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Zusammenfassung 

Kovalente Inhibitoren wurden bei der Entwicklung von Arzneistoffen wegen möglichen toxischen 

Nebenwirkungen durch Off-Target-Modifikationen meist vermieden. Mittlerweile werden jedoch sie 

zunehmend in Betracht gezogen, nicht nur für Arzneistoffe, sondern auch für biochemische Tools. 

Gegenüber nicht-kovalenten Inhibitoren bieten sie nämlich mehrere Vorteile, wie höhere Affinität, 

effizientere Konkurrenz zu endogenen Substraten, längere Verweildauer und geringere Anfälligkeit für 

Arzneistoffresistenzen. In dieser Arbeit wurden potenzielle kovalente Inhibitoren für drei verschiedene 

Enzymklassen entwickelt und analysiert. 

Zwar sind die RNA-Methyltransferasen (MTasen) DNMT2, NSUN2 und NSUN6 an verschiedenen 

physiologischen Prozessen beteiligt und werden u. a. mit Krebs in Verbindung gebracht, ihre biologischen 

Rollen sind jedoch weitestgehend unbekannt. Aus diesem Grund stellen sie vielversprechende Ziele für 

die Entwicklung von Medikamenten und activity-based probes (ABP) dar, die zu biologischen 

Untersuchungen dieser Enzyme sowie ihrer RNA-Modifikationen eingesetzt werden können. Ausgehend 

vom natürlichen Produktinhibitor S-Adenosyl-L-homocystein (SAH) wurden zusätzliche Seitenketten 

(alkylisch, aromatisch, Warhead-dekoriert) an das Gerüst angehängt, um das Affinitäts- und 

Selektivitätsprofil für DNMT2, NSUN2 und NSUN6 zu untersuchen. Die erste Generation von SAH-

basierten Inhibitoren lieferte ein Alkin-Derivat als potenten DNMT2-Inhibitor (IC50 = 12.9 ± 1.9 µM). 

Nachfolgend wurde eine zweite Generation, bestehend aus elektronenarmen aromatischen SAH-

Derivaten, entwickelt, was nicht nur zum bislang stärksten, sondern auch zum ersten kovalenten DNMT2-

Inhibitor (IC50 = 1.2 ± 0.1 µM) führte, der selektiv gegenüber NSUN2 und NSUN6 ist. Diese Ergebnisse 

bilden eine vielversprechende Grundlage für die Entwicklung von ABPs für zukünftige Studien. Des 

Weiteren wurden selektive NSUN6-Inhibitoren identifiziert, die weiter hinsichtlich ihrer Affinität 

optimiert werden können. 

Schistosoma mansoni ist ein parasitärer Plattwurm, der in 53 Ländern vorkommt und Schistosomiasis 

verursacht. Zahlreiche in-house Inhibitoren wurden auf ihre anti-schistosomale Aktivität und ihre 

hemmende Wirkung auf S. mansoni Cathepsin B1 (SmCB1), die am häufigsten vorkommende 

Cysteinprotease im Darm des Parasiten, untersucht. Ausgehend von einem peptidomimetischen Inhibitor, 

der die höchste anti-schistosomale Aktivität aufwies, wurden lipophilere Substrukturen sowie alternative 

Warheads in das Gerüst eingeführt, was zu einer Erhöhung der Zellpermeabilität und Wirksamkeit gegen 

S. mansoni führte. Eine Korrelation mit SmCB1-Inhibition konnte jedoch nicht festgestellt werden, da die 

im Fokus stehende Strukturklasse nur eine schwache Hemmung dieses Enzyms zeigte. 

Sowohl die peptidomimetische Sequenz als auch der Warhead wirken sich auf Affinität und Selektivität 

von Proteaseinhibitoren aus, doch ist der genaue Einfluss jeder Komponente unklar. Daher wurde eine 

umfassende Studie durchgeführt, in der etablierte peptidomimetische Sequenzen von Inhibitoren für fünf 

Proteasen mit sieben verschiedenen Warheads kombiniert wurden. Die Testungen ergaben, dass die 

peptidomimetische Sequenz hauptsächlich für die Selektivität verantwortlich, jedoch die Kombination 

mit einem geeigneten Warhead entscheidend ist, um überhaupt eine Aktivität gegenüber einer Protease 

von Interesse zu erreichen und um eine Off-Target-Reaktivität zu vermeiden. Diese Arbeit beschreibt die 

Entwicklung von Bortezomib-Kongeneren als potenzielle Proteasom-Inhibitoren (einer von fünf 

Inhibitorensätzen) für diese Studie. 
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Abstract 

Covalent inhibitors were usually avoided in drug development due to concerns of possible toxic side 

effects caused by off-target modification. Now they are increasingly emerging not only as therapeutic 

drugs but also as biochemical tools. Compared to non-covalent inhibitors, they have several advantages 

such as higher affinity, more efficient competition with endogenous substrates, prolonged residence 

times, and less susceptibility to drug resistance. The aim of this work was the development and analysis 

of potential covalent inhibitors for three different enzyme classes. 

The RNA methyltransferases (MTases) DNMT2, NSUN2, and NSUN6 are involved in various 

physiological processes and have also been found to be associated to diseases such as cancer, yet their 

biological roles are largely unknown. Therefore, they represent promising targets for drug discovery and 

for the development of activity-based probes (ABP) that can be used to improve understanding of these 

enzymes and their RNA modifications. Based on the natural product inhibitor S-adenosyl-L-

homocysteine (SAH), additional side chains (alkyl, aromatic, warhead-decorated) were attached to the 

scaffold to explore the affinity and selectivity profile for DNMT2, NSUN2, and NSUN6. The first 

generation of SAH-based inhibitors revealed an alkyne derivative as a potent inhibitor (IC50 = 12.9 ± 

1.9 µM) of DNMT2. Subsequently, electron-deficient aromatic side chains were analyzed representing 

the second generation of SAH-based inhibitors, leading to not only the most potent but also the first 

covalent DNMT2 inhibitor (IC50 = 1.2 ± 0.1 µM) that is selective over NSUN2 and NSUN6. These 

findings represent a promising basis for the development of ABPs for future studies. Additionally, 

NSUN6 selective inhibitors were identified that can be further optimized to increase affinity.  

Schistosoma mansoni is a parasitic flatworm occurring in 53 countries that causes schistosomiasis. An 

in-house inhibitor library was tested for anti-schistosomal activity and inhibitory effect on S. mansoni 

cathepsin B1 (SmCB1), the most abundant cysteine protease in the parasite’s gut. Based on a 

peptidomimetic inhibitor that exhibited the highest anti-schistosomal activity, more lipophilic 

substructures as well as alternative warheads were introduced into the scaffold, resulting in an increase 

in cell permeability and efficacy against S. mansoni. However, a correlation to SmCB1 inhibition could 

not be observed since the structural class in focus showed only weak inhibition of this enzyme. 

Both peptidomimetic sequence and warhead affect the affinity and selectivity of protease inhibitors, but 

the exact impact of each part is unclear. To analyze this, a comprehensive study was conducted combining 

established peptidomimetic sequences of inhibitors of five proteases with seven different types of 

warheads. Cross-testing revealed that the peptidomimetic sequence mainly causes selectivity, but the 

combination with a suitable warhead is crucial to achieve activity against a protease of interest in the first 

place as well as to avoid off-target reactivity. This work describes the development of bortezomib 

congeners as potential proteasome inhibitors (one out of five inhibitor sets) for this study. 
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1 

1 Covalent Inhibitors – Introduction 

1.1 Timeline of covalent inhibitors 

Covalent inhibitors are small organic molecules designed to form a covalent bond with a molecular target 

of interest, e.g. an enzyme.1 This process can be either reversible or irreversible, which is determined by 

the respective warhead.2 A warhead is referred to as a reactive electrophilic group that allows a covalent 

reaction with a nucleophilic species of the target, typically an amino acid side chain.1,3–5 Until recently, 

covalent inhibitors were usually avoided in drug development, mainly due to concerns of toxic side effects 

caused by off-target modification.6 These concerns date back to the discovery of hepatotoxic properties 

of drugs such as bromobenzene or acetaminophen in the early 1970s. The compounds form highly 

reactive intermediates during metabolism which can covalently bind to liver proteins.7 However, after 

being controversially discussed, covalent inhibitors are increasingly emerging, not only as therapeutic 

drugs, but also as biochemical tools.7,8 Although covalent inhibitors have only recently attracted strong 

interest in medicinal chemistry, their course already started in the late 19th century with the development 

of acetylsalicylic acid (Aspirin, ASA) by Bayer (Figure 1).1,9,10 ASA inhibits the cyclooxygenase I and II 

(COX-I and -II) by transferring the acetyl group to a serine residue near the active site.11 In 1928, 

penicillin, a β-lactam-based antibiotic was discovered by Alexander Fleming.12 The drug was later on 

synthesized by pharma and widely used during WWII in the 1940s. Further covalent drugs approved are 

5-fluorouracil (1962), a chemotherapeutic agent,13 omeprazole (1988), a proton pump inhibitor, 

fosfomycin (1996), an antibiotic, and the antiplatelet drug clopidogrel (1997).1,4 Notably, omeprazole and 

clopidogrel each undergo metabolic modification to generate the active agents that form covalent bonds.10 

While the covalent binding mode was often unintended in early inhibitors, covalent inhibition was 

increasingly considered in drug design by fine-tuning the reactivity, e.g. by using computer-aided 

methods.14–16 Warhead fine-tuning led to bortezomib (2003),17 a proteasome inhibitor for the treatment of 

multiple myeloma.18 Later, carfilzomib (2012) was approved as an alternative proteasome inhibitor for 

the same indication.19 In 2009, saxagliptin, an antidiabetic, was introduced to the market,20 followed by 

the antiviral drug boceprevir (2011).21 Further recently approved drugs are dimethyl fumarate (2013) for 

the treatment of multiple sclerosis, voxelotor (2019) for the treatment of sickle cell disease, and the 

antiviral nirmatrelvir (2021).1,4  

Nowadays, the concept of targeted covalent inhibition (TCI) has emerged in drug design. The term ‘TCI’ 

is sometimes defined inconsistently in literature, as it refers to either a compound designed to bind 

covalently to a specific target in general,22 or to a compound that specifically targets non-catalytic, poorly 

conserved residues.7 The latter one originates from the association with kinase inhibitors designed to 

target non-catalytic cysteine residues by α,β-unsaturated Michael acceptors.23,24 Prominent examples are 
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ibrutinib (2013), osimertinib (2015), neratinib (2017/18) that have been approved for cancer treatment in 

the past decade.1,4,9,25  

 

Figure 1: Timeline representation of approved covalent inhibitors in history. The warheads are highlighted in red. 

1.2 Design of covalent inhibitors 

Covalent drug discovery is a process that includes several steps until a suitable drug candidate is found. 

At the beginning, a valid biological target needs to be identified. If a hit is found for this target, the binding 

characteristics of the compound is further investigated and then finally optimized (Figure 2).26 

Nevertheless, the design of a covalent drug is a challenging endeavor. It requires detailed knowledge 

about the structural and mechanistic properties of the target.26 However, this might not be the most 

challenging step as advances in cryogenic electron microscopy (cryo EM) and nuclear magnetic 

resonance (NMR) spectroscopy facilitate the structural elucidation of a biological target.27,28 Once the 

information about the target of interest is available, hit finding can be achieved by strategies similar to 

non-covalent drug discovery: screening of large libraries, such as high-throughput-screening (HTS), 

virtual screening, and rational design.26 However, the evaluation of possible hits is crucial, especially if 

compounds decorated with reactive groups are screened. True positive hits have to be distinguished from 

false positive Pan Assay Interference Compounds (PAINS), which must be discarded.26 Yet various 

PAINS have been published as promising biological active compounds.29,30 For this reason, substructural 

features frequently found in PAINS, i.e. “PAIN alerts” are reported in order to quickly identify false 

binders and discard them in screening libraries.31 However, PAIN filters are not always reliable, making 

a small compound hit featuring such a substructure alert not necessarily a PAIN compound. Before a 
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potential covalent inhibitor would be discarded, additional validation by orthogonal methods should be 

performed.32 Moreover, it is important to investigate that the binding does not rely exclusively on a non-

specific reaction of the warhead with a nucleophilic residue in the active site.26 Although designing 

substructures around a reactive group to build up non-covalent interactions can be a succeeding strategy,33 

the vast majority of designed covalent inhibitors started from a non-covalent hit or lead molecule.10 By 

starting from a known non-covalent inhibitor, a derived covalent analog will show high selectivity and 

less reactive warheads can be used.26  

Once a covalent inhibitor has been identified, subsequent optimization is usually required, for example, 

to improve non-covalent interactions and warhead reactivity. Common concepts to improve such 

structures are structure-activity relationship (SAR),7 structure-based design,3 and scaffold hopping,34 but 

also bioinformatic approaches such as molecular docking,35,36 molecular dynamics,37 and quantum 

chemical calculations.14,38 Optimization relates not only to affinity and selectivity, but also to the 

adjustment of pharmacokinetic parameters, such as absorption, distribution, metabolism, elimination 

(ADME),39 which is particularly challenging in drug development. 

 

Figure 2: Process of developing a covalent drug.26  

The warhead is not the only important part for a covalent inhibitor, moreover the combination between 

non-covalent and covalent interactions characterizes the activity profile. While the warhead ensures 

reactivity toward the target nucleophile, the non-covalent interactions are crucial for the orientation inside 

the binding site, bringing the reactive group in the correct position.40 A reduction in toxicity can therefore 

be achieved by improving selectivity through optimization of non-covalent interactions and by fine-

tuning the electrophilicity of the warhead.41 Choosing the right warhead depends on several factors, 

especially the type of nucleophile to be targeted. To form a covalent bond, cysteine, serine, or threonine 

residues are commonly addressed as nucleophiles,42 but compounds were also developed targeting 
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lysine,43–45 tyrosine,46 glutamate/aspartate,23,47–49 and methionine side chains.50 Among the non-activated 

residues, cysteine is the most nucleophilic, as shown by the relative nucleophilicity in the neutral states, 

which differs by several orders of magnitude: cysteine (1) > histidine (10−2) > methionine > (10−3) > 

lysine, serine (10−5) > threonine and tyrosine (10−6).51 Given this fact, it is not surprising that most 

covalent inhibitors are targeting thiol groups.24,52  

A huge variety of warheads is available to target nucleophilic residues – some of them react preferably 

with a specific type of nucleophile and some of them can target more than one species (Figure 3). While 

aldehydes and epoxides are unspecific and react with various nucleophiles (Cys, Ser/Thr, Lys; cis-

configurated epoxides also react with Asp49), (cyano-)acrylamides, propargyls, alkyl halides, or aziridines 

react preferably with cysteine.23,48,53 Serine or threonine can be specifically trapped with β-lactams, 

boronic acids and fluorophosphonates.48,53,54 α-Halo ketones, α-ketobenzothiazoles, or keto amides can be 

used to address cysteine as well as serine/threonine as they react less specifically.26,53,55,56 These 

nucleophiles are also targeted by nitriles, which have been receiving much attention in covalent drug 

design, recently.57,58 Besides the highly reactive aldehydes and epoxides, there are also a few other 

warheads that can be used to trap lysine, although most of them are not specific. Cyanamides and 

vinylsulfones (or -amides) are suitable for lysine but are mainly used to target cysteine.53 Activated esters 

are typically used for covalent modification of lysine residues, but these warheads also allow reaction 

with serine and threonine.23,53 N-Acyl-N-alkyl sulfonamides are reported to specifically address lysine, 

particularly to modify surface-exposed residues of proteins.23,59 Methionine and glutamate/aspartate are 

rarely addressed residues. Oxaziridines are used to react highly selectively with methionine via a redox 

mechanism.60,61 N-Methylisoxazolium structures derived from the “Woodward reagent K” can react with 

carboxylate groups found in glutamate and aspartate.23,47,48 Besides the commonly used warheads 

mentioned in this section, various other reactive groups have been reported.23,48,53 It is noteworthy that the 

specificity of all these structures, including those mentioned above, is not always consistently described 

in the literature. 

The choice of the warhead determines not only which nucleophile is to be targeted, but also which binding 

mode will be performed. For example, the reaction of nitriles, aldehydes, boronic acids, and keto amides 

are reversible, while epoxides, aziridines, propargyl amides, vinylsulfones, and acryl amides are 

irreversible covalent modifiers.23,48,53 β-Lactams are also described as irreversible inhibitors,54,62 but in 

some cases a reversible binding mode with the release of an opened β-lactam ring can occur.63 The binding 

behavior of some Michael-acceptor warheads can be adjusted by attaching an electron-withdrawing group 

to the α-position. Such modifications increase the acidity of the α-proton of the covalent adduct, thus 

facilitating elimination. This allows cyanoacrylamides and fluorovinylsulfones to react reversibly,64–66 

which is a huge advantage: The reactivity with exposed nucleophiles, such as glutathione is less of a 
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concern as the stability of the covalent complex (residence time) is governed by the stabilization of the 

non-covalent interactions.64 Furthermore, the accessibility of the acidic α-proton to water is significantly 

higher when being solvent exposed instead of being bound in a binding site.26  

 

Figure 3: Commonly used warheads for targeting the nucleophiles Cys, Ser/Thr, Lys, Asp/Glu, and Met. *Cis-configurated 
epoxides were also found to react with Asp. 

 

1.3 Binding kinetics of covalent inhibitors  

In drug development, the characterization of inhibitors is essential. Commonly, inhibitors are 

characterized by affinity or dissociation constants. Those parameters are usually determined in vitro using 

suitable biophysical assays for evaluation.67 In the following sections, the different binding kinetics and 

corresponding parameters are discussed.  

1.3.1 Non-covalent inhibitors 

When a non-covalent inhibitor (I) binds to an enzyme, it forms an inhibitor-enzyme-complex (E∙∙∙I), 

which results from non-covalent interactions between the ligand and the binding site of the target. This 

process is reversible, resulting in a global dissociation constant Ki defined as the ratio of the microscopic 

rate constants for the forward (k1) and reverse (k−1) binding event (Scheme 1 and Eq. 1). Commonly, the 

on-rate kon is equal to the forward rate constant k1, while the off-rate koff is equal to the reverse rate 

constant k−1.
68 
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Scheme 1: Kinetic of non-covalent inhibitors. 

Ki =
k-1

k1
                    Eq. 1 

1.3.2 Covalent reversible inhibitors 

If a second reversible binding step occurs after the formation of a non-covalent complex illustrated in 

Scheme 1, the second equilibrium kinetics k2/k−2 are also taken into account, giving a new global 

dissociation constant defined as Ki* (Scheme 2 and Eq. 2).69 The formation of a covalent bond contributes 

to the overall affinity of the inhibitor, but subsequent bond cleavage can lower the affinity, which 

decreases the duration of inhibition.8  

 

Scheme 2: Kinetic of covalent reversible inhibitors. 

Ki
*=

Ki

(1+
k2
k-2

)
         Eq. 2 

1.3.3 Covalent irreversible inhibitors 

If the covalent bond is irreversible, the constant k−2 of the reverse binding event is near or equal to zero. 

In this case, k2 is referred to as kinact or ki (Scheme 3). To consider the formation and dissociation of the 

non-covalent complex as well as the total irreversible inhibition step, an additional constant, namely, the 

second order rate constant of inactivation k2nd can be determined. It is defined as the quotient of kinact/Ki 

and describes the efficiency of covalent bond formation (Eq. 3).67,70  

 

Scheme 3: Kinetic of covalent irreversible inhibitors. 

k2nd =
kinact

Ki
          Eq. 3 
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1.3.4 Half maximal inhibitory concentration  

In medicinal chemistry the biochemical potency of enzyme inhibitors is often expressed in terms of the 

half maximal inhibitory concentration IC50. The IC50 value is related to the Ki value by the CHENG-

PRUSOFF equation for competitive inhibitors (Eq. 4) where [S] refers to the substrate concentration and 

Km is the MICHAELIS constant representing the concentration of half maximal enzyme activity.71  

Ki =
IC50

(1+
[S]

Km
)
          Eq. 4 

Notably, the IC50 value must be interpreted carefully regarding irreversible inhibitors. Their IC50 value 

decreases over time, until at asymptotically infinite time it approaches one half of the enzyme 

concentration. Therefore, the corresponding reaction time is essential if IC50 values are reported for a 

given irreversible inhibitor.72 

1.3.5 Residence time 

The residence time tr corresponds to the average time a ligand remains bound to the binding site. It is 

defined as the reciprocal of the dissociation rate (Eq. 5).73–75  

tr =
1

koff
                    Eq. 5 

The residence time is often considered as the key determinant of in vivo pharmacological activity and 

duration. Not primarily the binding affinity of a drug for its target might be crucial but rather the lifetime 

of the binary drug-target complex. This follows the assumption that pharmacological activity only persists 

as long as the drug remains bound.76  

 

1.4 Advantages of covalent inhibitors  

Although inhibitors with reactive groups were controversially discussed due to concerns of toxic side 

effects, the advantages of optimized covalent inhibitors now stand out.6 Covalent inhibitors are highly 

potent compared to non-covalent analogs. The additional binding energy of a covalent bond allows 

covalent inhibitors to compete more efficiently with endogenous substrates, given that 80% of targets 

have an endogenous substrate that competes with the drug.77,78 Moreover, they can compete with highly 

concentrated or high affinity natural ligands, which are especially found for kinases (adenosine 

triphosphate, ATP) or methyltransferases (S-adenosyl-L-methionine, SAM).26,79,80 The same is true for 

hard-to-drug targets with shallow binding pockets that are difficult to reach through non-covalent 

interactions.81,82 Covalent inhibitors provide prolonged target inactivation, and – depending on the 

warhead – irreversible target inactivation. This allows the administration of smaller drug doses for the 

patient.6 With the application of irreversible inhibitors, drug resistance is less of a concern as effective 
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inhibition will be achieved regardless of any differences in the rate of formation induced by a binding site 

mutation.83  

 

1.5 Development of covalent inhibitors in this work 

In this work, three main projects about the development and analysis of potential covalent inhibitors are 

described: 

Part I 

S-Adenosyl-L-homocysteine (SAH)-based inhibitors of the DNA N-methyltransferase 2 (DNMT2) and 

representatives of the NOL1/NOP2/sun domain (NSUN) family, namely NSUN2 and NSUN6, all of 

which are RNA methyltransferases with catalytically active cysteines. 

Part II 

Covalent peptidomimetics against Schistosoma mansoni, a parasitic flatworm responsible for 

schistosomiasis. Anti-schistosomal compounds were also analyzed for their inhibitory effect on 

S. mansoni cathepsin B1 (SmCB1), a cysteine protease, to identify potential correlations. 

Part III 

Bortezomib congeners with alternative warheads as potential proteasome inhibitors (threonine protease) 

for a comprehensive study examining the compatibility between peptidomimetic sequences and warheads 

and their impacts on affinity as well as selectivity.  



 

 

PART I          

►  Non-covalent and covalent S-adenosyl-L-homocysteine derivatives 

as RNA methyltransferase inhibitors 
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2 Introduction  

2.1 Epitranscriptomics 

Epigenetics refers to a stably heritable phenotype that results from changes in a chromosome without 

altering the nucleotide sequence of deoxyribonucleic acid (DNA). Mechanisms that cause such changes 

include DNA methylation and histone modification.84 However, not only DNA is affected by 

modifications. A variety of ribonucleic acid (RNA) modifications were increasingly discovered in the 

past decades, collectively referred to as the “epitranscriptome”.85 While the first RNA modification was 

discovered in 1957,86 more than 170 different modifications of coding and non-coding RNA have been 

found to date, according to the MODOMICS database.87 Chemical modifications occur in diverse RNA 

species, including messenger RNA (mRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), small 

nuclear RNA (snRNA), long non-coding RNA (lncRNA), and short non-coding RNA (sncRNA).88–94 In 

most cases the modification takes place at the nucleobases adenine (A), cytosine (C), guanine (G), and 

uracil (U). Over 100 types were found, common examples include N6-methyladenosine (m6A), 

N1-methyladenosine (m1A), pseudouridine (Ψ), 5-methylcytosine (m5C), 5-hydroxymethylcytosine 

(hm5C), 1‑methylguanosine (m1G), and inosine (I) (Figure 4).91,95–97 

 

Figure 4: Common modifications found in RNA. A: adenine, C: cytosine, U: uracil, G: guanine, m6A: N6-methyladenosine, m1A: 
N1-methyladenosine, I: inosine, m5C: 5-methylcytosine, hm5C: 5-hydroxymethylcytosine, Ψ: pseudouridine, m1G: 

1‑methylguanosine, 2'-O-Me, Nm: 2'-O-methyl. 
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However, modifications of RNA molecules are not limited to the nucleobases. It was also found that the 

ribose moiety is often methylated at the 2'-O-position (2'-O-Me, Nm).95 Like DNA and histone 

modifications, RNA modifications are proceeded by RNA-modifying proteins (RMPs) serving as 

“writers”, “erasers”, and “readers”. Writers deposit RNA chemical marks, erasers remove them. Readers 

are able to recognize and bind to specific RNA modifications and fulfil different tasks.98 Although RNA 

modifications have been found to affect functions in RNA metabolism, including RNA stability, splicing, 

processing, editing, structure, localization, translation initiation, and gene regulation,98 the mechanisms 

and functions of most of them are still unknown.98,99 Their presence in many species suggests 

evolutionarily conserved mechanisms which may be involved in the flow of genetic information or the 

response to environmental challenges.99,100 Since RNA modifications are widely represented in 

metabolism, associations with pathological processes have also been found. Alteration of RNA 

modification patterns caused by dysregulation and mutations in RMPs are linked to various human 

diseases, including neurological diseases, cancer, genetic birth defects, obesity, and infertility.101,102 

Overall, epitranscriptomics is an emerging field, especially in medicinal chemistry, as it reveals various 

potential targets for treatment of diseases.103 

 

2.2 tRNA cytidine methylation by SAM-dependent methyltransferases 

2.2.1 m5C modification in tRNA 

Among the broad spectrum of RNA modifications, methylation is the most common as it is present in all 

major RNA species and occurs on diverse positions, including m6A, m5C, and 2'-O-Me.87 To date, more 

than 50 RNA methylation sites have been identified. tRNA molecules exhibit the greatest variety of RNA 

methylation, some of which are highly conserved in different kingdoms and others specific for a particular 

branch or group of species.97  

The methylation of cytosine, in particular at position 5, is a widespread modification not only found in 

tRNA but also in many other RNA species.97,104 While m5C only occurs in rRNA in bacteria, it is more 

common in archaea and eukaryotes as it is also present in mRNA and various ncRNAs. The m5C 

modification in DNA has been extensively studied, but in the context of RNA the function is largely 

unclear.104 Studies have shown that it is important for the regulation involved in gene expression, 

including RNA export, ribosome assembly, translation, and RNA stability.105 The modification affects 

the tertiary structure of tRNA, but also rRNA, and therefore ensures accurate RNA translation.104 It could 

be shown that the small methyl group at position C5 has a huge impact on the conformation of the entire 

tRNA molecule, despite its size and hydrophobic properties.106  
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2.2.2 tRNA C5 methylation sites of DNMT2, NSUN2, and NSUN6  

Methyl groups are transferred to RNA by methyltransferases (MTases).107 However, these reactions 

require cofactors, such as N5-methyltetrahydrofolate or the more commonly used S-adenosyl-L-

methionine (17, SAM).79,97 SAM is a ubiquitous cofactor in all living organisms, and after adenosine 

triphosphate (ATP) the second most widely used enzyme substrate.79,80 In order to methylate cytidine in 

tRNA, the methyl group of the donor SAM is transferred to the 5-position by the respective 

methyltransferase, releasing S-adenosyl-L-homocysteine (18, SAH) as a byproduct (Scheme 4).108  

 

Scheme 4: General representation of the transfer of a methyl group from SAM to tRNA cytidine by MTases such as DNMT2, 
NSUN2, and NSUN6. 

There are eight known RNA methyltransferases that are responsible for m5C modifications in eukaryotes, 

namely the DNA methyltransferase 2 (DNMT2) and the NOL1/Nop2/Sun family (NSUN1–7).104 

Originally, the eukaryotic DNMT2 was named for its homology to DNA methyltransferases.109 Although 

it is a member of the DNA MTase family, its actual substrate is cytosolic tRNAAsp at position C38 in the 

anticodon loop (Figure 5).108,110 Depending on the species, tRNAGly, tRNAVal, and tRNAGlu are further 

substrates of DNMT2.111 There are also some indications that the enzyme has DNA methylation activity. 

DNMT2 is able to recognize and modify DNA fragments when they are presented as covalent DNA-

RNA hybrids in the structural context of a tRNA.112 Additionally, it was discussed that DNMT2 can 

modify DNA at CG residues.113 However, since it is primarily localized in the cytoplasm instead of the 

nucleus, it lacks the main properties of a typical DNA methylating enzyme such as its family members 

DNMT1 and DNMT3.108  

The members of the NSUN family exhibit different specifications for their RNA substrates. Of the seven 

members, NSUN2, NSUN3, and NSUN6 are tRNA-methylating enzymes, but differ in terms of their 

localization. NSUN2 and NSUN6 modify cytoplasmic tRNA.105 However, due to its predominant 

localization in the nucleus, NSUN2 appears to play a role in the methylation of tRNA during early-stage 

biogenesis.114 NSUN6, on the other hand, is localized in the cytoplasm and, moreover, is enriched in 

proximity to the Golgi apparatus and pericentriolar matrix,115 suggesting that the methylation it mediates 

is a late-stage process.105 While NSUN6 is limited to m5C72 in the acceptor talk of tRNACys/Thr,115,116 

NSUN2 has a broad substrate spectrum of target tRNAs with multiple methylation sites at C34, C48, 
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C49, and C50 (Figure 5).114,117–119 Moreover, it also modifies mitochondrial tRNA (mt-tRNA) at positions 

48–50120 and is also able to methylate mRNA.121  

 

Figure 5: Depiction of the methylation sites of DNMT2 (grey), NSUN2 (blue), and NSUN6 (orange) in cytosolic tRNA. 
A: Schematic representation. B: Three-dimensional visualization. 

Mitochondrial tRNA is mainly modified by another member of the NSUN family. Although NSUN3 and 

NSUN4 are synthesized on cytoplasmic ribosomes, they are primarily localized in mitochondria where 

they convert mt-RNA as substrates.105,122 NSUN3 is required for the m5C34 modification in 

mt-tRNAMet,123–125 its mitochondrial member NSUN4 modifies rRNA.126 The remaining NSUN family 

members are not associated with tRNA as substrate. NSUN1 and NSUN5 are specific to cytoplasmic 

rRNA.105 The last member NSUN7 is assumed to target different enhancer RNAs (eRNA) at different 

positions, as NSUN7 depletion resulted in significant decreases in levels of these eRNAs.127  

2.2.3 Biological functions of cytidine modification by DNMT2, NSUN2, and NSUN6  

tRNA modifications are assumed to have different effects depending on the position at which they occur. 

If they take place within or near the anticodon, codon-anticodon interactions are affected, thus affecting 

tRNA function in translation. Modifications within the core appear to affect tRNA structure, stability, or 

both.105 Methylation of C38 within the anticodon loop by DNMT2 improves the codon recognition and 

therefore the translation accuracy. It facilitates the discrimination between cognate and near-cognate 

codons, especially between Asp and Glu codons, which is required for accurate protein synthesis during 

hematopoiesis. A study demonstrated that lack of tRNAAsp-m5C38 increases the mis-incorporation rate of 

amino acids caused by the near cognate codon of tRNAGlu, which can lead to the production of aberrant 

proteins.128 Furthermore, DNMT2-mediated C38 methylation of tRNAAsp has a regulatory effect on the 

translation of poly-Asp-containing proteins. The modification increases the preference of the aspartyl-

tRNA synthetase to tRNAAsp-m5C38 four- to fivefold, which results in a higher aminoacylation rate.129 

Besides the improving effects in the translation process, DNMT2 methylation also protects the tRNA 
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under stress conditions. The enzyme relocalizes to stress granules when cells are exposed to heat shock. 

Absence of DNMT-mediated m5C modification resulted in an increased formation of tRNA fragments 

caused by angiogenin-mediated stress-induced ribonuclease cleavage.130 This leads to the suggestion that 

DNMT2 promotes tRNA stability and thus the rate of overall protein synthesis.118,130 DNMT2 is also 

involved in other physiological processes, but most of them are not yet fully understood. Loss of DNMT2 

in zebrafish resulted in a reduced size of morphants and also affected the development of retina, liver, 

and brain.131 In contrast, no morphological effects were observed in flies, mice, and plants.108 

Overexpression in Drosophila prolonged life span and increased stress resistance.132 DNMT2 is also 

required for the epigenetic transmission of phenotypes associated with the Kit and Sox9 genes in mice, 

which are responsible for white colored tails and feet (Kit) as well as growth (Sox9). Neither of these 

phenotypes occurred in DNMT2 knockout mice.133  

In the region of the anticodon, another methylation can also take place, namely C34 mediated by NSUN2. 

In tRNALeu(CCA) this is not the final modification, but functions as a precursor. For instance, after intron-

removal, the methyl group of C34 is oxidized to hm5C, 5-formylcytosine (f5C), or both. The RNA is then 

exported to the cytoplasm where 2'-O-ribose methylation occurs to form 5-hydroxymethyl-2'-O-

methylcytidine (hm5Cm), 5-formyl-2'-O-methylcytidine (f5Cm), or both.134,135 In yeast, oxidative stress 

leads to an increased methylation at C34 of tRNALeu(CCA), resulting in an enhanced translation of mRNAs 

required for the biosynthesis of stress response proteins.136 The other modifications installed by NSUN2 

occur outside the anticodon loop, more precisely within the variable loop. C48 and G15 form a reverse 

Watson-Crick geometry between two antiparallel strands, referred to as the non-canonical “Levitt pair” 

(Figure 6).  

 

Figure 6: Comparison of the canonical Watson-Crick G-C base pairing and the Levitt pair formed between G15 and C48, which 
is often methylated (G15–m5C48). 

The formation is crucial for the characteristic L-shaped tertiary structure of most tRNA molecules.137 

NSUN2 methylation at this position increases the hydrophobicity of the nucleobase, which is assumed to 

enhance base stacking and promote stabilization of the interaction and thus of the tRNA tertiary 
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structure.138 According to databases, the methylated Levitt pair G15–m5C48 is found in 26% of tRNA 

sequences.139  

The NSUN2 methylation cluster within the variable loop has an overall stabilizing effect as it protects 

the tRNA against stress-induced angiogenin-mediated endonucleolytic cleavage. Loss of NSUN2 results 

in fragmentation of tRNAs into short ncRNAs due to lack of m5C48/49/50 modifications, leading to 

aberrant accumulation of cleaved tRNAs.117 Overall, NSUN2 plays a significant role in various biological 

processes. It is involved in translation as it is required to metabolically support high protein synthesis 

rate.140 In addition, NSUN2 affects the processing of vault tRNA (vtRNA)141 and microRNA (miRNA).142 

Studies associate NSUN2 with stem cell function,143 the differentiation of epidermal,144 neural,145 and 

germ stem cells,146 as well as cell proliferation.147 Interestingly, the enzyme appears to promote stress 

induced premature senescence.148 NSUN2 was also found to affect mobile genetic element expression 

and impact genome stability.149  

Compared to DNMT2 and NSUN2, the function of NSUN6 has been studied much less. The modification 

occurs at C72 in the acceptor stem close to the 3' CCA terminus of the tRNA molecule. It was shown that 

NSUN6 recognizes a specific nucleotide sequence as well as a correct folding of the full-length tRNA.150 

The exact biological function underlying this fact remains unknown. In Pyrococcus horikoshii, an 

anaerobic archaeon, the m5C72 modification is assumed to slightly enhance the thermal stability of 

tRNA.151 Notably, NSUN6-mediated methylation increases abundance and translation efficiency of 

mRNA.152  

2.2.4 Links to pathophysiological processes 

DNMT2, NSUN2, and NSUN6 execute various biological functions. Not surprisingly, correlations were 

also found with pathophysiological processes, e.g. the spread of cancer. DNMT2 was found to be 

upregulated in various tumor samples.153 An overexpression of the enzyme was observed in several cancer 

tissues, such as cervical,154 bladder tissue,155 or lymph node metastases.156 Furthermore, numerous somatic 

mutations in the enzyme were found in tumors originating from different tissues.153 Studies suggest that 

somatic mutations can strongly alter the catalytic activity of DNMT2 and have a functional role in 

tumorigenesis.157 Loss of DNMT2 led to a sensitization of cancer cells to radiotherapy and poly (ADP-

ribose) polymerase (PARP) inhibitors, suggesting that the enzyme is involved in resistance to these 

therapeutic measures.158 There is also evidence that DNMT2 plays a role in other pathophysiological 

processes besides cancer. Metabolic disorders and their epigenetic inheritance are linked to elevated m2G 

and m5C levels on sncRNA in mouse models.159 Deletion of DNMT2, which is responsible for the 

modifications, abolished sperm sncRNA-mediated transmission of metabolic disorders induced by high-

fat-diet.160  
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NSUN2 is a well-studied enzyme, so it is not surprising that much evidence has been found that this 

enzyme is involved in a variety of cancers.161,162,171–175,163–170 Those findings are substantiated by the fact 

that NSUN2 promotes cell growth by regulating the expression of cyclin-dependent kinase 1 (CDK1).176 

Interestingly, NSUN2 can suppress sensitivity of cancer cells to treatment with 5-fluorouracil.177 The 

enzyme is also associated to many other diseases, especially with neurological symptoms. Mutations in 

NSUN2 can cause intellectual disability178–182 and autism spectrum disorder.183 Neuronal NSUN2-

deficiency results in depression and anxiety.184 Furthermore, it is linked to the Dubowitz syndrome, an 

autosomal recessive disorder characterized by a constellation of growth, mild microcephaly, facial gestalt, 

mental retardation, eczema, and risk of malignancy.185,186 Notably, accumulation of tRNA fragments due 

to depletion of NSUN2 has been found to impair brain development in mice, which could be an 

explanation for the cause of neurodevelopmental disorders in human.145  

The involvement of NSUN6 in pathophysiological processes is largely unknown. NSUN6 appears to 

reduce MST1 kinase activity by methylation of Lys59 and activates yes-associated protein (YAP) target 

genes, which leads to cancer cell-induced osteoclast differentiation and bone metastasis.187 Another study 

showed that the expression of NSUN6 is significantly increased in colorectal cancer tissue and classified 

the enzyme expression as a risk factor for this cancer type.188  

 

2.3 Structures and catalytic mechanisms of DNMT2, NSUN2, and NSUN6 

2.3.1 Evolution and structures 

In 1999, the structural relationship of over 50 proteins, which are likely to be RNA m5C 

methyltransferases, was identified by comparing genome and proteome sequences.189 Summarized in a 

phylogenetic diagram (Figure 7A), the NSUN family is strongly represented, as well as DNMT2.190  

 

Figure 7: A: Phylogenetic diagram of the RNA methyltransferases DNMT2 and NSUN1–7.190 B: Consensus model of phylogeny 
of DNMT2, DNMT1, and DNMT3.110  
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Overall, it is not much known about the origin of those RNA MTases. From an evolutionary point of view 

DNMT2 seems to be more related to DNMT3 than DNMT1 as several branches of prokaryotic DNA 

MTases separate their groups (Figure 7B).110 It is possible that DNMT2 and DNMT3 are either derived 

from one common or two different bacterial precursors, but this cannot be confirmed at present.110 

Furthermore, it is assumed that the eukaryotic DNMT2, DNMT1, and DNMT3 families originated 

independently from prokaryotic DNA MTase ancestors.110,111,191 In this context, DNMT2 probably 

switched its substrate specificity from DNA to tRNA, indicating an evolutionary relationship between 

cytosine-C5 methylation of tRNA and of DNA.110,111,118,191–193  

RNA and DNA C5 cytosine methyltransferases all share a common core structure of a mixed seven-

stranded β-sheet, the so-called “AdoMet-dependent MTase fold”.194 It consists of up to ten evolutionary 

conserved motifs (I–X), which can be in different order. Motifs I–III and V are required for the binding 

of SAM, motifs IV, VI, and VIII are involved in catalysis.104 In DNMT enzymes a non-conserved region 

is located between motifs VIII and IX, referred to as the target recognition domain (TRD), which is 

involved in DNA recognition and specificity.195,196  

DNMT2 consists of 391 amino acids corresponding to ca. 40 kDa in size, indicating that it is a relatively 

small protein compared to its family members DNMT1 and DNMT3A/B with 1616, 912, and 853 amino 

acids, respectively (Figure 8).197–199  

 

Figure 8: A: Crystal structure of hDNMT2 (grey, PDB-ID: 1G55),197 AlphaFold model of hNSUN2 (blue),200,201 and crystal 
structure of hNSUN6 (orange, PDB-ID: 5WWR).116 B: Domain organization of animal DNMT family members,198,199,202 RNA 
MTases from eukaryotes (NSUN1–7) and bacteria (RsmB and RsmF).104  

It exclusively consists of the conserved C-terminal catalytic domain but lacks the regulatory N-terminal 

domain.109,199 Interestingly, the DNMT2 catalytic domain features a unique cysteine-phenylalanine-

threonine (CFT) motif, located between the catalytic motifs VIII and IX, which distinguishes it from other 
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MTases.110,197,199 The catalytic motif IV of the DNMT enzymes consists of the common proline-cysteine-

glutamine (PCQ) motif, including the catalytically active cysteine. In the crystal structure of human 

DNMT2, this exact part is disordered.197 However, in the DNMT2 homologue in Entamoeba histolytica 

a more defined structure of the loop showing an α-helical conformation can be found.203 Another 

conserved amino acid cluster participating in the catalytic mechanism is motif VI, also known as the ENV 

motif. It contains a glutamate allowing proton transfer to N3.199  

NSUN2, at ca. 86 kDa, is the second largest member after NSUN1 of the NSUN family.204 With ca. 

51 kDa in size, NSUN6 is a smaller representative, similar to NSUN4 and NSUN5.104,116 The NSUN 

family members all share the conserved catalytic C-terminal domain, which can also be found in the 

prokaryotic RNA MTases RsmB and RsmF (Figure 8). Motifs IV and VI contain both one cysteine, 

respectively, required for the catalytic mechanism.104 In addition, motif IV also contains an aspartate, 

which enables proton transfer to N3 during catalysis.105  

2.3.2 Catalytic mechanisms of cytidine methylation 

Methylation at position 5 of cytosine cannot occur spontaneously even though the cofactor SAM is a very 

effective methyl group donor. Given the fact that cytosine is an electron-deficient aromatic ring, a 

nucleophilic attack from position 5 on the methyl group of SAM cannot take place.196 For this reason, an 

enzyme-mediated catalysis is required. In the first step, the catalytically active cysteine from motif IV 

(DNMTs) or motif VI (NSUNs) follows the reaction of a Michael addition (Scheme 5) attacking position 

6 of cytosine, which results in the formation of a covalent complex between the polynucleotide and the 

enzyme.205,206 A transient protonation at position N3 occurs simultaneously, facilitating the nucleophilic 

attack on position 6.207  

 

Scheme 5: Catalytic mechanisms of C5 cytosine methylation by A: DNMTs (using the example of DNMT2) and B: NSUNs. 
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The proton transfer is mediated by either glutamate (DNMTs, motif VI) or aspartate (NSUNs, 

motif IV).105,199 The Michael addition leads to a string activation of position 5 enabling the nucleophilic 

attack on the methyl group of SAM. After the methyl group transfer, base-mediated deprotonation at 

position 5 results in the elimination of the thiol group of cysteine.205,206 In NSUN enzymes, this function 

is carried out by the thiolate group of the second cysteine from motif IV.105 The covalent bond between 

polynucleotide and enzyme is resolved and the aromaticity of cytosine restored.  

Interestingly, DNMT2 methylates tRNA using a DNA MTase-like mechanism. This fact was discovered 

as similar residues identified from motifs IV, VI, and VIII, which take part in catalysis, are also present 

in DNA MTases.193 It also contains a strongly conserved cysteine (Cys292) in the CFT motif unlike the 

other DNMT family members. It is assumed that it is involved in catalysis as exchange of Cys292 strongly 

reduced the catalytic activity of DNMT2.193  

 

2.4 Inhibitors of SAM-dependent methyltransferases 

Since correlations between RNA methylation and the spread of cancer but also the infectiousness of 

viruses have been discovered,208,209 modulation of MTase activity by small molecule inhibitors appears to 

be a promising strategy as disease treatment. Most currently known RNA MTase inhibitors are derived 

from natural substrates, such as SAH and SAM.103 SAH, which results as a reaction product in the methyl 

group transfer, was found to be a nonselective feedback inhibitor of SAM-dependent MTases.206,210–214 

Similar, sinefungin (19, SFG) (Figure 9), a natural SAM-related nucleoside that originally was isolated 

from Streptomyces griseolus,215 showed competitive inhibition of several MTases.211,214 For DNMT2, 

SAH and SFG showed inhibition in the low micromolar range with IC50 values of 15.8 ± 1.5 µM and 

13.2 ± 0.8 µM, respectively.214 The concept of developing inhibitors of SAM-dependent RNA MTases 

based on the SAH scaffold has been widely exploited for targets in different organisms: the human mRNA 

MTase complex METTL3-METTL14,216–219 the mRNA MTase Ecm1 in Encephalitozoon cuniculi,220,221 

the bacterial E. coli tRNA MTase TrmD,222 and rRNA MTase RlmJ,216 as well as various viral 

targets.213,223–228 SAH-based DNMT2 inhibitors, however, were described but showed very low affinity.229  

Overall, the derivatization of SAH appears to be a successful strategy for the development of inhibitors 

and tool compounds not only for RNA MTases but also for other SAM-dependent MTases. This concept 

was carried out for various targets: the catechol-O-MTase (COMT)230–232 and protein MTases (PMTs) 

including histone MTases (HMTs) such as DOT1L.233 Notably, pinometostat (20) (Figure 9), a DOT1L 

inhibitor is currently being tested in clinical trials.234 Inhibitors of the DNA MTase family have so far 

only been developed for DNMT1 and DNMT3B2.235,236  
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In addition to derivatization of SAH, modified nucleoside-based molecules have also been shown to be 

effective inhibitors. 5-Azacytidine (21) and decitabine (22) (Figure 9), both used as chemotherapeutic 

agents, inhibit RNA and DNA MTases and induced a change of methylation activity in cancer patients 

suffering from myelodysplastic syndrome or leukemia.237–239 Notably, it could be shown that 

5-azacytidine treatment reduces activity of DNMT2, which is variably expressed in cancer cell lines.240 

The drugs are randomly incorporated into nascent DNA (decitabine and 5-azacytidine) and RNA 

(5-azacytidine) by respective polymerases during transcription and replication. Since both structures are 

substituted with nitrogen in position 5 of the aromatic ring, DNA and RNA MTases remain covalently 

bound to their substrate, resulting in inhibition of catalytic activity (Scheme 6).241,242  

 

Scheme 6: Mechanism of the inhibition of DNA and RNA MTases by the example of 5-azacytidine. 

The pyrimidinone derivative zebularine (23) (Figure 9) shows a similar mechanism of inhibition. A 

covalent complex is formed with DNA MTases, such as C5 Mtase from Haemophilus hemolyticus 

(M.HhaI) that has close structural resemblance to human DNMT2.243 Although the inhibition of DNMT2 

itself has not been reported yet, an analogous mechanism of inhibition by zebularine is supposed due to 

its structural similarity to 5-azacytidine. In addition, incorporation of zebularine into tRNA could be 

confirmed.244  

 

Figure 9: Structures of sinefungin (19), pinometostat (20), 5-azacytidine (21), decitabine (22), and zebularine (23). 
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MTase inhibitor research is also focused on developing compounds that strongly differ from the SAH 

scaffold. Various efficient non-SAH-like inhibitors have been developed for numerous targets of different 

organisms.103  

 

2.5 Biophysical methods for evaluation of MTase inhibitors 

2.5.1 Microscale thermophoresis 

Microscale thermophoresis (MST) is based on the principle of thermophoresis, which describes the 

movement of molecules within a temperature gradient.245 The molecular movement is dependent on 

various molecular properties, such as size, charge, and solvation entropy.245,246 Usually, these parameters 

are slightly altered by ligand binding,247 making the method highly sensitive to change in molecular 

properties and thus allowing precise quantification of molecular events.245 The temperature gradient is 

generated by an infrared (IR) laser directed at capillaries containing the sample.245 In most cases, the 

protein must be fluorescently labeled.247,248 The labeled sample is excited by an UV LED, and the emitted 

fluorescence is detected with the same objective through which the laser is focused.249 When the 

temperature increases, the local molecule concentration distributes, resulting in a change in fluorescence. 

During the thermophoresis measurement, different stages are observable (Figure 10).  

 

Figure 10: Setup and illustration of an observable MST signal. 

The initial stage represents the conditions before the heating, i.e. homogeneous distribution 

(Stage 1).247,249 When the laser is activated, an abrupt change in fluorescence intensity is observable, 

indicated by a “T-jump” (Stage 2).247 This is affected by the local surroundings of the fluorophore, such 

as changes in conformation or a binding event near the fluorophore.247,250,251 Subsequently, slow 

thermophoretic movement occurs (Stage 3), which creates a concentration gradient as the labeled 

molecules diffuse out of the heated sample volume.245,247 This thermophoresis can also be influenced by 

a binding event.247 After some measurement time (20–30 s), fluorescence reaches a plateau, which 
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indicates a steady state (Stage 4). In this stage, the thermodiffusion is counterbalanced by mass 

diffusion.247 After deactivation of the IR laser, a “backdiffusion” of molecules can be observed, driven by 

mass diffusion. This is indicated by an inverse T-jump (Stage 5).245 For binding analysis, the change in 

thermophoresis is determined by the change in normalized fluorescence ΔFnorm. Fnorm is defined as the 

quotient of the measured fluorescence after thermophoresis F1 and the initial fluorescence (or the 

fluorescence after the T-jump) F0 (Eq. 6).245,247  

Fnorm=
F1

F0
         Eq. 6 

In this work, results of tested compounds were determined by different MST methods. At the beginning 

of this project, a standard MST method was used to identify binders of the target of interest. At a later 

stage of this project, an optimized MST displacement method using a fluorescent ligand (for details see 

Section 3.8) was applied, which allowed semi-quantitative screening outcomes and a more accurate 

evaluation of potential inhibitors. If compounds were tested using the optimized MST method, it was 

indicated.  

2.5.2 Isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) is a routinely used technique to define the thermodynamics of 

interactions between biomolecules and ligands.252 Moreover, the method determines the binding 

equilibrium between a protein and a ligand by measuring the evolving heat caused by the association.253 

The thermodynamics are characterized by the stoichiometry (n), the association constant (Ka), binding 

enthalpy (ΔHb), the free energy (ΔGb), entropy (ΔSb), and heat capacity of binding (ΔCp). Of these 

parameters, the stoichiometry (n), the association constant (Ka), and the enthalpy (ΔHb) can be determined 

in a single experiment, while the free energy, and the entropy result from the value of Ka.
253 Most ITC 

instruments are based on the dynamic power compensation principle (Figure 11).254  

 

Figure 11: Representation of a power compensation ITC (left) with a resulting thermogram (right). 
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They consist of two identical coin-shaped cells (sample and reference) enclosed in an adiabatic jacket, a 

highly efficient thermal conducting material.253,254 On the sample and reference cell, heaters are located 

to maintain zero temperature difference between both cells (isothermal).252 In the sample cell, the protein 

solution is placed, the reference cell usually contains water or buffer.253 Then, a ligand is injected into the 

sample cell. If a binding event takes place, the resulting change of heat is monitored by measuring the 

differential power applied to the cell heaters.252 With each injection of the ligand, the binding reaction is 

triggered, and depending on the concentration of the reactants, a certain amount of complex is formed.254 

During formation, heat is either released (exothermic binding) or absorbed (endothermic binding), 

resulting in temperature changes in the cells. This directly affects the thermal power applied to 

compensate the temperature unbalance.254 The raw signal is the power applied to the control heater as a 

function of time (µcal/s),252 which appears as a series of peaks corresponding to multiple injections. By 

integrating the area under the peak, the amount of heat associated with the injection can be 

calculated.252,254  

2.5.3 Differential scanning fluorimetry 

Differential scanning fluorimetry (DSF), also known as thermal shift assay (TSA), is a rapid and cost-

effective ligand screening method based on the biophysical principle of ligand-induced thermal 

stabilization of the target protein.255–258 In this method, the thermal unfolding of the target protein exposed 

to a temperature gradient in the presence and absence of the ligand is monitored (Figure 12).259  

 

Figure 12: Thermogram of a differential scanning fluorimetry assay with depiction of the different denaturation stages and 
attachment of fluorescent dye. 

A fluorescent dye is often added to the sample solution.258,260 Being environmentally sensitive, the dye is 

highly fluorescent in nonpolar environments, whereas it is quenched in aqueous solutions.259 As the 
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protein unfolds with rising temperature, its nonpolar amino acids, normally located inside, are exposed 

to which the dye can bind.257,259 As a result, the measurable fluorescent increases.256 In presence of a 

ligand, the binding event leads to a stabilization of the natively folded protein by reducing the Gibbs free 

energy of the complex, thus increasing the temperature required for unfolding.257,259 The observable 

temperature shift ΔTm caused by the stabilizing effect of the compound is proportional to its concentration, 

which allows the determination of affinity.259  

2.5.4 Tritium incorporation assay 

A common method to determine MTase activity in presence of inhibitors is the tritium incorporation 

assay.112,197,261 In this method, the amount of methylation by utilizing SAM with a tritium-labeled methyl 

group (24, 3H-SAM) is quantified. 3H-SAM, tRNA, MTase, and a ligand of interest are combined 

(Scheme 7). After a certain incubation time, the substrates are precipitated on a filter paper by adding 

trichloroacetic acid (TCA).112,261 The excess of unreacted cofactor is removed by washing, and a 

scintillation cocktail, containing diisopropylnaphthaline isomers (25, DIPN) as solvent and 1,4-bis-(2-

methylstyryl)-benzene (26) and 2,5-diphenyloxazole (27) as scintillators is added. The solvent absorbs 

the energy from the tritium and transfers it to the scintillators, which re-emit it at a higher wavelength 

(visible light) at around 420 nm.262 Based on this principle, 3H-labeled tRNA can be quantified by liquid 

scintillation counting. By referencing the scintillation increase to a positive control (sample minus 

inhibitor), the inhibition can be determined.112,261 The lower the signal, the higher the inhibition.  

 

Scheme 7: Workflow of the tritium incorporation assay. 
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2.6 Drugs vs. activity-based probes 

When it comes to the development of inhibitors for a certain target of interest, it is not always the aim to 

establish a drug. In some cases, an inhibitor is required as a chemical probe – or more precisely, as an 

activity-based probe (ABP), a tool compound to modulate the function of a biomolecular target, e.g. an 

enzyme, in cell assays or animal studies by covalent modification of the active site.263,264 This approach, 

also referred to as activity-based protein profiling (ABPP), is an often-used concept to help understanding 

the functional state of enzymes in biological systems.265,266 It can be used to explore gene function or 

elucidate the roles of the targeted proteins in healthy and diseased cells and tissues allowing association 

to a specific disease.264,267 Since ABPs are used to link a phenotype to a gene, they must meet different 

quality criteria than drugs (Table 1).264,267 A drug does not have to be highly selective, as long as it is safe 

and has satisfactory efficacy.267 ABPs, on the other hand, must exhibit selectivity, high potency, and on-

target action, which may refer to a single target or a target family.263,267 Drug-like properties, such as good 

pharmacodynamics and oral bioavailability do not have to be met.267 However, to achieve an observable 

effect on a cellular basis, the ABP should have sufficient permeability, similar to drugs. 

ABPs have become powerful tools in chemical biology and provide a wide range of advantages. Not only 

are they complementary to genetic approaches, such as CRISPR and RNAi,267,268 they can rapidly and 

reversibly inhibit a target in cells or animals and reveal temporal features of target inhibition.267 As a 

comparison, using RNAi or gene knockout to achieve transcript and protein depletion requires time 

(usually of the order of days), which allows cells to compensate for the loss of protein levels or they may 

not survive due to loss of essential proteins.269 The application of ABPs is not limited to a specific cell 

type but can be used in various cell types, even neuronal or primary immune cells that are difficult to 

manipulate by genetic means.269 Notably, the span of advantages also extends into the field of drug 

development, as an ABP approach can be used for translational studies by mimicking the pharmacology 

of a therapeutic drug, which can be helpful for the development of new medicines.267  

Table 1: Comparison of drugs and activity-based probes regarding purposes and requirements. 

Drugs Activity-based probes 

➢ Must be safe and effective ➢ Ask a specific biological question 

➢ May have undefined mechanism of action ➢ Requires defined mechanism of action 

➢ Human bioavailability required ➢ Must have high selectivity 

➢ High demands for physiochemical and 

pharmaceutic properties 

➢ Drug-like properties not necessarily required 
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3 Results and discussion 

Note: Unless stated otherwise, inhibitor assays were performed using human MTases. 

3.1 Project overview  

This project was a collaboration between the  group and the  group (both Johannes 

Gutenberg University Mainz) and aimed at the discovery and optimization of potential lead structures 

that selectively inhibit the MTases DNMT2, NSUN2, and NSUN6, with a primary focus on DNMT2 

(Scheme 8). If a lead structure has been identified, it should be optimized in terms of affinity and 

selectivity. Once this has been accomplished, the structure should be modified with reactive groups to 

enable covalent binding with catalytically active cysteine residues inside the binding sites. Potent 

inhibitors were tested in a cellular context to analyze their membrane permeability as well as their effects 

in the biological system. By attaching fluorescent dyes to a potent inhibiting structure, an ABP should be 

created that can be applied to biological assays. This approach helps to understand the functional states 

of the MTases and to investigate the biological impact of their RNA modifications, but also facilitates the 

development of new inhibitors as potential drugs.  

 

Scheme 8: Process flowchart of the collaborative project between the  group and the  group. 

The development of efficient inhibitors and ABPs is a challenging endeavor, especially for 

methyltransferases such as DNMT2, NSUN2, or NSUN6. So far, only very few inhibitors are known for 

these targets – mainly natural ligands like SAH or SFG that function as pan-inhibitors with low 

selectivity. Notably, both structures highly resemble each other, which provides little information about 

potential structure-activity relationships. Therefore, different approaches were pursued to generate a 

variety of structures based on the SAH scaffold, which serve different applications (Figure 13). First, the 

amino acid side chain of SAH was altered to investigate the pharmacophoric significance of functional 

groups and to reveal alternative structural elements (Sections 3.3 and 3.4). Furthermore, possible 

replacements, particularly nitrogen-containing groups for the sulfur unit were analyzed that might be used 

for additional structural attachments targeting subpockets such as the cytidine site. After a suitable side 

chain had been found that provides such attachment points, various side chains based on aliphatic or 

aromatic substructures were examined to generate Y-shaped inhibitors with improved affinity and selec-
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tivity (Sections 3.4, 3.5, and 3.7). Moreover, electron-deficient aromatic moieties decorated with leaving 

groups were developed to enable a covalent reaction with catalytically active cysteine residues of the 

targets (Section 3.5). To extend the pool of potential warheads, SAH derivatives modified with different 

electrophilic groups were prepared and analyzed for their inhibitory activity (Section 3.6). Covalent 

SAH-derived inhibitors provide a suitable basis for the development of fluorescently labeled ABPs. Such 

tool compounds are useful for future studies to understand RNA methyltransferases and the biological 

impact of their RNA modifications. Another part of this work was about the synthesis of a fluorescent 

tool compound that can be used for the establishment of new biophysical methods to analyze the binding 

behavior of MTase inhibitors (Section 3.8). 

 

Figure 13: Overview of projects that include the development of SAH congeners for different applications. 
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3.2 Method establishment for the synthesis of SAH derivatives 

To enable a synthetic procedure that allows fast generation of a large molecule library, a feasible reaction 

type with suitable building blocks must be found. According to literature, nucleophilic substitution is one 

of the most used procedures in medicinal chemistry to generate amines.270 By considering a retrosynthesis 

of amino-based SAH derivatives (Scheme 9), the structure can be divided into two main building blocks 

allowing nucleophilic substitutions to be applied. The adenosine component 31 bearing a leaving group 

at the 5'-position enables the conversion with various amines, e.g. (S)-2,4-diaminobutanoic acid (Dab)-

based building blocks (30). For the amino acid substructure, tert-butyl ester and a Boc group were chosen 

as protecting groups while an isopropylidene group was chosen for the ribosyl structure because all these 

groups are expected to be cleaved in a single deprotection step. 

 

Scheme 9: Retrosynthesis of amine-based SAH derivatives to educts allowing nucleophilic substitutions to be applied. 

In order to synthesize the leaving group bearing building blocks, adenosine (32) was first protected using 

acetone and catalytic amounts of p-toluenesulfonic acid at room temperature (Scheme 10). The resulting 

protected adenosine 33 was first treated with iodine, triphenylphosphine, and pyridine using an adapted 

procedure by MARTÍNEZ-MONTERO et al. to give the 5'-iodo derivative 34.271 Unfortunately, the desired 

product could not be isolated as purification approaches led to decomposition (determined by thin-layer 

chromatography). In an alternative approach, 33 was modified with tosyl chloride in pyridine according 

to THOMPSON et al. to yield the 5'-O-tosylated adenosine 35.272 Attempts were made to react this building 

block with different amines, such as n-propylamine (36), benzylamine (37), and 4-aminobutanoic acid 

(38) in DMF or pyridine at room temperature and under heating (70–80 °C). None of these reactions 

showed any conversion into the desired products 39, 40, and 41. Another building block tested was 

5'-chloro-5'-deoxyadenosine (42), which was obtained by treating adenosine first with thionyl chloride, 

followed by ammonia.273 A test experiment using n-propylamine in DMF under heating did not yield any 

product.
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Scheme 10: Approaches to synthesize adenosine building blocks with leaving groups at the 5'-position, followed by nucleophilic 
substitution with different amines. 

Since the nucleophilic substitution did not result in a suitable method for the synthesis of SAH derivatives, 

an alternative procedure was investigated. Among the most applied reactions in medicinal chemistry, the 

reductive amination is a common reaction type for amine synthesis.274,275 Retrosynthesis shows the 

breakdown into an amine (30) and an aldehyde (44) building block for the application of reductive 

amination (Scheme 11).  

 

Scheme 11: Retrosynthesis of amine-based SAH derivatives to educts allowing reductive aminations to be applied. 



3.2   Method establishment for the synthesis of SAH derivatives 

31 

According to BARTON et al., the protected adenosine 33 was treated with N,N'-dicyclohexylcarbodiimide 

(DCC), DMSO and dichloroacetic acid (DCA) in a PFITZNER-MOFFATT oxidation (Scheme 12).276 

Unfortunately, the desired product could not be detected by LC-MS. Testing the reaction by replacing 

DCA with trifluoroacetic acid (TFA) and pyridine,277 the same result was observed. In a third approach, 

DESS-MARTIN periodinane (DMP) in DCM was used, but the oxidation also failed. 

 

Scheme 12: Approaches to oxidize 2',3'-O-isopropylideneadenosine 33 at the 5'-position to the respective aldehyde 44. 

The synthesis experiments showed that the adenosine-like building block was not suitable to bear the 

aldehyde function. For this reason, the strategy of swapping the functions of the building blocks was 

pursued. In this context, the 5'-amino-5'-deoxy derivative 46 was selected as the main building block for 

conversion with different aldehydes (45) to create a molecular library (Scheme 13). 

 

Scheme 13: Retrosynthesis of amine-based SAH derivatives into alternative building blocks bearing amine and aldehyde 
function. 

The synthesis was carried out via a GABRIEL synthesis according to LIU et al., starting from the protected 

adenosine 33 (Scheme 14).278 In the first step, it was modified with phthalimide via a MITSUNOBU 

reaction using diisopropyl azodicarboxylate (DIAD) to yield compound 47. In the following reaction, the 

phthalimide 47 was cleaved with hydrazine to yield 5'-amino-5'-deoxy-2',3'-O-isopropylidene adenosine 

(46). 
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Scheme 14: Synthesis of 5'-amino-5'-deoxy-2',3'-O-isopropylidene adenosine (46). 

