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Chapter 1

Introduction: Nicotinamide N-methyltransferase

(NNMT), an emerging therapeutic target

Parts of this chapter have been published in:
Gao Y.; Martin N.I., van Haren, M.J. (2021). Nicotinamide N-methyl transferase (NNMT): an
emerging therapeutic target. Drug Discov Today. In press. DOI: 10.1016/j.drudis.2021.05.011



Chapter 1

Abstract

Nicotinamide N-methyltransferase (NNMT) methylates nicotinamide (NA) to generate 1-
methyl nicotinamide. Since its discovery 70 years ago, the appreciation of the role of NNMT in
human health has evolved from serving only metabolic functions to also being a driving force in
diseases, including a variety of cancers. Despite the increasing evidence indicating NNMT as a
viable therapeutic target, the development of cell-active inhibitors against this enzyme is lacking.
In this chapter, we provide an overview of the current status of NNMT inhibitor development,

relevant in vitro and in vivo studies, and a discussion of the challenges faced in the development of
NNMT inhibitors.
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1. Introduction

Nicotinamide N-methyltransferase (NNMT) (EC 2.1.1.1) is a phase II metabolizing enzyme
that belongs to the family of S-adenosyl-L-methionine (SAM)-dependent methyltransferases.! In
1951, NNMT was first partially purified from rat liver by Cantoni, who subsequently discovered
the structure of cofactor SAM in 1952.23 In the 1990s the human and mouse NNMT genes were
cloned, revealing the highly conserved nature of NNMT in mammals, with human and mouse
NNMT both containing 264 amino acid residues with 92% sequence similarity and 86% sequence
identity.4-6 The closest structural homologues of NNMT are the small molecule methyltransferases
indolethylamine N-methyltransferase (INMT) and phenylethanolamine N-methyltransferase
(PNMT) having 53% and 39% sequence identity to NNMT, respectively.+?7 NNMT catalyses the
methylation of nicotinamide (NA) and a variety of other pyridine containing compounds using the
methyl donor SAM to generate S-adenosyl-L-homocysteine (SAH) and 1-methyl nicotinamide
(MNA) or the corresponding pyridinium ion (Figure 1).8°
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Figure 1. Nicotinamide N-methyltransferase (NNMT)-mediated methyl transfer from S-adenosyl-L-methionine
(SAM) to nicotinamide (NA), forming 1-methylnicotinamide (MNA) and S-adenosyl-L-homocysteine (SAH).

The kinetics of NNMT appear to follow an ordered mechanism with SAM binding to NNMT
before its pyridinyl substrate can bind. Subsequently, after the methyl transfer is completed, the
methylated substrate leaves first after which SAH is released. ! This mechanism is supported by
Isothermal Titration Calorimetry data in which the binding affinity of NA could only be measured
in the presence of SAH.!! This finding suggests a significant conformational change of the enzyme
upon cofactor binding, which has implications for the development of substrate competitive small
molecule inhibitors of NNMT.

NNMT is found predominantly in the liver, but low levels of NNMT are also detected in most
other organs.* It was originally thought that the primary roles of NNMT were centred around NA
metabolism and detoxification of xenobiotic compounds.!?2 However, more recent studies have
provided evidence pointing towards a much broader function for NNMT in both healthy and
disease states. NNMT is involved in the regulation of the cellular level of SAM as well as the
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SAM/SAH ratio. Not only does NNMT consume SAM, but it also promotes SAM regeneration
from homocysteine through interactions with betaine-homocysteine methyltransferase and
methionine adenosyltransferase, both of which play key roles in the methionine cycle.13
Furthermore, NNMT plays a critical part in NAD-dependent signalling and links the NAD+ and
methionine metabolism pathways through parallel depletion of NA and SAM. 1415 Through these
pathways, NNMT modulates energy expenditure in adipose tissue and controls glucose, cholesterol
and triglyceride metabolism in hepatocytes through interaction with sirtuins.1¢ Notably, in a C.
elegans model, the activity of NNMT was found to extend lifespan by decreasing cellular SAM
levels, producing a starvation signal and consequently inducing autophagy. Simultaneously, the
MNA thereby formed is oxidized leading to the release of reactive oxygen species, thereby increasing
stress resistance and promoting longevity.17:18

The elucidation of the various functions of NNMT demonstrates the complexity of the
pathways in which the enzyme is involved. Not surprisingly, aberrant NNMT expression is
observed in a wide range of disorders and diseases. Most pronounced in this regard is the
overexpression of NNMT in a number of human cancers. Increased NNMT activity has been
observed in bladder, breast, colorectal, gastric, hepatocellular, lung, oral, ovarian, pancreatic, and
prostate cancer, as well as glioma, lymphoma, and insulinoma.!21920 In these cancers, the
overexpression of NNMT has been associated with tumour aggressiveness and shown to promote
the migration, invasion, proliferation, and survival of cancer cells. At the cellular level,
overexpression of NNMT facilitates epigenetic modifications by generating a metabolic methylation
sink that boosts pro-tumorigenic gene products.2! This finding was further substantiated by a
recent proteomics-based study revealing NNMT to be a master metabolic regulator of cancer-
associated fibroblasts (CAFs).22 Expression of NNMT in CAFs leads to SAM depletion and
decreased DNA and histone methylation levels, resulting in extensive gene expression changes in
the tumour stroma, promoting cancer metastasis. A recent investigation also found that increases
in MNA levels in the tumour microenvironment lead to the inhibition of T-cell functions resulting
in their decreased killing capacity and increased tumour growth.23 NNMT also interacts with
oncogenic kinases, activated transducers and activators of transcription, and interleukins.2425
Given the absence of (cell-active) small molecule NNMT inhibitors, the role of NNMT is often
studied through the use of RNA interference (siRNA or shRNA) to downregulate its
expression.2426.27 This process occurs through inhibition of the translation of RNA to proteins in
cells, resulting in lower NNMT levels, effectively mimicking inhibition of NNMT. Inhibition or

down-regulation of NNMT decreases cell proliferation, reduces tumorigenicity in mice, and causes
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tumour cell death via intrinsic apoptotic pathways, highlighting the potential of NNMT inhibitors
as therapeutic agents.

A second disease area with increased interest in NNMT as a therapeutic target are metabolic
disorders. Population studies have shown that serum MNA levels are positively correlated with
obesity and diabetes.?8 In line with these findings, Nnmt knockdowns in mice were found to be
protective against diet-induced obesity via increased energy expenditure.2® In addition, glucose
levels in Nnmt-knockdown mice were significantly reduced and insulin sensitivity increased.30:31

Aside from the clearly emerging roles in cancer and metabolic disease, links to aberrant NNMT
expression have also been found in neurodegenerative diseases, including Alzheimer's disease,
Parkinson's disease, Huntington's diseases and schizophrenia, 18:32-34 as well as functional disorders
of the endothelium, such as thrombosis, high blood pressure, atherosclerosis, inflammation and
pulmonary hypertension.35

The functions and mechanism of action of NNMT and its product MNA are not yet completely
understood. The wide range of healthy and disease states in which NNMT is involved demonstrates
the complexity of the role of this enzyme in human biology. To further elucidate the potential
indications in which NNMT can be targeted to therapeutic benefit, potent, selective, and cell-
permeable inhibitors are essential.

The first crystal structure demonstrating the active site interactions of NNMT with its substrate
NA and cofactor analogue SAH was published in 2011 facilitating the development of rationally
designed small molecule inhibitors of NNMT.6 A second prerequisite for the development of
inhibitors is the availability of a sensitive and specific assay for measuring NNMT activity. The first
assays used for measuring NNMT activity involved the use of radiolabelled 3H-methyl-SAM. In this
approach NNMT activity is quantified based on the incorporation of radioactivity into the product
MNA detected by scintillation counting. To avoid the use of radioactivity, a variety of alternative
general methyltransferase assays as well as NNMT-specific assays have been developed, each with
their own advantages and disadvantages. General methyltransferase assays that have been applied
to the measurement of NNMT activity include enzyme-coupled reactions wherein the SAH by-
product is subsequently detected by fluorescent or luminescent readout. Such approaches are
technically straightforward and suitable for high-throughput screening (HTS). However, there are
also disadvantages to this method. Firstly, the by-product SAH can be generated through
degradation of SAM via either automethylation or chemical degradation pathways. Moreover,
enzyme-coupled SAH detecting assays are unsuitable for use in cellular systems as the enzymes
required are already present in cells, leading to interference and false positive results.3¢ Another

limitation of this assay is that it cannot distinguish the activity of different SAM-dependent
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methyltransferases. It is therefore important that results obtained with SAH detecting are validated
with an orthogonal, enzyme-specific assay.

A more specific assay for NNMT activity was developed by Sano and co-workers wherein the
condensation of MNA with acetophenone results in the formation of fluorescent 2,7-
naphthylpyridine analogues.3738 While this assay can be used in HTS, it involves significant sample
workup, is an end-point assay, and, if used for inhibitor screening, also requires assessment of
possible fluorescent interference by the inhibitors themselves. As an alternative, in 2016, our group
reported an LCMS-based method for measuring the activity of NNMT through direct detection of
MNA. The method can be used to quantify NNMT-mediated formation of MNA and a range of
other positively charged, methylated pyridines with very high specificity and sensitivity.® While the
method has a short run-time of less than 2 minutes, it is not directly suitable for HTS and is better
suited for studying NNMT activity in complex mixtures and/or for validation of HTS hits. Recently,
a complementary, non-coupled, real-time analytical assay for monitoring NNMT activity was
reported by the Watowich group based on the fluorescent properties of 1-methylquinolinium (1-
MQ).% This convenient method uses quinoline as an alternative substrate for NNMT instead of its
primary substrate NA and relies on fluorescent detection of 1-MQ. While the method is compatible
with HTS, care needs to be taken in accounting for the inherent fluorescent properties of the
quinoline substrate.

In this chapter we provide a comprehensive summary of the NNMT inhibitors reported to date.
The inhibition values and the analytical methods used to obtain them, are included in an overview
table (Table 1) at the end of this review for ease of reference. In the subsequent sections, the
following classes of NNMT inhibitors will be discussed: SAM competitive inhibitors of NNMT,
nicotinamide competitive inhibitors, bisubstrate inhibitors, covalent inhibitors, and other NNMT

inhibitors.

2. NNMT inhibitors
2.1 SAM Competitive Inhibitors

The by-product SAH (1, Figure 2), common to all SAM-dependent methyltransferases, is
known as a feedback inhibitor and inhibits NNMT with an ICso value of 35.3 uM.4 SAH is only
active in enzyme-based biochemical assays; it loses its activity in cellular assays were it is rapidly
degraded by S-adenosyl-L-homocysteine hydrolase (SAHH) to adenosine and homocysteine.
Another known general methyltransferase inhibitor is the natural product sinefungin (2, Figure 2),
a SAM-mimicking methyltransferase inhibitor isolated from Streptomyces. Sinefungin is a

moderate inhibitor of NNMT with an ICso of 12.5 pM. Sinefungin has low cell membrane
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permeability and exhibits severe toxicity in animal models, restricting its potential application as a

therapeutic agent.*! The moderate inhibitory activity of the SAM-mimics like SAH and sinefungin

suggests that interactions in the SAM binding site alone are not sufficient for potent and selective

inhibition of NNMT.
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Figure 2. Overview of the chemical structures of nicotinamide N-methyltransferase (NNMT) inhibitors, including

methyltransferase-specific inhibitors 1 and 2,4 nicotinamide-competitive inhibitors 3-10,%0424546 bisubstrate

inhibitors 11-17,7.1140,46-48 and covalent inhibitors 18—23.49-51
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2.2 Nicotinamide Competitive Inhibitors

Inhibitors that compete with binding of the nicotinamide substrate have also been reported. As
described above for the NNMT by-product SAH, the other enzymatic product, namely the
methylated pyridine product MNA (3, Figure 2) is also a feedback inhibitor of NA methylation with
comparable potency to that of SAH (ICso = 24.6 uM). Similar levels of inhibition are observed for
other N-methylated products formed from other substrate heterocycles including the N-methylated
quinoline, 1-MQ (4, Figure 2) which exhibits an ICsp value of 12.1 uM. In a structure-activity
relationship (SAR) study involving various methylated quinolines, both 5-amino-1-MQ (5, ICs =
1.2 uM) and 8-methyl-1-MQ (6, ICso = 1.8 uM) were shown to have improved inhibition compared
with the parent compound.#? Furthermore, in an aged mouse model, compound 5 was found to
accelerate muscle regeneration, linking NNMT inhibition to functional improvements of aged
skeletal muscles.*® In addition, treatment of diet-induced obese (DIO) mice with compound 5
resulted in significantly reduced body weight and white adipose mass, decreased adipocyte size, and
lowered plasma total cholesterol levels.44

In search of small molecule NNMT inhibitors for the treatment of metabolic disorders, an HT'S
screen was performed on over a million compounds.#> The hit compound identified (JBSNF-
000088, 7, Figure 2) showed low micromolar activity against NNMT (ICso = 2.4 uM), which was
improved after a SAR study on this compound (JBSNF-000265, 8, ICso = 0.59 uM). Crystal
structures show that compound 7 is methylated by NNMT in the nicotinamide binding site, which
indicates the compounds are acting as slow turnover substrates. In high-fat DIO mice, compound
7 was able to reduce plasma levels of MNA, improve insulin sensitivity, normalize glucose
tolerance, and reduce body weight.30

A recent publication from researchers at Sanofi reports the results of an HTS campaign in
which tricyclic, nicotinamide competitive, inhibitors were identified (compound 9, Figure 2).46
After optimization, the most potent tricyclic inhibitor (compound 10, Figure 2) was found to inhibit
NNMT with an ICsp value of 0.07 uM. Co-crystallisation studies, requiring the addition of SAH,
provide atomic level insight into the binding of these compounds in the nicotinamide binding

pocket.

2.3 Bisubstrate Inhibitors

Based on the inhibitory activities of compounds that exclusively target either the SAM or NA
binding pocket, it becomes apparent that targeting only one of these pockets may not be sufficient
to achieve potent inhibition of NNMT. As an alternative, bisubstrate NNMT inhibitors have been
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designed to simultaneously engage both of these binding pockets as a means of enhancing both
inhibitor activity and selectivity. Our group described the first systematic approach towards the
design of bisubstrate inhibitors of NNMT. From the SAR performed, it became clear that many of
the functional groups present in SAM and NA are essential for binding and small alterations in the
chemical structure of the bisubstrate compounds can have significant impact on their activity. The
bisubstrate inhibitor MvH45 (11, Figure 2) linked a benzamide, mimicking NA, to an Aza-SAH
moiety, mimicking SAM, resulting in moderate inhibition of NNMT (ICs0 = 29.2 uM).40 Building
on this result, and based on the measured distance of 3.5 - 4.2 A between the pyridinyl nitrogen
atom of NA and the SAH sulphur atom as found in the NNMT crystal structure (PDB ID: 3ROD),
Jin et al. extended the linker to the benzamide from one to two carbon atoms resulting in MS2756
(compound 12, Figure 2) which exhibited a significantly reduced activity (ICso = 160 pM).
Interestingly, extension of the linker to the amino acid moiety by one carbon as in MS2734
(compound 13, Figure 2), led to a restoration of inhibitory activity (ICso = 14 uM).!! Structural
studies with compound 13 (PDB code: 6CHH) confirmed the hypothesized binding in the NNMT
active site with the bisubstrate effectively recapitulating the majority of binding interactions present
in the NNMT-NA-SAH ternary complex. An extensive selectivity screen on a panel of
methyltransferases revealed additional activity against lysine methyltransferase DOT1L (ICs0 = 1.3
uM) and arginine methyltransferase PRMT 7 (ICs0 = 20 uM).

Optimization of the structural features of these bisubstrate inhibitors led us to pursue an SAR
focusing on the amino acid and benzamide side-chains. From this work a naphthalene-containing
compound (GYZ-78 (14), Figure 2) emerged with an ICso of 1.4 uM. Modelling suggested that the
compound benefits from additional t—o stacking interactions with several tyrosine residues in the
NA binding pocket of the enzyme. No activity was found against representative members of the
lysine methyltransferase (NSD2) or arginine methyltransferase (PRMT1) families and cellular data
obtained for compound 14 showed a significant inhibitory effect on cell viability in HSC-2 oral
cancer cells.#” Shortly thereafter, the group of Shair found that a 2-carbon alkyne-linker provides
for a superior mimicking of the orientation and distance between NA and SAM.7 Applying an
impressive multi-step stereo-controlled synthesis route, they also replaced the central nitrogen of
the previous generation bisubstrate inhibitors with a carbon atom, to generate a set of highly potent
NNMT inhibitors (Ki = 0.5 nM for compound NS1 15, Figure 2). A selectivity screen against a
panel of methyltransferases, including closely related small molecule methyltransferases, revealed
excellent selectivity. However, in cell-based assays, both 15 and its methyl ester prodrug only
moderately decreased MNA levels in U20S cells, most likely due to limited cell permeability.

Following a similar strategy, Huang and co-workers found that the use of a three-carbon propargyl
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linker to connect the central nitrogen of the first generation bisubstrate inhibitors (11-14) with the
benzamide moiety also yielded very potent inhibitors.#8. Among the compounds synthesized,
LL320 (compound 16, Figure 2) showed the highest activity with K; values as low as 1.6 nM. Good
selectivity was also observed against a panel of small molecule, lysine and arginine
methyltransferases. As for the other SAM-based bisubstrate inhibitors of NNMT, however, both
LL320 and its ethyl ester prodrug displayed poor cell permeability.

