removed under reduced pressure. After 

adding MTBE (200 mL) to the residue, the mixture was stirred at rt 

for 2 h. The precipitate was filtered off and again suspended in 

MTBE (100 mL) and stirred at 50 °C for 24 h. After cooling to rt the mixture was filtered. The filtrates 

were combined and the solvent reduced to a volume of 100 mL. Cyclohexane (200 mL) was added and 

the first fraction of product collected by filtration. The filtrate was evaporated and treated with 

cyclohexane again to precipitate a second fraction of product which was collected by filtration. The 

fractions of product were combined and dried in vacuum which afforded the product 148 (5.82 g, 

42.7 mmol, 91 %) as white solid.  

1H NMR (400 MHz, DMSO) δ 11.13 (s, 1H), 6.98 (s, 1H), 6.65 (d, J = 2.2 Hz, 1H), 6.21 (d, J = 2.2 Hz, 

1H), 3.36 (t, J = 6.9 Hz, 2H), 2.73 (t, J = 6.9 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 165.75, 135.65, 

117.77, 117.72, 105.54, 40.39, 21.82. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 159.1; found: 158.9. 

HPLC: tret = 3.48 min (97.8% at 254 nm, 95.6% at 230 nm, method B). 

Di-tert-butyl 4-oxo-6,7-dihydro-1H-pyrrolo[3,2-c]pyridine-1,5(4H)-dicarboxylate (149) 

1,5,6,7-Tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (148, 4.00 g, 

29.4 mmol, 1,00 eq.), Boc2O (20.5 g, 94.0 mmol, 3.20 eq.) and 

DMAP (0.359 g, 2.94 mmol, 0.10 eq.) were dissolved in 

acetonitrile (dry). [258a] After addition of triethylamine (15.6 mL, 

11.9 g, 117 mmol, 4.00 eq.) the reaction was stirred at rt for 18 h. 

The solvent was removed under reduced pressure and the residue 

purified by flash column chromatography (Silica gel, 10 – 60% 

hexane/EtOAc) which afforded the product 149 (4.80 g, 14.1 mmol, 49%) as light-yellow solid.  
1H NMR (400 MHz, CDCl3) δ 7.14 (d, J = 3.5 Hz, 1H), 6.60 (d, J = 3.5 Hz, 1H), 4.05 (t, J = 6.4 Hz, 

2H), 3.19 (t, J = 6.4 Hz, 2H), 1.60 (s, 9H), 1.55 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.43, 153.46, 

148.64, 139.33, 121.71, 119.55, 109.59, 85.39, 82.85, 44.86, 28.27, 28.08, 24.35.TLC-MS: ESI(+) 

calcd. for [M+Na]+: m/z = 359.2; found: 359.2. HPLC: tret = 17.5 min (99.2% at 254 nm, 97.3% at 230 

nm, method B). 
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tert-Butyl 4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (150) 

Di-tert-butyl 4-oxo-6,7-dihydro-1H-pyrrolo[3,2-c]pyridine-

1,5(4H)-dicarboxylate (149, 4.86 g, 14.4 mmol) was dissolved in 

MeOH (120 mL). After the addition of ammonia solution (4 mL, 

25% in water) the reaction was stirred at reflux for 6 h. [258a] After 

cooling to rt, the solvent was removed and the residue dissolved 

in DCM (50 mL). By adding MTBE (150 mL) the product was 

precipitated and collected by filtration which afforded a first 

fraction of product. The filtrate was evaporated and the residue purified by flash column chromatography 

(Silica gel, 2 – 8% DCM/MeOH) which afforded a second product fraction. The two fractions of product 

150 (light-yellow powder, 2.88 g, 12.2 mmol, 85%) were combined.  
1H NMR (400 MHz, CDCl3) δ 9.53 (s, 1H), 6.73 – 6.64 (m, 1H), 6.56 (t, J = 2.5 Hz, 1H), 4.06 (t, J = 

6.4 Hz, 2H), 2.90 (t, J = 6.3 Hz, 2H), 1.54 (s, 8H). 13C NMR (101 MHz, CDCl3) δ 163.84, 153.57, 

137.95, 119.38, 114.84, 107.90, 82.55, 45.70, 28.32, 22.84. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z 

= 259.1; found: 259.1. HPLC: tret = 9.90 min (99.3% at 254 nm, 98.5% at 230 nm, method B). 

tert-Butyl 2-bromo-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (151) 

tert-Butyl 4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (150, 1.50 g, 6.35 mmol, 1.00 eq.) 

was dissolved in a mixture of THF (dry, 39 mL) and MeOH 

(12 mL) and cooled to -70 °C (acetone/N2 bath). N-

Bromosuccinimide (1.02 g, 5.72 mmol, 0.90 eq.) was added in 

2 portions and the reaction stirred for 30 min while cooling 

was maintained. Then the reaction was allowed to warm to rt 

and the reaction was quenched by addition of Na2S2O3 solution (10%, 20 mL). The organic solvent was 

removed under reduced pressure and the mixture extracted with DCM (3x 50 mL). The combined 

organic layers were dried over Na2SO4 and the solvent evaporated. Purification by flash column 

chromatography (Silica gel, 30 – 80% hexane/EtOAc) afforded the product 151 (1.32g, 4.20 g, 66%) as 

white solid.  

1H NMR (400 MHz, DMSO) δ 12.10 (s, 1H), 6.35 (s, 1H), 3.90 (t, J = 6.3 Hz, 2H), 2.81 (t, J = 6.3 Hz, 

2H), 1.45 (s, 9H). 13C NMR (101 MHz, DMSO) δ 160.97, 153.04, 139.46, 115.06, 108.14, 99.52, 81.22, 

45.07, 27.77, 21.92. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 337.0; found: 337.1; ESI(-) calcd. for 

[M-H]-: m/z = 313.0; found: 312.9. HPLC: tret = 13.47 min (98.9% at 254 nm, 96.9% at 230 nm, 

method B). 
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tert-Butyl 2-bromo-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(124) 

tert-Butyl 2-bromo-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (151, 1.20 g, 3.82 mmol, 1.00 eq.) 

and Cs2CO3 (2.74 g, 8.41 mmol, 2.20 eq.) were dissolved in 

DMF (dry, 30 mL) under an argon atmosphere and stirred at rt 

for 15 min. The solution was cooled to 0 °C (ice bath) and 

methyl iodide (0.523 mL, 1.19 g, 8.41 mmol, 2.20 eq.). After 

the reaction was stirred at rt for 2 h, the solvent was evaporated 

and the residue diluted with EtOAc (50 mL). The solution was washed with sat. NH4Cl solution, water 

and brine (50 mL) and the aqueous phase extracted with EtOAc (50 mL) the combined organic layers 

were dried over Na2SO4 and the solvent removed under reduced pressure. The crude product was 

purified by flash column chromatography (Silica gel, 30 – 80% hexane/EtOAc) which afforded the 

product 124 (1.11 g, 7.40 mmol, 88%) as white powder.  

1H NMR (400 MHz, CDCl3) δ 6.60 (s, 1H), 4.08 – 4.03 (m, 2H), 3.48 (s, 3H), 2.82 – 2.76 (m, 2H), 1.53 

(s, 9H). 13C NMR (101 MHz, CDCl3) δ 161.65, 153.70, 138.62, 115.75, 109.93, 104.87, 82.68, 44.74, 

32.41, 28.26, 22.52. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 351.0; found: 351.2. HPLC: tret = 

14.32 min (98.6% at 254 nm, 98.3 % at 230 nm, method B). 

tert-Butyl 2-(2-chloropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (120) 

A) Alternative method A is described in section 6.2.6. 

B) tert-Butyl 2-bromo-1-methyl-4-oxo-1,4,6,7-tetrahydro-

5H-pyrrolo[3,2-c]pyridine-5-carboxylate (124, 50.0 mg, 

0.152 mmol, 1.00 eq.) and (2-chloropyridin-4-yl)boronic acid 

(152, 28.7 mg, 0.182 mmol, 1.20 mmol) were dissolved in 

1,4-dioxane (degassed, 1 mL) under argon atmosphere and 

Pd(dppf)Cl2·CH2Cl2 (12.4 mg, 15.2μmol, 10 mol%) was 

added. A 2 M Na2CO3 solution (0.235 mL, 0.471 mmol, 

3.10 eq.) was added and the reaction heated to 80 °C. After stirring for 4 h, the reaction was cooled to rt 

and diluted with EtOAc (20 mL). The mixture was filtered through a pad of celite and washed with sat. 

NH4Cl solution, water and brine (20 mL). The organic layer was dried over Na2SO4 and evaporated. The 

residue was purified by flash column chromatography (Silica gel, 30 – 100% hexane/EtOAc) which 

afforded the product 120 (22.0 mg, 60.8 μmol, 40%) as light-yellow powder.  
1H NMR (400 MHz, CDCl3) δ 8.38 (d, J = 5.2 Hz, 1H), 7.30 (d, J = 0.9 Hz, 1H), 7.20 (dd, J = 5.2, 1.5 

Hz, 1H), 6.83 (s, 1H), 4.13 (t, J = 6.3 Hz, 2H), 3.62 (s, 3H), 2.90 (t, J = 6.3 Hz, 2H), 1.55 (s, 9H). 13C 

NMR (101 MHz, CDCl3) δ 162.19, 153.63, 152.21, 150.06, 142.47, 141.63, 132.18, 122.44, 121.13, 
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115.88, 110.63, 82.85, 44.72, 32.68, 28.27, 22.31. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 384.1; 

found: 384.0. HPLC: tret = 14.37 min (90.6% at 254 nm, 97.1% at 230 nm, method B). 

tert-Butyl (4-bromopyridin-2-yl)carbamate (154) 

2-Amino-4-bromopyridine (153, 4.00 g, 23.1 mmol, 1.00 eq.) 

and di-tert-butyl dicarbonate (5.30 g, 24.3 mmol, 1.05 eq.) 

were suspended in tBuOH (25 mL). After stirring the reaction 

at 50 °C for 4 h, the solvent was removed under reduced 

pressure and the residue purified by flash column 

chromatography (Silica gel, hexane/7% EtOAc) which 

afforded the product 154 (5.07 g, 18.5 mmol, 80%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 9.36 (s, 1H), 8.27 (s, 1H), 8.14 (d, J = 5.4 Hz, 1H), 7.11 (dd, J = 5.4, 1.5 

Hz, 1H), 1.54 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 153.42, 152.47, 148.18, 134.66, 121.52, 115.66, 

81.41, 28.33. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 295.0; found: 295.0. HPLC: tret = 17.14 min 

(97.8% at 254 nm, 96.1% at 230 nm, method B). 

tert-Butyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)carbamate (123) 

tert-Butyl (4-bromopyridin-2-yl)carbamate (154, 4.50 g, 

16.5 mmol, 1.00 eq.), bis(pinacolato)diboron (4.60 g, 

18.3 mmol, 1.10 eq.) and potassium acetate (4.85 g, 

49.4 mmol, 3,00 eq.) were suspended in 1,4-dioxane (dry, 

90 mL) and degassed (Ar). After addition of XPhos Pd g4 

(0.142 g, 0.16 mmol, 0.01 eq.) the reaction was heated to 90 °C 

for 18 h. After cooling to room temperature, the reaction was 

filtered over a pad of celite and the solvent evaporated. The residue was treated with EA and a first 

fraction of product isolated by filtration. The filtrate was evaporated and purified by column 

chromatography (Silica gel, 10 – 100% hexane/EtOAc) to isolate a second product fraction. The product 

portions were combined to yield the product 123 (2.87 g, 8.90 mmol, 54%) as white powder.  
1H NMR (400 MHz, CDCl3) δ 9.50 (s, 1H), 8.36 (d, J = 4.8 Hz, 1H), 8.32 (s, 1H), 7.27 (d, J = 4.8 Hz, 

1H), 1.53 (s, 9H), 1.32 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 152.97, 152.48, 147.05, 139.95, 123.07, 

117.83, 84.51, 80.68, 28.50, 24.96. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 343.2; found: 343.3; 

ESI(-) calcd. for [M-H]-: m/z = 319.2; found: 319.1. 
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tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (119) 

To a mixture of tert-Butyl 2-bromo-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (124, 

0.500 g, 1.52 mmol, 1.00 eq.) and tert-Butyl (4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)carbamate 

(123, 0.535 g, 1.67 mmol, 1.10 eq.) in a argon-purged flask 1,4-

dioxane (degassed, 15 mL)) was added and a degassed 2 M 

Na2CO3 solution (2.28 mL, 4.56 mmol, 3.00 eq.) was added 

dropwise. After adding XPhos Pd g4 (65.3 mg, 95.9 μmol, 5 mol%) the reaction was heated at 90 °C 

and stirred for 18 h. After cooling to rt, the reaction was diluted with EtOAc (30 mL) and filtered through 

a pad of celite. The solution was washed with sat. NH4Cl solution, water and brine (50 mL) and the 

organic layer dried over Na2SO4. After the solvent was removed under reduced pressure, the residue was 

purified by flash column chromatography (Silica gel, 40 – 100% hexane/EtOAc) which afforded the 

product 119 (0.269 g, 0.608 mmol, 40%) as off-white solid.  
1H NMR (400 MHz, DMSO) δ 9.86 (s, 1H), 8.27 (d, J = 5.2 Hz, 1H), 7.87 (s, 1H), 7.14 (d, J = 4.5 Hz, 

1H), 6.66 (s, 1H), 3.98 (t, J = 6.1 Hz, 2H), 3.61 (s, 3H), 2.96 (t, J = 6.1 Hz, 2H), 1.47 (d, J = 3.7 Hz, 

19H). 13C NMR (101 MHz, DMSO) δ 161.55, 153.03, 152.87, 148.27, 142.28, 140.50, 133.28, 116.97, 

113.95, 110.51, 108.22, 81.30, 79.76, 44.74, 32.56, 28.05, 27.82, 21.55. TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z = 465.2; found: 465.3. HPLC: tret = 16.04 min (97.0% at 254 nm, 96.3% at 230 nm, 

method B). 

Alternative methods for the synthesis of 119 are described in section 6.2.6. 

6.2.9 Synthesis of Compounds described in Section 3.3.2.1.4 

tert-Butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-methyl-4-

oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (158) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (119, 0.500 g, 1.13 mmol, 1.00 eq.) was subjected 

to GSP 8. The reaction mixture in toluene (12 mL) was heated 

to 60 °C for 18 h. After cooling to rt the reaction mixture was 

diluted with DCM (50 mL) and washed with sat. NaHCO3 

solution (50 mL). The aqueous phase was extracted with DCM 

(2x 50 mL) and the combined organic layers were dried over 

Na2SO4. The solvent was evaporated and the residue purified by flash column chromatography 

 
119 

Chemical Formula: C23H30N4O5 
Exact Mass: 442.22162 

Molecular Weight: 442.51600 

N

N
H

Boc

N N

O

Boc

 
158 

Chemical Formula: C28H31ClN6O7 
Exact Mass: 598.19428 

Molecular Weight: 599.04100 

N

N
Boc N N

O

Boc

N

Cl

NO2



172 
 

(Silica gel, 0.5 – 5% DCM/MeOH) which afforded the product (158, 0.661 g, 1.10 mmol, 98%) as 

yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 8.5 Hz, 1H), 8.18 (d, J = 5.2 Hz, 1H), 7.87 (s, 1H), 7.47 (d, 

J = 8.5 Hz, 1H), 7.06 (dd, J = 5.2, 1.5 Hz, 1H), 6.85 (s, 1H), 4.15 (t, J = 6.3 Hz, 2H), 3.67 (s, 3H), 2.91 

(t, J = 6.3 Hz, 2H), 1.57 (s, 9H), 1.41 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.42, 153.88, 153.83, 

153.62, 151.18, 148.21, 147.89, 142.06, 141.31, 141.17, 136.53, 133.54, 124.05, 119.56, 117.19, 115.64, 

109.88, 84.27, 82.72, 44.82, 32.72, 28.33, 27.95, 22.37. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 

621.2; found: 621.0. HPLC: tret = 17.60 min (97.3% at 254 nm, 97.4% at 230 nm, method B). 