To establish the complete synthetic pathway to a final compound that includes a valid deprotection 

procedure, N-adenosyl-(S)-2,4-diaminobutanoic acid (51, adenosyl-Dab) was intended to be synthesized 

according to ZHANG et al. (Scheme 15).279 First, Boc and tert-butyl protected aspartate (48) was converted 

into the respective Weinreb amide 49 using 1,1'-carbonyldiimidazole (CDI). In the following step, 49 

was reduced utilizing diisobutylaluminium hydride (DIBAL) at −78 °C. The resulting aldehyde 45 was 

reacted with the amine building block 46 by reductive amination to give the protected adenosyl-Dab 50.  

 

Scheme 15: Synthesis of the protected adenosyl-Dab 50. 

The reaction was carried out using sodium triacetoxyborohydride and acetic acid in THF at room 

temperature. Besides the formation of the desired product, LC-MS analysis revealed the presence of two 

byproducts showing a mass-to-charge ratio of m/z = 490 ([M+H]+) and m/z = 821 ([M+H]+), respectively. 

The molecular weight of 820 Da could be assigned to the double alkylated product 52 formed by two 

successive reductive amination reactions with the aldehyde 45 (Scheme 16A). A compound with 489 Da 

suggests a cyclic analog (57) that forms in the presence of protons as proposed in Scheme 16B. The 

proton-mediated activation of the ester function allows an intramolecular nucleophilic attack of the 

secondary amine, which results in a tetrahedral intermediate 53. After proton transfer, tert-butanol is 

eliminated, yielding the protonated species 56. In the final step, the loss of a proton results in the final 

cyclic byproduct 57. 
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Scheme 16: A: formation of the double alkylated byproduct 52. B: postulated mechanism for the formation of the cyclic 
byproduct 57 in the reductive amination procedure. 

By conducting the reductive amination at 0–5 °C in a mixture of THF and MeCN, the formation of the 

cyclic byproduct could be largely suppressed ( , master thesis, under supervision of 

MARVIN SCHWICKERT,  group).  

To cleave alle protecting groups of the precursor 50, a slightly modified deprotection method by ZHANG 

et al. was tested.279 For this purpose, the compound was treated with TFA/H2O (95:5, V/V) at room 

temperature (Scheme 17). Although the desired product 51 could be detected, the procedure largely led 

to decomposition of the compound. A method described by DOWDEN et al. using a lower amount of water 

(2.5 vol%) yielded a similar result.280  

Since the deprotection methods described in the literature showed unsatisfying results, an alternative 

procedure under mild conditions was designed. Instead of cleaving all three protecting groups in one step, 

a two-step one-pot procedure was utilized. The Boc and tert-butyl groups were first removed by treating 

the compound with 50 vol% TFA in DCM at 5 °C. After this, TFA was removed by codestillation with 

DCM. Finally, 14 vol% TFA in water was used at 5 °C to cleave the acetal protecting group. 

Lyophilization yielded the final product in high purity (>95%). 
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Scheme 17: Attempts to cleave the protecting groups of the precursor 50. 

 

3.3 Variation of side chain by parallel synthesis  

To quickly generate a SAH-like inhibitor library with varying side chains, a parallel synthesis was 

established using a Synthesis 1 parallel synthesizer from Heidolph Instruments GmbH & CO. KG. The 

experiments were carried out by  (master thesis, under supervision of MARVIN 

SCHWICKERT,  group). The 5'-amino building block 46 was treated with different in-house 

acyl and sulfonyl chlorides in DCM using triethylamine (Scheme 18).  

 

Scheme 18: General reactions used for parallel synthesis to rapidly generate a molecule library of adenosine derivatives. 

A detailed depiction of the workflow is shown in Scheme 19. The reactants were mixed for 16 h at room 

temperature. To allow complete conversion of the acyl/sulfonyl chloride, the amine was used in excess 

(1.11 equiv.). The organic phase was then washed five times with a saturated NaHCO3 solution and two 

times with water, which completely removes the residual amine 46. In the following step, the organic 

solvent was removed by distillation. The residue was treated with either an aqueous HCl solution 

(33 vol%) or an aqueous TFA solution (14 vol%) for 16 h at room temperature. After lyophilization, the 

final product was obtained as the respective hydrochloride or trifluoroacetate salt.  
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Scheme 19: Workflow of the parallel synthesis. 
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The structures of the compounds obtained with the parallel synthesis method are shown in Table 2. Yields 

and purities are given. 

Table 2: Compounds obtained via parallel synthesis with yields and purities given. 

 
Compound Deprotection method Yield Purity 

62a 

 

HCl/water, rt 99% 98% 

62b 
 

HCl/water, rt 99%* 72% 

62c 
 

HCl/water, rt 99% 99% 

62d 
 

HCl/water, rt 99% >99% 

62e 
 

HCl/water, rt 88% 95% 

62f 
 

TFA/water, 5 °C 48% 97% 

62g 
 

TFA/water, 5 °C 99% 96% 

62h 
 

TFA/water, 5 °C 77% 96% 

62i 
 

TFA/water, 5 °C 99% 96% 

62j 

 

TFA/water, 5 °C 99% 96% 

62k 
 

TFA/water, 5 °C 99% 95% 

62l 
 

TFA/water, 5 °C 67% 95% 

62m 
 

TFA/water, 5 °C 85% 98% 

63a 
 

TFA/water, 5 °C 99% 98% 

63b 
 

TFA/water, 5 °C 95% 98% 

63c 
 

TFA/water, 5 °C 98% 97% 

*In this case, the value refers to conversion and not yield. 
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Table 2 shows that the parallel synthesis procedure yielded the compounds in moderate to high yields. 

15 out of 16 compounds showed high purity of ≥95% without further purification steps. Although 99% 

conversion was achieved for compound 62b, a second peak was observed in the LC-MS purity 

measurement, which could be assigned to adenine cleaved using the deprotection procedure consisting of 

HCl/water. Areas under the curves (AUC) revealed a ratio of 76:23 (62b/adenine). 

The compounds were tested using MST, DSF, and a tritium incorporation assay. MST measurements 

were conducted by  (under supervision of ,  

group). DSF measurements were also conducted by  (under supervision of MARVIN 

SCHWICKERT,  group). The measurements of the tritium incorporation assay were carried 

out by  and  (  group). All results are listed in Table 3. 

The results obtained with MST and DSF (columns 2 and 3 in Table 3) are fairly consistent, with the MST 

showing higher sensitivity in identifying binders, which might be due to the higher concentrations 

(250 µM vs. 100 µM) of the compounds used in this assay. Two exceptions, however, could be seen in 

the case of the 4-methylbenzoyl derivative 62c and the nicotinoyl derivative 62h, which were classified 

as non-binders by MST but as binders by DSF. Interestingly, the 4-methylbenzoyl derivative 62c induced 

a melting point decrease, which might be due to the stabilization of a conformation with lower melting 

point or the disruption of enzyme stabilizing interactions. Although 9 out of 16 compounds have been 

identified as binders (MST), no inhibition could be detected in the tritium incorporation assay. For this 

reason, none of these structures were considered for further optimization. 

Nevertheless, this parallel synthesis method represents a suitable basis to rapidly generate linear SAH or 

adenosine derivatives. Even though the compound classes provided with this method did not seem to be 

suitable for the inhibition of DNMT2, such scaffolds represent promising inhibitors as they have been 

used extensively for other targets,230,281,282 most recently for inhibition of the SARS-CoV-2 nsp14 

N7-methyltransferase.283  

For a more detailed discussion, as well as the presentation of the experimental procedures for the synthesis 

of compounds 62a–m and 63a–c, the reader is referred to the corresponding master thesis:  

, DNMT2-Inhibitoren als Tools für biophysikalische Anwendungen, 2020, Johannes 

Gutenberg University Mainz.  

Own contribution: Design of the parallel synthesis method and inhibitors, supervising the master thesis 

about the conduction of parallel synthesis of compounds 62a–m and 63a–c as well as the testing using 

DSF. 

A manuscript about the procedure is in preparation and will be submitted to ACS Journal of 

Combinatorial Sciences.  
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Table 3: Results of compounds 62a–m and 63a–c. 

 

Compound 
MST 

Binding at 250 µM 
DSF 

Binding at 100 µM 

3H-Assay 
% inhibition at 100 µM 

62a 

 

✓  n. i. 

62b 
 

✓  n. i. 

62c 
 

 ✓
* n. i. 

62d 
 

  n. i. 

62e 
 

  n. i. 

62f 
 

  n. i. 

62g 
 

✓ ✓ 14 ± 11 (n. i.) 

62h 
 

 ✓ n. i. 

62i 
 

✓  
n. i. 

62j 

 

  

n. i. 

62k 
 

✓ ✓ 
n. i. 

62l 
 

✓  
n. i. 

62m 
 

  11 ± 7.1 (n. i.) 

63a 
 

✓  
n. i. 

63b 
 

✓ ✓ 
n. i. 

63c 
 

✓ ✓ 
n. i. 

*Instead of an increase, a decrease in melting point was observed; n. i. = no inhibition. 
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3.4 Variation of side chain by rational design and development of Y-shaped inhibitors 

Note: The substance numbers from the corresponding publication are listed in italics behind the substance 

numbers in this thesis. 

3.4.1 Summary and own contribution 

As an alternative approach to the parallel synthesis, rational design was used to vary the amino acid side 

chain of SAH. Based on this, three different compound series were designed and prepared to analyze their 

effects in a structure-activity relationship study (Figure 14): 

 

Figure 14: Variations of the SAH amino acid side chain. 

1. To analyze the pharmacophoric significance of the amino and carboxylic acid groups, SAH analogs 

lacking either of these moieties were synthesized ( , master thesis, under 

supervision of ,  group and MARVIN SCHWICKERT,  group).  

2. The homocysteine’s sulfur atom was exchanged with nitrogen allowing an additional side chain to 

be attached. Additionally, it introduces a basic functionality that can be protonated depending on the 

pH value. The resulting positive charge may imitate the sulfonium function found in SAM. 

Analogously to the compounds of series 1, two compounds were synthesized, each lacking one of the 

side chain functional groups. To constrain the alkyl side chains flexibility, a five-membered ring was

Series 1
Series 2

alkylic

aromatic

Series 3
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implemented. As an alternative rigidizing element, derivatives with benzene-based side chains were 

developed with and without polar functions. 

3. An amide function was investigated as a replacement of the thioether group. It represents an 

alternative nitrogenous but non-basic and rigid function allowing side chain attachment. Structures 

lacking either the amine or carboxylic acid group were synthesized. Additionally, a derivative with 

an extended aliphatic side chain was generated since the amide functions yield a shorter bond length 

compared to thioether- or amine-based linkers. 

The compounds of series 1–3, SAH, and SFG were tested for binding to human DNMT2 in a microscale 

thermophoresis assay established by  (  group).  Inhibition was 

measured by  (  group) using a tritium incorporation assay. Besides SAH and SFG, 

N-adenosyl-(S)-2,4-diaminobutanoic acid (adenosyl-Dab) 51 was identified as a binder of DNMT2, 

indicating that both functionalities of the amino acid side chain are crucial for binding. However, 

inhibition was only found for SAH (IC50 = 15.8 ± 1.5 µM) and SFG (IC50 = 13.2 ± 0.8 µM). Although 

adenosyl-Dab did not exhibit inhibition, the structure was considered for further optimizations as the 

replacement of sulfur with nitrogen enables side chain attachment to target the cytidine site of DNMT2. 

A variety of N-alkyl substituents were introduced to generate Y-shaped inhibitors (Figure 15), starting 

from small modifications such as methyl or ethyl, to branched alkyl chains (e.g. isobutyl, neopentyl). 

Furthermore, unsaturated systems such as benzyl, phenethyl, and various alkyne-based moieties were 

considered as side chain modifications.  

 

Figure 15: Different N-alkyl substituents attached to the adenosyl-Dab scaffold (51). 

Out of the series of N-alkylated SAH derivatives, the testing revealed a compound with a (SR)-N-but-3-

yn-2-yl group (69s-A/B (27s-A/B)) as the most active (IC50 = 12.9 ± 1.9 µM), exhibiting similar potency 

as the natural ligands SAH and SFG. Both the S- and R-epimers were found to be equipotent. 
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Furthermore, 69s-A/B (27s-A/B) was selective toward NSUN2 and NSUN6 as it did not show inhibition 

in the tritium incorporation assay at 100 µM. Based on this compound, an ethyl ester prodrug (28-A/B) 

was prepared to test it in a cellular context. The results showed very low but significant inhibition of 

tRNA methylation in cells by the ester prodrug but not by the acid. Moreover, CaCo-2 assays revealed 

that the prodrug exhibited poor membrane permeability due to rapid hydrolysis, which was further 

confirmed by stability testing using LC-MS.  

For a more detailed discussion, as well as the presentation of the experimental procedures, the reader is 

referred to the corresponding publication (Section 3.4.2) and Supporting Information (Appendix)    

(DOI: 10.1021/acs.jmedchem.2c00388).  

Own contribution: Design and synthesis of inhibitors, supervising a master thesis ( ) 

about the synthesis of 64-a (8a) and 64-b (8b), supervising a master thesis ( ) about the 

synthesis of Y-shaped inhibitors, synthesis and separation of diastereomers 69s-A (27s-A) and 69s-B 

(27s-B), synthesis of prodrug (28-A/B) and stability testing by LC-MS, analysis of CaCo-2 assays by 

LC-MS, writing the corresponding parts in the manuscript and Supporting Information, writing the 

introduction of the manuscript, creation of graphical abstract, Figure 1, Figure 2, Figure 6,            

Schemes 1–7. 
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3.4.2 Publication 

 

 

  

Reprinted with permission from J. Med. Chem. 2022, 65, 14, 9750–9788. 

© 2022 American Chemical Society. 
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT2 

inhibitors 

Note: The substance numbers from the corresponding manuscript are listed in italics behind the substance 

numbers in this thesis. 

3.5.1 Summary and own contribution 

Apart from effective alkyne-base inhibitors, the study described in Section 3.4 yielded the N-benzyl 

derivative 69q with moderate inhibitory activity against DNMT2 (56.8 ± 6.8% at 100 µM). Compared to 

alkynes, the phenyl moiety allows various possible modifications to create a suitable substitution pattern 

for a cytidine-site targeting substructure. Based on the N-benzyl derivative 69q, a structure-activity 

relationship study was performed using the TOPLISS scheme (70a–n (32–45)). This is an operational 

scheme in drug design for the derivatization of aromatic compounds considering hydrophobic (π), 

electronic (σ), and steric (Es) values of different substituents.284 Depending on the effect on activity – 

more active, equipotent, or less active – different modifications are proposed. The principle of the scheme 

was followed, i.e. if a modification increased the affinity, the proposed path of modification was followed 

and vice versa. Selected derivatives of non-proposed paths were also tested for comparison. The 

compounds were evaluated for their binding affinity to DNMT2 via MST by  

(  group). Their inhibitory activity was determined using a tritium incorporation assay 

conducted by  (  group) and  (  group). By evaluating 

the inhibition data with substituent effects taken into account, a clear correlation with the TOPLISS scheme 

suggestions became apparent. Moreover, it could be observed that introducing electron-withdrawing 

groups increased the inhibition of DNMT2, as demonstrated by the following branch (Figure 16): 4-Cl 

(70a (32)) → 3,4-diCl (70g (40)) → 4-Cl-3-CF3 (70m (41)) → 4-NO2-3-CF3 (70n (45)) with increasing 

inhibition of 72% → 74% → 86% → 94% at 100 µM, respectively. Out of this compound series, the 

4-nitro-3-trifluoromethyl derivative 70n (45) showed the highest inhibition with an IC50 value of 

2.5 ± 0.2 µM. 
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Figure 16: Synthesized compounds and their corresponding results with depiction of their positions in the TOPLISS scheme. 
Arrows indicate either increase (green) or decrease (red) in inhibition of DNMT2. 

To further increase the electrophilicity of the aromatic ring by introducing additional −I and −M effects, 

the methylenamine substructure was replaced with a sulfonamide. Based on this modification, a 

subsequent structure-activity relationship study was carried out (71a–o (72–84, 90, and 91)). The aryl 

sulfonyl building blocks were decorated with strong electron-withdrawing groups such as NO2 and CF3 

as well as intracyclic nitrogen atoms (Figure 17).  Furthermore, halogen leaving groups were attached to 

the aromatic ring to enable a possible covalent reaction with the catalytically active cysteine in the 

cytidine site. 
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Figure 17: Synthesized sulfonamides and their corresponding results. Arrows indicate either increase (green), no change 
(yellow), or decrease (red) in inhibition of DNMT2. 

The sulfonamide derivatives showed significantly lower inhibition compared to their benzyl analogs, e.g. 

70a (32) vs. 71b (73) (4-Cl), 70g (40) vs. 71c (74) (3,4-diCl), and 70m (41) vs. 71a (72) (4-Cl-3-CF3). 

Interestingly, the 4-Cl/Br-3-NO2 substituted sulfonamide-based derivatives 71g (78) and 71i (80) as well 

as the 4-chloropyrazinyl derivative 71o (91) exhibited the highest inhibitions (IC50 < 2.5 µM). Protein 

mass spectrometry conducted by  (  group, TU Darmstadt) revealed that the 

4-halogen-3-NO2-decorated phenylsulfonamide derivatives 71g–i (78–80) and the chloropyrazinyl 

structure 71o (91) reacted covalently with the catalytically active Cys79 in the cytidine site of DNM2 

(Scheme 20).  

For compounds 71h (79) and 71o (91) a second binding site was identified as they also bound to Cys287 

on the protein surface. This observation was due to their high reactivity, which could further be proven 

with the fluoro-analog 71h (79) that showed rapid conversion with the reducing agent dithiothreitol 

(DTT) in a reactivity test. 
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Scheme 20: Covalent reaction between inhibitors 71g–i (78–80) and 71o (91) with DNMT2 resulting in irreversible inhibition. 

The most promising inhibitor out of this study turned out to be the 4-Br-3-NO2-phenylsulfonamide 

derivative 71i (80). With an IC50 value of 1.2 ± 0.1 µM, compound 71i (80) represented an improvement 

of one order of magnitude compared to the (SR)-N-but-3-yn-2-yl-based SAH derivative 69s-A/B 

(Section 3.4) and outclassed the natural ligands SAH and SFG. Furthermore, the inhibitor featured high 

selectivity for DNMT2 compared with the RNA MTases NSUN2 and NSUN6.  

For a more detailed discussion, as well as the presentation of the experimental procedures, the reader is 

referred to the corresponding manuscript (Section 3.5.2) and Supporting Information (Appendix). 

Experimental procedures conducted or supervised by MARVIN SCHWICKERT (  group) are 

described in Section 3.5.3. 

Own contribution: Design and synthesis of inhibitors, supervising a master thesis ( ) 

about the synthesis of benzyl-based inhibitors 70a–k (32–43) and 70m (41), reactivity testing with DTT 

by LC-MS, writing the manuscript except for the section about protein mass spectrometry, creation of 

graphical abstract, figures, and schemes except for Figures 4–6. 

 

  

tRNA

SAM
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3.5.2 Manuscript 

In revision in ACS Med. Chem. Lett., 2023.  
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a New Type of Aryl Warhead 

Marvin Schwickert,‡,# Robert A. Zimmermann,‡,# Tanja Habeck,† Sabrina N. Hoba,# Zarina Nidoieva,# 

Tim R. Fischer,# Martin M. Stark,# Christian Kersten,# Frederik Lermyte,† Mark Helm,#* and Tanja 

Schirmeister#* 

#Institute of Pharmaceutical and Biomedical Sciences, Johannes Gutenberg University Mainz, Staudinger Weg 5, D-55128 

Mainz, Germany 

†Technical University of Darmstadt, Alarich-Weiss-Str. 4, D-64287 Darmstadt, Germany 

*Corresponding authors: 

Prof. Dr. Tanja Schirmeister, Phone: +49 6131 39-25742, E-Mail: schirmei@uni-mainz.de. 

Prof. Dr. Mark Helm, Phone: +49 6131 39-25731, E-Mail: mhelm@uni-mainz.de 

‡These authors contributed equally. 

 

ABSTRACT: The DNA methyltransferase 2 

(DNMT2) is an RNA modifying enzyme associated 

with pathophysiological processes, such as mental 

and metabolic disorders, or cancer. Although the 

development of methyltransferase inhibitors 

remains challenging, DNMT2 is not only a 

promising target for drug discovery, but also for the 

development of activity-based probes. Here, we present covalent SAH-based DNMT2 inhibitors 

decorated with a new type of aryl warhead. Based on a non-covalent DNMT2 inhibitor with N-benzyl 

substituent, the Topliss scheme was followed for optimization. The results showed that electron-deficient 

benzyl moieties highly increased affinity. By decorating the structures with strong electron-withdrawing 

moieties and leaving groups, we adjusted the electrophilicity to create covalent DNMT2 inhibitors. A 

4-bromo-3-nitrophenylsulfonamide (80) decorated SAH derivative turned out to be the most potent 

(IC50 = 1.2 ± 0.1 µM) and selective inhibitor. Protein mass spectrometry confirmed the covalent reaction 

with the catalytically active cysteine-79. 

KEYWORDS: DNMT2, NSUN, covalent SAH-based inhibitors, aryl warhead, Topliss scheme, protein 

mass spectrometry  
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INTRODUCTION 

RNA and its modifications play a significant role in epigenetic inheritance.1,2 Studies revealed that some 

RNA modifications are linked to mental3 and metabolic disorders.4 Inheritance of metabolic disorders has 

been found to be caused by increased levels of m2G and m5C modifications.5 The human DNA 

methyltransferase 2 (hDNMT2), which amongst others, is responsible for m5C modifications, is involved 

in this process.6 Due to its similar sequence and structure hDNMT2 is part of the DNA methyltransferase 

family, but its main substrate is tRNA at position C38.7,8 hDNMT2 plays a role in different physiological 

processes, but is also linked to cancer.8 

To transfer a methyl group to tRNA, hDNMT2 requires S-adenosyl-L-methionine (SAM) as a cofactor, 

releasing m5C38-tRNAAsp and S-adenosyl-L-homocysteine (SAH) as a byproduct.7 Besides the natural 

inhibitors SAH and sinefungin,9 the chemotherapeutic agents 5-azacytidine, decitabine, and zebularine 

are known to inactivate DNMTs.10  

Methyltransferases are hard-to-drug targets, especially due to the high cellular concentration of SAM11 

that competes with a potential inhibitor. Furthermore, most of the over 200 different methyltransferases 

(MTases)12 in humans are SAM-dependent, which increases the challenge to find selective SAH-based 

inhibitors. Since covalent inhibitors are capable to compete with high natural ligand concentrations,13 

these issues can be overcome with a warhead-decorated SAH derivative. Moreover, high selectivity can 

be achieved by targeting the catalytically active cysteines found in the hDNMT14 or NOL1/NOP2/sun 

domain (NSUN)15 families as various other MTases follow different mechanisms.16 Such covalent 

modifiers can also be a suitable basis for the development of fluorescently labeled activity-based probes 

(ABPs),17 which can be used to improve understanding of RNA methyltransferases and their RNA 

modifications. 

Here, we present covalent SAH-based hDNMT2 inhibitors with 4-halo-3-nitrophenylsulfonamide 

warheads. This warhead class represents a well-fitting substructure for the cytidine binding site of the 

enzyme as it not only mimics the cytidine residue of tRNA, but also provides proper orientation and 

length to reach the catalytically active cysteine-79. Recently, we published hDNMT2 inhibitors based on 

the SAH scaffold.9 We replaced the sulfur atom with various N-alkylated substructures, and the N-but-3-

yn-2-yl derivative 1 turned out to be the most potent inhibitor of hDNMT2 in a tritium incorporation 

assay (3H-assay) (IC50 = 12.9 ± 1.9 µM). We also tested the N-benzylated derivative 2, which showed 

moderate affinity (57% at 100 µM). Since the phenyl moiety allows a huge space for modifications, we 

considered the scaffold as a basis for optimization.  

Starting from this structure, we developed N-benzyl containing compounds according to the Topliss 

scheme (Figure 1). This is an operational scheme in drug design for the derivatization of aromatic 

compounds considering hydrophobic (π), electronic (σ), and steric (Es) values of different substituents.18 
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Starting from an unsubstituted phenyl moiety, the 4-chloro analog is initially proposed as it increases the 

π value. Subsequently, we followed the scheme suggestions depending on the inhibitory effects. Selected 

derivatives of non-proposed paths were also tested for comparison. 

We performed an additional structure activity-relationship study based on the scaffold that exhibited the 

highest activity. The methylenamine substructure of the N-benzyl moiety was replaced with a 

sulfonamide to test the effect of an additional −I and −M effect. To allow a covalent reaction with the 

catalytically active cysteine in the cytidine site, electron-deficient aryls with halogen leaving groups were 

designed to increase electrophilicity. To confirm the covalent reaction between ligand and hDNMT2, 

protein mass spectrometric experiments were conducted. 

 

Figure 1: Derivatization of the benzyl amine derivative 2 according to the Topliss scheme. Based on the 4-chloro-3-

trifluoromethyl and the 4-nitro-3-trifluoromethyl derivatives, an additional SAR study was conducted. First, the aminomethyl 

substructure was exchanged with a sulfonamide unit to increase the electrophilicity. The aryl moiety was decorated with electron-

withdrawing groups and leaving groups to allow a potential covalent reaction with the catalytically active cysteine of hDNMT2. 

RESULTS AND DISCUSSION 

Chemistry 

The benzyl derivatives were synthesized by reductive amination using protected adenosyl-(S)-2,4-

diaminobutanoic acid (adenosyl-Dab)9 3 and substituted benzaldehydes 4–17 (Scheme 1). For this, 

sodium triacetoxyborohydride and acetic acid were used as reagents in 1,2-dichloroethane. The building 

block 3 was prepared according to a previously described procedure.9 In the final step, the protecting 

Inhibitors from previous study

Extended 

derivatization

Increase electrophilicity

to allow covalent

trapping

Exchange alkyne  aryl to

allow more modifications
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groups were removed by treatment with 50% (V/V) TFA in dichloromethane at 5 °C, followed by 

treatment with 14% (V/V) TFA in water at 5 °C.  

Scheme 1: Synthesis of benzyl amine derivatives 32–45.a 

 

aReagents and conditions: (a) NaBH(OAc)3, HOAc, 1,2-DCE, 0 °C to rt, overnight, 37–96%; (b) (1) TFA/DCM (1:1 V/V), 5 °C; 

(2) TFA/H2O (1:6 V/V), 5 °C, 99%. 

To further increase the electrophilicity of the aromatic ring, the methylenamine substructure of the benzyl 

moiety was exchanged by a sulfonamide group. With its −I and −M effects, this compound class shows 

interesting properties as electron-withdrawing substituents seemed to increase the affinity for hDNMT2. 

Electron-withdrawing groups that can potentially act as leaving groups, such as halides, were chosen as 

substituents to enable a possible covalent reaction with the catalytically active cysteine of hDNMT2. To 

obtain the sulfonamide-based inhibitors, building block 3 was brought to reaction with substituted 

phenylsulfonyl chlorides 46–58 either in presence of triethylamine in DCM under reflux or using a two-

phase system consisting of DCM and saturated NaHCO3 solution at room temperature (Scheme 2). In the 

final step, the resulting precursors 59–71 were deprotected using 50% (V/V) TFA in dichloromethane at 

5 °C, followed by treatment with 14% (V/V) TFA in water at 5 °C to give the inhibitors 72–84.  
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Scheme 2: Synthesis of sulfonamide derivatives 72–84.a 

 

aReagents and conditions: (a) NEt3, DCM, Δ, 2 h, 52–73%; (b) NaHCO3, H2O, DCM, rt, overnight, 43–82%; (c) (1) TFA/DCM 

(1:1 V/V), 5 °C; (2) TFA/H2O (1:6 V/V), 5 °C, 99%. 

To investigate the effect of intracyclic nitrogens as replacements for the nitro groups, pyridine and 

pyrazine derivatives decorated with chlorine were synthesized (Scheme 3). The pyridine derivative 90 

was prepared by combining the building block 3 and 6-chloropyridine-3-sulfonyl chloride (85) with 

triethylamine in DCM under reflux to yield the protected precursor 88. For the synthesis of the pyrazine 

derivative 91, 2,5-dichloropyrazine (86) was substituted with benzyl mercaptan in presence of sodium 

hydride in THF to give 87. In the next step, 87 was treated with sulfuryl chloride,19 and was reacted with 

the building block 3 using a two-phase system consisting of DCM and saturated NaHCO3 solution at 

room temperature to yield the protected pyrazinyl derivative 89. The precursors 88 and 89 were finally 

deprotected using 50% (V/V) TFA in dichloromethane at 5 °C, followed by treatment with 14% (V/V) 

TFA in water at 5 °C to yield the inhibitors 90 and 91. A 2-chloropyrimidine derivative was also to be 

synthesized, but due to its high reactivity already with weak nucleophiles such as methanol and water, 

which led to substitution of chlorine, it was not further pursued. 
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Scheme 3: Synthesis of the heterocycles 90 and 91.a 

 

aReagents and conditions: (a) NEt3, DCM, Δ, 2 h, 62%; (b) benzyl mercaptan, NaH, THF, 1 h at 0 °C, 16 h at rt, 91%, (c) (1) 

sulfuryl chloride, −5 °C, 2 h; (2) 3, NaHCO3, H2O, DCM, rt, overnight, 34%; (d) (1) TFA/DCM (1:1 V/V), 5 °C; (2) TFA/H2O 

(1:6 V/V), 5 °C, 99%. 

Biological Evaluation: hDNMT2 Binding and Inhibition 

To determine the binding affinity of the compounds towards hDNMT2, a screening was performed with 

full-length hDNMT2 (if not described otherwise, full-length protein was used) based on a microscale 

thermophoresis (MST) displacement method using the fluorescent ligand FTAD.20 Potent binders were 

defined as compounds that were able to displace FTAD at least in the same extent as sinefungin (MST 

shift ≥13. For all potent binders an apparent KD value (KD
app) was determined using MST. All other 

compounds were not further evaluated. Ligands with the highest affinity towards hDNMT2 (41, 45, 78–

80, and 91; 32 for comparison), were subjected to isothermal titration calorimetry (ITC), which served as 

an orthogonal method to quantify the binding affinity of those ligands. The results from ITC 

measurements confirmed the data of the MST measurements as the results of both methods showed a 

high consistency. Finally, to investigate their actual inhibitory effect, the most potent binders and some 

selected weak binders were evaluated using a 3H-assay. The assay was performed with tRNAAsp as 

substrate and tritium-labeled SAM (3H-SAM) as cosubstrate at a compound concentration of 100 µM. 

For the most potent inhibitors IC50 values were determined. All results are summarized in Table 1.  
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Table 1: Binding of compounds to hDNMT2 as determined by MST and inhibition of hDNMT2 as determined in the 3H-assays. 

 

32–45, 72–84, 90, 91 

Compound 

MST ITC 3H-assay 

Shift at 

20 µM / ‰ 
KD

app / µM KD / µM 
% Inhibition 

at 100 µM 
IC50 / µM 

SFG 13.3 20.9 ± 0.720 7.5 ± 3.59 83.5 ± 1.19 13.2 ± 0.89 

32 
 

10.7 28.2 ± 1.4 32.1 ± 8.4 72.3 ± 3.1 62.8 ± 3.0 

33 
 

8.5 n. d. n. d. 67.3 ± 3.4 n. d. 

34 
 

10.8 18.1 ± 1.0 n. d. 75.5 ± 0.8 n. d. 

35 
 

11.3 23.7 ± 1.0 n. d. 51.1 ± 6.6 n. d. 

36 
 

6.2 55.8 ± 4.9 n. d. 64.0 ± 3.1 n. d. 

37 
 

9.8 n. d. n. d. 67.2 ± 3.4 n. d. 

38 
 

6.3 n. d. n. d. n. i. n. d. 

39 
 

8.9 45.1 ± 2.3 n. d. 60.6 ± 3.0 n. d. 

40 
 

11.3 17.9 ± 0.9 n. d. 73.8 ± 3.5 n. d. 

41 
 

14.2 10.4 ± 0.4 6.0 ± 0.7 86.2 ± 3.0 18.3 ± 4.0 

42 
 

8.5 n. d. n. d. 59.6 ± 4.6 n. d. 

43 
 

6.9 n. d. n. d. 47.0 ± 3.2 n. d. 

44 
 

11.8 14.8 ± 0.6 n. d. 65.5 ± 4.0 n. d. 

45 
 

17.1 4.2 ± 0.3 0.94 ± 0.05 94.0 ± 2.1 2.5 ± 0.2 

72 
 

11.7 19.5 ± 1.4 n. d. 54.3 ± 3.7 n. d. 

73 
 

2.9 n. d. n. d. n. i. n.  d. 

  



3   Results and discussion 

92 

Table 1 continued. 

Compound 

MST ITC 3H-assay 

Shift at 

20 µM / ‰ 
KD

app / µM KD / µM 
% Inhibition 

at 100 µM 
IC50 / µM 

74 
 

7.9 n. d. n. d. 27.8 ± 17.0 n. d. 

75 
 

0.8 n. d. n. d. n. d. n. d. 

76 
 

1.2 n. d. n. d. n. d. n. d. 

77 
 

2.5 n. d. n. d. n. d. n. d. 

78 
 

18.0 2.5 ± 0.1 4.3 ± 0.2 98.2 ± 1.6 2.3 ± 0.5 

79 
 

16.3 11.2 ± 0.6 17.3 ± 3.6 92.8 ± 3.7 8.5 ± 1.3 

80 
 

18.3 2.3 ± 0.1 4.9 ± 0.4 98.7 ± 1.1 1.2 ± 0.1 

81 
 

1.4 n. d. n. d. n. i. n. d. 

82 
 

0.2 n. d. n. d. n. d. n. d. 

83 
 

2.0 n. d. n. d. n. d. n. d. 

84 
 

10.9 22.7 ± 0.9 n. d. 67.0 ± 1.6 n. d. 

90 
 

4.1 n. d. n. d. 33.2 ± 1.9 n. d. 

91 
 

17.2 2.6 ± 0.2 1.9 ± 0.3 100.0 ± 6.4 1.1 ± 0.2 

n. d. = not determined; n. i. = no inhibition. 

Within the benzyl series, 8 out of 14 compounds (32, 34, 35, 40, 44, and 45) could be classified as 

promising binders as they caused an MST shift ≥10. Starting with the 4-chloro substituent (32) in the 

Topliss scheme, an increase in inhibition from 57% to 72% was achieved. According to the scheme, the 

proposed modification in this case is the 3,4-dichloro substitution (40). With an inhibition of 74% it did 
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not show a significant increase in potency, resulting in the proposed modifications 4-CF3, 4-Br and 4-I. 

While the 4-bromo (33) and 4-trifluoro (35) derivatives showed reduced inhibition (67% and 51% 

respectively), the 4-iodo modification (34) is equipotent (75%). Based on alternative modifications in this 

branch, we tested the 2,4-dichloro derivative 43, which further reduced inhibition to 47%. Since the 

proposed modifications of this branch did not significantly improved inhibition, we followed the branch 

proposed if the 3,4-dichloro substitution (40) would be classified as more potent (73.8 ± 3.5% vs. 

72.3 ± 3.1%) than the 4-chloro modification (32) after all. As a result, the proposed modification 

4-chloro-3-trifluoromethyl (41) was tested and exhibited a significant increase in inhibition of up to 86%. 

Based on this result, the scheme proposes the 4-nitro-3-trifluoromethyl derivative 45 as a final 

modification. Notably, an even higher inhibition of 94% (IC50 = 2.5 ± 0.2 µM) was achieved. To identify 

potential inhibitors that were likely omitted due to incorrect prediction of the scheme we selected different 

structures of the remaining branches: 4-OMe (36), 3-Cl (37), 3-NH2 (38), 3-CF3 (39), 3,5-diCl (42), and 

4-NO2 (44). The tests revealed that the derivatives 36, 37, 39, and 42 showed moderate inhibition of 59–

67%, whereas the 3-amino structure 38 was inactive. Interestingly, the nitro derivative 44 showed a 

significant increase in inhibition compared to its direct branch precursor 43 (66% vs. 47%). However, its 

inhibition was still lower than that of compounds 33–35 of the same branch. Evaluation of the inhibition 

of hDNMT2 in correlation with the substituent effects revealed that the results were in high accordance 

with the Topliss scheme suggestions (Figure 2). It could be observed that the more electron-withdrawing 

groups were introduced, the stronger was the inhibition of hDNMT2, which was demonstrated by the 

following branch: 4-Cl (32) → 3,4-diCl (40) → 4-Cl-3-CF3 (41) → 4-NO2-3-CF3 (45) with increasing 

inhibition of 72% → 74% → 86% → 94% at 100 µM, respectively. While substituents in position 2 

significantly reduced inhibition, probably due to steric hindrance within the binding pocket, introduction 

of several groups at position 3 was tolerated. However, the potency compared to the phenyl derivative 2 

was only slightly increased from 56% to 67% by introducing the 3-Cl substituent (37). Position 4 also 

allowed several substituents, e.g. 4-Cl (32), 4-Br (33), 4-I (34), 4-CF3 (35), 4-OMe (36), and 4-NO2 (44) 

all of which increased the potency compared to the unsubstituted inhibitor 2. A significant increase in 

inhibition was achieved with the 4-Cl (72%) and the 4-I (75%) substituents. Interestingly, they differ in 

electronegativity and volume, yet they showed equipotent inhibition of hDNMT2. So far, a disubstituted, 

electron-deficient benzyl group appeared to be most effective at enhancing inhibition. 
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Figure 2: Synthesized compounds and corresponding results with depiction of positions in the Topliss scheme. Arrows indicate 

either increase (green) or decrease (red) in inhibition. 

To further increase electrophilicity of the aromatic ring, we replaced the methylenamine substructure of 

the N-benzyl moiety with a sulfonamide that introduces additional −I and −M effects. Based on this 

modification, a subsequent structure-activity relationship (SAR) study was conducted using different aryl 

sulfonyl moieties with strong electron-withdrawing groups such as NO2 and CF3 as well as intracyclic 

nitrogen atoms. To enable a possible covalent reaction with the catalytically active cysteine, the aromatic 

rings were decorated with halogen leaving groups. First, we started with the 4-chloro-3-trifluoromethyl 

analog 72 for comparison with one of the most active compounds (41). With an inhibition of 54% it 

showed a significantly lower inhibition than 41 with 86%, which indicated a negative effect of the 

sulfonamide group. The same holds true for 73 (4-Cl, no inhibition), 74 (3,4-diCl, 28% inhibition), 75 

(2,4-diCl, no inhibition), 76 (unsubstituted, no inhibition), and 77 (4-NO2, no inhibition), which caused 

significantly lower inhibition compared to their corresponding benzyl derivatives. Interestingly, the 

4-chloro-3-nitro derivative 78 had the highest inhibitory activity of 98% (IC50 = 2.3 ± 0.5 µM). Given 78 

as the new lead structure, we analyzed changes in the substitution pattern. For the 4-F-3-NO2 modification 

(79) a slightly lower inhibition of 93% (IC50 = 8.5 ± 1.3 µM) was observed while the 4-Br-3-NO2 

derivative 80 was found to be equipotent with an inhibition of 99% (IC50 = 1.2 ± 0.1 µM). Other structural 
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changes such as 3-NO2 (81), 2-Cl-5-NO2 (82), and 2-F-5-NO2 (83) did not lead to inhibition of hDNMT2. 

The 3-Cl-4-NO2 derivative 84 showed only moderate inhibition of 67%. Replacing the 3-nitro group of 

78 with an intracyclic nitrogen (90) atom resulted in a strong reduction of inhibition to 33%. However, a 

second intracyclic nitrogen located in the opposite position, as found in pyrazinyl moieties, increased the 

inhibition to 100% (91, IC50 = 1.1 ± 0.2 µM). Comparing the benzyl derivatives with the sulfonamide-

based compounds, an obvious trend is observable. The sulfonamide derivatives showed significantly 

lower inhibition compared to their benzyl analogs, e. g. 32 vs. 73 (4-Cl), 40 vs. 74 (3,4-diCl), and 41 vs. 

72 (4-Cl-3-CF3). Yet the 4-Cl/Br-3-NO2 substituted sulfonamide-based derivatives 78 and 80 as well as 

the 4-chloropyrazinyl derivative 91 showed the highest inhibition (IC50 < 2.5 µM). The results also 

highlight the quality of our FTAD-based MST screening method20 since the screening results showed 

high consistency with the measured inhibition in the 3H-assay.   

Warhead stability in presence of DTT 

We found that the inhibition of hDNMT2 by compound 79 was highly dependent on the presence of the 

reducing agent used in the assays. While inhibition of 93% (IC50 = 8.5 ± 1.3 µM) was measured in the 

presence of TCEP, no inhibition could be observed in the presence of DTT. These findings strongly 

suggest a covalent reaction of the thiol-based agent with the electrophilic inhibitor. For this reason, we 

conducted stability tests with DTT and the inhibitors 78–80 in TRIS buffer pH = 8.0 at room temperature 

under assay-like conditions. The inactivation was determined by LC-MS after 2 min followed by 15 min 

intervals (Figure 3).  

 

Figure 3: Stability test of inhibitors 78–80 in presence of DTT under assay-like conditions. Percent inactivation was determined 
initially after 2 min and then at 15 min intervals.  

LC-MS measurements confirmed the formation of a DTT substitution product in all three cases. Figure 3 

shows that 79 already completely reacted with DTT after 2 min. 78 reacts with a rate comparable to 80, 
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but much slowlier than 79. In the first 15 min both react very quickly until a conversion of ca. 60% was 

reached. A full conversion was observed after 90 min, respectively.  

Protein mass spectrometry 

To investigate the binding of the ligands 45, 78–80, and 91 to hDNMT2, we used intact-protein LC-MS 

under denaturing conditions, which only preserve covalently bound ligands. Additionally, direct infusion 

nano-electrospray ionization experiments were performed under non-denaturing conditions, which allow 

preservation of non-covalent binding. hDNMT2 harbors a flexible loop (residues 191–237) that decreases 

protein stability and prevents crystallization. However, a construct without this loop was co-crystallized 

with SAH (PDB-ID: 1G55). Based on this construct a deletion mutant without residues 191–237 

(hDNMTΔ) was designed which was better suited for mass spectrometry than hDNMT2. hDNMT2Δ 

showed decreased but measurable activity in the 3H-assay, which supports the hypothesis that hDNMT2Δ 

binds SAH. For all experiments, the known non-covalent ligand SFG was used as a control. All LC-MS 

spectra exhibited the broad charge state distribution and high charge states typical for denatured proteins. 

In Figure 4A the results of these measurements, zoomed in on the region around charge state 32+ (m/z 

1293), are shown. For 78–80, the same mass shift of 551 Da, corresponding to addition of the structure 

highlighted in orange was observed. This indicates loss of the halogen substituent and the formation of a 

covalent bond between the protein and ligand. A second addition of ligand 79 was detected, which 

suggests the existence of two potential binding sites of this ligand and therefore a less specific binding of 

the desired target cysteine. A comparable result was observed with ligand 91 where two mass shifts of 

508 Da, corresponding to the blue-highlighted structure, were detected. Here, a very low amount of 

remaining free protein signal was observed, which indicates a fast and favorable reaction of this ligand 

with hDNMT2Δ. For 45 and the known non-covalent ligand SFG, no mass shift and thus no covalent 

irreversible binding was demonstrated. A table with observed and calculated masses, mass errors, and 

intensities can be found in the Supporting Information. Additional measurements under near-native 

conditions were performed with SFG and 45 (Figure 4B). As is typical in native MS, these spectra show 

a narrow charge state distribution with low charge states. For both ligands, a shift by the corresponding 

mass was detected (570 Da for 45; 381 Da for SFG). Furthermore, a second binding event of ligand 45 

was observed. This demonstrates the non-covalent binding of 45 and SFG to hDNMT2Δ. This second, 

but weaker binding event observed for 45 and 74 could also explain the increased binding stoichiometry 

determined in the ITC experiments (1.37 ± 0.01 and 1.34 ± 0.04 respectively). On the other hand, for 91 

a decreased binding stoichiometry (0.84 ± 0.01) was measured leading to the assumption that this 

compound is too reactive and therefore could cause partial protein aggregation. All other compounds 

investigated with ITC showed binding stoichiometries in the range from 0.9 to 1.1 towards hDNMT2Δ, 

which correlates nicely with data obtained from protein MS. We determined the binding sites of the 

covalent ligands with a tryptic digest followed by bottom-up LC-MS/MS. A high sequence coverage of 
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Figure 4: (A) LC-MS of intact, denatured hDNMT2Δ with and without ligands. Corresponding peak for free protein signal is 

highlighted in grey (32+ charge state). For 45 and SFG, no binding was detected under denaturing conditions. Binding to 78–80 

all led to addition of the same 551 Da moiety (mass shift and corresponding structure shown in orange). Binding to 91 led to 

addition of a 508 Da moiety (structure and mass shift shown in blue). (B) Native MS of hDNMT2Δ in complex with 45 and SFG. 

Peaks corresponding to free protein signal (charge states 14+ and 15+) are highlighted in grey. Binding to 45 (two binding events) 

and SFG (one event) are highlighted in blue and orange, respectively. 
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over 80% was achieved for all samples. For 78–80, binding to Cys79, which is known to be the 

catalytically active cysteine, was detected. In agreement with the denatured intact mass measurements, 

which indicated a second binding site for 79, an additional modified peptide containing the cysteine 

residue corresponding to Cys287 in the wild-type protein was detected. Similarly, binding of 91 was also 

observed at Cys79 and Cys287. As expected, no modified peptides were detected for 45 and SFG, which 

is consistent with a non-covalent binding mode. These findings indicate two covalent binding sites for 79 

and 91, and the binding to only the desired target Cys79 for 78 and 80. A detailed overview of the results 

is shown in the Supporting Information. 

Selectivity 

Selectivity of the most promising inhibitors (45, 78–80, and 91) towards other tRNA modifying m5C 

MTases (NSUN2 and NSUN6) was measured in a 3H-assay at 100 µM (Figure 5). All selected inhibitors 

showed higher selectivity compared to SFG9 with compound 80 being the most selective one as it did not 

inhibit NSUN2 and NSUN6. Compounds 78 and 91 appear to be highly selective as they showed only 

slight inhibition of NSUN2 (12 ± 6.8% and 13 ± 9.2%) and NSUN6 (n. i. and 7 ± 4.9%). Lower selectivity 

was observed for 45 (12 ± 1.3% for NSUN2; 30±0.1% for NSUN6) and 79 (23 ± 4.9% for NSUN2; 

69 ± 4.8% for NSUN6). Given that 79 is highly reactive, a lack of selectivity was expected. Furthermore, 

detection of beyond active site binding to hDNMT2Δ for 45 and 79 via LC-MS already indicated a 

promiscuous binding behavior of those compounds.  

 

Figure 5: Inhibition of different RNA methyltransferases by most potent DNMT2 inhibitors at 100 µM. Triplicates ± SD are 
given. (a) Data from previous study. 
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Docking studies confirm proper orientation allowing covalent reaction 

To investigate the binding mode of compounds 45, 78–80, and 91 and confirm a proper orientation that 

enables a covalent reaction, docking studies using FlexX21 and MOE (Molecular Operating Environment, 

2022.02 Chemical Computing Group ULC, Montreal, Canada, 2023) were performed (Supporting 

Information). Since the catalytic loop (residues 79–96) is not resolved in the crystal structure of 

hDNMT2 (PDB-ID: 1G55), it was introduced using the ‘Loop Modeler’ functionality within MOE.  

Based on the docking-predicted binding modes, the benzyl derivative 45 as well as the aromatic 

sulfonamides 78–80 and 91 expand from the SAM-site towards the cytidine binding site. Figure 6 shows 

the binding poses of compound 80 as an example. The proximity of the electrophilic carbon atoms of to 

the nucleophilic sulfur atom of the catalytic Cys79 of 3.9–4.2 Å (Table S3) indicated high likeliness of a 

covalent reaction. 

 

Figure 6. Non-covalent and covalent docking of compound 80 (cyan) with SAH as reference (salmon). A: Crystal structure of 

SAH (PDB-ID: 1G55). B: Non-covalent docking of compound 80. The distance of the electrophilic carbon to Cys79 is indicated 

with a red dotted line. C: Covalent docking of compound 80.  

CONCLUSION 

Here, we presented covalent SAH-based hDNMT2 inhibitors with a new type of aryl warhead. By 

successfully applying the Topliss scheme to the moderate inhibitor N-benzyl-adenosyl-Dab 29, electron-

deficient benzyl derivatives (4-Cl-3-CF3 41, 4-NO2-3-CF3 45) exhibiting stronger hDNMT2 inhibition 

were identified. Based on these findings, the electrophilicity was further increased by replacing the 

methylenamine substructure with a sulfonamide function. We performed a subsequent SAR study using 

different aryl sulfonyl building blocks with strong electron-withdrawing groups such as NO2 and CF3 as 

well as intracyclic nitrogen atoms. By attaching halogen leaving groups the aromatic rings were adjusted 

to enable a covalent reaction with the catalytically active cysteine of hDNMT2. Protein mass 

spectrometry revealed that the 4-halogen-3-NO2-decorated phenylsulfonamide derivatives 78–80 and the 

chloropyrazinyl structure 91 reacted covalently with the catalytically active Cys79 in the cytidine site of 

hDNMT2. However, compounds 79 and 91 exhibited too high reactivity as they also bound to Cys287 

on the protein surface. Furthermore, a stability test showed that 79 was quickly inactivated by reaction 

A B C 
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with DTT (Figure 3). Our most promising covalent inhibitor turned out to be the 4-Br-3-NO2-

phenylsulfonamide derivative 80, with an IC50 value of 1.2 ± 0.1 µM resulting in an improvement of one 

order of magnitude compared to our previously published inhibitors.9 Therefore, it outclasses the natural 

ligands SAH and SFG. Moreover, compound 80 showed high selectivity towards NSUN2 and NSUN6 

(Figure 5). With the discovery of covalent hDNMT2 inhibitors, this study provides a suitable basis for 

the development of fluorescently ABPs. Such tool compounds can be used for future studies to improve 

understanding of RNA methyltransferases and the biological impact of their RNA modifications. 
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3.5.3 Experimental section of the manuscript 

Note: Syntheses conducted or supervised by MARVIN SCHWICKERT (  group) are described 

in this section. Experiments performed by others can be found in the complete Supporting Information 

file in the Appendix. Compound numbers in this section refer to the numbering in the corresponding 

manuscript. 

General information 

All reagents and solvents were commercial grade and used without further purification. Reaction progress 

was monitored by thin-layer chromatography using ALUGRAM® Xtra SIL G UV254 silica plates from 

Machery-Nagel. Column chromatography was performed with silica (40–63 µm) from Machery-Nagel. 

Flash chromatography was performed with a Biotage IsoleraTM One system using prepacked C18 columns 

from Biotage. NMR spectra were recorded on a Bruker Fourier 300 at 300 MHz. Chemical shifts are 

indicated in parts per million (ppm), with the solvent resonance (CDCl3, DMSO-d6, or CD3OD from 

Deutero GmbH) as internal standard. The identities and purities of final compounds were determined by 

combined HPLC/ESI-MS analysis using an Agilent 1100 series HPLC system with an Agilent Zorbax 

SB-Aq (4.6 × 150 mm, 5 µm; mobile phase: MeCN/MilliQ®-H2O + 0.1% HCOOH = 20:80 or 30:70; flow 

rate: 0.7 mL/min) column at 40 °C oven temperature. Samples were applied using 5 µL injection with 

quantitation by AUC at 254 nm. Electro spray ionization (ESI-) mass spectra were recorded on an Agilent 

1100 series LC/MSD Ion trap spectrometer in the positive ion mode. Fourier-transformed ATR-corrected 

IR spectra were measured on an Avatar 330 single crystal spectrometer from ThermoNicolet. Melting 

points (uncorrected) were measured with an MPM-H3 using semi-open capillaries. Specific rotations 

[α]D
20 were determined with a Krüss P3000 polarimeter and are given in deg cm3 g−1 dm−1. The purity of 

all compounds tested in biological assays was ≥95% as determined by LC-MS. 

General Procedure A – Reductive Amination 

To a solution of 3 (1.0 equiv.) in 1,2-DCE (5 mL) at 0 °C under argon atmosphere were added an aldehyde 

(2.0 equiv.) and HOAc (1.5 equiv.). The mixture was stirred at 0 °C for 30 min and then NaBH(OAc)3 

(1.7 equiv.) was added. The reaction was slowly warmed up to room temperature and stirred overnight. 

The mixture was quenched by the addition of saturated NaHCO3 solution (20 mL), and the aqueous layer 

was extracted with ethyl acetate (3 × 10 mL). The combined organic layers were dried over Na2SO4, 

filtered, and concentrated under reduced pressure at 40 °C. The residue was purified by column 

chromatography on silica (DCM/MeOH = 30:1).  
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General Procedure B – Reductive Amination 

To a solution of 3 (1.0 equiv.) in 1,2-DCE (5 mL) at 0 °C under argon atmosphere were added an aldehyde 

(2.0 equiv.) and HOAc (1.5 equiv.). The mixture was stirred at 0 °C for 30 min and then NaBH(OAc)3 

(1.7 equiv.) was added. The reaction was slowly warmed up to room temperature and stirred overnight. 

The mixture was quenched by the addition of MeOH (5 mL) and the solvent was removed under reduced 

pressure at 40 °C. The residue was purified by column chromatography on silica (DCM/MeOH = 30:1).  

General Procedure C – Deprotection  

To a solution of a protected compound in DCM (2 mL) at 5 °C was added TFA (2 mL). The solution was 

kept at 5 °C until complete deprotection of the amine and carboxylic acid was detected by LC-MS. The 

reaction was diluted and co-distilled with DCM (3 × 20 mL) at 40 °C, and the residue was dissolved in 

water (3 mL) and TFA (0.5 mL) at 5 °C. The solution was kept again at 5 °C until full conversion was 

detected by LC-MS. Then, the mixture was diluted with water (15 mL) and dried by lyophilization to 

obtain the final compound. 

General Procedure D – Sulfonamide formation 1 

To a solution of 3 (1.0 equiv.) and NEt3 (1.0 equiv.) in DCM (6 mL) was added the sulfonyl chloride 

(1.0 equiv.). The solution was heated to reflux for 2 h and the solvent was removed under reduced pressure 

at 40 °C. The residue was purified by column chromatography on silica (DCM/MeOH = 30:1). 

General Procedure E – Sulfonamide formation 2 

To a mixture of 3 (1.0 equiv.) in DCM (5 mL) and saturated NaHCO3 solution (5 mL) was added the 

sulfonyl chloride (1.5 equiv.). After stirring overnight, the organic phase was separated, and the aqueous 

phase was extracted with DCM (2 × 10 mL). The combined organic extracts were dried over Na2SO4, 

filtered, and the solvent was removed under reduced pressure at 40 °C. The residue was purified by 

column chromatography on silica (DCM/MeOH = 30:1) and, if necessary, on C18 (MeCN/H2O = 10:90 

→ 100:0). 
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tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(4-chlorobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (18)  

 

The compound was prepared from 3 (200 mg, 0.35 mmol, 1.0 equiv.), 4-chlorobenzaldehyde (100 mg, 

0.71 mmol, 2.0 equiv.), HOAc (30 µL, 0.53 mmol, 1.5 equiv.), and NaBH(OAc)3 (128 mg, 0.60 mmol, 

1.7 equiv.) according to general procedure A to afford the desired product as a colorless solid (137 mg, 

0.20 mmol, 57%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.16 (s, 1H), 7.82 (s, 1H), 7.16–7.08 (m, 4H), 

6.49 (s, 2H), 6.00 (d, J = 2.0 Hz, 1H), 5.66 (d, J = 8.1 Hz), 5.42–5.31 (m, 1H), 4.86 (dd, J = 6.5, 3.5 Hz), 

4.30 (pseudo-td, J ≈ 6.5, 3.5 Hz), 4.19–4.09 (m, 1H), 3.59 (d, J = 13.7 Hz, 1H), 3.38 (d, J = 13.7 Hz, 1H), 

2.74 (dd, J = 13.8, 6.3 Hz, 1H), 2.59 (dd, J = 13.3, 6.8 Hz, 2H), 2.48–2.38 (m, 1H), 2.04–1.83 (m, 1H), 

1.78–1.63 (m, 1H), 1.55 (s, 3H), 1.41–1.30 (m, 21H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 

155.9, 155.5, 152.9, 149.0, 139.9, 137.1, 132.8, 130.2, 128.3, 120.2, 114.3, 90.7, 85.4, 83.8, 83.5, 81.7, 

79.4, 58.3, 55.7, 52.8, 50.6, 29.4, 28.4, 27.9, 27.2, 25.5. FT-IR: ν / cm−1 = 2980, 1704, 1642, 1597, 1490, 

1367, 1210, 1153, 1088, 907, 870, 799, 728, 665. [α]D
20  = −23 (10 mg/mL; MeOH). mp: 84–87 °C. 

ESI-MS: m/z calculated for [C33H46ClN7O7+H]+ ([M+H]+) = 688.3, found: 688.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(4-bromobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (19)  

 

The compound was prepared from 3 (150 mg, 0.27 mmol, 1.0 equiv.), 4-bromobenzaldehyde (98 mg, 

0.53 mmol, 2.0 equiv.), HOAc (23 µL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc)3 (96 mg, 0.45 mmol, 

1.7 equiv.) according to general procedure A to afford the desired product as a colorless oil (192 mg, 

0.26 mmol, 96%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.16 (s, 1H), 7.83 (s, 1H), 7.29 (d, J = 8.1 Hz, 

2H), 7.06 (d, J = 8.1 Hz, 2H), 6.50 (s, 2H), 6.00 (d, J = 1.9 Hz, 1H), 5.64 (d, J = 8.1 Hz, 1H), 5.40–5.29 

(m, 1H), 4.86 (dd, J = 6.4, 3.5 Hz, 1H), 4.29 (pseudo-td, J ≈ 6.6, 3.4 Hz, 1H), 4.21–4.05 (m, 1H), 3.57 

(d, J = 13.7 Hz, 1H), 3.37 (d, J = 13.8 Hz, 1H), 2.74 (dd, J = 13.8, 6.3 Hz, 1H), 2.58 (dd, J = 13.4, 6.8 Hz, 

2H), 2.50–2.36 (m, 1H), 2.00–1.80 (m, 1H), 1.76–1.61 (m, 1H), 1.55 (s, 3H), 1.42–1.31 (m, 21H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 155.9, 155.5, 153.0, 149.1, 140.0, 137.7, 131.3, 130.5, 

120.9, 120.3, 114.3, 90.7, 85.4, 83.8, 83.5, 81.7, 79.5, 58.4, 55.7, 52.8, 50.6, 29.4, 28.4), 27.9, 27.2, 25.4. 

