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“We must trust to nothing but facts: These are presented to us by nature and cannot deceive. We ought,
in every instance, to submit our reasoning to the test of experiment, and never to search for truth but by

’

the natural road of experiment and observation.’

— Antoine Lavoisier
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Zusammenfassung

Kovalente Inhibitoren wurden bei der Entwicklung von Arzneistoffen wegen mdglichen toxischen
Nebenwirkungen durch Off-Target-Modifikationen meist vermieden. Mittlerweile werden jedoch sie
zunehmend in Betracht gezogen, nicht nur flir Arzneistoffe, sondern auch fiir biochemische Tools.
Gegeniiber nicht-kovalenten Inhibitoren bieten sie ndmlich mehrere Vorteile, wie hohere Affinitit,
effizientere Konkurrenz zu endogenen Substraten, lingere Verweildauer und geringere Anfalligkeit fiir
Arzneistoffresistenzen. In dieser Arbeit wurden potenzielle kovalente Inhibitoren fiir 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 fiir
die Entwicklung von Medikamenten und activity-based probes (ABP) dar, die zu biologischen
Untersuchungen dieser Enzyme sowie ihrer RNA-Modifikationen eingesetzt werden kdnnen. Ausgehend
vom natiirlichen Produktinhibitor S-Adenosyl-L-homocystein (SAH) wurden zusitzliche Seitenketten
(alkylisch, aromatisch, Warhead-dekoriert) an das Geriist angehéngt, um das Affinitits- und
Selektivititsprofil fiir DNMT2, NSUN2 und NSUNG6 zu untersuchen. Die erste Generation von SAH-
basierten Inhibitoren lieferte ein Alkin-Derivat als potenten DNMT2-Inhibitor (IC,, = 12.9 + 1.9 uM).
Nachfolgend wurde eine zweite Generation, bestehend aus elektronenarmen aromatischen SAH-
Derivaten, entwickelt, was nicht nur zum bislang starksten, sondern auch zum ersten kovalenten DNMT2-
Inhibitor (IC;, = 1.2 £ 0.1 uM) fiihrte, der selektiv gegenliber NSUN2 und NSUNG ist. Diese Ergebnisse
bilden eine vielversprechende Grundlage fiir die Entwicklung von ABPs fiir zukiinftige Studien. Des
Weiteren wurden selektive NSUN6-Inhibitoren identifiziert, die weiter hinsichtlich ihrer Affinitat

optimiert werden konnen.

Schistosoma mansoni ist ein parasitirer Plattwurm, der in 53 Landern vorkommt und Schistosomiasis
verursacht. Zahlreiche in-house Inhibitoren wurden auf ihre anti-schistosomale Aktivitdt und ihre
hemmende Wirkung auf S. mansoni Cathepsin Bl (SmCB1), die am héufigsten vorkommende
Cysteinprotease im Darm des Parasiten, untersucht. Ausgehend von einem peptidomimetischen Inhibitor,
der die hdchste anti-schistosomale Aktivitdt aufwies, wurden lipophilere Substrukturen sowie alternative
Warheads in das Gertist eingefiihrt, was zu einer Erhdhung der Zellpermeabilitdt und Wirksamkeit gegen
S. mansoni fiihrte. 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 Affinitdt und Selektivitét
von Proteaseinhibitoren aus, doch ist der genaue Einfluss jeder Komponente unklar. Daher wurde eine
umfassende Studie durchgefiihrt, in der etablierte peptidomimetische Sequenzen von Inhibitoren fiir fiinf
Proteasen mit sieben verschiedenen Warheads kombiniert wurden. Die Testungen ergaben, dass die
peptidomimetische Sequenz hauptséchlich fiir die Selektivitit verantwortlich, jedoch die Kombination
mit einem geeigneten Warhead entscheidend ist, um iiberhaupt eine Aktivitit gegeniiber einer Protease
von Interesse zu erreichen und um eine Off-Target-Reaktivitit zu vermeiden. Diese Arbeit beschreibt die
Entwicklung von Bortezomib-Kongeneren als potenzielle Proteasom-Inhibitoren (einer von fiinf

Inhibitorensétzen) fiir 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 NSUNG6. The first
generation of SAH-based inhibitors revealed an alkyne derivative as a potent inhibitor (IC,, = 12.9 +
1.9 uM) of DNMT?2. 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 (IC,,= 1.2 + 0.1 uM) that is selective over NSUN2 and NSUNG6. These
findings represent a promising basis for the development of ABPs for future studies. Additionally,

NSUNG 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 SmCBI1 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 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.' This process can be either reversible or irreversible, which is determined by
the respective warhead.” 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.'*™ Until recently,
covalent inhibitors were usually avoided in drug development, mainly due to concerns of toxic side effects
caused by off-target modification.’ 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.” However, after
being controversially discussed, covalent inhibitors are increasingly emerging, not only as therapeutic
drugs, but also as biochemical tools.”® Although covalent inhibitors have only recently attracted strong
interest in medicinal chemistry, their course already started in the late 19" century with the development
of acetylsalicylic acid (Aspirin, ASA) by Bayer (Figure 1)."”'° ASA inhibits the cyclooxygenase I and 11
(COX-I and -II) by transferring the acetyl group to a serine residue near the active site.'' In 1928,
penicillin, a B-lactam-based antibiotic was discovered by Alexander Fleming.'> 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,” omeprazole (1988), a proton pump inhibitor,
fosfomycin (1996), an antibiotic, and the antiplatelet drug clopidogrel (1997)."* Notably, omeprazole and
clopidogrel each undergo metabolic modification to generate the active agents that form covalent bonds. '’
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.'*'® Warhead fine-tuning led to bortezomib (2003),"” a proteasome inhibitor for the treatment of
multiple myeloma.'® Later, carfilzomib (2012) was approved as an alternative proteasome inhibitor for
the same indication.'” In 2009, saxagliptin, an antidiabetic, was introduced to the market,” followed by
the antiviral drug boceprevir (2011).>' 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)."*

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,” or to a compound that specifically targets non-catalytic, poorly
conserved residues.” The latter one originates from the association with kinase inhibitors designed to

target non-catalytic cysteine residues by a,B-unsaturated Michael acceptors.”** 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."***
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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).*°
Nevertheless, the design of a covalent drug is a challenging endeavor. It requires detailed knowledge
about the structural and mechanistic properties of the target.”® 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.””*® 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.”® 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.” Yet various
PAINS have been published as promising biological active compounds.”~*° 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.”’ However, PAIN filters are not always reliable, making

a small compound hit featuring such a substructure alert not necessarily a PAIN compound. Before a

2



1.2 Design of covalent inhibitors

potential covalent inhibitor would be discarded, additional validation by orthogonal methods should be
performed.”> 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.*® Although designing
substructures around a reactive group to build up non-covalent interactions can be a succeeding strategy,”
the vast majority of designed covalent inhibitors started from a non-covalent hit or lead molecule.'® By
starting from a known non-covalent inhibitor, a derived covalent analog will show high selectivity and

less reactive warheads can be used.?

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),’ structure-based design,’ and scaffold hopping,* but

336 molecular dynamics,”” and quantum

also bioinformatic approaches such as molecular docking,
chemical calculations."*® Optimization relates not only to affinity and selectivity, but also to the
adjustment of pharmacokinetic parameters, such as absorption, distribution, metabolism, elimination

(ADME),” which is particularly challenging in drug development.
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Figure 2: Process of developing a covalent drug.”®

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.*’ 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.*' 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,” but compounds were also developed targeting
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43-45 23,47-49

lysine,” * tyrosine,* glutamate/aspartate, and methionine side chains.”® 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~?) > methionine > (10°) >

lysine, serine (10°) > threonine and tyrosine (10 °).”" Given this fact, it is not surprising that most

covalent inhibitors are targeting thiol groups.****

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 Asp*’), (cyano-)acrylamides, propargyls, alkyl halides, or aziridines
react preferably with cysteine.”***® Serine or threonine can be specifically trapped with S-lactams,

485334 o-Halo ketones, a-ketobenzothiazoles, or keto amides can be

boronic acids and fluorophosphonates.
used to address cysteine as well as serine/threonine as they react less specifically.** "% These
nucleophiles are also targeted by nitriles, which have been receiving much attention in covalent drug
design, recently.””** 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.*® Activated esters
are typically used for covalent modification of lysine residues, but these warheads also allow reaction
with serine and threonine.”* N-Acyl-N-alkyl sulfonamides are reported to specifically address lysine,
particularly to modify surface-exposed residues of proteins.”** Methionine and glutamate/aspartate are
rarely addressed residues. Oxaziridines are used to react highly selectively with methionine via a redox
mechanism.**®' N-Methylisoxazolium structures derived from the “Woodward reagent K” can react with
carboxylate groups found in glutamate and aspartate.”*"* Besides the commonly used warheads
mentioned in this section, various other reactive groups have been reported.”>*** 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.”*** B-Lactams are also described as irreversible inhibitors,*** but in
some cases a reversible binding mode with the release of an opened B-lactam ring can occur.® The binding
behavior of some Michael-acceptor warheads can be adjusted by attaching an electron-withdrawing group
to the a-position. Such modifications increase the acidity of the a-proton of the covalent adduct, thus
64-66

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

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.” Furthermore, the accessibility of the acidic a-proton to water is significantly

higher when being solvent exposed instead of being bound in a binding site.*
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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.®’ 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 K defined as the ratio of the microscopic
rate constants for the forward (k,) and reverse (£_,) binding event (Scheme 1 and Eq. 1). Commonly, the
on-rate &, is equal to the forward rate constant k,, while the off-rate k is equal to the reverse rate

constant k_,.**
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Scheme 1: Kinetic of non-covalent inhibitors.

_ka
Ki_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 k,/k_, are also taken into account, giving a new global
dissociation constant defined as K;* (Scheme 2 and Eq. 2).” 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.®

| | Covalent bond

K= Eq.2

1.3.3 Covalent irreversible inhibitors

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

In this case, £, is referred to as &, or k; (Scheme 3). To consider the formation and dissociation of the

inact
non-covalent complex as well as the total irreversible inhibition step, an additional constant, namely, the
second order rate constant of inactivation k,,, can be determined. It is defined as the quotient of k. /K,

and describes the efficiency of covalent bond formation (Eq. 3).""

Co—0®—@

Covalent bond

Scheme 3: Kinetic of covalent irreversible inhibitors.

k2nd = kinT:?ct 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 IC,,. The IC,, value is related to the K, value by the CHENG-
PRUSOFF equation for competitive inhibitors (Eq. 4) where [S] refers to the substrate concentration and

K, is the MICHAELIS constant representing the concentration of half maximal enzyme activity.”

IC
’(i :%]) Eq.4

("%
Notably, the IC,, value must be interpreted carefully regarding irreversible inhibitors. Their IC;, 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 IC,, values are reported for a

given irreversible inhibitor.”

1.3.5 Residence time

The residence time ¢, 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).*"

tr:— 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.”

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.® 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.””’® 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).**”** The same is true for
hard-to-drug targets with shallow binding pockets that are difficult to reach through non-covalent
interactions.*"* 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.® 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.®

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:
Part1

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 NSUNG®6, 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 II1

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.
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» Non-covalent and covalent S-adenosyl-L-homocysteine derivatives

as RNA methyltransferase inhibitors






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.* 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”.® While the first RNA modification was
discovered in 1957, more than 170 different modifications of coding and non-coding RNA have been
found to date, according to the MODOMICS database.”” 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 (IncRNA), and short non-coding RNA (sncRNA).**** 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 N°-methyladenosine (m°A),
N'-methyladenosine (m'A), pseudouridine (¥), 5-methylcytosine (m’C), 5-hydroxymethylcytosine

) 91,95-97

(hm’C), 1-methylguanosine (m'G), and inosine (I) (Figure 4
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Figure 4: Common modifications found in RNA. A: adenine, C: cytosine, U: uracil, G: guanine, m®A: N®-methyladenosine, m'A:
N'-methyladenosine, I: inosine, m’C: 5-methylcytosine, hm’C: 5-hydroxymethylcytosine, W¥: pseudouridine, m'G:

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).” 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.” 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,”® the mechanisms
and functions of most of them are still unknown.”®” 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.”'” 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.'*"'*

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

potential targets for treatment of diseases.'”

2.2 tRNA cytidine methylation by SAM-dependent methyltransferases

2.2.1 m°C 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 m®A, m°C, and 2'-O-Me.*’ 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.”

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.””'™ While m’C only occurs in TRNA in bacteria, it is more
common in archaea and eukaryotes as it is also present in mRNA and various ncRNAs. The m°C
modification in DNA has been extensively studied, but in the context of RNA the function is largely
unclear.'” Studies have shown that it is important for the regulation involved in gene expression,
including RNA export, ribosome assembly, translation, and RNA stability.'” The modification affects
the tertiary structure of tRNA, but also rRNA, and therefore ensures accurate RNA translation.'® 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.'®
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2.2 tRNA cytidine methylation by SAM-dependent methyltransferases

2.2.2  tRNA CS5 methylation sites of DNMT2, NSUN2, and NSUN6

7 However, these reactions

Methyl groups are transferred to RNA by methyltransferases (MTases).
require cofactors, such as N’-methyltetrahydrofolate or the more commonly used S-adenosyl-L-
methionine (17, SAM).”"7 SAM is a ubiquitous cofactor in all living organisms, and after adenosine
triphosphate (ATP) the second most widely used enzyme substrate.”™ 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).'®

NH, NH,

b b@

(¢] N

HOYNQA@SA@,N /\ \ / YKAAQ,\)\(

) @ — MTase

HO OH
S-Adenosyl-L-methionine (17) S-Adenosyl-L- homocystelne (18)

Scheme 4: General representation of the transfer of a methyl group from SAM to tRNA cytidine by MTases such as DNMT2,
NSUN2, and NSUNG6.

There are eight known RNA methyltransferases that are responsible for m’C modifications in eukaryotes,
namely the DNA methyltransferase 2 (DNMT2) and the NOL1/Nop2/Sun family (NSUN1-7).'*
Originally, the eukaryotic DNMT2 was named for its homology to DNA methyltransferases.'” Although
it is a member of the DNA MTase family, its actual substrate is cytosolic tRNA*? at position C38 in the
anticodon loop (Figure 5).'""'"° Depending on the species, tRNAY, tRNA"", and tRNA" are further
substrates of DNMT2.""! There are also some indications that the enzyme has DNA methylation activity.
DNMT?2 is able to recognize and modify DNA fragments when they are presented as covalent DNA -
RNA hybrids in the structural context of a tRNA.'"* Additionally, it was discussed that DNMT2 can
modify DNA at CG residues.'”” 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

DNMT]1 and DNMT3.'*®

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.'” However, due to its predominant
localization in the nucleus, NSUN2 appears to play a role in the methylation of tRNA during early-stage
biogenesis.'"* NSUNG6, on the other hand, is localized in the cytoplasm and, moreover, is enriched in
proximity to the Golgi apparatus and pericentriolar matrix,'"” suggesting that the methylation it mediates
is a late-stage process.'” While NSUNG is limited to m°C72 in the acceptor talk of tRNA®™ 113116

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).""*""7"""” Moreover, it also modifies mitochondrial tRNA (mt-tRNA) at positions
48-50"" and is also able to methylate mRNA. "'

A | ... B

C49
48

C—3 Q)

DNMT2

@ c3s NSUN2

C34

Figure 5: Depiction of the methylation sites of DNMT2 (grey), NSUN2 (blue), and NSUNG6 (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.'”>'” NSUN3 is required for the m’C34 modification in
mt-tRNAM,''% its mitochondrial member NSUN4 modifies TRNA.'"** The remaining NSUN family
members are not associated with tRNA as substrate. NSUNI and NSUNS are specific to cytoplasmic
rRNA.'” 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.'?’

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.'” Methylation of C38 within the anticodon loop by DNMT?2 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 tRNA**-m’C38 increases the mis-incorporation rate of
amino acids caused by the near cognate codon of tRNA", which can lead to the production of aberrant
proteins.'*® Furthermore, DNMT2-mediated C38 methylation of tRNA*? has a regulatory effect on the
translation of poly-Asp-containing proteins. The modification increases the preference of the aspartyl-
129

tRNA synthetase to tRNA""-m’C38 four- to fivefold, which results in a higher aminoacylation rate.

Besides the improving effects in the translation process, DNMT2 methylation also protects the tRNA

14
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under stress conditions. The enzyme relocalizes to stress granules when cells are exposed to heat shock.
Absence of DNMT-mediated m’C modification resulted in an increased formation of tRNA fragments
caused by angiogenin-mediated stress-induced ribonuclease cleavage.'*® This leads to the suggestion that
DNMT2 promotes tRNA stability and thus the rate of overall protein synthesis.'"*"*” DNMT?2 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.”' In contrast, no morphological effects were observed in flies, mice, and plants.'®
Overexpression in Drosophila prolonged life span and increased stress resistance.'”> 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 (Kif) as well as growth (Sox9). Neither of these

phenotypes occurred in DNMT2 knockout mice.'**

In the region of the anticodon, another methylation can also take place, namely C34 mediated by NSUN?2.
In tRNA""“Y this is not the final modification, but functions as a precursor. For instance, after intron-
removal, the methyl group of C34 is oxidized to hm’C, 5-formylcytosine (f°C), or both. The RNA is then
exported to the cytoplasm where 2'-O-ribose methylation occurs to form S5-hydroxymethyl-2'-O-
methylcytidine (hm°’Cm), 5-formyl-2'-O-methylcytidine (f\Cm), or both."**'** In yeast, oxidative stress
leads to an increased methylation at C34 of tRNA""““Y)_ resulting in an enhanced translation of mRNAs
required for the biosynthesis of stress response proteins.'*® 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).
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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-m°C48).

The formation is crucial for the characteristic L-shaped tertiary structure of most tRNA molecules."’
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.”*® According to databases, the methylated Levitt pair G15-m’C48 is found in 26% of tRNA

sequences.'”’

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 m’C48/49/50 modifications, leading to
aberrant accumulation of cleaved tRNAs.'"” 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.'* In addition, NSUN2 affects the processing of vault tRNA (vtRNA)'*' and microRNA (miRNA).'*

1,'* neural,'* and

Studies associate NSUN2 with stem cell function,'” the differentiation of epiderma
germ stem cells,'** as well as cell proliferation.'” Interestingly, the enzyme appears to promote stress
induced premature senescence.'* NSUN2 was also found to affect mobile genetic element expression

and impact genome stability.'*

Compared to DNMT2 and NSUN2, the function of NSUNG6 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
NSUNG6 recognizes a specific nucleotide sequence as well as a correct folding of the full-length tRNA."*°
The exact biological function underlying this fact remains unknown. In Pyrococcus horikoshii, an
anaerobic archaeon, the m°C72 modification is assumed to slightly enhance the thermal stability of
tRNA."! Notably, NSUN6-mediated methylation increases abundance and translation efficiency of
mRNA."?

2.2.4 Links to pathophysiological processes

DNMT2, NSUN2, and NSUNG6 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.'” An overexpression of the enzyme was observed in several cancer
tissues, such as cervical,'** bladder tissue,'** or lymph node metastases.'*® Furthermore, numerous somatic
mutations in the enzyme were found in tumors originating from different tissues.'*® Studies suggest that
somatic mutations can strongly alter the catalytic activity of DNMT2 and have a functional role in
tumorigenesis.””” 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.'”® There is also evidence that DNMT?2 plays a role in other pathophysiological
processes besides cancer. Metabolic disorders and their epigenetic inheritance are linked to elevated m*G
and m°C levels on sncRNA in mouse models."” Deletion of DNMT2, which is responsible for the
modifications, abolished sperm sncRNA-mediated transmission of metabolic disorders induced by high-

fat-diet.'®
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2.3 Structures and catalytic mechanisms of DNMT2, NSUN2, and NSUN6

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.'®"'®*!71"173197170 Thoge findings are substantiated by the fact
that NSUN2 promotes cell growth by regulating the expression of cyclin-dependent kinase 1 (CDK1)."7
Interestingly, NSUN2 can suppress sensitivity of cancer cells to treatment with 5-fluorouracil.'”” The
enzyme is also associated to many other diseases, especially with neurological symptoms. Mutations in
NSUN2 can cause intellectual disability'”"* and autism spectrum disorder." Neuronal NSUN2-
deficiency results in depression and anxiety.'®* 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.'®*'® 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.'*

The involvement of NSUNG6 in pathophysiological processes is largely unknown. NSUNG6 appears to
reduce MST1 kinase activity by methylation of Lys59 and activates yes-associated protein (Y AP) target
genes, which leads to cancer cell-induced osteoclast differentiation and bone metastasis."® Another study
showed that the expression of NSUNG is significantly increased in colorectal cancer tissue and classified

the enzyme expression as a risk factor for this cancer type.'™®

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 m’C
methyltransferases, was identified by comparing genome and proteome sequences.'® Summarized in a

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

RNA
DNMT3 methyltransferases

DNMT1

Eukaryotic cells

Prokaryotic DNA
methyltransferases

Figure 7: A: Phylogenetic diagram of the RNA methyltransferases DNMT2 and NSUN1-7."° B: Consensus model of phylogeny
of DNMT2, DNMT1, and DNMT3.'"?
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Overall, it is not much known about the origin of those RNA MTases. From an evolutionary point of view
DNMT?2 seems to be more related to DNMT3 than DNMT1 as several branches of prokaryotic DNA
MTases separate their groups (Figure 7B).'"° 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.'"’
Furthermore, it is assumed that the eukaryotic DNMT2, DNMTI1, and DNMT3 families originated
independently from prokaryotic DNA MTase ancestors.''®"'"""! 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,!0-HHLHS1917193

RNA and DNA C5 cytosine methyltransferases all share a common core structure of a mixed seven-
stranded B-sheet, the so-called “AdoMet-dependent MTase fold”."* 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.'™ In DNMT enzymes a non-conserved region
is located between motifs VIII and X, referred to as the target recognition domain (TRD), which is

involved in DNA recognition and specificity.'*>'%

DNMT?2 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

197-199

acids, respectively (Figure 8).
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Figure 8: A: Crystal structure of hDNMT?2 (grey, PDB-ID: 1G55),"” AlphaFold model of hNSUN2 (blue),”*"! and crystal
structure of hNSUNG6 (orange, PDB-ID: SWWR).""® B: Domain organization of animal DNMT family members,'**'**> RNA
MTases from eukaryotes (NSUN1-7) and bacteria (RsmB and RsmF).'™

It exclusively consists of the conserved C-terminal catalytic domain but lacks the regulatory N-terminal
domain.'™"” Interestingly, the DNMT?2 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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2.3 Structures and catalytic mechanisms of DNMT2, NSUN2, and NSUN6

MTases."'*""'” 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
DNMT?2, this exact part is disordered.'”” However, in the DNMT2 homologue in Entamoeba histolytica
a more defined structure of the loop showing an a-helical conformation can be found.*” 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.'”’

NSUN2, at ca. 86 kDa, is the second largest member after NSUN1 of the NSUN family.*** With ca.
51 kDa in size, NSUNG is a smaller representative, similar to NSUN4 and NSUNS5.'*"'® 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.'™ In addition, motif IV also contains an aspartate,

which enables proton transfer to N3 during catalysis.'"

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.'® For this reason, an
enzyme-mediated catalysis is required. In the first step, the catalytically active cysteine from motif [V
(DNMTs) or motif VI (NSUNSs) 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.””>** A transient protonation at position N3 occurs simultaneously, facilitating the nucleophilic

attack on position 6.
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Scheme 5: Catalytic mechanisms of C5 cytosine methylation by A: DNMTs (using the example of DNMT2) and B: NSUNSs.
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The proton transfer is mediated by either glutamate (DNMTs, motif VI) or aspartate (NSUNS,
motif IV).'”"”” 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.?”>*”* In NSUN enzymes, this function

105

is carried out by the thiolate group of the second cysteine from motif IV."™ 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.'” 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.'?

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,”®*”” 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.'” SAH, which results as a reaction product in the methyl
group transfer, was found to be a nonselective feedback inhibitor of SAM-dependent MTases. 02!
Similar, sinefungin (19, SFG) (Figure 9), a natural SAM-related nucleoside that originally was isolated
from Streptomyces griseolus,”” showed competitive inhibition of several MTases.”'"*'* For DNMT2,
SAH and SFG showed inhibition in the low micromolar range with 1C;, values of 15.8 £ 1.5 uM and
13.2 + 0.8 uM, respectively.”'* 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,%'*" the mRNA MTase Ecm1 in Encephalitozoon cuniculi,****'
the bacterial E. coli tRNA MTase TrmD,”” and rRNA MTase RImJ,*'® as well as various viral

targets.”"***** SAH-based DNMT?2 inhibitors, however, were described but showed very low affinity.*”

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)*"** and protein MTases (PMTs)
including histone MTases (HMTs) such as DOT1L.** Notably, pinometostat (20) (Figure 9), a DOTIL
inhibitor is currently being tested in clinical trials.”** Inhibitors of the DNA MTase family have so far

only been developed for DNMT1 and DNMT3B2, %%
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2.4 Inhibitors of SAM-dependent methyltransferases

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.”” > Notably, it could be shown that
5-azacytidine treatment reduces activity of DNMT?2, which is variably expressed in cancer cell lines.**’
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).**'**
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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.Hhal) that has close structural resemblance to human DNMT2.** 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.**
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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.'”

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.** The molecular movement is dependent on
various molecular properties, such as size, charge, and solvation entropy.**>**® Usually, these parameters
are slightly altered by ligand binding,”’ making the method highly sensitive to change in molecular
properties and thus allowing precise quantification of molecular events.?*® The temperature gradient is
generated by an infrared (IR) laser directed at capillaries containing the sample.** In most cases, the
protein must be fluorescently labeled.**”** 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.”” 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).

Thermo- Steady Back-

Fluorescence detection Initial state T-jump phoresis state diffusion
o ©O o © o o O [?)
o (o] Q.
— » °J00,| [°S00, e‘E:a%e R Ma
R lasof °380° [039807| |wdes’ Syl AR

Dichroic mirror

Objective S

AN\
AN

Capillaries containing samples

Normalized fluorescence Fporm
L L L L

Time

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).**"** When the laser is activated, an abrupt change in fluorescence intensity is observable,
indicated by a “T-jump” (Stage 2).**’ This is affected by the local surroundings of the fluorophore, such
as changes in conformation or a binding event near the fluorophore.”***! Subsequently, slow
thermophoretic movement occurs (Stage 3), which creates a concentration gradient as the labeled
molecules diffuse out of the heated sample volume.**>**" This thermophoresis can also be influenced by
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a binding event.”’ After some measurement time (20-30 s), fluorescence reaches a plateau, which
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2.5 Biophysical methods for evaluation of MTase inhibitors

indicates a steady state (Stage 4). In this stage, the thermodiffusion is counterbalanced by mass
diffusion.”” 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).>** For binding analysis, the change in
thermophoresis is determined by the change in normalized fluorescence AF .. F,., is defined as the
quotient of the measured fluorescence after thermophoresis /7, and the initial fluorescence (or the

fluorescence after the T-jump) F, (Eq. 6).2***

F
Frorm= F_:) 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.”> Moreover, the method determines the binding
equilibrium between a protein and a ligand by measuring the evolving heat caused by the association.*”
The thermodynamics are characterized by the stoichiometry (#), the association constant (X,), binding
enthalpy (AH,), the free energy (AG,), entropy (AS,), and heat capacity of binding (AC,). Of these
parameters, the stoichiometry (#), the association constant (X,), and the enthalpy (AH,) can be determined
in a single experiment, while the free energy, and the entropy result from the value of K,.*** Most ITC

instruments are based on the dynamic power compensation principle (Figure 11).>*
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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.*>*** On the sample and reference cell, heaters are located
to maintain zero temperature difference between both cells (isothermal).”” In the sample cell, the protein
solution is placed, the reference cell usually contains water or buffer.””” 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.”>* 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.**
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.”* The raw signal is the power applied to the control heater as a

252

function of time (ucal/s),”” 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.>>**

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.”****® 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).*
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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.”*** Being environmentally sensitive, the dye is
highly fluorescent in nonpolar environments, whereas it is quenched in aqueous solutions.”” As the

24



2.5 Biophysical methods for evaluation of MTase inhibitors

protein unfolds with rising temperature, its nonpolar amino acids, normally located inside, are exposed
to which the dye can bind.”* As a result, the measurable fluorescent increases.”*® 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.>”* The observable
temperature shift AT, caused by the stabilizing effect of the compound is proportional to its concentration,

which allows the determination of affinity.*’

2.5.4 Tritium incorporation assay

A common method to determine MTase activity in presence of inhibitors is the tritium incorporation
assay.''>"""*! In this method, the amount of methylation by utilizing SAM with a tritium-labeled methyl
group (24, *H-SAM) is quantified. *H-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)."**' 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.”** Based on this principle, *H-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.''***' The lower the signal, the higher the inhibition.
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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.”***** 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.”>** 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.”***” Since ABPs are used to link a phenotype to a gene, they must meet different
quality criteria than drugs (Table 1).****” A drug does not have to be highly selective, as long as it is safe
and has satisfactory efficacy.”” 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.’***” Drug-like properties, such as good
pharmacodynamics and oral bioavailability do not have to be met.*” 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

267,268

are they complementary to genetic approaches, such as CRISPR and RNAi, they can rapidly and
reversibly inhibit a target in cells or animals and reveal temporal features of target inhibition.”*” 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.”® 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.”” 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.*"’

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 » Drug-like properties not necessarily required

pharmaceutic properties
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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 NSUNG6, 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.

Drug development

Lead structure Lead structure Enable covalen Attachment of Improve cell Biological Ef
identification optimization trapping fluorescent dye permeability testing Real

ABP development

Scheme 8: Process flowchart of the collaborative project between the ||| il crovp and the i} group.

The development of efficient inhibitors and ABPs is a challenging endeavor, especially for
methyltransferases such as DNMT2, NSUN2, or NSUNG6. 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).

Tool compounds Alteration of side chain
for biophysical Aliphatic & Aromatic
applications ’ .

o}

Lead Section 3.3
Section 3.8 ; strueture NH Section 3.4
' :.— o L3 - N NS N,
V. LP « SAH e oH
derivatives
Q- < 3
"
5 Oﬁ?\N/\LO\
Warhead- L Y-shaped
decorated 8 "o LS

Electron-deficient

“NH;  Aliphatic & Aromatic

s g g / aryls with leaving o)
Inhibitors & Affinity- WS Bh group
based probes )
Section 3.4
Section 3.5
Section 3.6 Section 3.7

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.?”” 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, fert-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.

S

Boc group
i :
N/ o N\e/\\(
0 E/\Q’ (= T E/\Q’ (N
® @ 4

‘Bu Ester
.- Acetal
>{ 28 o 29

NH X/\G/N\e/\\(
>ro\ﬂ/k/\NH + / NQ/N X = leaving group (CI, I, OTs)
) 3 z

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 MARTINEZ-MONTERO et al. to give the 5'-iodo derivative 34.””' 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.%”> 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.”” A test experiment using n-propylamine in DMF under heating did not yield any

product.
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3 Results and discussion
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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.”’**”> Retrosynthesis shows the
breakdown into an amine (30) and an aldehyde (44) building block for the application of reductive

amination (Scheme 11).

Boc_

NH, /¢N NH, NH /4“ NH,
o pla ! N:/N - 0o |Ia = Nt/N
HO OH o‘><<’)
28 29
=N NH,

30 44

Scheme 11: Retrosynthesis of amine-based SAH derivatives to educts allowing reductive aminations to be applied.
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3.2 Method establishment for the synthesis of SAH derivatives

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).*
Unfortunately, the desired product could not be detected by LC-MS. Testing the reaction by replacing
DCA with trifluoroacetic acid (TFA) and pyridine,”’” the same result was observed. In a third approach,

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

DCC, DMSO, DCA

rt, 4 h

/4 NH, 14 NH,
HOA@/N\%\\( DCC, DMSO, TFA, Py 04\®/N\8/\\(
N N
3z N=/ rt, overnight T N=/
o_ 0 o O
>< . DMP ed ><
33 DCM, rt, overnight 44

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).
NH, FN NH, B~ FN
HO. O, N\e/\\( (o} o) N\e/\\(
\g/k/\i/\g/ =" — X \!)]/‘\/\N,{/\Q/ N
HO  ©OH o‘><b

28 29

NH,

45 46

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).°7* 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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3 Results and discussion
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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).*” First, Boc and fert-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.

N~
Boc_ o7 Boc BOC\
NH O DI NH _ bea
o) B —— o _O.
~
X \"/‘\/U\OH DCM, it, 17 h, X \n/‘\/”\’i‘ THF, -78°C, 2.5 h X \ﬂ/‘\/\
o] 99% o] 81%
48 49 45 D Wk
0. N
— N="
NaBH(OAc)s, HOAc, o_ 0
THF, MeCN, 1t, 5 h ><
62%
46
Boc.
NH2 IéN NH, N NH2
o
HO\H)WN/\Q/N J \N Deprotectwon X \n)\/\ /\Q/
o) A / N~/ T

HO OH ><
51 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, fert-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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3.2 Method establishment for the synthesis of SAH derivatives
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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, ||| grovw)-

To cleave alle protecting groups of the precursor 50, a slightly modified deprotection method by ZHANG
et al. was tested.”” For this purpose, the compound was treated with TFA/H,0O (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.”

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 fert-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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3 Results and discussion
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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, [l group)- The 5'-amino building block 46 was treated with different in-house
acyl and sulfonyl chlorides in DCM using triethylamine (Scheme 18).

o Amides
FN NH, R™ cClI
HoN ° N\e/\\(
2
/\Q/ N§/N NEtz, DCM
d><b
RV
46 S .
R™ “Cl Sulfonamides

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 NaHCO, 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 HCI 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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3.3 Variation of side chain by parallel synthesis
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Scheme 19: Workflow of the parallel synthesis.
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3 Results and discussion

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.

FN NH,
A O N
HG  OH
62a-m, 63a-c
Compound Deprotection method Yield Purity
(0]
-
62a \Q)‘\/ HCl/water, rt 99% 98%
F
o
62b Q)K/ HCl/water, rt 999%* 72%
FaC
[e]
62¢ /@2‘\/ HCl/water, rt 99% 99%
o]
62d = HCl/water, rt 99% >99%
\
(0]
62e /©)\/ HCl/water, 1t 88% 95%
F
[e]
62f J@)K/ TFA/water, 5 °C 48% 97%
/\/\0
(o]
62¢g \©)‘\/ TFA/water, 5 °C 99% 96%
o]
62h | X TFA/water, 5 °C T7% 96%
N/
F o]
62i @fk/ TFA/water, 5 °C 99% 96%
Cl
o
Cl
62] j@)\/ TFA/water, 5 °C 99% 96%
Cl
(e}
62k O)f\/ TFA/water, 5 °C 99% 95%
0]
621 NP TFA/water, 5 °C 67% 95%
|
[e]
62m )\/u\/ TFA/water, 5 °C 85% 98%
o, O
63a /@/s\/ TFA/water, 5 °C 99% 98%
W
63b o TFA/water, 5 °C 95% 98%
O,N
\\//o
63c 5 TFA/water, 5 °C 98% 97%
ST

*In this case, the value refers to conversion and not yield.
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3.3 Variation of side chain by parallel synthesis

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 [N (onder supervision of . IS
group). DSF measurements were also conducted by ||| | | | QN (uoder supervision of MARVIN

SCHWICKERT, ||l group). The measurements of the tritium incorporation assay were carried
out by || G =< @ 2ovp)- 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 uM vs. 100 uM) of the compounds used in this assay. Two exceptions, however, could be seen in
the case of the 4-methylbenzoyl derivative 62¢ and the nicotinoyl derivative 62h, which were classified
as non-binders by MST but as binders by DSF. Interestingly, the 4-methylbenzoyl derivative 62¢ 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,”***"** most recently for inhibition of the SARS-CoV-2 nspl4

N7-methyltransferase.**

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 fiir 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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3 Results and discussion

Table 3: Results of compounds 62a—m and 63a—c.

= NH,
A O AN Y
HG OH
62a-m, 63a-c
MST DSF SH-Assay

Compound o o o
Binding at 250 4M  Binding at 100 uM % inhibition at 100 uM

o
62a Fj@)k/ v X n. i
F
(o]
62b /©)\/ v X n.i
FsC
(o)
62c /©)J\/ X v* n. i
(o]
62d s X X n. 1
\ |
o)
62e /©)k/ X X n.i
F [e]
62f /©)\/ X X n. i
N0
o
62g \©)K/ v v 14411 (n. i)
o
62h B X v n. i.
N/
Fop n. i
62i @:“\/ v X
Cl
2 n.1i
Cl
62 W@)\/ X X
Cl
o .
62k O)S/ v v -
2 n.1i
621 NP v X
|
62m i X X 11+7.1(n.i)
63 O\\S//i/ v V n. 1.
a [ j
O\\S//O n. i
63b b4 v v

63c C./©/ Y v v

*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):

Series 2
Series 1

HO\"/\/\S/\ HZN/\/\S/\ NH,
o) HO. )\ HO. )\
64a (8a) 64b (8b) \g/k/\ﬂ \([)l/\/\ﬂ

alkylic

A 51 (14a) 65a (14b)
NN
: HN
' HOOC—Q
NH; PN\ N, A HQN/\/\u/\ u/\
HO O _N SN
\”/'\/\s/\O’ \8/\\{, H 65b (14c) 65c (14d)
0 —/ N~ [T .
HO OH )
SAH (18) aromatic
: HO
SN
H :
v 66a (17a) 66b (17b)

Series 3

o o ON N)\ HooC N)\
oy AT g ) O O

o] NH. N
& 66¢ (17¢) 66d (17d)
68a (21a) 68b (21b) .

67 (19) HzN\©/\N)\
(o] (o] H
HO\”/\)J\N/\ HZN/\)I\NA
4 H 66e (17¢)
68c (21¢) 68d (21d)

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 (||| | QNENE. master thesis, under

supervision of ||| - I grovp and MarviN Schwick erT, || gouw)-

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
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3 Results and discussion

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-(5)-2,4-diaminobutanoic acid (adenosyl-Dab) 51 was identified as a binder of DNMT?2,
indicating that both functionalities of the amino acid side chain are crucial for binding. However,
inhibition was only found for SAH (IC;, = 15.8 £ 1.5 uM) and SFG (IC,, = 13.2 £ 0.8 uM). 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 DNMT?2.
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.

NH, =N NH,
0.
HO\”/k/\N/\O/N 74 \N
le) T ? N~/
. HO OH
Alkyl -~

S N A U G Y

69a (27a) 69b (27b) 69c (27c) 69d (27d) 69e (27¢) 69f (271) 699 (27g)
N
69h (27h) 69i (27i) 69j (27)) 69Kk (27k) 691(27)  69m (27m)  69n (27n)
x X
5 SUPEEN S U s il e
690 (270) 69p (27p) 69q (279q) 69r (27r)  69s-A/B (27s-A/B) | 69t (271)

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 (IC,,=12.9 + 1.9 uM), 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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3.4 Variation of side chain by rational design and development of Y -shaped inhibitors

Furthermore, 69s-A/B (27s-A/B) was selective toward NSUN2 and NSUNG6 as it did not show inhibition
in the tritium incorporation assay at 100 4M. Based on this compound, an ethyl ester prodrug (28-4/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-4) and 69s-B
(27s-B), synthesis of prodrug (28-4/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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ABSTRACT: Selective manipulation of the epitranscriptome could A~
be beneficial for the treatment of cancer and also broaden the 'J} J}T‘ !"/__
understanding of epigenetic inheritance. Inhibitors of the tRNA lap”
methyltransferase DNMT2, the enzyme catalyzing the S-adenosyl- y SAR study
methionine-dependent methylation of cytidine 38 to S-methylcyti- we LTHN 2
dine, were designed, synthesized, and analyzed for their enzyme- "°IH\/\_~L’\C7’" o
binding and -inhibiting properties. For rapid screening of potential w8 B
DNMT?2 binders, a microscale thermophoresis assay was established. ’imm)\/\uk \ Side chain
o
; .

-

Besides the natural inhibitors S-adenosyl-L-homocysteine (SAH) and W"" Gy variation
sinefungin (SFG), we identified new synthetic inhibitors based on N S 3™
the structure of N-adenosyl-2,4-diaminobutyric acid (Dab). B e \TKAS/\@’ g
W"'\W " wé B Natural ligand
Structure—activity relationship studies revealed the amino acid side -]

chain and a Y-shaped substitution pattern at the 4-position of Dab as

crucial for DNMT2 inhibition. The most potent inhibitors are alkyne-substituted derivatives, exhibiting similar binding and
inhibitory potencies as the natural compounds SAH and SFG. CaCo-2 assays revealed that poor membrane permeabilities of the
acids and rapid hydrolysis of an ethylester prodrug might be the reasons for the insufficient activity in cellulo.

B INTRODUCTION Also, the catalytic motif is strongly conserved and highly

Epigenetic inheritance is not only mediated by modifications of characteristic for DNA methyltransferases. In contrast to
DNA and histones but also driven by RNA and RNA DNMT1 and DNMT3, however, DNMT?2 is primarily localized

modifications.' ™ Various data suggest that RNA species are in the cytoplasm instead of the nucleus and therefore lacks the
involved in the heredity of specific phenotypes such as properties of a typical DNA methylating enzyme.'” Although it
mental’ ™' or metabolic disorders.”"'™"° As an example, was discussed that DNMT2 also modifies DNA at CG
metabolic disorders and their epigenetic transmission were residues,” its main function is the methylation of tRNA™? at
found to be linked to elevated levels of m*’G and m°C position C38 in the anticodon loop.'” Further substrates are
modifications on small noncoding RNAs (sncRNAs) in mouse tRNAY, tRNAY", and tRNA", depending on the species.”’

models," and it could be shown that deletion of the enzyme Besides its role in epigenetics, DNMT2 is involved in other
responsible for these modifications, namely, the DNA physiological processes, some of which are not quite understood
methyltransferase 2 (DNMT?2), abolished sperm sncRNA- so far. While induced loss of DNMT2 reduced the size of

mediated transmission of high-fat-diet-induced metabolic
disorders to descendants.'' The enzyme DNMT2 is also
essential for the epigenetic transmission of phenotypes linked
to the Kit and Sox9 genes between subsequent generations of
mice. These genes encode for a tyrosine kinase and a
transcription factor, variants of which lead to white colored
tails and feet (Kit) or to an enhanced growth (Sox9) of Dnmt2*/*
mice but not Dnmt2~/~ mice.'

According to its sequence and structure, human DNMTZI is];:

member of the DNA methyltransferase (MTase) family.'”

zebrafish morphants and affected retina, liver, and brain
development,” no morphological effects could be observed in
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Figure 1. Modification of tRNA by DNMT2 with SAM as a cosubstrate. 5-Azacytidine and sinefungin are inhibitors of DNMT2. Zebularine is a known
DNA MTase inhibitor and is supposed to exhibit an analogous mechanism as $-azacytidine as it has been shown to be incorporated into tRNA. * Tts
inhibitory potential a§amst DNMT?2 has not been reported yet. However, the M.Hhal C5 Mtase, which shows close similarity to DNMT?2, is a known

target of zebularine.”

flies, mice, and plants.'” An overexpression of DNMT2 in
Drosophila flies led to life span prolongation and an increased
stress resistance.”” This is substantiated by the fact that
Drosophila loss-of-function DNMT2 mutants showed reduced
viability under stress conditions.

Methylation of tRNA by DNMT2 prevents ribonuclease-
mediated cleavage of tRNA,™* thus regulating RNA stability and
corresponding]y leading to higher rates of overall protein
synthesis.”> Moreover, the methylation of C38-tRNA™F by
DNMT?2 is required to ensure accurate polypeptide synthesis by
improving codon recognition. Methylation increases the
capacity of tRNA to discriminate between Asp and Glu codons
improving translatlonal accuracy, which prevents the production
of aberrant proteins.”

There are also indications that DNMT2 plays a role in
mahgnanqes asitis overexpressed in several cancer tissues, such
as cervical”” or bladder tissue.”® According to the COSMIC
database, various tumor samples showed upregulation of
DNMT2 and numerous somatic mutations in the enzyme
were found in tumors originating from different tissues.””

Taken together, DNMT2 represents a potential target in
cancer treatment and epigenetic drug discovery.

In 2001, Dong et al. revealed the crystal structure of human
DNMT2 (Protein Data Bank (PDB) entry 1G55) in 1.8 A
resolution. Consisting of 391 amino acids corresponding to a
size of ca. 40 kDa, the enzyme is a relatively small protein.®® A
comparison to DNMT1 and DNMT3 illustrates that in contrast
to other eukaryotlc MTases DNMT2 lacks the large N-terminal
domain.'” The conserved C-terminal catalytic domain of
DNMT?2 features a unique cysteine-phenylalanine-threonine
(CFT) motif between the catalytic motifs VIII and IX, which is
not found in other MTases.*™*" In the catalytic motif IV, the
protein contains the common proline-cysteine-glutamine
(PCQ) motif including the catalytically active cysteine.
However, in the crystal structure, this exact part of the catalytic
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center is disordered.”® A more defined structure of the loop can
be found in the DNMT?2 homologue of Entamoeba histolytica,
which shows an a-helical conformation.*

DNMT?2 requires S-adenosyl-L-methionine (SAM) as cofac-
tor, transferring SAM’s methyl group to the S-position of the
tRNA substrate’s cytidine, yielding m*C38-tRNA™ and -
adenosyl-L-homocysteine (SAH) (Figure 1)."”

Currently, only a few DNMT?2 inhibitors have been reported.
The anticancer drugs S-azacytidine (5-azaC) and S-aza-2'-
deoxycytidine (decitabine) inhibit RNA and DNA MTases
(Figure 1) leading to a change of the methylation activity in
cancer patients.”> > During transcription and replication, the
drugs are randomly incorporated into nascent DNA (decitabine
and 5-azaC) and RNA (5-azaC) by respective polymerases. Due
to the substitution of cytidine’s carbon atom in position 5 with
nitrogen in decitabine and 5-azaC, DNA and RNA MTases
remain covalently bound to the target nucleic acids, thus
inhibiting the catalytic activity of the enzymes.™*” A similar
mechanism of inhibition is exhibited by the pyrimidinone
derivative zebularine. It forms a covalent complex with DNA
MTases, such as C5 Mtase from Haemophilus hemolyticus
(M.Hhal), which shows close similarity to human DNMT2.**
However, inhibition of DNMT?2 itself has not been reported yet.
Due to the structural similarity to S-azaC, an analogous
mechanism of inhibition by zebularine is supposed as
incorporation into tRNA has been found.*

The natural SAM-related nucleoside sinefungin (adenosyl-
ornithine, SFG),* originally isolated from Streptomyces griseolus,
exhibits competitive inhibition of several SAM-dependent
MTases."' However, the inhibitory potential toward DNMT?2
has not been quantified yet. Similarly, the inhibition of DNMT2
by SAH, which has been reported to be a nonselective feedback
inhibitor of several SAM-dependent MTases, has not been

investigated in detail."”

https://doi.org/10.1021/acs jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750—9788
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Figure 2. Inhibitor design based on the SAH scaffold.

Scheme 1. Syntheses of Thioethers 8a, 8b: (A) Synthesis of Alkyl Bromides 2 and 4; (B) Synthesis of Acetyl-Protected Thiol
Building Block 6 Followed by Nucleophilic Substitution and Deprotection®

A
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Ho’\Qf 7 5/\0/ 7Y
—/ N= N J N=
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f
F—N NH,
Boc., /\/\s/\ﬁ/N 7 \‘N
- N==/
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]
=N NH,
O _uN
quf\/\s/\g 7\,
i N=/
HG  ©H
8b

=N NH;
/OWS/\@,N 7\,
¢ ] — N="
dxb
7a
e
=N NH;
0,
HO\H/\/\_S/\Q,N 4 \N
] e N=/
HO  OH
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“Reagents and conditions: (a) MeOH, SOCI,, rt, 16 h, 79%; (b) Boc,0, THF, NEt, rt, 16 h, 70%; (c) PPh,, DIAD, AcSH, THE, 0 °C, 18 h, 95%;
(d) 2, NaOMe, MeOH, rt, 16 h, 75%; (e) (1) LiOH, THF/H,O, rt, 1 h; (2) DCM/TFA (1:1), H,0, 5 °C, 1 h, 96%; (f) 4, NaOMe, MeOH, tt, 16

h, 84%; (g) HCOOH, H,0, 0 °C, 2 d, 96%.
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Scheme 2. Syntheses of Aliphatic Amine Derivatives: (A) Synthesis of Aldehyde Building Blocks 11a—c and Structure of the
Commercially Available Ketone 11d; (B) Reductive Amination and Deprotection to Yield the Amines 14a—d”

A
! ‘ 1 1o f 2_ 9a_
R\_/\l_rOH a - Ne - b Rwo R' = COOBu, R? = NHBoc: 9a—11a
H _— Y (o} E—— H R'=COOBu, R? = H: 9b—11b
R? O N R? ; 5
R® © R' = H, R? = NHBoc: 9c—11c
9a-¢ 10a-¢ 11a—-¢
Boc\
N
'BuO,
0 R' = COO'Bu, R? = NHBoc: 13a R = COOH, R* = NH,: 14a
Ie] R'=COO0Bu, R? = H: 13b R" = COOH, R? = H: 14b
1d R' = H, R? = NHBoc: 13¢ R" = H, R* = NHy: 14c
R? =N NH
o) 2 R =N NHz
R! N/\Q/N 7\ d )\/\ O N/
c
N 1
B — A N ——— R N/\Q' b
£ j— N=/
N SNgZe E
= NH; x HG  OH
0. N
H N 7
N 13a-c
Ea— N=/ 14a-c
o_ 0
:x( BD%
f N N
2 Bqu . = NH; HO%'@% =N NH,
e N f 0. N
~_°, { H/\Q/ 72 \N S N/\g 7 \N
Z - N=/ H > L N=/
dxb HG  OH
13d 14d

“Reagents and conditions: (a) N,O-dimethylhydroxylamine, CDI, DCM, rt, 18—25 h, 81—-89%; (b) DIBAL, THF, —78 °C, 2—2.5 h, 34—81%; (c)
11a—c, NaBH(OAc);, HOAc, THF, rt, 5—72 h, §57—76%; (d) (1) TEA/DCM 1:1, —20 °C; (2) TFA/H,0 1:6, 8 °C, 99%; (e) 11d, NaBH(QAc),,
HOAc, THE, tt, overnight, 68%; (f) (1) TEA/DCM 1:1, —20 °C; (2) TEA/H,0 1:6, 8 °C, 99%.

As a successful strategy in the search for inhibitors or tools for
study of SAM-dependent MTases, the derivatization of the
natural binder SAH has been exploited for various targets such as
the catechol-O-MTase (COMT),*~™* protein MTases (PMTs)
including histone MTases (HMTs) such as DOTIL,** RNA
MTases such as METTL3,"” and the SARS-CoV-2 mRNA cap
MTase*** or the previously mentioned DNA MTases DNMT1
and DNMT3B2.>"*" The DOTIL inhibitor pinometostat is
currently being tested in clinical trials.”* For DNMT?2, synthetic
inhibitors based on SAH were previously described, albeit only
with very low affinity.’®> However, a systematic approach to
identify and improve such inhibitors or tools has not yet been
followed so far.

In this work, we present the discovery of potent DNMT2
inhibitors based on SAH’s adenosyl scaffold. While this
nucleoside substructure was retained, we performed struc-
ture—activity relationship studies by investigating different side-
chain types (Figure 2). We prepared four compound series:

(1) First, SAH analogs lacking either the amino or the acid
group (8a, 8b) were tested to identify the pharmaco-
phoric significance of these moieties.

(2) In order to extend the possibilities for substitution, we
exchanged the homocysteine’s sulfur atom with nitrogen
yielding N-adenosyl-2,4-diaminobutyric acid (adenosyl-
Dab) derivatives (14a—d, 17a—e). This additionally
introduces a basic functionality, which—depending on the
pH value—can be protonated but does not provide a
permanently charged group as found in SAM. Analo-
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gously to the sulfide derivatives, we generated two
compounds, each of which lacks one of the functional
groups in the side chain (14b, 14c). To constrain the
flexibility of the aliphatic side chain, we implemented a
five-membered ring (14d). In addition, we developed
derivatives with benzene as a rigidizing element,
substituted with and without polar functions (17a—e).

(3) We also investigated the effect of an amide function as a
replacement of the thioether group (21a—d). To enable a
comparison of the sulfide and amine derivatives, we also
created structures lacking either the amine or the
carboxylic acid group of the amino acid side chain (21c,
21d). Since the amide function yields a shorter bond
length compared to thioether- or amine-based linkers, we
generated a structure with an extended aliphatic side chain

(21b).

(4) In order to target both the SAM- and cytidine-binding
site, we designed Y-shaped structures (27a—27t).

The compounds were tested for binding to DNMT2 using
microscale thermophoresis (MST). Both DNMT?2 binders and
nonbinders were evaluated with regard to their inhibitory effect
on DNMT2-catalyzed methylation of substrate tRNA™P in a
tritium incorporation assay. This procedure was also followed in
order to investigate if DNMT2 binding directly resulted in
DNMT?2 inhibition and if the MST binding assay can be used as
a prescreening method prior to the laborious, time-consuming,
and expensive radioactive assay.

https://doi.org/10.1021/acs jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750—9788
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Scheme 3. Syntheses of Aromatic Amine Derivatives 17a—e”
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“Reagents and conditions: (a) 15a—e, NaBH(OAc),, HOAc, THF or 1,2-DCE/MeCN, rt, 3.5—24 h, 55—92%; (b) TFA/H,0 1:6, 5 °C, 91-99%;
(c) (1) TEA/DCM 1:1, =20 °C; (2) TFA/H,0 1:6, 5 °C, 97—99%.

Scheme 4. Syntheses of Amide Derivatives 21a—d and Phthalimide 19“

=N NH, o} =N NH, = NH,

N =
Ond  BH 1% 0 N/ I\
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19 R' = COO'Bu, R? = NHBoc, n = 2: 20b — N=/
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“Reagents and conditions: (a) phthalimide, PPh,, DIAD, THF, rt, S h, 71%; (b) TFA/H,0 1:6, 8 °C, 2 h, 96%; (c) hydrazine, EtOH, A, 7 h, 93%;
(d) R'=CHR*—(CH,),—~COOH, TBTU, DIPEA, DMF, tt, 2.5—30 h, 76—97%; (e) (1) TFA/DCM 1:1, —20 °C; (2) TEA/H,O 1:6, 8 °C, 99%.

For the most potent methylation inhibitors, IC, values were

determined in the tritium incorporation assay, and K, values In our studies, we identified novel SAH-based DNMT2
were determined using isothermal titration calorimetry (ITC). binders and inhibitors with low micromolar affinity.
9754 https://doi.org/10.1021/acs jmedchem.2c00388
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Scheme S. Synthesis of Y-Shaped Methyl Derivative 27a“
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“Reagents and conditions: (a) 2-nitro-N-methylbenzenesulfonamide, PPh;, DIAD, THF, rt, 24 h, 23%; (b) Cs,CO,, thiophenol, MeCN, rt, 72 h,
65%; (c) (1) ethyl chloroformate, N-methyl morpholine, THF, —10 °C to —$ °C, 15 min; (2) NaBH,, THF/H,0, § °C to rt, 18 h, 73%; (d) (1)
tosyl chloride, DMAP, NEt;, 1,2-DCE, 0 °C to rt, 4 h; (2) Nal, acetone, rt, 42 h, 66%; (e) DIPEA, MeCN (dry), 18.5 hatrt, 6 h at S5 °C, 28%; (f)

TFA/DCM 1:1, H,0, § °C, 99%.

B RESULTS AND DISCUSSION

Chemistry. First, SAH analogs lacking either the amino or
the acid group (8a, 8b, series 1, Figure 2) were synthesized to
identify the pharmacophoric significance of these moieties
(Scheme 1). The acetyl-protected thiol building block 6, used as
precursor for both compounds, was synthesized from 2/,3"-O-
isopropylideneadenosine § in a Mitsunobu reaction using
thioacetic acid and diisopropyl azodicarboxylate (DIAD). The
methyl ester 7a was synthesized by nucleophilic substitution
reaction of 6 with methyl-4-bromobutyrate (2), which was
obtained from 4-bromobutyric acid (1) by esterification. The
Boc-protected amine 7b was obtained analogously by reaction of
6 with 3-(Boc-amino)propyl bromide (4), which was obtained
by reaction of 3-aminopropyl bromide hydrobromide (3) with
Boc anhydride. The obtained sulfide 7a was deprotected using
lithium hydroxide in THF/water followed by treatment with
trifluoroacetic acid (TFA) and water in DCM at S °C to yield 8a.
Compound 7b was deprotected by treatment with formic acid in
water at 0 °C yielding 8b.

In series 2 compounds, the homocysteine’s sulfur atom was
exchanged with nitrogen yielding N-adenosyl-2,4-diaminobuty-
ric acid (adenosyl-Dab) derivatives (14a—d, 17a—e). Also in
this series, we generated two compounds that lack either the
amino or the carboxylic acid function in the side chain (14b,
14c). In addition, a five-membered ring (14d) was introduced in
order to constrain the flexibility of the side chain. The necessary
precursor aldehydes 11a—c for reductive amination of 5’-amino-
5'-deoxy-2',3'-O-isopropylidene adenosine 12 (for the synthesis
of 12, see Scheme 3) were prepared in two-step syntheses
starting from the protected carboxylic acids 9a—c (Scheme 2).
These were converted to the respective Weinreb amides 10a—c
with N,O-dimethylhydroxylamine and 1,1’-carbonyl-diimida-
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zole (CDI) followed by reduction with diisobutylaluminum
hydride (DIBAL) at —78 °C. The secondary amines 13a—d
were prepared by reductive amination of the aldehydes 11a—c
and the commercially available ketone 11d, respectively, with
amine 12 using sodium triacetoxyborohydride and acetic acid.
Deprotection of 13a—d to yield 14a—d was achieved by
treatment with 50% (v/v) TFA in dichloromethane at —20 °C
followed by 14% (v/v) TFA in water at 8 °C.

The amine building block 12 was also modified with the
commercially available aldehydes 15a—e using sodium
triacetoxyborohydride and acetic acid to form the respective
benzylic amines 16a—e (Scheme 3). These were treated with
14% (v/v) TFA in water at 8 °C to yield the target compounds
17a—c. To accomplish the deprotection of 16d and 16e to 17d
and 17e, respectively, a two-step procedure was required, using
50% (v/v) TFA in dichloromethane at —20 °C first, followed by
treatment with 14% (v/v) TFA in water at 8 °C.

For the syntheses of the amides 21a—d (series 3), 2',3"-O-
isopropylideneadenosine 5 was modified with phthalimide via
Mitsunobu reaction with diisopropyl azodicarboxylate (DIAD)
(Scheme 4) to yield compound 18. In the following Gabriel
synthesis, the phthalimide 18 was cleaved with hydrazine to
yield 5’-amino-5'-deoxy-2',3’-O-isopropylidene adenosine 12.
This intermediate was coupled with different Boc- and tert-butyl
ester-protected carboxylic acids in the presence of 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluorobo-
rate (TBTU) to obtain the corresponding amides 20a—d.
Concomitant deprotection of all protecting groups (Boc, tert-
butyl ester, isopropylidene group) to yield compounds 21a—d
was achieved by performing a two-step procedure, using 50%
(v/v) TFA in dichloromethane at —20 °C first, followed by
treatment with 14% (v/v) TFA in water at 8 °C. To obtain the

https://doi.org/10.1021/acs.jmedchem.2c00388
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Scheme 6. Synthesis of Y-Shaped Amine Derivatives 27b—t (Series 4)”
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“Reagents and conditions: (a) RCHO, NaBH(OAc),, HOAc, 1,2-DCE, 0 °C — rt, overnight, 14—89%; (b) RBr, DIPEA, DMF, rt, overnight, 55—
74%; (c) RBr or RCl, DIPEA, CuBr, DMF, rt, 16—48 h, 41—49%; (d) acetone, NaBH;CN, HOAc, MeOH, 0 °C, 0.5 h; (e) 11a, NaBH(OAc),,
HOAc, 1,2-DCE, 0 °C — 1t, overnight, 66%; (f) TEA/DCM 1:1, H,0, § °C, 99%; (g) (1) TFA/DCM 1:1, § °C; (2) TFA/H,0 1:6, 5 °C, 99%.

The structures of compounds 27b—27t are presented in Table 1.

deprotected phthalimide derivative 19, the isopropylidene-
protected phthalimide 18 was treated analogously using 14% (v/
v) TFA in water.

For the synthesis of the Y-shaped methyl derivate 27a of series
4 (Scheme 5), 2/,3'-O-isopropylideneadenosine 5 was function-
alized with 2-nitro-N-methylbenzenesulfonamide under Mitsu-
nobu conditions. The resulting sulfonamide 22 was hydrolyzed
using cesium carbonate and thiophenol. In the following step,
the methylated amine 23 was reacted with the alkyl iodide 25 to
form the protected Y-shaped methyl derivative 26a, which was
deprotected using TFA and water at 5 °C to give 27a. The alkyl
iodide 25 was obtained by reducing the protected aspartate 9a
with ethyl chloroformate and sodium borohydride followed by
treatment first with tosyl chloride, then with sodium iodide.

The other Y-shaped compounds of series 4, 27b—t (Scheme
6, Table 1), were synthesized starting from amine 13a. This
intermediate was either reacted with various aldehydes via
reductive amination or different alkyl bromides and chlorides via
nucleophilic substitution to obtain the tertiary amines 26b—t.
To generate the isopropyl derivative 27d, the primary amine 12
was first alkylated with acetone and then with aldehyde 11a, each
in a reductive amination reaction. In the final step, all protective
groups were removed by treatment with TFA and water at 5 °C
yielding compounds 27b—t. Compound 27s was obtained as a
50:50 mixture of two epimers (27s-A/B), but separation by
HPLC (hydrophilic C53 column MZ-Aqua Perfect) failed.
Therefore, the single epimers 27s-A and 27s-B were obtained by
separation of the precursor epimers 26s-A and 26s-B by HPLC
(Cyg) followed by deprotection of these single epimers by
treatment with TFA and water at 5 °C.

To evaluate the effect of compound 27s-A/B in cells, an ethyl
ester prodrug was prepared. Therefore, 27s-A/B was treated
with thionyl chloride in ethanol at 60 °C to give the
corresponding ethyl ester 28-A/B as a 50:50-mixture of two
epimers (Scheme 7). The separation of the epimers was
achieved by HPLC yielding 28-A and 28-B. The assignment of

9756

48

the absolute configuration of the chiral center within the alkyl
side chain was not possible, neither for 27s nor for 28. However,
since both epimers turned out to be equipotent (see below), we
refrained from further efforts to assign the configuration.

Biological Evaluation: DNMT2 Binding and Inhibition.
As a preliminary screening, all compounds including SFG and
SAH were tested for binding to human DNMT2 at
concentrations of 100 yM via MST to discriminate between
binders and nonbinders (Figure 3). The readout of the assay was
based on the normalized fluorescence signal. If a shift in the
normalized fluorescence signal was detected, this was attributed
to the formation of a protein—ligand complex. To discriminate
binders and nonbinders, the 99% confidence intervals of the
respective fluorescence signals were calculated. If the difference
between the confidence interval of the measurement and that of
the control measurement was more than 1% relative to the
normalized fluorescence, the compound was defined as a binder.
To evaluate the inhibitory potential of the compounds, tritium
incorporation assays using DNMT2, substrate tRNA*?, and *H-
SAM as cosubstrate were performed with compound concen-
trations of 100 M. The results of these assays are presented in
Table 2.

To evaluate the quality of an assay, especially of high-
throughput screenings (HTS) Zhang et al. developed a tool
called Z-factor.>* This value can be used to compare assays, or to
optimize their quality. A Z-factor of 1 represents an ideal assay,
whereas Z-factors > 0.5 classify excellent assays. The same
interpretation can be applied to the Z'-factor, which describes
the quality of an assay itself. The only difference is that Z' instead
compares between negative and positive controls. For the
prescreening assay via MST, SFG was chosen as positive control,
since it was described as a potent pan-methyltransferase
inhibitor in the literature and also showed high inhibition
against DNMT?2 within this study. Furthermore, 27s-A/B was
chosen as another positive control compound because it was the
most potent inhibitor within this study. Since both epimers

https://doi.org/10.1021/acs jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750—9788
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Table 1. Structures of N-Substituted Adenosyl-Dab Derivatives 27a—t (Series 4)“

NHz = NH;
RESRORE
MG on

R Compound 27 R Compound 27

A : o :

~ A b A !
A ¢ M m

\ﬁ\ d S n
A e /\/\ 0
PO £ A »
S : QO |
AN h @M :
BN i \\‘\X)‘ s-A/B*
Qo | s t

“* indicates that 27s-A/B is a 1:1 mixture of two epimers with different configuration (R or §) at the stereocenter within the alkyl side chain. The
single epimers with unknown configuration at this position are 27s-A and 27s-B.

Scheme 7. Synthesis of the Ethyl Esters 28-A and 28-B of Compound 27s-A/B*

NH, =N N
HO\ﬂ/l\v/A\N/ﬁ\Yii7’N\K>\7&
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“Reagents and conditions: (a) SOCL,, EtOH, 0 °C — 60 °C, 9 h, 27%.

NH, = Nk,
\/OWN/\@/N\%\\YJ
o ////luh P N=/
#Z  ué  oH
28-AB

showed comparable inhibition of DNMT2, the mixture was
used. As negative control DMSO was chosen. A quartet of runs
with technical septets were performed, each by three different
persons, and revealed Z'-factors of 0.72 (SFG) and 0.76 (27s-A/
B) for the prescreening assay via MST. It was stated by Zhang et
al. that Z'-factors are always higher than their corresponding Z-
factors, but they also stated that a Z-factor > 0 is sufficient for a
“yes/no” type assay. Therefore, Z'-factors of 0.72 and 0.76 can
be considered sufficient for the desired purposes within this
study.

For selected compounds exhibiting both binding to DNMT2
and at least 60% inhibition of the enzymatic methylation activity
at a concentration of 100 uM (27m, 27n, 270, 27s-A/B), K,
and IC;, values for DNMT?2 binding and DNMT?2 inhibition,
respectively, were determined using ITC and the tritium
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incorporation assay. The results are summarized in Table 3.
Examples of dose—response curves for determination of the ICs,
values and examples of ITC thermograms are displayed in
Figures 4 and 5.

In general, a very good correlation between DNMT2 binding
and DNMT? inhibition was found (Table 2). Compounds that
did not emerge as DNMT?2 binders also did not show significant
DNMT?2 inhibition at 100 #M. Only two compounds (14a and
27b) that were identified as binders in the MST assay were
found to be inactive in the tritium incorporation assay. In
summary, the MST assay as implemented for this study
exhibited good predictive value: 88.9% of all detected binders
could be verified as inhibitors in the enzymatic assay.
Furthermore, all nonbinders were found to be inactive in the
enzyme inhibition assays. Therefore, the MST binding assay is

https://doi.org/10.1021/acs jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750—-9788
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Figure 3. (a, ¢) MST traces of DNMT2 in absence (control, blue) and presence of 100 #M 270 or 27s-A/B (orange), shown as average of n = 4. F,
indicates the fluorescence signal normalized to the initial fluorescence. (b, d) Fluorescence signal at 20 s MST-on time for control and for 270 and 27s-

A/B; 99% confident intervals are given.

validated as a suitable method for early discrimination of
promising compounds from those with no or low inhibitory
activity.

In line with these general findings, both SFG and SAH could
be classified as binders in the MST assay and also showed
inhibition of the enzymatic activity (ca. 85% at 100 uM). ICy,
values for SEG and SAH were determined to be 13.2 + 0.8 uM
and 15.8 + 1.5 uM, respectively, while the K, values, determined
by ITC, were 7.5 + 3.5 uM and 13.6 + 4.4 uM.

The truncated SAH analogues 8a and 8b (series 1) exhibited
neither DNMT?2 binding nor DNMT?2 inhibition indicating that
both functionalities, that is, the amine and the carboxylic acid,
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are crucial for an interaction with the enzyme. Within the
secondary amine series with aliphatic chains (14a—d, series 2),
only the amino acid derivative 14a showed binding to DNMT?2,
but obviously without affecting the enzymatic activity.
Compound 14a was thus investigated at a higher concentration
of 1 mM, at which it indeed inhibited the enzyme by 44%,
confirming the low affinity toward DNMT2. Also, all the
compounds of series 2 with aromatic moieties within the side
chain exhibited neither binding to nor inhibition of DNMT2
(17a—e).

Comparably to the amines 14a—c, the amides 21a—d (series
3) contain either an amino acid chain or only the amine or the

https://doi.org/10.1021/acs jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750—9788
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Table 2. Binding of Compounds to DNMT2 as Determined by MST and Inhibition of DNMT?2 as Determined in the Tritium

Incorporation Assays

= NH, NH, =N NH,
\/\\Ciy,N 7\ Hojrj\v/\N/“\(iyfi:{>\«
b N::/N o oL — N::/N
HO  OH HG  BH
SAH, SFG, 17a—e, 19, 8a-b, 14a—d, 21a—¢ 27a—t
Binding at . Binding at P
Compound 100 uM {33"’;“‘[{}/"; Compound 100 M :gn'b:ll(i':/’}z
(MST) MV (MST) uNEI7e
NH,
saH o A Y $5.7+17% |27 Py v 303+ 1.9%
(o]
NH,
sFG o b A Y 835+ 1.1% |27 ~A v ni.
o NH,
17a ©/\H>\ X n.i 27¢ /\)\ X n.i
0.
m @”f‘ X n.i 27d ﬁ/\ v 44.0+2.7%%
0N
17¢ @ﬁﬁ)\ X ni 26~~~ X ni
17d ”°°C©”n>‘ X ni 271 )\)\ X ni
HaN by . .
17e U\H X n.i. 27g >[\)\ X n.i
o
19 e X ni. 27h v 27.540.4%
/o
8a ”070(\/‘8)‘ X n.i. oy D\)\ v 32.0+2.0*
8b SN X ni. 27j O\)\ v 24.5+8.5*%
NH
l4a " Y n.i. 27k O\/\ X n.i
o]
. HOE(\/\HA X ni. M~ v 53.94 6.4%*
e eyt X ni. m S, v 7224 1.2%
HN
14 wooe=_L X ni. 27n \/\ v 61.3+2.1%
H
NH, O N “ \/
Ho ; S 0.1*
21a WH X ni. 270 /\)\ 62.8+0.1
(o] Q
b oA X n.i. 27p //\)\ v 30.2+0.8*
NH; H =
o
2e HO\(I')I/\)LHA X ni. 274 @\)\ v 56.8+ 6.8%*
(o]
L X ni. 27r v 232+82*
N
27s- = okok ok
op \)\ v 81.6+2.1
S
27t y v 17.3 + 14%+*

“Mean values + standard deviations of three independent measurements. n.i. = no inhibition. *p < 0.05. **p < 0.01. ***p < 0.005. ****p < 0.001.
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Table 3. Ky, Values, as Determined by ITC, and ICy, Values of the Most Potent DNMT?2 Inhibitors?

FN NH;
\(\@/N 4 y
— N=/
HG  BH
Compound Kp N AG AH —TAS ICsy
P (M [kymol"] [kJmol'] [kJmol']  [uM]
NH2
SAH Hom/'\/\s/\ 136+44° 11201 27808 —553+58 275+66 158%15
[e]
NH,
SFG ™° 7.5+35 1302 —293+1.1 -245+45 —-48x56 132+ 0.8
] NH»
NH,
HO
27m Yl\AN)‘ 114+24 093003 -282+05 -37.8+36 9.6+4.1 77.1+53
s )
NH, N
HO
27n TOV'\AN 104+22 089+003 -285+05 270412 —-14+31 39792
#Z
NH,
Ho\r(lv\N)\
270 o / 105+33  1.1+0.1 -284+08 -27.0+36 1444 322+43
=
NH,
- HO.
ZSB Y'\/\ 81+1.4 1042004 -291+04 58741 296+46 129+19

“As determined by ITC. "Mean values + standard deviations of three independent measurements. “Mean values + standard deviations of six

independent measurements.

“N denominates the binding stoichiometry as determined by ITC.

carboxylic acid function with 21b bearing a glutamate instead of
an aspartate residue in the side chain. This should counter the
shorter chain length generally found in amides compared to
amines or thioethers. All compounds of this series showed
neither binding to DNMT2 nor inhibition of the enzymatic
activity. The same holds true for phthalimide 19.

Next, Y-shaped tertiary amines (series 4, Figure 2), which
structurally are more related to SFG, were investigated. The
“inverse” SFG derivative with a methyl residue at the nitrogen
atom (27a) displayed binding at 100 ¢M and also inhibited the
DNMT?2 activity by 30%. For the ethyl analogue 27b, binding
could be detected but not DNMT?2 inhibition. The n-propyl and
n-butyl derivatives 27¢ and 27e displayed neither binding nor
inhibition, suggesting that incorporating linear aliphatic residues
at this position is less suitable for the design of DNMT2
inhibitors.

Similar behavior could be observed for the branched
derivatives 27d, 27f, and 27g. The smallest derivative, 27d (i-
Pr), exhibited binding to the enzyme at 100 4M in the MST
assay and inhibited the enzymatic activity by 44%. The larger
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branched derivatives 27f (i-Bu) and 27g (neopentyl) showed
neither binding nor inhibition at 100 yM.

The preference for smaller residues further became evident
when investigating cyclic aliphatic residues. For compound 27h,
containing a cyclopropane residue, binding and inhibition
(289%) were detected. Analogue 27i with a four-membered ring
was also determined as a binder and a weak inhibitor (32%).
Compound 27j, derivatized with a cyclopentane moiety,
displayed binding and weak inhibition (25%). The compound
with the largest investigated cyclic aliphatic residue, namely, a
cyclohexane ring (27k), showed neither inhibition nor binding
at 100 uM.

The best inhibitors of the methylation activity of DNMT2
were found within the series of the Y-shaped amines that contain
an unsaturated residue. The allylic derivative 271 was
determined as a binder by MST and also inhibited the
DNMT?2 activity by 54%. Similar behavior was observed for
the aromatic compounds 27q and 27r, with benzyl or a
phenethyl groups, respectively. Both compounds bound to the
enzyme at a concentration of 100 uM. Moreover, both
compounds reduced the enzymatic activity at 100 uM by ca.

https://doi.org/10.1021/acs jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750—9788
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Figure 4. Dose—response curves for determination of the IC;, values for DNMT?2 inhibition by the investigated compounds as determined by the
tritium incorporation assay. Error bars refer to biological triplicates; “pos” describes the relative enzyme activity without compound and “neg” the

relative enzyme activity without addition of substrate tRNAMP,

57% and 23%, respectively. The propargylic derivative 27m also
was found to bind to the enzyme at 100 yM and inhibited it by
72%.