Notably, the recent HTS campaign reported by Sanofi identifying compounds 9 and 10, also
yielded compound 17 (ICso = 8 nM, Figure 2) subsequently found to be a bisubstrate-like NNMT
inhibitor.46 Supported by structural insights, compound 17 represents an important step towards
achieving inhibitors that less explicitly mimic the SAM and nicotinamide scaffolds. Notably, the
carboxamide moiety present in nicotinamide and the amino acid side chain present in cofactor SAM
are absent, while the adenosine moiety of SAM is effectively mimicked a piperazinyl-quinoline
motif. While no cell-based or in vivo data were reported for these compounds, it will be interesting

to see whether such NNMT inhibitors show improved activity in this regard.

2.4 Covalent Inhibitors

The active site of NNMT contains several non-essential cysteine residues, which can be
explored as targets for covalent inhibition. The first covalent inhibitors of NNMT were identified by
Cravatt and co-workers using SAH-based photoreactive probes, developed for chemical proteomic
profiling of SAM-dependent methyltransferases.® Using these probes as a fluorescence
polarization tool, an electrophilic fragment library was screened, identifying the chloroacetamide-
containing covalent NNMT inhibitor RS004 (18, Figure 2) with a moderate ICso value of 10 uM.
The absence of activity against the C165A mutant of NNMT supports the interaction with a target
cysteine. SAR studies on compound 18 yielded the more potent covalent NNMT inhibitors HS58a-
C2 (19, 1Cs0=200-410 nM, Figure 2) and HS312 (20, ICs0 = 180-350 nM, Figure 2).50 However,
in cellular assays, these compounds did not show any appreciable inhibition of NNMT while
interaction with other proteins was observed, contradicting the in vitro results. Following another
approach, the Thompson group found 4-chloropyridine analogues (compounds 21-23, Figure 2)
to be substrates and inhibitors of NNMT.5! Upon N-methylation of the pyridine analogue, the
increased electrophilicity of the methylated pyridine promotes an aromatic nucleophilic
substitution reaction by C159, a non-essential active site cysteine residue, resulting in covalent
inhibition of NNMT. No ICso or Ki values were given, but the Ky values of compounds 21-23 as
substrates were stated as 22-44 uM. Covalency was confirmed by mass spectrometry, dialysis, and
analysis of activity against C159A and/or C165A mutants of NNMT. Furthermore, in NNMT-

10
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overexpressing HEK293T cells, the compounds showed inhibition of NNMT with ECsg values of
36-87 uM. In another study aimed at identifying covalent inhibitors, a library of mild electrophilic
fragments was screened against a selection of cysteine-containing proteins. The screen identified
several compounds that covalently labelled NNMT after incubation for 24 hours at 4°C at a
concentration of 200 uM as determined by mass spectrometry.>2 However, in follow-up studies
these hits did not show significant inhibition of NNMT at 200 uM.

2.5 Other NNMT Inhibitors

Another NNMT inhibitor of interest is the natural product Yuanhuadine (YD, 24, Figure 3).53
This compound is isolated from the flower bud of Daphne genkwa, which is used in traditional
Chinese medicine. YD exhibits modest to potent growth inhibition of several tumour cell lines.54-56
Lee and co-workers found that treatment of cancer cell lines with YD suppresses NNMT expression
in non-small cell lung cancer (NSCLC) cells and biochemical assays indicate an ICso value of 0.4
uUM.57 Docking studies suggest that YD binds in both nicotinamide and SAM binding pockets in the
NNMT active site.

As another alternative source of NNMT inhibitors, our group recently applied an mRNA
display technique wherein a large library of 1012 macrocyclic peptides was screened, resulting in a
number of peptides that bind to NNMT.>8 Among the hits identified, several macrocyclic peptides
were found to also potently inhibit NNMT with ICso values as low as 229 nM (compound 26,
Figure 3). Interestingly, substrate competition experiments indicated that these cyclic peptide
inhibitors are non-competitive with either SAM or NA, suggesting they may engage with and inhibit
NNMT via an allosteric binding site. During preparation of this review article, a patent was
disclosed by Eli Lilly describing a novel class of pyrimidine-5-carboxamide compounds as
inhibitors of NNMT, exemplified by compound 25 in Figure 3.5 The compound showed potent
inhibition of NNMT (ICso = 74 nM) in a biochemical assay as well as a dose-dependent reduction

of the formation of ds-MNA in mice dosed with ds-nicotinamide.

11
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Figure 3. Chemical structures of the natural product Yuanhuadine (24),>* Eli Lilly’s pyrimidine 5-carboxamide
compound 25, and macrocyclic peptide 26,58 which was found to be an allosteric inhibitor of nicotinamide N-
methyltransferase (NNMT).

3. Conclusion

In this review, we present an overview of the current state of NNMT inhibitor development
and highlight their advantages and drawbacks. While the search for effective NNMT inhibitors is
still in its infancy, substantial progress has already been made in terms of potency and selectivity of
small molecule inhibitors of NNMT. That said, the limited cellular and in vivo activity of these
compounds speaks to the need to develop more drug-like inhibitors. The clinical importance of
NNMT in a variety of diseases, including cancer and metabolic disorders, support NNMT as a
viable therapeutic target. However, major challenges remain in developing NNMT inhibitors for
clinical application. The SAR studies performed on bisubstrate inhibitors of NNMT reveal the
importance of highly polar functional groups, including the adenosine and amino acid moieties of
the SAM-mimetics. However, while these features are critical for activity, they are also detrimental
to cell permeability. In order to establish the therapeutic viability of NNMT inhibition, the current
set of NNMT inhibitors available needs to be expanded to provide more cell-permeable probe
molecules. With such inhibitors in hand, it will be possible to more precisely assess the beneficial
and detrimental effects, both acute and chronic, of NNMT inhibition in cellular systems and in vivo

models.
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Table 1. Overview of NNMT inhibitors with ICso or K; values, analytical methods used and results from in vitro and in

vivo studies

No. Name ICsq Analytical method In vitrofin vivo results Refs
1 SAH 353 +5.5 uM LC-MS N/A 47

2 Sinefungin 125 +£2.1 uM LC-MS N/A 47

3 MNA 246 £3.2 uM LC-MS N/A 40

4 1-MQ 121 £3.1 uM HPLC No data 42

5 5-amino-1-MQ 12 +£01 uM HPLC Accelerated musde regeneration in aged mice; 42-44

reduced body weight and white adipose tissue in
diet-induced obese mice; treatment of human CAFs
increased histone methylation and did not affect cell
viability. Decreased tumour burden in mouse model
of ovarian cancer metastasis, reduced tumour cell
proliferation, and increased stromal H3K27

trimethylation
6 8-Methyl-1-MQ 18 +£05 uM HPLC No data 42
7 JBSNF-000088 24+01 uM 2,7-Naphthyridine Reduced body weight, improved insulin sensitivity, 30,45
fluorescence and restored glucose tolerance in mice with diet-
induced obesity
8 JBSNF-000265 0.6 +0.1 uM 2,7-Naphthyridine fluorescence  No data 45
9 AK-2 1.6 uM 2,7-Naphthyridine fluorescence  No data 46
10 AK-4 0.07 uM 2,7-Naphthyridine fluorescence  No data 46
1 MvH45 292 +4.0 uM LC-M5 No data 40
12 M52756 160 +1 uM SAHH-coupled fluorescence Kp (ITC) of 428 + 6.3 uM 1
13 M52734 14+15 uM SAHH-coupled fluorescence Kp (ITQ) of 2.7 £ 0.2 uM 1
14 GYZ-78 1.4+02 uM LC-M5 Kp (ITC) of 5.6 + 0.4 uM; reduced cell viability of HSC-2 47
oral cancer cell line
15 NS1 0.5+ 0.1 nM(KI) Quinoline fluorescence Moderately decreased MNA levels in U205 7
osteosarcoma cells
16 LL320 1.6+ 0.1 nM (Ki) SAHH-coupled fluorescence No Data 48
17 AK-12 0.008 uM 2,7-Naphthyridine fluorescence  No data 46
18 R5004 100 uM ABPP probe/FP No data 49
19 HS58A-C2 410/200 nM ABPP probe/LC-MS Good NNMT inhibition in lysates of human renal cell 50
20 HS312 350/180 nM ABPP probe/LC-MS carcinoma line 7860; however, despite cell 50
permeability, no cellular NNMT inhibition reported
21-23  4-Chloropyridine  N/A MTase Glo/quinoline Km values of 22-44 uM; inhibition of NNMT in 51
analogs fluorescence HEK293T cells with ECy values of 36-87 uM
24 Yuanhuadine 04 um SAHH-coupled fluorescence Suppression of NNMT expression in NSCLC cells 57
25 EL-1 74 nM LC-MS Dose-dependent reduction of MNA in mice 59
26 Cyclic peptide 0229 +0.007 yM  LC-MS Noncompetitive inhibition indicated allosteric binding 58

4. Thesis Outline

The theme of this thesis is the development of small molecule inhibitors of NNMT with the
aim of increasing their potency and selectivity. To this end, structural modifications were performed
on a bisubstrate NNMT inhibitor previously identified in our group.40 These investigations are
described in chapter 2. A diverse library of inhibitors was prepared to probe the different regions of
the enzyme’s active site, revealing that incorporation of a naphthalene moiety intended to bind the
hydrophobic nicotinamide binding pocket via -7 stacking interactions significantly increases the
activity of the bisubstrate-like NNMT inhibitors. These findings were further supported by ITC
binding assays as well as modeling studies. The most active NNMT inhibitor identified in the
present study demonstrated a dose-dependent inhibitory effect on the cell proliferation of an HSC-
2 oral cancer cell line.

To further increase the potency of NNMT inhibition, we next developed a series of compounds
that depart from some of the conserved structural features found in the first generation bisubstrate

inhibitors, specifically by introducing alternative electron-deficient aromatic groups to mimic the
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nicotinamide moiety (Chapter 3). In addition, the identification of an optimal trans-alkene linker
differs from the previously reported alkyl and alkynyl linkers used to connect the substrate and
cofactor mimics in these inhibitors. The most potent NNMT inhibitor identified in our study
exhibited an ICsp value of 3.7 nM placing it among the most active NNMT inhibitors reported to
date. Complementary analytical techniques, modelling studies, and cell-based assays provide
insight into these inhibitors' binding mode, affinity, and selectivity.

While our best compound showed potent NNMT inhibition in biochemical assay, it was
lacking good cellular activity. In order to translate the observed potent affinity into strong cellular
activity, a prodrug strategy was developed, which is described in chapter 4. The prodrug strategy
focused on the temporary protection of the amine and carboxylic acid moieties of the highly polar
amino acid side chain present in potent bisubstrate inhibitor. The modification of the carboxylic
acid into a range of esters in the absence or presence of a trimethyllock (TML) protecting group at
the amine group yielded a range of prodrugs. Based on good stability in buffers and the confirmed
esterase-dependent conversion to the parent compound, the isopropyl ester was selected as the
preferred acid prodrug. The isopropyl ester and isopropyl ester-TML prodrugs demonstrated
improved cell permeability and translated into cellular activity.

In chapter 5, the most potent bisubstrate inhibitor described in chapter 3 was used as a scaffold
to incorporate covalent warheads targeting cysteine and serine residues in the NNMT active site.
While non-essential for catalytic activity, these residues are involved in substrate binding within the
NNMT active site. Using a series of acrylamide and chloroacetamide containing compounds to
target cysteine residues C159 and C165, as well as a series of sulfonyl fluoride and boronic acid
containing compounds targeting serine residues S201 and S213, several compounds were
identified with potent inhibitory activity against NNMT. Establishing the covalent nature of their
interactions is part of an ongoing investigation.

Chapter 6 provides a summary of the results obtained in thesis chapters 1-5.
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Chapter 2

Abstract

Nicotinamide N-methyltransferase (NNMT) catalyzes the methylation of nicotinamide to
form N- methylnicotinamide. Overexpression of NNMT is associated with a variety of diseases,
including a number of cancers and metabolic disorders, suggesting a role for NNMT as a potential
therapeutic target. By structural modification of a lead NNMT inhibitor previously developed in
our group, we prepared a diverse library of inhibitors to probe the different regions of the
enzyme’s active site. This investigation revealed that incorporation of a naphthalene moiety,
intended to bind the hydrophobic nicotinamide binding pocket via m—m stacking interactions,
significantly increases the activity of bisubstrate-like NNMT inhibitors (ICs01.41 uM). These
findings are further supported by isothermal titration calorimetry binding assays as well as
modeling studies. The most active NNMT inhibitor identified in the present study demonstrated a

dose-dependent inhibitory effect on the cell proliferation of the HSC-2 human oral cancer cell line.
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1. Introduction

Nicotinamide N-methyltransferase (NNMT) is an important metabolic enzyme that catalyzes
the transfer of a methyl group from the co-factor S-adenosyl-L-methionine (SAM) onto its various
substrates, most notably nicotinamide (NA) and other pyridines, to form 1-methyl-nicotinamide
(MNA) or the corresponding pyridinium ions.!-3 The past decade has seen a renewed interest in
the biological function of NNMT in a range of human diseases. While it was previously assumed
that NNMT’s primary roles were limited to nicotinamide metabolism and xenobiotic
detoxification of endogenous metabolites, broader roles for NNMT in human health and disease
are becoming clearer.#* NNMT has been found to be overexpressed in a variety of diseases,
including metabolic disorders®>-7, cardiovascular disease®®, cancer!0-14 and Parkinson’s
diseasel>16. In general, overexpression of NNMT has been linked to disease progression in the
aforementioned afflictions, with the exception of its role in Parkinson’s disease where NNMT
seems to be neuroprotective.l7.18 Collectively, NNMT appears to play a unique role in the
regulation of post-translational modifications and signal transduction, making it an attractive and
viable therapeutic target.

Despite growing interest, few small-molecule NNMT inhibitors have been described to date.
Among these structures, the product of the enzymatic reaction, MNA, is a known inhibitor of
NNMT and has generally been used in biochemical activity assays.!® Recently, Cravatt and
coworkers reported chloroacetamide-based covalent NNMT inhibitors that react with cysteine
C165 in the SAM-binding pocket of the enzyme.20 Notably, Sanofi researchers also recently
reported a series of nicotinamide analogues that inhibit NNMT activity, leading to decreased
MNA production, stabilization of insulin levels, glucose regulation, and weight loss in mouse
models of metabolic disorders.21.22 In another approach, the group of Watowich focused on the
development of inhibitors based on NNMT’s alternative substrate quinoline. Their compounds
showed improvement of symptoms in diet-induced obese mice.23 Previous work in our group has
focused on bisubstrate inhibitors designed to mimic the transition state of the methylation
reaction catalyzed by NNMT with compound 1 (Figure 1) showing activity on par with the
known general methyltransferase inhibitor sinefungin.2+

Designing bisubstrate analogues as inhibitors is an established and effective strategy that has
been applied to a range of methyltransferase enzymes including catechol O-methyltransferase
(COMT),%5-26 histone lysine methyltransferases,?” arginine methyltransferases,?6-39 and more
recently nicotinamide N-methyltransferase.243!1 A recently published co-crystal structure of a
bisubstrate inhibitor bound to NNMT (PDB ID: 6CHH) clearly delineates key interactions with

residues in the enzyme active site, providing valuable information for further optimization of
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improved bisubstrate-like inhibitors.3! The work here described builds on our previous findings
for “trivalent” inhibitor 1, which is assumed to simultaneously bind in the adenosine, amino acid,
and nicotinamide binding pockets of the NNMT active site. Based upon insights provided by
recent NNMT crystal structures, we have designed new inhibitors wherein the nicotinamide
moiety is replaced by other aromatic substituents accompanied by variation in the length of the
linker connecting the amino acid moiety. Based on the high conservation of the residues in the
adenosine binding pocket, no changes were made to the adenosine group. A schematic overview of

the design strategy is been presented in Figure 1.
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O E SngHz
n
-
O
HO
OH
n
0 HzN OH \ n=1,2
compound 1 (n=1)
I compound 2 (n=2)

Figure 1. Schematic overview of the design strategy of the second generation of inhibitors based on trivalent

bisubstrate compounds 124 and 23!

2. Results and discussion

Design: The ternary crystal structure of NNMT (PDB ID: 3ROD) reveals the interactions of
nicotinamide and S-Adenosyl-L-homocysteine (SAH) with the active site residues.32 The active
site can be roughly divided into three binding regions for the adenosine group, the amino acid
moiety, and the nicotinamide unit. The starting point was trivalent bisubstrate compound 1,
which was designed to bind all three binding regions. In order to find the optimal substitutions, a
systematic approach was applied, where variations were made to the nicotinamide mimic on the
one hand and the amino acid moiety on the other. The benzamide group, representing
nicotinamide, was also replaced by methyl benzoate or benzoic acid moieties. Notably, the crystal
structure of the NNMT-nicotinamide—SAH ternary complex reveals m-m stacking between
tyrosine residue Y204 and the nicotinamide substrate.32 We therefore also prepared an analogue
bearing a naphthalene unit in the presumed nicotinamide position with the aim of introducing
stronger m-m stacking with the tyrosine residues of the NNMT active site. We also explored

variation of the amino acid moiety as part of our design strategy: in some analogues the amine of
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the amino acid unit was omitted to reduce charge and in others the carboxylic acid replaced by the
corresponding primary amide. In addition, variation in the length of the carbon chain linking the
amino acid moiety was examined. Furthermore, inspired by the structure of histone
methyltransferase DOTL1 inhibitor pinometostat,33 we also investigated the incorporation of an
isopropyl group to replace the amino acid moiety entirely.