FT-IR: ν / cm−1 = 2980, 1704, 1641, 1596, 1486, 1367, 1329, 1214, 1152, 1070, 1011, 870, 798, 749, 
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666. [α]D
20 = −6 (10 mg/mL; CHCl3). ESI-MS: m/z calculated for [C33H46BrN7O7+H]+ ([M+H]+) = 732.3, 

found: 732.2. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(4-iodobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (20)  

 

The compound was prepared from 3 (150 mg, 0.27 mmol, 1.0 equiv.), 4-iodobenzaldehyde (123 mg, 

0.53 mmol, 2.0 equiv.), HOAc (23 µL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc)3 (96 mg, 0.45 mmol, 

1.7 equiv.) according to general procedure A to afford the desired product as a colorless solid (156 mg, 

0.20 mmol, 74%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.19 (s, 1H), 7.84 (s, 1H), 7.52 (d, J = 7.9 Hz, 

2H), 6.96 (d, J = 7.9 Hz, 2H), 6.29 (s, 2H), 6.02–6.00 (m, 1H), 5.57 (d, J = 8.0 Hz, 1H), 5.41–5.32 (m, 

1H), 4.87 (dd, J = 6.5, 3.3 Hz, 1H), 4.36–4.27 (m, 1H), 4.16 (d, J = 7.3 Hz, 1H), 3.59 (d, J = 13.7 Hz, 

1H), 3.39 (d, J = 13.7 Hz, 1H), 2.83–2.68 (m, 1H), 2.65–2.54 (m, 2H), 2.46 (d, J = 7.0 Hz, 1H), 2.03–

1.85 (m, 1H), 1.81–1.66 (m, 1H), 1.57 (s, 3H), 1.43–1.30 (m, 21H). 13C NMR (75.5 MHz, CDCl3): 

δ / ppm = 171.8, 155.9, 155.5, 153.0, 149.1, 140.0, 138.3, 137.3, 130.9, 120.4, 114.4, 92.6, 90.8, 85.5, 

83.9, 83.5, 81.8, 79.5, 58.5, 55.8, 52.8, 50.6, 29.5, 28.5, 28.0, 27.2, 25.5. FT-IR: ν / cm−1 = 2979, 1704, 

1640, 1482, 1367, 1248, 1210, 1153, 1075, 1007, 907, 870, 798, 727. [α]D
20 = −26 (10 mg/mL; MeOH). 

mp: 76–79 °C. ESI-MS: m/z calculated for [C33H46IN7O7+H]+ ([M+H]+) = 780.3, found: 780.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(4-(trifluoromethyl)benzyl)amino)-2-((tert-butoxycarbonyl)amino)-

butanoate (21)  

 

The compound was prepared from 3 (150 mg, 0.27 mmol, 1.0 equiv.), 4-(trifluoromethyl)benzaldehyde 

(73 µL, 0.53 mmol, 2.0 equiv.), HOAc (23 µL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc)3 (96 mg, 

0.45 mmol, 1.7 equiv.) according to general procedure A to afford the desired product as a colorless oil 

(119 mg, 0.16 mmol, 59%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.18 (s, 1H), 7.85 (s, 1H), 7.47 (d, 

J = 7.9 Hz, 2H), 7.35 (d, J = 7.9 Hz, 2H, H-26), 6.32 (s, 2H), 6.02 (s, 1H, H-9), 5.52 (d, J = 7.9 Hz, 1H), 

5.43–5.34 (m, 1H), 4.91 (dd, J = 6.4, 3.5 Hz, 1H), 4.36–4.28 (m, 1H), 4.21–4.10 (m, 1H), 3.70 (d, J = 

14.0 Hz, 1H), 3.52 (d, J = 14.0 Hz, 1H), 2.82 (dd, J = 14.0, 6.0 Hz, 1H), 2.72–2.51 (m, 2H), 2.50–2.37 

(m, 1H), 2.02–1.84 (m, 1H), 1.83–1.64 (m, 1H), 1.57 (s, 3H, H-16), 1.42–1.31 (m, 21H). 
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13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 155.9, 155.5, 152.9, 149.1, 143.1, 140.1, 129.4 (q, J = 

32.4 Hz), 129.1, 125.2, 124.3 (q, J = 271.7 Hz), 120.4, 114.5, 90.8, 85.5, 83.9, 83.5, 81.8, 79.6, 58.7, 

55.9, 52.8, 50.6, 29.6, 28.4, 28.0, 27.2, 25.5. FT-IR: ν / cm−1 = 2980, 1705, 1642, 1367, 1324, 1248, 1211, 

1154, 1125, 1065, 1018, 908, 847, 799, 728. [α]D
20 = −18 (10 mg/mL; MeOH). ESI-MS: m/z calculated 

for [C34H46F3N7O7+H]+ ([M+H]+) = 722.4, found: 722.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(4-methoxybenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (22)  

 

The compound was prepared from 3 (200 mg, 0.35 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (86 µL, 

0.71 mmol, 2.0 equiv.), HOAc (30 µL, 0.53 mmol, 1.5 equiv.), and NaBH(OAc)3 (128 mg, 0.60 mmol, 

1.7 equiv.) according to the general procedure A to afford the desired product as a colorless oil (105 mg, 

0.15 mmol, 43%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.21 (s, 1H), 7.82 (s, 1H), 7.12 (d, J = 8.5 Hz, 

2H), 6.74 (d, J = 8.5 Hz, 2H), 6.39–6.28 (m, 2H), 6.01 (d, J = 2.2 Hz, 1H), 5.71 (d, J = 7.8 Hz, 1H), 5.35–

5.28 (m, 1H), 4.82 (dd, J = 6.4, 3.4 Hz, 1H), 4.36–4.27 (m, 1H), 4.18–4.11 (m, 1H), 3.74 (s, 3H), 3.61 (d, 

J = 13.3 Hz, 1H), 3.37 (d, J = 13.3 Hz, 1H), 2.73 (dd, J = 13.6, 6.7 Hz, 1H), 2.62–2.42 (m, 3H), 2.03–

1.86 (m, 1H), 1.83–1.69 (m, 1H), 1.57 (s, 3H), 1.44–1.32 (m, 21H). 13C NMR (75.5 MHz, CDCl3): 

δ / ppm = 171.8, 158.8, 155.9, 155.5, 153.1, 149.2, 139.8, 130.3, 120.3, 114.3, 113.6, 90.8, 85.3, 83.9, 

83.5, 81.6, 79.4, 58.3, 55.5, 55.2, 53.0, 50.6, 29.2, 28.4, 28.0, 27.2, 25.5. FT-IR: ν / cm−1 = 3326, 2978, 

1705, 1643, 1598, 1511, 1366, 1299, 1245, 1210, 1152, 1075, 909, 848, 799, 730. [α]D
20 = −20 (10 mg/mL; 

MeOH). ESI-MS: m/z calculated for [C34H49N7O8+H]+ ([M+H]+) = 684.4, found: 684.4. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(3-chlorobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (23)  

 

The compound was prepared from 3 (170 mg, 0.30 mmol, 1.0 equiv.), 3-chlorobenzaldehyde (68 µL, 

0.60 mmol, 2.0 equiv.), HOAc (26 µL, 0.45 mmol, 1.5 equiv.), and NaBH(OAc)3 (109 mg, 0.51 mmol, 

1.7 equiv.) according to the general procedure A to afford the desired product as a colorless solid (139 mg, 

0.20 mmol, 67%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.17 (s, 1H), 7.83 (s,), 7.22 (d, J = 1.7 Hz, 1H), 

7.16–7.03 (m, 3H), 6.50 (s, 2H), 6.00 (d, J = 2.1 Hz, 1H), 5.60 (d, J = 8.1 Hz, 1H), 5.43–5.30 (m, 1H), 
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4.87 (dd, J = 6.4, 3.5 Hz, 1H4.35–4.26 (m, 1H), 4.20–4.07 (m, 1H), 3.60 (d, J = 13.7 Hz, 1H), 3.41 (d, J 

= 13.7 Hz, 1H), 2.76 (dd, J = 13.7, 6.3 Hz, 1H), 2.61 (dd, J = 13.1, 6.7 Hz, 2H), 2.53–2.39 (m, 1H), 2.01–

1.83 (m, 1H), 1.81–1.65 (m, 1H), 1.56 (s, 3H), 1.44–1.29 (m, 21H). 13C NMR (75.5 MHz, CDCl3): δ / 

ppm = 171.8, 155.9, 155.5, 152.9, 149.1, 134.1, 129.4, 128.9, 127.3, 127.0, 120.3, 114.4, 90.8, 85.4, 83.8, 

83.4, 81.7, 79.5, 58.5, 55.8, 52.8, 50.7, 29.6, 28.4, 27.9, 27.1, 25.4. FT-IR: ν / cm−1 = 2980, 1704, 1641, 

1597, 1475, 1426, 1367, 1330, 1210, 1153, 1075, 907, 870, 781, 727, 683. [α]D
20  = −15 (10 mg/mL; 

MeOH). mp: 77–80 °C. ESI-MS: m/z calculated for [C33H46ClN7O7+H]+ ([M+H]+) = 688.3, found: 688.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(3-((tert-butoxycarbonyl)amino)benzyl)amino)-2-((tert-butoxycarbonyl) 

amino)butanoate (24)  

 

The compound was prepared from 3 (150 mg, 0.27 mmol, 1.0 equiv.), tert-butyl(3-formyl 

phenyl)carbamate (118 mg, 0.53 mmol, 2.0 equiv.), HOAc (23 µL, 0.40 mmol, 1.5 equiv.), and 

NaBH(OAc)3 (96 mg, 0.45 mmol, 1.7 equiv.) according to the general procedure A to afford the desired 

product as a colorless oil (78 mg, 0.10 mmol, 37%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.23 (s, 1H), 

7.88 (s, 1H), 7.34 (d, J = 8.2 Hz, 1H), 7.23 (s, 1H), 7.12 (pseudo-t, J ≈ 7.8 Hz, 1H), 7.02 (s, 1H), 6.86 (d, 

J = 7.5 Hz, 1H), 6.19 (s, 2H), 6.03 (d, J = 2.1 Hz, 1H), 5.57 (d, J = 8.2 Hz, 1H), 5.34 (d, J = 5.9 Hz, 1H), 

4.88 (d, J = 5.9 Hz, 1H), 4.41–4.31 (m, 1H), 4.24–4.12 (m, 1H), 3.63 (d, J = 13.7 Hz, 1H), 3.49 (d, J = 

13.7 Hz, 1H), 2.81–2.72 (m, 1H), 2.69–2.47 (m, 3H), 2.02–1.84 (m, 1H), 1.83–1.73 (m, 1H), 1.58 (s, 3H), 

1.48 (s, 9H), 1.43–1.31 (m, 21H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 155.7, 155.6, 153.0, 

149.2, 140.0, 138.7, 128.9, 123.5, 120.3, 119.3, 117.7, 114.5, 90.8, 85.2, 84.0, 83.4, 81.8, 80.4, 79.6, 59.1, 

55.9, 52.9, 50.7, 29.4, 28.5, 28.0, 27.2, 25.5. FT-IR: ν / cm−1 = 2978, 1702, 1642, 1595, 1477, 1366, 1300, 

1238, 1153, 1067, 909, 870, 782, 729. [α]D
20  = −2 (10 mg/mL; CHCl3). ESI-MS: m/z calculated for 

[C38H56N8O9+H]+ ([M+H]+) = 769.4, found: 769.4. 
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tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(3-(trifluoromethyl)benzyl)amino)-2-((tert-butoxycarbonyl)amino)-

butanoate (25)  

 

The compound was prepared from 3 (206 mg, 0.37 mmol, 1.0 equiv.), 3-(trifluoromethyl) benzaldehyde 

(98 µL, 0.73 mmol, 2.0 equiv.), HOAc (31 µL, 0.55 mmol, 1.5 equiv.), and NaBH(OAc)3 (132 mg, 

0.62 mmol, 1.7 equiv.) according to general procedure A to afford the desired product as a colorless oil 

(190 mg, 0.26 mmol, 70%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.14 (s, 1H), 7.81 (s, 1H), 7.52 (s, 

1H), 7.44–7.38 (m, 2H), 7.30 (d, J = 7.6 Hz, 1H), 6.55 (s, 2H), 6.00 (d, J = 2.1 Hz, 1H), 5.57 (d, J = 

8.1 Hz, 1H), 5.40–5.32 (m, 1H), 4.89 (dd, J = 6.5, 3.6 Hz, 1H), 4.30 (pseudo-td, J ≈ 6.6, 3.5 Hz, 1H), 

4.18–4.09 (m, 1H), 3.68 (d, J = 14.0 Hz, 1H), 3.49 (d, J = 14.0 Hz, 1H), 2.78 (dd, J = 13.5, 6.6 Hz, 1H), 

2.67–2.42 (m, 3H), 1.99–1.85 (m, 1H), 1.81–1.65 (m, 1H), 1.55 (s, 3H), 1.39–1.27 (m, 21H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm = 171.8, 156.0, 155.5, 152.9, 149.0, 140.1, 139.9, 132.1, 130.5 (q, J = 

32.0 Hz), 128.6, 125.5 (d, J = 4.0 Hz), 124.2 (q, J = 272.3 Hz), 123.91 (d, J = 4.0 Hz), 120.3, 114.4, 90.6, 

85.4, 83.8, 83.4, 81.7, 79.5, 58.6, 55.8, 52.7, 50.7, 29.6, 28.3, 27.9, 27.1, 25.3. FT-IR: ν / cm−1 = 2980, 

1705, 1367, 1328, 1248, 1200, 1154, 1126, 1093, 1072, 907, 870, 798, 728, 703. [α]D
20 = −11 (10 mg/mL; 

MeOH). ESI-MS: m/z calculated for [C34H46F3N7O7+H]+ ([M+H]+) = 722.4, found: 722.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(3,4-dichlorobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (26)  

 

The compound was prepared from 3 (200 mg, 0.35 mmol, 1.0 equiv.), 3,4-dichlorobenzaldehyde (124 mg, 

0.71 mmol, 2.0 equiv.), HOAc (30 µL, 0.53 mmol, 1.5 equiv.), and NaBH(OAc)3 (128 mg, 0.60 mmol, 

1.7 equiv.) according to general procedure A to afford the desired product as a colorless oil (187 mg, 

0.26 mmol, 74%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.16 (s, 1H), 7.82 (s, 1H), 7.31 (d, J = 2.0 Hz, 

1H), 7.22 (d, J = 8.2 Hz, 1H), 7.02 (dd, J = 8.2, 2.0 Hz, 1H), 6.42 (s, 2H), 5.99 (d, J = 2.0 Hz, 1H), 5.53 

(d, J = 8.1 Hz, 1H), 5.42–5.32 (m, 1H), 4.89 (dd, J = 6.5, 3.7 Hz, 1H), 4.29 (pseudo-td, J ≈ 6.5, 3.5 Hz, 

1H), 4.21–4.07 (m, 1H), 3.55 (d, J = 14.0 Hz, 1H), 3.39 (d, J = 14.1 Hz, 1H), 2.76 (dd, J = 13.7, 6.1 Hz, 

1H), 2.69–2.40 (m, 3H), 2.00–1.82 (m, 1H), 1.82–1.63 (m, 1H), 1.56 (s, 3H), 1.42–1.32 (m, 21H). 
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13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 155.9, 155.5, 152.9, 149.0, 140.0, 139.4, 132.2, 130.9, 

130.6, 130.1, 128.1, 120.3, 114.4, 90.7, 85.5, 83.8, 83.4, 81.8, 79.6, 58.0, 55.8, 52.7, 50.6, 29.7, 28.4, 

28.0, 27.2, 25.4. FT-IR: ν / cm−1 = 2980, 1705, 1640, 1597, 1472, 1367, 1329, 1248, 1209, 1153, 1075, 

1030, 907, 870, 799, 727. [α]D
20  = −12 (10 mg/mL; MeOH). ESI-MS: m/z calculated for 

[C33H45Cl2N7O7+H]+ ([M+H]+) = 722.3, found: 722.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(4-chloro-3-(trifluoromethyl)benzyl)amino)-2-((tert-butoxycarbonyl) 

amino)butanoate (27)  

 

The compound was prepared from 3 (150 mg, 0.27 mmol, 1.0 equiv.), 4-chloro-3(trifluoromethyl) 

benzaldehyde (77 µL, 0.53 mmol, 2.0 equiv.), HOAc (23 µL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc)3 

(96 mg, 0.45 mmol, 1.7 equiv.) according to general procedure A to afford the desired product as a 

colorless oil (166 mg, 0.22 mmol, 81%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.16 (s, 1H), 7.84 (s, 

1H), 7.59 (d, J = 1.9 Hz, 1H), 7.39–7.27 (m, 2H), 6.48 (s, 2H), 6.00 (d, J = 2.0 Hz, 1H), 5.50–5.42 (m, 

1H), 5.39–5.32 (m, 1H), 4.91 (dd, J = 6.6, 3.7 Hz, 1H), 4.29 (pseudo-td, J ≈ 6.6, 3.7 Hz, 1H), 4.19–4.07 

(m, 1H), 3.63 (d, J = 14.2 Hz, 1H), 3.48 (d, J = 14.2 Hz, 1H), 2.80 (dd, J = 13.7, 6.3 Hz, 1H), 2.70–2.40 

(m, 3H), 1.97–1.86 (m, 1H), 1.80–1.65 (m, 1H), 1.56 (s, 3H), 1.46–1.34 (m, 21H). 13C NMR (75.5 MHz, 

CDCl3): δ / ppm = 171.7, 155.9, 155.5, 152.8, 149.1, 140.1, 138.5, 133.0, 131.3, 130.7, 128.3, 127.8 (q, 

J = 7.2 Hz), 122.9 (q, J = 273.3 Hz), 120.3, 114.6, 90.7, 85.5, 83.9, 83.5, 81.9, 79.7, 58.2, 55.9, 52.7, 

50.7, 29.8, 28.4, 27.9, 27.2, 25.4. FT-IR: ν / cm−1 = 2980, 1705, 1367, 1316, 1258, 1205, 1143, 1110, 

1094, 1035, 907, 869, 728, 662. [α]D
20  = −14 (10 mg/mL; MeOH). ESI-MS: m/z calculated for 

[C34H45ClF3N7O7+H]+ ([M+H]+) = 756.3, found: 756.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(3,5-dichlorobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (28)  

 

The compound was prepared from 3 (175 mg, 0.31 mmol, 1.0 equiv.), 3,5-dichlorobenzaldehyde (109 mg, 

0.62 mmol, 2.0 equiv.), HOAc (27 µL, 0.47 mmol, 1.5 equiv.), and NaBH(OAc)3 (112 mg, 0.53 mmol, 

1.7 equiv.) according to general procedure A to afford the desired product as a colorless oil (148 mg, 
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0.21 mmol, 68%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.19 (s, 1H), 7.83 (s, 1H), 7.17–7.09 (m, 3H), 

6.31 (s, 2H), 6.00 (d, J = 2.1 Hz, 1H), 5.51–5.40 (m, 1H), 5.39–5.32 (m, 1H), 4.90 (dd, J = 6.5, 3.7 Hz, 

1H), 4.29 (pseudo-td, J ≈ 6.6, 3.7 Hz, 1H), 4.19–4.09 (m, 1H), 3.56 (d, J = 14.2 Hz, 1H), 3.43 (d, J = 

14.2 Hz), 2.84–2.42 (m, 4H), 2.02–1.85 (m, 1H), 1.81–1.66 (m, 1H), 1.58 (s, 3H), 1.44–1.32 (m, 21H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.7, 155.8, 155.5, 152.9, 149.1, 142.8, 140.1, 134.8, 127.3, 

127.2, 120.4, 114.6, 90.7, 85.4, 83.8, 83.4, 81.9, 79.7, 58.2, 55.9, 52.7, 50.8, 29.8, 28.4, 28.0, 27.2, 25.4. 

FT-IR: ν / cm−1 = 2979, 1704, 1643, 1595, 1367, 1248, 1209, 1152, 1075, 908, 850, 796, 729. [α]D
20 = −6 

(10 mg/mL; MeOH). ESI-MS: m/z calculated for [C33H45Cl2N7O7+H]+ ([M+H]+) = 722.3, found: 722.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(2,4-dichlorobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (29)  

 

The compound was prepared from 3 (150 mg, 0.27 mmol, 1.0 equiv.), 2,4-dichlorobenzaldehyde (93 mg, 

0.53 mmol, 2.0 equiv.), HOAc (23 µL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc)3 (96 mg, 0.45 mmol, 

1.7 equiv.) according to general procedure A to afford the desired product as a colorless oil (135 mg, 

0.19 mmol, 70%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.14 (s, 1H), 7.80 (s, 1H), 7.29 (d, J = 8.3 Hz, 

1H), 7.19 (d, J = 2.1 Hz, 1H), 6.99 (dd, J = 8.3, 2.1 Hz, 1H), 6.38 (s, 2H), 5.96 (d, J = 1.9 Hz, 1H), 5.46 

(d, J = 8.1 Hz, 1H), 5.36 (d, J = 6.4 Hz, 1H, H-8), 4.85 (dd, J = 6.4, 3.4 Hz, 1H), 4.34–4.27 (m, 1H), 

4.18–4.03 (m, 1H), 3.66–3.46 (m, 2H), 2.82–2.41 (m, 4H), 1.96–1.81 (m, 1H), 1.74–1.60 (m, 1H), 1.52 

(s, 3H), 1.39–1.28 (m, 21H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 155.9, 155.5, 152.9, 149.0, 

140.1, 135.1, 134.4, 133.1, 131.6, 129.0, 126.9, 120.3, 114.3, 90.9, 85.5, 83.8, 83.5, 81.8, 79.5, 56.1, 55.3, 

52.7, 50.7, 29.6, 28.4, 28.0, 27.2, 25.4. FT-IR: ν / cm−1 = 2979, 1704, 1642, 1474, 1367, 1248, 1209, 

1152, 1094, 908, 865, 728. [α]D
20  = +4 (10 mg/mL; CHCl3). ESI-MS: m/z calculated for 

[C33H45Cl2N7O7+H]+ ([M+H]+) = 722.3, found: 722.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(4-nitrobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (30)  

 

The compound was prepared from 3 (200 mg, 0.35 mmol, 1.0 equiv.), 4-nitrobenzaldehyde (107 mg, 

0.71 mmol, 2.0 equiv.), HOAc (30 µL, 0.53 mmol, 1.5 equiv.), and NaBH(OAc)3 (128 mg, 0.60 mmol, 

1.7 equiv.) according to general procedure B to afford the desired product as a slightly yellowish solid 
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(220 mg, 0.31 mmol, 89%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.09 (s, 1H), 8.05–7.97 (m, 2H), 7.85 

(s, 1H), 7.40–7.32 (m, 2H), 6.57 (s, 2H), 6.06–5.98 (m, 1H), 5.42–5.32 (m, 2H), 4.92 (dd, J = 6.5, 3.6 Hz, 

1H), 4.41–4.32 (m, 1H), 4.25–4.12 (m, 1H), 3.74–3.55 (m, 2H), 2.85–2.69 (m, 2H), 2.68–2.47 (m, 2H), 

2.05–1.87 (m, 1H), 1.81–1.64 (m, 1H), 1.58 (s, 3H), 1.45–1.32 (m, 21H). 13C NMR (75.5 MHz, CDCl3): 

δ / ppm = 171.7, 155.8, 155.5, 152.5, 148.8, 147.1, 146.8, 140.2, 129.3, 123.4, 119.9, 114.6, 90.9, 85.8, 

84.0, 83.5, 82.0, 79.7, 58.5, 56.2, 52.7, 50.8, 29.9, 28.5, 28.1, 27.2, 25.5. FT-IR: ν / cm−1 = 3335, 3185, 

2978, 2934, 1705, 1643, 1599, 1519, 1366, 1344, 1209, 1152, 1074, 847, 737. [α]D
20 = +18 (10 mg/mL; 

CHCl3). mp: 81–83 °C. ESI-MS: m/z calculated for [C33H46N8O9+H]+ ([M+H]+) = 699.4, found: 699.3. 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(4-nitro-3-(trifluoromethyl)benzyl)amino)-2-((tert-butoxycarbonyl) 

amino)butanoate (31)  

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.), 4-nitro-3-

(trifluoromethyl)benzaldehyde (134 mg, 0.89 mmol, 2.0 equiv.), HOAc (38 µL, 0.67 mmol, 1.5 equiv.), 

and NaBH(OAc)3 (160 mg, 0.75 mmol, 1.7 equiv.) according to general procedure B to afford the desired 

product as a slightly yellowish solid (242 mg, 0.32 mmol, 72%). 1H NMR (300 MHz, CDCl3): δ / ppm = 

8.14 (s, 1H), 7.87 (s, 1H), 7.78–7.74 (m, 1H), 7.74–7.68 (m, 1H), 7.60–7.53 (m, 1H), 6.63 (s, 2H), 6.06–

5.98 (m, 1H), 5.40–5.22 (m, 2H), 4.94 (dd, J = 6.5, 3.9 Hz, 1H), 4.37–4.27 (m, 1H), 4.23–4.10 (m, 1H), 

3.77–3.58 (m, 2H), 2.92–2.68 (m, 2H), 2.68–2.47 (m, 2H), 2.02–1.86 (m, 1H), 1.82–1.65 (m, 1H), 1.57 

(s, 3H), 1.40–1.33 (m, 21H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.6, 155.6, 155.5, 152.2, 148.9, 

146.9, 145.7, 140.3, 132.6, 128.0 (q, J = 5.5 Hz), 125.2, 123.6 (q, J = 33.9 Hz), 121.8 (q, J = 273.6 Hz), 

120.0, 114.8, 90.8, 85.7, 84.0, 83.4, 82.1, 79.9, 58.2, 56.2, 52.5, 51.0, 30.2, 28.4, 28.0, 27.2, 25.4. FT-IR: 

ν / cm−1 = 3338, 3186, 2979, 2936, 1708, 1644, 1598, 1539, 1366, 1310, 1250, 1151, 1095, 846, 738. 

[α]D
20 = +16 (10 mg/mL; CHCl3). mp: 77–79 °C. ESI-MS: m/z calculated for [C34H45F3N8O9+H]+ ([M+H]+) 

= 767.3, found: 767.2. 
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(4-chlorobenzyl)amino)butanoic acid, trifluoroacetate salt (32)  

 

The compound was prepared from 18 (132 mg, 0.19 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (158 mg, 0.19 mmol, 99%, 3.0 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.22 (s, 1H), 8.07 (s, 1H), 7.23 (d, J = 8.3 Hz, 2H), 7.09 (d, J = 8.3 Hz, 

2H), 5.92 (d, J = 3.4 Hz, 1H), 4.41 (dd, J = 5.2, 3.4 Hz, 1H), 4.35–4.20 (m, 3H), 4.13 (d, J = 13.5 Hz, 

1H), 3.71 (dd, J = 8.8, 4.1 Hz, 1H), 3.49–3.17 (m, 4H), 2.29–2.13 (m, 1H), 2.11–1.94 (m, 1H). 13C NMR 

(75.5 MHz, CD3OD): δ / ppm = 172.7, 152.9, 149.5, 146.7, 144.2, 136.9, 133.8, 130.2, 117.9, 114.1, 92.1, 

80.2, 74.8, 73.5, 58.1, 56.0, 53.4, 53.2, 26.4. FT-IR: ν / cm−1 = 2476, 2240, 2072, 1666, 1496, 1416, 1200, 

1120, 1093, 1017, 973, 834, 799, 722. [α]D
20 = +16 (10 mg/mL; MeOH). mp: 74–77 °C. ESI-MS: m/z 

calculated for [C21H26ClN7O5+H]+ ([M+H]+) = 492.2, found: 492.2. Purity: 95% (HPLC, 254 nm, 

MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 2.44 min). 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(4-bromobenzyl)amino)butanoic acid, trifluoroacetate salt (33)  

 

The compound was prepared from 19 (126 mg, 0.17 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (119 mg, 0.17 mmol, 99%, 1.4 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.25 (s, 1H), 8.13 (s, 1H), 7.31 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 8.2 Hz, 

2H), 5.98 (d, J = 3.2 Hz, 1H), 4.49 (pseudo-t, J ≈ 4.0 Hz, 1H), 4.42–4.27 (m, 3H), 4.14 (d, J = 13.4 Hz, 

1H), 3.71 (dd, J = 8.9, 4.0 Hz, 1H), 3.55–3.27 (m, 4H), 2.36–2.14 (m, 1H), 2.13–1.94 (m, 1H). 13C NMR 

(75.5 MHz, CD3OD): δ / ppm = 173.0, 153.1, 149.5, 147.0, 144.1, 133.9, 133.2, 130.5, 125.0, 120.9, 92.2, 

80.2, 74.8, 73.5, 58.3, 55.8, 53.3, 26.4. FT-IR: ν / cm−1 = 3105, 1666, 1434, 1189, 1131, 1074, 1014, 841, 

799, 723. [α]D
20  = +8 (10 mg/mL; MeOH). mp: 100–103 °C. ESI-MS: m/z calculated for 

[C21H26BrN7O5+H]+ ([M+H]+) = 536.1, found: 536.1. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 30:70 

+ 0.1% HCOOH, tR = 1.99 min). 
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(4-iodobenzyl)amino)butanoic acid, trifluoroacetate salt (34)  

 

The compound was prepared from 20 (156 mg, 0.20 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (158 mg, 0.20 mmol, 99%, 1.8 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.06 (s, 1H), 7.95 (s, 1H), 7.29 (d, J = 8.2 Hz, 2H), 6.85 (d, J = 8.2 Hz, 

2H), 5.76 (d, J = 3.0 Hz, 1H), 4.23 (dd, J = 4.9, 3.0 Hz, 1H), 4.18–4.06 (m, 3H), 3.98 (d, J = 13.4 Hz, 

1H), 3.62 (dd, J = 8.1, 4.8 Hz, 1H), 3.38–3.05 (m, 4H), 2.18–2.02 (m, 1H), 2.00–1.89 (m, 1H). 13C NMR 

(75.5 MHz, CD3OD): δ / ppm = 171.8, 152.3, 149.4, 145.7, 144.4, 139.4, 134.0, 130.3, 120.9, 96.9, 92.3, 

79.8, 74.8, 73.4, 58.5, 55.8, 52.5, 52.4, 26.1. FT-IR: ν / cm−1 = 3095, 2484, 2075, 1662, 1506, 1426, 1181, 

1132, 1062, 1009, 972, 835, 798, 722. [α]D
20 = +11 (10 mg/mL; MeOH). mp: 72–75 °C. ESI-MS: m/z 

calculated for [C21H26IN7O5+H]+ ([M+H]+) = 584.1, found: 584.1. Purity: >99% (HPLC, 254 nm, 

MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 3.76 min). 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(4-(trifluoromethyl)benzyl)amino)butanoic acid, trifluoroacetate salt (35)  

 

The compound was prepared from 21 (94 mg, 0.18 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (98 mg, 0.13 mmol, 99%, 2.0 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.26 (s, 1H), 8.16 (s, 1H), 7.57–7.44 (m, 4H), 5.97 (d, J = 3.2 Hz, 1H), 

4.52–4.19 (m, 5H), 3.79 (dd, J = 8.2, 4.6 Hz, 1H), 3.57–3.21 (m, 4H), 2.35–2.18 (m, 1H), 2.18–2.01 (m, 

1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 172.1, 152.7, 149.6, 146.3, 144.3, 136.0, 132.8, 132.4, 

126.9 (q, J = 3.9 Hz), 125.2 (q, J = 270.8 Hz), 120.9, 92.2, 80.2, 74.8, 73.5, 58.3, 56.2, 53.0, 52.8, 26.4. 

FT-IR: ν / cm−1 = 3082, 1668, 1506, 1423, 1325, 1183, 1125, 1068, 1020, 834, 800, 722. [α]D
20 = +12 

(10 mg/mL; MeOH). mp: 55–58 °C. ESI-MS: m/z calculated for [C22H26F3N7O5+H]+ ([M+H]+) = 526.2, 

found: 526.2. Purity: 99% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 4.36 min). 
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(4-methoxybenzyl)amino)butanoic acid, trifluoroacetate salt (36)  

 

The compound was prepared from 22 (70 mg, 0.10 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (76 mg, 0.10 mmol, 99%, 2.4 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.26 (s, 1H), 8.10 (s, 1H), 7.18 (d, J = 8.4 Hz, 2H), 6.68 (d, J = 8.3 Hz, 

2H), 5.95 (d, J = 3.3 Hz, 1H), 4.45 (dd, J = 5.1, 3.4 Hz, 1H), 4.40–4.07 (m, 4H), 3.77 (dd, J = 8.8, 4.2 Hz, 

1H), 3.58 (s, 3H), 3.55–3.22 (m, 4H), 2.24 (dd, J = 14.8, 7.8 Hz, 1H), 2.09 (s, 1H). 13C NMR (75.5 MHz, 

CD3OD): δ / ppm = 172.3, 162.3, 152.8, 149.6, 146.4, 144.3, 133.8, 122.1, 115.5, 92.0, 80.0, 74.9, 73.5, 

58.5, 52.8, 52.6, 26.2. FT-IR: ν / cm−1 = 2972, 2469, 2073, 1663, 1613, 1516, 1426, 1308, 1255, 1181, 

1130, 1029, 973, 834, 799, 721. [α]D
20 = +15 (10 mg/mL; MeOH). mp: 79–82 °C. ESI-MS: m/z calculated 

for [C22H29N7O6+H]+ ([M+H]+) = 488.2, found: 488.2. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 20:80 

+ 0.1% HCOOH, tR = 3.05 min). 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(3-chlorobenzyl)amino)butanoic acid, trifluoroacetate salt (37)  

 

The compound was prepared from 23 (91 mg, 0.13 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (89 mg, 0.13 mmol, 99%, 1.7 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.20 (s, 1H), 8.06 (s, 1H), 7.25 (d, J = 2.1 Hz, 1H), 7.21–7.05 (m, 3H), 

5.92 (d, J = 3.1 Hz, 1H), 4.40 (dd, J = 4.9, 3.1 Hz, 1H), 4.35–4.21 (m, 3H), 4.14 (d, J = 13.4 Hz, 1H), 

3.73 (dd, J = 8.6, 4.3 Hz, 1H), 3.47–3.21 (m, 4H), 2.29–2.14 (m, 1H), 2.09–1.95 (m, 1H). 13C NMR 

(75.5 MHz, CD3OD): δ / ppm = 172.7, 153.0, 149.5, 146.8, 144.1, 135.9, 133.6, 132.0, 131.7, 130.9, 

130.5, 120.9, 92.2, 80.2, 74.8, 73.5, 58.3, 56.0, 53.3, 26.4. FT-IR: ν / cm−1 = 2478, 2073, 1662, 1506, 

1427, 1185, 1132, 972, 834, 799, 785, 722, 684. [α]D
20 = +17 (10 mg/mL; MeOH). mp: 133–136 °C. 

ESI-MS: m/z calculated for [C21H26ClN7O5+H]+ ([M+H]+) = 492.2, found: 492.2. Purity: 96% (HPLC, 

254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 3.04 min). 
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(3-aminobenzyl)amino)butanoic acid, trifluoroacetate salt (38)  

 

The compound was prepared from 24 (53 mg, 0.07 mmol) according to the general procedure C to afford 

the final product as a colorless trifluoroacetate salt (46 mg, 0.07 mmol, 99%, 1.7 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.31 (s, 1H), 8.23 (s, 1H), 7.28 (pseudo-t, J ≈ 7.8 Hz, 1H), 7.19 (d, J = 

1.9 Hz, 1H), 7.16–7.04 (m, 2H), 6.03 (d, J = 3.4 Hz, 1H), 4.54 (dd, J = 5.2, 3.4 Hz, 1H), 4.45–4.30 (m, 

3H), 4.21 (d, J = 13.4 Hz, 1H), 3.82 (dd, J = 8.6, 4.3 Hz, 1H), 3.59–3.31 (m, 4H), 2.42–2.22 (m, 1H), 

2.19–2.05 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 172.2, 153.0, 149.7, 146.8, 144.1, 140.0, 

133.4, 131.6, 127.9, 123.2, 122.2, 121.0, 92.2, 80.4, 74.8, 73.5, 58.8, 56.2, 53.1, 26.5. FT-IR: ν / cm−1 = 

3014, 1668, 1508, 1428, 1195, 1132, 838, 799, 723. [α]D
20 = +11 (10 mg/mL; MeOH). mp: 68–71 °C. 

ESI-MS: m/z calculated for [C21H28N8O5+H]+ ([M+H]+) = 473.2, found: 473.2. Purity: 95% (HPLC, 

254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 2.20 min). 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(3-(trifluoromethyl)benzyl)amino)butanoic acid, trifluoroacetate salt (39) 

 

The compound was prepared from 25 (173 mg, 0.24 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (185 mg, 0.24 mmol, 99%, 2.0 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.03 (s, 1H), 7.91 (s, 1H), 7.42 (s, 1H), 7.36 (d, J = 7.8 Hz, 1H), 7.27 (d, 

J = 7.8 Hz, 1H), 7.14 (pseudo-t, J ≈ 7.8 Hz, 1H), 5.75 (d, J = 3.0 Hz, 1H), 4.26–4.01 (m, 5H), 3.58 (dd, 

J = 8.2, 4.7 Hz, 1H), 3.33–3.01 (m, 4H), 2.15–1.98 (m, 1H), 1.99–1.82 (m, 1H). 13C NMR (75.5 MHz, 

CD3OD): δ / ppm = 172.6, 152.8, 149.5, 146.4, 144.2, 135.9, 133.0, 132.31 (q, J = 32.6 Hz), 131.0, 128.9 

(q, J = 3.8 Hz), 127.5 (q, J = 3.4 Hz), 120.8, 118.0 (q, J = 292.0 Hz), 92.2, 80.1, 74.8, 73.4, 58.4, 56.1, 

53.2, 53.0, 26.4. FT-IR: ν / cm−1 = 2462, 2075, 1663, 1506, 1427, 1330, 1182, 1125, 1076, 973, 834, 798, 

722, 704, 665. [α]D
20  = +15 (10 mg/mL; MeOH). mp: 73–76 °C. ESI-MS: m/z calculated for 

[C22H26F3N7O5+H]+ ([M+H]+) = 526.2, found: 526.2. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 20:80 

+ 0.1% HCOOH, tR = 3.23 min). 
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(3,4-dichlorobenzyl)amino)butanoic acid, trifluoroacetate salt (40)  

 

The compound was prepared from 26 (124 mg, 0.17 mmol) according to the general procedure C to afford 

the final product as a colorless trifluoroacetate salt (127 mg, 0.17 mmol, 99%, 2.0 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.35 (s, 1H), 8.23 (s, 1H), 7.55 (d, J = 1.9 Hz, 1H), 7.44–7.29 (m, 2H), 

6.05 (d, J = 2.8 Hz, 1H), 4.50 (d, J = 3.1 Hz, 1H), 4.45–4.39 (m, 2H), 4.33 (d, J = 11.4 Hz, 2H), 3.95 (dd, 

J = 7.9, 5.0 Hz, 1H), 3.60–3.34 (m, 4H), 2.44–2.31 (m, 1H), 2.30–2.18 (m, 1H). 13C NMR (75.5 MHz, 

CD3OD): δ / ppm = 171.8, 152.5, 149.4, 145.9, 144.4, 134.8, 134.0, 133.9, 132.3, 132.1, 131.8, 121.1, 

92.5, 80.0, 74.9, 73.4, 57.8, 55.8, 52.8, 52.7, 26.4. FT-IR: ν / cm−1 = 3094, 1673, 1507, 1474, 1427, 1200, 

1134, 1036, 831, 799, 722. [α]D
20 = +17 (10 mg/mL; MeOH). mp: 87–90 °C. ESI-MS: m/z calculated for 

[C21H25Cl2N7O5+H]+ ([M+H]+) = 526.1, found: 526.1. Purity: 95% (HPLC, 254 nm, MeCN/H2O = 20:80 

+ 0.1% HCOOH, tR = 2.84 min). 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(4-chloro-3-(trifluoromethyl)benzyl)amino)butanoic acid, trifluoroacetate salt (41)  

 

The compound was prepared from 27 (89 mg, 0.12 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (101 mg, 0.12 mmol, 99%, 2.5 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.20 (s, 1H), 8.10 (s, 1H), 7.67 (d, J = 2.1 Hz, 1H), 7.48 (dd, J = 8.2, 

2.1 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H), 5.91 (d, J = 3.0 Hz, 1H), 4.37 (dd, J = 4.9, 3.0 Hz, 1H), 4.32–4.12 

(m, 4H), 3.79 (dd, J = 7.9, 4.9 Hz, 1H), 3.43–3.18 (m, 4H), 2.28–2.12 (m, 1H), 2.11–1.95 (m, 1H). 
13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.9, 152.7, 149.5, 146.2, 144.3, 137.0, 134.3, 133.2, 132.1, 

131.1, 129.6 (q, J = 31.6 Hz), 123.89 (q, J = 272.7 Hz), 121.0, 92.3, 80.2, 74.9, 73.4, 57.9, 56.0, 52.9, 

52.7, 26.6. FT-IR: ν / cm−1 = 3080, 1663, 1506, 1484, 1427, 1322, 1267, 1179, 1129, 1039, 975, 834, 

799, 722, 664. [α]D
20  = +15 (10 mg/mL; MeOH). mp: 79–82 °C. ESI-MS: m/z calculated for 

[C22H25ClF3N7O5+H]+ ([M+H]+) = 560.1, found: 560.2. Purity: 96% (HPLC, 254 nm, MeCN/H2O = 20:80 

+ 0.1% HCOOH, tR = 3.42 min). 
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(3,5-dichlorobenzyl)amino)butanoic acid, trifluoroacetate salt (42)  

 

The compound was prepared from 28 (119 mg, 0.16 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (123 mg, 0.16 mmol, 99%, 2.1 equiv. TFA). 1H NMR 

(300 MHz, DMSO-d6): δ / ppm = 8.48 (s, 1H), 8.33 (s, 1H), 7.47 (s, 1H), 7.41 (d, J = 1.9 Hz, 2H), 5.98 

(d, J = 4.4 Hz, 1H), 4.54 (pseudo-t, J ≈ 4.4 Hz, 1H), 4.32–4.18 (m, 2H), 4.08–3.90 (m, 3H), 3.26–2.85 

(m, 4H), 2.25–1.96 (m, 2H). 13C NMR (75.5 MHz, DMSO-d6): δ / ppm = 170.6, 153.1, 148.6, 148.2, 

141.8, 138.9, 134.1, 128.7, 127.8, 119.3, 89.1, 80.0, 73.1, 72.0, 56.1, 55.1, 50.5, 49.9, 26.0. FT-IR: 

ν / cm−1 = 3090, 1674, 1572, 1508, 1431, 1200, 1136, 834, 800, 723, 684. [α]D
20  = +14 (10 mg/mL; 

MeOH). mp: 69–72 °C. ESI-MS: m/z calculated for [C21H25Cl2N7O5+H]+ ([M+H]+) = 526.1, found: 526.1. 

Purity: 97% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 3.81 min). 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(2,4-dichlorobenzyl)amino)butanoic acid, trifluoroacetate salt (43)  

 

The compound was prepared from 29 (117 mg, 0.16 mmol) according to the general procedure C to afford 

the final product as a colorless resin (123 mg, 0.16 mmol, 99%, 2.0 equiv. TFA). 1H NMR (300 MHz, 

CD3OD): δ / ppm = 8.24 (s, 1H), 8.17 (s, 1H), 7.40 (d, J = 8.3 Hz, 1H), 7.29 (d, J = 2.1 Hz, 1H), 7.10 

(dd, J = 8.3, 2.1 Hz, 1H), 5.92 (d, J = 3.2 Hz, 1H), 4.44 (dd, J = 5.0, 3.3 Hz, 1H), 4.33–4.19 (m, 4H), 3.77 

(dd, J = 7.8, 5.2 Hz, 1H), 3.48–3.21 (m, 4H), 2.28–2.14 (m, 1H), 2.14–2.01 (m, 1H). 13C NMR (75.5 MHz, 

CD3OD): δ / ppm = 171.8, 152.5, 149.5, 146.0, 144.4, 137.3, 137.2, 135.1, 130.9, 128.9, 121.0, 92.2, 

80.7, 74.8, 73.5, 56.9, 56.0, 52.9, 26.7. FT-IR: ν / cm−1 = 3088, 1667, 1506, 1478, 1423, 1390, 1197, 

1131, 1057, 833, 799, 722. [α]D
20  = +16 (10 mg/mL; MeOH). ESI-MS: m/z calculated for 

[C21H25Cl2N7O5+H]+ ([M+H]+) = 526.1, found: 526.1. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 20:80 

+ 0.1% HCOOH, tR = 3.99 min). 
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(4-nitrobenzyl)amino)butanoic acid, trifluoroacetate salt (44) 

 

The compound was prepared from 30 (135 mg, 0.19 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (145 mg, 0.19 mmol, 99%, 2.2 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm =  8.21 (s, 1H), 8.13 (s, 1H), 7.97–7.91 (m, 2H), 7.51 (d, J = 8.7 Hz, 2H), 

5.93 (d, J = 3.0 Hz, 1H), 4.44–4.38 (m, 1H), 4.37–4.19 (m, 4H), 3.87–3.78 (m, 1H), 3.44–3.20 (m, 4H), 

2.32–2.16 (m, 1H), 2.15–2.01 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 172.0, 152.6, 149.6, 

149.5, 146.2, 144.3, 140.0, 133.0, 124.8, 120.9, 92.2, 80.5, 74.9, 73.5, 58.3, 56.4, 53.0, 52.9, 26.7. FT-IR: 

ν / cm−1 = 3085, 1666, 1609, 1524, 1421, 1348, 1323, 1182, 1125, 858, 830, 798, 741, 720, 699. [α]D
20 = 

+18 (10 mg/mL; MeOH). mp: 92 °C (decomposition). ESI-MS: m/z calculated for [C21H26N8O7+H]+ 

([M+H]+) = 503.2, found: 503.0. Purity: >99% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR 

= 2.34 min). 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(4-nitro-3-(trifluoromethyl)benzyl)amino)butanoic acid, trifluoroacetate salt (45) 

 

The compound was prepared from 31 (183 mg, 0.24 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (180 mg, 0.24 mmol, 99%, 1.6 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.22 (s, 1H), 8.14 (s, 1H), 7.84 (s, 1H), 7.78–7.69 (m, 2H), 5.93 (d, J = 

3.1 Hz, 1H), 4.44–4.38 (m, 1H), 4.32–4.12 (m, 4H), 3.95–3.86 (m, 1H), 3.24–3.10 (m, 4H), 2.27–2.14 

(m, 1H), 2.13–2.01 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.8, 152.6, 149.52, 148.9, 145.9, 

144.2, 141.8–141.5 (m), 136.4, 130.6 (q, J = 6.4 Hz), 126.5, 124.2 (q, J = 34.1 Hz), 123.3 (q, J = 

272.5 Hz), 120.9, 115.9, 92.1, 81.3, 74.9, 73.4, 58.1, 56.6, 52.7, 52.5, 27.5. FT-IR: ν / cm−1 = 3077, 1667, 

1542, 1507, 1426, 1359, 1320, 1281, 1181, 1126, 1051, 901, 832, 798, 721. [α]D
20 = +13 (10 mg/mL; 

MeOH). mp: 71–73 °C. ESI-MS: m/z calculated for [C22H25F3N8O7+H]+ ([M+H]+) = 571.2, found: 571.0. 

Purity: 96% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 4.10 min). 
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tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-4-chloro-3-(trifluoromethyl)phenyl)sulfonamido)-2-((tert-butoxy-

carbonyl)amino)butanoate (59)  

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.), 4-chloro-3-

(trifluoromethyl)benzenesulfonyl chloride (124 mg, 0.44 mmol, 1.0 equiv.), and NEt3 (61 µL, 0.44 mmol, 

1.0 equiv.) according to general procedure D to afford the desired product as a colorless solid (261 mg, 

0.32 mmol, 73%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.32 (s, 1H), 8.02–7.96 (m, 1H), 7.83 (s, 1H), 

7.74–7.66 (m, 1H), 7.52–7.41 (m, 1H), 6.26 (s, 1H), 5.99 (d, J = 1.8 Hz, 1H), 5.40 (dd, J = 6.4, 1.8 Hz, 

1H), 5.27–5.16 (m, 1H), 5.09 (dd, J = 6.4, 3.5 Hz, 1H), 4.38–4.28 (m, 1H), 4.09–3.96 (m, 1H), 3.77–3.63 

(m, 1H), 3.49–3.35 (m, 1H), 3.33–3.06 (m, 2H), 2.14–1.98 (m, 1H), 1.90–1.74 (m, 1H), 1.56 (s, 3H), 

1.44–1.38 (m, 18H), 1.35 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.9, 155.8, 155.6, 152.9, 

149.0, 140.3, 138.9, 137.1, 132.3, 131.4, 129.4 (q, J = 32.6 Hz), 126.5 (q, J = 5.2 Hz), 122.1 (q, J = 

273.0 Hz), 120.5, 114.8, 90.9, 85.675, 84.2, 82.7, 82.6, 80.1, 52.1, 50.1, 45.9, 32.1, 28.4, 28.0, 27.2, 25.4. 

FT-IR: ν / cm−1 = 3420, 3334, 3223, 2982, 2940, 1706, 1650, 1598, 1357, 1309, 1153, 1078, 871, 836, 

749. [α]D
20  = +33 (10 mg/mL; CHCl3). mp: 169 °C (decomposition). ESI-MS: m/z calculated for 

[C33H43ClF3N7O9S+H]+ ([M+H]+) = 806.3, found: 806.2. 

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-4-chlorophenyl)sulfonamido)-2-((tert-butoxycarbonyl)amino)-

butanoate (60)  

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.), 4-chlorobenzenesulfonyl chloride 

(94 mg, 0.44 mmol, 1.0 equiv.), and NEt3 (61 µL, 0.44 mmol, 1.0 equiv.) according to general procedure 

D to afford the desired product as a colorless solid (234 mg, 0.32 mmol, 72%). 1H NMR (300 MHz, 

CDCl3/CD3OD = 1:1): δ / ppm = 8.15 (s, 1H), 7.84 (s, 1H), 7.49–7.43 (m, 2H), 7.30–7.20 (m, 2H), 5.91 

(d, J = 2.1 Hz, 1H), 5.26 (dd, J = 6.4, 2.1 Hz, 1H), 4.96 (dd, J = 6.5, 3.7 Hz, 1H), 4.28–4.13 (m, 1H), 

3.83–3.65 (m, 1H), 3.60–3.44 (m, 1H), 3.25–2.92 (m, 3H), 2.00–1.81 (m, 1H), 1.78–1.60 (m, 1H), 1.45 

(s, 3H), 1.32–1.26 (m, 18H), 1.24 (s, 3H). 13C NMR (75.5 MHz, CDCl3/CD3OD = 1:1): δ / ppm = 171.0, 

155.7, 155.5, 152.6, 148.6, 140.1, 139.2, 137.4, 129.2, 128.4, 119.6, 114.7, 90.4, 85.2, 83.8, 82.4, 82.3, 
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79.9, 52.0, 50.2, 45.9, 31.4, 28.0, 27.6, 26.8, 25.0. FT-IR: ν / cm−1 = 3413, 3339, 3226, 2979, 2936, 1727, 

1697, 1655, 1603, 1320, 1152, 1076, 874, 829, 773. [α]D
20  = +21 (10 mg/mL; CHCl3/MeOH = 1:1). 

mp: 232–234 °C. ESI-MS: m/z calculated for [C32H44ClN7O9S+H]+ ([M+H]+) = 738.3, found: 738.3.  

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-3,4-dichlorophenyl)sulfonamido)-2-((tert-butoxycarbonyl)amino)-

butanoate (61)  

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.), 3,4-dichlorobenzenesulfonyl 

chloride (124 mg, 0.44 mmol, 1.0 equiv.), and NEt3 (61 µL, 0.44 mmol, 1.0 equiv.) according to general 

procedure D to afford the desired product as a colorless solid (177 mg, 0.23 mmol, 52%). 1H NMR 

(300 MHz, CDCl3/CD3OD = 1:1): δ / ppm = 8.21 (s, 1H), 7.85 (s, 1H), 7.71–7.66 (m, 1H), 7.42–7.34 (m, 

2H), 5.95 (d, J = 2.0 Hz, 1H), 5.30 (dd, J = 6.5, 2.1 Hz, 1H), 5.00 (dd, J = 6.4, 3.7 Hz, 1H), 4.30–4.19 

(m, 1H), 3.98–3.83 (m, 1H), 3.67–3.52 (m, 1H), 3.36–2.98 (m, 3H), 2.06–1.88 (m, 1H), 1.84–1.66 (m, 

1H), 1.50 (s, 3H), 1.36–1.32 (m, 18H), 1.28 (s, 3H). 13C NMR (75.5 MHz, CDCl3/CD3OD = 1:1): 

δ / ppm = 170.9, 155.7, 155.5, 152.7, 148.7, 140.2, 139.0, 137.5, 133.6, 131.0, 128.9, 126.1, 119.7, 114.8, 

90.6, 85.2, 83.9, 82.4, 80.0, 52.0, 50.1, 45.9, 31.6, 28.2, 27.8, 26.9, 25.1. FT-IR: ν / cm−1 = 3340, 3225, 

2979, 2936, 2571, 2500, 1702, 1617, 1323, 1218, 1155, 1074, 873, 824, 744. [α]D
20 = +32 (10 mg/mL; 

CHCl3). mp: 203 °C (decomposition). ESI-MS: m/z calculated for [C32H43Cl2N7O9S+H]+ ([M+H]+) = 

772.2, found: 772.2.  

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-2,4-dichlorophenyl)sulfonamido)-2-((tert-butoxycarbonyl)amino)-

butanoate (62)  

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and 2,4-dichloro-

nitrobenzenesulfonyl chloride (163 mg, 0.67 mmol, 1.5 equiv.) according to general procedure E to afford 

the desired product as a colorless solid (270 mg, 0.35 mmol, 80%). 1H NMR (300 MHz, CDCl3): 

δ / ppm = 8.30 (s, 1H), 7.81 (s, 1H), 7.73 (d, J = 8.5 Hz, 1H), 7.35 (d, J = 2.0 Hz, 1H), 7.07 (d, J = 8.5 Hz, 

1H), 6.34 (s, 2H), 6.01–5.91 (m, 1H), 5.31 (dd, J = 6.4, 1.9 Hz, 1H), 5.17 (d, J = 8.1 Hz, 1H), 5.01 (dd, J 
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= 6.4, 3.7 Hz, 1H), 4.35–4.25 (m, 1H), 4.02 (s, 1H), 3.77–3.65 (m, 1H), 3.65–3.40 (m, 2H), 3.34–3.18 

(m, 1H), 2.11–1.95 (m, 1H), 1.84–1.68 (m, 1H), 1.55 (s, 3H), 1.40 (d, J = 1.0 Hz, 18H), 1.33 (s, 3H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.9, 155.6, 155.5, 152.5, 148.9, 140.3, 139.3, 136.3, 133.1, 

132.6, 131.4, 127.0, 120.4, 114.7, 90.7, 85.5, 84.3, 82.7, 82.5, 79.9, 52.1, 49.6, 45.0, 31.5, 28.4, 28.0, 

27.2, 25.4. FT-IR: ν / cm−1 = 2979, 2932, 1705, 1644, 1598, 1575, 1456, 1368, 1331, 1249, 1153, 1099, 

869, 821, 752. [α]D
20  = +27 (10 mg/mL; CHCl3). mp: 82–84 °C. ESI-MS: m/z calculated for 

[C32H43Cl2N7O9S+H]+ ([M+H]+) = 772.2, found: 772.1. 

tert-Butyl (S)-4-(N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)phenylsulfonamido)-2-((tert-butoxycarbonyl)amino)butanoate (63)  

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and benzenesulfonyl chloride 

(85 µL, 0.67 mmol, 1.5 equiv.) according to general procedure E to afford the desired product as a 

colorless solid (252 mg, 0.36 mmol, 81%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.34 (s, 1H), 7.88 (s, 

1H), 7.69–7.61 (m, 2H), 7.52–7.44 (m, 1H), 7.42–7.34 (m, 2H), 6.32 (s, 2H), 6.01 (d, J = 2.0 Hz, 1H), 

5.44 (dd, J = 6.4, 2.0 Hz, 1H), 5.25 (d, J = 8.0 Hz, 1H), 5.14 (dd, J = 6.4, 3.4 Hz, 1H), 4.39–4.29 (m, 1H), 

4.07–3.95 (m, 1H), 3.70 (dd, J = 14.4, 6.6 Hz, 1H), 3.32–2.98 (m, 3H), 2.10–1.94 (m, 1H), 1.90–1.74 (m, 

1H), 1.56 (s, 3H), 1.42–1.38 (m, 18H), 1.35 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.1, 

155.7, 155.5, 152.7, 149.1, 140.4, 139.1, 132.8, 129.1, 127.2, 120.4, 114.7, 90.9, 85.7, 84.0, 82.8, 82.3, 

79.9, 52.2, 50.5, 46.2, 32.2, 28.4, 28.0, 27.2, 25.4. FT-IR: ν / cm−1 = 3342, 3177, 2979, 2936, 1708, 1639, 

1598, 1477, 1367, 1211, 1152, 1088, 869, 745, 690. [α]D
20 = +29 (10 mg/mL; CHCl3). mp: 84–86 °C. 

ESI-MS: m/z calculated for [C32H45N7O9S+H]+ ([M+H]+) = 704.3, found: 704.2. 

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-4-nitrophenyl)sulfonamido)-2-((tert-butoxycarbonyl)amino)-

butanoate (64)  

 

The compound was prepared from 3 (135 mg, 0.24 mmol, 1.0 equiv.) and 4-nitrobenzenesulfonyl chloride 

(80 mg, 0.36 mmol, 1.5 equiv.) according to general procedure E to afford the desired product as a 

colorless solid (134 mg, 0.18 mmol, 75%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.32 (s, 1H), 8.17–

8.06 (m, 2H), 7.89–7.79 (m, 1H), 7.77–7.69 (m, 2H), 6.38 (s, 2H), 5.96 (d, J = 1.9 Hz, 1H), 5.39 (dd, J = 
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6.4, 1.9 Hz, 1H), 5.28 (d, J = 7.9 Hz, 1H), 5.09 (dd, J = 6.4, 3.6 Hz, 1H), 4.37–4.27 (m, 1H), 4.11–3.97 

(m, 1H), 3.74–3.60 (m, 1H), 3.54–3.09 (m, 3H), 2.15–2.00 (m, 1H), 1.91–1.77 (m, 1H), 1.56 (s, 3H), 

1.43–1.40 (m, 18H), 1.34 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.9, 155.7, 155.6, 152.7, 

149.8, 148.9, 145.3, 140.3, 128.3, 124.1, 120.4, 114.8, 90.7, 85.3, 84.2, 82.7, 82.5, 80.0, 52.1, 49.9, 45.5, 

32.0, 28.4, 28.0, 27.1, 25.4. FT-IR: ν / cm−1 = 3414, 3337, 3227, 2979, 2937, 1726, 1697, 1650, 1603, 

1535, 1348, 1154, 1063, 871, 741. [α]D
20  = +31 (10 mg/mL; CHCl3). mp: 209 °C (decomposition). 

ESI-MS: m/z calculated for [C32H44N8O11S+H]+ ([M+H]+) = 749.3, found: 749.2. 

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-4-chloro-3-nitrophenyl)sulfonamido)-2-((tert-butoxycarbonyl)-

amino)butanoate (65) 

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and 4-chloro-3-

nitrobenzenesulfonyl chloride (170 mg, 0.67 mmol, 1.5 equiv.) according to general procedure E to afford 

the desired product as a colorless oil (149 mg, 0.19 mmol, 43%). 1H NMR (300 MHz, CDCl3): δ / ppm = 

8.29 (s, 1H), 8.12 (d, J = 2.1 Hz, 1H), 7.82 (s, 1H), 7.66 (dd, J = 8.4, 2.2 Hz, 1H), 7.44 (d, J = 8.4 Hz, 

1H), 6.31 (s, 2H), 5.99 (d, J = 1.8 Hz, 1H), 5.42–5.28 (m, 2H), 5.08 (dd, J = 6.4, 3.6 Hz, 1H), 4.40–4.27 

(m, 1H), 4.12–3.91 (m, 1H), 3.74–3.47 (m, 2H), 3.40–3.11 (m, 2H), 2.20–2.00 (m, 1H), 1.93–1.75 (m, 

1H), 1.55 (s, 3H), 1.45–1.36 (m, 18H), 1.34 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.9, 

156.0, 155.6, 153.2, 148.9, 147.6, 140.2, 140.0, 132.6, 131.4, 131.1, 124.4, 120.4, 114.7, 90.8, 85.3, 84.3, 

82.7, 82.7, 80.1, 52.1, 49.8, 45.4, 31.9, 28.4, 28.0, 27.1, 25.3. FT-IR: ν / cm−1 = 3328, 2980, 2933, 1707, 

1644, 1597, 1540, 1506, 1476, 1425, 1366, 1293, 1251, 1212, 1154, 1096, 1050, 887, 871, 754, 665. 

[α]D
20 = +50 (10 mg/mL; DCM). ESI-MS: m/z calculated for [C32H43ClN8O11S+H]+ ([M+H]+) = 783.3, 

found: 783.1.  
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tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-4-fluoro-3-nitrophenyl)sulfonamido)-2-((tert-butoxycarbonyl)-

amino)butanoate (66) 

 

The compound was prepared from 3 (258 mg, 0.46 mmol, 1.0 equiv.), 4-fluoro-3-nitrobenzenesulfonyl 

chloride (110 mg, 0.46 mmol, 1.0 equiv.), and NEt3 (63 µL, 0.46 mmol, 1.0 equiv.) according to general 

procedure D to afford the desired product as a yellowish oil (242 mg, 0.32 mmol, 70%). 1H NMR 

(300 MHz, CDCl3): δ / ppm = 8.36–8.23 (m, 2H), 7.89–7.75 (m, 2H), 7.17 (pseudo-t, J ≈ 9.4 Hz, 1H), 

6.51 (s, 2H), 5.99 (d, J = 1.7 Hz, 1H), 5.37 (dd, J = 6.4, 1.8 Hz, 1H), 5.08 (dd, J = 6.4, 3.5 Hz, 1H), 4.38–

4.26 (m, 1H), 4.10–3.98 (m, 1H), 3.74–3.46 (m, 2H), 3.38–3.06 (m, 2H), 2.15–2.02 (m, 1H), 1.93–1.75 

(m, 1H), 1.54 (s, 3H), 1.42–1.37 (m, 19H), 1.33 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.9, 

157.3 (d, J = 268.0 Hz), 155.8, 155.5, 152.7, 148.8, 140.4, 137.0 (d, J = 7.5 Hz), 134.1 (d, J = 9.9 Hz), 

125.7, 120.3, 119.3 (d, J = 22.0 Hz), 114.7, 90.7, 85.2, 85.2, 84.2, 82.6, 80.0, 52.0, 49.7, 45.3, 31.8, 28.3, 

28.0, 27.1, 25.3. FT-IR: ν / cm−1 = 3340, 3195, 2980, 2936, 1708, 1642, 1605, 1540, 1478, 1350, 1239, 

1155, 1072, 871, 755. [α]D
20 = +40 (10 mg/mL; CHCl3). ESI-MS: m/z calculated for [C32H43FN8O11S+H]+ 

([M+H]+) = 767.3, found: 767.3. 

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-4-bromo-3-nitrophenyl)sulfonamido)-2-((tert-butoxycarbonyl)-

amino)butanoate (67) 

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and 4-bromo-3-

nitrobenzenesulfonyl chloride (200 mg, 0.67 mmol, 1.5 equiv.) according to general procedure E to afford 

the desired product as a colorless solid (252 mg, 0.30 mmol, 69%). 1H NMR (300 MHz, CDCl3): 

δ / ppm = 8.28 (s, 1H), 8.06 (d, J = 2.0 Hz, 1H), 7.84 (s, 1H), 7.66–7.49 (m, 2H), 6.55 (s, 2H), 5.99 (d, 

J = 1.8 Hz, 1H), 5.35 (dd, J = 6.4, 1.8 Hz, 1H), 5.06 (dd, J = 6.4, 3.5 Hz, 1H), 4.35–4.25 (m, 1H), 4.11–

3.97 (m, 1H), 3.70–3.47 (m, 2H), 3.36–3.09 (m, 2H), 2.15–2.00 (m, 1H), 1.90–1.74 (m, 1H), 1.53 (s, 3H), 

1.41–1.36 (m, 18), 1.32 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.9, 155.9, 155.5, 152.9, 

149.5, 148.8, 140.6, 140.3, 135.8, 130.9, 124.2, 120.3, 119.1, 114.7, 90.7, 85.2, 84.2, 82.6, 82.6, 80.0, 
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52.0, 49.8, 45.4, 31.8, 28.3, 27.9, 27.1, 25.3. FT-IR: ν / cm−1 = 3342, 2977, 2934, 1705, 1637, 1590, 1540, 

1353, 1250, 1151, 1093, 1032, 869, 775, 661. [α]D
20 = +40 (10 mg/mL; CHCl3). mp: 84–86 °C. ESI-MS: 

m/z calculated for [C32H43BrN8O11S+H]+ ([M+H]+) = 827.2, found: 827.2. 

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-3-nitrophenyl)sulfonamido)-2-((tert-butoxycarbonyl)amino)-

butanoate (68)  

 

The compound was prepared from 3 (251 mg, 0.45 mmol, 1.0 equiv.), 3-nitrobenzenesulfonyl chloride 

(99 mg, 0.45 mmol, 1.0 equiv.), and NEt3 (62 µL, 0.45 mmol, 1.0 equiv.) according to general procedure 

D to afford the desired product as a colorless solid (220 mg, 0.29 mmol, 64%). 1H NMR (300 MHz, 

CDCl3): δ / ppm = 8.46 (pseudo-t, J ≈ 2.0 Hz, 1H), 8.32–8.28 (m, 1H), 8.27–8.20 (m, 1H), 7.90–7.85 (m, 

1H), 7.85–7.79 (m, 1H), 7.47 (pseudo-t, J ≈ 8.0 Hz, 1H), 6.42 (s, 2H), 5.98 (d, J = 1.8 Hz, 1H), 5.42–5.29 

(m, 2H), 5.09 (dd, J = 6.4, 3.5 Hz, 1H), 4.39–4.27 (m, 1H), 4.13–3.91 (m, 1H), 3.75–3.61 (m, 1H), 3.56–

3.42 (m, 1H), 3.40–3.03 (m, 2H), 2.17–2.01 (m, 1H), 1.94–1.78 (m, 1H), 1.54 (s, 3H), 1.43–1.37 (m, 

18H), 1.33 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.9, 155.9, 155.6, 153.0, 148.9, 148.1, 

141.7, 140.2, 132.6, 130.2, 126.9, 122.3, 120.3, 114.7, 90.7, 85.2, 84.2, 82.6, 82.6, 80.0, 52.1, 49.9, 45.4, 

31.9, 28.3, 28.0, 27.1, 25.3. FT-IR: ν / cm−1 = 3331, 3179, 2981, 2936, 1705, 1640, 1598, 1533, 1351, 

1211, 1153, 1070, 908, 871, 727. [α]D
20 = +40 (10 mg/mL; CHCl3). mp: 91–93 °C. ESI-MS: m/z calculated 

for [C32H44N8O11S+H]+ ([M+H]+) = 749.3, found: 749.3. 

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-2-chloro-5-nitrophenyl)sulfonamido)-2-((tert-butoxycarbonyl)-

amino)butanoate (69)  

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and 2-chloro-5-

nitrobenzenesulfonyl chloride (170 mg, 0.67 mmol, 1.5 equiv.) according to general procedure E to afford 

the desired product as a yellowish solid (175 mg, 0.22 mmol, 51%). 1H NMR (300 MHz, CDCl3): 

δ / ppm = 8.65–8.56 (m, 1H), 8.26 (s, 1H), 8.10–8.00 (m, 1H), 7.79–7.68 (m, 1H), 7.49–7.40 (m, 1H), 

6.36 (s, 2H), 5.95–5.86 (m, 1H), 5.27 (dd, J = 6.4, 1.8 Hz, 1H), 5.21 (d, J = 7.7 Hz, 1H), 4.99 (dd, J = 
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6.4, 3.9 Hz, 1H), 4.36–4.26 (m, 1H), 4.06 (s, 1H), 3.84–3.53 (m, 4H), 3.36–3.22 (m, 1H), 2.21–2.05 (m, 

1H), 1.91–1.74 (m, 1H), 1.55 (s, 3H), 1.45–1.37 (m, 18H), 1.32 (s, 3H). 13C NMR (75.5 MHz, CDCl3): 

δ / ppm = 170.8, 155.5, 155.5, 152.6, 148.7, 145.6, 140.2, 139.7, 139.0, 132.5, 127.3, 126.3, 120.2, 115.0, 

90.4, 84.8, 84.2, 82.7, 82.5, 80.1, 52.2, 49.3, 44.8, 31.6, 28.4, 28.0, 27.2, 25.3. FT-IR: ν / cm−1 = 3344, 

3104, 2980, 2936, 1706, 1639, 1600, 1528, 1347, 1242, 1153, 1075, 1040, 870, 739. [α]D
20  = +27 

(10 mg/mL; CHCl3). mp: 98–100 °C.  ESI-MS: m/z calculated for [C32H43ClN8O11S+H]+ ([M+H]+) = 

783.3, found: 783.2.  