For this compound, we determined the IC, (Figure 4) and
Ky values (Figure 5), using the tritium incorporation assay and
ITC. While the K, value of 11.4 + 2.4 M was very similar to
that of the natural products SAH and SFG, the IC;, value of 77.1
+ 5.5 uM was higher. In order to identify the possible binding
site of 27m, a replacement titration via ITC was performed. For
this purpose, DNMT2 was preincubated with 27m and titrated
against SAH. No binding enthalpy was detected suggesting, that
27m and SAH address the same binding site.

In the next step, 27m was further derivatized to attain the first
structure—activity relationship of this compound class. The
propargyl residue was exchanged with a 3-butinyl moiety (27p).
This compound was found to bind to DNMT?2, but only led to
weak inhibition of the enzyme (30%) at 100 uM. Also, a methyl
or ethyl group was attached to the triple bond. The
corresponding compounds 27n and 270 were both identified
as binders by MST. They also inhibited DNMT?2 by ca. 62%.
The determined IC, values of 39.7 £ 9.2 yuM and 32.2 + 4.3 uM
(Figure 4) were in the same range as those found for SAH and
SEG and slightly better than that of 27m. With 10.4 + 2.2 uM for
27nand 10.5 + 3.3 uM for 270, the K, values, as determined by
ITC, were also in the same range.

Since both 27d and 27m exhibited substantial inhibition at
100 uM, both structures were merged, leading to 27s-A/B and
27t. These compounds were identified as binders in the MST
assay. While 27t reduced the enzymatic activity only by 17%,
27s-A/B inhibited DNMT2 around 82% at 100 gM. The IC,
and Kj, values (Figure 5) of 12.9 + 1.9 yM and 8.1 + 1.4 uM
were comparable to those of SAH and SFG, and the IC;, value
was found to be nearly 1 order of magnitude lower than that of
the unsubstituted propargyl derivative 27m.

Compound 27s-A/B is a mixture of two epimers, with either
(S) or (R) configuration of the stereocenter within the alkyl side
chain. To assess if the single isomers exhibit different biological
activities, the separated epimers 27s-A and 27s-B were analyzed
regarding the inhibition of DNMT?2. At 86% and 82%, the
inhibition of both epimers was comparable and well in the range
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of the 1:1 mixture 27s-A/B (82% inhibition at 100 uM)
indicating no different activities. An exact assignment of the
separated epimers to the R or S derivatives was not possible by
NMR, but since no preference for one epimer was observed, this
was not investigated further.

With the exception of SAH and 27s-A/B, the K, values for the
tested compounds (SAH, SFG, 27m, 27n, 270, 27s-A/B) are
generally lower than the ICg, values with ratios of Kp/ICy, & 2
(SFG), 7 (27m), 4 (27n), 3 (270); that is, binding to DNMT2
does not lead to a “productive” inhibition to the same degree.
This may be due to the different conditions used in both assays
leading to slightly different hydration shells or surface charges,
which might result in different binding behaviors. Furthermore,
ICy, determination is strongly dependent on the experimental
conditions, potentially adding to this bias.”> The most profound
difference between the assays is the lack of the substrate tRNA™?
in ITC measurements. Binding of such a large and strongly
charged molecule might induce conformational changes in the
enzyme and is probably altering its surface charge significantly.
Such differences would explain distinct binding modes of
compounds in the presence or absence of RNA.

Our data clearly demonstrated that the amino acid residue is
crucial for the interaction with DNMT?2. This could be shown by
investigating derivatives with aromatic linkers and with
analogues lacking either the amino or carboxylic acid function.
Exchange of the sulfur atom of SAH with secondary amines or
amides abolished the activity of the compounds. With tertiary Y-
shaped amines (series 4 compounds) however, DNMT? activity
could be successfully inhibited. In general, smaller residues were
superior. The strongest inhibition could be achieved by
unsaturated residues, with the propargylic derivatives 27m,
27n, 270, and 27s-A/B being the most promising compounds.
Remarkably, 27s-A/B, which resulted from merging the most
potent aliphatic compound 27d with the propargylic derivative
27m, was the most potent inhibitor of DNMT?2, with ICy, and
Kp values being similar to those of SAH and SFG. The
thermodynamic data collected with the ITC measurements
indicated that 27s-A/B is the most enthalpically driven inhibitor
(—58.7 kJ mol™") within this study, even more enthalpically
driven than SAH (—55.3 k] mol™). On the other hand, SFG

https://doi.org/10.1021/acs jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750—9788
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Figure 5. ITC thermograms (a, b) and titration curve fittings (c, d) of 270 (&, ¢) and 27s-A/B (b, d); K, values, thermodynamic data, and binding

stoichiometry are listed in Table 3.

Table 4. Selectivity Profiles of SAH, SFG, and Several DNMT?2 Inhibitors against a Selection of SAM-Dependent MTases”

compound DNMT3A-3L" NSUN2”
SAH 96.7 + 2.8 97.3 £ 0.4
SFG 98.0 + 3.2 771 +2.2
27m 97.6 + 5.6 n.i.
27n 93.9 + 2.1 n.i.
270 953+ 1.6 ni.
27s-A/B 842 + 0.7 n.i.

NSUN6” G9a” DNMT2"
99.6 + 4.6 943+ 1.2 85.7 + 1.7
70.2 + 1.8 430+ 9.8 83.5 + 1.1
259 £3.5 22.8 +£0.3° 722412
12.9 +£7.6 376 £59 61.3 £ 2.1
227 £ 49 320 £ 145 62.8 £ 0.1

ni. 710 £ 5.6 81.6 + 2.1

“The inhibition of the enzymes was investigated at 100 #M inhibitor concentration in tritium incorporation assays. ®Mean values + standard
deviations of three independent measurements. “Mean value + standard deviation of two independent measurements. n.i. = no inhibition.

benefits the most from an entropic gain (—4.8 kJ mol™).
Although 27m showed a substantial gain in enthalpy (—37.8 kJ
mol™"), this effect is partially compensated by a loss of entropy
(9.6 kJ mol™"). The same applies for 27s-A/B with an enthalpic
gain of —58.7 k] mol™" but also a considerable loss of entropy
(29.6 k] mol™"). For the elongated propargylic derivatives 27n
and 270, a remarkable gain in enthalpy (—27.0 k] mol™) and a
slight gain in entropy (—1.4 k] mol™") could be detected.
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Selectivity toward Different SAM-Dependent MTases.
Due to the close structural resemblance of the synthesized
inhibitors to the ubiquitous MTase cosubstrate SAM, selectivity
toward other SAM-dependent MTases is of major concern. The
compounds listed in Table 4, including the natural products
SAH and SFG, were subjected to tritium incorporation enzyme
assays at a concentration of 100 uM with several different
MTases to assess their selectivity profiles. The chosen MTases

https://doi.org/10.1021/acs jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750—9788
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included DNMT3A-3L"® due to its close structural resemblance
to DNMT2, the functionally related tRNA m’C MTases
NSUN2 and NSUNG6,”°** as well as the functionally unrelated
but SAM-dependent histone MTase G9a.”

All investigated compounds showed better inhibition of the
DNMT3A-3L construct compared to DNMT2. SAH and SFG
both displayed around 100% inhibition at 100 M, while 27m,
27n, and 270 reduced the enzyme’s activity by 98%, 94%, and
95%, respectively. At 84%, the inhibition by 27s-A/B was the
weakest one in this comparison exhibiting similar inhibition of
DNMT?2 and DNMT3A-3L.

SAH inhibited both NSUN2 and NSUNG6 nearly to 100%,
while SFG displayed weaker inhibition of 77% and 70%,
respectively. All investigated synthetic compounds did not
significantly inhibit NSUN2. NSUNG activity was only weakly
reduced by 27m, 27n, and 270, while 27s-A/B inhibited neither
NSUN2 nor NSUNG6.

The G9a activity was reduced by all investigated inhibitors.
SAH and SFG inhibited G9a by 94% and 43%, respectively.
‘While 27m, 27n, and 270 inhibited the histone MTase only
weakly (23—38%), 27s-A/B displayed stronger inhibition
(71%).

The profound inhibition of DNMT3A-3L by all synthetic
compounds clearly demonstrates that the compounds are not
selective in this regard. Due to the high structural similarity
between DNMT2 and DNMT3A this is not surprising,
especially if one considers the structural similarity of the
synthetic inhibitors to the ubiquitous cofactor SAM.

Inhibition of DNMT3A by SAH and SFG was reported with
ICy values in the low- to sub-micromolar range,””®" supporting
the obtained results. High inhibition by SAH was also
determined for the closely related DNMT3B (IC;, < 500
nM).505!

In the comparison with the functionally related enzymes
NSUN2 and NSUNG6, however, the investigated compounds
revealed remarkable selectivity. The most active synthetic
DNMT?2 inhibitor, 27s-A/B, was not active at 100 uM against
NSUN?2 and NSUNG6. This might be attributed to the Y-shaped
structure, which is also suggested by the slight preference of
SAH over SFG by both enzymes.

The inhibition of G9a by SFG was weak compared to other
MTases with only around 40% inhibition at 100 uM. However,
reported inhibition of G9a by SFG varies strongly, with ICg,
values ranging from the low micromolar range to over 500 uM,
and therefore this observation is not surprising.”*~** Further-
more, the reported trend of inhibition by SAH and SFG, with
more profound inhibition by SAH (94% at 100 uM) was
reproduced.®

Compounds 27m, 27n, and 270 exhibited only weak
inhibition of G9a, which is also lower compared to that of
DNMT?2. On the other hand, 27s-A/B reduced G9a activity
strongly and comparably to DNMT?2.

As expected, the designed DNMT?2 inhibitors do not display
very pronounced selectivity, most likely due to their close
resemblance to the natural cofactor SAM. Especially for
DNMT3A-3L, this problem becomes very evident since both
proteins share conserved structural motives. Since DNMT1
shares a comparable high structural conservation, a similarly
unselective behavior of the compounds can be anticipated.®
This holds true especially when considering reported inhibition
for SFG, SAH, and their most potent synthetic analogues toward
DNMTI, which exhibit IC;, values in the low- to sub-
micromolar range.”*"*** Also, for G9a, no profound
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preference of the compounds toward DNMT2 was observed,
particularly not for 27s-A/B, the best synthetic DNMT2
inhibitor so far. Surprisingly, in the comparison with NSUN2
and NSUNS6, no or only weak inhibition by the synthetic
inhibitors was observed, proving that at least partial selectivity
was achieved.

Inhibition of tRNA Methylation In Cellulo. To first
determine the hydrolysis of the ethyl ester in aqueous solution at
physiological pH value, compound 28-A (100 yM) was
dissolved in 100 mM TRIS buffer, pH 7.4, and incubated at
37 °C. The amount of hydrolysis product was determined by
LC-MS after 3 h, followed by 6 h intervals (Figure 6).

100

Hydrolysis / %

0 . - - . - v - - -

10 15 20 25 50

timelh

30 35 40 45

Figure 6. Hydrolysis of prodrug 28-A (100 yM) in 100 mM TRIS
buffer at pH 7.4 and 37 °C as determined by LC-MS.

Figure 6 shows that the ethyl ester is hydrolyzed to ca. 60%
during the first 24 h of incubation.

The most promising compound 27s-A/B, its ester derivative
28-A/B, SFG, and a negative control (27c) were tested in a
cellular context. Since no preference for one compound was
identified (vide supra), a mixture of the epimers was used both in
case of 27s and 28.

First, the cell toxicities were investigated in cell viability assays.
Therefore, 27s-A/B, SFG, 28-A/B, and 27¢ were subjected to
MTT assays. All compounds showed negligible toxicity against
HEK-293 cells up to the highest concentration in the assay,
revealing 50% cytotoxic concentration (CCs,) values >500 yM.
According to these results, a concentration of 100 uM was
chosen for cell-based experiments. Next, the inhibitors’
potencies for modulating DNMT?2 activity was elucidated in
HEK-293 cells. SFG and derivative 27s-A/B were chosen as
representative molecules. The structurally related compound
27¢ containing a propyl side chain was chosen as a negative
control since it did not show inhibition of DNMT?2 in vitro. For
estimating inhibition in vivo, HEK-293 cells were incubated with
100 M compound dissolved in DMSO or with DMSO only as a
control for 24 h at 37 °C. Total RNA was extracted from treated
cells, and subsequently total tRNA was isolated by gel
electrophoresis. To determine m°C levels, LC-MS/MS and
bisulfite sequencing were conducted. LC-MS/MS analysis was
performed using total tRNA. This method allows highly accurate
quantification, but information on sequence is lost as the RNA is
digested down to nucleosides.’” Therefore, bisulfite sequencing
was chosen as an orthogonal method being capable of analyzing
RNA on nucleotide level while the information about its
sequence context is maintained.”® With this approach, changes
inm°C levels at position C38 of tRNA™P, which are attributed to
DNMT?2 activity, can be mapped.

https://doi.org/10.1021/acs jmedchem.2c00388
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Figure 7. (a) Relative m*C levels in HEK-293 cells after treatment with 100 uM SFG, 27¢, or 27s-A/B for 24 h at 37 °C. Displayed are relative m°C
levels normalized to a DMSO control as elucidated by LC-MS/MS (blue) and bisulfite sequencing (orange). Error bars refer to three independent
biological replicates, *p < 0.05, n.s. = not significant. (b) Relative m*C levels in HEK-293 cells after treatment with 100 M 27c or 28-A/B for 24 h at
37 °C. Displayed are relative m*C levels normalized to a DMSQ control as elucidated by LC-MS/MS (blue) and bisulfite sequencing (orange). Error
bars refer to four (DMSO, 28-A/B) or two (27¢) independent biological replicates, **p < 0.01, n.s. = not significant, n.d. = significance was not

determined due to low number of replicates.

Bisulfite sequencing and LC-MS/MS analysis did not reveal
any significant decrease in m*C levels relative to the DMSO
control for the synthetic compounds 27¢ and 27s-A/B as shown
in Figure 7a. Treatment with SFG on the other hand slightly
reduced the m*°C level down to 94% according to bisulfite
sequencing, whereas no significant change could be observed in
LC-MS/MS measurements. According to in vitro enzyme
assays, 27s-A/B is able to bind and inhibit DNMT2 with
comparable affinity as SFG. Changing the in vitro system with its
limited components to a more complex cellular environment
comes along with an increased number of possible target
MTases, as well as the process of cell penetration. Consequently,
the overall inhibitor concentration that is accessible for DNMT?2
is significantly decreased. Thus, a prodrug approach was
followed by converting the acidic moiety of 27s-A/B into the
ethyl ester 28-A/B. The enhanced lipophilicity is expected to
increase cell permeability, while the ester group can be cleaved
by esterases in cellulo to yield the active compound 27s-A/B.%

In vitro activity of ester 28-A/B was elucidated using the
tritium incorporation assay revealing no significant inhibition at
a concentration of 100 #M. To assess the prodrug’s activity in
cellulo, HEK-293 cells were treated with the compound as
described above.

As depicted in Figure 7b, the usage of ester 28-A/B led to a
slight reduction in m°C levels in LC-MS/MS and bisulfite
sequencing experiments, which was not significant for LC-MS/
MS experiments but was significant for the latter ones.

Overall, it can be observed that the investigated compounds
are not able to inhibit DNMT2 significantly in a cellular
environment. But there is a good perspective in optimizing their
physicochemical properties by applying a diverse range of
prodrug approaches. Compared to the free acid 27s-A/B, its
ester derivative 28-A/B seems to slightly reduce the m°C levels
indicating an improvement in its cellular concentration.
However, this reduction was only perceived when applying
bisulfite sequencing. Accordingly, the well-known pan MTase
inhibitor SFG also showed a minor decrease in the modification
level, only observable when evaluated by bisulfite sequencing.

Among others, possible explanations could be that studied
compounds compromise multiple charged functional groups
hindering permeation of the molecule through the cell
membrane in a quantitative manner. Moreover, differences are
present between bisulfite sequencing and LC-MS/MS analysis,
which are possibly due to their principle of analyzing RNA:
bisulfite sequencing is capable of identifying changes in the m*C
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level specific to position 38, which is targeted by DNMT?2,
whereas in LC-MS/MS measurements the determined m’C
level is restricted to the input RNA and loses its sequence
information. Consequently, m*C levels in LC-MS/MS data
include the total amount of methylated cytidines independent
from their position and target enzyme. In combination with the
weak inhibitory effect in cellulo, no significant reduction in m’C
levels could be detected by LC-MS/MS whereas this was
possible with bisulfite sequencing.

Cell Permeabilities. To determine the cell permeabilities of
acid 27s and its supposed ester prodrug 28, CaCo-2
permeability assays were performed. A CaCo-2 monolayer
separating a donor and acceptor compartment was treated with
either 27s-A/B or 28-B at 37 °C for 24 h, and the solutions from
each compartment were analyzed by LC-MS. Analyses of the
solutions from the assays with 28-B revealed 20% of ester 28-B
and 78% of acid in the donor compartment, whereas the
acceptor compartment consisted of 2% acid. In the assays with
the acid 27s-A/B, only traces of the compound (0.6%) could be
detected in the acceptor compartment. In conclusion, neither
27s-A/B nor 28-B was found to pass the cell barrier in
significant amounts. In the case of the ester 28-B, this might be
due to its rapid hydrolysis rate observed under the tested
conditions. This is in accordance with the results of the assays to
detect inhibition of tRNA methylation in cellulo (see above):
these assays showed very low, but significant inhibition of tRNA
methylation in cells by the ester prodrug but not by the acid.

For stronger cellular effects, future investigations to obtain
more potent inhibitors and to optimize the compounds’
membrane permeabilities, for example, by strategies yielding
prodrugs less susceptible to hydrolysis, are needed.

Structure—Activity Relationship (SAR) Elucidation by
Molecular Docking and Solvent Analysis. To explain the
SAR observed in the MST and tritium incorporation assays,
molecular docking studies were performed. The chosen docking
setup was able to reproduce the crystallographic binding mode
of SAH (PDB-ID 1G55,” redocking RMSD = 0.77 A, FlexX-
score = —42.0 k] mol™") indicating its ability to predict realistic
binding modes. Due to the common SAH-related substructure
of the molecules reported herein, binding poses showed strong
overlap with the reference ligand as well as an overall narrow
score distribution complicating discrimination of binders and
nonbinders simply by docking score (Table S1). However, some
general trends could be observed. For Y-shaped ligands (27a—t,
series 4), orientation of the aliphatic side chains toward the

https://doi.org/10.1021/acs jmedchem.2c00388
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Figure 8. (a) Predicted binding modes of 27s-A/B ((R)-epimer, light orange carbon atoms) and 270 (light teal carbon atoms) in complex with
hDNMT?2 (white carbon atoms and surface) in superposition with crystallographic ligand SAH (light blue carbon atoms). (b) 3D-RISM predicted
hydration sites and corresponding water molecules within 4 A of the SAH homocysteine substructure colored by estimated interaction energy.
Identical point of view for panels a and b. For clear view, only residues forming polar interactions (yellow dashes) are depicted as lines and labeled.

PDB-ID 1GSS5. Figures were made with PyMOL.”!

tRNA cytidine binding site was observed (Figure 8a) according
to the design hypothesis and described by a favorable score for
binders (in order of ascending FlexX-score —44.2 to —39.2 kJ
mol ™}, Table S1) 27m, 27a, 27r, 27p, 270, 27q, 271, 27b, 27h,
and 27n and a slightly lower score for bulky, potentially with the
pocket clashing, nonbinders 27f, 27k, and 27g (FlexX score
—28.5 to —38.5 kJ mol™!, Table S1). This nicely agrees with the
experimental results (Table 2, Table 3) but underestimates the
affinity of 27s-A/B (—37.0 kJ mol™" for the R- and —34.5 kJ
mol™! for the S-epimer) and the weak binder 27t (—24.9 kJ
mol™!). Also, in agreement with the experiments, removal of the
acidic moiety resulted in a reduced score (8b FlexX-score —30.4
kJ mol™!, 14c —36.4 kJ mol ™', 21d —35.7 kJ mol™"). Differently
from the MST and tritium assay results, removal of the primary
amine of the homocysteine moiety was tolerated in the docking
studies (8a FlexX-score —42.1 k] mol™!, 17d —40.2 kJ mol ™",
21c —49.0 k] mol™"), as was an amide linker (21a —41.4 kJ
mol™!, 21b —51.1 k] mol™"). However, it seems reasonable that
basic amines are more likely to mimic the charged sulfur atom of
the native substrate SAM and bind with higher affinity compared
to uncharged linkers like amides. To further elucidate the
discrepancies between docking and experiment, solvent analysis
was performed using the three-dimensional reference inter-
action site model (3D-RISM, Table S2) approach. The detailed
analysis of hydration sites within 4 A of the derivatized
homocysteine substructure of SAH demonstrated that crystallo-
graphic water molecule positions could be reproduced with high
accuracy (Figure 8b). This also includes water molecules being
part of the docking setup (Wat-413, Wat-414, Wat-459, and
Wat-495) forming three polar interactions with the enzyme or
ligand with RMSD between crystallographic positions and 3D-
RISM-predicted hydration sites within 0.16—0.93 A. In close
proximity to the primary amine, two hydration sites correspond-
ing to Wat-459 and Wat-413 were further predicted to be highly
stable (predicted AG of —7.2 and —10.8 kcal mol™,
respectively). This might hold the explanation for the
importance of the primary amine group as removal would
disrupt the H-bond and water network potentially destabilizing
the two hydration sites. Additionally to Wat-659 and Wat-656,
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one more hydration site (“Wat-predicted”, Figure 8b) not
corresponding to a crystallographic water molecule was
identified in the region toward the cytidine binding site. All
three hydration sites are rather unfavorable (predicted AG of
+0.6, + 3.3 and +5.1 kcal mol ™, respectively), and removal of the
corresponding water molecules by aliphatic groups like in the Y-
shaped molecules of series 4 (27a—t), except those with too
bulky groups like in 27f, 27g, and 27k, should result in a
beneficial desolvation and increased potency. This might also
hold an explanation for the more favorable temperature-
dependent entropy contribution to binding of 27m, 27n, and
270 (—TAS of +9.6, —1.4 and —1.4 k] mol ™, respectively, Table
3) compared to SAH (+27.5 k] mol™"). While desolvation of a
hydrophobic sub-pocket is usually accompanied by a gain (at
least a partial one) of entropy,”” SAH lacks a substituent to
displace these water molecules. This might also account for 27s-
A/B whose substituent might not reach deep enough into that
sub-pocket (Figure 8a).

Crystal structure analysis indicated that the higher potency of
27m—o against DNMT?2 over NSUNG6 might be attributed to a
close shape-complementarity without larger gaps in the cytidine
sub-pocket, which was found to be larger and open in NSUNG6
(Figures $239 and $240).”> While for NSUN2 no structure is
available in the PDB, the most sequentially similar proteins are
bacterial methyltransferases from Pyrococcus horikoshii, Enter-
ococcus faecium or Methanocaldococcus jannaschii sharing only
29—-32% sequence identity. Hence an Alphafold2-derived
homology model”””* of NSUN2 was analyzed. It revealed
both structural and sequential differences between NSUN2 and
DNMT?2, especially within the binding site, where only 17%
identical and 30% similar residues were found. Additionally, an &
helix forming one site of the cytidine binding site in DNMT2
(residues V366—L377) is not present in NSUN2 and NSUNG6
highlighting a variety of potential selectivity determining
features (Figure S241). Differentty DNMT2 and DNMT3A
share a highly similar fold (Figure $242) and slightly higher
sequence similarity of 39%. However, within the binding site, the
interaction profile is nearly identical (Figure $243) as is that of
the cytidine-site residues. Nevertheless, some of the differences

https://doi.org/10.1021/acs.jmedchem.2c00388
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like L377/W893, N375/R891 or $76/G707 might hold

opportunities for selective ligand design.

B CONCLUSION

In this study, we introduced new inhibitors of DNMT?2 based on
the adenosyl scaffold as novel examples for non-natural m*C
RNA MTase inhibitors, outclassing previously described
synthetic specimens but not the natural compounds SAH and
SFG.> Amino and amide analogues of SAH were designed,
synthesized, and screened using MST and an enzymatic tritium
incorporation assay. A clear correlation between the binding
assay (MST) and the inhibition assay (*H incorporation assays)
with a high predictivity of the MST was found. Thus, in future
studies, the laborious, time-consuming, and expensive tritium-
based activity assay can be omitted for initial screenings and can
be applied for hit validation. The most promising hits discovered
in the present study were further investigated using ITC and
detailed enzymatic assays. These revealed the compounds
possessing similar binding and inhibition constants as SAH and
SFG. As expected, these compounds compete with SAH for the
same binding pocket. Our findings clearly indicated the need for
a complete amino acid side chain for potent inhibition.
Furthermore, a Y-shaped structure with a third substituent at
the nitrogen atom was shown to be essential. This structure—
activity relationship (SAR) is nicely backed by a computational
analysis, which predicted the replacement of unfavorable water
molecules by this third residue. As substituents at this position,
small aliphatic moieties are favored, with alkyne groups being
most potent. In summary, our findings will contribute to the
further development of DNMT2 inhibitors and tool com-
pounds, which might help to shed light on the underlying
functions of this enzyme in the development of cancer or in
epigenetic inheritance.

B EXPERIMENTAL SECTION

Syntheses. 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 F254 silica plates from Machery-Nagel. Column chromatography
was performed with silica gel (40—63 ym) 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 (CDCl;, DMSO-dg; or CD;0D 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 X 150
mm?; mobile phase MeCN/H,0O = 20:80 + 0.19% HCOOH; flow rate
0.7 mL/min) column. Samples were applied using 5 uL injection with
quantitation by AUC at 254 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 semiopen capillaries. Specific rotations [a]5’
were determined with a Kriiss P3000 polarimeter and are given in deg
cm? g71 dm™". The purity of all compounds tested in biological assays
was 295% as determined by LC-MS.

Methyl 4-Bromobutanoate (2). 4-Bromobutyric acid (2.06 g, 11.98
mmol, 1.0 equiv) was dissolved in methanol (20 mL); then thionyl
chloride was added dropwise while stirring the solution. The mixture
was kept stirring overnight at rt. The solvent was evaporated under
reduced pressure at 40 °C, and the residue was dissolved in ethyl acetate
(20 mL). After being washed with saturated NaHCO, solution (3 x 10
mL) and with brine (10 mL), the organic phase was dried over
anhydrous Na,SO,. Evaporation of the solvent under reduced pressure
at 40 °C afforded the desired product as an orange oil (1.72 g, 9.50
mmol, 79%). 'H NMR (300 MHz, CDCL): §/ppm = 3.68 (s, 3H), 3.45
(t,J = 6.4 Hz, 2H), 2.50 (t, ] = 7.1 Hz, 1H), 2.23—2.09 (m, 2H). 1*C
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NMR (75 MHz, CDCL): §/ppm = 173.0, 51.7, 32.7, 32.2, 27.8. FT-IR:
vfem™ = 2952, 2028, 1733, 1436, 1367, 1313, 1250, 1206, 1172,1131,
1060, 1026, 994, 874, 779.

tert-Butyl (3-Bromopropyl)carbamate (3). 3-Bromopropylamine
hydrobromide (1.01 g, 4.57 mmol, 1.0 equiv), di-tert-butyl dicarbonate
(1.20 g 5.48 mmol, 1.2 equiv), and triethylamine (1.4 mL, 10.05 mmol,
2.2 equiv) were suspended in ethyl acetate (20 mL), and the mixture
was stirred overnight at rt. The mixture was then washed with saturated
NaHCOj solution (3 X 10 mL), 1 M HCI (3 X 10 mL), and brine (10
mL), and the organic phase was dried over anhydrous Na,SO,.
Evaporation of the solvent under reduced pressure at 40 °C afforded the
desired product as a colorless solid (707 mg, 3.22 mmol, 70%). 'H
NMR (300 MHz, CDCL,): 8/ppm = 3.43 (t, ] = 6.5 Hz, 2H), 3.26 (t, ] =
6.6 Hz, 2H), 2.09—1.98 (m, 2H), 1.43 (s, 9H,). "*C NMR (75 MHz,
CDCLy): 8/ppm = 156.0, 79.5, 39.1, 32.7, 30.8, 28.4. FT-IR: v//em ™"
3375, 2980, 2950, 1682, 1520, 1436, 1387, 1363, 1340,1295, 1278,
1247, 1221, 1161, 1134, 1086, 1040, 1030, 991, 916, 873. Mp: 39—42
°C.

5-(((3aS,45,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro(3,4-dj[1,3]dioxol-4-yl)methyl) Ethane-
thioate (6). According to the method of Pignot et al,,”” a solution of
triphenylphosphine (1.69 g, 6.44 mmol, 2.2 equiv) in dry THF (10 mL)
was cooled to 0 °C in an ice bath. Then DIAD (1.26 mL, 6.44 mmol, 2.2
equiv) was added dropwise while stirring, over a period of 10 min. The
resulting suspension was stirred for an additional 30 min while keeping
itat 0 °C. Compound 5 (902 mg, 2.93 mmol, 1.0 equiv) was added, and
the mixture was stirred and cooled for 15 min. Thioacetic acid (0.46
mL, 6.44 mmol, 2.2 equiv) was diluted with dry THF (2 mL) and added
dropwise to the suspension, while stirring. The resulting mixture was
stirred at 0 °C for an additional hour and subsequently overnight at rt.
The solvent was removed under reduced pressure at 40 °C, and the
residue was purified by column chromatography (DCM/MeOH =
97:3) to afford the desired product as a pale-yellow solid (1.02 g, 2.79
mmol, 95%). '"H NMR (300 MHz, CD,0D): §/ppm = § 8.25 (s, IH),
8.24 (s, 1zH), 6.18 (d, J = 2.3 Hz, 1H), 5.53 (dd, ] = 6.4, 2.3 Hz, 1H),
4.99 (dd, J = 6.4, 3.1 Hz, 1H), 4.26 (td, ] = 6.9, 3.1 Hz, 1H), 3.29—3.12
(m, 2H), 2.32 (s, 3H), 1.57 (s, 3H), 1.37 (5, 3H). '*C NMR (75 MHz,
CD,0D): §/ppm = 194.2, 155.3, 1519, 148.1, 139.7, 118.5, 113.4,
89.5, 85.0, 83.2, 82.8, 30.0, 28.3, 25.3, 23.4. FT-IR: v/em™' = 3332,
3183, 2987, 2936, 1690, 1640, 1597, 1578, 1475, 1423, 1373, 1329,
1296, 1237, 1206, 1155, 1134, 1076, 1002, 968. Mp: 54—57 °C. [a]2 =
—32 (10 mg/mL; MeOH).

Methyl 4-((((3aS,4S,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro(3,4-d][1,3]dioxol-4-yl)methyl)thio)-
butanoate (7a). According to the method of Pignot et al,”” to a
solution of compound 6 (150 mg, 0.41 mmol, 1.0 equiv) and 2 (111 mg,
0,62 mmol, 1.5 equiv) in dry methanol (10 mL) was added sodium
methoxide (49 mg, 0.90 mmol, 2.2 equiv) while stirring under an argon
atmosphere. After stirring overnight at rt, the solvent was removed
under reduced pressure at 40 °C, and the residue was purified by
column chromatography (DCM/MeOH = 97:3) to afford the desired
product as a colorless solid (125 mg, 0.30 mmol, 72%). "H NMR (300
MHz, CD;0D): §/ppm =8.29 (s, 1H), 8.24 (s, 1H), 6.19 (d, ] = 2.4 Hz,
1H), 5.55 (dd, J = 6.4, 2.4 Hz, 1H), 5.08 (dd, ] = 6.4, 3.0 Hz, 1H), 4.35
(td, ] = 6.9, 3.0 Hz, 1H), 3.65 (s, 3H), 2.81 (d, ] = 6.9 Hz, 2H), 2.53 (t, ]
=7.2Hz, 2H),2.36 (t, ] = 7.2 Hz, 2H), 1.78 (p, ] = 7.3 Hz, 2H), 1.60 (s,
3H), 140 (s, 3H). *C NMR (75 MHz, CD;0OD): §/ppm = 173.1,
155.3, 151.9, 139.8, 113.3, 89.6, 86.2, 83.1, 83.1, 49.9, 32.8, 31.2, 30.3,
25.2,23.6, 23.4. FT-IR: v/cm™" = 3297, 3135, 2990, 2935, 2026, 1732,
1732, 1670, 1600, 1561, 1473, 1365, 1328, 1304, 1267, 1200, 1175,
1092, 1057, 971. Mp: 99—102 °C. [a]¥ = —14 (10 mg/mL; MeOH).

tert-Butyl (3-((((3aS,45,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro(3,4-dj[1,3]dioxol-4-yl)methyl)thio)propyl)-
carbamate (7b). To a solution of compound 6 (150 mg, 0.41 mmol,
1.0 equiv) and 3 (146 mg, 0,62 mmol, 1.5 equiv) in dry methanol (10
mL) was added sodium methoxide (49 mg, 0.90 mmol, 2.2 equiv) while
stirring under an argon atmosphere. After stirring overnight at rt, the
solvent was removed under reduced pressure at 40 °C, and the residue
was purified by column chromatography (DCM/MeOH = 97:3) to
afford the desired product as a colorless solid (165 mg, 0.34 mmol,

https://doi.org/10.1021/acs jmedchem.2c00388
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849%). "H NMR (300 MHz, DMSO-dy): 5/ppm = 8.33 (s, IH), 8.17 (s,
1H), 7.34 (s, 2H), 6.16 (d, ] = 2.4 Hz, 1H), 5.50 (dd, ] = 6.3, 2.4 Hz,
1H), 4.99 (dd, J = 6.3, 2.7 Hz, 1H), 4.26—4.21 (m, | = 8.0, 6.4, 2.7 Hz,
1H), 2.95-2.89 (m, ] = 6.4 Hz, 2H), 2.81-2.66 (m, ] = 13.5, 7.2 Hz,
2H), 2.4 (t, ] = 7.3 Hz, 2H), 1.53 (s, 3H), 1.36 (s, 9H), 1.33 (s, 3H).
3C NMR (75 MHz, DMSO-d,): 6/ppm = 156.1, 155.5, 152.7, 148.7,
140.0, 120.1, 113.2, 89.2, 85.7, 83.34, 83.1, 77.4, 33.4, 29.5, 28.7, 28.2,
26.8,25.1. FT-IR: v/cm ™" = 3323, 3181, 2978, 2930, 1695, 1638, 1596,
1508, 1475, 1458, 1420, 1366, 1329, 1248, 1207, 1161, 1075, 982, 868,
798, 782, 723. Mp: 74—77 °C. [a]} = —9 (10 mg/mL; MeOH).
4-((((25,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetra-
hydrofuran-2-yl)methyl)thio)butanoic Acid (8a). To a solution of
compound 7a (175 mg, 0.41 mmol, 1.0 equiv) in THF (4 mL) and
water (3 mL) was added lithium hydroxide monohydrate (52 mg, 1.24
mml, 3.0 equiv). After stirring at rt for 1 h, the mixture was acidified with
1 M HCI and extracted with CHCL,/'PrOH (3:1). The combined
organic extracts were dried over Na,SO, and the solvent was removed
under reduced pressure at 40 °C. The residue was taken up in DCM
(1.5 mL), and trifluoroacetic acid (1.5 mL), followed by water (200
#L), was added dropwise at 5 °C. After stirring at $ °C for 1 h, the
solvent was removed under reduced pressure and co-distilled with
DCM (3 x 40 mL) at 40 °C. Water was added, and the mixture was
Iyophilized to give the desired product as a colorless resin (146 mg, 0.39
mmol, 96%). 'H NMR (300 MHz, DMSO-d,): 6/ppm = 8.45 (s, LH),
8.35 (s, 1H), 6.00 (d, J = 4.9 Hz, 1H), 4.69 (t, ] = 4.9 Hz, 1H), 4.27 (t, ]
=4.9 Hz, 1H), 4.21—4.12 (m, 1H), 2.97-2.80 (m, 2H), 2.60—2.51 (m,
2H), 2.34-2.26 (m, 2H), 1.85—-1.72 (m, 2H). *C NMR (75 MHz,
DMSO-d,): 8/ppm = 1769, 152.4, 150.1, 145.9, 144.0, 120.6, 90.5,
86.0, 75.3, 73.9, 35.1, 33.5, 33.1, 25.9. FT-IR: v/cm™" = 3099, 2934,
1693, 1508, 1420, 1324, 1197, 1136, 1096, 1054, 836, 798, 785, 723,
681. [@]¥ = —2 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]* = 370.10
(100%), 371.04 (21.1%), 372.09 (6.4%). Calculated: 370.12 (100%),
371.12 (18.2%), 372.12 (1.4%). Purity: 95% (HPLC, MeCN/H,0 =
20:80 + 0.1% HCOOH); t = 3.17 min.
(2R,.3R,45,55)-2-(6-Amino-9H-purin-9-yl)-5-(((3-aminopropyl)-
thio)methyl)tetrahydrofuran-3,4-diol (8b). To a suspension of
compound 7b (50 mg, 0.10 mmol) in water (1 mL), formic acid (1
mL) was added at 0 °C. The mixture was stirred for 2 days at rt. The
solvent was removed by lyophilization, and the desired product was
obtained as a pale-yellow solid (34 mg, 0.99 mmol, 96%). '"H NMR
(300 MHz, DMSO-d;): 8/ppm = 8.17 (s, LH), 7.34 (s, 2H), 5.89 (d, ] =
5.6 Hz, 1H), 4.75 (t, ] = 5.6 Hz, 1H), 4.14 (t, ] = 4.4 Hz, 1H), 4.00 (d,
=4.4Hz, 1H), 3.02-2.71 (m, 2H), 2.10 (t, J = 7.5 Hz, 1H), 1.72 (q,] =
7.5 Hz, 2H). “C NMR (75 MHz, DMSO-d;): 6/ppm = 174.2, 156.4,
152.9, 149.8, 140.3, 119.5, 87.9, 84.4, 72.89, 34.2, 33.0, 31.8, 25.6. FT-
IR: v/em™ = 3332, 3183, 2927, 2360, 2341, 1643, 1574, 1477, 1421,
1374, 1333, 1301, 1248, 1209, 1174, 1127, 1088, 1045, 1003, 826, 796,
719. Mp: 66—69 °C. [a]3 = —22 (10 mg/mL; MeOH). ESI-MS: m/z
M + H]* = 34113 (100%), 342.11 (15.9%), 343.12 (6.1%).
Calculated: 341.14 (100%), 342.14 (17.2%), 343.14 (5.6%). Purity:
97% (HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); t, = 4.00 min.
tert-Butyl N-(tert-Butoxycarbonyl)-N*-methoxy-N*-methyl--as-
paraginate (10a). According to the method of Zhang et al,™ to a
solution of Boc-Asp-O'Bu (19.4 g, 67.0 mmol, 1.0 equiv) in DCM (130
mL) was added 1,1-carbonyldiimidazole (12.0 g, 73.7 mmol, 1.1 equiv),
and the reaction was stirred at rt for 1 h. Then, N,0O-dimethylhydroxyl-
amine hydrochloride (7.19 g, 73.7 mmol, 1.1 equiv) was added, and the
reaction mixture was stirred at rt for a further 18 h. The mixture was
diluted with EtOAc (100 mL), and the residue was filtered off. The
filtrate was washed several times with 1 M HC], saturated NaHCO;
solution, and brine until no side products were detected by TLC. The
combined organic layers were dried over anhydrous Na,SO,, filtered,
and concentrated under reduced pressure at 40 °C to give 10a (18.7 g,
56.3 mmol, 84%) as a colorless oil. "H NMR (300 MHz, CDCL,): 6/
ppm = 5.65 (d, ] = 8.9 Hz, 1H), 4.49—4.38 (m, 1H), 3.67 (s, 3H), 3.15
(s, 3H), 3.13—2.80 (m, 2H), 1.44 (s, 9H), 1.42 (s, 9H). *C NMR (75
MHz, CDCL,): 8/ppm = 171.9, 170.7, 155.9, 81.9,79.6, 61.3, 50.5, 34.8,
32.1,28.5, 28.0. FT-IR: v/cm™ = 3252, 2984, 2934, 1729, 1703, 1630,
1520, 1250, 1141, 1000, 960, 841. [a]} = +15 (10 mg/mL; CHC,).
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tert-Butyl 4-(Methoxy(methyl)amino)-4-oxobutanoate (10b). 4-
(tert-Butoxy)-4-oxobutanoic acid (500 mg, 2.87 mmol, 1 equiv) and
1,1'-carbonyldiimidazole (512 mg, 3.16 mmol, 1.1 equiv) were
dissolved in DCM (10 mL) and stirred at room temperature for 1 h.
N,0-Dimethylhydroxylamine hydrochloride (308 mg, 3.16 mmol, 1.1
equiv) was added, and the reaction mixture was allowed to stir at room
temperature for 19 h. After the solid matter was filtered off, the filtrate
was diluted with DCM (10 mL) and washed with 1 M HCI (15 mL),
saturated NaHCOj; solution (15 mL), and brine (15 mL). The organic
layer was dried over anhydrous Na,SO, and concentrated under
reduced pressure at 40 °C to give the desired product as a colorless oil
(552 mg, 2.54 mmol, 89%). 'H NMR (300 MHz, CDCL,): 6/ppm =
3.68 (s, 3H), 3.15 (s, 3H), 2.67 (1, J = 7.3 Hz, 2H), 2.52 (t, ] = 7.3 Hz,
2H), 1.42 (s, 9H). “C NMR (75 MHz, CDCl,): 6/ppm = 173.1, 172.3,
80.5, 61.3, 32.4, 29.9, 28.2, 27.1. FT-IR: v/em™! = 2984, 2934, 1720,
1663, 1360, 1248, 1159, 1105, 987, 888, 847, 751.

tert-Butyl (3-(Methoxy(methyl)amino)-3-oxopropyl)carbamate
(10¢). Boc--Ala-OH (500 mg, 2.64 mmol, 1 equiv) and 1,1'-
carbonyldiimidazole (471 mg, 2.91 mmol, 1.1 equiv) were dissolved
in DCM (10 mL) and stirred at room temperature for 1 h. N,0-
Dimethylhydroxylamine hydrochloride (284 mg, 2.91 mmol, 1.1 equiv)
was added, and the reaction mixture was allowed to stir at room
temperature for 17 h. After the solid matter was filtered off, the filtrate
was diluted with DCM (10 mL) and washed with 1 M HCI (15 mL),
saturated NaHCO, solution (15 mL), and brine (15 mL). The organic
layer was dried over anhydrous Na,SO, and concentrated under
reduced pressure at 40 °C to give the desired product as a colorless oil
(537 mg, 2.31 mmol, 88%). "H NMR (300 MHz, CDCL,): §/ppm =
6.72 (t, ] = 5.7 He, 1H), 3.65 (s, 3H), 3.14 (q, ] = 7.0 Hz, 2H), 3.08 (s,
3H), 2.52 (t, ] = 7.0 Hz, 2H), 1.37 (s, 9H). "*C NMR (75 MHz,
CDCl,): 3/ppm = 171.6,155.5, 77.5,60.9, 35.9,31.7, 31.6,28.2. FT-IR:
v/em™ = 3346, 2975, 2937, 1698, 1651, 1505, 1449, 1390, 1365, 1249,
1166, 995, 971, 782.

tert-Butyl (5)-2-((tert-Butoxycarbonyl)amino)-4-oxobutanoate
(11a). According to the method of Zhang et al,”® a solution of
diisobutylaluminum hydride (DIBAL) in hexane (1 M, 4.06 mmol, 4.06
mL, 1.5 equiv) was added dropwise to a solution of compound 10a (900
mg, 2.71 mmol, 1 equiv) in anhydrous THF (25 mL) at —78 °C. The
reaction mixture was stirred at —78 °C for 2.5 h. KHSO, solution (0.35
M, 20 mL) was added, and the mixture was extracted with diethyl ether
(3 x 80 mL). The combined organic extracts were washed with 1 M
HCI (3 X 50 mL), saturated NaHCOj solution (3 X 50 mL), and brine
(3 % 50 mL). After drying with anhydrous Na,SO,, the solution was
concentrated under reduced pressure at 40 °C to obtain the desired
product as a colorless oil (600 mg, 2.20 mmol, 81%) that crystallized
after storage at —20 °C. "H NMR (300 MHz, CDCl,): &/ppm = 9.72 (s,
1H), 5.36 (d, J = 8.1 Hz, 1H), 4.54—4.39 (m, 1H), 3.07—2.87 (m, 2H),
1.44 (s, 9H), 1.43 (s, 9H). '*C NMR (75 MHz, CDCl,): §/ppm =
199.5, 170.0, 155.4, 82.7, 80.0, 49.4, 46.4, 28.4, 28.0. FT-IR: v//cm™" =
3458, 2977, 2932, 1732, 1711, 1494, 1266, 1333, 1223, 1055, 846. Mp:
67—70 °C. [a]} = +16 (10 mg/mL; CHCI,).

tert-Butyl 4-Oxobutanoate (11b). A solution of diisobutylalumi-
num hydride (DIBAL) in hexane (1 M, 3.05 mmol, 3.05 mL, 1.5 equiv)
was added dropwise to a solution of compound 10b (442 mg, 2.03
mmol, 1 equiv) in anhydrous THF (12 mL) at —78 °C. The reaction
mixture was stirred at —78 °C for 2 h, KHSO, solution (0.35 M, 10 mL)
was added, and the mixture was extracted with ethyl acetate (3 x 25
mL). The combined organic extracts were washed with 1 M HCI (3 X
15 mL), saturated NaHCOj solution (3 X 15 mL), and brine (3 X 15
mL). After drying with anhydrous Na,SO,, the solution was
concentrated under reduced pressure at 40 °C to obtain the desired
product as a colorless oil (109 mg, 0.69 mmol, 34%). 'H NMR (300
MHz, CDCl,): /ppm = 10.09 (s, 1H), 3.05—2.98 (m, 2H), 2.87-2.79
(m, 2H), 1.73 (s, 9H). “C NMR (75 MHz, CDCl;): 6/ppm = 200.5,
171.6, 81.0, 38.8, 30.4, 28.1. FT-IR: v/cm™" = 2978, 2932, 1724, 1436,
1392, 1366, 1246, 1151, 1073, 949, 875, 845, 754.

tert-Butyl (3-Oxopropyl)carbamate (11c). A solution of diisobuty-
laluminum hydride (DIBAL) in hexane (1 M, 2.83 mmol, 2.83 mL, 1.5
equiv) was added dropwise to a solution of compound 10c (438 mg,
1.89 mmol, 1 equiv) in anhydrous THF (12 mL) at —78 °C. The

https://doi.org/10.1021/acs jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750—-9788

59



3 Results and discussion

Journal of Medicinal Chemistry

pubs.acs.org/jmc

reaction mixture was stirred at —78 °C for 2 h. KHSO, solution (0.35
M, 6 mL) was added, and the mixture was extracted with diethyl ether
(3 X 25 mL). The combined organic extracts were washed with 1 M
HCI (3 X 15 mL), saturated NaHCO; solution (3 X 15 mL), and brine
(3 x 15 mL). After drying with anhydrous Na,SO,, the solution was
concentrated under reduced pressure at 40 °C to obtain the desired
product as a colorless oil (110 mg, 0.64 mmol, 34%). "H NMR (300
MHz, CDCly): §/ppm = 10.09 (s, 1H), 5.32 (d, ] = 7.5 Hz, 1H), 3.71
(q,J = 6.0 Hz, 2H), 2.99 (t, ] = 6.0 Hz, 2H), 1.71 (s, 9H). *C NMR (75
MHz, CDCl;): o/ppm = 201.5, 155.9, 79.4, 44.4, 34.1, 28.4. FT-IR: v/
cm™! = 3367, 2978, 2932, 1684, 1510, 1366, 1274, 1249, 1163, 1040,
1003, 751, 666.

9-((3aR,4R,6R,6aR)-6-(Aminomethyl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine
(12). According to the method of Liu et al,”” to a suspension of
compound 18 (3.63 g, 8.32 mmol, 1 equiv) in ethanol (100 mL) was
added hydrazine monohydrate (6.47 mL, 133.08 mmol, 16 equiv), and
the mixture was refluxed for 1 h. After cooling, the precipitate was
filtered off, and the solvent was removed under reduced pressure at 40
°C. The residues were dissolved in ethanol (60 mL) and stirred for 15
min at room temperature, followed by filtration. The filtrate was
concentrated under reduced pressure at 40 °C, and the residues were
purified by column chromatography (DCM/MeOH + 0.1% NEt;) to
afford the desired product as a white powder (2.32 g, 7.57 mmol, 91%).
'H NMR (300 MHz, DMSO-dy): 6/ppm = 8.37 (s, 1H), 8.15 (s, 1H),
7.34 (s, 2H), 6.08 (d, ] = 3.2 Hz, 1H), 5.45 (dd, ] = 6.3, 3.2 Hz, 1H),
4.98 (dd, ] = 6.3, 2.8 Hz, 1H), 4.09 (td, ] = 5.8, 2.8 Hz, 1H), 2.70 (dd, ] =
5.8, 2.8 Hz, 2H), 1.53 (s, 3H), 1.32 (s, 3H). 3C NMR (75 MHg,
DMSO-dg): 5/ppm = 156.2, 152.8, 149.0, 140.0, 119.2, 1132, 89.1,
87.1, 82.7, 81.6, 43.7, 27.1, 25.2. FT-IR: v/cm™" = 3538, 3331, 3176,
1746, 1701, 1660, 1601, 1477, 1381, 1330, 1303, 1270, 1218, 1091,
1016, 902, 872, 798. Mp: 212215 °C. [a]} = —32 (10 mg/mL;
MeOH).

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)amino)-
2-((tert-butoxycarbonyl)amino)butanoate (13a). To a 0 °C cooled
solution of 12 (7.18 g, 28.9 mmol, 1.1 equiv) in THF/MeCN (1:3 =
160 mL) under argon atmosphere were added a suspension of 11a
(7.18 g, 26.3 mmol, 1.0 equiv) in THF/MeCN (1:3 = 12 mL) and
HOAc (1.50 mL, 26.3 mmol, 1.0 equiv). After stirring for 30 min,
NaBH(OAc); (8.36 g, 39.4 mmol, 1.5 equiv) was added, and the
reaction was stirred for 18 h at 5 °C. The suspension was diluted with
saturated NaHCO; solution (250 mL), and the aqueous layer was
extracted with DCM (S X 50 mL). The combined organic layers were
dried over anhydrous Na,SO,, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1 to 10:1 + 0.5% NEt;) to give 13a (9.11 g, 16.2
mmol, 62%) as a colorless solid. "H NMR (300 MHz, CDCl,): §/ppm
=8.26 (s, 1H), 7.88 (s, 1H), 6.40 (s,2H), 6.05 (d, ] = 8.2 Hz, 1H), 5.93
(d,J =34 Hz, 1H), 5.45 (dd, ] = 6.5, 3.4 Hz, 1H), 5.03 (dd, [ = 6.5, 3.4
Hz, 1H), 4.37—4.30 (m, 1H), 4.29—4.19 (m, 1H), 2.96—2.66 (m, 3H),
2.65-2.53 (m, 1H), 1.98—1.71 (m, 2H), 1.56 (s, 3H), 1.43—1.29 (m,
21H). '*C NMR (75 MHz, CDCl;): §/ppm = 171.9, 156.0, 155.7,
153.1, 149.4, 139.9, 120.4, 114.6, 91.1, 85.0, 83.1, 82.2, 81.7, 79.4, 53.0,
514, 46.3, 32.3, 28.4, 28.1, 27.4, 25.5. FT-IR: v/cm™" = 2980, 1703,
1640, 1597, 1504, 1476, 1425, 1367, 1330, 1297, 1213, 1152,1075, 857,
798, 750, 665. Mp: 96—100 °C. [a]{ = —33 (10 mg/mL; CHCL,).

tert-Butyl 4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro(3,4-d][1,3]dioxol-4-yl)methyl)amino)-
butanoate (13b). To a solution of compound 12 (93 mg, 0.30 mmol, 1
equiv) and compound 11b (48 mg, 0.30 mmol, 1 equiv) in THF (7 mL)
were added acetic acid (17 xL, 0.30 mmol, 1 equiv) and NaBH(OAc),
(97 mg, 0.46 mmol, 1.5 equiv). After the mixture was stirred at room
temperature overnight, the reaction was quenched by addition of
saturated NaHCOj; solution (15 mL), followed by extraction with
DCM (4 X 15 mL). The combined organic extracts were dried over
anhydrous Na,SO,, and the solvent was removed under reduced
pressure at 40 °C. Purification by column chromatography (DCM/
MeOH = 20:1 + 0.1% NEt;) afforded the desired product as a colorless
oil (101 mg, 0.23 mmol, 75%). "H NMR (300 MHz, CDCl,): §/ppm =
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8.30 (s, 1H), 7.88 (s, 1H), 6.31 (s, 2H), 5.98 (d, J = 3.2 Hz, 1H), 5.43
(dd, J=6.5,3.2 Hz, 1H), 4.99 (dd, ] = 6.5, 3.2 Hz, 1H), 4.37—4.28 (m,
1H), 2.94—2.78 (m, 2H), 2.67—2.50 (m, 2H), 2.22 (t, ] = 7.4 Hz, 2H),
1.77—-1.65 (m, 2H), 1.57 (s, 3H), 1.38 (s, 9H), 1.35 (s, 3H). *C NMR
(75 MHz, CDCL,): 8/ppm = 172.9, 156.0, 153.2, 149.5, 139.9, 120.5,
114.6,90.9, 85.6, 83.5, 82.4, 80.2, 51.3,49.1, 33.4, 28.2,27.4, 25.5, 25.4.
FT-IR: v/cm™" = 2985, 2938, 2852, 1669, 1507, 1426, 1370, 1197,
1178, 1132, 1078, 868, 831, 798, 720. [a]} = —22 (10 mg/mL;
CHCL).

tert-Butyl (3-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
propyl)carbamate (13c). To a solution of compound 12 (131 mg, 0.43
mmol, 1 equiv) and compound 11c (74 mg, 0.43 mmol, 1 equiv) in
THF (7 mL) was added acetic acid (24 yL, 0.43 mmol, 1 equiv) and
NaBH(OAc); (136 mg, 0.64 mmol, 1.5 equiv). After the mixture was
stirred at room temperature overnight, the reaction was quenched by
addition of saturated NaHCO; solution (15 mL), followed by
extraction with DCM (4 X 1S mL). The combined organic extracts
were dried over anhydrous Na,SO,, and the solvent was removed under
reduced pressure at 40 °C. Purification by column chromatography
(DCM/MeOH = 30:1 + 0.1% NEt,) afforded the desired product as a
colorless powder (150 mg, 0.32 mmol, 76%). '"H NMR (300 MHz,
CDCl,): §/ppm = 8.27 (s, 1H), 7.94 (s, 1H), 6.16 (s, 2H), 6.00 (d, ] =
3.2 Hz, 1H),5.44 (dd, ] = 6.4,3.2 Hz, 1H), 5.33 (t, ] = 6.4 Hz, 1H), 5.06
(dd, J = 6.4, 3.2 Hz, 1H), 4.48—4.38 (m, 1H), 3.29-3.11 (m, 2H),
3.02-2.89 (m, 2H), 2.85—2.60 (m, 2H), 1.76—1.63 (m, 2H), 1.59 (s,
3H), 1.41-1.34 (m, 12H). *C NMR (75 MHz, CDCl;): §/ppm =
156.3, 155.8, 153.2, 149.4, 140.1, 120.4, 114.8, 91.1, 85.0, 83.5, 82.4,
79.2, 51.2, 47.7, 39.1, 29.5, 28.5, 27.4, 25.5. FT-IR: v/cm™" = 3326,
3182,2980,2937, 1642, 1598, 1475, 1366, 1250, 1210, 1159, 1076, 867.
Mp: 46—49 °C. [a]}) = —22 (10 mg/mL; CHCl,).

Di-tert-butyl (25)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-
yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-
amino)pyrrolidine-1,2-dicarboxylate (13d). To a solution of com-
pound 12 (103 mg, 0.34 mmol, 1 equiv) and compound 11d (96 mg,
0.34 mmol, 1 equiv) in THEF (S mL) was added acetic acid (19 uL, 0.34
mmol, 1 equiv) and NaBH(OAc); (107 mg, 0.50 mmol, 1.5 equiv).
After the mixture was stirred at room temperature overnight, the
reaction was quenched by addition of saturated NaHCOj; solution (15
mL), followed by extraction with DCM (4 X 15 mL). The combined
organic extracts were dried over anhydrous Na,SO,, and the solvent
was removed under reduced pressure at 40 °C. Purification by column
chromatography (DCM/MeOH = 30:1 + 0.1% NEt;) afforded the
desired product as a colorless oil (130 mg, 0.23 mmol, 68%). '"H NMR
(300 MHz, CDCl,): 6/ppm = 8.31 (s, 1H), 7.90 (s, 1H), 6.02—5.92 (m,
3H), 5.42—5.35 (m, 1H), 5.08—5.01 (m, 1H), 441—4.30 (m, 1H),
4.18—4.04 (m, 1H), 3.78—3.67 (m, 1H), 3.34—3.23 (m, 2H), 2.98—
2.88 (m, 2H), 2.49-2.29 (m, 1H), 1.91—1.77 (m, 1H), 1.59 (s, 3H),
1.45—1.35 (m, 21H). 3C NMR (75 MHz, CDCl;): §/ppm = 172.4,
155.8, 153.9, 149.4, 140.2, 140.1, 120.5, 114.8, 91.0, 85.2, 83.6, 82.2,
81.5,80.2,58.7,56.5,51.9,49.636 36.3,28.5,28.1,27.4,25.5. FT-IR: v/
em™ = 3331, 3181, 2978, 2934, 1694, 1643, 1597, 1476, 1366, 1212,
1152, 1075, 855, 769. [a]¥ = —29 (10 mg/mL; CHCL).

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)amino)butanoic Acid Trifluor-
oacetate Salt (14a). Cold trifluoroacetic acid (1.5 mL) was added to a
solution of compound 13a (72 mg, 0.13 mmol) in DCM (1.5 mL) at
—20 °C. The solution was stirred at =20 °C until LC-MS analysis
indicated complete removal of Boc and ester groups. DCM (40 mL)
was added, and the solvent was removed under reduced pressure at 40
°C. After co-distillation with DCM (3 X 40 mL), the residues were
dissolved in water (1.5 mL) and cooled down to 5 °C. Cold
trifluoroacetic acid (250 uL) was added, and the solution was stirred at
S °C overnight. Water (5 mL) was added, and the mixture was
lyophilized. The desired product was obtained as the trifluoroacetate
salt (colorless solid, 78 mg, 0.13 mmol, 99%). '"H NMR (300 MHz,
CD;0D): §/ppm = 8.38 (s, 1H), 8.26 (s, 1H), 6.02 (d, ] = 5.4 Hz, 1H),
4.74—4.67 (m, 1H), 4.36—4.27 (m, 2H), 3.95 (dd, ] = 8.6, 4.8 Hz, 1H),
3.58—3.47 (m, 1H), 3.45—3.36 (m, 1H), 3.34—3.26 (m, 2H), 2.34—
221 (m, 1H), 2.20-2.07 (m, 1H). 3C NMR (75 MHz, CD,0D): 5/
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ppm = 172.7, 153.5, 149.8, 147.6, 144.1, 120.7, 91.1, 81.8, 75.1, 73.2,
53.1, 50.7, 46.5, 28.1. FT-IR: v/cm™" = 3308, 3166, 3072, 1672, 1508,
1424, 1324, 1198, 1132, 1074, 837,799, 723, 667. Mp: 58—61 °C. [a]}
= +2 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]" = 368.15 (100%),
369.14 (17.0%), 370.15 (2.3%). Calculated: 368.17 (100%), 369.17
(18.29), 370.17 (2.5%). Purity: > 98% (HPLC, MeCN/H,0 = 20:80 +
0.1% HCOOH); t, = 3.48 min.

4-((((2R,35,4R, 5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetra-
hydrofuran-2-yl)methyl)amino)butanoic Acid (14b). Cold trifluoro-
acetic acid (1.5 mL) was added to a solution of compound 13b (26 mg,
0.06 mmol) in DCM (1.5 mL) at —20 °C. The solution was stirred at
—20 °C until LC-MS analysis indicated complete removal of the ester
group. DCM (40 mL) was added, and the solvent was removed under
reduced pressure at 40 °C. After co-distillation with DCM (3 X 40 mL),
the residues were dissolved in water (1.5 mL) and cooled down to § °C.
Cold trifluoroacetic acid (250 uL) was added, and the solution was
stirred at 5 °C overnight. Water (5 mL) was added, and the mixture was
Iyophilized to give the desired product as a slightly yellow resin (20 mg,
0.06 mmol, quant.). '"H NMR (300 MHz, CD,0D): §/ppm = 8.43—
835 (m, 2H), 6.05 (d, ] = 5.0 Hz, 1H), 4.78 (t, ] = 4.9 Hz, 1H), 4.39—
4.26 (m, 2H), 3.61—3.48 (m, 1H), 3.45—3.35 (m, 1H), 3.09 (1, ] = 7.8
Hz, 2H), 2.39 (t, ] = 6.9 Hz, 2H), 1.98—1.81 (m, 2H). '*C NMR (75
MHz, CD;0D): §/ppm = 176.1, 153.0, 149.8, 146.9, 144.5,121.2,91.9,
81.6, 74.8, 73.3, 50.6, 48.6, 31.5, 22.2. FT-IR: v/cm™! = 3088, 2846,
1667, 1508, 1423, 1323, 1182, 1129, 1047, 919, 834, 798, 721. [a]} =
+2 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]* = 353.13 (100%),
354.11 (17.5%), 355.13 (2.5%). Calculated: 353.16 (100%), 354.16
(15.6%), 355.16 (2.5%). Purity: > 98% (HPLC, MeCN/H,O = 20:80 +
0.1% HCOOH); t, = 3.85 min.

(2R,3R,45,5R)-2-(6-Amino-9H-purin-9-yl)-5-(((3-aminopropyl)-
amino)methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (14c).
Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 13c (46 mg, 0.10 mmol) in DCM (1.5 mL) at § °C. The
solution was stirred at 5 °C until LC-MS analysis indicated complete
removal of the Boc group. DCM (40 mL) was added, and the solvent
was removed under reduced pressure at 40 °C. After co-distillation with
DCM (3 X 40 mL), the residues were dissolved in water (1.5 mL) and
cooled down to 5 °C. Cold trifluoroacetic acid (250 uL) was added, and
the solution was stirred at 5 °C overnight. Water (5 mL) was added, and
the mixture was lyophilized. The desired product was obtained as the
trifluoroacetate salt (colorless solid, 59 mg, 0.10 mmol, quant.). 'H
NMR (300 MHz, CD,0D): 8/ppm = 8.37 (s, 1H), 8.35 (s, 1H), 6.05
(d,]=4.9 Hz, 1H), 4.78 (t, ] = 4.9 Hz, 1H), 4.41—4.31 (m, 2H), 3.64—
3.53 (m, 1H), 3.48—3.40 (m, 1H), 3.19—3.13 (m, 2H), 3.04—2.96 (m,
2H), 2.11-1.98 (m, 2H). *C NMR (75 MHz, CD;0D): §/ppm =
153.7,149.9, 148.0, 144.1, 121.1, 91.8, 81.4, 74.8, 73.2, 50.7, 46.1, 37.8,
252, FT-IR: v/cm ™" = 3065, 2847, 1666, 1427, 1180, 1123, 1065, 1044,
834, 797, 759, 721, 667. Mp: 66—68 °C. [a]}’ = +4 (10 mg/mL;
MeOH). ESI-MS: m/z [M + H]" = 324.17 (100%), 325.14 (16.3%),
326.11 (1.7%). Calculated: m/z: 324.18 (100%), 325.18 (17.0%).
Purity: 98% (HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); t, = 1.93
min.