Synthesis: Key aldehyde intermediates (compounds 6, 8,9, 16, 17, 22, 23, 27, 28) required
for the synthesis of the various bisubstrate analogues pursued were prepared from commercially
available materials, in good overall yields, as summarized in Scheme 1-3. The trivalent inhibitors
were then prepared via a convenient double reductive amination strategy starting from the
commercially available 2’-3’-O-isopropylidene-6-aminomethyl-adenosine starting material and
the corresponding aldehydes (Scheme 4 and 5).

The preparation of aromatic aldehydes 6, 8, and 9 began with the selective mono-
deprotection of dimethyl isophthalate using sodium hydroxide (Scheme 1).3* Monomethyl
isophthalate (3) was subsequently transformed into trityl-protected amide 4 using tritylamine via
its acid chloride intermediate and reduced by diisobutylaluminum hydride (DIBAL-H) to give
alcohol 5. The alcohol was oxidized to aldehyde 6 using pyridinium dichromate (PDC). For
aldehydes 8 and 9, the carboxylic acid of 3 was selectively reduced using a mixture of sodium
borohydride and boron trifluoride diethyl etherate.35> The resulting alcohol (7) was oxidized using
PDC to yield the corresponding aldehyde (8). Following hydrolysis of the methyl ester in 8 and

subsequent conversion to the tert-butyl ester, aldehyde 9 was obtained.36

Ox O OO OO HO O _H
RN OH “Trt “Trt N. Trt
0 3 O 4 O 5 O 6 O

e

OO OO o) o\’<
d f,g
OH H H
8 (0]

7 9 O

Scheme 1. Synthetic route for aldehydes 6, 8 and 9. Reagents and conditions: (a) NaOH, MeOH, rt, 16 h (95%); (b) 1)
SOCly, reflux, 2h, ii) tritylamine, CH2Cly, 0°C-rt, 2 h (72%); (¢) DIBAL-H, -78°C-rt, 2 h (85%); (d) PDC, CHCly, 1t,
2 h (53-64%); (e) NaBH4, BF3Et,O, THF, 0°C-rt, 2 h (89%); (f) LiOH, THF/H.O (2:1); (g) 2-tert-butyl-1,3-
diisopropylisourea, CH»Cly, tert-butanol (39% over 2 steps).
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Aliphatic aldehydes 16 and 17 containing trityl-protected amide functionalities were
prepared from succinimide and glutarimide respectively (Scheme 2). The cyclic amides were first
trityl-protected and subsequently ring-opened using potassium hydroxide. Reduction to the
corresponding alcohols and oxidization using PDC gave aldehydes 16 and 17.37:38 In analogous
fashion, aldehydes 22 and 23, both containing tert-buytl ester moieties, were prepared by ring
opening of succinic or glutaric anhydride with tert-butyl alcohol to obtain mono-esters 18 and
19.39.40 The carboxylic acid functionalities were reduced to alcohols 20 and 21 and then oxidized
using PDC to yield aldehydes 22 and 23.
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Scheme 2. Synthetic route for aldehydes 16, 17, 22 and 23. Reagents and conditions: (a) TrtCl, CHsCN, KoCOs, 1t, 48
h (20-28%); (b) KOH, EtOH, reflux, overnight (37-93%) (c) NaBH., BF3-Et2O, THF, 0°C-1t, 2 h (64-81%); (d) PDC,
CH.Cly, 1t, 2 h (65-78%); (e) tert-butanol, DMAP, N-Hydroxysuccinimide, EtsN, toluene, overnight (25-93%).

Aldehydes 27 and 28, both containing protected amino acid functionalities, were prepared
starting from the appropriately protected aspartic acid and glutamic acid building blocks (Scheme
3). Conversion of the side chain carboxylates to their corresponding Weinreb amides yielded
intermediates 24 and 25. Reduction of aspartate-derived 24 with DIBAL-H gave amino acid
aldehyde 27 in high yield. For the preparation of aldehyde 28, a similar route was followed with
the addition of a second Boc-protection of intermediate 25 to avoid an intramolecular cyclization

side reaction.2441

n a n c n
HO. _C _H
OtBu (o) N OtBu OtBu
O  NHBoc ' 0 NRBoc O NRBoc
n=1,2 n=1, R=H 24 n=1, R=H 27
n=2, R=H 25 n=2, R=Boc 28
o[,
n=2, R=Boc, 26

Scheme 3. Synthetic route for aldehydes 27 and 28. Reagents and conditions: (a) CHsNHOCH3-HCI, BOP, EtsN,
CH,Cly, rt, 2 h (85-88%); (b) (Boc)20, EtsN, DMAP, CH,Cly (94%); (c) DIBAL-H in hexanes (1 M), THF, -

78°C, assumed quant.
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With the necessary aldehyde building blocks in hand, assembly of the bisubstrate inhibitors
was performed in each case starting from commercially available 2’-3’-O-isopropylidene-6-
aminomethyl-adenosine (Scheme 4). Using a reliable reductive amination approach, aromatic
aldehydes 6, 8, 9, and commercially available 2-naphthaldehyde were each coupled to the
protected adenosine species to yield intermediates 29-32. These intermediates were next
connected with aliphatic aldehydes 16, 17, 22, 23, 27, 28 or acetone via a second reductive
amination step to give the corresponding protected tertiary amine intermediates 33-56 (Scheme
5). Global deprotection of the acid-labile protecting groups was carried out in CH2Cl2/TFA (1:1)
with isopropylidene group cleavage facilitated by subsequent addition of water. The crude

products were purified by preparative HPLC to yield bisubstrate analogues 1, 57-61.
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N Ry= NHTH, 6 RN
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o 0 R= ArCOO1Bu, 31
I~ I H #\ ) R;= naphthalene, 32
(@) NH, (0) (NH

Ry
Scheme 4. Synthesis of intermediate compounds 29-32. Reagents and conditions: (a) NaBH(OAc)s, AcOH, DCE, rt,

overnight (50-74%).
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29 Ro= N-(trityl)butanamide, 33 Ro= butanamide, 57
Ro= N-(trityl)pentanamide, 34 Ro,= pentanamide, 58
Ro= tert-butyl butanoate, 35 R,= butanoic acid, 59
Ro= tert-butyl pentanoate, 36 R,= pentanoic acid, 60
Ro= tert-butyl-2-(Boc-amino)butanoate, 37 Ro= 2-amino-butanoic acid, 1
Ro= isopropyl, 38 R,= isopropyl, 61

Scheme 5. Representative scheme for the synthesis of the final compounds, shown for compounds 1 and 57-61. The
same procedure was used starting from aldehydes 30-32 to form intermediate compounds 39-56 and 80 and final
compounds 62-79 and 81 as detailed in the experimental section. Reagents and conditions: (a) aldehyde,
NaBH(OAc)s, AcOH, DCE, rt, overnight (49-77%); (b) i) TFA, CH»Cly, rt, 2h, ii) H2O, rt, 30 min (47-73%).
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Inhibition Studies: The bisubstrate analogues were next tested for their NNMT inhibitory
activity using a method recently developed in our group.? This assay employs Ultra High
Performance (UHP) Hydrophilic Liquid Interaction Chromatography (HILIC) coupled to
Quadrupole Time-Of-Flight Mass Spectrometry (QTOF-MS) to rapidly and efficiently assess
NNMT inhibition by analysis of the formation of MNA. The NNMT inhibition of all compounds
was initially screened at a fixed concentration of 250 uM for all of the compounds. In cases where
at least 50% inhibition was detected at this concentration full inhibition curves were measured in
triplicate to determine the corresponding ICso values. As reference compounds, we included the
well-established and general methyltransferase inhibitors sinefungin and SAH. In addition, we
also synthesized two recently described NNMT inhibitors, compound 2 and 6-(methylamino)-
nicotinamide, following the procedures described in the corresponding publications.2:31 The

structures of these reference compounds are provided in Figure 2.
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Figure 2. Chemical structures of the reference compounds used in NNMT inhibition studies

The results of the NNMT inhibition studies are summarized in Table 1 and clearly show that
only minor adjustments to the functional groups found in the enzyme’s natural substrates are
tolerated. Among the compounds studied, the most potent inhibition was observed when the
aliphatic moiety corresponded to the same length in the amino acid side chain as present in the
methyl donor SAM. Notably, the preferred aromatic moiety was found to be the naphthalene
group, an apparent confirmation of our hypothesis that increased m-m stacking can lead to
enhanced binding in the nicotinamide pocket. The bisubstrate analogue containing both of these
elements (compound 78), displayed the highest inhibitory activity against NNMT with an ICso of

1.41 pM. Interestingly, the amino acid and naphthyl moieties were also found to independently
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enhance the activity of the other inhibitors prepared. In this way a suboptimal moiety at one
position can be compensated — to an extent — by including either the SAM amino acid motif or the
naphthalene unit at the other position. For example, bisubstrate analogues containing the
benzamide, benzoic acid, or methyl benzoate groups only show inhibitory activity if they also
contain the amino acid motif (compounds 1, 2, 66, 72) with ICso values of 4.36-23.4 M
respectively. On the other hand, among the bisubstrate analogues lacking the amino acid motif,
inclusion of the naphthalene moiety (compounds 74-79) enhances NNMT inhibition albeit with
moderate ICso values in the range of 52.6-129.9 uM.

Table 1. Tabulated overview of the chemical structures and inhibition results of the final compounds and

reference compounds

ICso values (UM)a
. . 6-methylamino-
Reference compounds Sinefungin SAH o
nicotinamide
ICs0 (UM) 12.51+2.11 35.30+5.48 19.81+2.50
NH,» Rl
N N\> 0 0 o)
e C
"@o R, H,N MeO HO O
o N
N
o 2 n
;\/\)OL 57 (n=1): >250 | 62:>250 68: >250 74
n=1): > > >
NH, 111.50+28.79
Q 75: 52.62 +
%A/QLNHZ 58 (n=1): >250 | 63: >250 69: >250 08
(0]
L, 59 (n=1): >250 | 64: >250 70: >250 76: >250
(0]
Ry aNOH 60 (n=1): >250 | 65: >250 71: >250 77: >250
1 (m=1,n=1): 78 (m=1,n=1):
i 14.90 +2.07 66 (m=1,n=1): | 72 (m=1,n=1): | 1.41+0.16
?;N
OH
M NH, 2(m=2,n=2): | 17.45+2.65 23.41+4.86 81 (m=2, n=2):
4.36+0.27 >250
61 (n=1): 79:
fﬁ/ 67: >250 73: >250
>250 129.90 + 14.80

aAssays performed in triplicate on at least six different inhibitor concentrations. Standard errors of the mean

reported.
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Other notable findings were the results obtained with the reference compounds. The general
methyltransferase inhibitors sinefungin and SAH showed inhibitory activities in line with those
previously reported.24 Interestingly, the 6-methylamino-NA compound recently described by
Sanofi to be a submicromolar inhibitor,2! gave an ICso of 19.8 uM in our assay. The recently
published bisubstrate analogue 2 exhibited good activity (ICso 4.4 uM) on par with published
values.3! Given the potent inhibition measured for both compound 2 and 78, we also prepared
and tested compound 81, an analogue of 78 bearing the same naphthyl moiety but with the amino
acid motif containing an additional methylene unit as in 2. Somewhat surprisingly, this linker
elongation resulted in a complete loss of inhibitory activity (ICs0>250 uM).

To gain insight into the selectivity of compound 78, we also tested its activity against
representative members of both the arginine and lysine families of methyltransferases, PRMT1
and NSD2 respectively. In both cases compound 78 was tested at a concentration of 50 pM and

showed no significant inhibition (>50% of the enzyme’s activity remained).

ITC binding studies: To further evaluate the binding interactions of the most active
bisubstrate analogues with NNMT, isothermal titration calorimetry (ITC) studies were performed,
Compounds, 1, 66, 72 and 78, all containing the amino acid moiety but with varying aromatic
substituents, were investigated. As illustrated in Figure 3, the dissociation constants (Kq)
measured for these compounds track very well with the ICso values measured in the in vitro assay.
Compounds 1 and 66 display similar binding to NNMT with Kgz values of 36 uM and 25 uM
respectively while compound 72 binds less tightly with a K of 124 uM. In good agreement with
the results of the inhibition assay, the most active inhibitor, compound 78, also displayed the
highest binding affinity for NNMT with a Kq of 5.6 uM. As expected, the inhibitors were each

found to bind the enzyme with a 1:1 stoichiometry.

Modeling studies: To further investigate the way in which the inhibitors bind within the
NNMT active site modeling studies were performed. Working from the available crystal structure
of NNMT protein bounded to nicotinamide and SAH (PDB ID: 3ROD)32, compounds 1, 2, 78,
and 81 were modeled in the binding pocket. In an attempt to explain the significant difference in
activity of 78 and 81 additional molecular dynamic simulations were also performed for
compounds 1, 2, 78 and 81. While these simulations suggest differences in the binding interaction
of the compounds, the calculated binding energies for each are all very similar. In terms of their
active site orientations, compounds 1, 2, 78 and 81 are all predicted to position their three
branches roughly in the same regions of the active site, however their orientations and interactions

are quite different.
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Figure 3. ITC isotherms and thermograms including thermodynamic binding parameters measured for
compounds 1, 66, 72, and 78 with hNNMT.

From the modeling data, two distinct features are apparent. First, when the chain linking the
amino acid moiety is shorter (as in compounds 1 and 78), the formation of an intramolecular
hydrogen bond interaction was observed between the carboxylate of the amino acid moiety and
the protonated tertiary amine (see Figure 4). This intramolecular interaction is highly stable for
compound 78 and less stable for compound 1. This additional interaction reduces the entropic
energy of the ligand, thereby potentially stabilizing its binding, and re-orients the amino acid part
in the pocket, preventing the polar interactions with neighboring residues (e.g. Y25, D61, Y69,
and T163) observed when the chain is longer (as present in compounds 2 and 81). This
intramolecular hydrogen bond may explain the difference in activity observed between
compounds 78 and 81. The second distinct feature is the tyrosine rich environment around the

naphthalene moiety of 78 compared to the nicotinamide unit of 1. The orientation of the tyrosine
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Figure 4. Modeling results for compound 78 in the NNMT active site (PDB ID: 3ROD). Molecular dynamics
simulation indicates the presence of an intramolecular hydrogen bond (2.74, shown in cyan) specific to compound
78 (in green) that would be expected to reduce the entropic energy of the ligand and potentially stabilize binding to
NNMT (in white). Proposed intermolecular hydrogen bond network (in yellow) and n-m stacking interactions with

Tyr residues (in purple) stabilize compound 78 in the NNMT active site (hydrogens omitted for clarity).

residues surrounding this part of the molecule leads to m-m stacking interactions with the
naphthalene and hint at an explanation for the strong inhibition and high affinity of compound 78
with NNMT protein (Figure 4).

Cell-based assays: To evaluate the cellular activity of the bisubstrate inhibitors, the
compounds were tested for their effect on cell proliferation in the human oral cancer cell line HSC-
2. We recently found that NNMT expression levels are high in this particular cell line and may
contribute to its proliferation and tumorigenic capacity.#? As shown in Figure 5, there were no
significant differences in cell proliferation rate between HSC-2 cells treated with DMSO at 0.1%
concentration and cells grown with culture medium only, at any time of each performed assay.
Upon treatment with the NNMT inhibitors, cell proliferation was not significantly inhibited by
compounds 1, 2 and 81 (Figure 5). On the contrary, relative to the DMSO control, treatment with
compound 78 led to a notable decrease in cell proliferation. In particular, cell proliferation was
significantly (p < 0.05) inhibited by compound 78 at 10uM (20% reduction), 50 uM (21%
reduction) and 100 uM (27% reduction) concentrations, 48 hours after treatment. Interestingly,
at the longest 72-hour time-point taken, treatment with compound 78 lead to an even greater and
significant (p < 0.01) decrease in cell proliferation (44% reduction), at the highest concentration
(100 uM) (Figure 5).

We next investigated the effect of compound 78 on cellular NNMT activity by assessing its
impact on MNA production in the same HSC-2 cell line. Cells were treated with 100 uM of 78
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and MNA levels determined after 0, 1, 2, and 3 days. Cells treated with compound 78 show a
significant (p < 0.01) decrease in the levels of MNA (50% reduction) compared to controls after
48 hours. Interestingly, at 72 hours an increase in cellular MNA production was detected,
however, the same effect was also observed in the DMSO control (but not in the untreated control)

suggesting an effect attributable to longer-term DMSO exposure.
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Figure 5. Results of the MTT cell viability assay on HSC-2 human oral cancer cells. Only compound 78 showed a

significant effect on cell proliferation after 48 and 72 hours

3. Conclusion

Building from our earlier findings with first reported ternary bisubstrate NNMT inhibitor 1,24
we designed and prepared a focused library of novel inhibitors to provide new structure-activity
insights. In doing so, various structural motifs were investigated for the ability to enhance
inhibitor activity and binding within the NNMT active site. By probing the SAM and NA binding
pockets with different spacers and functional groups, we found that the optimal ligands are the
endogenous amino acid side-chain and the naphthalene moiety. Among the naphthalene-
containing bisubstrate analogues prepared, compound 78 showed the most potent NNMT
inhibition. In this way the activity of our initial NNMT inhibitor 1 (ICs0 = 14.9 uM) was improved
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10-fold with compound 78 displaying an ICso value of 1.41 uM. Notably, using an assay designed
to directly measure NNMT product formation, compound 78 was shown to be more potent than
most other NNMT inhibitor reported to date. ITC-based binding studies provided additional
insights in the affinity of the inhibitors for the enzyme with measured Ka value following a trend
similar to that observed for the ICso data obtained in the in vitro inhibition assays. From modeling
studies, the improved activity of compound 78 can be rationalized by the apparent presence of an
intramolecular hydrogen bonding interaction predisposing the compound to an active
conformation with lower entropic cost. In addition, the modeling indicates that the naphthalene
group in 78 is properly oriented so as to benefit from additional m-m stacking interactions with
several tyrosine residues in the nicotinamide binding pocket of the enzyme. The cellular data
obtained for compound 78 shows a significant inhibitory effect on cell proliferation in HSC-2 oral
cancer cells. These promising results provide important new insights for the design and further

optimization of potent NNMT inhibitors.