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-2-fluoro-5-nitrophenyl)sulfonamido)-2-((tert-butoxycarbonyl)-

amino)butanoate (70)  

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and 2-fluoro-5-

nitrobenzenesulfonyl chloride (159 mg, 0.67 mmol, 1.5 equiv.) according to general procedure E to afford 

the desired product as a colorless solid (277 mg, 0.36 mmol, 82%). 1H NMR (300 MHz, CDCl3): 

δ / ppm = 8.47–8.37 (m, 1H), 8.27 (s, 1H), 8.21–8.11 (m, 1H), 7.72 (s, 1H), 7.12 (pseudo-t, J ≈ 8.9 Hz, 

1H), 6.39 (s, 2H), 5.88 (d, J = 2.0 Hz, 1H), 5.28 (dd, J = 6.4, 2.0 Hz, 1H), 5.01 (dd, J = 6.4, 3.9 Hz, 1H), 

4.35–4.27 (m, 1H), 4.15–4.02 (m, 1H), 3.71 (d, J = 6.3 Hz, 2H), 3.58 (s, 1H), 3.30–3.16 (m, 1H), 2.19–

2.05 (m, 1H), 1.97–1.81 (m, 1H), 1.54 (s, 3H), 1.44–1.38 (m, 18H), 1.31 (s, 3H). 13C NMR (75.5 MHz, 

CDCl3): δ / ppm = 170.9, 162.0 (d, J = 265.2 Hz), 163.7, 160.2, 155.7, 155.6, 152.8, 148.7, 143.3, 140.0, 

130.1 (d, J = 17.1 Hz), 129.5 (d, J = 10.6 Hz), 126.2, 120.1, 117.9 (d, J = 24.1 Hz), 114.9, 90.3, 84.6, 

84.2, 82.5, 82.4, 80.0, 52.1, 49.4, 44.7, 31.8, 28.4, 28.0, 27.2, 25.3. FT-IR: ν / cm−1 = 3342, 2980, 2936, 

1705, 1640, 1586, 1534, 1474, 1350, 1254, 1153, 1058, 870, 844, 744. [α]D
20 = +19 (10 mg/mL; CHCl3). 

mp: 84 °C (decomposition). ESI-MS: m/z calculated for [C32H43FN8O11S+H]+ ([M+H]+) = 767.3, found: 

767.2.  
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tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-3-chloro-4-nitrophenyl)sulfonamido)-2-((tert-butoxycarbonyl)-

amino)butanoate  (71)  

 

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and 3-chloro-4-

nitrobenzenesulfonyl chloride (170 mg, 0.67 mmol, 1.5 equiv.) according to general procedure E to afford 

the desired product as a colorless solid (249 mg, 0.32 mmol, 72%). 1H NMR (300 MHz, CDCl3): 

δ / ppm = 8.32 (s, 1H), 7.86–7.78 (m, 2H), 7.76–7.69 (m, 1H), 7.59–7.53 (m, 1H), 6.33 (s, 2H), 5.99 (d, 

J = 1.8 Hz, 1H), 5.39 (dd, J = 6.4, 1.8 Hz, 1H), 5.28 (d, J = 8.0 Hz, 1H), 5.09 (dd, J = 6.4, 3.5 Hz, 1H), 

4.37–4.29 (m, 1H), 4.12–3.98 (m, 1H), 3.73–3.52 (m, 2H), 3.39–3.13 (m, 2H), 2.17–2.02 (m, 1H), 1.92–

1.75 (m, 1H), 1.56 (s, 3H), 1.44–1.40 (m, 18H), 1.35 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 

170.8, 155.7, 155.6, 152.8, 149.8, 148.9, 144.3, 140.4, 130.5, 128.0, 126.2, 126.0, 120.4, 114.8, 90.9, 

85.4, 84.2, 82.7, 80.1, 52.1, 50.0, 45.7, 32.1, 28.4, 28.0, 27.2, 25.3. FT-IR: ν / cm−1 = 3331, 2980, 2934, 

1705, 1639, 1594, 1536, 1366, 1211, 1153, 1096, 869, 797, 749, 672. [α]D
20 = +32 (10 mg/mL; CHCl3). 

mp: 97–99 °C. ESI-MS: m/z calculated for [C32H43ClN8O11S+H]+ ([M+H]+) = 783.3, found: 783.2.  

(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-4-chloro-3-(trifluoromethyl)phenyl)sulfonamido)butanoic acid, trifluoroacetate salt 

(72) 

 

The compound was prepared from 59 (92 mg, 0.11 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (88 mg, 0.11 mmol, 99%, 1.4 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.35 (s, 1H), 8.29 (s, 1H), 8.06 (d, J = 2.2 Hz, 1H), 7.98 (dd, J = 8.4, 

2.2 Hz, 1H), 7.72–7.64 (m, 1H), 5.92 (d, J = 4.2 Hz, 1H), 4.58–4.52 (m, 1H), 4.25–4.18 (m, 1H), 4.17–

4.09 (m, 1H), 3.94–3.85 (m, 1H), 3.72–3.52 (m, 2H), 3.50–3.29 (m, 2H), 2.34–2.19 (m, 1H), 2.12–1.97 

(m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.4, 152.8, 149.8, 146.5, 143.9, 140.2, 138.0, 134.0, 

133.3, 130.05 (q, J = 32.2 Hz), 127.6 (q, J = 5.4 Hz), 123.5 (q, J = 273.3 Hz), 120.8, 91.1, 83.6, 75.1, 

73.0, 52.4, 51.5, 46.6, 31.2. FT-IR: ν / cm−1 = 3103, 2969, 1671, 1509, 1426, 1311, 1259, 1184, 1130, 

1036, 968, 837, 798, 722, 660. [α]D
20 = +25 (10 mg/mL; MeOH). mp: 61 °C (decomposition). ESI-MS: 
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m/z calculated for [C21H23ClF3N7O7S+H]+ ([M+H]+) = 610.1, found: 610.0. Purity: 98% (HPLC, 254 nm, 

MeCN/H2O = 30:70 + 0.1% HCOOH, tR = 3.02 min). 

(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-4-chlorophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (73)  

 

The compound was prepared from 60 (104 mg, 0.14 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (110 mg, 0.14 mmol, 99%, 2.1 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.31 (s, 1H), 8.24 (s, 1H), 7.71–7.64 (m, 2H), 7.41–7.34 (m, 2H), 5.87 

(d, J = 4.3 Hz, 1H), 4.55–4.48 (m, 1H), 4.19–4.13 (m, 1H), 4.12–4.04 (m, 1H), 3.86–3.78 (m, 1H), 3.63–

3.53 (m, 1H), 3.47–3.18 (m, 3H), 2.25–2.10 (m, 1H), 2.03–1.88 (m, 1H). 13C NMR (75.5 MHz, CD3OD): 

δ / ppm = 171.4, 152.5, 149.8, 146.0, 144.1, 140.4, 139.0, 130.6, 130.0, 120.8, 91.1, 84.0, 75.1, 73.0, 

52.7, 51.6, 46.8, 31.2. FT-IR: ν / cm−1 = 3097, 2939, 1673, 1476, 1412, 1334, 1198, 1131, 1091, 1013, 

972, 828, 798, 764, 721. [α]D
20 = +18 (10 mg/mL; MeOH). mp: 82–84 °C. ESI-MS: m/z calculated for 

[C20H24ClN7O7S+H]+ ([M+H]+) = 542.1, found: 542.0. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 20:80 

+ 0.1% HCOOH, tR = 3.70 min). 

(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-3,4-dichlorophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (74)  

 

The compound was prepared from 61 (76 mg, 0.10 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (81 mg, 0.10 mmol, 99%, 2.2 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.35 (s, 1H), 8.29 (s, 1H), 7.89 (d, J = 2.1 Hz, 1H), 7.69–7.64 (m, 1H), 

7.61–7.56 (m, 1H), 5.92 (d, J = 4.3 Hz, 1H), 4.62–4.54 (m, 1H), 4.26–4.20 (m, 1H), 4.18–4.09 (m, 1H), 

3.93–3.86 (m, 1H), 3.70–3.52 (m, 2H), 3.50–3.28 (m, 2H), 2.33–2.19 (m, 1H), 2.12–1.97 (m, 1H). 
13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.5, 152.9, 149.8, 146.6, 143.9, 140.6, 138.5, 134.4, 132.6, 

130.2, 128.0, 120.8, 91.1, 83.7, 75.0, 73.0, 52.4, 51.6, 46.6, 31.2. FT-IR: ν / cm−1 = 3096, 1670, 1508, 

1457, 1426, 1372, 1337, 1188, 1132, 1033, 967, 825, 798, 722, 676. [α]D
20 = +18 (10 mg/mL; MeOH). 

mp: 60 °C (decomposition). ESI-MS: m/z calculated for [C20H23Cl2N7O7S+H]+ ([M+H]+) = 576.1, found: 

576.0. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 4.87 min). 
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(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-2,4-dichlorophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (75)  

 

The compound was prepared from 62 (159 mg, 0.21 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (169 mg, 0.21 mmol, 99%, 2.2 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.26–8.21 (m, 2H), 7.80–7.74 (m, 1H), 7.38 (d, J = 2.1 Hz, 1H), 7.13 (dd, 

J = 8.6, 2.1 Hz, 1H), 5.80 (d, J = 4.0 Hz, 1H), 4.46–4.40 (m, 1H), 4.15–4.09 (m, 1H), 4.09–4.00 (m, 1H), 

3.83–3.74 (m, 1H), 3.71–3.49 (m, 3H), 3.46–3.33 (m, 1H), 2.26–2.10 (m, 1H), 2.02–1.86 (m, 1H). 
13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.3, 152.7, 149.7, 146.3, 144.0, 140.5, 137.5, 134.3, 133.9, 

132.6, 128.4, 120.7, 91.1, 83.3, 75.1, 73.0, 51.6, 51.4, 45.9, 30.5. FT-IR: ν / cm−1 = 3087, 1668, 1574, 

1506, 1427, 1373, 1328, 1185, 1130, 1038, 966, 821, 798, 721, 676. [α]D
20 = +30 (10 mg/mL; MeOH). 

mp: 83–85 °C. ESI-MS: m/z calculated for [C20H23Cl2N7O7S+H]+ ([M+H]+) = 576.1, found: 576.0. Purity: 

>99% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 3.75 min). 

(S)-2-Amino-4-(N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)phenylsulfonamido)butanoic acid, trifluoroacetate salt (76)  

 

The compound was prepared from 63 (102 mg, 0.15 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (94 mg, 0.15 mmol, 99%, 1.2 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.33 (s, 1H), 8.24 (s, 1H), 7.76–7.70 (m, 2H), 7.55–7.47 (m, 1H), 7.46–

7.38 (m, 2H), 5.90 (d, J = 4.4 Hz, 1H), 4.58–4.52 (m, 1H), 4.21–4.15 (m, 1H), 4.15–4.06 (m, 1H), 3.88–

3.81 (m, 1H), 3.64–3.55 (m, 1H), 3.44–3.20 (m, 3H), 2.26–2.11 (m, 1H), 2.05–1.90 (m, 1H). 13C NMR 

(75.5 MHz, CD3OD): δ / ppm = 171.5, 152.5, 149.8, 146.1, 144.1, 140.0, 134.2, 130.5, 128.3, 120.8, 91.2, 

84.2, 75.1, 73.1, 53.0, 51.6, 47.0, 31.4. FT-IR: ν / cm−1 = 3098, 1669, 1507, 1447, 1424, 1326, 1189, 

1130, 1088, 966, 835, 798, 745, 721, 689. [α]D
20 = +24 (10 mg/mL; MeOH). mp: 78–80 °C. ESI-MS: m/z 

calculated for [C20H25N7O7S+H]+ ([M+H]+) = 508.2, found: 508.0. Purity: 99% (HPLC, 254 nm, 

MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 2.73 min). 
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(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-4-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (77)  

 

The compound was prepared from 64 (86 mg, 0.12 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (92 mg, 0.12 mmol, 99%, 2.2 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.28 (s, 1H), 8.23 (s, 1H), 8.17–8.11 (m, 2H), 7.93–7.87 (m, 2H), 5.82 

(d, J = 4.2 Hz, 1H), 4.52–4.46 (m, 1H), 4.18–4.12 (m, 1H), 4.10–4.01 (m, 1H), 3.86–3.79 (m, 1H), 3.68–

3.59 (m, 1H), 3.55–3.23 (m, 3H), 2.27–2.11 (m, 1H), 2.06–1.91 (m, 1H). 13C NMR (75.5 MHz, CD3OD): 

δ / ppm = 171.4, 152.5, 151.5, 149.8, 146.1, 144.0, 129.8, 125.4, 120.7, 91.0, 83.6, 75.1, 72.9, 52.4, 51.5, 

46.6, 31.1. FT-IR: ν / cm−1 = 3106, 1666, 1530, 1424, 1350, 1313, 1131, 967, 855, 835, 798, 758, 742, 

721, 684. [α]D
20  = +16 (10 mg/mL; MeOH). mp: 84 °C (decomposition). ESI-MS: m/z calculated for 

[C20H24N8O9S+H]+ ([M+H]+) = 553.2, found: 553.0. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 20:80 + 

0.1% HCOOH, tR = 3.78 min). 

(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-4-chloro-3-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (78)  

 

The compound was prepared from 65 (140 mg, 0.18 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (136 mg, 0.18 mmol, 99%, 1.5 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.32 (s, 1H), 8.28 (s, 1H), 8.23 (d, J = 2.1 Hz, 1H), 7.94 (dd, J = 8.5, 

2.2 Hz, 1H), 7.68 (d, J = 8.5 Hz, 1H), 5.89 (d, J = 4.2 Hz, 1H), 4.56–4.50 (m, 1H), 4.23–4.17 (m, 1H), 

4.15–4.07 (m, 1H), 3.92–3.85 (m, 1H), 3.71–3.53 (m, 2H), 3.52–3.29 (m, 2H), 2.33–2.18 (m, 1H), 2.12–

1.96 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.3, 152.5, 149.8, 149.2, 146.1, 144.0, 141.0, 

134.1, 132.7, 132.0, 125.5, 120.8, 91.1, 83.4, 75.1, 72.9, 52.2, 51.5, 46.4, 31.1. FT-IR: ν / cm−1 = 3093, 

2944, 1673, 1538, 1426, 1347, 1170, 1133, 1049, 968, 888, 834, 797, 721, 664. [α]D
20 = +26 (10 mg/mL; 

MeOH). mp: 138 °C (decomposition). ESI-MS: m/z calculated for [C20H23ClN8O9S+H]+ ([M+H]+) = 

587.1, found: 587.0. Purity: 96% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 4.76 min). 
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(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-4-fluoro-3-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (79)  

 

The compound was prepared from 66 (88 mg, 0.12 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (83 mg, 0.12 mmol, 99%, 1.0 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.32 (dd, J = 6.8, 2.3 Hz, 1H), 8.29–8.19 (m, 2H), 8.07–7.98 (m, 1H), 

7.45–7.36 (m, 1H), 5.82 (d, J = 4.1 Hz, 1H), 4.50–4.43 (m, 1H), 4.17–4.10 (m, 1H), 4.08–4.00 (m, 1H), 

3.86–3.78 (m, 1H), 3.66–3.45 (m, 2H), 3.43–3.21 (m, 2H), 2.27–2.11 (m, 1H), 2.04–1.91 (m, 1H). 
13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.4, 158.8 (d, J = 270.2 Hz), 152.5, 149.8, 146.1, 144.0, 

138.5 (d, J = 8.6 Hz), 137.81 (d, J = 4.1 Hz), 135.7 (d, J = 10.3 Hz), 126.8, 121.0 (d, J = 22.4 Hz), 120.8, 

91.1, 83.4, 75.1, 72.9, 52.2, 51.5, 46.4, 31.1. FT-IR: ν / cm−1 = 3106, 1673, 1606, 1537, 1416, 1349, 1270, 

1167, 1132, 1073, 972, 898, 818, 799, 721. [α]D
20 = +26 (10 mg/mL; MeOH). mp: 66–68 °C. ESI-MS: 

m/z calculated for [C20H23FN8O9S+H]+ ([M+H]+) = 571.1, found: 571.2. Purity: 95% (HPLC, 254 nm, 

MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 3.76 min). 

(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-4-bromo-3-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (80)  

 

The compound was prepared from 67 (198 mg, 0.24 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (192 mg, 0.24 mmol, 99%, 1.5 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.29 (s, 1H), 8.25 (s, 1H), 8.16–8.13 (m, 1H), 7.85–7.78 (m, 2H), 5.85 

(d, J = 4.2 Hz, 1H), 4.52–4.46 (m, 1H), 4.19–4.14 (m, 1H), 4.12–4.04 (m, 1H), 3.88–3.81 (m, 1H), 3.67–

3.50 (m, 2H), 3.49–3.24 (m, 2H), 2.30–2.15 (m, 1H), 2.08–1.93 (m, 1H). 13C NMR (75.5 MHz, CD3OD): 

δ / ppm = 171.4, 152.5, 151.3, 149.8, 146.1, 144.0, 141.6, 137.4, 132.4, 125.3, 120.8, 119.9, 91.1, 83.4, 

75.1, 72.9, 52.2, 51.5, 46.5, 31.1. FT-IR: ν / cm−1 = 3077, 1667, 1538, 1426, 1351, 1169, 1130, 1033, 

968, 886, 833, 798, 775, 721, 661. [α]D
20 = +24 (10 mg/mL; MeOH). mp: 81 °C (decomposition). ESI-MS: 

m/z calculated for [C20H23BrN8O9S+H]+ ([M+H]+) = 631.1, found: 630.9. Purity: 98% (HPLC, 254 nm, 

MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 4.46 min). 
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(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-3-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (81)  

 

The compound was prepared from 68 (103 mg, 0.14 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (92 mg, 0.14 mmol, 99%, 1.0 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.41–8.34 (m, 1H), 8.27–8.16 (m, 3H), 8.06–7.99 (m, 1H), 7.65–7.56 (m, 

1H), 5.79 (d, J = 4.1 Hz, 1H), 4.51–4.43 (m, 1H), 4.18–4.10 (m, 1H), 4.07–3.98 (m, 1H), 3.85–3.76 (m, 

1H), 3.67–3.45 (m, 2H), 3.44–3.21 (m, 1H), 2.28–2.09 (m, 1H), 2.07–1.89 (m, 1H). 13C NMR (75.5 MHz, 

CD3OD): δ / ppm = 171.5, 152.6, 149.8, 149.5, 146.2, 144.0, 142.5, 134.0, 132.1, 128.4, 123.2, 120.7, 

91.1, 83.5, 75.0, 72.9, 52.3, 51.6, 46.5, 31.1. FT-IR: ν / cm−1 = 3090, 1673, 1530, 1418, 1352, 1165, 1124, 

967, 879, 834, 798, 777, 721, 671, 659. [α]D
20 = +25 (10 mg/mL; MeOH). mp: 73–75 °C. ESI-MS: m/z 

calculated for [C20H24N8O9S+H]+ ([M+H]+) = 553.2, found: 553.0. Purity: 99% (HPLC, 254 nm, 

MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 3.16 min). 

(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-2-chloro-5-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (82)  

 

The compound was prepared from 69 (91 mg, 0.12 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (88 mg, 0.12 mmol, 99%, 1.5 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.50 (d, J = 2.7 Hz, 1H), 8.25 (s, 1H), 8.17 (s, 1H), 8.00 (dd, J = 8.7, 

2.7 Hz, 1H), 7.60 (d, J = 8.7 Hz, 1H), 5.72 (d, J = 3.6 Hz, 1H), 4.44–4.37 (m, 1H), 4.23–4.15 (m, 1H), 

4.12–4.02 (m, 1H), 3.90–3.74 (m, 1H), 3.73–3.66 (m, 2H), 3.56–3.42 (m, 1H), 2.36–2.19 (m, 1H), 2.13–

1.98 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.5, 153.0, 149.5, 147.0, 146.9, 143.8, 140.7, 

140.1, 134.2, 128.9, 127.2, 120.7, 91.3, 82.5, 75.1, 72.8, 51.6, 50.8, 45.8, 30.5. FT-IR: ν / cm−1 = 3103, 

1670, 1601, 1525, 1423, 1348, 1195, 1127, 1039, 966, 886, 836, 797, 739, 721. [α]D
20 = +24 (10 mg/mL; 

MeOH). mp: 80–82 °C. ESI-MS: m/z calculated for [C20H23ClN8O9S+H]+ ([M+H]+) = 587.1, found: 

587.0. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 2.78 min). 
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(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-2-fluoro-5-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (83)  

 

The compound was prepared from 70 (160 mg, 0.21 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (145 mg, 0.21 mmol, 99%, 1.1 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.33 (dd, J = 5.9, 2.9 Hz, 1H), 8.24 (s, 1H), 8.17–8.11 (m, 2H), 7.36–7.28 

(m, 1H), 5.71 (d, J = 3.7 Hz, 1H), 4.44–4.39 (m, 1H), 4.22–4.15 (m, 1H), 4.11–4.02 (m, 1H), 3.90–3.83 

(m, 1H), 3.77–3.62 (m, 3H), 3.49–3.36 (m, 1H), 2.33–2.18 (m, 1H), 2.13–1.98 (m, 1H). 13C NMR 

(75.5 MHz, CD3OD): δ / ppm = 171.4, 163.5 (d, J = 263.5 Hz), 152.8, 149.5, 146.7, 144.6, 143.9, 131.2 

(d, J = 11.0 Hz), 130.8 (d, J = 17.7 Hz), 127.1 (d, J = 3.0 Hz), 120.7, 119.6 (d, J = 24.9 Hz), 91.2, 82.5, 

75.1, 72.8, 51.6, 51.2, 45.5, 30.8. FT-IR: ν / cm−1 = 3110, 1668, 1533, 1474, 1424, 1351, 1258, 1129, 

1058, 970, 896, 837, 798, 744, 721. [α]D
20  = +11 (10 mg/mL; MeOH). mp: 80–82 °C. ESI-MS: m/z 

calculated for [C20H23FN8O9S+H]+ ([M+H]+) = 571.1, found: 571.0. Purity: >99% (HPLC, 254 nm, 

MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 2.81 min). 

(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-3-chloro-4-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (84)  

 

The compound was prepared from 71 (179 mg, 0.23 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (162 mg, 0.23 mmol, 99%, 1.1 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.32 (s, 1H), 8.26 (s, 1H), 7.97 (d, J = 1.8 Hz, 1H), 7.89 (d, J = 8.4 Hz, 

1H), 7.83 (dd, J = 8.4, 1.8 Hz, 1H), 5.88 (d, J = 4.3 Hz, 1H), 4.55–4.49 (m, 1H), 4.22–4.16 (m, 1H), 4.15–

4.06 (m, 1H), 3.90–3.83 (m, 1H), 3.71–3.52 (m, 2H), 3.51–3.27 (m, 2H), 2.32–2.17 (m, 1H), 2.10–1.95 

(m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.3, 152.5, 151.6, 149.8, 146.1, 145.1, 144.0, 131.5, 

128.2, 128.2, 127.5, 120.8, 91.1, 83.6, 75.1, 72.9, 52.4, 51.5, 46.6, 31.2. FT-IR: ν / cm−1 = 3101, 1669, 

1534, 1507, 1424, 1346, 1297, 1186, 1164, 1130, 968, 835, 797, 721, 671. [α]D
20  = +20 (10 mg/mL; 

MeOH). mp: 73–75 °C. ESI-MS: m/z calculated for [C20H23ClN8O9S+H]+ ([M+H]+) = 587.1, found: 

586.9. Purity: 99% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 4.53 min). 
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tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-6-chloropyridine)-3-sulfonamido)-2-((tert-butoxycarbonyl)amino)-

butanoate (88)  

 

The compound was prepared from 3 (251 mg, 0.45 mmol, 1.0 equiv.), 6-chloropyridine-3-sulfonyl 

chloride (94 mg, 0.45 mmol, 1.0 equiv.), and NEt3 (62 µL, 0.45 mmol, 1.0 equiv.) according to general 

procedure D to afford the desired product as a slightly yellowish solid (207 mg, 0.28 mmol, 62%). 
1H NMR (300 MHz, DMSO-d6): δ / ppm = 8.67 (d, J = 2.5 Hz, 1H), 8.32 (s, 1H), 8.19 (s, 1H), 8.04 (dd, 

J = 8.3, 2.5 Hz, 1H), 7.60 (d, J = 8.3 Hz, 1H), 7.37 (s, 2H), 7.19 (d, J = 7.8 Hz, 1H), 6.18 (d, J = 2.3 Hz, 

1H), 5.41 (dd, J = 6.3, 2.3 Hz, 1H), 5.03 (dd, J = 6.3, 3.2 Hz, 1H), 4.37–4.26 (m, 1H), 3.84–3.72 (m, 1H), 

3.64–3.44 (m, 2H), 3.34–3.01 (m, 2H), 1.94–1.67 (m, 2H), 1.52 (s, 3H), 1.39–1.33 (m, 18H), 1.30 (s, 

3H). 13C NMR (75.5 MHz, DMSO-d6): δ / ppm = 171.1, 156.1, 155.5, 154.0, 152.6, 148.6, 147.9, 140.2, 

138.1, 135.0, 125.0, 119.3, 113.5, 88.9, 83.8, 83.3, 82.0, 80.5, 78.2, 52.1, 49.8, 45.6, 29.8, 28.2, 27.6, 

26.9, 25.1. FT-IR: ν / cm−1 = 3415, 3337, 3227, 2980, 2936, 1727, 1702, 1651, 1602, 1357, 1157, 1075, 

872, 784, 742. [α]D
20 = +37 (10 mg/mL; CHCl3). mp: 222 °C (decomposition). ESI-MS: m/z calculated 

for [C31H43ClN8O9S+H]+ ([M+H]+) = 739.3, found: 739.3.  

2-(Benzylthio)-5-chloropyrazine (87) 

 

Using a modified procedure from COOPER et al., Novel Sulfonamide Carboxamide Compounds. 

WO2019/8025 A1, 2019. 

To a solution of benzyl mercaptan (0.79 g, 0.95 mmol, 0.95 equiv.) in THF (30 mL) was added NaH 

(60% dispersion in mineral oil, 0.23 g, 9.46 mmol, 1.41 equiv.) at 0 °C. After the suspension was stirred 

at 0 °C for 10 min, a solution of 2,5-dichloropyrazine (1.00 g, 6.71 mmol, 1.0 equiv.) in THF (5 mL) was 

added dropwise, and the mixture was stirred for an additional hour at 0 °C. The mixture was warmed up 

to room temperature and stirred for 16 h. Methanol (1 mL) was added at 0 °C, and stirring was continued 

for 5 min at 0 °C. The mixture was extracted with DCM (1 × 75 mL) and the separated organic layer was 

dried over Na2SO4. After filtration, the solvent was removed under reduced pressure at 40 °C to yield the 

desired product as an orange oil (1.37 g, 5.78 mmol, 91%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.42 

(d, J = 1.5 Hz, 1H), 8.22 (d, J = 1.5 Hz, 1H), 7.43–7.24 (m, 5H), 4.43–4.40 (m, 2H). 13C NMR (75.5 MHz, 



3.5   Electron-deficient aromatic SAH derivatives as potential covalent DNMT2 inhibitors 

135 

CDCl3): δ / ppm = 154.8, 144.9, 143.6, 142.5, 136.9, 129.1, 128.8, 127.7, 34.6. FT-IR: ν / cm−1 = 3062, 

3029, 2923, 2852, 1495, 1439, 1418, 1335, 1297, 1281, 1145, 1012, 894, 766, 697. 

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-5-chloropyrazine)-2-sulfonamido)-2-((tert-butoxycarbonyl)amino)-

butanoate (89)  

 

1.) Using a modified procedure from COOPER et al., Novel Sulfonamide Carboxamide Compounds. 

WO2019/8025 A1, 2019. 

To a solution of compound 87 (0.43 g, 1.82 mmol, 1.0 equiv.) in DCM (9 mL) was added water 

(0.9 mL). The mixture was cooled to −5 °C, and sulfuryl chloride (1.66 g, 12.30 mmol, 6.77 equiv.) 

was added. After the mixture was stirred at −5 °C for 2 h, ice (ca. 8 g) was added, and the organic 

phase was separated. The aqueous phase was extracted with DCM (2 × 15 mL) and dried over MgSO4. 

After filtration, the solvent was removed under reduced pressure at 40 °C to yield 5-chloropyrazine-

2-sulfonyl chloride as a yellowish oil, which was directly used in the next step. 

2.) The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and 5-chloropyrazine-2-

sulfonyl chloride (step 1, 142 mg, 0.67 mmol, 1.5 equiv.) according to general procedure E to afford 

the desired product as a colorless solid (112 mg, 0.15 mmol, 34%). 1H NMR (300 MHz, CDCl3): 

δ / ppm = 8.60 (s, 1H), 8.48 (d, J = 1.3 Hz, 1H), 8.31 (s, 1H), 7.81 (s, 1H), 6.20 (s, 2H), 5.92 (d, J = 

1.9 Hz, 1H), 5.39 (dd, J = 6.4, 1.9 Hz, 1H), 5.25 (d, J = 8.2 Hz, 1H), 5.06 (dd, J = 6.4, 3.4 Hz, 1H), 

4.38–4.28 (m, 1H), 4.11–3.95 (m, 1H), 3.85–3.73 (m, 1H), 3.65–3.43 (m, 2H), 3.37–3.21 (m, 1H), 

2.13–2.00 (m, 1H), 1.92–1.77 (m, 1H), 1.54 (s, 3H), 1.42–1.39 (m, 18H), 1.33 (s, 3H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm = 171.0, 155.9, 155.6, 153.1, 152.1, 151.8, 149.0, 144.2, 142.4, 140.2, 

120.4, 114.7, 90.7, 85.5, 84.2, 82.7, 82.5, 80.0, 52.1, 50.6, 46.4, 32.1, 28.4, 28.0, 27.1, 25.3. FT-IR: 

ν / cm−1 = 3411, 3340, 3230, 2980, 2937, 1698, 1653, 1602, 1332, 1135, 1075, 994, 872, 804, 751. 

[α]D
20  = +23 (10 mg/mL; CHCl3). mp: 216 °C (decomposition). ESI-MS: m/z calculated for 

[C30H42ClN9O9S+H]+ ([M+H]+) = 740.3, found: 740.2. 
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(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-6-chloropyridine)-3-sulfonamido)butanoic acid, trifluoroacetate salt (90)  

 

The compound was prepared from 88 (110 mg, 0.15 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (114 mg, 0.15 mmol, 99%, 2.0 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.46 (d, J = 2.5 Hz, 1H), 8.20 (s, 1H), 8.16 (s, 1H), 7.92 (dd, J = 8.5, 

2.5 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 5.73 (d, J = 4.2 Hz, 1H), 4.44–4.38 (m, 1H), 4.10–4.03 (m, 1H), 

4.02–3.93 (m, 1H), 3.78–3.70 (m, 1H), 3.55–3.37 (m, 2H), 3.36–3.11 (m, 2H), 2.19–2.03 (m, 1H), 1.99–

1.82 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.3, 156.3, 152.3, 149.8, 149.4, 145.7, 144.1, 

139.2, 136.5, 126.1, 120.8, 91.1, 83.4, 75.0, 72.9, 52.2, 51.5, 46.4, 31.1. FT-IR: ν / cm−1 = 3497, 3359, 

3286, 3041, 2891, 2444, 2197, 1633, 1597, 1348, 1167, 1113, 1040, 783, 747. [α]D
20 = +22 (10 mg/mL; 

MeOH). mp: 71–73 °C. ESI-MS: m/z calculated for [C19H23ClN8O7S+H]+ ([M+H]+) = 543.1, found: 

543.2. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 2.70 min). 

(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-5-chloropyrazine)-2-sulfonamido)butanoic acid, trifluoroacetate salt (91)  

 

The compound was prepared from 89 (86 mg, 0.12 mmol) according to general procedure C to afford the 

final product as a colorless trifluoroacetate salt (94 mg, 0.12 mmol, 99%, 2.3 equiv. TFA). 1H NMR 

(300 MHz, DMSO-d6): δ / ppm = 8.65 (d, J = 1.4 Hz, 1H), 8.44 (d, J = 1.4 Hz, 1H), 8.36 (s, 1H), 8.24 (s, 

1H), 5.57 (d, J = 5.5 Hz, 1H), 4.39–4.31 (m, 1H), 3.91–3.80 (m, 2H), 3.63 (s, 1H), 3.53–3.30 (m, 3H), 

3.27–3.11 (m, 1H), 1.98–1.83 (m, 1H), 1.82–1.66 (m, 1H). 13C NMR (75.5 MHz, DMSO-d6): δ / ppm = 

170.5, 151.8, 151.4, 151.0, 148.6, 146.8, 144.9, 142.2, 142.0, 119.0, 87.7, 81.8, 73.1, 71.2, 51.0, 49.9, 

45.4, 29.8. FT-IR: ν / cm−1 = 3086, 1671, 1509, 1431, 1348, 1300, 1188, 1131, 1018, 971, 924, 827, 798, 

764, 722. [α]D
20  = +27 (10 mg/mL; MeOH). mp: 76–87 °C. ESI-MS: m/z calculated for 

[C18H22ClN9O7S+H]+ ([M+H]+) = 544.1, found: 544.0. Purity: 95% (HPLC, 254 nm, MeCN/H2O = 20:80 

+ 0.1% HCOOH, tR = 2.53 min). 
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3.6 Warhead-decorated adenosine and SAH derivatives 

To identify other potential warheads suitable for inhibition of DNMT2, a study was conducted in which 

various electrophilic groups were attached to the SAH mimic adenosyl-Dab 51 to yield reactive Y-shaped 

inhibitors. In addition, warheads were attached to the 5'-position of adenosine using different functional 

groups for connection of the substructures. This strategy was used to investigate if the amino acid side 

chain is crucial for proper warhead orientation and if a covalent reaction can still occur inside the binding 

site. Structural simplification of biologically active substances can be beneficial, for example to improve 

their pharmacokinetic profiles or to reduce synthetic effort.285 For this project, warheads targeting cysteine 

residues were selected, including nitriles, propargyl amides, acrylamides, disulfides, maleimides, alkyl 

bromide, vinylsulfonamides, and electron-deficient aromats (Figure 18).  

 

Figure 18: Different types of warheads attached to the adenosine as well as the SAH scaffold. 

Compounds 72a–m and 73c–g were synthesized by  (master thesis, under supervision of 

MARVIN SCHWICKERT,  group). The vinylsulfonamide 73a and the pentafluorophenyl 

derivative 73b were synthesized by MARVIN SCHWICKERT. Protected adenosyl-Dab 50 was brought to 

reaction with the respective sulfonyl chlorides 74a and 74b using a two-phase system consisting of DCM 

SAH derivatives

Adenosine derivatives
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and saturated NaHCO3 solution at room temperature (Scheme 21). The resulting sulfonamides 75a and 

75b were treated with 50 vol% TFA in dichloromethane at 5 °C, followed by treatment with 14 vol% 

TFA in water at 5 °C to give the final inhibitors 73a and 73b. 

 

Scheme 21: Synthesis of compounds 73a and 73b. 

Binding analysis of 72a–m and 73c–g was conducted by  using MST (under supervision 

of  (  group) and DSF (under supervision of MARVIN 

SCHWICKERT). Compounds 73a and 73b were tested at a later stage of this project using an optimized 

MST displacement method by  (for details see Section 3.8). To evaluate their 

inhibitory potential, the compounds were subjected to a tritium incorporation assay measured by  

 and  (  group). All results are listed in Table 4. 
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Table 4: Results of compounds 72a–m and 73a–g. 

 

Compound 
MST 

Binding at 250 µM 
DSF 

Binding at 100 µM 

3H-Assay 
% inhibition at 100 µM 

72a 
 

✓  n. i. 

72b 
 

✓  n. i. 

72c 
 

✓  n. i. 

72d 
 

✓  n. i. 

72e 
 

✓  n. i. 

72f 
 

  n. i. 

72g 
 

✓  n. i. 

72h    n. i. 

72i  ✓  n. i. 

72j 
 

  n. i. 

72k 
 

  n. i. 

72l 
 

  n. i. 

72m 
 

✓  n. i. 

73a 

 


* n. d. n. d. 

73b 

 


* n. d. n. d. 

73c 

 

  n. i. 

73d 

 

 ✓ n. i. 
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Table 4 continued. 

Compound 
MST 

Binding at 250 µM 
DSF 

Binding at 100 µM 

3H-Assay 
% inhibition at 100 µM 

73e 

 
  n. i. 

73f 

 

✓  n. i. 

73g 

 

✓  14 ± 4 

*Determined by MST-based displacement method at 20 µM using a fluorescent dye (for details see Section 3.8); n. d. = not 
determined; n. i. = no inhibition. 

The testing revealed that of the 20 compounds, ten (72a–e, 72g, 72i, 72m, 73f, and 73g) were identified 

as potential binders of DNMT2 by MST. Using DSF, only compound 73d was identified as a binder, 

which was in contrast to its corresponding MST result. Notably, the MST and DSF results are barely 

consistent, which could be explained by the different compound concentrations (250 µM vs. 100 µM) 

used in both methods. Regarding the inhibition, only the maleic acid-derived compound 73g showed 

weak activity (14 ± 4% inhibition at 100 µM) in the tritium incorporation assay. Due to the low inhibition, 

compound 73g was not further investigated for potential covalent binding.   

For a more detailed discussion, as well as the presentation of the experimental procedures for the synthesis 

of compounds 72a–m and 73c–g, the reader is referred to the corresponding master thesis:  

, Entwicklung von Adenosin-Derivaten mit elektrophilen Warheads als potenzielle kovalente 

Dnmt2-Inhibitoren, 2020, Johannes Gutenberg University Mainz.  

Own contribution: Design of inhibitors, synthesis of 73a and 73b, supervising the master thesis 

( ) about the synthesis of warhead-decorated inhibitors 72a–m and 73c–g as well as the 

testing using DSF. 
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3.7 Development of NSUN6-selective inhibitors based on the SAH scaffold 

Since SAM-dependent MTases like DNMT2, NSUN2, and NSUN6 share similar binding pockets for 

their cofactor SAM, the development of selective SAH-derived inhibitors is highly challenging. These 

enzymes address different positions of their substrate tRNA (Section 2.2.2), consequently, they 

structurally differ in their cytidine sites. Therefore, selectivity could rather be achieved by attaching 

suitable cytidine-site targeting side chains to the SAH scaffold than by direct changes of the SAH scaffold 

itself. This theory was substantiated by results of first studies described in Sections 3.4 and 3.5 as 

(SR)-N-but-3-yn-2-yl-adenosyl-Dab 69s-A/B as well as a the 4-bromo-3-nitrophenylsulfonamide-based 

SAH derivative 71i showed high selectivity toward NSUN2 and NSUN6. Apart from the results presented 

in the first published study (Section 3.4),214 several N-alkyl derivatives (69f, 69g, 69k, and 69l) were 

tested for NUSN6 inhibition by  (  group) in a tritium incorporation assay (Table 5). 

In addition, KD values were obtained by  (  group) using ITC.  

Table 5: Inhibition of DNMT2 and NSUN6 by compounds 69f, 69g, 69k, 69l, SAH, and SFG. 

 

Compound 
DNMT2 NSUN6 

3H-Assay 
% inhibition at 100 µM 

3H-Assay 
% inhibition at 100 µM 

ITC 
KD / µM 

18 SAH 85.7 ± 1.7 100 6.8 ± 0.6 
19 SFG 83.5 ± 1.1 70.2 ± 1.8 5.5 ± 0.9 
69f  n. i. 24.9 ± 1.4 32.6 ± 16.1 

69g  n. i. 10.1 ± 2.0 n. d. 

69k 
 

n. i. 45.8 ± 6.1 10.9 ± 1.9 

69l  22.4 ± 2.6 22.4 ± 1.8 n. d. 
n. d. = not determined; n. i. = no inhibition. 

The testing revealed that NSUN6 preferred bulkier side chains (inhibition of 10–46% at 100 µM) while 

these modifications resulted in no inhibitory activity against DNMT2, as demonstrated with compounds 

69f, 69g, and 69k. The cyclohexyl derivative 69k showed the strongest discrepancy with 45.8 ± 6.1% 

inhibition of NSUN6 compared to no inhibition of DNMT2. Notably, with a KD value of 10.9 ± 1.9 µM, 

compound 69k showed a binding affinity to NSUN6 that approximated the binding affinity of the natural 

ligands SAH and SFG, which exhibited high inhibition of 100% and 70.2 ± 1.8% at 100 µM, respectively. 

Since the cyclohexyl moiety presumably targets the NSUN6 cytidine site, unlike SAH and SFG, 

competition with the tRNA might have a stronger impact on inhibition of 69k. Interestingly, the 

discrepancy  between  KD  values  and  observed  inhibitions of NSUN6 was lower compared to Y-shaped 
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DNMT2 inhibitors presented in Section 3.4, which might be due to higher affinity of the tRNA for 

NSUN6. Small unsaturated systems such as the allyl (69l) derivative did not affect selectivity. 

The findings could be explained by comparing the cytidine sites of DNMT2, NSUN2, and NSUN6 

(Figure 19). 

       

 

Figure 19: A: Crystal structure of SAH in complex with hDNMT2 (PDB-ID:1G55).197 B: AlphaFold homology model of 
hNSUN2200,201 aligned with SAH of the hDNMT2 crystal structure (PDB-ID:1G55). C: Crystal structure of SFG in complex with 
hNSUN6 (PDB-ID: 5WWR).116 Glowing lines indicate potential clashing points of an inhibitor side chain. 

The cytidine site of DNMT2 appears to be narrow, presumably allowing only less rigid, small planar 

structures to be positioned, which is consistent with findings described in Section 3.4. In the structure of 

NSUN2 a slightly wider cytidine site can be found compared to DNMT2. NSUN6, on the other hand, 

exhibits a large cavity that should allow binding of sterically more complex substructures. Consequently, 

developing SAH derivatives with large and/or bulky side chains might allow binding to NSUN6, whereas 

such structures should lead to steric clash with the other two MTases. Based on this idea, sterically 

complex compounds were designed (Figure 20) to force steric clash toward DNMT2 and NSUN2 and 

enable selectivity. The modifications included variations the cyclohexyl moiety (76a–i) as the derivative 

69k showed moderate inhibition of NSUN6 and selectivity toward DNMT2, as well as large aromatic 

systems (77a–k). The aim of this SAR was to establish a “clash profile” that provides information about 

compatibility of cytidine sites and sterically complex side chain substructures.  

A B 

C 
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Figure 20: Design of SAH derivatives for testing on NSUN6. Some of the structures were selected together with  
(  group). 

In this work, a small set of the designed compounds (76a, 76c, 76f, 77c, and 77i–k, Figure 20) was 

generated to obtain first data about a potential selectivity profile. They were synthesized starting from the 

secondary amine 50 which was reacted with the aldehydes 79a–g in a reductive amination using sodium 

triacetoxyborohydride yielding the precursors 81a–c and 82a–d (Scheme 22). Bicyclo[2.2.2]octane-1-

carbaldehyde (79a) was prepared by oxidization of the corresponding alcohol 78 using pyridinium 

chlorochromate. In the final step, 81a–c and 82a–d were treated with 50 vol% TFA in dichloromethane 

at 5 °C, followed by treatment with 14 vol% TFA in water at 5 °C to give the inhibitors 76a, 76c, 76f, 

77c, and 77i–k. 

Bulky variations and rigidizing modifications

Ring 

extension

Elimination of

chain segment

Insertion 

of nitrogen

Large aromatic structures
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Scheme 22: A: Synthesis of bicyclo[2.2.2]octane-1-carbaldehyde (79a). B: Synthesis of 76a, 76c, 76f, 77c, and 77i–k. 

Compounds 76a, 76c, 76f, 77c, and 77i–k were evaluated for their binding affinities to DNMT2 by 

 (  group) using an MST displacement method. The inhibitory 

potential to DNMT2, NSUN2, and NSUN6 was determined in a tritium incorporation assay by  

 (  group). All results are given in Table 6. 

Bulkier modifications of the cyclohexyl moiety (76a and 76c) or ring extension (76f) resulted in a slight 

decrease in inhibition of NSUN6 (21–35% inhibition at 100 µM) suggesting adverse effects. However, 

these structures exhibited selectivity toward DNMT2 as they were not considered as binders in the MST 

displacement assay (shift = 1.0–2.1‰). Selectivity toward NSUN2 could also be observed as 76a and 76f 

showed no inhibition, whereas the adamantyl derivative 76c was slightly active with 11.7 ± 0.8%. The 

phenoxyphenyl derivative 77i is equipotent to 69k (42.7 ± 3.9% vs. 45.8 ± 6.1%) but shows weak binding 

to DNMT2 (MST shift = 8.1‰) and NSUN2 (10.6 ± 2.9% inhibition). Notably, the biphenyl derivative 

77c increased the inhibition of NSUN6 (73.2 ± 4.7%) but also showed moderate activity against DNMT2 

(49.8 ± 4.2%) and NSUN2 (52.7 ± 8.3). Large aromatic systems such as pyrene (77j) or perylene (77k) 

were either not evaluable or caused inaccurate data due to aggregation effects.  

A dataset generated by seven compounds is not yet sufficient to establish a proper MTase clash profile. 

To increase the size of the molecule library by preparing, among others, compounds 76b, 76d, 76e, 76g, 

76h, 76i, 77a, 77b, and 77d–h, the project will be continued by  (  group). 
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Table 6: Inhibition of DNMT2, NSUN2, and NSUN6 by compounds 76a, 76c, 76f, 77c, and 77i–k. 

 

Compound 

DNMT2 NSUN2 NSUN6 

MST*  
shift at 20 µM / 

‰ 

3H-Assay 
% inhibition at 

100 µM 

3H-Assay 
% inhibition at 

100 µM 

3H-Assay 
% inhibition at 

100 µM 

69k 
 

n. d. n. i. t. b. d. 45.8 ± 6.1 

76a 
 

1.0 n. d. n. i. 20.8 ± 5.7 

76c 
 

1.2 n. d. 11.7 ± 0.8 35.9 ± 4.8 

76f 
 

2.1 n. d. n. i. 34.6 ± 8.7 

77c 

 

10.4 49.8 ± 4.2 52.7 ± 8.3 73.2 ± 4.7 

77i 
 

8.1 n. d. 10.6 ± 2.9 42.7 ± 3.9 

77j 

 

13.4 67.6 ± 10.9** n. i. 25.4 ± 7.1** 

77k 

 

n. e. n. d. 27.1 ± 9.5** 39.1 ± 3.4** 

*Determined by MST-based displacement method using a fluorescent dye (for details see Section 3.8); **not accurate due to bad 
solubility or induced aggregation caused by compound; n. d. = not determined; n. e. = not evaluable; n. i. = no inhibition; t. b. d. 
= to be determined. 

Nevertheless, the dataset provides preliminary evidence for a selectivity profile as bulky moieties derived 

from the cyclohexyl substructure appeared to generate selectivity for NSUN6. The combination of a 

selectivity generating moiety (69k) with an affinity generating substructure (77c) could lead to a suitable 

activity and selectivity profile. An exemplary structure is shown in Figure 21. However, this hypothesis 

needs to be validated by additional data. 

 

Figure 21: Possible inhibitor that combines the selectivity generating substructure of 69k with the affinity generating 
moiety of 77c.
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3.8 Development of tool compounds for biophysical applications to assay 

methyltransferase inhibitors 

Note: The substance numbers from the corresponding publication are listed in italics behind the substance 

numbers in this thesis. 

3.8.1 Summary and own contribution 

The development of MTase inhibitors is challenging since reliable methods to identify promising binders 

are required. Compared to well established fluorometric assays used for the evaluation of protease 

inhibitors, the methods that can be used for measurement of MTase ligands have several disadvantages. 

Tritium incorporation assays using 3H-SAM are currently the most reliable and therefore often used 

methods to assay MTases.193,286 However, these assays are very time-consuming and cost-intensive. Other 

methods, such as LC-MS, also require a lot of working steps and time. Therefore, fast, reliable, and cost-

efficient screening methods are needed to pre-evaluate compounds and reduce their number subjected to 

tritium incorporation assays or LC-MS-based methods. Based on a literature-known fluorescent SAH 

derivative, 5-carboxyfluorescein (5-FAM)-triazolyl-adenosyl-Dab (FTAD, 84 (6)), originally developed 

for a fluorescence polarization assay to investigate the histone methyltransferase mixed-lineage leukemia 

1 (MLL1),287 an optimized MST screening method was established for DNMT2. In this assay, FTAD 

forms a complex with DNMT2, which allows fluorescence tracing. Adding a ligand of interest displaces 

FTAD, resulting in an altered fluorescence signal due to dissociation of the FTAD-DNMT2 complex.  

 

Figure 22: Left: principle of the MST displacement method. Right: Structure of FTAD (84 (6)).  

The method was evaluated using SAH, SFG, and five SAH derivatives (four alkyne-based inhibitors (69s-

A/B (9), 69m–o (11–13)) and one non-binder (69c (10))) introduced in a previous study (Section 3.4).214 

It was found that the thermophoresis shifts in this displacement assay correlated with the measured 

inhibition from the tritium incorporation assay. In addition, binding affinity could be determined for all 

compounds. Overall, this optimized FTAD displacement assay circumvents various problems inherent to 

standard MST methods by providing the following improvements:

Ligand

Linker

Fluorescent dye

(fluorescein)

FTAD
FTAD

FTAD

Ligand

Ligand
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➢ reduced aggregation due to lower concentrations of ligand 

➢ half-quantitative screenings outcomes: compounds can be pre-evaluated for potential inhibition of 

DNMT2 

➢ determination of active site interactions 

➢ no enzyme labeling required 

For a more detailed discussion, as well as the presentation of the experimental procedures, the reader is 

referred to the corresponding publication (Section 3.8.2) and Supporting Information (Appendix)    

(DOI: 10.1021/acsptsci.2c00175).  

Own contribution: synthesis of FTAD (preparation of precursor 4, conducting step iv), writing the 

corresponding part in the manuscript and Supporting Information. Creation of graphical abstract, 

Scheme 1, and Scheme 2. 
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3.8.2 Publication 

 

  

Reprinted with permission from ACS Pharmacol. Transl. Sci. 2022, 5, 11, 1079–1085. 

© 2022 American Chemical Society. 
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3.8.3 Experimental section of the publication 

Note: Experimental procedures conducted by MARVIN SCHWICKERT (  group) are 

described in this section. Experiments performed by others can be found in the complete Supporting 

Information file in the Appendix. Compound numbers in this section refer to the numbering in the 

corresponding manuscript. The synthesis of compound 4 is described Section 3.4.2. 

General information 

Reagents and solvents were of commercial quality and were used without further purification. Reaction 

progress was monitored by thin layer chromatography using ALUGRAM® Xtra SIL G UV254 silica plates 

from Machery-Nagel. For compound purification by column chromatography silica (40–63 µm) from 

Machery-Nagel was used. NMR spectra were recorded at 300 MHz on a Bruker Fourier 300 and at 

600 MHz on a Bruker Avance III 600. Chemical shifts are indicated in parts per million (ppm), using the 

solvent resonance (CDCl3, DMSO-d6, or CD3OD from Deutero GmbH) as internal standard. The identity 

and purity of the final compound was determined by combined HPLC/ESI-MS analysis using an Agilent 

1100 series HPLC system with an Agilent Zorbax SB-Aq (4.6 × 150 mm, 5 µm; mobile phase: MeCN/H2O 

= 30:70 + 0.1% HCOOH; flow rate: 0.7 mL/min) column. The sample was applied using 5 µL injection 

with quantitation by AUC at 210 nm, 254 nm, and 280 nm. Fourier-transformed ATR-corrected IR spectra 

were measured on an Avatar 330 single crystal spectrometer from ThermoNicolet. Melting points 

(uncorrected) were measured with an MPM-H3 using semi-open capillaries. Specific rotations were 

determined with a Krüss P3000 polarimeter and are given in deg cm3 g−1 dm−1. The purity of all 

compounds tested in the described biological assays was ≥95% as determined by LC-MS. 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)((1-(2-(3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-5-carboxamido)-

ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)butanoic acid, trifluoroacetate salt (6, FTAD) 

 

To a solution of compound 5 (182 mg, 0.17 mmol) in DCM (4 mL) at 5 °C was added TFA (4 mL). The 

solution was kept at 5 °C for 24 h. After the mixture was diluted and co-distilled with DCM (3 × 40 mL), 

the residue was dissolved in H2O (3 mL) and cooled to 5 °C. TFA (0.5 mL) was added, and the solution 

was kept at 5 °C for 5 d. The mixture was diluted with water (12 mL) and dried by lyophilization to give 

FTAD (6, 194 mg, 0.17 mmol, 99%, 2.3 equiv. TFA) as an orange trifluoroacetate salt. 1H NMR 

(600 MHz, CD3OD): δ / ppm = 8.31–8.19 (m, 3H), 8.16–8.11 (m, 1H), 8.08–8.03 (m, 1H), 7.23 (d, J = 
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8.0 Hz, 1H), 6.65–6.62 (m, 2H), 6.53–6.44 (m, 4H), 6.05–5.98 (m, 1H), 4.69–4.58 (m, 3H), 4.51–4.43 

(m, 1H), 4.38–4.25 (m, 3H), 3.89–3.79 (m, 3H), 3.48–3.40 (m, 1H), 3.36–3.27 (m, 2H), 2.36–2.25 (m, 

1H), 2.13–2.01 (m, 1H), 1.33–1.29 (m, 1H). 13C NMR (150 MHz, CD3OD): δ / ppm = 168.4, 166.5, 

159.3, 154.5, 151.8, 147.8, 140.9, 135.3, 133.3, 128.0, 126.4, 125.5, 123.6, 122.8, 111.6, 108.5, 101.4, 

89.2, 79.1, 72.5, 71.3, 55.3, 54.4, 53.6, 52.1, 50.9, 49.1, 45.7, 39.1, 24.5, 16.5, 15.1. FTIR: ν / cm−1 = 

3090, 2609, 1742, 1670, 1506, 1452, 1317, 1248, 1178, 1128, 994, 836, 798, 761, 720. mp: 67 °C 

(decomposition). [α]D
20 = +17 (10 mg/mL; MeOH). ESI-MS: m/z calculated for [C40H39N11O11+2H]2+ 

([M+2H]2+) = 425.7; found: 425.6. Purity: 95% (HPLC, MeCN/H2O = 30:70 + 0.1% HCOOH); tR = 

2.38 min. 
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3.9 Additional results  

3.9.1 Modification of 4-bromo-3-nitrophenylsulfonyl-adenosyl-Dab to address additional 

subpockets 

Based on the most promising inhibitor, compound 71i (Section 3.5), further modifications were 

considered to potentially enhance inhibition of DNMT2. Regarding the binding pose of 71i (Figure 23), 

a subpocket above the adenine site is visible that is not targeted by the inhibitor. By positioning a phenyl 

moiety into the subpocket, hydrophobic and aromatic interactions with Pro78 and Tyr10 as well as 

induced dipole interactions with Ser98 might be achieved and could contribute to the overall affinity and 

selectivity profile. A small methylene unit was chosen as a linker, yielding the corresponding N6-benzyl 

derivative 85 of compound 71i. 

 

Figure 23: Docking poses of compound 71i (salmon, left) and compound 85 (cyan, right) in DNMT2 (PDB-ID: 1G55)197 with 
illustration of potential interactions of the benzyl group inside the subpocket. 

The synthesis of compound 85 was carried out starting from commercially available N6-benzyladenosine 

(86), which was protected using acetone in presence of p-toluenesulfonic acid yielding 87 (Scheme 23). 

Interestingly, 87 could also be prepared according to a procedure from SARFATI et al. by alkylating 

2',3'-O-isopropylideneadenosine (33) with benzyl bromide at position N1.288 The resulting intermediate 

88 was treated with dimethylamine (DMA) in methanol to generate 87 in a DIMROTH rearrangement. 87 

was brought to reaction with diphenylphosphoryl azide (DPPA) under basic conditions, followed by 

sodium azide in presence of 15-crown-5 to give the azide 89. Hydrogenation of 89 yielded the primary 

amine 90, which was reacted with the aldehyde 45 in a reductive amination using sodium triacetoxyboro-
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hydride. The secondary amine 91 was treated with 4-bromo-3-nitrobenzenesulfonyl chloride (92) in a 

two-phase system consisting of DCM and saturated NaHCO3 solution. In the last step, the resulting 

sulfonamide 93 was treated with 50 vol% TFA in dichloromethane at 5 °C, followed by treatment with 

14 vol% TFA in water at 5 °C to give the final inhibitor 85. 

 

Scheme 23: Synthesis of compound 85. 

Compound 85 was evaluated for its binding affinity to DNMT2 by  

(  group) using an MST displacement method (Section 3.8). The inhibitory potential was 

determined in a tritium incorporation assay by  (  group). Results are 

given in Table 7. 
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Table 7: Binding of compounds 71i and 85 to DNMT2 as determined by MST and inhibition of DNMT2 as determined in the 
tritium incorporation assay. 

 

Compound 
MST* 3H-Assay 

KD
app / µM 

% inhibition at 
100 µM 

IC50 / µM 

71i 
 

2.3 ± 0.1 98.7 ± 1.1 1.6 ± 0.2 

85 

 

11.2 ± 1.1 91.0 ± 1.9 30.6 ± 2.2 

*Determined by MST-based displacement method using a fluorescent dye (for details see Section 3.8). 

The attachment of a benzyl group to N6 of compound 71i resulted in a decrease in inhibition (IC50 = 

30.6 ± 2.2 µM vs. 1.6 ± 0.2 µM) and slightly lower binding affinity (KD
app = 11.2 ± 1.1 µM vs. 

2.3 ± 0.1 µM). While conducting the assays, an unsatisfactory water solubility was observed. The 

deterioration of the obtained results might be due to solubility rather than to adverse interactions inside 

the binding site caused by the benzyl moiety. However, this project was not further pursued. 

3.9.2 Method establishment for synthesis of potential prodrugs of SAH-based inhibitors 

SAH-based inhibitors exhibit poor pharmacokinetic properties since they bear several polar functional 

groups, such as the vicinal hydroxy groups at the ribose scaffold, the amine function of adenine, as well 

as the amine and carboxyl groups of the amino acid side chain. The latter two make cell permeability an 

even bigger challenge as both functions – an acidic and a basic function – dissociate at physiological pH 

of 7.4 resulting in a zwitterionic substructure. In order to reach sufficient cell permeability, at least one 

of these dissociating functions should be capped by a suitable prodrug group to avoid the zwitterionic 

state before cell entry. In the first study (Section 3.4) an approach was pursued to cap the carboxyl group 

of 69s-A/B as an ethyl ester since it is a commonly used concept for drug delivery.289 Unfortunately, it 

rapidly hydrolyzed in aqueous environment leading to insufficient cell permeability. 

As a more promising strategy, a prodrug form should be considered that is less prone to spontaneous 

hydrolysis and more likely to be cleaved by an enzyme (e.g. an esterase) inside the cell. The prodrug of 

the angiotensin receptor blocker (AT1 antagonist) candesartan, namely candesartan cilexetil (94) provides 

an acylal-based group capping the carboxyl function (Figure 24).290  
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Figure 24: Left: Structure of candesartan cilexetil. The acylal prodrug substructure is highlighted in blue. Right: Attachment 
point for the acylal group to generate SAH-based prodrugs. 

In a test approach N-n-butyl-adenosyl-Dab 69e was treated with 1-chloroethyl cyclohexyl carbonate (95) 

using either potassium carbonate or N,N-diisopropylethylamine (DIPEA) in DMF at different 

temperatures to analyze the chemoselectivity of this reaction (Scheme 24). Conducting the reactions with 

potassium carbonate at room temperature or 50 °C did not lead to a conversion. The same was true for 

using DIPEA at room temperature. Interestingly, when the mixtures were heated at 70–90 °C, a product 

was formed exhibiting a mass-to-charge ratio of m/z = 550, which could be assigned to the cyclohexyl 

carbamate 97 or a respective constitutional isomer.  

 

Scheme 24: Test approaches to introduce an acylal prodrug group to N-n-butyl-adenosyl-Dab (69e). 

Since several approaches to introduce the acylal prodrug group to an SAH-like scaffold failed, another 

strategy was pursued. Instead of capping the carboxyl function, modification of the more nucleophilic 

amino function should be synthetically more feasible. This concept is used for 5-fluorouracil 3, 

which is applied as the prodrug capecitabine (98) with the amino function capped as pentyl carbamate 

(Figure 25). In the organism the carbamate is cleaved by carboxylesterases releasing the free amine.291,292  
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Figure 25: Left: Structure of capecitabine with the pentyl carbamate group highlighted in blue. Right: Attachment point for the 
pentyl carbamate group to generate SAH-based prodrugs. 

For the design of SAH-based inhibitors, the hexyl carbamate group was considered as a suitable prodrug 

substructure as it is more lipophilic than pentyl carbamate and should therefore compensate the high 

hydrophilicity of the SAH scaffold. A test approach was conducted treating 4-bromo-3-

nitrophenylsulfonyl-adenosyl-Dab (71i) with n-hexyl chloroformate (99) in presence of sodium 

hydrogencarbonate and tetrabutylammonium bromide (TBAB) in THF and water at room temperature 

(Scheme 25). 

 

Scheme 25: Test approach to synthesize the hexyl carbamate prodrug 100 (procedure adapted from PONZANO et al.).293  
*Determined via LC-MS (AUC). 

The chromatogram of the reaction mixture showed a huge extension of retention time (5.2 vs. 2.9 min) 

of the prodrug compared to the free inhibitor on a C18 column (Figure 26), suggesting a significant 

increase in lipophilicity. In addition, it appeared to be more stable as hydrolysis in aqueous environment 

could not be observed compared to the ester prodrug 28-A/B presented in Section 3.4. The suitability of 

the prodrug needs to be further validated by analyzing cell permeability and performing kinetic studies 

of enzymatic cleavage to determine the required incubation time for cell testing. 

 

Figure 26: Chromatogram showing reaction mixture of hexyl carbamate prodrug (100) synthesis after 16 h. Educt peak (71i) is 

highlighted in blue, product peak (100) is highlighted in orange. C18 column, MeCN/H2O gradient method (10:90 → 90:10).
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4 Conclusion and outlook 

The RNA methyltransferases DNMT2, NSUN2, and NSUN6 do not only play significant roles in various 

physiological processes but are also associated to diseases such as cancer. Although efforts are made by 

researchers to improve understanding of the biological functions of these enzymes, particularly of their 

RNA modifications, they are not perfectly understood yet. Therefore, these RNA methyltransferases 

represent promising targets for drug discovery as well as for the development of activity-based probes, 

which can be used to further study the biological impacts of the enzymes. However, the development of 

MTase inhibitors is challenging, especially since suitable lead structures are not known for each target. 

Literature often only provides knowledge about the inhibitory effects of the natural ligands SAH and SFG 

– structures that highly resemble each other. Therefore, the structural possibilities of the SAH scaffold 

within the chemical space was explored in this thesis to find potent inhibitors of DNMT2, NSUN2, and 

NSUN6 with a primary focus on DNMT2 (Scheme 26).  

In a first study, the amino acid side chain of SAH was varied, which led to the conclusion that retaining 

the carboxyl and amino functions is essential for affinity to DNMT2. Exchanging the sulfur with nitrogen 

allowed the attachment of additional side chains to target the cytidine site. Various alkyl-based moieties 

were analyzed for their structure-activity relationship. A (SR)-N-but-3-yn-2-yl-decorated derivative 

(69s-A/B) was identified as the most potent (IC50 = 12.9 ± 1.9 µM) representative of the first generation 

of SAH-based inhibitors. Although it was only slightly more potent than SAH (IC50 = 15.8 ± 1.5 µM) and 

SFG (IC50 = 13.2 ± 0.8 µM), it exhibited an improved selectivity profile as it did not inhibit NSUN2 and 

NSUN6. To investigate the effect on a cellular level, an ethyl ester prodrug of 69s-A/B was prepared and 

tested, resulting in only a slight but significant reduction of the m5C tRNA level. CaCo-2 assays revealed 

poor cell permeability due to rapid hydrolysis of the ester prodrug in aqueous environment, leading to 

reconsideration of the concept for future inhibitor and prodrug design.  