(25)-4-((((2R,3S,4R, 5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxy-
tetrahydrofuran-2-yl)methyl)amino)pyrrolidine-2-carboxylic Acid
(14d). Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 13d (50 mg, 0.09 mmol) in DCM (1.5 mL) at —20 °C. The
solution was stirred at —20 “C until LC-MS analysis indicated complete
removal of Boc and ester groups. DCM (40 mL) was added, and the
solvent was removed under reduced pressure at 40 °C. After co-
distillation with DCM (3 X 40 mL), the residues were dissolved in
water (1.5 mL) and cooled down to 5 °C. Cold trifluorcacetic acid (250
#L) was added, and the solution was stirred at 5 °C overnight. Water (5
mL) was added, and the mixture was lyophilized to give the desired
product as a yellow resin (34 mg, 0.09 mmol, quant.). 'H NMR (300
MHz, DMSO-dy): &/ppm = 8.51 (s, 1H), 829 (s, 1H), 8.09 (s, 2H),
6.00 (d, ] = 5.8 Hz, 1H), 479—4.72 (m, 1H), 447—4.37 (m, 1H),
426—4.17 (m, 2H), 4.09—3.97 (m, 1H), 3.61—=3.49 (m, 2H), 3.48—
3.37 (m, 2H), 2.86—2.71 (m, 1H), 2.18-2.01 (m, 1H). *C NMR (75
MHz, DMSO-dy): §/ppm = 169.1, 154.3, 150.2, 1489, 141.4, 119.4,
88.4, 80.1, 72.6, 71.6, 58.0, 54.8, 48.4, 46.4, 30.5. FT-IR: v/cm™!
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3011, 1669, 1506, 1422, 1180, 1128, 1047, 1024, 997, 827, 798, 763,
720. ESI-MS: m/z [M + H]* = 380.15 (100%), 381.12 (20.3%), 382.14
(2.6%). Calculated: 380.17 (100%), 381.17 (19.3%), 382.17 (2.7%).
Purity: 98% (HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); t, = 3.75
min.
9-((3aR,4R,6R,6aR)-6-((Benzylamino)methyl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine
(16a). To a solution of compound 12 (140 mg, 0.46 mmol, 1 equiv) and
benzaldehyde (15a; 46 ug, 0.46 mmol, 1 equiv) in 1,2-DCE/MeCN
(2:1, 9 mL) were added acetic acid (26 L, 0.46 mmol, 1 equiv) and
NaBH(OAc); (145 mg, 0.69 mmol, 1.5 equiv). After the mixture was
stirred at room temperature overnight, the reaction was quenched by
addition of MeOH (2 mL), and the solvent was removed under reduced
pressure at 40 °C. Purification by column chromatography (DCM/
MeOH = 30:1 + 0.1% NEt;) afforded the desired product as a colorless
powder (116 mg, 0.40 mmol, 87%). '"H NMR (300 MHz, CDCL,): &/
ppm = 8.07 (s, 1H), 7.85 (s, 1H), 7.30—7.17 (m, SH), 6.25 (s, 2H), 5.96
(d,J=3.2Hz, 1H), 5.44 (dd, ] = 6.4, 3.2 Hz, 1H), 5.05 (dd, ] = 6.4, 3.2
Hz, 1H), 4.42—4.35 (m, 1H), 3.77 (s, 2H), 2.96—2.81 (m, 2H), 158 (s,
3H), 1.35 (s, 3H). C NMR (75 MHz, CDCLy): §/ppm = 155.9, 153.1,
149.4, 140.0, 139.8, 128.5, 128.2, 127.1, 120.5, 114.6, 91.2, 85.5, 83.4,
82.4, 53.8, 50.7, 27.4, 25.5. FT-IR: v/em™ = 3316, 3159, 2987, 2935,
1643, 1596, 1474, 1373, 1329, 1207, 1073, 863, 732, 698. Mp: 57—60
°C. [a]} = —24 (10 mg/mL; CHCL).
3-(((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
methyl)phenol (16b). To a solution of compound 12 (157 mg, 0.51
mmol, | equiv) and 3-hydroxybenzaldehyde (15b; 63 mg, 0.51 mmol, 1
equiv) in THF (2 mL) were added acetic acid (29 pL, 0.51 mmol, 1
equiv) and NaBH(OAc); (163 mg, 0.77 mmol, 1.5 equiv). After the
mixture was stirred at room temperature for 7 h, the reaction was
quenched by addition of MeOH (1 mL), and the solvent was removed
under reduced pressure at 40 °C. Purification by column chromatog-
raphy (DCM/MeOH = 10:1 + 0.1% NEt;) afforded the desired
product as a colorless oil (193 mg, 0.47 mmol, 92%). 'H NMR (300
MHz, CDCl): §/ppm = 8.22 (s, 1H), 8.05 (s, IH), 7.04 (t, ] = 7.8 Hz,
1H), 6.69—6.59 (m, 3H), 6.12 (d, ] = 2.8 Hz, 1H), 5.45 (dd, J = 6.3, 2.8
Hz, 1H), 5.00 (dd, ] = 6.3, 3.2 Hz, 1H), 4.35 (td, | = 6.0, 3.2 Hz, 1H),
3.62 (s, 2H), 2.83 (d, ] = 6.0 Hz, 2H), 1.57 (s, 3H), 1.35 (s, 3H). 1*C
NMR (75 MHz, CDCL,): 8/ppm = 158.6, 157.3, 153.9, 150.2, 142.0,
141.6, 1304, 120.7, 1204, 116.2, 115.5, 115.2, 91.8, 86.9, 84.8, 83.9,
542, 51.5,27.5,25.6. FT-IR: v/em™" = 3543, 3339, 2982, 1645, 1600,
1480, 1457, 1424, 1376, 1331, 1050, 969, 869, 788, 696. Mp: 247 °C
(decomposition). [a]} = —13 (10 mg/mL; CHCI,).
9-((3aR,4R,6R,6aR)-2,2-Dimethyl-6-(((3-nitrobenzyl)amino)-
methyl)tetrahydrofuro(3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine
(16¢). To a solution of compound 12 (402 mg, 1.31 mmol, 1 equiv) and
3-nitrobenzaldehyde (15¢; 198 mg, 1.31 mmol, 1 equiv) in THF (10
mL) were added acetic acid (75 pL, 1.31 mmol, 1 equiv) and
NaBH(QAc), (417 mg, 1.97 mmol, 1.5 equiv). After the mixture was
stirred at room temperature overnight, the reaction was quenched by
addition of MeOH (15 mL), and the solvent was removed under
reduced pressure at 40 °C. Purification by column chromatography
(DCM/MeOH = 40:1 + 0.1% NEt,) afforded the desired product as a
colorless oil (358 mg, 0.81 mmol, 62%). "H NMR (300 MHz, CDCLy):
&/ppm = 8.19—8.13 (m, 1H), 8.11—8.03 (m, 2H), 7.86 (s, 1H), 7.60 (d,
J=7.8Hz, 1H), 7.43 (t, ] = 7.8 Hz, 1H), 6.26 (5, 2H), 5.96 (d, ] = 3.2
Hz, 1H), 548 (dd, ] = 6.4, 3.2 Hz, 1H), 5.08 (dd, ] = 6.4, 3.2 Hz, 1H),
4.45—4.34 (m, 1H), 3.90—3.84 (m, 2H), 2.99-2.81 (m, 2H), 1.60 (s,
3H), 1.38 (s, 3H). *C NMR (75 MHz, CDCl,): §/ppm = 155.9, 152.9,
149.3, 148.5, 142.5, 140.2, 134.1,129.3, 122.9, 122.2, 120.4, 114.7,91.3,
85.6, 83.3, 82.3, 53.0, 50.7, 27.4, 25.5. FT-IR: v/ecm™' = 3323, 3159,
2082, 2935, 1643, 1597, 1525, 1475, 1348, 1207, 1074, 867, 798, 751.
[a]f = —16 (10 mg/mL; CHCIL).
tert-Butyl 3-(((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
methyl)benzoate (16d). To a solution of compound 12 (200 mg, 0.65
mmol, 1 equiv) and fert-butyl 3-formylbenzoate (15d; 135 mg, 0.65
mmol, 1 equiv) in THF (5 mL) was added acetic acid (37 uL, 0.65
mmol, 1 equiv) and NaBH(OAc); (208 mg, 0.98 mmol, 1.5 equiv).
After the mixture was stirred at room temperature overnight, the
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reaction was quenched by addition of saturated NaHCOj solution (25
mL), followed by extraction with DCM (4 X 20 mL). The combined
organic extracts were dried over anhydrous Na,SO,, and the solvent
was removed under reduced pressure at 40 °C. Purification by column
chromatography (DCM/MeOH = 30:1 + 0.1% NEt;) afforded the
desired product as a yellowish oil (177 mg, 0.36 mmol, $5%). '"H NMR
(300 MHz, CDCl,): 5/ppm = 8.12 (s, 1H), 7.92—7.89 (m, 1H), 7.88—
7.83 (m, 2H), 7.49—7.43 (m, 1H), 7.33 (t, ] = 7.6 Hz, 1H), 6.06-5.93
(m, 3H), 5.46 (dd, = 6.4, 3.3 Hz, 1H), 5.07 (dd, ] = 6.4, 3.3 Hz, 1H),
443-4.36 (m, 1H), 3.83 (s, 2H), 2.99-2.82 (m, 2H), 1.60 (s, 3H),
1.57 (s, 9H), 1.37 (s, 3H). *C NMR (75 MHz, CDCl;): 6/ppm =
165.9, 155.8, 153.2, 149.5, 140.1, 132.3, 132.2, 129.2, 1284, 1283,
120.6,114.7,91.2, 85.5, 83.4, 82.4, 81.1, 53.5, 50.7, 28.3, 27.5, 25.6. FT-
IR: v/cm™ = 3322, 3159, 2980, 2933, 1706, 1643, 1475, 1368, 1294,
1157, 1076, 909, 850, 729. [a]¥’ = —18 (10 mg/mL; CHCL).
tert-Butyl (3-(((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
methyl)phenyl)carbamate (16e). To a solution of compound 12 (151
mg, 0.49 mmol, 1 equiv) and fert-butyl (3-formylphenyl)carbamate
(15e) (109 mg, 0.49 mmol, 1 equiv) in 1,2-DCE (S mL) were added
acetic acid (28 uL, 0.49 mmol, 1 equiv) and NaBH(OAc); (157 mg,
0.74 mmol, 1.5 equiv). After the mixture was stirred at room
temperature overnight, the reaction was quenched by addition of
MeOH (2 mL), and the solvent was removed under reduced pressure at
40 °C. Purification by column chromatography (DCM/MeOH = 30:1
+ 0.1% NEt;) afforded the desired product as a colorless powder (214
mg, 0.42 mmol, 85%). "H NMR (300 MHz, CDCL,): §/ppm = 8.15 (s,
1H), 7.95 (s, 1H), 7.33 (s, 1H), 7.25—7.15 (m, 2H), 6.95—6.89 (m,
1H), 6.01 (d, J = 3.1 Hz, 1H), 5.94 (s, 2H), 5.4 (dd, J = 6.4, 3.1 Hz,
1H), 5.05 (dd, ] = 6.4, 3.1 Hz, 1H), 4.45—4.38 (m, 1H), 3.85—3.71 (m,
2H), 2.95—2.80 (m, 2H), 1.60 (s, 3H), 1.50 (s, 9H), 1.38 (s, 3H). 1*C
NMR (75 MHz, CDCl,): 8/ppm = 155.8, 153.3, 153.0, 149.5, 140.6,
140.1, 138.8, 129.1, 122.8, 120.5, 118.4, 117.6, 114.6, 91.3, 85.8, 83.7,
82.5, 80.6, 53.8, 50.7, 28.5, 27.4, 25.5. FT-IR: v/cm™" = 3319, 3178,
2977,2977,2934, 1716, 1643, 1594, 1367, 1239, 1156, 1072, 867, 733.
Mp: 6871 °C. [a]} = =12 (10 mg/mL; CHCI).
(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-((benzylamino)-
methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (17a). Cold
trifluoroacetic acid (250 xL) was added to a suspension of compound
16a (29 mg, 0.07 mmol) in water (1.5 mL) at § °C. The mixture was
stirred at § °C for 48 h. Water (S mL) was added, and the mixture was
lyophilized to give the desired product as the trifluoroacetate salt
(colorless solid, 34 mg, 0.07 mmol, quant.). 'H NMR (300 MHz,
CD,0D): §/ppm = 8.36 (s, 1H), 8.16 (s, 1H), 7.42 (s, SH), 6.06 (d, ] =
4.7 Hz, 1H), 4.76 (t, ] = 4.7 Hz, 1H), 4.43—4.35 (m, 2H), 426 (d, ] =
2.8 Hz, 2H), 3.56 (dd, ] = 13.0, 9.2 Hz, 1H), 3.43 (dd, ] = 13.0, 2.7 Hz,
1H). C NMR (75 MHz, CD;0D): &/ppm = 154.1, 149.8, 148.5,
1439, 132.1, 1312, 130.8, 130.3, 121.2, 92.0, 81.5, 74.8, 73.3, 52.4,
49.9. FT-IR: v/cm™! = 3326, 3186, 2800, 1644, 1574, 1459, 1423, 1327,
1206, 1067, 825, 797, 699. Mp: 61—63 °C. [a]¥ = +6 (10 mg/mL;
MeOH). ESI-MS: m/z [M + H]* = 357.16 (100%), 358.12 (20.8%),
359.14 (2.0%). Calculated: 357.17 (100%), 358.17 (18.7%), 359.17
(2.6%). Purity: 97% (HPLC, MeCN/H,0 = 20:80 + 0.1% HCOOH);
tp = 3.44 min.
(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-(((3-hydroxybenzyl)-
amino)methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (17b).
Cold trifluoroacetic acid (250 L) was added to a suspension of
compound 16b (37 mg, 0.09 mmol) in water (1.5 mL) at S °C. The
mixture was stirred at 5 °C overnight. Water (5 mL) was added, and the
mixture was lyophilized to give the desired product as the
trifluoroacetate salt (yellowish solid, 43 mg, 0.09 mmol, 99%). 'H
NMR (300 MHz, CD;0D): §/ppm = 8.35 (s, 1H), 8.18 (s, 1H), 7.16
(t,] = 8.0 Hz, 1H), 6.85—6.74 (m, 3H), 6.02 (d, ] = 4.6 Hz, 1H), 4.70 (t,
J = 4.6 Hz, 1H), 4.37—4.26 (m, 2H), 4.11 (s, 2H), 3.52—3.31 (m, 2H).
3C NMR (75 MHz, CD,0D): §/ppm = 159.3, 153.0, 149.7, 146.8,
144.4, 133.3, 131.4, 121.8, 121.2, 117.9, 117.6, 92.1, 81.5, 74.8, 73.3,
52.3,49.8. FT-IR: v/cm ™" = 3087, 2840, 1669, 1592, 1427, 1195, 1129,
1040, 834, 797, 721, 697. Mp: 61 °C (decomposition). [a]} = +4 (10
mg/mL; MeOH). ESI-MS: m/z [M + H]* = 373.17 (100%), 374.14
(20.1%), 375.17 (2.6%). Calculated: 373.16 (100%), 374.17 (18.8%),
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375.17 (2.5%). Purity: 100% (HPLC, MeCN/H,0O = 20:80 + 0.1%
HCOOH); t; = 4.06 min.
(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-(((3-nitrobenzyl)-
amino)methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (17c).
Cold trifluoroacetic acid (500 L) was added to a suspension of
compound 16¢ (96 mg, 0.22 mmol) in water (3 mL) at S °C. The
mixture was stirred at S °C overnight. Undissolved residues were
filtered off, and water (S mL) was added to the filtrate. The mixture was
lyophilized to give the desired product as a colorless oil (103 mg, 0.20
mmol, 91%). "H NMR (300 MHz, CD,0D): §/ppm = 8.37 (s, 1H),
8.32—8.29 (m, 1H), 8.27 (s, 1H), 8.23—8.17 (m, 1H), 7.85—=7.77 (m,
1H), 7.61 (t, ] = 8.0 Hz, 1H), 6.04 (d, ] = 4.5 Hz, 1H), 4.70 (t, ] = 4.5
Hz, 1H), 4.44—4.29 (m, 4H), 3.61—3.41 (m, 2H). *C NMR (75 MHz,
CD,0D): §/ppm = 153.9, 149.8 (2x C), 1482, 1439, 137.4, 134.3,
131.5, 126.03, 125.4, 121.1,99.0, 81.3, 74.8, 73.3, 51.4, 50.3. FT-IR: v/
em™ = 3326, 3201, 3090, 1672, 1531, 1509, 1482, 1427, 1354, 1199,
1134, 834, 799, 722. [a]} = +14 (10 mg/mL; MeOH). ESI-MS: m/z
[M +H]* = 402.14 (100%), 403.1 (21.2%), 404.17 (2.7%). Calculated:
402.15 (100%), 403.16 (18.8%), 404.16 (2.7%). Purity: 99% (HPLC,
MeCN/H,O = 20:80 + 0.1% HCOOH); t; = 3.37 min.
3-(((((2R,3S5,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxyte-
trahydrofuran-2-yl)methyl)amino)methyl)benzoic Acid Trifluoroa-
cetate Salt (17d). Cold trifluoroacetic acid (1.5 mL) was added to a
solution of compound 16d (79 mg, 0.16 mmol) in DCM (1.5 mL) at
—20 °C. The solution was stirred at =20 °C until LC-MS analysis
indicated complete removal of the ester group. DCM (40 mL) was
added, and the solvent was removed under reduced pressure at 40 °C.
After co-distillation with DCM (3 X 40 mL), the residues were
dissolved in water (1.5 mL) and cooled down to § °C. Cold
trifluoroacetic acid (250 uL) was added, and the solution was stirred at
S °C overnight. Water (5 mL) was added, and the mixture was
lyophilized. The desired product was obtained as the trifluoroacetate
salt (colorless solid, 82 mg, 0.16 mmol, quant.). '"H NMR (300 MHz,
CD;0D): 5/ppm = 8.34 (s, 1H), 8.21 (s, 1H), 8.04 (d, ] = 1.6 Hz, 1H),
7.98 (dt, J = 7.7, 1.6 Hz, 1H), 7.61 (dt, ] = 7.7, 1.6 Hz, 1H), 7.46 (t, ] =
7.7 Hz, 1H), 6.02 (d, ] = 4.5 Hz, 1H), 4.68 (t, ] = 4.6 Hz, 1H), 4.37—
4.24 (m, 4H), 3.55—3.36 (m, 2H). *C NMR (75 MHz, CD;0D): 6/
ppm = 168.8, 153.0, 149.7, 146.7, 144.4, 135.6, 133.0, 132.7, 132.3,
131.8, 130.5, 121.2, 92.0, 81.4, 74.9, 73.3, 52.0, 50.1. FT-IR: v//cm™"
3076, 3076, 2847, 1667, 1509, 1427, 1280, 1182, 1129, 1042, 826, 797,
749, 721. mp: 65—67 °C. [a]} = +10 (10 mg/mL; MeOH). ESI-MS:
m/z [M + H]" = 401.14 (100%), 402.12 (22.2%), 403.14 (2.5%).
Calculated: 401.16 (100%), 402.16 (19.9%), 403.16 (3.3%). Purity:
100% (HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); t; = 3.91 min.
(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-(((3-aminobenzyl)-
amino)methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (17e).
Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 16e (108 mg, 0.21 mmol) in DCM (1.5 mL) at —20 °C. The
solution was stirred at —20 °C until LC-MS analysis indicated complete
removal of the Boc group. DCM (40 mL) was added, and the solvent
was removed under reduced pressure at 40 °C. After co-distillation with
DCM (3 X 40 mL), the residues were dissolved in water (1.5 mL) and
cooled down to S °C. Cold trifluoroacetic acid (250 yL) was added, and
the solution was stirred at § °C overnight. Water (S mL) was added, and
the mixture was lyophilized. The desired product was obtained as the
trifluoroacetate salt (1:1.3; ocherous solid, 111 mg, 0.21 mmol, quant.).
'"H NMR (300 MHz, CD,0D): §/ppm = 8.33 (s, 1H), 8.18 (s, 1H),
7.39—7.32 (m, 1H), 7.25—7.20 (m, 2H), 7.19—7.14 (m, 1H), 6.01 (d, ]
=4.7 Hz, 1H), 4.72—4.67 (m, 1H), 4.36—4.28 (m, 2H), 4.25—4.14 (m,
2H), 3.56—3.45 (m, 1H), 3.42—3.34 (m, 1H). *C NMR (75 MHz,
CD;0D): &/ppm = 1534, 149.7, 147.4, 144.2, 140.0, 133.9, 131.6,
126.8, 122.4, 122.0, 121.1, 92.0, 81.4, 74.8, 73.3, 52.0, 50.1. FT-IR: v/
em™ = 2979, 2637, 1666, 1507, 1465, 1427, 1188, 1128, 1041, 836,
797, 721, 695. Mp: 69—72 °C. [a]} = +6 (10 mg/mL; MeOH). ESI-
MS: m/z [M + HJ* = 372.16 (100%), 373.13 (20.9%), 374.15 (2.2%).
Calculated: 372.18 (100%), 373.18 (21.3%), 374.19 (1.7%). Purity:
100% (HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); t; = 3.88 min.
2-(((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)isoindoline-
1,3-dione (18). According to the method of Liu et al.,”” to a suspension
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of compound 5 (1000 mg, 3.25 mmol, 1 equiv) in THF (40 mL) were
added phthalimide (479 mg, 3.25 mmol, 1 equiv) and triphenylphos-
phine (853 mg, 3.25, 1 equiv). DIAD (639 uL, 3.25 mmol, 1 equiv) was
added dropwise, and the mixture was stirred at room temperature for 5
h. The precipitate was filtered off and washed with cyclohexane to give
the desired product as a colorless solid. More product could be obtained
by adding cyclohexane to the filtrate and stirring the mixture overnight.
The precipitate was filtered off and washed with cyclohexane. Yield:
1.01 g, 2.31 mmol, 71%. "H NMR (300 MHz, DMSO-d,): &/ppm =
8.28 (s, 1H), 7.86 (s, IH), 7.81 (s, 4H), 7.31 (s, 2H), 6.18 (d, ] = 2.0 Hz,
1H), 5.4 (dd, ] = 6.3, 2.0 Hz, 1H), 5.18 (dd, ] = 6.3, 3.7 Hz, 1H), 4.43—
4.33 (m, 1H), 3.97—3.83 (m, 2H), 1.50 (s, 3H), 1.30 (s, 3H). *C NMR
(75 MHz, DMSO-d,): 8/ppm = 167.8, 156.1, 152.5, 148.6, 140.3,
134.5, 131.4, 123.1, 1192, 113.5, 88.7, 83.8, 83.4, 81.8, 27.0, 25.3. FT-
IR: v/em™ = 3326, 3161, 2979, 1709, 1661, 1597, 1397, 1327, 1208,
1074, 869, 798, 725. Mp: 147—150 °C. [a]}’ = +18 (10 mg/mL;
DMSO).

2-(((2R,35,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetra-
hydrofuran-2-yl)methyl)isoindoline-1,3-dione (19). Cold trifluoro-
acetic acid (250 pL) was added to a suspension of compound 18 (40
mg, 0.09 mmol) in water (1.5 mL) at § °C. The mixture was stirred at §
°C overnight. Water ($ mL) was added, and the mixture was lyophilized
to give the desired product as a colorless solid (35 mg, 0.09 mmol,
96%). "H NMR (300 MHz, DMSO-d,): 5/ppm = 8.67 (s, IH), 8.27 (s,
1H), 7.90—7.79 (m, 4H), 5.92 (d, ] = 5.3 Hz, 1H), 4.74 (t, ] = 5.3 H,
1H), 424 (t, ] = 4.4 Hz, 1H), 421-4.13 (m, 1H), 4.02—3.85 (m, 2H).
BC NMR (75 MHz, DMSO-d;): 6/ppm = 167.9, 158.5, 151.9, 148.6,
147.2,142.0, 134.6, 131.5, 123.2, 113.0, 87.9, 81.8, 73.1, 71.5. FT-IR: v/
cm™! = 3318, 3120, 2944, 1679, 1395, 1188, 1127, 1029, 1000, 972,
874, 797, 738. mp: 143—147 °C. [a]}' = +32 (10 mg/mL; DMSO).
ESI-MS: m/z [M + H]* = 397.12 (100%), 398.06 (19.7%), 399.11
(2.5%). Calculated: 397.13 (100%), 398.13 (19.9%), 399.13 (3.3%).
Purity: 97% (HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); t, = 4.20
min.
tert-Butyl N*-((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-di[ I,3]dioxo.'-4-y!)merhyn')-NQ-(rerr-bu-
toxycarbonyl)-L-asparaginate (20a). To a solution of compound 12
(200 mg, 0.65 mmol, 1 equiv) and DIPEA (111 uL, 0.65 mmol, 1 equiv)
in DMF (2 mL) was added HBTU (248 mg, 0.65 mmol, 1 equiv), and
the mixture was stirred at room temperature for 15 min. Boc-Asp-O‘Bu
(189 mg, 0.65 mmol, 1 equiv) was added, and the mixture was stirred
for 1 h. The solution was diluted with saturated NaHCO; solution and
extracted with ethyl acetate (3 X 20 mL). The combined organic
extracts were dried over anhydrous Na,SO,, and the solvent was
removed under reduced pressure at 40 °C to give the desired product as
a yellowish solid (352 mg, 0.61 mmol, 93%). '"H NMR (300 MHz,
CDCL): 8/ppm = 8.39 (s, 1H), 7.86 (s, 1H), 6.27 (s, 2H), 5.80 (d, ] =
4.8 Hz, 1H), 5.73 (d, ] = 8.0 Hz, 1H), 5.25 (t, ] = 5.7 Hz, 1H), 4.80 (dd,
J =63, 2.1 Hz, 1H), 4.50—4.41 (m, 2H), 422—4.08 (m, 1H), 3.27—
3.17 (m, 1H), 2.96—2.89 (m, 2H), 1.60 (s, 3H), 145 (s, 9H), 1.37—
1.30 (m, 12H). *C NMR (75 MHz, CDCl,): §/ppm = 170.7, 170.6,
155.9, 155.8, 152.7, 148.9, 140.7, 120.1, 114.9, 92.8, 83.5, 82.3, 82.2,
81.6, 79.8, 51.3, 41.1, 38.4, 28.3, 28.1, 27.6, 254. FT-IR: v/cm™! =
3323, 2980, 2932, 1709, 1643, 1480, 1367, 1296, 1249, 1153, 1096,
1077, 852, 798. Mp: 85 °C (decomposition). [a]f = —136 (10 mg/
mL; CHCL).

tert-Butyl N5-({(3aR,4R,6R,éaR)-6-(6-Amino—9H-purin-9—yn‘)—2,2-
dimethyitetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-N°-(tert-bu-
toxycarbonyl)-t-glutaminate (20b). To a solution of compound 12
(200 mg, 0.65 mmol, 1 equiv) and DIPEA (111 uL, 0.65 mmol, 1 equiv)
in DMF (2 mL) was added TBTU (210 mg, 0.65 mmol, 1 equiv), and
the mixture was stirred at room temperature for 40 min. Boc-Glu-OtBu
(198 mg, 0.65 mmol, 1 equiv) was added, and the mixture was stirred
for 2.5 h. The solution was diluted with saturated NaHCOQj; solution
and extracted with ethyl acetate (3 X 20 mL). The combined organic
extracts were dried over anhydrous Na,SO,, and the solvent was
removed under reduced pressure at 40 °C. The residues were dissolved
in DCM (2 mL), and n-heptane (20 mL) was added. The resulting
precipitate was filtered off and washed with n-heptane to give the
desired product as a colorless solid (322 mg, 0.54 mmol, 84%). 'H
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NMR (300 MHz, CDCL,): /ppm = 8.33 (s, 1H), 8.18 (s, LH), 8.13 (t,
J=5.8 Hz, 1H), 7.36 (s, 2H), 7.10 (d, ] = 7.7 Hz, 1H), 6.11 (d, J = 3.1
Hz, 1H), 5.41 (dd, ] = 6.4, 3.1 Hz, 1H), 4.88 (dd, ] = 6.4, 3.1 Hz, 1H),
422-4.14 (m, 1H), 3.83-3.72 (m, 1H), 3.37—3.32 (m, 2H), 2.25—
2.13 (m, 2H), 1.97—1.81 (m, 1H), 1.80—1.64 (m, 1H), 1.53 (s, 3H),
1.40—1.34 (m, 18H), 1.31 (s, 3H). C NMR (75 MHz, CDCl,): &/
ppm = 1717, 171.6, 156.2, 155.5, 152.7, 148.7, 140.1, 1193, 113.5,
89.2, 84.1, 82.7, 81.7, 80.2, 78.0, 53.9, 40.8, 31.5, 28.2, 27.6, 27.0, 26.5,
25.2. FT-IR: v/em™! = 3323, 3212, 2980, 2932, 1709, 1643, 1480, 1367,
1213, 1153, 1096, 852, 798. Mp: 83—86 °C. [a]y = —91 (10 mg/mL;
CHCl).

tert-Butyl 4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-4-ox-
obutanoate (20c). To a solution of compound 12 (204 mg, 0.67 mmol,
1 equiv) and DIPEA (113 yL, 0.67 mmol, 1 equiv) in DMF (2 mL) was
added TBTU (214 mg, 0.67 mmol, 1 equiv), and the mixture was stirred
at room temperature for 40 min. 4-(tert-Butoxy)-4-oxobutanoic acid
(116 mg, 0.67 mmol, 1 equiv) was added, and the mixture was stirred
for 2.5 h. The solution was diluted with saturated NaHCOj; solution
and extracted with ethyl acetate (3 X 20 mL). The combined organic
extracts were dried over anhydrous Na,SO,, and the solvent was
removed under reduced pressure at 40 °C to give the desired product as
a yellowish solid (300 mg, 0.65 mmol, 97%). '"H NMR (300 MHe,
CDCl,): 8/ppm = 8.49 (d, ] = 8.9 Hz, 1H), 8.35 (s, 1H), 7.85 (s, 1H),
6.17 (s,2H), 5.80 (d, J = 5.0 Hz, 1H), 5.38—5.32 (m, 1H), 4.84 (dd, ] =
6.2, 2.0 Hz, 1H), 4.52—4.44 (m, 1H), 4.26—4.13 (m, 1H), 3.27-3.14
(m, 1H), 2.82—2.61 (m, 2H), 2.59—2.44 (m, 2H), 1.60 (s, 3H), 1.40 (s,
9H), 1.34 (s, 3H). *C NMR (75 MHz, CDCl,): §/ppm = 172.4, 172.3,
156.2, 152.9, 149.0, 140.6, 1212, 114.6, 92.9, 83.7, 82.3, 81.7, 80.6,
41.1, 30.9, 30.5, 28.2, 27.7, 25.3. FT-IR: v/ecm™" = 3326, 3186, 2980,
2926, 1722, 1642, 1598, 1367, 1332, 1151, 1095, 852, 798. Mp: 62—65
°C. [a]® = —164 (10 mg/mL; CHCL,).

tert-Buty! (3-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-3-
oxopropyl)carbamate (20d). To a solution of compound 12 (200 mg,
0.65 mmol, 1 equiv) and DIPEA (111 gL, 0.65 mmol, 1 equiv) in DMF
(2 mL) was added TBTU (210 mg, 0.65 mmol, 1 equiv), and the
mixture was stirred at room temperature for 30 min. Boc-f-Ala-OH
(124 mg, 0.65 mmol, 1 equiv) was added, and the mixture was stirred
overnight. The solution was diluted with saturated NaHCOj; solution
and extracted with ethyl acetate (3 X 20 mL). The combined organic
extracts were dried over anhydrous Na,SO,, and the solvent was
removed under reduced pressure at 40 °C to give the desired product as
a colorless solid (298 mg, 0.62 mmol, 96%). 'H NMR (300 MHz,
CDCl,): 8/ppm = 8.36 (s, 1H), 822 (d, ] = 8.2 Hz, 1H), 7.87 (s, 1H),
6.42 (s, 2H), 5.83 (d, ] = 4.5 Hy, 1H), 5.46—5.36 (m, 1H), 5.30-5.23
(m, 1H), 4.80 (dd, ] = 6.3, 2.4 Hz, 1H), 449—4.42 (m, 1H), 4.17—4.03
(m, 1H), 3.52—3.40 (m, 2H), 3.34—3.23 (m, 1H), 2.67—2.46 (m, 2H),
1.60 (s, 3H), 1.35 (s, 9H), 1.32 (s, 3H). "*C NMR (75 MHz, CDCl,):
8/ppm = 172.4, 156.2, 156.0, 152.8, 1489, 140.6, 121.1, 114.9, 92.5,
83.6,82.5,81.5,79.3,41.1, 36.9, 36.3, 28.5,27.6, 25.4. FT-IR: v//cm ™' =
3323, 3207, 2980, 2935, 1643, 1600, 1507, 1366, 1247, 1210, 1164,
1077, 854, 750. Mp: 98—101 °C. [a]} = —132 (10 mg/mL; CHCl,).

N“-(((2R,3S,4R,5R}-5-(6-Amino-QH-purin—Q-yI)-3,4-dihydroxyte-
trahydrofuran-2-yl)methyl)-i-asparagine Trifluoroacetate Salt
(21a). Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 20a (106 mg, 0.18 mmol) in DCM (1.5 mL) at —20 °C. The
solution was stirred at —20 “C until LC-MS analysis indicated complete
removal of Boc and ester groups. DCM (40 mL) was added, and the
solvent was removed under reduced pressure at 40 °C. After co-
distillation with DCM (3 X 40 mL), the residues were dissolved in
water (1.5 mL) and cooled down to 5 °C. Cold trifluoroacetic acid (250
uL) was added, and the solution was stirred at S °C overnight. Water (5
mL) was added, and the mixture was lyophilized. The desired product
was obtained as the trifluoroacetate salt (colorless solid, 89 mg, 0.18
mmol, quant.). "H NMR (300 MHz, CD,0D): §/ppm = 8.35 (s, 1H),
829 (s, 1H), 5.91 (d, ] = 5.3 Hz, 1H), 4.64 (t, ] = 5.3 Hz, 1H), 4.22—
4.12 (m, 2H), 4.08—4.00 (m, 1H), 3.61-3.40 (m, 2H), 2.94—2.76 (m,
2H). ®C NMR (75 MHz, CD,0D): /ppm = 171.4, 1713, 1532,
149.9, 147.1, 144.1, 120.8, 90.8, 85.0, 75.1,72.8, 1.0, 42.3, 35.4. FT-IR:
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vfem™! = 3087, 2981, 1664, 1507, 1423, 1323, 1186, 1129, 1069, 899,
836, 798, 721. Mp: 72 °C (decomposition). [a]f’ = —20 (10 mg/mL;
MeOH). ESI-MS: m/z [M + H]" = 382.13 (100%), 383.12 (17.2%),
384.13 (2.1%). Calculated: 382.15 (100%), 383.15 (15.6%), 384.15
(2.79%). Purity: 95% (HPLC, MeCN/H,0 = 20:80 + 0.1% HCOOH);
tg = 3.68 min,
N°~(((2R,35,4R,5R)-5-(6-Amino-9H-purin-9-yi)-3,4-dihydroxyte-
trahydrofuran-2-yl)methyl)--glutamine Trifluoroacetate Salt (21b).
Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 20b (101 mg, 0.17 mmol) in DCM (1.5 mL) at —20 °C.
The solution was stirred at —20 °C until LC-MS analysis indicated
complete removal of Boc and ester groups. DCM (40 mL) was added,
and the solvent was removed under reduced pressure at 40 °C. After co-
distillation with DCM (3 X 40 mL), the residues were dissolved in
water (1.5 mL) and cooled down to 5 °C. Cold trifluoroacetic acid (250
pL) was added, and the solution was stirred at 5 °C overnight. Water (5
mL) was added, and the mixture was lyophilized. The desired product
was obtained as the trifluoroacetate salt (yellowish solid, 87 mg, 0.17
mmol quant.). '"H NMR (300 MHz, CD;0D): §/ppm = 8.36 (s, 1H),
8.30 (s, 1H), 591 (d, ] = 5.4 Hz, 1H), 4.66—4.61 (m, 1H), 4.16—4.10
(m, 1H), 4.08—4.00 (m, 1H), 3.95—3.88 (m, 1H), 3.59—3.39 (m, 2H),
2.46—2.38 (m, 2H), 2.19-1.99 (m, 2H). *C NMR (75 MHz,
CD,0D): §/ppm = 174.5, 171.6, 152.8, 150.0, 146.5, 144.2, 120.9,
90.9, 85.1, 75.2, 72.9, 53.6, 42.5, 32.4, 27.2. FT-IR: v/em™" = 3082,
2945, 1667, 1556, 1507, 1424, 1323, 1184, 1129, 898, 836, 797, 721.
Mp: 77—80 °C. [a]} = —17 (10 mg/mL; MeOH). ESI-MS: m/z [M +
H]" = 396.15 (100%), 397.14 (18%), 398.15 (2.6%). Calculated:
396.16 (100%), 397.17 (16.7%), 398.17 (2.5%). Purity: 96% (HPLC,
MeCN/H,0 = 20:80 + 0.1% HCOOH); #, = 2.22 min.
4-((((2R,35,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetra-
hydrofuran-2-yl)methyl)amino)-4-oxobutanoic Acid (21¢). Cold
trifluoroacetic acid (1.5 mL) was added to a solution of compound
20b (50 mg, 0.11 mmol) in DCM (1.5 mL) at —20 °C. The solution
was stirred at —20 °C until LC-MS analysis indicated complete removal
of the ester group. DCM (40 mL) was added, and the solvent was
removed under reduced pressure at 40 °C. After co-distillation with
DCM (3 X 40 mL), the residues were dissolved in water (1.5 mL) and
cooled down to 5 °C. Cold trifluoroacetic acid (250 uL) was added, and
the solution was stirred at 5 °C overnight. Water (5 mL) was added, and
the mixture was lyophilized to give the desired product as a colorless
solid (40 mg, 0.11 mmol, quant.). "H NMR (300 MHz, CD,0D): &/
ppm = 8.40—8.28 (m, 2H), 5.94 (d, ] = 5.9 Hz, 1H), 4.77—4.71 (m,
1H), 4.21—-4.10 (m, 2H), 3.77-3.66 (m, 1H), 341 (dd, J = 14.3, 4.1
Hz, 1H), 2.63—2.55 (m, 2H), 2.55—2.47 (m, 2H). *C NMR (75 MHz,
CD,0D): §/ppm = 175.0, 174.9, 154.6, 150.1, 149.5, 143.5, 120.9,
90.8, 85.6, 74.9, 72.7, 42.1, 31.6, 30.0. FT-IR: v/cm™" = 3305, 3102,
2935, 1646, 1553, 1420, 1195, 1129, 1059, 834, 798, 721. Mp: 64—67
°C. [a]} = —64 (5 mg/mL; MeOH). ESI-MS: m/z [M + H]* = 367.12
(100%), 368.09 (16.8%), 369.10 (2.3%). Calculated: 367.14 (100%),
368.14 (15.6%), 369.14 (2.7%). Purity: 100% (HPLC, MeCN/H,O =
20:80 + 0.1% HCOOH); t, = 4.19 min.
3-Amino-N-(((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihy-
droxytetrahydrofuran-2-yl)methyl)propanamide Trifluoroacetate
Salt (21d). Cold trifluoroacetic acid (1.5 mL) was added to a solution
of compound 20d (83 mg, 0.17 mmol) in DCM (1.5 mL) at —20 °C.
The solution was stirred at —20 °C until LC-MS analysis indicated
complete removal of Boc and ester groups. DCM (40 mL) was added,
and the solvent was removed under reduced pressure at 40 °C. After co-
distillation with DCM (3 X 40 mL), the residues were dissolved in
water (1.5 mL) and cooled down to 5 °C. Cold trifluoroacetic acid (250
#L) was added, and the solution was stirred at 5 °C overnight. Water (5
mL) was added, and the mixture was lyophilized. The desired product
was obtained as the trifluoroacetate salt (yellow resin, 78 mg, 0.17 mmol
quant.). 'H NMR (300 MHz, CD,0D): 5/ppm = 8.44 (s, 1H), 8.38 (s,
1H), 5.99 (d, ] = 5.2 Hz, 1H), 4.75—4.68 (m, 1H), 4.25—4.18 (m, 1H),
4.16—4.08 (m, 1H), 3.65—-3.51 (m, 2H), 3.20—3.14 (m, 2H), 2.66—
2.58 (m, 2H). *C NMR (75 MHz, CD,0D): §/ppm = 171.1, 152.2,
148.7,146.4,142.4,119.5, 89.5, 83.6,73.7,71.5,41.0, 35.7, 31.4. FT-IR:
v/em™! = 3271, 3088, 1666, 1557, 1507, 1423, 1325, 1183, 1126, 1074,
835, 798, 721. [a]¥ = —23 (10 mg/mL; MeOH). ESI-MS: m/z [M +
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H]" = 338.13 (100%), 339.12 (15.5%), 340.11 (2.0%). Calculated:
338.16 (100%), 339.16 (14.4%), 340.16 (2.1%). Purity: 95% (HPLC,
MeCN/H,0 = 20:80 + 0.1% HCOOH); t,, = 4.02 min.

N-(((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-N-methyl-2-
nitrobenzenesulfonamide (22). To a solution of 2',3’-O-isopropyli-
denadenosine (5) (0.5 g, 1.6 mmol, 1.0 equiv) in THF (12 mL) at 0 °C
were added 2-nitro-N-methylbenzenesulfonamide (387 mg, 1.8 mmol,
1.1 equiv), PPh, (726 mg, 2.8 mmol, 1.7 equiv), and DIAD (0.54 mL,
560 mg, 2.8 mmol, 1.7 equiv), and the mixture was stirred at rt for 24 h.
The reaction was concentrated, and the residue was recrystallized in hot
MeOH (25 mL) and further purified by column chromatography
(DCM/MeOH = 25:1) to give 22 (192 mg, 0.38 mmol, 23%) as a
yellow solid. 'H NMR (300 MHz, CDCL,): 8/ppm=28.30 (d,J=9.0Hz,
2H), 8.17 (s, 1H), 7.92 (dd, ] = 8.3, 1.4 Hz, 1H), 7.85—7.78 (m, 2H),
7.76—7.66 (m, 1H), 7.36 (s, 2H), 6.21 (d, ] = 2.3 Hz, 1H), 5.45 (dd, ] =
6.4, 2.3 Hz, 1H), 5.08 (dd, ] = 6.4, 3.4 Hz, 1H), 4.40—4.27 (m, 1H),
3.63 (dd, J = 14.5, 5.3 Hz, 1H), 3.51—-3.40 (m, 1H), 2.77 (s, 3H), 1.53
(s, 3H), 1.32 (s, 3H). *C NMR (75.5 MHz, CDCl,): §/ppm = 156.1,
1527, 148.7, 147.8, 140.3, 134.5, 132.3, 130.4, 129.8, 124.3, 119.2,
113.6, 89.0, 84.4, 832, 81.8, 514, 35.7, 27.0, 25.2. FT-IR: v/cm™!
3114, 1543, 1372, 1347, 1217, 1205, 1170, 1103, 1072, 1057, 972, 877,
854, 777, 767, 693. Mp: 230-233 °C. [a]f} = —10 (10 mg/mL;
MeOH). R, = 0.25 (DCM/MeOH = 20:1).

9-((3aR,4R,6R,6aR)-2,2-Dimethyl-6-((methylamino)methyl)-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine (23). To a
solution of 22 (172 mg, 0.34 mmol, 1.0 equiv) in MeCN (3 mL) were
added Cs,CO; (332 mg, 1.02 mmol, 3.0 equiv) and thiophenol (0.14
mL, 1.36 mmol, 4.0 equiv), and the suspension was stirred at rt for 72 h.
By the addition of 1 M NaOH (20 mL), the reaction was quenched, and
the aqueous layer was extracted with DCM (3 X 20 mL). The combined
organic layers were dried over anhydrous Na,SO,, filtered, and
concentrated under reduced pressure at 40 °C, The residue was
purified by column chromatography (DCM/MeOH = 90:10 to 70:30)
to give 23 (71 mg, 0.22 mmol, 65%) as a yellow oil. '"H NMR (300
MHz, CDCL,): &/ppm = 8.26 (s, 1H), 7.87 (s, 1H), 6.56 (s, 2H), 5.97
(d,] = 3.3 Hz, 1H), 542 (dd, ] = 6.6, 3.2 Hz, IH), 5.01—4.94 (m, 1H),
4.37-4.30 (m, 1H), 2.83 (d, J = 4.9 Hz, 2H), 2.37 (s, 3H), 155 (s, 3H),
1.32 (s, 3H). *C NMR (75.5 MHz, CDCL;): /ppm = 156.0, 153.1,
149.3, 139.8, 120.3, 114.6, 90.9, 85.2, 83.5, 82.4, 53.5, 36.4, 27.3, 25.4.
FT-IR: v/cm™ = 3163, 2986, 1643, 1596, 1474, 1374, 1328, 1296,
1265, 1208, 1155, 1074, 866, 798, 732, 702. [a]y = —17 (10 mg/mL;
MeOH). R, = 0.11 (DCM/MeOH = 10:1).

tert-Butyl (tert-Butoxycarbonyl)-.-homoserinate (24). To a
solution of Boc-Asp-O'Bu (2.5 g, 8.7 mmol, 1.0 equiv) in dry THF
(100 mL) under argon atmosphere at —10 °C was added N-methyl
morpholine (0.95 mL, 875 mg, 8.7 mmol, 1.0 equiv). After 1 min, ethyl
chloroformate (0.82 mL, 938 mg, 8.7 mmol, 1.0 equiv) was added, and
the mixture was stirred for 15 min at —5 °C. Then, the precipitates were
filtered off, and the filtrate was dropwise added to a 5 °C chilled solution
of NaBH, (0.67 mL, 736 mg, 19.5 mmol, 2.3 equiv) in water. The
reaction was slowly warmed up to rt and was stirred at rt for 18 h. The
mixture was cooled to 5 °C and acidified to pH 2 with 3 M HCL Then,
the aqueous phase was extracted with EtOAc (2 X 25 mL), and the
combined organic layers were washed with brine (3 X 25 mL), dried
over anhydrous Na,SO,, filtered, and concentrated under reduced
pressure at 40 °C, The residue was purified by column chromatography
(cyclohexane/EtOAc = 1:1) to give 24 (1.73 g, 6.3 mmol, 73%) as a
colorless oil. "H NMR (300 MHz, CDCl,): §/ppm = 5.48—5.23 (m,
1H), 4.45—4.22 (m, 1H), 3.76—3.55 (m, 2H), 3.33 (s, LH), 2.20—2.04
(m, 1H), 1.44 (d, ] = 6.4 Hz, 18H). '*C NMR (75.5 MHz, CDCl,): 6/
ppm = 172.1, 156.8, 82.4, 80.5, 58.4, 51.0, 36.7, 31.3, 28.4, 28.4, 28.1,
28.0. FT-IR: v/em™" = 3377,2979, 1715, 1505, 1456, 1392, 1367, 1251,
1154, 1054, 846. [a]y = —39 (10 mg/mL; MeOH). Ry = 0.40
(cyclohexane/EtOAc = 2:1).

tert-Butyl 2-((tert-Butoxycarbonyl)amino)-4-iodobutanoate (25).
To a solution of 24 (0.5 g, 1.8 mmol, 1.0 equiv) in 1,2-dce at 0 °C were
added DMAP (22 mg, 0.18 mmol, 0.1 equiv), tosyl chloride (693 mg,
3.6 mmol, 2.0 equiv), and NEt; (1.26 mL, 9.1 mmol, 5.0 equiv). After
the mixture was stirred at rt for 4 h, the solvent was removed under
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reduced pressure at 40 °C. The obtained residue was dissolved in
EtOAc (20 mL) and washed with 1 M HCI (3 X 20 mL), saturated
NaHCOj; solution (3 X 20 mL), and brine (3 X 20 mL). The organic
layer was dried over MgSO,, filtered, and concentrated under reduced
pressure at 40 °C to give a yellow oil. To a solution of the oil in acetone
(5 mL) was added Nal (4.1 g, 27.3 mmol, 3.0 equiv), and the solution
was stirred at rt for 42 h under light exclusion. The reaction was
quenched by the addition of 10 mL of ice water and then extracted with
EtOAc (3 x 15 mL). The organic layer was washed with brine (3 X 15
mL), dried over Na,SO,, filtered, and concentrated under reduced
pressure at 40 °C. The obtained oil was purified via column
chromatography to give 25 (462 mg, 1.2 mmol, 66%) as a brown oil.
'H NMR (300 MHz, CDCl,): 5/ppm = 5.15—5.00 (m, 1H), 4.18 (d,] =
5.1 Hz, 1H), 3.25—3.07 (m, 2H), 2.44—2.28 (m, 1H), 2.18—2.07 (m,
1H), 1.46 (d, ] = 8.0 Hz, 18H). *C NMR (75.5 MHz, CDCL,): 5/ppm
=170.7,155.4, 82.7,80.2, 55.1, 37.8, 28.5, 28.1, —0.4. FT-IR: /cm™"
2978,2934, 1714, 1504, 1455, 1392, 1367, 1251, 1153, 1046, 1022, 846.
[a]y = =13 (10 mg/mL; MeOH). R; = 0.61 (cyclohexane/EtOAc =
2:1).

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)-
(methyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (26a).
To a solution of 23 (62 mg, 0.19 mmol, 1.0 equiv) in dry MeCN (1
mL) was added dropwise a solution of 25 (90 mg, 0.23 mmol, 1.2
equiv) in dry MeCN (1 mL). After stirring for 30 min, DIPEA (40 uL,
0.23 mmol, 1.2 equiv) was added, and the mixture was stirred at rt for
futher18 h. After the reaction was heated to 55 °C for 6 h, the reaction
was quenched by the addition of brine (10 mL), and the aqueous layer
was extracted with EtOAc (3 X 15 mL). The combined organic layers
were dried over anhydrous Na,SO,, filtered, and concentrated under
reduced pressure at 40 °C. The residue was purified by column
chromatography (DCM/MeOH = 30:1) to give 26a (30 mg, 0.05
mmol, 28%) as a colorless oil. "H NMR (300 MHz, CDCl,): §/ppm =
833 (s, 1H), 7.94 (s, 1H), 6.05 (d, ] = 2.2 Hz, 1H), 5.95 (s, 2H), 5.59
(d,J =83 Hz, 1H), 5.48—5.40 (m, 1H), 5.02—4.86 (m, 1H), 4.47—4.33
(m, 1H), 4.23—4.10 (m, 1H), 2.85-2.35 (m, 4H), 2.27 (s, 3H), 2.06—
1.70 (m, 3H), 1.60 (s, 3H), 1.46—1.32 (m, 21H). 3C NMR (75.5 MHz,
CDCl,): 6/ppm = 171.6,155.8, 155.6, 153.2, 149.4,140.2, 120.5, 114.7,
90.9, 84.9, 84.0, 83.3, 81.9, 79.7, 59.4, 54.3, 52.9, 42.7, 29.3, 28.5, 28.1,
27.3,25.5. FT-IR: v/cm™ = 2978, 1704, 1642, 1597, 1475, 1366, 1330,
1296, 1249, 1211, 1152, 1076, 909, 870, 729. []¥ = —12 (10 mg/mL;
MeOH). R, = 0.41 (DCM/MeOH = 10:1).

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)(ethyl)-
amino)-2-((tert-butoxycarbonyl)amino)butanoate (26b). To a sol-
ution of 13a (204 mg, 0.36 mmol, 1.0 equiv) in 1,2-dce (4 mL) at 0 °C
under argon atmosphere were added acetaldehyde (48 mg, 1.09 mmol,
61 uL, 3.0 equiv) and HOAc (31 uL, 0.54 mmol, 1.5 equiv). The
mixture was stirred at 0 °C for 30 min, and then NaBH(OAc); (130 mg,
0.62 mmol, 1.7 equiv) was added. The reaction was slowly warmed up
to rt and was then stirred overnight. The reaction was quenched by the
addition of saturated NaHCOj solution (20 mL), and the aqueous layer
was extracted with EtOAc (3 X 10 mL). The combined organic layers
were dried over Na,SO, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26b as a colorless oil (71 mg, 0.12
mmol, 34%). '"H NMR (300 MHz, CDCl,): §/ppm = 8.30 (s, 1H), 7.92
(s, 1H), 6.23 (s, 2H), 6.03 (d, ] = 2.1 Hz, 1H), 5.73 (d, ] = 8.1 Hz, 1H),
5.52—5.41 (m, 1H), 4.95 (dd, ] = 6.5, 3.4 Hz, 1H), 4.36—4.27 (m, 1H),
421-4.08 (m, 1H), 2.79—2.69 (m, 1H), 2.63—2.37 (m, SH), 1.97—
1.81 (m, 1H), 1.78—1.62 (m, 1H), 1.58 (s, 3H), 1.44—1.34 (m, 21H),
1.32—1.26 (m, 2H), 0.92 (t, ] = 6.7 Hz, 3H). '*C NMR (75.5 MHzg,
CDCl,): 8/ppm = 1719, 155.9, 155.6, 153.1,149.3, 140.2, 120.4, 114.4,
91.0, 85.6, 83.9, 83.4, 81.7, 79.4, 55.6, 53.1, 50.1, 48.0, 29.8, 29.2, 28 4,
28.1,27.2,25.2, 11.3. FT-IR: v/cm™" = 2977, 1704, 1643, 1597, 1366,
1297, 1248, 1210, 1152, 1061, 909, 871, 799, 729. [a]y’ = =9 (10 mg/
mL; MeOH). Ry=0.51 (DCM/MeOH = 10:1).

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)(propyl)-
amino)-2-((tert-butoxycarbonyl)amino)butanoate (26¢). To a sol-

9773

ution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in 1,2-dce (4 mL) at 0 °C
under argon atmosphere were added propionaldehyde (S1 uL, 0.71
mmol, 2.0 equiv) and HOAc (30 yL, 0.53 mmol, 1.5 equiv). The
mixture was stirred at 0 °C for 30 min, and then NaBH(OAc) (128 mg,
0.60 mmol, 1.7 equiv) was added. The reaction was slowly warmed up
to rt and was then stirred overnight. The reaction was quenched by the
addition of saturated NaHCOj, solution (20 mL), and the aqueous layer
was extracted with EtOAc (3 X 10 mL). The combined organic layers
were dried over Na,SO,, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26¢ as a colorless oil (129 mg, 0.21
mmol, 60%). "H NMR (300 MHz, CDCl,): §/ppm = 8.27 (s, 1H), 7.89
(s, 1H), 6.47 (s, 2H), 6.01 (d, ] = 2.1 Hz, 1H), 5.84 (d, ] = 8.1 Hz, 1H),
5.52—5.43 (m, 1H), 4.94 (dd, ] = 6.4, 3.3 Hz, 1H), 4.32—4.25 (m, 1H),
4.17-4.07 (m, 1H), 2.79-2.65 (m, 1H), 2.60—2.20 (m, SH), 1.94—
1.80 (m, 1H), 1.71=1.60 (m, 1H), 1.55 (s, 3H), 1.45—1.30 (m, 21H),
0.76 (t,] = 6.8 Hz, 3H). *C NMR (75.5 MHz, CDCl,): §/ppm = 172.0,
156.0, 155.6, 153.0, 149.2, 140.1, 120.3, 114.2, 91.0, 85.6, 83.8, 83.5,
81.5,79.3, 56.6, 56.1, 53.1, 50.8, 29.1, 28.4, 28.0, 27.2, 25.5, 19.8, 11.8.
FT-IR: v/cm™ = 2978, 1704, 1642, 1597, 1475, 1367, 1297, 1248,
1210, 1153, 1076, 907, 871, 799, 728. [a]y = —22 (10 mg/mL;
MeOH). R, = 0.57 (DCM/MeOH = 10:1).

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)-
(isopropyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate
(26d). To a 0 °C cooled solution of 12 (150 mg, 0.49 mmol, 1.0 equiv)
were added acetone (72 uL, 0.98 mmol, 2.0 equiv) and HOAc (56 uL,
0.98 mmol, 2.0 equiv). After stirring for 30 min at rt, NaBH,CN (154
mg, 2.45 mmol, 5.0 equiv) was added, and the reaction was stirred at rt
for 18 h. The solvent was removed under reduced pressure at 40 °C, and
the residue was dissolved in water (15 mL). The aqueous layer was then
extracted with EtOAc (3 X 20 mL). The combined organic layers were
dried over anhydrous Na,SO,, filtered, and concentrated under reduced
pressure at 40 °C. The residue was utilized without further purification.
The residue (64 mg, 0.21 mmol, 1.0 equiv) was dissolved in 1,2-dce (4
mL) and was cooled to 0 °C. Compound 11a (114 mg, 0.42 mmol, 2.0
equiv) and HOAc (18 yL, 0.31 mmol, 1.5 equiv) were added, and the
mixture was stirred at 0 °C for 30 min. After the addition of
NaBH(OAc), (71 mg, 0.33 mmol, 1.6 equiv), the reaction was stirred at
rt for 18 h. By the addition of saturated NaHCOj solution (20 mL), the
reaction was quenched. The aqueous layer was extracted with EtOAc (3
% 20 mL), and the combined organic layers were dried over anhydrous
Na,SO,, filtered, and concentrated under reduced pressure at 40 °C.
The residue was purified by column chromatography (DCM/MeOH =
30:1) to give 26d (84 mg, 0.14 mmol, 66%) as a colorless oil. "H NMR
(300 MHz, CDCl,): 6/ppm = 8.28 (s, 1H), 7.90 (s, 1H), 6.38 (s, 2H),
6.02 (d, ] = 2.1 Hz, 1H), 5.84 (d, ] = 8.1 Hz, 1H), 5.53—5.44 (m, 1H),
4.98(dd, ] = 6.5,3.2 Hz, 1H), 433—4.21 (m, 1H), 4.18—4.03 (m, 1H),
3.00-2.83 (m, 1H), 2.77-2.63 (m, 1H), 2.58—2.33 (m, 3H), 1.99—
1.85 (m, 1H), 1.78—1.63 (m, 1H), 1.57 (s, 3H), 1.46—1.32 (m, 21H),
0.98 (d, ] = 6.5 Hz, 3H), 0.77 (d, ] = 6.5 Hz, 3H). *C NMR (75.5 MHz,
CDCL,): 5/ppm =172.0,156.0, 155.6, 153.0, 149.2, 140.3,120.3,114.3,
91.1, 86.4, 83.8, 83.4, 81.5, 79.3, 53.1, 52.1, 50.9, 47.1, 30.4, 29.7, 28.4,
28.0,27.2, 25.5, 19.4, 16.2. FT-IR: v/cm™" = 2976, 1704, 1643, 1597,
1366, 1298, 1248, 1210, 1153, 1075, 908, 870, 799, 728. [a]% = —20
(10 mg/mL; MeOH). R, = 0.45 (DCM/MeOH = 10:1).

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)(butyl)-
amino)-2-((tert-butoxycarbonyl)amino)butanoate (26e). To a sol-
ution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in 1,2-dce (4 mL) at 0 °C
under argon atmosphere were added butanal (S1 mg, 0.71 mmol, 64 uL,
2.0 equiv) and HOAc (30 pL, 0.71 mmol, 1.5 equiv). The mixture was
stirred at 0 °C for 30 min, and then NaBH(OAc) (128 mg, 0.60 mmol,
1.7 equiv) was added. The reaction was slowly warmed up to rt and was
then stirred overnight. The reaction was quenched by the addition of
saturated NaHCOj; solution (20 mL), and the aqueous layer was
extracted with EtOAc (3 X 10 mL). The combined organic layers were
dried over Na,SO,, filtered, and concentrated under reduced pressure
at 40 °C. The residue was purified by column chromatography (DCM/
MeOH =30:1) to give 26e as a colorless oil (155 mg, 0.25 mmol, 71%).
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"H NMR (300 MHz, CDCL,): 5/ppm = 8.29 (s, 1H), 7.90 (s, 1H), 6.32
(s,2H), 6.02 (s, 1H), 5.79 (d, J = 8.0 Hz, 1H), 5.57—5.41 (m, 1H), 4.95
(dd, J = 6.5, 3.3 Hz, 1H), 437—4.24 (m, 1H), 4.19—4.08 (m, 1H),
2.79-2.65 (m, 1H), 2.61-2.21 (m, SH), 1.98—1.79 (m, 1H), 1.77—
1.62 (m, 1H), 1.57 (5, 3H), 1.43—1.34 (m, 21H), 1.32—1.08 (m, 5H),
0.81 (t,J = 7.1 Hz, 3H). “C NMR (75.5 MHz, CDCl,): 6/ppm = 171.9,
155.9, 155.6, 153.1, 149.2, 140.2, 120.4, 114.3, 91.0, 85.6, 83.9, 83.5,
81.6,79.3, 56.1, 54.3, 53.1, 50.8, 29.1, 28.7, 28.4, 28.0, 27.2, 25.5, 20.5,
14.0. FT-IR: v//em™ = 2978, 1704, 1642, 1597, 1475, 1367, 1330, 1297,
1248, 1210, 1153, 1076, 908, 871, 799, 728. [a]%' = —23 (10 mg/mL;
MeOH). R; = 0.48 (DCM/MeOH = 20:1).

tert-Butyl (5)-4-((((3aR,4R,6R.6aR)-6-(6-amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro-[3,4-dj[1,3]dioxol-4-yl)methyl)-
(isobutyl)amino)-2-((tert-butoxycarbonyl)lamino)butanoate (26f).
To a solution of 13a (250 mg, 0.44 mmol, 1.0 equiv) in 1,2-dce (4
mL) at 0 °C under argon atmosphere were added isobutanal (49 uL,
0.53 mmol, 1.2 equiv) and HOAc (38 pL, 0.67 mmol, 1.5 equiv). The
mixture was stirred at 0 °C for 30 min, and then NaBH(OAc); (160 mg,
0.75 mmol, 1.7 equiv) was added. The reaction was slowly warmed up
to rt and was then stirred overnight. The reaction was quenched by the
addition of saturated NaHCOj solution (20 mL), and the aqueous layer
was extracted with EtOAc (3 X 10 mL). The combined organic layers
were dried over Na,SO,, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26f as a colorless oil (162 mg, 0.26
mmol, $9%). 'H NMR (300 MHz, CDCL,): §/ppm = 8.24 (s, 1H), 7.86
(s, 1H), 6.59 (s, 2H), 6.00 (d, ] = 2.1 Hz, 1H), 5.91 (d, ] = 8.0 Hz, 1H),
5.53—5.41 (m, 1H), 4.94 (dd, J = 6.5, 3.1 Hz, 1H), 4.31—4.22 (m, 1H),
4.17-3.96 (m, 1H), 2.70 (dd, J = 13.5, 7.2 Hz, 1H), 2.58—2.25 (m,
3H), 2.12—1.99 (m, 2H), 1.96—1.78 (m, 1H), 1.54 (s, SH), 1.42—1.26
(m, 21H), 0.82 (d, ] = 6.6 Hz, 3H), 0.72 (d, ] = 6.6 Hz, 3H). *C NMR
(75.5 MHz, CDCL,): 8/ppm = 172.1, 156.0, 155.6, 153.0, 149.1, 140.1,
120.2, 114.1, 91.1, 85.6, 83.7, 83.6, 81.4, 79.2, 63.7, 56.6, 53.1, 514,
28.8, 28.3, 28.0, 27.1, 263, 25.4, 209, 20.8. FT-IR: v/cm™! = 2978,
1705, 1640, 1597, 1475, 1367, 1248, 1210, 1153, 1091, 907, 872, 727.
[a]® = —34 (10 mg/mL; MeOH). R = 0.52 (DCM/MeOH = 10:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro-[3,4-dj[1,3]dioxol-4-yl)methyl)-
(neopentyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate
(26g). To a solution of 13a (250 mg, 0.44 mmol, 1.0 equiv) in 1,2-dce
(4 mL) at 0 °C under argon atmosphere were added pivalaldehyde (97
4L, 0.89 mmol, 2.0 equiv) and HOAc (38 uL, 0.67 mmol, 1.5 equiv).
The mixture was stirred at 0 °C for 30 min, and then NaBH(OAc),
(160 mg, 0.75 mmol, 1.7 equiv) was added. The reaction was slowly
warmed up to rt and was then stirred overnight. The reaction was
quenched by the addition of saturated NaHCOj solution (20 mL), and
the aqueous layer was extracted with EtOAc (3 x 10 mL). The
combined organic layers were dried over Na,SO,, filtered, and
concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH = 30:1) to give
26g as a colorless oil (97 mg, 0.15 mmol, 35%). '"H NMR (300 MHz,
CDCLy): 8/ppm = 8.29 (s, IH), 7.88 (s, 1H), 6.27 (5, 2H), 6.02 (d, ] =
2.2 Hz, 1H), 5.57 (d, ] = 7.1 Hz, 1H), 5.47 (d, ] = 6.3 Hz, 1H), 5.04—
4.95 (m, IH), 4.39—4.26 (m, 1H), 4.16—4.02 (m, 1H), 2.85-2.72 (m,
1H), 2.70-2.53 (m, 2H), 2.51-2.40 (m, 1H), 2.20-2.11 (m, 2H),
1.95-1.80 (m, 1H), 1.57 (s, 4H), 1.48—1.31 (m, 21H), 0.80 (s, 9H).
“C NMR (75.5 MHz, CDCl,): §/ppm = 171.9, 155.9, 155.5, 153.1,
149.3, 140.1, 120.4, 114.3, 91.0, 85.9, 83.9, 83.5, 81.7, 79.4, 68.4, 58.4,
53.2, 53.1, 29.5, 28.4, 28.3, 28.0, 27.3, 25.5. FT-IR: ¢/cm™' = 2977,
1705, 1643, 1598, 1478, 1366, 1248, 1209, 1152, 1075, 909, 871, 730.
[a]}¥ = —16 (10 mg/mL; MeOH). R; = 0.55 (DCM/MeOH = 10:1).

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)-
(cyclopropylmethyl)amino)-2-((tert-butoxycarbonyl)amino)-
butanoate (26h). To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv)
in 1,2-dce (4 mL) at 0 °C under argon atmosphere were added
cyclopropanecarbaldehyde (75 uL, 0.71 mmol, 2.0 equiv) and HOAc
(30 pL, 0.53 mmol, 1.5 equiv). The mixture was stirred at 0 °C for 30
min, and then NaBH(OAc), (128 mg, 0.60 mmol, 1.7 equiv) was
added. The reaction was slowly warmed up to rt and was then stirred
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overnight. The reaction was quenched by the addition of saturated
NaHCO; solution (20 mL), and the aqueous layer was extracted with
EtOAc (3 x 10 mL). The combined organic layers were dried over
Na,SQ,, filtered, and concentrated under reduced pressure at 40 °C.
The residue was purified by column chromatography (DCM/MeOH =
30:1) to give 26h (123 mg, 0.20 mmol, 57%) as a colorless oil. 'H NMR
(300 MHz, CDCL,): 6/ppm = 8.25 (s, 1H), 7.89 (s, 1H), 6.53 (s, 2H),
6.01 (d,] =2.1 Hz, 1H), 5.94 (d, ] = 8.0 Hz, 1H), 5.53—5.40 (m, 1H),
4.95(dd, ] = 6.4, 3.3 Hz, 1H), 4.37—4.24 (m, 1H), 4.13 (dd, ] = 7.6, 3.0
Hz, 1H),2.81 (dd, ] = 13.5, 6.7 Hz, 1H), 2.68—2.41 (m, 3H),2.27 (d,]
= 6.5 Hz, 2H), 1.96—1.78 (m, 1H), 1.78—1.59 (m, 1H), 1.54 (s, 3H),
1.39-1.28 (m, 21H), 0.83—0.66 (m, 1H), 0.37 (dd, ] = 8.0, 3.6 Hz,
2H), 0.06—0.10 (m, 2H). '*C NMR (75.5 MHz, CDCl,): §/ppm =
171.9, 156.0, 155.6, 153.0, 149.1, 140.0, 120.2, 114.2, 90.9, 85.4, 83.8,
83.4, 81.5,79.2, 59.3, 56.0, 53.1, 50.6, 29.0, 28.4, 28.2, 28.0, 27.1, 25.5,
83, 42, 3.7. FT-IR: v/cm™" = 2980, 1704, 1640, 1367, 1248, 1211,
1153, 1091, 1077, 907, 871, 727. [a]f’ = =17 (10 mg/mL; MeOH). R,
=0.50 (DCM/MeQH = 10:1),

tert-Butyl (S)-4-((((3aR,4R,6R.6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydro-furo(3,4-dj[1,3]dioxol-4-yl)-methyl)-
(cyclobutylmethyl)amino)-2-((tert-butoxycarbonyl)amino)-
butanoate (26i). To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv)
in 1,2-dce (4 mL) at 0 °C under argon atmosphere were added
cyclobutancarbaldehyde (64 uL, 0.71 mmol, 2.0 equiv) and HOAc (30
uL, 0.53 mmol, 1.5 equiv) The mixture was stirred at 0 °C for 30 min,
and then NaBH(OAc), (128 mg, 0.60 mmol, 1.7 equiv) was added.
The reaction was slowly warmed up to rt and was then stirred overnight.
The reaction was quenched by the addition of saturated NaHCO;
solution (20 mL), and the aqueous layer was extracted with EtOAc (3 X
10 mL). The combined organic layers were dried over Na,SO,, filtered,
and concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeQH = 30:1) to give 26i
(97 mg, 0.15 mmol, 43%) as a colorless oil. 'H NMR (300 MHz,
CDCL): 8/ppm = 8.29 (s, 1H), 7.89 (s, 1H), 6.38 (s, 2H), 6.02 (d, ] =
2.1Hz, 1H), 5.90 (d, J = 8.0 Hz, 1H), 5.56—5.43 (m, 1H), 493 (dd, ] =
6.4,3.2 Hz, 1H), 429 (td, ] = 6.9, 3.2 Hz, 1H), 4.17—4.06 (m, 1H), 2.70
(dd, J = 13.5, 7.0 Hz, 1H), 2.59-2.26 (m, 6H), 2.07—1.60 (m, 7H),
1.57 (s, 3H), 1.53—1.46 (m, 1H), 1.45—1.29 (m, 21H). '*C NMR (75.5
MHz, CDCL,): §/ppm = 172.0, 156.0, 155.6, 153.1, 149.2, 140.2, 120.3,
114.2,91.1, 85.6, 83.8, 83.5, 81.5,79.2,61.0, 56.2, 53.2, 51.1, 33.4, 28.6,
284, 28.0, 27.4, 27.2, 27.1, 25.5, 18.7. FT-IR: v/cm™! = 2975, 1705,
1644, 1598, 1366, 1297, 1248, 1209, 1152, 1075, 1029, 871, 799. [a]¥
~28 (10 mg/mL; MeOH). R, = 0.50 (DCM/MeOH = 10:1).
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)-
(cyclopentylmethyl)amino)-2-((tert-butoxycarbonyl)amino)-
butanoate (26j). To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv)
in 1,2-dce (4 mL) at 0 °C under argon atmosphere were added
cyclopentanecarbaldehyde (76 uL, 0.71 mmol, 2.0 equiv) and HOAc
(30 uL, 0.53 mmol, 1.5 equiv). The mixture was stirred at 0 °C for 30
min and then NaBH(OAc), (128 mg, 0.60 mmol, 1.7 equiv) was added.
The reaction was slowly warmed up to rt and was then stirred overnight.
The reaction was quenched by the addition of saturated NaHCO,
solution (20 mL), and the aqueous layer was extracted with EtQAc (3 x
10 mL). The combined organic layers were dried over Na,SO,, filtered,
and concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH = 30:1) to give 26j
as a colorless oil (67 mg, 0.10 mmol, 29%). '"H NMR (300 MHz,
CDCly): §/ppm = 8.25 (s, IH), 7.85 (s, 1H), 6.13 (s, 2H), 5.99 (d, ] =
2.1Hz, 1H), 5.88 (d, ] = 8.0 Hz, 1H), 5.53—5.39 (m, 1H), 4.94 (dd, ] =
6.4, 3.2 Hz, 1H), 4.36—4.22 (m, 1H), 4.14—4.03 (m, 1H), 2.81-2.63
(m, 1H), 2.62—2.12 (m, $H), 1.94—1.62 (m, SH), 1.57 (s, 3H), 1.49—
1.40 (m, 4H), 1.39-1.32 (m, 21H), 1.16—0.91 (m, 2H). *C NMR
(75.5 MHz, CDCL,): §/ppm = 172.0, 155.9, 155.7, 153.1, 149.2, 140.3,
1204, 114.3, 91.2, 85.7, 83.9, 83.7, 81.5, 79.3, 60.8, 56.3, 53.4, 51.4,
37.7,31.3,31.2,28.7,28.5,28.1,27.2, 25.5, 25.3,25.2. FT-IR: v//cm ™!
2950, 1705, 1643, 1598, 1366, 1297, 1248, 1209, 1153, 1075, 909, 871,
799, 730, 682. [alf = =30 (10 mg/mL; MeOH). R; = 0.53 (DCM/
MeOH = 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)-
(cyclohexylmethyl)amino)-2-((tert-butoxycarbonyl)-amino)-
butanoate (26k). To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv)
in 1,2-dce (4 mL) at 0 °C under argon atmosphere were added
cyclohexanecarbaldehyde (51 yL, 0.43 mmol, 1.2 equiv) and HOAc
(30 uL, 0.53 mmol, 1.5 equiv). The mixture was stirred at 0 °C for 30
min, and then NaBH(OAc); (128 mg, 0.60 mmol, 1.7 equiv) was
added. The reaction was slowly warmed up to rt and was then stirred
overnight. The reaction was quenched by the addition of saturated
NaHCO; solution (20 mL), and the aqueous layer was extracted with
EtOAc (3 X 10 mL). The combined organic layers were dried over
Na,SO,, filtered, and concentrated under reduced pressure at 40 °C.
The residue was purified by column chromatography (DCM/MeOH =
30:1) to give 26k (207 mg, 0.31 mmol, 89%) as a colorless oil. 'H NMR
(300 MHz, CDCL,): 5/ppm = 8.26 (s, 1H), 7.87 (s, 1H), 6.55 (s, 2H),
6.00 (d, J = 1.4 Hz, 1H), $.91 (d, ] = 8.0 Hz, 1H), 5.46 (d, ] = 6.4 Hz,
1H), 4.94 (d, ] = 3.3 Hz, 1H), 4.34—4.22 (m, 1H), 4.16—4.04 (m, 1H),
2.76—2.64 (m, 1H), 2.60—2.40 (m, 2H), 2.40—2.24 (m, 1H), 2.20—
1.98 (m, 2H), 1.93—1.70 (m, 2H), 1.69—1.48 (m, 7H), 1.42—1.30 (m,
21H), 1.30—1.12 (m, 3H), 1.10-0.99 (m, 2H), 0.80—0.62 (m, 2H).
C NMR (75.5 MHz, CDCl,): §/ppm = 172.0, 156.0, 155.6, 153.0,
149.1, 140.1, 120.3, 114.1, 91.1, 85.6, 83.8, 83.6, 81.4, 79.2, 62.3, 56.7,
532,516, 35.7, 317, 31.6, 28.9, 28.4, 28.0, 27.1, 26.7, 26.1, 26.0, 25.4.
FT-IR: v/em™" = 2926, 1705, 1640, 1597, 1476, 1367, 1330, 1211,
1153, 1076, 907, 871, 799, 727. [a]% = =22 (10 mg/mL; McOH). R, =
0.59 (DCM/MeOH = 10:1). ’

tert-Butyl (S)-4-(Allyl(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-
yl)-2,2-dimethyltetrahydro-furo(3,4-d][1,3]dioxol-4-yl)methyl)-
amino)-2-((tert-butoxycarbonyl)-amino)butanoate (26l). To a sol-
ution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4 mL) were
added allyl bromide (30 L, 0.39 mmol, 1.1 equiv) and DIPEA (66 uL,
0.39 mmol, 1.1 equiv), and the mixture was stirred at rt overnight. The
reaction was quenched by the addition of brine (20 mL), and the
aqueous layer was extracted with EtOAc (3 X 10 mL). The combined
organic layers were dried over anhydrous Na,SO,, filtered, and
concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MEOH =30:1) to give 261
as a colorless oil (117 mg, 0.19 mmol, 55%). '"H NMR (300 MHz,
CDCl,): 8/ppm = 8.29 (s, 1H), 7.90 (s, 1H), 6.44—6.18 (m, 2H), 6.03
(d,] =22 Hz, 1H), 5.81—5.60 (m, 2H), 5.48—5.42 (m, 1H), 5.09—4.98
(m, 2H), 4.97—4.90 (m, 1H), 4.38—4.27 (m, 1H), 4.19—4.09 (m, 1H),
3.18-3.08 (m, 1H), 3.05-2.95 (m, 1H), 2.80—2.67 (m, 1H), 2.64—
238 (m, 3H), 1.98—1.82 (m, 1H), 1.79—1.62 (m, 1H), 1.58 (s, 3H),
1.46—1.32 (m, 21H). *C NMR (75.5 MHz, CDCl,): §/ppm = 171.8,
155.9, 155.6, 153.1, 149.3, 140.1, 134.8, 120.4, 1182, 114.4, 90.8, 85.5,
83.9, 83.4, 81.7, 79.4, 57.6, 55.7, 52.9, 50.4, 29.3, 28.4, 28.1, 27.2, 25.5.
FT-IR: v/em™ = 2979, 1708, 1642, 1597, 1476, 1366, 1330, 1297,
1248, 1210, 1152, 1075, 911, 871, 799, 730. [a]3 = —15 (10 mg/mL;
MeOH). R;= 0.56 (DCMMeOH = 10:1).

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)(prop-2-
yn-1-yl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (26m).
To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4
mL) were added propargyl bromide (58 mg, 0.49 mmol, 37 uL, 1.1
equiv) and DIPEA (66 yL, 0.39 mmol, 1.1 equiv), and the mixture was
stirred at rt overnight. The reaction was quenched by the addition of
brine (20 mL), and the aqueous layer was extracted with EtOAc (3 X 10
mL). The combined organic layers were dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure at 40 °C. The residue
was purified by column chromatography (DCM/MeOH = 30:1) to
give 26m as a colorless oil (155 mg, 0.26 mmol, 74%). 'H NMR (300
MHz, CDCL): 6/ppm = 8.27 (s, 1H), 7.92 (s, LH), 6.48 (s, 2H), 6.03
(d,]=2.2Hz, 1H), 5.68 (d, ] = 8.2 Hz, 1H), 5.48—5.40 (m, 1H), 4.99—
4.85 (m, 1H), 4.36—4.25 (m, 1H), 4.22—4.13 (m, 1H), 3.36 (t, ] = 2.4
Hz, 2H), 2.81—2.60 (m, 2H), 2.52 (t, ] = 6.8 Hz, 2H), 2.07 (s, 1H),
1.95—1.80 (m, 1H), 1.80—1.64 (m, 1H), 1.55 (s, 3H), 1.42—1.30 (m,
21H). “C NMR (75.5 MHz, CDCl,): §/ppm = 171.8, 155.9, 155.5,
153.0, 1492, 140.0, 120.3, 114.4, 90.8, 85.5, 83.9, 83.1, 81.7, 79.5, 77.9,
73.5,55.3,52.7,50.2,42.6,29.8, 28.4, 28.0, 27.1, 25.4. FT-IR: v//cm ™!
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2980, 1704, 1640, 1597, 1367, 1329, 1297, 1248, 1211, 1153, 1075, 908,
871,728. [a]f) = =13 (10 mg/mL; MeOH). R, = 0.68 (DCM/MeOH
=10:1).

tert-Butyl (S)-4-((((3aR,4R,6R.6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyitetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl) (but-2-
yn-1-yl)Jamino)-2-((tert-butoxycarbonyl)amino)butanoate (26n).
To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4
mL) were added 1-bromo-2-butyne (43 yL, 0.49 mmol, 1.4 equiv) and
DIPEA (66 pL, 0.49), and the mixture was stirred at rt overnight. The
reaction was quenched by the addition of brine (20 mL), and the
aqueous layer was extracted with EtOAc (3 X 10 mL). The combined
organic layers were dried over anhydrous Na,SO,, filtered, and
concentrated under reduced pressure at 40 °C, The residue was
purified by column chromatography (DCM/MeOH = 30:1) to give
26n as a colorless solid (128 mg, 0.21 mmol, 60%). '"H NMR (300
MHz, CDCLy): §/ppm = 8.31 (s, 1H), 7.96 (s, 1H), 6.32 (s, 2H), 6.05
(d,] =22 Hz, 1H), 5.63 (d, ] = 8.2 Hz, 1H), 5.45 (d, ] = 6.4 Hz, 1H),
4.99-4.86 (m, 1H), 4.43—4.30 (m, 1H), 4.23—4.12 (m, 1H), 3.38—
330 (m, 2H), 2.90—2.62 (m, 2H), 2.60—2.49 (m, 2H), 2.03—1.75 (m,
2H), 1.58 (s, 3H), 1.45—1.35 (m, 21H), 1.22 (s, 3H). *C NMR (75.5
MHz, CDCL,): §/ppm = 171.8, 155.8, 155.6, 152.9, 149.3, 140.1, 120.3,
114.5,90.9, 85.4, 84.0, 83.2, 81.7, 79.5, 77.4, 72.8, 55.5, 52.8, 50.3, 42.9,
29.7, 28.0, 272, 25.5, 3.4. FT-IR: v/em™" = 2929, 1705, 1642, 1597,
1367, 1329, 1296, 1248, 1210, 1153, 1077, 908, 871, 799, 729. Mp: 83—
86 °C. [a]}y = —10 (10 mg/mL; MeOH). R;= 0.49 (DCM/MeOH =
10:1).

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)(pent-2-
yn-1-yllamino)-2-((tert-butoxycarbonyl)amino)butanoate (260).
To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4
mL) were added 1-bromo-2-pentyne (50 4L, 0.49 mmol, 1.4 equiv) and
DIPEA (66 uL, 0.39 mmol, 1.1 equiv), and the mixture was stirred at rt
overnight. The reaction was quenched by the addition of brine (20
mL), and the aqueous layer was extracted with EtOAc (3 X 10 mL).
The combined organic layers were dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure at 40 °C. The residue
was purified by column chromatography (DCM/MeOH = 30:1) to
give 260 (115 mg, 0.18 mmol, 51%) as a colorless solid. 'H NMR (300
MHz, CDCL): §/ppm = 8.33 (s, 1H), 7.97 (s, 1H), 6.10 (s, 2H), 6.06
(d,]=2.2Hz, 1H), 5.58 (d, ] = 8.2 Hz, 1H), 5.49—5.40 (m, 1H), 5.01—
4.82 (m, 1H), 441—4.31 (m, 1H), 4.25—4.13 (m, 1H), 3.44—3.31 (m,
2H), 2.88—2.63 (m, 2H), 2.59—2.51 (m, 2H), 2.11 (qt, ] = 7.5, 2.1 H,
2H),2.01—-1.71 (m, 2H), 1.59 (s, 3H), 1.47—1.29 (m, 21H), 1.06 (t, ] =
7.5 Hz, 3H). C NMR (75.5 MHz, CDCL;): 6/ppm = 171.8, 155.7,
155.6, 153.1, 149.4, 140.1, 120.4, 114.5, 90.9, 87.5, 85.4, 84.0, 83.2,
81.8, 79.6, 72.9, 55.5, 52.9, 50.3, 42.9, 29.7, 28.5, 28.1, 27.3, 25.5, 14.3,
12.4. FT-IR: v/cm™' = 2926, 1705, 1642, 1366, 1247, 1210, 1153, 1080,
1028, 908, 871, 848, 730. Mp: 51-54 °C. [a]f) = —11 (10 mg/mL;
MeOH). R, = 0.46 (DCM/MeOH = 10:1).

tert-Butyl (S)-4-((((3aR,4R,6R.6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro[-3,4-dj[1,3]dioxol-4-yl)methyl)(but-3-
yn-1-yl)Jamino)-2-((tert-butoxycarbonyl)amino)butanoate (26p).
To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4
mL) were added 4-bromo-1-butyne (46 yL, 0.49 mmol, 1.4 equiv) and
DIPEA (66 uL, 0.39 mmol, 1.1 equiv), and the mixture was stirred at rt
overnight. After the reaction was heated to 95 °C for 3 days, the reaction
was quenched by the addition of brine (20 mL). The aqueous layer was
extracted with EtOAc (3 X 10 mL). The combined organic layers were
dried over anhydrous Na,SO,, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26p (30 mg, 0.05 mmol, 14%) as a
colorless solid. "H NMR (300 MHz, CDCL,): 6/ppm = 8.35 (s, 1H),
7.93 (s, 1H), 6.05 (d, J = 2.2 Hz, 1H), 5.84 (s, 2H), 5.57—5.45 (m, 2H),
5.04—4.98 (m, 1H), 4.40—4.32 (m, 1H), 422—4.13 (m, 1H), 2.89—
2.47 (m, 6H), 229 (td, = 7.3,2.7 Hz, 2H), 1.94 (s, 1H), 1.85—1.67 (m,
2H), 1.61 (s, 3H), 1.48—1.37 (m, 21H). ®C NMR (75.5 MHz,
CDCL,): 8/ppm = 171.8, 155.6, 153.1, 149.3, 140.5, 124.9, 120.5, 114.6,
91.1, 85.5, 83.9, 83.4, 82.5, 81.9, 79.7, 69.6, 55.8, 53.1, 52.8, 50.7, 29.8,
28.5, 28.1,27.3, 25.5, 16.7. FT-IR: v/cm™! = 2976, 2928, 1709, 1643,
1598, 1476, 1366, 1330, 1297, 1248, 1210, 1153, 1079, 871. Mp: 64—67
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°C. [a]y
10:1).