2-(2-((6-Chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one (110) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-

nitropyridin-2-yl)amino)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (158, 

0.528 g, 0.881 mmol) was dissolved in DCM (dry, 10 mL), 

subjected to GSP 7and stirred for 15 min. The residue was 

dissolved in DCM (20 mL) and washed with sat. Na2CO3 

solution. The aqueous phase was extracted with EtOAc (5x 

15 mL). The combined organic layers were dried over Na2SO4 

and the solvent removed under reduced pressure. The residue was purified by flash column 

chromatography (Silica gel, 4 – 8% DCM/MeOH) and the raw product washed with n-hexane, which 

afforded the product 110 (0.238 g, 0.599 mmol, 68%) as yellow powder.  
1H NMR (400 MHz, DMSO) δ 10.48 (s, 1H), 8.63 (d, J = 8.6 Hz, 1H), 8.34 (d, J = 5.2 Hz, 1H), 8.26 

(s, 1H), 7.31 (dd, J = 5.2, 1.5 Hz, 1H), 7.22 (d, J = 8.6 Hz, 1H), 7.10 (s, 1H), 6.70 (s, 1H), 3.76 (s, 3H), 

3.47 – 3.41 (m, 2H), 2.89 (t, J = 6.9 Hz, 2H). 1H NMR (400 MHz, CDCl3/TFA) δ 11.37 (s, 1H), 8.70 

(d, J = 8.6 Hz, 1H), 8.58 (d, J = 9.4 Hz, 1H), 8.38 (d, J = 6.7 Hz, 1H), 8.04 (d, J = 1.8 Hz, 1H), 7.53 (dd, 

J = 6.7, 1.8 Hz, 1H), 7.36 (d, J = 8.7 Hz, 1H), 7.23 (s, 1H), 3.86 (d, J = 4.6 Hz, 5H), 3.09 (t, J = 7.3 Hz, 

2H). 13C NMR (101 MHz, CDCl3/TFA) δ 167.94, 155.11, 148.56, 147.44, 146.44, 145.71, 138.99, 

137.52, 131.18, 130.19, 120.18, 117.79, 114.58, 112.90, 112.46, 40.63, 33.84, 21.13. HRMS: ESI(+) 

calcd. for [M+H]+: m/z = 399.09669; found: 399.09685; rel. deviation: 0.40 ppm. HPLC: tret = 13.63 min 

(98.6% at 254 nm, 99.1% at 230 nm, method B). IR (ATR) [cm-1]: 3321, 3188, 3056, 2966, 2946, 2919, 

2878, 1647, 1582, 1485, 1459, 1437, 1410, 1388, 1363, 1324, 1298, 1264, 1217, 1183, 1142, 1042, 992, 

970, 894, 850, 805, 759, 652. 
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tert-Butyl 2-(2-((6-bromo-3-nitropyridin-2-yl)(tert-butoxycarbonyl)amino)pyridin-4-yl)-1-methyl-4-

oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (160) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (119, 55.0 mg, 0.124 mmol, 1.00 eq.) and 2,6-

dibromo-3-nitropyridine (159, 52.6 mg, 0.186 mmol, 1.50 eq.) 

were treated in an analogous manner as described in GSP 8 and 

dissolved in toluene (5 mL). After stirring for 18 h at 70 °C the 

mixture was cooled to rt and concentrated under reduced 

pressure. The residue was diluted with DCM (20 mL) and 

washed with sat. NH4Cl solution (20 mL). The aqueous layer was extracted with DCM (2x 20 mL) and 

the combined organic layers dried over Na2SO4. The solvent was removed under reduced pressure and 

the raw product purified by flash column chromatography (Silica gel, 1 – 6% DCM/MeOH) which 

afforded the product 160 (28.0 mg 43.5 μmol, 35%) as yellow oil.  
1H NMR (400 MHz, CDCl3) δ 8.47 (d, J = 5.2 Hz, 1H), 8.25 (d, J = 8.8 Hz, 1H), 7.96 (d, J = 8.8 Hz, 

1H), 7.36 (d, J = 0.8 Hz, 1H), 7.26 (s, 1H), 6.87 (s, 1H), 4.14 (t, J = 6.3 Hz, 2H), 3.65 (s, 3H), 2.91 (t, J 

= 6.3 Hz, 2H), 1.56 (s, 9H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.33, 155.86, 153.75, 153.50, 

152.15, 149.38, 142.47, 141.76, 141.34, 135.97, 132.97, 132.17, 121.76, 121.67, 117.02, 115.79, 109.98, 

84.24, 82.81, 44.80, 32.69, 28.31, 28.13, 22.36. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z =665.1; 

found: 665.5; ESI(-) calcd. for [M-Boc-H]-: m/z =541.1; found: 541.5. HPLC: tret = 17.99 min (92.3% 

at 254 nm, 91.3% at 230 nm, method B). 
1H NMR (400 MHz, CDCl3) δ 8.71 (dd, J = 4.7, 1.7 Hz, 1H), 8.47 (dd, J = 8.1, 1.7 Hz, 1H), 8.20 (d, J 

= 5.2 Hz, 1H), 7.88 (s, 1H), 7.48 (dd, J = 8.1, 4.7 Hz, 1H), 7.05 (dd, J = 5.2, 1.5 Hz, 1H), 6.84 (s, 1H), 

4.13 (t, J = 6.8 Hz, 2H), 3.66 (s, 3H), 2.90 (t, J = 6.3 Hz, 2H), 1.56 (s, 9H), 1.39 (s, 9H). 13C NMR 

(101 MHz, CDCl3) δ 162.73, 154.22, 154.13, 153.16, 151.80, 148.43, 148.08, 143.54, 141.70, 141.52, 

134.56, 133.83, 123.65, 119.71, 117.78, 115.92, 110.22, 84.22, 83.01, 45.12, 33.02, 28.62, 28.23, 22.65. 

TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 587.2; found: 587.2. HPLC: tret = 11.16 min (97.4% at 254 

nm, 96.5% at 230 nm, method B). 

tert-Butyl 2-(2-((tert-butoxycarbonyl)(3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (164) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (119, 50.0 mg, 0.113 mmol, 1.00 eq.) was 

dissolved in DMF (dry, 2 mL) under an argon atmosphere and 

cooled to 0 °C. NaH (9.04 mg, 60% dispersion mineral oil, 

0.226 mmol, 2.00 eq.) was added and the mixture stirred at rt 

for 1 h. 2-fluoro-3-nitropyridin (162, 44.6 μL, 64.2 mg, 
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0.452 mmol, 4.00 eq.) was added and the reaction stirred at rt for 3 days. After addition of sat. NH4Cl 

solution (10 mL) the mixture was extracted with EtOAc (3x 15 mL). The combined organic layers were 

dried over Na2SO4 and the solvent removed under reduced pressure. The residue was purified by flash 

column chromatography (Silica gel, 20 – 100% hexane/EtOAc) and the product-containing fractions 

evaporated. A second purification step by flash column chromatography (Silica gel, 0 – 8% 

DCM/MeOH) afforded the product 164 as yellow solid, which was directly used in the next step (157).  

tert-Butyl 2-(2-((tert-butoxycarbonyl)(6-fluoro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-methyl-4-

oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (163) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (119, 0.120 g, 0.271 mmol, 1.00 eq.) was dissolved 

in DMF (dry, 2 mL) under argon atmosphere and cooled to 0 °C. 

After NaH (60% dispersion in mineral oil, 32.5 mg, 

0.814 mmol, 3.00 eq.) was added, the reaction was stirred at rt 

for 1 h. 2,6-Difluoro-3-nitropyridine (161, 0.112 mL, 0.174 g, 

4.00 eq.) was added at 0 °C and the reaction stirred at rt for 18 h. 

The solvent was evaporated and the residue dissolved in DCM (10 mL) and washed with sat. NH4Cl 

solution (10 mL). The aqueous layer was extracted with DCM (2x 10 mL). The combined organic layers 

were dried over Na2SO4 and the solvent removed under reduced pressure. The residue was purified by 

flash column chromatography (Silica gel, 0.5 – 3% DCM/MeOH). The product containing fractions 

were combined and the solvent evaporated. The raw product was purified by a second flash 

chromatography column (Silica gel, 1 - 10% DCM/THF) which afforded the product 163 (33.0 mg, 

56.6 μmol, 21%) as yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.52 (dd, J = 16.4, 7.3 Hz, 2H), 8.02 (d, J = 8.8 Hz, 1H), 7.30 (s, 2H), 

6.86 (s, 1H), 4.14 (t, J = 6.2 Hz, 2H), 3.65 (s, 3H), 2.91 (t, J = 6.2 Hz, 2H), 1.56 (s, 9H), 1.44 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 162.29, 156.33 (d, J = 14.0 Hz), 153.97 (d, J = 252.2 Hz), 153.71, 

153.30, 151.98, 149.55, 142.00, 141.45, 138.54, 132.83, 127.49 (d, J = 20.5 Hz), 122.13, 121.86, 115.86, 

114.72 (d, J = 5.2 Hz), 110.16, 84.47, 82.83, 44.79, 32.63, 28.31, 28.09, 22.36. TLC-MS: ESI(+) calcd. 

for [M+Na]+: m/z = 605.2; found: 604.8. HPLC: tret = 17.05 min (93.3% at 254 nm, 91.5% at 230 nm, 

method B). 
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2-(2-((6-Bromo-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one (155) 

tert-Butyl 2-(2-((6-bromo-3-nitropyridin-2-yl)(tert-

butoxycarbonyl)amino)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (160, 

28.0 mg, 43.5 μmol) was dissolved in DCM (dry, 3 mL) and 

subjected to GSP 7 and stirred for 30 min. The residue was 

dissolved in DCM (20 mL) and washed with sat. Na2CO3 

solution (10 mL). The aqueous phase was extracted with DCM 

until the yellow color was removed. The combined organic 

extracts were dried over Na2SO4 and the solvent evaporated. The raw product was purified by flash 

column chromatography (Silica gel, 3 – 10% DCM/MeOH) which afforded the product 155 (12.0 mg, 

27.4 μmol, 63%) as yellow powder.  
1H NMR (400 MHz, DMSO) δ 10.92 (s, 1H), 8.43 (d, J = 9.0 Hz, 1H), 8.33 (d, J = 5.3 Hz, 1H), 7.97 

(d, J = 8.8 Hz, 1H), 7.77 (s, 1H), 7.21 (dd, J = 5.3, 1.5 Hz, 1H), 7.09 (s, 1H), 6.65 (s, 1H), 3.71 (s, 3H), 

3.44 (td, J = 6.8, 2.4 Hz, 2H), 2.88 (t, J = 6.9 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 164.57, 155.39, 

152.84, 147.99, 141.13, 140.53, 137.71, 137.00, 132.96, 131.47, 116.79, 114.33, 110.50, 110.07, 107.85, 

39.84, 32.78, 21.16. HRMS: ESI(+) calcd. for [M+H]+: m/z = 443.04618; found: 443.04639; rel. 

deviation: 0.49 ppm. HPLC: tret = 13.13 min (96.5% at 254 nm, 96.5% at 230 nm, method B). IR (ATR) 

[cm-1]: 3280, 2920, 2877, 1643, 1579, 1554, 1497, 1466, 1429, 1400, 1319, 1226, 1205, 1179, 1033, 

890, 825, 808, 765, 656. 

2-(2-((6-Fluoro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one (156) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)(6-fluoro-3-nitropyridin-

2-yl)amino)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-

5H-pyrrolo[3,2-c]pyridine-5-carboxylate (163, 33.0 mg, 56.6 

µmol, 1.00 eq.) was dissolved in DCM (3 mL, dry) and 

subjected to GSP 7. After stirring for 30 min and the general 

workup, the residue was dissolved in DCM (5 mL) and washed 

with Na2CO3 solution (5 mL). The aqueous phase was extracted 

with DCM (5 mL) twice and the combined organic layers dried 

over Na2SO4. The solvent was removed under reduced pressure and the residue purified by flash column 

chromatography (Silica gel, 2 – 8% DCM/MeOH) which afforded the product 156 (9.0 mg, 23.5 µmol, 

41%) as yellow solid.  
1H NMR (400 MHz, CDCl3) δ 10.78 (s, 1H), 8.73 (dd, J = 8.8, 7.0 Hz, 1H), 8.44 (s, 1H), 8.39 (d, J = 

5.2 Hz, 1H), 7.15 (dd, J = 5.2, 1.5 Hz, 1H), 6.89 (s, 1H), 6.52 (dd, J = 8.9, 3.7 Hz, 1H), 5.46 (s, 1H), 

3.78 (s, 3H), 3.68 (td, J = 6.9, 2.4 Hz, 2H), 2.95 (t, J = 6.9 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 
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164.56, 156.06 (d, J = 11.8 Hz), 154.75 (d, J = 241.5 Hz), 152.59, 148.08, 141.16, 140.58, 138.71, 

131.43, 123.13 (d, J = 20.0 Hz), 117.09, 114.32, 111.00, 108.88 (d, J = 3.8 Hz), 107.86, 39.84, 32.62, 

21.16. HRMS: ESI(+) calcd. for [M+H]+: m/z = 383.12624; found: 383.12656; rel. deviation: 0.82 ppm. 

HPLC: tret = 10.291 min (96.7% at 254 nm, 98.0% at 230 nm, method B). IR (ATR) [cm-1]: 3294, 3273, 

3059, 2937, 2919, 2889, 1649, 1592, 1492, 1453, 1409, 1313, 1226, 1203, 1180, 1086, 886, 839, 811, 

760, 690, 665. 

1-Methyl-2-(2-((3-nitropyridin-2-yl)amino)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-

c]pyridin-4-one (157) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)(3-nitropyridin-2-

yl)amino)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (164) was dissolved in 

DCM (dry, 2 mL) and subjected to GSP 7 and stirred for 30 min. 

The residue was dissolved in DCM (10 mL) and washed with 

sat. Na2CO3 solution (10 mL). The organic layer was dried over 

Na2SO4 and the solvent removed under reduced pressure. The 

residue was purified by flash column chromatography (Silica gel, 5 – 10% DCM/MeOH) which afforded 

the product 157 (9.00 mg, 24.9 μmol, 22% over 2 steps) as yellow solid.  
1H NMR (400 MHz, DMSO) δ 10.39 (s, 1H), 8.68 (dd, J = 4.6, 1.6 Hz, 1H), 8.61 (dd, J = 8.3, 1.6 Hz, 

1H), 8.37 (s, 1H), 8.31 (d, J = 5.2 Hz, 1H), 7.23 (d, J = 5.2 Hz, 1H), 7.17 (dd, J = 8.3, 4.5 Hz, 1H), 7.09 

(s, 1H), 6.64 (s, 1H), 3.69 (s, 3H), 3.44 (dd, J = 6.9, 4.7 Hz, 2H), 2.88 (t, J = 6.9 Hz, 2H). HRMS: 

ESI(+) calcd. for [M+H]+: m/z = 365.13566; found: 365.13576; rel. deviation: 0.27 ppm. HPLC: tret = 

6.25 min (97.2% at 254 nm, 95.5% at 230 nm, method B). IR (ATR) [cm-1]: 3334, 3314, 1642, 1577, 

1497, 1402, 1374, 1355, 1296, 1231, 1196, 1148, 1087, 1046, 991, 876, 841, 821, 758, 706, 651. 

1-Methyl-2-(2-((6-(methylthio)-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one (165) 

Following an analogous procedure as described by MAUREL et 

al., [267] 2-(2-((6-Chloro-3-nitropyridin-2-yl)amino)pyridin-4-

yl)-1-methyl-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-

one (110, 50.0 mg, 0.125 mmol, 1.00 eq.) and NaSCH3 

(22.0 mg, 0.313 mmol, 2.50 eq.) were dissolved in DMF 

(2 mL, dry) and stirred at rt for 18 h. After the reaction was 

completed, the mixture was poured into water (10 mL) and 

extracted with EtOAc (10 mL). The organic layer was washed 

with water (10 mL) and brine (10 mL) and dried over Na2SO2. The solvent was removed under reduced 

pressure and the residue purified by flash column chromatography (Silica gel, 2 – 10% DCM/MeOH) 

which afforded the product 165 (29.0 mg, 71.3 μmol, 57%) as yellow solid.  
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1H NMR (400 MHz, DMSO) δ 10.67 (s, 1H), 8.47 – 8.37 (m, 2H), 8.35 (d, J = 5.2 Hz, 1H), 7.27 (dd, J 

= 5.2, 1.3 Hz, 1H), 7.08 (s, 1H), 7.03 (d, J = 8.9 Hz, 1H), 6.65 (s, 1H), 3.69 (s, 3H), 3.48 – 3.38 (m, 2H), 

2.88 (t, J = 6.9 Hz, 2H), 2.59 (s, 3H). 13C NMR (101 MHz, DMSO) δ 168.61, 164.56, 151.69, 148.44, 

147.34, 141.31, 140.41, 135.14, 131.71, 126.08, 117.80, 114.38, 112.42, 112.12, 107.74, 39.84, 32.66, 

21.15, 13.78. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 433.1; found: 432.9; ESI(-) calcd. for [M-

H]-: m/z = 409.1; found: 409.1. HPLC: tret = 14.14 min (99.2% at 254 nm, 96.1% at 230 nm, method B). 

1-Methyl-2-(2-((6-(methylsulfonyl)-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one (166) 

1-Methyl-2-(2-((6-(methylthio)-3-nitropyridin-2-

yl)amino)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-

c]pyridin-4-one (165, 29.0 mg, 71.3 μmol, 1.00 eq.) was 

dissolved in DCM (1.5 mL, dry) under an argon atmosphere 

and cooled to 0 °C. After the addition of mPa (36.7 mg, 

0.212 mmol, 3.00 eq.), the reaction as allowed to warm up to rt 

and stirred for 3 h. The mixture was then poured into NaHCO3 

solution (10 mL) and the layers separated. The aqueous layer 

was extracted with DCM (10 mL) twice and the combined organics dried over Na2SO4. After the 

removal of the solvent the residue was purified by flash column chromatography (Silica gel, 3 – 10% 

DCM/MeOH) which afforded the product 166 (1.0 mg, 3%) as orange solid.  

1H NMR (400 MHz, CDCl3) δ 10.72 (s, 1H), 8.84 (d, J = 8.4 Hz, 1H), 8.47 (s, 1H), 8.40 (d, J = 5.3 Hz, 

1H), 7.69 (d, J = 8.3 Hz, 1H), 7.19 (d, J = 4.0 Hz, 1H), 6.87 (s, 1H), 5.43 (s, 1H), 3.74 (s, 3H), 3.70 – 

3.64 (m, 2H), 3.14 (d, J = 7.8 Hz, 3H), 2.95 (t, J = 6.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 166.16, 

160.39, 155.64, 155.35, 151.23, 148.82, 148.28, 142.54, 138.64, 119.55, 112.71, 112.17, 109.20, 40.96, 

40.91, 32.89, 22.01. HRMS: ESI(+) calcd. for [M+Na]+: m/z = 465.09516; found: 465.09519; rel. 

deviation: 0.07 ppm. HPLC: tret = 4.73 min (97.3% at 254 nm, 95.0% at 230 nm, method A). 