To allow more space for side chain modification, the N-benzyl derivative 69q (56.8 ± 6.8% inhibition at 

100 µM) from the first generation was taken for optimization. According to the TOPLISS scheme 

suggestions, the phenyl moiety was decorated with different substituents yielding electron-deficient 

aromatic structures with high inhibition of DNMT2 (e.g. 70n, IC50 = 2.5 ± 0.2 µM) as the second 

generation of SAH-based inhibitors. By attaching strong electron-withdrawing groups combined with 

leaving groups, the electrophilicity could be adjusted providing a new type of aryl warhead (4-bromo-3-

nitrophenylsulfonyl) that covalently reacted with the catalytically active Cys79 of DNMT2. This warhead 

not only provides optimal length and positioning of the electrophilic center for Cys79, but it also mimics 

the natural substrate, namely cytidine of tRNA. With an IC50 value of 1.2 ± 0.1 µM, compound 71i showed 

an improved inhibition of one order of magnitude compared to 69s-A/B, hence outclassing the natural 

ligands SAH and SFG. Furthermore, it was selective toward NSUN2 and NSUN6. The concept of a cova-
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lent aromatic SAH derivative may be highly beneficial for the overall selectivity profile as various other 

MTases do not exhibit a catalytically active cysteine.  

 

Scheme 26: Process flowchart of the DNMT2 project showing the milestones. 

Evaluating alternative prodrug groups led to a hexyl carbamate 100 that showed promising properties as 

it significantly increased lipophilicity of 71i. In addition, spontaneous hydrolysis could not be observed 

compared to the ethyl ester prodrug 28-A/B of the first study (Section 3.4). Nevertheless, the prodrug 

needs to be further validated by an enzymatic cleavage study, determination of cell permeability as well 

as cell testing. If the prodrug group was found to be suitable for in cellulo testing, it can be used as a basis 

for ABP development by attaching a fluorescent dye (via a linker) to N6 of the adenine moiety. An 

exemplary structure (101) is illustrated in Scheme 26. Notably, another formulation strategy for SAH 

derivatives could be a liposome-based carrier system that allows the delivery of highly polar, charged 

molecules into cells. A method is currently being established by  (  group).  

Creating selective inhibitors for other MTases may be achieved by exploring the structural properties of 

cytidine-site targeting side chains since the enzymes address different locations of their target tRNAs and, 

therefore, differ in composition, particularly size of their corresponding subpockets. A cyclohexyl 

derivative (69k) inhibiting NSUN6 (45.8 ± 6.1% at 100 µM) was found to be selective toward DNMT2 

(n. i.) suggesting that bulky moieties result in binding to NSUN6 (large cytidine site), but steric clash 

toward DNMT2 (narrow cytidine site). Based on the concept of enforcing selectivity through steric clash, 

various SAH-based compounds with bulky cyclohexyl derived moieties and aromatic systems of different 

sizes were designed for testing on DNMT2, NSUN2, and NSUN6. The results should provide information 

on the substructures that fit into each cytidine site of the three enzymes to create a ‘clash profile’ that can 

be used for inhibitor design. A small set of the design compounds for the study was prepared giving 
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evidence about the preference of NSUN6 for bulky moieties. To make precise conclusions, especially for 

the creation of a clash profile, the dataset needs to be completed. 

Within the MTase project, it was possible to establish an optimized MST method designed by  

 (  group) that is based on the displacement of the fluorescent ligand FTAD 

(84) used as an ABP. The method allows fast screening of active-site inhibitors of DNMT2 with half-

quantitative screening outcomes. The measurements are highly beneficial for pre-evaluation of potential 

inhibitors since it reduces the number of compounds subjected to the time- and cost-intensive tritium 

incorporation assay. 

As a future perspective, disposal of SAH-like characteristics could be beneficial, especially in terms of 

selectivity as well as pharmacokinetic properties. By creating non-SAH-like inhibitors (Figure 27), high 

structural similarity to the natural ligand would be eliminated and open space for new modifications. 

Since the amino acid side chain functions appeared to be essential for affinity, this part of the molecule 

should either be retained or substituted by suitable bioisosteres. The same is true for established cytidine-

site targeting substructures as they improved the affinity and selectivity profile. To avoid potential 

mutagenic effects caused by the nitro group of 71i,294 it may be replaced by a cyano group. However, for 

SAH-like derivatives, this requires an alternative synthetic approach as the currently used deprotection 

method using TFA/water will probably lead to hydration of this group. Overall, replacement of the 

adenosine substructure may yield potential MTase inhibitors. Adenine may be replaced using scaffold 

hopping that yields an aromatic structure exhibiting a similar hydrogen bond donor/acceptor profile. A 

potential replacement for the ribose was identified by  (  group) 

using computer-aided methods. This structure mimics the vicinal diol of the pentose, which interacts with 

Asp34 of DNMT2.  

 

Figure 27: Possible modifications/approaches to create non-SAH-like derivatives retaining established substructures of SAH-
based inhibitors.
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5 Experimental section 

5.1 General information 

All reagents and solvents were commercial grade and used without further purification. Reaction progress 

was monitored by thin-layer chromatography using ALUGRAM® Xtra SIL G UV254 silica plates from 

Machery-Nagel. Column chromatography was performed with silica (40–63 µm) from Machery-Nagel. 

NMR spectra were recorded on Bruker Fourier 300 at 300 MHz. Chemical shifts are indicated in parts 

per million (ppm), with the solvent resonance (CDCl3, DMSO-d6, or CD3OD from Deutero GmbH) as 

internal standard. Flash chromatography was performed with a Biotage IsoleraTM One system using 

prepacked C18 columns from Biotage. The identities and purities of final compounds were determined by 

combined HPLC/ESI-MS analysis using an Agilent 1100 series HPLC system with an Agilent Zorbax 

SB-Aq (4.6 × 150 mm, 5 µm) column and an Agilent Poroshell 120 EC-C18 (150 mm × 2.10 mm, 4 µm) 

column at 40 °C oven temperature, respectively. As mobile phase, mixtures of MeCN and MilliQ®-H2O 

+ 0.1% HCOOH were used at a flow rate of 0.7 mL/min. Samples were applied using 5 µL injection with 

quantitation by AUC at 254 nm. Electro spray ionization (ESI) mass spectra were recorded on an Agilent 

1100 series LC/MSD Ion trap spectrometer in the positive ion mode. Fourier-transformed ATR-corrected 

IR spectra were measured on an Avatar 330 single crystal spectrometer from ThermoNicolet. Melting 

points (uncorrected) were measured with an MPM-H3 using semi-open capillaries. Specific rotations 

[α]
D

20
 were determined with a Krüss P3000 polarimeter and are given in deg cm3 g−1 dm−1. The purity of 

all compounds tested in biological assays was ≥95% as determined by LC-MS. 

5.2 Synthetic protocols 

5.2.1 General procedure A – reductive Amination 

To a solution of 50 (1.0 equiv.) in 1,2-DCE (5 mL) at 0 °C under argon atmosphere were added an 

aldehyde (2.0 equiv.) and HOAc (1.5 equiv.). The mixture was stirred at 0 °C for 30 min and then 

NaBH(OAc)3 (1.7 equiv.) was added. The reaction was slowly warmed up to room temperature and was 

stirred overnight. The mixture was quenched by the addition of MeOH (5 mL) and the solvent was 

removed under reduced pressure at 40 °C. The residue was purified by column chromatography on silica 

(DCM/MeOH = 30:1) and, if necessary, on C18 (MeCN/H2O = 10:90 → 100:0). 

5.2.2 General procedure B – sulfonamide formation  

To a mixture of 50 (1.0 equiv.) in DCM (5 mL) and saturated NaHCO3 solution (5 mL) was added the 

sulfonyl chloride (1.5 equiv.). After vigorous stirring overnight, the organic phase was separated, and the 

aqueous phase was extracted with DCM (2 × 10 mL). The combined organic extracts were dried over 

Na2SO4, filtered, and the solvent was removed under reduced pressure at 40 °C. The residue was purified 
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by column chromatography on silica (DCM/MeOH = 30:1) and, if necessary, on C18 (MeCN/H2O = 10:90 

→ 100:0). 

5.2.3 General procedure C – deprotection  

To a solution of a protected compound in DCM (2 mL) at 5 °C was added TFA (2 mL). The solution was 

kept at 5 °C until complete deprotection of the amine and carboxylic acid were detected by LC-MS. The 

reaction was diluted and co-distilled with DCM (3 × 20 mL) at 40 °C, and the residue was dissolved in 

water (3 mL) and TFA (0.5 mL) at 5 °C. The solution was kept again at 5 °C until full conversion was 

detected by LC-MS. Then the mixture was diluted with water (15 mL) and dried by lyophilization to 

obtain the final compound. 

5.2.4 Compounds and analytical data 

tert-Butyl (S)-4-(((E)-N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-

furo[3,4-d][1,3]dioxol-4-yl)methyl)-2-phenylvinyl)sulfonamido)-2-((tert-butoxycarbonyl)amino)-

butanoate (75a) 

 

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.) and (E)-2-phenylethene-1-sulfonyl 

chloride (135 mg, 0.67 mmol, 1.5 equiv.) according to general procedure B to afford the desired product 

as a colorless solid (211 mg, 0.29 mmol, 66%). FT-IR: ν / cm−1 = 3428, 3342, 3232, 2978, 2941, 1727, 

1697, 1650, 1332, 1139, 1074, 870, 825, 750, 692. mp: 230 °C (decomposition). Rf: 0.25 (DCM/MeOH = 

30:1). 

Note: the product was only soluble in organic solvents under heating. NMR spectra and specific rotation 

could not be obtained. 
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tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methyl)-2,3,4,5,6-pentafluorophenyl)sulfonamido)-2-((tert-butoxy-

carbonyl)amino)butanoate (75b) 

 

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.) and pentafluorobenzenesulfonyl 

chloride (99 µL, 0.67 mmol, 1.5 equiv.) according to general procedure B to afford the desired product 

as a colorless oil (167 mg, 0.21 mmol, 48%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.31 (s, 1H), 7.79 

(s, 1H), 6.30 (s, 2H), 5.96 (d, J = 1.8 Hz, 1H), 5.35 (dd, J = 6.4, 1.9 Hz, 1H), 5.25 (d, J = 7.5 Hz, 1H), 

5.06 (dd, J = 6.4, 3.8 Hz, 1H), 4.39–4.30 (m, 1H), 4.14–3.99 (m, 1H), 3.83–3.48 (m, 3H), 3.31–3.16 (m, 

1H), 2.20–2.06 (m, 1H), 1.95–1.78 (m, 1H), 1.57 (s, 3H), 1.43 (s, 9H), 1.41 (s, 9H), 1.34 (s, 3H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm = 170.8, 155.7, 155.6, 152.8, 148.8, 140.1, 120.3, 114.9, 90.6, 85.0, 84.3, 

82.7, 82.6, 80.1, 52.1, 49.9, 45.4, 31.9, 28.4, 28.0, 27.2, 25.3. FT-IR: ν / cm−1 = 3327, 3182, 2980, 2937, 

1708, 1643, 1520, 1495, 1367, 1251, 1153, 1097, 990, 870, 750. [α]D
20 = +23 (10 mg/mL; CHCl3). Rf: 0.18 

(DCM/MeOH = 30:1). 

Note: Some of the peaks of the quaternary carbon atoms coupling with fluorine were weakly resolved 

and had low intensity in the 13C NMR.  

(S)-2-amino-4-(((E)-N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-

2-yl)methyl)-2-phenylvinyl)sulfonamido)butanoic acid, trifluoroacetate salt (73a) 

 

The compound was prepared from 75a (128 mg, 0.18 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (136 mg, 0.18 mmol, 99%, 2.1 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.29 (s, 1H), 8.16 (s, 1H), 7.32–7.13 (m, 6H), 6.81 (d, J = 15.4 Hz, 1H), 

5.90 (d, J = 4.5 Hz, 1H), 4.51 (pseudo-t, J ≈ 4.5 Hz, 1H), 4.21–4.10 (m, 2H), 3.84 (pseudo-t, J ≈ 6.4 Hz, 

1H), 3.61–3.42 (m, 2H), 3.40–3.20 (m, 2H), 2.27–2.11 (m, 1H), 2.06–1.90 (m, 1H). 13C NMR (75.5 MHz, 

CD3OD): δ / ppm = 171.8, 152.9, 149.9, 146.8, 143.7, 143.3, 134.0, 131.9, 130.1, 129.3, 124.7, 120.7, 

91.0, 83.8, 75.1, 73.0, 52.2, 51.8, 46.1, 31.1. FT-IR: ν / cm−1 = 3065, 1668, 1614, 1506, 1423, 1323, 1186, 

1128, 970, 861, 821, 798, 748, 721, 689. [α]D
20 = +31 (10 mg/mL; MeOH). mp: 85–87 °C. ESI-MS: m/z 
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calculated for [C22H27N7O7S+H]+ ([M+H]+) = 534.2, found: 534.9. Purity: 99% (HPLC, 254 nm, 

MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 3.52 min). 

(S)-2-amino-4-((N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-2,3,4,5,6-pentafluorophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (73b) 

 

The compound was prepared from 75b (110 mg, 0.14 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (97 mg, 0.14 mmol, 99%, 0.9 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.27 (s, 2H), 5.82 (d, J = 4.1 Hz, 1H), 4.53 (pseudo-t, J ≈ 5.1 Hz, 1H), 

4.19 (pseudo-t, J ≈ 5.1 Hz, 1H), 4.16–4.07 (m, 1H), 3.82 (pseudo-t, J ≈ 6.4 Hz, 1H), 3.76–3.59 (m, 3H), 

3.50–3.33 (m, 1H), 2.34–2.17 (m, 1H), 2.13–1.97 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 

171.2, 152.6, 149.7, 146.1, 144.1, 120.8, 91.2, 83.2, 75.0, 73.0, 52.0, 51.5, 46.3, 31.0. FT-IR: ν / cm−1 = 

3104, 1670, 1521, 1495, 1425, 1358, 1299, 1168, 1131, 1097, 990, 896, 834, 798, 721. [α]D
20  = +15 

(10 mg/mL; MeOH). mp: 71–73 °C. ESI-MS: m/z calculated for [C20H20F5N7O7S+H]+ ([M+H]+) = 598.1, 

found: 598.2. Purity: 99% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 2.79 min). 

Note: Some of the peaks of the quaternary carbon atoms coupling with fluorine were weakly resolved 

and had low intensity in the 13C NMR.  

Bicyclo[2.2.2]octane-1-carbaldehyde (79a)  

 

Using a modified procedure from TAKEUCHI et al., Synthesis 1987, 612–615. 

To a solution of bicyclo[2.2.2]octan-1-ylmethanol (78, 300 mg, 2.14 mmol, 1.0 equiv.) in DCM (5 mL) 

was added pyridinium chlorochromate (692 mg, 3.21 mmol, 1.5 equiv.). After stirring at room 

temperature for 3 h, the mixture was filtered over silica to yield the desired product as a colorless solid 

(248 mg, 1.79 mmol, 84%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.39 (s, 1H), 1.70–1.65 (m, 1H), 

1.61–1.58 (m, 12H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 206.7, 43.1, 25.5, 25.0, 24.6. FT-IR: 

ν / cm−1 = 2937, 2916, 2861, 2695, 1720, 1694, 1455, 1408, 1267, 1139, 1073, 912, 893, 822, 727. mp: 

57–59 °C. Rf: 0.67 (cyclohexane/ethyl acetate = 10:1). 
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tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(bicyclo[2.2.2]octan-1-ylmethyl)amino)-2-((tert-butoxycarbonyl)amino)-

butanoate (81a)  

 

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.), bicyclo[2.2.2]octane-1-

carbaldehyde (79a, 123 mg, 0.89 mmol, 2.0 equiv.), HOAc (38 µL, 0.67 mmol, 1.5 equiv.), and 

NaBH(OAc)3 (160 mg, 0.75 mmol, 1.7 equiv.) according to general procedure A to afford the desired 

product as a colorless solid (71 mg, 0.10 mmol, 24%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.31 (s, 

1H), 7.89 (s, 1H), 6.13–5.99 (m, 3H), 5.59–5.43 (m, 2H), 4.96 (dd, J = 6.4, 3.4 Hz, 1H), 4.35–4.23 (m, 

1H), 4.14–3.88 (m, 1H), 2.76–2.64 (m, 1H), 2.64–2.45 (m, 2H), 2.45–2.33 (m, 1H), 2.08–1.96 (m, 2H), 

1.93–1.76 (m, 1H), 1.59 (s, 4H), 1.49–1.36 (m, 28H), 1.28–1.18 (m, 6H). 13C NMR (75.5 MHz, CDCl3): 

δ / ppm = 171.9, 155.8, 155.5, 153.2, 149.3, 140.2, 120.5, 114.4, 91.0, 86.0, 83.9, 83.5, 81.6, 79.4, 67.3, 

58.7, 53.2, 32.7, 29.9, 29.6, 28.5, 28.1, 27.3, 26.2, 25.6, 24.7. FT-IR: ν / cm−1 = 3333, 3171, 2977, 2932, 

2859, 1706, 1638, 1597, 1475, 1366, 1209, 1152, 1075, 870, 753. [α]D
20  = +5 (10 mg/mL; CHCl3).           

mp: 73–75 °C. Rf: 0.17 (DCM/MeOH = 30:1). 

tert-Butyl (S)-4-((((3R,5R,7R)-adamantan-1-yl)methyl)(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-

yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-2-((tert-butoxycarbonyl)-

amino)butanoate (81b)  

 

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.), 1-adamantanecarboxaldehyde 

(79b, 146 mg, 0.89 mmol, 2.0 equiv.), HOAc (38 µL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc)3 (160 mg, 

0.75 mmol, 1.7 equiv.) according to general procedure A to afford the desired product as a colorless solid 

(81 mg, 0.11 mmol, 26%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.25 (s, 1H), 7.91 (s, 1H), 6.60 (s, 

2H), 6.02 (d, J = 2.1 Hz, 1H), 5.59 (d, J = 7.6 Hz, 1H), 5.51–5.42 (m, 1H), 4.96 (dd, J = 6.4, 3.5 Hz, 1H), 

4.37–4.25 (m, 1H), 4.14–3.86 (m, 1H), 2.77–2.48 (m, 3H), 2.47–2.36 (m, 1H), 1.99 (s, 2H), 1.90–1.80 

(m, 4H), 1.68–1.50 (m, 11H), 1.43–1.38 (m, 19H), 1.38–1.34 (m, 7H). 13C NMR (75.5 MHz, CDCl3): 

δ / ppm = 171.9, 155.9, 155.5, 152.7, 149.1, 140.1, 120.0, 114.4, 91.0, 86.0, 83.9, 83.5, 81.6, 79.4, 69.4, 

58.8, 53.4, 53.1, 41.3, 37.2, 34.8, 29.6, 28.5, 28.4, 28.0, 27.3, 25.6. FT-IR: ν / cm−1 = 3328, 3181, 2978, 
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2902, 2846, 1705, 1643, 1598, 1476, 1366, 1247, 1152, 1075, 871, 753. [α]D
20 = +2 (10 mg/mL; CHCl3). 

mp: 75–77 °C. Rf: 0.18 (DCM/MeOH = 30:1). 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-

d][1,3]dioxol-4-yl)methyl)(cycloheptylmethyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate 

(81c)  

 

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.), cycloheptanecarbaldehyde (79c, 

112 mg, 0.89 mmol, 2.0 equiv.), HOAc (38 µL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc)3 (160 mg, 

0.75 mmol, 1.7 equiv.) according to general procedure A to afford the desired product as a colorless solid 

(95 mg, 0.14 mmol, 32%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.30 (s, 1H), 7.88 (s, 1H), 6.22 (s, 

2H), 6.02 (d, J = 2.1 Hz, 1H), 5.71 (d, J = 7.9 Hz, 1H), 5.57–5.45 (m, 1H), 4.95 (dd, J = 6.4, 3.2 Hz, 1H), 

4.36–4.24 (m, 1H), 4.19–3.94 (m, 1H), 2.79–2.67 (m, 1H), 2.61–2.44 (m, 2H), 2.42–2.30 (m, 1H), 2.20–

1.99 (m, 2H), 1.96–1.81 (m, 1H), 1.79–1.64 (m, 2H), 1.63–1.42 (m, 11H), 1.42–1.39 (m, 18H), 1.36 (s, 

3H), 1.33–1.17 (m, 2H), 1.15–0.90 (m, 2H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 172.0, 155.9, 155.6, 

153.1, 149.2, 140.2, 120.4, 114.3, 91.2, 85.7, 83.9, 83.7, 81.6, 79.4, 62.4, 56.7, 53.2, 51.6, 37.2, 32.8, 

32.2, 29.1, 28.8, 28.6, 28.1, 27.2, 26.4, 26.4, 25.5. FT-IR: ν / cm−1 = 3333, 3178, 2977, 2924, 2851, 1709, 

1642, 1597, 1476, 1366, 1208, 1152, 1073, 870, 754. [α]D
20 = −12 (10 mg/mL; CHCl3). mp: 76–78 °C. 

Rf: 0.50 (DCM/MeOH = 20:1). 

tert-Butyl (S)-4-(([1,1'-biphenyl]-4-ylmethyl)(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-2-((tert-butoxycarbonyl)amino)-

butanoate (82a)  

 

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.), biphenyl-4-carboxaldehyde (80a, 

162 mg, 0.89 mmol, 2.0 equiv.), HOAc (38 µL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc)3 (160 mg, 

0.75 mmol, 1.7 equiv.) according to general procedure A to afford the desired product as a colorless solid 

(231 mg, 0.32 mmol, 72%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.21 (s, 1H), 7.85 (s, 1H), 7.59–7.53 

(m, 2H), 7.50–7.45 (m, 2H), 7.44–7.38 (m, 2H), 7.35–7.27 (m, 3H), 6.09 (s, 2H), 6.03 (d, J = 2.1 Hz, 

1H), 5.86–5.61 (m, 1H), 5.48–5.33 (m, 1H), 4.90 (dd, J = 6.5, 3.4 Hz, 1H), 4.43–4.34 (m, 1H), 4.26–4.14 

(m, 1H), 3.78–3.68 (m, 1H), 3.58–3.45 (m, 1H), 2.86–2.75 (m, 1H), 2.73–2.59 (m, 2H), 2.58–2.48 (m, 
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1H), 2.08–1.93 (m, 1H), 1.88–1.72 (m, 1H), 1.59 (s, 3H), 1.42 (s, 9H), 1.39 (s, 9H), 1.37 (s, 3H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 155.8, 155.6, 153.1, 149.2, 141.0, 140.1, 140.0, 137.7, 

129.5, 128.8, 127.3, 127.1, 127.0, 120.4, 114.4, 90.9, 85.5, 83.9, 83.5, 81.7, 79.5, 58.7, 55.8, 53.0, 50.8, 

29.5, 28.5, 28.0, 27.2, 25.5. FT-IR: ν / cm−1 = 3332, 3161, 2978, 2934, 2824, 1709, 1640, 1598, 1487, 

1366, 1152, 1075, 848, 760, 698. [α]D
20 = −20 (10 mg/mL; CHCl3). mp: 79–81 °C. Rf: 0.38 (DCM/MeOH 

= 20:1). 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-

d][1,3]dioxol-4-yl)methyl)(3-phenoxybenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate 

(82b)  

 

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.), 3-phenoxybenzaldehyde (80b, 

176 mg, 0.89 mmol, 2.0 equiv.), HOAc (38 µL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc)3 (160 mg, 

0.75 mmol, 1.7 equiv.) according to general procedure A to afford the desired product as a colorless solid 

(181 mg, 0.24 mmol, 55%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.22 (s, 1H), 7.83 (s, 1H), 7.33–7.26 

(m, 2H), 7.23–7.16 (m, 1H), 7.09–7.02 (m, 1H), 7.01–6.94 (m, 4H), 6.87–6.81 (m, 1H), 6.17 (s, 2H), 6.01 

(d, J = 2.2 Hz, 1H), 5.73–5.52 (m, 1H), 5.47–5.31 (m, 1H), 4.87 (dd, J = 6.5, 3.5 Hz, 1H), 4.36–4.27 (m, 

1H), 4.22–3.92 (m, 1H), 3.72–3.61 (m, 1H), 3.51–3.38 (m, 1H), 2.85–2.71 (m, 1H), 2.69–2.54 (m, 2H), 

2.53–2.41 (m, 1H), 2.03–1.87 (m, 1H), 1.83–1.67 (m, 1H), 1.57 (s, 3H), 1.43–1.37 (m, 18H), 1.33 (s, 

3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 157.4, 157.3, 155.8, 155.5, 153.1, 149.3, 141.0, 

139.9, 129.8, 129.6, 123.9, 123.2, 120.4, 119.6, 118.8, 117.7, 114.5, 90.8, 85.4, 83.9, 83.4, 81.7, 79.5, 

58.9, 55.8, 52.9, 50.8, 29.5, 28.5, 28.0, 27.2, 25.5. FT-IR: ν / cm−1 = 3332, 3176, 2978, 2935, 2823, 1705, 

1583, 1484, 1366, 1248, 1152, 1073, 870, 753, 692. [α]D
20 = −7 (10 mg/mL; CHCl3). mp: 67–69 °C. 

Rf: 0.26 (DCM/MeOH = 30:1). 
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tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-

d][1,3]dioxol-4-yl)methyl)(pyren-1-ylmethyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate 

(82c)  

 

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.), 1-pyrenecarboxaldehyde (80c, 

204 mg, 0.89 mmol, 2.0 equiv.), HOAc (38 µL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc)3 (160 mg, 

0.75 mmol, 1.7 equiv.) according to general procedure A to afford the desired product as a slightly 

yellowish solid (248 mg, 0.32 mmol, 73%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.43 (d, J = 9.3 Hz, 

1H), 8.15 (d, J = 7.8 Hz, 2H), 8.08–7.94 (m, 6H), 7.88 (d, J = 7.8 Hz, 1H), 7.73 (s, 1H), 6.10–5.90 (m, 

3H), 5.66–5.32 (m, 1H), 5.19–5.04 (m, 1H), 4.63 (dd, J = 6.5, 3.0 Hz, 1H), 4.44–4.31 (m, 2H), 4.25–4.05 

(m, 2H), 2.89–2.58 (m, 4H), 2.09 (s, 1H), 1.90 (s, 1H), 1.49 (s, 3H), 1.38 (s, 9H), 1.31 (s, 9H), 1.12 (s, 

3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 155.6, 155.5, 153.0, 149.1, 139.7, 132.1, 131.4, 

130.9, 129.8, 128.3, 127.5, 127.4, 127.3, 126.0, 125.1, 125.0, 124.8, 124.5, 124.0, 120.2, 114.2, 91.1, 

85.3, 83.6, 83.4, 81.8, 79.5, 57.7, 55.7, 52.9, 51.2, 29.4, 28.4, 28.0, 27.1, 25.1. FT-IR: ν / cm−1 = 3332, 

3167, 2978, 2933, 2360, 1706, 1636, 1474, 1366, 1245, 1151, 1075, 845, 754, 710. [α]D
20  = −28 

(10 mg/mL; CHCl3). mp: 103–105 °C. Rf: 0.31 (DCM/MeOH = 20:1). 

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d]-

[1,3]dioxol-4-yl)methyl)(perylen-3-ylmethyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate 

(82d)  

 

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.), 3-perylenecarboxaldehyde (80d, 

249 mg, 0.89 mmol, 2.0 equiv.), HOAc (38 µL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc)3 (160 mg, 

0.75 mmol, 1.7 equiv.) according to general procedure A to afford the desired product as an orange-

yellow solid (215 mg, 0.26 mmol, 59%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.17–8.05 (m, 4H), 8.00 

(d, J = 8.4 Hz, 1H), 7.93 (d, J = 7.7 Hz, 1H), 7.76 (s, 1H), 7.63 (d, J = 8.1 Hz, 2H), 7.49–7.39 (m, 3H), 

7.30 (d, J = 7.7 Hz, 1H), 6.19 (s, 2H), 5.95 (d, J = 2.2 Hz, 1H), 5.45–5.30 (m, 1H), 5.25–5.13 (m, 1H), 

4.69 (dd, J = 6.4, 3.0 Hz, 1H), 4.47–4.35 (m, 1H), 4.19 (s, 1H), 4.07–3.93 (m, 1H), 3.85–3.73 (m, 1H), 
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2.88–2.55 (m, 4H), 2.08 (s, 1H), 1.93–1.79 (m, 1H), 1.53 (s, 3H), 1.40 (s, 9H), 1.37 (s, 9H), 1.23 (s, 3H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.8, 155.6, 155.5, 152.7, 149.0, 139.7, 134.7, 133.9, 133.5, 

131.5, 131.4, 131.2, 131.0, 128.0, 129.53, 128.5, 127.8, 126.7, 126.6, 126.4, 124.5, 120.3, 120.2, 120.1, 

119.5, 114.2, 91.2, 85.4, 83.7, 83.5, 81.9, 79.6, 57.8, 55.6, 52.9, 51.2, 29.4, 28.4, 28.0, 27.1, 25.2. FT-IR: 

ν / cm−1 = 3332, 3175, 3051, 2977, 2934, 1705, 1643, 1593, 1476, 1366, 1248, 1151, 1091, 814, 767. 

[α]D
20 = −21 (10 mg/mL; CHCl3). mp: 86 °C (decomposition). Rf: 0.38 (DCM/MeOH = 20:1). 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(bicyclo[2.2.2]octan-1-ylmethyl)amino)butanoic acid, trifluoroacetate salt (76a)  

 

The compound was prepared from 81a (52 mg, 0.08 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (56 mg, 0.08 mmol, 99%, 2.2 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.38 (s, 1H), 8.35 (s, 1H), 6.06 (d, J = 2.9 Hz, 1H), 4.58–4.51 (m, 1H), 

4.47–4.36 (m, 2H), 3.92 (dd, J = 8.7, 4.3 Hz, 1H), 3.73–3.63 (m, 1H), 3.62–3.46 (m, 2H), 3.45–3.32 (m, 

1H), 3.11–2.91 (m, 2H), 2.40–2.25 (m, 1H), 2.23–2.09 (m, 1H), 1.61–1.42 (m, 13H). 13C NMR 

(75.5 MHz, CD3OD): δ / ppm = 172.1, 153.1, 149.7, 147.1, 144.0, 121.0, 92.4, 80.0, 74.5, 73.6, 67.5, 

59.3, 56.5, 53.2, 32.5, 29.7, 26.3, 25.1. FT-IR: ν / cm−1 = 2946, 2867, 1670, 1559, 1508, 1458, 1423, 

1322, 1185, 1131, 987, 904, 829, 798, 721. [α]D
20 = +18 (10 mg/mL; MeOH). mp: 74 °C (decomposition). 

ESI-MS: m/z calculated for [C23H35N7O5+H]+ ([M+H]+) = 490.3, found: 490.1. Purity: 98% (HPLC, 

254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 2.79 min). 

(S)-4-((((3R,5R,7R)-adamantan-1-yl)methyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)amino)-2-aminobutanoic acid, trifluoroacetate salt (76c)  

 

The compound was prepared from 81b (63 mg, 0.09 mmol) according to general procedure C to afford 

the final product as a slightly yellowish trifluoroacetate salt (69 mg, 0.09 mmol, 99%, 2.3 equiv. TFA). 
1H NMR (300 MHz, CD3OD): δ / ppm = 8.37 (s, 1H), 8.34 (s, 1H), 6.05 (d, J = 2.9 Hz, 1H), 4.56–4.50 

(m, 1H), 4.47–4.36 (m, 2H), 3.93 (dd, J = 8.6, 4.4 Hz, 1H), 3.75–3.64 (m, 1H), 3.63–3.46 (m, 2H), 3.45–

3.33 (m, 1H), 3.07–2.87 (m, 2H), 2.42–2.26 (m, 1H), 2.24–2.09 (m, 1H), 1.95–1.87 (m, 3H), 1.73–1.50 

(m, 12H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.8, 152.7, 149.6, 146.5, 144.2, 121.0, 92.4, 79.9, 

74.6, 73.60, 69.0, 59.9, 56.4, 52.8, 40.7, 37.2, 34.5, 29.3, 26.2. FT-IR: ν / cm−1 = 3083, 2910, 2853, 1668, 
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1558, 1507, 1423, 1319, 1183, 1131, 980, 907, 832, 798, 721. [α]D
20 = +15 (10 mg/mL; MeOH). mp: 77–

80 °C. ESI-MS: m/z calculated for [C25H37N7O5+H]+ ([M+H]+) = 516.3, found: 516.2. Purity: 96% (HPLC, 

254 nm, MeCN/H2O = 30:70 + 0.1% HCOOH, tR = 2.21 min). 

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(cycloheptylmethyl)amino)butanoic acid, trifluoroacetate salt (76f)  

 

The compound was prepared from 81c (71 mg, 0.11 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (80 mg, 0.11 mmol, 99%, 2.5 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.34 (s, 1H), 8.31 (s, 1H), 6.01 (d, J = 3.2 Hz, 1H), 4.57–4.51 (m, 1H), 

4.43–4.30 (m, 2H), 3.97–3.87 (m, 1H), 3.68–3.42 (m, 3H), 3.41–3.28 (m, 1H), 3.08–2.90 (m, 2H), 2.37–

2.23 (m, 1H), 2.22–2.10 (m, 1H), 1.92–1.78 (m, 1H), 1.71–1.61 (m, 1H), 1.59–1.48 (m, 2H), 1.47–1.28 

(m, 6H), 1.25–1.02 (m, 3H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.5, 152.8, 149.6, 146.5, 144.3, 

121.0, 92.3, 79.7, 74.7, 73.5, 62.4, 56.8, 53.4, 52.4, 36.0, 32.9, 29.2, 29.2, 26.7, 25.8. FT-IR: ν / cm−1 = 

3075, 2929, 2860, 1667, 1507, 1464, 1424, 1355, 1322, 1182, 1129, 898, 831, 798, 721. [α]D
20 = +13 

(10 mg/mL; MeOH). mp: 61–63 °C. ESI-MS: m/z calculated for [C22H35N7O5+H]+ ([M+H]+) = 478.3, 

found: 478.1. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 20:80 + 0.1% HCOOH, tR = 2.74 min). 

(S)-4-(([1,1'-Biphenyl]-4-ylmethyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetra-

hydrofuran-2-yl)methyl)amino)-2-aminobutanoic acid, trifluoroacetate salt (77c)  

 

The compound was prepared from 82a (162 mg, 0.22 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (164 mg, 0.22 mmol, 99%, 1.8 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.29 (s, 1H), 8.14 (s, 1H), 7.48–7.36 (m, 6H), 7.32–7.24 (m, 2H), 7.23–

7.16 (m, 1H), 5.99 (d, J = 3.2 Hz, 1H), 4.49–4.38 (m, 3H), 4.36–4.24 (m, 2H), 3.83 (dd, J = 8.6, 4.3 Hz, 

1H), 3.64–3.34 (m, 4H), 2.40–2.24 (m, 1H), 2.22–2.07 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 

172.4, 152.8, 149.5, 146.6, 144.1, 143.9, 140.8, 132.8, 130.0, 129.6, 129.0, 128.5, 127.9, 120.8, 92.1, 

80.1, 74.8, 73.5, 58.7, 56.0, 53.1, 52.9, 26.3. FT-IR: ν / cm−1 = 3064, 1669, 1506, 1488, 1418, 1322, 1182, 

1126, 1009, 897, 831, 798, 763, 720, 698. [α]D
20 = +8 (10 mg/mL; MeOH). mp: 103 °C (decomposition). 

ESI-MS: m/z calculated for [C27H31N7O5+H]+ ([M+H]+) = 534.3, found: 534.1. Purity: 99% (HPLC, 

254 nm, MeCN/H2O = 30:70 + 0.1% HCOOH, tR = 2.34 min). 



5.2   Synthetic protocols 

175 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(3-phenoxybenzyl)amino)butanoic acid, trifluoroacetate salt (77i)  

 

The compound was prepared from 82b (112 mg, 0.15 mmol) according to general procedure C to afford 

the final product as a colorless trifluoroacetate salt (115 mg, 0.15 mmol, 99%, 1.9 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.32 (s, 1H), 8.12 (s, 1H), 7.28–7.07 (m, 4H), 7.01–6.97 (m, 1H), 6.97–

6.89 (m, 1H), 6.88–6.82 (m, 1H), 6.82–6.75 (m, 2H), 6.01 (d, J = 3.5 Hz, 1H), 4.52–4.46 (m, 1H), 4.45–

4.23 (m, 4H), 3.84 (dd, J = 8.8, 4.2 Hz, 1H), 3.62–3.32 (m, 4H), 2.31–2.16 (m, 1H), 2.15–2.03 (m, 1H). 
13C NMR (75.5 MHz, CD3OD): δ / ppm = 172.5, 159.4, 157.8, 152.8, 149.5, 146.5, 144.1, 132.9, 131.8, 

131.0, 126.9, 124.9, 122.2, 120.9, 120.76, 120.1, 91.8, 80.2, 74.9, 73.5, 58.5, 56.4, 53.4, 53.2, 26.4. 

FT-IR: ν / cm−1 = 2980, 1669, 1585, 1506, 1488, 1423, 1320, 1257, 1196, 1127, 894, 831, 798, 720, 692. 

[α]D
20 = +15 (10 mg/mL; MeOH). mp: 90–92 °C. ESI-MS: m/z calculated for [C27H31N7O6+H]+ ([M+H]+) 

= 550.2, found: 550.1. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 30:70 + 0.1% HCOOH, tR = 2.37 min).  

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(pyren-1-ylmethyl)amino)butanoic acid, trifluoroacetate salt (77j)  

 

The compound was prepared from 82c (190 mg, 0.24 mmol) according to general procedure C to afford 

the final product as a slightly yellowish trifluoroacetate salt (177 mg, 0.24 mmol, 99%, 1.3 equiv. TFA). 
1H NMR (300 MHz, CD3OD): δ / ppm = 8.03 (s, 1H), 8.00–7.95 (m, 1H), 7.94–7.87 (m, 3H), 7.87–7.77 

(m, 3H), 7.75–7.66 (m, 2H), 7.36 (s, 1H), 5.85 (d, J = 2.4 Hz, 1H), 4.98–4.90 (m, 2H), 4.48–4.37 (m, 

1H), 4.26–4.15 (m, 2H), 3.89–3.78 (m, 1H), 3.73–3.51 (m, 4H), 2.50–2.34 (m, 1H), 2.32–2.16 (m, 1H). 
13C NMR (75.5 MHz, CD3OD): δ / ppm = 172.8, 151.9, 148.4, 145.4, 143.7, 133.1, 132.1, 131.3, 131.0, 

129.6, 129.4, 129.3, 128.0, 127.6, 127.2, 126.8, 125.8, 125.3, 124.8, 124.6, 123.0, 120.2, 92.4, 79.8, 74.9, 

73.5, 56.2, 55.8, 54.2, 53.7, 26.6. FT-IR: ν / cm−1 = 3053, 1670, 1505, 1472, 1418, 1320, 1197, 1180, 

1125, 832, 798, 757, 720, 710, 681. [α]D
20  = +52 (10 mg/mL; MeOH). mp: 135 °C (decomposition). 

ESI-MS: m/z calculated for [C31H31N7O5+H]+ ([M+H]+) = 582.3, found: 582.0. Purity: 99% (HPLC, 

254 nm, MeCN/H2O = 30:70 + 0.1% HCOOH, tR = 2.28 min). 
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(perylen-3-ylmethyl)amino)butanoic acid, trifluoroacetate salt (77k)  

 

The compound was prepared from 82d (139 mg, 0.17 mmol) according to general procedure C to afford 

the final product as a yellow trifluoroacetate salt (118 mg, 0.17 mmol, 99%, 0.6 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.05 (s, 1H), 7.74 (s, 1H), 7.64–7.49 (m, 3H), 7.46–7.38 (m, 1H), 7.37–

7.24 (m, 3H), 7.13–7.01 (m, 3H), 6.99–6.89 (m, 1H), 5.84 (s, 1H), 4.43–4.19 (m, 5H), 3.82–3.71 (m, 1H), 

3.63–3.39 (m, 4H), 2.39–2.23 (m, 1H), 2.21–2.07 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 

173.2, 152.8, 149.0, 147.0, 143.5, 135.5, 133.9, 133.8, 132.4, 131.5, 131.2, 130.8, 129.5, 129.4, 129.1, 

128.8, 128.1, 127.6, 127.5, 126.2, 123.4, 121.9, 121.7, 121.4, 120.4, 120.1, 116.2, 92.0, 80.2, 74.8, 73.5, 

56.6, 56.2, 54.3, 53.9, 26.5. FT-IR: ν / cm−1 = 3051, 1670, 1602, 1503, 1473, 1420, 1388, 1328, 1197, 

1127, 895, 812, 799, 767, 720. [α]D
20: not possible to determine due to strong absorption. mp: 92 °C 

(decomposition). ESI-MS: m/z calculated for [C35H33N7O5+H]+ ([M+H]+) = 632.3, found: 632.0. Purity: 

99% (HPLC, 254 nm, MeCN/H2O = 30:70 + 0.1% HCOOH, tR = 3.52 min).  

((3aR,4R,6R,6aR)-6-(1-Benzyl-6-imino-1,6-dihydro-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-

[3,4-d][1,3]dioxol-4-yl)methanol (88) 

 

Using a procedure from SARFATI and KANSAL, Tetrahedron 1988, 44, 6367–6372. 

To a solution of 2',3'-O-isopropylideneadenosine (33, 1.00 g, 3.25 mmol, 1.0 equiv.) in dry DMF (10 mL) 

was added benzyl bromide (1.26 mL, 10.60 mmol, 3.26 equiv.) under argon atmosphere. After stirring 

overnight at room temperature, the solvent was removed under reduced pressure at 40 °C. The residue 

was taken up in DCM, and the resulting precipitate was filtered off and washed two times with DCM to 

yield the desired product as a colorless solid (933 mg, 2.35 mmol, 72%). 1H NMR (300 MHz, CDCl3): 

δ / ppm = 10.50 (s, 1H), 10.12 (s, 1H), 8.95 (s, 1H), 8.29 (s, 1H), 7.59–7.50 (m, 2H), 7.43–7.32 (m, 3H), 

6.34–6.24 (m, 2H), 5.90 (d, J = 15.3 Hz, 1H), 4.91 (dd, J = 5.8, 1.5 Hz, 1H), 4.61–4.55 (m, 1H), 4.51–

4.46 (m, 1H), 4.15–4.05 (m, 1H), 3.83–3.72 (m, 1H), 1.65 (s, 3H), 1.32 (s, 3H). 13C NMR (75.5 MHz, 

CDCl3): δ / ppm = 150.3, 147.9, 146.4, 142.9, 132.2, 129.6, 129.5, 118.2, 114.3, 92.4, 86.6, 86.4, 82.0, 

62.0, 56.0, 27.6, 25.5. FT-IR: ν / cm−1 = 3288, 3055, 2988, 2938, 2359, 1684, 1574, 1506, 1422, 1374, 
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1210, 1154, 1080, 850, 705. [α]D
20  = +60 (10 mg/mL; CHCl3). mp: 186 °C (decomposition). Rf: 0.31 

(DCM/MeOH = 30:1). 

((3aR,4R,6R,6aR)-6-(6-(Benzylamino)-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]-

dioxol-4-yl)methanol (87) 

 

Method A: Using a modified procedure from SARFATI and KANSAL, Tetrahedron 1988, 44, 6367–6372. 

To compound 88 (973 mg, 2.45 mmol) was added DMA (4 M in MeOH, 20 mL) and the resulting solution 

was stirred at room temperature for 24 h. Additional 20 mL of DMA solution were added and stirring 

was continued for 3 d at room temperature. The solvents were removed under reduced pressure at 40 °C 

yielding the desired product as a colorless solid (973 mg, 2.45 mmol, quantitative). 

Method B: Using a modified procedure from FELLS et al., Bioorg. Med. Chem. 2008, 16, 6207–6217. 

To a solution of N6-benzyladenosine (86, 1.08 g, 3.01 mmol, 1.0 equiv.) in acetone (300 mL) was added 

p-toluenesulfonic acid monohydrate (5.72 g, 30.08 mmol, 10.0 equiv.). After stirring overnight at room 

temperature, the precipitate was filtered off and NaHCO3 solution (1 M, 50 mL) was added to the filtrate. 

The emulsion was stirred for 10 min and the solvents were removed under reduced pressure at 40 °C. 

Subsequent purification of the residue by column chromatography on silica (DCM/MeOH = 20:1) and on 

C18 (MeCN/H2O = 10:90 → 100:0) yielded the desired product as a colorless solid (596 mg, 1.50 mmol, 

50%). 

1H NMR (300 MHz, CDCl3): δ / ppm =  8.34 (s, 1H), 7.60 (s, 1H), 7.40–7.24 (m, 5H), 5.80 (d, J = 4.9 Hz, 

1H), 5.22–5.16 (m, 1H), 5.13–5.07 (m, 1H), 4.85 (s, 2H), 4.55–4.49 (m, 1H), 4.01–3.92 (m, 1H), 3.82–

3.73 (m, 1H), 1.64 (s, 2H), 1.37 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 155.2, 152.9, 147.6, 

139.8, 138.3, 128.9, 127.9, 127.7, 121.4, 114.1, 94.5, 86.2, 83.2, 81.9, 63.5, 44.6, 27.8, 25.4. FT-IR: 

ν / cm−1 = 3209, 3031, 2982, 2935, 2867, 1615, 1480, 1333, 1213, 1154, 1074, 849, 794, 744, 698. [α]D
20 = 

−92 (10 mg/mL; MeOH). mp: 56–58 °C. Rf: 0.31 (DCM/MeOH = 30:1). 
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9-((3aR,4R,6R,6aR)-6-(Azidomethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-N-benzyl-

9H-purin-6-amine (89) 

 

Using a modified procedure from IKEUCHI et al., Bioorg. Med. Chem. 2009, 17, 6641–6650. 

To a solution of compound 87 (556 mg, 1.40 mmol, 1.0 equiv.) in dry 1,4-dioxane (10 mL) were added 

diphenylphosphoryl azide (602 µL, 2.80 mmol, 2.0 equiv.) and DBU (627 µL, 4.20 mmol, 3.0 equiv.) at 

argon atmosphere. After stirring for 4 h at room temperature, 15-crown-5 (28 µL, 0.14 mmol, 0.1 equiv.) 

and sodium azide (455 mg, 7.00 mmol, 5.0 equiv.) were added. The mixture was refluxed for 4 h and 

then stirred at room temperature overnight. After filtration over Celite®, the solvent of the filtrate was 

removed under reduced pressure at 40 °C, and the residue was purified by column chromatography on 

silica (DCM/MeOH = 50:1) and on C18 (MeCN/H2O = 10:90 → 100:0) to yield the desired product as a 

colorless solid (380 mg, 0.90 mmol, 64%). 1H NMR (300 MHz, CDCl3): δ / ppm =  8.39 (s, 1H), 7.74 (s, 

1H), 7.41–7.26 (m, 5H), 6.07 (d, J = 2.3 Hz, 1H), 5.45 (dd, J = 6.3, 2.3 Hz, 1H), 5.06 (dd, J = 6.3, 3.4 

Hz, 1H), 4.98–4.79 (m, 2H), 4.41–4.33 (m, 1H), 3.64–3.49 (m, 2H), 1.61 (s, 3H), 1.39 (s, 3H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm = 154.9, 153.3, 148.5, 139.4, 138.5, 128.8, 127.8, 127.6, 120.5, 114.8, 90.8, 

85.8, 84.2, 82.2, 52.4, 44.6, 27.2, 25.5. FT-IR: ν / cm−1 = 3346, 3092, 2979, 2931, 1732, 1595, 1553, 

1513, 1369, 1291, 1227, 1141, 1030, 872, 749. [α]D
20 = +7 (10 mg/mL; MeOH). mp: 54–56 °C. Rf: 0.32 

(DCM/MeOH = 50:1). 

9-((3aR,4R,6R,6aR)-6-(Aminomethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-N-

benzyl-9H-purin-6-amine (90) 

 

Using a modified procedure from ZHANG et al., Org. Biomol. Chem. 2015, 13, 4149–4154. 

To a solution of compound 89 (463 mg, 1.10 mmol) in EtOH (20 mL) was added palladium (10% on 

activated charcoal; 46 mg, 10 wt%) in an autoclave. Air inside the autoclave was removed under reduced 

pressure and hydrogen was added until a pressure of 3.5 bar was reached. The suspension was stirred at 

room temperature overnight und then filtered over Celite®. The solvent of the filtrate was removed under 

reduced pressure at 40 °C to yield the desired product as a colorless solid (410 mg, 1.03 mmol, 94%). 
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1H NMR (300 MHz, CDCl3): δ / ppm =  8.35 (s, 1H), 7.65 (s, 1H), 7.39–7.21 (m, 5H), 6.57 (t, J = 6.0 Hz, 

1H), 5.86 (d, J = 3.3 Hz, 1H), 5.74–5.51 (m, 2H), 5.31–5.20 (m, 2H), 4.92–4.73 (m, 2H), 4.48–4.41 (m, 

1H), 3.37–3.16 (m, 2H), 1.59 (s, 3H), 1.36 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 154.9, 153.3, 

147.9, 139.4, 138.6, 128.8, 128.0, 127.6, 120.5, 114.9, 91.8, 84.2, 83.4, 81.6, 44.6, 42.6, 27.3, 25.4. 

FT-IR: ν / cm−1 = 3271, 3029, 2983, 2934, 1614, 1479, 1375, 1330, 1212, 1154, 1074, 868, 794, 747, 

699. [α]D
20 = −48 (10 mg/mL; CHCl3). mp: 85–87 °C. Rf: 0.36 (DCM/MeOH = 10:1). 

tert-Butyl (S)-4-((N-(((3aR,4R,6R,6aR)-6-(6-(benzylamino)-9H-purin-9-yl)-2,2-dimethyltetra-

hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-4-bromo-3-nitrophenyl)sulfonamido)-2-((tert-butoxy-

carbonyl)amino)butanoate (93) 

 

To a solution of compound 90 (410 mg, 1.03 mmol, 1.0 equiv.) in MeCN (6 mL) and THF (3 mL) was 

added 45 (257 mg, 0.94 mmol, 0.9 equiv.) and HOAc (54 µL, 0.94 mmol, 0.9 equiv.) at 5 °C. After the 

mixture was stirred at 5 °C for 30 min, sodium triacetoxyborohydride (299 mg, 1.41 mmol, 1.4 equiv.) 

was added. Stirring was continued at 5 °C overnight and then quenched by addition of MeOH (5 mL). 

The solvents were removed by distillation under reduced pressure at 40 °C, and the residue was purified 

by column chromatography on silica (DCM/MeOH = 30:1 + 1% NEt3) yielding the secondary amine 91 

(340 mg, 0.52 mmol, 55%), which was directly used in the next step. 91 (340 mg, 0.52 mmol, 1.0 equiv.) 

was reacted with 4-bromo-3nitrobenzenesulfonyl chloride (92, 197 mg, 0.66 mmol, 1.3 equiv.) according 

to general procedure B to afford the desired product as a colorless solid (170 mg, 0.19 mmol, 37%). 
1H NMR (300 MHz, CDCl3): δ / ppm =  8.36 (s, 1H), 8.13–8.07 (m, 1H), 7.68 (s, 1H), 7.61–7.52 (m, 2H), 

7.42–7.36 (m, 2H), 7.35–7.23 (m, 3H), 5.96 (d, J = 1.8 Hz, 1H), 5.37 (dd, J = 6.4, 1.8 Hz, 1H), 5.21–5.06 

(m, 2H), 4.99–4.74 (m, 2H), 4.38–4.28 (m, 1H), 4.12–3.99 (m, 1H), 3.73–3.50 (m, 2H), 3.40–3.12 (m, 

2H), 2.17–2.02 (m, 1H), 1.92–1.76 (m, 1H), 1.57 (s, 3H), 1.43 (s, 9H), 1.41 (s, 9H), 1.35 (s, 3H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm = 170.8, 155.6, 154.8, 153.3, 149.6, 148.1, 140.7, 139.7, 138.4, 135.8, 130.9, 

128.8, 127.9, 127.7, 124.3, 120.6, 119.2, 114.7, 90.8, 85.4, 84.3, 82.8, 82.7, 80.1, 52.1, 49.9, 45.5, 44.6, 

31.9, 28.4, 28.0, 27.1, 25.3. FT-IR: ν / cm−1 = 3365, 3277, 3088, 2980, 2935, 1707, 1616, 1539, 1351, 

1213, 1150, 1092, 869, 750, 662. [α]D
20 = +40 (10 mg/mL; CHCl3). mp: 66 °C (decomposition). Rf: 0.53 

(DCM/MeOH = 30:1). 

 



5   Experimental section 

180 

(S)-2-Amino-4-((N-(((2R,3S,4R,5R)-5-(6-(benzylamino)-9H-purin-9-yl)-3,4-dihydroxytetrahydro-

furan-2-yl)methyl)-4-bromo-3-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (85) 

 

The compound was prepared from 93 (111 mg, 0.13 mmol) according to general procedure C to afford 

the final product as a yellowish trifluoroacetate salt (111 mg, 0.13 mmol, 99%, 1.7 equiv. TFA). 1H NMR 

(300 MHz, CD3OD): δ / ppm = 8.22 (s, 2H), 8.16–8.10 (m, 1H), 7.83–7.71 (m, 2H), 7.32–7.24 (m, 2H), 

7.24–7.08 (m, 3H), 5.84 (d, J = 4.2 Hz, 1H), 4.83–4.64 (m, 2H), 4.57–4.44 (m, 1H), 4.21–4.13 (m, 1H), 

4.12–4.03 (m, 1H), 3.86 (pseudo-t, J ≈ 6.4 Hz, 1H), 3.70–3.53 (m, 2H), 3.51–3.26 (m, 2H), 2.32–2.15 

(m, 1H), 2.10–1.95 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ / ppm = 171.3, 151.2, 149.3, 142.7, 141.6, 

138.0, 137.3, 132.4, 129.8, 128.9, 128.7, 125.2, 119.8, 119.7, 115.8, 90.9, 83.2, 75.0, 72.9, 52.1, 51.5, 

46.3, 46.0, 31.1. FT-IR: ν / cm−1 = 3095, 2911, 1668, 1538, 1428, 1352, 1169, 1135, 1033, 969, 886, 834, 

798, 721, 661. [α]D
20 = +26 (10 mg/mL; MeOH). mp: 73 °C (decomposition). ESI-MS: m/z calculated for 

[C27H29BrN8O9S+H]+ ([M+H]+) = 721.1, found: 721.0. Purity: 95% (HPLC, 254 nm, MeCN/H2O + 0.1% 

HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, tR = 6.37 min). 

5.3 Non-covalent docking and structural alignment 

For non-covalent docking, crystal structure of DNMT2 was extracted from the Protein Data Bank (PDB-

ID:1G55)197,295 to FlexX/LeadIT (Version 2.3.2).296,297 The binding site for docking was defined as a 6.5 Å 

sphere around the crystallographic reference ligand SAH. Other parameters remained set to the default 

settings of the software. 2D structures were transferred into energy minimized 3D structures using the 

MMFF94x force field implemented in MOE (Molecular Operating Environment, 2019.01).298 Docking 

was performed using protonation states in aqueous solution as recommended by FlexX/LeadIT. The 

docking setup was validated by re-docking of SAH (RMSD: 0.80 Å). Top 10 poses were visually 

inspected for interaction profiles with the SAM- and cytidine binding sites. Structural alignments of 

crystal structures or AlphaFold models were conducted using PyMOL (Version 2.3.0).299 
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6 Covalent peptidomimetics against Schistosoma mansoni  

6.1 Introduction 

6.1.1 Global distribution of schistosomiasis 

Schistosomiasis, also known as bilharzia, is an infectious tropical disease caused by blood-dwelling fluke 

worms of the genus Schistosoma.300,301 It is one of the most significant parasitic diseases affecting more 

than 230 million people worldwide according to estimates.302–304 For humans, six Schistosoma species are 

relevant that cause severe diseases.305 These species differ biologically and in their geographical 

distribution (Figure 28). Notably, they cause different types of symptoms.302 Intestinal schistosomiasis is 

caused by Schistosoma mansoni (occuring in 53 countries in Africa, the Middle East, the Caribbean and 

South America), Schistosoma japonicum (occurring in China, Indonesia, and the Philippines), 

Schistosoma mekongi (occurring in Cambodia and Laos), and Schistosoma guineensis as well as its 

related species Schistosoma intercalatum (both occurring in rain forest areas of central Africa). Another 

form of schistosomiasis, urogenital schistosomiasis, is caused by Schistosoma haematobium, which 

occurs in Africa, the Middle East, and Corsica.305 

 

Figure 28: Global distribution of Schistosoma species.301 

6.1.2 Symptoms and pathology 

The pathogenesis of schistosomiasis can manifest itself in an acute as well as in a chronic form. Acute 

schistosomiasis, often referred to as the KATAYAMA syndrome, appears between 14–84 days after first 

exposal of non-immune individuals to first infection or heavy reinfection with schistosome cercariae.306,307 

The disease is a hypersensitivity reaction against the migration of schistosomula and egg deposition, 

which  leads to the release of egg antigen and the host’s granulomatous and immune complex response. 
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Individuals often suffer from nocturnal fever, cough, malaise, myalgia, headache, eosinophilia, fatigue, 

and abdominal pain.300,306  

The morbidity of chronic schistosomiasis is not caused by adult worms, but by the host’s immune 

response to the schistosomes eggs.308–311 Many eggs are not excreted and are trapped in the intestines or 

liver (S. mansoni, S. japonicum, and S. mekongi) or in the bladder and urogenital system 

(S. haematobium). There, the eggs secrete proteolytic enzymes inducing eosinophilic inflammatory and 

granulomatous reactions, which result in fibrotic deposits in host tissues.301,308–311 As a consequence, this 

causes an intestinal or urogenital schistosomiasis. Individuals with intestinal schistosomiasis suffer from 

abdominal pain, diarrhea, and blood in stool. In advanced cases, enlargement of the liver or spleen is 

common. The most commonly observed symptom of urogenital schistosomiasis is blood in urine 

(haematuria). In advanced cases, kidney damage as well as fibrosis of the bladder and ureter can occur, 

followed by bladder cancer in later stages.305  

6.1.3 Characteristics of S. mansoni 

Adult schistosomes are worms with a white-greyish, cylindrical body that measure 7–20 mm in length.301 

They have two terminal suckers, a complex tegument, a blind digestive tract, and organs for reproduction. 

Schistosomes have separate sexes, unlike other trematodes. Male schistosomes exhibit a gynaecophoric 

canal that holds the longer and thinner female.301 Schistosomes of the genus mansoni live an estimated 

average of 5–10 years in their human host, based on a statistical analysis that revealed a significantly 

lower egg output after more than 5 years.312 Interestingly, in some cases this lifespan can be exceeded. In 

1985, CHABASSE et al. reported the case of a 56-year-old man who was still infected after 37 years.313 

The worms digest blood cells and globulins, the debris are regurgitated in the human bloodstream. They 

have an anaerobic metabolism, which is mainly used for the movements of the male schistosomes and 

the egg production of the females.314  

6.1.4 Schistosome life cycle 

The schistosome life cycle (Scheme 27) is described in detail in several reviews.300–302,314,315 Infection with 

Schistosoma occurs through contact with infested surface water containing free-living larval forms of the 

parasite (cercariae).302,315 They penetrate the human skin, shed their bifurcated tails, and undergo several 

other changes transforming them into a new form, the schistosomula.302,315 The schistosomula enter 

capillaries and lymphatic vessels, migrate with the bloodstream to the heart, through the lungs and into 

the liver and the portal vein.301,314,315 There, they grow and reach sexual maturity.302,315 The male and female 

worms pair and then migrate to the superior mesenteric veins (S. mansoni), the inferior mesenteric and 

superior hemorrhoidal veins (S. japonicum), or the vesical plexus and veins draining the ureters 

(S. haematobium) where egg production occurs.302,315 The production usually begins four to six weeks 

after infection and continues for the life of the worm.315 In this period, a female worm can produce 
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hundreds (S. mansoni and S. haematobium) to thousands (S. japonicum) of eggs per day.301,314 Each egg 

contains a ciliated larva (miracidium) that secretes proteolytic enzymes allowing the eggs to migrate from 

the blood vessels through the adjacent tissues into the lumen of the intestine (S. mansoni and 

S. japonicum) or the bladder (S. haematobium).301,314 Most eggs are trapped in the host tissues where they 

induce inflammation and die.300,314 However, up to one third are excreted into the environment through 

feces (S. mansoni and S. japonicum) or urine (S. haematobium) and can stay viable for up to seven 

days.301,314,315 If the eggs reach freshwater, free-living ciliated miracidia are released and swim around to 

search suitable intermediate hosts, usually freshwater snails.300,301,314 The miracidium penetrates the snail 

where it undergoes asexual replication into multicellular sporocysts over a period of four to six weeks, 

shedding tens of thousands of infectious cercariae into the water.300,301,314 At this point, the life cycle is 

completed. The cercariae leave the snail under the stimulation of light and whirl around the water for up 

to 72 hours. It mainly occurs during daytime when the sun is high and human water contact most 

frequent.301,314  Notably, one snail infected by one miracidium can release thousands of infectious 

cercariae into the water daily for months.301  

 

Scheme 27:  Life cycle of S. mansoni. 
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6.1.5 Treatment of schistosomiasis 

For the treatment of schistosomiasis, Praziquantel (102, PZQ, Figure 29) is the drug of choice. Originally, 

a library of compounds developed as potential antipsychotics by Merck (formerly E. Merck) was provided 

to Bayer for testing against worm parasites. In 1972, this led to the discovery of EMBAY-8440, which 

was further developed by both companies to yield PZQ. Finally, in 1980, the drug was approved as an 

anthelmintic under the brandname Biltricide®.316,317 PZQ is effective against all Schistosoma species, 

however, it acts against adult worms and poorly against immature larvae.300 Although the drug is applied 

as a racemic mixture, the R-enantiomer is primarily responsible for the anthelmintic activity causing a 

rapid contraction of worms and damage to the worm surface.318–321 The mechanism of action has not been 

understood for a long time. In 2019, a transient receptor potential (TRP) channel of the TRP melastatin 

(TRPM) subfamily activated by PZQ was identified in S. mansoni.322 Two years later, a hydrophobic 

ligand binding pocket for PZQ within the voltage sensor-like domain of the channel could be found. This 

lead to the assumption that PZQ directly binds to Sm.TRPM causing calcium influx and worm paralysis.323 

For the treatment of most Schistosoma species, such as S. mansoni and S. haematobium, a standard dose 

of 40 mg/kg of body weight is recommended. Due to the low toxicity and high tolerance of PZQ,318,324 

even higher doses of 60 mg/kg can be applied, which is often required for S. japonicum and S. mekongi 

or intense diseases.300,306,315 However, studies have shown that the dosage of 40 mg/kg and 60 mg/kg led 

to equivalent outcomes for infections either with S. mansoni or S. japonicum.325 According to the WHO 

guidelines in 2022, the dose administered is now determined using the PZQ dose pole considering body 

measurements.326 PZQ achieves moderate to high cure rates of 59–90% with field studies showing dose 

dependence in some cases.318,327 Notably, an effective host antibody response is crucial for full treatment 

efficacy.328,329 Other drugs used for the treatment of schistosomiasis are oxamniquine (103) and 

metrifonate (104) (Figure 29), which are only applied against specific species, S. mansoni and 

S. haematobium, respectively.330,331 Unfortunately, these drugs are no longer readily available.300,315,332  

 

Figure 29: Structure of praziquantel (PZQ), oxamniquine, and metrifonate. All drugs are applied as racemic mixtures. 