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)(benzyl)-
amino)-2-((tert-butoxycarbonyl)lamino)butanoate (26q). To a sol-
ution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in 1,2-dce (4 mL) at 0 °C
under argon atmosphere were added benzaldehyde (72 pL, 0.71 mmol,
2.0 equiv) and HOAc (30 4L, 0.53 mmol, 1.5 equiv). The mixture was
stirred at 0 °C for 30 min, and then NaBH(OAc); (128 mg, 0.60 mmol,
1.7 equiv) was added. The reaction was slowly warmed up to rt and was
then stirred overnight. The reaction was quenched by the addition of
saturated NaHCOj; solution (20 mL), and the aqueous layer was
extracted with EtOAc (3 X 10 mL). The combined organic layers were
dried over Na,SO,, filtered, and concentrated under reduced pressure
at 40 °C. The residue was purified by column chromatography (DCM/
MeOH = 30:1) to give 264 as a colorless oil (142 mg, 0.23 mmol, 63%).
'H NMR (300 MHz, CDCL,): §/ppm = 8.19 (s, 1H), 7.82 (s, 1H),
7.24-7.15 (m, SH), 6.24 (s, 2H), 6.01 (d, ] = 2.1 Hz, 1H), 5.67 (d, ] =
8.1 Hz, 1H), 5.33 (d, ] = 5.9 Hz, 1H), 4.84 (dd, ] = 6.4, 3.4 Hz, 1H),
4.41-4.29 (m, 1H), 4.22—4.09 (m, 1H), 3.69 (d, ] = 13.5 Hz, 1H), 3.44
(d, J = 13.5 Hz, 1H), 2.82—2.70 (m, 1H), 2.66—2.42 (m, 3H), 2.03—
1.89 (m, 1H), 1.84—1.69 (m, 1H), 1.57 (s, 3H), 1.45—1.31 (m, 21H).
BC NMR (75.5 MHz, CDCl,): 5/ppm = 171.8, 155.8, 155.5, 153.1,
149.2, 139.9, 138.3, 129.1, 128.3, 127.3, 120.3, 114.4, 90.8, 85.3, 83.9,
83.5, 81.7, 79.4, $9.0, 55.7, $3.0, 50.8, 29.3, 28.5, 28.0, 27.2, 25.5. FT-
IR: v/cm™! = 2979, 1704, 1642, 1597, 1367, 1247, 1209, 1152, 1074,
908, 870, 728, 699. [a]y = —14 (10 mg/mL; MeOH). R, = 0.66
(DCM/MeOH = 10:1).

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)-
(phenethyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate
(26r). To a solution of 13a (250 mg, 0.44 mmol, 1.0 equiv) in 1,2-dce (4
mL) at 0 °C under argon atmosphere were added phenylacetaldehyde
(103 uL, 0.89 mmol, 2.0 equiv) and HOAc (38 uL, 0.67 mmol, 1.5
equiv). The mixture was stirred at 0 °C for 30 min, and then
NaBH(OAc); (160 mg, 0.75 mmol, 1.7 equiv) was added. The reaction
was slowly warmed up to rt and was then stirred overnight. The reaction
was quenched by the addition of saturated NaHCOj; solution (20 mL),
and the aqueous layer was extracted with EtOAc (3 X 10 mL). The
combined organic layers were dried over Na,SO,, filtered, and
concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH = 30:1) to give 26r
as a colorless oil (140 mg, 0.21 mmol, 48%). '"H NMR (300 MHz,
CDCl,): §/ppm = 8.30 (s, 1H), 7.87 (s, 1H), 7.24—7.01 (m, SH), 6.52
(s, 2H), 6.03 (d, J = 2.1 Hz, 1H), 5.74 (d, ] = 8.1 Hz, 1H), 5.52—5.42
(m, 1H), 4.95 (dd, ] = 6.5, 3.4 Hz, 1H), 439—4.28 (m, 1H), 4.16—4.06
(m, 1H), 2.94—2.78 (m, 1H), 2.77—2.47 (m, 7H), 2.04—1.86 (m, 1H),
1.83—1.66 (m, 1H), 1.58 (s, 3H), 1.46—1.32 (m, 21H). *C NMR (75.5
MHz, CDCl,): 6/ppm = 171.8, 155.9, 155.5,152.9, 149.1, 140.1, 139.9,
128.6,128.4, 126.0, 120.2, 114.3,90.9, 85.5, 83.7, 83.3, 81.6, 79.4, 56.2,
55.8, 52.8, 50.6, 33.0, 29.2, 28.0, 27.9, 27.1, 25.4. ET-IR: v/cm™
2978, 1704, 1642, 1598, 1367, 1248, 1209, 1152, 1075, 909, 870, 729,
700. [a]¥ = —14 (10 mg/mL; MeOH). R, = 0.50 (DCM/MeOH =
10:1).

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)((R)/(S)-
but-3-yn-2-yl)Jamino)-2-((tert-butoxycarbonyl)-amino)butanoate
(265). To a solution of 13a (200 mg, 0.35 mmol, 1.1 equiv) in DMF (4
mL) were added 3-bromo-1-butyne (32 yL, 0.35 mmol, 1.0 equiv),
DIPEA (66 L, 0.39 mmol, 1.1 equiv), and CuBr (7 mg, 0.035 mmol, 10
mol %), and the mixture was stirred at rt overnight. The reaction was
quenched by the addition of brine (20 mL), and the aqueous layer was
extracted with EtOAc (3 X 10 mL). The combined organic layers were
dried over anhydrous Na,SO,, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26s (107 mg, 0.17 mmol, 49%) as a
colorless solid. The diastereomers were separated by semipreparative
HPLC (reversed phase C,5, MeCN/H, O = 25:75 + 0.1% TFA, tp(26s-
B) = 24 min, t3(26s-A) = 26 min) and directly used in the next step
without further characterization. "H NMR (300 MHz, CDCl,): 5/ppm

—21 (10 mg/mL; MeOH). R; = 0.55 (DCM/MeOH =
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=829 (s,2H), 7.68 (s, 2H), 6.15 (dd, ] = 4.8, 2.2 Hz, 1H), 5.44 (s, 1H),
5.25 (td, ] = 6.4,2.1 Hz, 1H), 4.97 (q, ] = 4.9 Hz, 1H), 4.67—4.50 (m,
1H), 4.24 (d, ] = 21.4 Hz, 1H), 4.12—4.00 (m, 1H), 3.55-2.79 (m,
4H),2.63—-2.41 (m, 1H), 2.25—2.04 (m, 1H), 1.99—1.79 (m, 1H), 1.60
(s,3H), 1.48 (dd, J = 20.0, 6.7 Hz, 3H), 1.44—1.31 (m, 21H). 3*C NMR
(75.5 MHz, CDCL,): 8/ppm = 170.6, 155.7, 152.2, 148.1, 145.0, 142.7,
120.1, 115.9, 90.7, 84.3, 83.9, 82.6, 82.4, 82.3, 80.2, 78.2, 53.6, 52.4,
50.8, 48.9, 28.3, 28.2, 27.9, 27.1, 25.4, 18.0. FT-IR: v/cm™" = 2982,
1695, 1505, 1456, 1427, 1369, 1181, 1140, 1082, 911, 832, 799, 722.
Mp: 80-83 °C. [a]¥ = +3 (10 mg/mL; CDCL). R, = 0.69 (DCM/
MeOH = 9:1).

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)(2-meth-
ylbut-3-yn-2-yl)amino)-2-((tert-butoxycarbonyl) amino)butanoate
(26t). To a solution of 13a (150 mg, 0.27 mmol, 1.0 equiv) in DMF (4
mL) were added 3-chlor-3-methyl-1-butyne (33 L, 0.29 mmol, 1.1
equiv), DIPEA (50 uL, 0.29 mmol, 1.1 equiv), and CuBr (38 mg, 0.27
mmol, 1.0 equiv), and the mixture was stirred at rt for 48 h. The reaction
was quenched by the addition of brine (20 mL), and the aqueous layer
was extracted with EtOAc (3 X 10 mL). The combined organic layers
were dried over anhydrous Na,SO,, filtered, and concentrated under
reduced pressure at 40 °C. The residue was purified by column
chromatography (DCM/MeOH = 30:1) to give 26t (69 mg, 0.11
mmol, 41%) as a colorless oil. '"H NMR (300 MHz, CDCl,): §/ppm =
8.30 (s, 1H), 7.91 (s, 1H), 6.27 (s, 2H), 6.08—5.98 (m, 1H), 5.52—5.41
(m, 1H), 5.36 (d, ] = 8.0 Hz, 1H), 5.00 (dd, ] = 6.6, 3.4 Hz, 1H), 4.31
(td, ] = 6.6, 3.4 Hz, 1H), 4.14—3.97 (m, 1H), 2.97 (dd, ] = 14.1, 6.7 Hz,
1H),2.70 (ddd, ] = 16.7,11.0, 6.7 Hz, 3H), 2.13 (s, 1H), 2.06—1.87 (m,
1H), 1.82—1.69 (m, 1H), 1.57 (s, 3H), 1.38 (d, ] = 11.3 Hz, 24H), 1.25
(s, 3H). C NMR (75.5 MHz, CDCl,): §/ppm = 171.9, 155.8, 155.5,
152.9, 149.3, 140.4, 120.5, 114.4, 91.0, 87.2, 86.9, 84.0, 83.2, 81.8, 79.6,
70.8, 55.0, 53.7, 52.9, 48.3, 32.4, 29.1, 28.8, 28.4, 28.0, 27.3, 25.6. FT-
IR: v/cm™" = 3307, 2980, 2935, 1705, 1644, 1598, 1477, 1367, 1249,
1211, 1155, 1094, 871, 755. [a]f = +6 (10 mg/mL; CHCL,). R;= 0.50
(DCM/MeOH = 9:1).

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(methyl)amino)butanoic Acid
Trifluoroacetate Salt (27a). To a solution of 26a (21 mg, 0.04 mmol)
in DCM (1.5 mL) at § °C were added TFA (1.5 mL) and H,O (200
uL). The solution was kept at S °C for 3 d. After the reaction was diluted
and co-distilled with DCM (3 X 20 mL), the residue was once more
dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was kept
again at 5 °C until full conversion was detected by LC-MS. Then, the
reaction was diluted and co-distilled with DCM (S X 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 27a (20 mg, 0,04 mmol, 99%, 1.0 equiv TFA) as a colorless
trifluoroacetate salt. '"H NMR (300 MHz, CD;0D): &/ppm = 8.50 (s,
1H), 8.26 (s, 1H), 6.11 (d, ] = 5.4 Hz, 1H), 4.74 (t, ] = 5.4 Hz, 1H), 4.53
(d,] = 10.9 Hz, 1H), 431 (t, ] = 4.4 Hz, 1H), 4.04 (dd, ] = 9.2, 3.6 Hz,
1H),3.77 (t, ] = 12.1 Hz, 1H), 3.62—3.50 (m, 2H), 3.49—3.38 (m, 1H),
2.93 (s, 3H), 2.48—2.30 (m, 1H), 2.24—2.08 (m, 1H). 3*C NMR (75.5
MHz, CD,0D): /ppm = 171.3,153.3, 149.8, 147.3, 144.0, 120.4,90.5,
80.3, 74.9, 73.4, 59.4, 56.1, 53.3, 39.7, 26.1. FT-IR: v/cm™" = 3093,
1668, 1507, 1425, 1325, 1196, 1129, 835, 799, 722. Mp: 86—89 °C.
[a]y = +14 (6 mg/mL; MeOH). ESI-MS: m/z [M + H]* = 382.2
(100%), 383.1 (18.7%), 384.1 (2.5%). Calculated: 382.2 (100%), 383.2
(16.2%), 384.2 (1.2%). Purity: 99% (HPLC, MeCN/H,0 = 20:80 +
0.1% HCOOH); ty = 1.89 min.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(ethyl)amino)butanoic Acid
Trifluoroacetate Salt (27b). To a solution of 26b (66 mg, 0.11
mmol) in DCM (1.5 mL) at § °C were added TFA (1.5 mL) and H,0
(200 pL). The solution was kept at S °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 X 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (S X 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 27b (69 mg, 0.11 mmol, 99%, 2.0 equiv TFA) as a colorless
trifluoroacetate salt. '"H NMR (300 MHz, CD;0D): 6/ppm = 8.35 (s,

https://doi.org/10.1021/acs.jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750-9788



3.4 Variation of side chain by rational design and development of Y-shaped inhibitors

Journal of Medicinal Chemistry

pubs.acs.org/jmc

1H), 8.25 (s, 1H), 6.01 (d, J = 4.2 He, 1H), 4.61 (t, ] = 4.7 Hz, 1H),
4.43-424 (m, 2H), 3.94 (dd, J = 8.2, 4.5 Hz, 1H), 3.70—3.46 (m, 2H),
3.46—3.10 (m, 4H), 2.39—2.19 (m, 1H), 2.19—2.03 (m, 1H), 1.20 (t,
=7.2 Hz, 3H). "C NMR (75.5 MHz, CD,0D): §/ppm = 170.7, 1515,
1483, 145.2, 142.9, 119.4, 90.2, 78.8, 73.4, 72.0, 54.5, 51.2, 50.2, 24.6,
7.2, FT-IR: v/cm™ = 2471, 2074, 1663, 1506, 1424, 1183, 1128, 973,
833,799, 721. Mp: 80—83 °C. [a]2 = +18 (10 mg/mL; MeOH). ESI-
MS: m/z [M + H]" = 396.2 (100%), 397.2 (20.1%), 398.2 (2.5%).
Calculated: 396.2 (100%), 397.2 (17.3%), 398.2 (1.4%). Purity: 9%
(HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); t; = 2.82 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(propyl)amino)butanoic Acid
Trifluoroacetate Salt (27¢). To a solution of 26¢ (121 mg, 0.20 mmol)
in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H,0 (200
#L). The solution was kept at 5 °C for 3 d. After the reaction was diluted
and co-distilled with DCM (3 X 20 mL), the residue was once more
dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was kept
again at 5 °C until full conversion was detected by LC-MS. Then, the
reaction was diluted and co-distilled with DCM (5 X 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 27c (106 mg, 0.20 mmol, 99%, 1.0 equiv TFA) as a colorless
trifluoroacetate salt. 'H NMR (300 MHz, CD;0D): §/ppm = 8.19 (s,
1H), 8.13 (5, 1H), 5.85 (d, ] = 4.0 Hz, 1H), 4.45 (t, ] = 4.5 Hz, 1H),
426-4.12 (m, 2H), 3.78 (dd, J = 7.8, 5.0 Hz, 1H), 3.54—3.11 (m, 4H),
3.05-2.84 (m, 2H), 2.25—2.07 (m, 1H), 2.05—1.91 (m, 1H), 1.47 (dt, ]
=9.3, 7.0 Hz, 2H), 0.68 (t, ] = 7.3 Hz, 3H). *C NMR (75.5 MHz,
CD,0D): §/ppm = 171.6, 152.5, 149.6, 146.0, 144.4, 120.9,91.9, 80.0,
74.7, 73.4, 56.4, 56.2, 52.1, 51.8, 25.9, 17.9, 11.0. FT-IR: v/cm™"
2979, 2473, 2074, 1662, 1506, 1423, 1183, 1130, 973, 834, 798, 721.
Mp: 64—67 °C. [a]p’ = +21 (10 mg/mL; MeOH). ESI-MS: m/z [M +
H]* = 410.2 (100%), 411.2 (24.5%), 412.2 (3.6%). Calculated: 410.2
(100%), 411.2 (18.4%), 412.2 (1.6%). Purity 100% (HPLC, MeCN/
H,0 =20:80 + 0.1% HCOOH); tz = 2.61 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(isopropyl)lamino)butanoic
Acid Trifluoroacetate Salt (27d). To a solution of 26d (65 mg, 0,11
mmol) in DCM (1.5 mL) at § °C were added TFA (1.5 mL) and H,0
(200 pL). The solution was kept at § °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 x 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 x 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 27d (77 mg, 0.11 mmol, 99%, 2.5 equiv TFA) as a colorless
trifluoroacetate salt. 'H NMR (300 MHz, CD,0D): §/ppm = 8.34 (s,
1H),8.29 (s, 1H), 6.01 (d, ] = 3.6 Hz, 1H), 4.58 (s, 1H), 4.37—4.29 (m,
2H),3.88 (dd, ] = 8.4, 4.4 Hz, 1H), 3.78—3.63 (m, 1H), 3.58—3.49 (m,
2H), 3.46—3.23 (m, 2H), 3.19 (d, ] = 3.0 Hz, 1H), 2.41-2.22 (m, 1H),
2.13 (d, ] = 122 Hz, 1H), 1.28 (d, ] = 6.5 Hz, 3H), 119 (d, = 5.7 Hz,
3H). °C NMR (75.5 MHz, CD,0D): 8/ppm = 172.0, 152.8, 149.7,
146.6, 144.2, 121.0, 92.0, 81.0, 74.7, 73.5, 57.9, 53.8, 52.7, 49.9, 27.0,
17.0, 16.0. FT-IR: v//cm™! = 2992, 2488, 1663, 1506, 1425, 1182, 1128,
975, 833, 799, 721. Mp: 88—91 °C. [a]¥ = +19 (10 mg/mL; MeOH).
ESLI-MS: m/z [M + H]* = 410.2 (100%), 411.2 (18.4%), 412.2 (1.6%).
Calculated: 410.2 (100%), 411.2 (20.2%), 412.2 (3.0%). Purity: 98%
(HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); t; = 3.81 min.
(S)-2-Amino-4-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(butyl)amino)butanoic Acid
Trifluoroacetate Salt (27e). To a solution of 26e (150 mg, 0.24
mmol) in DCM (1.5 mL) at § °C were added TFA (1.5 mL) and H,O
(200 pL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 X 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 x 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 27e (123 mg, 0.24 mmol, 99%, 1.0 equiv TFA) as a colorless
trifluoroacetate salt. 'H NMR (300 MHz, CD;0D): /ppm = 8.19 (s,
1H), 8.13 (s, 1H), 5.85 (d, ] = 3.9 Hz, 1H), 4.45 (t, ] = 4.4 Hz, 1H),
4.24—4.13 (m, 2H), 3.78 (dd, J = 7.7, 5.0 He, 1H), 3.57—3.11 (m, 4H),
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297 (d, ] = 5.0 Hz, 2H), 2.21=2.07 (m, 1H), 2.01 (dd, ] = 9.6, 5.0 Hz,
1H), 1.40 (dd, J = 11.9, 6.0 Hz, 2H), 1.07 (dd, = 7.5, 2.3 Hz, 2H), 0.63
(t, ] = 6.7, 6.0 Hz, 3H). 3C NMR (75.5 MHz, CD;0D): &/ppm =
171.5, 152.5, 149.7, 146.0, 144.5, 120.9, 91.9, 80.0, 74.7, 73.4, 56.4,
54.6, 52.1, 51.7, 263, 25.9, 20.7, 13.8. FT-IR: v/cm™" = 2969, 1663,
1506, 1424, 1182, 1129, 976, 834, 799, 721. Mp: 74—77 °C. [a]¥ = +17
(10 mg/mL; MeOH). ESI-MS: m/z [M + H]* = 424.2 (100%), 425.2
(19.8%), 4262 (3.3%). Calculated: 424.2 (100%), 425.2 (19.5%),
4262 (1.8%). Purity: 99% (HPLC, MeCN/H,O = 20:80 + 0.1%
HCOOH); tz = 2.63 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(isobutyl)Jamino)butanoic
Acid Trifluoroacetate Salt (27f). To a solution of 26f (160 mg, 0.26
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H,0
(200 uL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 X 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 % 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 27f (200 mg, 0.26 mmol, 99%, 3.0 equiv TFA) as a colorless
trifluoroacetate salt. 'H NMR (300 MHz, CD;0D): §/ppm = 8.14 (d, ]
=12.3 Hz, 2H), 5.84 (d, ] = 3.2 Hz, 1H), 4.36 (t, J = 3.9 Hz, 1H), 4.23—
4.13 (m, 2H), 3.75 (dd, ] = 7.8, 4.8 Hz, 1H), 3.53—3.26 (m, 3H), 3.24—
3.11 (m, 1H), 2.94—2.71 (m, 2H), 2.24—1.92 (m, 2H), 1.90—1.72 (m,
1H), 0.70 (dd, ] = 14.9, 6.5 Hz, 6H). *C NMR (75.5 MHz, CD;0D):
&/ppm = 171.6, 152.6, 149.6, 146.0, 144.4, 120.9, 92.2, 79.6, 74.7, 73.4,
63.0, 56.7, 53.0, 52.3, 25.7, 25.5, 20.5, 20.4. FT-IR: v/cm™ = 2476,
2241, 2072, 1666, 1426, 1186, 1136, 973, 834, 799, 722. Mp: 67—70 °C.
[a]y = +14 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]* = 424.2
(100%), 425.2 (21.5%), 426.2 (2.9%). Calculated: 424.2 (100%), 425.2
(19.5%), 426.2 (1.8%). Purity: 98% (HPLC, MeCN/H,0 = 20:80 +
0.19% HCOOH); ty = 3.88 min.
(S)-2-Amino-4-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(neopentyl)lamino)butanoic
Acid Trifluoroacetate Salt (27g). To a solution of 26g (67 mg, 0.11
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H,0
(200 pL). The solution was kept at § °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 X 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 % 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 27g (73 mg, 0.11 mmol, 99%, 2.0 equiv TFA) as a colorless
trifluoroacetate salt. "H NMR (300 MHz, CD,0D): §/ppm = 8.35 (d, ]
=92 Hz, 2H), 6.04 (d, ] = 2.9 Hz, 1H), 4.51 (dd, ] = 4.8, 2.9 Hz, 1H),
4.45—4.35 (m, 2H), 3.90 (dd, ] = 8.8, 4.2 Hz, 1H), 3.77—3.34 (m, 4H),
3.17-3.01 (m, 2H), 2.41-223 (m, 1H), 2.23—2.08 (m, 1H), 1.02 (s,
9H). "*C NMR (75.5 MHz, CD;OD): &/ppm = 172.0, 152.8, 149.6,
146.5, 144.1, 121.0, 92.4, 79.9, 74.6, 73.6, 68.4, 59.4, 56.4, 53.0, 32.6,
27.9,26.2. FT-IR: v/cm™" = 2969, 1667, 1507, 1485, 1423, 1185, 1132,
976, 833, 799, 721. Mp: 86—89 °C. [a]¥ = —13 (10 mg/mL; MeOH).
ESI-MS: m/z [M + H]" = 438.2 (100%), 439.2 (24.6%), 440.3 (3.9%).
Calculated: 438.3 (100%), 439.3 (20.5%), 440.3 (2.0%). Purity:100%
(HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); f; = 3.82 min.
(5)-2-Amino-4-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(cyclopropylmethyl)amino)-
butanoic Acid Trifluoroacetate Salt (27h). To a solution of 26h (114
mg, 0.18 mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL)
and H,0 (200 pL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 x 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 x 20 mL). The residue was dissolved in H,O (7 mL) and was dried
by lyophilization to give 27h (124 mg, 0.18 mmol, 99%, 2.4 equiv TFA)
as a colorless trifluoroacetate salt. "H NMR (300 MHz, CD;0D): &/
ppm = 8.48 (s, 1H), 8.39 (s, 1H), 6,14 (d, ] = 3.9 Hz, 1H), 471 (¢, ] =
4.5 Hz, 1H), 4.56—4.42 (m, 2H), 4.06 (dd, ] = 8.3, 4.5 Hz, 1H), 3.86—
3.74 (m, 2H), 3.71-3.51 (m, 2H), 3.26—3.18 (m, 2H), 2.54—2.37 (m,
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1H),2.35—2.19 (m, 1H), 1.19—1.05 (m, 1H), 0.82—0.67 (m, 2H), 0.45
(g, ] = 3.9, 2.7 Hz, 2H). *C NMR (75.5 MHz, CD,0D): é/ppm =
172.0, 152.8, 149.7, 146.5, 144.2, 120.8, 91.8, 80.0, 74.8, 73.4, 59.5,
56.3,52.6,52.2,26.1,6.2, 5.1. FT-IR: v/cm™' = 2973, 1667, 1507, 1467,
1424, 1322, 1185, 1129, 1064, 949, 898, 833, 799, 721. mp: 7073 °C.
[aly = +17 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]" = 422.2
(1009%), 423.2 (17.8%), 424.2 (2.1%). Calculated: 422.2 (100%), 423.2
(19.5%), 424.2 (1.8%). Purity: 100% (HPLC, MeCN/H,0 = 20:80 +
0.1% HCOOH); f, = 2.13 min.
(5)-2-Amino-4-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(cyclobutylmethyl)amino)-
butanoic Acid Trifluoroacetate Salt (27i). To a solution of 26i (114
mg, 0.18 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5 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 x 20 mL), and the residue was dissolved
in water (1.8 mL) and TFA (0.3 mL) at § °C. The solution was kept
again at 5 °C until full conversion was detected by LC-MS. Then, the
reaction was dried by lyophilization to give 27i (91 mg, 0.13 mmol,
99%, 2.3 equiv TFA) as a colorless trifluoroacetate salt. 'H NMR (300
MHz, CD,0D): 6/ppm = 8.49 (s, 1H), 8.38 (s, 1H), 6.14 (d, ] = 3.9 Hz,
1H), 472 (t, ] = 4.5 Hz, 1H), 4.55—4.37 (m, 2H), 4.02 (dd, ] = 8.8, 4.1
Hz, 1H), 3.79—3.24 (m, 6H), 2.89—2.70 (m, 1H), 2.50—2.31 (m, 1H),
2.29-2.05 (m, 3H), 2.01-1.76 (m, 4H). “C NMR (75.5 MHz,
CD,0D): &/ppm = 172.5, 153.1, 149.7, 147.0, 144.1, 117.9, 114.1,
91.6, 80.1, 74.7, 73.5, 59.6, 56.6, 53.0, 31.5, 28.2, 28.0, 26.1, 19.4. FT-
IR: v/em™! = 2977, 2461, 2073, 1664, 1506, 1423, 1182, 1128, 975,
833,799, 721. Mp: 63—66 °C. [a]}y’ = +19 (10 mg/mL; MeOH). ESI-
MS: m/z [M + H]' = 4362 (100%), 437.2 (23.4%), 438.2 (3.3%).
Calculated: 436.2 (100%), 437.2 (20.5%), 438.2 (1.0%). Purity: 100%
(HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); ; = 3.89 min.
(S)-2-Amino-4-((((2R,3S,4R, 5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(cyclopentylmethyl)amino)-
butanoic Acid Trifluoroacetate Salt (27j). To a solution of 26j (55 mg,
0.09 mmol) in DCM (1.5 mL) at § °C were added TFA (1.5 mL) and
H,O (200 L). The solution was kept at § °C for 3 d. After the reaction
was diluted and co-distilled with DCM (3 x 20 mL), the residue was
once more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The
solution was kept again at 5 °C until full conversion was detected by
LC-MS. Then, the reaction was diluted and co-distilled with DCM (5 x
20 mL). The residue was dissolved in H,O (7 mL), and was dried by
Iyophilization to give 27j (51 mg, 0.09 mmol, 99%, 1.0 equiv TFA) asa
colorless trifluoroacetate salt. '"H NMR (300 MHz, CD;0D): §/ppm =
8.36 (d,J=21.6Hz,2H), 6.11 (d, ] = 3.5 Hz, 1H), 4.74 (s, 1H), 4.50 (d,
J = 7.2 Hz, 2H), 4.05—3.84 (m, 1H), 3.80—3.40 (m, 4H), 3.30-3.11
(m, 2H), 2.56—2.04 (m, 3H), 2.02—1.72 (m, 2H), 1.72—1.43 (m, 4H),
1.38—1.11 (m, 2H). *C NMR (75.5 MHz, CD;0D): §/ppm = 173.0,
154.8, 149.9, 149.7, 143.3, 120.9, 91.9, 80.3, 74.4, 73.7, 60.7, 56.5, 54.4,
54.3, 36.5, 32.1, 32.0, 26.3, 25.9, 25.8. FT-IR: v/ecm™" = 2961, 1669,
1421, 1199, 1131, 978, 833, 799, 721. Mp: 121—124 °C. [a]Z = +15
(10 mg/mL; MeOH). ESI-MS: m/z [M + H]* = 450.2 (100%), 451.2
(25.2%), 452.2 (3.9%). Calculated: 450.3 (100%), 451.3 (21.6%),
452.3 (2.2%). Purity: 95% (HPLC, MeCN/H,0 = 20:80 + 0.1%
HCOOH); tg = 3.99 min.
(S)-2-Amino-4-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(cyclohexylmethyl)amino)-
butanoic Acid Trifluoroacetate Salt (27k). To a solution of 26k (150
mg, 0.23 mmol) in DCM (1.5 mL) at § °C were added TFA (1.5 mL)
and H,0 (200 uL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 x 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 x 20 mL). The residue was dissolved in H,O (7 mL) and was dried
by Iyophilization to give 27k (122 mg, 0.23 mmol, 99%, 0.6 equiv TFA)
as a colorless trifluoroacetate salt. "H NMR (300 MHz, CD;0D): §/
ppm = 8.28 (s, 1H), 8.23 (s, 1H), 5.96 (d, ] = 3.3 Hz, 1H), 4.50 (t, ] =
3.9 Hz, 1H), 4.36—4.24 (m, 2H), 3.84 (dd, ] = 8.6, 4.3 Hz, 1H), 3.65—
322 (m, 4H), 3.02—2.82 (m, 2H), 2.32—2.14 (m, 1H), 2.14—-1.99 (m,
1H), 1.69—1.37 (m, 6H), 1.16—0.66 (m, 6H). “C NMR (75.5 MHz,
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CD,0D): §/ppm = 172.2, 153.0, 149.7, 146.8, 144.2, 120.9, 92.1, 79.9,
74.7,73.5, 62.0, 56.8, 53.8, 52.8, 34.5, 31.7, 31.6, 26.8, 26.4, 25.9. FT-
IR: v/cm™! = 2932, 2857, 1666, 1506, 1423, 1182, 1130, 976, 833, 799,
721.Mp: 126—129 °C. [a]}’ = +16 (10 mg/mL; MeOH). ESI-MS: m/z
[M + H]" = 464.2 (100%), 464.6 (10.2%), 465.5 (4.6%). Calculated:
464.3 (100%), 465.3 (22.7%), 466.3 (2.5%). Purity: 96% (HPLC,
MeCN/H,0 = 20:80 + 0.1% HCOOH); t, = 2.77 min.
(5)-4-(Allyl(((2R,3S5,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihy-
droxytetrahydrofuran-2-yl)methyl)amino)-2-aminobutanoic Acid
Trifluoroacetate Salt (271). To a solution of 261 (100 mg, 0.17
mmol) in DCM (1.5 mL) at § °C were added TFA (1.5 mL) and H,0
(200 pL). The solution was kept at § °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 X 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 “C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 % 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 271 (119 mg, 0.17 mmol, 99%, 2.6 equiv TFA) as a colorless
trifluoroacetate salt. "H NMR (300 MHz, CD;0D): 8/ppm = 8.19 (s,
1H), 8.13 (s, 1H), 5.85 (d, J = 4.0 Hz, 1H), 5.76—5.59 (m, 1H), 5.40—
5.26 (m, 2H), 445 (t, J= 4.7 Hz, 1H), 4.30—4.10 (m, 2H), 3.78 (dd, J =
7.9, 5.0 Hz, 1H), 3.73—3.57 (m, 2H), 3.54—3.10 (m, 4H), 2.25—2.08
(m, 1H), 2.07—1.92 (m, 1H). *C NMR (75.5 MHz, CD;0D): §/ppm
= 171.7,152.5, 149.7, 146.0, 144.5, 127.6, 126.8, 120.8, 91.7, 80,0, 74.7,
73.4, 56.7, 56.3, 52.2, 51.5, 25.9. FT-IR: v/ecm ™! = 2981, 1672, 1509,
1427, 1196, 1136, 836, 799, 723. Mp: 78—81 °C. [a]} = +14 (10 mg/
mL; MeOH). ESI-MS: m/z [M + H]" = 408.2 (100%), 409.2 (20.8%),
410.2 (3.4%). Calculated: 408.2 (100%), 409.2 (18.4%), 410.2 (1.6%).
Purity:100% (HPLC, MeCN/H,0 = 20:80 + 0.1% HCOOH); t; =
2.71 min.
(S)-2-Amino-4-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(prop-2-yn-1-yl)Jamino)-
butanoic Acid Trifluoroacetate Salt (27m). To a solution of 26m (134
mg, 0.22 mmol) in DCM (1.5 mL) at § °C were added TFA (1.5 mL)
and H,0 (200 puL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 X 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 % 20 mL). The residue was dissolved in H,O (7 mL) and was dried
by lyophilization to give 27m (157 mg, 0.22 mmol, 99%, 2.7 equiv
TFA) as a colorless trifluoroacetate salt. 'H NMR (300 MHz,
CD,0D): §/ppm = 8.23 (s, 1H), 8.06 (s, 1H), 5.83 (d, ] = 4.9 Hgz,
1H), 445 (¢, ] = 4.9 Hz, 1H), 420 (d, J = 7.0 Hz, 1H), 4.09 (t, ] = 49
Hz, 1H), 3.88 (t, ] = 2.8 Hz, 2H), 3.85—3.76 (m, 1H), 3.51-3.28 (m,
2H), 324 (t, ] = 7.1 Hz, 2H), 2.96 (s, 1H), 2.22—2.04 (m, 1H), 1.99—
1.84 (m, 1H). “C NMR (75.5 MHz, CD;0D): §/ppm = 172.2, 152.3,
149.7, 145.8, 144.5, 120.6, 91.1, 81.1, 80.7, 74.9, 73.4, 72.9, 56.8, 52.8,
52.5,42.9,26.3. FT-IR: v/cm™" = 3097, 1671, 1509, 1428, 1323, 1195,
1137, 837,799, 723. Mp: 76—79 °C. [a]} = +12 (10 mg/mL; MeOH).
ESI-MS: m/z [M + H]" = 406.2 (100%), 407.2 (21.0%), 408.1 (2.5%).
Calculated: 406.2 (100%), 407.2 (18.4%), 408.2 (1.6%). Purity: 97%
(HPLC, MeCN/H,0 = 20:80 + 0.1% HCOOH); t; = 2.70 min.
(S)-2-Amino-4-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(but-2-yn-1-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27n). To a solution of 26n (119
mg, 0.19 mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL)
and H,O (200 pL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 X 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 x 20 mL). The residue was dissolved in H,O (7 mL) and was dried
by lyophilization to give 27n (131 mg, 0.19 mmol, 99%, 2.4 equiv TFA)
as a colorless trifluoroacetate salt. "H NMR (300 MHz, CD,0D): 5/
ppm =8.61 (s, 1H), 8.31 (s, 1H), 6.17 (d, ] = 5.4 He, 1H), 477 (t, ] =
5.3 Hz, 1H), 4.62—4.50 (m, 1H), 4.38 (t, ] = 4.4 Hz, 1H), 4.28—4.09
(m, 3H), 3.85—3.50 (m, 4H), 2.55—2.36 (m, 1H), 2.33—2.13 (m, 1H),
1.92 (s, 3H). *C NMR (75.5 MHz, CD,0D): §/ppm = 173.0, 152.4,
149.7, 146.1, 144.3, 120.2, 90.4, 89.3, 80.6, 75.1, 73.3, 67.4, 56.6, 53.2,
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52.8, 42.7, 26.1, 3.2. FT-IR: v/cm™! = 2925, 1666, 1507, 1423, 1184,
1131, 976, 897, 835, 799, 722. Mp: 121-124 °C. [a]}’ = +13 (10 mg/
mL; MeOH). ESI-MS: m/z [M + H]" = 420.2 (100%), 421.2 (20.6%),
422.2 (3.5%). Calculated: 420.2 (100%), 421.2 (19.5%), 422.2 (1.8%).
Purity: 99% (HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); £, = 1.95
min.
(S)-2-Amino-4-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(pent-2-yn-1-yl)amino)-
butanoic Acid Trifluoroacetate Salt (270). To a solution of 260 (98
mg, 0.16 mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL)
and H,0 (200 uL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 x 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 % 20 mL). The residue was dissolved in H,O (7 mL) and was dried
by lyophilization to give 270 (93 mg, 0.16 mmol, 99%, 1.3 equiv TFA)
as a colorless trifluoroacetate salt. "H NMR (300 MHz, CD,0D): §/
ppm = 8.61 (s, 1H), 8.29 (s, 1H), 6.17 (d, J = 5.5 Hz, 1H), 4.75 (t, ] =
5.3 Hz, 1H), 4.59—4.49 (m, 1H), 4.38 (t, ] = 4.4 Hz, 1H), 430—4.10
(m, 3H), 3.83—3.47 (m, 4H), 2.46 (dt, ] = 15.6, 7.9 Hz, 1H), 2.36—2.26
(m, 2H), 2.25—2.14 (m, 1H), 1.17 (t, ] = 7.5 Hz, 3H). *C NMR (75.5
MHz, CD,0D): §/ppm = 173.3, 1527, 149.7, 146.5, 144.2, 120.1, 94.6,
90.3, 80.7, 75.1, 73.3, 67.9, 56.6, 53.5, 53.1, 42.4, 26.2, 13.7, 13.0. FT-
IR: v/em™" = 2981, 1669, 1507, 1422, 1321, 1198, 1130, 1061, 900,
833, 799, 721. Mp: 110—113 °C. [a]} = +14 (10 mg/mL; MeOH).
BSI-MS: m/z [M + H]* = 434.2 (100%), 435.4 (9.4%), 436.2 (2.7%).
Calculated: 434.2 (100%), 435.2 (20.5%), 436.2 (1.0%). Purity: 100%
(HPLC, MeCN/H,0 = 20:80 + 0.1% HCOOH); f = 2.78 min.
(5)-2-Amino-4-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-1-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27p). To a solution of 26p (25
mg, 0.04 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5 mL).
The solution was kept at § °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), and the residue was dissolved
in water (1.8 mL) and TFA (0.3 mL) at 5 °C. The solution was kept
again at $ °C until full conversion was detected by LC-MS. Then, the
reaction was dried by lyophilization to give 27p (28 mg, 0.04 mmol,
999%, 2.5 equiv TFA) as a colorless trifluoroacetate salt. "H NMR (300
MHz, CD,0D): §/ppm = 8.63—8.24 (m, 2H), 6.11 (s, 1H), 4.74 (s,
1H), 4.55—4.35 (m, 2H), 4.01 (dd, J = 13.9, 7.3 Hz, 1H), 3.74—3.33
(m, 6H), 2.75—2.64 (m, 2H), 2.47 (d, ] = 2.3 Hz, 1H), 2.43—2.26 (m,
1H), 2.19—1.99 (m, 1H). ¥C NMR (75.5§ MHz, CD,0D): §/ppm =
172.6, 154.1, 148.7, 148.7, 143.2, 125.5, 91.6, 80.9, 80.2, 74.6, 73.5,
73.1, 56.7, 53.8, 53.6, 52.8, 26.5, 15.3. FT-IR: v/cm™! = 2926, 1673,
1506, 1423, 1200, 1132, 834, 800, 722. Mp: 163—166 °C. [a]¥ = +28
(10 mg/mL; MeOH). ESI-MS: m/z [M + H]* = 420.2 (100%), 421.2
(21.8%), 422.2 (2.9%). Calculated: 420.2 (100%), 421.2 (19.5%),
4222 (1.8%). Purity: 100% (HPLC, MeCN/H,0 = 20:80 + 0.1%
HCOOH); ty = 3.94 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(benzyl)amino)butanoic Acid
Trifluoroacetate Salt (27q). To a solution of 26q (115 mg, 0.18 mmol)
in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H,O (200
#L). The solution was kept at § °C for 3 d. After the reaction was diluted
and co-distilled with DCM (3 X 20 mL), the residue was once more
dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was kept
again at 5 °C until full conversion was detected by LC-MS. Then, the
reaction was diluted and co-distilled with DCM (5 X 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 27q (104 mg, 0.18 mmol, 99%, 1.0 equiv TFA) as a colorless
trifluoroacetate salt. 'H NMR (300 MHz, CD,0D): §/ppm = 8.19 (s,
1H), 8.04 (s, 1H), 7.27—7.19 (m, 2H), 7.17=7.08 (m, 3H), 5.90 (d, ] =
3.3 Hz, 1H), 439 (dd, ] = 5.2, 3.3 Hz, 1H), 4.36—4.11 (m, 4H), 3.76—
3.67 (m, 1H), 3.52—3.20 (m, 4H), 2.29-2.10 (m, 1H), 2.10~1.96 (m,
1H). 3C NMR (75.5 MHz, CD;0D): §/ppm = 172.5, 152.8, 149.6,
146.5, 144.2, 132.3, 131.1, 130.6, 130.3, 120.8, 92.0, 80.1, 74.8, 73.5,
589, 361, 53.1, 52.9, 26.2. FT-IR: v/cm™"! = 3088, 2475, 1664, 1504,
1423, 1182, 1127, 975, 833, 799, 721, 702. Mp: 122—125 °C. [@]X =
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+19 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]* = 458.2 (100%),
4592 (24.4%), 4602 (3.9%). Calculated: 458.2 (100%), 459.2
(22.7%), 460.2 (2.5%). Purity:100% (HPLC, MeCN/H,O = 20:80 +
0.1% HCOOH); fy = 2.90 min.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(phenethyl)amino)butanoic
Acid Trifluoroacetate Salt (27r). To a solution of 26r (113 mg, 0.17
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H,0
(200 pL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 X 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 % 20 mL). The
residue was dissolved in H,O (7 mL) and was dried by lyophilization to
give 27r (103 mg, 0.17 mmol, 99%, 1.5 equiv TFA) as a colorless
trifluoroacetate salt. '"H NMR (300 MHz, CD;0D): §/ppm = 8.31 (s,
1H), 8.19 (s, 1H), 7.17—6.93 (m, SH), 5.98 (d, ] = 4.2 Hz, 1H), 4.61 (t,
J=4.7 Hz, 1H), 4.45—4.36 (m, 1H), 4.34—4.28 (m, 1H), 3.91 (dd, ] =
8.2, 4.7 Hz, 1H), 3.72—3.28 (m, 6H), 2.94—2.82 (m, 2H), 2.43-2.23
(m, 1H), 2.21-2.07 (m, 1H). *C NMR (75.5 MHz, CD;0D): 5/ppm
= 171.8, 1529, 149.7, 146.7, 144.3, 137.2, 129.9, 129.7, 1282, 121.0,
91.9,80.3, 74.5, 73.5, 56.3, 55.7, 52.5, 52.3, 30.6, 26.0. FT-IR: v/cm ™!
3066, 1666, 1505, 1425, 1187, 1131, 976, 835, 799, 722, 702. Mp: 79—
82 °C. [a]}) = +18 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]* =
4722 (100%), 473.3 (26.7%), 474.2 (3.8%). Calculated: 472.2 (100%),
4732 (23.8%), 4742 (2.7%). Purity: 99% (HPLC, MeCN/H,0 =
20:80 + 0.1% HCOOH); t; = 3.87 min.

(25)-2-Amino-4-((((2R,35,4R, 5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-2-yl)amino)-
butanoic Acid Trifluoroacetate Salt (275-A/B). To a solution of 26s
(31 mg, 0.05 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5
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 X 20 mL), and the residue was
dissolved in water (1.8 mL) and TFA (0.3 mL) at 5 °C. The solution
was kept again at 5 °C until full conversion was detected by LC-MS.
Then, the reaction was dried by lyophilization to give 27s (39 mg, 0.05
mmol, 99%, 3.0 equiv TFA) as a colorless trifluoroacetate salt. 'H NMR
(300 MHz, CD,0D): 5/ppm = 8.43—8.28 (m, 2H), 6.02 (t, ] = 3.8 Hz,
1H), 4.68—4.56 (m, 1H), 4.38—4.12 (m, 3H), 4.00-3.83 (m, 1H),
3.53-3.25 (m, 4H), 3.04 (dd, ] = 3.6, 2.2 Hz, 1H), 2.32—-2.14 (m, 1H),
2.13—1.98 (m, 1H), 1.42 (dd, J = 29.3, 6.9 Hz, 3H). *C NMR (75.5
MHz, CD,0D): §/ppm = 172.1, 171.7, 152.9, 149.8, 146.7, 144.1,
121.0,91.8,91.5, 82.6, 81.6, 79.6, 79.1, 78.4, 78.1, 74.8, 73.5, 73.3, 55.0,
54.6,53.7,52.3,51.4,51.2,50.7, 27.4, 27.3,18.2, 182. FT-IR: 1//cm™!
3091, 1670, 1508, 1427, 1323, 1196, 1134, 835, 799, 722. Mp: 60—63
°C. [a]}’ = +12 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]" = 420.2
(100%), 421.1 (21.7%), 4222 (3.2%). Calculated: 420.2 (100%), 421.2
(19.5%), 422.2 (1.8%). Purity: 100% (HPLC, MeCN/H,0 = 20:80 +
0.1% HCOOH); t, = 3.95 min.

(25)-2-Amino-4-((((2R,35,4R, 5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-2-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27s-A). To a solution of 26s-A
(36 mg, 0.06 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5
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 X 20 mL), 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 reaction was dried by lyophilization to give 27s-A (39 mg, 0.06
mmol, 99%, 2.1 equiv TFA) as a colorless trifluoroacetate salt (resin).
'H NMR (300 MHz, DMSO-d,): 5/ppm = 8.53 (s, 1H), 8.36 (s, 1H),
5.94 (d,] = 4.9 Hz, 1H), 4.63 (t, ] = 4.9 Hz, 1H), 4.20—4.06 (m, 2H),
3.99-3.85 (m, 2H), 3.33 (d, ] = 2.0 Hz, 1H), 3.16-3.04 (m, 1H), 2.9—
2.81 (m, 2H), 2.80—2.63 (m, 1H), 2.04—1.92 (m, 2H), 132 (d, ] = 6.9
Hz, 3H). ®C NMR (75.5 MHz, DMSO-dy): 8/ppm = 170.8, 153.4,
148.9, 148.8, 141.4, 119.2, 88.3, 82.5, 81.5, 76.3, 72.8, 71.9, 53.6, 50.8,
49.2,47.9,27.7,19.1. FT-IR: v/cm™" = 2952, 2256, 2126, 1670, 1505,
1419, 1324, 1197, 1127, 1024, 997, 826, 798, 719. [a]¥ = =3 (10 mg/
mL; MeOH). ESI-MS: m/z [M + H]* = 420.2 (100%), 421.1 (21.3%),
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4222 (3.5%). Calculated: 420.2 (100%), 421.2 (19.5%), 422.2 (1.8%).
Purity: 96% (HPLC, MeCN/H,O = 20:80 + 0.1% HCOOH); 5 = 3.31
min.

(25)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-2-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27s-B). To a solution of 26s-B
(74 mg, 0.12 mmol) in DCM (1.5 mL) at S °C was added TFA (1.5
mL). The solution was kept at S °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 X 20 mL), and the residue was
dissolved in water (3 mL) and TFA (0.5 mL) at 5 °C. The solution was
kept again at S °C until full conversion was detected by LC-MS. Then,
the reaction was dried by lyophilization to give 27s-B (S8 mg, 0.12
mmol, 99%, 0.8 equiv TFA) as a colorless trifluoroacetate salt (resin).
'H NMR (300 MHz, DMSO-dy): 6/ppm = 8.57 (s, 1H), 8.43 (s, 1H),
5.97 (d, ] = 4.7 Hz, 1H), 4.62 (t, ] = 4.7 Hz, 1H), 425—4.13 (m, 2H),
4.07-3.90 (m, 2H), 3.51—-3.42 (m, 1H), 3.23-3.09 (m, 1H), 3.07—
2.81 (m, 3H), 2.15—2.02 (m, 1H), 2.02—1.87 (m, 1H), 1.27 (d, ] = 6.7
Hz, 3H). *C NMR (75.5 MHz, DMSO-dg): 6/ppm = 171.0, 153.1,
149.1,148.3, 142.2,119.5, 88.8, 81.3 (2x C), 77.5, 73.6, 72.1, 53.7, S 1.5,
49.4,48.8,27.3, 18.7. FT-IR: v/cm™" = 2941, 2255, 2127, 1674, 1505,
1418, 1322, 1197, 1128, 1024, 1001, 824, 798, 719. [a]f’ = +20 (10
mg/mL; MeOH). ESI-MS: m/z [M + H]* = 4202 (100%), 421.1
(21.9%), 4222 (32%). Calculated: 420.2 (100%), 421.2 (19.5%),
4222 (1.8%). Purity: 98% (HPLC, MeCN/H,0 = 20:80 + 0.1%
HCOOH); tg = 3.39 min.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(2-methylbut-3-yn-2-yl)-
amino)butanoic Acid Trifluoroacetate Salt (27t). To a solution of 26t
(25 mg, 0.04 mmol) in DCM (1.5 mL) at S °C was added TFA (1.5
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 X 20 mL), and the residue was
dissolved in water (1.8 mL) and TFA (0.3 mL) at § °C. The solution
was kept again at 5 °C until full conversion was detected by LC-MS.
Then, the reaction was dried by lyophilization to give 27t (73 mg, 0.11
mmol, 99%, 2.0 equiv TFA) as a colorless trifluoroacetate salt. "'H NMR
(300 MHz, CD;0D): §/ppm = 8.24 (s, 2H), 5.95 (d, J = 3.5 Hz, 1H),
4.51 (t, ] = 3.5 Hz, 1H), 4.38—4.24 (m, 2H), 3.85 (t, ] = 6.4 Hz, 1H),
3.69-3.35 (m, 4H), 3.17 (s, 1H), 2.37-2.20 (m, 1H), 2.16~1.97 (m,
1H), 1.55 (d, ] = 4.7 Hz, 6H). *C NMR (75.5 MHz, CD;0D): §/ppm
=170.8, 151.8, 145.8, 145.7, 116.5, 112.8, 90.5, 81.5, 80.6, 77.0, 73.4,
72.1, 61.1, 54.3, 49.9, 27.4, 25.1, 24.9. FT-IR: v/cm™" = 3095, 1663,
1506, 1427, 1186, 1133, 834, 799, 722. Mp: 74—77 °C. [a]® =+21 (10
mg/mL; MeOH). ESI-MS: m/z [M + H]" = 434.2 (100%), 435.2
(22.6%), 4362 (2.9%). Calculated: 434.2 (100%), 4352 (20.5%),
4362 (2.0%). Purity: 96% (HPLC, MeCN/H,0 = 20:80 + 0.1%
HCOOH); ty = 2.18 min.

Ethyl (25)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-
3,4-dihydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-2-yl)amino)-
butanoate (28-A/B). To a solution of 27-A/B (99 mg, 0.13 mmol) in
absolute ethanol (6 mL) was added thionyl chloride (77 uL, 1.07 mmol,
8.0 equiv) at 0 °C. The solution was stirred at 0 °C for S min and then
heated for 9 h at 50 °C. After the solvent was evaporated under reduced
pressure at 40 °C, the residue was purified by column chromatography
(DCM/MeOH = 10:1 + 1% NEt;) to give 28-A/B (15 mg, 0.04 mmol,
27%) as a colorless powder. The diastereomers 28-A and 28-B were
separated using a hydrophilic column (MZ Aqua Perfect), MeCN/H,0
=9:91 + 0.1% TFA. After lyophilization 28-A (10 mg, 0.01 mmol, 2.7
equiv TFA) and 28-B (6 mg, 0.01 mmol, 2.0 equiv TFA) were obtained
as colorless trifluoroacetate salts (resins). 28-A: "H NMR (300 MHz,
DMSO-dg): 8/ppm = 8.52 (s, 1H), 8.35 (s, 1H), 5.93 (d, ] = 5.0 Hz,
1H), 4.61 (t, ] = 5.0 Hz, 1H), 4.25—4.12 (m, 3H), 4.11—4.01 (m, 2H),
3.91-3.80 (m, 1H), 3.35-3.27 (m, 1H), 3.12-2.99 (m, 1H), 2.94—
2.72 (m, 2H), 2.68—2.56 (m, 1H), 2.04—1.90 (m, 2H), 1.31 (d,] = 6.9
Hz,3H), 1.20 (t,J = 7.1 Hz, 3H). [a]} = —1 (10 mg/mL; MeOH). ESI-
MS: m/z [M + H]" = 4482 (100%), 449.2 (24.1%), 450.2 (3.2%).
Calculated: 448.2 (100%), 449.2 (24.2%), 450.2 (3.4%). Purity: 99%
(HPLC, MeCN/H,0 = 20:80 + 0.1% HCOOH); tz = 3.78 min. 28-B:
'H NMR (300 MHz, DMSO-dg): 8/ppm = 8.46 (s, 1H), 8.30 (s, 1H),
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5.92 (d, ] = 4.9 Hz, 1H), 4.61 (t, ] = 4.9 Hz, 1H), 4.23—4.03 (m, SH),
3.87-3.76 (m, 1H), 3.38—3.28 (m, 1H), 3.04—2.90 (m, 1H), 2.89—
2.75 (m, 2H), 2.74—2.65 (m, 1H), 2.03—1.84 (m, 2H), 1.25—1.17 (m,
6H). [a]¥ = +33 (3 mg/mL; MeOH). ESI-MS: m/z [M + H]" = 448.2
(100%), 449.2 (26.0%), 450.1 (3.6%). Calculated: 448.2 (100%), 449.2
(24.2%), 450.2 (3.4%). Purity: 99% (HPLC, MeCN/H,0 = 20:80 +
0.1% HCOOH); ty = 3.68 min.

Molecular Docking. Molecular docking was conducted using the
FlexX algorithm within the LeadIT-2.3.2 software under default
parameters.””” The protein structure of the human DNMT2—SAH
complex (PDB-ID 1G55)*° was obtained from the Protein Data Bank
(PDB).* The binding site was defined to include all amino acids within
a 6.5 A radius around the crystallographic ligand SAH and water
molecules 413, 414, 459, and 495 in a predefined orientation forming at
least three interactions with SAH and the binding site. The receptor was
protonated using the Protoss module®' within LeadIT. For molecular
docking, all ligands were energy-minimized using the Merck molecular
force field (MMFEF94x)* within MOE 2020.09.** The docking setup
was validated by redocking of SAH (Table S1 Supporting Information).

Solvent analysis was performed using the 3D-RISM approach™
within MOE.*® The DNMT2—SAH complex structure PDB-ID 1G55
was prepared using the QuickPrep module to add missing atoms and for
assignment of protonation states without further energy minimization
to preserve crystallographic water positions (structure resolution 1.80
A). Receptor and ligand atoms 10 A around SAH were considered in
solvent analysis using a grid spacing of 0.25 A.

Expression and Purification of Human Full-Length DNMT2.
The plasmid coding for the full-length protein of human DNMT?2 as
described by Dong et al.’’ was kindly provided by Albert Jeltsch
(University of Stuttgart, Germany). The protein was expressed in E. coli
Rosetta 2 (DE3) pLysS cells (Merck KGaA, Darmstadt, Germany),
using a pET-28a vector to obtain an N-terminal polyhistidine tagged
protein. The sequence was then verified by Eurofins Genomics Europe
(Ebersberg, Germany). Cells were grown in TB medium at 37 °C until
they reached an optical density at 600 nm of 0.8. Overexpression was
induced by adding IPTG up to a final concentration of 500 #M and was
maintained overnight at 20 °C. Cells were harvested by centrifugation
at 4000g for 30 min at 4 °C; afterward the cell pellets were resuspended
in lysis buffer (50 mM sodium phosphate, pH 8.0, 150 mM NaCl, 25
mM imidazole, 0.1% polysorbate-20). After incubation on ice for 40
min with lysozyme (Carl Roth, Karlsruhe, Germany), cells were
disrupted by sonication on ice in 15 s intervals. Cell debris was removed
by centrifugation at 17 500g for 60 min at 4 °C. The clear supernatant
was filtered using Chromafil Xtra RC 25 mm 0.45 uM syringe filters
(Macherey-Nagel, Diiren, Germany). For purification, an AKTA start
system (Cytiva, Marlborough, Chicago, USA) was used. Therefore, the
supernatant was loaded on a HisTrap HP S mL column (Cytiva,
Marlborough, Chicago, USA), a wash-out with several column volumes
lysis buffer was conducted, and finally DNMT2 was eluted using a
gradient up to 100% elution buffer (50 mM sodium phosphate, pH 8.0,
150 mM NaCl, 800 mM imidazole, 0.1% polysorbate-20). To remove
DNA and RNA fragments, eluted DNMT2 was diluted 1:10 with IEX
buffer A (10 mM sodium phosphate, pH 8.0, 0.1% polysorbate-20) and
loaded on a HiTrap Q HP § mL column (Cytiva, Marlborough, USA).
Several column volumes of IEX buffer A were used for wash-out of
unspecific bound anions, followed by a gradient up to 100% IEX buffer
B (10 mM sodium phosphate, 1 M NaCl, 0.1% polysorbate-20) to elute
DNMT2. DNA and RNA fragments eluted at higher concentrations of
NaCl compared to DNMT2. For further purification, size exclusion
chromatography using a Superdex 16/600 75 pg column (Cytiva,
Marlborough, USA) equilibrated in SEC buffer (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT, 0.1%
polysorbate-20) was performed. DNMT2 was then concentrated using
Amicon Ultra 4 10K centrifugal filters (Merck KGaA, Darmstadt,
Germany) and diluted 1:4 with storage buffer (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT, 0.1%
polysorbate-20, 60% glycerol). Protein was stored in liquid state at —20
°C for further use.

Expression and Purification of Murine DNMT3A-3L Single
Chain Fusion Protein. The plasmid coding for the murine
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DNMT3A-3L single chain fusion protein (pET-Dnmt3A3L-sc27) was
kindly gifted from Albert Jeltsch (Addgene plasmid no. 71827; http://
n2t.net/addgene:71827; RRID:Addgene_71827).% The sequence was
verified by Eurofins genomics (Ebersberg, Germany). For protein
expression, E. coli Rosetta 2 (DE3) pLysS cells (Merck KGaa,
Darmstadt, Germany) were transformed and grown in TB medium to
an optical density of 0.5. Overexpression was induced by addition of
IPTG to a final concentration of 500 iM, and cells were maintained
overnight at 16 °C. Cells were harvested by centrifugation at 4500g at 4
°C for 30 min; afterward cells were washed in lysis buffer (30 mM
sodium phosphate, pH 7.3, 500 mM NaCl, 10 mM imidazole, 0.2 mM
DTT, 0.1% polysorbate-20, 10% glycerol) and centrifuged again at
10 000g at 4 °C for 10 min. Clear supernatant was removed, and cells
were flash frozen in liquid nitrogen to be stored at —80 °C until further
use.

Frozen cells were resuspended in lysis buffer and incubated with
lysozyme on ice for 30 min. Afterward, cells were lysed by sonication in
45 s intervals on ice, and cell debris was removed by centrifugation at
17000g at 4 °C for 90 min. Clear supernatant was filtered using
Chromafil Xtra RC 25 mm 0.45 uM syringe filters (Macherey-Nagel,
Diiren, Germany) and loaded on a HisTrap HP § mL column (Cytiva,
Marlborough, Chicago, USA). A wash-out step with several column
volumes of lysis buffer was conducted, and finally the DNMT3A-3L
single chain fusion protein was eluted using a gradient up to 100%
elution buffer (30 mM sodium phosphate, pH 7.3, 500 mM NaCl, 500
mM imidazole, 0.2 mM DTT, 0.1% polysorbate-20, 10% glycerol). A
further purification step was conducted using a Superdex 16/600 75 pg
column (Cytiva, Marlborough, USA) equilibrated in SEC buffer (20
mM HEPES, pH 7.3, 200 mM sodium chloride, 1 mM DTT, 0.1%
polysorbate-20, 10% glycerol). Eluted protein was then concentrated
using Amicon Ultra 4 10K centrifugal filters (Merck KGaA, Darmstadt,
Germany) and adjusted to a final concentration of 40% glycerol.
Protein was stored at —20 °C until further use.

Expression and Purification of Human NSUN2. The gene
coding for the full-length human NSUN2 (Uniprot ID Q08]23) was
synthesized and inserted into a pET28a(+) vector between EcoRI and
Xhol sites by Genseript (Piscataway, New Jersey, USA) as previously
described.*® The sequence was verified by Eurofins Genomics Europe
(Ebersberg, Germany). The plasmid used for this study will be available
at Addgene (Addgene ID: 188059). For protein expression, E. coli
Rosetta 2 (DE3) pLysS cells (Merck KGaA, Darmstadt, Germany)
were transformed and grown as described for the murine DNMT3A-3L
single chain fusion protein. Purification was conducted quite similarly
to that described for DNT3A-3L with some adjustments to the buffers
used. Cells were lysed and washed with lysis buffer (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.1% polysorbate-
20) and then eluted with elution buffer (50 mM sodium phosphate, pH
8.0, 300 mM NaCl, 10 mM imidazole, 0.1% polysorbate-20). For size-
exclusion chromatography, a Superdex 16/600 75 pg column (Cytiva,
Marlborough, USA) equilibrated in SEC buffer (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT, 0.1%
polysorbate-20) was used. The eluted protein was then concentrated
using Amicon Ultra 4 10K centrifugal filters (Merck KGaA, Darmstadt,
Germany) and adjusted to a final concentration of 40% glycerol. The
protein was stored at —20 °C until further use.

Expression and Purification of Human NSUN6. The gene
coding for the full-length human NSUN6 (Uniprot ID Q8TEAL) was
synthesized and inserted into a pET22b(+) plasmid between Ndel and
Xhol sites by Genscript (Piscataway, New Jersey, USA), as described
earlier in literature.”” The sequence was verified by Eurofins Genomics
Europe (Ebersberg, Germany). The plasmid used for this study will be
available at Addgene (Addgene ID: 188060). For protein expression, E.
coli Rosetta 2 (DE3) pLysS cells (Merck KGaA, Darmstadt, Germany)
were transformed and grown as described for the murine DNMT3A-3L
single chain fusion protein. Purification was conducted quite similarly
to that described for DNMT3A-3L with some adjustments to the
buffers used. Cells were lysed and washed with lysis buffer (50 mM
sodium phosphate, pH 7.5, 150 mM NaCl, 10 mM imidazole, 0.1%
polysorbate-20) and then eluted with elution buffer (50 mM sodium
phosphate, 7.5, 150 mM NaCl, 500 mM imidazole, 0.1% polysorbate-
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20). For size-exclusion chromatography, a Superdex 16/600 75 pg
column (Cytiva, Marlborough, USA) equilibrated in SEC buffer (25
mM HEPES, pH 7.5, 300 mM NaCl, 1 mM DTT, 0.1% polysorbate-20,
10% glycerol) was used. The protein was concentrated using Amicon
Ultra 4 10K centrifugal filters (Merck KGaA, Darmstadt, Germany) and
diluted 1:4 with storage buffer (25 mM HEPES, pH 7.5, 300 mM NaCl,
1 mM DTT, 0.1% polysorbate-20, 60% glycerol). Protein was stored at
—20 °C until further use.

Expression and Purification of the Methyltransferase
Domain of Human EHMT2 (G9a). The plasmid coding for the
methyltransferase domain of human EHMT2 (G9a) was a kind gift
from Cheryl Arrowsmith (Addgene plasmid no. 25503; http://n2t.net/
addgene:25503; RRID:Addgene 25503). The sequence was verified
by Eurofins Genomics Europe (Ebersberg, Germany). For protein
expression, E. coli Rosetta 2 (DE3) pLysS cells (Merck KGaa,
Darmstadt, Germany) were transformed and grown as described for the
murine DNMT3A-3L single chain fusion protein. The purification was
conducted quite similarly to that described for DNMT3A-3L with some
adjustments to the buffers used. Cells were lysed in lysis buffer (100
mM sodium phosphate, pH 7.4, 250 mM NaCl, 0.1% 2-
mercaptoethanol, 0.1% polysorbate-20, §% glycerol), washed with
wash buffer (100 mM sodium phosphate, pH 7.4, 250 mM NacCl, 50
mM imidazole, 0.1% polysorbate-20, 5% glycerol), and then eluted with
elution buffer (100 mM sodium phosphate, pH 7.4, 250 mM NaCl, 250
mM imidazole, 0.1% polysorbate-20, 5% glycerol). For size-exclusion
chromatography, a Superdex 16/600 7§ pg column (Cytiva, Marl-
borough, USA) equilibrated in SEC buffer (20 mM Tris-HCl, pH 8.0,
150 mM NaCl, 0.1% polysorbate-20) was used. The protein was flash
frozen in liquid nitrogen and stored at —80 °C until further use.

Expression and Purification of T7 Polymerase. For the protein
expression, competent BL21 (DE3) pLysS cells (Merck KGaA,
Darmstadt, Germany) were transformed with plasmid obtained by
Addgene (pQE 80L Kan T7WT was a gift from Andrew Ellington
(Addgene plasmid no. 102790; http://n2t.net/addgene:102790;
RRID:Addgene_102790). Cells were grown in LB medium at 37 °C
until an optical density of 0.8 at 600 nm was reached. After induction of
the expression by 500 uM IPTG, the expression was maintained
overnight at 37 °C. Disruption of cells was performed as described
above using lysis buffer;; (25 mM sodium phosphate, pH 7.4, 500 mM
NaCl, 25 mM imidazole). For purification, the clear supernatant was
loaded onto a HisTrap HP 5 mL column, and protein was eluted
performing a gradient up to 100% elution bufferr; (25 mM sodium
phosphate, pH 7.4, 500 mM NaCl, 500 mM imidazole). For storage, the
eluted protein was rebuffered into 2x storage bufferr; (100 mM Tris-
HC], pH 7.8, 200 mM NaCl, 0.2 mM EDTA, 2 mM DTT, 0.2% Triton
X-100) using Amicon Ultra 4 10K centrifugal filters (Merck KGa,
Darmstadt, Germany) and was diluted 1:1 very gently with glycerol.
Protein was stored until further use at —20 °C.

Polymerase Chain Reaction (PCR). For the preparation of IVT
templates for tRNA”P, PCR reactions were carried out in final volumes
of 200 uL. Tag DNA Polymerase (0.05 U gL™'; NEB; units defined by
the supplier) was added to the reaction buffer (10 mM Tris-HCl, pH
8.3, 50 mM KCl, 1.5 mM MgCl,) containing 3 mM MgCl,, 400 uM
ANTP-Mix, 2 uM of each primer (forward, 5'-CGC GCG AAG CTT
AAT ACG ACT CAC TAT A-3'; reverse, 5'-TGG CGG GCC GTC G-
3') and 10 nM template (5'-TGG CGG GCC GTC GGG GAA TCG
AAC CCC GGT CTC CCG CGT GAC AGG CGG GGATAC TCA
CCA CTA TAC TAA CGA CCC TAT AGT GAG TCG TAT T-3').
After an initial denaturation step (2 min at 90 °C), 35 PCR cycles were
performed with annealing (30 s at 59 °C), elongation (45 s at 72 °C),
and denaturation (30 s at 90 °C) and a final elongation step of 5 min.

The template of tRNA™" was prepared accordingly with primers 5'-
CGC GCG AAG CTT AAT ACG ACT CAC TAT A-3' (forward) and
§-TGG AGG CCC CGC TGG GAG TCG AA-3' (reverse) and the
following template: 5-TAG TCG TAA GCT GAT ATG GCT GAT
TAG TCG GAA GCA TCG AAC GCT GAT TGG AGG CCC CGC
TGG GAG TCG AAC CCA GGA TCT CCT GTT TAC TAG ACA
GGC GCT TTA ACC AAC TAA GCT ACG GAG CCT ATA GTG
AGT CGT ATT A-3'.
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In Vitro Transcription (IVT) and Purification of tRNA**P and
tRNA™. A portion (400 uL) of the PCR reaction product without
further purification was added to reaction mix to reach a final volume of
1 mL in transcription buffer (40 mM Tris-HCl, pH 8.8, 1 mM
spermidine, S mM DTT, 0.01% Triton X-100) containing 30 mM
MgCl,, S mM DTT, S mM of each NTP, 2.5 ug mL™" BSA, and S0 ug
mL ™" of T7 polymerase. Reactions were carried out at 37 °C for 4 h.

The DNA template was digested by addition of 1 U RNase-free
DNase I (Thermo Scientific; units defined by the supplier) and 100 uL
DNase I buffer (100 mM Tris-HCl, pH 7.5, 25 mM MgCl,, 1 mM
CaCl,, Thermo Scientific) to the transcription reaction and incubation
for 1 h at 37 °C.

In vitro transcribed RNA was purified by 10% denaturing
polyacrylamide gel electrophoresis (PAGE) for 90 min at 15 W.
RNA was visualized by UV shadowing and the corresponding gel area
was excised from the gel. After overnight elution in 0.5 M NH,OAc and
Nanosep filtering (0.45 gm, VWR), the RNA was precipitated with
EtOH.

Purified RNA was dissolved in Milli-Q water. The quality was
checked on 10% denaturing PAGE gels after staining with GelRed
(Biotrend Chemikalien GmbH, Koln, Germany) and visualizing RNA
on a Typhoon 9400 at an excitation wavelength of 525 nm. The
concentration was determined on a Nanodrop 2000 Spectrometer
(Thermo Scientific, Waltham, USA) by measuring the absorption at
260 and 280 nm.

Microscale Thermophoresis (MST). A screening of all com-
pounds for binding was performed on a Monolith NT.115 Pico
instrument (NanoTemper Technologies, Muenchen, Germany). His6-
tagged DNMT2 was labeled using the Monolith His-Tag Labeling Kit
RED-Tris-NTA second generation, according to the manufacturer’s
instructions. The labeling strategy was chosen due to the existence of a
His6 tag within the recombinant protein, which should allow specific
labeling without interfering with the binding site of the protein. Labeled
protein was diluted to 10 nM into MST buffer (50 mM HEPES, pH 7.5,
150 mM NaCl, 10 mM MgCl,, 1 mM DTT, 0.05% polysorbate-20,
0.1% PEG-8000), and the compound was added in a final concentration
of 100 uM. HEPES was recommended by the manufacturer as a
reasonable buffer; moreover, addition of 0.05% polysorbate-20 and
0.1% PEG-8000 stabilized the protein and prevented aggregation
during the measurements. Measurements were performed in
quadruplets in MST buffer at 25 °C and at medium MST power in
Monolith NT.11$ Capillaries (NanoTemper Technologies, Muenchen,
Germany). Medium MST power was sufficient to induce a shift in
thermophoresis; therefore the usage of high MST power was waived to
avoid stress for the protein. Furthermore, special care was taken to
always use fresh protein and buffers to reduce adsorption and
aggregation and also to maintain reducing conditions for the protein,
which was crucial for the interactions. The protein was incubated with
compound for 5 min at room temperature prior to measurements. The
raw data were analyzed using the MO.Affinity Analysis software
(NanoTemper Technologies, Muenchen, Germany). For binder/
nonbinder discrimination, a 99% confidence interval of normalized
fluorescence was calculated. If there was at least a 1%o fluorescence
shift, based on normalized fluorescence between the confidence
intervals of testing compound and control, the compound was defined
as a binder.

Isothermal Titration Calorimetry (ITC). Calorimetric experi-
ments for determination of binding affinity of detected inhibitors were
conducted with a MicroCal PEAQ-ITC Automated (Malvern
Panalytical, Malvern, UK). DNMT2 was concentrated and buffer was
exchanged into ITC buffer (50 mM sodium phosphate, pH 7.5, 300
mM NaCl, 0.5 mM EDTA, 2 mM f-mercaptoethanol, 0.05%
polysorbate-20) using Amicon Ultra 4 10K centrifugal filters (Merck
KGaA, Darmstadt, Germany) to a final concentration of 30 #M. Stocks
of compounds were provided as 25 mM stocks in DMSO and were
diluted to 300 uM with ITC buffer. Measurements were performed in
13 injections at 25 °C in triplicate. Data were analyzed and fitted using
MicroCal PEAQ-ITC Analysis Software 1.21. (Malvern Panalytical,
Malvern, UK). Values were not buffer-corrected, considering the low
ionization heat of phosphate buffers.*
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For analysis of the binding site, DNMT?2 was spiked with 300 uM
27m instead of DMSO and the titration was performed with 300 uM
SAH, which served as a known binder. Parameters and analysis were as
described in the preceding.

DNMT2 Activity Assay. The enzymatic assay was carried out in
100 mM Tris-HCl, pH 8, 100 mM NH,OAc, 0.1 mM EDTA, 10 mM
MgCl,, and 10 mM DTT. SAM was added as a mixture of SH-SAM
(Hartmann Analytics) and cold SAM (NEB) to final concentrations of
0.025 uCi uL ™" and 0.9 uM. tRNA*P was heated to 75 °C for S min and
cooled down to room temperature before it was added to the reaction
mixture to a final concentration of S yuM. The amount of DMSO was
adjusted to 5%. The reactions were started by adding 250 nM DNMT2
to a final volume of 20 #L and carried out at 37 °C.

At 0 and 20 min, aliquots of 8 uL were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 25
mm). The RNA was precipitated on the filters in $% ice cold TCA for at
least 15 min. The filters were washed twice with 5% TCA at room
temperature for 20 and 10 min and once in EtOH for 10 min. After
drying, the filters were transferred into scintillation vials and 3 mL of
Gold MYV liquid scintillation cocktail (PerkinElmer, Waltham, USA)
was added. Scintillation was measured on a scintillation counter
(TriCarb Liquid Scintillation Analyzer 4810TR) with a measurement
time of 1 min.

For compound screening, compounds were added to final
concentrations of 100 uM. Percentage of inhibition at this
concentration was obtained by referencing scintillation increase to a
positive control without compound. Errors refer to the standard
deviation of three independent measurements.

For ICs, value determination, compounds were analyzed at a
minimum of seven different concentrations in experimental triplicates.
ICy, values were calculated by exponential fitting of the relative
enzymatic activities against the inhibitor concentrations using the LL.2
function of the drc package, version 3.0-1,%” in RStudio.” IC, errors
are given as standard errors.

DNMT3A-3L Activity Assay. The enzymatic assay was carried out
in SO mM KPij, pH 7.8, 1.0 mM EDTA, 20 mM NaCl, 0.2 mg mL~" BSA,
and 1.0 mM DTT. *H-SAM (Hartmann Analytics) was added to a final
concentration of 0.63 M and 0.05 uCi uL™".

Substrate DNA was prepared by annealing 7.5 M of oligos 5'-GTC
GTC GTC GTC GTC GTC GTC GTC GTC GTC GTC GTC-3" and
5’-GAC GAC GAC GAC GAC GAC GAC GAC GAC GAC GAC
GAC-3' (Biomers) in 100 mM HEPES, pH 7.5, and 15 mM KOAc by
heating to 95 °C and slowly cooling down to room temperature.