6.2.10 Synthesis of compounds described in Section 3.3.2.2 

2-(Benzyloxy)-4-bromopyridine (169) 

2-(Benzyloxy)-4-bromopyridine (169) was synthesized as 

described in the patent literature [281]. 4-Bromo-2-fluoropyridine 

(168, 1.73 mL, 3.00 g, 17.2 mmol, 1.00 eq.) and benzyl alcohol 

(1.79 mL, 1.86 g, 17.2 mmol, 1.00 eq.) were dissolved in THF 

(dry, 25 mL) under argon atmosphere. The reaction mixture was 

cooled to 0 °C in an ice bath and potassium tert-butoxide (1.93 g, 

17.2 mmol, 1.00 eq.) was added in small portions to the stirred 

solution while cooling was maintained. The reaction was slowly warmed to rt and stirred for 18 h. After 
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adding water (2 mL) to the reaction, the organic solvent was removed under reduced pressure. The 

residue was diluted with water (20 mL) and extracted with hexane (4x 20 mL). The combined organic 

layers were dried over Na2SO4 and evaporated to dryness to isolate the product 169 (4.31 g, 16.4 mmol, 

95%) as colorless oil.  
1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 5.5 Hz, 1H), 7.44 (d, J = 7.3 Hz, 2H), 7.41 – 7.29 (m, 3H), 

7.04 (dd, J = 5.5, 1.6 Hz, 1H), 7.02 (d, J = 1.0 Hz, 1H), 5.38 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 

164.37, 147.56, 137.00, 134.04, 128.64, 128.12, 120.64, 114.68, 68.18. HPLC: tret = 18.69 min (92.8% 

at 254 nm, 93.4% at 230 nm, method B). 

2-(Benzyloxy)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (170) 

2-(Benzyloxy)-4-bromopyridine (169, 1.60 g, 6.06 mmol, 

1.00 eq.), bis(pinacolato)diboron (1.62 g, 6.36 mmol, 1.05 eq.) 

and potassium acetate (1.78 g, 18.17 mmol, 3.00 eq.) were 

suspended in 1,4-dioxane (dry, 60 mL) and argon bubbled 

through the mixture. XPhos Pd g4 (5.21 mg, 60.6 μmol, 

10 mol%) was then added and the reaction was stirred at 90 °C 

for 18 h. After cooling to rt, the reaction was diluted with EtOAc 

and filtered through a pad of celite. The solvent was removed under reduced pressure and the residue 

purified by flash column chromatography (Silica gel, 0 – 70% hexane/EtOAc) which afforded the 

product 170 (1.35 g, 4.30 mmol, 71%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 4.9 Hz, 1H), 7.45 (d, J = 7.1 Hz, 2H), 7.39 – 7.27 (m, 3H), 

7.23 – 7.18 (m, 2H), 5.38 (s, 2H), 1.34 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 163.54, 146.43, 137.73, 

128.52, 127.83, 127.77, 121.56, 117.21, 84.55, 67.48, 24.99. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z 

= 334.2; found: 334.3. HPLC: tret = 14.19 min (86.7% at 254 nm, 88.2% at 230 nm, method B, unstable 

under column conditions). 

tert-Butyl 2-(2-(benzyloxy)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (171) 

tert-Butyl 2-bromo-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (124, 0.400 g, 

1.22 mmol, 1.00 eq.) and 2-(Benzyloxy)-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (170, 0.416 g, 

1.34 mmol, 1.10 eq.) were weighed into a flask and purged 

with argon before 1,4-dioxane (degassed, 12 mL) was added. 

XPhos Pd g4 (31.4 mg, 36.5 μmol, 3 mol%) and 2M Na2CO3 

solution (degassed, 1.82 mL, 3.65 mmol, 3.00 eq.) were added and the reaction stirred at 90 °C for 18 h. 

Another portion of 2-(Benzyloxy)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (170, 

37.8 mg, 0.122 mmol, 0.10 eq.) and XPhos Pd g4 (10.5 mg, 12.2 μmol, 1 mol%) were added and the 
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reaction stirred for 5 h at 90 °C. After cooling to rt, the mixture was diluted with EtOAc (30 mL) and 

filtered through a pad of celite. The solution was washed with sat. NH4Cl solution, water and brine 

(30 mL) and the organic layer dried over Na2SO4 and the solvent removed. The residue was purified by 

flash column chromatography (Silica gel, 30 – 80% hexane/EtOAc) which afforded the product 171 

(0.170 g, 0.389 mmol, 32%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 8.18 (dd, J = 5.3, 0.5 Hz, 1H), 7.47 (dd, J = 7.8, 0.8 Hz, 2H), 7.42 – 7.28 

(m, 3H), 6.89 (dd, J = 5.3, 1.5 Hz, 1H), 6.80 – 6.75 (m, 2H), 5.40 (s, 2H), 4.12 (t, J = 6.3 Hz, 2H), 3.57 

(s, 3H), 2.87 (t, J = 6.3 Hz, 2H), 1.55 (s, 9H), 1.23 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 164.14, 

162.40, 153.77, 147.30, 142.20, 140.89, 137.21, 133.60, 128.59, 128.15, 128.03, 116.57, 115.44, 109.55, 

109.44, 82.64, 75.06, 67.95, 44.75, 32.53, 28.27, 24.93, 22.27. TLC-MS: ESI(+) calcd. for [M+Na]+: 

m/z = 456.2; found: 456.1. HPLC: tret = 17.82 min (98.8% at 254 nm, 98.7% at 230 nm, method B). 

tert-Butyl 1-methyl-4-oxo-2-(2-oxo-1,2-dihydropyridin-4-yl)-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (167) 

tert-Butyl 2-(2-(benzyloxy)pyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(171, 0.264 g, 0.609 mmol, 1.00 eq.) was dissolved in ethanol 

(5 mL) and palladium on charcoal (10% w/t, 26.4 mg, 10% m/m). 

Hydrogen was bubbled through the mixture for 2 h. After 

conversion was completed, the mixture was filtered through a pad 

of celite and the filter rinsed with EtOAc and DCM (20 mL). The 

solution was evaporated to dryness which afforded the product 167 (0.200 mg, 0.585 mmol, 96%) as 

white powder.  
1H NMR (400 MHz, DMSO) δ 11.55 (s, 1H), 7.39 (d, J = 6.8 Hz, 1H), 6.69 (s, 1H), 6.36 (d, J = 1.4 Hz, 

1H), 6.32 (dd, J = 6.8, 1.8 Hz, 1H), 3.96 (t, J = 6.3 Hz, 2H), 3.60 (s, 3H), 2.93 (t, J = 6.3 Hz, 2H), 1.46 

(s, 9H). 13C NMR (101 MHz, DMSO) δ 162.40, 161.56, 153.03, 143.29, 142.67, 135.40, 132.70, 116.31, 

113.96, 108.82, 105.13, 81.37, 44.71, 32.81, 27.84, 21.58. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 

366.2; found: 365.9; ESI(-) calcd. for [M-H]-: m/z = 342.2; found: 341.9. HPLC: tret = 8.45 min (96.2% 

at 254 nm, 99.5% at 230 nm, method B). 
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tert-Butyl 1-methyl-2-(2-((3-nitropyridin-2-yl)oxy)pyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (179A)/ tert-Butyl 1-methyl-2-(3'-nitro-2-oxo-2H-[1,2'-

bipyridin]-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (179B) 

I) tert-Butyl 1-methyl-4-oxo-2-(2-oxo-1,2-dihydropyridin-4-yl)-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (167, 20.0 mg, 34.9 µmol, 1.00 eq.), 

2-fluoro-3-nitropyridine (162, 6.00 mg, 41.9 µmol, 1.20 eq.) 

and K2CO3 (5.8 mg, 41.9 µmol, 1.20 eq.) were dissolved in 

THF (0.5 mL) and DMSO (0.5 mL) and stirred at 40 °C for 

18 h. After complete conversion the mixture was diluted with 

EtOAc (10 mL) and washed with water (10 mL). The organic 

layer was dried over Na2SO4 and the solvent was evaporated. 

The residue was combined with II and purified by flash column 

(Silica gel, 50 – 100% hexane/EtOAc, method continued with 

pure EtOAc additional 5 minutes) which afforded two main 

fractions. 

II) tert-Butyl 1-methyl-4-oxo-2-(2-oxo-1,2-dihydropyridin-4-

yl)-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (167, 20.0 mg, 34.9 µmol, 1.00 eq.), 2-fluoro-3-nitropyridine (162, 6.00 mg, 41.9 µmol, 

1.20 eq.) and Ag2CO3 (11.6 mg, 41.9 µmol, 1.20 eq.) were dissolved in DMF (1.0 mL) and stirred at 

60 °C for 18 h. The mixture was diluted with EtOAc (10 mL) and washed with water (10 mL). The 

organic layer was dried over Na2SO4 and the solvent was evaporated. The residue was combined with I 

and purified as explained above. 

Fraction 1: 1H NMR (400 MHz, CDCl3) δ 8.54 (dd, J = 4.8, 1.8 Hz, 1H), 8.46 (dd, J = 8.0, 1.8 Hz, 1H), 

8.22 (d, J = 5.2 Hz, 1H), 7.35 (dd, J = 8.0, 4.8 Hz, 1H), 7.16 (dd, J = 5.2, 1.4 Hz, 1H), 7.13 (s, 1H), 6.89 

(s, 1H), 4.15 (t, J = 6.3 Hz, 2H), 3.66 (s, 3H), 2.91 (d, J = 6.3 Hz, 2H), 1.56 (s, 9H). 13C NMR (101 MHz, 

CDCl3) δ 162.28, 161.63, 154.10, 153.77, 152.52, 148.21, 143.74, 141.48, 136.95, 135.71, 132.87, 

120.91, 119.79, 115.83, 111.92, 110.43, 82.81, 44.76, 32.75, 28.32, 22.36. TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z = 488.2; found: 488.0. HPLC: tret = 10.344 min (95.5% at 254 nm, method C). IR (ATR) 

[cm-1]: 2976, 2923, 2855, 1696, 1591, 1528, 1491, 1425, 1388, 1346, 1308, 1277, 1229, 1197, 1141, 

1029, 993, 944, 923, 861, 815, 763, 731, 669. 

Fraction 2: 1H NMR (400 MHz, CDCl3) δ 8.79 (dd, J = 4.8, 1.6 Hz, 1H), 8.41 (dd, J = 8.1, 1.6 Hz, 1H), 

7.83 – 7.74 (m, 1H), 7.59 (dd, J = 8.1, 4.8 Hz, 1H), 6.99 (s, 1H), 6.51 (d, J = 6.7 Hz, 2H), 4.16 – 4.11 

(m, 2H), 3.70 (s, 3H), 2.91 (t, J = 6.3 Hz, 2H), 1.56 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.16, 

161.14, 153.65, 152.34, 144.20, 144.00, 142.67, 142.64, 135.10, 133.72, 132.19, 124.33, 115.98, 115.73, 

111.73, 107.71, 82.89, 44.68, 33.38, 28.31, 22.41. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 488.2; 

found: 488.0. HPLC: tret = 9.358 min (93.8% at 254 nm, method C); tret = 12.682 min (93.7% at 254 
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nm, method B). IR (ATR) [cm-1]: 3082, 2973, 2923, 2850, 1701, 1654, 1608, 1586, 1534, 1507, 1429, 

1358, 1306, 1228, 1141, 1059, 1028, 946, 918, 855, 818, 763, 721, 700, 668. 

tert-Butyl 2-(2-((2-chloro-5-fluoropyrimidin-4-yl)oxy)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate/ tert-butyl 2-(1-(2-chloro-5-fluoropyrimidin-4-

yl)-2-oxo-1,2-dihydropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (180) 

tert-Butyl 1-methyl-4-oxo-2-(2-oxo-1,2-dihydropyridin-

4-yl)-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (167, 50.0 mg, 0.146 mmol, 1.00 eq.) and 

Ag2CO3 (24.1 mg, 87.4 μmol, 0.60 eq.) were dissolved 

under an argon atmosphere in DMF (dry, 5 mL)and 

stirred for 30 min. 2,4-Dichloro-5-fluoropyrimidine 

(18.2 μL, 29.2 mg, 0.175 mmol, 1.20 eq.) and stirred at 

90 °C for 18 h. The reaction was heated up to 100 °C and 

stirred for 5 h. Another portion of 2,4-Dichloro-5-

fluoropyrimidine (174, 9.10 μL, 14.7 mg, 87.4 μmol, 

0.60 eq.) and Ag2CO3 (12.1 mg, 43.7 μmol, 0.30 eq.) 

were added and the reaction stirred at 100 °C for 18 h. 

After cooling to rt, sat. NH4Cl solution (20 mL) was added and extracted with DCM (3x 20 mL). The 

organic layer was dried over Na2SO4 and the solvent evaporated. The residue was purified by flash 

column chromatography (Silica gel, 1 – 8% DCM/MeOH) which afforded the product 180 (35.0 mg, 

58.9μmol, 40%) as white solid. The obtained regio isomer could not be identified, for detailed discussion 

see section 3.3.2.2. 
1H NMR (400 MHz, CDCl3) δ 8.46 (d, J = 1.7 Hz, 1H), 8.33 (d, J = 5.2 Hz, 1H), 7.26 (dd, J = 5.2, 1.4 

Hz, 1H), 7.14 (s, 1H), 6.90 (s, 1H), 4.15 (t, J = 6.3 Hz, 2H), 3.67 (s, 3H), 2.92 (t, J = 6.3 Hz, 2H), 1.56 

(s, 9H). 13C NMR (101 MHz, CDCl3) δ 161.90, 159.28, 157.32 (d, J = 11.8 Hz), 153.41, 148.39, 146.90 

(d, J = 20.6 Hz), 146.67 (d, J = 266.8 Hz), 143.53, 141.36, 132.24, 120.63, 115.63, 112.24, 110.32, 

82.56, 44.42, 32.45, 27.99, 22.05. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 496.1; found: 496.2. 

HPLC: tret = 10.65 min (98.6% at 254 nm, 96.0% at 230 nm, method C). IR (ATR) [cm-1]: 2920, 2850, 

1701, 1606, 1573, 1424, 1388, 1365, 1340, 1307, 1237, 1197, 1141, 1030, 946, 899, 849, 759, 673. 
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2-(2-((2-Chloro-5-fluoropyrimidin-4-yl)oxy)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one/ 2-(1-(2-chloro-5-fluoropyrimidin-4-yl)-2-oxo-1,2-dihydropyridin-4-yl)-

1-methyl-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (181) 

tert-Butyl 2-(2-((2-chloro-5-fluoropyrimidin-4-

yl)oxy)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate/ tert-butyl 2-(1-(2-

chloro-5-fluoropyrimidin-4-yl)-2-oxo-1,2-dihydropyridin-4-

yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (180, 35.0 mg, 73.9 μmol, 1.00 eq.) 

was dissolved in DCM (dry, 3 mL) and subjected to GSP 7. 

After stirring for 30 min and the described work-up, the 

residue was dissolved in a mixture of DCM with 5% MeOH 

(10 mL). The solution was washed with sat. Na2CO3 solution 

(10 mL) and the aqueous layer extracted with DCM (2x 

10 mL). The combined organic layers were dried over Na2SO4 

and the solvent removed under reduced pressure. The crude product was purified by flash column 

chromatography (Silica gel, 3 – 10% DCM/MeOH) which afforded the product 181 (15.0 mg, 

39.9 μmol, 54%) as off-white solid. The final regio isomer could not be identified, for detailed discussion 

see section 3.3.2.2. 
1H NMR (400 MHz, CDCl3) δ 8.45 (d, J = 1.8 Hz, 1H), 8.31 (d, J = 5.2 Hz, 1H), 7.27 – 7.24 (m, 1H), 

7.15 (s, 1H), 6.86 (s, 1H), 6.12 (s, 1H), 3.68 (s, 3H), 3.65 (d, J = 6.8 Hz, 2H), 2.91 (t, J = 6.9 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 166.49, 159.90, 157.99 (d, J = 11.7 Hz), 154.00 (d, J = 4.9 Hz), 148.92, 

147.48 (d, J = 20.6 Hz), 147.30 (d, J = 266.7 Hz), 144.45, 140.68, 132.14, 121.16, 115.11, 112.66, 

109.80, 41.12, 33.14, 22.26. HRMS: ESI(+) calcd. for [M+Na]+: m/z = 396.06340; found: 396.06408; 

rel. deviation: 1.72 ppm. HPLC: tret = 10.49 min (98.4% at 254 nm, 98.8% at 230 nm, method B). IR 

(ATR) [cm-1]: 3200, 3049, 1650, 1605, 1580, 1543, 1503, 1466, 1430, 1400, 1339, 1232, 1210, 1177, 

1159, 1117, 959, 890, 813, 767, 688, 671. 
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6.2.11 Synthesis of Compounds described in Section 3.3.2.3 

2-Fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (182) 

4-Bromo-2-fluoropyridine (168, 0.585 mL, 1.00 g, 

5.68 mmol, 1.00 eq.), bis(pinacolato)diboron (1.59 g, 

6.25 mmol, 1.10 eq.), potassium acetate (1.67 g, 17.05 mmol, 

3.00 eq.) and Pd(dppf)Cl2·CH2Cl2 were weighed into a round 

bottom flask and purged with argon. 1,4-dioxane (degassed, 

dry, 40 mL) was added and the reaction stirred at 90 °C for 

18 h. After cooling down to rt, the mixture was filtered through 

a pad of celite and the solvent evaporated. The residue was 

purified by flash column chromatography (silica gel, 0 – 50% hexane/EtOAc) which afforded the 

product 182 (0.871 g, 3.92 mmol, 69%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 4.7 Hz, 1H), 7.28 – 7.23 (m, 1H), 7.02 (d, J = 2.0 Hz, 1H), 

1.10 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 163.33 (d, J = 240.1 Hz), 146.89 (d, J = 13.5 Hz), 125.85 

(d, J = 4.1 Hz), 114.39 (d, J = 35.1 Hz), 84.53, 24.50. HPLC: tret = 6.42 min (99.3% at 254 nm, 99.3% 

at 230 nm, method B). 

tert-Butyl 2-(2-fluoropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (183) 

tert-Butyl 2-bromo-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (124, 0.200 g, 

0.608 mmol, 1.00 eq.), 2-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)pyridine (182, 0.149 g, 0.668 mmol, 

1.10 eq.) and XPhos Pd g4 (26.1 mg, 30.4 μmol, 5 mol%) were 

weighed into a flask and purged with argon. The solids were 

dissolved in 1,4-dioxane (degassed, 6 mL) and a 2 M Na2CO3 

solution (0.911 mL, 1.82 mmol, 3.00 eq.) was added and the reaction stirred at 90 °C for 18 h. After 

cooling to rt the reaction was diluted with EtOAc (30 mL) and filtered through a pad of celite. The 

solution was washed with sat. NH4Cl solution, water and brine (30 mL). The organic layer was dried 

over Na2SO4 and the solvent evaporated. The residue was purified by flash column chromatography 

(Silica gel, 10 – 100% hexane/EtOAc) which afforded the product 183 (91.6 mg, 0.212 mmol, 35%) as 

white powder.  