4. Experimental procedures

General Procedures: All reagents employed were of American Chemical Society (ACS) grade
or finer and were used without further purification unless otherwise stated. For compound
characterization, 'H NMR spectra were recorded at 400 MHz with chemical shifts reported in
parts per million (ppm) downfield relative to tetramethylsilane (TMS), H20 (6 4.79), CHCls (7.26)
or DMSO (8 2.50). 'H NMR data are reported in the following order: multiplicity (s, singlet; d,
doublet; t, triplet; g, quartet and m, multiplet), coupling constant (J) in hertz (Hz) and the
number of protons. Where appropriate, the multiplicity is preceded by br, indicating that the
signal was broad. 13C NMR spectra were recorded at 101 MHz with chemical shifts reported
relative to CDCls (6 77.16), methanol (6 49.00) or DMSO (6 39.52). The 13C NMR spectra of the
compounds recorded in D20 could not be referenced. High-resolution mass spectrometry (HRMS)
analysis was performed using a Q-TOF instrument. Compounds 1,24 2,31 3,34 7,34 836 937 10,43
12,38 14,38 16,44 18,40 19,40 20,45 21,46 22 47 23 40 24 41 25 41 26 48 27 41 2848 were prepared as
previously described and had NMR spectra and mass spectra consistent with the assigned
structures. Purity was confirmed to be > 95% by analytical RP-HPLC using a Phenomenex
Kinetex C18 column (5 um, 250 x 4.6 mm) eluted with a water—acetonitrile gradient moving
from 0% to 100% CHsCN (0.1% TFA) in 30 minutes. The compounds were purified via
preparative HPLC using a Reprosil-Pur C18-AQ column (10 um, 250 x 22 mm) eluted with a
water—acetonitrile gradient moving from 0% to 50% CHsCN (0.1% TFA) over 60 minutes at a
flow rate of 12.0 ml min-! with UV detection at 214 nm and 254 nm.
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Methyl 3-(tritylcarbamoyl)benzoate (4). Mono-methylisophthalate 3 (0.98 g, 5.4 mmol) was
refluxed in 10 mL SOCIl2 at 90 °C for about one hour (until the reaction mixture is a clear solution).
The SOCl2 was removed under reduced pressure and the acid chloride intermediate was
redissolved in 15 mL dry CH2Cl2 and transferred to a cooled (ice-bath) solution of tritylamine
(1.41 g, 5.4 mmol) and 2 mL triethylamine in 30 mL CH2Clz. The reaction was stirred overnight
under N2 atmosphere, allowing the mixture to warm to room temperature. After the reaction was
completed (monitored by TLC (petroleum ether / CH2Clo= 1:1)), the reaction mixture was
washed with water and brine and the organic phase dried over Na2SO4 and concentrated. The
crude product was purified by column chromatography (petroleum ether / CH2Clz= 2:1) to give
compound 4 as a white powder (1.64 g, 72% yield). tH NMR (400 MHz, CDCl3) & 8.45 (t, J =
1.6 Hz, 1H), 8.18 (m, 1H), 8.03 (m, 1H), 7.53 (t,J = 7.8 Hz, 1H), 7.41 — 7.26 (m, 15H), 3.94 (s,
3H). 13C NMR (101 MHz, CDCls) & 166.3, 165.4, 144.5, 135.6, 132.5, 131.7, 130.6, 128.9,
128.7,128.1,128.1, 127.6, 127.2, 71.0, 52.4. HRMS (ESI): calculated for C2sH23NO3 [M+Na]*
444.1576, found 444.1581.

3-(Hydroxymethyl)-N-tritylbenzamide (5). Methyl 3-(tritylcarbamoyl)benzoate 4 (0.56 g,
1.33 mmol) was dissolved in dry CH2Cl2 (20 mL) under a N2 atmosphere, the reaction solution
was cooled down to -78 °C, and then diisobutylaluminum hydride (DIBAL-H) (5.5 mL, 1.0 M
hexane solution) was added slowly. The reaction mixture was stirred at -78 °C for 2 hours.
Saturated aq. NH4Cl (50 mL) was added slowly to quench the reaction under -78 °C, followed by
the addition of a saturated Rochelle salt solution (100 mL). The mixture was stirred at room
temperature overnight, extracted with CH2Cl2 and the organic layers dried over Na2SO4 and
concentrated under reduced pressure. The crude product was purified by column chromatography
(CH2Cl2/EtOAc = 9:1) to obtain 5 as a white powder (0.44 g, 85% yield). 1H NMR (400 MHz,
DMSO-ds) 6 8.92 (s, 1H), 7.78 (s, 1H), 7.75 = 7.71 (m, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.40 (t, J
=7.6 Hz, 1H), 7.36 — 7.18 (m, 15H), 5.26 (br, 1H), 4.54 (s, 2H). 13C NMR (101 MHz, DMSO-
de) 8 167.0, 145.3, 143.0, 135.5, 129.6, 128.9, 128.3, 127.9, 126.7, 126.5, 126.2, 79.6, 69.9,
69.9, 63.0. HRMS (ESI): calculated for C27H23NO2 [2M+Na]+ 809.3355, found 809.3359.

3-Formyl-N-tritylbenzamide (6). 3-(hydroxymethyl)-N-tritylbenzamide 5 (0.20 g, 0.51
mmol) and pyridinium dichromate (PDC) 0.23 g, 0.61 mmol) were placed in a 50 mL round
bottom flask and 10 mL of dry CH2Cl2 was added under N2 atmosphere at room temperature. The
reaction was stirred till completion, as monitored by TLC (petroleum ether / CH2Cl2 = 5:1). The
mixture was filtered and the organic layer was washed with brine, dried over anhydrous

Na2SO4 and concentrated under reduced pressure. The resulting crude product was purified by
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column chromatography (petroleum ether / CH2Cl2 = 9:1) to obtain 6 as a white powder (0.13 g,
yield 64%). 'H NMR (400 MHz, DMSO-ds) § 10.09 (s, 1H), 9.31 (s, 1H), 8.39 (s, 1H), 8.17 (d,
J="7.7Hz, 1H), 8.06 (d, J = 7.7 Hz, 1H), 7.68 (t, J = 7.7 Hz, 1H), 7.41 — 7.17 (m, 15H). 13C
NMR (101 MHz, CDCls) § 191.5, 165.1, 144.4, 136.5, 136.2, 133.0, 132.5, 129.5, 128.6, 128.5,
128.1, 127.7, 127.3, 77.2, 71.1. HRMS (ESI): calculated for C27H21NO2[2M+Na]+ 805.3042,
found 805.3047.

N-(triphenylmethyl)glutarimide (11). Glutarimide (2.8 g, 25 mmol), triphenylchloromethane
(7.4 g, 25 mmol), and potassium carbonate (3.7 g, 25 mmol) were added to 100 mL acetonitrile
and the mixture was stirred at room temperature overnight. Saturated aqueous NaHCOs3 (50 mL)
was added and the mixture was extracted with EtOAc. The combined organic layers were dried
with anhydrous Na2SO4 and the solvent was removed under reduced pressure. The crude product
was purified by column chromatography (petroleum ether / EtOAc = 4:1) to obtain 11 as a white
powder (1.8 g, yield 20%). 1H NMR (400 MHz, DMSO-ds) § 7.45 — 7.35 (m, 6H), 7.20 (t, J =
7.8 Hz, 6H), 7.08 (t,J = 7.3 Hz, 3H), 2.66 (t,J = 6.4 Hz, 4H), 2.01 (p, J = 6.5 Hz, 2H). 13C NMR
(101 MHz, CDCl3) & 172.4, 143.4, 128.5, 127.3, 125.9, 35.5, 16.7. HRMS (ESI): calculated for
Co4H21NO2 [M+Na]* 378.1470, found 378.1493.

5-Ox0-5-(tritylamino)pentanoic acid (13). To 2.80 g of KOH dissolved in 50 ml of ethanol
was added N-tritylglutarimide 11 (1.00 g, 2.8 mmol) and the mixture was refluxed for 48 hours.
The mixture was then concentrated to dryness and redissolved in H20. Acidification of the basic
solution with conc. HCI to pH=2 and filtration of the product gave compound 13 as a white
powder (0.96 g, yield 91%). 'H NMR (400 MHz, CDs0D) § 7.30 — 7.17 (m, 15H), 2.37 (t, J =
7.4 Hz, 2H), 2.25 (t,J = 7.4 Hz, 2H), 1.79-1.87 (m 2H). 13C NMR (101 MHz, CD3OD) 6 175.5,
173.3, 144.6, 128.6, 127.3, 127.2, 126.7, 126.3, 35.2, 32.6, 20.7. HRMS (ESI): calculated for
C24H23NO3 [M+Na]*396.1576, found 396.1573.

5-Hydroxy-N-tritylpentanamide (15). To a solution of 13 (2.60 g, 6.96 mmol) in dry THF
(60 mL) cooled to 0 °C was added NaBH(OAc)s (0.28 g, 7.3 mmol). The solution was stirred
until evolution of H2 stopped, and BFs.OEt2 (1.1 mL, 8.8 mmol) was added dropwise. The
reaction was stirred at room temperature for 4 hours. The reaction was quenched by adding 50
mL H20 at 0 °C. The mixture was extracted with EtOAc and the combined organic layers were
washed with sat. aq. Na2COs, brine and dried over Na2SO4. The crude product was purified by
column chromatography (100% EtOAc) to give compound 15 as a white powder (1.60 g, 64%
yield). 1H NMR (400 MHz, CDCls) 6 7.22 — 6.74 (m, 15H), 6.36 (br, 1H), 3.29 — 3.19 (br, 2H),
2.01 (t,J = 7.2 Hz, 2H), 1.46 — 1.36 (m, 2H), 1.24 (m, 2H). 13C NMR (101 MHz, CDCl3) §
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171.9, 144.7, 128.6, 1279, 127.0, 62.0, 37.0, 32.0, 21.4. HRMS (ESI): calculated for
C24H25NO2 [M+Na]+ 382.1783, found 382.1783.

5-Oxo-N-tritylpentanamide (17). 5-hydroxy-N-tritylpentanamide 15 (1.30 g, 3.6 mmol) and
PDC (2.00 g, 5.4 mmol) were dissolved in 50 mL of dry CH2Cl2 and stirred for 2 hours under N2
atmosphere at room temperature. The mixture was filtered and the organic layer was washed with
brine, dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude product
was purified by column chromatography (100% CH2Cl2) to give compound 17 as an off-white
powder (0.84 g, 65% yield). 1H NMR (400 MHz, CDCls) 6 9.71 (s, 1H), 7.36 — 7.10 (m, 15H),
6.59 (s, 1H), 2.44 (t, J = 7.0 Hz, 2H), 2.32 (t, J = 7.2 Hz, 2H), 1.97 - 1.88 (m, 2H). 13C NMR
(101 MHz, CDCls) § 202.0, 170.8, 144.6, 128.6, 127.9, 127.0, 70.5, 42.9, 36.1, 17.9. HRMS
(ESI): calculated for C24H23NO2 [M+Na]*380.1626, found 380.1629.

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)-N-tritylbenzamide (29). 3-Formyl-N-tritylbenzamide 6 (1.22
g, 3.12 mmol), 2’-3’-O-isopropylidene-6-aminomethyl-adenosine (1.00 g, 3.43 mmol) and acetic
acid (0.45 mL, 8 mmol) were dissolved in 1,2-dichloroethane (DCE, 50 mL) and stirred at room
temperature under a N2 atmosphere. After 3 hours, NaBH(OAc)s (1.09 g, 5.15 mmol) was added
and the reaction mixture was stirred overnight at room temperature. The reaction was quenched
by adding 1 N NaOH solution (50 mL), and the product was extracted with CH2Cl2. The
combined organic layers were washed with brine and dried over Na2SO4. The solvent was
evaporated and the crude product was purified by column chromatography (10% MeOH in
CH2Cl2) to give compound 29 as a white powder (1.25 g, 59% yield). 'H NMR (400 MHz,
DMSO-ds) 6 8.89 (s, 1H), 8.34 (s, 1H), 8.06 (s, 1H), 7.79 (s, 1H), 7.71 (d, J = 7.7 Hz, 1H), 7.43
(d,J=7.7 Hz, 1H), 7.39 - 7.24 (m, 15H), 7.20 (m, 3H), 6.09 (d, J = 3.1 Hz, 1H), 5.76 (s, 1H),
5.46 (M, 1H), 5.00 (m, 1H), 4.28 — 4.23 (m, 1H), 3.73 (s, 2H), 2.75 - 2.66 (m, 2H), 1.54 (s, 3H),
1.31 (s, 3H). I3C NMR (101 MHz, DMSO-ds) 6 166.9, 156.5, 153.1, 149.3, 145.3, 140.4, 135.6,
128.9,128.3,127.9,127.6, 126.7,126.5, 119.7, 113.7, 89.7, 85.3, 83.1, 82.6, 69.9, 55.3, 53.0,
50.8,27.5,25.7. HRMS (ESI): calculated for C40H3oN704 [M+Na]*+704.2961, found 704.2975.

Methyl-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)benzoate (30). Following the procedure described for
compound 29, coupling methyl 3-formylbenzoate 8 (0.51 g, 3.12 mmol) and 2’-3’-O-
isopropylidene-6-aminomethyl-adenosine (1.00 g, 3.43 mmol) afforded compound 30 as a white
powder (0.92 g, 65% yield). \TH NMR (400 MHz, CDCls) 6 8.08 (s, 1H), 7.92 (s, 1H), 7.90 — 7.83
(m, 2H), 7.44 (d,J = 7.6 Hz, 1H), 7.32 (t,J = 7.6 Hz, 1H), 6.37 (d, J = 5.7 Hz, 2H), 5.95 (d, J =
3.1 Hz, 1H), 5.45 (m, 1H), 5.04 (m, 1H), 4.40 — 4.34 (m, 1H), 3.86 (s, 3H), 3.79 (s, 2H), 2.90-
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2.83 (m, 2H), 1.58 (s, 3H), 1.35 (s, 3H). 13C NMR (101 MHz, CDCls) § 167.1, 155.8, 155.8,
153.0, 149.2, 140.4, 140.4, 139.8, 132.6, 132.6, 130.1, 129.1, 129.1, 128.4, 128.4, 128.2,
120.2, 114.4, 91.0, 85.5, 83.2, 83.2, 82.2, 82.2, 53.3, 52.1, 52.1, 50.6, 27.3, 27.2, 25.4, 25.3.
HRMS (ESI): calculated for C22H26NeOs [M+H]* 455.2043, found 455.2050.
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 (31). Following
the procedure described for compound 29, coupling tert-butyl 3-formylbenzoate 9 (0.64 g, 3.12
mmol) and 2’-3’-O-isopropylidene-6-aminomethyl-adenosine (1.00 g, 3.43 mmol) afforded
compound 31 as a white powder (0.77 g, 50% yield). 1H NMR (400 MHz, CDCl3) § 8.11 (s, 1H),
7.89 (s, 1H), 7.86-7.83 (m, 2H), 7.43 (d, J = 7.7 Hz, 1H), 7.31 (t, J = 7.6 Hz, 1H), 6.36 — 6.27
(m, 2H), 5.96 (d, J = 3.3 Hz, 1H), 5.46 (m, 1H), 5.04 (m, 1H), 4.38 (m, 1H), 3.80 (s, 2H), 2.94-
2.81 (m, 2H), 1.58 (s, 3H), 1.55 (s, 9H), 1.36 (s, 3H). 13C NMR (101 MHz, CDCls) 6 165.7,
155.8, 155.8,153.0, 149.3, 140.2, 139.8, 132.0, 132.0, 129.0, 128.2, 128.1, 120.3, 114.5, 91.0,
85.4, 832, 822, 809, 53.4, 50.6, 28.1, 27.3, 25.4. HRMS (ESI): calculated for
CosH32NeOs [M+H]* 497.2512, found 497.2511.
9-((3aR,4R,6R,6aR)-2,2-dimethyl-6-(((naphthalen-2-
ylmethyl)amino)methyl)tetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine (32).
Following the procedure described for compound 29, coupling 2-naphthaldehyde (0.49 g, 3.12
mmol) and 2’-3’-O-isopropylidene-6-aminomethyl-adenosine (1.00 g, 3.43 mmol) afforded
compound 32 as a white powder (1.03 g, 74% yield). 1H NMR (400 MHz, CDCl3) § 8.11 (s, 1H),
7.88 (s, 1H), 7.78 (m, 3H), 7.70 (s, 1H), 7.48 — 7.38 (m, 3H), 6.05 (s, 2H), 5.99 (d, J = 3.3 Hz,
1H), 5.48 (m, 1H), 5.06 (m, 1H), 4.45 — 4.39 (m, 1H), 3.95 (s, 2H), 3.01 — 2.87 (m, 2H), 2.33
(br, 2H), 1.61 (s, 3H), 1.38 (s, 3H). 13C NMR (101 MHz, CDCls) § 155.7, 153.0, 149.3, 139.9,
137.4, 133.3, 132.6, 128.0, 127.6 126.4, 126.4, 126.0, 125.5, 120.3, 114.5, 91.0, 85.6, 83.3,
82.3, 53.9, 50.7, 27.3, 25.4. HRMS (ESI): calculated for C24H26NeO3 [M+H]*447.2145, found
447.2167.
3-(((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3]-
dioxol-4-yl)methyl)(4-ox0-4-(tritylamino)butyl)amino)methyl)-N-tritylbenzamide (33). Oxo-N-
tritylbutanamide 16 (62 mg, 0.18 mmol), compound 29 (100 mg, 0.15 mmol) and AcOH (1 drop)
were dissolved in 1,2-dichloroethane (DCE, 10 mL) and stirred at room temperature under a N2
atmosphere. After 3 hours, NaBH4 (49 mg, 0.23 mmol) was added and the reaction mixture was
stirred overnight at room temperature. The reaction was quenched by adding 1 N NaOH (10 mL),
and the product was extracted with CH2Cl2. The combined organic layers were washed with brine

and dried over Na2SO4. The solvent was evaporated and the crude product was purified by
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column chromatography (10% MeOH in CH2Cl2) to give compound 33 as a white powder (83 mg,
55% yield). 1TH NMR (400 MHz, CDCls) & 8.15 (s, 1H), 7.69 (s, 1H), 7.67 (s, 1H), 7.53 (d, J =
7.1 Hz, 2H), 7.39 — 7.09 (m, 32H), 6.61 (s, 1H), 5.95 (d, J = 1.9 Hz, 1H), 5.65 (s, 2H), 5.36 (m,
1H), 4.89 (m, 1H), 4.40 — 4.34 (m, 1H), 3.56 (d, J = 3.4 Hz, 2H), 2.68 (d, J = 6.8 Hz, 2H), 2.46
(m, 2H), 2.26 (m, 2H), 1.81 — 1.69 (m, 2H), 1.52 (s, 3H), 1.30 (s, 3H). 13C NMR (101 MHz,
CDCl3) 6 171.5, 166.7, 155.4, 152.9, 149.0, 144.8, 144.7, 140.0, 139.9, 135.3, 131.5, 128.8,
128.7,128.0, 127.9, 127.0, 126.9, 125.3, 114.1, 90.8, 85.7, 83.8, 83.4, 70.7, 70.4, 58.6, 56.0,
53.5,34.9, 27.0, 25.3, 22.7. HRMS (ESI): calculated for Ce3HeoNsOs [M+H]*1009.4765, found
1009.4765.