Duplex DNA was added to the reaction mixture to a final
concentration of 750 nM. The amount of DMSO was adjusted to
5%. The reactions were started by adding 1 uM DNMT3A-3L to a final
volume of 20 yL and carried out at 37 °C.

At 0 and 150 min, aliquots of 8 yL were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 25
mm). The DNA was precipitated on the filters in $% ice cold TCA for at
least 15 min. The filters were washed twice with 5% TCA at room
temperature for 10 and 20 min and once in EtOH for 10 min,
respectively. After drying, the filters were transferred into scintillation
vials, and 3 mL of Gold MV liquid scintillation cocktail (PerkinElmer,
Waltham, USA) was added. Scintillation was measured on a
scintillation counter (TriCarb Liquid Scintillation Analyzer 4810TR)
with a measurement time of 1 min.

Compounds were added to final concentrations of 100 uM.
Percentage of inhibition at this concentration was obtained by
referencing scintillation increase to a positive control without
compound. Errors refer to the standard deviation of three independent
measurements.

NSUN2 Activity Assay. The enzymatic assay was carried out in 50
mM Tris-HCI, pH 7.5, 5.0 mM EDTA, 5.0 mM MgCl,, 10% glycerol,
and 1.5 mM DTT. SAM was added as a mixture of *H-SAM (Hartmann
Analytics) and cold SAM (NEB) to final concentrations of 0.025 uCi
#L™" and 0.9 uM. Total tRNA of E. coli (Roche Diagnostics GmbH)
was heated to 75 °C for S min and cooled down to room temperature
before it was added to the reaction mixture to a final concentration of
123 ng uL™". The amount of DMSO was adjusted to 5%. The reactions
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were started by adding 250 nM NSUNZ2 to a final volume of 20 xL and
carried out at 37 °C.

At 0 and 20 min, aliquots of 8 uL were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 25
mm). The RNA was precipitated on the filters in 5% ice cold TCA for at
least 15 min. The filters were washed twice with 5% TCA at room
temperature for 10 and 20 min and once in EtOH for 10 min,
respectively. After drying, the filters were transferred into scintillation
vials and 3 mL of Gold MV liquid scintillation cocktail (PerkinElmer,
Waltham, USA) was added. Scintillation was measured on a
scintillation counter (TriCarb Liquid Scintillation Analyzer 4810TR)
with a measurement time of 1 min.

Compounds were added to final concentrations of 100 uM.
Percentage of inhibition at this concentration was obtained by
referencing scintillation increase to a positive control without
compound. Errors refer to the standard deviation of three independent
measurements.

NSUNG6 Activity Assay. The enzymatic assay was carried out in 50
mM Tris-HC], pH 7.0, 50 mM NaCl, 5.0 mM MgCl,, and 1.0 mM
DTT. SAM was added as a mixture of *H-SAM (Hartmann Analytics)
and cold SAM (NEB) to final concentrations of 1.2 M and 0.038 xCi
UL~ tRNA™" was heated to 75 °C for S min and cooled down to room
temperature before it was added to the reaction mixture to a final
concentration of 1 M. The amount of DMSO was adjusted to $%. The
reactions were started by adding 30 nM NSUNG to a final volume of 20
4L and carried out at 37 °C.

At 0 and 20 min, aliquots of 8 L were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 2§
mm). The RNA was precipitated on the filters in 5% ice cold TCA for at
least 15 min. The filters were washed twice with 5% TCA at room
temperature for 20 and 10 min and once in EtOH for 10 min. After
drying, the filters were transferred into scintillation vials, and 3 mL of
Gold MV liquid scintillation cocktail (PerkinElmer, Waltham, USA)
was added. Scintillation was measured on a scintillation counter
(TriCarb Liquid Scintillation Analyzer 4810TR) with a measurement
time of 1 min.

Compounds were added to final concentrations of 100 uM.
Percentage of inhibition at this concentration was obtained by
referencing scintillation increase to a positive control without
compound. Errors refer to the standard deviation of three independent
measurements.

G9a Activity Assay. The enzymatic assay was carried out in 20 mM
KPi, pH 8.0, 2.0 mM MgCl,, 0.01% Tween-20. SAM was added as a
mixture of *H-SAM (Hartmann Analytics) and cold SAM (NEB) to
final concentrations of 0.025 uCi uL™" and 0.9 uM. Histone H3 (AAs
1-25, Eurogentec) was added to the reaction mixture to a final
concentration of 1.6 #M. The amount of DMSO was adjusted to 5%.
The reactions were started by adding 30 nM G9a to a final volume of 20
p#L and carried out at 37 °C.

At 0 and 20 min, aliquots of 8 yL were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 25
mm). The peptide was precipitated on the filters in 0.2 M ice cold
NH,OAc for at least 15 min. The filters were washed twice with 0.2 M
NH,OAc at room temperature for 10 and 20 min and once in acetone
for 10 min. After drying, the filters were transferred into scintillation
vials, and 3 mL of Gold MV liquid scintillation cocktail (PerkinElmer,
Waltham, USA) was added. Scintillation was measured on a
scintillation counter (TriCarb Liquid Scintillation Analyzer 4810TR)
with a measurement time of 1 min.

Compounds were added to final concentrations of 100 uM.
Percentage of inhibition at this concentration was obtained by
referencing scintillation increase to a positive control without
compound. Errors refer to the standard deviation of three independent
measurements.

Cell Culture. HEK-293 cells were cultured in DMEM high glucose
medium (Thermo Scientific) supplied with 10% (v/v) fetal bovine
serum (FBS, Thermo Scientific) and 1% (v/v) Penicillin-Streptomycin
(10000 U mL™", Thermo Scientific) in 175 cm? cell culture flasks at 37
°C and 5% CO,. At a confluency of 80—90%, passaging was performed
by washing once with S mL of Dulbecco’s phosphate-buffered saline
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(DPBS, Thermo Scientific) followed by adding 1 mL of trypsin-EDTA
(Thermo Scientific) before splitting in a ratio of 1:20. Cells were
passaged every 2—3 days.

Cell Viability Assays. Cell viability assays were performed as
described in the literature”" with minor adaptions. Briefly, HEK-293
cells were cultured in a humidified incubator at 37 °C with 5% CO,
atmosphere as described in the previous section. Cell viability assay
were performed in Dulbecco’s modified Eagle medium (DMEM, no
glucose, no glutamine, no phenol red, Thermo Scientific) supple-
mented with 10% (v/v) fetal bovine serum, 1% pyruvate (Thermo
Scientific), and 1% Penicillin-Streptomycin (10000 U mL™"). Cells
(10000 per well) were seeded into 96-well microplates in a volume of
200 uL of supplemented DMEM. Compounds, provided as S0 mM
stocks in DMSO, were added in a range of S00 #M to 800 nM (1% to
0.0016% DMSO, respectively) in duplicates to the wells. Negative
controls were performed with DMSO treatment in the same
concentrations as the compound solutions. After incubation for 24 h
at 37 °C and 5% CO,, 40 uL of a 3 mg mL™" solution of 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT,
Sigma-Aldrich) was added to each well. After a further incubation at
37 °C and 5% CO, for 20 min, the medium was removed and 225 L of
an 8:1 mixture of DMSO/(0.1 M glycine pH 10.5 (Merck KGaA), 0.1
M NaCl) was added to each well. Plates were shaken for 20 min, and the
absorbance was determined at 595 and 670 nm using an Infinite M200
Pro plate reader (Tecan, Mannedorf, Switzerland). Background
absorbance at 670 nm was subtracted from absorbance at 595 nm.
The cell viability was calculated as the ratio of corrected absorbance in
compound treated cells to DMSO treated cells with corresponding
DMSO concentrations.

In Vivo Methylation Assay. 750 000 cells per well were seeded in
6-well plates, and 2.5 mL of DMEM supplemented with 10% FBS and
1% Penicillin-Streptomycin was added. After 24 h, the medium was
removed, and the experiment was initiated by the addition of 2.5 mL of
supplemented DMEM including a final concentration of 100 M
compound (5 uL of a SO mM stock in DMSO) or S uL of DMSO.
Incubation was carried out for 24 h at 37 °C and 5% CO,. To terminate
the experiment, the medium was removed, and cells were washed with
DPBS and directly harvested using 0.5 mL of Tri Reagent (Sigma-
Aldrich).

CaCo-2 Cell Permeability Assay. Cell permeabilities of 27s-A/B
and 28-B were assessed in transport studies across monolayers of a
human enterocyte cell line. CaCo-2 cells (clone C2Bbel, passage 49,
LGC Standards, Wesel, Germany) were seeded at a density of 5 X 10*
cells/cm? in 24-well Transwell inserts with a pore diameter of 3.0 ym
(Corning Life Science, Corning, USA) in DMEM cell culture medium
(Gibco, Thermo Fisher Scientific, Waltham, USA) supplemented with
10% fetal calf serum (Sigma-Aldrich, St. Louis, USA) and 1%
nonessential amino acids (Gibco, Thermo Fisher Scientific, Waltham,
USA). Cells were cultured for 14 days at 37 °C and 5% CO,, and
medium was exchanged every 2—3 days. Before and after the transport
study, barrier integrity was evaluated via the transepithelial electrical
resistance using chop stick electrodes (Millicell ERS-2, Merck
Millipore, Burlington, USA). Compounds 27s-A/B and 28-B were
dissolved in DMSO and applied to the apical side of CaCo-2 cell layers
at a final concentration of 200 yM in cell culture medium (final
concentration of 1% DMSO v/v) in four separate experiments.
Compound-free DMSO solutions were used as controls. After 24 h, cell
culture media from the apical and basolateral compartments were
collected and lyophilized. The residues were each taken up in 200 uL of
MeOH, centrifuged, and analyzed by LC-MS using an Agilent Zorbax
SB-Aq column (4.6 X 150 mm?) with the mobile phases MeCN/H,0 =
10:90 + 0.1% HCOOH or MeCN/H,0 = 5:95 + 0.1% HCOOH. The
flow rate was 0.7 mL/min. Samples were applied using 5 L injection,
and the quantitation of the compounds in the apical and basolateral
compartment was conducted using the AUCs of the respective peaks at
254 nm. The retention times using the two different mobile phases were
as follows: t (27s-A/B) = 3.21 min (MeCN/H,0 = 10:90 + 0.1%
HCOOH); t; (28-B) = 925 min (MeCN/H,O = 10:90 + 0.1%
HCOOH); 4.96 min (27s-A, MeCN/H,O = 5:95 + 0.1% HCOOH),
5.68 min (27s-B, MeCN/H,0 = 5:95 + 0.1% HCOOH). Analyses of
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the solutions from the assays with 28-B revealed 20% of ester 28-B and
78% of acid in the donor compartment, whereas the acceptor
compartment contained 2% acid. In the assays with the acid 27s-A/
B, only traces of the compound (ca. 0.6%) could be detected in the
acceptor compartment. All values are mean values from the four
independent experiments.

Extraction of Total RNA. Total RNA was extracted in Tri Reagent
according to the manufacturer’s protocol with chloroform (Honeywell
Riedel-de Haén). Chloroform (200 yL per milliliter of Tri Reagent)
was added, and the samples were vortexed and incubated at 25 °C for 2
min followed by centrifugation for 15 min at 12 000g at 4 °C. Total
RNA contained in the upper phase was transferred into a new tube, and
the procedure was repeated. Afterward, RNA was precipitated by
addition of 500 uL of isopropanol (Honeywell Riedel-de Haén),
incubation for 10 min, and centrifugation at 13 000g at 4 °C for 30—45
min, The supernatant was discarded, and pellets were washed with 300
pL of 75% ethanol (Carl Roth) and centrifuged again. Following this
procedure, the pellet was dried and RNA was dissolved in 10 uL of
RNase-free water. Concentrations were determined on a Nanodrop
2000 Spectrometer (Thermo Scientific, Waltham, USA) by measuring
the absorption at 260 and 280 nm.

Isolation of Total tRNA. Total tRNA was isolated from total RNA
by 10% denaturing polyacrylamide gel elution as described in previous
sections with minor adaptions: the gel bands containing small RNA
species (75 to 120 nucleotides) were excised after running the gel for 90
min at 15 W, staining, and visualization as described previously. RNA
was eluted from the gel by adding 300 4L of NH,OAc (0.5 M), shaking
overnight at 850 rpm and 20 °C, and filtering through a Nanosep device
(0.45 pm, VWR). Finally, RNA was EtOH precipitated, and the
concentration was determined on a Nanodrop 2000 Spectrometer
(Thermo Scientific, Waltham, USA) by measuring the absorption at
260 and 280 nm.

LC-MS/MS-Based Quantification of m*C. Before measuring m’C
levels via LC-MS/MS, samples were digested down to nucleosides.
Therefore, RNA was incubated for 2 hat 37 °C in § mM Tris-HCI (pH
8), 1 mM MgCl,, 0.3 U of nuclease P1 from Penicillium citrinum (Merck
KGaA), 0.1 U of phosphodiesterase I (venom exonuclease,
Worthington Biochemical Corporation), 1 U of alkaline phosphatase
from bovine intestinal mucosa (Merck KGaA), and 10 U of Benzonase
Nuclease (Merck KGaA).

For relative quantification of m*C, deuterated m*C (D;-m’°C) was
added to digested samples as an internal standard. Samples were
measured using an Agilent 1260 HPLC Infinity system equipped with a
diode array detector (DAD) and a Synergy Fusion RP column (4 ym
particle size, 80 A pore size, 250 mm length, 2 mm inner diameter,
Phenomenex). The HPLC was coupled to a triple quadrupole mass
spectrometer (Agilent 6470) equipped with an electrospray ion source
(ESI, Agilent Jet Stream). Column temperature was set to 35 °C and
elution was performed at a flow rate of 0.350 mL min ™" using a gradient
over 30 min with the following mobile phases: A (5 mM NH,OAc
adjusted to pH 5.3 using acetic acid) and B (100% acetonitrile,
CHROMASOLYV, Honeywell Riedel-de Haén). The gradient included
a linear increase from 0—8% B (0—10 min) followed by 8—40% B (10—
20 min), 40—0% B (20—23 min), and a final constant composition of
0% B (23—30 min). HPLC separation was followed by a photometrical
measurement of the main nucleosides using a DAD at 254 nm prior to
entering the triple quadrupole mass spectrometer, which was run at a
gas temperature of 300 °C, gas flow of 7 L min™", nebulizer pressure of
60 psi, sheath gas temperature of 400 °C, sheath gas flow of 12 L min ™",
capillary voltage of 3000 V, and nozzle voltage of 0 V. Measurement was
performed in the positive ion mode using the Agilent MassHunter
software, and modified nucleosides were monitored in the dynamic
multiple reaction monitoring (dynamic MRM) mode. The following
nucleoside-to-base mass transitions were used for detection of m>C and
D;-m°C: 258 — 126 (m°C), 261 — 129 (D;-m°C) with a retention
time (m*C and D;-m°C) of 7.6 min. Analysis was performed using the
Agilent MassHunter Qualitative Analysis Software V10.0. For relative
quantification, the ratio of unlabeled C-m°C and Dym°C was
calculated and normalized to the UV peak area of adenosine. The final
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m*C levels were related to the negative control with DMSO, which was
set to 1.

tRNA-Bisulfite-MiSeq. For tRNA-bisulfite-MiSeq, primers were
designed to in silico converted (C > U), unmethylated regions of
tRNA™P according to Bormann et al.” Within the amplified region,
target cytosine residue 38 was contained. For compatibility with
Illumina index and sequencing adapters, 5" and 3’ Illumina overhang
adapters were appended to the tRNA*-specific primer sequences (vide
infra). For sequencing library preparation, 1 yg of total RNA isolated
from compound-treated HEK-293 cells was bisulfite-converted using
the EZ RNA Methylation Kit (Zymo Research). Target amplicons were
generated by RT-PCR. ¢cDNA first-strand synthesis was performed
using the SuperScript I11 First-Strand Synthesis kit (Invitrogen). Briefly,
200 ng of bisulfite-converted total RNA was reverse-transcribed using
the tRNA"P-specific reverse primer listed below and subsequently
amplified via PCR. PCR reactions were separated on agarose gels and
purified using the QIAquick Gel Extraction Kit (Qiagen). Dual indices
and sequencing adapters were attached to the amplicons by an indexing
PCR using the Illumina Nextera XT Index Kit v2 Set B (Illumina) and
the 2x KAPA HiFi Hot Start Ready Mix (KAPA Biosystems).
Amplicons were purified using AMPure XP beads (Beckman Coulter
Genomics) according to the 16S Metagenomic Sequencing Library
Preparation Protocol (Illumina). The final library was quantified via the
Qubit dsDNA BR Assay Kit (Life Technologies), pooled at equimolar
ratios, and submitted for MiSeq at the Genomic and Proteomic Core
Facility (German Cancer Research Center). Sequencing data
processing and methylation heatmap generation were performed
using the BisAMP pi];)ezl.ine."'2 The forward primer used for library
preparation was 5'-tcg tcg gea geg tea gat gtg tat aag aga cag TGT TAG
TAT AGT GGT GAG TAT-3' and the reverse primer §'-gtc tcg tgg get
cgg aga tgt gta taa gag aca gCT CCC CAT CAA AAAATT A-3'. Capital
letters correspond to target-specific sequences that were designed to in
silico converted (C > U), unmethylated regions of tRNA™P. Small
letters represent Illumina overhang adapter sequences that are
compatible with Illumina index and sequencing adapters.

Statistics. P-values were determined with the Rstatix package” in
RStudio™ using unpaired two-tailed Welsh ¢ tests and adjusted to
reduce the number of false positive hits appearing due to performing
multiple comparisons. Adjustment of p-values was conducted using the
Benjamini—Hochberg method, a method based on the false discovery
rate (FDR), reducing false gos_itive hits while minimizing adjustment-
based false negative results.”"”*
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5-azaC, S-azacytidine; C, cytidine; CCs, half maximal cytotoxic
concentration; CDI, 1,1'-carbonyldiimidazole; COMT, cat-
echol-O-MTase; Dab, 2,4-diaminobutyric acid; 1,2-DCE, 1,2-
dichloroethane; DCM, dichloromethane; DIAD, diisopropyl
azodicarboxylate; DIBAL, diisobutylaluminum hydride; DIPEA,
N,N-diisopropylethylamine; DMAP, 4-dimethylaminopyridine;
DMEM, Dulbecco’s modified Eagle medium; DMF, N,N-
dimethylformamide; DMSO, dimethyl sulfoxide; DNMT, DNA
methyltransferase; DOTIL, histone—lysine N-methyltransfer-
ase, H3 lysine-79 specific; DTT, dithiothreitol; EDTA, ethyl-
enediaminetetraacetic acid; HBTU, hexafluorophosphate ben-
zotriazole tetramethyl uronium; HMT, histone methyltransfer-
ase; IEX, ion exchange chromatography; ITC, isothermal
titration calorimetry; m°C, S-methylcytidine; m*G, 2-methyl-
guanosine; METTL, NP-adenosine MTase; MMFF94x, Merck
molecular force field; MTase, methyltransferase; MST, micro-
scale thermophoresis; NTMT, N-terminal methyltransferase;
PCR, polymerase chain reaction; PDB, Protein Data Bank;
PMT, protein methyltransferase; 3D-RISM, three-dimensional
reference interaction site model; RMSD, root-mean-square
deviation of atomic positions; SAH, S-adenosyl-L-homocys-
teine; SAM, S-adenosyl-L-methionine; SAR, structure—activity
relationship; SARS-CoV-2, severe acute respiratory syndrome
coronavirus type 2; SFG, sinefungin; sncRNA, small noncoding
RNA; TBTU, (1H-benzotriazole-1-y1)-1,1,3,3-tetramethylami-
nium tetrafluoroborate; TCA, trichloroacetic acid; THF,
tetrahydrofuran; Tris, tris(hydroxymethyl)aminomethane
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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 uM). 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 (),
electronic (o), and steric (E,) values of different substituents.” 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 ||| G
@ 2ovp). Their inhibitory activity was determined using a tritium incorporation assay
conducted by ||| | N G zrove) aod [ G 2:oup) By cvaluating
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 DNMT?2, as demonstrated by the following branch (Figure 16): 4-Cl
(70a (32)) — 3,4-diCl1 (70g (40)) — 4-CI-3-CF, (70m (41)) — 4-NO,-3-CF, (70n (45)) with increasing
inhibition of 72% — 74% — 86% — 94% at 100 uM, respectively. Out of this compound series, the

4-nitro-3-trifluoromethyl derivative 70n (45) showed the highest inhibition with an ICy, value of
25+£0.2 uM.
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Figure 16: Synthesized compounds and their corresponding results with depiction of their positions in the TOPLISS scheme.
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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 NO, and CF,
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 DNMT?2.

The sulfonamide derivatives showed significantly lower inhibition compared to their benzyl analogs, e.g.
70a (32) vs. 71b (73) (4-Cl), 70g (40) vs. T1c (74) (3,4-diCl), and 70m (41) vs. 71a (72) (4-Cl-3-CF;).
Interestingly, the 4-C1/Br-3-NO, substituted sulfonamide-based derivatives 71g (78) and 71i (80) as well

as the 4-chloropyrazinyl derivative 710 (91) exhibited the highest inhibitions (IC,, < 2.5 uM). Protein

mass spectrometry conducted by ||| | | G 2rouvp. TU Darmstadt) revealed that the
4-halogen-3-NO,-decorated phenylsulfonamide derivatives 71g—i (78—80) and the chloropyrazinyl

structure 710 (91) reacted covalently with the catalytically active Cys79 in the cytidine site of DNM2

(Scheme 20).

For compounds 71h (79) and 710 (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.

83



3 Results and discussion
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Scheme 20: Covalent reaction between inhibitors 71g—i (78—80) and 710 (91) with DNMT?2 resulting in irreversible inhibition.

The most promising inhibitor out of this study turned out to be the 4-Br-3-NO,-phenylsulfonamide
derivative 71i (80). With an IC,, value of 1.2 = 0.1 uM, 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 NSUNG6.

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.
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3.5.2 Manuscript

In revision in ACS Med. Chem. Lett., 2023.

Covalent S-Adenosylhomocysteine-based DNA Methyltransferase 2 Inhibitors with
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ABSTRACT: The DNA methyltransferase 2
o T . "F" NH, N, =N,
. Al o y " v Ewe
\"’(E‘;\)/H{ hnd Wég’c;g: v=" v Leavinggroup
Moderate inhibitor 6+ 2% Covalent
from previous study inhibition

(DNMT?2) is an RNA modifying enzyme associated

with pathophysiological processes, such as mental

Optimization

and metabolic disorders, or cancer. Although the

A
development of methyltransferase  inhibitors Lo e ) Sty 3
remains challenging, DNMT2 is not only a 2l 2:° _eeahana ONID\S»EL.,

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 DNMT?2 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
(IC;,=1.2 £ 0.1 M) 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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3 Results and discussion

INTRODUCTION

RNA and its modifications play a significant role in epigenetic inheritance.'? Studies revealed that some
RNA modifications are linked to mental® and metabolic disorders.* Inheritance of metabolic disorders has
been found to be caused by increased levels of m*G and m’C modifications.” The human DNA
methyltransferase 2 (hDNMT?2), which amongst others, is responsible for m’C modifications, is involved
in this process.® Due to its similar sequence and structure hDNMT?2 is part of the DNA methyltransferase
family, but its main substrate is tRNA at position C38.”* hDNMT2 plays a role in different physiological

processes, but is also linked to cancer.®

To transfer a methyl group to tRNA, hDNMT?2 requires S-adenosyl-L-methionine (SAM) as a cofactor,
releasing m°C38-tRNA*? and S-adenosyl-L-homocysteine (SAH) as a byproduct.” Besides the natural
inhibitors SAH and sinefungin,’ the chemotherapeutic agents 5-azacytidine, decitabine, and zebularine

are known to inactivate DNMTs. '

Methyltransferases are hard-to-drug targets, especially due to the high cellular concentration of SAM"!
that competes with a potential inhibitor. Furthermore, most of the over 200 different methyltransferases
(MTases)" 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, "
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 hDNMT" or NOL1/NOP2/sun
domain (NSUN)" families as various other MTases follow different mechanisms.'® Such covalent
modifiers can also be a suitable basis for the development of fluorescently labeled activity-based probes
(ABPs),"” 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 hDNMT?2 inhibitors based on
the SAH scaffold.” 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 hDNMT?2 in a tritium incorporation
assay (‘H-assay) (IC, = 12.9 = 1.9 uM). We also tested the N-benzylated derivative 2, which showed
moderate affinity (57% at 100 #M). 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 (), electronic (), and steric (E,) values of different substituents.'®
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

Starting from an unsubstituted phenyl moiety, the 4-chloro analog is initially proposed as it increases the
1 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 —1 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.

Inhibitors from previous study
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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 hDNMT?2.
RESULTS AND DISCUSSION
Chemistry

The benzyl derivatives were synthesized by reductive amination using protected adenosyl-(S)-2,4-
diaminobutanoic acid (adenosyl-Dab)’ 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.’ In the final step, the protecting
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3 Results and discussion

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.*

4R=4-Cl  9:R=3Cl 14: R = 3,5-di-Cl

5:R=4-Br  10:R=3-NH-Boc 15:R = 24-di-Cl

6:R =4l 11: R = 3-CF,4 16: R = 4-NO,

7:R=4-CFs  12:R=34.di-Cl  17:R =4-NO,-3-CF3
\8' R=4-OMe 43. R = 4.CI3-CF,

N
o
R‘©/\ Boc
H, NH

Boc 18: R = 4-Cl 25: R = 3-CF.
N _N : : A
NH ~ N . = NH; 49:R =4.Br 26: R = 3,4-di-Cl
0 N O N/ a 0 N N/ 20:R =4-| 27: R = 4-CI-3-CF,
H N N 21: R = 4-CFy 28: R = 3,5-di-Cl
¢ — N=/ o St N=/ 22:R =4-OMe 29: R = 2,4-di-Cl
S sz 23:R=3-Cl A
6. o e
BN 24;R=3NH-Boc  30:R=4-NO;
p 31: R = 4-NO,-3-CF5

3

NH, FN NH, 32R=4Cl 39: R = 3-CF4
Ho\n/‘\/\ o) N/ 33:R=4-Br 40: R = 3,4-di-Cl
N/\Q/ \N 34:R=4- 41:R = 4-CI-3-CF;
4 \ N=/ 35:R = 4-CF 42: R = 3,5-di-Cl
$ 36: R = 4-OMe 43R = 2,4-di-Cl
©) HO  OH 37:R=3-Cl 44:R = 4-NO,
R 38:R = 3-NH, 45: R = 4-NO,-3-CF,

“Reagents and conditions: (a) NaBH(OAc),, HOAc, 1,2-DCE, 0 °C to rt, overnight, 37-96%; (b) (1) TFA/DCM (1:1 V/¥), 5 °C;
(2) TFA/H,O (1:6 VIV), 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 hDNMT?2.
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 hDNMT?2. To
obtain the sulfonamide-based inhibitors, building block 3 was brought to reaction with substituted
phenylsulfonyl chlorides 4658 either in presence of triethylamine in DCM under reflux or using a two-
phase system consisting of DCM and saturated NaHCO, solution at room temperature (Scheme 2). In the
final step, the resulting precursors 59—71 were deprotected using 50% (¥7/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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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

Scheme 2: Synthesis of sulfonamide derivatives 72-84.

46:R = 4-C-3-CF;  53: R =4-F-3-NO,
47:R=4-Cl 54: R = 4-Br-3-NO,
48:R = 3,4-di-Cl 55: R = 3-NO,

49: R = 2,4-di-C 56: R = 2-CI-5-NO,

50:R=H 57: R = 2-F-5-NO,
51: R = 4-NO, 58: R = 3-CI-4-NO,
\ 52: R = 4-CI-3-NO, /
V4
B R o Boc
°CSNH N > 59: R =4-CI-3-CF3  66: R = 4-F-3-NO,

62:R=24-di-CI  69:R=2-Cl-5-NO,
63:R=H 70: R = 2-F-5-NO,
64: R = 4-NO, 71: R = 3-Cl-4-NO,
65: R = 4-CI-3-NO,

P e e
o 0N o oM/ 60: R = 4-Cl 67: R = 4-Br-3-NO,
X N/\Q/ \N aorb >|/ l]l/\Q/ \ 61:R=3,4-di-Cl  68:R=3-NO,
H > o) S\= 2 4 N
\ N =
©/ o 6_ o
; s

NH, PN N, TERZ4CHCR T9R-4F3NO,
Ho\n/k/\ o N\e/\( 73:R = 4-Cl 80: R = 4-Br-3-NO,
N/\Q/ \ 74:R=34-di-CI  81:R=3-NO,
i é\:o \_/ N 75:R=24-d-CI  82:R=2-CL5-NO,
N ° F 76:R=H 83: R = 2-F-5-NO,
©/ O HO  OH 77.R = 4-NO, 84: R = 3-Cl-4-NO,
g 78: R = 4-CI-3-NO,

“Reagents and conditions: (a) NEt;, DCM, A, 2 h, 52-73%; (b) NaHCO;, H,0, DCM, tt, overnight, 43-82%; (c) (1) TFA/DCM
(1:1 ¥/, 5 °C; (2) TEA/H,0 (1:6 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," and was reacted with
the building block 3 using a two-phase system consisting of DCM and saturated NaHCO, 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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3 Results and discussion

Scheme 3: Synthesis of the heterocycles 90 and 91.*

P
NZ ] ~ci
N
Boc\NH I4N N, Cl o5 Boc\NH FN NH,
XOWN/\@/N\%\\( a XOWN/\@/N\%\\( 88:R=X=CH
o] H —/ N — L NN 89:R=X=N
)

>< CIJIN:]/ \g 6><:O

SN NéY
. 1
cl
86 87
NH; =N NH,
HO 0N

\n/k/\lij 7 W, 90:R =X =CH
| S -y 91:R=X=N

‘Reagents and conditions: (a) NEt;, DCM, A, 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, NaHCO;, H,0, DCM, rt, overnight, 34%; (d) (1) TFA/DCM (1:1 V/V), 5 °C; (2) TFA/H,0
(1:6 VIV), 5 °C, 99%.

Biological Evaluation: hDNMT2 Binding and Inhibition

To determine the binding affinity of the compounds towards hDNMT?2, 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.? 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 K, value (K,"") was determined using MST. All other
compounds were not further evaluated. Ligands with the highest affinity towards hDNMT?2 (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 *H-assay. The assay was performed with tRNA*? as
substrate and tritium-labeled SAM (CH-SAM) as cosubstrate at a compound concentration of 100 uM.

For the most potent inhibitors IC,, values were determined. All results are summarized in Table 1.
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

Table 1: Binding of compounds to hDNMT?2 as determined by MST and inhibition of hDNMT?2 as determined in the *H-assays.

HO. O. N
T
HO  OH

3245, 72-84, 90, 91

WNHQ

S\
7\

N
N=/

MST ITC SH-assay
Compound Shift at % Inhibition
K™/ uM K,/ uM IC, / uM
20 uM / %o at 100 uM
SFG 133 209+0.7°  7.5+35  83.5:11° 13208
32 @A/ 10.7 282+14  321+84 72331  628%3.0
Cl
33 /()A / 8.5 n. d. n. d. 67.3 +3.4 n. d.
Br
34 @A/ 10.8 18.1£1.0 n.d. 75.540.8 n. d.
|
35 FC/©A/ 113 23.7+1.0 n.d. 51166 n. d.
36 - @A/ 6.2 55.8+4.9 n. d. 64.0 3.1 n. d.
O
Cl /
37 @A 9.8 n. d. n. d. 672434 n. d.
HoN /
38 \©/\ 6.3 n. d. n.d. n.i n. d.
F3;C /
39 O 8.9 45.1£23 n.d. 60.6 % 3.0 n.d.
Cl /
40 j@A 113 17.94 0.9 n.d. 738435 n.d.
Cl
F3C /
41 j@A 14.2 104+0.4 6.0+0.7 86.2+3.0 18.3 +4.0
Cl
Cl /
42 \Q/\ 8.5 n. d. n. d. 59.6 £4.6 n. d.
Cl
Cl
43 /©/\/ 6.9 n. d. n. d. 47.0+3.2 n. d.
Cl
4“4 NJ@A/ 11.8 14.8+0.6 n.d. 65.5 + 4.0 n. d.
FsC J/
45 Ty 17.1 42£03  094+005 940+21 25202
O,N
O\\//
72 FSCJ@/S\/ 11.7 19.5+ 1.4 n. d. 543+3.7 n.d.
Cl
QP
73 2.9 n. d. n. d. n. i n. d.

S
ST
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3 Results and discussion

Table 1 continued.

MST ITC SH-assay
Compound Shift at % Inhibition
K™/ uM Ky /uM IC,, / uM
20 uM / %o at 100 uM
Q.0
74 C'jij/s\/ 7.9 n. d. n. d. 27.8+17.0 n. d.
Cl
75 /@[S\/ 0.8 n. d. n. d. n. d. n. d.
Cl Cl
76 C(\S'\/ 1.2 n.d. n.d. n.d. n.d.
0,0
77 /@(s\/ 25 n. d. n. d. n. d. n. d.
O,N
Q.0
78 OZNJij/S\/ 18.0 2.5+0.1 43+02 982+ 1.6 23405
Cl
79 °2N]©/S\/ 163 112+0.6 173+3.6  92.8+3.7 85+123
F
0,0
80 °2NJ©/S\/ 18.3 23+0.1 49+04 98.7+ 1.1 12+0.1
Br
81 OZN\©/\S/\/ 1.4 n. d. n. d. n. i n. d.
82 OZ“@[S\/ 0.2 n. d. n. d. n. d. n. d.
Cl
0,0
83 OZNQS\/ 2.0 n. d. n. d. n. d. n. d.
F
0.0
84 C'jg/s\/ 10.9 22.7+09 n. d. 67.0+ 1.6 n.d.
O,N
90 D/S\/ 4.1 n. d. n. d. 332+1.9 n. d.
N
Cl
0.0
91 5 17.2 2.6+0.2 19403  1000+£64  1.1+02

N

=
L
Cl N

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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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

not show a significant increase in potency, resulting in the proposed modifications 4-CF,, 4-Br and 4-1.
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% (IC,, = 2.5 + 0.2 uM) 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-NH, (38), 3-CF; (39), 3,5-diCl (42), and
4-NO, (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 hDNMT?2 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-CI1-3-CF, (41) — 4-NO,-3-CF; (45) with increasing
inhibition of 72% — 74% — 86% —> 94% at 100 uM, 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), 4-1 (34), 4-CF; (35), 4-OMe (36), and 4-NO, (44)
all of which increased the potency compared to the unsubstituted inhibitor 2. A significant increase in
inhibition was achieved with the 4-CI (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 NO, and CF, 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-NO,, 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% (IC;,=2.3 £ 0.5 uM). Given 78
as the new lead structure, we analyzed changes in the substitution pattern. For the 4-F-3-NO, modification
(79) a slightly lower inhibition of 93% (IC,, = 8.5 + 1.3 uM) was observed while the 4-Br-3-NO,
derivative 80 was found to be equipotent with an inhibition of 99% (IC;, = 1.2 + 0.1 xM). Other structural
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

changes such as 3-NO, (81), 2-Cl-5-NO, (82), and 2-F-5-NO, (83) did not lead to inhibition of hDNMT?2.
The 3-Cl-4-NO, 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, IC,, = 1.1 + 0.2 uM). 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-CF,). Yet the 4-Cl/Br-3-NO, substituted sulfonamide-based derivatives 78 and 80 as well as
the 4-chloropyrazinyl derivative 91 showed the highest inhibition (IC, < 2.5 uM). The results also
highlight the quality of our FTAD-based MST screening method® since the screening results showed

high consistency with the measured inhibition in the *H-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% (IC;, = 8.5 = 1.3 uM) 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).

100 & < < < O
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o
o
c
S 60 1 0.0
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2 40 - X
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E X =F, Cl, Br
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—o—F (79) Cl (78) Br (80)

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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3 Results and discussion

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. hDNMT?2 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
(hDNMTA) was designed which was better suited for mass spectrometry than hDNMT2. hDNMT2A
showed decreased but measurable activity in the *H-assay, which supports the hypothesis that hRDNMT2A
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 hDNMT2A. 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 hDNMT2A. 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 hDNMT2A,
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 hDNMT2A 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 hDNMT2A 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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3 Results and discussion

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 m’C
MTases (NSUN2 and NSUN6) was measured in a *H-assay at 100 uM (Figure 5). All selected inhibitors
showed higher selectivity compared to SFG’ 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 NSUNG (n. i. and 7 +=4.9%). Lower selectivity
was observed for 45 (12 = 1.3% for NSUN2; 30+0.1% for NSUNG6) and 79 (23 £ 4.9% for NSUN2;
69 £ 4.8% for NSUNG6). Given that 79 is highly reactive, a lack of selectivity was expected. Furthermore,
detection of beyond active site binding to hDNMT2A for 45 and 79 via LC-MS already indicated a

promiscuous binding behavior of those compounds.
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EDNMT2 BENSUN6 BENSUN2

Figure 5: Inhibition of different RNA methyltransferases by most potent DNMT?2 inhibitors at 100 #M. 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 FlexX*' 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 A (Table S3) indicated high likeliness of a

covalent reaction.

376

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 hDNMT?2 inhibitors with a new type of aryl warhead. By
successfully applying the Topliss scheme to the moderate inhibitor N-benzyl-adenosyl-Dab 2°, electron-
deficient benzyl derivatives (4-Cl-3-CF, 41, 4-NO,-3-CF, 45) exhibiting stronger hDNMT?2 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 NO, and CF, 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-NO,-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
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3 Results and discussion

with DTT (Figure 3). Our most promising covalent inhibitor turned out to be the 4-Br-3-NO,-
phenylsulfonamide derivative 80, with an IC,, value of 1.2 + 0.1 M resulting in an improvement of one
order of magnitude compared to our previously published inhibitors.” 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 hDNMT?2 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 ([l 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 UV,,, silica plates from
Machery-Nagel. Column chromatography was performed with silica (40—63 um) from Machery-Nagel.
Flash chromatography was performed with a Biotage Isolera™ One system using prepacked C,; 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 (CDCl;, DMSO-d,, or CD,OD 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 x 150 mm, 5 um; mobile phase: MeCN/MilliQ®-H,O + 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 uL 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

[0(]12)O were determined with a Kriiss P3000 polarimeter and are given in deg cm® g”' dm™'. 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),
(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 NaHCO, solution (20 mL), and the aqueous layer
was extracted with ethyl acetate (3 X 10 mL). The combined organic layers were dried over Na,SO,,
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),
(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 x 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 NEt, (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 NaHCO, 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 x 10 mL). The combined organic extracts were dried over Na,SO,,
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 C,; (MeCN/H,O = 10:90

— 100:0).

104



3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

tert-Butyl (5)-4-((((3aR.4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|[3,4-d]-
[1,3]dioxol-4-yl)methyl)(4-chlorobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (18)

Boc N

] /©) 5’><"a

NH,

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 xL, 0.53 mmol, 1.5 equiv.), and NaBH(OAc), (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%). "H NMR (300 MHz, CDCL,): 6/ 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, /= 6.5, 3.5 Hz),
4.30 (pseudo-td, J= 6.5, 3.5 Hz), 4.19-4.09 (m, 1H), 3.59 (d, /= 13.7 Hz, 1H), 3.38 (d, /= 13.7 Hz, 1H),
2.74 (dd, J=13.8, 6.3 Hz, 1H), 2.59 (dd, /= 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). "C NMR (75.5 MHz, CDCl,): 6 / 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: v/ cm ' = 2980, 1704, 1642, 1597, 1490,
1367, 1210, 1153, 1088, 907, 870, 799, 728, 665. [0(]]230 = —23 (10 mg/mL; MeOH). mp: 84-87 °C.
ESI-MS: m/z calculated for [C,,H,,CIN,O,+H]" ((M+H]") = 688.3, found: 688.3.

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(4-bromobenzyl)amino)-2-((fert-butoxycarbonyl)amino)butanoate (19)

Boc N

NH = NH,
(e} O, N/ ¥
X \([)I/k/\N/\Q/ ()
o_ 0
Br ><

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 uL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc), (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%). '"H NMR (300 MHz, CDCL,): § / 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, /= 1.9 Hz, 1H), 5.64 (d, /= 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=13.7Hz, 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).
"C NMR (75.5 MHz, CDCl,): § / 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: v/cm™ = 2980, 1704, 1641, 1596, 1486, 1367, 1329, 1214, 1152, 1070, 1011, 870, 798, 749,

105



3 Results and discussion

666. [a] = —6 (10 mg/mL; CHCL,). ESI-MS: m/z calculated for [C3,H,BrN,O,+H]" (IM+H]") = 732.3,
found: 732.2.

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(4-iodobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (20)

Boc_ N

NH = NH,
o) O N~/
X \L])\/\N/\Q/ NQ/N
| o><o

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 xL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc), (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%). '"H NMR (300 MHz, CDCL,): § / 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). *C NMR (75.5 MHz, CDCl,):
6/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: v/ cm ' = 2979, 1704,

1640, 1482, 1367, 1248, 1210, 1153, 1075, 1007, 907, 870, 798, 727. [0(]2D0 =—26 (10 mg/mL; MeOH).
mp: 76-79 °C. ESI-MS: m/z calculated for [C;,H,IN,O,+H]" ([M+H]") = 780.3, found: 780.3.

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(4-(trifluoromethyl)benzyl)amino)-2-((zert-butoxycarbonyl)amino)-
butanoate (21)

Boc_ N NH
- 2

pogre

The compound was prepared from 3 (150 mg, 0.27 mmol, 1.0 equiv.), 4-(trifluoromethyl)benzaldehyde
(73 L, 0.53 mmol, 2.0 equiv.), HOAc (23 xL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc), (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%). "H NMR (300 MHz, CDCL,): § / ppm = 8.18 (s, 1H), 7.85 (s, 1H), 7.47 (d,
J=17.9Hz, 2H), 7.35 (d, /= 7.9 Hz, 2H, H-26), 6.32 (s, 2H), 6.02 (s, 1H, H-9), 5.52 (d, /= 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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P"C NMR (75.5 MHz, CDCL,): § / ppm = 171.8, 155.9, 155.5, 152.9, 149.1, 143.1, 140.1, 129.4 (q, J =
324 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: v/ cm ™' = 2980, 1705, 1642, 1367, 1324, 1248, 1211,

1154, 1125, 1065, 1018, 908, 847, 799, 728. [a]2 = 18 (10 mg/mL; MeOH). ESI-MS: m/z calculated
for [Cy,H,F:N,O,+H]" ((M+H]") = 722.4, found: 722.3.

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(4-methoxybenzyl)amino)-2-((ter~-butoxycarbonyl)amino)butanoate (22)

Boc N

\O/©) 5><%

NH,

The compound was prepared from 3 (200 mg, 0.35 mmol, 1.0 equiv.), 4-methoxybenzaldehyde (86 uL,
0.71 mmol, 2.0 equiv.), HOAc (30 xL, 0.53 mmol, 1.5 equiv.), and NaBH(OAc), (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%). '"H NMR (300 MHz, CDCL,): § / 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, /=2.2 Hz, 1H), 5.71 (d, /= 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, /= 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). "C NMR (75.5 MHz, CDCl,):
6/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: v/ cm™' = 3326, 2978,

1705, 1643, 1598,1511, 1366, 1299, 1245,1210, 1152, 1075, 909, 848, 799, 730. [O(]2D0 =-20 (10 mg/mL;
MeOH). ESI-MS: m/z calculated for [C,,H,,N,O,+H]" (M+H]") = 684.4, found: 684 .4.

tert-Butyl (5)-4-((((3aR.4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(3-chlorobenzyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (23)

Boc N

. NH o Q\(NHZ
4
>|/ \”/k/\N/\Q/ NQ/\N

The compound was prepared from 3 (170 mg, 0.30 mmol, 1.0 equiv.), 3-chlorobenzaldehyde (68 uL,
0.60 mmol, 2.0 equiv.), HOAc (26 uL, 0.45 mmol, 1.5 equiv.), and NaBH(OAc), (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%). "H NMR (300 MHz, CDCl,): 6/ ppm = 8.17 (s, 1H), 7.83 (s,), 7.22 (d, /= 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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487 (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, /= 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). *C NMR (75.5 MHz, CDCL,): & /
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: v/ cm ' = 2980, 1704, 1641,

1597, 1475, 1426, 1367, 1330, 1210, 1153, 1075, 907, 870, 781, 727, 683. [0(]2]3O = —15 (10 mg/mL;
MeOH). mp: 77-80 °C. ESI-MS: m/z calculated for [C,;H,,CIN,O,+H]" ((IM+H]") = 688.3, found: 688.3.

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(3-((tert-butoxycarbonyl)amino)benzyl)amino)-2-((zert-butoxycarbonyl)

amino)butanoate (24)

Boc N

NH =
(5><b

NH,

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 uL, 0.40 mmol, 1.5 equiv.), and
NaBH(OACc), (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%). 'H NMR (300 MHz, CDCl,): § / 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=7.5Hz, 1H), 6.19 (s, 2H), 6.03 (d, J=2.1 Hz, 1H), 5.57 (d, /= 8.2 Hz, 1H), 5.34 (d, /= 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). "C NMR (75.5 MHz, CDCL,): § / 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: v/cm ™' =2978, 1702, 1642, 1595, 1477, 1366, 1300,

1238, 1153, 1067, 909, 870, 782, 729. [0(]12)0 = —2 (10 mg/mL; CHC]l,). ESI-MS: m/z calculated for
[CHy N,Oy+H]" ((M+H]") = 769.4, found: 769.4.
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tert-Butyl (5)-4-((((3aR.4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|[3,4-d]-
[1,3]dioxol-4-yl)methyl)(3-(trifluoromethyl)benzyl)amino)-2-((zert-butoxycarbonyl)amino)-
butanoate (25)

Boc N
O\H/t/\N O. ’\l‘?\\(
X o /\Q/ NQ/N
[ gFe)
X

NH,

CF3

The compound was prepared from 3 (206 mg, 0.37 mmol, 1.0 equiv.), 3-(trifluoromethyl) benzaldehyde
(98 uL, 0.73 mmol, 2.0 equiv.), HOAc (31 uL, 0.55 mmol, 1.5 equiv.), and NaBH(OAc), (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%). '"H NMR (300 MHz, CDCl,): § / 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, /= 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). "C NMR
(75.5 MHz, CDCl,): 6 / 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: v/ cm ™' = 2980,

1705, 1367, 1328, 1248, 1200, 1154, 1126, 1093, 1072, 907, 870, 798, 728, 703. [OL]IZ)0 =—11 (10 mg/mL;
MeOH). ESI-MS: m/z calculated for [C,,H,F,N,O,+H]" ((M+H]") = 722.4, found: 722.3.

tert-Butyl (5)-4-((((3aR.4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(3,4-dichlorobenzyl)amino)-2-((zert-butoxycarbonyl)amino)butanoate (26)

Boc
“NH N\ N

cl X
G
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 ¢L, 0.53 mmol, 1.5 equiv.), and NaBH(OAc), (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%). '"H NMR (300 MHz, CDCL,): § / 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, /= 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, /= 14.0 Hz, 1H), 3.39 (d, /= 14.1 Hz, 1H), 2.76 (dd, /= 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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3C NMR (75.5 MHz, CDCL,): § / 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: v/ cm ' = 2980, 1705, 1640, 1597, 1472, 1367, 1329, 1248, 1209, 1153, 1075,
1030, 907, 870, 799, 727. [a]y) = —12 (10 mg/mL; MeOH). ESI-MS: m/z calculated for
[C4H,;CLN,O,+H]" ((M+H]") = 722.3, found: 722.3.

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(4-chloro-3-(trifluoromethyl)benzyl)amino)-2-((zer&-butoxycarbonyl)

amino)butanoate (27)

Boos FN
] 6><b

CF;

NH,

The compound was prepared from 3 (150 mg, 0.27 mmol, 1.0 equiv.), 4-chloro-3(trifluoromethyl)
benzaldehyde (77 uL, 0.53 mmol, 2.0 equiv.), HOAc (23 uL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc),
(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%). '"H NMR (300 MHz, CDCl,): § / ppm = 8.16 (s, 1H), 7.84 (s,
1H), 7.59 (d, /= 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, /= 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). °C NMR (75.5 MHz,
CDCl,): 6/ 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 =712 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: v/ cm™' = 2980, 1705, 1367, 1316, 1258, 1205, 1143, 1110,

1094, 1035, 907, 869, 728, 662. [a]?) = —14 (10 mg/mL; MeOH). ESI-MS: m/z calculated for
[C,,H,sCIF,N,O,+H]" ([M+H]") = 756.3, found: 756.3.

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|[3,4-d]-
[1,3]dioxol-4-yl)methyl)(3,5-dichlorobenzyl)amino)-2-((fert-butoxycarbonyl)amino)butanoate (28)

Boc_ N

NH = NH,
XO\[O%)N/\Q/N N/t/\
cl d><b

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 uL, 0.47 mmol, 1.5 equiv.), and NaBH(OAc), (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%). 'H NMR (300 MHz, CDCL,): § / 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).
3C NMR (75.5 MHz, CDCL,): § / 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: v/cm™' =2979, 1704, 1643, 1595, 1367, 1248, 1209, 1152, 1075, 908, 850, 796, 729. [oc]zD0 =—06
(10 mg/mL; MeOH). ESI-MS: m/z calculated for [C,;H,;CLLN.,O,+H]" ((M+H]") = 722.3, found: 722.3.

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(2,4-dichlorobenzyl)amino)-2-((zert-butoxycarbonyl)amino)butanoate (29)

Boow A
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 uL, 0.40 mmol, 1.5 equiv.), and NaBH(OAc), (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%). '"H NMR (300 MHz, CDCL,): § / 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, /= 8.3, 2.1 Hz, 1H), 6.38 (s, 2H), 5.96 (d, /= 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). "C NMR (75.5 MHz, CDCl,): § / 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: v/ cm™' = 2979, 1704, 1642, 1474, 1367, 1248, 1209,

1152, 1094, 908, 865, 728. [a]f’ = +4 (10 mg/mL; CHC). ESI-MS: m/z calculated for
[C4;H,;CLLN.O,+H]" ([IM+H]") = 722.3, found: 722.3.

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(4-nitrobenzyl)amino)-2-((fert-butoxycarbonyl)amino)butanoate (30)

Boc N

NH F
i
o 6><'o

NH,

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 xL, 0.53 mmol, 1.5 equiv.), and NaBH(OAc), (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%). 'H NMR (300 MHz, CDCL,): § / 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, /=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). "C NMR (75.5 MHz, CDCl,):
6/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: v/ cm™' = 3335, 3185,
2978, 2934, 1705, 1643, 1599, 1519, 1366, 1344, 1209, 1152, 1074, 847, 737. [0(]2]3O =+18 (10 mg/mL;
CHCl,). mp: 81-83 °C. ESI-MS: m/z calculated for [C,,H,N;O,+H]" ((M+H]") = 699.4, found: 699.3.

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-d]-
[1,3]dioxol-4-yl)methyl)(4-nitro-3-(trifluoromethyl)benzyl)amino)-2-((zert-butoxycarbonyl)
amino)butanoate (31)

BDC\NH FN
RSO RIES.
o Fa "
o_ O
o X

CF3

NH,

The compound was prepared from 3 (250 mg, 044 mmol, 1.0 equiv.), 4-nitro-3-
(trifluoromethyl)benzaldehyde (134 mg, 0.89 mmol, 2.0 equiv.), HOAc (38 uL, 0.67 mmol, 1.5 equiv.),
and NaBH(OAc), (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%). 'H NMR (300 MHz, CDCl,): § / 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). "C NMR (75.5 MHz, CDCl,): § / ppm = 171.6, 155.6, 155.5, 152.2, 148.9,
146.9, 145.7, 140.3, 132.6, 128.0 (q, /= 5.5 Hz), 125.2, 123.6 (q, J = 33.9 Hz), 121.8 (q, /= 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:
v/em™ = 3338, 3186, 2979, 2936, 1708, 1644, 1598, 1539, 1366, 1310, 1250, 1151, 1095, 846, 738.
[O(]2D0 =+16 (10 mg/mL; CHCI,). mp: 77-79 °C. ESI-MS: m/z calculated for [C,,H,;F;N,O,+H]" ([M+H]")
=767.3, found: 767.2.
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(5)-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). 'H NMR
(300 MHz, CD,OD): 6 / 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, /= 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). *C NMR
(75.5MHz, CD,0OD): § / 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: v/cm ' =2476, 2240, 2072, 1666, 1496, 1416, 1200,
1120, 1093, 1017, 973, 834, 799, 722. [0(]]230 = +16 (10 mg/mL; MeOH). mp: 74-77 °C. ESI-MS: m/z
calculated for [C,H,CIN,O+H]" ([M+H]") = 492.2, found: 492.2. Purity: 95% (HPLC, 254 nm,
MeCN/H,0 = 20:80 + 0.1% HCOOH, ¢, = 2.44 min).

(5)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9 H-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). 'H NMR
(300 MHz, CD,OD): 6 / ppm = 8.25 (s, 1H), 8.13 (s, 1H), 7.31 (d, /= 8.2 Hz, 2H), 7.21 (d, /= 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). "C NMR
(75.5 MHz, CD,0OD): § / 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: v/ cm ' = 3105, 1666, 1434, 1189, 1131, 1074, 1014, 841,

799, 723. [0(]12)0 = +8 (10 mg/mL; MeOH). mp: 100-103 °C. ESI-MS: m/z calculated for
[C,,H,BrN,O+H]" (IM+H]") = 536.1, found: 536.1. Purity: 98% (HPLC, 254 nm, MeCN/H,0 = 30:70
+0.1% HCOOH, #; = 1.99 min).
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9 H-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). 'H NMR
(300 MHz, CD,0OD): 6 / ppm = 8.06 (s, 1H), 7.95 (s, 1H), 7.29 (d, J = 8.2 Hz, 2H), 6.85 (d, /= 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, /= 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). "C NMR
(75.5 MHz, CD,0D): 6 / 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: v/ cm ™' = 3095, 2484, 2075, 1662, 1506, 1426, 1181,
1132, 1062, 1009, 972, 835, 798, 722. [a]>) = +11 (10 mg/mL; MeOH). mp: 72-75 °C. ESI-MS: m/z
calculated for [C,H,JIN,O++H]" ((M+H]") = 584.1, found: 584.1. Purity: >99% (HPLC, 254 nm,
MeCN/H,0 = 20:80 + 0.1% HCOOH, t; = 3.76 min).

(5)-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). '"H NMR
(300 MHz, CD,0OD): 6 / 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, /= 8.2, 4.6 Hz, 1H), 3.57-3.21 (m, 4H), 2.35-2.18 (m, 1H), 2.18-2.01 (m,
1H). *C NMR (75.5 MHz, CD,OD): 6 / ppm = 172.1, 152.7, 149.6, 146.3, 144.3, 136.0, 132.8, 132.4,
126.9 (q, /=3.9 Hz), 125.2 (q, /=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: v/ cm™ = 3082, 1668, 1506, 1423, 1325, 1183, 1125, 1068, 1020, 834, 800, 722. [()(]ZD0 =+12
(10 mg/mL; MeOH). mp: 55-58 °C. ESI-MS: m/z calculated for [C,,H,F,N,O+H]" ([M+H]") = 526.2,
found: 526.2. Purity: 99% (HPLC, 254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, #, = 4.36 min).
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(5)-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). '"H NMR
(300 MHz, CD,0D): 6 / ppm = 8.26 (s, 1H), 8.10 (s, 1H), 7.18 (d, /= 8.4 Hz, 2H), 6.68 (d, /= 8.3 Hz,
2H), 5.95 (d,/=3.3 Hz, 1H), 4.45 (dd, J=5.1, 3.4 Hz, 1H), 4.40-4.07 (m, 4H), 3.77 (dd, /= 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). >C NMR (75.5 MHz,
CD,0D): 6/ 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: v/ cm ™' = 2972, 2469, 2073, 1663, 1613, 1516, 1426, 1308, 1255, 1181,

1130, 1029, 973, 834, 799, 721. [a]2D° =+15 (10 mg/mL; MeOH). mp: 79-82 °C. ESI-MS: m/z calculated
for [C,,H,yN,O,+H]" ((IM+H]") = 488.2, found: 488.2. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 20:80
+0.1% HCOOH, ¢, = 3.05 min).

(5)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(3-chlorobenzyl)amino)butanoic acid, trifluoroacetate salt (37)

NH, /4’\‘ NH,
HO\H/K/\N /\G,N\e/\\{‘ o
N=/ x1.7

(o] 2 2 )J\
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HO OH

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). '"H NMR
(300 MHz, CD,0OD): 6 / ppm = 8.20 (s, 1H), 8.06 (s, 1H), 7.25 (d, /= 2.1 Hz, 1H), 7.21-7.05 (m, 3H),
592 (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). "C NMR
(75.5 MHz, CD,0OD): 6 / 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: v / cm™' = 2478, 2073, 1662, 1506,
1427, 1185, 1132, 972, 834, 799, 785, 722, 684. [a]zDO = +17 (10 mg/mL; MeOH). mp: 133-136 °C.
ESI-MS: m/z calculated for [C,,H,CIN,O,+H]" ((M+H]") = 492.2, found: 492.2. Purity: 96% (HPLC,
254 nm, MeCN/H,0 = 20:80 + 0.1% HCOOH, ¢, = 3.04 min).
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3 Results and discussion

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9 H-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). '"H NMR
(300 MHz, CD;0OD): 6 / 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, /= 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). *C NMR (75.5 MHz, CD,0D): § / 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: v/ cm ' =
3014, 1668, 1508, 1428, 1195, 1132, 838, 799, 723. [0(]]230 = +11 (10 mg/mL; MeOH). mp: 68-71 °C.
ESI-MS: m/z calculated for [C, H,(N;O,+H]" ([M+H]") = 473.2, found: 473.2. Purity: 95% (HPLC,
254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, ¢, = 2.20 min).

(S)-2-Amino-4-((((2R,3S5,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-
methyl)(3-(trifluoromethyl)benzyl)amino)butanoic acid, trifluoroacetate salt (39)
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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). 'H NMR
(300 MHz, CD,0D): 6 / ppm = 8.03 (s, 1H), 7.91 (s, 1H), 7.42 (s, 1H), 7.36 (d, /= 7.8 Hz, 1H), 7.27 (d,
J="1.8 Hz, 1H), 7.14 (pseudo-t, J = 7.8 Hz, 1H), 5.75 (d, /= 3.0 Hz, 1H), 4.26-4.01 (m, 5H), 3.58 (dd,
J=8.2,4.7Hz, 1H), 3.33-3.01 (m, 4H), 2.15-1.98 (m, 1H), 1.99-1.82 (m, 1H). "C NMR (75.5 MHz,
CD,OD): 6 / ppm =172.6, 152.8, 149.5, 146.4, 144.2, 135.9, 133.0, 132.31 (q, /= 32.6 Hz), 131.0, 128.9
(g, 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: v/ cm ™' = 2462, 2075, 1663, 1506, 1427, 1330, 1182, 1125, 1076, 973, 834, 798,

722, 704, 665. [o]}) = +15 (10 mg/mL; MeOH). mp: 73-76 °C. ESI-MS: m/z calculated for
[C,,H, F,N,O+H]" (IM+H]") = 526.2, found: 526.2. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 20:80
+0.1% HCOOH, ¢, = 3.23 min).
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

(5)-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). '"H NMR
(300 MHz, CD,0D): 6 / ppm = 8.35 (s, 1H), 8.23 (s, 1H), 7.55 (d, /= 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, /= 11.4 Hz, 2H), 3.95 (dd,
J=17.9,5.0 Hz, 1H), 3.60-3.34 (m, 4H), 2.44-2.31 (m, 1H), 2.30-2.18 (m, 1H). *C NMR (75.5 MHz,
CD,0OD): 6 / 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: v/ cm ' = 3094, 1673, 1507, 1474, 1427, 1200,

1134, 1036, 831, 799, 722. [a]2D° =+17 (10 mg/mL; MeOH). mp: 87-90 °C. ESI-MS: m/z calculated for
[C,,H,sCLN, O +H]" (IM+H]") = 526.1, found: 526.1. Purity: 95% (HPLC, 254 nm, MeCN/H,O = 20:80
+0.1% HCOOH, ¢, = 2.84 min).

(5)-2-Amino-4-((((2R,3S5,4R,5R)-5-(6-amino-9 H-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). 'H NMR
(300 MHz, CD,0D): § / 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, /= 3.0 Hz, 1H), 4.37 (dd, /= 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).
"C NMR (75.5 MHz, CD,0D): 6 / 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: v/ cm™ = 3080, 1663, 1506, 1484, 1427, 1322, 1267, 1179, 1129, 1039, 975, 834,

799, 722, 664. [o]}) = +15 (10 mg/mL; MeOH). mp: 79-82 °C. ESI-MS: m/z calculated for
[C,,H,CIF,N,O+H]" (IM+H]") = 560.1, found: 560.2. Purity: 96% (HPLC, 254 nm, MeCN/H,O = 20:80
+0.1% HCOOH, #, = 3.42 min).
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3 Results and discussion

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

methyl)(3,5-dichlorobenzyl)amino)butanoic acid, trifluoroacetate salt (42)

\g/k/\,\,/\Q/ NQ/N o )j\

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). 'H NMR
(300 MHz, DMSO-d,): 6 / ppm = 8.48 (s, 1H), 8.33 (s, 1H), 7.47 (s, 1H), 7.41 (d, /= 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). *C NMR (75.5 MHz, DMSO-d,): § / 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:
v/em™' = 3090, 1674, 1572, 1508, 1431, 1200, 1136, 834, 800, 723, 684. [0(]2DO = +14 (10 mg/mL;
MeOH). mp: 69-72 °C. ESI-MS: m/z calculated for [C,,H,;CL,N,Os+H]" ((M+H]") = 526.1, found: 526.1.
Purity: 97% (HPLC, 254 nm, MeCN/H,O =20:80 + 0.1% HCOOH, #; = 3.81 min).

(S)-2-Amino-4-((((2R,3S5,4R,5R)-5-(6-amino-9 H-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). 'H NMR (300 MHz,
CD;OD): 6 / 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). "C NMR (75.5 MHz,
CD;OD): § / 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: v/ cm ' = 3088, 1667, 1506, 1478, 1423, 1390, 1197,

1131, 1057, 833, 799, 722. [a]f’ = +16 (10 mg/mL; MeOH). ESI-MS: m/z calculated for
[C,,H,CLN,O+H]" (IM+H]") = 526.1, found: 526.1. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 20:80
+0.1% HCOOH, £, =3.99 min).
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

(5)-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). 'H NMR
(300 MHz, CD,0D): 6 / 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). *C NMR (75.5 MHz, CD,0OD): § / 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:

v/em™' = 3085, 1666, 1609, 1524, 1421, 1348, 1323, 1182, 1125, 858, 830, 798, 741, 720, 699. [0(]2DO =
+18 (10 mg/mL; MeOH). mp: 92 °C (decomposition). ESI-MS: m/z calculated for [C, H,N;O,+H]"
(IM+H]") = 503.2, found: 503.0. Purity: >99% (HPLC, 254 nm, MeCN/H,0 =20:80 + 0.1% HCOOH, ¢,
= 2.34 min).

(5)-2-Amino-4-((((2R,3S5,4R,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)

HO 0 N\e/\\( o
\g/‘\/\N/\Q/ NQ/N “16 J\

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). 'H NMR
(300 MHz, CD,0OD): 6 / 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). "C NMR (75.5 MHz, CD,0OD): 6/ 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: v/ cm ™' = 3077, 1667,

1542, 1507, 1426, 1359, 1320, 1281, 1181, 1126, 1051, 901, 832, 798, 721. [O(]zDO =+13 (10 mg/mL;
MeOH). mp: 71-73 °C. ESI-MS: m/z calculated for [C,,H,F,N,O,+H]" ([M+H]") = 571.2, found: 571.0.
Purity: 96% (HPLC, 254 nm, MeCN/H,0O = 20:80 + 0.1% HCOOH, ¢; = 4.10 min).
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3 Results and discussion

tert-Butyl (S)-4-((V-(((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-((zert-butoxy-

carbonyl)amino)butanoate (59)
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The compound was prepared from 3 (250 mg, 044 mmol, 1.0 equiv.), 4-chloro-3-
(trifluoromethyl)benzenesulfonyl chloride (124 mg, 0.44 mmol, 1.0 equiv.), and NEt; (61 x«L, 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%). '"H NMR (300 MHz, CDCL,): 6 / 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, /= 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). C NMR (75.5 MHz, CDCL,): § / 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: v/ cm ™' = 3420, 3334, 3223, 2982, 2940, 1706, 1650, 1598, 1357, 1309, 1153, 1078, 871, 836,

749. [a]lz)o = 433 (10 mg/mL; CHCl,). mp: 169 °C (decomposition). ESI-MS: m/z calculated for
[C4;H,;CIF,N,O,S+H]" ((IM+H]") = 806.3, found: 806.2.

tert-Butyl (S)-4-((V-(((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-((zert-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 NEt, (61 uL, 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%). 'H NMR (300 MHz,
CDClL,/CD,OD = 1:1): 6 / 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). °C NMR (75.5 MHz, CDCl,/CD,0OD = 1:1): § / 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,

120



3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

79.9,52.0,50.2,45.9,31.4,28.0, 27.6, 26.8,25.0. FT-IR: v/ cm™' = 3413, 3339, 3226, 2979, 2936, 1727,

1697, 1655, 1603, 1320, 1152, 1076, 874, 829, 773. [a]! = +21 (10 mg/mL; CHCL/MeOH = 1:1).
mp: 232-234 °C. ESI-MS: m/z calculated for [C,,H,,CIN,O,S+H]" ((M+H]") = 738.3, found: 738.3.

tert-Butyl (S)-4-((V-(((3aR,4R,6 R,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)
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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 NEt, (61 4L, 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%). '"H NMR
(300 MHz, CDCl,/CD,0OD = 1:1): § / 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). "C NMR (75.5 MHz, CDCL/CD,0D = 1:1):
6/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, 1 14.8,
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: v/ cm™' = 3340, 3225,

2979, 2936, 2571, 2500, 1702, 1617, 1323, 1218, 1155, 1074, 873, 824, 744. [o(]ZD0 = +32 (10 mg/mL;
CHCI,). mp: 203 °C (decomposition). ESI-MS: m/z calculated for [C,,H,,CLLN.O,S+H]" ([M+H]") =
772.2, found: 772.2.

tert-Butyl (5)-4-((V-(((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-((fer~-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%). '"H NMR (300 MHz, CDCl,):
6/ ppm =8.30 (s, 1H), 7.81 (s, 1H), 7.73 (d, /=8.5 Hz, 1H), 7.35 (d, /J=2.0 Hz, 1H), 7.07 (d, /= 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, /= 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).
3C NMR (75.5 MHz, CDCL,): § / 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,
272,254, FT-IR: v/cm ™' = 2979, 2932, 1705, 1644, 1598, 1575, 1456, 1368, 1331, 1249, 1153, 1099,

869, 821, 752. [()(]ZD0 = 427 (10 mg/mL; CHCL,). mp: 82-84 °C. ESI-MS: m/z calculated for
[C;,H,;CLN.O,S+H]" ([M+H]") = 772.2, found: 772.1.

tert-Butyl (5)-4-(NV-(((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-((zert-butoxycarbonyl)amino)butanoate (63)

The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and benzenesulfonyl chloride
(85 L, 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%). '"H NMR (300 MHz, CDCl,): § / 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,/=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, /=144, 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). °C NMR (75.5 MHz, CDCL,): 6 / 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: v/ cm ' = 3342, 3177, 2979, 2936, 1708, 1639,
1598, 1477, 1367, 1211, 1152, 1088, 869, 745, 690. [0(]12)0 = +29 (10 mg/mL; CHCIL,). mp: 84-86 °C.
ESI-MS: m/z calculated for [C;,H,sN,O,S+H]" ((IM+H]") = 704.3, found: 704.2.

tert-Butyl (S)-4-((V-(((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%). '"H NMR (300 MHz, CDCL,): & / 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, /=1.9 Hz, 1H), 5.39 (dd, J =
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

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). "C NMR (75.5 MHz, CDCL,): 6 / 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: v/ em ™' = 3414, 3337, 3227, 2979, 2937, 1726, 1697, 1650, 1603,
1535, 1348, 1154, 1063, 871, 741. [oc]%)0 = +31 (10 mg/mL; CHCI;). mp: 209 °C (decomposition).
ESI-MS: m/z calculated for [C,,H,,N,O, S+H]" ([M+H]") = 749.3, found: 749.2.

tert-Butyl (S)-4-((V-(((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)

Boc_ N
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o)
>|/o\"/K/\,Iq/\Q/N\8/\\(‘
o] §co T N=/
o O_ O
o X

NO,

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%). '"H NMR (300 MHz, CDCl,): § / 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, /= 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). "C NMR (75.5 MHz, CDCl,): § / 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: v/ cm ™' = 3328, 2980, 2933, 1707,
1644, 1597, 1540, 1506, 1476, 1425, 1366, 1293, 1251, 1212, 1154, 1096, 1050, 887, 871, 754, 665.
[a]?) = +50 (10 mg/mL; DCM). ESI-MS: m/z calculated for [Cy,H,;CIN,O,,S+H]" ([M+H]") = 783.3,
found: 783.1.
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tert-Butyl (S)-4-((V-(((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-((zert-butoxycarbonyl)-

amino)butanoate (66)

Boc
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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 NEt, (63 uL, 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%). 'H NMR
(300 MHz, CDCl,): 6 / 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, /= 1.7 Hz, 1H), 5.37 (dd, /= 6.4, 1.8 Hz, 1H), 5.08 (dd, /= 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). °C NMR (75.5 MHz, CDCl,): 6 / 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, /= 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: v/ cm™' = 3340, 3195, 2980, 2936, 1708, 1642, 1605, 1540, 1478, 1350, 1239,

1155, 1072, 871, 755. [oc]lzj0 =+40 (10 mg/mL; CHC,). ESI-MS: m/z calculated for [C,,H,,FN,O,,S+H]"
([M+H]") = 767.3, found: 767.3.

tert-Butyl (S)-4-((V-(((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-((ter~-butoxycarbonyl)-

amino)butanoate (67)

Boc
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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%). '"H NMR (300 MHz, CDCI,):
6 /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), 535 (dd, /= 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). °C NMR (75.5 MHz, CDCL,): § / 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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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

52.0,49.8,45.4,31.8,28.3,27.9,27.1,25.3. FT-IR: v/ cm ™' = 3342, 2977, 2934, 1705, 1637, 1590, 1540,

1353, 1250, 1151, 1093, 1032, 869, 775, 661. [o]2” = +40 (10 mg/mL; CHCL,). mp: 84-86 °C. ESI-MS:
m/z calculated for [C,,H,;BrN,O,,S+H]" ([M+H]") = 827.2, found: 827.2.

tert-Butyl (S)-4-((V-(((3aR,4R,6 R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)methyl)-3-nitrophenyl)sulfonamido)-2-((¢ert-butoxycarbonyl)amino)-
butanoate (68)

Boc
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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 NEt, (62 uL, 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%). 'H NMR (300 MHz,
CDCl,): 6 / 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, /= 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). "C NMR (75.5 MHz, CDCl,): § / 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: v/ cm™' = 3331, 3179, 2981, 2936, 1705, 1640, 1598, 1533, 1351,

1211,1153,1070,908, 871, 727. [0(]12)0 =+40 (10 mg/mL; CHCl,). mp: 91-93 °C. ESI-MS: m/z calculated
for [C;,H,,N,O,,S+H]" (IM+H]") = 749.3, found: 749.3.

tert-Butyl (5)-4-((V-(((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-((ter&-butoxycarbonyl)-

amino)butanoate (69)
Boc
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The compound was prepared from 3 (250 mg, 0.44 mmol, 1.0 equiv.) and 2-chloro-5-

NH,

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%). '"HNMR (300 MHz, CDCI,):
6/ 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, /= 6.4, 1.8 Hz, 1H), 5.21 (d, J=7.7 Hz, 1H), 4.99 (dd, J =

125
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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). "C NMR (75.5 MHz, CDCl,):
6 /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: v/ cm ' = 3344,
3104, 2980, 2936, 1706, 1639, 1600, 1528, 1347, 1242, 1153, 1075, 1040, 870, 739. [0(]2D0 = +27
(10 mg/mL; CHCL,). mp: 98-100 °C. ESI-MS: m/z calculated for [C,,H,;CIN,O,,S+H]" ([M+H]") =
783.3, found: 783.2.

tert-Butyl (5)-4-((V-(((3aR,4R,6 R,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-((zert-butoxycarbonyl)-

amino)butanoate (70)

NH F NH,
OON s\\=o ~ N=
2 o o_ 0
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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%). 'H NMR (300 MHz, CDCl,):
6/ 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, /= 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, /= 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). "C NMR (75.5 MHz,
CDClL,): 6 / 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: v/ cm™' = 3342, 2980, 2936,

1705, 1640, 1586, 1534, 1474, 1350, 1254, 1153, 1058, 870, 844, 744. [o(]ZD0 =+19 (10 mg/mL; CHCL,).
mp: 84 °C (decomposition). ESI-MS: m/z calculated for [C,,H,;FN,O,,S+H]" ((IM+H]") = 767.3, found:
767.2.
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

tert-Butyl (5)-4-((V-(((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)
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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%). '"HNMR (300 MHz, CDCIl,):
6/ 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, /= 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). *C NMR (75.5 MHz, CDCl,): § / 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: v/ cm ™' = 3331, 2980, 2934,

1705, 1639, 1594, 1536, 1366, 1211, 1153, 1096, 869, 797, 749, 672. [0(]2D0 = +32 (10 mg/mL; CHCL,).
mp: 97-99 °C. ESI-MS: m/z calculated for [C,,H,,CIN,O,,S+H]" ((IM+H]") = 783.3, found: 783.2.