For 40 years, treatment of schistosomiasis has relied primarily on PZQ, which significantly increases 

concerns about drug resistance.333 There are already published field studies showing unexpected low cure 

rates after treatment of S. mansoni with PZQ.334,335 Furthermore, reduced susceptibility of S. mansoni and 

S. hematobium isolates to the drug has already been observed.336 To date, no other therapeutic options are 

available, leading the WHO to call for the development of new interventions, including alternatives to 

praziquantel.337 
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6.1.6 S. mansoni cathepsin B1 – a possible target 

S. mansoni cathepsin B1 (SmCB1) is the most abundant papain-like cysteine protease in the lumen of the 

schistosomes gut and has also been found in the gastrodermal cells.338,339 Like other cathepsin B enzymes, 

it has exopeptidase as well as endopeptidase functionality,340 and is required for the digestion of host 

hemoglobin,341 and necessary for normal schistosome growth.342 The enzyme is synthesized as an inactive 

41 kDa glycosylated zymogen that needs to be activated by proteolysis of the pro-peptide to yield the 

mature 31 kDa glycosylated protein. The pro-peptide cleavage can be catalyzed by another gut-associated 

cysteine peptidase, the S. mansoni asparaginyl endopeptidase (SmAE, also known as legumain).339 

Although this step has been found to be catalyzed by SmAE, the protease is not essential for the activation 

in vivo.343 SmCB1 consists of a single peptide chain with a papain-like fold divided into L and R domains. 

At the interface between those domains, the active site is located with the catalytic triad consisting of 

Cys100, His270, and Asn290.344,345 Like other cathepsin B peptidases, SmCB1 has an “occluding loop” 

formed by residues 175–194, a well-known substructure element that restricts access to the primed region 

of the active site. Two histidines (His180 and His181) located in the center of the occluding loop are 

required for important interactions with the C-terminal end of the substrate. Depending on the pH value, 

the protonation of these two histidines affects the endo- or exopeptidase activity of cathepsin B.346,347   

Scheme 28 illustrates the cleavage mechanism proceeded by SmCB1.348  

 

Scheme 28: Peptide cleavage mechanism proceeded by SmCB1. 
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It starts with the nucleophilic attack of Cys100 at the peptide bond, resulting in the formation of a 

tetrahedral intermediate with the peptide substrate. Then, cleavage of the peptide bond occurs, releasing 

the N-terminus of the C-terminal cleavage product. The remaining acyl intermediate is hydrolyzed by 

nucleophilic attack of a water molecule to finally yield the C-terminus. During the mechanism, Asn290 

ensures the correct positioning of His270 that is required for proton transfer.348  

Meanwhile, SmCB1 has been validated as a chemotherapeutic target for the cure of schistosomiasis.344,349 

In 2011, SmCB1 was co-crystallized in complex with K11777 (Figure 30),344 a literature-known, covalent 

inhibitor of cruzain, a cysteine protease of the protozoan parasite Trypanosoma cruzi, and cathepsins B 

and L.350–353 K11777 was found to inhibit SmCB1 by treatment of infected mice.349 This structure features 

a peptidomimetic sequence connected to a vinylsulfone warhead that traps the catalytically active 

nucleophile, Cys100, inside the active site of the enzyme. The reaction follows an irreversible Michael 

addition of the thiol group at the β-position of the vinylsulfone system,354 that is located in the S1' subsite 

(according to the nomenclature of SCHECHTER and BERGER).355 The homophenylalanine moiety is placed 

in the S1 subpocket, the phenylalanine in S2, and the terminal N-methylpiperidine group in S3.344  

 

Figure 30: Left: SmCB1 in complex with K11777 (cyan), PDB-ID:3S3R.344 Right: 2D Structure of K11777 with subpocket-
targeting units labeled according to the SCHECHTER and BERGER nomenclature.355  
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The epoxide-based covalent inhibitor CA074 (Figure 31) was also found to inhibit SmCB1. Interestingly, 

this structure was designed to address the S1' and S2' sites of cathepsin B, especially allowing interactions 

with His180 and His181 of the occluding loop with a carboxyl function.344,356,357 Recently, further 

peptidomimetic SmCB1 inhibitors based on azanitrile warheads were developed that showed lethal 

activity against S. mansoni newly transformed schistosomula (NTS).358  

 

Figure 31: Structure of CA074 (106) with subpocket-targeting units labeled according to the SCHECHTER and BERGER 
nomenclature.355  
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6.2 Summary and own contribution 

Note: The substance numbers from the corresponding manuscript are listed in italics behind the substance 

numbers in this thesis. 

To find new anti-schistosomal lead structures, an in-house library consisting of 76 cysteine-targeting 

inhibitors was screened in a phenotypic assay on newly transformed schistosomula (NTS) and S. mansoni 

adults as well as for the inhibitory effect on SmCB1 in fluorometric enzyme assay. The phenotypic 

screening revealed three hits, two vinylsulfonate-based structures (SJ605 and SJ606) and the 

4-oxoenoate-based diastereomeric bortezomib congener KS309 (Table 8).  

Table 8: Structures of KS309, SJ605, and SJ606 with indication of anti-schistosomal activity and inhibition of SmCB1 in the 
fluorometric enzyme assay. 

 

Compound 
SmCB1 

inhibition* 
Ki / µM 

NTS  
% effect** 
at 10 µM 

S. mansoni adults  
% effect**  

at 10 µM at 1 µM 

KS309 >100 100 76 29 
SJ605 0.0018 100 55 n. d. 
SJ606 0.0034 100 58 n. d. 

*Measured by  and  (  group); **dead after 72 h; n. d. = not determined.  

Although KS309 showed weak inhibition of SmCB1 (Ki >100 µM), it was taken as a lead structure for 

further optimization as it had the highest effect against adult worms (76% at 10 µM, 29% at 1 µM). To 

maximize the effect, lipophilicity was increased by methylation of amides (1a and 1b) as well as P3 

substitution (1c and 1d) to improve cell permeability and reach higher compound concentrations in the 

worm organism for a stronger effect (Figure 32). Furthermore, alternative warheads (1e–h), an 

azapeptide (1k), and small molecule derivatives were analyzed (1l and 1m).  

Based on this strategy, three optimized compounds were identified (vinylsulfonate 110 (1g) as well as its 

precursors 111 (1j) and 112 (1i)) exhibiting higher efficacy against S. mansoni adults (93–100% at 10 µM, 

36–45% at 1 µM) compared to KS309. However, their inhibitions of SmCB1 were low (9–80% at 

20 µM). To facilitate potential optimizations of these compounds in future studies, structural knowledge 

about the target would be beneficial. For this reason, optimization of SJ605 and SJ606 may be a more 

promising strategy as their effects appeared to correlate with SmCB1 inhibition. As part of this project, 

derivatives of SJ605 and SJ606 were developed by  (  group). 
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Figure 32: Left: Variation of KS309. Right: Structures with increased anti-schistosomal effect.  

For a more detailed discussion, as well as the presentation of all experimental procedures, the reader is 

referred to the corresponding manuscript (Section 6.3) and Supporting Information (Appendix) Synthetic 

procedures conducted by MARVIN SCHWICKERT (  group) are described in Section 6.4. The 

corresponding experimental section can be found in Section 6.5. 

Own contribution: Design and synthesis of inhibitors 1a–m, writing the corresponding parts in the 

manuscript and Supporting Information, creation of Schemes 1–6 in the Supporting Information. 
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ABSTRACT 

In this study, we have identified and optimized two lead structures from an in-house screening, with 

promising results against the parasitic flatworm Schistosoma mansoni and/or its target protease 

S. mansoni cathepsin B1 (SmCB1). Our correlation analysis highlighted the significance of 

physicochemical properties for the compounds’ efficacy, resulting in a dual approach to optimize the lead 

structures regarding both phenotypic effects and SmCB1 inhibition. The optimized compounds from both 

approaches (“phenotypic” vs. “SmCB1” approach) demonstrated improved efficacy against S. mansoni 

adult worms, with 2h from the “SmCB1” approach emerging as the most potent compound. 2h displayed 

nanomolar inhibition against SmCB1 (Ki = 0.050 µM) while maintaining selectivity towards human off-

target cathepsins, and greatly improved efficacy towards S. mansoni adults (86% at 10 µM, 68% at 1 µM), 

demonstrating potential as a new therapeutic agent for schistosomiasis. 

 

INTRODUCTION 

Schistosomiasis is an acute or chronic infectious disease that can be caused by different species of the 

genus Schistosoma, a family of human blood flukes. More than 140 million patients are affected by this 

disease worldwide, most of them in sub-Saharan Africa.1,2 Of all five Schistosoma species that can cause 

schistosomiasis in humans, Schistosoma mansoni is the most widespread, throughout Africa, the Middle 
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East and even the Americas.3 Infections can lead to intestinal or hepatic forms of schistosomiasis.4 During 

its life cycle, S. mansoni depends on two different hosts, freshwater snails of the genus Biomphalaria for 

asexual replication and a mammalian host for sexual replication.3 Upon completing asexual replication 

the snails release cercariae into the freshwater. These infectious cercariae penetrate human skin exposed 

to contaminated water and start their sexual replication within the human body. Over the next 5–7 weeks, 

this larval stage, called schistosomula, develops into matured schistosomes until they begin to mate.3 

Female schistosomes are capable to produce hundreds of eggs daily.5,6 Egg migration into the intestinal 

lumen where they are excreted with faeces completes the sexual reproduction process. Once released into 

freshwater, the eggs will hatch and release ciliated miracidia, which can now infect the snail hosts to 

begin asexual replication.5 Fecal excretion of eggs is not quantitative, meaning that a considerable number 

of eggs remain in the human body. An early study with hamsters as mammalian hosts found that only 

~20% eggs were found in faeces, while ~80% of the eggs remained in the body.6 After 1–2 weeks, the 

eggs will die, independent if they reach freshwater.3 The hundreds of trapped, partially dead eggs in the 

human body can induce severe inflammatory reactions that may cause the full picture of the 

schistosomiasis disease.7,8 

Today, the only approved drug for the treatment of schistosomiasis is praziquantel (PZQ). Although 

praziquantel was introduced in the 1970s, very few cases of resistance have been reported.9 Until recently, 

even attempts to induce a resistance against PZQ in the laboratory has failed.10 With a reported cure rate 

of ~90%, PZQ remains a powerful tool to fight schistosomiasis. Despite the achieved success, the actual 

mechanism of action remained elusive until 2021, when PARK and CO-WORKERS demonstrated that the 

transient receptor potential melastatin ion channel is the target of praziquantel.11 However, to control or 

even eradicate this disease, it seems necessary to pursue further drug development to also treat those 

patients who have shown resistance to PZQ. By focusing on additional targets that are vital to the parasite, 

an improved treatment could be accomplished. Recent publications have shown that the cathepsin B-like 

protease of S. mansoni (SmCB1) presents a promising target for small molecular inhibitors, since its 

inhibition is lethal to S. mansoni.12–14 Previous studies also showed that suppression of SmCB1 activity in 

early stage schistosomula had a long-term effect on their growth and development, underlining a certain 

vulnerability that arises from this target.15 

To date, several SmCB1 inhibitors have been reported. One well-known example is the pan-cathepsin 

inhibitor K11777 (IC50 = 0.0021 µM, k2nd = 8.8 ∙ 104 M−1s−1), an irreversible vinylsulfone.16 It has proven 

to be efficient against schistosomes in mice, reducing both worm numbers and egg production.14 Based 

on the K11777 scaffold, JÍLKOVÁ and CO-WORKERS have developed the potent irreversible SmCB1 

inhibitors WRR-391 (IC50 = 0.2 nM, k2nd = 2.1 ∙ 105 M−1s−1) and WRR-286 (IC50 = 0.6 nM, k2nd = 

2.0 ∙ 105 M−1s−1).13,16 The compounds are effective against newly transformed schistosomula (NTS) at 

concentrations of 10 µM for both and 1 µM for WRR-286 after 72 hours.13 Additionally, they introduced 
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azapeptide nitriles as covalent-reversible SmCB1 inhibitors with high efficacy against NTS.12 However, 

their efficacy against S. mansoni adults has not yet been published. 

In order to discover new potential anti-schistosomal compounds, we developed a workflow (see 

Graphical Abstract) starting with an in-house screening including 76 compounds that provided us with 

lead structures (for all structures and data see Supporting Information) for a dual optimization approach. 

We then performed a correlation analysis of the entire screening data to obtain optimization ideas. From 

these ideas, we designed new compounds using molecular docking approaches and input from literature. 

We synthesized several optimized structures and tested them on the target enzyme as well as in the 

phenotypic assay. 

RESULTS AND DISCUSSION 

In-house screening 

We initiated our search for lead structures with anti-schistosomal activity by screening our in-house 

library including 76 compounds in a phenotypic assay on newly transformed schistosomula (NTS) and 

S. mansoni adults.17 This library consisted of several cysteine-targeting inhibitors decorated with different 

covalent warheads, such as (F-)vinylsulfon(at)es, nitriles, aldehydes, 4-oxoenoates, nitroalkenes, and 

acrylamides.18–23 In addition, we evaluated all compounds for their inhibitory effect on SmCB1 using a 

fluorometric enzyme assay to analyze potential correlations with the results of the phenotypic assay. We 

determined IC50 and Ki values for all compounds with SmCB1 inhibition >50% at 20 µM. In the 

phenotypic assay, all substances were initially analyzed at 10 µM on NTS. If an efficacy of >70% dead 

was achieved, a second screening was performed at 1 µM on NTS and at 10 µM on S. mansoni adults. 

Lower concentrations of 1 µM and 0.1 µM were tested on adult worms when 70% efficacy was achieved 

in the respective previous screening. A table with all data from the in-house screening can be found in 

the Supporting Information. The procedure of the initial screenings is described in Figure 1. 

 

Figure 1: Workflow of the initial in-house screening. All compounds were screened for their SmCB1 inhibition in a fluorometric 
enzyme assay as well as their efficacy in a phenotypic assay against NTS and adult worms. 
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The top three compounds (KS309, SJ605, SJ606) from the phenotypic screening against S. mansoni 

adults are shown in Figure 2. While two of them are vinylsulfonate-based inhibitors (SJ605, SJ606), 

originally developed for rhodesain,19,20 the third is a 4-oxoenoate-based diastereomeric bortezomib 

congener (unpublished results).  All three compounds were highly efficient against NTS at 10 µM (100% 

efficacy). Although SJ605 and SJ606 exhibited high SmCB1 inhibition with Ki values in the low 

nanomolar range, only moderate efficacy against adult worms at 10 µM (55% for SJ605, 58% for SJ606) 

was achieved. In contrast, KS309 showed weak inhibition of SmCB1 (Ki >100 µM) but a strong effect on 

adult worms (76% at 10 µM, 29% at 1 µM) in the phenotypic assay, indicating that it addresses another 

target. 

 

Figure 2: Phenotypic screening of in-house library – top three compounds with screening results and Ki values. 

Based on these findings, we pursued a dual strategy to increase the anti-schistosomal effect of both 

compound classes on adult S. mansoni. In order to maximize their effect, we focused primarily on 

improving their physicochemical properties, such as lipophilicity, since the substances have to pass two 

cell membranes to reach their target site.24 This resulted in two approaches, the “phenotypic” approach 

focusing on KS309 derivatization and the “SmCB1” approach including SJ605/SJ606 derivatizations. 

The syntheses are described in the Supporting Information. 

Derivatization of KS309 

In our first approach, we investigated various changes in the structure of KS309 (Figure 3). To increase 

lipophilicity, we reduced the number of hydrogen bond donors by methylating one of each of the amide 

bonds (1a, 1b). Furthermore, the effect of replacing the polar pyrazinoyl moiety in P3 with more lipophilic 

Cbz (1c) and Boc (1d) groups was investigated as such modifications have also been shown to be effective 

in SmCB1 inhibitor design.12 Since 4-oxoenoates exhibit high reactivity, we tested alternative warheads 

such as propargylamide (1e), nitrile (1f), and vinylsulfonate (1g). To analyze the effect of inverted amide 

bonds, the acrylamide derivative 1h was prepared. The precursors 1i and 1j of vinylsulfonate 1g were 

also tested due to their higher lipophilicity. Synthesizing 4-oxoenoates and vinylsulfonates causes 

epimerization at P1. To avoid the separation of diastereomers at a later stage of the synthetic procedure, 

we prepared the P1 azapeptide derivative 1k of KS309. In addition, small molecule derivatives (1l, 1m) 

of KS309 and 1k were tested. 
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Figure 3: Derivatization of KS309. 

The KS309 derivatives were evaluated for their SmCB1 inhibition as well as their efficacy on NTS and 

S. mansoni adults. The results are listed in Table 1. Additionally, calculated SlogP values and topological 

polar surface areas (TPSA) are given. 
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Table 1: Physicochemical parameters and in vitro effects of 1a–m. 

Cpd. SlogPa 
TPSA / 

Å2 

SmCB1 
% inhibition 

at 20 µM 

NTS 
% effectb  

S. mansoni adults 
% effectb 

at 10 µM at 1 µM at 10 µM at 1 µM 

KS309 2.04 127 58 100 ± 0 23 ± 12 76 ± 6 29 ± 2 
1a 2.38 119 11 100 ± 0 48 ± 0 61 ± 4 n. d. 
1b 2.38 119 12 96 ± 0 44 ± 6 48 ± 0 n. d. 
1c 4.01 111 67 98 ± 2 15 ± 8 65 ± 2 36 ± 6 

1d-(E) 3.34 111 42 100 ± 0 78 ± 2 61 ± 0 n. d. 
1d-(Z) 3.34 111 47 100 ± 0 40 ± 0 40 ± 2 n. d. 

1e 1.10 113 18 46 ± 0 n. d. n. d. n. d. 
1f 0.99 137 10 39 ± 0 n. d. n. d. n. d. 
1g 3.27 127 68 100 ± 0 38 ± 4 100 ± 0 43 ± 0 
1h 1.86 113 9 48 ± 2 n. d. n. d. n. d. 
1i 3.85 82 9 98 ± 2 27 ± 4 93 ± 4 36 ± 2 
1j 4.58 111 80 100 ± 0 65 ± 0 100 ± 0 45 ± 2 
1k 1.45 131 17 50 ± 13 33 ± 5 47 ± 10 n. d. 
1l 2.61 82 7 100 ± 0 14 ± 2 58 ± 2 n. d. 

1m 2.03 85 3 61 ± 4 32 ± 2 34 ± 0 n. d. 
a: calculated using MOE 2019.01;25 b: % dead after 72 h. 

Regarding the results in Table 1, 1g, 1i, and 1j showed higher efficacy on S. mansoni adults compared 

to KS309 (93–100% vs. 76% at 10 µM; 36–45% vs 29% at 1 µM). 1a, 1b, and 1d-(E) caused slightly 

lower efficacy (61–65% at 10 µM), while all other compounds appeared to be distinctly less efficient 

(<60% at 10 µM). A correlation between the reduction in TPSA compared to KS309 (<127 Å2) and the 

increase in efficacy on adult worms could not be observed. Although 1i and 1j showed higher efficacy 

with TPSAs of 111 Å2 and 82 Å2, respectively, several compounds with TPSAs ranging from 82 Å2 to 

119 Å2 (1a–c, 1d-(E), 1d-(Z), 1e, and 1h) were less efficient. On the other hand, a statistically significant 

correlation (described as correlation factor r) between SlogP value and efficacy against NTS at 10 µM 

could be observed (r = 0.84, p = 0.0001), suggesting that higher SlogP values resulted in higher efficacy 

(see Table 4, Figure S2 in the Supporting Information). Compounds with SlogP values of ≥2.04 

(KS309, 1a–c, 1d-(E), 1d-(Z), 1g, 1i, 1j, and 1l) appeared to have an efficacy of at least 96%. For SlogP 

values ranging from 0.99 to 2.03, efficacy was only 39–61%. This correlation was also observed for S. 

mansoni adults at 10 µM (r = 0.69, p = 0.015).  Overall, 1g as well as its precursors 1i and 1j showed the 

highest efficacy in the compound series against both NTS and S. mansoni adults. Interestingly, 1g and 1j 

even exhibited stronger inhibition of SmCB1 compared to KS309 (68–80% vs. 58% at 20 µM), albeit 

weak compared to the SJ-series (SJ605/SJ606). Substituting the 4-oxoenoate warhead of KS309 with a 

vinylsulfonate (1g) retained the same TPSA (127 Å2) but increased the SlogP value (3.27 vs. 2.04), which 

might have improved cell permeability. Furthermore, the vinylsulfonate might be less prone to off-target 

reactions compared to the highly reactive 4-oxoenoate substructure. Replacing the polar pyrazinoyl 
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moiety of 1g in P3 with a more lipophilic Boc group (1j) did not change efficacy, although it decreased 

the TPSA (111 Å2 vs. 127 Å2) and increased the SlogP value (4.58 vs. 3.27, 1g and 2.04, KS309). In 

summary, the anti-schistosomal effect could be increased, however, the target of KS309 derivatives 

remains unknown. Therefore, we did not further focus on the phenotypic approach by optimizing this 

series, but rather on the optimization of the SJ605/SJ606 inhibitors as their effects appeared to correlate 

with SmCB1 inhibition. 

Correlations and hit optimizations  

Correlation analysis 

For correlations and optimization ideas, we started by calculating several important physicochemical 

parameters (logP, TPSA etc.) using MOE (see Table S1 in Supporting Information).25 We then 

performed a correlation analysis for each physicochemical parameter or the Ki values with the observed 

effects from phenotypic screening, including NTS (10 µM, 1 µM inhibitor) and S. mansoni adults (10 µM 

inhibitor). The resulting correlations are shown in Table S2 in the Supporting Information with their 

respective p-values. Only p-values <0.05 were considered statistically significant. 

There was a slight, but statistically significant, correlation between Ki values and the effect in the 

phenotypic screening against NTS at 1 µM (p = 0.025). The correlation factor (r) was negative (r = −0.43), 

implying that lower Ki values lead to a higher effect. The negative correlation for Ki and the effect on 

S. mansoni adults was not significant (p = 0.18). The adult worms seemed to compensate the inhibition 

more effectively than the NTS. It was reported earlier that several proteases are involved in the digestion 

of blood haemoglobin. One explanation for this observation could be that inhibition of SmCB1 alone can 

be compensated by other proteases such as Sm cathepsin D or Sm cathepsin L. Since the expression levels 

of proteases fluctuate in different stages of development, adult worms may overcome inhibition of 

SmCB1 more effectively than NTS.15,26 Furthermore an additional second membrane has to be crossed in 

adult worms.27 The positive correlation factor between SlogP and the effect against NTS (r = 0.44 at 

1 µM) indicated that higher logP values are beneficial (p = 0.048, 0.021). TPSA and molecular flexibility 

(KierFlex) did not have a significant effect on the screening results. 

Since two compounds from the SJ600s series (SJ605, SJ606) were among the top three, we decided to 

investigate a sub-set containing only these compounds (n = 16, results in Table S3 in the Supporting 

Information). The compounds are known to be potent cysteine protease inhibitors with low cytotoxicity 

as reported by JUNG et al. (2022).20 

Again, there was a significant correlation (p = 0.005) between the Ki value for SmCB1 and the effect 

against NTS at 10 µM inhibitor concentration (r = −0.67) like the correlation described above. The SlogP 

correlates with the effect against NTS at 10 µM (r = 0.66, p = 0.005) as well. Here, we had an additional 
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correlation between the molecular flexibility (KierFlex) and the effect against NTS at 10 µM (r = −0.54, 

p = 0.032), suggesting that lower flexibility is advantageous. KIER’S definition of flexibility is entirely 

structure-based upon molecular size, branching, cycles and number of heteroatoms.28 

The significant correlations for the complete compound set and the SJ600 subgroup are shown in 

Figure 4, suggesting stronger correlations within the SJ600 subgroup as can also be drawn from the 

correlation factors (e.g. NTS 10 µM vs. Ki: all compounds r = −0.27 vs. SJ600s r = −0.67). 

 

Figure 4: Correlations between Ki values or physicochemical parameters and the effect in the phenotypic screening. (A) All 
compounds (n = 76). Left: effect on NTS at 1 µM vs. Ki (SmCB1) in µM in red (n = 27). Right: effect on NTS at 1 µM vs. logP 
in red (n = 27). (B) SJ600s (n = 16). Left: effect on NTS at 10 µM vs. Ki (SmCB1) in µM in green (n = 16). Middle: effect on 
NTS at 10 µM vs. logP in green (n = 16). Right: effect on NTS at 10 µM vs. KierFlex in green (n = 16). 

Inhibitor design 

The correlation analysis suggested that a higher rigidity resulted in a higher activity in the phenotypic 

assay (Figure 4, Table S3 in the Supporting Information). Nevertheless, the SmCB1 inhibition should 

not be compromised since it also correlateed with the effect in NTS. Figure 5 shows non-covalent 

docking poses (generated with LeadIT)29 for lead structures SJ605 (Ki = 1.8 nM) and SJ606 (Ki = 3.4 nM), 

revealing that the most important interactions occur in the S1' and S1 subsites. Gly144 and Gly269 both 

interact with the amide group between P1 and P2, and Gln94 can form a H-bond with the sulfonyl-oxygen 

atom as well as Trp292. The residues in P2/P3 do not form essential interactions in the active site since 

the residues rather protrude from the binding site.  
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Figure 5: Non-covalent docking for lead compounds SJ605 and SJ606 with LeadIT.29 Images generated using PyMOL.30 Ligand 
interaction map generated with MOE.25 PDB-ID: 3S3R.16 (A) Docking pose for SJ605 (teal). Important interaction partners shown 
in salmon. Hyde score: −34 kJ/mol. (B) Ligand interactions of SJ605 with the SmCB1 active site. (C) Docking pose for SJ606 
(yellow). Important interaction partners shown in salmon. Hyde score: −25 kJ/mol. (D) Ligand interactions of SJ606 with the 
SmCB1 active site. 

Based on these interactions, we decided to modify P2/P3 while maintaining the P1' and P1 residues. To 

enhance rigidity, we chose various bi- or tricycles in P2, such as indole, 2,3-dihydrobenzo[b][1,4]dioxine 

(DHBD), and several others, resulting in compounds 2a–q (Figure 6). We prepared corresponding 

irreversible vinylsulfones (2b–f) and -sulfonates (2g–q) as well as one compound with a reversibly 

reacting α-fluorovinylsulfone warhead (2a). 
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Figure 6: Designed (F-)vinysulfon(at)e-based compounds 2a–q. 

SmCB1 inhibition and structure-activity relationship 

Fluorometric enzyme assay 

We tested all compounds in a fluorometric enzyme assay to evaluate their inhibitory activity for SmCB1 

and their selectivity towards off-target cathepsins (procedures in Supporting Information). The results 

are shown in Table 2. 

The vinylsulfone-based compounds were moderate SmCB1 inhibitors with Ki values in the low 

micromolar range except for 2e (Ki >100 µM). The covalent reaction occured slowly (kinact around 10−4 s−1) 

and there was moderate selectivity toward cathepsins B and L. 2a, an α-fluorovinylsulfone, was the only 

inhibitor in the series that reversibly inhibited the enzyme by a covalent-reversible Michael addition.18,19 

The Ki was in the same range as for the irreversible vinylsulfones with only little selectivity toward CatB 

and CatL. 

Table 2 also shows the inhibition data for vinylsulfonate-based compounds 2g–q. Notably, their 

inhibitory potency had improved in all cases compared to the vinylsulfone counterparts, for example 2h 

(Ki = 0.050 µM) vs. 2c (Ki = 6.7 µM). Since vinylsulfonates proved to be more potent SmCB1 inhibitors, 

we designed and synthesized additional compounds (2l–q) and with these obtained Ki values mostly in 

the nanomolar range. The optimizations for 2l–q were performed based on similar or even improved 

physicochemical properties compared to 2a–k and their feasibility was tested in molecular docking 

studies. 
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Overall, 2h (Ki = 0.050 µM, Figure S6 in the Supporting Information), 2n (Ki = 0.030 µM), and 2o 

(Ki = 0.050 µM) were the top three compounds in terms of inhibitory potency. 2h also had the highest 

selectivity in the series (>400-fold toward CatB and CatL) compared to the moderate selectivity of 2n 

and 2o. Notably, the kinact values for most vinylsulfonates were higher than for the vinylsulfones, 

suggesting a faster covalent bond formation. 

Table 2: Inhibition data from fluorometric enzyme assay for (F-)vinylsulfon(at)es 2a–q. 

 

Cpd. R 

SmCB1 CatB CatL 

Ki / µM kinact / s
−1 

k2nd / 
M−1s−1 

Ki / µM  
or % inh. 
at 20 µM 

SI 
Ki / µM  

or % inh. 
at 20 µM 

SI 

2a A 5.8 ± 1.5 - - 30% > 3 45% > 3 
2b A 4.7 ± 0.3 1.1 ∙ 10−4 23 38% > 4 n. i. > 4 
2c B 6.7 ± 0.8 2.3 ∙ 10−4 34 29% > 3 24% > 3 
2d C 2.2 ± 0.8 1.6 ∙ 10−4 7.3 41% > 9 41% > 9 
2e D > 100 n. d. n. d. 28% n. d. 30% n. d. 
2f E 2.5 ± 0.6 2.5 ∙ 10−4 10 22% > 8 32% > 8 
2g A 0.72 ± 0.005* 1.8 ∙ 10−3 2.5 ∙ 103 n. i. >28 43% >28 
2h B 0.050 ± 0.003* 7.0 ∙ 10−4 1.4 ∙ 104 29% >400 37% >400 
2i C 1.6 ± 0.36* 3.0 ∙ 10−4 1.9 ∙ 102 31% >13 28% >13 
2j D 2.3 ± 1.0* 5.0 ∙ 10−4 2.2 ∙ 102 20% > 9 26% >9 
2k E 0.83 ± 0.065* 1.3 ∙ 10−3 1.5 ∙ 103 6.5 ± 1.0 7.8 0.54 ± 0.05 7.8 

2l F 0.078 ± 0.007* 1.1 ∙ 10−3 1.4 ∙ 104 
0.41 ± 
0.06 

5.3 4.8 ± 0.28 5.3 

2m G > 100 n. d. n. d. n. i. n. d. 20% n. d. 
2n H 0.030 ± 0.020* 2.4 ∙ 10−3 8.0 ∙ 104 1.0 ± 0.16 33 2.2 ± 0.19 73 
2o I 0.050 ± 0.030* 1.8 ∙ 10−3 3.6 ∙ 104 48% >400 0.37 ± 0.03 7.4 
2p J 0.41 ± 0.30* 5.4 ∙ 10−3 1.3 ∙ 104 39% >49 8.2 ± 2.1 20 

2q K 0.15 ± 0.040* 2.8 ∙ 10−3 1.8 ∙ 104 
0.26 ± 
0.01 

1.7 2.3 ± 0.23 15 

n. d. = not determined; n. i.: no inhibition at 20 µM inhibitor concentration; % inh. at 20 µM, mean inhibition in % from three 
independent measurements at 20 µM inhibitor concentration with SD < 20%; SI: selectivity index. *time-dependent inhibition. 

SAR discussion 

Docking scores and Hyde scores were generated using LeadIT and are shown in Table S6 in the 

Supporting Information.29 Since we maintained P1' and P1 compared to SJ605 and SJ606 (Figure7B), 

we still observed interactions between Gly144 and Gly269 with the amide bond as well as an additional 

H-bond with Gly143 during non-covalent docking. Gln94 and Trp292 are also involved in H-bond 
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formation with the sulfonyl group. The docking poses for top compound 2h overlapping with SJ606 or 

2p are shown in Figure 7. The poses for 2h and 2p are very similar (Figure 7A) as expected from Hyde 

scores (2h: −39 kJ/mol, 2p: −37 kJ/mol). Nonetheless, there was a difference in SmCB1 inhibition. 2h 

was one of the most potent inhibitors in the series (Ki = 0.050 µM), whereas 2p was only a moderate 

inhibitor (Ki = 0.41 µM). Their k2nd values, on the other hand, were in the same range  

(104 M−1s−1) due to the faster irreversible reaction of 2p compared to 2h (Table 2). 

2i surprisingly showed very weak inhibition of SmCB1 (Ki >100 µM), which is not reflected in its Hyde 

score (–33 kJ/mol). Looking at the docking poses of both 2i and SJ606, we noticed that the distance 

between the β-carbon of the vinylsulfonate double bond that undergoes the covalent reaction with the 

nucleophilic Cys100 was increased from 2.9 Å to 4.3 Å (Figure S5 in the Supporting Information). 

Covalent reactions occur more readily at distances up to 3.5 Å, which could explain the poor inhibitory 

activity.31 The same might apply for 2m (Ki >100 µM) for which a distance of 3.9 Å was found. The 

distances for compounds 2a–q are listed in Table S6 in the Supporting Information. 

 

Figure 7: Molecular docking of 2h, 2p, and initial lead structure SJ606. Non-covalent docking with LeadIt, images were 
generated with PyMOL, ligand interaction map generated with MOE.25,30 PDB-ID: 3S3R.16 (A) Overlay of 2h (violet) and 2p 
(deepteal). Important actives site residues are shown in salmon. Both poses are very similar, which is reflected by their Hyde 
scores (2h: −39 kJ/mol, 2p: −37 kJ/mol).32 (B) Overlay of 2h (violet) and SJ606 (yellow). Important residues in the binding site 
are shown in salmon. The binding poses are similar except for additional interactions of the DHBD moiety of SJ606 with Ile145 
and Gly118. (C) Ligand interactions for 2h. (D) Ligand interactions for 2p. 
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In vitro activity in phenotypic assay 

Table 3: Physicochemical parameters and in vitro effects of 2a–q compared to praziquantel (PZQ), SJ605, and SJ606. 

Cpd. R SlogPa 
TPSAa / 

Å2 
Kier-
Flexa,b 

NTS S. mansoni adults 

% effectc % effectc 

at 
10 µM 

 at 
1 µM 

at 
10 µM 

at 
1 µM 

at 
0.1 µM 

SJ605 - 5.81 102 7.96 100 ± 0 33 ± 12 55 ± 4 n. d. n. d. 
SJ606 - 5.31 120 8.22 100 ± 0 30 ± 0 58 ± 5 n. d. n. d. 

2a A 5.18 79 5.30 60 ± 1 38 ± 2 n. d. n. d. n. d. 
2b A 4.89 79 5.14 85 ± 1 40 ± 3 27 ± 2 n. d. n. d. 
2c B 4.18 82 6.11 92 ± 0 27 ± 1 29 ± 0 n. d. n. d. 
2d C 5.69 79 5.75 100 ± 0 48 ± 1 31 ± 2 n. d. n. d. 
2e D 6.15 75 6.36 42 ± 4 27 ± 1 n. d. n. d. n. d. 
2f E 4.28 92 5.09 75 ± 2 38 ± 4 47 ± 6 n. d. n. d. 
2g A 4.82 88 5.59 100 ± 0 27 ± 1 63 ± 6 n. d. n. d. 
2h B 4.11 91 6.59 88 ± 0 33 ± 0 86 ± 2 68 ± 0 35 ± 2 
2i C 5.63 88 6.19 100 ± 0 42 ± 2 86 ± 2 57 ± 0 n. d. 
2j D 6.08 85 6.84 100 ± 0 35 ± 1 31 ± 2 n. d. n. d. 
2k E 4.22 101 5.54 100 ± 0 33 ± 2 86 ± 2 36 ± 0 n. d. 
2l F 4.22 101 5.54 100 ± 0 33 ± 2 63 ± 2 n. d. n. d. 

2m G 6.04 82 6.24 100 ± 0 44 ± 4 71 ± 4 29 ± 4 n. d. 
2n H 4.48 99 5.74 100 ± 0 48 ± 8 42 ± 4 n. d. n. d. 
2o I 4.48 99 5.74 100 ± 0 40 ± 4 38 ± 8 n. d. n. d. 
2p J 4.14 94 6.37 100 ± 0 58 ± 10 75 ± 0 23 ± 2 n. d. 
2q K 3.33 99 5.83 100 ± 0 44 ± 4 40 ± 2 n. d. n. d. 

PZQd - 2.63 41 3.10 
IC50: 1.5 µg/mLd  

= 4.8 µM 
IC50: 0.05 µg/mLd = 0.16 µM 

a: calculated with MOE;25 b: KIER molecular flexibility index;28 c: % dead after 72 hours; d: MEISTER et al.33 

Compared to starting compounds SJ605 and SJ606, several vinysulfonate-based inhibitors were more 

efficient against NTS and S. mansoni adults. Especially compounds 2h, 2i, 2k, and 2p were outstanding 

as they displayed high efficacy (≥75%) against S. mansoni adults at 10 µM. 2h had the highest efficacy 

in the series with 68% at 1 µM and 35% at 0.1 µM, which is in a similar range as PZQ (IC50 = 0.16 µM).33 

Notably, 2h and 2p (S. mansoni adults: 75% at 10 µM, 23% at 1 µM) share a high structural similarity, 

also with SJ606. This indicates that the DHBD/DHBO moiety is beneficial for phenotypic efficacy, 

particularly in S. mansoni adults. A correlation analysis suggested that lower Ki values resulted in higher 

efficacy against NTS at 10 µM (r = –0.47, p = 0.048, Table S5 in Supporting Information) as well as 

a slight correlation between higher TPSA (ranging from 75 Å2 up to 110 Å2) and higher efficacy (r = 0.55, 

p = 0.023, Table S5 in Supporting Information). 
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Although the initial correlation analysis suggested that a higher lipophilicity could be beneficial, this was 

not the case for all optimized compounds. An example was 2e with the highest SlogP in the series (6.15) 

but only limited potency (NTS: 42% at 10 µM, S. mansoni adults: n. d.). In contrast, 2k was one of the 

top compounds (NTS: 100% at 10 µM, S. mansoni adults: 86% at 10 µM) with one of the lowest SlogP 

values (4.22). Flexibility also seemed to have a smaller impact on efficacy than assumed. The top 

compounds’ KierFlex values ranged from 5.54 to 6.59, whereas compounds with a higher rigidity, such 

as 2a (5.09), 2b (5.14), and 2f (5.09) did not perform as well in the phenotypic assay. 

In summary, several factors combine to influence phenotypic efficacy in schistosomes. Regardless, 

compound 2h displayed high potency and should be considered for further studies. 

CONCLUSION 

Using an in-house screening with 76 compounds, we have identified two lead structures, KS309 and the 

SJ600-scaffold (SJ605, SJ606), which showed promising results against S. mansoni adults and/or the 

target protease SmCB1. KS309 was most effective against S. mansoni adults at 10 µM but did not show 

relevant inhibition of the target protease SmCB1 at 100 µM. SJ605 and SJ606, on the other hand, were 

only moderately effective against S. mansoni at 10 µM but displayed strong SmCB1 inhibition in the low 

nanomolar range. A correlation analysis revealed the importance of several physicochemical properties 

for the phenotypic efficacy, such as higher logP values or, in case of the SJ600s, more rigidity. Therefore, 

we started a dual approach to optimize the lead structures with regard to physicochemical properties. The 

“phenotypic approach” using KS309 resulted in 14 derivatives with altered physicochemical properties 

yielding three optimized compounds: 1g (SmCB1 inhibition: 68% at 20 µM; S. mansoni adults: 100% at 

10 µM, 43% at 1 µM), 1i (SmCB1 inhibition: 9% at 20 µM; S. mansoni adults: 93% at 10 µM, 36% at 

1 µM), and 1j (SmCB1 inhibition: 80% at 20 µM; S. mansoni adults: 100% at 10 µM, 45% at 1 µM). 

However, their main target remains unknown. The “SmCB1 approach” using SJ605 and SJ606 as leads 

resulted in 17 derivatives with higher rigidity and lower TPSA including seven optimized compounds in 

terms of efficacy (2g, 2h, 2j–m, 2p). Several compounds displayed strong SmCB1 inhibition in the 

nanomolar range with improved phenotypic efficacy compared to SJ605 and SJ606. Vinylsulfonates 

generally proved to be more effective than vinylsulfones. The most potent compound, 2h, showed 

nanomolar inhibition of SmCB1 while maintaining selectivity towards human off-target cathepsins (Ki = 

50 nM, SI >400). The efficacy of 2h toward S. mansoni adults improved enormously (86% at 10 µM, 

68% at 1 µM and 35% at 0.1 µM), demonstrating efficacy in a similar range as found for the approved 

drug praziquantel (S. mansoni adults IC50 = 0.16 µM). 

Further optimization of 2h has the potential to yield even more potent compounds, offering a promising 

alternative to the currently available drug PZQ, which is facing rising resistance.9 For further validation, 

metabolism studies and plasma stability tests should be considered to prevent problems that may arise in 
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future in vivo studies. Finally, preclinical in vivo studies could give valuable insights into biodistribution, 

followed up by in vivo efficacy, e.g. with infected mice. 

ABBREVIATIONS 

AMC, 7-amino-4-methylcoumarin; aq., aqueous; Boc, tert-butyl carbamoyl; CatB, human cathepsin B; 

CatL, human cathepsin L; CH, cyclohexane; cpd, compound; DCM, dichloromethane; DECP, diethyl 

chlorophosphate; DHBD, 2,3-dihydrobenzo[b][1,4]dioxine; DIPEA, N,N-diisopropylethylamine; DMF, 

dimethylformamide; DTT, dithiothreitol; EA, ethyl acetate; EDTA, ethylenediaminetetraacetic acid; eq., 

equivalent; ESI, electrospray ionization; HIC, hydrophobic interaction chromatography; HOBt, 

1-hydroxybenzotriazole; hPhe, homophenylalanine; HWE, Horner-Wadsworth-Emmons; KHMDS, 

potassium bis(trimethylsilyl)amide; LHMDS, lithium bis(trimethylsilyl)amide; Me, methyl; MOE, 

Molecular Operating Environment; NTS, newly transformed schistosomula; SI, selectivity index; 

SmCB1, Schistosoma mansoni cathepsin B1; SD, standard deviation; TBTU, 2-(1H-benzotriazole-1-yl)-

1,1,3,3-tetramethylaminium tetrafluoroborate; TEA, triethyl amine; THF, tetrahydrofuran; TPSA, 

topological polar surface area. 
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6.4 Syntheses  

Note: Syntheses conducted by MARVIN SCHWICKERT (  group) are described in this section. 

Synthetic procedures performed by others can be found in the complete Supporting Information file in 

the Appendix. Compound numbers in this section refer to the numbering in the corresponding manuscript 

and Supporting Information. 

The synthesis of compounds 1b–d, and 1g started from Boc-D-leucine (4) (Scheme 29). First, the 

Weinreb amide 5 was prepared by TBTU coupling. Treatment with n-butyllithium and dimethyl 

methylphosphonate at −78 °C yielded the phosphonate 6 as an enantiomeric mixture (ratio not 

determined). To generate the N-methylated oxoenoate 1b (P3-N-Me-P2), 6 was deprotected by treatment 

with 4 M HCl, and TBTU-coupling with Boc-N-methyl-L-phenylalanine was performed yielding 7 as a 

diastereomeric mixture. After Boc cleavage and TBTU-coupling with pyrazinoic acid, followed by 

diastereomer separation, the phosphonate 8 was obtained. In the final step, a HORNER-WADSWORTH-

EMMONS (HWE) reaction using ethyl glyoxylate, lithium chloride, and DIPEA was conducted to form 

the N-methylated oxoenoate 1b (P3-N-Me-P2). To generate the P3 congeners 1c (P3-Cbz) and 1d (P3-

Boc) of KS309, the phosphonate 6 was deprotected with 4 M HCl in dioxane in each case, followed by 

TBTU coupling with either Boc-L-phenylalanine or Cbz-L-phenylalanine. The resulting phosphonates 9 

and 10 were finally treated with ethyl glyoxylate, lithium chloride and DIPEA in a HWE reaction to give 

1c and 1d. For the synthesis of the vinylsulfonate 1g, the Weinreb amide 5 was brought to reaction with 

lithium aluminium hydride at 0 °C to generate the aldehyde 11. Then, a HWE reaction was conducted 

using the phosphonate 12 (synthesis was previously described),359  lithium chloride and DBU yielding the 

intermediate 1i. After Boc cleavage and TBTU coupling with Boc-L-phenylalanine, 1j was obtained. In 

the final step, Boc cleavage and TBTU coupling with pyrazinoic acid was conducted to give the final 

vinylsulfonate 1g. 
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Scheme 29: Synthesis of compounds 1b–d, and 1g. a: N,O-dimethylhydroxylamine ∙ HCl, TBTU, HOBt ∙ H2O, 2,4,6-collidine, 
DCM, 0 °C to rt, overnight, 94%; b: dimethyl methyl phosphonate, n-BuLi, THF (dry), −78 °C, 1.5 h, 93%; c: 1.) 4 M HCl in 
dioxane, rt, 1.5 h, quantitative; 2.) Boc-N-Me-L-Phe-OH, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C to rt, overnight, 63%; 
d: 1.) 4 M HCl in dioxane, rt, 1.5 h, quantitative; 2.) pyrazinoic acid, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, DMF, 0 °C to 
rt, overnight, 41%; e: ethyl glyoxylate, DIPEA, LiCl, MeCN (dry), 0 °C, 75 min, 61%; f: 1.) 4 M HCl in dioxane, rt, 1.5 h, 
quantitative; 2.) Boc-L-Phe-OH, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C to rt, overnight, 50%; g: ethyl glyoxylate, 
DIPEA, LiCl, MeCN (dry), 0 °C, 75 min, 53%; h: 1.) 4 M HCl in dioxane, rt, 1.5 h, quantitative; 2.) Cbz-L-Phe-OH, TBTU, 
HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C to rt, overnight, 61%; i: ethyl glyoxylate, DIPEA, LiCl, MeCN (dry), 0 °C, 75 min, 
45%; j: LiAlH4, THF (dry), 0 °C, 30 min, 98%; k: DBU, LiCl, MeCN (dry), 0 °C, 75 min, 74%; l: 1.) 4 M HCl in dioxane, rt, 
1.5 h, quantitative; 2.) Boc-L-Phe-OH, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C to rt, overnight, 89%; m: 1.) 4 M HCl in 
dioxane, rt, 1 h, quantitative; 2.) pyrazinoic acid, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C to rt, overnight, 60%. 
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The other N-methylated oxoenoate 1a (P2-N-Me-P1) was prepared analogously to 1b in Scheme 29. 

Instead of Boc-D-leucine, Boc-N-methyl-D-leucine (13) was used in the first step, and 

Boc-L-phenylalanine was used instead of Boc-N-methyl-L-phenylalanine in the third step (Scheme 30). 

 

Scheme 30: Synthesis of compound 1a. a: N,O-dimethylhydroxylamine ∙ HCl, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C 
to rt, overnight, 86%; b: dimethyl methyl phosphonate, n-BuLi, THF (dry), −78 °C, 1.5 h, 96%; c: 1.) 4 M HCl in dioxane, rt, 1 h, 
quantitative; 2.) Boc-L-Phe-OH, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C to rt, overnight, 41%; d: 1.) 4 M HCl in dioxane, 
rt, 1.5 h, quantitative; 2.) pyrazinoic acid, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, DMF, 0 °C to rt, overnight, 32%; e: ethyl 
glyoxylate, DIPEA, LiCl, MeCN (dry), 0 °C, 75 min, 44%. 

The azapeptide 1k was prepared starting from Cbz-L-phenylalanine (18), which was brought to reaction 

with tert-butyl carbazate using TBTU coupling (Scheme 31). Hydrogenolytic cleavage of the Cbz group 

of 19 led to the free amine 20, which was used in a TBTU coupling with pyrazinoic acid to give 21. Then, 

the Boc group was cleaved using 4 M HCl in dioxane. The resulting hydrazide 22 was alkylated by a two-

step reductive amination with isobutyraldehyde and sodium borohydride to yield 23. In the last step, 

reaction with ethyl fumaroyl chloride generated the final azapeptide 1k. 

 

Scheme 31: Synthesis of compound 120. a: tert-Butyl carbazate, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C to rt, overnight, 
88%; b: H2, Pd/C, MeOH, rt, 21 h, 97%; c: pyrazinoic acid, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, DMF, 0 °C to rt, 
overnight, 89%; d: 4 M HCl in dioxane, rt, 1 h, 95%; e: isobutyraldehyde, NaBH4, THF, rt, 7.5 h, 36%; f: ethyl fumaroyl chloride, 
NEt3, DCM, rt, 22 h, 55%.  
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Propargyl and nitrile compounds 1e and 1f were prepared by the same synthetic pathway (Scheme 32). 

First, L-leucine methyl ester hydrochloride (24) was converted with Boc-L-phenylalanine using TBTU 

coupling, which yielded the dipeptide 25. After Boc cleavage and TBTU coupling with pyrazinoc acid, 

26 was obtained, which was hydrolyzed using basic conditions. The resulting free acid 27 was reacted 

with either aminoacetonitrile hydrochloride or propargylamine using TBTU coupling to yield the final 

compounds 1e and 1f. 

 

Scheme 32: Synthesis of compounds 1e and 1f. a: Boc-L-Phe-OH, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C to rt, 
overnight, 94%; b: 1.) 4 M HCl in dioxane, rt, 1 h, quantitative; 2.) pyrazinoic acid, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 
0 °C to rt, overnight, 88%; c: LiOH ∙ H2O, THF, H2O, rt, 6 h, quantitative; d: aminoacetonitrile hydrochloride, TBTU, HOBt ∙ 
H2O, 2,4,6-collidine, DCM, 0 °C to rt, 26 h, 92%; e: propargylamine, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C, 1 h, 53%. 

The synthesis of the acrylamide decorated compound 1h with inverted amide bonds was conducted 

starting from Boc-D-phenylalanine (28) (Scheme 33). First, coupling with 2-aminopyrazine using 

COMU, followed by deprotection with 4 M HCl in dioxane to yield the hydrochloride salt 29. In the next 

step, 29 was reacted with Boc-L-leucine by TBTU coupling to give 30. Finally, the Boc group of 30 was 

removed by treatment with 4 M HCl in dioxane, and the acrylamide function was introduced by reaction 

with acryloyl chloride yielding the final product 1h.  

 

Scheme 33: Synthesis of compound 117. a: 1.) 2-aminopyrazine, COMU, oxyma, 2,4,6-collidine, 0 °C to rt, overnight; 2.) 
4 M HCl in dioxane, rt, 1 h, 24%; b: Boc-L-Leu-OH, TBTU, HOBt ∙ H2O, 2,4,6-collidine, DCM, 0 °C to rt, overnight, 65%; c: 
1.) 4 M HCl in dioxane, rt, 1 h; 2.) acryloyl chloride, NEt3, DCM, 0 °C, 3 h, 51%. 
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The small molecule derivatives 1l and 1m were each prepared in a two-step synthesis (Scheme 34). 

Reaction of Weinreb amide 5 with vinylmagnesium bromide at −78 °C yielded the acryl derivative 31, 

which was treated with ethyl acrylate using Hoveyda Grubbs II catalyst to give the final compound 1l. 

The azapeptide analog 1m was prepared starting from tert-butyl carbazate (32). In the first step, 32 was 

alkylated by a two-step reductive amination using isobutyraldehyde followed by treatment with Pd/C 

under hydrogen atmosphere. The resulting intermediate 33 was then reacted with ethyl fumaroyl chloride 

to yield the azapeptide analog 1m.  

 

Scheme 34: A: synthesis of compound 1l. B: synthesis of compound 1m. a: vinylmagnesium bromide, THF (dry), −78 °C, 
30 min, 50%; b: ethyl acrylate, Hoveyda Grubbs II catalyst, DCM (dry), Δ, 4 h, 37%; c: 1.) isobutyraldehyde, toluene, 50 °C, 
1 h; 2.) H2 (3 bar), Pd/C, rt, 20 h, 37%; d: ethyl fumaroyl chloride, NEt3, DCM, rt, 1 h, 68%. 
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6.5 Experimental section of the manuscript 

Note: Experimental procedures conducted or supervised by MARVIN SCHWICKERT (  

group) are described in this section. Experiments performed by others can be found in the complete 

Supporting Information file in the Appendix. Compound numbers in this section refer to the numbering 

in the corresponding manuscript. 

General information 

All reagents and solvents were purchased commercially and used as provided by the supplier without 

further purification. Solvents for synthesis, extraction, and chromatography were of analytical grade. 

Moisture-sensitive reactions were carried out under argon atmosphere, and anhydrous solvents were used 

as provided by the commercial supplier. Reaction progress was monitored by thin-layer chromatography 

using ALUGRAM® Xtra SIL G UV254 silica plates from Macherey-Nagel and/or LC-MS. For LC-MS 

analysis, an Agilent 1100 series HPLC system and an Agilent Poroshell 120 EC-C18, 150 × 2.10 mm, 

4 µm column coupled to an Agilent 1100 series LC/MSD Trap with electron spray ionization (ESI) was 

used. The identities and purities of compounds were determined by the same LC-MS system with a 

gradient of MeCN and MilliQ®-H2O + 0.1% HCOOH (flow rate:  0.7 mL/min). Signals were detected at 

210/254 nm with quantitation by AUC and masses were determined in positive ionization mode (ESI). 

HPLC purification was performed with a Varian PrepStar system using an Agilent Zorbax PrepHT XDB 

C18 (150 mm × 21.2 mm, 5 µm) column. Flash chromatography was performed with a Biotage IsoleraTM 

One system using prepacked columns from Biotage. Silica (40–63 µm) from Macherey-Nagel was used 

for column chromatography. Optical rotations [α]D
20 were measured on a P3000 polarimeter from Krüss 

and are reported in deg cm3 g−1 dm−1. Fourier-transformed ATR-corrected IR spectra were measured on 

an Avatar 330 single crystal spectrometer from ThermoNicolet. Melting points (uncorrected) were 

measured with an MPM-H3 using semi-open capillaries. NMR spectra were recorded on a Bruker Fourier 

300. Chemical shifts are indicated in parts per million (ppm), with the solvent resonance (CDCl3, DMSO-

d6, or CD3OD from Deutero GmbH) as internal standard. The purity of all compounds tested in biological 

assays was ≥95% as determined by LC-MS. 

General procedure A - TBTU coupling with amine hydrochlorides 

To a 0 °C cold solution of the carboxylic acid (1.0 equiv.) in DCM and/or DMF were added HOBt ∙ H2O 

(1.0 equiv.) and 2,4,6-collidine (2.0 equiv.). After stirring at 0 °C for 30 min, TBTU (1.0 equiv.) was 

added. The solution was stirred for another 30 min at 0 °C, and the amine hydrochloride (1.0 or 1.1 equiv.) 

was added. After stirring at room temperature overnight, the solvent was removed under reduced pressure 

at 40 °C. If DMF was used, it was removed by co-distillation with n-heptane (3 × 150 mL) under reduced 
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pressure at 40 °C. The residue was taken up in ethyl acetate and washed with saturated NaHCO3 solution 

(3 ×) and 1 M HCl (3 ×). The combined organic extracts were dried over Na2SO4, and the solvent was 

removed by distillation under reduced pressure at 40 °C to yield the desired product. If necessary, further 

purification by column chromatography was conducted. 

General procedure B - HWE reaction with glyoxylic acid ethyl ester 

Anhydrous LiCl (1.2 equiv.) was placed in a Schlenk flask under an argon line at 0 °C, and a solution of 

the dimethylphosphonate (1.0 equiv.) in dry MeCN (10 mL) was added. DIPEA (1.0 equiv.) was added, 

and the mixture was stirred at 0 °C for 15 min. Then, a solution of ethyl glyoxylate (freshly distilled over 

P2O5, 2.0 equiv.) in dry MeCN (10 mL) was slowly added and the mixture was stirred for 1 h at 0 °C. The 

reaction was quenched by addition of citric acid solution (10% in water, 10 mL) and extracted with ethyl 

acetate (4 × 30 mL). The combined organic extracts were dried over Na2SO4, and the solvent was removed 

by distillation under reduced pressure at 40 °C. The resulting crude product was purified by column 

chromatography on silica. 

General procedure C - HWE reaction with other aldehydes 

Anhydrous LiCl (1.2 equiv.) was placed in a Schlenk flask under an argon line at 0 °C, and a solution of 

the diethylphosphonate (1.0 equiv.) in dry MeCN (10 mL) was added. DBU (1.0 equiv.) was added, and 

the mixture was stirred at 0 °C for 15 min. Then, a solution of the aldehyde (1.0 equiv.) in dry MeCN 

(10 mL) was slowly added and the mixture was stirred for 1 h at 0 °C. The reaction was quenched by 

addition of citric acid solution (10% in water, 10 mL) and extracted with ethyl acetate (4 × 30 mL). The 

combined organic extracts were dried over Na2SO4, and the solvent was removed by distillation under 

reduced pressure at 40 °C. The resulting crude product was purified by column chromatography on silica. 

tert-Butyl (R)-(1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate (5)  

 

The desired compound was prepared from Boc-D-Leu-OH (1.00 g, 4.32 mmol, 1.0 equiv.), HOBt ∙ H2O 

(0.66 g, 4.32 mmol, 1.0 equiv.), 2,4,6-collidine (1.15 mL, 8.65 mmol, 2.0 equiv.), TBTU (1.39 g, 

4.32 mmol, 1.0 equiv.), and N,O-dimethylhydroxylamine hydrochloride (0.42 g, 4.32 mmol, 1.0 equiv.) 

in DCM (30 mL) according to general procedure A to afford the desired product as a colorless oil (1.12 g, 

4.07 mmol, 94%). 1H NMR (300 MHz, CDCl3): δ / ppm = 5.06 (d, J = 9.6 Hz, 1H), 4.80–4.61 (m, 1H), 

3.77 (s, 3H), 3.18 (s, 3H), 1.79–1.62 (m, 1H), 1.49–1.33 (m, 11H), 0.99–0.88 (m, 6H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm = 174.0, 155.8, 79.6, 61.7, 49.1, 42.2, 32.3, 28.5, 24.8, 23.5, 21.7. FT-IR: 

ν / cm−1 = 3325, 2958, 2937, 2870, 1709, 1659, 1501, 1389, 1366, 1250, 1165, 1045, 1016, 989, 876. 

[α]D
20 = +23 (10 mg/mL; MeOH). Rf: 0.47 (cyclohexane/ethyl acetate = 2:1). 
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tert-Butyl (1-(dimethoxyphosphoryl)-5-methyl-2-oxohexan-3-yl)carbamate (6)  

 

Using a modified procedure by HO et al., Eur. J. Org. Chem. 2005, 2005, 4829–4834.  

A solution of n-BuLi (2.5 M in hexane, 16.20 mL, 40.51 mmol, 5.3 equiv.) was slowly added to a solution 

of dimethyl methylphosphonate (4.91 mL, 45.86 mmol, 6.0 equiv.) in dry THF (25 mL) at −78 °C under 

argon atmosphere. Stirring was continued for 1 h at −78 °C, and then a solution of 5 (2.10 g, 7.64 mmol, 

1.0 equiv.) in dry THF (8 mL) was added dropwise, and the mixture was stirred for an additional 30 min 

at −78 °C. The reaction mixture was quenched by addition of saturated NH4Cl solution (80 mL) and 

extracted with ethyl acetate (3 × 70 mL). The combined organic phases were washed with water 

(4 × 100 mL), dried over Na2SO4, and the solvent was removed by distillation under reduced pressure at 

40 °C. The residue was purified by column chromatography on silica (cyclohexane/ethyl acetate = 1:3) 

to yield the title compound as a slightly yellowish oil (2.41 g, 7.14 mmol, 93%). 1H NMR (300 MHz, 

CDCl3): δ / ppm = 5.21 (d, J = 8.6 Hz, 1H), 4.39–4.25 (m, 1H), 3.80–3.78 (m, 3H), 3.77–3.74 (m, 3H), 

3.41–3.24 (m, 1H), 3.17–3.01 (m, 1H), 1.74–1.58 (m, 2H), 1.45–1.38 (m, 10H), 0.96–0.90 (m, 6H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 202.5 (d, J = 6.2 Hz), 155.7, 80.1, 59.0, 53.2 (d, J = 6.6 Hz), 

40.0, 38.1 (d, J = 130.2 Hz), 28.4, 24.9, 23.4, 21.6. FT-IR: ν / cm−1 = 3273, 2957, 2904, 2871, 1705, 1540, 

1366, 1300, 1237, 1163, 1036, 870, 853, 824, 804. [α]D
20  = +44 (10 mg/mL; MeOH). Rf: 0.38 

(cyclohexane/ethyl acetate = 1:3). 

Dimethyl (5-methyl-3-((S)-2-(N-methylpyrazine-2-carboxamido)-3-phenylpropanamido)-2-oxo-

hexyl)phosphonate (7)  

 

1.) Compound 6 (1.95 g, 5.78 mmol) was treated with 4 M HCl in dioxane (10 mL) at room temperature 

for 1.5 h. The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride 

as a colorless foam (1.58 g, 5.78 mmol, quantitative), which was directly used in the next step. 

2.) The desired compound was prepared from Boc-N-Me-L-Phe-OH (1.61 g, 5.77 mmol, 1.0 equiv.), 

HOBt ∙ H2O (0.88 g, 5.77 mmol, 1.0 equiv.), 2,4,6-collidine (1.53 mL, 11.55 mmol, 2.0 equiv.), 

TBTU (1.85 g, 5.77 mmol, 1.0 equiv.), and the amine hydrochloride from step 1 (1.58 g, 5.77 mmol, 

1.0 equiv.) in DCM (50 mL) according to general procedure A, followed by purification by column 

chromatography on silica (DCM/MeOH = 50:1) to afford the desired product as a colorless oil, which 

was present as a mixture of two diastereomers (∑ = 1.80 g, 3.61 mmol, 63%, ratio not determined).  
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1H NMR (300 MHz, CDCl3): δ / ppm = 7.33–7.11 (m, 5H), 6.89–6.58 (m, 1H), 4.92–4.75 (m, 1H), 4.73–

4.50 (m, 1H), 3.84–3.69 (m, 6H), 3.45–2.86 (m, 4H), 2.85–2.70 (m, 3H), 1.77–1.48 (m, 2H), 1.44–1.25 

(m, 10H), 0.97–0.80 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 201.6–201.2 (m, diastereomer or 

rotamer A and B), 171.1 (diastereomer or rotamer A), 170.6 (diastereomer or rotamer B), 156.7 

(diastereomer or rotamer A), 155.2 (diastereomer or rotamer B), 138.0 (diastereomer or rotamer B), 137.4 

(diastereomer or rotamer A), 129.1, 128.5, 126.8 (diastereomer or rotamer B), 126.7 (diastereomer or 

rotamer A), 80.7, 60.0, 57.7 (d, J = 6.1 Hz), 53.3, 53.2, 39.5, 38.2 (d, J = 131.2 Hz), 34.2, 31.2, 28.3, 

24.8, 23.3, 21.5. FT-IR: ν / cm−1 = 3282, 2957, 2932, 2870, 1674, 1454, 1389, 1366, 1323, 1248, 1144, 

1029, 815, 748, 699. [α]D
20 = −39 (10 mg/mL; CHCl3). Rf: 0.32 (cyclohexane/ethyl acetate = 1:2). 

Dimethyl ((R)-5-methyl-3-((S)-2-(N-methylpyrazine-2-carboxamido)-3-phenylpropanamido)-2-

oxohexyl)phosphonate (8)  

 

1.) Compound 7 (1.80 g, 3.61 mmol) was treated with 4 M HCl in dioxane (8 mL) at room temperature 

for 1.5 h. The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride 

as a colorless foam (1.57 g, 3.61 mmol, quantitative), which was directly used in the next step. 

2.) The desired compound was prepared from pyrazinoic acid (0.41 g, 3.28 mmol, 1.0 equiv.), 

HOBt ∙ H2O (0.50 g, 3.28 mmol, 1.0 equiv.), 2,4,6-collidine (0.87 mL, 6.56 mmol, 2.0 equiv.), TBTU 

(1.05 g, 3.28 mmol, 1.0 equiv.), and the amine hydrochloride from step 1 (1.57 g, 3.61 mmol, 

1.1 equiv.) in DCM (10 mL) and DMF (10 mL) according to general procedure A, followed by 

purification by column chromatography on silica (DCM/MeOH = 40:1) to afford the desired product 

as a yellowish oil, which was present as a mixture of two diastereomers (∑ = 0.68 g, 1.35 mmol, 

41%, ratio not determined). Separation of the diastereomers was achieved by HPLC (C18, 

MeCN/H2O = 25:75). 