3-(((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)(5-0x0-5-(tritylamino)pentyl)amino)methyl)-N-tritylbenzamide (34).
Following the procedure described for compound 33, coupling compound 29 (100 mg, 0.15
mmol) with 5-oxo-N-tritylpentanamide 17 (64 mg, 0.18 mmol) afforded compound 34 as a white
powder (88 mg, 57% yield). 1H NMR (400 MHz, CDCls) 6 8.16 (s, 1H), 7.67 (s, 2H), 7.57 (br,
1H), 7.52 (s, 1H), 7.41 — 7.13 (m, 32H), 6.62 (s, 1H), 5.96 (d, J = 1.8 Hz, 1H), 5.83 (br, 2H),
5.38 (m, 1H), 4.92 (m, 1H), 4.40 — 4.34 (m, 1H), 3.54 (s, 2H), 2.65 (d, J = 6.9 Hz, 2H), 2.46 —
2.38 (m, 2H), 2.13 (m, 2H), 1.56 (s, 3H), 1.42 — 1.33 (m, 2H), 1.30 (s, 3H). 133C NMR (101
MHz, CDCls) § 171.6, 166.6, 155.5, 152.9, 149.1, 144.8, 144.8, 140.3, 140.0, 135.2, 131.6,
128.8, 128.7, 128.2, 128.0, 127.9, 127.5, 127.0, 127.0, 125.4, 114.1, 90.9, 85.9, 83.8, 83.4,
77.3, 70.7, 70.4, 58.6, 56.1, 53.9, 37.1, 27.1, 26.3, 25.4, 23.1. HRMS (ESI): calculated for
Ce4Hs2NsOs [M+H]*1023.4921, found 1023.4918.

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)(3-(tritylcarbamoyl)benzyl)amino)butanoate (35). Following the
procedure described for compound 33, coupling tert-butyl 4-oxobutanoate 22 (29 mg, 0.18 mmol)
and compound 29 (100 mg, 0.15 mmol) afforded compound 35 as a white powder (61 mg, 49%
yield). 'H NMR (400 MHz, CDCls) 6 8.16 (s, 1H), 7.70 (d, J = 5.8 Hz, 2H), 7.58 (d, J = 7.6 Hz,
2H), 7.38 - 7.15 (m, 17H), 5.97 (d, J = 2.0 Hz, 3H), 5.36 (m, 1H), 4.93 (m, 1H), 4.35 (m, 1H),
3.63 — 3.52 (m, 2H), 2.76 — 2.63 (m, 2H), 2.47 (t,J = 7.1 Hz, 2H), 2.23 — 2.12 (m, 2H), 1.75 -
1.65 (m, 2H), 1.55 (s, 3H), 1.36 (s, 9H), 1.29 (s, 3H). 13C NMR (101 MHz, CDCls) § 172.7,
166.7, 155.5, 152.9, 149.0, 144.8, 144.8, 140.0, 139.9, 131.6, 128.8, 128.7, 128.0, 128.0,
127.0, 125.5, 120.1, 90.8, 85.8, 83.9, 83.4, 80.1, 70.7, 61.9, 58.8, 55.9, 53.4, 33.0, 32.4, 28.0,
27.1,25.3,22.4. HRMS (ESI): calculated for C4sHssN706 [M+H]* 824.4136, found 824.4142.

tert-Butyl-5-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)methyl)(3-(tritylcarbamoyl)benzyl)amino)pentanoate (36). Following the

39



Chapter 2

procedure described for compound 33, coupling tert-butyl 5-oxopentanoate 23 (31 mg, 0.18
mmol) and compound 29 (100 mg, 0.15 mmol) afforded compound 36 as a white powder (67 mg,
53% yield). 1TH NMR (400 MHz, CDCls) 6 8.17 (s, 1H), 7.70 (d, J = 8.7 Hz, 2H), 7.58 (d,J = 7.8
Hz, 1H), 7.51 (s, 1H), 7.42 = 7.27 (m, 14H), 7.19 (t,J = 7.7 Hz, 1H), 5.98 (s, 1H), 5.72 (s, 2H),
5.38 (m, 1H), 4.94 (s, 1H), 4.40 — 4.33 (m, 1H), 3.57 (s, 2H), 2.70 — 2.65 (m, 2H), 2.47 (t, J =
7.0 Hz, 2H), 2.13 (t, J = 7.2 Hz, 2H), 1.57 (s, 3H), 1.52 — 1.45 (m, 2H), 1.41 (s, 9H), 1.32 (s,
3H). 13C NMR (101 MHz, CDCl3) § 172.9, 166.6, 155.4, 152.9, 149.1, 144.8, 140.2, 139.9,
135.2, 131.6, 128.7, 128.2, 128.0, 127.4, 127.0, 125.4, 120.2, 114.1, 90.8, 85.8, 83.9, 83.4,
80.0, 70.7, 58.7, 56.0, 54.0, 35.2, 28.1, 27.1, 26.3, 25.3, 22.7. HRMS (ESI): calculated for
C49Hs55N705 [M+H]* 838.4292, found 838.4298.

tert-Butyl-(S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-4-yl)methyl) (3-(tritylcarbamoyl)benzyl)amino)-2-
((tert-butoxycarbonyl)amino)butanoate (37). Following the procedure described for compound
33, coupling tert-butyl (R)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate 27 (49 mg, 0.18
mmol) and compound 29 (100 mg, 0.15 mmol) afforded compound 37 as a white powder (94 mg,
67% yield). TH NMR (400 MHz, CDCls) 6 8.15 (s, 1H), 7.70 (m, 2H), 7.57 (d, J = 9.9 Hz, 2H),
7.41 —7.14 (m, 15H), 5.98 (s, 1H), 5.59 (s, 2H), 5.37 (m, 2H), 4.91 (s, 1H), 4.36 (s, 1H), 4.17
(s, 1H), 3.62 (d, J = 13.8 Hz, 1H), 3.54 (d, J = 13.8 Hz, 1H), 2.76 — 2.48 (m, 4H), 1.99 (d, J =
6.2 Hz, 1H), 1.76 (br, 1H), 1.57 (s, 3H), 1.39 (m, 15H), 1.32 (s, 3H). 13C NMR (101 MHz,
CDCl3) 6 171.6, 166.6, 155.4, 152.9, 149.0, 144.8, 140.0, 139.5, 135.4, 131.6, 128.8, 128.0,
127.0, 125.5, 114.2,90.7, 85.6, 83.9, 83.4, 81.7, 79.4, 70.7, 58.9, 58.2, 55.9, 52.7, 50.9, 50.6,
36.5,29.7, 28.3, 28.2, 28.0, 27.9, 27.1, 25.3. HRMS (ESI): calculated for CssHe1NsOs [M+H]*
939.4749, found 939.4784.

3-(((((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)methyl)-N-tritylbenzamide (38). Following the
procedure described for compound 33, coupling 5 mL dry acetone (large excess) and compound
29 (100 mg, 0.15 mmol) afforded compound 38 as a white powder (68 mg, 63% yield). 'H NMR
(400 MHz, CDCls) 6 8.22 (s, 1H), 7.75 (s, 1H), 7.60 (d, J = 10.4 Hz, 2H), 7.49 — 7.40 (m, 2H),
7.33 -7.21 (m, 15H), 5.91 (s, 1H), 5.34 (m, 2H), 4.92 — 4.87 (m, 1H), 4.23 (d, J = 3.2 Hz, 1H),
3.57 (s, 2H),2.92 - 2.83 (m, 1H), 2.76 — 2.68 (m, 1H), 2.59 (m, 1H), 1.49 (s, 3H), 1.25 (s, 3H),
1.01(d,J = 6.6 Hz, 3H), 0.90 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CDCls) § 166.7, 155.7,
152.9, 149.0, 144.8, 141.4, 139.9, 135.2, 131.4, 128.7, 128.3, 128.0, 127.1, 125.4, 120.2,
114.0, 90.9, 86.5, 83.7, 83.3, 70.7, 54.4, 51.8, 50.5, 27.1, 25.4, 18.7, 17.2. HRMS (ESI):
calculated for C43H45N704 [M+H]+724.3611, found 724.3618.
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Methyl 3-(((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)methyl)(4-ox0-4-(tritylamino)butyl)amino)methyl)benzoate (39).
Following the procedure described for compound 33, coupling 4-oxo-N-tritylbutanamide 16 (62
mg, 0.18 mmol) and compound 30 (68 mg, 0.15 mmol) afforded compound 39 as a white powder
(63 mg, 54% yield). 'H NMR (400 MHz, CDCls) § 8.17 (s, 1H), 7.90 (s, 1H), 7.84 — 7.79 (m,
1H),7.77 (s, 1H), 7.40 (d, J = 7.7 Hz, 1H), 7.31 - 7.08 (m, 17H), 6.60 (s, 1H), 5.97 (d, J = 2.2
Hz, 1H), 5.67 (s, 2H), 5.34 (m, 1H), 4.86 (m, 1H), 4.34 (m, 1H), 3.85 (s, 3H), 3.57 (m, 2H),
2.74 - 2.62 (m, 2H), 2.45 (t, J = 7.0 Hz, 2H), 2.31-2.16 (m, 2H), 1.75 (m, 2H), 1.53 (s, 3H),
1.32 (s, 3H). 13C NMR (101 MHz, CDCl3) 6 171.5, 167.0, 155.4, 153.0, 149.1, 144.7, 139.9,
139.6, 133.3, 129.9, 129.7, 128.7, 128.2, 128.1, 127.9, 127.0, 126.9, 120.2, 114.2, 90.8, 85.4,
83.7, 83.4, 70.4, 58.5, 55.7, 53.6, 52.1, 34.9, 27.0, 25.2, 22.7. HRMS (ESI): calculated for
C45H4sN706 [M+H]* 782.3666, found 782.3666.

Methyl 3-(((((3aR,4R,6R,6aR)-6-(6~amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)methyl)(5-0x0-5-(tritylamino)pentyl)amino)methyl)benzoate (40).
Following the procedure described for compound 33, coupling 5-oxo-N-tritylpentanamide 17 (64
mg, 0.18 mmol) and compound 30 (68 mg, 0.15 mmol) afforded compound 40 as a white powder
(67 mg, 53% yield). 1H NMR (400 MHz, CDCls) 6 8.17 (s, 1H), 7.89 (s, 1H), 7.83 (d, J = 7.8 Hz,
1H), 7.76 (s, 1H), 7.44 (d, J = 7.6 Hz, 1H), 7.26-7.17 (m, 14H), 6.69 (s, 1H), 6.35 (br, 2H),
5.99(d,J= 1.8 Hz, 1H), 5.39 (m, 1H), 4.90 (m, 1H), 4.36 (m, 1H), 3.83 (s, 3H), 3.62 — 3.48 (m,
2H), 2.65 (m, 2H), 2.41 (t,J = 6.9 Hz, 2H), 2.14 (p, J = 8.2 Hz, 2H), 1.56 (s, 3H), 1.33 (s, 3H).
13C NMR (101 MHz, CDCls) 6 171.7, 167.1, 155.8, 152.9, 149.1, 144.8, 139.9, 139.8, 133.4,
129.9,129.8,128.7,128.2, 128.2,127.9, 126.9, 114.1, 90.8, 85.6, 83.7, 83.4, 70.4, 58.5, 55.8,
53.8, 52.1, 37.1, 27.1, 26.3, 25.3, 23.1. HRMS (ESI): calculated for CssH49N70s [M+H]*
796.3823, found 796.3814.

Methyl 3-(((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofu ro-
[3,4-d][1,3]dioxol-4-yl)methyl)(4-(tert-butoxy)-4-oxobutyl)amino)methyl)benzoate 41).
Following the procedure described for compound 33, coupling tert-butyl 4-oxobutanoate 22 (29
mg, 0.18 mmol) and compound 30 (68 mg, 0.15 mmol) afforded compound 41 as a white powder
(65 mg, 73% yield). 'H NMR (400 MHz, CDCls) 6 8.13 (s, 1H), 7.85 (s, 1H), 7.80 (d, J = 8.1 Hz,
2H), 7.41 (d,J = 7.6 Hz, 1H), 7.23 (t, J = 7.6 Hz, 1H), 6.47 (s, 2H), 5.98 (d, J = 1.9 Hz, 1H),
5.33 (d, J = 6.4 Hz, 1H), 4.87 (m, 1H), 4.30 (m, 1H), 3.84 (s, 3H), 3.61-3.48(m, 2H), 2.75 -
2.69 (m, 2H), 2.43 (m, 2H), 2.16-2.10 (m, 2H), 1.53 (s, 3H), 1.39 — 1.30 (m, 15H). 13C NMR
(101 MHz, CDCls) § 172.8, 167.0, 155.8, 152.9, 148.9, 139.7, 139.6, 133.3, 129.9, 129.7,
128.2,128.1,120.0,114.1, 114.1,90.7, 85.4, 83.7, 83.3, 80.0, 61.6, 61.1, 58.6, 55.6, 53.4, 52.0,
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32.9, 32.3, 28.0, 27.5, 27.0, 25.3, 22.3. HRMS (ESI): calculated for CsoH40N¢O7 [M+H]*
597.3037, found 597.3037.

Methyl 3-(((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)methyl)(5-(tert-butoxy)-5-oxopentyl)amino)methyl)benzoate (42).
Following the procedure described for compound 33, coupling tert-butyl 5-oxopentanoate 23 (31
mg, 0.18 mmol) and compound 30 (68 mg, 0.15 mmol) afforded compound 42 as a white powder
(56 mg, 61% yield). 'H NMR (400 MHz, CDCls) 6 8.12 (s, 1H), 7.84 (s, 1H), 7.79 (d, J = 7.8 Hz,
2H),7.39(d,J=7.5Hz, 1H), 7.21 (t,J = 7.7 Hz, 1H), 6.52 (s, 2H), 5.97 (s, 1H), 5.36 — 5.30 (m,
1H), 4.86 (m, 1H), 4.33 — 4.26 (m, 1H), 3.82 (s, 3H), 3.58 (d, J = 13.8 Hz, 1H), 3.47 (d, J =
13.7 Hz, 1H), 2.69-2.56 (m, 2H), 2.43 — 2.35 (m, 2H), 2.07 (t, J = 6.8 Hz, 2H), 1.52 (s, 3H),
1.48 — 1.42 (m, 2H), 1.34 (s, 9H), 1.30 (s, 3H). 13C NMR (101 MHz, CDCl3) 6 172.8, 167.0,
155.8,152.9,149.0, 139.7, 139.7,133.3,129.9, 129.7, 128.2, 128.1, 128.1, 120.1, 114.1, 90.8,
85.5, 83.6, 83.5, 83.3, 79.9, 58.6, 55.6, 53.9, 52.0, 35.2, 28.0, 27.1, 26.2, 25.3, 22.7. HRMS
(ESI): calculated for C31H42Ne¢O7 [M+H]*611.3193, found 611.3182.