(5)-2-Amino-4-((V-(((2R,3S,4R,S5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl)-4-chloro-3-(trifluoromethyl)phenyl)sulfonamido)butanoic acid, trifluoroacetate salt
(72)
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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). '"H NMR
(300 MHz, CD,0OD): 6 / 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). "C NMR (75.5 MHz, CD,0OD): 6/ 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: v/ cm™" = 3103, 2969, 1671, 1509, 1426, 1311, 1259, 1184, 1130,

1036, 968, 837, 798, 722, 660. [0(]2DO =425 (10 mg/mL; MeOH). mp: 61 °C (decomposition). ESI-MS:
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3 Results and discussion

m/z calculated for [C,,H,,CIF,N.O,S+H]" ((M+H]") = 610.1, found: 610.0. Purity: 98% (HPLC, 254 nm,
MeCN/H,0 = 30:70 + 0.1% HCOOH, #, = 3.02 min),

(S)-2-Amino-4-((NV-(((2R,3S8,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)-4-chlorophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (73)

NH, N\ N
Ho\”/'\/\N O N\e\( o
g
J x 2.1 )]\

7 \N
c
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). 'H NMR
(300 MHz, CD,0D): § / 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). ’C NMR (75.5 MHz, CD,0OD):
6 /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: v/ cm™' = 3097, 2939, 1673, 1476, 1412, 1334, 1198, 1131, 1091, 1013,

972, 828, 798, 764, 721. [a]lz)o = +18 (10 mg/mL; MeOH). mp: 82—-84 °C. ESI-MS: m/z calculated for
[C,,H,,CIN.O,S+H]" ((M+H]") = 542.1, found: 542.0. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 20:80
+ 0.1% HCOOH, ¢, = 3.70 min).

(8)-2-Amino-4-((/V-(((2R,3S5,4R,S5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl)-3,4-dichlorophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (74)

NH, FN NH,
Ho\”/k/\N O N\e/\\( o
. ;O\Q/ N§/N x2.2

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). 'H NMR
(300 MHz, CD,0OD): 6 / 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, /=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).
C NMR (75.5 MHz, CD,0D): § / 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: v/ cm™' = 3096, 1670, 1508,

1457, 1426, 1372, 1337, 1188, 1132, 1033, 967, 825, 798, 722, 676. [0(]%)0 = +18 (10 mg/mL; MeOH).
mp: 60 °C (decomposition). ESI-MS: m/z calculated for [C,,H,,CL,N,O,S+H]" ((M+H]") = 576.1, found:
576.0. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, #; = 4.87 min).
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

(S)-2-Amino-4-((V-(((2R,3S,4R,SR)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
y)methyl)-2,4-dichlorophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (75)

NH, fN NH,
° o M =/ w2z N
/@[ O HO OH

Cl [¢]]

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). 'H NMR
(300 MHz, CD,OD): § / ppm = 8.26-8.21 (m, 2H), 7.80-7.74 (m, 1H), 7.38 (d, /= 2.1 Hz, 1H), 7.13 (dd,
J=28.6,2.1 Hz, 1H), 5.80 (d, /=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).
BC NMR (75.5 MHz, CD,0D): 6 / 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: v/ cm ™' = 3087, 1668, 1574,

1506, 1427, 1373, 1328, 1185, 1130, 1038, 966, 821, 798, 721, 676. [a]lz)o = +30 (10 mg/mL; MeOH).
mp: 83-85 °C. ESI-MS: m/z calculated for [C,,H,,CL,N,0,S+H]" ((M+H]") = 576.1, found: 576.0. Purity:
>99% (HPLC, 254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, ¢, = 3.75 min).

(5)-2-Amino-4-(NV-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)phenylsulfonamido)butanoic acid, trifluoroacetate salt (76)

NH,
HO.
N
)
S

,4"‘ NH,
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— — N~/ x1.2
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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). 'H NMR
(300 MHz, CD,0OD): 6 / 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). "C NMR
(75.5 MHz, CD,0OD): § / 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: v/ cm ™' = 3098, 1669, 1507, 1447, 1424, 1326, 1189,
1130, 1088, 966, 835, 798, 745, 721, 689. [0(]2D0 =424 (10 mg/mL; MeOH). mp: 78-80 °C. ESI-MS: m/z
calculated for [C,H,N,O,S+H]" ([M+H]") = 508.2, found: 508.0. Purity: 99% (HPLC, 254 nm,
MeCN/H,O =20:80 + 0.1% HCOOH, ¢, = 2.73 min).
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3 Results and discussion

(8)-2-Amino-4-((/V-(((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl)-4-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (77)

NH,
HO.
N
|
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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). 'H NMR
(300 MHz, CD,0OD): 6 / 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). °C NMR (75.5 MHz, CD,0D):
6/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: v/ cm ™' = 3106, 1666, 1530, 1424, 1350, 1313, 1131, 967, 855, 835, 798, 758, 742,

721, 684. [0(]2DO = +16 (10 mg/mL; MeOH). mp: 84 °C (decomposition). ESI-MS: m/z calculated for
[C,H,,N;O,S+H]" ([M+H]") = 553.2, found: 553.0. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 20:80 +
0.1% HCOOH, ¢, = 3.78 min).

(S)-2-Amino-4-((V-(((2R,3S,4R,5R)-5-(6-amino-9 H-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). '"H NMR
(300 MHz, CD,0D): 6 / 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). ®C NMR (75.5 MHz, CD,0OD): 6 / 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: v/ cm™' = 3093,

2944, 1673, 1538, 1426, 1347, 1170, 1133, 1049, 968, 888, 834, 797, 721, 664. [a]zDo =+26 (10 mg/mL;
MeOH). mp: 138 °C (decomposition). ESI-MS: m/z calculated for [C,,H,,CIN;O,S+H]" ([M+H]") =
587.1, found: 587.0. Purity: 96% (HPLC, 254 nm, MeCN/H,0O = 20:80 + 0.1% HCOOH, ¢, = 4.76 min).
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

(S)-2-Amino-4-((V-(((2R,3S,4R,SR)-5-(6-amino-9 H-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). '"H NMR
(300 MHz, CD,OD): 6 / 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).
“C NMR (75.5 MHz, CD,0D): 6 / 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, /=22.4 Hz), 120.8,
91.1,83.4,75.1,72.9,52.2,51.5,46.4,31.1.FT-IR: v/ cm ™' =3106, 1673, 1606, 1537, 1416, 1349, 1270,
1167, 1132, 1073, 972, 898, 818, 799, 721. [0(]2D° =+26 (10 mg/mL; MeOH). mp: 6668 °C. ESI-MS:
m/z calculated for [C,,H,;FN,O,S+H]" ([M+H]") = 571.1, found: 571.2. Purity: 95% (HPLC, 254 nm,
MeCN/H,0 = 20:80 + 0.1% HCOOH, ¢, = 3.76 min).

(5)-2-Amino-4-((V-(((2R,3S,4R,SR)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)-4-bromo-3-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (80)

NH, FN NH,
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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). 'H NMR
(300 MHz, CD,0D): 6 / 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). *C NMR (75.5 MHz, CD,0D):
6/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: v/ ecm™ = 3077, 1667, 1538, 1426, 1351, 1169, 1130, 1033,
968, 886, 833,798, 775,721, 661. [O{]ZDO =+24 (10 mg/mL; MeOH). mp: 81 °C (decomposition). ESI-MS:
m/z calculated for [C,,H,,BrN;O,S+H]" (IM+H]") = 631.1, found: 630.9. Purity: 98% (HPLC, 254 nm,
MeCN/H,0 = 20:80 + 0.1% HCOOH, #; = 4.46 min).
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3 Results and discussion

(S)-2-Amino-4-((/V-(((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl)-3-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (81)

NH, =N NH,
o)
Ho\”/k/\N N/ \ 0
| N x 1.0
=0 N=/

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). '"H NMR
(300 MHz, CD,OD): 6 / 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). "C NMR (75.5 MHz,
CD,0D): § / 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: v/ cm ™' = 3090, 1673, 1530, 1418, 1352, 1165, 1124,
967, 879, 834, 798, 777, 721, 671, 659. [a]f) = +25 (10 mg/mL; MeOH). mp: 73-75 °C. ESI-MS: m/z
calculated for [C,,H,,N;O,S+H]" ([M+H]") = 553.2, found: 553.0. Purity: 99% (HPLC, 254 nm,
MeCN/H,0 = 20:80 + 0.1% HCOOH, #, = 3.16 min).

(5)-2-Amino-4-((/V-(((2R,3S5,4R,S5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)-2-chloro-5-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (82)

NH, =N NH,
Ho\ﬂ/k/\N O N/ o
) N x15
o S=0 ! N

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). '"H NMR
(300 MHz, CD,0OD): 6 / 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). "C NMR (75.5 MHz, CD,0D): § / 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: v/ cm™' = 3103,

1670, 1601, 1525, 1423, 1348, 1195, 1127, 1039, 966, 886, 836, 797, 739, 721. [O(]ZDO =424 (10 mg/mL;
MeOH). mp: 80-82 °C. ESI-MS: m/z calculated for [C,H,,CIN;O,S+H]" ([M+H]") = 587.1, found:
587.0. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, ¢, = 2.78 min).
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

(S)-2-Amino-4-((V-(((2R,3S,4R,SR)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)-2-fluoro-5-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (83)
NHQ
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The compound was prepared from 70 (160 mg, 0.21 mmol) according to general procedure C to afford
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the final product as a colorless trifluoroacetate salt (145 mg, 0.21 mmol, 99%, 1.1 equiv. TFA).'H NMR
(300 MHz, CD,0OD): § / ppm =8.33 (dd, /=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). "C NMR
(75.5 MHz, CD,0OD): 6 / 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: v/ cm™' = 3110, 1668, 1533, 1474, 1424, 1351, 1258, 1129,
1058, 970, 896, 837, 798, 744, 721. [a]f’ = +11 (10 mg/mL; MeOH). mp: 80-82 °C. ESI-MS: m/z
calculated for [C,H,,FN,O,S+H]" ((M+H]") = 571.1, found: 571.0. Purity: >99% (HPLC, 254 nm,
MeCN/H,0O =20:80 + 0.1% HCOOH, ¢, =2.81 min).

(5)-2-Amino-4-((NV-(((2R,3S,4R,SR)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
y)methyl)-3-chloro-4-nitrophenyl)sulfonamido)butanoic acid, trifluoroacetate salt (84)

NH, F NH,
HO. O N\e/\\( o
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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). 'H NMR
(300 MHz, CD;OD): 6 / ppm = 8.32 (s, 1H), 8.26 (s, 1H), 7.97 (d, /= 1.8 Hz, 1H), 7.89 (d, J = 8.4 Hz,
1H), 7.83 (dd, /=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). "C NMR (75.5 MHz, CD,0D): 6/ 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: v/ cm ™' = 3101, 1669,

1534, 1507, 1424, 1346, 1297, 1186, 1164, 1130, 968, 835, 797, 721, 671. [0(]%)0 = 420 (10 mg/mL;
MeOH). mp: 73-75 °C. ESI-MS: m/z calculated for [C,,H,,CIN;O,S+H]" ((M+H]") = 587.1, found:
586.9. Purity: 99% (HPLC, 254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, t, = 4.53 min).
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3 Results and discussion

tert-Butyl (S)-4-((V-(((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-((zert-butoxycarbonyl)amino)-

butanoate (88)
BDC\NH FN NH,
o. O. N/ ¥
N
R Sencas
| o 6_ 0
cl N ><

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 NEt; (62 uL, 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%).
'H NMR (300 MHz, DMSO-d,): § / ppm = 8.67 (d, J= 2.5 Hz, 1H), 8.32 (s, 1H), 8.19 (s, 1H), 8.04 (dd,
J=18.3,2.5Hz, 1H), 7.60 (d, J = 8.3 Hz, 1H), 7.37 (s, 2H), 7.19 (d, /= 7.8 Hz, 1H), 6.18 (d, /= 2.3 Hz,
1H), 5.41 (dd, J=6.3, 2.3 Hz, 1H), 5.03 (dd, /= 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). "C NMR (75.5 MHz, DMSO-d,): § / 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: v/ cm™' = 3415, 3337, 3227, 2980, 2936, 1727, 1702, 1651, 1602, 1357, 1157, 1075,

872, 784, 742. [oc]lzj0 =437 (10 mg/mL; CHCl,). mp: 222 °C (decomposition). ESI-MS: m/z calculated
for [C,;,H,,CIN,O,S+H]" (IM+H]") = 739.3, found: 739.3.

2-(Benzylthio)-5-chloropyrazine (87)
o
| N
CIJ:N/j/

Using a modified procedure from COOPER et al., Novel Sulfonamide Carboxamide Compounds.
WO02019/8025 Al, 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 x 75 mL) and the separated organic layer was
dried over Na,SO,. 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%). 'H NMR (300 MHz, CDC]l,): § / ppm = 8.42
(d,J=1.5Hz, 1H), 8.22 (d, J= 1.5 Hz, 1H), 7.43-7.24 (m, 5H), 4.43-4.40 (m, 2H). "C NMR (75.5 MHz,
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3.5 Electron-deficient aromatic SAH derivatives as potential covalent DNMT?2 inhibitors

CDCL): 6/ ppm = 154.8, 144.9, 143.6, 142.5, 136.9, 129.1, 128.8, 127.7, 34.6. FT-IR: v/ cm™' = 3062,
3029, 2923, 2852, 1495, 1439, 1418, 1335, 1297, 1281, 1145, 1012, 894, 766, 697.

tert-Butyl (S)-4-((V-(((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-((zer&-butoxycarbonyl)amino)-
butanoate (89)

Boc

s=o N=/
o_ O
X

N =
DA
CIJ:N/j/
1.) Using a modified procedure from COOPER et al., Novel Sulfonamide Carboxamide Compounds.
WO02019/8025 A1, 2019.

NH,

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 x 15 mL) and dried over MgSO,,.
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%). '"H NMR (300 MHz, CDCI,):
6/ ppm =8.60 (s, 1H), 8.48 (d, /= 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). "C NMR
(75.5 MHz, CDCL,): 6 / 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:
v/cm™ = 3411, 3340, 3230, 2980, 2937, 1698, 1653, 1602, 1332, 1135, 1075, 994, 872, 804, 751.

[a]zDO = +23 (10 mg/mL; CHCIL;). mp: 216 °C (decomposition). ESI-MS: m/z calculated for

[C3H,,CINGO,S+H]" (IM+H]") = 740.3, found: 740.2.
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3 Results and discussion

(S)-2-Amino-4-((/V-(((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl)-6-chloropyridine)-3-sulfonamido)butanoic acid, trifluoroacetate salt (90)
N\ NH,

NH,
Ho\n/k/\N 0.
l_ 2.0
[e] X S\\—O E 3 HO)]\CF3
| O HO OH
pZ

Cl N

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). 'H NMR
(300 MHz, CD,0D): 6 / 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). ®C NMR (75.5 MHz, CD,0OD): 6 / 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: v/ cm ™' = 3497, 3359,

3286, 3041, 2891, 2444, 2197, 1633, 1597, 1348, 1167, 1113, 1040, 783, 747. [a]lz)o =+22 (10 mg/mL;
MeOH). mp: 71-73 °C. ESI-MS: m/z calculated for [C,H,,CIN;O,S+H]" ([M+H]") = 543.1, found:
543.2. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, #; = 2.70 min).

(S)-2-Amino-4-((V-(((2R,3S,4R,5R)-5-(6-amino-9 H-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). '"H NMR
(300 MHz, DMSO-d,): 6 / ppm = 8.65 (d, /= 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). "C NMR (75.5 MHz, DMSO-d,): § / 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: v/ cm™' = 3086, 1671, 1509, 1431, 1348, 1300, 1188, 1131, 1018, 971, 924, 827, 798,

764, 722. [0(]12)0 = 427 (10 mg/mL; MeOH). mp: 76-87 °C. ESI-MS: m/z calculated for
[C,H,,CIN,O,S+H]" ((M+H]") = 544.1, found: 544.0. Purity: 95% (HPLC, 254 nm, MeCN/H,O = 20:80
+0.1% HCOOH, #, = 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.* 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).

N///\uk/ ///\Nk/ \S/S\/\N)k/ \)ku/y CI\)kH/V

72a 72b 72¢ 72d 72e

72i

HO.__O
/NMNA/ AN u/\/ BF\/\u/y ///\u/\/
729 72h

72f

3 NP 4
/\N/\/ &N&/\/ e T N H/y 2! :©/ \H/y
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72j 72k 721 72m
Adenosine derivatives
NH; /¢N NH,
HO\ﬂ/k/\ 0. N\e/\\(
o — N=/"
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73a 73b 73c 73d
NH, O NH, NH,
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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 ||| JQJJJi] (master thesis, under supervision of
MARVIN SCHWICKERT, ||| Bl 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
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3 Results and discussion

and saturated NaHCO, 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.

L 74a 74b )
\/
Boc._ N 0\\//O Boc\ : 75a
' - NH R

o I
R AR Rt e s SIS e

Sz H,0, DCM, rt, overnight
SN 48-66%

X %

50 75a, 75b

1 75b

2.) TFAMH,0 (1:6 V/V),
99%.

1.) TEAIDCM (1:1 V/V)
j¢L -73b
73a, 73b

Scheme 21: Synthesis of compounds 73a and 73b.

Binding analysis of 72a—m and 73¢—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 -

B ' B <oup). All results are listed in Table 4.
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Table 4: Results of compounds 72a—m and 73a—g.

3.6 Warhead-decorated adenosine and SAH derivatives

y liNe\(NHz
O. N J \
\Q/ k"
HG  OH
72a-m, 73a-g
C d MST DSF ‘H-Assay
ompoun
P Binding at 250 uM Binding at 100 uM % inhibition at 100 uM

[¢]
72a N J\/ v X n. i.

o]
72b ///\”J\/ v X n. i

(o]
726 \S/S\/\NJIY / x n. 1

H
(o)
H
(o]
72e u\)l\”/\/ v X n i
\ f :
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HO. (o]

2 i A
72g (/u\” ~ v X n. i
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Cl
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3 Results and discussion

Table 4 continued.

MST DSF ‘H-Assay

Compound L L o
Binding at 250 uM Binding at 100 uM % inhibition at 100 uM

NH, O

73e ”°NN/\/ X X n. i.
—

73g o ¢O v X 14+4
(o]

*Determined by MST-based displacement method at 20 4M 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 uM vs. 100 uM)
used in both methods. Regarding the inhibition, only the maleic acid-derived compound 73g showed
weak activity (14 =4% inhibition at 100 xM) 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
W) -vout the synthesis of warhead-decorated inhibitors 72a—m and 73¢-g as well as the
testing using DSF.
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3.7 Development of NSUNG6-selective inhibitors based on the SAH scaffold

Since SAM-dependent MTases like DNMT2, NSUN2, and NSUNG6 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 NSUNG6. Apart from the results presented
in the first published study (Section 3.4),”'"* several N-alkyl derivatives (69f, 69g, 69k, and 691) were
tested for NUSNG6 inhibition by _ _ group) in a tritium incorporation assay (Table 5).

In addition, K}, values were obtained by_ _ group) using ITC.

Table 5: Inhibition of DNMT2 and NSUNG6 by compounds 69f, 69g, 69k, 691, SAH, and SFG.

NH, N\ N
o
HOYKANAQ/”\)/\\(N
e} L = N~/
HG ©OH

69f, 699, 69k, 691

DNMT2 NSUN6
Compound SH-Assay ‘H-Assay ITC
% inhibition at 100 uM % inhibition at 100 uM K,/ uM
18 SAH 85.7+1.7 100 6.8+0.6
19 SFG 835+ 1.1 702 +1.8 55+09
69f Y n. i. 249+1.4 32.6+16.1
69g > n. i. 10.1+2.0 n. d.
69k OA/ n. i. 458+ 6.1 109+ 1.9
691 N 224+2.6 224+1.8 n. d.
n. d. = not determined; n. i. = no inhibition.

The testing revealed that NSUNG6 preferred bulkier side chains (inhibition of 10—46% at 100 4M) while
these modifications resulted in no inhibitory activity against DNMT2, as demonstrated with compounds
69f, 69¢g, and 69k. The cyclohexyl derivative 69k showed the strongest discrepancy with 45.8 = 6.1%
inhibition of NSUN6 compared to no inhibition of DNMT?2. Notably, with a K, value of 10.9 = 1.9 uM,
compound 69k showed a binding affinity to NSUNG6 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 uM, respectively.
Since the cyclohexyl moiety presumably targets the NSUNG6 cytidine site, unlike SAH and SFG,
competition with the tRNA might have a stronger impact on inhibition of 69k. Interestingly, the

discrepancy between K}, values and observed inhibitions of NSUN6 was lower compared to Y-shaped
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3 Results and discussion

DNMT?2 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 (691) derivative did not affect selectivity.
The findings could be explained by comparing the cytidine sites of DNMT2, NSUN2, and NSUN6
(Figure 19).
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Figure 19: A: Crystal structure of SAH in complex with hDNMT2 (PDB-ID:1G55)."” B: AlphaFold homology model of
hNSUN22% gligned with SAH of the hDNMT2 crystal structure (PDB-ID:1G55). C: Crystal structure of SFG in complex with
hNSUNG6 (PDB-ID: 5SWWR).""¢ Glowing lines indicate potential clashing points of an inhibitor side chain.

The cytidine site of DNMT?2 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. NSUNG6, 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 DNMT?2, as well as large aromatic
systems (77a—Kk). 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.
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3.7 Development of NSUNG6-selective inhibitors based on the SAH scaffold

NH, FN NH,
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Figure 20: Design of SAH derivatives for testing on NSUN6. Some of the structures were selected together with ||| | | | | |
(N <rovr)-

In this work, a small set of the designed compounds (76a, 76c, 76f, 77¢c, 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,
77¢, and 77i-k.
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3 Results and discussion
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Scheme 22: A: Synthesis of bicyclo[2.2.2]octane-1-carbaldehyde (79a). B: Synthesis of 76a, 76c¢, 76f, 77¢, and 77i-k.

Compounds 76a, 76¢, 76f, 77¢c, and 77i-k were evaluated for their binding affinities to DNMT2 by

I B 2oup) using an MST displacement method. The inhibitory

potential to DNMT2, NSUN2, and NSUN6 was determined in a tritium incorporation assay by |||}

I B 2ovp)- 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 NSUNG6 (21-35% inhibition at 100 M) suggesting adverse effects. However,
these structures exhibited selectivity toward DNMT?2 as they were not considered as binders in the MST
displacement assay (shift = 1.0-2.1%o). Selectivity toward NSUN2 could also be observed as 76a and 76f
showed no inhibition, whereas the adamantyl derivative 76¢ 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%0) and NSUN2 (10.6 £+ 2.9% inhibition). Notably, the biphenyl derivative
77¢ increased the inhibition of NSUNG6 (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 ||| G_ T o)
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3.7 Development of NSUNG6-selective inhibitors based on the SAH scaffold

Table 6: Inhibition of DNMT2, NSUN2, and NSUN6 by compounds 76a, 76c¢, 76f, 77¢, and 77i-k.

NH fN NH,
O.
HOWN/\Q/N\%\\{‘
(o} L = N=/
HO OH

76a, 76¢, 76f, 77c, 77i-k

DNMT?2 NSUN2 NSUN6
* 3{- 3H- 3H-
Compound MST H-Assay H-Assay H-Assay
shift at 20 UM/ % inhibition at % inhibition at % inhibition at
%o 100 uM 100 uM 100 uM
69k OA/ n. d. n.i. tb.d 458+6.1
76a @A/ 1.0 n. d. ni. 208+ 5.7
76¢ @\/ 12 n. d. 11.7+0.8 359448
76 Q/\ / 2.1 n.d n i 34.6+8.7
b
77¢ O 10.4 49.8 £4.2 52.7+83 732 4.7
O.
77i @( @A/ 8.1 n.d. 10.6 % 2.9 42.7+39
77 %‘ v 13.4 67.6 + 10.9%* ni. 254+ 7. 1%
77k O‘O / ne n.d. 27.1£9.5%% 301 £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 (69Kk) with an affinity generating substructure (77¢) 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.

Selectivity generating

Affinity generating “or
(?) CH 83

N
N

Figure 21: Possible inhibitor that combines the selectivity generating substructure of 69k with the affinity generating

moiety of 77c.
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3 Results and discussion

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 *H-SAM are currently the most reliable and therefore often used
methods to assay MTases.'”*** 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),” 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.

Ligand

FTAD
FTAD Ligand
FTAD

NH, =N NH,
OH Ho\ﬂ/'\/\N/\@/N%
N
o bt
O N/§[) HG  OH
o}
@ HN—/— =N
O Q Ligand
@ HO 9 O Linker
o
Fluorescent dye

MST experiment time [s] (fluorescein)

Relative Fluorescence [-] [

FTAD (84 (6))
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 (69¢ (10))) introduced in a previous study (Section 3.4).*'
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:
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3.8 Development of tool compounds for biophysical applications to assay methyltransferase inhibitors

» 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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ABSTRACT: Developing methyltransferase inhibitors is challeng-
ing, since most of the currently used assays are time-consuming
and cost-intensive. Therefore, efficient, fast, and reliable methods
for screenings and affinity determinations are of utmost
importance. Starting from a literature-known fluorescent S-
adenosylhomocysteine derivative, S-FAM-triazolyl-adenosyl-Dab,
developed for a fluorescence polarization assay to investigate the
histone methyltransferase mixed-lineage leukemia 1, we herein
describe the applicability of this compound as a fluorescent tracer
for the investigation of DNA-methyltransferase 2 (DNMT2), a
human RNA methyltransferase. Based on these findings, we
established a microscale thermophoresis (MST) assay for
DNMT?2. This displacement assay can circumvent various

+ HTS suitability

+/ No enzyme labeling *Hv»w hgfd%
Potential . <
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+ No aggregation

3 Displacement

Fluorescein
Ligand

Microscale
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problems inherent to this method. Furthermore, we optimized a screening method via MST which even indicates if the detected
binding is competitive and gives the opportunity to estimate the potency of a ligand, both of which are not possible with a direct

binding assay.

KEYWORDS: Drug discovery, High-throughput-screening, Microscale thermophoresis, RNA methyltransferase DNMT2,

Fluorescein-labeling

riginally the human DNA methyltransferase 2

(DNMT2) was considered to be a DNA-modifying
enzyme, as it shares most of its sequence with other members
of the DNMT family (DNMT1, DNMT3A, DNMT3B)."
However, in 2006, Goll et al. discovered that the main
substrate of DNMT2 is tRNA. DNMT2 catalyzes the
methylation of a cytosine at position 38 in the anticodon
loop of tRNA™P. During this modification, the cofactor S-
adenosylmethionine (SAM) is converted to S-adenosyl-
homocysteine (SAH), a known product inhibitor of
DNMT2.” Subsequently, tRNAY" and tRNASY were also
found to be substrates of DNMT2, underlining its role as an
RNA methyltransferase, especially in humans.* Since then, a lot
of possible physiological roles of DNMT2 were discussed. It
was proven that DNMT2 together with other RNA-
methyltransferases like NSUN2 has a critical influence on
tRNA stability and protein translation in cells.”~” During
oxidative stress, an up-regulation of DNMT2 could be
detected, leading to the assumption that DNMT?2 also helps
cells coping with exogenous stress factors.*”'" DNMT2 was as
well found to be overexpressed in cancer cells, where
mutations on DNMT?2 are assumed to play a functional role
in tumorigenesis.l Y12 Furthermore, DNMT?2 is also involved in
the epigenetic inheritance process.'> Taken all this into

© 2022 American Chemical Society
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account, DNMT?2 appears to be a promising drug target for
medicinal chemistry. Therefore, reliable methods to identify
potent binders are required.

Tritium incorporation assays using *H-SAM are still the
most reliable and therefore often used methods to assay
methyltransferases like DNMT?2, despite all the disadvantages,
such as time consumption and high costs.'*'* Other methods,
like LC-MS, still require a lot of working steps and time.'®
Therefore, fast, reliable, and cost-efficient screening methods
are needed to reduce the number of compounds subjected to
trititum incorporation or LC-MS assays to a minimum. At
present, various biophysical methods are available for affinity-
based screening assays such as isothermal titration calorimetry
(ITC),"” differential scanning fluorimetry (DSF),'® surface
plasmon resonance (SPR),'” or microscale thermophoresis
(MST).” All have their advantages but also their disadvan-
tages. ITC measurements not only determine ligand affinities,
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by measuring the binding enthalpy, but also reveal
thermodynamic data of the binding as well as binding
stoichiometry. Although this is a very robust method, the
enormous amounts of protein and ligand needed can be a
major obstacle.”' ™>* DSF is a fast-screening method based on
the measurement of grotein melting curves in the presence of a
fluorescent dye.'"***** A disadvantage is the fact that some
ligands induce only small thermal shifts, leading to a false
negative result in a screening carnpaign.lﬁ Today, SPR is one
key technology applied in pharmaceutical research.”” Although
it offers several advantages, such as fast, reliable, and label-free
measurements, one cannot ignore that the necessity of surface
immobilization remains a major challenge. Besides SPR, the
significance of MST also emerges.”* ' In contrast to SPR or
ITC, thermodynamic properties cannot be analyzed using
MST with a single measurement but require several measure-
ments at different temperatures.”” However, especially in early
drug discovery, this sample-saving method can be of great
benefit. It is based on the principle that molecules migrate in a
temperature gradient. This so-called thermophoresis is
reproducible at given conditions, but even small changes
such as ligand binding can alter that behavior.” Furthermore,
the change in the thermophoresis behavior correlates with the
extent of this interaction. This allows an affinity determination
of a protein—ligand interaction by observing fluorescence
changes.”***** Besides thermophoresis, other effects can cause
these changes, e.g., temperature differences and changes in the
local environment of the fluorophore.**** The advantages of
this method are certainly its sensitivity and scalability, but also
the fact that screenings can be performed directly with cell
lysates or blood sera, which makes it a powerful method for
drug discovery.*”******~** Determining binding affinity by
MST, however, comes with some inherent problems. In most
cases, the protein of interest must be fluorescently labeled,
either in a covalent manner, by thiol or amide coupling, or in a
non-covalent manner, by His-tag labeling with a fluorescent
dye.*>** Direct measuring of protein—ligand interactions by
MST only shows binding events but cannot reveal if the
detected binding is competitive with respect to the active site
of the protein, or if the ligand binding occurs on an allosteric
site. It can also be very challenging to reach saturation
conditions for the bound protein—ligand complex, especially if
ligands only have binding affinities in the low single-digit
micromolar range like the currently known inhibitors of
DNMT?2. Achieving saturation conditions often needs high
protein and ligand concentrations resulting in protein and/or
ligand aggregation and/or unspecific binding. Furthermore, the
maximal effect of a ligand on the thermophoresis behavior of
the protein—ligand complex is not predictable. Therefore, it is
not uncommon, that low-affinity ligands have a stronger
influence on the thermophoresis behavior than high-affinity
ones.

The main cause of these problems is notably due to the
necessity of fluorescent-labeling of the protein. If the
fluorescent dye is not attached to the enzyme but rather a
known ligand (fluorescence tracer)—especially one with a
strong thermophoresis behavior—a displacement assay could
be established to circumvent a lot of this problems. In this
paper, we introduce an optimized MST method with excellent
suitability for high-throughput-screening of DNMT2 ligands.
We developed a displacement assay, using a literature-known
fluorescein-based tool compound S$-FAM-triazolyl-adenosyl-
Dab (6, FTAD, see Scheme 1), that originally was applied by

1080

Luan et al. in a fluorescence polarization (FP) assay for the
histone methyltransferase mixed-lineage leukemia 1 (MLL1).*
Our method circumvents the inherent problems previously
described, and provides the following improvements:

e reduced aggregation due to lower concentrations of
ligand

half-quantitative screenings outcomes

determination of active site interactions

no enzyme labeling required

B RESULTS AND DISCUSSION

Chemistry. For the preparation of the tool compound, we
followed a synthetic procedure similar to the one used by Luan
et al. (Scheme 1)."' First the azide 2 was prepared in a

Scheme 1. Synthesis of FTAD (6)“
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“Reagents and conditions: (i) NaN;, H,0, 85 °C, 24 h, 67%; (ii) 5-
FAM, TPTU, DIPEA, DMF, 0—20 °C, 48 h, 96%; (iii) CuSO,,
sodium ascorbate, MeOH/H,0, 16 h, 61%; (iv) 1. TFA, DCM, 5 °C;
2. TEA, H,0, 5 °C, 99%.

nucleophilic substitution reaction of 2-chloroethylamine
hydrochloride 1 and sodium azide. This product was then
coupled to S-carboxyfluorescein (5-FAM) using O-(2-oxo-
1(2H)pyridyl)-N,N,N',N’"-tetramethyluronium tetrafluorobo-
rate (TPTU) and N-ethyldiisopropylamine (DIPEA), yielding
compound 3. In the subsequent copper(I)-catalyzed azide—
alkyne cycloaddition (CuAAC), the alkyne 4 was connected to
the azide 3, forming the triazole product 5. The synthesis of
building block 4 was carried out according to literature.** In
the final step, all protecting groups were cleaved using a two-
step procedure. First, 50% (v/v) trifluoroacetic acid (TFA in
DCM was used at 5 °C, then 14% TFA in water at 5 °C to
finally yield FTAD (6) as its trifluoroacetate salt.
Establishment of DNMT2 Fluorescence Polarization
Assay. Binding affinity of FTAD (6) to DNMT2 was
investigated using the fluorescence polarization assay Iprotocol
described for the histone methyltransferase MLL1.*" There-
fore, a saturation curve was measured, which resulted in a K,
value of 2.4 uM. These results indicated that this fluorescent
probe is not only suitable to assay MLL1 but also DNMT?2. To
check the quality of this assay, the Z-factor was evaluated. The
obtained value of 0.92 for the Z-factor is very good and
sufficient to establish an assay for the determination of binding
affinities.”’ Next, the literature known binding affinities of S-
adenosylhomocysteine (7, SAH) and sinefungin (8, SFG)
could be confirmed. Ky, values of 12.2 uM and 6.5 uM for SAH
and SFG were measured, which are quite similar to reported
values from literature (K, = 13.6 uM and K, = 7.5 uM).*”
Furthermore, the binding affinity of a recently published
DNMT?2 inhibitor (9) was determined, revealing a K, of 7.8

https://doi.org/10.1021/acsptsci.2c00175
ACS Pharmacol. Transl. Sci. 2022, 5, 1079-1085
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HM ghich was also found to fit to the published value of 8.1
HM.

To investigate if this tool compound may be suitable for
pan-methyltransferase assays, binding toward the human tRNA
methyltransferases NSUN2 and NSUNG6 as well as the histone
methyltransferase EHMT2 of the KMT family was tested.
Unfortunately, FTAD showed only weak affinities to those
methyltransferases with approximate Ky, values in the higher
two-digit or the three-digit micromolar range (data not
shown).

Nevertheless, these findings proved that this tool compound
which originally was designed to assay MLL1 via FP was also
suitable for DNMT?2.

Establishment of DNMT2 Microscale Thermophoresis
Assay. In a next step, FTAD (6) was used as a fluorescence
tracer for a microscale thermophoresis (MST) displacement
assay. The assay is based on the formation of a FTAD-
DNMT2 complex, which allows fluorescence tracing. By
adding a ligand of interest FTAD is displaced, which results
in an altered fluorescence signal, since FTAD is no longer
bound to DNMT2 (Scheme 2). Excitation and emission

Scheme 2. Establishment of DNMT2 Microscale
Thermophoresis Assay”

©0re e

®
®

Relative Fluorescence [-]

MST experiment time [s]

“Steps: (1) Unlabeled DNMT2 cannot be observed by MST. (2)
DNMT?2 is pre-incubated with FTAD; the FTAD-DNMT2 complex
can be observed by MST. (3) Displacement of FTAD with ligand of
interest; free FTAD can be observed by MST.

wavelengths of FTAD were sufficient for MST measurements
with blue light settings (excitation: 465—490 nm and emission:
500—550 nm). At first, an assay concentration for FTAD was
evaluated, starting with 50 nM, as described in the FP protocol.
Since the fluorescence signal was not optimal, the concen-
tration was increased. Finally, a concentration of 100 nM was
chosen, which allowed measurements with sufficient fluo-
rescence signal, at the lowest possible concentration.
Furthermore, no surface absorption or bleaching was detected
in standard capillaries. In a dilution series of DNMT2 at
constant FTAD concentrations, binding affinity of FTAD
against DNMT2 was investigated using MST, revealing a K,
value of 1.8 uM, which is in very good accordance with the
binding affinity determined using FP (Figure 1A,B).
Furthermore, a Z-factor of 0.90 (Figure 1C) for this assay
indicated that this assay had a very good quality. In the next
step, the binding affinities of SAH and SFG were verified by
MST. Since displacement assays only provide EC;, values,
those results were corrected for the binding competition with
the fluorescence tracer according to the instructions of

150

1081

101 ¢
A
0.99 1 )
097

095 1

0.93 4
091 ¥

Relative Fluorescence [-]

0.89

0.87 t + 1
15
MST experiment time [s]

985
980 ¥
975 ¥
970
965
960 ¥
955 ¥
950 ¥
945 ¥

940 ¥
1.0E-09

(B)

Fnorm [%o]

- —

1.0E-07 1.0E-05
human DNMT2 [M]

-

1.0E-03

980 (©)

s 00000900°%0000,0,0000%°

970
965
960

Fnorm [%e]

955

950 |eeee®e®0e®®000,

945

10 15
number of samples

20 25

Figure 1. Microscale thermophoresis assay for FTAD against a
dilution series of human DNMT?2. (A) Raw traces of runs. (B)
Normalized fluorescence plotted against concentration of human
DNMT2. Data is given as mean + SD of triplicates. K, of FTAD
against DNMT2 was found to be 1.8 uM + 0.1 uM. (C) Z-factor
determination of microscale thermophoresis assay. In orange, free
FTAD without DNMT2; in blue, FTAD in the presence of 2 yM
human DNMT2.

Nanotemper Technologies to receive K, values. For SAH,
Kp = 6.5 uM was determined, while for SFG, Kp = 9.2 uM was
found. Both values were in high accordance with literature,
where K, values of 13.6 uM and 7.5 uM, respectively, were
described (Table 1). For compound 9, a K, value of 5.2 M
was found, which correlates quite well with the literature value
(Kp = 8.1 uM™). Interestingly, also for compound 10, a
literature known non-inhibitor of DNMT2,* a very slight
protein—ligand interaction could be detected in this assay with

https://doi.org/10.1021/acsptsci.2c00175
ACS Pharmacol. Transl. Sci. 2022, 5, 1079-1085
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Table 1. Binding Affinities of Different Ligands toward
DNMT2 Measured by Orthogonal Biophysical Methods

Compound ITC?/ uM FP¢/ uM MST?/ uM
NH: P
I 7l
Wi b 13.6+4.4° [ 12209 | 6514
SAH (7)
M" Lo
S 75+35 65+05 | 9.2£05
SFG (8)
N, =
.«om)\/\N,\/b/N\\)»ﬁ
N 81+1.4 78+1.1 52+06
9
o ..\27(
et nd.* n.d. >70
10
,\N)‘ s
o N T
f\;m = 114524 n.d. 15.3+3.1
11
o j/\{w
/W 10.2+22 n.d. 113038
T]\/\ ,\é/.\eﬁ{w
/ Wi b 105+ 3.3 n.d. 1.0+ 1.1
13

“Kp, values from ITC experiments; shown are mean values + SD of n
= 3 experiments. “Mean values + SD of 5 = 6 experiments. “Ky, values
fmm FP assays; shown are mean values + SD of n = 3 experiments.

9K, values from MST displacement assays; shown are mean values +
SD of n = 4 experiments. *n.d. = could not be determined due to the
high concentrations of enzyme and ligand required to quantify low-
affinity binding.

an ECy, of >100 uM, this indicates that the method is even
capable to identify very low affinity binders if needed. To
further confirm the potential of this assay for affinity
determination, three additional SAH-derived DNMT2 inhib-
itors, 11—13," were selected and the K° values were
determined by the MST displacement assay and by ITC as
an orthogonal method.

The data are in very good agreement, proving the reliability
of the assay. Moreover, in comparison to the ITC method, the
amounts of samples, especially of protein, are much lower.

One of the most considerable findings was the fact that with
this displacement method the plateaus for total unbound and
bound protein could be resolved very well (Figure 2). Since
the maxima of the shifts can easily be measured by control
runs, the fits derived from those measurements are far more
reliable than those of direct binding assays based on MST.
Aggregation, up to concentrations needed to reach a plateau,
was not observed in any run. Furthermore, the signal-to-noise
ratio was highly increased compared to direct measurements of
labeled DNMT?2. This may derive from the largely increased
shift, which is probably due to the fact, that the large DNMT2
molecule influences the thermophoresis behavior of the small
fluorescence tracer much more, than vice versa a small
molecular ligand a >40 kDa protein like DNMT2.

MST can be used as a fast and efficient screening method.*
Although common MST assays using labeled protein are highly

1082

sensitive screening methods that can detect binders with
almost negligible affinity, there remain some problems. One is
for sure the comparability of the detected shifts. The extent of
the included shifts in thermophoresis does not correlate very
well with the affinity of different ligands; i.e., a less affine ligand
can induce a larger shift than a ligand with higher affinity. In
our recently published structure—activity relationship (SAR)
study for SAH-derived DNMT2 inhibitors, MST was used as
an initial screening method. Some ligands were found to
induce noteworthy shifts in the thermophoretic behavior, but a
tritium incorporation assay revealed that a lot of those ligands
showed only poor inhibitory properties.*” By plotting the
induced shifts against the found inhibition, no correlation
could be detected (Figure 3A).

Therefore, a screening with our novel displacement method
was performed for a set of binders and non-binders of this SAR
study. A ligand concentration of 20 gM was found to be
suitable for this screening. Since for a displacement assay the
detectable shift is known from the beginning and depends only
on the fraction of bound and unbound fluorescence tracer, this
seemed to open the possibility to achieve a correlation between
the thermophoresis shifts and the actual inhibition of DNMT2.
Indeed, a correlation between the thermophoresis shifts in this
displacement assay and the measured inhibition from the
tritium incorporation assay could be found (Figure 3B). This
led to the conclusion that ligands inducing a thermophoretic
shift <5%o should not be considered for further measurements,
while ligands inducing shifts ~10%e¢ and higher are likely to be
very promising DNMT?2 inhibitors. The displacement assay
not only allows researchers to discriminate good and poor
binders. Given the fact that FTAD binds to the active site of
DNMT?2, this assay also indicates if the ligand is active-site
directed, which can be very helpful for the screening of
DNMT?2 inhibitors that structurally do not resemble the
natural ligand. It is noteworthy that the displacement assay can
be performed at decreased ligand concentrations in a range of
20 uM instead of 100 uM, which can prevent unspecific
binding to the protein and therefore misleading hits from the
beginning.

B CONCLUSION

Within this study we present a novel method for a fast and
reliable ligand screening for the human RNA methyltransferase
DNMT2 using microscale thermophoresis. The assay can
easily be extended to a high-throughput screening. This
displacement assay allows screenings at low ligand, dye, and
protein concentrations. Together with the small volumes
required for microscale thermophoresis, this results in a cost-
effective but still robust method. Under the conditions
described, no adsorption, bleaching, or aggregation was
detected, which usually can cause severe interferences in direct
microscale thermophoresis assays. Furthermore, this assay
reveals accurate screening results, which facilitates early-stage
drug discovery in the field of DNMT2. Due to the fact that the
fluorescence tracer is bound to the active site of DNMT2,
thermophoresis shifts detected by this method always indicate
active-site targeting, making further binding-site verification
unnecessary. As a result of the increased thermophoresis shifts
compared to direct microscale thermophoresis assays with
labeled protein, this method can be used for reliable binding
affinity determination up to the low micromolar range. In
summary, we are highly convinced that this method can be a

https://doi.org/10.1021/acsptsci.2c00175
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compound 10, ECg, = > 100 uM.
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(B) for MST displacement assay.

powerful tool accelerating the search for potent DNMT2
inhibitors.
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3.8 Development of tool compounds for biophysical applications to assay methyltransferase inhibitors

3.8.3 Experimental section of the publication

Note: Experimental procedures conducted by MARVIN SCHWICKERT (jjjjj 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 UV, silica plates
from Machery-Nagel. For compound purification by column chromatography silica (40-63 gm) 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 I1I 600. Chemical shifts are indicated in parts per million (ppm), using the
solvent resonance (CDCl,, DMSO-d,, or CD,0D 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 x 150 mm, 5 ym; mobile phase: MeCN/H,O
=30:70 + 0.1% HCOOH; flow rate: 0.7 mL/min) column. The sample was applied using 5 uL 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 7ThermoNicolet. Melting points
(uncorrected) were measured with an MPM-H3 using semi-open capillaries. Specific rotations were
determined with a Kriiss P3000 polarimeter and are given in deg cm® g ' dm™'. The purity of all

compounds tested in the described biological assays was >95% as determined by LC-MS.

(5)-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)

OH
HO\H)\/\N/\@/N\%\\{‘ o
o — N=/ x2.3 J\
O N HG  OH
atelhs
HO O o o]
e}

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 x 40 mL),
the residue was dissolved in H,O (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. 'H NMR
(600 MHz, CD,0D): 6 / 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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3 Results and discussion

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). "C NMR (150 MHz, CD,0D): & / 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: v/ cm ™' =
3090, 2609, 1742, 1670, 1506, 1452, 1317, 1248, 1178, 1128, 994, 836, 798, 761, 720. mp: 67 °C
(decomposition). [a]lz)o = +17 (10 mg/mL; MeOH). ESI-MS: m/z calculated for [C,,H,;N,,O,+2H]*"
([M+2H]*") = 425.7; found: 425.6. Purity: 95% (HPLC, MeCN/H,O = 30:70 + 0.1% HCOOH); ¢, =
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 DNMT?2. 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 Tyrl0 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 N°-benzyl

derivative 85 of compound 71i.

., Subpocket 4 ! > . Subpocket {¢

|
_ Cytidine site \ ' F\

>3

N
L
4 ﬁ-\denlne SIte |
-

Figure 23: Docking poses of compound 71i (salmon, left) and compound 85 (cyan, right) in DNMT2 (PDB-ID: 1G55)"” with
illustration of potential interactions of the benzyl group inside the subpocket.

The synthesis of compound 85 was carried out starting from commercially available N°-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.*** 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 NaHCO, 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.

FN NH, FN NH \Q
O. N O.
HO/\Q/ \8/\\(‘ benzyl bromide HO \8\( DMA FN n

N/
N
—/ N=/ —_— —/ N=/ O N/
§ DMF, rt, 20 h S MeOH, rt, 4 d HO' \
0><0 72% O><O quantitative NQ/N
HG OH
33 88

p-TsOH, acetone,
rt, 20 h,
50%

rN H\Q rN H\QHDPPA, DBU, lc"‘ H\Q

— N =! N
H,, Pd/IC 1,4-dioxane, rt, 4 h
HzN/\G/N\e/\\( - N3/\C7/N\8/\\( - HOAG/N\%\\(
L EtOH, rt, 24 h N 2.) NaN3, 15-crown-5, N
§ 94% i A4h N
6. 0O o_ 0 64% o_ 0

90 89 87
Boc

NH
O o NaBH(OAc)s, HOAG,
MeCN, THF, 5 °C, 16 h
o
45

55%

o]
\Y4
OZN:@/S\CI
Br
BoC\NH FN H C: 92 Boc\NH FN H ;: ;\
o) 0. N NaHCO3 fo) 0. N
1 O 1 AOaaE®
g H NN H,0, DCM, rt, 14 h S Lo N
HE 37% /Q/\\_ I
6_ 0 o o6_ 0
>< Br ><
B 91 i NO, 93

1.) TFA/DCM (1:1 ViV), 5 °C
2.) TFA/H,0 (1:6 VIV), 5 °C
99%

NO, 85

Scheme 23: Synthesis of compound 85.

Compound 85 was evaluated for its binding affinity to DNMT2 by |GG
W 2ovp) using an MST displacement method (Section 3.8). The inhibitory potential was

determined in a tritium incorporation assay by ||| GGG G 2ovp): Results are

given in Table 7.
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3.9 Additional results

Table 7: Binding of compounds 71i and 85 to DNMT?2 as determined by MST and inhibition of DNMT?2 as determined in the

tritium incorporation assay.

NO,

71i, 85
MST* SH-Assay
Compound % inhibition at
K™/ uM IC,, / uM
100 uM
. FN NH,
i YN\)/\\(N 23£0.1 98.7 + 1.1 1.6+£0.2
N=/
N
85 Y”\)/\\( 112+ 1.1 91.0%1.9 30.6+2.2
N:/N

*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 (IC,,=
306 2.2 uM vs. 1.6 + 0.2 uM) and slightly lower binding affinity (K™ = 11.2 £ 1.1 uM vs.
2.3£0.1 uM). 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.” 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 (AT, antagonist) candesartan, namely candesartan cilexetil (94) provides

an acylal-based group capping the carboxyl function (Figure 24).”
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NH; NH,
N="
e 0 /
N - HO  OH
Candesartan cilexetil (94) 28

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.

K,COj4

- DMF, rt, 16 h R
NH, . =N NH, ‘co NH =N N,
HO N 0.__0.__Cl 208 o._0._0 O
N o 4 AT, e e
o — N~/ o DMF, 50 °C, 4 h o o v/ N=/
DIPEA

69e 95 DMF, tt, 16 h 96

o]
K,COj3 or DIPEA o)\NH N NH
2

DMF, 70-90 °C, 4 h Ho\n/k/\N/\G/N 7\
N

97
Molecular Weight: 549.63 g/mol

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.”'*
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" ,
%\(NTO\/\/\ \n@/\ (4"‘ NH,
O N NH O HO O, N\e/\\(
Y AOAE

HG  OH HG  OH

Capecitabine (98) 28

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).

NHz [CN NH, PP N JJ\
N
HO. O N/ o M = NH;
'i‘/\@/ N o NaHCO3, TBAB HO NN
(o} s\\:o — N=" . 43» ’]‘/\Q/ \
O HO OH N0 Nl THF, Hy0, 1, 16 h o O N=/
48%" 0 HG  OH
Br
NO, Br
NO,
71i 99 100

Scheme 25: Test approach to synthesize the hexyl carbamate prodrug 100 (procedure adapted from PONZANO et al.).*
*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 C,; 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 28-4/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.

500+

2.851
400+ 51.99%
5.189

3004 48.01%

200+
1004

[ A 1 A

T T T T T T T T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5

Retention time (min)

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. C,; column, MeCN/H,O gradient method (10:90 — 90:10).
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4 Conclusion and outlook

The RNA methyltransferases DNMT2, NSUN2, and NSUNG6 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
NSUNG6 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 (IC, = 12.9 + 1.9 uM) representative of the first generation
of SAH-based inhibitors. Although it was only slightly more potent than SAH (IC,, = 15.8 £ 1.5 uM) and
SFG (IC;, = 13.2 +£ 0.8 uM), it exhibited an improved selectivity profile as it did not inhibit NSUN2 and
NSUNG6. 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 m°C 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 uM) 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, IC,, = 2.5 + 0.2 uM) 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 IC,,value of 1.2 + 0.1 uM, 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 NSUNG6. 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.

: ~
Natural ligand HO. O __N.
g 2nd Generation I "“j\Q/ \%\\(N
e o I/ N b HS oM
HOTH\AS/\Q/N \ 0. N\e/\( o

HO  OH HG oM 100
SAH, (18)

(A v L

Lead structure Lead structur Enable covalen Attachment of Improve cell Biological Ef
identification optimization trapping fluorescent dye permeability testing Re!
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m o
P >

N\/

WG oM o
HO OH
7 69s-AB /©/ e~
HO.
©/ Prodrug TH\/\
69q O
Covalent inhibitor
. Br
15 Generation Warhead NO: Potential ABP

101
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 28-4/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 ||| Gz G covw)

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 NSUNG6 (45.8 = 6.1% at 100 uM) was found to be selective toward DNMT2
(n. 1.) suggesting that bulky moieties result in binding to NSUNG6 (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 NSUNG6. 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 NSUNG6 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,”*

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 ||| [ G T o)

using computer-aided methods. This structure mimics the vicinal diol of the pentose, which interacts with

Asp34 of DNMT2.

Bioisosteres

o~

NH; (o] "\ Adenine

Linker ;r s
HO PPN J\ A 4./ replacment

NS
| H H

o} S=0
\ .
o] Ribose replacment

Br

Nitro group NO,
replacment f
CN

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 UV, silica plates from
Machery-Nagel. Column chromatography was performed with silica (40—63 um) 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 (CDCl;, DMSO-d,, or CD,OD from Deutero GmbH) as
internal standard. Flash chromatography was performed with a Biotage Isolera™ One system using
prepacked C ¢ 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 X 150 mm, 5 um) column and an Agilent Poroshell 120 EC-C,z (150 mm x 2.10 mm, 4 um)
column at 40 °C oven temperature, respectively. As mobile phase, mixtures of MeCN and MilliQ®"-H,O
+0.1% HCOOH were used at a flow rate of 0.7 mL/min. Samples were applied using 5 uL injection with
quantitation by AUC at 254 nm. Electro spray ionization (ESI) mass spectra were recorded on an Agilent
1100 series LC/MSD lon 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

[a]ZDO were determined with a Kriiss P3000 polarimeter and are given in deg cm® g”' dm™'. 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), (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 C,; (MeCN/H,O = 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 NaHCO, 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 x 10 mL). The combined organic extracts were dried over

Na,SO,, 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 C,; (MeCN/H,O = 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 x 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 (8)-4-(((E)-N-(((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)methyl)-2-phenylvinyl)sulfonamido)-2-((fer~-butoxycarbonyl)amino)-
butanoate (75a)

NH FN NH,
SR
o] S=0 | N="

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.) and (£)-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: v/ cm™' = 3428, 3342, 3232, 2978, 2941, 1727,
1697, 1650, 1332, 1139, 1074, 870, 825, 750, 692. mp: 230 °C (decomposition). R;: 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 (5)-4-((V-(((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-((zert-butoxy-
carbonyl)amino)butanoate (75b)

Boc
“NH FN N
o) 0.
SN
(¢} s=0 — N=/
F. \
O o o

F J@; ><

F

Ha,

The compound was prepared from 50 (250 mg, 0.44 mmol, 1.0 equiv.) and pentafluorobenzenesulfonyl
chloride (99 uL, 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%). 'H NMR (300 MHz, CDCL,): 6 / 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, /= 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). "C NMR
(75.5 MHz, CDCL,): 6 / 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, 284, 28.0, 27.2, 25.3. FT-IR: v/ cm ' = 3327, 3182, 2980, 2937,

1708, 1643, 1520, 1495, 1367, 1251, 1153, 1097, 990, 870, 750. [a]2’ =+23 (10 mg/mL; CHCL). R;: 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 *C 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). 'H NMR
(300 MHz, CD,0D): § / 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). *C NMR (75.5 MHz,
CD,0OD): 6 / 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: v/ cm ™' =3065, 1668, 1614, 1506, 1423, 1323, 1186,

1128, 970, 861, 821, 798, 748, 721, 6&9. [O(]%O =431 (10 mg/mL; MeOH). mp: 85-87 °C. ESI-MS: m/z
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calculated for [C,H,,N,O,S+H]" ([M+H]") = 534.2, found: 534.9. Purity: 99% (HPLC, 254 nm,
MeCN/H,0 =20:80 + 0.1% HCOOH, ¢, = 3.52 min).

(S)-2-amino-4-((NV-(((2R,35,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl)-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). 'H NMR
(300 MHz, CD,0D): 6 / 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). *C NMR (75.5 MHz, CD,0D): § / 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: v/ cm ' =
3104, 1670, 1521, 1495, 1425, 1358, 1299, 1168, 1131, 1097, 990, 896, 834, 798, 721. [0(]2D0 = +15
(10 mg/mL; MeOH). mp: 71-73 °C. ESI-MS: m/z calculated for [C,,H,,F;N,O,S+H]" ([M+H]") = 598.1,
found: 598.2. Purity: 99% (HPLC, 254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, #; =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 *C NMR.

Bicyclo[2.2.2]octane-1-carbaldehyde (79a)

o
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%). '"H NMR (300 MHz, CDCL,): 6 / ppm = 9.39 (s, 1H), 1.70-1.65 (m, 1H),
1.61-1.58 (m, 12H). "C NMR (75.5 MHz, CDCL,): 6 / ppm = 206.7, 43.1, 25.5, 25.0, 24.6. FT-IR:
v/em™' =2937, 2916, 2861, 2695, 1720, 1694, 1455, 1408, 1267, 1139, 1073, 912, 893, 822, 727. mp:
57-59 °C. Ry 0.67 (cyclohexane/ethyl acetate = 10:1).
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tert-Butyl (5)-4-((((3aR.4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|[3,4-d]-
[1,3]dioxol-4-yl)methyl)(bicyclo[2.2.2]octan-1-ylmethyl)amino)-2-((ter&-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 uL, 0.67 mmol, 1.5 equiv.), and
NaBH(OAc), (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%). 'H NMR (300 MHz, CDCl,): 6 / 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). *C NMR (75.5 MHz, CDCl,):
6/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: v/ cm ' = 3333, 3171, 2977, 2932,

2859, 1706, 1638, 1597, 1475, 1366, 1209, 1152, 1075, 870, 753. [a]lz)o = +5 (10 mg/mL; CHCL,).
mp: 73-75 °C. R; 0.17 (DCM/MeOH = 30:1).

tert-Butyl (5)-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-((zert-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 uL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc), (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%). '"H NMR (300 MHz, CDCl,): 6 / ppm = 8.25 (s, 1H), 7.91 (s, 1H), 6.60 (s,
2H), 6.02 (d, J=2.1 Hz, 1H), 5.59 (d, /= 7.6 Hz, 1H), 5.51-5.42 (m, 1H), 4.96 (dd, /= 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). "C NMR (75.5 MHz, CDCl,):
6/ppm=171.9, 1559, 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: v/ cm™' = 3328, 3181, 2978,
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2902, 2846, 1705, 1643, 1598, 1476, 1366, 1247, 1152, 1075, 871, 753. [a]2D0 =+2 (10 mg/mL; CHCl,).
mp: 75-77 °C. R;: 0.18 (DCM/MeOH = 30:1).

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)(cycloheptylmethyl)amino)-2-((zer&-butoxycarbonyl)amino)butanoate
(81c¢)

Boc N
NH F NH,
o) O N
>|/ \g)\/\N/\Q/ N§/N
o_ 0
Q X

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 uL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc), (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%). 'H NMR (300 MHz, CDCL,): § / 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, /= 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). "C NMR (75.5 MHz, CDCl,): 6/ 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: v/ cm ™' = 3333, 3178, 2977, 2924, 2851, 1709,
1642, 1597, 1476, 1366, 1208, 1152, 1073, 870, 754. [0(]2D° =—12 (10 mg/mL; CHCIl,). mp: 76-78 °C.
R;: 0.50 (DCM/MeOH = 20:1).

tert-Butyl (8)-4-(([1,1'-biphenyl]-4-ylmethyl)(((3aR,4R,6 R,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 uL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc), (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%). '"H NMR (300 MHz, CDCl,): § / 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, /= 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).
3C NMR (75.5 MHz, CDCL,): & / 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: v/ em™ = 3332, 3161, 2978, 2934, 2824, 1709, 1640, 1598, 1487,

1366, 1152, 1075, 848, 760, 698. [O(]ZDO =-20 (10 mg/mL; CHCIL,). mp: 79-81 °C. R;: 0.38 (DCM/MeOH
=20:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)(3-phenoxybenzyl)amino)-2-((zert-butoxycarbonyl)amino)butanoate
(82b)

Boc N

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 xL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc), (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%). 'H NMR (300 MHz, CDCl,): § / 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, /= 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). "C NMR (75.5 MHz, CDCl,): § / 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: v/ cm ™" = 3332, 3176, 2978, 2935, 2823, 1705,

1583, 1484, 1366, 1248, 1152, 1073, 870, 753, 692. [a]2 = =7 (10 mg/mL; CHCL,). mp: 6769 °C.
R;: 0.26 (DCM/MeOH = 30:1).
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tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)(pyren-1-ylmethyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate
(82¢)

Boc\NH N

o [ N
I
J

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 uL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc), (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%). '"H NMR (300 MHz, CDCL,): § / 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, /= 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). "C NMR (75.5 MHz, CDCL,): § / 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: v/ cm™' = 3332,

3167, 2978, 2933, 2360, 1706, 1636, 1474, 1366, 1245, 1151, 1075, 845, 754, 710. [(J(]ZD0 = 28
(10 mg/mL; CHCIL,). mp: 103-105 °C. R 0.31 (DCM/MeOH = 20:1).

tert-Butyl (5)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro|[3,4-d]-
[1,3]dioxol-4-yl)methyl)(perylen-3-ylmethyl)amino)-2-((zert-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 uL, 0.67 mmol, 1.5 equiv.), and NaBH(OAc), (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%). 'H NMR (300 MHz, CDCL,): 6 / 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).
3C NMR (75.5 MHz, CDCL,): 6 / ppm = 171.8, 155.6, 155.5, 152.7, 149.0, 139.7, 134.7, 133.9, 133.5,
131.5, 1314, 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:
v/em™ = 3332, 3175, 3051, 2977, 2934, 1705, 1643, 1593, 1476, 1366, 1248, 1151, 1091, 814, 767.

[0(]2D0 =-21 (10 mg/mL; CHCL;). mp: 86 °C (decomposition). R;: 0.38 (DCM/MeOH = 20:1).

(5)-2-Amino-4-((((2R,35,4R,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)

NH, fN NH,
HO. o} N\e/\\( o}
RO G IENS{
0 — N=/ HO™ CF,
HO OH

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). 'H NMR
(300 MHz, CD,0OD): 6 / 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). "C NMR
(75.5 MHz, CD,0OD): § / 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: v/ cm ' = 2946, 2867, 1670, 1559, 1508, 1458, 1423,
1322, 1185, 1131, 987, 904, 829, 798, 721. [a]?) = +18 (10 mg/mL; MeOH). mp: 74 °C (decomposition).
ESI-MS: m/z calculated for [C,,H;;N.Os+H]" ([M+H]") = 490.3, found: 490.1. Purity: 98% (HPLC,
254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, ¢, = 2.79 min).

(5)-4-((((3R,5R,7R)-adamantan-1-yl)methyl)(((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)amino)-2-aminobutanoic acid, trifluoroacetate salt (76¢)

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).
'HNMR (300 MHz, CD,OD): & / 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). "C NMR (75.5 MHz, CD,0D): § / 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: v/ cm ' = 3083, 2910, 2853, 1668,
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1558, 1507, 1423, 1319, 1183, 1131, 980, 907, 832, 798, 721. [a]2D0 =+15 (10 mg/mL; MeOH). mp: 77—
80 °C. ESI-MS: m/z calculated for [C,H,,N,O,+H]" ((IM+H]") = 516.3, found: 516.2. Purity: 96% (HPLC,
254 nm, MeCN/H,0 =30:70 + 0.1% HCOOH, #; =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)

NH; FN NH,
Ho\ﬂ/k/\N 0. N\e/\\( o

: A N=" .
© S HOJ\CF3
HG  OH

The compound was prepared from 81¢ (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). 'H NMR
(300 MHz, CD,0OD): 6 / ppm = 8.34 (s, 1H), 8.31 (s, 1H), 6.01 (d, /= 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). "C NMR (75.5 MHz, CD,0D): 6/ 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: v/ cm ' =

3075, 2929, 2860, 1667, 1507, 1464, 1424, 1355, 1322, 1182, 1129, 898, 831, 798, 721. [0(]2D0 = +13
(10 mg/mL; MeOH). mp: 61-63 °C. ESI-MS: m/z calculated for [C,,H;;N,Os+H]" ([M+H]") = 478.3,
found: 478.1. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 20:80 + 0.1% HCOOH, #; =2.74 min).

(8)-4-(([1,1'-Biphenyl]-4-ylmethyl)(((2R,3S5,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetra-

hydrofuran-2-yl)methyl)amino)-2-aminobutanoic acid, trifluoroacetate salt (77¢)

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). 'H NMR
(300 MHz, CD,0OD): § / 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, /= 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). "C NMR (75.5 MHz, CD,OD): 6 / 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: v/cm ™' =3064, 1669, 1506, 1488, 1418, 1322, 1182,
1126, 1009, 897, 831, 798, 763, 720, 698. [oc]zD0 =48 (10 mg/mL; MeOH). mp: 103 °C (decomposition).
ESI-MS: m/z calculated for [C,,H;N,O,+H]" ([IM+H]") = 534.3, found: 534.1. Purity: 99% (HPLC,
254 nm, MeCN/H,0 =30:70 + 0.1% HCOOH, #; = 2.34 min).
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(5)-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). 'H NMR
(300 MHz, CD,0OD): 6 / 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, /= 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).
BC NMR (75.5 MHz, CD,0D): 6/ 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: v/cm™' = 2980, 1669, 1585, 1506, 1488, 1423, 1320, 1257, 1196, 1127, 894, 831, 798, 720, 692.
[a]?) =+15 (10 mg/mL; MeOH). mp: 90-92 °C. ESI-MS: m/z calculated for [C,;H;,N,0+H]" ((M+H]")
=550.2, found: 550.1. Purity: 98% (HPLC, 254 nm, MeCN/H,O =30:70 + 0.1% HCOOH, ¢, =2.37 min).

(5)-2-Amino-4-((((2R,3S5,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-
methyl)(pyren-1-ylmethyl)amino)butanoic acid, trifluoroacetate salt (77j)

N
HO.
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N=/ x1.3
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HO OH

The compound was prepared from 82¢ (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).
'H NMR (300 MHz, CD,0D): 6 / 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).
"C NMR (75.5 MHz, CD,0D): § / 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: v/ cm™ = 3053, 1670, 1505, 1472, 1418, 1320, 1197, 1180,
1125, 832, 798, 757, 720, 710, 681. [oc]%)O = 452 (10 mg/mL; MeOH). mp: 135 °C (decomposition).
ESI-MS: m/z calculated for [C,H; N, Os+H]" ([M+H]") = 582.3, found: 582.0. Purity: 99% (HPLC,
254 nm, MeCN/H,O = 30:70 + 0.1% HCOOH, ¢, = 2.28 min).
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(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-
methyl)(perylen-3-ylmethyl)amino)butanoic acid, trifluoroacetate salt (77k)

N
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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). 'H NMR
(300 MHz, CD,0OD): &/ 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). "C NMR (75.5 MHz, CD,OD): & / 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: v/ cm™' = 3051, 1670, 1602, 1503, 1473, 1420, 1388, 1328, 1197,

1127, 895, 812, 799, 767, 720. [a]ZDO: not possible to determine due to strong absorption. mp: 92 °C
(decomposition). ESI-MS: m/z calculated for [C,,H,,N.Os+H]" ((M+H]") = 632.3, found: 632.0. Purity:
99% (HPLC, 254 nm, MeCN/H,O =30:70 + 0.1% HCOOH, t, = 3.52 min).

((3aR,4R,6R,6aR)-6-(1-Benzyl-6-imino-1,6-dihydro-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)methanol (88)

FN

NH
6. o
X b

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%). 'H NMR (300 MHz, CDCI,):
6 /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, /= 15.3 Hz, 1H), 4.91 (dd, /= 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). °C NMR (75.5 MHz,
CDCl,): 6 / 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: v/ cm™' = 3288, 3055, 2988, 2938, 2359, 1684, 1574, 1506, 1422, 1374,
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1210, 1154, 1080, 850, 705. [O(]ZDO = +60 (10 mg/mL; CHCL). mp: 186 °C (decomposition). R;: 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 N®-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 NaHCO, 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

C,s (MeCN/H,0 = 10:90 — 100:0) yielded the desired product as a colorless solid (596 mg, 1.50 mmol,
50%).

'"H NMR (300 MHz, CDCL,): §/ ppm = 8.34 (s, 1H), 7.60 (s, 1H), 7.40~7.24 (m, SH), 5.80 (d, /= 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). *C NMR (75.5 MHz, CDCL,): §/ 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:

v/em™'=3209,3031,2982,2935,2867, 1615, 1480, 1333, 1213, 1154, 1074, 849, 794, 744, 698. [on]lz)0 =
—92 (10 mg/mL; MeOH). mp: 56-58 °C. R 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 uL, 2.80 mmol, 2.0 equiv.) and DBU (627 uL, 4.20 mmol, 3.0 equiv.) at
argon atmosphere. After stirring for 4 h at room temperature, 15-crown-5 (28 uL, 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 C,; (MeCN/H,O = 10:90 — 100:0) to yield the desired product as a
colorless solid (380 mg, 0.90 mmol, 64%). "H NMR (300 MHz, CDCL,): 6 / 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, /= 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). *C NMR
(75.5 MHz, CDCL,): 6 / 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: v/ cm ' = 3346, 3092, 2979, 2931, 1732, 1595, 1553,
1513, 1369, 1291, 1227, 1141, 1030, 872, 749. [0(]12)0 =+7 (10 mg/mL; MeOH). mp: 54-56 °C. R 0.32
(DCM/MeOH = 50:1).

9-((3aR,4R,6R,6aR)-6-(Aminomethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-/V-
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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"H NMR (300 MHz, CDCL,): 6/ ppm = 8.35 (s, 1H), 7.65 (s, 1H), 7.39-7.21 (m, 5H), 6.57 (t, /= 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). *C NMR (75.5 MHz, CDCL,): 8/ 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: v/ cm™ = 3271, 3029, 2983, 2934, 1614, 1479, 1375, 1330, 1212, 1154, 1074, 868, 794, 747,

699. [a]2 = —48 (10 mg/mL; CHCL,). mp: 85-87 °C. R;: 0.36 (DCM/MeOH = 10:1).

tert-Butyl (S)-4-((V-(((3aR,4R,6 R,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-((zert-butoxy-
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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 uL, 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% NEt,) 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%).
'H NMR (300 MHz, CDCL,): § / 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, /= 1.8 Hz, 1H), 5.37 (dd, /= 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). "C NMR
(75.5 MHz, CDCL,): 6/ 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: v/ cm™' = 3365, 3277, 3088, 2980, 2935, 1707, 1616, 1539, 1351,
1213, 1150, 1092, 869, 750, 662. [O{]ZDO = +40 (10 mg/mL; CHCl;). mp: 66 °C (decomposition). Ry 0.53
(DCM/MeOH = 30:1).
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(8)-2-Amino-4-((/V-(((2R,3S,4R,5R)-5-(6-(benzylamino)-9 H-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). '"H NMR
(300 MHz, CD,OD): § / 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, /=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). "C NMR (75.5 MHz, CD,OD): § / 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: v/ecm ™' = 3095, 2911, 1668, 1538, 1428, 1352, 1169, 1135, 1033, 969, 886, 834,

798, 721, 661. [a]lz)o =+26 (10 mg/mL; MeOH). mp: 73 °C (decomposition). ESI-MS: m/z calculated for
[C,,H,,BrN,O,S+H]" ([M+H]") = 721.1, found: 721.0. Purity: 95% (HPLC, 254 nm, MeCN/H,0 + 0.1%

HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min, #; = 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)""* to FlexX/LeadIT (Version 2.3.2).”**" The binding site for docking was defined as a 6.5 A
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).”® 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 A). 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).*”
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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.*™**' It is one of the most significant parasitic diseases affecting more
than 230 million people worldwide according to estimates.’*>*** For humans, six Schistosoma species are
relevant that cause severe diseases.’” These species differ biologically and in their geographical
distribution (Figure 28). Notably, they cause different types of symptoms.*** 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.>®

S. mansoni

S. haematobium
S. japonicum

S. intercalatum
S. mekongi

Figure 28: Global distribution of Schistosoma species.*"'

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.***"’
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.***%

The morbidity of chronic schistosomiasis is not caused by adult worms, but by the host’s immune
response to the schistosomes eggs.’”>!' 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.”'**!'" 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.*”

6.1.3 Characteristics of S. mansoni

Adult schistosomes are worms with a white-greyish, cylindrical body that measure 7-20 mm in length.*"'
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.””' 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.’'* 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.’"
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.’"*

6.1.4 Schistosome life cycle

The schistosome life cycle (Scheme 27) is described in detail in several reviews.’”>***'*3% [nfection with
Schistosoma occurs through contact with infested surface water containing free-living larval forms of the
parasite (cercariae).’’**"> They penetrate the human skin, shed their bifurcated tails, and undergo several
other changes transforming them into a new form, the schistosomula.’”**"> 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.””"*'**"* There, they grow and reach sexual maturity.*>’"> 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.’”'"> The production usually begins four to six weeks

after infection and continues for the life of the worm.*"® 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.**"*'* 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).**">*'* Most eggs are trapped in the host tissues where they
induce inflammation and die.’***'* 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

301,314,315

days. If the eggs reach freshwater, free-living ciliated miracidia are released and swim around to
search suitable intermediate hosts, usually freshwater snails.*****"*'* 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.****"'*'* 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.””"”'*  Notably, one snail infected by one miracidium can release thousands of infectious

cercariae into the water daily for months.*"

Egg production in G Schistosomula migrate

mesenteric vessels o Maturation and pairing through the lungs
L 4 in liver and portal vein

Egg accumulation
in intestines

Excretion

Ln penetration

Release
of /
cercariae - /

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®.*'*"” PZQ is effective against all Schistosoma species,
however, it acts against adult worms and poorly against immature larvae.*® 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.’'***! 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.*> 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.**
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,*'***
even higher doses of 60 mg/kg can be applied, which is often required for S. japonicum and S. mekongi
or intense diseases.*****'> 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.*”” According to the WHO
guidelines in 2022, the dose administered is now determined using the PZQ dose pole considering body
measurements.*>* PZQ achieves moderate to high cure rates of 59-90% with field studies showing dose
dependence in some cases.’'***’ Notably, an effective host antibody response is crucial for full treatment
efficacy.”®** 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.’**' Unfortunately, these drugs are no longer readily available.***'>**
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Praziquantel (PZQ, 102) Oxamniquine (103) Metrifonate (104)
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.’”® There are already published field studies showing unexpected low cure

rates after treatment of S. mansoni with PZQ.>**** Furthermore, reduced susceptibility of S. mansoni and
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S. hematobium isolates to the drug has already been observed.” To date, no other therapeutic options are

available, leading the WHO to call for the development of new interventions, including alternatives to

praziquantel.”’
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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.****** Like other cathepsin B enzymes,
it has exopeptidase as well as endopeptidase functionality,”*’ and is required for the digestion of host
hemoglobin,**' and necessary for normal schistosome growth.** 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).*
Although this step has been found to be catalyzed by SmAE, the protease is not essential for the activation
in vivo.** 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.>**** 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.****¥

1 348

Scheme 28 illustrates the cleavage mechanism proceeded by SmCB

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.***

Meanwhile, SmCB1 has been validated as a chemotherapeutic target for the cure of schistosomiasis.*****

In2011, SmCB1 was co-crystallized in complex with K11777 (Figure 30),** a literature-known, covalent
inhibitor of cruzain, a cysteine protease of the protozoan parasite Trypanosoma cruzi, and cathepsins B
and L.**7% K11777 was found to inhibit SmCB1 by treatment of infected mice.*® 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 S-position of the vinylsulfone system,’** that is located in the S1' subsite
(according to the nomenclature of SCHECHTER and BERGER).* The homophenylalanine moiety is placed

in the S1 subpocket, the phenylalanine in S2, and the terminal N-methylpiperidine group in S3.>*
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Figure 30: Left: SmCBI1 in complex with K11777 (cyan), PDB-ID:3S3R.** Right: 2D Structure of K11777 with subpocket-
targeting units labeled according to the SCHECHTER and BERGER nomenclature.**
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The epoxide-based covalent inhibitor CA074 (Figure 31) was also found to inhibit SmCBI1. 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.********” Recently, further
peptidomimetic SmCB1 inhibitors based on azanitrile warheads were developed that showed lethal

activity against S. mansoni newly transformed schistosomula (NTS).**
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Figure 31: Structure of CA074 (106) with subpocket-targeting units labeled according to the SCHECHTER and BERGER

nomenclature.’>
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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.

o.
E]@Yo .
o) F
o} o}
H HN o HN o
TYY U o o
H

X o) o) N g N g
N o) o)

KS309 (107) $J605 (108) $J606 (109)
SmCB1 NTS S. mansoni adults
Compound inhibition* % effect™** % effect**
K,/ uM at 10 uM at 10 uM at 1 uM
KS309 >100 100 76 29
SJ605 0.0018 100 55 n. d.
SJ606 0.0034 100 58 n. d.