(S,R)-Diasteromer: 1H NMR (300 MHz, DMSO-d6, 60 °C): δ / ppm = 8.76–8.67 (m, 1H), 8.66–8.55 (m, 

1H), 8.34–8.13 (m, 2H), 7.38–7.15 (m, 4H), 7.06 (s, 1H), 5.45–4.72 (m, 1H), 4.51–4.35 (m, 1H), 3.69 (s, 

3H), 3.66 (s, 3H), 3.39–3.33 (m, 1H), 3.32–3.26 (m, 1H), 3.22–3.13 (m, 2H), 3.05–3.00 (m, 2H), 2.98–

2.93 (m, 1H), 1.64–1.40 (m, 3H), 0.95–0.80 (m, 6H). 13C NMR (75.5 MHz, DMSO-d6): δ / ppm = 201.7 

(d, J = 6.4 Hz) (rotamer B), 201.8 (d, J = 6.4 Hz) (rotamer A), 169.6 (rotamer B), 169.4 (rotamer A), 

166.8 (rotamer A), 166.7 (rotamer B), 149.5 (rotamer B), 148.9 (rotamer A), 145.6 (rotamer A), 145.4 

(rotamer B), 144.6 (rotamer A), 144.2 (rotamer B), 143.2 (rotamer B), 142.7 (rotamer A), 137.4 

(rotamer B), 137.2 (rotamer A), 128.9 (rotamer B), 128.8 (rotamer A), 128.3, 126.6 (rotamer A), 126.4 

(rotamer B), 62.1 (rotamer A), 58.1 (rotamer B), 57.3 (d, J = 3.6 Hz), 52.6, 52.5, 37.6 (rotamer A), 37.5 
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(rotamer B), 36.1 (d, J = 130.5 Hz), 34.6, 34.1, 33.9 (rotamer B), 29.7 (rotamer A), 24.1 (rotamer A), 

24.1 (rotamer B), 23.1, 21.1. FT-IR: ν / cm−1 = 3307, 2956, 2870, 1720, 1676, 1635, 1524, 1453, 1389, 

1249, 1019, 856, 812, 750, 700. [α]D
20 = −47 (10 mg/mL; CHCl3). Rf: 0.23 (DCM/MeOH = 40:1). 

Ethyl (R,E)-7-methyl-5-((S)-2-(N-methylpyrazine-2-carboxamido)-3-phenylpropanamido)-4-oxo-

oct-2-enoate (1b)  

 

The desired compound was prepared from 8 (284 mg, 0.56 mmol, 1.0 equiv.), LiCl (29 mg, 0.68 mmol, 

1.2 equiv.), DIPEA (96 µL, 0.56 mmol, 1.0 equiv.), and ethyl glyoxylate (112 µL, 1.13 mmol, 2.0 equiv.) 

in dry MeCN (in total 20 mL) according to general procedure B, followed by purification by column 

chromatography on silica (cyclohexane/ethyl acetate = 5:1) to afford the E-isomer as a slightly yellowish 

oil (164 mg, 0.34 mmol, 61%) and the Z-isomer as a colorless oil (25 mg, 0.05 mmol, 9%) giving a total 

yield of ∑ = 189 mg, 0.39 mmol, 70%. E-Isomer: 1H NMR (300 MHz, CDCl3): δ / ppm = 8.73 (d, J = 

1.5 Hz, 1H, rotamer B), 8.55 (d, J = 2.5 Hz, 1H, rotamer A + B), 8.50–8.45 (m, 1H, rotamer B), 8.32–

8.26 (m, 1H, rotamer A), 8.16 (d, J = 1.5 Hz, 1H, rotamer A), 7.75 (d, J = 7.2 Hz, 1H, rotamer A), 7.26–

7.05 (m, 7H, rotamer A + B), 6.83–6.73 (m, 6H, rotamer A + B), 6.70 (d, J = 15.8 Hz, 1H, rotamer B), 

5.42 (t, J = 7.9 Hz, 1H, rotamer B), 4.83–4.71 (m, 1H, rotamer A + B), 4.64 (dd, J = 10.8, 4.2 Hz, 1H, 

rotamer A), 4.26–4.17 (m, 2H, rotamer A), 4.17–4.10 (m, 2H, rotamer B), 3.38 (dd, J = 14.2, 8.0 Hz, 1H, 

rotamer B), 3.10–2.99 (m, 5H, rotamer A), 2.98–2.87 (m, 5H, rotamer B), 1.79–1.42 (m, 3H, rotamer A 

+ B), 1.29–1.24 (m, 3H, rotamer A), 1.23–1.16 (m, 3H, rotamer B), 1.00–0.91 (m, 6H, rotamer A), 0.89–

0.80 (m, 6H, rotamer B). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 197.8 (rotamer B), 197.3 (rotamer A), 

169.7 (rotamer B), 169.4 (rotamer A), 168.4 (rotamer B), 167.2 (rotamer A), 165.2 (rotamer A + B), 149.1 

(rotamer A), 148.6 (rotamer B), 146.3 (rotamer A), 145.8 (rotamer A), 145.6 (rotamer B), 145.5 

(rotamer B), 142.9 (rotamer B), 141.3 (rotamer A), 136.9 (rotamer A), 136.8 (rotamer B), 136.3 

(rotamer B), 136.2 (rotamer A), 132.6 (rotamer A), 132.4 (rotamer B), 129.2 (rotamer B), 128.9 

(rotamer A), 128.8 (rotamer A), 128.7 (rotamer B), 127.2 (rotamer A), 126.9 (rotamer B), 63.2 

(rotamer A), 61.6 (rotamer A), 61.6 (rotamer B), 58.0 (rotamer B), 56.7 (rotamer A), 56.4 (rotamer B), 

39.6 (rotamer A), 39.6 (rotamer B), 33.6 (rotamer A), 33.4 (rotamer B), 33.3 (rotamer B), 29.7 

(rotamer A), 25.3 (rotamer A), 25.0 (rotamer B), 23.4 (rotamer A), 23.3 (rotamer B), 21.8 (rotamer A), 

21.6 (rotamer B), 14.2 (rotamer A), 14.2 (rotamer B). FT-IR: ν / cm−1 = 3326, 3060, 3028, 2957, 2871, 

1635, 1523, 1389, 1288, 1186, 1081, 1019, 858, 751, 700. [α]D
20 = −93 (10 mg/mL; CHCl3). ESI-MS: m/z 

calculated for [C26H32N4O5+H]+ ([M+H]+) = 503.2, found: 503.2. Purity: >99% HPLC, 254 nm, 

MeCN/H2O + 0.1% HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, tR = 5.90 min). 

Rf: 0.38 (cyclohexane/ethyl acetate = 1:1). 
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Benzyl ((S)-1-(((R)-1-(dimethoxyphosphoryl)-5-methyl-2-oxohexan-3-yl)amino)-1-oxo-3-phenyl-

propan-2-yl)carbamate (9)  

 

1.) Compound 6 (700 mg, 2.08 mmol) was treated with 4 M HCl in dioxane (5 mL) at room temperature 

for 1.5 h. The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride 

as a colorless foam (568 mg, 2.08 mmol, quantitative), which was directly used in the next step. 

2.) The desired compound was prepared from Cbz-L-Phe-OH (621 mg, 2.08 mmol, 1.0 equiv.), 

HOBt ∙ H2O (318 mg, 2.08 mmol, 1.0 equiv.), 2,4,6-collidine (550 µL, 4.15 mmol, 2.0 equiv.), 

TBTU (666 mg, 2.08 mmol, 1.0 equiv.), and the amine hydrochloride from step 1 (568 mg, 

2.08 mmol, 1.0 equiv.) in DCM (15 mL) according to general procedure A, followed by purification 

by column chromatography on silica (DCM/MeOH = 40:1) to afford the desired product 

(S,R-diastereomer) as a yellowish oil (653 mg, 1.26 mmol, 61%).  

1H NMR (300 MHz, CDCl3): δ / ppm = 7.37–7.16 (m, 10H), 7.11 (d, J = 8.7 Hz, 1H), 5.66 (d, J = 7.9 Hz, 

1H), 5.11–4.98 (m, 2H), 4.66–4.43 (m, 2H), 3.74 (s, 3H), 3.70 (s, 3H), 3.50–3.29 (m, 1H), 3.17–2.84 (m, 

3H), 1.65–1.50 (m, 1H), 1.39–1.20 (m, 2H), 0.91–0.78 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 

201.8 (d, J = 5.8 Hz), 171.4, 156.1, 136.4, 136.3, 129.4, 128.7, 128.6, 128.2, 128.0, 127.1, 67.0, 57.5 (d, 

J = 1.9 Hz), 56.6, 53.4, 53.3, 39.5, 38.5, 38.4 (d, J = 128.8 Hz), 24.5, 23.3, 21.4. FT-IR: ν / cm−1 = 3275, 

3062, 3031, 2955, 2869, 1715, 1660, 1530, 1454, 1386, 1239, 1026, 816, 740, 697. [α]D
20  = +27 

(10 mg/mL; CHCl3). Rf: 0.39 (DCM/MeOH = 40:1). 

Ethyl (R,E)-5-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-7-methyl-4-oxooct-2-

enoate (1c)  

 

The desired compound was prepared from 9 (322 mg, 0.62 mmol, 1.0 equiv.), LiCl (32 mg, 0.75 mmol, 

1.2 equiv.), DIPEA (106 µL, 0.62 mmol, 1.0 equiv.), and ethyl glyoxylate (123 µL, 1.24 mmol, 2.0 equiv.) 

in dry MeCN (in total 20 mL) according to general procedure B, followed by purification by column 

chromatography on silica (cyclohexane/ethyl acetate = 5:1) to afford the E-isomer (138 mg, 0.28 mmol, 

45%) and the Z-isomer (33 mg, 0.07 mmol, 11%) each as a colorless oil. E-Isomer: 1H NMR (300 MHz, 

CDCl3): δ / ppm = 7.35–7.10 (m, 11H), 6.78 (d, J = 15.8 Hz, 1H), 6.44 (d, J = 7.8 Hz, 1H), 5.43 (d, J = 

8.0 Hz, 1H), 5.07 (s, 2H), 4.85–4.74 (m, 1H), 4.57–4.43 (m, 1H), 4.25 (q, J = 7.1 Hz, 2H), 3.07 (d, J = 

7.2 Hz, 2H), 1.52–1.42 (m, 1H), 1.41–1.34 (m, 1H), 1.31 (t, J = 7.1 Hz, 3H), 1.27–1.18 (m, 1H), 0.93–
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0.78 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 197.6, 171.1, 165.2, 156.1, 136.4, 136.3, 136.2, 

132.7, 129.4, 128.8, 128.6, 128.3, 128.1, 127.2, 67.2, 61.6, 56.4, 56.0, 40.2, 38.7, 24.8, 23.2, 21.8, 14.2. 

FT-IR: ν / cm−1 = 3293, 3063, 3034, 2951, 2927, 2868, 1688, 1654, 1528, 1285, 1240, 1186, 1040, 736, 

696. [α]D
20 = −22 (10 mg/mL; CHCl3). ESI-MS: m/z calculated for [C28H34N2O6+H]+ ([M+H]+) = 495.3, 

found: 495.2. Purity: 98% (HPLC, 254 nm, MeCN/H2O = 55:45 + 0.1% HCOOH, tR = 4.65 min). Rf: 0.27 

(cyclohexane/ethyl acetate = 4:1). 

tert-Butyl ((S)-1-(((R)-1-(dimethoxyphosphoryl)-5-methyl-2-oxohexan-3-yl)amino)-1-oxo-3-

phenylpropan-2-yl)carbamate (10)  

 

1.) Compound 6 (4.21 g, 12.47 mmol) was treated with 4 M HCl in dioxane (5 mL) at room temperature 

for 1.5 h. The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride 

as a colorless foam (3.41 g, 12.47 mmol, quantitative), which was directly used in the next step. 

2.) The desired compound was prepared from Boc-L-Phe-OH (3.31 g, 12.47 mmol, 1.0 equiv.), 

HOBt ∙ H2O (1.91 g, 12.47 mmol, 1.0 equiv.), 2,4,6-collidine (3.31 mL, 24.94 mmol, 2.0 equiv.), 

TBTU (4.01 g, 12.47 mmol, 1.0 equiv.), and the amine hydrochloride from step 1 (3.41 g, 

12.47 mmol, 1.0 equiv.) in DCM (15 mL) according to general procedure A, followed by purification 

by column chromatography on silica (DCM/MeOH = 30:1 →  25:1) to afford the desired product as 

a colorless solid, which was mainly present as a mixture of two diastereomers (∑ = 3.01 g, 

6.21 mmol, 50%). Fractions with pure (S,R)-diastereomer could also be obtained and were used for 

the next reaction step.  

(S,R)-Diasteromer: 1H NMR (300 MHz, CDCl3): δ / ppm = 7.32–7.15 (m, 5H), 7.01–6.87 (m, 1H), 5.26–

5.09 (m, 1H), 4.63–4.48 (m, 1H), 4.37 (pseudo-q, J ≈ 7.4 Hz, 1H), 3.82–3.69 (m, 6H), 3.54–3.32 (m, 1H), 

3.14–2.88 (m, 3H), 1.63–1.50 (m, 1H), 1.45–1.17 (m, 11H), 0.91–0.76 (m, 6H). 13C NMR (75.5 MHz, 

CDCl3): δ / ppm = 202.0 (d, J = 7.2 Hz), 171.8, 155.5, 136.6, 129.4, 128.8, 127.0, 80.2, 57.5 (d, J = 

1.8 Hz), 56.3, 53.3, 53.2, 39.6, 38.4 (d, J = 128.2 Hz), 38.3, 28.3, 24.5, 23.3, 21.4. FT-IR: ν / cm−1 = 3359, 

3255, 3053, 2959, 2920, 2869, 1696, 1676, 1538, 1229, 1172, 1015, 816, 744, 698. [α]D
20  = +32 

(10 mg/mL; CHCl3). mp: 109–111 °C. Rf: 0.23 (DCM/MeOH = 50:1). 
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Ethyl (R,E)-5-((S)-2-((tert-butoxycarbonyl)amino)-3-phenylpropanamido)-7-methyl-4-oxooct-2-

enoate (1d-(E))  

 

The desired compound was prepared from 10 (301 mg, 0.62 mmol, 1.0 equiv.), LiCl (32 mg, 0.75 mmol, 

1.2 equiv.), DIPEA (106 µL, 0.62 mmol, 1.0 equiv.), and ethyl glyoxylate (123 µL, 1.24 mmol, 2.0 equiv.) 

in dry MeCN (in total 20 mL) according to general procedure B, followed by purification by column 

chromatography on silica (cyclohexane/ethyl acetate = 5:1) to afford the E-isomer as a slightly yellowish 

oil (151 mg, 0.33 mmol, 53%) and the Z-isomer as a colorless oil (53 mg, 0.12 mmol, 18%). E-Isomer: 
1H NMR (300 MHz, CDCl3): δ / ppm = 7.33–7.06 (m, 6H), 6.77 (d, J = 15.8 Hz, 1H), 6.57 (d, J = 7.8 Hz, 

1H), 5.12 (d, J = 7.9 Hz, 1H), 4.86–4.71 (m, 1H), 4.47–4.33 (m, 1H), 4.24 (q, J = 7.1 Hz, 2H), 3.04 (d, 

J = 7.0 Hz, 2H), 1.54–1.21 (m, 15H), 0.99–0.77 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 197.7, 

171.5, 165.2, 155.5, 136.7, 136.4, 132.5, 129.3, 128.7, 127.0, 80.4, 61.6, 55.8, 40.1, 38.4, 28.3, 24.8, 23.2, 

21.7, 14.2. FT-IR: ν / cm−1 = 3301, 3064, 3030, 2960, 2932, 2871, 1702, 1653, 1497, 1366, 1286, 1165, 

1027, 979, 699. [α]D
20  = −29 (10 mg/mL; CHCl3). ESI-MS: m/z calculated for [C25H36N2O6+Na]+ 

([M+Na]+) = 483.3, found: 483.2. Purity: 98% (HPLC, 254 nm, MeCN/H2O gradient + 0.1% HCOOH, 

tR = 6.57 min). Rf: 0.34 (cyclohexane/ethyl acetate = 4:1). 

tert-Butyl (4-methyl-1-oxopentan-2-yl)carbamate (11)  

 

To a solution of compound 5 (1.72 g, 4.86 mmol, 1.0 equiv.) in dry THF (20 mL) was added LiAlH4 

(0.24 g, 6.32 mmol, 1.3 equiv.) portionwise at 0 °C under argon atmosphere. After stirring at 0 °C for 

30 min, diethyl ether (20 mL) and KHSO4 solution (10 mL, 0.33 M) were added. The suspension was 

filtered, and the filtrate was extracted with diethyl ether (2 × 50 mL). The combined organic extracts were 

washed with 1 M HCl (2 × 40 mL) and saturated NaHCO3 solution (2 × 40 mL) and dried over Na2SO4. 

After removing the solvent under reduced pressure at 40 °C, the desired product was obtained as a 

colorless oil (1.03 g, 4.78 mmol, 98%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.55 (s, 1H), 5.07–4.91 

(m, 1H), 4.28–4.13 (m, 1H), 1.85–1.69 (m, 1H), 1.69–1.52 (m, 1H), 1.42 (s, 9H), 1.40–1.31 (m, 1H), 

0.97–0.91 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 200.6, 155.7, 80.1, 58.5, 38.2, 28.4, 24.8, 

23.2, 22.0. FT-IR: ν / cm−1 = 3342, 2957, 2933, 2871, 1688, 1506, 1455, 1391, 1366, 1250, 1164, 1044, 

1011, 873, 779. [α]D
20 = +43 (10 mg/mL; MeOH). Rf: 0.41 (cyclohexane/ethyl acetate = 5:1). 
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Phenyl (E)-3-((tert-butoxycarbonyl)amino)-5-methylhex-1-ene-1-sulfonate (1i)  

 

The desired compound was prepared from 12 (1.39 g, 4.50 mmol, 1.0 equiv.), LiCl (0.23 g, 5.40 mmol, 

1.2 equiv.), DBU (0.67 mL, 4.50 mmol, 1.0 equiv.), and 11 (0.97 g, 4.50 mmol, 1.0 equiv.) in dry MeCN 

(in total 20 mL) according to general procedure C, followed by purification by column chromatography 

on silica (cyclohexane/ethyl acetate = 10:1) to afford the E-isomer (1.23 g, 3.32 mmol, 74%) as a slightly 

yellowish resin. 1H NMR (300 MHz, CDCl3): δ / ppm = 7.24–7.01 (m, 5H), 6.52 (dd, J = 15.1, 5.2 Hz, 

1H), 6.26 (dd, J = 15.1, 1.5 Hz, 1H), 4.33 (d, J = 8.1 Hz, 1H), 4.15 (s, 1H), 1.51–1.35 (m, 1H), 1.27 (s, 

10H), 1.21–1.11 (m, 2H), 0.84–0.68 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 155.0, 151.1, 

149.6, 129.9, 127.4, 123.9, 122.7, 80.3, 49.7, 43.1, 28.4, 24.8, 22.7, 22.1. FT-IR: ν / cm−1 = 3320, 2960, 

2871, 1678, 1532, 1487, 1372, 1277, 1164, 1143, 1052, 909, 860, 772, 687. [α]D
20 = +14 (10 mg/mL; 

CHCl3). ESI-MS: m/z calculated for [C18H27NO5S+Na]+ ([M+Na]+) = 392.2, found: 392.1. Purity: >99% 

(HPLC, 254 nm, MeCN/H2O + 0.1% HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, 

tR = 6.96 min). Rf: 0.29 (cyclohexane/ethyl acetate = 10:1). 

Phenyl (R,E)-3-((S)-2-((tert-butoxycarbonyl)amino)-3-phenylpropanamido)-5-methylhex-1-ene-1-

sulfonate (1j)  

 

1.) Compound 1i (1.19 g, 3.22 mmol) was treated with 4 M HCl in dioxane (8 mL) at room temperature 

for 1 h. The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride 

as a colorless solid (0.98 g, 3.22 mmol, quantitative), which was directly used in the next step. 

2.) The desired compound was prepared from Boc-L-Phe-OH (770 mg, 2.90 mmol, 1.0 equiv.), 

HOBt ∙ H2O (444 mg, 2.90 mmol, 1.0 equiv.), 2,4,6-collidine (770 µL, 5.81 mmol, 2.0 equiv.), TBTU 

(932 mg, 2.90 mmol, 1.0 equiv.), and the amine hydrochloride from step 1 (888 mg, 2.90 mmol, 

1.0 equiv.) in DCM (20 mL) according to general procedure A, followed by purification by column 

chromatography on silica (DCM/MeOH = 10:1) to afford the desired product as a colorless solid 

(1336 mg, 2.59 mmol, 89%).  

1H NMR (300 MHz, CDCl3): δ / ppm = 7.42–7.34 (m, 2H), 7.33–7.15 (m, 8H), 6.59 (dd, J = 15.1, 4.7 Hz, 

1H), 6.45 (d, J = 15.2 Hz, 1H), 5.94 (d, J = 8.0 Hz, 1H), 5.06 (d, J = 7.6 Hz, 1H), 4.59–4.45 (m, 1H), 

4.33–4.22 (m, 1H), 3.15–2.97 (m, 2H), 1.42 (s, 9H), 1.24–1.12 (m, 3H), 0.87–0.68 (m, 6H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm = 171.1, 155.7, 150.0, 149.6, 136.4, 129.9, 129.3, 129.0, 127.4, 127.3, 124.2, 
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122.8, 80.9, 56.5, 48.3, 42.5, 37.9, 28.4, 24.5, 22.8, 21.9. FT-IR: ν / cm−1 = 3307, 3030, 2960, 2931, 2870, 

1662, 1487, 1366, 1246, 1143, 1022, 864, 779, 727, 691. [α]D
20 = −5 (10 mg/mL; CHCl3). mp: 46–48 °C. 

ESI-MS: m/z calculated for [C27H36N2O6S+Na]+ ([M+Na]+) = 539.2, found: 539.1. Purity: 97% (HPLC, 

254 nm, MeCN/H2O + 0.1% HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, tR = 

7.11 min). Rf: 0.25 (DCM/MeOH = 50:1). 

Phenyl (R,E)-5-methyl-3-((S)-3-phenyl-2-(pyrazine-2-carboxamido)propanamido)hex-1-ene-1-

sulfonate (1g)  

 

1.) Compound 1j (300 mg, 0.58 mmol) was treated with 4 M HCl in dioxane (3 mL) at room temperature 

for 1 h. The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride 

as a colorless solid (263 mg, 0.58 mmol, quantitative), which was directly used in the next step. 

2.) The desired compound was prepared from pyrazinoic acid (72 mg, 0.58 mmol, 1.0 equiv.), 

HOBt ∙ H2O (89 mg, 0.58 mmol, 1.0 equiv.), 2,4,6-collidine (154 µL, 1.16 mmol, 2.0 equiv.), TBTU 

(186 mg, 0.58 mmol, 1.0 equiv.), and the amine hydrochloride  from step 1 (263 mg, 0.58 mmol, 

1.0 equiv.) in DCM (20 mL) according to general procedure A, followed by purification by column 

chromatography on silica (ethyl acetate) to afford the desired product as a colorless solid (181 mg, 

0.35 mmol, 60%).  

1H NMR (300 MHz, CDCl3): δ / ppm = 9.28 (d, J = 1.5 Hz, 1H), 8.76 (d, J = 2.4 Hz, 1H), 8.59–8.52 (m, 

1H), 8.38 (d, J = 7.7 Hz, 1H), 7.36–7.12 (m, 10H), 6.62 (dd, J = 15.1, 4.9 Hz, 1H), 6.51 (dd, J = 15.2, 1.2 

Hz, 1H), 6.22 (d, J = 8.0 Hz, 1H), 4.86–4.75 (m, 1H), 4.61–4.48 (m, 1H), 3.33–3.12 (m, 2H), 1.25–1.11 

(m, 3H), 0.84–0.73 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.1, 163.3, 149.9, 149.5, 147.7, 

144.3, 143.9, 143.0, 136.2, 129.8, 129.3, 129.0, 127.4, 127.3, 124.3, 122.7, 55.4, 48.4, 42.4, 38.4, 24.4, 

22.7, 22.0. FT-IR: ν / cm−1 = 3369, 3053, 3029, 2960, 2918, 2866, 1652, 1504, 1370, 1141, 1022, 865, 

773, 721, 690. [α]D
20  = −4 (10 mg/mL; CHCl3). mp: 119–121 °C. ESI-MS: m/z calculated for 

[C27H30N4O5S+H]+ ([M+H]+) = 523.2, found: 523.3. Purity: 99% (HPLC, 254 nm, MeCN/H2O + 0.1% 

HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, tR = 6.44 min). Rf: 0.39 

(cyclohexane/ethyl acetate = 1:1).  

 

 

 



6.5   Experimental section of the manuscript 

225 

tert-Butyl (R)-(1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl)(methyl)carbamate (14)  

 

The desired compound was prepared from Boc-N-Me-D-Leu-OH (2.12 g, 8.63 mmol, 1.0 equiv.), 

HOBt ∙ H2O (1.32 g, 8.63 mmol, 1.0 equiv.), 2,4,6-collidine (2.29 mL, 17.26 mmol, 2.0 equiv.), TBTU 

(2.77 g, 8.63 mmol, 1.0 equiv.), and N,O-dimethylhydroxylamine hydrochloride (0.84 g, 8.63 mmol, 

1.0 equiv.) in DCM (30 mL) according to general procedure A to afford the desired product as a colorless 

oil (2.13 g, 7.38 mmol, 86%). 1H NMR (300 MHz, CDCl3): δ / ppm = 5.36–4.95 (m, 1H), 3.75–3.63 (m, 

3H), 3.15 (s, 3H), 2.81 (s, 3H), 1.69–1.56 (m, 1H), 1.54–1.32 (m, 11H), 0.95–0.88 (m, 6H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm = 156.2, 155.5, 80.1 (rotamer B), 79.6 (rotamer A), 61.6 (rotamer B), 61.5 

(rotamer A), 53.1 (rotamer B), 51.9 (rotamer A), 37.8 (rotamer B), 37.6 (rotamer A), 32.4 (rotamer A), 

32.2 (rotamer B), 30.0 (rotamer B), 29.5 (rotamer A), 28.5 (rotamer B), 28.5 (rotamer A), 25.0 (rotamer 

A), 24.6 (rotamer B), 23.3 (rotamer A), 21.9 (rotamer B). FT-IR: ν / cm−1 = 3317, 2956, 2934, 2870, 

1669, 1453, 1366, 1323, 1260, 1149, 1127, 995, 749, 700, 661. [α]D
20 = +60 (10 mg/mL; CHCl3). Rf: 0.60 

(cyclohexane/ethyl acetate = 2:1). 

tert-Butyl (1-(dimethoxyphosphoryl)-5-methyl-2-oxohexan-3-yl)(methyl)carbamate (15)  

 

Using a modified procedure by HO et al., Eur. J. Org. Chem. 2005, 2005, 4829–4834.  

A solution of n-BuLi (2.5 M in hexane, 13.48 mL, 33.69 mmol, 5.3 equiv.) was slowly added to a solution 

of dimethyl methylphosphonate (4.08 mL, 38.14 mmol, 6.0 equiv.) in dry THF (25 mL) at −78 °C under 

argon atmosphere. Stirring was continued for 1 h at −78 °C, and then a solution of 14 (1.83 g, 6.36 mmol, 

1.0 equiv.) in dry THF (8 mL) was added dropwise, and the mixture was stirred for an additional 30 min 

at −78 °C. The reaction mixture was quenched by addition of saturated NH4Cl solution (100 mL) and 

extracted with ethyl acetate (3 × 70 mL). The combined organic phases were washed with water 

(5 × 80 mL), dried over Na2SO4, and the solvent was removed by distillation under reduced pressure at 

40 °C to yield the title compound as a colorless oil (2.15 g, 6.12 mmol, 96%). 1H NMR (300 MHz, 

CDCl3): δ / ppm = 4.73–4.37 (m, 1H), 3.78–3.70 (m, 6H), 3.38–3.15 (m, 1H), 3.06–2.82 (m, 1H), 2.77–

2.64 (m, 3H), 1.68–1.56 (m, 1H), 1.55–1.36 (m, 11H), 0.93–0.85 (m, 6H). 13C NMR (75.5 MHz, CDCl3): 

δ / ppm = 200.3 (d, J = 6.7 Hz) (rotamer B), 200.1 (d, J = 6.2 Hz) (rotamer A), 156.1 (rotamer B), 155.1 

(rotamer A), 81.1 (rotamer A), 80.5 (rotamer B), 64.1 (d, J = 2.0 Hz) (rotamer B), 64.7 (d, J = 2.0) 

(rotamer A), 53.2 (rotamer B), 53.1 (rotamer B), 53.0 (rotamer A), 52.9 (rotamer A), 37.5 (d, J = 131.2 

Hz), 36.2 (rotamer B), 35.4 (rotamer A), 31.7 (rotamer B), 31.2 (rotamer A), 28.3, 24.9 (rotamer B), 24.7 
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(rotamer A), 23.3 (rotamer A), 23.2 (rotamer B), 21.9 (rotamer B), 21.8 (rotamer A). FT-IR: ν / cm−1 = 

2957, 2934, 2871, 1688, 1454, 1389, 1367, 1310, 1254, 1152, 1027, 909, 869, 811, 772. [α]D
20 = +170 

(10 mg/mL; CHCl3). Rf: 0.42 (cyclohexane/ethyl acetate = 1:3). 

tert-Butyl ((2S)-1-((1-(dimethoxyphosphoryl)-5-methyl-2-oxohexan-3-yl)(methyl)amino)-1-oxo-3-

phenylpropan-2-yl)carbamate (16)  

 

1.) Compound 15 (2.18 g, 6.20 mmol) was treated with 4 M HCl in dioxane (10 mL) at room temperature 

for 1 h. The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride 

as a colorless foam (1.78 g, 6.20 mmol, quantitative), which was directly used in the next step. 

2.) The desired compound was prepared from Boc-L-Phe-OH (1.65 g, 6.20 mmol, 1.0 equiv.), 

HOBt ∙ H2O (0.95 g, 6.20 mmol, 1.0 equiv.), 2,4,6-collidine (1.64 mL, 12.40 mmol, 2.0 equiv.), 

TBTU (1.99 g, 6.20 mmol, 1.0 equiv.), and the amine hydrochloride from step 1 (1.78 g, 6.20 mmol, 

1.0 equiv.) in DCM (40 mL) according to general procedure A, followed by purification by column 

chromatography on silica (DCM/MeOH = 30:1) to afford the desired product as a colorless solid, 

which was present as a mixture of two diastereomers (∑ = 0.88 g, 1.35 mmol, 41%, ratio not 

determined). 

1H NMR (300 MHz, CDCl3): δ / ppm = 7.32–7.13 (m, 5H), 5.31–5.20 (m, 1H), 5.17–5.06 (m, 1H), 4.89–

4.75 (m, 1H), 3.78–3.68 (m, 6H), 3.20–2.88 (m, 4H), 2.65 (s, 3H), 1.61–1.47 (m, 1H), 1.38 (s, 9H), 1.31–

1.16 (m, 1H), 1.11–0.96 (m, 1H), 0.84–0.77 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 199.4 (d, 

J = 6.7 Hz), 173.2, 155.4, 136.1, 129.4, 128.6, 127.1, 80.1, 61.1 (d, J = 2.9 Hz), 53.2 (diastereomer or 

rotamer A), 53.1 (diastereomer or rotamer A), 52.9 (diastereomer or rotamer B), 52.8 (diastereomer or 

rotamer B), 51.9, 39.2, 37.8 (d, J = 131.7 Hz), 35.1, 31.4, 28.3, 24.4, 23.1, 22.0. FT-IR: ν / cm−1 = 3244, 

3030, 2956, 2934, 2868, 1688, 1648, 1537, 1365, 1239, 1169, 1035, 860, 739, 699. [α]D
20  = +174 

(10 mg/mL; CHCl3). mp: 114–117 °C. Rf: 0.30 (DCM/MeOH = 40:1). 

 

 

 

 

 



6.5   Experimental section of the manuscript 

227 

Dimethyl ((R)-5-methyl-3-((S)-N-methyl-3-phenyl-2-(pyrazine-2-carboxamido)propanamido)-2-

oxohexyl)phosphonate (17)  

 

1.) Compound 16 (1.06 g, 2.12 mmol) was treated with 4 M HCl in dioxane (8 mL) at room temperature 

for 1.5 h. The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride 

as a colorless foam (0.92 g, 2.12 mmol, quantitative), which was directly used in the next step. 

2.) The desired compound was prepared from pyrazinoic acid (0.24 g, 1.93 mmol, 1.0 equiv.), 

HOBt ∙ H2O (0.30 g, 1.93 mmol, 1.0 equiv.), 2,4,6-collidine (0.51 mL, 3.85 mmol, 2.0 equiv.), TBTU 

(0.62 g, 1.93 mmol, 1.0 equiv.), and the amine hydrochloride from step 1 (0.92 g, 2.12 mmol, 

1.1 equiv.) in DCM (10 mL) and DMF (10 mL) according to general procedure A, followed by 

purification by column chromatography on silica (DCM/MeOH = 30:1) to afford the 

(S,R)-diastereomer) as a yellowish oil (0.31 g, 0.61 mmol, 32%). Fractions consisting of a mixture of 

the two diastereomers were also collected (0.11 g, 0.21 mmol, 11%) to give a total yield of 

∑ = 0.42 g, 0.82 mmol, 43%. 

1H NMR (300 MHz, CDCl3): δ / ppm = 9.34 (d, J = 1.5 Hz, 1H), 8.76 (d, J = 2.5 Hz, 1H), 8.56 (dd, J = 

2.5, 1.5 Hz, 1H), 8.44 (d, J = 8.3 Hz, 1H), 7.34–7.20 (m, 5H), 5.45–5.34 (m, 1H), 5.21–5.13 (m, 1H), 

3.78–3.68 (m, 6H), 3.25–2.93 (m, 4H), 2.77 (s, 3H), 1.67–1.56 (m, 1H), 1.38–1.25 (m, 1H), 1.20–1.04 

(m, 1H), 0.89–0.83 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 199.2 (d, J = 6.8 Hz), 172.3, 162.7, 

147.6, 144.4, 144.2, 142.9, 135.8, 129.5, 128.8, 127.4, 61.42 (d, J = 2.8 Hz), 53.3 (rotamer A), 53.2 

(rotamer A), 53.0 (rotamer B), 52.9 (rotamer B), 50.9, 39.3, 38.1 (d, J = 130.9 Hz), 35.2, 31.6, 24.6, 23.1, 

22.0. FT-IR: ν / cm−1 = 3390, 3292, 2956, 2869, 1717, 1639, 1515, 1398, 1255, 1180, 1019, 868, 815, 

746, 701. [α]D
20 = +160 (5 mg/mL; CHCl3). Rf: 0.23 (DCM/MeOH = 30:1). 

Ethyl (R,E)-7-methyl-5-((S)-N-methyl-3-phenyl-2-(pyrazine-2-carboxamido)propanamido)-4-oxo-

oct-2-enoate (1a)  

 

The desired compound was prepared from 17 (277 mg, 0.55 mmol, 1.0 equiv.), LiCl (28 mg, 0.66 mmol, 

1.2 equiv.), DIPEA (93 µL, 0.55 mmol, 1.0 equiv.), and ethyl glyoxylate (112 µL, 1.10 mmol, 2.0 equiv.) 

in dry MeCN (in total 20 mL) according to general procedure B, followed by purification by column 

chromatography on silica (cyclohexane/ethyl acetate = 2:1) to afford the E-isomer (117 mg, 0.24 mmol, 

44%) as a yellowish oil. 1H NMR (300 MHz, CDCl3): δ / ppm = 9.36–9.27 (m, 1H), 8.78–8.70 (m, 1H), 
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8.56–8.51 (m, 1H), 8.47 (d, J = 8.6 Hz, 1H), 7.32–7.16 (m, 5H), 7.03 (d, J = 15.8 Hz, 1H), 6.71 (d, J = 

15.8 Hz, 1H), 5.46–5.32 (m, 2H), 4.16–4.02 (m, 2H), 3.27–3.08 (m, 2H), 2.73 (s, 3H), 1.64–1.50 (m, 1H), 

1.44–1.23 (m, 1H), 1.17 (t, J = 7.1 Hz, 3H), 1.13–1.00 (m, 1H), 0.89–0.79 (m, 6H). 13C NMR (75.5 MHz, 

CDCl3): δ / ppm = 197.0, 172.2, 165.1, 162.5, 147.4, 144.4, 144.2, 142.9, 136.8, 135.8, 132.2, 129.4, 

128.7, 127.3, 61.3, 59.6, 50.7, 39.4, 35.4, 31.1, 24.5, 23.2, 21.9, 14.0. FT-IR: ν / cm−1 = 3382, 2956, 2870, 

1723, 1640, 1514, 1397, 1284, 1184, 1081, 1020, 979, 864, 753, 700. [α]D
20 = +134 (10 mg/mL; CHCl3). 

ESI-MS: m/z calculated for [C26H32N4O5+Na]+ ([M+Na]+) = 503.2, found: 503.1. Purity: 96% (HPLC, 

254 nm, MeCN/H2O + 0.1% HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, tR = 

6.49 min). Rf: 0.40 (cyclohexane/ethyl acetate = 1:1).  

tert-Butyl 2-(((benzyloxy)carbonyl)-L-phenylalanyl)hydrazine-1-carboxylate (19)  

 

The desired compound was prepared from Cbz-L-Leu-OH (2.00 g, 6.68 mmol, 1.0 equiv.), HOBt ∙ H2O 

(1.02 g, 6.68 mmol, 1.0 equiv.), 2,4,6-collidine (0.89 mL, 6.68 mmol, 1.0 equiv.), TBTU (2.15 g, 

6.68 mmol, 1.0 equiv.), and tert-butyl carbazate (0.88 mg, 6.68 mmol, 1.0 equiv.) in DCM (30 mL) 

according to general procedure A to afford the desired product as a colorless solid (2.44 g, 5.90 mmol, 

88%). 1H NMR (300 MHz, CDCl3): δ / ppm = 8.67–8.38 (m, 1H), 7.35–7.15 (m, 10H), 6.86–6.71 (m, 

1H), 5.78–5.59 (m, 1H), 5.08–4.92 (m, 2H), 4.67–4.51 (m, 1H), 3.25–2.92 (m, 2H), 1.45 (s, 9H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.0, 156.4, 155.4, 136.3, 136.1, 129.5, 128.7, 128.6, 128.2, 

128.1, 127.1, 82.0, 67.3, 54.7, 38.3, 28.3. FT-IR: ν / cm−1 = 3282, 3062, 3032, 2977, 2934, 1677, 1497, 

1454, 1367, 1237, 1156, 1046, 851, 738, 696. [α]D
20 = −7 (10 mg/mL; CHCl3). mp: 56–58 °C. Rf: 0.64 

(cyclohexane/ethyl acetate = 1:1). 

tert-Butyl 2-(L-phenylalanyl)hydrazine-1-carboxylate (20)  

 

To a solution of compound 19 (2.36 g, 5.71 mmol, 1.0 equiv.) in methanol (30 mL) was added palladium 

(10% on activated charcoal; 0.24 g, 10 wt%). The suspension was stirred under hydrogen atmosphere 

(760 Torr) for 21 h at room temperature and filtered over Celite®. Distillation of the solvent under reduced 

pressure at 40 °C yielded the desired product as a colorless solid (1.56 g, 5.57 mmol, 97%). 1H NMR 

(300 MHz, CDCl3): δ / ppm = 7.44–7.19 (m, 5H), 3.87–3.74 (m, 1H), 3.36–3.23 (m, 1H), 2.88–2.71 (m, 

1H), 1.47 (s, 9H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 173.1, 155.5, 137.3, 129.5, 128.9, 127.1, 81.8, 

55.6, 40.7, 28.3. FT-IR: ν / cm−1 = 3355, 3293, 3228, 2984, 2930, 1739, 1682, 1493, 1366, 1240, 1152, 
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913, 859, 754, 706. [α]D
20 = −54 (10 mg/mL; CHCl3). mp: 105–107 °C. Rf: 0.28 (cyclohexane/ethyl acetate 

= 1:4). 

tert-Butyl 2-((pyrazine-2-carbonyl)-L-phenylalanyl)hydrazine-1-carboxylate (21)  

 

The desired compound was prepared from pyrazinoic acid (0.61 g, 4.90 mmol, 1.0 equiv.), HOBt ∙ H2O 

(0.75 g, 4.90 mmol, 1.0 equiv.), 2,4,6-collidine (1.30 mL, 9.80 mmol, 2.0 equiv.), TBTU (1.57 g, 

4.90 mmol, 1.0 equiv.), and 20 (1.51 g, 5.39 mmol, 1.1 equiv.) in DCM (10 mL) and DMF (10 mL) 

according to general procedure A to afford the desired product as a colorless solid (1.68 g, 4.35 mmol, 

89%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.30–9.22 (m, 1H), 8.73–8.66 (m, 1H), 8.51–8.43 (m, 1H), 

8.41–8.31 (m, 1H), 7.29–7.12 (m, 5H), 6.88–6.70 (m, 1H), 5.09–4.96 (m, 1H), 3.37–3.14 (m, 2H), 1.41 

(s, 9H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.4, 163.4, 155.4, 147.6, 144.4, 143.8, 142.9, 136.2, 

129.4, 128.7, 127.2, 81.9, 53.0, 38.1, 28.2. FT-IR: ν / cm−1 = 3271, 2978, 2928, 1662, 1518, 1455, 1393, 

1367, 1239, 1154, 1047, 1020, 867, 750, 699. [α]D
20 = −42 (10 mg/mL; CHCl3). mp: 70–72 °C. Rf: 0.19 

(cyclohexane/ethyl acetate = 1:1). 

(S)-N-(1-hydrazinyl-1-oxo-3-phenylpropan-2-yl)pyrazine-2-carboxamide (22)  

 

Compound 21 (1.95 g, 5.78 mmol) was treated with 4 M HCl in dioxane (8 mL) at room temperature for 

1 h. After the solvent was removed under reduced pressure at 40 °C, the residue was taken up in DCM 

(100 mL) and washed with saturated NaHCO3 solution (80 mL). The aqueous phase was extracted with 

DCM (2 × 60 mL), and the combined organic extracts were dried over Na2SO4. Removal of the solvent 

by distillation under reduced pressure at 40 °C yielded the desired product as a colorless foam (1.12 g, 

3.91 mmol, 95%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.30 (d, J = 1.5 Hz, 1H), 8.73 (d, J = 2.5 Hz, 

1H), 8.50 (dd, J = 2.5, 1.5 Hz, 1H), 8.40 (d, J = 8.5 Hz, 1H), 4.94–4.83 (m, 1H), 3.29–3.13 (m, 2H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 171.1, 163.2, 147.7, 144.5, 143.9, 142.9, 136.3, 129.3, 128.8, 

127.3, 53.5, 38.4. FT-IR: ν / cm−1 = 3371, 3258, 3027, 2920, 2851, 1654, 1511, 1389, 1260, 1148, 1023, 

989, 872, 739, 696. [α]D
20 = −28 (10 mg/mL; CHCl3). mp: 89–91 °C. Rf: 0.12 (cyclohexane/ethyl acetate 

= 1:1 + 1% NEt3). 
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(S)-N-(1-(2-isobutylhydrazinyl)-1-oxo-3-phenylpropan-2-yl)pyrazine-2-carboxamide (23)  

 

To a solution of compound 22 (300 mg, 1.05 mmol, 1.0 equiv.) in THF (5 mL) was added 

isobutyraldehyde (106 µL, 1.16 mmol, 1.1 equiv.) dropwise. After stirring at room temperature for 6 h, 

NaBH4 (40 mg, 1.05 mmol, 1.0 equiv.) was added. Stirring was continued for an additional 1.5 h and the 

suspension was then quenched by the addition of saturated NaHCO3 solution (20 mL). The mixture was 

extracted with DCM (2 × 25 mL), and the combined organic extracts were dried over Na2SO4. The solvent 

was removed by distillation under reduced pressure at 40 °C, and the residue was purified by column 

chromatography on silica (cyclohexane/ethyl acetate = 1:1.3) to afford the desired product as a pale beige 

solid (130 mg, 0.38 mmol, 36% over two steps). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.28 (d, J = 

1.5 Hz, 1H), 8.72 (d, J = 2.5 Hz, 1H), 8.50 (dd, J = 2.5, 1.5 Hz, 1H), 8.42 (d, J = 8.6 Hz, 1H), 7.25–7.15 

(m, 5H), 4.90–4.79 (m, 1H), 3.18 (d, J = 7.4 Hz, 2H), 2.54–2.40 (m, 2H), 1.59–1.46 (m, 1H), 0.83 (d, 

J = 6.7 Hz, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 169.6, 163.0, 147.6, 144.4, 144.0, 142.9, 136.3, 

129.4, 128.7, 127.2, 59.8, 53.5, 38.7, 26.8, 20.5, 20.4. FT-IR: ν / cm−1 = 3310, 3063, 3023, 2953, 2925, 

2868, 1650, 1516, 1387, 1243, 1152, 1022, 867, 749, 698. [α]D
20 = −21 (10 mg/mL; CHCl3). mp: 120–

122 °C. Rf: 0.35 (cyclohexane/ethyl acetate = 1:3). 

Ethyl (E)-4-(1-isobutyl-2-((pyrazine-2-carbonyl)-L-phenylalanyl)hydrazinyl)-4-oxobut-2-enoate 

(1k)  

 

To a solution of compound 23 (107 mg, 0.31 mmol, 1.0 equiv.) in DCM (4 mL) was added NEt3 (43 µL, 

0.31 mmol, 1.0 equiv.) and ethyl fumaroyl chloride (42 µL, 0.31 mmol, 1.0 equiv.). After stirring at room 

temperature for 22 h, the solvent was removed under reduced pressure at 40 °C. The residue was purified 

by column chromatography on silica (cyclohexane/ethyl acetate = 1:1 → 1:1.8) to afford the desired 

product as a colorless solid (80 mg, 0.17 mmol, 55%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.33–9.08 

(m, 2H), 8.83–8.68 (m, 1H), 8.59–8.47 (m, 1H), 8.37 (d, J = 8.1 Hz, 1H), 7.29–7.14 (m, 6H), 6.71 (d, 

J = 15.3 Hz, 1H), 5.14–4.94 (m, 1H), 4.30–3.86 (m, 2H), 3.65–2.94 (m, 4H), 1.62–1.45 (m, 1H), 1.13 (t, 

J = 7.1 Hz, 3H), 0.87–0.69 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 169.9, 166.5, 165.4, 163.8, 

147.8, 144.4, 143.6, 143.0, 135.7, 132.6, 132.4, 129.4, 128.9, 127.4, 61.0, 55.4, 53.2, 37.7, 26.4, 20.1, 

19.9, 14.1. FT-IR: ν / cm−1 = 3265, 3029, 2960, 2929, 2872, 1659, 1516, 1403, 1288, 1166, 1128, 1020, 

974, 750, 700. [α]D
20  = −42 (10 mg/mL; CHCl3). mp: 57–59 °C. ESI-MS: m/z calculated for 

[C24H29N5O5+H]+ ([M+H]+) = 468.2, found: 468.3. Purity: 98% (HPLC, 254 nm, MeCN/H2O + 0.1% 
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HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, tR = 5.40 min). Rf: 0.29 

(cyclohexane/ethyl acetate = 1:1). 

Methyl (tert-butoxycarbonyl)-L-phenylalanyl-D-leucinate (25)  

 

The desired compound was prepared from Boc-L-Phe-OH (1.20 mg, 3.77 mmol, 1.0 equiv.), HOBt ∙ H2O 

(0.58 g, 3.77 mmol, 1.0 equiv.), 2,4,6-collidine (1.00 mL, 7.54 mmol, 2.0 equiv.), TBTU (1.21 g, 

3.77 mmol, 1.0 equiv.), and H-D-Leu-OMe ∙ HCl (0.69 g, 3.77 mmol, 1.0 equiv.) in DCM (20 mL) 

according to general procedure A to afford the desired product as a colorless solid (1.39 g, 3.53 mmol, 

94%). 1H NMR (300 MHz, CDCl3): δ / ppm = 7.34–7.16 (m, 5H), 6.34 (d, J = 8.3 Hz, 1H), 5.09 (s, 1H), 

4.60–4.47 (m, 1H), 4.40 (d, J = 8.7 Hz, 1H), 3.70 (s, 3H), 3.07 (d, J = 7.0 Hz, 2H), 1.40 (s, 12H), 0.92–

0.79 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 173.2, 171.2, 155.4, 136.8, 129.4, 128.7, 127.0, 

80.3, 55.9, 52.3, 50.7, 41.4, 38.6, 28.3, 24.6, 22.8, 21.9. FT-IR: ν / cm−1 = 3333, 3069, 2954, 2931, 2869, 

1742, 1688, 1631, 1515, 1366, 1271, 1153, 1019, 747, 704. [α]D
20 = −1 (10 mg/mL; CHCl3). mp: 138–

140 °C. Rf: 0.60 (cyclohexane/ethyl acetate = 2:1). 

Methyl (pyrazine-2-carbonyl)-L-phenylalanyl-D-leucinate (26)  

 

1.) Compound 25 (1.17 g, 2.98 mmol) was treated with 4 M HCl in dioxane (8 mL) at room temperature 

for 1 h. The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride 

as a colorless foam (0.98 g, 2.98 mmol, quantitative), which was directly used in the next step. 

2.) The desired compound was prepared from pyrazinoic acid (0.37 g, 2.98 mmol, 1.0 equiv.), 

HOBt ∙ H2O (0.46 g, 2.98 mmol, 1.0 equiv.), 2,4,6-collidine (0.79 mL, 5.96 mmol, 2.0 equiv.), TBTU 

(0.96 mg, 2.98 mmol, 1.0 equiv.), and the amine hydrochloride from step 1 (0.98 mg, 2.98 mmol, 

1.0 equiv.) in DCM (10 mL) according to general procedure A to afford the product as a colorless 

resin (1.05 g, 2.62 mmol, 88%).  

1H NMR (300 MHz, CDCl3): δ / ppm = 9.30 (d, J = 1.5 Hz, 1H), 8.72 (d, J = 2.4 Hz, 1H), 8.51 (dd, J = 

2.5, 1.5 Hz, 1H), 8.42 (d, J = 8.3 Hz, 1H), 7.27–7.16 (m, 5H), 6.51 (d, J = 8.2 Hz, 1H), 5.03–4.90 (m, 

1H), 4.57–4.45 (m, 1H), 3.62 (s, 3H), 3.30–3.11 (m, 2H), 1.51–1.39 (m, 1H), 1.38–1.23 (m, 2H), 0.86–

0.78 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 173.1, 170.2, 162.9, 147.5, 144.3, 144.1, 142.9, 

136.5, 129.4, 128.7, 127.1, 54.7, 52.3, 50.8, 41.3, 38.9, 24.6, 22.8, 21.8. FT-IR: ν / cm−1 = 3338, 3029, 
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2951, 2869, 1746, 1646, 1584, 1511, 1379, 1148, 1025, 875, 779, 750, 698. [α]D
20 = −15 (10 mg/mL; 

CHCl3). Rf: 0.54 (cyclohexane/ethyl acetate = 1:3). 

(Pyrazine-2-carbonyl)-L-phenylalanyl-D-leucine (27)  

 

To a solution of compound 26 (945 mg, 2.37 mmol, 1.0 equiv.) in THF (25 mL) and water (25 mL) was 

added LiOH ∙ H2O (298 mg, 7.11 mmol, 3.0 equiv.). After stirring at room temperature for 6 h, THF was 

removed by distillation under reduced pressure at 40 °C, and the aqueous solution was acidified to pH 1 

with 1 M HCl. The resulting suspension was extracted with ethyl acetate and the combined organic 

extracts were dried over Na2SO4. After removing the solvent by distillation under reduced pressure at 

40 °C, the title compound was obtained as a colorless foam (1.05 g, 2.72 mmol, quantitative). 1H NMR 

(300 MHz, CDCl3): δ / ppm = 9.90 (s, 1H), 9.19 (d, J = 1.4 Hz, 1H), 8.68 (d, J = 2.5 Hz, 1H), 8.58 (d, J = 

8.7 Hz, 1H), 8.50 (dd, J = 2.5, 1.5 Hz, 1H), 7.25–7.16 (m, 5H), 7.07 (d, J = 8.1 Hz, 1H), 5.25–5.12 (m, 

1H), 4.56–4.45 (m, 1H), 3.18 (d, J = 7.5 Hz, 2H), 1.56–1.44 (m, 1H), 1.41–1.29 (m, 2H), 0.83 (d, J = 

6.1 Hz, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 175.4, 170.8, 163.1, 147.3, 144.2, 144.0, 143.2, 

136.3, 129.5, 128.7, 127.1, 54.7, 50.8, 41.2, 39.2, 24.6, 22.9, 21.9. FT-IR: ν / cm−1 = 3297, 3062, 2957, 

2870, 2582, 1725, 1651, 1521, 1467, 1403, 1151, 1020, 867, 746, 698. [α]D
20 = +4 (10 mg/mL; CHCl3). 

mp: 65–67 °C. Rf: 0.26 (cyclohexane/ethyl acetate = 1:3 + 1% HOAc). 

N-((S)-1-(((R)-4-methyl-1-oxo-1-(prop-2-yn-1-ylamino)pentan-2-yl)amino)-1-oxo-3-phenylpropan-

2-yl)pyrazine-2-carboxamide (1e)  

 

To a solution of compound 27 (200 mg, 0.52 mmol, 1.0 equiv.), HOBt ∙ H2O (80 mg, 0.52 mmol, 

1.0 equiv.), and TBTU (167 mg, 0.52 mmol, 1.0 equiv.) in DCM (5 mL) was added propargylamine 

(33 µL, 0.52 mmol, 1.0 equiv.) and 2,4,6-collidine (69 µL, 0.52 mmol, 1.0 equiv.) at 0 °C. After the 

solution was stirred at 0 °C for 1 h, the solvent was removed under reduced pressure at 40 °C. The residue 

was taken up in ethyl acetate (25 mL) and washed with saturated NaHCO3 solution (2 × 25 mL) and 1 M 

HCl (2 × 25 mL). The combined organic extracts were dried over Na2SO4, and the solvent was removed 

under reduced pressure at 40 °C. Purification of the residue by column chromatography on silica 

(DCM/MeOH = 30:1) yielded the desired product as a colorless solid (115 mg, 0.27 mmol, 53%). 
1H NMR (300 MHz, CDCl3): δ / ppm = 9.35–9.27 (m, 1H), 8.73 (d, J = 2.4 Hz, 1H), 8.55–8.47 (m, 1H), 

8.40 (d, J = 7.3 Hz, 1H), 7.28–7.15 (m, 5H), 6.84 (d, J = 8.5 Hz, 1H), 4.88–4.77 (m, 1H), 4.47–4.36 (m, 
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1H), 3.95 (dd, J = 5.3, 2.6 Hz, 2H), 3.20 (d, J = 7.5 Hz, 2H), 2.11 (t, J = 2.5 Hz, 1H), 1.65–1.53 (m, 1H), 

1.39–1.27 (m, 1H), 1.24–1.09 (m, 1H), 0.81–0.74 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 

171.6, 170.8, 163.4, 147.7, 144.5, 143.9, 142.9, 136.1, 129.3, 128.8, 127.2, 79.6, 71.5, 55.6, 51.8, 40.6, 

38.4, 29.3, 24.4, 23.1, 21.8. FT-IR: ν / cm−1 = 3291, 3063, 2958, 2926, 2870, 1636, 1522, 1370, 1223, 

1194, 1156, 1020, 867, 748, 698. [α]D
20  = +41 (10 mg/mL; CHCl3). mp: 170–172 °C. ESI-MS: m/z 

calculated for [C23H27N5O3+H]+ ([M+H]+) = 444.2, found: 444.1. Purity: 99% (HPLC, 254 nm, 

MeCN/H2O + 0.1% HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, tR = 4.94 min). Rf: 

0.28 (DCM/MeOH = 30:1). 

N-((S)-1-(((R)-1-((cyanomethyl)amino)-4-methyl-1-oxopentan-2-yl)amino)-1-oxo-3-phenylpropan-

2-yl)pyrazine-2-carboxamide (1f)  

 

To a solution of compound 27 (100 mg, 0.26 mmol, 1.0 equiv.), aminoacetonitrile hydrochloride (24 mg, 

0.26 mmol, 1.0 equiv.), HOBt ∙ H2O (40 mg, 0.26 mmol, 1.0 equiv.), and TBTU (84 mg, 0.26 mmol, 

1.0 equiv.) in DCM (5 mL) was added 2,4,6-collidine (69 µL, 0.52 mmol, 2.0 equiv.) at 0 °C. The solution 

was stirred for 2 h at 0 °C, then 24 h at room temperature. After removal of the solvent under reduced 

pressure at 40 °C, the residue was taken up in ethyl acetate (25 mL) and washed with saturated NaHCO3 

solution (2 × 25 mL) and 1 M HCl (2 × 25 mL). The combined organic extracts were dried over Na2SO4, 

and the solvent was removed under reduced pressure at 40 °C to yield the desired product as a colorless 

solid (101 mg, 0.24 mmol, 92%). 1H NMR (300 MHz, DMSO-d6): δ / ppm = 9.16 (d, J = 1.5 Hz, 1H), 

8.88 (d, J = 2.5 Hz, 1H), 8.78–8.66 (m, 3H), 8.56 (d, J = 8.1 Hz, 1H), 7.27–7.13 (m, 5H), 4.94–4.80 (m, 

1H), 4.34–4.20 (m, 1H), 4.15 (d, J = 5.5 Hz, 2H), 3.19–3.02 (m, 2H), 1.52–1.32 (m, 3H), 0.88–0.76 (m, 

6H). 13C NMR (75.5 MHz, DMSO-d6): δ / ppm = 172.6, 170.4, 162.4, 147.9, 144.0, 143.5, 143.4, 137.0, 

129.3, 128.1, 126.4, 117.5, 54.1, 50.8, 40.4, 37.9, 27.1, 24.0, 23.0, 21.2. FT-IR: ν / cm−1 = 3285, 3061, 

2952, 2926, 2868, 1647, 1522, 1257, 1230, 1161, 1049, 1020, 876, 748, 699. [α]D
20 = +68 (10 mg/mL; 

MeOH). mp: 175–177 °C. ESI-MS: m/z calculated for [C22H26N6O3+Na]+ ([M+Na]+) = 445.2, found: 

445.1. Purity: 99% (HPLC, 254 nm, MeCN/H2O + 0.1% HCOOH = 10:90 → 90:10 over 6 min, isocratic 

90:10 for 2 min, tR = 4.84 min). Rf: 0.32 (cyclohexane/ethyl acetate = 1:5). 
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(R)-2-Amino-3-phenyl-N-(pyrazin-2-yl)propenamide hydrochloride (29)  

 

To a solution of Boc-D-Phe-OH (500 mg, 1.88 mmol, 1.0 equiv.) was added Oxyma (268 mg, 1.88 mmol, 

1.0 equiv.), COMU (807 mg, 1.88 mmol, 1.0 equiv.), and 2,4,6-collidine (250 µL, 1.88 mmol, 1.0 equiv.) 

at 0 °C. After stirring at 0 °C for 15 min, 2-aminopyrazine (179 mg, 1.88 mmol, 1.0 equiv.) was added 

and stirring at 0 °C was continued for an additional hour. The solution was allowed to warm up to room 

temperature and stirred overnight. Then the mixture was washed with saturated NaHCO3 solution 

(2 × 25 mL) and 1 M HCl (2 × 25 mL), and the combined organic extracts were dried over Na2SO4. After 

the solvent was removed under reduced pressure at 40 °C, the residue was purified by column 

chromatography on silica (cyclohexane/ethyl acetate = 2:1) to yield the Boc-protected intermediate as a 

colorless solid. The intermediate was treated with 4 M HCl in dioxane (8 mL) at room temperature for 

1 h. Then, the solvent was removed under reduced pressure at 40 °C to yield the desired product (29) as 

a colorless solid (129 mg, 0.46 mmol, 24%). 1H NMR (300 MHz, DMSO-d6): δ / ppm = 11.44 (s, 1H), 

9.31–9.15 (m, 1H), 8.85–8.60 (m, 3H), 8.47–8.37 (m, 2H), 7.35–7.17 (m, 5H), 4.50–4.37 (m, 1H), 3.31–

3.12 (m, 2H). 13C NMR (75.5 MHz, DMSO-d6): δ / ppm = 168.1, 147.9, 143.0, 140.5, 136.3, 134.7, 129.6, 

128.6, 127.3, 53.8, 36.8. FT-IR: ν / cm−1 = 3415, 3300, 3192, 2895, 2652, 2518, 2096, 1707, 1534, 1490, 

1418, 1213, 1055, 834, 704. [α]D
20 = −77 (10 mg/mL; MeOH). mp: 252 °C (decomposition).  

tert-Butyl ((S)-4-methyl-1-oxo-1-(((R)-1-oxo-3-phenyl-1-(pyrazin-2-ylamino)propan-2-yl)amino)-

pentan-2-yl)carbamate (30)  

 

The desired compound was prepared from Boc-L-Leu-OH (85 mg, 0.37 mmol, 1.0 equiv.), HOBt ∙ H2O 

(56 mg, 0.37 mmol, 1.0 equiv.), 2,4,6-collidine (97 µL, 0.37 mmol, 1.0 equiv.), TBTU (118 mg, 

0.37 mmol, 1.0 equiv.), and 29 (102 mg, 0.37 mmol, 1.0 equiv.) in DCM (8 mL) according to general 

procedure A, followed by purification by column chromatography on silica (cyclohexane/ethyl acetate = 

2:1) to afford the desired product as a colorless foam (110 mg, 0.24 mmol, 65%). 1H NMR (300 MHz, 

CDCl3): δ / ppm = 10.16–9.99 (m, 1H), 9.50 (d, J = 1.4 Hz, 1H), 8.34–8.23 (m, 2H), 7.24–7.13 (m, 5H), 

6.25–6.04 (m, 1H), 5.54–5.39 (m, 1H), 4.34–4.14 (m, 1H), 3.32–3.06 (m, 2H), 1.59–1.32 (m, 12H), 0.95–

0.82 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 173.6, 170.4, 155.9, 148.2, 142.2, 140.1, 137.3, 

136.0, 129.5, 128.7, 127.2, 80.2, 54.4, 53.5, 41.9, 39.0, 28.4, 24.8, 22.9, 22.5. FT-IR: ν / cm−1 = 3267, 

3060, 2957, 2870, 1647, 1541, 1412, 1366, 1295, 1165, 1013, 910, 843, 732, 699. [α]D
20 = −26 (10 mg/mL; 

CHCl3). mp: 81–83 °C. Rf: 0.19 (cyclohexane/ethyl acetate = 2:1). 
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(S)-2-Acrylamido-4-methyl-N-((R)-1-oxo-3-phenyl-1-(pyrazin-2-ylamino)propan-2-yl)pentan-

amide (1h)  

 

Compound 30 (110 mg, 0.24 mmol) was treated with 4 M HCl in dioxane (8 mL) at room temperature for 

1 h. The solvent was removed under reduced pressure at 40 °C, the residue was taken up in DCM (4 mL), 

and NEt3 (66 µL, 0.48 mmol, 2.0 equiv.) was added. After the mixture was cooled down to 0 °C, acryloyl 

chloride (20 µL, 0.24 mmol, 1.0 equiv.) was added dropwise over a period of 1 h. The mixture was 

allowed to stir for an additional 2 h, and the solvent was removed under reduced pressure at 40 °C. 