1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 5.3 Hz, 1H), 7.17 (dt, J = 5.2, 1.6 Hz, 1H), 6.89 (s, 1H), 6.84 

(s, 1H), 4.13 (t, J = 6.3 Hz, 2H), 3.63 (s, 3H), 2.90 (t, J = 6.3 Hz, 2H), 1.54 (s, 9H). 13C NMR (101 MHz, 

CDCl3) δ 164.29 (d, J = 238.6 Hz), 162.21, 153.69, 148.19 (d, J = 15.8 Hz), 144.79 (d, J = 8.6 Hz), 

141.60, 132.47 (d, J = 3.7 Hz), 120.27 (d, J = 4.0 Hz), 115.88, 110.59, 107.67 (d, J = 38.5 Hz), 82.86, 
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44.73, 32.70, 28.30, 22.33. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 368.1; found: 368.0. HPLC: 

tret = 13.42 min (99.4% at 254 nm, 99.4% at 230 nm, method B). 

2-(2-(Butylthio)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (187) 

tert-Butyl 2-(2-chloropyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-

5H-pyrrolo[3,2-c]pyridine-5-carboxylate (116, 22.0 mg, 63.4 

µmol, 1.00 eq.) and thiourea (14.5 mg, 0.190 mmol, 3.00 eq.) 

were dissolved in n-butanol (5 mL) and three drops of HCl (in 

dioxane) were added. The reaction was heated to 100 °C for 

18 h. After cooling to rt, the solvent was evaporated and the 

residue purified by flash column chromatography (Silica gel, 3 

– 10% DCM/MeOH). The product 187 was isolated for 

identification.  
1H NMR (400 MHz, CDCl3) δ 9.89 (s, 1H), 8.34 – 8.23 (m, 1H), 7.27 (s, 1H), 7.08 (dd, J = 5.4, 1.7 Hz, 

1H), 7.00 (d, J = 2.5 Hz, 1H), 5.58 (d, J = 2.8 Hz, 1H), 3.62 (td, J = 6.9, 2.5 Hz, 2H), 3.20 – 3.12 (m, 

2H), 2.98 (t, J = 6.9 Hz, 2H), 1.75 – 1.59 (m, 2H), 1.45 (dw, J = 14.6, 7.3 Hz, 2H), 0.92 (t, J = 7.3 Hz, 

3H). TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 302.1; found: 302.2; HPLC: tret = 9.435 min (95.3% 

at 254 nm, method C). 

2-(2-(tert-Butylthio)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (188) 

tert-Butyl 2-(2-fluoropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (183, 

25.0 mg, 72.4 µmol, 1.00 eq.) and thiourea (11.0 mg, 

0.145 mmol, 2.00 eq.) were dissolved in tert-butanol (1.0 mL). 

After adding HCl (in dioxane, 0.1 mL), the reaction as heated to 

120 °C in a pressure tube for 18 h. After cooling to rt, the mixture 

was diluted with EtOAc (10 mL) and filtered. The solution was 

washed with water (10 mL) and Na2CO3 solution (10 mL). The 

organic layer was dried over Na2SO4 and the solvent removed under reduced pressure. The residue was 

purified by flash column chromatography (Silica gel, 1 – 10% DCM/MeOH). The product 188 (12.0 mg, 

38.4 µmol, 53%) was isolated as light brown powder.  
1H NMR (400 MHz, CDCl3) δ 8.52 (d, J = 4.8 Hz, 1H), 7.33 (d, J = 0.9 Hz, 1H), 7.08 (dd, J = 5.2, 1.7 

Hz, 1H), 6.77 (s, 1H), 5.71 (s, 1H), 3.65 (td, J = 6.9, 2.4 Hz, 2H), 3.61 (s, 3H), 2.90 (t, J = 6.9 Hz, 2H), 

1.53 (s, 9H). TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 338.1; found: 338.3; HPLC: tret = 9.561 min 

(88.5% at 254 nm, 88.7% at 230 nm, method C). 
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2-(2-(Ethylthio)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (190) 

Following the procedure published by WANG et al. [286a], NaH 

(60% dispersion in mineral oil, 88.6 mg, 2.21 mmol, 7.70 eq.) 

was suspended in DMF (1.0 mL, dry) and the mixture cooled to 

0 °C. Ethanethiol (0.164 mL, 0.138 g, 2.21 mmol, 7.70 eq.) was 

added and the reaction stirred for 30 min at rt. After adding tert-

Butyl 2-(2-chloropyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (116, 0.100 g, 0.288 mmol, 

1.00 eq.) the reaction was heated to reflux for 48 h. The reaction 

was cooled to rt and the solvent removed under reduced pressure. The residue was diluted with water 

(15 mL) and the pH adjusted to 7 by addition of diluted HCl. The mixture was extracted with DCM (3x 

15 mL) and the combined organic layers dried over Na2SO4. The solvent was removed under reduced 

pressure and the residue purified by flash column chromatography (Silica gel, 1 – 10% DCM/MeOH). 

The product 190 was isolated for identification.  
1H NMR (400 MHz, CDCl3) δ 8.44 (dd, J = 5.4, 0.8 Hz, 1H), 7.17 (dd, J = 1.7, 0.8 Hz, 1H), 7.00 (dd, 

J = 5.3, 1.6 Hz, 1H), 6.78 (s, 1H), 5.52 (s, 1H), 3.65 (dt, J = 6.9, 3.4 Hz, 2H), 3.21 (q, J = 7.4 Hz, 2H), 

2.90 (t, J = 6.9 Hz, 2H), 1.40 (t, J = 7.4 Hz, 3H). TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 296.1; 

found: 296.1. 

2-(2-(Ethylthio)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (189) 

To NaH (60% dispersion in mineral oil, 11.0 mg, 0.268 mmol, 

7.70 eq.) DMF (1.0 mL, dry) was added and the mixture cooled 

to 0 °C. Ethanethiol (19.8 µL, 16.6 mg, 0.268 mmol, 7.70 eq.) 

was added. After stirring the reaction at rt for 30 min, tert-butyl 

2-(2-fluoropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (183, 12.0 mg, 34.7 µmol, 

1.00 eq.) and the reaction heated to reflux for 4 h. The reaction 

was cooled to rt and the solvent removed under reduced pressure. 

The mixture was diluted with water (15 mL) and the pH adjusted to 7 by addition of HCl (2M). The 

mixture was extracted with EtOAc (3x 15 mL) and the combined organic layers dried over Na2SO4. The 

solvent was removed under reduced pressure and the residue purified by flash column chromatography 

(Silica gel, 1 – 10% DCM/MeOH). The product 189 was isolated for identification.  

1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 5.3 Hz, 1H), 7.17 (s, 1H), 7.00 (dd, J = 5.3, 1.5 Hz, 1H), 

6.78 (s, 1H), 5.52 (s, 1H), 3.65 (td, J = 6.9, 2.4 Hz, 2H), 3.62 (s, 3H), 3.21 (q, J = 7.4 Hz, 2H), 2.90 (t, 

J = 6.9 Hz, 2H), 1.40 (t, J = 7.4 Hz, 3H). TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 310.1; found: 

310.1. 
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tert-Butyl 2-(2-((4-methoxybenzyl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (192) 

tert-Butyl 2-(2-chloropyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (120, 

50.0 mg, 0.138 mmol, 1.00 eq.) and DIPEA (46.7 µL, 

35.7 mg, 0.276 mmol, 2.0 eq.) were dissolved in dioxane 

(2.0 mL, dry) and the solution degassed (Ar). 

(4-methoxyphenyl)methanethiol (191, 19.9 µmol, 21.3 mg, 

0.138 mmol, 1.00 eq.) was added and the degassing progress 

continued. After adding XantPhos (4.00 mg, 6.9 µmol, 

5 mol%) and Pd2(dba)3 (3.16 mg, 3.5 µmol, 2.5 mol%) the 

reaction was heated to 100 °C for 21 h. The reaction was 

cooled to rt and diluted with EtOAc (10 mL). The mixture was washed with H2O (10 mL) and the 

organic layer dried over Na2SO4. The solvent was removed under reduced pressure and the residue 

purified by flash column chromatography (Silica gel, 10 – 80% hexane/EtOAc) which afforded the 

product 192 (41.0 mg, 85.6 µmol, 62%) as white powder.  
1H NMR (400 MHz, CDCl3) δ 8.47 (d, J = 5.2 Hz, 1H), 7.33 (d, J = 8.7 Hz, 2H), 7.11 (d, J = 0.6 Hz, 

1H), 6.99 (dd, J = 5.2, 1.5 Hz, 1H), 6.86 – 6.80 (m, 2H), 6.77 (s, 1H), 4.40 (s, 2H), 4.12 (t, J = 6.3 Hz, 

2H), 3.77 (s, 3H), 3.53 (s, 3H), 2.87 (t, J = 6.3 Hz, 2H), 1.55 (s, 9H). TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z = 502.2; found: 502.6. HPLC: tret = 17.743 min (98.9% at 254 nm, 96.6% at 230 nm, 

method B). 

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-

5-carboxylate (185) 

tert-Butyl 2-(2-bromopyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (121, 

0.846 g, 2.08 mmol, 1.00 eq) was dissolved in toluene (degassed, 

dry, 15 mL) and triisopropylsilanethiol (1.28 mL, 0.989 g, 

6.25 mmol, 3.00 eq.) and DIPEA (1.09 mL, 0.808 g, 6.25 mmol, 

3.00 eq.) were added. After addition of 

tetrakis(triphenylphosphin)palladium(0) (0.120 g, 0.104 mmol, 

5 mol%) and XantPhos (0.120 mg, 0.208 mmol, 10 mol%) the 

reaction was heated to 80 °C and stirred for 3 h. After cooling to rt, the solvent was removed under 

reduced pressure and the residue purified by flash column chromatography (Silica gel, 0 – 10% 

DCM/MeOH) which afforded the product 185 (0.689 g, 5.75 mmol, 92%) (containing ~ 10% of 

disulfide, which could be easily removed in the next step) as yellow solid.  
1H NMR (400 MHz, DMSO) δ 13.32 (s, 1H), 7.64 (d, J = 6.2 Hz, 1H), 7.32 (s, 1H), 6.89 (dd, J = 6.6, 

1.4 Hz, 1H), 6.83 (s, 1H), 3.97 (s, 2H), 3.62 (s, 3H), 2.95 (t, J = 6.2 Hz, 2H), 1.46 (s, 9H). 13C NMR 
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(101 MHz, DMSO) δ 161.30, 152.93, 143.48, 139.51, 137.69, 131.61, 128.77, 114.36, 111.91, 110.25, 

81.36, 44.57, 32.89, 27.78, 21.56. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 382.1; found: 381.9; 

ESI(-) calcd. for [M-H]-: m/z =358.1; found: 357.9. HPLC: tret = 10.59 min (85.6% at 254 nm, 84.2% 

at 230 nm, method B). 

tert-Butyl 2-(2-((2-chloropyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (197) 

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(185, 0.150 g, 0.417 mmol, 1.00 eq.) and K2CO3 (0.115 g, 

0.835 mmol, 2.00 eq.) were dissolved in DMF (dry, 4 mL) 

under an argon atmosphere and cooled to -78 °C. 2,4-

Dichloropyrimidine (172, 68.4 mg, 0.459 mmol, 1.10 eq.) was 

added and the reaction allowed to slowly warm up to rt. After 

stirring for 4 h the solvent was evaporated and sat. NH4Cl 

solution (20 mL) and DCM (20 mL) were added. The layers were separated and the aqueous phase 

extracted with DCM (20 mL). The combined organic layers were dried over Na2SO4 and the solvent 

evaporated. The residue was purified by flash column chromatography (Silica gel, 1 – 10 % 

DCM/MeOH) which afforded the product 197 (0.160 g, 0.338 mmol, 81%) as light-yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.57 (dd, J = 5.2, 0.5 Hz, 1H), 8.27 (d, J = 5.4 Hz, 1H), 7.65 (d, J = 0.9 

Hz, 1H), 7.28 (dd, J = 5.2, 1.6 Hz, 1H), 7.22 (d, J = 5.4 Hz, 1H), 6.80 (s, 1H), 4.07 (t, J = 6.3 Hz, 2H), 

3.65 (s, 3H), 2.87 (t, J = 6.4 Hz, 2H), 1.49 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 172.27, 162.45, 

162.06, 160.57, 157.80, 153.33, 151.69, 150.94, 141.67, 141.12, 132.17, 127.09, 122.35, 117.49, 115.69, 

110.44, 82.58, 44.64, 32.81, 28.11, 22.15. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 494.1; found: 

494.0; ESI(-) calcd. for [M-H]-: m/z = 470.1; found: 470.0. HPLC: tret = 15.13 min (96.2% at 254 nm, 

94.3% at 230 nm, method B). 

tert-Butyl 2-(2-((2-bromopyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (198) 

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(185, 40.0 mg, 0.111 mmol, 1.00 eq.) and 2,4-

dibromopyrimidine (173, 29.1 mg, 0.122 mmol, 1.10 eq.) 

were subjected to GSP 9 and stirred for 2 h. The residue was 

purified by flash column chromatography (Silica gel, 2 – 6% 

DCM/MeOH) which afforded the product 198 (56.0 mg, 

0.219 mmol, 98%) as beige solid. 1H NMR (400 MHz, 

CDCl3) δ 8.63 (dd, J = 5.2, 0.5 Hz, 1H), 8.26 (d, J = 5.4 Hz, 1H), 7.69 (d, J = 0.9 Hz, 1H), 7.34 (dd, J = 
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5.2, 1.7 Hz, 1H), 7.30 (d, J = 5.4 Hz, 1H), 6.88 (s, 1H), 4.13 (t, J = 6.3 Hz, 2H), 3.69 (s, 3H), 2.91 (t, J 

= 6.3 Hz, 2H), 1.55 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 172.07, 162.16, 157.63, 153.60, 152.37, 

151.87, 151.06, 141.71, 141.31, 132.32, 127.22, 122.52, 117.95, 115.95, 110.70, 82.82, 44.73, 33.02, 

28.27, 22.32. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 538.1; found: 538.0. HPLC: tret = 15.57 min 

(96.0% at 254 nm, 96.8% at 230 nm, method B). 

tert-Butyl 2-(2-((2-fluoropyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (199) 

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(185, 80.0 mg, 0.223 mmol, 1.00 eq.) and 2,4-

difluoropyrimidine (176, 20.9 μmol, 28.4 mg, 0.245 mmol, 

1.10 eq.) were subjected to GSP 9 and stirred for 2 h. The 

residue was purified by flash column chromatography 

(Silica gel, 2 – 8% DCM/MeOH) which afforded the product 

199 (36.8 mg, 61.9 μmol, 28%) as light-yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.64 (d, J = 5.2 Hz, 1H), 8.36 (dd, J = 5.3, 1.9 Hz, 1H), 7.75 (d, J = 1.0 

Hz, 1H), 7.35 (dd, J = 5.2, 1.6 Hz, 1H), 7.27 – 7.23 (m, 1H), 6.88 (s, 1H), 4.18 – 4.09 (m, 2H), 3.70 (s, 

3H), 2.91 (t, J = 6.3 Hz, 2H), 1.55 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 173.72 (d, J = 12.3 Hz), 

162.20 (d, J = 220.8 Hz), 162.18, 159.24 (d, J = 12.6 Hz), 153.64, 151.52, 150.94, 141.82, 141.33, 

132.36, 127.67, 122.60, 117.07 (d, J = 4.7 Hz), 116.00, 110.74, 82.85, 44.74, 32.81, 28.29, 22.35. TLC-

MS: ESI(+) calcd. for [M+H]+: m/z = 478,1; found: 478.1; ESI(-) calcd. for [M-H]-: m/z = 454.1; found: 

454.1. HPLC: tret = 14.34 min (99.2% at 254 nm, 95.0% at 230 nm, method B). 

tert-Butyl 2-(2-((2-chloro-5-fluoropyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (200) 

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(185, 50.0 mg, 0.139 mmol, 1.00 eq.) and 2,4-dichloro-5-

fluoropyrimidine (174, 15.7 μmol, 25.6 mg, 0.153 mmol, 

1.10 eq.) were subjected to GSP 9 and stirred for 4 h. The 

residue purified by flash column chromatography (Silica gel, 

1 – 3% DCM/MeOH) which afforded the product 200 

(64 mg, 0,131 mmol, 94%) as off-white solid.  