Methyl 3-(((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)methyl)((S)-4-(tert-butoxy)-2-((tert-butoxycarbonyl)amino)-4-
oxobutyl)amino)methyl)benzoate (43). Following the procedure described for compound 33,
coupling tert-butyl (R)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate 27 (49 mg, 0.18 mmol)
and compound 30 (68 mg, 0.15 mmol) afforded compound 43 as a white powder (62 mg, 58%
yield). TH NMR (400 MHz, CDCls) 6 8.19 (s, 1H), 7.87 (d, J = 6.5 Hz, 2H), 7.82 (s, 1H), 7.48 (d,
J=7.7Hz, 1H),7.30 (t,J = 7.9 Hz, 1H), 6.01 (s, 1H), 5.73 (s, 2H), 5.38 (m, 2H), 4.89 (m, 1H),
4.35(m, 1H),4.20 - 4.11 (m, 1H), 3.90 (s, 3H), 3.71-3.52 (m, 2H), 2.78 (m, 1H), 2.65 (m, 2H),
2.51 (m, 1H), 1.96 (s, 2H), 1.76 (m, 1H), 1.59 (s, 3H), 1.40 (m, 18H), 1.37 (s, 3H). 13C NMR
(101 MHz, CDCl3) 6 171.6, 167.0, 155.4, 155.4, 153.0, 149.1, 139.9, 139.2, 133.4, 130.0,
129.8,128.4,128.3,120.3,114.3,90.7, 85.3, 83.8, 83.3, 81.7, 79.4, 58.6, 55.7, 52.7, 52.1, 50.5,
29.5, 28.3, 27.9, 27.1, 25.3. HRMS (ESI): calculated for C3sH49N7O9 [M+H]* 712.3670, found
712.3682.

Methyl 3-(((((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)methyl)benzoate (44). Following the procedure
described for compound 33, coupling dry acetone (5 mL, large excess) and compound 30 (68 mg,
0.15 mmol) afforded compound 44 as a white powder (42 mg, 57% yield). 1H NMR (400 MHz,
CDCl3) 6 8.22 (s, 1H), 7.94 (s, 1H), 7.84 (d, J = 7.7 Hz, 1H), 7.77 (s, 1H), 7.52 (d, J = 7.6 Hz,
1H), 7.29 (t,J=7.7 Hz, 1H), 5.96 (d, J = 2.4 Hz, 2H), 5.36 (dd, J = 6.4, 2.4 Hz, 1H), 4.87 (dd, J
= 6.4, 3.0 Hz, 1H), 4.26 — 4.20 (m, 1H), 3.88 (s, 3H), 3.62 (d, J = 14.2 Hz, 1H), 3.54 (d, J =
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14.2 Hz, 1H), 2.88 (p, J = 6.6 Hz, 1H), 2.73-2.59(m, 2H), 1.53 (s, 3H), 1.33 (s, 3H). 13C NMR
(101 MHz, Chloroform-d) 6 167.1, 155.6, 152.9, 149.2, 141.0, 139.9, 133.2, 129.9, 129.6,
128.1,128.1,120.2, 114.0,91.0, 86.1, 83.5, 83.2, 60.3, 54.3, 52.0, 51.4, 50.3, 27.1, 25.3, 21.0,
18.9, 16.8, 14.2. HRMS (ESI): calculated for C3sH32NeOs [M+H]*497.2512, found 497.2510.
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)(4-ox0-4-(tritylamino)butyl)amino)methyl)benzoate (45).
Following the procedure described for compound 33, coupling 4-oxo-N-tritylbutanamide 16 (62
mg, 0.18 mmol) and compound 31 (75 mg, 0.15 mmol) afforded compound 45 as a white powder
(93 mg, 75% yield). 'H NMR (400 MHz, CDCls) & 8.23 (s, 1H), 7.90 (s, 1H), 7.84 — 7.79 (m,
2H),7.43 (d,J = 7.6 Hz, 1H), 7.31 — 7.16 (m, 17H), 6.68 (s, 1H), 6.07 (s, 2H), 6.01 (d, J = 2.2
Hz, 1H), 5.39 (m, 1H), 4.89 (m, 1H), 4.37 (m, 1H), 3.66 (d, J = 13.9 Hz, 1H), 3.55(d, J = 13.9
Hz, 1H), 2.76 (m, 1H), 2.66 (m, 1H), 2.47 (t, J = 6.8 Hz, 2H), 2.28 (m, 2H), 1.77 (m, 2H), 1.59
(s, 9H), 1.56 (s, 3H), 1.35 (s, 3H). 13C NMR (101 MHz, CDCl3) 6 171.6, 165.7, 155.6, 153.0,
149.1, 144.8, 139.7, 139.4, 132.8, 131.9, 129.6, 128.7, 128.1, 128.0, 127.9, 126.9, 120.2,
114.2,90.8, 85.4, 83.6, 83.4, 80.9, 70.4, 58.6, 55.7, 53.6, 34.9, 28.2, 27.1, 25.3, 22.7. HRMS
(ESI): calculated for C49H53N706 [M+H]*824.4136, found 824.4123.
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)(5-0x0-5-(tritylamino)pentyl)amino)methyl)benzoate (46).
Following the procedure described for compound 33, coupling 5-oxo-N-tritylpentanamide 17 (64
mg, 0.18 mmol) and compound 31 (75 mg, 0.15 mmol) afforded compound 46 as a white powder
(97 mg, 77% yield). 'H NMR (400 MHz, CDCls) § 8.23 (d, J = 7.6 Hz, 1H), 7.90 (d, J = 9.6 Hz,
1H), 7.85 - 7.79 (m, 2H), 7.47 (d, J = 7.7 Hz, 1H), 7.32 — 7.15 (m, 16H), 6.71 (d, J = 8.4 Hz,
1H), 6.35 (d, J = 14.9 Hz, 2H), 6.03 (d, J = 2.1 Hz, 1H), 5.43 (m, 1H), 4.93 (m, 1H), 4.41-4.37
(m, 1H),, 3.65 (d, J = 13.8 Hz, 1H), 3.54 (d, J = 13.8 Hz, 1H), 2.75 -2.62 (m, 1H), 2.48 — 2.39
(m, 2H), 2.16 (t, J = 7.2 Hz, 2H), 1.59 (s, 12H), 1.45 — 1.37 (m, 2H), 1.36 (s, 3H). 13C NMR
(101 MHz, CDCls) § 171.7, 165.8, 155.8, 153.0, 149.1, 144.8, 144.8, 139.9, 139.6, 132.9,
131.8, 129.7, 128.7, 128.2, 128.1, 128.0, 128.0, 127.9, 126.9, 120.2, 114.1, 90.9, 90.8, 85.6,
83.7,83.6, 83.4,80.9, 70.4, 58.6, 58.6, 55.7, 53.8, 53.6, 37.1, 34.9, 28.2, 27.1, 27.1, 26.3, 25.3,
25.3,23.1,22.7. HRMS (ESI): calculated for C40Hs5N7O06 [M+H]* 838.4292, found 838.4314.
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)(4-(tert-butoxy)-4-oxobutyl)Jamino)methyl)benzoate 47N.
Following the procedure described for compound 33, coupling tert-butyl 4-oxobutanoate 22 (29
mg, 0.18 mmol) and compound 31 (75 mg, 0.15 mmol) afforded compound 47 as a white powder
(64 mg, 67% yield). TH NMR (400 MHz, CDCls) § 8.21 (s, 1H), 7.86 — 7.77 (m, 3H), 7.42 (d, J
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=7.6 Hz, 1H), 7.26 (d, J = 7.7 Hz, 1H), 6.15 (s, 2H), 5.99 (d, J = 2.2 Hz, 1H), 5.36 (m, 1H),
4.88 (m, 1H), 4.32 (m, 1H), 3.65 (d, J = 13.8 Hz, 1H), 3.50 (d, J = 13.8 Hz, 1H), 2.78-2.73 (m,
1H), 2.64-2.59 (m,1H), 2.42 (m, 2H), 2.22 — 2.09 (m, 2H), 1.55 (s, 12H), 1.36 (s, 9H), 1.33 (s,
3H). 13C NMR (101 MHz, CDCl3) § 172.8, 165.7, 155.7, 153.0, 149.1, 139.8, 139.5, 132.8,
131.8, 129.6, 128.1, 128.0, 120.2, 114.2, 90.8, 85.5, 83.7, 83.3, 80.8, 80.0, 58.7, 55.6, 53.4,
33.0, 28.2, 28.0, 27.1, 25.3, 22.4. HRMS (ESI): calculated for C33H4sN¢O7 [M+H]*639.3506,
found 639.3506.

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)(5-(tert-butoxy)-5-oxopentyl)amino)methyl)benzoate (48).
Following the procedure described for compound 33, coupling tert-butyl 5-oxopentanoate 23 (31
mg, 0.18 mmol) and compound 31 (75 mg, 0.15 mmol) afforded compound 48 as a white powder
(72 mg, 73% yield). 1H NMR (400 MHz, CDCls) 6 8.20 (s, 1H), 7.84 = 7.77 (m, 3H), 7.42 (d, J
=7.6 Hz, 1H),7.24 (t,J = 7.6 Hz, 1H), 6.19 (s, 2H), 5.99 (d, J = 2.2 Hz, 1H), 5.37 (m, 1H), 4.88
(m, 1H), 4.35 — 4.30 (m, 1H), 3.65 -3.48 1H), 2.71-2.59 (m, 1H), 2.46 — 2.38 (m, 2H), 2.10 (4,
J =7.1Hz, 2H), 1.55 (s, 12H), 1.44 (m, 2H), 1.37 (s, 9H), 1.33 (s, 3H). 13C NMR (101 MHz,
CDCls) § 172.9, 165.7, 155.7, 153.0, 149.1, 139.7, 139.5, 132.9, 131.8, 129.6, 128.0, 128.0,
120.2, 114.1, 90.8, 85.5, 83.6, 83.3, 80.8, 79.9, 58.7, 55.6, 53.9, 35.2, 28.2, 28.1, 27.1, 26.2,
25.3,22.7. HRMS (ESI): calculated for C34H4sNsO7 [M+H]*653.3663, found 653.3669.

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)((S)-4-(tert-butoxy)-3-((tert-butoxycarbonyl)amino)-4
oxobutyl)amino)methyl)benzoate (49). Following the procedure described for compound 33,
coupling tert-butyl (R)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate 27 (49 mg, 0.18 mmol)
and compound 31 (75 mg, 0.15 mmol) afforded compound 49 as a white powder (85 mg, 75%
yield). TH NMR (400 MHz, CDCls) 6 8.18 (s, 1H), 7.79 (d, J = 6.7 Hz, 3H), 7.44 (s, 1H), 7.28 —
7.23 (m, 1H), 6.20 (s, 2H), 5.99 (s, 1H), 5.50 — 5.43 (m, 1H), 5.34 (d, J = 5.6 Hz, 1H), 4.86 (m,
1H), 4.31 (m, 1H), 4.15 - 4.07 (m, 1H), 3.67 (br, 1H), 3.47 (br, 1H), 2.76 (br, 2H), 2.59 (m,
2H), 2.44 (m, 2H), 1.93 (m, 1H), 1.73 (m, 1H), 1.54 (s, 12H), 1.35 (m, 21H). 13C NMR (101
MHz, CDCl3) & 171.6, 165.6, 155.7, 155.7, 155.3, 153.0, 149.1, 139.8, 139.0, 132.9, 131.8,
129.6,128.2,128.2,120.2,114.3,90.6, 85.3, 83.7, 83.3, 81.6, 80.9, 79.3, 58.8, 55.7, 52.7, 50.5,
29.4, 28.3, 28.2, 27.9, 27.1, 25.4. HRMS (ESI): calculated for C3sHs5N709 [M+H]*754.4140,
found 754.4129.

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)(isopropyl)amino)methyl)benzoate (50). Following the procedure

described for compound 33, coupling 5 mL dry acetone (large excess) and compound 31 (75 mg,
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0.15 mmol) afforded compound 50 as a white powder (85 mg, 79% yield). 1H NMR (400 MHz,
CDCl3) 6 8.26 (s, 1H), 7.90 (s, 1H), 7.80 (m, 2H), 7.51 (d, J = 7.6 Hz, 1H), 7.28 (t, J = 7.7 Hz,
1H), 5.97 (d, J = 2.4 Hz, 1H), 5.92 (s, 2H), 5.37 (m, 1H), 4.86 (m, 1H), 4.26 — 4.20 (m, 1H),
3.64 (br, 1H), 3.54 (br, 1H), 2.87 (m, 1H), 2.73-2.56 (br, 2H), 1.57 (s, 9H), 1.53 (s, 3H), 1.33 (s,
3H), 1.03 (d, J = 6.6 Hz, 3H), 0.89 (d, J = 6.5 Hz, 3H). 13C NMR (101 MHz, CDCI3-d) § 165.8,
155.5, 153.0, 149.2, 140.8, 139.9, 132.7, 131.8, 129.4, 128.0, 127.9, 120.2, 114.0, 91.0, 86.1,
83.4, 83.2, 80.8, 54.5, 51.3, 50.4, 28.2, 27.1, 25.3, 19.0, 16.7. HRMS (ESI): calculated for
C28H3sN6Os [M+H]* 539.2982, found 539.2982.

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)(naphthalen-2-ylmethyl)amino)-N-tritylbutanamide (51). Following
the procedure described for compound 33, coupling 4-oxo-N-tritylbutanamide 16 (62 mg, 0.18
mmol) and compound 32 (67 mg, 0.15 mmol) afforded compound 51 as a white powder (85 mg,
73% yield). 'TH NMR (400 MHz, CDCls) 6 8.10 (s, 1H), 7.79 = 7.73 (m, 2H), 7.72 — 7.66 (m,
2H), 7.61 (s, 1H), 7.46 — 7.38 (m, 3H), 7.28 — 7.12 (m, 15H), 6.59 (s, 1H), 5.97 (d, J = 2.2 Hz,
1H), 5.81 (s, 2H), 5.30 (m, 1H), 4.83 (m, 1H), 4.38 (s, 1H), 3.77 (d, J = 13.7 Hz, 1H), 3.63 (d, J
=13.7 Hz, 1H), 2.78-2.64 (m, 2H), 2.51 (t,J = 6.9 Hz, 2H), 2.30 - 2.20 (m, 2H), 1.79 (m, 2H),
1.52 (s, 3H), 1.31 (s, 3H). 13C NMR (101 MHz, CDCls) 6 171.6, 155.5, 153.0, 144.8, 139.7,
136.6, 133.2, 132.7, 128.7, 127.9, 127.8, 127.6, 127.6, 127.4, 127.2, 126.9, 126.0, 125.6,
114.2, 90.8, 85.4, 83.7, 83.4, 70.4, 59.1, 55.8, 53.8, 35.0, 27.0, 25.3, 22.8. HRMS (ESI):
calculated for C47H47N704 [M+H]+774.3768, found 774.3769.

5-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)(naphthalen-2-ylmethyl)amino)-N-tritylpentanamide (52). Following
the procedure described for compound 33, coupling 5-oxo-N-tritylpentanamide 17 (64 mg, 0.18
mmol) and compound 32 (67 mg, 0.15 mmol) afforded compound 52 as a white powder (85 mg,
64% yield). 'H NMR (400 MHz, CDCls) 6 8.12 (s, 1H), 7.84 — 7.55 (m, 5H), 7.42 (m, 3H), 7.28-
7.16 (m, 14H), 6.57 (s, 1H), 5.98 (s, 1H), 5.76 (s, 2H), 5.35 (d, J = 6.3 Hz, 1H), 4.88 (d, J = 6.2
Hz, 1H), 4.39 (s, 1H), 3.75 (d, J = 13.6 Hz, 1H), 3.62 (d, J = 13.6 Hz, 1H), 2.77 — 2.62 (m, 2H),
2.52 — 2.37 (m, 2H), 2.16-2.09 (m, 2H), 1.56 (s, 3H), 1.45-1.38 (m, 2H), 1.32 (s, 3H). 13C
NMR (101 MHz, CDCls) 6 171.7, 155.4, 152.9, 149.2, 144.8, 139.9, 136.8, 133.2, 132.7, 128.7,
128.4, 127.9, 127.8, 127.6, 127.4, 127.2, 127.0, 125.9, 125.5, 120.2, 114.1, 90.9, 85.7, 83.7,
83.5, 70.4, 59.1, 55.8, 53.8, 37.2, 27.1, 26.3, 25.3, 23.2. HRMS (ESI): calculated for
CagH49N704 [M+H]* 788.3924, found 788.3932.