Purification by column chromatography on silica (DCM/MeOH = 30:1) yielded the desired product as a 

colorless solid (50 mg, 0.12 mmol, 51%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.83 (s, 1H), 9.42 (s, 

1H), 8.34–8.23 (m, 1H), 8.14 (s, 1H), 7.70 (d, J = 8.6 Hz, 1H), 7.25–7.11 (m, 6H), 6.25 (d, J = 16.9 Hz, 

1H), 6.02 (dd, J = 16.9, 10.2 Hz, 1H), 5.54 (d, J = 10.2 Hz, 1H), 5.37–5.23 (m, 1H), 4.75–4.60 (m, 1H), 

3.35–3.23 (m, 1H), 3.17–3.03 (m, 1H), 1.55–1.38 (m, 3H), 0.90–0.78 (m, 6H). 13C NMR (75.5 MHz, 

CDCl3): δ / ppm = 173.2, 170.3, 165.9, 148.2, 142.0, 140.2, 137.4, 136.2, 130.3, 129.4, 128.7, 127.7, 

127.2, 54.9, 52.2, 41.4, 38.5, 24.9, 22.8, 22.5. FT-IR: ν / cm−1 = 3262, 3056, 2957, 2930, 2870, 1650, 

1537, 1409, 1295, 1062, 1011, 982, 842, 746, 698. [α]D
20  = −16 (10 mg/mL; CHCl3). mp: 88–90 °C. 

ESI-MS: m/z calculated for [C22H27N5O3+H]+ ([M+H]+) = 410.2, found: 410.2. Purity: 99% (HPLC, 254 

nm, MeCN/H2O + 0.1% HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, tR = 4.05 min). 

Rf: 0.23 (DCM/MeOH = 30:1). 

tert-Butyl (6-methyl-3-oxohept-1-en-4-yl)carbamate (31)  

 

To a solution of compound 5 (265 mg, 1.15 mmol, 1.0 equiv.) in dry THF (7 mL) was added 

vinylmagnesium bromide (0.7 M in THF, 4.91 mL, 3.44 mmol, 3.0 equiv.) dropwise at −78 °C under 

argon atmosphere. After stirring at −78 °C for 30 min, the solution was allowed to warm up to 0 °C, and 

1 M HCl was slowly added. The mixture was extracted with ethyl acetate (3 × 50 mL), and the combined 

organic extracts were filtrated over silica. The solvent was removed under reduced pressure at 40 °C, and 

the residue was purified by column chromatography on silica (cyclohexane/acetone = 20:1) to yield the 

desired product as a colorless oil (137 mg, 0.57 mmol, 50%). 1H NMR (300 MHz, CDCl3): δ / ppm = 

6.54–6.29 (m, 2H), 5.85 (dd, J = 9.8, 2.0 Hz, 1H), 5.19–5.03 (m, 1H), 4.70–4.54 (m, 1H), 1.79–1.66 (m, 

1H), 1.58–1.46 (m, 1H), 1.41 (s, 9H), 1.39–1.28 (m, 1H), 1.01–0.87 (m, 6H). 13C NMR (75.5 MHz, 

CDCl3): δ / ppm = 199.4, 155.7, 133.5, 129.9, 79.8, 55.8, 41.6, 28.4, 25.0, 23.4, 22.0. FT-IR: ν / cm−1 = 
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3333, 2959, 2933, 2872, 1693, 1505, 1455, 1392, 1367, 1250, 1161, 1045, 1022, 848, 777. [α]D
20 = +13 

(10 mg/mL; MeOH). Rf: 0.33 (cyclohexane/acetone = 20:1). 

Ethyl (E)-5-((tert-butoxycarbonyl)amino)-7-methyl-4-oxooct-2-enoate (1l)  

 

A solution of compound 31 (49 mg, 0.20 mmol, 1.0 equiv.), ethyl acrylate (221 µL, 2.03 mmol, 

1.0 equiv.), and Hoveyda Grubbs II catalyst (6 mg, 0.01 mmol, 0.05 equiv.) in dry DCM (7 mL) was 

heated under reflux for 4 h under argon atmosphere. The solvent was removed under reduced pressure at 

40 °C, and the residue was purified by column chromatography on silica (cyclohexane/acetone = 20:1) 

to yield the desired product as a colorless oil (23 mg, 0.07 mmol, 37%). 1H NMR (300 MHz, CDCl3): 

δ / ppm = 7.20 (d, J = 15.8 Hz, 1H), 6.80 (d, J = 15.8 Hz, 1H), 5.17–4.94 (m, 1H), 4.71–4.50 (m, 1H), 

4.27 (q, J = 7.1 Hz, 2H), 1.81–1.67 (m, 1H), 1.43 (s, 9H), 1.32 (t, J = 7.1 Hz, 3H), 1.02–0.91 (m, 6H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 198.8, 165.4, 155.7, 136.5, 132.4, 80.2, 61.6, 57.4, 28.4, 25.1, 

23.4, 21.9, 14.3. FT-IR: ν / cm−1 = 3365, 2958, 2928, 2872, 1704, 1507, 1392, 1367, 1302, 1168, 1025, 

981, 873, 784, 668. [α]D
20  = −12 (10 mg/mL; CHCl3). ESI-MS: m/z calculated for [C16H27NO5+Na]+ 

([M+Na]+) = 336.2, found: 336.2. Purity: 95% (HPLC, 254 nm, MeCN/H2O + 0.1% HCOOH = 10:90 → 

90:10 over 6 min, isocratic 90:10 for 2 min, tR = 5.47 min). Rf: 0.44 (cyclohexane/ethyl acetate = 5:1). 

tert-Butyl 2-isobutylhydrazine-1-carboxylate (33)  

 

To a solution of tert-butyl carbazate (500 mg, 3.78 mmol, 1.0 equiv.) in toluene (8 mL) was added 

isobutyraldehyde (380 µL, 4.16 mmol, 1.1 equiv.) dropwise. After heating at 50 °C for 1 h, the solution 

was allowed to cool down to room temperature and palladium (10% on activated charcoal; 50 mg, 

10 wt%) was added. The suspension was stirred under hydrogen atmosphere in an autoclave (3.0 bar, air 

inside the autoclave was removed under reduced pressure) for 20 h at room temperature and filtered over 

Celite®. The solvent was removed under reduced pressure at 40 °C, and the residue was purified by 

column chromatography on silica (cyclohexane/ethyl acetate = 9:1) to afford the desired product as a 

colorless oil (264 mg, 1.40 mmol, 37% over two steps). 1H NMR (300 MHz, CDCl3): δ / ppm = 2.62 (d, 

J = 6.8 Hz, 2H), 1.77–1.62 (m, 1H), 1.42 (s, 9H), 0.88 (d, J = 6.8 Hz, 6H). 13C NMR (75.5 MHz, CDCl3): 

δ / ppm = 156.9, 80.4, 60.0, 28.4, 26.9, 20.6. FT-IR: ν / cm−1 = 3253, 2979, 2956, 2869, 2829, 1699, 1536, 

1470, 1364, 1268, 1172, 1145, 1121, 1071, 855. Rf: 0.26 (cyclohexane/ethyl acetate = 5:1). 
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tert-Butyl (E)-2-(4-ethoxy-4-oxobut-2-enoyl)-2-isobutylhydrazine-1-carboxylate (1m)  

 

To a solution of compound 33 (225 mg, 1.20 mmol, 1.0 equiv.) in DCM (5 mL) was added NEt3 (166 µL, 

1.20 mmol, 1.0 equiv.) and ethyl fumaroyl chloride (159 µL, 1.20 mmol, 1.0 equiv.). After stirring at 

room temperature for 1 h, the solvent was removed under reduced pressure at 40 °C. The residue was 

purified by column chromatography on silica (cyclohexane/ethyl acetate = 5:1) to afford the desired 

product as a colorless solid (258 mg, 0.82 mmol, 68%). 1H NMR (300 MHz, CDCl3): δ / ppm = 7.41 (d, 

J = 15.5 Hz, 1H), 6.92–6.65 (m, 2H), 4.23 (q, J = 7.1 Hz, 2H), 3.95–2.94 (m, 2H), 2.02–1.85 (m, 1H), 

1.46 (s, 9H), 1.29 (t, J = 7.1 Hz, 3H), 0.93 (d, J = 6.7 Hz, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 

167.3, 165.7, 154.1, 132.7, 132.4, 82.7, 61.2, 55.6, 28.3, 26.4, 20.2, 14.3. FT-IR: ν / cm−1 = 3207, 2977, 

2935, 2873, 1721, 1626, 1521, 1421, 1366, 1267, 1158, 1139, 1041, 981, 754. mp: 89–91 °C. ESI-MS: 

m/z calculated for [C15H26N2O5+Na]+ ([M+Na]+) = 337.2, found: 337.0. Purity: 96% (HPLC, 254 nm, 

MeCN/H2O + 0.1% HCOOH = 10:90 → 90:10 over 6 min, isocratic 90:10 for 2 min, tR = 5.79 min). 

Rf: 0.43 (cyclohexane/ethyl acetate = 4:1).
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7 Bortezomib congeners with diverse warheads as proteasome 
inhibitors 

7.1 Introduction 

7.1.1 The ubiquitin-proteasome-system (UPS) 

The ubiquitin-proteasome-system (UPS) represents a key element in protein homeostasis as it is 

responsible for approximately 80% of the protein degradation in human cells.360–362 Therefore, it affects 

the regulation of most cellular processes, such as apoptosis, cell cycle progression, DNA repair, and 

ensures rapid degradation of misfolded and regulatory proteins.363–365 The degradation process is initiated 

by covalent tagging of proteins with ubiquitin (Ub) at lysine residues, involving three enzymes. In the 

initial step, requiring ATP, the ubiquitin-activating enzyme (E1) binds to ubiquitin,366 which is 

subsequently transferred to the ubiquitin-conjugating enzyme (E2).367 Finally, specific ubiquitin ligases 

(E3) catalyze the transfer of ubiquitin to the substrate with the formation of isopeptide bonds at lysine 

residues.368,369 In further progress, more ubiquitin units are attached by the three enzymes to form a 

polyubiquitin chain.369 It is suggested that at least four ubiquitin units are required to be recognized by 

the proteasome.370 However, the proteasomal proteolytic signal is far more complex as different chain 

variations can occur. It has also been found that the proteasome can recognize a single ubiquitin moiety.371  

 

Scheme 35: Process of protein degradation by the ubiquitin-proteasome-system (UPS).
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7.1.2 Structure and assembly 

In mammals, different forms of the proteasome are known. It can exist as the free core particle (20S 

proteasome, ca. 718 kDa)372 or be combined with two 19S regulatory caps (ca. 925 kDa) at both ends 

(26S proteasome, ca. 2568 kDa) (Figure 33).373–375 The central core consists of four stacked rings arranged 

as complexes of seven subunits each (α1–7, β1–7, β 1–7, α1–7), of which three subunits of each β-ring (β1, β2, 

and β5) contain the active sites.373–375 Depending on their substrate specificity, they are categorized as 

caspase-like (β1, preference for acidic residues),376 trypsin-like (β2, preference for basic residues), or 

chymotrypsin-like (β5, preference for hydrophobic residues).377 However, this categorization may not 

reflect the true nature of proteasome activity as it appears to be more complex.378  

 

Figure 33: Assembly of the human 26S proteasome (PDB-ID: 5GJR).374 Left: Cartoon model. Right: surface model. 

7.1.3 Catalytic mechanism 

The N-terminal Thr1 represents the catalytically active nucleophile that is suggested to be part of a 

catalytic triad including Lys33 and Asp17.373,379 Regardless of their substrate specificity, all subunits 

cleave peptides by the same mechanism shown in Scheme 36.379 The catalysis is initiated by 

deprotonation of Thr1OH via Lys33NH2, followed by nucleophilic attack of Thr1Oγ at the carbonyl 

function of the peptide bond. In this process, the positively charged Thr1NH3
+ facilitates the orientation 

of the peptide bond and donates a proton to the emerging N-terminus of the C-terminal cleavage product. 

After the nucleophilic attack, a tetrahedral intermediate is formed, which subsequently collapses releasing 

the amine fragment. The deprotonated Thr1NH2 activates a water molecule resulting in a nucleophilic 

attack at the ester bond, followed by release of the C-terminus, which restores the initial state of the 

catalytic triad.379  
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Scheme 36: Proposed mechanism of peptide hydrolysis proceeded by the catalytic triad Thr1-Lys33-Asp17 of the proteasome.379  

7.1.4 Pathophysiological role  

Besides its tasks in cellular processes mentioned before, the UPS is linked to malignancies as either 

deregulation or overexpression has been found in different cancer types.380 In past decades, several anti-

cancer drugs were developed,381 such as bortezomib 7 and carfilzomib 10 for treatment of multiple 

myeloma.18,19 By covalently trapping Thr1, proteasome inhibitors induce a programmed cell death due to 

accumulation misfolded proteins and proapoptotic factors.382 Over the course of time, various new 

proteasome inhibitors with different peptidomimetic sequences and diverse types of warheads were 

developed exhibiting different selectivity profiles to the β-subunits.383  
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7.2 Summary and own contribution 

Note: This section is about a joint project of , , , and 

MARVIN SCHWICKERT (  group) in cooperation with  (  group, 

University of Würzburg) and the  group (Universitat Jaume I, Spain). The substance numbers 

from the corresponding manuscript are listed in italics. 

To achieve effective inactivation of a target of interest by covalent inhibitors, the combination of the non-

covalent as well as the covalent part is important, especially for peptidomimetics. While the 

peptidomimetic sequence resembles the natural substrate and may ensure selectivity, the warhead is 

necessary for reactivity with the catalytically active nucleophile. However, it is not always clear which 

component has how much impact on affinity and selectivity. To analyze this, a comprehensive study was 

conducted to investigate the compatibility between warheads and peptidomimetic sequences of different 

protease inhibitors. Five targets were selected for this study: the urokinase-type plasminogen activator 

(uPA) as a serine,384 the proteasome β5-subunit as a threonine,373 and human cathepsin S (CatS),385 

T. brucei rhodesain (TbCatL)351 as well as the SARS-CoV-2 main protease (Mpro)386 as representatives of 

cysteine proteases. For the inhibitor design, peptidomimetic sequences were chosen according to 

established structures from literature that showed high affinity and selectivity or are even part of approved 

drugs (Figure 34).18,55,385,387,388 Vinylsulfones, fluorovinylsulfones, nitroalkenes, α-ketobenzothiazoles, 

4-oxoenoates, nitriles, and β-lactams were selected as warheads. Notably, some combinations could not 

be synthesized due to intramolecular reactivity, which was particularly true for the arginine in the uPA 

inhibitor sequence. 

The inhibitors were tested on each target using fluorometric enzyme assays to determine affinity and 

selectivity. Covalent and non-covalent docking studies were conducted to explain the obtained results. In 

addition, a reactivity study was carried out using model compounds containing the seven different 

warhead types (Boc-L-Leu-warhead), which were reacted with hydroxyl and thiol model nucleophiles 

representing Ser, Thr, and Cys proteases to evaluate the chemoselectivity. Quantum mechanics 

simulations were used to analyze and confirm the experimentally determined findings.  

The in vitro results showed that the sequence mainly determined selectivity as inhibition was achieved 

when using the sequence designed for the respective target. Nevertheless, the combination with a suitable 

warhead for the specific type of protease nucleophile was crucial. It ensured high affinity to the target or 

even activity in the first place as demonstrated with the bortezomib congeners: with a boronic acid 

(bortezomib), inhibition of the proteasome β5-subunit was achieved, while the other tested warheads 

failed. An unsuitable warhead can also lead to off-target inhibition, which could be observed with 

bortezomib congeners with Michael acceptor- and nitrile-based warheads inhibiting CatS and rhodesain 

at nanomolar concentrations. The papain-like proteases CatS and rhodesain were found to be prone for 
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inhibitor cross reactivity, despite the design of well-defined peptidomimetic sequences, which might be 

due to their structural similarity. For this reason, the combination of a highly reactive warhead designed 

for the target nucleophile with a suitable peptidomimetic sequence can lead to potent and selective 

inhibitors as demonstrated with the following examples: 

➢ uPA: uPA-inhibitor sequence + α-ketobenzothiazole (103) 

➢ CatS: CatS-inhibitor sequence + nitrile (30) 

➢ Rhodesain: rhodesain-inhibitor sequence + nitroalkene (13) 

➢ Mpro: Mpro-inhibitor sequence + α-ketobenzothiazole (90) 

➢ Proteasome: Proteasome-inhibitor sequence + boronic acid (bortezomib) 

 

Figure 34: Combination of characteristic peptidomimetic inhibitor sequences for the targets urokinase-type plasminogen 
activator (uPA, PDB-ID: 1W10),384 proteasome β5-subunit (PDB-ID: 5LF3),389 cathepsin S (PDB-ID: 1MS6),385 SARS-CoV-2 
main protease (Mpro, PDB-ID: 6XR3),386 and rhodesain (PDB-ID: 2P7U)351 with selected warheads (vinylsulfone, 
fluorovinylsulfone, nitroalkene, α-ketobenzothiazole, 4-oxoenoate, nitrile, and β-lactam). The resulting compounds were tested 
on each target to determine affinity and selectivity. 

…

In vitro cross testing

Combination

Cathepsin S Rhodesain
Proteasome

β5-subunit
uPA SARS-CoV-2 Mpro

In vitro cross testing
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Non-covalent docking confirmed reasonable binding modes for all compounds, resembling interactions 

of the crystallographic reference ligands and peptide recognition sequences in their expected subpockets. 

In addition, the warheads were found in close proximity to the nucleophilic catalytic amino acids except 

for the β-lactams, which tended to be positioned in the S1' subpockets. 

The reactivity tests confirmed high reactivity of the 4-oxoenoate, the fluorovinylsulfones and the 

nitroalkene warheads toward the deprotonated thiol nucleophile/cysteine model. Analogously to the in 

vitro studies, the α-ketobenzothiazole warhead was found to be a potent electrophilic trap for both 

cysteine and serine nucleophiles. Nevertheless, differences in reactivity of some warheads could be 

observed, which might be explained by different conditions used in the chemical test system and the 

biochemical in vitro studies.  

Overall, this study highlighted the importance of carefully designing covalent peptidomimetic inhibitors. 

By using a suitable peptidomimetic sequence, high selectivity can be achieved, but it can only be ensured 

by combining it with a proper warhead that is not prone for off-target reactivity. Yet the warhead must 

have sufficient reactivity toward the target nucleophile to enable inhibition. 

For a more detailed discussion, as well as the presentation of all experimental procedures, the reader is 

referred to the corresponding manuscript (Section 7.3) and Supporting Information (Appendix). 

Experimental procedures conducted or supervised by MARVIN SCHWICKERT (  group) are 

described in Section 7.4. 

Own contribution: Synthesis of bortezomib congeners (vinylsulfone, fluorovinylsulfone, nitrile, 

α-ketobenzothiazole, β-lactam), writing the corresponding parts in the manuscript and Supporting 

Information, designing parts of the reactivity study, among others, NMR-based reactivity study of 
13C-labeled test compounds, synthesis of 13C-labeled compound 115, creation of Figure 1. 
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7.4 Experimental section of the manuscript 

Note: Experimental procedures conducted or supervised by MARVIN SCHWICKERT (  

group) are described in this section. Experiments performed by others can be found in the complete 

Supporting Information file in the Appendix. Compound numbers in this section refer to the numbering 

in the corresponding manuscript. 

General information 

All reagents and solvents were purchased commercially and used as provided by the supplier without 

further purification. Solvents for synthesis, extraction, and chromatography were of analytical grade. 

Moisture-sensitive reactions were carried out under argon atmosphere, and anhydrous solvents were used 

as provided by the commercial supplier. Reaction progress was monitored by thin-layer chromatography 

using ALUGRAM® Xtra SIL G UV254 silica plates from Macherey-Nagel and/or LC-MS. For LC-MS 

analysis, an Agilent 1100 series HPLC system and an Agilent Poroshell 120 EC-C18, 150 × 2.10 mm, 

4 µm column coupled to an Agilent 1100 series LC/MSD Trap with electron spray ionization (ESI) was 

used. The identities and purities of compounds were determined by the same LC-MS system with a 

gradient of MeCN and MilliQ®-H2O + 0.1% HCOOH (flow rate:  0.7 mL/min). Signals were detected at 

210/254 nm with quantitation by AUC and masses were determined in positive ionization mode (ESI). 

HPLC purification was performed with a Varian PrepStar system using an Agilent Zorbax PrepHT XDB 

C18 (150 mm × 21.2 mm, 5 µm) column or an Agilent 1290 II Infinity preparative LC system using an 

InfinityLab Pursuit XRs C18, 30 × 250 mm, 5 µm, preparative LC column. Flash chromatography was 

performed with a Biotage IsoleraTM One system using prepacked columns from Biotage. Silica (40–

63 µm) from Macherey-Nagel was used for column chromatography. Optical rotations [α]D
20  were 

measured on a P3000 polarimeter from Krüss and are reported in deg cm3 g−1 dm−1. Fourier-transformed 

ATR-corrected IR spectra were measured on an Avatar 330 single crystal spectrometer from 

ThermoNicolet. Melting points (uncorrected) were measured with an MPM-H3 using semi-open 

capillaries. NMR spectra were recorded as stated individually on a Bruker Fourier 300 MHz, a Bruker 

Avance DSX 400 MHz, and a Bruker Avance III 600 MHz. Chemical shifts are indicated in parts per 

million (ppm), with the solvent resonance (CDCl3, DMSO-d6 or CD3OD from Deutero GmbH) as internal 

standard. The purity of all compounds tested in biological assays was ≥95% as determined by LC-MS. 
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tert-Butyl (S)-(1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate (51) 

 

To a 0 °C cold solution of Boc-L-Leu-OH (50, 2.04 g, 8.81 mmol, 1.0 equiv.) in DCM (80 mL) were 

added HOBt ∙ H2O (1.35 g, 8.81 mmol, 1.0 equiv.) and 2,4,6-collidine (2.34 mL, 17.62 mmol, 

2.0 equiv.). After stirring at 0 °C for 30 min, TBTU (2.83 g, 8.81 mmol, 1.0 equiv.) was added. The 

solution was stirred for another 30 min at 0 °C, and N,O-dimethylhydroxylamine ∙ HCl (0.89 g, 

8.81 mmol, 1.0 equiv.) was added. After stirring at room temperature overnight, the solvent was removed 

under reduced pressure at 40 °C, and the residue was taken up in ethyl acetate (100 mL). The mixture 

was washed with saturated NaHCO3 solution (3 × 80 mL) and 1 M HCl (3 × 80 mL) and filtered over 

silica. The filtrate was concentrated under reduced pressure at 40 °C to yield the desired product as a 

colorless oil (2.24 g, 8.18 mmol, 93%). 1H NMR (300 MHz, CDCl3): δ / ppm = 5.05 (d, J = 9.5 Hz, 1H), 

4.70 (s, 1H), 3.77 (s, 3H), 3.18 (s, 3H), 1.78–1.62 (m, 1H), 1.47–1.38 (m, 11H), 0.99–0.88 (m, 6H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 174.0, 155.8, 79.6, 61.7, 49.1, 42.2, 32.3, 28.5, 24.8, 23.5, 21.7. 

[α]D
20 = −9 (10 mg/mL; CHCl3).  FT-IR: ν / cm−1 = 3324, 2958, 2936, 2870, 1709, 1658, 1501, 1389, 1366, 

1250, 1165, 1045, 1016, 989, 876. ESI-MS: m/z calculated for [C13H26N2O4+Na]+ ([M+Na]+): 297.2, 

found: 297.1. 

tert-Butyl (4-methyl-1-oxopentan-2-yl)carbamate (52) 

 

To a solution of 51 (1.51 g, 5.50 mmol, 1.0 equiv.) in dry THF (20 mL) was added LiAlH4 (271 mg, 

7.15 mmol, 1.3 equiv.) portionwise at 0 °C under argon atmosphere. After stirring at 0 °C for 30 min, 

diethyl ether (50 mL) and KHSO4 solution (0.33 M, 80 mL,) were added. The suspension was filtered, 

and the filtrate was extracted with diethyl ether (2 × 50 mL). The combined organic extracts were washed 

with 1 M HCl (2 × 40 mL) and saturated NaHCO3 solution (2 × 40 mL) and dried over anhydrous Na2SO4. 

After removing the solvent under reduced pressure at 40 °C, the desired product was obtained as a 

colorless oil (345 mg, 1.60 mmol, 29%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.57 (s, 1H), 4.95 (d, 

J = 7.3 Hz, 1H), 4.23 (s, 1H), 1.81–1.70 (m, 1H), 1.67–1.58 (m, 1H), 1.44 (s, 9H), 1.39–1.32 (m, 1H), 

0.98–0.94 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 200.5, 155.8, 80.2, 58.5, 38.3, 28.4, 24.8, 

23.2. [α]D
20 = –9 (10 mg/mL; CHCl3).  FT-IR: ν / cm−1 = 3352, 2958, 2932, 2871, 1689, 1507, 1455, 1391, 

1366, 1249, 1164, 1045, 1010, 873, 779.  
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tert-Butyl (E)-(1-fluoro-5-methyl-1-(phenylsulfonyl)hex-1-en-3-yl)carbamate (53) 

 

To a solution of 4 (451 mg, 1.45 mmol, 1.0 equiv.) and DBU (217 µL, 1.45 mmol, 1.0 equiv.) in dry 

MeCN (20 mL) was added anhydrous LiCl (74 mg, 1.74 mmol, 1.2 equiv.) at 0 °C under argon 

atmosphere. The solution was stirred for 20 min, and a solution of 52 (313 mg, 1.45 mmol, 1.0 equiv.) in 

dry MeCN (6 mL) was added. After stirring for 1 h at 0 °C under an argon atmosphere, citric acid solution 

(10% in water, 60 mL) was added. The mixture was extracted with ethyl acetate (3 × 30 mL), and the 

combined organic layers were filtered over a silica. The filtrate was concentrated under reduced pressure 

at 40 °C, and the residue was purified by column chromatography (cyclohexane/ethyl acetate = 10:1) to 

yield the desired product as a colorless oil (249 mg E-isomer + 183 mg E/Z mixture, ∑ = 432 mg, 

1.16 mmol, 80%). E-isomer: 1H NMR (300 MHz, CDCl3): δ / ppm = 7.97–7.90 (m, 2H), 7.73–7.63 (m, 

1H), 7.62–7.51 (m, 2H), 6.26–5.96 (m, 1H), 4.64–4.35 (m, 2H), 1.66–1.25 (m, 12H), 0.92–0.85 (m, 6H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 155.0, 154.5 (d, J = 298.7 Hz), 137.3, 134.6, 129.6, 128.7, 119.2 

(d, J = 5.3 Hz), 80.1, 45.1, 43.5, 28.3, 24.8, 22.5, 22.4. [α]D
20 = +21 (10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 

3390, 2959, 2933, 2871, 1699, 1699, 1448, 1332, 1247, 1158, 1093, 1013, 754, 720, 686. ESI-MS: 

m/z calculated for [C18H26FNO4S+Na]+ ([M+Na]+): 394.2, found: 394.1. 

tert-Butyl ((2S)-1-(((E)-1-fluoro-5-methyl-1-(phenylsulfonyl)hex-1-en-3-yl)amino)-1-oxo-3-phenyl-

propan-2-yl)carbamate (54) 

 

(1) 53 (223 mg, 0.60 mmol) was treated with 4 M HCl in dioxane (3 mL) at room temperature for 1 h. 

The solvent was removed under reduced pressure at 40 °C to yield the deprotected amine 

hydrochloride as a colorless solid (184 mg, 0.60 mmol, quantitative), which was directly used in the 

next step. 

(2) To a 0 °C cold solution of Boc-L-Phe-OH (160 mg, 0.60 mmol, 1.0 equiv.) in DCM (5 mL) were 

added HOBt ∙ H2O (92 mg, 0.60 mmol, 1.0 equiv.) and 2,4,6-collidine (160 µL, 1.20 mmol, 

2.0 equiv.). After stirring at 0 °C for 30 min, TBTU (194 g, 0.60 mmol, 1.0 equiv.) was added. The 

solution was stirred for another 30 min at 0 °C, and the amine hydrochloride from step 1 (184 mg, 

0.60 mmol, 1.0 equiv.) was added. After stirring at room temperature overnight, the solvent was 

removed under reduced pressure at 40 °C, and the residue was taken up in ethyl acetate (30 mL). The 

mixture was washed with saturated NaHCO3 solution (3 × 25 mL) and 1 M HCl (3 × 25 mL) and 

filtered over silica. The filtrate was concentrated under reduced pressure at 40 °C to yield the desired 

product as a colorless foam (302 mg, 0.58 mmol, 97%). 1H NMR (300 MHz, CDCl3): δ / ppm = 7.96–

7.89 (m, 2H), 7.73–7.65 (m, 1H), 7.62–7.54 (m, 2H), 7.33–7.22 (m, 3H), 7.17–7.12 (m, 2H), 6.16–

5.86 (m, 2H), 5.17–5.01 (m, 1H), 4.81–4.67 (m, 1H), 4.30–4.18 (m, 1H), 3.08–2.89 (m, 2H), 1.52–
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1.44 (m, 1H), 1.41–1.38 (m, 9H), 1.34–1.22 (m, 1H), 0.85–0.77 (m, 6H). 13C NMR (75.5 MHz, 

CDCl3): δ / ppm = 170.9, 155.6, 154.9 (d, J = 299.7 Hz), 137.2, 136.6, 134.7, 129.6, 129.4, 128.9, 

128.7, 127.2, 118.1 (d, J = 5.1 Hz), 80.5, 56.1, 43.5, 43.2, 38.5, 28.4, 24.7, 22.6, 22.1. mp: 47–49 °C. 

[α]D
20 = +11 (10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 3302, 3064, 3031, 2959, 2931, 2871, 1655, 1521, 

1366, 1333, 1165, 1092, 753, 720, 686. ESI-MS: m/z calculated for [C27H35FN2O5S+Na]+ ([M+Na]+): 

541.2, found: 541.2. 

N-((S)-1-(((S,E)-1-fluoro-5-methyl-1-(phenylsulfonyl)hex-1-en-3-yl)amino)-1-oxo-3-phenylpropan-

2-yl)pyrazine-2-carboxamide (55) 

 

(1) 54 (254 mg, 0.49 mmol) was treated with 4 M HCl in dioxane (3 mL) at room temperature for 1.5 h. 

The solvent was removed under reduced pressure at 40 °C to yield the amine hydrochloride as a 

colorless solid (224 mg, 0.49 mmol, quantitative), which was directly used in the next step. 

(2) To a 0 °C cold solution of pyrazinecarboxylic acid (61 mg, 0.49 mmol, 1.0 equiv.) in DCM (6 mL) 

were added HOBt ∙ H2O (75 mg, 0.49 mmol, 1.0 equiv.) and 2,4,6-collidine (130 µL, 0.98 mmol, 

2.0 equiv.). After stirring at 0 °C for 30 min, TBTU (158 g, 0.49 mmol, 1.0 equiv.) was added. The 

solution was stirred for another 30 min at 0 °C, and the amine hydrochloride (224 mg, 0.49 mmol, 

1.0 equiv.) was added. After stirring at room temperature overnight, the solvent was removed under 

reduced pressure at 40 °C, and the residue was taken up in ethyl acetate (30 mL). The mixture was 

washed with saturated NaHCO3 solution (3 × 25 mL) and 1 M HCl (3 × 25 mL) and dried over 

anhydrous Na2SO4. After the solvent was removed under reduced pressure at 40 °C, the residue was 

purified by column chromatography (cyclohexane/ethyl acetate = 1:1) to yield the product as a 

mixture of two diastereomers (colorless resin, 174 mg, 0.33 mmol, 67%). 40 mg of diastereomeric 

mixture were separated by preparative HPLC (MeCN/H2O = 25:75) to give 20 mg pure (S,S)- and 

10 mg pure (S,R)-diastereomer. (S,S)-diastereomer: 1H NMR (300 MHz, CDCl3): δ / ppm = 9.34–

9.25 (m, 1H), 8.75 (d, J = 2.5 Hz, 1H), 8.57–8.49 (m, 1H), 8.42 (d, J = 8.2 Hz, 1H), 7.98–7.91 (m, 

2H), 7.73–7.66 (m, 1H), 7.63–7.55 (m, 2H), 7.32–7.16 (m, 5H), 6.19–6.14 (m, 1H), 5.93 (dd, J = 

31.9, 8.9 Hz, 1H), 4.83–4.71 (m, 2H), 3.23–3.05 (m, 2H), 1.44–1.36 (m, 1H), 1.34–1.21 (m, 2H), 

0.79–0.74 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 169.8, 163.0, 154.6 (d, J = 300.1 Hz), 

147.7, 144.2, 144.0, 143.0, 137.2, 136.3, 134.7, 129.6, 129.4, 128.0, 129.7, 127.4, 117.9 (d, J = 

5.3 Hz), 55.0, 43.6, 43.1, 38.8, 24.7, 22.4, 22.3. mp: 68–70 °C. [α]D
20 = +1 (10 mg/mL; CHCl3). 

FT-IR: ν / cm−1 = 3368, 3302, 3063, 3030, 2957, 2927, 2870, 1652, 1519, 1332, 1167, 1019, 752, 

720, 685. ESI-MS: m/z calculated for [C27H29FN4O4S+H]+ ([M+H]+): 525.2, found: 525.1. Purity: 

99%. 
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N-((S)-1-(((S,E)-5-Methyl-1-(phenylsulfonyl)hex-1-en-3-yl)amino)-1-oxo-3-phenylpropan-2-yl)-

pyrazine-2-carboxamide (58) 

 

(1) Under argon atmosphere, LiAlH4 (89 mg, 2.34 mmol, 2.0 equiv.) was added portionwise to a solution 

of 57 (500 mg, 1.17 mmol, 1.0 equiv.) in dry THF (20 mL) at 0 °C. After stirring for 1 h at 0 °C, the 

reaction mixture was quenched by addition of KHSO4 solution (0.3 M, 50 mL), filtered, and extracted 

with ethyl acetate (3 × 50 mL). The combined organic extracts were washed with saturated NaHCO3 

solution (2 × 100 mL), dried over anhydrous Na2SO4, and the solvent was removed by distillation 

under reduced pressure at 40 °C.  The peptidylaldehyde (ca. 200 mg) obtained in the form of an 

orange oil was directly used in the next step. 

(2) To a solution of 3 (155 mg, 0.53 mmol, 1.0 equiv.) and DBU (79 µL, 0.53 mmol, 1.0 equiv.) in dry 

MeCN (20 mL) was added dried LiCl (27 mg, 0.64 mmol, 1.2 equiv.) at 0 °C under argon 

atmosphere. The solution was stirred for 20 min, and a solution of the peptidylaldehyde in dry MeCN 

(6 mL) was added. After stirring for 1 h at 0 °C and argon atmosphere, citric acid solution (10% in 

water, 60 mL) was added. The mixture was extracted with ethyl acetate (3 × 30 mL), and the 

combined organic extracts were filtered over silica. The filtrate was concentrated under reduced 

pressure at 40 °C, and the residue was purified by preparative HPLC to yield the desired product 

((S,S)-diastereomer) as a colorless solid (29 mg, 0.06 mmol, 11%). 1H NMR (600 MHz, CDCl3): 

δ / ppm = 9.33 (s, 1H), 8.77 (s, 1H), 8.54 (s, 1H), 8.32 (d, J = 8.0 Hz, 1H), 7.87–7.84 (m, 2H), 7.67–

7.63 (m, 1H), 7.59–7.55 (m, 2H), 7.25–7.18 (m, 5H), 6.74 (dd, J = 15.1, 5.0 Hz, 1H), 6.07 (dd, J = 

15.1, 1.6 Hz, 1H), 5.93–5.86 (m, 1H), 4.77–4.71 (m, 1H), 4.70–4.63 (m, 1H), 3.20–3.10 (m, 2H), 

1.53–1.46 (m, 1H), 1.35–1.31 (m, 2H), 0.83–0.80 (m, 6H). 13C NMR (150 MHz, CDCl3): δ / ppm = 

169.9, 163.3, 147.8, 145.8, 144.3, 143.9, 143.0, 140.2, 136.1, 133.7, 130.3, 129.5, 129.3, 129.1, 

127.8, 127.6, 55.2, 48.2, 43.1, 38.3, 24.7, 22.8, 22.0. mp: 78–81 °C. [α]D
20 = −22 (10 mg/mL; CHCl3). 

FT-IR: ν / cm−1 = 3299, 3062, 2957, 2929, 2870, 1656, 1517, 1446, 1306, 1144, 1085, 1020, 751, 

719, 687. ESI-MS: m/z calculated for [C27H30N4O4S+H]+ ([M+H]+): 507.2, found: 507.1. Purity: 99%. 

tert-Butyl (1-(benzo[d]thiazol-2-yl)-4-methyl-1-oxopentan-2-yl)carbamate (60) 

 

To a solution of benzothiazole (2.66 g, 19.68 mmol, 10.0 equiv.) in dry THF (50 mL) at −75 °C was 

added n-BuLi (2.5 M in n-hexane, 5.5 mL, 13.78 mmol, 7.0 equiv.) dropwise over 15 min. The mixture 

was stirred at −75 °C for 1 h, and a solution of 51 (540 mg, 1.97 mmol, 1.0 equiv.) in dry THF (10 mL) 

was added. After stirring was continued at −75 °C for 5 h, saturated NH4Cl solution (80 mL) was added. 

The mixture was extracted with ethyl acetate (3 × 80 mL), and the combined organic extracts were dried 
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over anhydrous Na2SO4. The solvent was removed by distillation under reduced pressure at 40 °C, and 

the residue was purified by column chromatography (cyclohexane/ethyl acetate = 20:1) to yield the 

desired product as a yellowish solid (448 mg, 1.29 mmol, 65%). 1H NMR (300 MHz, CDCl3): δ / ppm = 

8.22–8.17 (m, 1H), 8.01–7.95 (m, 1H), 7.62–7.49 (m, 2H), 5.71–5.54 (m, 1H), 5.33–5.18 (m, 1H), 1.90–

1.77 (m, 2H), 1.60–1.50 (m, 1H), 1.43 (s, 9H), 1.09 (d, J = 6.0 Hz, 3H), 0.96 (d, J = 6.3 Hz, 3H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm = 194.9, 164.2, 155.6, 153.7, 137.4, 128.0, 127.1, 125.95, 122.5, 80.0, 55.4, 

42.2, 28.4, 25.4, 23.4, 21.9. mp: 101–103 °C. [α]D
20 = +33 (10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 3362, 

2965, 2930, 2871, 1702, 1679, 1518, 1481, 1366, 1230, 1162, 878, 828, 759, 731. ESI-MS: m/z calculated 

for [C18H24N2O3S+Na]+ ([M+Na]+): 371.1, found: 371.1. 

tert-Butyl ((2S)-1-((1-(benzo[d]thiazol-2-yl)-4-methyl-1-oxopentan-2-yl)amino)-1-oxo-3-phenyl-

propan-2-yl)carbamate (61) 

 

(1) 60 (274 mg, 0.79 mmol) was treated with 4 M HCl in dioxane (4 mL) at room temperature for 1 h. 

The solvent was removed under reduced pressure at 40 °C to yield the deprotected amine 

hydrochloride as a colorless solid (223 mg, 0.79 mmol, quantitative), which was directly used in the 

next step. 

(2) To a 0 °C cold solution of Boc-L-Phe-OH (208 mg, 0.78 mmol, 1.0 equiv.) in DCM (6 mL) were 

added HOBt ∙ H2O (120 mg, 0.78 mmol, 1.0 equiv.) and 2,4,6-collidine (208 µL, 1.57 mmol, 

2.0 equiv.). After stirring at 0 °C for 30 min, TBTU (252 g, 0.78 mmol, 1.0 equiv.) was added. 

The solution was stirred for another 30 min at 0 °C, and the deprotected amine hydrochloride from 

step 1 (223 mg, 0.78 mmol, 1.0 equiv.) was added. After stirring at room temperature overnight, the 

solvent was removed under reduced pressure at 40 °C, and the residue was taken up in ethyl acetate 

(30 mL). The mixture was washed with saturated NaHCO3 solution (3 × 25 mL) as well as 1 M HCl 

(3 × 25 mL) and filtered over silica. The filtrate was concentrated under reduced pressure at 40 °C to 

yield the desired product as a yellowish solid (264 mg, 0.53 mmol, 68%). 1H NMR (300 MHz, 

CDCl3): δ / ppm = 8.20–8.13 (m, 1H), 8.00–7.94 (m, 1H), 7.62–7.50 (m, 2H), 7.24–6.95 (m, 5H), 

6.79 (d, J = 8.5 Hz, 1H), 5.79–5.65 (m, 1H), 5.23–5.02 (m, 1H), 4.48–4.31 (m, 1H), 3.14–2.95 (m, 

2H), 1.84–1.51 (m, 3H), 1.4 –1.39 (m, 9H), 1.03 (d, J = 6.2 Hz, 3H), 0.90 (d, J = 6.3 Hz, 3H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 193.4 (diastereomer B), 192.9 (diastereomer A), 171.1 

(diastereomer B), 171.0 (diastereomer A), 164.0, 155.5, 153.6 (diastereomer B), 153.5 (diastereomer 

A), 137.3 (diastereomer B), 137.2 (diastereomer A), 136.7, 129.3, 128.7 (diastereomer B), 128.6 

(diastereomer A), 128.1, 127.2, 127.0 (diastereomer B), 126.8 (diastereomer A), 125.9, 122.4, 80.3, 

56.3, 54.6 (diastereomer A), 54.3 (diastereomer B), 42.2 (diastereomer A), 41.8 (diastereomer B), 

38.7 (diastereomer A), 38.6 (diastereomer B), 28.4, 25.2, 23.3 (diastereomer B), 23.2 (diastereomer 
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A), 21.9 (diastereomer A), 21.7 (diastereomer B). mp: 133–135 °C. [α]D
20 = −13 (10 mg/mL; CHCl3). 

FT-IR: ν / cm−1 = 3275, 3065, 2962, 2930, 2870, 1686, 1639, 1518, 1366, 1248, 1169, 885, 758, 726, 

699. ESI-MS: m/z calculated for [C27H33N3O4S+Na]+ ([M+Na]+): 518.2, found: 518.0. 

N-((S)-1-(((S)-1-(Benzo[d]thiazol-2-yl)-4-methyl-1-oxopentan-2-yl)amino)-1-oxo-3-phenylpropan-

2-yl)pyrazine-2-carboxamide (62) 

 

(1) 61 (223 mg, 0.45 mmol) was treated with 4 M HCl in dioxane (4 mL) at room temperature for 1 h. 

The solvent was removed under reduced pressure at 40 °C to yield the deprotected amine 

hydrochloride as a colorless solid (194 mg, 0.45 mmol, quantitative), which was directly used in the 

next step. 

(2) To a 0 °C cold solution of pyrazinecarboxylic acid (56 mg, 0.45 mmol, 1.0 equiv.) in DCM (6 mL) 

were added HOBt ∙ H2O (69 mg, 0.45 mmol, 1.0 equiv.) and 2,4,6-collidine (120 µL, 0.90 mmol, 

2.0 equiv.). After stirring at 0 °C for 30 min, TBTU (145 g, 0.45 mmol, 1.0 equiv.) was added. The 

solution was stirred for another 30 min at 0 °C, and the deprotected amine hydrochloride from step 1 

(194 mg, 0.45 mmol, 1.0 equiv.) was added. After stirring at room temperature overnight, the solvent 

was removed under reduced pressure at 40 °C, and the residue was taken up in ethyl acetate (30 mL). 

The mixture was washed with saturated NaHCO3 solution (3 × 25 mL) as well as 1 M HCl (3 × 25 mL) 

and filtered over silica. The filtrate was concentrated under reduced pressure at 40 °C, and the residue 

was purified by column chromatography (cyclohexane/ethyl acetate = 2:1) to yield the desired 

product as a colorless solid (mixture of two diastereomers, ∑ = 119 mg, 0.24 mmol, 53%). Separation 

of the diastereomers was achieved by preparative HPLC. (S,S)-diastereomer: 1H NMR (300 MHz, 

CDCl3): δ / ppm = 9.35 (d, J = 1.5 Hz, 1H), 8.75 (d, J = 2.5 Hz, 1H), 8.53 (dd, J = 2.5, 1.5 Hz, 1H), 

8.44 (d, J = 8.2 Hz, 1H), 8.13–8.08 (m, 1H), 8.01–7.96 (m, 1H), 7.61–7.50 (m, 2H), 7.25–7.19 (m, 

2H), 7.14–7.07 (m, 2H), 7.03–6.96 (m, 1H), 6.77 (d, J = 8.3 Hz, 1H), 5.72–5.63 (m, 1H), 4.96–4.87 

(m, 1H), 3.28–3.08 (m, 2H), 1.82–1.75 (m, 1H), 1.67–1.53 (m, 2H), 0.97 (d, J = 6.3 Hz, 3H), 0.87 

(d, J = 6.3 Hz, 3H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 192.7, 170.1, 164.0, 163.0, 153.5, 147.6, 

144.4, 144.2, 142.9, 137.2, 136.4, 129.3, 128.7, 128.1, 127.2, 127.0, 125.9, 122.5, 55.1, 54.9, 42.1, 

38.9, 25.3, 23.1, 22.0. mp: 65–67 °C. [α]D
20 = −12 (10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 3307, 3061, 

2956, 2925, 2869, 1651, 1519, 1370, 1207,1155, 1019, 882, 760, 730, 699. ESI-MS: m/z calculated 

for [C27H27N5O3S+H]+ ([M+H]+): 502.2, found: 502.1. Purity: 99%. 
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Methyl (tert-butoxycarbonyl)-L-phenylalanyl-L-leucinate (69) 

 

To a 0 °C cold solution of Boc-L-Phe-OH (1.34 mg, 5.04 mmol, 1.0 equiv.) in DCM (20 mL) were added 

HOBt ∙ H2O (0.77 g, 5.04 mmol, 1.0 equiv.) and 2,4,6-collidine (1.34 mL, 1.20 mmol, 2.0 equiv.). After 

stirring at 0 °C for 30 min, TBTU (1.62 g, 5.04 mmol, 1.0 equiv.) was added. The solution was stirred for 

another 30 min at 0 °C, and H2N-L-Leu-OMe ∙ HCl (63, 0.92 g, 5.04 mmol, 1.0 equiv.) was added. After 

stirring at room temperature overnight, the solvent was removed under reduced pressure at 40 °C, and the 

residue was taken up in ethyl acetate (100 mL). The mixture was washed with saturated NaHCO3 solution 

(3 × 80 mL) as well as 1 M HCl (3 × 80 mL) and filtered over silica. The filtrate was concentrated under 

reduced pressure at 40 °C to yield the desired product as a colorless solid (1.63 mg, 4.15 mmol, 82%). 
1H NMR (300 MHz CDCl3): δ / ppm = 7.32–7.14 (m, 5H), 6.33 (d, J = 8.2 Hz, 1H), 5.12–4.95 (m, 1H), 

4.62–4.48 (m, 1H), 4.42–4.27 (m, 1H), 3.68 (s, 3H), 3.06 (d, J = 6.8 Hz, 2H), 1.64–1.43 (m, 3H), 1.40 (s, 

9H), 0.89 (t, J = 5.6 Hz, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 173.0, 171.1, 155.5, 136.7, 129.5, 

128.8, 127.1, 80.4, 55.9, 52.4, 50.9, 41.7, 38.2, 28.4, 24.8, 22.9, 22.0. mp: 98–100 °C. [α]D
20 = −14 

(10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 3289, 3067, 2956, 2871, 1747, 1682, 1647, 1532, 1440, 1366, 

1251, 1169, 1048, 1027, 702. ESI-MS: m/z calculated for [C21H32N2O5+Na]+ ([M+Na]+): 415.2, found: 

415.1. 

Methyl (pyrazine-2-carbonyl)-L-phenylalanyl-L-leucinate (70) 

 

(1) 69 (1.44 g, 3.67 mmol) was treated with 4 M HCl in dioxane (8 mL) at room temperature for 1.5 h. 

The solvent was removed under reduced pressure at 40 °C to yield the deprotected amine 

hydrochloride as a colorless foam (1.21 g, 3.67 mmol, quantitative), which was directly used in the 

next step. 

(2) To a 0 °C cold solution of pyrazinecarboxylic acid (0.44 g, 3.55 mmol, 1.0 equiv.) in DCM (20 mL) 

were added HOBt ∙ H2O (0.54 g, 3.55 mmol, 1.0 equiv.) and 2,4,6-collidine (940 µL, 7.09 mmol, 

2.0 equiv.). After stirring at 0 °C for 30 min, TBTU (1.14 g, 3.55 mmol, 1.0 equiv.) was added. The 

solution was stirred for another 30 min at 0 °C, and the deprotected amine hydrochloride from step 1 

(1.17 g, 3.55 mmol, 1.0 equiv.) was added. After stirring at room temperature overnight, the solvent 

was removed under reduced pressure at 40 °C, and the residue was taken up in ethyl acetate (70 mL). 

The mixture was washed with saturated NaHCO3 solution (3 × 50 mL) as well as 1 M HCl (3 × 50 mL) 

and filtered over silica. The filtrate was concentrated under reduced pressure at 40 °C to yield the 

desired product as a colorless solid (1.15 mg, 2.89 mmol, 82%). 1H NMR (300 MHz, CDCl3): 

δ / ppm = 9.35 (d, J = 1.5 Hz, 1H), 8.75 (d, J = 2.5 Hz, 1H), 8.55–8.51 (m, 1H), 8.39 (d, J = 8.3 Hz, 
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1H), 7.28–7.19 (m, 5H), 6.44 (d, J = 8.0 Hz, 1H), 4.98–4.88 (m, 1H), 4.61–4.50 (m, 1H), 3.71 (s, 

3H), 3.21 (d, J = 7.0 Hz, 2H), 1.62–1.40 (m, 3H), 0.88–0.82 (m, 6H). 13C NMR (75.5 MHz, CDCl3): 

δ / ppm = 172.8, 170.2, 163.0, 147.5, 144.3, 144.1, 143.0, 136.4, 129.5, 128.8, 127.2, 54.6, 52.4, 

51.1, 41.6, 38.5, 24.9, 22.7, 22.1. mp: 50–53 °C. [α]D
20 = −29 (10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 

3294, 3063, 3030, 2955, 2870, 1742, 1651, 1519, 1438, 1370, 1200, 1152, 1019, 746, 699. ESI-MS: 

m/z calculated for [C21H26N4O4+Na]+ ([M+Na]+): 421.2, found: 421.1. 

(Pyrazine-2-carbonyl)-L-phenylalanyl-L-leucine (71) 

 

To a solution of 70 (1.09 g, 2.72 mmol, 1.0 equiv.) in THF (15 mL) and water (15 mL) was added 

LiOH ∙ H2O (0.34 g, 8.17 mmol, 3.0 equiv.). After stirring at room temperature for 17 h, THF was 

removed by distillation under reduced pressure at 40 °C, and the aqueous solution was acidified to pH = 1 

with 1 M HCl. The resulting suspension was extracted with CHCl3, and the combined organic extracts 

were dried over anhydrous Na2SO4. After removing the solvent by distillation under reduced pressure at 

40 °C, the title compound was obtained as a colorless foam (1.05 g, 2.72 mmol, quantitative). 1H NMR 

(300 MHz, CDCl3): δ / ppm = 9.31 (d, J = 1.4 Hz, 1H), 8.74 (d, J = 2.5 Hz, 1H), 8.56–8.54 (m, 1H), 8.51 

(d, J = 8.5 Hz, 1H), 7.25–7.07 (m, 6H), 6.98 (d, J = 8.0 Hz, 1H), 5.10–5.00 (m, 1H), 4.64–4.53 (m, 1H), 

3.29–3.13 (m, 2H), 1.71–1.47 (m, 3H), 0.88–0.82 (m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 175.5, 

170.8, 163.1, 147.2, 144.3, 144.0, 143.3, 136.3, 129.5, 128.7, 127.2, 54.6, 51.2, 41.3, 38.6, 24.9, 22.8, 

22.0. mp: 62–64 °C.  [α]D
20 = −3 (10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 3297, 3064, 3031, 2956, 2870, 

1724, 1648, 1522, 1467, 1199, 1151, 1020, 866, 746, 698. ESI-MS: m/z calculated for [C20H24N4O4+H]+ 

([M+H]+): 385.2, found: 385.1. 

N-((S)-1-(((S)-4-Methyl-1-oxo-1-(((S)-2-oxo-1-phenylazetidin-3-yl)amino)pentan-2-yl)amino)-1-

oxo-3-phenylpropan-2-yl)pyrazine-2-carboxamide (72) 

 

To a 0 °C cold solution of 72 (131 mg, 0.34 mmol, 1.0 equiv.), HOBt ∙ H2O (52 mg, 0.34 mmol, 

1.0 equiv.), and TBTU (109 mg, 0.34 mmol, 1.0 equiv.) in DCM (20 mL) were added 9 (68 mg, 

0.34 mmol, 1.0 equiv.) and 2,4,6-collidine (90 µL, 0.68 mmol, 2.0 equiv.), and the mixture was stirred at 

room temperature overnight. The solvent was removed under reduced pressure at 40 °C, and the residue 

was purified by column chromatography (DCM/MeOH 30:1) to yield the desired product as a colorless 

solid (117 mg, 0.22 mmol, 65%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.27 (d, J = 1.4 Hz, 1H), 8.69 

(d, J = 2.5 Hz, 1H), 8.46–8.40 (m, 1H), 8.35 (d, J = 7.5 Hz, 1H), 7.51 (d, J = 7.5 Hz, 1H), 7.33–7.27 (m, 
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4H), 7.25–7.13 (m, 5H), 7.12–7.05 (m, 1H), 7.00 (d, J = 8.1 Hz, 1H), 4.97–4.85 (m, 2H), 4.55–4.45 (m, 

1H), 3.89–3.82 (m, 1H), 3.59 (dd, J = 5.8, 2.7 Hz, 1H), 3.24–3.18 (m, 2H), 1.73–1.43 (m, 3H), 0.84–0.76 

(m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 172.4, 170.9, 163.8, 163.6, 147.7, 144.3, 143.8, 142.9, 

137.8, 136.2, 129.4, 129.3, 128.9, 127.3, 124.5, 116.8, 55.62, 55.0, 52.0, 47.1, 40.5, 38.0, 24.8, 23.0, 21.9.  

mp: 187–189 °C. [α]D
20 = −15 (10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 3390, 3280, 3066, 2957, 2870, 1757, 

1653, 1598, 1498, 1464, 1387, 1147, 1020, 750, 693. ESI-MS: m/z calculated for [C29H32N6O4+H]+ 

([M+H]+): 529.3, found: 529.2. Purity: 95%. 

N-((S)-1-(((S)-1-Amino-4-methyl-1-oxopentan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)pyrazine-2-

carboxamide (73) 

 

To a 0 °C cold solution of 70 (365 mg, 0.92 mmol) in MeOH (5 mL) was added NH3 solution (7 N in 

MeOH, 12 mL). The solution was stirred at 0 °C for 15 min and at room temperature for 24 h. Again, 

NH3 solution (7 N in MeOH, 12 mL) was added, and the mixture was stirred at room temperature for an 

additional 24 h. The solvent was removed by distillation to yield the title compound as a colorless solid 

(315 mg, 0.82 mmol, 89%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.16–9.07 (m, 1H), 8.87 (d, J = 

2.6 Hz, 1H), 8.77–8.62 (m, 2H), 8.27 (d, J = 8.3 Hz, 1H), 7.37–7.29 (m, 1H), 7.28–7.09 (m, 5H), 7.07–

6.93 (m, 1H), 4.89–4.76 (m, 1H), 4.36–4.24 (m, 1H), 3.23–3.02 (m, 2H), 1.67–1.40 (m, 3H), 0.92–0.78 

(m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 173.9, 170.0, 162.3, 147.8, 144.1, 143.4, 137.3, 129.3, 

128.1, 126.4, 53.9, 50.9, 41.1, 37.5, 24.3, 23.0, 21.7. mp: 201–203 °C. [α]D
20 = −4 (10 mg/mL; CHCl3). 

FT-IR: ν / cm−1 = 3368, 3308, 3195, 3054, 2959, 1686, 1645, 1530, 1449, 1398, 1227, 1020, 774, 746, 

693. ESI-MS: m/z calculated for [C20H25N5O3+Na]+ ([M+Na]+): 406.2, found: 406.1. 

N-((S)-1-(((S)-1-Cyano-3-methylbutyl)amino)-1-oxo-3-phenylpropan-2-yl)pyrazine-2-carbox-

amide (74) 

 

To a 0 °C cold solution of 73 (211 mg, 0.55 mmol, 1.0 equiv.) in dry DMF (4 mL) was added cyanuric 

chloride (112 mg, 0.61 mmol, 1.1 equiv.) portionwise. The solution was stirred at 0 °C for 1 h and at 

room temperature overnight. An additional quantity of cyanuric chloride (112 mg, 0.61 mmol, 1.1 equiv.) 

was added, and the mixture was stirred at room temperature for an additional 24 h. The solvent was 

removed by distillation under reduced pressure at 40 °C, and the residue was purified by reversed phase 

flash chromatography (MeCN/H2O = 10:90 → 100:0) to yield the desired product as a yellowish solid 
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(95 mg, 0.26 mmol, 47%). 1H NMR (300 MHz, CDCl3): δ / ppm = 9.33 (d, J = 1.5 Hz, 1H), 8.78 (d, J = 

2.5 Hz, 1H), 8.55 (dd, J = 2.5, 1.5 Hz, 1H), 8.38 (d, J = 8.1 Hz, 1H), 7.34–7.19 (m, 5H), 6.54 (d, J = 

8.2 Hz, 1H), 4.86–4.74 (m, 2H), 3.22 (d, J = 7. 1 Hz, 2H), 1.77–1.45 (m, 3H), 0.93–0.85 (m, 6H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 170.1, 163.4, 147.9, 144.4, 143.7, 143.0, 135.9, 129.4, 129.1, 

127.5, 118.2, 54.9, 41.7, 39.2, 38.4, 24.9, 22.3, 21.8. mp: 46 °C (decomposition). [α]D
20 = −32 (10 mg/mL; 

CHCl3). FT-IR: ν / cm−1 = 3288, 3061, 2959, 2872, 2247, 1657, 1519, 1467, 1402, 1236, 1154, 1020, 910, 

729, 700. ESI-MS: m/z calculated for [C20H23N5O2+H]+ ([M+H]+): 366.2, found: 366.0. Purity: 95%. 

(tert-Butoxycarbonyl)-L-leucine-1-13C (113) 

 

Adapted from DUTTON et al., J. Med. Chem. 2003, 46, 2057–2073. 

To a 0 °C cold solution of H-Leu-L-13C-OH (0.98 g, 7.42 mmol, 1.0 equiv.) in 1,4-dioxane (5 mL) and 

water (3 mL) were added NaOH solution (1 M, 15 mL) and Boc2O (3.66 g, 16.77 mmol, 2.26 equiv.). The 

solution was stirred at room temperature overnight, and water (30 mL) was added. The mixture was 

washed with n-pentane (4 × 80 mL) and acidified to pH = 1 with 1 M HCl. The resulting suspension was 

extracted with ethyl acetate (4 × 50 mL), and the combined organic extract were dried over anhydrous 

Na2SO4. After removing the solvent by distillation under reduced pressure at 40 °C, the desired product 

was obtained as a colorless oil (1.72 g, 7.42 mmol, quantitative). 1H NMR (300 MHz, CDCl3): δ / ppm = 

4.89 (d, J = 8.5 Hz, 1H), 4.41–4.05 (m, 1H), 1.82–1.50 (m, 3H), 1.45 (s, 9H), 0.95 (d, J = 6.2 Hz, 6H). 
13C NMR (75.5 MHz, CDCl3): δ / ppm = 178.3, 155.9, 80.4, 52.16 (d, J = 58.6 Hz), 41.6, 28.4, 24.9, 23.0, 

21.9. [α]D
20 = −5 (10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 3446, 3333, 2959, 2940, 2870, 2561, 1684, 1533, 

1392, 1366, 1237, 1161, 1048, 872, 757. ESI-MS: m/z calculated for [C10
13CH21NO4+Na]+ ([M+Na]+): 

255.1, found: 255.0. 

tert-Butyl (S)-(1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl-1-13C)carbamate (114) 

 

To a 0 °C cold solution of Boc-Leu-L-13C-OH (113, 1.70 g, 7.32 mmol, 1.0 equiv.) in DCM (80 mL) were 

added HOBt ∙ H2O (1.12 g, 7.32 mmol, 1.0 equiv.) and 2,4,6-collidine (1.94 mL, 14.64 mmol, 

2.0 equiv.). After stirring at 0 °C for 30 min, TBTU (2.35 g, 7.32 mmol, 1.0 equiv.) was added. The 

solution was stirred for another 30 min at 0 °C, and N,O-dimethylhydroxylamine ∙ HCl (0.71 g, 

7.32 mmol, 1.0 equiv.) was added. After stirring at room temperature overnight, the solvent was removed 

under reduced pressure at 40 °C, and the residue was taken up in ethyl acetate (100 mL). The mixture 
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was washed with saturated NaHCO3 solution (3 × 80 mL) as well as 1 M HCl (3 × 80 mL) and filtered 

over silica. The filtrate was concentrated under reduced pressure at 40 °C to yield the desired product as 

a colorless oil (1.91 g, 6.92 mmol, 95%). 1H NMR (300 MHz, CDCl3): δ / ppm = 5.14–4.95 (m, 1H), 

4.79–4.60 (m, 1H), 3.77 (s, 3H), 3.22–3.15 (m, 3H), 1.78–1.61 (m, 1H), 1.49–1.37 (m, 11H), 0.97–0.88 

(m, 6H). 13C NMR (75.5 MHz, CDCl3): δ / ppm = 174.0, 155.8, 79.6, 61.7, 49.10 (d, J = 54.6 Hz), 42.2, 

32.3, 28.5, 24.9, 23.5, 21.0. [α]D
20 = −10 (10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 3321, 2957, 2935, 2870, 

1708, 1619, 1499, 1365, 1250, 1165, 1045, 1017, 986, 875, 758. ESI-MS: m/z calculated for 

[C12
13CH26N2O4+Na]+ ([M+Na]+): 298.2, found: 298.1. 

tert-Butyl (1-(benzo[d]thiazol-2-yl)-4-methyl-1-oxopentan-2-yl-1-13C)carbamate (115) 

 

To a solution of benzothiazole (2.65 g, 19.61 mmol, 10.0 equiv.) in dry THF (50 mL) at −75 °C was 

added n-BuLi (2.5 M in hexanes, 5.5 mL, 13.73 mmol, 7.0 equiv.) dropwise over 15 min. The mixture 

was stirred at −75 °C for 1 h and a solution of 114 (540 mg, 1.96 mmol, 1 equiv.) in dry THF (10 mL) 

was added. After stirring was continued at −75 °C for 2.5 h, saturated NH4Cl solution (30 mL) was added. 

The mixture was extracted with ethyl acetate (3 × 80 mL), and the combined organic extracts were filtered 

over a small silica column. The filtrate was concentrated by distillation under reduced pressure at 40 °C, 

and the residue was purified by column chromatography (cyclohexane/ethyl acetate = 20:1) to yield the 

desired product as a yellowish solid (380 mg, 1.09 mmol, 56%). 1H NMR (300 MHz, CDCl3): δ / ppm = 

8.22–8.16 (m, 1H), 8.00–7.94 (m, 1H), 7.61–7.49 (m, 2H), 5.76–5.52 (m, 1H), 5.40–5.18 (m, 1H), 1.88–

1.77 (m, 2H), 1.60–1.50 (m, 1H), 1.43 (s, 9H), 1.09 (d, J = 6.0 Hz, 3H), 0.96 (d, J = 6.2 Hz, 3H). 13C NMR 

(75.5 MHz, CDCl3): δ / ppm =194.9, 164.2 (d, J = 64.8 Hz), 155.6, 153.7 (d, J = 7.8 Hz), 137.4, 128.0, 

127.1, 125.9, 122.5, 80.0, 55.4 (d, J = 46.0 Hz), 42.2, 28.4, 25.4, 23.4, 21.8. mp: 108–110 °C. [α]D
20 = +40 

(10 mg/mL; CHCl3). FT-IR: ν / cm−1 = 3364, 3066, 2965, 2929, 2871, 1682, 1659, 1518, 1480, 1366, 

1161, 876, 824, 760, 731. ESI-MS: m/z calculated for [C17
13CH24N2O3S+Na]+ ([M+Na]+): 372.1, found: 

372.0. Purity: 98%. 
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CD containing NMR spectra, chromatograms, and Supporting Information files. 
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