1H NMR (400 MHz, CDCl3) δ 8.60 (d, J = 5.1 Hz, 1H), 8.25 

(s, 1H), 7.72 (s, 1H), 7.35 (dd, J = 5.1, 1.4 Hz, 1H), 6.88 (s, 1H), 4.13 (t, J = 6.3 Hz, 2H), 3.71 (s, 3H), 

2.91 (t, J = 6.3 Hz, 2H), 1.55 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.19, 159.51 (d, J = 16.7 Hz), 

155.24, 154.86 (d, J = 3.7 Hz), 153.65, 151.33 (d, J = 258.9 Hz), 150.93, 144.01 (d, J = 22.7 Hz), 141.66, 
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141.08, 132.42, 128.25, 122.91, 115.94, 110.60, 82.81, 44.74, 32.95, 28.27, 22.32. TLC-MS: ESI(+) 

calcd. for [M+Na]+: m/z = 512,1; found: 512.2. HPLC: tret = 16.06 min (99.7% at 254 nm, 98.7% at 230 

nm, method B). 

tert-Butyl 2-(2-((2-chloro-5-cyanopyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (201) 

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

185 (0.100 g, 0.278 mmol, 1.00 eq.) and 2,4-

dichloropyrimidin-5-carbonitril (53.2 mg, 0.306 mmol, 

1.10 eq.) were subjected to GSP 9 with a reaction time of 

1 h. The residue was purified by flash column 

chromatography (Silica gel, 1 – 4% DCM/MeOH) which 

afforded the product 201 (35.0 mg, 48.4 μmol, 21%) as pale-

yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.67 (d, J = 5.1 Hz, 1H), 8.62 (s, 1H), 7.71 (d, J = 0.9 Hz, 1H), 7.41 (dd, 

J = 5.1, 1.6 Hz, 1H), 6.92 (s, 1H), 4.15 (t, J = 6.3 Hz, 2H), 3.70 (s, 3H), 2.92 (t, J = 6.3 Hz, 2H), 1.57 

(s, 9H). 13C NMR (101 MHz, CDCl3) δ 174.71, 162.79, 162.16, 161.35, 153.71, 151.33, 149.23, 141.80, 

141.58, 132.24, 129.04, 123.47, 116.13, 112.45, 110.92, 105.67, 82.94, 44.75, 32.90, 28.32, 22.38. TLC-

MS: ESI(+) calcd. for [M+H]+: m/z = 519.1; found: 519.2. HPLC: tret = 15.13 min (95.1% at 254 nm, 

94.4% at 230 nm, method B). 

tert-Butyl 2-(2-((2-chloro-5-methoxypyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (202) 

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(185, 50.0 mg, 0.139 mmol, 1.00 eq.) and 2,4-dichloro-5-

methoxypyrimidine (27.4 mg, 0.153 mmol, 1.10 eq.) were 

subjected to GSP 9 and stirred for 2 h. The residue was 

purified by flash column chromatography (Silica gel, 1 – 4% 

DCM/MeOH) which afforded the product 202 (59.0 mg, 

0.118 mmol, 84%) as white powder.  
1H NMR (400 MHz, CDCl3) δ 8.63 (d, J = 4.3 Hz, 1H), 8.36 

(s, 1H), 7.71 (s, 1H), 7.32 (d, J = 4.4 Hz, 1H), 6.86 (s, 1H), 4.12 (t, J = 6.3 Hz, 2H), 4.00 (s, 3H), 3.65 

(s, 3H), 2.89 (t, J = 6.3 Hz, 2H), 1.54 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 164.20, 162.19, 153.59, 

152.57, 151.73, 151.62, 150.79, 146.74, 141.61, 140.91, 132.57, 128.90, 122.37, 115.87, 110.51, 82.78, 

60.72, 44.70, 32.68, 28.24, 22.31. TLC-MS: ESI(+) calcd. for [M+H]+: m/z = 524.1; found: 524.2. 

HPLC: tret = 16.32 min (99.3% at 254 nm, 98.6% at 230 nm, method B). 
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tert-Butyl 2-(2-((2-chloro-5-(trifluoromethyl)pyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (203) 

tert-Butyl 2-(2-mercaptopyridin-4-yl)-1-methyl-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (185, 0.100 g, 0.278 mmol, 1.00 eq.) and 2,4-

dichloro-5-(trifluoromethyl)pyrimidine (175, 66.4 mg, 

0.306 mmol, 1.10 eq.) were subjected to GSP 9 and stirred 

for 2 h. The residue was purified by two subsequent flash 

column chromatography methods (Silica gel, 1) 0.5 – 2% 

DCM/MeOH; 2) 10 – 70% hexane/EtOAc)) which afforded 

the product 203 (67.0 mg, 0.114 mmol, 41%) as white 

powder.  
1H NMR (400 MHz, CDCl3) δ 8.67 (d, J = 5.1 Hz, 1H), 8.60 (d, J = 0.4 Hz, 1H), 7.69 (d, J = 0.9 Hz, 

1H), 7.39 (dd, J = 5.1, 1.6 Hz, 1H), 6.89 (s, 1H), 4.13 (t, J = 6.3 Hz, 2H), 3.69 (s, 3H), 2.91 (t, J = 6.3 

Hz, 2H), 1.55 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 171.21, 163.01 (d, J = 0.9 Hz), 162.17, 155.99 

(q, J = 5.3 Hz), 153.66, 151.18, 149.53 (q, J = 1.7 Hz), 141.66, 141.29, 132.34, 129.84, 123.34, 122.48 

(q, J = 273.4 Hz), 120.20 (q, J = 34.1 Hz), 115.99, 110.66, 82.85, 44.74, 32.86, 28.28, 22.33. TLC-MS: 

ESI(+) calcd. for [M+H]+: m/z = 562.1; found: 562.3. HPLC: tret = 17.392 min (99.0% at 254 nm, 98.2% 

at 230 nm, method B). 

2-(2-((2-Chloropyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-

c]pyridin-4-one (204) 

tert-Butyl 2-(2-((2-chloropyrimidin-4-yl)thio)pyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-

5-carboxylate (197) (28.0 mg, 59.5 μmol, 1.00 eq.) was 

dissolved in DCM (dry, 1 mL) and subjected to GSP 7 and 

stirred for 30 min. The residue was dissolved in a DCM/5% 

MeOH mixture (10 mL) and washed with sat. Na2CO3 

solution. The organic layer was dried over Na2SO4 and the 

solvent removed under reduced pressure. The raw product was 

purified by flash column chromatography (Silica gel, 2 – 10% DCM/MeOH) which afforded the product 

204 (6.3 mg, 17.3 μmol, 29%) as light-yellow powder.  

1H NMR (400 MHz, DMSO) δ 8.63 (d, J = 5.2 Hz, 1H), 8.53 (d, J = 5.4 Hz, 1H), 7.92 (d, J = 1.2 Hz, 

1H), 7.61 (dd, J = 5.2, 1.6 Hz, 1H), 7.50 (d, J = 5.4 Hz, 1H), 7.11 (s, 1H), 6.78 (s, 1H), 3.68 (s, 3H), 

3.42 (dd, J = 8.2, 5.7 Hz, 3H), 2.86 (t, J = 6.8 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 172.23, 164.49, 

159.42, 159.14, 151.05, 150.93, 141.23, 140.98, 130.49, 126.46, 122.03, 118.27, 114.57, 108.98, 39.83, 

32.69, 21.18. HRMS: ESI(+) calcd. for [M+H]+: m/z = 372.06804; found: 372.06841; rel. deviation: 

0.99 ppm. HPLC: tret = 9.80 min (94.9% at 254 nm, 96.1% at 230 nm, method B). IR (ATR) [cm-1]: 
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3201, 3020, 1641, 1590, 1552, 1503, 1466, 1451, 1412, 1325, 1205, 1163, 1085, 977, 852, 815, 759, 

735, 720, 689. 

2-(2-((2-Bromopyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-

c]pyridin-4-one (205) 

tert-Butyl 2-(2-((2-bromopyrimidin-4-yl)thio)pyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-

5-carboxylate (198, 56.0 mg, 0.108 mmol) was dissolved in 

DCM (dry, 5 mL) and subjected to GSP 7 and stirred for 

30 min. The residue was dissolved in DCM (10 mL) and 

washed with sat. Na2CO3 solution (10 mL). The aqueous phase 

was extracted with DCM (2x 10 mL). The organic layer was 

dried over Na2SO4 and the solvent evaporated. The residue 

was purified by flash column chromatography (Silica gel, 2 – 8% DCM/MeOH). The raw product was 

washed with pentane and dried in vacuum which afforded the product 205, (15.0 mg, 35.8 μmol, 33%) 

as off-white solid.  
1H NMR (400 MHz, DMSO) δ 8.62 (d, J = 5.2 Hz, 2H), 8.44 (d, J = 5.4 Hz, 2H), 7.90 (d, J = 1.0 Hz, 

2H), 7.60 (dd, J = 5.2, 1.7 Hz, 2H), 7.51 (d, J = 5.4 Hz, 2H), 7.11 (s, 2H), 6.78 (s, 2H), 3.68 (s, 6H), 

3.46 – 3.40 (m, 7H, partially water residual peak), 2.86 (t, J = 6.9 Hz, 4H). 13C NMR (101 MHz, DMSO) 

δ 172.01, 164.56, 158.97, 151.41, 151.08, 150.98, 141.29, 141.04, 130.52, 126.46, 122.05, 118.60, 

114.58, 109.03, 39.86, 32.78, 21.20. HRMS: ESI(+) calcd. for [M+H]+: m/z = 416.01783; found: 

416.01752; rel. deviation: 0.74 ppm. HPLC: tret = 10.03 min (96.2% at 254 nm, 95.2% at 230 nm, 

method B). IR (ATR) [cm-1]: 3168, 3121, 3035, 3012, 2932, 2880, 1641, 1580, 1545, 1497, 1457, 1432, 

1398, 1351, 1306, 1237, 1196, 1167, 1149, 1124, 1086, 1019, 974, 878, 858, 828, 785, 720, 679, 651. 

2-(2-((2-Fluoropyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-

c]pyridin-4-one (206) 

tert-Butyl 2-(2-((2-fluoropyrimidin-4-yl)thio)pyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (199, 36.8 mg, 61.9 μmol) was dissolved in DCM 

(dry, 1 mL) and subjected to GSP 7 and stirred for 15 min. The 

residue was dissolved in a DCM (10 mL) and washed with sat. 

Na2CO3 solution. The aqueous phase was extracted with DCM 

(2x 10 mL). The combined organic layers were dried over 

Na2SO4 and the solvent removed under reduced pressure. The 

raw product was purified by flash column chromatography (Silica gel, 3 – 10% DCM/MeOH) which 

afforded the product 206 (20.0 mg, 56. 3μmol, 91%) as light-yellow powder.  
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1H NMR (400 MHz, DMSO) δ 8.63 (d, J = 5.2 Hz, 1H), 8.55 (dd, J = 5.3, 2.0 Hz, 1H), 7.93 (d, J = 0.9 

Hz, 1H), 7.61 (dd, J = 5.2, 1.6 Hz, 1H), 7.48 (dd, J = 5.2, 4.2 Hz, 1H), 7.10 (s, 1H), 6.78 (s, 1H), 3.68 

(s, 3H), 3.47 – 3.40 (m, 2H), 2.87 (t, J = 6.8 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 173.54 (d, J = 

12.7 Hz), 164.45, 161.36 (d, J = 215.8 Hz), 160.27 (d, J = 12.5 Hz), 150.92, 150.86, 141.21, 140.96, 

130.47, 126.67, 122.04, 117.56 (d, J = 4.4 Hz), 114.57, 108.95, 39.81, 32.58, 21.17. HRMS: ESI(+) 

calcd. for [M+H]+: m/z = 356.09759; found: 356.09800; rel. deviation: 1.15 ppm. HPLC: tret = 8.54 min 

(96.2% at 254 nm, 95.2% at 230 nm, method B). IR (ATR) [cm-1]: 3204, 3046, 1645, 1578, 1530, 1504, 

1466, 1433, 1379, 1307, 1172, 931, 850, 805, 772, 708. 

2-(2-((2-Chloro-5-fluoropyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one (207) 

tert-Butyl 2-(2-((2-chloro-5-fluoropyrimidin-4-

yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (200, 64.0 mg, 

0.131 mmol) was dissolved in DCM (dry, 5 mL) and was 

subjected to GSP 7 and stirred for 30 min. The residue was 

dissolved in DCM (10 mL) and washed with sat. Na2CO3 

solution (10 mL). The organic layer was dried over Na2SO4 

and the solvent removed under reduced pressure. The raw 

product was washed with pentane and dried in vacuum which 

afforded the product 207 (34.4 mg, 89.1 μmol, 68%) as off-white powder.  
1H NMR (400 MHz, DMSO) δ 8.76 (d, J = 1.6 Hz, 1H), 8.56 (d, J = 5.2 Hz, 1H), 7.92 (d, J = 0.9 Hz, 

1H), 7.58 (dd, J = 5.2, 1.6 Hz, 1H), 7.11 (s, 1H), 6.76 (s, 1H), 3.68 (s, 3H), 2.86 (t, J = 6.9 Hz, 2H) (2 H 

underneath water residual peak). 13C NMR (101 MHz, DMSO) δ 164.49, 158.01 (d, J = 17.1 Hz), 154.34 

(d, J = 260.8 Hz), 153.66 (d, J = 3.6 Hz), 150.59, 150.31 (d, J = 2.0 Hz), 145.84, 145.61, 140.91, 130.52, 

126.28, 121.96, 114.52, 108.83, 39.81, 32.62, 21.14. HRMS: ESI(+) calcd. for [M+H]+: m/z = 

390.05861; found: 390.058779; rel. deviation: 0.46 ppm. HPLC: tret = 11.00 min (96.1% at 254 nm, 

95.3% at 230 nm, method B). IR (ATR) [cm-1]: 3189, 3174, 3064, 2938, 2912, 1681, 1591, 1558, 1500, 

1456, 1437, 1388, 1369, 1332, 1309, 1280, 1246, 1213, 1172, 1129, 1087, 988, 863, 827, 808, 768, 750, 

720, 677. 
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2-(2-((2-chloro-5-methoxypyrimidin-4-yl)thio)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one (209) 

tert-Butyl 2-(2-((2-chloro-5-methoxypyrimidin-4-

yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (202, 59.0 mg, 

0.118 mmol) was dissolved in DCM (dry, 5 mL) and 

subjected to GSP 7 and stirred for 30 min. The residue was 

dissolved in DCM (10 mL) and washed with sat. Na2CO3 

solution. The aqueous phase was extracted twice with DCM 

(10 mL) and the organic layers dried over Na2SO4. The 

solvent was evaporated and purified by flash column 

chromatography (Silica gel, 0 - 10 % DCM/MeOH) which afforded the product 209 (27.9 mg, 

69.9 μmol, 59%) as white powder.  
1H NMR (400 MHz, DMSO) δ 8.57 (d, J = 5.1 Hz, 1H), 8.54 (s, 1H), 7.89 (s, 1H), 7.55 (d, J = 4.2 Hz, 

1H), 7.10 (s, 1H), 6.73 (s, 1H), 3.96 (s, 3H), 3.65 (s, 3H), 3.40 (d, J = 17.9 Hz, 29H), 2.85 (t, J = 6.7 Hz, 

2H) (2 H underneath water residual peak). 13C NMR (101 MHz, DMSO) δ 164.60, 163.46, 152.85, 

151.43, 150.97, 150.53, 146.27, 140.88, 140.63, 130.72, 127.54, 121.82, 114.52, 108.70, 60.68, 39.87, 

32.63, 21.20. HRMS: ESI(+) calcd. for [M+H]+: m/z = 402.07860; found: 402.07901; rel. deviation: 

1.03 ppm. HPLC: tret = 11.62 min (97.0% at 254 nm, 96.5% at 230 nm, method B).  

IR (ATR) [cm-1]: 3364, 3185, 3054, 2938, 2879, 1718, 1653, 1589, 1532, 1497, 1457, 1438, 1415, 1348, 

1309, 1279, 1227, 1196, 1167, 1126, 1087, 1046, 1018, 973, 800, 766, 727, 687. 

Figure 52: 2D-NMR spectra (HSQC) of 209. 
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tert-Butyl 2-(2-((2-chloro-6,7-dimethoxyquinazolin-4-yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (211) 

2,4-Dichloro-6,7-dimethoxyquinazoline (39.7 mg, 

0.153 mmol, 1.10 eq.), Pd(OAc)2 (0.31 mg, 1.39 μmol, 

10 mol%) and XantPhos (1.61 mg, 2.78 μmol, 20 mol%) 

were dissolved in DMF (degassed, dry, 1 mL) and stirred for 

5 min. After adding tert-butyl 2-(2-mercaptopyridin-4-yl)-1-

methyl-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-

5-carboxylate (185, 50.0 mg, 0.139 mmol, 1.00 eq.) and 

K3PO4 (73.8 mg, 0.348 mmol, 2.50 eq.) the reaction was 

stirred at 50 °C for 1 hour. Then the solvent was evaporated 

and the residue purified by flash column chromatography 

(Silica gel, 2 – 6%) which afforded the product 211 (38.0 mg, 

64.0 μmol, 46%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 8.55 (dd, J = 5.2, 0.5 Hz, 1H), 7.87 (d, J = 0.9 Hz, 1H), 7.29 (dd, J = 5.2, 

1.6 Hz, 1H), 7.20 (s, 1H), 7.16 (s, 1H), 6.83 (s, 1H), 4.08 (t, J = 6.3 Hz, 2H), 3.98 (d, J = 5.3 Hz, 6H), 

3.72 (s, 3H), 2.85 (t, J = 6.3 Hz, 2H), 1.49 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 167.91, 162.33, 

157.22, 154.33, 153.70, 151.94, 150.80, 150.50, 148.58, 141.62, 140.88, 132.73, 128.35, 122.71, 117.43, 

115.88, 110.44, 106.63, 101.57, 82.81, 56.73, 56.59, 44.79, 33.20, 28.29, 22.35. TLC-MS: ESI(+) calcd. 

for [M+H]+: m/z = 604.1; found: 603.9. HPLC: tret = 18.11 min (99.2% at 254 nm, 98.0% at 230 nm, 

method B). 