*Measured by ||| | | G - B 2 ov»): **dead after 72 h; n. d. = not determined.

Although KS309 showed weak inhibition of SmCB1 (X, >100 4M), it was taken as a lead structure for
further optimization as it had the highest effect against adult worms (76% at 10 uM, 29% at 1 uM). To
maximize the effect, lipophilicity was increased by methylation of amides (I1a and 1b) as well as P3
substitution (I¢ and 1d) to improve cell permeability and reach higher compound concentrations in the
worm organism for a stronger effect (Figure 32). Furthermore, alternative warheads (le-h), an

azapeptide (1k), and small molecule derivatives were analyzed (1/ and 1m).

Based on this strategy, three optimized compounds were identified (vinylsulfonate 110 (1g) as well as its
precursors 111 (1) and 112 (1i)) exhibiting higher efficacy against S. mansoni adults (93—100% at 10 uM,
36-45% at 1 uM) compared to KS309. However, their inhibitions of SmCB1 were low (9-80% at
20 uM). 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 SmCBI1 inhibition. As part of this project,

derivatives of 8J605 and SJ606 were developed by ||| EGzN T o)
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Effect (S. mansoni adults): 100% at10 uM, 43% at 1 uM
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Effect (S. mansoni adults): 93% at 10 uM, 36% at 1 uM
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 Ia—m, writing the corresponding parts in the

manuscript and Supporting Information, creation of Schemes 1—6 in the Supporting Information.
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Dual Strategy to Design New Agents Targeting Schistosoma mansoni: Advancing

Phenotypic and SmCB1 Inhibitors for Improved Efficacy

Natalie Fuchs,li Robert A. Zimmermann,li Marvin Schwicker‘[,li Annika Gunkel,' Collin Zimmer,'

Mergim Meta,' Kevin Schwickert,' Jennifer Keiser,” Werner Kiefer,' and Tanja Schirmeister'”

Institute of Pharmaceutical and Biomedical Sciences, Johannes Gutenberg University Mainz, Staudingerweg 5, 55128 Mainz,
Germany
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*All correspondence to Prof. Dr. Tanja Schirmeister, schirmei@uni-mainz.de
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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 Bl (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 SmCBI1 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 SmCBI1 (K, = 0.050 M) while maintaining selectivity towards human off-
target cathepsins, and greatly improved efficacy towards S. mansoni adults (86% at 10 uM, 68% at 1 uM),

demonstrating potential as a new therapeutic agent for schistosomiasis.

; synthesis &
in-house correlation g:ﬁ‘r'ﬁinzgé testing of o
screening analysis optimized p—< )
compounds BT EOD)LH Z o
Lo}
2h

NTS 10 pyM: 88%
S. mansoni adults 10 pM: 86%
S. mansoni adults 1 yM: 68%

K(SmCB1) = 0.050 uM
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."” 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.’ Infections can lead to intestinal or hepatic forms of schistosomiasis.* 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.’ 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.’
Female schistosomes are capable to produce hundreds of eggs daily.”® Egg migration into the intestinal
lumen where they are excreted with facces 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.’ 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.® After 1-2 weeks, the
eggs will die, independent if they reach freshwater.” 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.”®

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.’ Until recently,
even attempts to induce a resistance against PZQ in the laboratory has failed.'® 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.'' 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."*'* 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."

To date, several SmCB1 inhibitors have been reported. One well-known example is the pan-cathepsin
inhibitor K11777 (IC,, = 0.0021 uM, k,,,= 8.8 - 10* M's™"), an irreversible vinylsulfone.'® It has proven
to be efficient against schistosomes in mice, reducing both worm numbers and egg production.'* Based
on the K11777 scaffold, JILKOVA and CO-WORKERS have developed the potent irreversible SmCB1
inhibitors WRR-391 (IC,, = 0.2 nM, k,, = 2.1 - 10° M"'s™") and WRR-286 (IC,, = 0.6 nM, £, , =
2.0 -10°M's™")."*'® The compounds are effective against newly transformed schistosomula (NTS) at

concentrations of 10 uM for both and 1 uM for WRR-286 after 72 hours." Additionally, they introduced
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azapeptide nitriles as covalent-reversible SmCB1 inhibitors with high efficacy against NTS."> 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."” 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.'®* 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 IC,, and K; values for all compounds with SmCB1 inhibition >50% at 20 uM. In the
phenotypic assay, all substances were initially analyzed at 10 uM on NTS. If an efficacy of >70% dead
was achieved, a second screening was performed at 1 4uM on NTS and at 10 uM on S. mansoni adults.
Lower concentrations of 1 uM and 0.1 uM 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.
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no ICs, or K; determined _ enzyme assay ‘ IC5, & K; determination
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(NTS, S. mansoni adults)
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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),

1920 the third is a 4-oxoenoate-based diastereomeric bortezomib

originally developed for rhodesain,
congener (unpublished results). All three compounds were highly efficient against NTS at 10 4M (100%
efficacy). Although SJ605 and SJ606 exhibited high SmCB1 inhibition with K, values in the low
nanomolar range, only moderate efficacy against adult worms at 10 uM (55% for SJ605, 58% for SJ606)
was achieved. In contrast, KS309 showed weak inhibition of SmCB1 (K;>100 uM) but a strong effect on
adult worms (76% at 10 uM, 29% at 1 uM) in the phenotypic assay, indicating that it addresses another

target.
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KS309 SJ605 SJ606
NTS (10 uM): 100% NTS (10 xM): 100% NTS (10 uM): 100%
S. mansoni adults (10 xM): 76% S. mansoni adults (10 xM): 58% S. mansoni adults (10 #M): 55%
K (SmCB1) = >100 uM K;(SmCB1) = 0.0034 M K;(SmCB1) = 0.0018 M

Figure 2: Phenotypic screening of in-house library — top three compounds with screening results and K; 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.* 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 (1¢) and Boc (1d) groups was investigated as such modifications have also been shown to be effective
in SmCB1 inhibitor design.'> 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 diastercomers at a later stage of the synthetic procedure,
we prepared the P1 azapeptide derivative 1k of KS309. In addition, small molecule derivatives (11, 1m)
of KS309 and 1k were tested.
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Figure 3: Derivatization of KS309.

The KS309 derivatives were evaluated for their SmCBI1 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.

SmCB1 NTS S. mansoni adults
TPSA / e
Cpd. SlogP? A % inhibition % effect” % effect”
at 20 uM atl0uM atluM at 10 uM at 1 uM
KS309 2.04 127 58 100+0 2312 76+ 6 29+2
1a 2.38 119 11 1000 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+£38 65+2 366
1d-(E) 3.34 111 42 100+0 78 +£2 61+0 n.d.
1d-(2) 3.34 111 47 1000 40£0 40£2 n. d.
le 1.10 113 18 460 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 1000 65+0 1000 45 £2
1k 1.45 131 17 50+13 33+£5 47+10 n. d.
11 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;* 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 uM; 36-45% vs 29% at 1 uM). 1a, 1b, and 1d-(E) caused slightly
lower efficacy (61-65% at 10 uM), while all other compounds appeared to be distinctly less efficient
(<60% at 10 uM). A correlation between the reduction in TPSA compared to KS309 (<127 A?) and the
increase in efficacy on adult worms could not be observed. Although 1i and 1j showed higher efficacy
with TPSAs of 111 A and 82 A? respectively, several compounds with TPSAs ranging from 82 A* to
119 A? (1a—c, 1d-(E), 1d-(Z), 1e, and 1h) were less efficient. On the other hand, a statistically significant
correlation (described as correlation factor ») between SlogP value and efficacy against NTS at 10 uM
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-(2), 1g, 1i, 1j, and 11) 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 uM (= 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 uM), 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 A?) 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 A? vs. 127 A?) 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 SmCBI1 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).”® We then
performed a correlation analysis for each physicochemical parameter or the K, values with the observed
effects from phenotypic screening, including NTS (10 #M, 1 uM inhibitor) and S. mansoni adults (10 uM
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 K, values and the effect in the
phenotypic screening against NTS at 1 uM (p =0.025). The correlation factor () was negative (» =—0.43),
implying that lower K values lead to a higher effect. The negative correlation for K; 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.">*® Furthermore an additional second membrane has to be crossed in
adult worms.”” The positive correlation factor between SlogP and the effect against NTS (r = 0.44 at
1 uM) 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).%°

Again, there was a significant correlation (p = 0.005) between the K, value for SmCB1 and the effect
against NTS at 10 M inhibitor concentration (» = —0.67) like the correlation described above. The SlogP
correlates with the effect against NTS at 10 uM (» = 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 uM (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.*

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 uM vs. K;: all compounds » = —0.27 vs. SJ600s » = —0.67).
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60 80 x
= 50 = 50
= =
240 2 40 x
x XX X,
= % ® 2 30 x R
o *x o TR
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10 10
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Figure 4: Correlations between K; values or physicochemical parameters and the effect in the phenotypic screening. (A) All
compounds (n = 76). Left: effect on NTS at 1 uM vs. K; (SmCB1) in uM in red (n = 27). Right: effect on NTS at 1 uM vs. logP
in red (n = 27). (B) SJ600s (n = 16). Left: effect on NTS at 10 uM vs. K; (SmCB1) in uM in green (n = 16). Middle: effect on
NTS at 10 uM vs. logP in green (n = 16). Right: effect on NTS at 10 uM 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 S5 shows non-covalent
docking poses (generated with LeadIT)* for lead structures SJ605 (K, = 1.8 nM) and SJ606 (K. = 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 GIn94 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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O polar -+ sidechain acceptor O solvent residue ©© arene-arene
O acidic  + sidechain donor © metal complex ©H arene-H
O basic -~ backbone acceptor - solventcontact @+ arene-cation
O greasy = backbone donor = metalfion contact
... proximity . ligand O receptor

contour exposure exposure

O polar = * sidechain acceptor O solvent residue ©© arene-arene

O acidic  + sidechain donor O metal complex ~ ©H arene-H

O basic *»backbone acceptor - solventcontact @+ arene-cation
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.. proximit nd receptor

. lgomnur'y . :?(aposme Oexpops‘:re

Figure 5: Non-covalent docking for lead compounds SJ605 and SJ606 with LeadIT.”> Images generated using PyMOL.*® Ligand
interaction map generated with MOE.” PDB-ID: 3S3R."¢ (A) Docking pose for SJ605 (teal). Important interaction partners shown
in salmon. Hyde score: —34 kJ/mol. (B) Ligand interactions of SJ605 with the SmCBI1 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[5][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 a-fluorovinylsulfone warhead (2a).
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R? = 1H-7-indolyl (A)

2a:X=F R'=Ph

2b: X=H,R'=Ph R2 = DHBD (B)
2g: X =H,R"=OPh 2¢: X =H,R'=Ph

2h: X =H,R"=0OPh
R? = 5-isoxazolyl (K

2q:X=H,R'= OPh (j? \>
Lg/ \Q\ R? = 1H-1-tetrahydrocarbazolyl (C)
2d: X =H,R'=Ph
2i: X =H,R'=0Ph
R2 = DHBO (J) [ l ,
2p: X =H,R"=0Ph
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\
R? = 6-benzo[d]oxazolyl (H) N
2n:X =H,R"=0Ph O O R? = 1H-6-indazolyl (E)
2f: X=H,R'=Ph

R? = 4-dibenzolb,d]furanyl (G) N\\/NH 2k: X =H, R' = OPh

2m: X = H, R' = OPh
R? = 1H-5-benzo[d]imidazolyl (F)

21: X =H, R'=OPh

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 K; values in the low

micromolar range except for 2e (K, >100 uM). The covalent reaction occured slowly (k... around 10 s™)

inact

and there was moderate selectivity toward cathepsins B and L. 2a, an a-fluorovinylsulfone, was the only
inhibitor in the series that reversibly inhibited the enzyme by a covalent-reversible Michael addition.'®"
The K, 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
(K;=0.050 uM) vs. 2¢ (K, = 6.7 uM). Since vinylsulfonates proved to be more potent SmCB1 inhibitors,
we designed and synthesized additional compounds (2l-q) and with these obtained K, values mostly in
the nanomolar range. The optimizations for 2l1-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 (K;=0.050 uM, Figure S6 in the Supporting Information), 2n (X, = 0.030 M), and 20
(K;=0.050 uM) 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 20. Notably, the £

1nact

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.

2a—-f: R'=Ph
)o]\ X 2g-q: R'= OPh
R 2a:X=F
R” N "¢ .

N N 2b-q: X = H
SmCB1 CatB CatL
K./ uM K./ uM
Cpd. R . kyna ! . .
K,/ uM Kiwe ! S Mg or % inh. SI or % inh. SI
at 20 uM at 20 uM
2a A 5.8+1.5 - - 30% >3 45% >3
2b A 47+0.3 1.1-10" 23 38% >4 n. i >4
2¢ B 6.7+0.8 23-10" 34 29% >3 24% >3
2d C 22+0.8 1.6-10" 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 25-10" 10 22% >8 32% >8
2g A 0.72+0.005* 1.8-10° 25-10° n. i >28 43% >28
2h B  0.050+0.003* 7.0-10" 1.4-10° 29% >400 37% >400
2i C 1.6 +£0.36* 3.0-10™ 1.9-10° 31% >13 28% >13
2j D 2.3+1.0* 50-10*%  22-10° 20% >9 26% >9
2k E 0.83+£0.065* 1.3-107° 1.5-10° 6.5+1.0 7.8  0.54+0.05 7.8
B 041 +
21 F  0.078+0.007* 1.1-107 1.4- 10 0.06 53 4.8 +0.28 53
2m > 100 n. d. n. d. n. i. n. d. 20% n. d.

G

2n H 0.030£0.020% 24-10 8.0-10* 1.0+0.16 33 2.2+0.19 73
I
J

20 0.050+0.030* 1.8-10°  3.6-10'  48%  >400 037+0.03 74

2p 0.41+£030%  54-10° 13-10°  39%  >49  82%21 20
L . 026+

2q K 015+£0040* 28-10° 18-10 001 17 23023 15

n. d. = not determined; n. i.: no inhibition at 20 M inhibitor concentration; % inh. at 20 M, mean inhibition in % from three
independent measurements at 20 #M 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.”’ 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 (K; = 0.050 uM), whereas 2p was only a moderate
inhibitor (X;=0.41 uM). Their k,, values, on the other hand, were in the same range

(10°M™'s™") due to the faster irreversible reaction of 2p compared to 2h (Table 2).

2i surprisingly showed very weak inhibition of SmCB1 (K, >100 xM), 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 f-carbon of the vinylsulfonate double bond that undergoes the covalent reaction with the
nucleophilic Cys100 was increased from 2.9 A to 4.3 A (Figure S5 in the Supporting Information).
Covalent reactions occur more readily at distances up to 3.5 A, which could explain the poor inhibitory
activity.’' The same might apply for 2m (K, >100 uM) for which a distance of 3.9 A was found. The

distances for compounds 2a—q are listed in Table S6 in the Supporting Information.

O polar - * sidechain acceptor O solvent residue ©© arene-arene O polar = + sidechain acceptor O solvent residue ©© arene-arene
O acidic  + sidechain donor O metal complex ~ ©@H arene-H O acidic ~ + sidechain donor O metal complex ~ ©@H arene-H

O basic - backbone acceptor solventcontact @+ arene-cation O basic  =*backbone acceptor - solventcontact @+ arene-cation
O greasy = backbone donor metalfion contact O greasy < backbone donor metalfion contact

., proximity . ligand Oveceplor o, ProXimity . ligand Oveceplor

" contour exposure exposure contour exposure exposure

Figure 7: Molecular docking of 2h, 2p, and initial lead structure SJ606. Non-covalent docking with Leadlt, images were
generated with PyMOL, ligand interaction map generated with MOE.**° PDB-ID: 3S3R.'® (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).*” (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.

NTS S. mansoni adults
TPSA® / Kier- % effect’ % effect’
Cpd. R SlogP A? Flex*” at at at at at
10 uM 1 uM 10 uM 1 uM 0.1 uM

SJ605 - 5.81 102 7.96 1000 3312 55+4 n. d. n. d.

SJ606 - 5.31 120 8.22 100+ 0 300 58+5 n. d. n. d.
2a A 518 79 5.30 60+ 1 38+2 n. d. n. d. n. d.
2b A 489 79 5.14 85+1 40+£3 27 +£2 n. d. n. d.
2¢ B 4.18 82 6.11 92+0 27+1 29+0 n. d. n. d.
2d C 5.69 79 5.75 1000  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 428 92 5.09 75+£2 38+4 47+6 n. d. n. d.
2g A 482 88 5.59 1000 27+1 63+6 n. d. n. d.
2h B 411 91 6.59 88+0 33+0 86+2 68+0 35+
2i C 563 88 6.19 1000  42+2 86+2 57+0 n. d.
2j D 6.08 85 6.84 1000 35+1 31+2 n. d. n. d.
2k E 422 101 5.54 1000 33+£2 86+2 360 n. d.
21 F 422 101 5.54 100+ 0 33+2 63+2 n. d. n. d.
2m G 6.04 82 6.24 1000 44+4 71+4 20+4 n. d.
2n H 448 99 5.74 1000  48+8 42+4 n. d. n. d.
20 | 4.48 99 5.74 1000 404 388 n. d. n. d.
2p J 4.4 94 6.37 1000 58+£10 75+£0 23+2 n. d.
2q K 333 99 5.83 1000 44+4 40£2 n. d. n. d.

ICs,: 1.5 pug/mL?
PZQ* - 2.63 41 3.10 IC,,: 0.05 ug/mL* = 0.16 uM

=48 uM

a: calculated with MOE;* b: KIER molecular flexibility index;® c: % dead after 72 hours; d: MEISTER et al.**

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 M. 2h had the highest efficacy
in the series with 68% at 1 uM and 35% at 0.1 M, which is in a similar range as PZQ (IC,,= 0.16 uM).”
Notably, 2h and 2p (S. mansoni adults: 75% at 10 uM, 23% at 1 uM) 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 X values resulted in higher
efficacy against NTS at 10 uM (r =—-0.47, p = 0.048, Table S5 in Supporting Information) as well as
a slight correlation between higher TPSA (ranging from 75 A up to 110 A%) and higher efficacy (= 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 uM, S. mansoni adults: n. d.). In contrast, 2k was one of the
top compounds (NTS: 100% at 10 uM, S. mansoni adults: 86% at 10 uM) 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 (SJ60S, 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 M but did not show
relevant inhibition of the target protease SmCB1 at 100 uM. SJ605 and SJ606, on the other hand, were
only moderately effective against S. mansoni at 10 uM but displayed strong SmCBI1 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 uM; S. mansoni adults: 100% at
10 uM, 43% at 1 uM), 1i (SmCBI inhibition: 9% at 20 uM; S. mansoni adults: 93% at 10 uM, 36% at
1 uM), and 1j (SmCBI1 inhibition: 80% at 20 uM; S. mansoni adults: 100% at 10 uM, 45% at 1 uM).
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 (XK, =
50 nM, SI >400). The efficacy of 2h toward S. mansoni adults improved enormously (86% at 10 uM,
68% at 1 uM and 35% at 0.1 uM), demonstrating efficacy in a similar range as found for the approved
drug praziquantel (S. mansoni adults IC;, = 0.16 uM).

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.’ 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 ([l 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),’** 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 « H,0, 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 « H,0, 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 « H,0, 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 HCI in dioxane, rt, 1.5 h,
quantitative; 2.) Boc-L-Phe-OH, TBTU, HOBt « H,0, 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 « H,0, 2.,4,6-collidine, DCM, 0 °C to rt, overnight, 61%; i: ethyl glyoxylate, DIPEA, LiCl, MeCN (dry), 0 °C, 75 min,
45%; j: LiAlH,, THF (dry), 0 °C, 30 min, 98%; k: DBU, LiCl, MeCN (dry), 0 °C, 75 min, 74%; 1: 1.) 4 M HCI in dioxane, rt,
1.5 h, quantitative; 2.) Boc-L-Phe-OH, TBTU, HOBt « H,0, 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 « H,0, 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).
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Scheme 30: Synthesis of compound 1a. a: N,0-dimethylhydroxylamine « HCI, TBTU, HOBt « H,0, 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 « H,0, 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 « H,0, 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.
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Scheme 31: Synthesis of compound 120. a: tert-Butyl carbazate, TBTU, HOBt « H,O, 2,4,6-collidine, DCM, 0 °C to 1t, overnight,
88%; b: H,, Pd/C, MeOH, rt, 21 h, 97%; c: pyrazinoic acid, TBTU, HOBt « H,0, 2,4,6-collidine, DCM, DMF, 0 °C to rt,
overnight, 89%; d: 4 M HCl in dioxane, 1t, 1 h, 95%; e: isobutyraldehyde, NaBH,, THF, rt, 7.5 h, 36%; f: ethyl fumaroyl chloride,
NEt;, 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.
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Scheme 32: Synthesis of compounds 1e and 1f. a: Boc-L-Phe-OH, TBTU, HOBt « H,0, 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 * H,0, 2,4,6-collidine, DCM,
0 °C to rt, overnight, 88%; c: LiOH « H,O, THF, H,0, rt, 6 h, quantitative; d: aminoacetonitrile hydrochloride, TBTU, HOBt
H,0, 2,4,6-collidine, DCM, 0 °C to rt, 26 h, 92%; e: propargylamine, TBTU, HOBt « H,O, 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 HCI 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.
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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 * H,0, 2,4,6-collidine, DCM, 0 °C to rt, overnight, 65%; c:
1.) 4 M HCl in dioxane, rt, 1 h; 2.) acryloyl chloride, NEt;, DCM, 0 °C, 3 h, 51%.
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The small molecule derivatives 11 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 11.
The azapeptide analog 1m was prepared starting from zerz-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.
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Scheme 34: A: synthesis of compound 11. B: synthesis of compound 1m. a: vinylmagnesium bromide, THF (dry), =78 °C,
30 min, 50%; b: ethyl acrylate, Hoveyda Grubbs II catalyst, DCM (dry), A, 4 h, 37%; c: 1.) isobutyraldehyde, toluene, 50 °C,
1 h; 2.) H, (3 bar), Pd/C, rt, 20 h, 37%; d: ethyl fumaroyl chloride, NEt;, DCM, 1t, 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 UV,,, 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-Cg, 150 x 2.10 mm,
4 um 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®-H,O + 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
™

Cs (150 mm x 21.2 mm, 5 yum) column. Flash chromatography was performed with a Biotage Isolera

One system using prepacked columns from Biotage. Silica (40—-63 um) from Macherey-Nagel was used

for column chromatography. Optical rotations [0(]12)0 were measured on a P3000 polarimeter from Kriiss
and are reported in deg cm’ g ' dm™'. 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 (CDCIl;, DMSO-
dg, or CD,0D 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 « H,O
(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 x 150 mL) under reduced
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pressure at 40 °C. The residue was taken up in ethyl acetate and washed with saturated NaHCO, solution
(3 x) and 1 M HCI (3 x). The combined organic extracts were dried over Na,SO,, 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
P,0,, 2.0 equiv.) in dry MeCN (10 mL) was slowly added and the mixture was stirred for 1 hat 0 °C. The
reaction was quenched by addition of citric acid solution (10% in water, 10 mL) and extracted with ethyl
acetate (4 x 30 mL). The combined organic extracts were dried over Na,SO,, 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 x 30 mL). The
combined organic extracts were dried over Na,SO,, 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 « H,0
(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,0-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%). '"H NMR (300 MHz, CDCl,): 6 / 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). "C NMR
(75.5 MHz, CDCl,): 6 / 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:
v/ cem™ = 3325, 2958, 2937, 2870, 1709, 1659, 1501, 1389, 1366, 1250, 1165, 1045, 1016, 989, 876.

[0(]12)0 =423 (10 mg/mL; MeOH). R;: 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 NH,CI solution (80 mL) and
extracted with ethyl acetate (3 x 70 mL). The combined organic phases were washed with water
(4 x 100 mL), dried over Na,SO,, 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%). '"H NMR (300 MHz,
CDCl,): 6 /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).
BC NMR (75.5 MHz, CDCL,): 6/ 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: v/cm ' =3273,2957, 2904, 2871, 1705, 1540,
1366, 1300, 1237, 1163, 1036, 870, 853, 824, 804. [O{]lz)o = +44 (10 mg/mL; MeOH). R: 0.38

(cyclohexane/ethyl acetate = 1:3).

Dimethyl (5-methyl-3-((S)-2-(/N-methylpyrazine-2-carboxamido)-3-phenylpropanamido)-2-oxo-
hexyl)phosphonate (7)

Ph
o o
. P
0C.
N N0
I o ) BN
Pr

1.) Compound 6 (1.95 g, 5.78 mmol) was treated with 4 M HCI 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 « H,0 (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 (Z =1.80 g, 3.61 mmol, 63%, ratio not determined).
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'H NMR (300 MHz, CDCl,): 6 / 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). "C NMR (75.5 MHz, CDCl,): § / 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 (diastercomer or
rotamer A), 80.7, 60.0, 57.7 (d, J = 6.1 Hz), 53.3, 53.2, 39.5, 38.2 (d, /= 131.2 Hz), 34.2, 31.2, 28.3,
24.8,23.3,21.5. FT-IR: v/ cm ™' = 3282, 2957, 2932, 2870, 1674, 1454, 1389, 1366, 1323, 1248, 1144,

1029, 815, 748, 699. [()(]ZD0 = -39 (10 mg/mL; CHCl;). Ry 0.32 (cyclohexane/ethyl acetate = 1:2).

Dimethyl ((R)-5-methyl-3-((S)-2-(/V-methylpyrazine-2-carboxamido)-3-phenylpropanamido)-2-
oxohexyl)phosphonate (8)

Ph
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1.) Compound 7 (1.80 g, 3.61 mmol) was treated with 4 M HCI 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 « H,0 (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 (D = 0.68 g, 1.35 mmol,
41%, ratio not determined). Separation of the diastereomers was achieved by HPLC (C,,

MeCN/H,0 = 25:75).

(S,R)-Diasteromer: 'H NMR (300 MHz, DMSO-d,, 60 °C): 6 / 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). °C NMR (75.5 MHz, DMSO-d,): 6/ 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: v/ cm ™' = 3307, 2956, 2870, 1720, 1676, 1635, 1524, 1453, 1389,

1249, 1019, 856, 812, 750, 700. [a]>* =47 (10 mg/mL; CHCL). R;: 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)

(o] Ph o
AL A o
(YT e
N 'Pr
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 uL, 0.56 mmol, 1.0 equiv.), and ethyl glyoxylate (112 xL, 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: '"H NMR (300 MHz, CDCl,): § / 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, /= 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, /= 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, /= 14.2, 8.0 Hz, 1H,
rotamer B), 3.10-2.99 (m, 5H, rotamer A), 2.98-2.87 (m, 5SH, 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). "C NMR (75.5 MHz, CDCl,): 6 / 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: v/ cm™' = 3326, 3060, 3028, 2957, 2871,

1635, 1523, 1389, 1288, 1186, 1081, 1019, 858, 751, 700. [a]zDO =-93 (10 mg/mL; CHCl,). ESI-MS: m/z
calculated for [C,H,,N,Os+H]" ([M+H]") = 503.2, found: 503.2. Purity: >99% HPLC, 254 nm,
MeCN/H,O + 0.1% HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min, #, = 5.90 min).
R;: 0.38 (cyclohexane/ethyl acetate = 1:1).
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Benzyl ((S)-1-(((R)-1-(dimethoxyphosphoryl)-5-methyl-2-0xohexan-3-yl)amino)-1-oxo0-3-phenyl-
propan-2-yl)carbamate (9)

Ph
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1.) Compound 6 (700 mg, 2.08 mmol) was treated with 4 M HCI 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 « H,0O (318 mg, 2.08 mmol, 1.0 equiv.), 2,4,6-collidine (550 uL, 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%).

'H NMR (300 MHz, CDCl,): 6/ 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). °C NMR (75.5 MHz, CDCL,): § / ppm =
201.8 (d,/=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: v/ cm ™' = 3275,

3062, 3031, 2955, 2869, 1715, 1660, 1530, 1454, 1386, 1239, 1026, 816, 740, 697. [o(]zD0 = +27
(10 mg/mL; CHCL,). Rz 0.39 (DCM/MeOH = 40:1).

Ethyl (R,E)-5-((S)-2-(((benzyloxy)carbonyl)amino)-3-phenylpropanamido)-7-methyl-4-oxooct-2-

enoate (1¢)

o PhH o
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'Pr
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 uL, 0.62 mmol, 1.0 equiv.), and ethyl glyoxylate (123 uL, 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: 'H NMR (300 MHz,
CDCl,): § / ppm = 7.35-7.10 (m, 11H), 6.78 (d, /= 15.8 Hz, 1H), 6.44 (d, J=7.8 Hz, 1H), 543 (d, J =
8.0 Hz, 1H), 5.07 (s, 2H), 4.85-4.74 (m, 1H), 4.57-4.43 (m, 1H), 425 (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, /= 7.1 Hz, 3H), 1.27-1.18 (m, 1H), 0.93—
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0.78 (m, 6H). "C NMR (75.5 MHz, CDCl,): § / 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: v/ cem™ =3293, 3063, 3034, 2951, 2927, 2868, 1688, 1654, 1528, 1285, 1240, 1186, 1040, 736,
696. [a]f = —22 (10 mg/mL; CHCL,). ESI-MS: m/z calculated for [C,H,,N,O+H]" (IM+H]") = 495.3,
found: 495.2. Purity: 98% (HPLC, 254 nm, MeCN/H,O = 55:45 + 0.1% HCOOH, f, = 4.65 min). R: 0.27
(cyclohexane/ethyl acetate = 4:1).

tert-Butyl ((S)-1-(((R)-1-(dimethoxyphosphoryl)-5-methyl-2-0xohexan-3-yl)amino)-1-0x0-3-
phenylpropan-2-yl)carbamate (10)
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1.) Compound 6 (4.21 g, 12.47 mmol) was treated with 4 M HCI 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 « H,O (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: 'H NMR (300 MHz, CDCl,): § / 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). "C NMR (75.5 MHz,
CDCl,): 6 / 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: v/ cm ' = 3359,

3255, 3053, 2959, 2920, 2869, 1696, 1676, 1538, 1229, 1172, 1015, 816, 744, 698. [on]lz)0 = +32
(10 mg/mL; CHCl;). mp: 109-111 °C. R;: 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))
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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 uL, 0.62 mmol, 1.0 equiv.), and ethyl glyoxylate (123 uL, 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:
'H NMR (300 MHz, CDCl,): 6 / 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, /= 7.9 Hz, 1H), 4.86-4.71 (m, 1H), 4.47-4.33 (m, 1H), 4.24 (q, /= 7.1 Hz, 2H), 3.04 (d,
J=7.0Hz, 2H), 1.54-1.21 (m, 15H), 0.99-0.77 (m, 6H). *C NMR (75.5 MHz, CDCl,): § / 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: v/ cm ™' = 3301, 3064, 3030, 2960, 2932, 2871, 1702, 1653, 1497, 1366, 1286, 1165,

1027, 979, 699. [a]lz)o = =29 (10 mg/mL; CHCl,). ESI-MS: m/z calculated for [C,sH,N,O.+Na]"
([M+Na]") = 483.3, found: 483.2. Purity: 98% (HPLC, 254 nm, MeCN/H,O gradient + 0.1% HCOOH,
tg = 6.57 min). R 0.34 (cyclohexane/ethyl acetate = 4:1).

tert-Butyl (4-methyl-1-oxopentan-2-yl)carbamate (11)
H

N
Boc” \(\O

'Pr

To a solution of compound 5 (1.72 g, 4.86 mmol, 1.0 equiv.) in dry THF (20 mL) was added LiAlH,
(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 KHSO, solution (10 mL, 0.33 M) were added. The suspension was
filtered, and the filtrate was extracted with diethyl ether (2 X 50 mL). The combined organic extracts were
washed with 1 M HCI (2 x 40 mL) and saturated NaHCO, solution (2 x 40 mL) and dried over Na,SO,.
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%). '"H NMR (300 MHz, CDCl,): § / 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). "C NMR (75.5 MHz, CDCl,): § / ppm = 200.6, 155.7, 80.1, 58.5, 38.2, 28.4, 24.8,
23.2,22.0. FT-IR: v/ cem™' = 3342, 2957, 2933, 2871, 1688, 1506, 1455, 1391, 1366, 1250, 1164, 1044,

1011, 873, 779. [a]2’ = +43 (10 mg/mL; MeOH). R;: 0.41 (cyclohexane/ethyl acetate = 5:1).
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Phenyl (E)-3-((fert-butoxycarbonyl)amino)-5-methylhex-1-ene-1-sulfonate (1i)

Boc” \(\/ ~0

'Pr

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 F-isomer (1.23 g, 3.32 mmol, 74%) as a slightly
yellowish resin. "H NMR (300 MHz, CDCl,): § / 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, /= 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). °C NMR (75.5 MHz, CDCl,): § / 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: v/ cm™' = 3320, 2960,
2871, 1678, 1532, 1487, 1372, 1277, 1164, 1143, 1052, 909, 860, 772, 687. [a]7) = +14 (10 mg/mL;
CHCL,). ESI-MS: m/z calculated for [C ;H,,NO,S+Na]" ((M+Na]") = 392.2, found: 392.1. Purity: >99%
(HPLC, 254 nm, MeCN/H,O + 0.1% HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min,
fr = 6.96 min). R;: 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)

Ph
H AP
Boc\N N\(\/S\O
H
o .
'Pr

1.) Compound 1i (1.19 g, 3.22 mmol) was treated with 4 M HCI 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 « H,0 (444 mg, 2.90 mmol, 1.0 equiv.), 2,4,6-collidine (770 uL, 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%).

"H NMR (300 MHz, CDCL,): 6 / 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). *C NMR
(75.5 MHz, CDCL,): 6/ 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: v/ cm ' = 3307, 3030, 2960, 2931, 2870,
1662, 1487, 1366, 1246, 1143, 1022, 864, 779, 727, 691. [oc]zDO =—5 (10 mg/mL; CHCl;). mp: 4648 °C.
ESI-MS: m/z calculated for [C,,H;,N,0,S+Na]" ([M+Na]") = 539.2, found: 539.1. Purity: 97% (HPLC,
254 nm, MeCN/H,O + 0.1% HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min, #, =
7.11 min). Rz 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)

° Ph
. i
[ N N \(\/ ~o
| H
Z o
N Pr

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 « H,0 (89 mg, 0.58 mmol, 1.0 equiv.), 2,4,6-collidine (154 4L, 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%).

"H NMR (300 MHz, CDCL,): 6 / 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). °C NMR (75.5 MHz, CDCL,): 6 / 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: v/ em™ = 3369, 3053, 3029, 2960, 2918, 2866, 1652, 1504, 1370, 1141, 1022, 865,

773, 721, 690. [o]}) = —4 (10 mg/mL; CHCI,). mp: 119-121°C. ESI-MS: m/z calculated for
[C,,H, N, O,S+H]" ([M+H]") = 523.2, found: 523.3. Purity: 99% (HPLC, 254 nm, MeCN/H,O + 0.1%

HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min, #, = 6.44 min). R: 0.39

(cyclohexane/ethyl acetate = 1:1).
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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 « H,0 (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,0O-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
0il (2.13 g, 7.38 mmol, 86%). 'H NMR (300 MHz, CDCl,): § / 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). °C NMR
(75.5 MHz, CDCL,): 6 / 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: v / cm ™ = 3317, 2956, 2934, 2870,

1669, 1453, 1366, 1323, 1260, 1149, 1127, 995, 749, 700, 661. [a]lz)o =+60 (10 mg/mL; CHCL,). R 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 NH,CI solution (100 mL) and
extracted with ethyl acetate (3 x 70 mL). The combined organic phases were washed with water
(5 x 80 mL), dried over Na,SO,, 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%). 'H NMR (300 MHz,
CDCl,): 6 / 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). *C NMR (75.5 MHz, CDCL,):
6/ 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: v/cm™' =

2957, 2934, 2871, 1688, 1454, 1389, 1367, 1310, 1254, 1152, 1027, 909, 869, 811, 772. [a]2D° =+170
(10 mg/mL; CHCL,). R 0.42 (cyclohexane/ethyl acetate = 1:3).

tert-Butyl ((25)-1-((1-(dimethoxyphosphoryl)-5-methyl-2-oxohexan-3-yl)(methyl)amino)-1-oxo0-3-
phenylpropan-2-yl)carbamate (16)

Ph
L7 9
Boc N P.
~N I\O/
H 3 O\
'Pr

1.) Compound 15 (2.18 g, 6.20 mmol) was treated with 4 M HCI 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 « H,O (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 (Z = 0.88 g, 1.35 mmol, 41%, ratio not

determined).

'H NMR (300 MHz, CDCl,): 6 / 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). C NMR (75.5 MHz, CDCl,): § / ppm = 199.4 (d,
J=6.7Hz), 173.2, 1554, 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: v/ cm ™' = 3244,

3030, 2956, 2934, 2868, 1688, 1648, 1537, 1365, 1239, 1169, 1035, 860, 739, 699. [oc]lz)0 = +174
(10 mg/mL; CHCL,). mp: 114-117 °C. R 0.30 (DCM/MeOH = 40:1).
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Dimethyl ((R)-5-methyl-3-((S)-/V-methyl-3-phenyl-2-(pyrazine-2-carboxamido)propanamido)-2-
oxohexyl)phosphonate (17)

Ph
i I 7 1
N N P.
7 N ING
Pz O ~
N Pr

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 « H,0 (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%.

'H NMR (300 MHz, CDCl,): § / 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). C NMR (75.5 MHz, CDCL,): 6/ ppm =199.2 (d, J= 6.8 Hz), 172.3, 162.7,
147.6, 144.4, 144.2, 1429, 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: v/ em™ = 3390, 3292, 2956, 2869, 1717, 1639, 1515, 1398, 1255, 1180, 1019, 868, 815,

746, 701. [a]7 = +160 (5 mg/mL; CHCL). R;: 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)

Ph
(o] | (o]
Ny N /("/N O
YTy
N 'Pr
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 L, 0.55 mmol, 1.0 equiv.), and ethyl glyoxylate (112 L, 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. "H NMR (300 MHz, CDCl,): § / 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, SH), 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). *C NMR (75.5 MHz,
CDCL,): § / 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: v/ cm ™ = 3382, 2956, 2870,

1723, 1640, 1514, 1397, 1284, 1184, 1081, 1020, 979, 864, 753, 700. [oc]%)o =+134 (10 mg/mL; CHCI,).
ESI-MS: m/z calculated for [C,H,,N,O,+Na]" ([M+Na]") = 503.2, found: 503.1. Purity: 96% (HPLC,
254 nm, MeCN/H,O + 0.1% HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min, ¢, =
6.49 min). Ry 0.40 (cyclohexane/ethyl acetate = 1:1).

tert-Butyl 2-(((benzyloxy)carbonyl)-L-phenylalanyl)hydrazine-1-carboxylate (19)

Ph

H
Cbz\N/EH/N\N/Boc
H H

(0]

The desired compound was prepared from Cbz-L-Leu-OH (2.00 g, 6.68 mmol, 1.0 equiv.), HOBt « H,0
(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%). '"H NMR (300 MHz, CDCl,): § / 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).
BC NMR (75.5 MHz, CDCL,): 6 / 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: v/ cm™' = 3282, 3062, 3032, 2977, 2934, 1677, 1497,
1454, 1367, 1237, 1156, 1046, 851, 738, 696. [0(]12)0 = =7 (10 mg/mL; CHCl;). mp: 56-58 °C. R: 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%). '"H NMR
(300 MHz, CDCl,): 6/ 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). "C NMR (75.5 MHz, CDCl,): 6 / ppm = 173.1, 155.5, 137.3,129.5, 128.9, 127.1, 81.8,
55.6,40.7,28.3. FT-IR: v/ cm™' = 3355, 3293, 3228, 2984, 2930, 1739, 1682, 1493, 1366, 1240, 1152,
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913,859, 754, 706. [0(]2D° =—=54 (10 mg/mL; CHCl;). mp: 105-107 °C. R 0.28 (cyclohexane/ethyl acetate
=1:4).

tert-Butyl 2-((pyrazine-2-carbonyl)-L-phenylalanyl)hydrazine-1-carboxylate (21)

Ph
o
N N s
X N \N/ 0oC
| H H
Yz o}
N

The desired compound was prepared from pyrazinoic acid (0.61 g, 4.90 mmol, 1.0 equiv.), HOBt « H,0O
(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%). 'H NMR (300 MHz, CDCL,): 6/ 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, SH), 6.88-6.70 (m, 1H), 5.09—4.96 (m, 1H), 3.37-3.14 (m, 2H), 1.41
(s, 9H). "C NMR (75.5 MHz, CDCL,): 6 / 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: v/ cm ™' = 3271, 2978, 2928, 1662, 1518, 1455, 1393,

1367, 1239, 1154, 1047, 1020, 867, 750, 699. [a]* = —42 (10 mg/mL; CHCL,). mp: 7072 °C. R;: 0.19

(cyclohexane/ethyl acetate = 1:1).

(S)-NV-(1-hydrazinyl-1-oxo-3-phenylpropan-2-yl)pyrazine-2-carboxamide (22)

Ph
o]
N N
A N “NH,
| H
pZ (o]
N

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 NaHCO, solution (80 mL). The aqueous phase was extracted with
DCM (2 x 60 mL), and the combined organic extracts were dried over Na,SO,. 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%). 'H NMR (300 MHz, CDCL,): 6 / 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), 4.944.83 (m, 1H), 3.29-3.13 (m, 2H).
C NMR (75.5 MHz, CDCl,): 6 / 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: v/cm™' = 3371, 3258, 3027, 2920, 2851, 1654, 1511, 1389, 1260, 1148, 1023,

989, 872, 739, 696. [(x]zD0 = —28 (10 mg/mL; CHCl;). mp: 89-91 °C. Ry 0.12 (cyclohexane/ethyl acetate
=1:1 + 1% NEt,).
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(S)-V-(1-(2-isobutylhydrazinyl)-1-oxo-3-phenylpropan-2-yl)pyrazine-2-carboxamide (23)

Ph
(o}
N N
(Jrre
P o
N Pr

To a solution of compound 22 (300 mg, 1.05 mmol, 1.0 equiv.) in THF (5 mL) was added
isobutyraldehyde (106 uL, 1.16 mmol, 1.1 equiv.) dropwise. After stirring at room temperature for 6 h,
NaBH, (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 NaHCO, solution (20 mL). The mixture was
extracted with DCM (2 x 25 mL), and the combined organic extracts were dried over Na,SO,. 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). 'H NMR (300 MHz, CDCL,): 6 / ppm = 9.28 (d, J =
1.5 Hz, 1H), 8.72 (d, J=2.5 Hz, 1H), 8.50 (dd, /= 2.5, 1.5 Hz, 1H), 8.42 (d, /= 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=6.7Hz, 6H). "C NMR (75.5 MHz, CDCL,): 6/ 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: v/ cm™' = 3310, 3063, 3023, 2953, 2925,

2868, 1650, 1516, 1387, 1243, 1152, 1022, 867, 749, 698. [a]lz)o =-21 (10 mg/mL; CHCl,). mp: 120-
122 °C. Ry 0.35 (cyclohexane/ethyl acetate = 1:3).

Ethyl (E)-4-(1-isobutyl-2-((pyrazine-2-carbonyl)-L-phenylalanyl)hydrazinyl)-4-oxobut-2-enoate
(1k)

Ph
o o]
N H = O.
SARL G0 0
7 (o} o
N Pr

To a solution of compound 23 (107 mg, 0.31 mmol, 1.0 equiv.) in DCM (4 mL) was added NEt, (43 uL,
0.31 mmol, 1.0 equiv.) and ethyl fumaroyl chloride (42 L, 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%). 'H NMR (300 MHz, CDCL,): 6 / 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 (4,
J=17.1Hz, 3H), 0.87-0.69 (m, 6H). °C NMR (75.5 MHz, CDCl,): § / 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: v/ em™" = 3265, 3029, 2960, 2929, 2872, 1659, 1516, 1403, 1288, 1166, 1128, 1020,

974, 750, 700. [0(]2DO = —42 (10 mg/mL; CHCL). mp: 57-59 °C. ESI-MS: m/z calculated for
[C, H N,OA+H]™ ([M+H]") = 468.2, found: 468.3. Purity: 98% (HPLC, 254 nm, MeCN/H,O + 0.1%
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HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min, #; = 5.40 min). R: 0.29

(cyclohexane/ethyl acetate = 1:1).

Methyl (tert-butoxycarbonyl)-L-phenylalanyl-D-leucinate (25)

Ph

[e]
B N
oc
~N O/
H

[¢]

Pr

The desired compound was prepared from Boc-L-Phe-OH (1.20 mg, 3.77 mmol, 1.0 equiv.), HOBt » H,0
(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 + HCI (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%). 'H NMR (300 MHz, CDCl,): § / 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, /= 8.7 Hz, 1H), 3.70 (s, 3H), 3.07 (d, /= 7.0 Hz, 2H), 1.40 (s, 12H), 0.92—
0.79 (m, 6H). "C NMR (75.5 MHz, CDCL,): § / 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: v/ cm ™' = 3333, 3069, 2954, 2931, 2869,
1742, 1688, 1631, 1515, 1366, 1271, 1153, 1019, 747, 704. [a]lz)o =—1 (10 mg/mL; CHCl,). mp: 138-
140 °C. Ry 0.60 (cyclohexane/ethyl acetate = 2:1).

Methyl (pyrazine-2-carbonyl)-L-phenylalanyl-D-leucinate (26)

o Ph o
WAL
Yy
N Pr
1.) Compound 25 (1.17 g, 2.98 mmol) was treated with 4 M HCI 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 « H,0 (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%).

'H NMR (300 MHz, CDCL,): § / 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). *C NMR (75.5 MHz, CDCl,): § / 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: v/ cm™' = 3338, 3029,
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2951, 2869, 1746, 1646, 1584, 1511, 1379, 1148, 1025, 875, 779, 750, 698. [0(]2D0 =—15 (10 mg/mL;
CHCL,). R;: 0.54 (cyclohexane/ethyl acetate = 1:3).

(Pyrazine-2-carbonyl)-L-phenylalanyl-D-leucine (27)

o Fh o
[ A H OH

N © Pr
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 « H,O (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 HCI. The resulting suspension was extracted with ethyl acetate and the combined organic
extracts were dried over Na,SO,. 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). 'H NMR
(300 MHz, CDCl,): 6 / ppm =9.90 (s, 1H), 9.19 (d, /= 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). °C NMR (75.5 MHz, CDCL,): § / 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: v/ cm™" = 3297, 3062, 2957,

2870, 2582, 1725, 1651, 1521, 1467, 1403, 1151, 1020, 867, 746, 698. [(:(]2D0 = +4 (10 mg/mL; CHCL,).
mp: 65-67 °C. Ry 0.26 (cyclohexane/ethyl acetate = 1:3 + 1% HOACc).

N-((S)-1-(((R)-4-methyl-1-0x0-1-(prop-2-yn-1-ylamino)pentan-2-yl)amino)-1-o0xo-3-phenylpropan-
2-yl)pyrazine-2-carboxamide (1e)

Ph
o] o]
N N
AN
[ N NN
P o
N "Pr

To a solution of compound 27 (200 mg, 0.52 mmol, 1.0 equiv.), HOBt + H,0 (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 4L, 0.52 mmol, 1.0 equiv.) and 2,4,6-collidine (69 L, 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 NaHCO; solution (2 x 25 mL) and 1 M
HCI (2 x 25 mL). The combined organic extracts were dried over Na,SO,, 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%).
'H NMR (300 MHz, CDCL,): 6 / 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). °C NMR (75.5 MHz, CDCL,): § / 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: v/ cm ' = 3291, 3063, 2958, 2926, 2870, 1636, 1522, 1370, 1223,
1194, 1156, 1020, 867, 748, 698. [a]}’ = +41 (10 mg/mL; CHCL,). mp: 170-172 °C. ESI-MS: m/z
calculated for [C,,H,.N.O,+H]" ([M+H]") = 444.2, found: 444.1. Purity: 99% (HPLC, 254 nm,
MeCN/H,0 + 0.1% HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min, #, = 4.94 min). Ry
0.28 (DCM/MeOH = 30:1).

N-(($)-1-((R)-1-((cyanomethyl)amino)-4-methyl-1-oxopentan-2-yl)amino)-1-oxo-3-phenylpropan-
2-yl)pyrazine-2-carboxamide (1f)
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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 « H,0 (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 uL, 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 NaHCO,
solution (2 x 25 mL) and 1 M HCI (2 x 25 mL). The combined organic extracts were dried over Na,SO,,
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%). 'H NMR (300 MHz, DMSO-d,): 6 / 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, /= 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). "C NMR (75.5 MHz, DMSO-d,): § / 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: v/ ecm ™" = 3285, 3061,

2952, 2926, 2868, 1647, 1522, 1257, 1230, 1161, 1049, 1020, 876, 748, 699. [O(]ZDO =+68 (10 mg/mL;
MeOH). mp: 175-177 °C. ESI-MS: m/z calculated for [C,,H,,N,O;+Na]" ([M+Na]") = 445.2, found:

445.1. Purity: 99% (HPLC, 254 nm, MeCN/H,O + 0.1% HCOOH = 10:90 — 90:10 over 6 min, isocratic
90:10 for 2 min, £, = 4.84 min). R;: 0.32 (cyclohexane/ethyl acetate = 1:5).
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(R)-2-Amino-3-phenyl-N-(pyrazin-2-yl)propenamide hydrochloride (29)

Ph
H
N _N ® c®
[\j/ NH;
pZ o
N

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 uL, 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 NaHCO; solution
(2 x25mL)and 1 M HCI (2 x 25 mL), and the combined organic extracts were dried over Na,SO,. 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%). 'H NMR (300 MHz, DMSO-d,): § / 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). "C NMR (75.5 MHz, DMSO-d,): 6 / 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: v/ cm ™' = 3415, 3300, 3192, 2895, 2652, 2518, 2096, 1707, 1534, 1490,

1418, 1213, 1055, 834, 704. [a]2) = ~77 (10 mg/mL; MeOH). mp: 252 °C (decomposition).

tert-Butyl ((S)-4-methyl-1-0x0-1-(((R)-1-0x0-3-phenyl-1-(pyrazin-2-ylamino)propan-2-yl)amino)-
pentan-2-yl)carbamate (30)

(e
The desired compound was prepared from Boc-L-Leu-OH (85 mg, 0.37 mmol, 1.0 equiv.), HOBt « H,0
(56 mg, 0.37 mmol, 1.0 equiv.), 2,4,6-collidine (97 xL, 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%). 'H NMR (300 MHz,
CDCl,): 6 / 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). °C NMR (75.5 MHz, CDCL,): § / 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: v/ cm™' = 3267,

3060,2957,2870, 1647, 1541, 1412, 1366, 1295, 1165, 1013, 910, 843, 732, 699. [a]lz)o =-26 (10 mg/mL;
CHCI;). mp: 81-83 °C. Ry 0.19 (cyclohexane/ethyl acetate = 2:1).
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(8)-2-Acrylamido-4-methyl-NV-((R)-1-0xo0-3-phenyl-1-(pyrazin-2-ylamino)propan-2-yl)pentan-
amide (1h)
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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 NEt, (66 uL, 0.48 mmol, 2.0 equiv.) was added. After the mixture was cooled down to 0 °C, acryloyl
chloride (20 uL, 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%). '"H NMR (300 MHz, CDCL,): § / 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, /= 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). "C NMR (75.5 MHz,
CDCl,): 6 /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: v/ cm™' = 3262, 3056, 2957, 2930, 2870, 1650,
1537, 1409, 1295, 1062, 1011, 982, 842, 746, 698. [0(]2D0 = —16 (10 mg/mL; CHCI;). mp: 88-90 °C.
ESI-MS: m/z calculated for [C,,H,,N,O,+H]" ((M+H]") = 410.2, found: 410.2. Purity: 99% (HPLC, 254
nm, MeCN/H,O + 0.1% HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min, #; =4.05 min).
R;: 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 HCI 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%). '"H NMR (300 MHz, CDCl,): §/ ppm =
6.54-6.29 (m, 2H), 5.85 (dd, /=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). "C NMR (75.5 MHz,
CDCl,): 6/ 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: v/cm ™' =
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3333, 2959, 2933, 2872, 1693, 1505, 1455, 1392, 1367, 1250, 1161, 1045, 1022, 848, 777. [a]2D° =+13
(10 mg/mL; MeOH). R;: 0.33 (cyclohexane/acetone = 20:1).

Ethyl (E)-5-((tert-butoxycarbonyl)amino)-7-methyl-4-oxooct-2-enoate (11)

A solution of compound 31 (49 mg, 0.20 mmol, 1.0 equiv.), ethyl acrylate (221 xL, 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%). '"H NMR (300 MHz, CDCl,):
6/ppm =720 (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=17.1 Hz, 2H), 1.81-1.67 (m, 1H), 1.43 (s, 9H), 1.32 (t, /= 7.1 Hz, 3H), 1.02-0.91 (m, 6H).
C NMR (75.5 MHz, CDCL,): § / 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: v/ cm ' = 3365, 2958, 2928, 2872, 1704, 1507, 1392, 1367, 1302, 1168, 1025,

981, 873, 784, 668. [a]?) = ~12 (10 mg/mL; CHCI,). ESI-MS: m/z calculated for [C,H, NOs+Na]’

([M+Na]") = 336.2, found: 336.2. Purity: 95% (HPLC, 254 nm, MeCN/H,O + 0.1% HCOOH = 10:90 —
90:10 over 6 min, isocratic 90:10 for 2 min, #; = 5.47 min). R: 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 uL, 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). 'H NMR (300 MHz, CDCl,): § / 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). °C NMR (75.5 MHz, CDCL,):
&/ppm=156.9, 80.4, 60.0,28.4,26.9,20.6. FT-IR: v/ecm™" = 3253, 2979, 2956, 2869, 2829, 1699, 1536,
1470, 1364, 1268, 1172, 1145, 1121, 1071, 855. R 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 NEt; (166 xL,
1.20 mmol, 1.0 equiv.) and ethyl fumaroyl chloride (159 uL, 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%). "H NMR (300 MHz, CDCL,): § / 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). C NMR (75.5 MHz, CDCl,): § / 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: v/ cm ' = 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 [C,H,N,O,+Na]" ([M+Na]") = 337.2, found: 337.0. Purity: 96% (HPLC, 254 nm,

MeCN/H,O + 0.1% HCOOH = 10:90 — 90:10 over 6 min, isocratic 90:10 for 2 min, # = 5.79 min).
R;: 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.’® % 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.’® > 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,*®® which is
subsequently transferred to the ubiquitin-conjugating enzyme (E2).**’ Finally, specific ubiquitin ligases
(E3) catalyze the transfer of ubiquitin to the substrate with the formation of isopeptide bonds at lysine
residues.’®*® In further progress, more ubiquitin units are attached by the three enzymes to form a
polyubiquitin chain.’® It is suggested that at least four ubiquitin units are required to be recognized by
the proteasome.””® 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.*”'

AMP + PP

ATP

ATP

/&/ AMP + PP,
E1

E1

@

Proteasome @

\J Substrate <

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)’”

or be combined with two 19S regulatory caps (ca. 925 kDa) at both ends
(26S proteasome, ca. 2568 kDa) (Figure 33).””* " The central core consists of four stacked rings arranged
as complexes of seven subunits each («, ,, B, -, B, 5, @, ,), of which three subunits of each S-ring (5,, 5,
and f;) contain the active sites.”” " Depending on their substrate specificity, they are categorized as
caspase-like (B,, preference for acidic residues),’ trypsin-like (B,, preference for basic residues), or

chymotrypsin-like (B, preference for hydrophobic residues).””” However, this categorization may not

reflect the true nature of proteasome activity as it appears to be more complex.*”

Lid
19S B
Regulatory particle
Base
a-Ring [
B-Ring [

26S 20S
Core particle B—Riﬂg [

19S

Regulatory particle

Lid

Figure 33: Assembly of the human 26S proteasome (PDB-ID: 5GJR).””* Left: Cartoon model. Right: surface model.

7.1.3 Catalytic mechanism

The N-terminal Thrl represents the catalytically active nucleophile that is suggested to be part of a
catalytic triad including Lys33 and Asp17.°”"” Regardless of their substrate specificity, all subunits

cleave peptides by the same mechanism shown in Scheme 36.” The catalysis is initiated by

deprotonation of ThrlOH via Lys33NH,, followed by nucleophilic attack of Thr1OY at the carbonyl
function of the peptide bond. In this process, the positively charged ThrINH," 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 Thrl1NH, 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.’”
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Scheme 36: Proposed mechanism of peptide hydrolysis proceeded by the catalytic triad Thr1-Lys33-Asp17 of the proteasome.*”
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.*® In past decades, several anti-
cancer drugs were developed,™ such as bortezomib 7 and carfilzomib 10 for treatment of multiple
myeloma.'®" By covalently trapping Thrl, proteasome inhibitors induce a programmed cell death due to
accumulation misfolded proteins and proapoptotic factors.™ 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 f-subunits.*®
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7.2  Summary and own contribution

Note: This section is about a joint project of ||| | | GG T B -
MARVIN SCHWICKERT _ group) in cooperation with _ (- group,

University of Wiirzburg) 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

* and human cathepsin S (CatS),**

(uPA) as a serine,® the proteasome fs-subunit as a threonine,”
T. brucei thodesain (ThCatL)**' as well as the SARS-CoV-2 main protease (MP°)** 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).'"%%73% vinylsulfones, fluorovinylsulfones, nitroalkenes, a-ketobenzothiazoles,
4-oxoenoates, nitriles, and S-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 f-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 + a-ketobenzothiazole (103)

CatS: CatS-inhibitor sequence + nitrile (30)

>

» Rhodesain: rhodesain-inhibitor sequence + nitroalkene (13)
»  MP*: M™-inhibitor sequence + a-ketobenzothiazole (90)

>

Proteasome: Proteasome-inhibitor sequence + boronic acid (bortezomib)
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Figure 34: Combination of characteristic peptidomimetic inhibitor sequences for the targets urokinase-type plasminogen
activator (uPA, PDB-ID: 1W10),** proteasome fs-subunit (PDB-ID: 5LF3),*® cathepsin S (PDB-ID: 1MS6),**> SARS-CoV-2
main protease (MP°, PDB-ID: 6XR3),* and rhodesain (PDB-ID: 2P7U)*' with selected warheads (vinylsulfone,
fluorovinylsulfone, nitroalkene, a-ketobenzothiazole, 4-oxoenoate, nitrile, and f-lactam). The resulting compounds were tested
on each target to determine affinity and selectivity.

245



7 Bortezomib congeners with diverse warheads as proteasome inhibitors

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 B-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 a-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,
a-ketobenzothiazole, f-lactam), writing the corresponding parts in the manuscript and Supporting
Information, designing parts of the reactivity study, among others, NMR-based reactivity study of

C-labeled test compounds, synthesis of *C-labeled compound 115, creation of Figure 1.
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Abstract: Covalent peptidomimetic protease inhibitors have gained a lot of attention in drug devel-
opment in recent years. They are designed to covalently bind the catalytically active amino acids
through electrophilic groups called warheads. Covalent inhibition has an advantage in terms of
pharmacodynamic properties but can also bear toxicity risks due to non-selective off-target protein
binding. Therefore, the right combination of a reactive warhead with a well-suited peptidomimetic
sequence is of great importance. Herein, the selectivities of well-known warheads combined with
peptidomimetic sequences suited for five different proteases were investigated, highlighting the
impact of both structure parts (warhead and peptidomimetic sequence) for affinity and selectivity.
Molecular docking gave insights into the predicted binding modes of the inhibitors inside the binding
pockets of the different enzymes. Moreover, the warheads were investigated by NMR and LC-MS
reactivity assays against serine/threonine and cysteine nucleophile models, as well as by quantum
mechanics simulations.

Keywords: covalent inhibitors; in vitro study; protease inhibitors; peptidomimetic sequence; warhead;
reactivity and selectivity study

1. Introduction

The human organism expresses about 600 different proteases falling into five different
catalytic classes: aspartic, cysteine, metallo, serine and threonine proteases [1,2]. With
their ability to catalyze irreversible protein hydrolysis, these members of the degradome
manage the functions of many proteins through various mechanisms, such as activating
or inactivating, e.g., growth factors, cytokines and other enzymes. As a result, they play
an important role in physiological and developmental processes. These include DNA
replication, cell proliferation and differentiation, but also tissue remodeling and neuronal
outgrowth [3,4]. Due to their essential roles in such vital processes, dysregulation of these
proteins causes severe pathologic conditions, such as cancer and neurodegenerative or
cardiovascular disorders [5,6]. Furthermore, proteases play a key role in infectious diseases
of, for example, parasitic or viral origin. African trypanosomiasis, also called sleeping
sickness, and Chagas disease are caused by parasites and are classified as neglected tropical
diseases and constitute important health issues in Latin American and Sub-Saharan African
countries. For both diseases, proteases have been identified, which are essential for the
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development of the parasites and the progression of the disease [7,8]. The 20192020
coronavirus (SARS-CoV-2) outbreak is the most recent example of a viral disease with
global impact and burden. The viral replication and spreading is associated with proteases
playing crucial roles in the viral life cycle, turning them into valid targets for the design of
new anti-infectives [9,10].

Over the course of time, various protease inhibitors have been discovered either
by targeted design or serendipity. Depending on the target binding site and inhibition
mechanism, the molecular structures vary significantly. These range from small molecules
to macrocyclic drugs and from non-covalent to covalent inhibition types [11-13]. Until
recently, covalent modifiers which consist of an electrophilic trap (warhead) were con-
troversially discussed as therapeutics due to the possibility of unselective reactions with
off-target proteins and associated immunogenicity and toxicity. These compounds are
emerging as potential drugs due to various inherent advantages, such as longer residence
times and an accompanying lower drug dosage necessary for effective therapy [14]. There
are many covalent drugs that have been approved, including some protease inhibitors, such
as the proteasome inhibitors bortezomib or carfilzomib, for treatment of multiple myeloma,
which inhibit the proteasome’s $5-subunit in an irreversible manner, due to the permanent
covalent bond to the catalytically active Thr-1. On the other hand, the nitriles saxagliptin
and vildagliptin for treatment of type 2 diabetes and the recent first-approved cysteine
protease inhibitor nirmatrelvir for treatment of COVID-19 bind covalent-reversibly to their
target proteases, due to the decomposition of the (thio)-imidate adduct formed between the
inhibitor and the amino acid of the protease, which is preferable since covalent-reversible
inhibition leads to a lower risk of haptenization and binding to off-targets [15-17].

The binding of such covalent protease inhibitors proceeds in two stages. A peptidic or
peptidomimetic recognition sequence is mainly responsible for the non-covalent interac-
tions (first step) with the substrate binding pockets. It mainly determines the selectivity
profile of the inhibitor towards the protease of interest, due to polar and non-polar interac-
tions between the peptidic residues and the enzyme sub pockets. In the second step, the
reaction between the warhead and an active site amino acid residue leads to the formation
of a covalent bond, either reversibly or irreversibly, between the drug and the enzyme. This
step mainly determines the affinity of the inhibitor to the target protease [14,18]. However,
the warhead must be suitable for the respective nucleophilic amino acid residue in the
active site. Depending on the type of nucleophile, different warheads can be used to target
thiol or hydroxy groups of amino acid residues. Functional groups, such as p-lactams,
but also boronic acids, which are all considered hard electrophiles with regard to the
HSAB theory, are warheads targeting mainly serine and threonine-based proteases. Unsatu-
rated, vinylogous Michael-acceptor-like structures, which are considered soft electrophiles,
preferably react with cysteine proteases [18-21]. There are also warheads, e.g., ketones,
aldehydes and nitriles, that are similarly suitable for serine-, threonine- and cysteine-based
proteases [22-25]. Thus, exchanging the warhead can lead to different reactivity and affinity
profiles, and alterations to the peptidomimetic/peptidic sequence may affect the selectivity
of an inhibitor.

Within this extensive systematic study, we selected peptidomimetic sequences specif-
ically to ensure a high affinity towards the protease of interest, which will be discussed
below. We collected information about different kinds of warheads regarding their elec-
trophilic properties and inhibition mechanisms to obtain a well-balanced assortment to
potentially target cysteine and serine-/threonine proteases and combined them with the
sequences (Figure 1) [18,21,22,24]. In vitro testing of all inhibitors on every target, first
with the suited peptidomimetic sequence with differing warheads for their on-target and
afterwards towards the off-target proteases, revealed the impact of the peptidomimetic
sequences and the warheads on affinity and selectivity. The results indicate that, depending
on the protease, every tested warhead behaved differently. The experimental results were
compared with molecular docking results, visualizing putative binding modes in order to
achieve a better understanding of the characteristics of the tested compounds.
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Additionally, a reactivity study was carried out using model compounds containing
the seven different warhead types, which were reacted with hydroxy and thiol model
nucleophiles representing serine, threonine and cysteine proteases. Quantum mechanical
computations of the reactions between the warheads and model nucleophiles were used
to explain the experimental reactivity test data. These data highlight the preference of the
warheads for specific active site residues.

To our knowledge, this is the first systematic study of this extent to evaluate the
inhibition properties of peptidomimetic inhibitors with different warheads described in the
literature, including in vitro testing towards a series of selected proteases, reactivity tests
of the warheads in solution with model nucleophiles and in silico studies (docking and
quantum mechanics and kinetic simulations) to explain the experimentally obtained data.

For our studies, the urokinase-type plasminogen activator (uPA) was chosen as a
serine, the f5-subunit of the proteasome as a threonine and human cathepsin S (CatS),
SARS-CoV-2 main protease (MP™) and T. brucei rhodesain (TbCatL) as representatives of
cysteine proteases.

The uPA belongs to the trypsin-like serine protease superfamily and contains a catalytic
triad consisting of Ser195, His57 and Asp102 [26]. The enzyme is involved in several
physiological functions, such as the degradation of the extracellular matrix (ECM), cell
migration and thrombolysis [27,28]. Dysregulation of the uPA is involved in the metastasis
of several cancer species [29]. We chose Ac—(L)Gly—(L)Thr—(L)Ala~(L)Arg—(warhead) as
the specific peptidomimetic sequence for the uPA-inhibitors because of its high selectivity,
which has been reported in the literature [30].

The 205 proteasome is responsible for most of the protein degradation in cells but can
also lead to cancer by dysfunction [31]. It consists of three -subunits (81, 52 and 85), each
containing a catalytic threonine. Here, we focus on the g5-subunit with the catalytic triad
Thrl, Lys33 and Asp17, as it has the greatest impact on the proteolytic activity of the 205
proteasome. We selected the peptidomimetic sequence of bortezomib Pyz—(L)Phe—(L)Leu—
(warhead) because of its clinically proven properties as a potent drug [32].

As cysteine proteases, we chose CatS, MP™ and rhodesain. Since CatS and rhodesain
are both members of the papain family, they would allow a closer examination of the
selectivity of the tested inhibitors towards related proteases [33]. CatS contains a catalytic
dyad consisting of Cys25 and Hisl164 [34]. It is partly tethered at the cell surface and
involved in tissue remodeling, which can lead to cancer cell growth and spreading [35].
We utilized the peptidomimetic sequence morpholine—(L)cyAla—(L)Ser(OBn)—(warhead)
which has been reported in the literature because of its described affinity and selectivity
properties [36].

In contrast to the aforementioned proteases, rhodesain and MP™ do not originate from
the human organism but play significant roles in the progression of infectious diseases.
Rhodesain is essential for the development of the parasite Trypanosoma brucei rhodesiense,
which is responsible for the sleeping sickness “Human African Trypanosomiasis”. Anal-
ogously to CatS, it contains a catalytic dyad consisting of Cys25 and His159 [37]. There
are various peptidomimetic sequences that have been published for rhodesain inhibitors.
We decided to utilize Cbz—(L)Phe—(L)iPhe—(warhead), as it is a commonly used sequence
with great affinity and selectivity [38]. MP™ originates from SARS-CoV-2 and plays a key
role in the virus replication. The active site contains Cys145 and His164 as a catalytic
dyad [39]. Similar to the newly published MP™ inhibitors, we chose 4-(OMe)-1H-indole—-
(L)Leu-3-[(35)-2-oxopyrrolidin-3-yl]-(L)Ala—(warhead) as the general structure [40]. All
peptidomimetic sequences and warheads are illustrated in Figure 1.
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Figure 1. Combination of characteristic peptidomimetic inhibitor sequences for the targets: urokinase-
type plasminogen activator (uPA), PDB-ID: 1W10 [41], proteasome p5-subunit, PDB-ID: 5LE3 [42],
cathepsin S, PDB-ID: 1MS6 [43], SARS-CoV-2 main protease (MP™), PDB-ID: 6XR3 [44] and rhode-
sain, PDB-ID: 2P7U [45], with selected warheads (vinyl sulfone, F-vinyl sulfone, nitroalkene, a-
ketobenzothiazole, 4-oxoenoate, nitrile and p-lactam). The resulting compounds were tested on each
target to determine affinity and selectivity.

2. Results
2.1. Chemistry
2.1.1. Synthesis of Precursors

All tested substances were synthesized in multi-step reactions [19,21]. Regarding the
synthesis of the (F-)vinyl sulfone and B-lactam compounds, the same precursor molecules
were used repeatedly. The preparation of these precursors is shown in Scheme 1.

A
o
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- _Ph
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Scheme 1. Synthesis of precursor molecules. (A) Synthesis of phosphonate building block 4.
(B) Synthesis of f-Lactam building block 9. Reaction conditions: (a) n-BuLi, DECP, THF, —78 °C;
(b) 3, LHMDS, Selectfluor®, THF, DMF, —78 °C, 3 h, 49%; (c) Cbz-Cl, NaHCO3, H,O, 12 h, rt, 90%;
(d) aniline, TBTU, HOBt - H,O, EtOAc, 12 h, rt, 74%; (e) ImSO,, NaH, DMF, F20 °C, 1.5 h, 77%;
(f) Pd/C, Hy, THF, 88%.
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In a substitution reaction on diethyl chlorophosphate (DECP) 2 using methyl phenyl
sulfone 1 and n-butyllithium (n-BuLi), the phosphonate 3 was prepared. Subsequent
fluorination of 3 with Selectfluor® led to phosphonate 4. These precursors were used for
the synthesis of vinyl sulfone warheads.

The synthesis of the p-lactam precursor 9 was conducted from L-serine. Benzyloxy-
carbonyl (Cbz) protection followed by amide coupling of the free carboxylic acid moiety
with aniline led to the intermediate 7. The following cyclisation was performed using 1,1'-
sulfonyldiimidazol (ImSQ;) and sodium hydride (NaH). Cbz deprotection with hydrogen
and palladium on carbon (Pd/C) yielded precursor 9.

2.1.2. Rhodesain Inhibitors

The synthesis of substances with the targeting structure designed for rhodesain was
conducted according to Scheme 2.

H
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Scheme 2. Synthesis of rhodesain compounds. Reaction conditions: (a) N,O-dimethylhydroxylamine
- HCl, DCC, HOBt - H,0, DIPEA, THE, rt, 12 h, 46%; (b) LAH, THF, 0 °C, 2 h, 67%; (c) 1. MeNO>,
EtzN, DCM, rt, 8 h, 2. TFA, DCM, rt, 0.5 h, 3. Cbz-(L)Phe-OH, EDC - HCI, TEA, DCM, rt, 12 h, 4.
MsCl, DIPEA, DCM, rt, 2 h, 75%; (d) 3/4, LIHMDS, THF, —80 °C, 12 h, 59% (14), 57% (15); (e) TFA,
DCM, Cbz-(L)Phe-OH, T3P, DIPEA, DME, rt, 12 h, 65% (16), 48% (17); (f) 1. benzothiazole, n-BuLi,
THF, —78 °C, 3 h, 2. TFA, DCM, rt, 2 h, 3. Cbz-(L)Phe-OH, EDC - HCl, HOBt - H;O, Et3N, DCM, rt,
8 h, 56%; (g) H-(L)iPhe-OMe, HATU, 2,4,6-collidine, DCM/DMEF, rt, 16 h, quant.; (h) DMMP, n-BuLi,
THE, —70 °C, 2 h, 98%; (i) ethyl glyoxylate, K;COj, EtOH, rt, 2 h, 76%; (j) LIOH, THE /H,O, tt, 16 h,
quant.; (k) 9, HATU, 2,4,6-collidine, DCM/DMEF, rt, 16 h, 67%; (1) 1. EDC - HCl, HOBt - H,O, NH;OH,
DME, rt, 12 h, 2. TFAA, pyridine, DMF, 0 °C, 0.1 h, 40%.

The first step of the synthesis of rhodesain inhibitors was the conversion of Boc-
(LYhPhe-OH 10 into Weinreb amide 11. From this intermediate, the nitroalkene inhibitor
13 was accessible by reduction to aldehyde 12 and subsequent Henry reaction followed
by standard deprotection and amide coupling to connect the P2-P3 residues. In a similar
way, the vinyl sulfone 16 and F-vinyl sulfone 17 were obtained, whereby the aldehyde 12
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was used in a Horner-Wadsworth-Emmons (HWE) reaction with the precursors 3 and 4
followed by the attachment of the P2-P3 residues. The a-ketobenzothiazole inhibitor 18
was prepared by alkylation of the Weinreb amide 11 with benzothiazole and subsequent
attachment of the P2-P3 residues. Starting from Boc-(L)iPhe-OH, the methyl ester 20 was
prepared by amide coupling. A following alkylation with dimethyl methylphosphonate
(DMMP) and HWE reaction with ethyl glyoxylate led to the 4-oxoenoate 22. For the
synthesis of f-lactam 24, hydrolysis of methyl ester 20 and amide coupling with precursor
9 yielded the desired product. Nitrile 25 was prepared from carboxylic acid 23 via amide
coupling with ammonia followed by dehydration.