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)(naphthalen-2-ylmethyl)amino)butanoate (53). Following the
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procedure described for compound 33, coupling tert-butyl 4-oxobutanoate 22 (29 mg, 0.18 mmol)
and compound 32 (67 mg, 0.15 mmol) afforded compound 53 as a white powder (67 mg, 76%
yield). 1H NMR (400 MHz, CDCls) 6 8.12 (s, 1H), 7.82 (s, 1H), 7.78 — 7.60 (m, 4H), 7.48 —
7.35 (m, 3H), 6.74 (s, 2H), 6.02 (s, 1H), 5.34 (m, 1H), 4.89 (m, 1H), 4.38 (m, 1H), 3.79 (d, J =
13.6 Hz, 1H), 3.60 (d, J = 13.6 Hz, 1H), 2.80 (m, 1H), 2.65 (m, 1H), 2.57-2.44 (m, 2H), 2.29-
2.13 (m, 2H), 1.75 (p, J = 7.3 Hz, 2H), 1.57 (s, 3H), 1.40 — 1.08 (m, 12H). 13C NMR (101 MHz,
CDCls) § 172.9, 156.0, 152.9, 152.9, 149.0, 139.6, 136.7, 133.2, 132.7, 127.8, 127.6, 127.3,
127.2,125.9,125.5,120.1, 114.1,90.8, 85.5, 83.7, 83.5, 80.0, 59.2, 55.7, 53.6, 33.0, 28.0, 27.5,
27.1,25.4,22.4. HRMS (ESI): calculated for C32H4oNeOs [M+H]*589.3138, found 589.3143.
tert-Butyl-5-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro-
[3,4-d][1,3]dioxol-4-yl)methyl)(naphthalen-2-ylmethyl)Jamino)pentanoate (54). Following the
procedure described for compound 33, coupling tert-butyl 5-oxopentanoate 23 (31 mg, 0.18
mmol) and compound 32 (67 mg, 0.15 mmol) afforded compound 54 as a white powder (62 mg,
69% yield). 'H NMR (400 MHz, CDCls) 6 8.11 (s, 1H), 7.80 (d, J = 24.4 Hz, 2H), 7.73 (d, J =
8.4 Hz, 2H), 7.64 (s, 1H), 7.47 — 7.38 (m, 3H), 6.42 (s, 2H), 6.02 (s, 1H), 5.34 (d, J = 6.3 Hz,
1H), 4.90 (m, 1H), 4.42 — 4.36 (m, 1H), 3.80 (d, J = 13.6 Hz, 1H), 3.62 (d, J = 13.6 Hz, 1H),
2.77 (m, 1H), 2.70 - 2.62 (m, 1H), 2.54 (s, 2H), 2.15 (t,J = 6.7 Hz, 2H), 1.58 (s, 3H), 1.48 (d, J
= 9.8 Hz, 2H), 1.41 (s, 9H), 1.35 (s, 3H). 13C NMR (101 MHz, CDCls) 6 172.9, 155.8, 152.9,
149.1, 139.7, 136.8, 133.2, 132.7, 127.7, 127.6, 127.5, 127.3, 127.2, 125.9, 125.5, 120.2,
114.1, 90.9, 85.5, 83.7, 83.6, 83.4, 79.9, 59.1, 55.7, 54.1, 35.3, 28.1, 28.0, 27.1, 26.3, 25.3,
22.8. HRMS (ESI): calculated for C33sH42NeOs [M+H]+603.3295, found 603.3311.
tert-Butyl-(R)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl) (naphthalen-2-ylmethyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (55). Following the procedure described for compound 33,
coupling tert-butyl (R)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate 27 (49 mg, 0.18 mmol)
and compound 32 (67 mg, 0.15 mmol) afforded compound 55 as a white powder (72 mg, 68%
yield). 1H NMR (400 MHz, CDCls) § 8.08 (s, 1H), 7.87 — 7.67 (m, 4H), 7.61 (s, 1H), 7.54-7.39
(m, 3H), 6.27 (d, J = 11.3 Hz, 2H), 6.00 (s, 1H), 5.71 — 5.61 (m, 1H), 5.30 (d, J = 5.1 Hz, 1H),
4.84 (m, 1H), 4.39 — 4.34 (m, 1H), 4.23 — 4.14 (m, 1H), 3.84 (d, J = 13.5 Hz, 1H), 3.59 (d, J =
13.5 Hz, 1H), 2.82 (br, 2H), 2.65 (br, 2H), 2.57-2.51 (m, 1H), 2.06 — 1.94 (m, 1H), 1.86 — 1.78
(m, 1H), 1.57 (s, 3H), 1.50-1.18 (m, 21H). 13C NMR (101 MHz, CDCls) § 171.7, 155.4, 152.9,
149.0, 139.7, 136.2, 133.2, 132.7, 127.9, 127.6, 127.6, 127.5, 127.2, 127.1, 125.9, 125.6,
120.1, 114.3, 90.7, 85.3, 83.7, 83.4, 81.6, 79.3, 59.2, 55.7, 52.9, 50.8, 29.4, 28.3, 27.9, 27.9,
27.1,25.4. HRMS (ESI): calculated for C33H42N6Os [M+H]+704.3772, found 704.3777.
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9-((3aR,4R,6R,6aR)-6-((isopropyl(naphthalen-2-ylmethyl)amino)methyl)-2,2-
dimethyltetrahydrofuro([3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine (56). Following the procedure
described for compound 33, coupling 5 mL dry acetone (large excess) and compound 32 (67 mg,
0.15 mmol) afforded compound 56 as a white powder (35 mg, 48% yield). 'H NMR (400 MHz,
CDCls) § 8.21 (s, 1H), 7.83 = 7.68 (m, 5H), 7.53 (m, 1H), 7.47 — 7.39 (m, 2H), 6.26 (s, 2H),
5.98 (d,J = 2.3 Hz, 1H), 5.32 (m, 1H), 4.85 (m, 1H), 4.32-4.27 (m, 1H), 3.79 (d, J = 13.9 Hz,
1H), 3.64 (d, J = 14.0 Hz, 1H), 3.00-2.93 (m, 1H), 2.78 (m 1H), 2.64 (m, 1H), 1.53 (s, 3H),
1.31 (s, 3H), 1.09 (d, J = 6.6 Hz, 3H), 0.95 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CDCls3) 6
155.7, 152.9, 149.1, 139.7, 138.0, 133.2, 132.7, 127.7, 127.6, 127.5, 127.2, 127.0, 125.9,
125.4,120.2,113.9,91.1, 86.2,83.5, 83.3, 77.3, 54.9,51.4,50.4, 27.0, 25.3, 19.2, 16.6. HRMS
(ESI): calculated for C27H32NeOs [M+H]*489.2614, found 489.2611.
3-(((4-Amino-4-oxobutyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)amino)methyl)benzamide (57). To a solution of
compound 33 (100 mg, 0.098 mmol) in 5 mL CH2Cl2 was added 5 mL TFA and the mixture was
stirred at room temperature. After 2 hours, 2 mL H20 was added and the mixture was stirred for 1
hour at room temperature. The mixture was concentrated and the crude product was purified by
preparative HPLC affording compound 57 as a white powder. 'H NMR (400 MHz, D20) 6 8.46 —
8.06 (m, 2H), 7.87 — 7.26 (m, 4H), 6.08 (br, 1H), 4.75 — 4.36 (m, 4H), 4.27 (br, 1H), 3.84 —
3.27 (m, 4H), 2.38 (br, 2H), 2.10 (br, 2H). 13C NMR (101 MHz, D20) § 177.5, 162.8, 162.5,
149.6, 143.8, 134.8, 134.1, 132.7, 129.6, 129.1, 128.3, 118.9, 117.6, 114.7, 90.4, 77.7, 73.6,
71.5,57.9, 54.8, 31.8, 19.0. HRMS (ESI): calculated for C20H28NsOs [M+H]* 485.2261, found
485.2265.
3-(((5-Amino-5-oxopentyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy-
tetrahydrofuran-2-yl)methyl)amino)methyl)benzamide (58). Following the procedure described
for compound 57, compound 34 (50 mg, 0.049 mmol) was deprotected to obtain compound 58
as a white powder (16 mg, 56% yield). 1H NMR (400 MHz, D20) § 8.43 — 8.12 (m, 2H), 7.84 —
7.26 (m, 4H), 6.08 (br, 1H), 4.65 — 4.21 (m, 5H), 3.63-3.48 (m, 2H), 3.34 (br, 2H), 2.35 (br,
2H), 1.84 (br, 2H), 1.58 (br, 2H). 13C NMR (101 MHz, D20) § 177.6, 170.6, 162.8, 149.6,
147.3, 143.8, 134.8, 129.7, 129.6, 129.4, 129.1, 128.3, 117.6, 114.7, 90.5, 77.8, 77.4, 71.6,
71.4, 57.8, 54.6, 32.6, 22.4, 21.0. HRMS (ESI): calculated for C23H30NsOs [M+H]*+ 499.2417,
found 499.2420.
4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(3-carbamoylbenzyl))amino)butanoic acid (59). Following the procedure described for

compound 57, compound 35 (50 mg, 0.060 mmol) was deprotected to obtain compound 59 as a
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white powder (21 mg, 60% yield). 1H NMR (400 MHz, D20) 6 8.38 — 8.06 (m, 2H), 7.71 — 7.26
(m, 4H), 6.05 (br, 1H), 4.64 — 4.21 (m, 5H), 3.53 (br, 2H), 3.35 (s, 2H), 2.41 (br, 2H), 2.02 (br,
2H). 3C NMR (101 MHz, D20) 6 176.4, 170.5, 149.6, 147.3, 143.8, 134.8, 132.7, 129.6, 129.5,
128.3,117.5,114.6,90.4,77.7,73.5,71.4,57.8,52.8, 38.6, 30.2, 18.4. HRMS (ESI): calculated
for C20H28N706 [M+H]+486.2101, found 486.2103.

5-((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(3-carbamoylbenzyl))amino)pentanoic acid (60). Following the procedure described for
compound 57, compound 36 (50 mg, 0.059 mmol) was deprotected to obtain compound 60 as a
white powder (17 mg, 50% yield). \H NMR (400 MHz, D20) & 8.29 (br, 2H), 7.84 — 7.58 (m,
3H), 7.46 (br, 1H), 6.13 (br, 1H), 4.70 — 4.33 (m, 5H), 3.66 (br, 2H), 3.48 — 3.31 (m, 2H), 2.42
(br, 2H), 1.88 (s, 2H), 1.65 (br, 2H). 13C NMR (101 MHz, D20) § 177.7, 170.8, 163.0, 150.5,
147.6, 145.1, 143.1, 134.5, 132.9, 129.7, 129.3, 128.4, 119.0, 117.7, 90.3, 77.7, 73.3, 32.8,
22.4,21.0. HRMS (ESI): calculated for C23H30N706 [M+H]*+ 500.2258, found 500.2267.

3-(((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(isopropyl)amino)methyl)benzamide (61). Following the procedure described for
compound 57, compound 38 (50 mg, 0.069 mmol) was deprotected to obtain compound 61 as a
white powder (22 mg, 60% yield). 1H NMR (400 MHz, Acetone-ds) 6 8.48-8.39 (m, 2H), 8.26
(br, 1H), 7.94 (d, J = 7.8 Hz, 1H), 7.9-7.73 (m, 2H), 7.46 (m, 1H), 6.81 (br, 1H), 6.13 (d, J =
3.4 Hz, 1H), 4.74 (br, 2H), 4.65 (s, 1H), 4.53 (br, 1H), 4.46 (br, 1H), 3.93 - 3.69 (m, 3H), 3.31
(s, 1H), 1.49-1.45 (m, 6H). 13C NMR (101 MHz, Acetone-de) & 152.7, 148.4, 146.1, 142.5,
135.0, 134.0, 130.5, 130.2, 119.9, 90.6, 79.3, 73.5, 72.5, 55.6, 54.3, 54.0, 51.4, 16.6, 15.0.
HRMS (ESI): calculated for C21H2sN7O4 [M+H]* 442.2203, found 442.2203.

Methyl 3-(((4-amino-4-oxobutyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)amino)methyl)benzoate (62). Following the procedure
described for compound 57, compound 39 (50 mg, 0.064 mmol) was deprotected to obtain
compound 62 as a white powder (20 mg, 53% yield). 'H NMR (400 MHz, D20) § 8.38 — 7.98 (m,
2H), 7.88 — 7.50 (m, 3H), 7.35 (br, 1H), 6.05 (br, 1H), 4.64 — 4.32 (m, 4H), 4.20 (br, 1H), 3.78
(s, 3H), 3.55 (br, 1H), 3.47 — 3.30 (m, 2H), 2.39 (br, 2H), 2.08 (br, 2H). 13C NMR (101 MHz,
D20) 6 177.5, 167.3, 149.5, 147.2, 143.7, 143.6, 135.8, 134.6, 131.3, 130.7, 129.9, 129.8,
129.4,129.1, 118.8,90.6, 77.8, 77.4,73.8, 73.1, 71.7, 71.4, 57.6, 56.9, 55.2, 54.8, 53.6, 52.7,
31.8,19.0. HRMS (ESI): calculated for C23H29N706 [M+H]* 500.2258, found 500.2265.

Methyl 3-(((5-amino-5-oxopentyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)amino)methyl)benzoate (63). Following the procedure
described for compound 57, compound 40 (50 mg, 0.063 mmol) was deprotected to obtain
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compound 63 as a white powder (21 mg, 55% yield).!H NMR (400 MHz, D20) 6 8.44 — 8.07 (m,
2H), 7.96 — 7.34 (m, 4H), 6.12 (br, 1H), 4.50 (br, 4H), 4.32 (s, 1H), 3.86 (s, 3H), 3.62 (br, 1H),
3.52 = 3.34 (m, 2H), 2.32 (br, 2H), 1.89 (br, 2H), 1.68 (br, 2H). 13C NMR (101 MHz, D20) §
178.7, 167.5, 162.6, 149.6, 143.8, 143.6, 135.9, 130.9, 130.0, 129.9, 129.5, 129.1, 117.6,
114.7, 111.8, 71.4, 52.7, 33.9, 22.4, 21.9. HRMS (ESI): calculated for C24H31N7O¢ [M+H]*
514.2414, found 514.2415.

4-((((2R,3S,4R 5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(3-(methoxycarbonyl)benzyl)amino)butanoic acid (64). Following the procedure
described for compound 57, compound 41 (50 mg, 0.084 mmol) was deprotected to obtain
compound 64 as a white powder (24 mg, 49% yield). 1H NMR (400 MHz, D20) & 8.29 (s, 1H),
8.11 (s, 1H), 7.94 — 7.64 (m, 4H), 7.45 (t,J = 7.9 Hz, 1H), 6.09 (s, 1H), 4.62 (br, 4H), 4.49 (br,
1H), 3.88 (s, 3H), 3.67 (br, 2H), 3.55-3.41 (m, 6.9 Hz, 3H), 2.53 (t,J = 6.4 Hz, 2H), 2.18 — 2.09
(m, 2H). 13C NMR (101 MHz, D20) § 176.8, 167.6, 150.3, 147.4, 144.8, 143.3, 130.1, 129.8,
129.5, 129.2, 90.5, 77.7, 71.6, 57.7, 52.8, 30.6, 18.5. HRMS (ESI): calculated for
Ca3H2sN6O7 [M+H]* 501.2098, found 501.2097.

5-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(3-(methoxycarbonyl)benzyl Jamino)pentanoic acid (65). Following the procedure
described for compound 57, compound 42 (50 mg, 0.082 mmol) was deprotected to obtain
compound 65 as a white powder (30 mg, 59% yield).!H NMR (400 MHz, D20) 6 8.22 (br, 2H),
7.86 (br, 2H), 7.67 (br, 1H), 7.46 (br, 1H), 6.08 (br, 1H), 4.55 (br, 4H), 4.35 (br, 1H), 3.88 (s,
3H), 3.64 (br, 1H), 3.43 (br, 2H), 2.45 (br, 2H), 1.90 (br, 2H), 1.67 (br, 2H). 13C NMR (101
MHz, D20) § 178.1, 168.0, 150.3, 144.5, 143.8, 130.5, 130.2, 129.9, 129.6, 118.0, 115.1, 72.0,
53.1, 33.1, 23.6, 22.8, 21.4. HRMS (ESI): calculated for C24H30NsO7 [M+H]*515.2254, found
515.2257.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)(3-(methoxycarbonyl)benzyl)amino)butanoic acid (66).
Following the procedure described for compound 57, compound 43 (50 mg, 0.070 mmol) was
deprotected to obtain compound 66 as a white powder (26 mg, 60% yield).\H NMR (400 MHz,
D20) 6 8.24 (s, 1H), 8.01 (s, 1H), 7.72 (br, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.54 (d, J = 7.8 Hz,
1H), 7.31 (t,J = 7.8 Hz, 1H), 6.03 (s, 1H), 4.56 — 4.52 (m, 1H), 4.50 — 4.35 (m, 4H), 4.07 (m,
1H), 3.74 (s, 3H), 3.69 — 3.54 (m, 4H), 2.55-2.45 (m, 1H), 2.41-2.33 (m, 1H). 13C NMR (101
MHz, D20) 6 170.8, 167.2, 162.7, 162.3, 149.5, 147.2, 143.6, 143.6, 131.0, 130.0, 129.5,
129.3, 129.1, 118.8, 117.6, 114.7, 90.8, 77.5, 73.5, 71.4, 53.9, 50.7, 24.4. HRMS (ESI):
calculated for C23H29N707 [M+H]+516.2207, found 516.2206.
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Methyl 3-(((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofu ran-2-
yl)methyl)(isopropyl)amino)methyl)benzoate (67). Following the procedure described for
compound 57, compound 44 (50 mg, 0.101 mmol) was deprotected to obtain compound 67 as a
white powder (33 mg, 59% yield).!H NMR (400 MHz, D20) § 8.19 (d, J = 3.9 Hz, 1H), 7.99 -
7.54 (m, 4H), 7.29 (t,J = 7.6 Hz, 1H), 5.91 (s, 1H), 4.62 — 4.46 (m, 3H), 4.33 — 4.25 (m, 1H),
4.20 (br, 1H), 3.87 (s, 3H), 3.79-3.62 (m, 2H), 3.39 — 3.28 (m, 1H), 1.54 — 1.37 (m, 6H). 13C
NMR (101 MHz, D20) § 167.6, 149.7, 147.3, 144.1, 143.3, 136.1, 131.3, 130.1, 129.7, 128.7,
118.7,114.8, 90.6, 78.6, 73.6, 71.4, 58.7, 55.2, 52.7, 50.5, 16.2, 15.7. HRMS (ESI): calculated
for Co2H28NsOs [M+H]+457.2199, found 457.2196.

3-(((4-Amino-4-oxobutyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)amino)methyl)benzoic acid (68). Following the
procedure described for compound 57, compound 45 (50 mg, 0.061 mmol) was deprotected to
obtain compound 68 as a white powder (15 mg, 42% yield). 'H NMR (400 MHz, D20) & 8.21 (br,
2H), 7.86 (br, 2H), 7.65 (d, J = 7.6 Hz, 1H), 7.43 (br, 1H), 6.08 (br, 1H), 4.70 — 4.24 (m, 5H),
3.63 (br, 1H), 3.52 — 3.38 (m, 2H), 2.48 (br, 2H), 2.12 (br, 2H). 3C NMR (101 MHz, D20) &
177.5, 149.8, 147.4, 144.0, 143.6, 131.2, 130.3, 129.9, 129.1, 117.7, 114.8, 90.5, 77.7, 71.5,
31.8, 19.1. HRMS (ESI): calculated for Co2H26N706 [M+H]*486.2101, found 486.2089.