2-(2-((2-chloro-6,7-dimethoxyquinazolin-4-yl)thio)pyridin-4-yl)-1-methyl-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one (212) 

tert-Butyl 2-(2-((2-chloro-6,7-dimethoxyquinazolin-4-

yl)thio)pyridin-4-yl)-1-methyl-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (211, 38.0 mg, 

64.0 μmol) was dissolved in DCM (dry, 2 mL) and subjected 

to GSP 7 and stirred for 15 min. The residue was dissolved in 

DCM (10 mL) and washed with sat. Na2CO3 solution 

(10 mL). The organic phase was dried over Na2SO4 and the 

solvent removed in vacuum. The raw product was purified by 

flash column chromatography (Silica gel, 2 – 10% 

DCM/MeOH) which afforded the product 212 (22.0 mg, 

45.7 μmol, 71%) as white powder.  
1H NMR (400 MHz, CdCl3/MeOD) δ 8.56 (d, J = 4.2 Hz, 1H), 7.87 (s, 1H), 7.79 (dd, J = 31.4, 8.7 Hz, 

1H), 7.41 (d, J = 4.3 Hz, 1H), 7.28 (s, 1H), 7.16 (s, 1H), 6.81 (s, 1H), 4.00 (d, J = 4.3 Hz, 6H), 3.74 (s, 

3H), 2.88 (t, J = 6.8 Hz, 2H); (2 proton signals underneath H2O residual peak). 13C NMR (101 MHz, 
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CdCl3/MeOD) δ 167.88, 157.29, 154.08, 151.10, 150.80, 150.01, 148.32, 141.47, 140.81, 133.14, 

131.88, 129.79, 128.62, 122.73, 117.28, 109.40, 106.15, 101.41, 56.59, 56.46, 40.42, 33.15, 21.56. 

HRMS: ESI(+) calcd. for [M+H]+: m/z = 482.10481; found: 482.10485; rel. deviation: 0.07 ppm. 

HPLC: tret = 13.85 min (96.2% at 254 nm, 96.6% at 230 nm, method B). IR (ATR) [cm-1]: 3218, 2948, 

2925, 1685, 1591, 1499, 1457, 1437, 1409, 1341, 1253, 1234, 1205, 1169, 1135, 1084, 1011, 983, 871, 

842, 826, 809, 763, 743, 718, 674, 654. 

6.2.12 Synthesis of the Compounds described in Section 3.3.2.4 

tert-Butyl 2-bromo-1-(methoxymethyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (213) 

To tert-butyl 2-bromo-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (151, 0.200 g, 

0.635 mmol, 1.00 eq.) and NaH (38.1 mg, 60% dispersion 

in mineral oil, 0.952 mmol, 1.50 eq.) under an argon 

atmosphere THF (dry, 12 mL) was added and stirred for 10 min 

in an ice bath. After bromomethyl methylether (219, 57.0 μL, 

87.2 mg, 0.698 mmol, 1.10 eq.) was added, the reaction was 

stirred fur 1 h at 0°C. The reaction was quenched by adding 

NH4Cl solution (20 mL) and DCM (30 mL). The layers were 

separated and the organic phase dried over Na2SO4. The solvent was removed under reduced pressure 

and the residue purified by flash column chromatography (Silica gel, 10 – 70% hexane/EA) which 

afforded the product 213 (0.186 g, 0.520 mmol, 82%) as white solid. 1H NMR (400 MHz, CDCl3) δ 

6.54 (s, 1H), 5.15 (s, 2H), 4.00 (t, J = 6.4 Hz, 2H), 3.22 (s, 3H), 2.83 (t, J = 6.4 Hz, 2H), 1.47 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 161.35, 153.25, 139.29, 116.72, 110.27, 104.56, 82.50, 75.47, 56.01, 

44.62, 28.05, 22.05. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 381.1; found: 381.1. HPLC: tret = 

13.96 min (97.5% at 254 nm, 96.3% at 230 nm, method B). 

tert-Butyl 2-bromo-1-(4-methoxybenzyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (214) 

tert-Butyl 2-bromo-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (151, 0.200 g, 

0.635 mmol, 1.00 eq.) and Cs2CO3 (0.310 g, 

0.952 mmol, 1.50 eq.) were suspended in DMF (dry, 

5 mL) and p-methoxybenzyl chloride (0.111 mL, 

0.119 g, 0.761 mmol, 1.20 eq.) was added. After stirring 

at rt for 18 h NH4Cl solution (20 mL) was added and the 

mixture extracted with DCM (3x 20 mL). The 
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combined organic layers were dried over Na2SO4 and the solvent evaporated. The residue was purified 

by flash column chromatography (Silica gel, 30 – 60% hexane/EtOAc) which afforded the product 214 

(91.0 mg, 0.209 mmol, 33%) as white solid.  

1H NMR (400 MHz, CDCl3) δ 6.94 (d, J = 8.8 Hz, 2H), 6.87 – 6.82 (m, 2H), 6.68 (s, 1H), 5.05 (d, J = 

7.6 Hz, 2H), 4.01 (t, J = 6.3 Hz, 2H), 3.78 (s, 3H), 2.68 (dd, J = 8.3, 4.4 Hz, 2H), 1.52 (d, J = 4.1 Hz, 

9H). 13C NMR (101 MHz, CDCl3) δ 161.65, 159.42, 153.66, 138.80, 127.86, 127.69, 116.40, 114.51, 

110.35, 104.84, 82.72, 55.41, 48.56, 44.79, 28.26, 22.72. TLC-MS: ESI(+) calcd. for [M+Na]+: 

m/z = 457.1; found: 457.2. HPLC: tret = 17.57 min (95.5% at 254 nm, 95.2% at 230 nm, method B). 

tert-Butyl 2-bromo-4-oxo-1-pivaloyl-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(215) 

tert-Butyl 2-bromo-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (151, 0.200 g, 0.635 mmol, 1.00 eq.) 

and DMAP (7.75 mg, 63.5 μmol, 10 mol%) were dissolved in 

DCM (dry, 2 mL) under an argon atmosphere and cooled to 

0 °C in an ice bath. TEA (0.123 mL, 96.3 mg, 0.952 mmol, 

1.50 eq.) and pivaloyl chloride (93.8 μL, 91.8 mg, 

0.761 mmol, 1.20 eq.) were added and the reaction was stirred 

at rt for 18 h. The volatiles were evaporated and the residue 

diluted with EtOAc (20 mL). The mixture was washed with a sat. NH4Cl solution (20 mL) and the 

aqueous phase extracted twice with EtOAc (20 mL). The combined organic layers were dried over 

Na2SO4 and the solvent removed under reduced pressure. The raw product was purified by flash column 

chromatography (Silica gel, 0 – 20% hexane/EtOAc) which afforded the product 215 (0-183 g, 

0.387 mmol, 61%) as white solid. 1H NMR (400 MHz, CDCl3) δ 6.63 (s, 1H), 4.05 – 4.01 (m, 2H), 2.77 

(t, J = 6.3 Hz, 2H), 1.52 (s, 9H), 1.31 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 183.95, 161.17, 153.28, 

137.25, 117.30, 111.60, 99.85, 82.98, 44.89, 44.51, 28.18, 27.76, 23.24. TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z =421.1; found: 420.6; ESI(-) calcd. for [M-H]-: m/z = 397.1; found: 396.6. HPLC: tret = 

17.32 min (98.2% at 254 nm, 96.7% at 230 nm, method B). 
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tert-Butyl 2-bromo-4-oxo-1-tosyl-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (216) 

tert-Butyl 2-bromo-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (151, 0.900 g, 

2.86 mmol, 1.00 eq.), tosylchloride (0.817 g, 4.28 mmol, 

1.50 eq.) and DMAP (35.0 mg, 0.286 mmol, 0.10 eq.) were 

dissolved in ACN (dry, 45 mL) and treated with TEA 

(0.796 mL, 0.578 g, 5.71 mmol, 2.00 eq.). The reaction was 

stirred at rt for 18 h. After complete conversion the solvent 

was evaporated. The residue was dissolved in EtOAc (50 mL) 

and washed with sat. NH4Cl solution (50 mL). The aqueous 

phase was extracted again with EtOAc (50 mL) and the 

organic extracts dried over Na2SO4. The solvent was removed under reduced pressure and the raw 

product purified by flash column chromatography (Silica gel, 10 – 70% hexane/EtOAc) which afforded 

the product 216 (1.04 g, 2.23 mmol, 78%) as white solid. 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.4 

Hz, 2H), 7.39 – 7.33 (m, 2H), 6.71 (s, 1H), 4.06 (t, J = 6.4 Hz, 2H), 3.32 (t, J = 6.4 Hz, 2H), 2.45 (s, 

3H), 1.55 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 160.69, 152.95, 146.57, 141.24, 135.17, 130.41, 

127.81, 120.04, 115.69, 102.97, 83.40, 44.66, 28.25, 25.33, 21.92. TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z = 491.0; found: 491.2.; ESI(-) calcd. for [M-H]-: m/z =467.0; found: 467.1. HPLC: tret = 

18.31 min (96.0% at 254 nm, 95.4% at 230 nm, method B). 

tert-Butyl (R)-2-bromo-1-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (217) 

tert-Butyl 2-bromo-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (151, 1.10 g, 3.50 mmol, 1.00 eq.) 

and Cs2CO3 (2.85 g, 8.76 mmol, 2.50 eq.) were weighed into a 

flask and dried in vacuum before the addition of DMF (dry, 

10 mL) under argon atmosphere and heated to 100 °C for 1 h 

(solution A).  

Solution B was prepared by first drying Sodium iodide (1.84 g, 

12.3 mmol, 3.50 eq.) at 150 °C for 18 h and dissolve it in 

acetone (dry, 4 mL). After addition of (S)-4-(chloromethyl)-

2,2-dimethyl-1,3-dioxolane (S-223, 1.43 mL, 1.58 g, 10.5 mmol, 3.00 eq.) the mixture was stirred at 

40 °C for 1 h. The suspension was filtered and added to the flask containing solution A. The reaction 

was stirred at 110 °C for 48 h. After cooling down to rt, the solvent was evaporated and the residue 

dissolved in DCM (50 mL). The solution was washed with sat. NH4Cl solution (50 mL) and the aqueous 

layer extracted with DCM (2x 50 mL). The combined organic layers were dried over Na2SO4 and the 

solvent removed under reduced pressure. The residue was purified by flash column chromatography 
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(Silica gel, 0.5 – 2.5% DCM/MeOH) which afforded the product 217 (0.902 g, 2.10 mmol, 60%) as 

colorless oil.  
1H NMR (400 MHz, CDCl3) δ 6.65 (s, 1H), 4.32 (qd, J = 6.6, 3.7 Hz, 1H), 4.15 – 3.88 (m, 5H), 3.66 

(dd, J = 8.7, 6.6 Hz, 1H), 3.03 – 2.77 (m, 2H), 1.54 (s, 9H), 1.36 (s, 3H), 1.31 (s, 3H). 13C NMR 

(101 MHz, CDCl3) δ 161.63, 153.71, 139.80, 116.21, 110.62, 110.14, 104.01, 82.72, 74.88, 66.53, 48.02, 

44.88, 28.28, 26.74, 25.35, 23.15. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 451.1; found: 451.9. 

HPLC: tret = 15.71 min (96.1% at 254 nm, 93.6% at 230 nm, method B). 

tert-Butyl (S)-2-bromo-1-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (218) 

tert-Butyl 2-bromo-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (151, 0.400 g, 

1.27 mmol, 1.00 eq.) and Cs2CO3 (1.04 g, 3.19 mmol, 

2.50 eq.) were weighed into a flask and dried in vacuum 

before the addition of DMF (dry, 3 mL) under argon 

atmosphere and heated to 110 °C for 1 h (solution A).  

Solution B was prepared by first drying Sodium iodide 

(1.84 g, 12.3 mmol, 3.50 eq.) at 150 °C for 1 h and dissolve it 

in acetone (dry, 4 mL). After addition of (R)-4-

(chloromethyl)-2,2-dimethyl-1,3-dioxolane (R-223, 1.43 mL, 1.58 g, 10.5 mmol, 3.00 eq.) the mixture 

was stirred at 40 °C for 1 h. The suspension was filtered and added to the flask containing solution A. 

The reaction was stirred at 110 °C for 48 h. After cooling down to rt the solvent was evaporated and the 

residue dissolved in DCM (20 mL). The solution was washed with sat. NH4Cl solution (20 mL) and the 

aqueous layer extracted with DCM (2x 20 mL). The combined organic layers were dried over Na2SO4 

and the solvent removed under reduced pressure. The residue was purified by flash column 

chromatography (Silica gel, 0.5 – 2.5% DCM/MeOH) which afforded the product 218 (0.315 g, 

0.739 mmol, 58%) as colorless oil.  
1H NMR (400 MHz, CDCl3) δ 6.57 (s, 2H), 4.27 (dd, J = 6.6, 3.5 Hz, 2H), 4.04 (ddd, J = 9.1, 6.8, 3.5 

Hz, 6H), 3.96 – 3.82 (m, 4H), 3.61 (dd, J = 8.7, 6.6 Hz, 2H), 2.94 – 2.78 (m, 4H), 1.48 (s, 17H), 1.31 (s, 

6H), 1.26 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 161.14, 153.10, 139.40, 115.64, 110.03, 109.59, 

103.54, 82.12, 74.40, 66.03, 47.53, 44.44, 27.79, 26.24, 24.89, 22.64. TLC-MS: ESI(+) calcd. for 

[M+Na]+: m/z = 451.1; found: 450.7; ESI(-) calcd. for [M-H]-: m/z = 427.1; found: 426.9. HPLC: tret = 

18.81 min (98.0% at 254 nm, 100% at 230 nm, method B).  
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tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-(methoxymethyl)-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (225) 

tert-Butyl 2-bromo-1-(methoxymethyl)-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (213, 

50.0 mg, 0.139 mmol, 1.00 eq.) and tert-butyl (4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)carbamate 

(123, 53.5 mg, 0.167 mmol, 1.20 eq.) were combined with 

Pd2(dba)3 (6.37 mg, 6.96 μmol, 5 mol%) and XPhos (6.64 mg, 

13.9 μmol, 10 mol%) and the flask purged with argon. 1,4-

dioxane (degassed, 1.0 mL) and 2M Na2CO3 solution (degassed, 0.209 mL, 0.428 mmol, 3.00 eq.) were 

added and the reaction stirred at 80 °C for 2 h. After cooling down to rt the reaction was diluted with 

EtOAc (20 mL) and filtered through a pad of celite. The solution was washed with NH4Cl solution, 

water and brine (20 mL). The organic layer was dried over Na2SO4 and the solvent evaporated. The 

residue was purified by flash column chromatography (Silica gel, 10 – 100% hexane/EtOAc) which 

afforded the product 225 (24.0 mg, 50.1 μmol, 36%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 8.31 (dd, J = 5.3, 0.5 Hz, 1H), 8.06 (s, 1H), 7.04 (dd, J = 

5.3, 1.6 Hz, 1H), 6.85 (s, 1H), 5.22 (s, 2H), 4.14 (t, J = 6.3 Hz, 2H), 3.27 (s, 3H), 2.97 (t, J = 6.3 Hz, 

2H), 1.56 (s, 9H), 1.53 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.37, 153.72, 152.99, 152.60, 148.37, 

141.45, 141.35, 134.60, 117.63, 116.54, 111.26, 110.04, 82.80, 81.14, 75.31, 55.92, 44.93, 28.45, 28.31, 

22.33. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 495.2; found: 495.3. HPLC: tret = 16.24 min (96.5% 

at 254 nm, 96.2% at 230 nm, method B). 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-(4-methoxybenzyl)-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (226) 

A flask containing tert-butyl 2-bromo-1-(4-methoxybenzyl)-4-

oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(214, 0.113 g, 0.260 mmol, 1.00 eq.), tert-butyl (4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2-yl)carbamate 

(123, 0.150 g, 0.467 mmol, 1.80 eq.), Pd2(dba)3·CHCl3 (13.4 mg, 

13.0 μmol, 5 mol%) and XPhos (12.4 mg, 26.0 μmol, 10 mol%) 

was purged with argon and 1,4.dioxane (degassed, 4.5 mL) added. 

After addition of a 2M Na2CO3 solution (degassed, 0.389 mL, 

0.779 mmol, 3.00 eq.) the reaction mixture was stirred at 90 °C 

for 16 h. The reaction was cooled down to rt and the solvent 

evaporated. The residue was diluted with DCM (30 mL) and washed with sat. NH4Cl solution (20 mL). 