2.1.3. Cathepsin S Inhibitors

Compounds designed for the inhibition of cathepsin S were synthesized according
to Scheme 3.
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Scheme 3. Synthesis of cathepsin S compounds. Reaction conditions: (a) SOCl, MeOH, -10 °C, 16 h,
91%; (b) morpholine, triphosgene, NaHCOs, CHCly, 0 °C; 16 h, 98%; (c) LiOH, THF/H;0O, 3 h, 97%;
(d) 1. NaCN, NH,Cl, NHj3, 2-(benzyloxy)acetaldehyde, Et,O, 2. HATU, 2,4,6-collidine, DCM/DME,
rt, 16 h, 53%; (e) N,O-dimethylhydroxylamine - HCI, DCC, HOBt - H,O, DIPEA, THF, -15-0°C, 16 h,
80%; (f) 1. LAH, Etz0, 0 °C, 2 h, 2. 3/4, KHMDS/ LHMDS, THF, =78 °C, 3 h; 75% (33), 44% (34); (g) 1.
4 N HCl in 1,4-dioxane, 2. 29, HATU, collidine, DCM/DMEF, rt, 16 h, 63% (35), 60% (36); (h) Mel, DMF,
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0 °C, 16 h, 97%; (i) n-BuLi, DMMP, THF, -78 °C, 3 h, 79%; (j) 1. 4 N HCl in 1,4-dioxane, 2. 29,
HATU, 2,4,6-collidine, DCM/DME, rt, 16 h, 52%; (k) LiCl, ethyl glyoxylate, DIPEA, MeCN, 0 °C,
2 h, 39%; (1) benzothiazole, n-BuLi, THF, =78 °C, 3 h, 38%; (m) 1. 4 N HCl in 1,4-dioxane, 2. 29
HATU, 2 4,6-collidine, DCM/DME, rt, 16 h, 43%; (n) 1.4 N HCl in 1,4-dioxane, 2. 29, HATU, collidine,
DCM/DME 1t, 16 h, 90%; (0) LiOH, THF/H,0, rt, 3 h, 99%; (p) 9, HATU, 2,4,6-collidine, DCM /DMF,
rt, 16 h, 81%; (q) NaBH4, MeOH, THEF, 0 °C, 16 h, 91%; (r) Dess-Martin-Periodinan, DCM, rt, 16 h,
70%; (s) NaH, MeNO», THFE, 0 °C, 1 h, 58%; (t) MsCl, Et;N, DCM, 0 °C, 3 h, 45%.

For the synthesis of cathepsin S inhibitors, the P2-P3 intermediate 29 was used re-
peatedly. It was prepared by attaching a morpholino-urea residue to cyclohexyl alanine
26 followed by hydrolysis of the methyl ester. In a direct conversion from 29, the nitrile
inhibitor 30 was prepared by amide coupling with ammonia and dehydration. From
Boc-(L)Ser(OBn)-OH 31, the vinyl sulfone 35 and F-vinyl sulfone 36 were obtained by con-
version into Weinreb amide 32 followed by reduction, HWE reaction with the precursors
3 and 4 and subsequent standard deprotection and amide coupling with intermediate 29.
Boc-(L)Ser(OBn)-OH 31 was also converted into the methyl ester 37, which was used for
the synthesis of the 4-oxoenoate 40. Therefore, an alkylation with DMMP and subsequent
introduction of the P2 and P3 residues by deprotection and amide coupling led to the
phosphonate intermediate 39, which was converted into the desired product by HWE
reaction with ethyl glyoxylate. The a-ketobenzothiazole 42 was prepared from methyl ester
37 in an alkylation reaction with benzothiazole and attachment of the P2-P3 residues by
deprotection and amide coupling with intermediate 29. Starting from methyl ester 37, de-
protection and amide coupling with intermediate 29 led to the methyl ester intermediate 43,
which was converted into the f-lactam 45 by hydrolysis and amide coupling with precursor
9. The nitroalkene 49 also was prepared from methyl ester 43 by firstly converting it to the
alcohol 46 and then to aldehyde 47, which was used in a Henry reaction with nitromethane
and subsequent dehydration.

2.1.4. Proteasome (35-Subunit Inhibitors

Compounds designed for the inhibition of the proteasome $5-subunit were synthe-
sized according to Scheme 4.

The synthesis of proteasome p5-subunit targeting compounds started from Boc-(L)Leu-
OH 50, which was converted into the Weinreb amide 51. From this, the F-vinyl sulfone
55 was prepared by reduction to aldehyde 52 and subsequent HWE reaction followed
by a standard deprotection and amide coupling procedure connecting the P2 and P3
residues. For the vinyl sulfone inhibitor 58, a different route was taken. First, the Weinreb
amide intermediate 56 containing the P2 and P3 residues was prepared by standard amide
coupling. Subsequent reduction and HWE reaction led to the desired inhibitor. The
Weinreb amide 57 was also the intermediate for nitroalkene 59, which was prepared by
reduction and Henry reaction with subsequent dehydration. From Weinreb amide 51, the
a-ketobenzothiazole moiety was introduced by alkylation. The attachment of the P2 and P3
residues by standard deprotection and amide coupling yielded the a-ketobenzothiazole 62.

The 4-oxoenoate inhibitor 68 was prepared by HWE reaction of ethyl glyoxylate with
the phosphonate intermediate 67. The latter was synthesized by starting with the Boc
protection of H-(L)Leu-OMe - HCI 63, followed by alkylation of the methyl ester with
DMMP and successive deprotection/amide coupling to introduce the P2 and P3 residues.
In the same way, the introduction of the P2 and P3 residues to H-(L)Leu-OMe - HC1 63 led
to the methyl ester intermediate 70, from which the p-lactam 72 was prepared by hydrolysis
and subsequent amide coupling with precursor 9. Methyl ester 70 was also converted into
the nitrile 74 by ammonolysis and dehydration.
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Scheme 4. Synthesis of proteasome p5-subunit compounds. Reaction conditions: (a) N,O-
dimethylhydroxylamine - HCI, TBTU, HOBt - H,O, 2,4,6-collidine, DCM, 0-20 °C, 16 h, 86%; (b) LAH,
THE, 0 °C, 30 min, 29%; (c) 4, LiCl, DBU, MeCN, 0 °C, 1 h, 80%; (d) 1. 4 N HCl in 1,4-dioxane, rt,
1 h, 2. Boc-Phe-OH, TBTU, HOBt - H>0, 2,4,6-collidine, DCM, 0 °C, 16 h, 97%; () 1. 4 N HCl in
1,4-dioxane, rt, 1.5 h, 2. pyrazinoic acid, TBTU, HOBt - H,0, 2,4,6-collidine, DCM, 0 °C, 16 h, 67%;
(f) 1. 4 N HCl in 1,4-dioxane, rt, 1 h, 2. Boc-(L)Phe-OH, TBTU, HOBt - H,0, 2,4,6-collidine, DCM,
0-20 °C, 16 h, 97%; (g) 1. 4 N HCl in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt - H,O,
2,4,6-collidine, DCM, 0-20 °C, 16 h, 88%; (h) 1. LAH, THEF, 0 °C, 1 h, 2. 3, LiCl, DBU, MeCN, 0 °C,
1.5h,11%; (i) 1. LAH, THE 0 °C, 1 h, 2. MeNO» Et;N, DCM, 0-20 °C, 16h, 3. MsCl, DIPEA, DCM,
rt, 3 h, 19%; (j) benzothiazole, n-BuLi, THE -78 °C, 6 h, 65%; (k) 1. 4 N HCl in 1,4-dioxane, rt, 1 h,
2. Boc-(L)Phe-OH, TBTU, HOBt - H,0, 2,4 6-collidine, DCM, 0-20 °C, 16 h, 68%; (1) 1. 4 N HCl
in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt - H,O, 2,4,6-collidine, DCM, 0-20 °C, 16 h,
53%; (m) Boc; O, NaHCO;3, water, 1,4-dioxane, 3 h, rt, 99%; (n) n-BuLi, THF, -78 °C, 6 h, 88%; (o) 1.
4 N HCl in 1,4-dioxane, rt, 1 h, 2. Boc-(L)Phe-OH, TBTU, HOBt - H»O, 2,4,6-collidine, DCM, DME,
0-20 °C, 16 h, 72%; (p) 1. 4 N HCl in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt - H,O,
2,4,6-collidine, DCM, DME, 0-20 °C, 16 h, 66%; (q) ethyl glyoxylate, LiCl, DIPEA, MeCN, 1 h, 0 °C,
79%; (r) Boc-(L)Phe-OH, TBTU, HOBt - H,0, 2,4,6-collidine, DCM, 0-20 °C, 16 h, 82%; (s) 1. 4 N HCI
in 1,4-dioxane, rt, 1 h, 2. pyrazinoic acid, TBTU, HOBt - H;O, 2,4,6-collidine, DCM, 0-20 °C, 16 h,
82%; (t) LiOH, water, THF, rt, 17 h, quant.; (u) 9, TBTU, HOBt - H,O, 2,4,6-collidine, DCM, 0-20 °C,
16 h, 65%; (v) 7 N NH; in MeOH, rt, 48 h, 89%,; (w) cyanuric chloride, DMF, 0 °C, 48 h, 47%.
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2.1.5. SARS-CoV-2 MP' Inhibitors

Compounds designed for the inhibition of SARS-CoV-2 MP™ were synthesized accord-
ing to Scheme 5.
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Scheme 5. Synthesis of SARS-CoV-2 MP™ compounds. Reaction conditions: (a) H-(L)Leu-OBn -
pTsOH, TBTU, DIPEA, DCM, 0-20 °C, 16 h, 93%; (b) Hp, Pd/C (10%), EtOH, quant.; (c) DMMP,
n-Buli, THF, =78 °C, 5 h, 24%; (d) 1. TEA, DCM, 0 °C, 3 h, 2. 77, EtOCOCI, NMM, THEF, =20 °C,
2 h, 40%; (e) ethyl glyoxylate, LiCl, DIPEA, MeCN, 0 °C, 2 h, 47%; (f) 1. TFA, DCM, 0 °C, 3 h, 2. 77,
HATU, 2,4,6-collidine, DMF, 0-20 °C, 16 h, 83%; (g) 1. LiOH, THF/H,0, 04 °C, 16 h, 2. NH,OH,
HATU, OxymaPure®, 2,4,6-colllidine, DMF, 0-20 °C, 16 h, 65%; (h) burgess reagent, DCM, rt, 2 h,
67%; (i) 1. LiOH, THF/MeOH/H,0, 0-4 °C, 16 h, 2. N,O-dimethylhydroxylamine - HCI, HATU,
2,4,6-colllidine, DMF, 0-20 °C, 16 h, 76%; (j) 1. LAH, THF, —20 °C, 2 h, 2. MeNOy, EtNj;, DCM, rt,
15 h, 71%; (k) 1. TFA, DCM, 0 °C, 3 h, 2. 77, EDC - HCI], HOBt - H>O, DIPEA, DCM, 0-20 °C, 16 h, 3.
MsCl, DIPEA, DCM, 0-20 °C, 16 h, 50%; (1) benzothiazole, n-BuLi, THF, =78 °C, 5 h, 59%; (m) 1. TFA,
DCM, 0 °C, 3 h, 2. 77, EtOCOCI, NMM, THF, -20 °C, 2 h, 54%; (n) 1. LAH, THF, —20 °C, 2 h, 2. 3/4,
LiCl, DBU, MeCN, 0 °C, 2 h, 65% (89), 35% (90); (0) 1. TEA, DCM, 0 °C, 3 h, 2. 77, EtOCOCI, NMM,
THE, -20 °C, 2 h, 18% (91), 15% (92); (p) 1. LiOH, water, THF, 16 h, 2. 9, TBTU, HOBt - H,O, DIPEA,
DCM, 0-20 °C, 48 h, 39%; (q) TFA, DCM, 0 °C, 3 h, 2. 77, EtOCOCI, NMM, THEF, -20 °C, 2 h, 80%.
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Potential SARS-CoV-2 MP™ inhibitors were synthesized, starting from the rigidized
glutamine analogs 78 and 85, which had been prepared according to methods reported in
the literature [46,47]. The P2-P3 residues fragment of the potential inhibitors was prepared
by standard amide coupling with 75 and subsequent deprotection, yielding the intermediate
77. From glutamine analog 78, the 4-oxoenoate 81 was prepared by alkylation with DMMP
and subsequent deprotection and amide coupling with 77 followed by HWE reaction with
ethyl glyoxylate. Also starting from 78, deprotection and amide coupling with 77 followed
by hydrolysis and coupling with ammonia and subsequent dehydration yielded the nitrile
inhibitor 84. Starting with the preparation of Weinreb amide 86 from glutamine analog 85,
the nitroalkene 88 was accessible through reduction, a subsequent Henry reaction with
nitromethane followed by dehydration and final deprotection and amide coupling with
77. Introduction of the a-ketobenzothiazole moiety to 86 and connection of the P2-P3
residues by deprotection and coupling with 77 led to a-ketobenzothiazole 90. Similarly, the
reduction of 86 and HWE reaction with the precursors 3 and 4 and subsequent attachment
of the P2-P3 residues yielded the vinyl sulfone 93 and F-vinyl sulfone 94. For the p-lactam
96, hydrolysis of 85 and amide coupling with precursor 9 followed by attachment of the
P2-P3 residues yielded the desired product.

2.1.6. uPA Inhibitors

Compounds designed for the inhibition of the uPA were synthesized according to
Scheme 6.
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A por A P
HN™ N HN™ N HNZ ~NH;
101 102 103
H Q.0 a o 9 H Q.0
WA
Bm”NSA(S‘Ph )LN N NJ\WN % Sepp
. R oo Ho6 iR
d e OH \L
I NH
_Pbf
HNTN" q04,R=H 106,R=H HN" 'NH;
105,R=F 107,R=F

Scheme 6. Synthesis of the uPA compounds. (A) solid phase peptide synthesis of building
block 99. (B) combined synthesis of the final uPA compounds. Reaction conditions: (a) N,O-
dimethylhydroxylamine- HCI, TBTU, DIPEA, DCM, rt, 12 h, 95%; (b) benzothiazole, n-BuLi, THF,
-78°C, 2 h, 76%; (c) 1. TFA, DCM, rt, 0.5 h, 2. HATU, DIPEA, DMF, DCM, rt, 12 h, 3. TFA, DCM, rt,
2 h, 10%; (d) 1. LAH, THEF, 0 °C, 2. 3/4, LiCl, DBU, MeCN, 0 °C, 1 h, 72% (104), 31% (105); (e) 1. TFA,
DCM, rt, 0.5 h, 2. 99, HATU, DIPEA, DMF, DCM, rt, 12 h, 3. TFA, DCM, rt, 2 h, 16% (106), 11% (107).

The potential uPa inhibitors are based on a peptide sequence which was synthesized
via a standard Fmoc solid-phase peptide synthesis (SPPS) protocol. The obtained peptide
99 was coupled to the a-ketobenzothiazole intermediate 102, which had been prepared
from Boc- (L)Arg(Pbf)-OH 100 by alkylation of its Weinreb amide with benzothiazole to
yield the a-ketobenzothiazole 103, after deprotection. The vinyl sulfone 106 and F-vinyl
sulfone 107 were prepared by reduction of Weinreb amide 101, followed by a subsequent
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HWE reaction with the precursors 104 and 105, which were then coupled with 99 and
finally deprotected. The inhibitors with the -lactam, nitrile and 4-oxoeonoate moiety were
not synthetically accessible due to the acidic conditions for the Pbf-deprotection to obtain
the final inhibitors.

2.1.7. Synthesis of Reactivity Probes
Substances designed for reactivity assay were synthesized according to Scheme 7.
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Scheme 7. Synthesis of the reactivity probes. Reaction conditions: (a) 9, HATU, collidine, DCM, DMF,
rt, 16 h, 97%; (b) TBTU, HOBt - H;O, N,O-dimethylhydroxylamine - HCI, 2,4,6-collidine, rt, 12 h,
quant.; (c) 1. LAH, Et;O, 0 °C, 1 h, 89%; (d) 3/4, LiCl, DBU, MeCN, 0 °C, 1 h, 50% (109), 30% (110);
(¢) 1. NaH, MeNO,, THF, 0 °C, 1 h, 2. MsCl, Et;N, DCM, 0 °C, 1 h, 15%; (f) DMMP, n-BuLi, THE,
-78 °C, 1.5 h, 70%; (g) ethyl glyoxylate, LiCl, DBU, MeCN, 0 °C, 1 h, 45%; (h) TBTU, HOBt - H;0,
N,O-dimethylhydroxylamine - HCI, 2,4,6-collidine, 0-20 °C, 16 h, 95%; (i) benzothiazole, n-BuLi, THF,
~78°C, 3.5 h, 56%; (j) EDC - HCl, HOBt - H,0, NH,OH, DME, tt, 16 h, 14%; (k) TFAA, pyridine, THF,
-10°C, 2 h, 74%.

For the synthesis of the reactivity probes, leucine was chosen as the model amino
acid due to availability and to avoid side-chain reactivity. The different warheads were
synthesized in the same way as described above for the full peptidic/peptidomimetic
inhibitors. The S-lactam 108, (F-)vinyl sulfone 109, 110 and nitroalkene 111 reactivity
probes were synthesized starting from Boc-(L)Leu-OH 50, whereas the 4-oxoenoate 112
was prepared from Boc-(L)Leu-OMe 64. Boc-(L)Leu-1-1*C-OH 113 was the starting material
for the 3C-labelled a-ketobenzothiazole 115 and nitrile 117 reactivity probes.

2.2. Reactivity Tests

To investigate the reactivity between the different warheads towards the three classes
of proteases (serine, threonine and cysteine proteases), their behavior in model systems
under the same reaction conditions (solvent, nucleophile and base) using either NMR or
LC-MS analysis was investigated. We used reactivity probes with a Boc-L-Leu-(warhead)
sequence. Leucin was chosen as a P1 amino acid to minimize influences of the side chain
and due to synthetic accessibility. 2-Phenylethanethiol was used as a model nucleophile
to mimic the thiol moiety of cysteine proteases, and sodium ethoxide was used as a ser-
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ine/threonine replacement. DMSO-d; was used as solvent. Under these conditions, the nu-
cleophile is deprotonated, simulating the activated serine or threonine in the catalytic triad
of serine and threonine proteases, while ethanol as protonated alcohol species turned out
to be unreactive in preliminary test reactions. The reactivity tests using 2-phenylethanthiol
were carried out in the presence and absence of triethylamine as a base. This allowed for a
reactivity comparison of the warheads towards protonated and deprotonated nucleophilic
thiol species. Generating a deprotonated thiol species in the presence of triethylamine
simulates the deprotonated cysteine in the catalytic dyad of cysteine proteases. Scheme 8
illustrates the reaction of the reactivity assay with both model nucleophiles and the vinyl
sulfone moiety 109 as an example.

Ph

J

00 S
oY - +- (EtsN) H Q\S,P
Boc” “Ph e —_— - -
\é/\/ v Hs pey— Boc Ph
P (2eq) P
109 18
0.0 oJ
i R NaOEt H op
Boc” S-S T Boc’N S‘Fh
DMSO, rt
P P
109 119

Scheme 8. Reaction scheme of the reactivity assay with both model nucleophiles under equal reaction
conditions and the vinyl sulfone moiety 109.

The reactivity tests of all Michael acceptors, 109, 110, 111 and 112, the a-ketobenzothiazole
115 and nitrile 117 were investigated using an NMR-based analysis method, while the
B-lactam 108 reactivity was investigated via LC-MS, due to its lack of proton signals, which
could be used for evaluation of the reactivity in the TH-NMR studies, and the irreversible
reaction mechanism, which allowed the LC-MS analysis. Additionally, LC-MS analyses
of all reactions were performed in order to prove the formation of the expected reaction
products. Formation of the expected adducts with the nitrile 117 (PhEtSH/PhEtS™/EtONa),
the a-ketobenzothiazole 115 (PhEtSH/PhEtS™) and the nitroalkene 111 (EtONa) could
not be observed. This may have been due to the covalent reversible reaction mechanism
of the nitrile and a-ketobenzothiazole and the overall difficult ionization of the specific
compounds by an electron spray ionization mass spectrometer.

Method A (NMR): 'H-NMR spectra were recorded for the respective warhead and
nucleophile mixture, before the addition of the nucleophile (0 min) and after 5, 30, 60, 120
and 240 min reaction time. For quantification, the double bond-signals (doublet/doublet
of doublets, around 7.4-6.7 ppm) of the Michael acceptors were integrated relative to
1,3-dioxolane as an internal standard. The acetal CH; signal of the internal standard at
5.3 ppm was used as a reference.

The a-ketobenzothiazole 115 and nitrile 117 were similarly analyzed by 3C-NMR.
Therefore, the corresponding '?C-leucin derivates were synthesized (Scheme 7). Quan-
tifications of the reactions were carried out by using the integral of the carbonyl carbon
atom signal at 195 ppm for the a-ketobenzothiazole and 120 ppm for the nitrile moiety. The
reference signal of DMSO-dg was set to 39.52 ppm.

In Figure 2, the TH-NMR spectra of the test reaction of the 4-oxoenoate 112 with
2-phenylethanthiol 118 are shown exemplarily. After four hours, 92% conversion of the
inhibitor to the product 120 was observed. LC-MS analysis confirmed the diastereomeric
formation of the expected product 120.



Int. J. Mol. Sci. 2023, 24, 7226

7.3 Manuscript

13 of 29

¥
8

=

Y
8

240 min -n

E g
- 5 min =
—_ Y
8 L}
30 min
— L
. Y
- g
60 min
o i
o 3o
§
S Y
T
Loy g
-

6.5 64

6.2 6.1

6.0

5.9 5.8 5.7 56 55 54

66 63
f1 (ppm)
m/z: 313.19 m/z: 451.24
|
M
s 60 65 70 75 80 85 90 95
min
~_FPh J——
2l DMSO, rt
(2eq.)

m/z: 313.19

120 Ph
m/z: 451.24

Figure 2. TH-NMR spectra of the 4-oxoenoate 112 before the addition (0 min) and after 5, 30, 60, 120
and 240 min reaction time with 2-phenylethanthiol in the absence of triethylamine. The integrals of
the B-proton of the double bond at 7.17 ppm in relation to the 2-CHj signal of the internal standard
1,3-dioxolane at 5.3 ppm are given. LC-MS analysis of the same reaction at 30 min.

Method B (LC-MS): The reactivity of the p-lactam test compound 108 with the nucle-
ophiles was investigated using an LC-MS-based method. To quantify the conversion, the
AUCs were determined at 254 nm. In Figure 3, the UV spectra of the test reaction of the
B-lactam 108 with EtONa are shown exemplarily. After one hour, complete conversion of
the inhibitor to the adduct 122 was observed.
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Figure 3. LC-MS spectra of the -lactam 108 before (0 min) the addition and after 5, 30 and 60 min
reaction time with sodium ethoxide.

All 'TH-NMR/13C-NMR spectra and chromatograms of the reactivity tests are pre-
sented in the Supporting Information (Figures S1-518). The reactivity test results of all
warhead compounds with PhEtSH, PhEtSH + Et3N and EtONa are shown in Figure 4.

(A) PhEtSH (B) PhEtSH + Et;N
100+ 100
-+~ 4-Oxoenoate -o- 4-Oxoenoate
E 754 -=- Vinyl sulfone g 7 -=~ Vinyl sulfone
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0 — 0
0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
time [min] (C) EtONa time [min]
L -e- 4-Oxoenoate
:\: 754 = Vinyl sulfone
= -+ F-vinyl sulfone
% 504 == Nitroalkene
g —+~ fHactam
8 254 -=- Ketobenzothiazole
- Nitrile

0 30 60 90 120 150 1&0 210 2;0
time [min]
Figure 4. Progress curves of the reactions of the different warhead compounds with the model
nucleophiles PhEtSH, PhEtSH + Et;N and EtONa as measured by NMR and LC-MS analysis.

As depicted in Figure 4A, the 4-oxoenoate 112, the a-ketobenzothiazole 115 and the
nitrile 117 moiety did indeed react with PhEtSH under non-basic conditions. In contrast,
conversion was not observed with the vinyl sulfone 109, F-vinyl sulfone 110, g-lactam 108
and nitroalkene 111 warheads. After 240 min, the 4-oxoenoate 112 had nearly completely
(92%) reacted with PhEtSH, while only 18% conversion of the a-ketobenzothiazole 115
was observed. The equilibrium of the a-ketobenzothiazole 116 was reached after 5 min.
Similarly, with the nitrile moiety 117, only 7% conversion was detected, indicating that the
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formed thioimidate adduct is relatively unstable (Figure 4A). With the addition of Et;N
(Figure 4B) the overall reactivity increased. Every warhead except the f-lactam 108 and the
nitrile 117 reacted with the deprotonated thiol species. Full conversion of the 4-oxoenoate
112 could be observed after 5 min, followed by the vinyl sulfone 109, which took 60 min
for complete reaction. The F-vinyl sulfone 110 and nitroalkene 111 both showed similar
reactivity with the thiolate species, with a maximum conversion of 86% and 82% after
240 min, respectively. The a-ketobenzothiazole 115 also showed an increased reactivity,
with around 30% conversion. The reactivity tests with EtONa as nucleophile revealed the
4-oxoenoate 112 moiety as the most reactive warhead, which was completely consumed
after 5 min (Figure 4C). However, LC-MS analysis did not prove the formation of the
expected product but rather unspecific conversion of 112 (see Supplementary Materials,
Figure S8). The nitroalkene 111 showed a similar behavior in comparison to the reactivity
test with the deprotonated thiolate species, with a conversion of 84% after 240 min. The -
lactam 108 compound showed full conversion after 60 min. In contrast to the deprotonated
PhEtSH species, the results indicated a much slower reactivity of the vinyl sulfone 109 with
a conversion of 70% after 240 min. No conversion with EtONa was observed for the F-vinyl
sulfone 110. The a-ketobenzothiazole 115 showed a higher conversion in the presence of
EtONa (37%) than with PhEtSH, but reached this maximum only after 60 min, showing a
slower reaction rate compared to the deprotonated thiol species at 5 min. The equilibrium
between the a-ketobenzothiazole 115 and hemiacetal shifted to 37% conversion and was
higher compared to the reactivity test with the thiol nucleophiles. The nitrile 117 showed a
similar conversion at 5 min with EtONa compared to the protonated thiol species, with 10%
conversion, but again decreased after a period of time, which again indicates the instability
of the imidate adduct under basic conditions.

The high reactivity of the 4-oxoenoate 112 warhead with the thiolate is in accordance
with the high inhibitory potency of dipeptidyl 4-oxoenoate-based compounds against
cysteine protease [48]. The missing reactivity of both vinyl sulfones 109 and 110 toward
protonated thiol species and the high reactivity with deprotonated thiols are also in agree-
ment with the high activity of vinyl sulfone inhibitors against cysteine proteases with a
thiolate residue in the catalytic center, as reported in the literature.

Nitroalkenes are classified as cysteine targeting warheads, which is also confirmed by
the observed reactivity with the model thiolate nucleophile [49].

B-lactams are commonly known as warheads in antibacterial agents with transpeptidase-
inhibiting properties but have also been used in the development of serine protease in-
hibitors [21,50,51]. The reactivity tests demonstrate the preference for alcoholate-based
nucleophiles, since they only reacted with EtONa and not with PhEtSH/PhEtS ™.

x-Ketobenzothiazole derivatives are used as potent serine and cysteine protease in-
hibitors [52,53]. Therefore, the reactivity of the a-ketobenzothiazole 115 moiety towards all
three model nucleophiles was expected. In accordance with the HSAB concept, the stability
of the tetrahedral (thio)hemiacetal decreased from the hard sodium ethoxide to the soft
thiol /thiolate nucleophiles (EtONa>PhEtS™ PhEtSH) after 240 min.

The observed reaction of the nitrile 117 with both nucleophiles (PhEtSH/EtONa) is in
accordance with the well-known reactivity of nitrile-based drugs. The observed instability
of the (thio)-imidate adduct might have been due to the neutral or basic reaction conditions
in solution [54,55]. In contrast, the (thio)imidate adduct is stabilized by interaction with
amino acid residues of the enzyme pocket [56].

2.3. Quantum Mechanics Simulations

As model nucleophiles for the QM simulations, methanethiol /ate and methanolate
were used. While the formed products were identical, the warheads vinyl sulfone, F-
vinyl sulfone and nitroalkene exhibited varying reactivities for PhEtSH and PhEtSH in the
presence of triethylamine. Only for 4-oxoenoate and a-ketobenzothiazole was significant
reactivity towards PhEtSH observed, whereas for PhEtSH + Et3N, all warheads except the
nitrile and the $-lactam showed reactivity (Figure 4). Since most of the reaction energies
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with both MeSH and MeSH + EtzN were computed to be exergonic (Figure 5A), this
cannot be explained merely by thermodynamics. For instance, the experimental results
do not show reactivity of the warheads vinyl sulfone, F-vinyl sulfone and nitroalkene
with PhEtSH, despite a computed negative free energy of reaction. Thus, to determine
whether a reaction can be expected to take place, it is important to consider the whole
reaction path, including the activation barriers, which determine the kinetics. Previous
calculations have revealed that MeSH is often insufficiently nucleophilic to allow a reaction
to occur at room temperature [57]. A base, such as triethylamine, serves as interim storage
for the thiol proton before it is transferred to the warhead. By deprotonating the thiol
prior to the nucleophilic attack, the nucleophilicity of MeSH is strongly increased, thereby
decreasing the associated activation barriers considerably (Figures 522C, S23B and 524A-C).
Following the addition of the nucleophile, the proton is transferred back from the base to the
anionic intermediate. Unlike the 4-oxoenoate, vinyl sulfone, F-vinyl sulfone and nitroalkene
warheads, the -lactam warhead does not show any reactivity with PhEtSH + Et;N. The
computed reaction mechanism revealed three consecutive steps to obtain the product
(Figure 5C). First, the nucleophile attacks the amide carbonyl group (TS1), resulting in a
tetrahedral anionic intermediate (Intl). The rate-determining step is the opening of the
lactam ring in the second step (TS2). This was computed to be about 33 kcal mol~! for
MeSH + NEt3, which is in excellent agreement with the experimental data. In the last step,
the former amide nitrogen is protonated by the base to yield the final product (TS3). For
the nitrile warhead, a weak reaction with PhEtSH but none with PhEtSH + triethylamine
was observed experimentally, which cannot be explained by reference to the computational
data. As described in the reactivity tests, this might have been due to the instability of
thioimidates in basic solution.

As a result of our calculations, the difference in reactivity between PhEtSH and
PhEtSH + Et3N for the vinyl sulfone, F-vinyl sulfone and nitroalkene warheads was at-
tributed to a significant reduction in activation barriers caused by proton transfer from the
nucleophile to the base prior to the nucleophilic attack. We therefore investigated the reason
for the reactivity of 4-oxoenoate and a-ketobenzothiazole warheads with PhEtSH in DMSO
in the absence of a base. For 4-oxoenoate, a conversion of 92% was observed experimentally,
which corresponds to a computed free energy of reaction of about -9 kcal mol~! for the
nucleophilic attack at C, and about -11 kcal mol ! for the addition at Clﬁ‘ The reaction of
PhEtSH with a-ketobenzothiazole, however, showed only about 18% conversion, and the
corresponding product was computed to be 8 kcal mol~! (Figure 5B) and 9 kcal mol ™~ for
the thermodynamic calculation with a bigger basis set (Figure 5A). The solvent used in the
experiments was not completely free of water, and, as a result, water molecules were able
to catalyze the nucleophilic attack for a-ketobenzothiazole and 4-oxoenoate, as well as the
keto-enol tautomerization for the latter (Figure 5B and Figure S22A,B) [58]. Our calculations
demonstrate that traces of water in the solvent can function as a base to catalyze the reaction
of MeSH with the warhead. The activation barrier for a-ketobenzothiazole is reduced from
more than 40 kcal mol ! to roughly 25 kcal mol !, and the product energy is lowered to
1 kcal mol~! (Figure 5B). Similarly, water catalyzes both the nucleophilic attack of MeSH
at the 4-oxoenoate warhead and the subsequent keto-enol tautomerization, leading to a
decreased activation barrier of 26 kcal mol~! for the first step (TS1) and one of 20-25 kcal
mol ! for the second step (TS2). Additionally, the product energy is even more exergonic
at—17-(-18) kcal mol ! (Figure S22B). Contrary to the reaction without water, the proton
does not have to be transferred directly from the thiol to the atom to be protonated. Instead,
it is shuffled along a chain of water molecules. The keto-enol tautomerization is favored for
the Cg-addition, but the barrier associated with the rate-determining nucleophilic attack
is nearly identical (Figure 522B). Thus, it is expected that both reactions should occur in
solution. For the reaction with an enzyme, the conformation of the binding pocket will
likely determine at which carbon atom the nucleophilic attack will occur.
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Figure 5. (A) Free energies of the reactions for all inhibitor warheads with MeSH, MeSH + Et;N
and MeO™ + 3H,0, computed as described in the Supplementary Materials section and Figures 524
by wB97X—-D/6—311++G**//wB9I7X—D/6-31+G* calculations. (B) Free energy reaction paths of
the a-ketobenzothiazole warhead with MeSH (red) and with MeSH in the presence of three water
molecules (blue). For MeSH (red), the van der Waals complex (P vdw) and separated product
molecules (P) are identical since the reaction yields only a single product molecule. For MeSH + water
(blue), the energies are referenced on MeSH + 2H,;O and the a-ketobenzothiazole warhead + HyO (R).
(C) Free energy reaction paths of the p-lactam warhead with MeSH + NEt; (red) and with MeO ™ in
the presence of three water molecules (blue). The reaction proceeds in three consecutive steps: first,
nucleophilic attack at the amide carbonyl group (T51); second, the opening of the lactam ring (TS2);
and third, the proton transfer from the base (NEt3 or H>O) to the former amide nitrogen (TS3).

To mimic the reaction of the warheads with NaOEt, we calculated the reaction path
with MeO™ and included three water molecules to allow for protonation of the intermediates
to obtain the final products and stabilize the reactive anionic species (Figures 5C, 522D, 523D
and 524A-C). The reaction can either terminate at the anionic intermediate or proceed to the
neutral adduct by transferring one proton from a water molecule, depending on the basicity
of the intermediate, i.e., the intermediate carbanion is poorly stabilized for the vinyl sulfone,
hence the reaction progresses to form the neutral addition product (Figure 524A). The
nitroalkene carbanion, however, is strongly stabilized, and our calculations suggest that the
reaction might stop at the intermediate (Figure 524C). Analogously, the a-ketobenzothiazole
forms a deprotonated hemiacetal (Figure S23B). Experimentally, no reactivity of the F-vinyl
sulfone warhead with NaOEt was observed, which was not supported by our calculations
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and is contradictory to chemical intuition (Figure S24B). As previously stated, the barrier
for the B-lactam ring opening in reaction with MeSH + EtzN was computed to be over
30 kcal mol ™!, explaining the lack of reactivity in the experiments. Since the anionic species
and ring opening are better stabilized in the reaction with MeO™ + 3H,0, only 23 kcal mol !
is required in this step, which is consistent with the experimental data (Figure 5C).

2.4. In Vitro Evaluation of the Synthesized Compounds

Inhibition of the target enzymes was tested via fluorometric assays. Therefore, fluoro-
genic AMC- or FRET-based substrates with appropriate peptide sequences for the different
proteases were used (see Supplementary Materials, Figures S19-520).

The potential inhibitors were initially screened against all five target enzymes at
20 uM. A cut-off value of 80% inhibition at this concentration was set to differentiate the
non-active (n.a.) compounds from active ones.

For the reversible inhibitors (x-ketobenzothiazole, nitroalkene, F-vinyl sulfone and
nitrile), the ICsy values were determined and converted to corresponding K; values using
the Cheng-Prusoff equation [56]. Regarding the irreversible inhibitors (vinyl sulfone, 4-
oxoenoate and B-lactam) the Kj, kinact and ko values were determined (see Table S1) [56].
For a better overview, the pK; values were calculated and are presented in Figure 6.
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(C) Cathepsin S inhibition data

uPA CatS Mpro Rhodesain  Proteasome f5-

Peptidomimetic sequence subunit

m4-Oxoenoate m Nitroalkene = B-Lactam = Ketobenzothiazole ®VS ®F-VS mNitrile

(D) Mpre inhibition data

pK;
O R NWRAULLON O

uPA CatS Mpro Rhodesain  Proteasome f5-
subunit

Peptidomimetic sequence

m4-Oxoenoate mNitroalkene wmB-Lactam = Ketobenzothiazole ®VS m=F-VS mNitrile

(E) Rhodesain inhibition data

14
12
10.2
10
¥ 8
Q
6
# 1
2 |
| 288 ‘ ‘
i | B | 1 |l | |
uPA CatS Mpro Rhodesain  Proteasome f5-
subunit

Peptidomimetic sequence

m4-Oxoenoate w Nitroalkene w®B-Lactam = Ketobenzothiazole ®VS =F-VS mNitrile

Figure 6. Inhibition data for the assays with uPA (A), proteasome B5-subunit (B), cathepsine
S (C), SARS-CoV-2 MP™ (D) and rhodesain (E). pK; values were calculated from the K; values
(-log10(Ki/M)) [59]. The height of a bar indicates the inhibitory potency of an inhibitor towards the
target enzyme, and the color of a bar indicates the warhead of the inhibitor; the peptidomimetic
sequence is indicated by the enzyme name under the bars, e.g., the purple bar with the height value
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of 7.5 for rhodesain inhibition (Figure 7E) by inhibitor 40 with the oxoenoate warhead and the CatS
sequence. * Respective compounds were inactive in the in vitro assay due to instability towards DTT
in the buffer.

Figure 7. Predicted binding modes and polar interactions (yellow dashed lines) of different inhibitor
classes with different enzymes (white carbon atoms and surface). For non-covalent docking poses,
the distance between electrophilic carbon and nucleophilic sulfur or oxygen is shown as a red dashed
line, with the distance measured in A. For a clear view, only amino acids that form polar interactions
with the ligands are shown as sticks and labelled. Black dashed lines indicate subpocket locations.
Non-covalent docking poses are shown with cyan C-atoms and the covalent docking poses with
green C-atoms. (a) Superposition of the non-covalent and the covalent docking pose of 13 with
rhodesain, PDB-ID (2P7U). (b) Superposition of the non-covalent and the covalent docking pose of 30
with CatS, PDB-ID (1MS6). (c) Superposition of the non-covalent and the covalent docking pose of 90
with SARS-CoV-2-MP™, PDB-ID (6XR3). (d) Predicted binding mode of non-covalently docked 103
with uPA, PDB-ID (1W10). (e) Superposition of the non-covalent docking pose of 72 and bortezomib
(palegreen C-atoms) with the -5 subunit of human 20S-proteasome, PDB-ID (5LF3).

In the following, the inhibition data will be analyzed for each enzyme, first with their
suited peptidomimetic sequences (Figure 6, parts A, B, C, D and E), followed by cross
testing against the other enzymes.

uPA. Only the a-ketobenzothiazole inhibitor 103 was found to be active. The combina-
tion of the appropriate sequence for uPA with the a-ketobenzothiazole warhead resulted in
a potent inhibitor with a pK; value of 6.9. Other enzymes were not inhibited (Figure 6A).

Proteasome B5-subunit. None of the compounds with the Pyz—(L)Phe—(L)Leu se-
quence (55, 85, 59, 62, 68, 72 and 74), which is well-known from the potent boronic acid-
based inhibitor bortezomib, showed inhibition of the proteasome at 20 uM, independently
of the warhead used (Figure 6B). Moreover, none of the other compounds with any of
the other peptidomimetic sequences showed any inhibition. This highlights the general
difficulty of addressing this protease with peptidomimetic inhibitors [56]. An alternative
warhead which reacts preferably with Ser or Thr proteases is the epoxide functionality,
which is also present in the approved proteasome inhibitor carfilzomib. Although very
potent, due to its unpredictable reaction mechanism, this warhead was not included
in this study [60].
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CatS. Regarding the in vitro testing of the cysteine protease CatS, a total of 20 hits
were detected (Figure 6C). The most potent inhibitors with the fitting CatS sequence were
the nitrile 30 (pK; = 9) and the vinyl sulfone 35 (pK; = 8.5). The nitroalkene 49 (pK; =7.9)
also showed high affinity towards CatS, followed by the 4-oxoenoate 40 (pK; = 7.7), the
a-ketobenzothiazole 42 (pK; = 6.5), B-lactam 45 (pK; = 6.1) and F-vinyl sulfone 36 (pKj = 5.5).
Since CatS and rhodesain are both papain-like cysteine proteases with similar active sites,
cross reactivity between these two series was expected and has been well described in
the literature [61]. The vinyl sulfone with the rhodesain-targeting sequence 16 (pK; = 9)
showed the same inhibition constant as the corresponding inhibitor with the CatS sequence.
The vinyl sulfones with the proteasome and the M sequences inhibited CatS to lower
degrees (pK; = 6.9 and 5.5). A comparison of the 4-oxoenoates of the CatS and rhodesain
series yielded the same results, since both exhibited the same pK; value of 7.7 for inhibition
of CatS. The 4-oxoenoates designed for targeting the proteasome 68 and the M 81 were
essentially inactive against CatS (no inhibition in the initial screening at 20 uM). This can
be explained by the instability of these compounds in the CatS assay buffer containing
dithiothreitol (DTT).

The F-vinyl sulfones, which are reversibly reacting counterparts of the vinyl sul-
fones, inhibited CatS to a lower degree, and exchange of the peptidomimetic sequence
(36, pK; = 5.5 vs. 17, pK; = 6 vs. 55, pK; = 6 vs. 94, pK; = 5.9) had little to no effect, except
for the compounds with the uPA sequence (103, 106 and 107), which was not active at
20 uM against CatS.

The nitroalkene inhibitor which contains the CatS sequence showed a high on-target
affinity but changing the sequence to any of the other targeting sequences led to less
potent inhibitors (13, pK; = 6.7 vs. 88, pK; = 6.4 uM vs. 59, pK; = 6.2). Interestingly,
the a-ketobenzothiazole- (42, pK; = 6.6) and B-lactam- (45, pK; = 6.1) based inhibitors
showed only significant inhibition of CatS if connected to the respective CatS sequence,
indicating the strong dependency of a suitable peptidomimetic sequence combined with
one of these warheads.

MP™, In comparison to the MP™ inhibitors a-ketobenzothiazole 90 (pK; = 7.6) and
nitrile 84 (K; = 7.5) described in the literature, vinyl sulfone 93 (pK; = 5.5), F-vinyl sulfone
94 (pK; = 6.3) and nitroalkene 88 (pK; = 5.7), all of which contain the appropriate MP™
peptidic sequence, showed weaker inhibition (Figure 6D) [40,62]. A clear preference of
the protease for specific warheads could be observed. The vinylogous warheads (vinyl
sulfone, F-vinyl sulfone and nitroalkene) showed significantly weaker inhibition than
the a-ketobenzothiazole- and nitrile-based compounds. As also observed in the model
reactivity studies, the in vitro studies with CatS and both 4-oxoenoate inhibitors with the
MP™® 81 and the proteasome B5-subunit 68 sequences revealed instability in the buffer with
DTT. The B-lactam 96 as well as all compounds containing a targeting structure designed
for other proteases were inactive at 20 uM. This indicates a high specificity of the MP™
towards its peptidomimetic sequence.

Rhodesain. The results showed similar trends to those found for CatS, with 20 compounds
active in the assays (Figure 6E). The most potent was the nitroalkene 13 which contains the
corresponding rhodesain peptidic sequence (pK; = 10.2), followed by the vinyl sulfone 16,
4-oxoenoate 22 and nitrile 25, which showed similar inhibition constants (pKj-= 7.1-7.7).
The F-vinyl sulfone 17 showed moderate inhibition (pK; = 5.4), and the p-lactam 24 and
a-ketobenzothiazole 18 were inactive at 20 uM, indicating a preference of rhodesain for
vinylogous warheads. Comparable to the CatS study, inhibitors lacked selectivity between
rhodesain and CatS due to the structural similarity of the proteases. This is evident through
the high pK; values of the synthesized CatS inhibitors with 4-oxoenoate- 40 (pK; = 7.5),
nitroalkene- 49 (pK; = 8.7), vinyl sulfone- 35 (pK; = 7.7) and nitrile- 30 (pK; = 7.7) moieties.
Surprisingly, the a-ketobenzothiazole 42 designed for targeting CatS showed significant
inhibition (pK;j = 6.5), whereas the a-ketobenzothiazole with the rhodesain peptidic se-
quence 18 was inactive. Among the compounds designed for MP™ and the proteasome, the
nitroalkene derivatives 88 and 59 showed the same potency as the CatS analogue 49, both
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with a pK; value of 8.7. Interestingly, the vinyl sulfones with the MP™ 93 (pK; = 5.7) and
the proteasome sequence 58 (pK; = 6.5) showed significantly lower affinity compared to
the vinyl sulfone designed for rhodesain 16 (pK; = 4.7). Differently, the F-vinyl sulfones 55
(pKi = 6.3) and 94 (pK; = 7.7) showed higher affinities than the analogue with the rhodesain
sequence 17 (pK; = 5.4). The 4-oxoenoate inhibitor 68 (pK;-= 8.0) designed for the protea-
some and the one designed for the MP™ 81 (pK; = 7.0) also showed strong inhibition. All
other inhibitors with the p-lactam and a-ketobenzothiazole moiety were inactive, as well as
the compounds containing the uPA sequence (103, 106 and 107).

2.5. Molecular Docking

To further elucidate the impact of the different warhead types on the binding modes
of the inhibitors, protease—inhibitor complexes were investigated with non-covalent and
covalent docking [63,64]. For the non-covalent docking, special emphasis was laid on the
distances between the reactive nucleophilic carbon atoms of the corresponding warheads
to the thiol(ate) or hydroxyl(ate) side chains of the cysteine/serine(threonine) active site
amino acids, respectively, as estimates for covalent-bond-formation likeliness. Additionally,
the impact of the different warhead moieties on the binding conformation of the inhibitors
with otherwise identical peptidomimetic recognition sequences was analyzed. The covalent
docking setup was used to investigate whether realistic poses for the covalent complexes
could be generated and whether larger conformational rearrangements of the ligand may
occur after the covalent reaction.

Conventional non-covalent docking yielded generally reasonable binding modes for
all complexes resembling interactions of the crystallographic reference ligands and pep-
tidomimetic recognition sequences in their expected subpockets. Additionally, electrophilic
warheads were regularly found in close proximity to the nucleophilic catalytic amino acids
(Figure 7, Tables S2 and S3).

The docking with rhodesain (pdb entry 2P7U) indicated that the introduction of a
Michael-acceptor system as the warhead led to binding poses similar to the co-crystallized
reference ligand, with all the essential interactions between inhibitor and enzyme be-
ing nearly identical, as exemplified for the docking poses of the nitroalkene inhibitor 13
(Figure 7a). The poses of the covalent and the non-covalent docking showed that the
overall orientation of the inhibitor inside the active site should not change much after the
covalent reaction, since the final covalent enzyme-inhibitor complex is very similar to the
non-covalent complex (Figure 7a). The corresponding electrophilic C-atoms of all warheads
were predicted to be in close proximity to the sulfur atom of Cys25 (2.54-3.50 A), suggest-
ing a high probability for a nucleophilic attack. High docking scores were also found for
the nitroalkene inhibitor 13 (FlexX score: —24.03 kJ/mol; MOE score: -2.66), indicating
that it should form very favorable non-covalent interactions while correctly placing the
electrophilic warhead (distance to Cys25 sulfur: 3.50 A). This is consistent with the in vitro
data, showing that the nitroalkene moiety represents the most potent inhibitor class for
rhodesain. Since the a-ketobenzothiazole designed for CatS (42) surprisingly inhibited
rhodesain with a submicromolar affinity, we compared the non-covalent docking poses
between 42 and the ketobenzothiazole with the rhodesain sequence (18) (Figure S21). Su-
perposition of the non-covalent docking poses showed that both inhibitors have almost the
same positioning with the warhead close to Cys-25 (2.5 A) inside the active site of rhodesain,
indicating that both compounds should have similar affinities towards rhodesain. This
makes it hard to explain why inhibitor 42 had a significantly higher affinity for rhodesain
in the in vitro testing. Since molecular docking is an inaccurate method, flawed docking
poses are no rarity. The non-covalent docking method used in this case might not be suited
to explaining this in vitro result. The results of the docking with CatS (1MS6) showed
similar trends, since the distances between the electrophilic C-atoms of the warheads and
the sulfur atom of Cys25 were again in close proximity in all cases (2.69-3.37 A). The vinyl
sulfone 35 and the nitrile 25 had high scores (FlexX score: -27.35/-26.22 k] /mol; MOE
score: —5.32/-3.00 kcal /mol) combined with similar binding geometries for the covalent
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and the non-covalent docking poses (shown for nitrile inhibitor 25, Figure 7b). These data
are in accordance with the in vitro data showing that the nitrile warhead was the most
potent one, but other warheads also led to productive enzyme inhibition.

For SARS-CoV-2 MP™ (6XR3), the distances between the electrophilic C-atoms and
the Cys145 sulfur atom were overall slightly higher (2.90-4.91 A) compared to the papain-
like cysteine proteases. The a-ketobenzothiazole warhead seems to have a very favorable
positioning in the binding pocket, as illustrated by the close proximity (3.41 A) of the
electrophilic C-atom to the thiol of the enzyme Cys145 (Figure 7c). Superposition of the
covalent and non-covalent docking poses of 90 showed almost identical positioning of the
inhibitor inside the enzyme, with most of the polar interactions retained.

Out of all the investigated warheads in this series, only the nitrile, the a-ketobenzothiazole
and the B-lactam warheads are known to react with oxygen containing amino acid residues
in serine (uPA) or threonine (proteasome) proteases.

For the uPA, which was the only target with only one hit in the enzymatic assay,
non-covalent docking revealed a large distance between the electrophilic C-atom and the
hydroxy-group in the active site for the p-lactam (5.07A) as a known serine warhead. Only
the a-ketobenzothiazole inhibitor 103, which had one of the highest scores out of all the
inhibitors (FlexX score: =51.59 k] /mol), was in close proximity to the oxygen of Ser195
(2.84 A distance to the electrophilic C-atom). This inhibitor also showed a high potency
in the in vitro study (Figure 7d). Finally, docking of the f-lactam containing inhibitor 72
designed for the proteasome revealed that the warhead position was, again, too far away
from the threonine oxygen (4.95 A), possibly preventing a covalent reaction (Figure 7e).
This could be explained by the shifted positioning of the lactam moiety compared to the
other warheads. Although the docking of the nitrile and a-ketobenzothiazole inhibitors
74 and 62 might suggest that these compounds should inhibit their target sufficiently
since the warheads are positioned correctly and in close proximity (2.27 A/3.16 A) to
the Thr-1 oxygen atom, there was still no inhibition with these warheads in the in vitro
study. This might have been due to wrongly generated binding poses, since docking
approaches are not always reliable and cannot be considered flawless in all cases. A
possible explanation why none of the compounds designed to address the f5-subunit
of the proteasome showed any inhibition might be the catalytic dyad in the active site
consisting of Lys33 and Thr1 compared to the catalytic dyads or even triads in the other
enzymes, where the deprotonation of the active site residue is assisted by histidine and/or
asparagine. The lysine residue might not always be able to deprotonate the threonine in
the active site, depending on the inhibitor, and thus facilitate the covalent reaction step
with a warhead [65].

2.6. Comparison of the Reactivity Assay Results with the In Vitro Study

Based on the reactivity assay, all Michael acceptors (4-oxoenoate 112, (F-) vinyl sulfone
109/110 and nitroalkene 111) showed high reactivity toward the deprotonated cysteine
model nucleophile, which is congruent with the observed behavior of the synthesized
compounds designed for CatS and rhodesain inhibition in the in vitro studies. Further-
more, the a-ketobenzothiazole warhead 115 showed a strong reactivity for both model
nucleophiles (PhEtS~ /EtONa), which is consistent with the correspondent uPA and MP™
inhibitors 103 and 90 in the protease assays. However, the nitrile 117 showed no reaction
with the deprotonated cysteine but with the serine model nucleophile, which contradicts
the high inhibitory activity against the cysteine proteases and the missing inhibition by
the proteasome f5-subunit inhibitor 74. This might have been due to the aforementioned
instability of the thioimidate adduct in basic conditions compared to the stabilized adduct
in the enzyme pocket and the overall difficulty of addressing the proteasome f5-subunit.
The p-lactam 108 showed only a strong reactivity towards the serine model nucleophile,
but the corresponding bortezomib derivative 72 did not inhibit the proteasome f5-subunit,
which might have been due to the shift of the electrophilic center of the -lactam moiety
into the 51" pocket and the resulting increase in distance. The 4-oxoenoate moiety 112
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was the only warhead that showed high reactivity toward the protonated cysteine model
nucleophile, which might hint at non-selective reactivity behavior toward thiol species
under physiological conditions. This could also be observed in the in vitro studies. The
4-oxoenoate compounds designed for the MFP™ 81 and proteasome-p5-subunit 68 both
reacted quickly with DTT in the respective buffer solutions and appeared to be inactive.

3. Discussion

Covalent targeting has become a popular and powerful concept in drug discovery, and
great efforts have been devoted to developing and repurposing different warheads [66].
In this first extensive systematic study, we aimed to achieve a deeper insight into the
reactivities and selectivities of a selection of electrophilic traps combined with established
peptidomimetic sequences for the uPA, CatS, f5-subunit of the proteasome, SARS-CoV-2
MP™ and rhodesain, which represent cysteine, serine and threonine proteases. Based on
these peptidomimetic sequences, we synthesized compounds decorated with warheads of
different specificities. We chose the Michael acceptors ((F-)vinyl sulfone, nitroalkene and 4-
oxoenoate) as cysteine-targeting and S-lactam as serine /threonine-targeting representatives.
Furthermore, nitriles and a-ketobenzothiazoles were used, as they are applicable for both
hydroxy- and thiol-containing nucleophiles. The compounds were tested on each target to
analyze their affinities as well as their selectivity profiles.

Based on the in vitro studies, it is evident that the peptidomimetic sequences of the
synthesized compounds play a crucial role in the selectivity towards the tested on-target and
off-target proteases. This could be observed by the selectivity profile towards the cysteine
protease MP™ and serine protease uPA. Only the inhibitors with the suited peptidomimetic
sequence for MP™ (84, 88, 90, 93 and 94) and for uPA (103) displayed inhibitory activity
towards their targeted protease. Furthermore, the selection of a suitable warhead for the
specific type of protease nucleophile ensures high affinity to the target or even activity in
the first place, as demonstrated with the bortezomib congeners and the a-ketobenzothiazole
inhibitor 103 as the only affine compound towards the uPA. The structurally similar papain-
like proteases CatS and rhodesain showed that cross reactivity can occur, despite the design
of well-defined peptidomimetic sequences. Therefore, the combination of both a highly
reactive warhead towards the target protease, for example, the nitrile 30 group for CatS
or the nitroalkene 13 for rhodesain, with a suitable peptidomimetic sequence can lead to
potent inhibitors with promising pharmacodynamic properties.

Non-covalent docking yielded reasonable binding modes for all compounds resem-
bling interactions of the crystallographic reference ligands and peptide recognition se-
quences in their expected subpockets. Additionally, electrophilic warheads were regularly
found in close proximity to the nucleophilic catalytic amino acids, except for the g-lactams.

A reactivity test system with tool compounds of the used warheads and model nu-
cleophiles was established to evaluate chemoselectivity. The findings confirmed the high
reactivity of the 4-oxoenoate, the (F-)vinyl sulfones and the nitroalkene moieties towards
the deprotonated thiol nucleophile/cysteine model, and high affinity of the Michael accep-
tor inhibitors towards the cysteine proteases was observed. Analogously to the in vitro
studies of the uPA and MP™ target, the a-ketobenzothiazole warhead was found to be
a potent electrophilic trap for both cysteine and serine proteases. Nevertheless, some
major differences in reactivity could be observed, which might have been due to different
conditions used in the chemical test system and the biochemical in vitro studies. To the best
of our knowledge, this is the first extensive study in which different warhead types were
combined with different peptidic recognition units and in which the resulting compounds
were cross tested against different protease types. Similar published studies limited their
focus to testing different warheads on one target or exchanging the peptidic backbone
while retaining the same warhead [37,59,67,68].
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4. Material and Methods

The material as well as the methods used for this study are described in the Sup-
porting Information. The authors have cited additional references within the Supporting
Information [21,42,43,46,47,63,64,69-89] (Supplementary Figures of the reactivity study
(Figures 51-518), of the fluorometric inhibition assays (Figures S19 and 520), of molecu-
lar docking (Figure 521), of quantum mechanics simulation (Figures S22-525) and of the
NMR-spectra and HPLC-chromatograms of the final inhibitors (Figures S26-5137) can be
accessed in the supporting information).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms24087226/s1.
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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 UV, 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-C g, 150 x 2.10 mm,
4 um 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®-H,O + 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
C;s (150 mm x 21.2 mm, 5 um) column or an Agilent 1290 II Infinity preparative LC system using an
InfinityLab Pursuit XRs Cg, 30 X 250 mm, 5 um, preparative LC column. Flash chromatography was

performed with a Biotage Isolera™ One system using prepacked columns from Biotage. Silica (40—

63 um) from Macherey-Nagel was used for column chromatography. Optical rotations [01]12)0 were
measured on a P3000 polarimeter from Kriiss and are reported in deg cm® g ' dm™'. 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 (CDCl,, DMSO-d, or CD,0D 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)

H (0]
N\)J\ O,
Boc” Y Iil/ ~

~
'Pr

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+ H,0 (1.35g, 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 « HCI (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 NaHCO, solution (3 x 80 mL) and 1 M HCI (3 x 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%). '"H NMR (300 MHz, CDCL,): 6 / 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).
BC NMR (75.5 MHz, CDCl,): § / ppm = 174.0, 155.8, 79.6, 61.7,49.1, 42.2, 32.3, 28.5, 24.8, 23.5, 21.7.
[a]lz)o =-9 (10 mg/mL; CHCL,). FT-IR: v/cm™"' = 3324, 2958, 2936, 2870, 1709, 1658, 1501, 1389, 1366,
1250, 1165, 1045, 1016, 989, 876. ESI-MS: m/z calculated for [C,;H,,N,O,+Na]" ([M+Na]"): 297.2,
found: 297.1.

tert-Butyl (4-methyl-1-oxopentan-2-yl)carbamate (52)

N
Boc” §/§0

AN
'Pr

To a solution of 51 (1.51 g, 5.50 mmol, 1.0 equiv.) in dry THF (20 mL) was added LiAIH, (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 KHSO, solution (0.33 M, 80 mL,) were added. The suspension was filtered,
and the filtrate was extracted with diethyl ether (2 x 50 mL). The combined organic extracts were washed
with 1 M HCI (2 x 40 mL) and saturated NaHCO; solution (2 x 40 mL) and dried over anhydrous Na,SO,.
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%). '"H NMR (300 MHz, CDCl,): 6 / ppm = 9.57 (s, 1H), 4.95 (d,
J="11.3 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). ’C NMR (75.5 MHz, CDCL,): § / ppm = 200.5, 155.8, 80.2, 58.5, 38.3, 28.4, 24.8,
23.2. [0(]2D° =-9 (10 mg/mL; CHCI,). FT-IR: v/cm™" =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)

H WP
. F
ipy

To a solution of 4 (451 mg, 1.45 mmol, 1.0 equiv.) and DBU (217 uL, 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 x 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, Z = 432 mg,
1.16 mmol, 80%). E-isomer: '"H NMR (300 MHz, CDCL,): § / 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).
PC NMR (75.5 MHz, CDCl,): 6/ ppm = 155.0, 154.5 (d, J=298.7 Hz), 137.3, 134.6, 129.6, 128.7, 119.2
(d,J=53Hz),80.1,45.1,43.5,28.3,24.8,22.5,22.4. [a]2) = +21 (10 mg/mL; CHCL,). FT-IR: v/cm™' =
3390, 2959, 2933, 2871, 1699, 1699, 1448, 1332, 1247, 1158, 1093, 1013, 754, 720, 686. ESI-MS:
m/z calculated for [C,H,,FNO,S+Na]" ([M+Na]"): 394.2, found: 394.1.

tert-Butyl ((25)-1-(((E)-1-fluoro-5-methyl-1-(phenylsulfonyl)hex-1-en-3-yl)amino)-1-oxo-3-phenyl-
propan-2-yl)carbamate (54)

Ph
Boc /[n/“ O\\S//O
(o} Ny F

(1) 53 (223 mg, 0.60 mmol) was treated with 4 M HCI 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+ H,O (92 mg, 0.60 mmol, 1.0 equiv.) and 2.4,6-collidine (160 xL, 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 NaHCO, solution (3 x 25 mL) and 1 M HCI (3 x 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%). 'H NMR (300 MHz, CDCl,): 6/ 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). "C NMR (75.5 MHz,
CDCL,): 6/ 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.
[a]2D° =+11 (10 mg/mL; CHCL,). FT-IR: v/ em ™' = 3302, 3064, 3031, 2959, 2931, 2871, 1655, 1521,
1366, 1333, 1165, 1092, 753, 720, 686. ESI-MS: m/z calculated for [C,,H;sFN,O,S+Na]" ((M+Na]"):
541.2, found: 541.2.

N-(($)-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)
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2
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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.

To a 0 °C cold solution of pyrazinecarboxylic acid (61 mg, 0.49 mmol, 1.0 equiv.) in DCM (6 mL)
were added HOBt « H,O (75 mg, 0.49 mmol, 1.0 equiv.) and 2,4,6-collidine (130 L, 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 NaHCO, solution (3 x 25 mL) and 1 M HCI (3 x 25 mL) and dried over
anhydrous Na,SO,. 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/H,O = 25:75) to give 20 mg pure (S,S)- and
10 mg pure (S,R)-diastereomer. (S,S)-diastereomer: '"H NMR (300 MHz, CDCL,): § / 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). "C NMR (75.5 MHz, CDCl,): § / 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, 1179 (d, J =
5.3 Hz), 55.0, 43.6, 43.1, 38.8, 24.7, 22.4, 22.3. mp: 68-70 °C. [oc]2D0 = +1 (10 mg/mL; CHCL).
FT-IR: v/ cm™ = 3368, 3302, 3063, 3030, 2957, 2927, 2870, 1652, 1519, 1332, 1167, 1019, 752,
720, 685. ESI-MS: m/z calculated for [C,,H,,FN,O,S+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)

(' LW“W“S”

(1) Under argon atmosphere, LiAlH, (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 KHSO, solution (0.3 M, 50 mL), filtered, and extracted
with ethyl acetate (3 x 50 mL). The combined organic extracts were washed with saturated NaHCO,
solution (2 x 100 mL), dried over anhydrous Na,SO,, 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 L, 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 x 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%). '"H NMR (600 MHz, CDCL,):
6/ppm=9.33 (s, 1H), 8.77 (s, 1H), 8.54 (s, 1H), 8.32 (d, /=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). "C NMR (150 MHz, CDCl,): § / 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. [0(]2DO =-22 (10 mg/mL; CHCL,).
FT-IR: v/ em™ = 3299, 3062, 2957, 2929, 2870, 1656, 1517, 1446, 1306, 1144, 1085, 1020, 751,
719, 687. ESI-MS: m/z calculated for [C,,H,,N,0,S+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 NH,Cl1 solution (80 mL) was added.

The mixture was extracted with ethyl acetate (3 x 80 mL), and the combined organic extracts were dried
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over anhydrous Na,SO,. 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%). '"H NMR (300 MHz, CDCl,): § / 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). "C NMR
(75.5 MHz, CDCL,): 6 / ppm = 194.9, 164.2, 155.6, 153.7, 137.4, 128.0, 127.1, 125.95, 122.5, 80.0, 55.4,
42.2,28.4,254,23.4,21.9. mp: 101-103 °C. [oc]zDO = 433 (10 mg/mL; CHCL,). FT-IR: v/ cm™" = 3362,
2965,2930,2871, 1702, 1679, 1518, 1481, 1366, 1230, 1162, 878, 828, 759, 731. ESI-MS: m/z calculated
for [C,;H,,N,0,S+Na]" ((M+Na]"): 371.1, found: 371.1.

tert-Butyl ((25)-1-((1-(benzo[d]thiazol-2-yl)-4-methyl-1-oxopentan-2-yl)amino)-1-oxo0-3-phenyl-
propan-2-yl)carbamate (61)

Ph
(o]
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oc
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(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 « H,O (120 mg, 0.78 mmol, 1.0 equiv.) and 2,4,6-collidine (208 xL, 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 NaHCO, solution (3 x 25 mL) as well as 1 M HCI
(3 x 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%). 'H NMR (300 MHz,
CDCl,): 6/ ppm = 8.20-8.13 (m, 1H), 8.00-7.94 (m, 1H), 7.62-7.50 (m, 2H), 7.24-6.95 (m, SH),
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).
“C NMR (75.5 MHz, CDCl,): § / 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 (diasterecomer 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. [a]2’ = ~13 (10 mg/mL; CHCL,).
FT-IR: v/cm ' = 3275, 3065, 2962, 2930, 2870, 1686, 1639, 1518, 1366, 1248, 1169, 885, 758, 726,
699. ESI-MS: m/z calculated for [C,,H;;N,0,S+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

2
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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.

To a 0 °C cold solution of pyrazinecarboxylic acid (56 mg, 0.45 mmol, 1.0 equiv.) in DCM (6 mL)
were added HOBt « H,O (69 mg, 0.45 mmol, 1.0 equiv.) and 2,4,6-collidine (120 xL, 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 NaHCO, solution (3 x 25 mL) as wellas 1 MHCI1 (3 x 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, Y, =119 mg, 0.24 mmol, 53%). Separation
of the diastereomers was achieved by preparative HPLC. (S,S)-diastereomer: 'H NMR (300 MHz,
CDCl,): 6 / ppm =9.35 (d, /= 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). "C NMR (75.5 MHz, CDCl,): § / 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. [o&]zDO =—12 (10 mg/mL; CHCI,). FT-IR: v/cm™' = 3307, 3061,
2956, 2925, 2869, 1651, 1519, 1370, 1207,1155, 1019, 882, 760, 730, 699. ESI-MS: m/z calculated
for [C,,H,,N,O,S+H]" ([M+H]"): 502.2, found: 502.1. Purity: 99%.
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Methyl (fert-butoxycarbonyl)-L-phenylalanyl-L-leucinate (69)

Ph
o
e LI
oc
N N
L -
Sipr

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 « H,0 (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 H,N-L-Leu-OMe « HC1 (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 NaHCO, solution
(3 x 80 mL) as well as 1 M HC1 (3 x 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%).

'"H NMR (300 MHz CDCL,): § / ppm = 7.32-7.14 (m, SH), 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). *C NMR (75.5 MHz, CDCL,): 6 / 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. [oc]zD0 =—14
(10 mg/mL; CHCL,). FT-IR: v/cm™' = 3289, 3067, 2956, 2871, 1747, 1682, 1647, 1532, 1440, 1366,
1251, 1169, 1048, 1027, 702. ESI-MS: m/z calculated for [C,,H;,N,0,+Na]" ([M+Na]"): 415.2, found:
415.1.

Methyl (pyrazine-2-carbonyl)-L-phenylalanyl-L-leucinate (70)
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(1) 69 (1.44 g, 3.67 mmol) was treated with 4 M HCI 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 « H,O (0.54 g, 3.55 mmol, 1.0 equiv.) and 2,4,6-collidine (940 xL, 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 NaHCO, solution (3 x 50 mL) as well as 1 M HC1 (3 x 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%). 'H NMR (300 MHz, CDCL,):
6/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, /= 8.3 Hz,

283



7 Bortezomib congeners with diverse warheads as proteasome inhibitors

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). *C NMR (75.5 MHz, CDCl,):
5/ 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. [a]2’ = ~29 (10 mg/mL; CHCL,). FT-IR: v/cm ™ =
3294, 3063, 3030, 2955, 2870, 1742, 1651, 1519, 1438, 1370, 1200, 1152, 1019, 746, 699. ESI-MS:
m/z calculated for [C,,H,,N,O,#Na]" ([M+Na]"): 421.2, found: 421.1.

(Pyrazine-2-carbonyl)-L-phenylalanyl-L-leucine (71)
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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 « H,O (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 HCI. The resulting suspension was extracted with CHCl;, and the combined organic extracts
were dried over anhydrous Na,SO,. 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). 'H NMR
(300 MHz, CDCl;): 6 / 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, /= 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). °C NMR (75.5 MHz, CDCL,): § / 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. [0(]12)0 = -3 (10 mg/mL; CHCL,). FT-IR: v/ cm ™' = 3297, 3064, 3031, 2956, 2870,
1724, 1648, 1522, 1467, 1199, 1151, 1020, 866, 746, 698. ESI-MS: m/z calculated for [C,,H,,N,0,+H]"
([M+H]"): 385.2, found: 385.1.

N-((S)-1-(((S)-4-Methyl-1-0x0-1-(((:5)-2-0x0-1-phenylazetidin-3-yl)amino)pentan-2-yl)amino)-1-
oxo-3-phenylpropan-2-yl)pyrazine-2-carboxamide (72)
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To a 0°C cold solution of 72 (131 mg, 0.34 mmol, 1.0 equiv.), HOBt « H,O (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 uL, 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%). 'H NMR (300 MHz, CDCl,): § / ppm = 9.27 (d, J = 1.4 Hz, 1H), 8.69
(d, J=2.5Hz, 1H), 8.46-8.40 (m, 1H), 8.35 (d, /= 7.5 Hz, 1H), 7.51 (d, /= 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, /= 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). "C NMR (75.5 MHz, CDCL,): § / 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. [oc]2D0 =-15 (10 mg/mL; CHCL,). FT-IR: v/em ™' = 3390, 3280, 3066, 2957, 2870, 1757,
1653, 1598, 1498, 1464, 1387, 1147, 1020, 750, 693. ESI-MS: m/z calculated for [C,,H,,N,O,+H]"
(IM+H]"): 529.3, found: 529.2. Purity: 95%.

N-(($)-1-(((S)-1-Amino-4-methyl-1-oxopentan-2-yl)amino)-1-oxo-3-phenylpropan-2-yl)pyrazine-2-

carboxamide (73)
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To a 0 °C cold solution of 70 (365 mg, 0.92 mmol) in MeOH (5 mL) was added NH, 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,
NHj; 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%). '"H NMR (300 MHz, CDCL,): § / 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). "C NMR (75.5 MHz, CDCL,): 6 / 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. [0(]2DO = —4 (10 mg/mL; CHCI,).
FT-IR: v/ cm™' = 3368, 3308, 3195, 3054, 2959, 1686, 1645, 1530, 1449, 1398, 1227, 1020, 774, 746,
693. ESI-MS: m/z calculated for [C,H,N,O,+Na]" ([M+Na]"): 406.2, found: 406.1.

N-((S)-1-(((S)-1-Cyano-3-methylbutyl)amino)-1-o0xo-3-phenylpropan-2-yl)pyrazine-2-carbox-
amide (74)

Ph
2 H N
Z
z
[N\j)‘\N N\_/
H H
pZ [0) ~,
N \’Pr

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/H,O = 10:90 — 100:0) to yield the desired product as a yellowish solid
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(95 mg, 0.26 mmol, 47%). 'H NMR (300 MHz, CDCL,): § / 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, 5SH), 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).
“C NMR (75.5 MHz, CDCL,): 6/ 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). [0(]2DO =-32 (10 mg/mL;
CHCL,). FT-IR: v/ cm™ = 3288, 3061, 2959, 2872, 2247, 1657, 1519, 1467, 1402, 1236, 1154, 1020, 910,
729, 700. ESI-MS: m/z calculated for [C,,H,,N,O,+H]" ([M+H]"): 366.2, found: 366.0. Purity: 95%.

(tert-Butoxycarbonyl)-L-leucine-1-C (113)

N ®c
Boc” Y TOH

~i
'Pr

Adapted from DUTTON et al., J. Med. Chem. 2003, 46, 2057-2073.

To a 0 °C cold solution of H-Leu-L-"C-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 Boc,O (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 x 80 mL) and acidified to pH = 1 with 1 M HCI. The resulting suspension was
extracted with ethyl acetate (4 x 50 mL), and the combined organic extract were dried over anhydrous
Na,SO,. 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). 'H NMR (300 MHz, CDCL,): § / 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).
C NMR (75.5 MHz, CDCl,): § / ppm = 178.3, 155.9, 80.4, 52.16 (d, J= 58.6 Hz), 41.6, 28.4, 24.9, 23.0,
21.9. [0(]2D0 =—5 (10 mg/mL; CHCL,). FT-IR: v/ cm™" = 3446, 3333, 2959, 2940, 2870, 2561, 1684, 1533,
1392, 1366, 1237, 1161, 1048, 872, 757. ESI-MS: m/z calculated for [C,,””CH,,NO,+Na]" ([M+Na]"):
255.1, found: 255.0.

tert-Butyl (S)-(1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl-1-"*C)carbamate (114)

1l
13
Boc/N\./C\N/O\

N
'Pr

To a0 °C cold solution of Boc-Leu-L-"C-OH (113, 1.70 g, 7.32 mmol, 1.0 equiv.) in DCM (80 mL) were
added HOBt+« H,O (1.12g, 7.32mmol, 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 « HC1 (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 NaHCO, solution (3 x 80 mL) as well as 1 M HCI (3 x 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%). '"H NMR (300 MHz, CDCL,): § / 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). "C NMR (75.5 MHz, CDCL,): § / 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. [a] = —10 (10 mg/mL; CHCL,). FT-IR: v/ em ' = 3321, 2957, 2935, 2870,
1708, 1619, 1499, 1365, 1250, 1165, 1045, 1017, 986, 875, 758. ESI-MS: m/z calculated for
[C,,"CH,N,0,+Na]" ([M+Na]"): 298.2, found: 298.1.

tert-Butyl (1-(benzo[d]thiazol-2-yl)-4-methyl-1-oxopentan-2-yl-1-*C)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 NH,Cl solution (30 mL) was added.
The mixture was extracted with ethyl acetate (3 x 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%). '"H NMR (300 MHz, CDCl,): § / 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, /= 6.0 Hz, 3H), 0.96 (d, J= 6.2 Hz, 3H). "C NMR
(75.5 MHz, CDCL,): § / 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, /=46.0 Hz), 42.2,28.4,25.4,23.4,21.8. mp: 108-110 °C. [a]lz)o =+40
(10 mg/mL; CHCL,). FT-IR: v/ em™ = 3364, 3066, 2965, 2929, 2871, 1682, 1659, 1518, 1480, 1366,
1161, 876, 824, 760, 731. ESI-MS: m/z calculated for [C,,””CH,,N,0,S+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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