The layers were separated and the aqueous layer extracted with DCM (2x 20 mL). The combined organic 

phases were dried over Na2SO4 and evaporated to dryness. The residue was purified by flash column 
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chromatography (Silica gel, 10 – 80% hexane/EtOAc) which afforded the product 226 (79.0 mg, 

0.146 mmol, 56%) as light-yellow powder.  
1H NMR (400 MHz, CDCl3) δ 8.18 – 8.15 (m, 1H), 7.96 (s, 1H), 7.65 (s, 1H), 6.89 (s, 1H), 6.87 (dd, J 

= 5.2, 1.6 Hz, 1H), 6.81 (s, 4H), 5.18 (s, 2H), 4.05 (t, J = 6.3 Hz, 2H), 3.76 (s, 3H), 2.70 (t, J = 6.3 Hz, 

2H), 1.55 (s, 9H), 1.50 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.47, 159.30, 153.80, 152.49, 152.30, 

148.19, 144.83, 141.79, 141.15, 134.26, 127.19, 117.76, 116.15, 114.55, 111.33, 110.10, 82.73, 81.27, 

55.41, 48.09, 44.96, 28.39, 28.33, 22.55. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 571.3; found: 

571.5. HPLC: tret = 9.50 min (100% at 254 nm, 99.6% at 230 nm, method A). 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-4-oxo-1-tosyl-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (227) 

tert-Butyl 2-bromo-4-oxo-1-tosyl-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (216, 0.360 g, 

0.767 mmol, 1.00 eq.) and tert-Butyl (4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)pyridin-2-yl)carbamate (123, 0.368 g, 

1.150 mmol, 1.50 eq.) were put into a flask and purged with 

argon. The solids were dissolved in 1,4-dioxane (degassed, 

36 mL) and XPhos Pd g4 (33.0 mg, 38.3 μmol, 5 mol%) was 

added. After addition of a degassed 2M Na2CO3 solution 

(1.15 mL, 2.30 mmol, 3.00 eq.) the reaction was stirred at 80 °C 

for 18 h. After cooling to rt the solvent was removed under 

reduced pressure and the residue diluted with EtOAc (50 mL) and filtered through a pad of celite. After 

removal of the solvent the crude product was purified by flash column chromatography (Silica gel, 10 

– 100% hexane/EtOAc) which afforded the product 227 (0.260 g, 0.445 mmol, 58%) as light-yellow 

powder.  
1H NMR (400 MHz, CDCl3) δ 8.23 (d, J = 5.1 Hz, 1H), 8.16 (s, 1H), 7.83 (s, 1H), 7.37 (d, J = 8.3 Hz, 

2H), 7.22 (d, J = 8.2 Hz, 2H), 6.97 (d, J = 5.3 Hz, 1H), 6.65 (s, 1H), 4.08 (t, J = 6.2 Hz, 2H), 3.31 (t, J 

= 6.3 Hz, 2H), 2.40 (s, 3H), 1.55 (s, 9H), 1.53 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 161.32, 152.98, 

152.21, 151.80, 146.50, 146.23, 142.15, 141.88, 135.40, 135.17, 130.25, 127.14, 120.48, 119.96, 114.57, 

113.75, 83.35, 81.34, 44.96, 28.44, 28.25, 24.94, 21.83. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 

605.2; found: 605.7.; ESI(-) calcd. for [M-H]-: m/z =581.2; found: 581.6. HPLC: tret = 19.20 min (97.9% 

at 254 nm, 96.4% at 230 nm, method B). 
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tert-Butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-

(methoxymethyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (228) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-

(methoxymethyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (225, 90.0 mg, 0.191 mmol, 

1.00 eq.), 2-bromo-3-nitro-5-chloropyridine (67.9 mg, 

0.286 mmol, 1.50 eq.) and Cs2CO3 (0.248 g, 0.762 mmol, 

4.00 eq.) were weighed into a flask. The flask was purged with 

argon and toluene (degassed, 15 mL) added. XantPhos 

(5.51 mg, 9.53 μmol, 5 mol%) and Pd(OAc)2 (2.14 mg, 

9.53 μmol, 5 mol%) in toluene (0.5 mL, degassed) were stirred 

at 70 °C under an argon atmosphere for 15 min and then added to the reaction mixture. The reaction was 

stirred at 70 °C for 48 h. After cooling to rt the reaction was diluted with DCM (30 mL) and washed 

with water (50 mL). The aqueous phase was extracted with DCM and the combined organic layers dried 

over Na2SO4. The solvent was evaporated and the residue purified by flash column chromatography 

(Silica gel, 1.5 – 5% DCM/MeOH) which afforded the product 228 (91.0 mg, 0.145 mmol, 76%) as 

yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 8.5 Hz, 1H), 8.19 (d, J = 5.2 Hz, 1H), 7.90 (s, 1H), 7.45 (d, 

J = 8.5 Hz, 1H), 7.16 (dd, J = 5.2, 1.5 Hz, 1H), 6.89 (s, 1H), 5.21 (s, 2H), 4.14 (t, J = 6.3 Hz, 2H), 3.34 

(s, 3H), 2.99 (t, J = 6.3 Hz, 2H), 1.56 (s, 9H), 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.31, 

153.77, 153.76, 153.68, 151.17, 148.36, 147.86, 141.90, 141.60, 140.84, 136.53, 134.04, 123.92, 119.71, 

117.63, 116.59, 110.19, 84.23, 82.83, 75.17, 55.95, 44.86, 28.28, 27.91, 22.32. TLC-MS: ESI(+) calcd. 

for [M+Na]+: m/z = 651.2; found: 651.4. HPLC: tret = 17.78 min (95.5% at 254 nm, 95.6% at 230 nm, 

method B). 

tert-Butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-(4-

methoxybenzyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (229) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-

(4-methoxybenzyl)-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (226, 25.0 mg, 

45.6 μmol, 1.00 eq.), 2-bromo-3-nitro-5-chloropyridine 

(16.2 mg, 68.4 μmol, 1.50 eq.) and Cs2CO3 (59.4 mg, 

0.182 mmol, 4.00 eq.) were weighed into a flask. The flask 

was purged with argon and toluene (degassed, 4 mL) added. 

XantPhos (1.58 mg, 2.73 μmol, 6 mol%) and Pd(OAc)2 

(0.61 mg, 2.73 μmol, 6 mol%) in toluene (0.1 mL, degassed) 

were stirred at 70 °C under an argon atmosphere for 15 min 

and then added to the reaction mixture. The reaction was stirred at 70 °C for 48 h. After cooling to rt the 
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reaction was diluted with DCM (10 mL) and washed with sat. NH4Cl solution (10 mL). The aqueous 

phase was extracted with DCM and the combined organic layers dried over Na2SO4. The solvent was 

evaporated, and the residue purified by flash column chromatography (Silica gel, 10 – 80% 

hexane/EtOAc) which afforded the product 229 (15.0 mg, 21.3 μmol, 47%, containing ~5% of starting 

material) as yellow solid.  

TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 727.2; found: 727.4. HPLC: tret = 9.79 min (94.5% at 254 

nm, 93.0% at 230 nm, method A). 

tert-Butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-4-oxo-1-

tosyl-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (230) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-4-

oxo-1-tosyl-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (227, 35.0 mg, 60.1 μmol, 1.00 eq.) was 

subjected to GSP 8, dissolved in toluene (10 mL) and stirred 

at 70 °C for 16 h. After cooling to rt the reaction was diluted 

with DCM (20 mL) and washed with sat. NH4Cl solution 

(20 mL). The aqueous phase was extracted with DCM (2x 

20 mL) and the combined organic layers dried over Na2SO4. 

After removal of the solvent the residue was purified by flash 

column chromatography (Silica gel, 10 - 90% 

hexane/EtOAc) which afforded the product 230 (38.5 mg, 51.4 μmol, 86%) as yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 8.5 Hz, 1H), 8.16 (d, J = 5.1 Hz, 1H), 7.56 (s, 1H), 7.46 (d, 

J = 8.5 Hz, 1H), 7.33 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.2 Hz, 2H), 7.02 (dd, J = 5.1, 1.4 Hz, 1H), 6.66 

(s, 1H), 4.09 (d, J = 3.1 Hz, 2H), 3.38 (t, J = 6.3 Hz, 2H), 2.40 (s, 3H), 1.56 (s, 9H), 1.40 (s, 9H). 13C 

NMR (101 MHz, CDCl3) δ 161.39, 153.77, 153.01, 153.00, 150.96, 147.81, 147.01, 146.39, 142.47, 

141.77, 140.95, 136.53, 134.82, 134.70, 130.33, 127.36, 123.80, 122.79, 120.25, 119.73, 114.50, 84.27, 

83.34, 44.96, 28.24, 27.96, 25.09, 21.86. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 761.2; found: 

761.4; ESI(-) calcd. for [M-H]-: m/z =737.2; found: 737.2. HPLC: tret = 19.75 min (95.7% at 254 nm, 

95.1% at 230 nm, method B). 
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2-(2-((6-Chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-(methoxymethyl)-1,5,6,7-tetrahydro-4H-

pyrrolo[3,2-c]pyridin-4-one (232) 

tert-Butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-

nitropyridin-2-yl)amino)pyridin-4-yl)-1-(methoxymethyl)-4-

oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (228, 49.0 mg, 77.9 μmol) was dissolved in DCM 

(4 mL) and subjected to GSP 7 and stirred for 1 h. The residue 

was dissolved in DCM (10 mL) and washed with sat. Na2CO3 

solution. The organic layer was dried over Na2SO4 and the 

solvent evaporated. The raw product was purified by flash 

column chromatography (Silica gel, 3 – 10% DCM/MeOH) 

which afforded the product 232 (17.0 mg, 39.6 μmol, 51%) as yellow solid.  
1H NMR (400 MHz, DMSO) δ 10.47 (s, 1H), 8.61 (d, J = 8.6 Hz, 1H), 8.35 (d, J = 5.2 Hz, 1H), 8.22 

(s, 1H), 7.34 (dd, J = 5.2, 1.2 Hz, 1H), 7.24 (s, 1H), 7.21 (d, J = 8.6 Hz, 1H), 6.74 (s, 1H), 5.36 (s, 2H), 

3.49 – 3.42 (m, 2H), 3.24 (s, 3H), 2.96 (t, J = 6.8 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 164.34, 

153.50, 151.40, 148.52, 147.33, 141.04, 140.97, 138.82, 132.26, 129.70, 118.12, 115.74, 115.21, 112.06, 

108.70, 74.69, 55.38, 21.42. HRMS: ESI(+) calcd. for [M+H]+: m/z =429.10726; found: 429.10755; rel. 

deviation: 0.67 ppm. HPLC: tret = 13.60 min (98.3% at 254 nm, 97.2% at 230 nm, method B). IR (ATR) 

[cm-1]: 3352, 3321, 1653, 1578, 1486, 1412, 1392, 1344, 1320, 1265, 1217, 1154, 1133, 1094, 1061, 

1039, 992, 967, 898, 853, 814, 759, 675. 

tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (139) 

A) alternative method A described in section 6.2.7. 

B) tert-Butyl 2-bromo-4-oxo-1-pivaloyl-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (215, 0.155 g, 0.388 mmol, 

1.00 eq.), tert-butyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)pyridin-2-yl)carbamate (123, 0.124 g, 0.388 mmol, 

1.00 eq.) and XPhos Pd g4 (16.7 mg, 19.4 μmol, 5 mol%) were 

weighed into a flask and purged with argon. 1,4-dioxane 

(degassed, 4.0 mL) and a 2 M Na2CO3 solution (0.582 mL, 

1.165 mmol, 3.00 eq.) were added and the reaction stirred at 80 °C for 18 h. Stirring was continued for 

3 h at 90 °C before the reaction was cooled to rt and diluted with EtOAc (20 mL). The mixture was 

washed with sat. NH4Cl solution, water and brine (20 mL) and the organic layer dried over Na2SO4. The 

solvent was removed under reduced pressure and the residue purified by flash column chromatography 

(Silica gel, 10 – 100% hexane/EtOAc) which afforded the product 139 (31.0 mg, 73.7μmol, 19%) as 

white solid.  

 
232 

Chemical Formula: C19H17ClN6O4 
Exact Mass: 428.09998 

Molecular Weight: 428.83300 

N
N

NH

O

NH
N

Cl

NO2

O

 
139 

Chemical Formula: C22H28N4O5 
Exact Mass: 428.20597 

Molecular Weight: 428.48900 

N
N
H

N

O

NHBoc

Boc



204 
 

1H NMR (400 MHz, MeOD) δ 8.02 (d, J = 5.5 Hz, 1H), 7.82 (d, J = 0.9 Hz, 1H), 7.04 (dd, J = 5.5, 1.6 

Hz, 1H), 6.95 (s, 1H), 3.99 (t, J = 6.4 Hz, 2H), 2.85 (t, J = 6.4 Hz, 2H), 1.43 (s, 18H). TLC-MS: ESI(+) 

calcd. for [M+Na]+: m/z = 451.2; found: 451.4; ESI(-) calcd. for [M-H]-: m/z = 427.2; found: 427.5. 

HPLC: tret = 14.69 min (96.9% at 254 nm, 97.5% at 230 nm, method B). 

C) tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-4-oxo-1-tosyl-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (227, 0.160 g, 0.275 mmol, 1.00 eq.) and Cs2CO3 (0.179 g, 

0.550 mmol, 2.00 eq.) were dissolved in an mixture of THF (1.5 mL) and MeOH (0.75 mL). After 

stirring the reaction for 30 min at rt, brine (15 mL) was added and the reaction extracted with EtOAc 

(15 mL) twice. The organic layer was dried over Na2SO4 and the solvent removed under reduced 

pressure. The crude product was purified by flash column chromatography (Silica gel, 30 – 100% 

hexane/EtOAc) which afforded the product 139 (54.6 mg, 0.127 mmol, 46%) as white solid.  
1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 5.4 Hz, 1H), 7.86 (s, 1H), 7.09 (d, J = 5.3 Hz, 1H), 7.00 (s, 

1H), 4.04 (t, J = 6.1 Hz, 2H), 2.89 (t, J = 6.2 Hz, 2H), 1.48 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 

163.42, 153.46, 153.20, 152.38, 147.86, 141.36, 140.69, 130.76, 116.11, 116.04, 113.95, 107.87, 105.88, 

82.88, 81.55, 45.27, 28.18, 27.99, 22.51. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 451.2; found: 

451.2; ESI(-) calcd. for [M-H]-: m/z = 427.2; found: 427.3. HPLC: tret = 7.66 min (96.7% at 254 nm, 

96.7% at 230 nm, method A). 

Di-tert-butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-4-oxo-6,7-dihydro-1H-pyrrolo[3,2-

c]pyridine-1,5(4H)-dicarboxylate (145) 

B) tert-Butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-4-

oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(139, 45.0 mg, 0.105 mmol, 1.00 eq.) was dissolved in DMF 

(0.5 mL) and cooled to 0 °C. NaH (60% dispersion in mineral oil, 

4.20 mg, 0.105 mmol, 1.00 eq.) was added and the reaction stirred 

at rt for 30 min. Di-tert-butyldicarbonat (24.0 μL, 22.9 mg, 

0.105 mmol, 1.00 eq.) and DMAP (1.28 mg, 10.5 μmol, 

10 mol%) was added and the reaction stirred for 18 h at rt. An 

additional portion of di-tert-butyldicarbonat (24.0 μL, 22.9 mg, 0.105 mmol, 1.00 eq.) was added and 

the reaction stirred for 24 h. The reaction was diluted with DCM (10 mL) and washed with H2O (10 mL). 

The organic layer was dried over Na2SO4 and the solvent evaporated. The residue was purified by flash 

column chromatography (Silica gel, 20 – 100% hexane/EtOAc) which afforded the product 145 

(20.4 mg, 38.6 μmol, 37%) as white powder.  
1H NMR (400 MHz, CDCl3) δ 8.56 (s, 1H), 8.26 (d, J = 5.0 Hz, 1H), 7.97 (s, 1H), 6.90 (dd, J = 5.2, 1.5 

Hz, 1H), 6.72 (s, 1H), 4.09 (t, J = 6.4 Hz, 2H), 3.22 (t, J = 6.4 Hz, 2H), 1.56 (s, 9H), 1.51 (s, 9H), 1.35 

(s, 9H). 13C NMR (101 MHz, CDCl3) δ 161.98, 153.29, 152.51, 152.17, 148.55, 147.50, 143.67, 142.25, 

134.08, 118.38, 117.92, 112.86, 112.02, 86.16, 82.98, 81.13, 44.76, 28.39, 28.28, 27.53, 24.71. TLC-
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MS: ESI(+) calcd. for [M+Na]+: m/z = 551.3; found: 551.0; ESI(-) calcd. for [M-H]-: m/z =527.3; found: 

527.3. HPLC: tret = 9.98 min (97.2% at 254 nm, 97.9% at 230 nm, method A). 

An alternative (unsuccessful) attempt to for the synthesis of 145 is described in section 6.2.7. 

Di-tert-butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-4-oxo-

6,7-dihydro-1H-pyrrolo[3,2-c]pyridine-1,5(4H)-dicarboxylate (233) 

Di-tert-butyl 2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-

4-oxo-6,7-dihydro-1H-pyrrolo[3,2-c]pyridine-1,5(4H)-

dicarboxylate (145, 20.4 mg, 38.6 μmol, 1.00 eq.) was 

dissolved in DMF (1.0 mL, dry) under argon atmosphere and 

cooled to 0°C. After the addition of NaH (60 % dispersion 

in mineral oil, 2.32 mg, 57.9 μmol, 1.50 eq.) the mixture was 

stirred for 30 min at rt. Then 5-chloro-2-flouro-3-nitropyridine 

(20.6 mg, 0.116 mmol, 3.00 eq.) was added at 0 °C and then 

stirred for 18 h at room temperature. The reaction was 

quenched by the addition of sat. NaHCO3 solution (10 mL) and extracted with DCM (4x 10 mL). the 

organic layer dried over Na2SO4. The solvent was removed under reduced pressure and the crude product 

purified by flash column chromatography (Silica gel, 0.5 – 8% DCM/MeOH) which afforded the 

product 233 (16.0 mg, 27.4 μmol, 71%) as yellow solid.1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 8.4 

Hz, 1H), 8.17 (d, J = 5.1 Hz, 1H), 7.80 (s, 1H), 7.45 (d, J = 8.4 Hz, 1H), 6.99 (dd, J = 5.1, 1.2 Hz, 1H), 

6.73 (s, 1H), 4.11 (t, J = 6.4 Hz, 2H), 3.26 (t, J = 6.4 Hz, 2H), 1.57 (s, 9H), 1.40 (s, 9H), 1.36 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 161.97, 153.78, 153.38, 153.33, 151.00, 148.57, 147.93, 147.31, 143.68, 

142.44, 142.03, 136.46, 133.41, 123.88, 120.46, 118.48, 118.35, 112.94, 86.66, 84.28, 83.05, 44.77, 

28.31, 27.96, 27.50, 24.70. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 707.2; found: 706.8; ESI(-) 

calcd. for [M-Boc-H]-: m/z = 583.2; found: 583.1. HPLC: tret = 10.47 min (97.4% at 254 nm, 97.4% at 

230 nm, method B). 

2-(2-((6-Chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1,5,6,7-tetrahydro-4H-pyrrolo[3,2-

c]pyridin-4-one (231) 

Di-tert-butyl 2-(2-((tert-butoxycarbonyl)(6-chloro-3-

nitropyridin-2-yl)amino)pyridin-4-yl)-4-oxo-6,7-dihydro-1H-

pyrrolo[3,2-c]pyridine-1,5(4H)-dicarboxylate (233, 16.0 mg, 

27.4 μmol) was dissolved in DCM (2 mL, dry) and subjected 

to GSP 7 and stirred for 30 min. . The residue was dissolved in 

DCM (10 mL) and washed with sat. Na2CO3 solution (7 mL). 

The aqueous phase was extracted with DCM until the yellow 

color was removed. The combined organic layers were dried 

over Na2SO4 and the solvent evaporated. The raw product was 
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purified by flash column chromatography (Silica gel, 3 – 10% DCM/MeOH) which afforded the product 

(231, 3.0 mg, 7.8 µmol, 28%) as yellow powder.  

1H NMR (400 MHz, DMSO) δ 12.00 (s, 1H), 10.43 (s, 1H), 8.60 (d, J = 8.6 Hz, 1H), 8.31 – 8.19 (m, 

2H), 7.38 (d, J = 5.4 Hz, 1H), 7.21 (d, J = 8.7 Hz, 1H), 7.11 (s, 1H), 6.88 (s, 1H), 3.41 (dt, J = 7.0, 3.6 

Hz, 2H), 2.86 (t, J = 6.8 Hz, 2H). HRMS: ESI(+) calcd. for [M+H]+: m/z = 385.08104; found: 

385.08133; rel. deviation: 0.74 ppm. HPLC: tret = 5.78 min (100% at 254 nm, 100% at 230 nm, 

method A). 

tert-Butyl (R)-2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-((2,2-dimethyl-1,3-dioxolan-4-

yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (234) 

To a mixture of tert-butyl (R)-2-bromo-1-((2,2-dimethyl-1,3-

dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (217, 0.500 g, 1.52 mmol, 1.00 eq.) and 

tert-Butyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)pyridin-2-yl)carbamate (123, 0.584 g, 1.82 mmol, 1.20 eq.) 

was added 1,4-dioxane (degassed, 20 mL) and 2.28 mL of a 

degassed 2 M Na2CO3 solution (2.25 mmol, 3.00 eq) was added 

dropwise. After adding XPhos Pd g4 (65.3 mg, 75.9 μmol, 

5 mol%) the reaction was heated at 90 °C and stirred for 6h. After 

cooling down to room temperature the solvent was evaporated. The residue was suspended in EtOAc 

(50 mL), filtered through a pad of celite and the filtrated washed with sat. NH4Cl solution (40 mL). The 

organic phase was dried over Na2SO4 and the solvent evaporated. The residue was purified by two 

consecutive flash column chromatography methods (Silica gel, 1: 1 – 6% DCM/MeOH; 2: 30 – 100% 

hexane/EtOAc) which afforded the product 234 (0.280 g, 0.516 mmol, 34%) as white powder.  
1H NMR (400 MHz, CDCl3) δ 10.15 (s, 1H), 8.32 (d, J = 5.3 Hz, 1H), 7.98 (s, 1H), 7.01 – 6.90 (m, 1H), 

6.79 (s, 1H), 4.28 – 4.19 (m, 2H), 4.17 – 4.08 (m, 1H), 4.08 – 3.91 (m, 3H), 3.46 (dd, J = 8.5, 6.2 Hz, 

1H), 3.05 (ddd, J = 13.5, 8.4, 4.9 Hz, 1H), 2.88 (dt, J = 11.5, 5.1 Hz, 1H), 1.50 (d, J = 1.4 Hz, 18H), 

1.28 (s, 3H), 1.22 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 162.26, 153.51, 153.24, 152.94, 148.13, 

142.04, 141.82, 133.35, 117.50, 115.68, 110.94, 110.34, 109.99, 82.35, 80.90, 75.47, 66.52, 47.86, 

44.88, 28.34, 28.12, 26.48, 25.03, 23.09. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z = 565.3; found: 

565.4; ESI(-) calcd. for [M-H]-: m/z = 541.3; found: 541.6. HPLC: tret = 17.77 min (97.6% at 254 nm, 

98.6% at 230 nm, method B). 
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tert-Butyl (S)-2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-1-((2,2-dimethyl-1,3-dioxolan-4-

yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (235) 

To a mixture of tert-butyl (S)-2-bromo-1-((2,2-dimethyl-1,3-

dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-

c]pyridine-5-carboxylate (218, 0.210 g, 0.638 mmol, 1.00 eq.) 

and tert-Butyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)pyridin-2-yl)carbamate (123, 0.245 g, 0.765 mmol, 1.20 eq.) 

was added 1,4-dioxane (degassed, 9 mL) and a degassed 2 M 

Na2CO3 - solution (0,957 mL, 1.91 mmol, 3.00 eq) was added 

dropwise. After adding XPhos Pd g4 (27.4 mg, 31.9 μmol, 

5 mol%) the reaction was heated to 90 °C and stirred for 6h. After 

cooling down to rt the solvent was evaporated. The residue suspended in EtOAc (20 mL), filtered 

through a pad of Celite and the filtrated washed with sat. NH4Cl solution (20 mL). The organic phase 

was dried over Na2SO4 and the solvent evaporated. The residue was purified by two consecutive flash 

column chromatography methods (Silica gel, 1: 1 – 6% DCM/MeOH; 2: 30 – 100% hexane/EtOAc) 

which afforded the product 235 (86.0 mg, 0.160 mmol, 25%) as white powder.  
1H NMR (400 MHz, CDCl3) δ 9.82 (s, 1H), 8.33 (d, J = 5.3 Hz, 1H), 7.99 (s, 1H), 6.97 (dd, J = 5.2, 1.3 

Hz, 1H), 6.81 (s, 1H), 4.26 (dd, J = 11.4, 4.1 Hz, 2H), 4.15 (dd, J = 12.5, 5.7 Hz, 1H), 4.09 – 4.03 (m, 

1H), 4.02 – 3.95 (m, 2H), 3.47 (dd, J = 8.6, 6.2 Hz, 1H), 3.13 – 3.01 (m, 1H), 2.98 – 2.81 (m, 1H), 1.53 

(s, 9H), 1.52 (s, 9H), 1.31 (s, 3H), 1.25 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 162.34, 153.64, 153.20, 

152.95, 148.27, 142.09, 141.89, 133.42, 117.68, 115.80, 110.98, 110.45, 110.10, 82.49, 81.04, 75.55, 

66.62, 53.48, 47.95, 44.95, 28.41, 28.21, 26.56, 25.11, 23.18. TLC-MS: ESI(+) calcd. for [M+Na]+: m/z 

= 565.3; found: 564.8; ESI(-) calcd. for [M-H]-: m/z = 541.3; found: 541.6. HPLC: tret = 17.78 min 

(99.2% at 254 nm, 98.7% at 230 nm, method B). 

tert-Butyl (R)-2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-((2,2-

dimethyl-1,3-dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (236) 

tert-Butyl (R)-2-(2-((tert-butoxycarbonyl)amino)pyridin-4-yl)-

1-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-

tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate (234, 

0.200 g, 0.369 mmol, 1.00 eq.) was subjected to GSP 8 (4 mL 

toluene) and stirred at 55 °C for 18 h. After cooling to rt the 

reaction was diluted with EtOAc (20 mL) and filtered through 

a pad of celite. The filtrate was washed with sat. NH4Cl 

solution, brine and H2O (20 mL) and organic layer dried over 

Na2SO4 and the solvent evaporated. The raw product was 
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purified in a two-step procedure by flash column chromatography (Silica gel, 1: 0 – 5% DCM/MeOH; 

2: 10 – 80% hexane /EtOAc) which afforded the product 236 (0.177 g, 0.253 mmol, 69%) as yellow oil.  
1H NMR (400 MHz, CDCl3) δ 8.47 (d, J = 5.2 Hz, 1H), 8.25 (d, J = 8.8 Hz, 1H), 7.96 (d, J = 8.8 Hz, 

1H), 7.36 (d, J = 0.8 Hz, 1H), 7.26 (s, 1H), 6.87 (s, 1H), 4.14 (t, J = 6.3 Hz, 2H), 3.65 (s, 3H), 2.91 (t, J 

= 6.3 Hz, 2H), 1.56 (s, 9H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.49, 153.85, 153.52, 151.23, 

148.40, 147.72, 142.26, 142.01, 141.45, 136.55, 133.07, 124.16, 120.23, 117.20, 116.01, 110.65, 110.33, 

84.32, 82.67, 75.65, 66.66, 48.12, 45.01, 28.33, 27.93, 26.65, 25.19, 23.31. TLC-MS: ESI(+) calcd. for 

[M+H]+: m/z = 721.2. HPLC: tret = 18.62 min (95.7% at 254 nm, 93.8% at 230 nm, method B). 

tert-Butyl (S)-2-(2-((tert-butoxycarbonyl)(6-chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-((2,2-

dimethyl-1,3-dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-

carboxylate (237) 

tert-Butyl (S)-2-(2-((tert-butoxycarbonyl)amino)pyridin-4-

yl)-1-((2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-4-oxo-

1,4,6,7-tetrahydro-5H-pyrrolo[3,2-c]pyridine-5-carboxylate 

(235, 86.0 mg, 0.158 mmol, 1.00 eq.) was subjected to GSP 8 

(2 mL toluene) and stirred at 60 °C for 18 h. After cooling to 

rt, the reaction was quenched by addition of sat. NaHCO3 

solution and extracted with DCM (3x 20 mL). The organic 

layer was dried over Na2SO4 and the solvent evaporated. The 

raw product was purified in a two-step procedure by flash 

column chromatography (Silica gel, 1: 0 – 5% DCM/MeOH; 2: 10 – 80% hexane /EtOAc) which 

afforded the product 237 (68.0 mg, 97.3 μmol, 61%) as yellow oil.  
1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 8.5 Hz, 1H), 8.15 (d, J = 5.2 Hz, 1H), 7.81 (s, 1H), 7.47 (d, 

J = 8.5 Hz, 1H), 7.06 (dd, J = 5.2, 1.4 Hz, 1H), 6.84 (s, 1H), 4.31 – 4.15 (m, 3H), 4.11 – 3.98 (m, 3H), 

3.54 (dd, J = 8.7, 6.3 Hz, 1H), 3.16 – 3.04 (m, 1H), 2.92 (ddd, J = 16.4, 6.7, 4.8 Hz, 1H), 1.56 (s, 9H), 

1.39 (s, 9H), 1.34 (s, 3H), 1.26 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 162.41, 153.82, 153.78, 153.50, 

151.20, 148.35, 147.67, 142.21, 141.97, 141.50, 136.52, 133.04, 124.14, 120.17, 117.17, 115.97, 110.59, 

110.27, 84.26, 82.63, 75.61, 66.76, 48.08, 44.98, 28.28, 27.89, 26.60, 25.16, 23.27. TLC-MS: ESI(+) 

calcd. for [M+Na]+: m/z = 721.3; found: 720.8. HPLC: tret = 18.69 min (98.7% at 254 nm, 97.9% at 230 

nm, method B). 
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(R)-2-(2-((6-Chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-(2,3-dihydroxypropyl)-1,5,6,7-

tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (238) 

tert-Butyl (R)-2-(2-((tert-butoxycarbonyl)(6-chloro-3-

nitropyridin-2-yl)amino)pyridin-4-yl)-1-((2,2-dimethyl-1,3-

dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (236, 42.0 mg, 

74.4 μmol, 1.00 eq.) was dissolved in DCM (2 mL) and water 

(18 μL) in TFA (87 μL) added. The reaction was stirred at rt for 

18 h. NaHCO3 solution (2 mL) was added and the mixture 

extracted with DCM (3x 5 mL). The combined organic layers 

were dried over Na2SO4 and the solvent removed under reduced 

pressure. The aqueous phase was lyophilized and combined with the extracted fraction. The crude 

product was purified by reversed phase column chromatography (43 g, CHROMABOND® Flash RS 40 

C18 ec, 10 - 60% water/MeCN + 0.2% TFA, 60 min). The product containing fractions were lyophilised 

and purified by flash column chromatography (Silica gel, 5 – 10% DCM/MeOH) which afforded the 

product 238 (2.0 mg, 5.8%) as yellow powder.  
1H NMR (400 MHz, DMSO) δ 10.47 (s, 1H), 8.62 (d, J = 8.6 Hz, 1H), 8.32 (d, J = 5.2 Hz, 1H), 8.20 

(s, 1H), 7.35 (dd, J = 5.2, 1.2 Hz, 1H), 7.24 – 7.17 (m, 1H), 7.08 (s, 1H), 6.61 (s, 1H), 4.97 (d, J = 4.4 

Hz, 1H), 4.63 (d, J = 4.9 Hz, 1H), 4.31 (dd, J = 14.8, 3.3 Hz, 1H), 4.01 (dd, J = 14.7, 8.7 Hz, 1H), 3.54 

(dd, J = 9.0, 4.3 Hz, 1H), 3.42 (dd, J = 6.7, 4.6 Hz, 2H), 3.22 (d, J = 4.1 Hz, 2H), 3.01 – 2.83 (m, 2H). 

13C NMR (101 MHz, DMSO) δ 164.69, 153.47, 151.31, 148.33, 147.26, 142.09, 141.14, 138.78, 

131.78, 129.68, 118.41, 115.62, 114.44, 112.16, 108.39, 71.08, 63.51, 47.91, 21.99. HPLC: tret = 

9.95 min (95.7% at 254 nm, 95.5% at 230 nm, method B). IR (ATR) [cm-1]: 3313, 3270, 3230, 3124, 

3085, 2946, 2927, 2871, 1632, 1575, 1483, 1416, 1380, 1320, 1249, 1214, 1153, 1100, 1045, 992, 968, 

938, 891, 872, 850, 817, 759, 726, 699, 658. 

(S)-2-(2-((6-Chloro-3-nitropyridin-2-yl)amino)pyridin-4-yl)-1-(2,3-dihydroxypropyl)-1,5,6,7-

tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (239) 

tert-Butyl (S)-2-(2-((tert-butoxycarbonyl)(6-chloro-3-

nitropyridin-2-yl)amino)pyridin-4-yl)-1-((2,2-dimethyl-1,3-

dioxolan-4-yl)methyl)-4-oxo-1,4,6,7-tetrahydro-5H-

pyrrolo[3,2-c]pyridine-5-carboxylate (237, 68.0 mg, 

97.3 μmol, 1.00 eq.) was dissolved in DCM (3 mL) and water 

(27 μL) in TFA (130 μL) added. The reaction was stirred at rt 

for 18 h. NaHCO3 solution (6 mL) was added and the mixture 

extracted with DCM (5x 25 mL). The combined organic layers 

were dried over Na2SO4 and the solvent removed under reduced 

 
238 

Chemical Formula: C20H19ClN6O5 
Exact Mass: 458.11055 
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pressure. The crude product was purified by flash column chromatography (Silica gel, 5 – 10% 

DCM/MeOH) which afforded the product 239 (3.5 mg, 7.63 μmol, 7.8%) as yellow solid.  
1H NMR (400 MHz, DMSO) δ 10.48 (s, 1H), 8.62 (d, J = 8.6 Hz, 1H), 8.32 (d, J = 5.2 Hz, 1H), 8.20 

(s, 1H), 7.35 (dd, J = 5.2, 1.4 Hz, 1H), 7.22 (d, J = 8.6 Hz, 1H), 7.10 (s, 1H), 6.61 (s, 1H), 4.98 (d, J = 

5.2 Hz, 1H), 4.65 (t, J = 5.5 Hz, 1H), 4.31 (dd, J = 14.7, 3.3 Hz, 1H), 4.01 (dd, J = 14.9, 8.5 Hz, 1H), 

3.58 – 3.48 (m, 2H), 3.44 – 3.39 (m, 2H), 3.22 (td, J = 5.5, 2.1 Hz, 2H), 2.99 – 2.85 (m, 2H). 13C NMR 

(101 MHz, DMSO) δ 164.69, 153.46, 151.32, 148.34, 147.27, 142.09, 141.14, 138.79, 131.78, 129.70, 

118.42, 115.64, 114.45, 112.15, 108.40, 71.08, 63.52, 47.92, 22.00. HRMS: ESI(+) calcd. for [M+Na]+: 

m/z = 481.09977; found: 481.10008; rel. deviation: 0.65 ppm. HPLC: tret = 9.92 min (95.8% at 254 nm, 

95.8% at 230 nm, method B). 
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