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

dihydroxytetrahydrofuran-2-yl)methyl)amino)methyl)benzoic acid (69). Following the procedure
described for compound 57, compound 46 (50 mg, 0.059 mmol) was deprotected to obtain
compound 69 as a white powder (19 mg, 65 % yield). 1H NMR (400 MHz, D20) & 8.19 (br, 2H),
7.83(br, 2H), 7.63 (br, 1H), 7.40 (br, 1H), 6.03 (br, 1H), 4.58-4.41 (m, 4H), 4.31 (br, 1H), 3.63
(br, 1H), 3.42 (d, J = 7.8 Hz, 2H), 2.34 (br, 2H), 1.90 (br, 2H), 1.68 (br, 2H). 13C NMR (101
MHz, D2:0) 6 178.7, 149.7, 143.9, 143.5, 130.3, 129.8, 129.8, 129.1, 120.6, 117.7, 114.8,
105.0,77.9,71.5, 33.9, 21.9. HRMS (ESI): calculated for C23H30N70e¢ [M+H]+500.2258, found
500.2253.

3-(((((2R,38,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(3-carboxypropyl)amino)methyl)benzoic acid (70). Following the procedure described
for compound 57, compound 47 (50 mg, 0.078 mmol) was deprotected to obtain compound 70
as a white powder (21 mg, 46% yield). 'H NMR (400 MHz, D20) 6 8.27 (s, 1H), 8.14 (s, 1H),
7.85 (br, 2H), 7.64 (d, J = 7.7 Hz, 1H), 7.49 — 7.35 (m, 1H), 6.08 (br, 1H), 4.55 (br, 5H), 3.65
(br, 1H), 3.48-3,43 (m, 2H), 2.52 (br, 2H), 2.13 (br, 2H). 13C NMR (101 MHz, D20) 6 176.6,
168.8, 149.8, 147.4, 144.0, 143.5, 131.4, 130.4, 129.7, 129.1, 117.7, 114.8, 90.5, 77.7, 71.6,
30.4,22.1, 18.5. HRMS (ESI): calculated for Co2H27Ne¢O7 [M+H]*+487.1941, found 487.1945.
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3-(((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(4-carboxybutyl)amino)methyl)benzoic acid (71). Following the procedure described
for compound 57, compound 48 (50 mg, 0.076 mmol) was deprotected to obtain compound 71
as a white powder (24 mg, 52% yield). 1H NMR (400 MHz, D20) & 8.20 (br, 2H), 7.83 (br, 2H),
7.63(d,J=7.5Hz, 1H), 7.42 (br, 1H), 6.05 (br, 1H), 4.53 (br, 4H), 4.31 (br, 1H), 3.63 (br, 1H),
3.49 - 3.32 (m, 2H), 2.42 (br, 2H), 1.88 (br, 2H), 1.66 (br, 2H). 13C NMR (101 MHz, D20) &
177.7, 150.0, 144.3, 143.4, 131.4, 130.4, 130.1, 129.7, 129.1, 117.7, 114.8, 90.4, 77.7, 71.6,
32.7,22.4,21.0. HRMS (ESI): calculated for C23H290N6¢O7 [M+H]*501.2098, found 501.2096.

3-((((S)-3-Amino-3-carboxypropyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)amino)methyl)benzoic acid (72). Following the
procedure described for compound 57, compound 49 (50 mg, 0.066 mmol) was deprotected to
obtain compound 72 as a white powder (24 mg, 61% yield). 'H NMR (400 MHz, D20) & 8.23 (bs,
1H), 8.06 (s, 1H), 7.76 (s, 1H), 7.69 (d, J = 7.6 Hz, 1H), 7.56 (d,J = 7.8 Hz, 1H), 7.33 (t,J= 7.8
Hz, 1H), 6.06 — 5.98 (m, 1H), 4.59 — 4.34 (m, 5H), 4.06 (m, 1H), 3.72 — 3.51 (m, 4H), 2.55 —
2.4m (m, 1H), 2.40-2.32 (m, 1H). 3C NMR (101 MHz, D20) 6 171.0, 168.4, 162.8, 162.4,
149.5, 147.3, 143.7, 143.5, 131.3, 130.3, 129.7, 129.5, 129.1, 118.9, 117.6, 114.7, 90.6, 77.5,
73.5, 71.5, 50.9, 24.4. HRMS (ESI): calculated for Co2H27N7O7 [M+H]* 502.2050, found
502.2048.

3-(((((2R,38,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(isopropyl)amino)methyl)benzoic acid (73). Following the procedure described for
compound 57, compound 50 (50 mg, 0.093 mmol) was deprotected to obtain compound 73 as a
white powder (27 mg, 54% yield). 1H NMR (400 MHz, D20) 6 8.21 (s, 1H), 8.16 (s, 1H), 7.90 (s,
1H), 7.58 (m, 2H), 7.27 (t,J = 7.3 Hz, 1H), 5.89 (s, 1H), 4.55 (t, J = 10.4 Hz, 2H), 4.31 — 4.15
(m, 2H), 3.98 — 3.90 (m, 1H), 3.78 (br, 1H), 3.32 (br, 1H), 1.50 (m, 6H). 13C NMR (101 MHz,
D20) § 215.3, 168.7, 149.9, 147.3, 144.4, 143.1, 136.1, 131.7, 129.9, 128.7, 118.7, 117.7,
114.8, 89.7, 78.5, 73.5, 71.4, 58.8, 55.3, 51.7, 30.1, 16.2, 15.7. HRMS (ESI): calculated for
C21H26N6Os [M+H]*443.2043, found 443.2040.

4-((((2R,3S,4R 5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(naphthalen-2-ylmethyl)amino)butanamide (74). Following the procedure described
for compound 57, compound 51 (50 mg, 0.064 mmol) was deprotected to obtain compound 74
as a white powder (22 mg, 58% yield). 'H NMR (400 MHz, D20) 6 8.11 (br, 1H), 7.57 = 7.25 (m,
4H), 7.09 (d, J = 8.0 Hz, 1H), 5.89 (br, 1H), 4.35 (br, 4H), 3.94 — 3.63 (m, 1H), 3.49 — 3.22 (m,
3H), 2.44 (br, 2H), 2.13 — 1.82 (br, 2H). 13C NMR (101 MHz, D20) § 177.5, 148.4, 146.0,
143.3,142.3,132.1,131.6, 129.5, 128.0, 127.7, 127.2,127.0, 126.8, 126.7, 125.1, 118.0, 90.6,
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77.8,74.1,71.2,58.0, 55.9, 54.9, 32.0, 19.0. HRMS (ESI): calculated for C25H20N704 [M+H]*
492.2359, found 492.2363.
5-((((2R,3S,4R,5R)-5-(6~amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)(naphthalen-2-ylmethyl)amino)pentanamide (75). Following the procedure described
for compound 57, compound 52 (50 mg, 0.063 mmol) was deprotected to obtain compound 75
as a white powder (23 mg, 60% yield). tH NMR (400 MHz, D20) 6 8.11 (s, 1H), 7.72 — 7.61 (m,
2H), 7.55 — 7.48 (m, 2H), 7.46 — 7.39 (m, 1H), 7.37 — 7.15 (m, 2H), 5.89 (br, 1H), 4.66 — 4.48
(m, 2H), 4.42 — 4.11 (m, 3H), 3.61 — 3.33 (m, 4H), 2.43 - 2.27 (m, 2H), 1.89 (d, J = 9.8 Hz,
2H), 1.77 — 1.61 (m, 2H). I3C NMR (101 MHz, D20) § 178.8, 148.6, 146.3, 143.8, 143.4, 142.7,
142.2,132.4,131.8,129.9, 128.2,127.8,127.4,126.8, 125.1,90.7,78.1,74.2,71.3, 58.6, 57.8,
55.8, 54.6, 34.0, 22.5, 22.0. HRMS (ESI): calculated for C26H31N704 [M+H]* 506.2516, found
506.2520.

4-((((2R,3S,4R 5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(naphthalen-2-ylmethyl)amino)butanoic acid (76). Following the procedure described
for compound 57, compound 53 (50 mg, 0.085 mmol) was deprotected to obtain compound 76
as a white powder (30 mg, 60% yield). 'H NMR (400 MHz, D20) 6 8.14 (br, 1H), 7.75 = 7.23 (m,
8H), 5.95 (br, 1H), 4.62 — 4.54 (m, 1H), 4.43 — 4.26 (m, 4H), 3.69 — 3.53 (m, 2H), 3.45 (m,
2H), 2.54 (t, J = 6.5 Hz, 2H), 2.19 — 2.04 (m, 2H). 13C NMR (101 MHz, D20) § 179.8, 179.8,
152.0, 149.1, 146.3, 145.7, 134.9, 134.4, 132.5, 130.6, 129.9, 129.8, 129.3, 121.0, 120.2,
117.3, 93.3, 80.2, 742, 608, 336, 21.4. HRMS (ESI): -calculated for
C23H30NsOs [M+H]* 493.2199, found 493.2199.

5-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(naphthalen-2-ylmethyl)amino)pentanoic acid (77).  Following the procedure
described for compound 57, compound 54 (50 mg, 0.083 mmol) was deprotected to obtain
compound 77 as a white powder (31 mg, 61% yield). LH NMR (400 MHz, D20) & 8.27 (br, 2H),
7.86 — 7.55 (m, 5H), 7.52 — 7.47 (m, 1H), 7.40 (d, J = 7.7 Hz, 1H), 5.95 (s, 1H), 4.66-4.40 (m,
4H), 4.31 (br, 1H), 3.70 — 3.43 (m, 4H), 2.50 (br, 2H), 1.97 (br, 2H), 1.80 — 1.67 (br, 2H). 13C
NMR (101 MHz, D20) § 178.0, 163.0, 162.7, 149.5, 146.6, 143.8, 143.1, 132.4, 131.9, 130.0,
128.0, 127.3, 127.2, 126.8, 117.7, 38.6, 32.9, 21.2. HRMS (ESI): calculated for
C26H28N6Os [M+H]*507.2356, found 507.2355.

(S)-2-Amino-4-((((2R,3S,4R 5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)(naphthalen-2-ylmethyl)amino)butanoic ~ acid  (78).
Following the procedure described for compound 57, compound 55 (50 mg, 0.071 mmol) was
deprotected to obtain compound 78 as a white powder (28 mg, 65% yield). 'H NMR (400 MHz,
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D20) 6 8.03 (bs, 2H), 7.54 — 6.97 (m, 7H), 5.83 (bs, 1H), 4.55 — 4.25 (m, 3H), 4.24 — 4.16 (m,
1H), 4.16 — 4.09 (m, 1H), 3.65 (s, 2H), 3.49 (s, 1H), 2.46 (br, 2H). 13C NMR (101 MHz, D20) §
170.8, 148.3, 146.0, 143.3, 142.2, 132.0, 131.5, 129.7, 127.1, 126.9, 126.6, 126.3, 118.2,
117.6, 114.7, 90.9, 775, 738, 71.4, 50.7, 24.5. HRMS (ESI): calculated for
Ca5H29N70s [M+H]+508.2308, found 508.23009.

(2R,3R,4S,5R)-2-(6-amino-9H-purin-9-yl)-5-((isopropyl(naphthalen-2-ylmethyl)
amino)methyl) tetrahydrofuran-3,4-diol (79). Following the procedure described for compound
57, compound 56 (50 mg, 0.102 mmol) was deprotected to obtain compound 79 as a white
powder (36 mg, 65% yield).!H NMR (400 MHz, D20) § 7.86 (s, 1H), 7.64 — 7.47 (m, 2H), 7.42
—7.10 (m, 6H), 5.58 (s, 1H), 4.41 — 4.35 (m, 1H), 4.29 (br, 1H), 4.16 — 4.04 (m, 2H), 3.92 (br,
1H), 3.80-3.73(m, 1H), 3.58 (br, 1H), 3.24 (m, 1H), 1.35 (m, 6H). 13C NMR (101 MHz, D20) §
148.7, 146.3, 143.6, 143.0, 142.6, 132.2, 131.7, 130.4, 128.3, 127.5, 127.4, 118.0, 90.0, 77.5,
73.9, 71.9, 59.1, 51.7, 49.6, 17.4, 15.9. HRMS (ESI): calculated for C24H28N6O3 [M+H]*
449.2301, found 449.2299.

tert-Butyl  (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-
furo-[3,4-d][1,3]dioxol-4-yl)methyl)(naphthalen-2-ylmethyl)amino)-2-bis(tert-
butoxycarbonyl)amino)pentanoate (80). Following the procedure described for compound 33,
tert-butyl (R)-2-((tert-butoxycarbonyl)amino)-5-oxopentanoate 28 (312 mg, 0.80 mmol) and
compound 32 (300 mg, 0.67mmol) to obtain compound 80 as a white powder (319 mg, 58%
yield). tH NMR (400 MHz, CDCls) 6 8.05 (s, 1H), 7.79 (s, 1H), 7.73 m, 1H), 7.68 (d, J = 8.6 Hz,
2H), 7.61 (s, 1H), 7.45 — 7.34 (m, 3H), 6.59 (s, 2H), 5.98 (d, J = 2.2 Hz, 1H), 5.27 (dd, J = 6.4,
2.2 Hz, 1H), 4.84 (dd, J = 6.4, 3.1 Hz, 1H), 4.69 (dd, J = 9.6, 5.2 Hz, 1H), 4.37 (m, 1H), 3.80
(br, 1H), 3.57 (br, 1H), 2.76 (m, 1H), 2.64 — 2.47 (m, 3H), 2.04 (m, 1H), 1.83 (m, 1H), 1.54 (s,
3H), 1.43 (s, 16H), 1.41 (s, 8H), 1.31 (s, 3H). 13C NMR (101 MHz, CDCls) 6 155.9, 152.9,
152.5,139.5,127.7,127.5,127.3,127.2,125.8, 125.5, 90.8, 85.4, 83.6, 83.41, 82.6, 81.0, 59.0,
55.6, 54.0, 28.0, 27.1, 27.0, 25.3, 23.8. HRMS (ESI): calculated for Cs3HsoN709 [M+H]*
818.4453, found 818.4458.

(S)-2-Amino-5-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)(naphthalen-2-ylmethyl)amino)pentanoic ~ acid  (81).
Following the procedure described for compound 57, compound 80 (120 mg, 0.15 mmol) was
deprotected to obtain compound 81 as a white powder (58 mg, 63% yield). 1H NMR (600 MHz,
D20) 6 8.14 (br, 1H), 7.69-6.93 (m, 8H), 5.93 (br, 1H), 4.59-4.43 (m, 2H), 4.27 (br, 2H),
4.15-3.73 (m, 2H), 3.47 (m, 4H), 2.16-1.90 (m, 4H). 13C NMR (151 MHz, D20) § 171.6,
162.9, 162.7, 148.6, 131.8 127.3, 127.1, 126.8, 119.2, 117.3, 115.3, 90.7, 78.0, 74.3, 71.3,
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58.8, 52.3, 26.9, 19.4. HRMS (ESI): calculated for CasHs1N7Os [M+H]* 522.2465, found
522.2468.

Inhibition studies: Expression and purification of full-length wild type NNMT protein
(NNMTwt) were performed as previously described.3? The purity of the enzyme was confirmed
using SDS-PAGE with Coomassie blue staining and NNMT identity was confirmed using SDS-
PAGE and Western blotting. Catalytic activity of the recombinant protein was evaluated with 1
unit of enzyme activity representing the formation of 1 nmol of MNA per hour of incubation at
37 °C. The specific activity of the batch used in the inhibitory activity assays was 18,665 units per
mg of protein at a protein concentration of 0.56 mg/mL. NNMT was used at a final concentration
of 100 nM diluted in assay buffer (50 mM Tris buffer (pH 8.4) and 1 mM DTT). The compounds
were dissolved in DMSO and diluted with water to concentrations ranging from 0.1 uM to 500
uM (DMSO was kept constant at 1.25% final concentration). The compounds were incubated
with the enzyme for 10 minutes at 37 °C before initiating the reaction with a mixture of NA and
AdoMet at their Ku values of 200 uM and 8.5 pM respectively. The formation of MNA was
measured after 30 minutes at 37 °C. The reaction was quenched by addition of 15 pL sample to
70 pL acetonitrile containing 50 nM deutero-methylated nicotinamide as internal standard. The
enzymatic activity assays were performed using UHP-HILIC-MS/MS as previously described
with minor modifications.24 The UHP-HILIC-MS/MS system consisted of a binary UHPLC
system, consisting of two LC-30AD pumps, a SIL30-ACmp auto-sampler, a CTO-20AC column
oven, and a DGU-20A5R degasser, (all from Shimadzu, 's-Hertogenbosch, The Netherlands).
[socratic elution was performed after 1 pL injections on a Waters Acquity BEH Amide HILIC
column (3.0 x 100 mm, 1.7 um particle size, Waters, Milford, USA), using water containing 300
uM formic acid and 550 uM NH4OH (pH 9.2) at 40% v/v and acetonitrile at 60% v/v, with a run-
time of 3 min. Calibration samples were prepared using 75 uL internal standard ds-MNA at 50
nM in acetonitrile and 25 pL of an aqueous solution of reference standard MNA with
concentrations ranging from 2500 nM to 1.221 nM. For detection, a Sciex QTRAP® 5500 triple
quadrupole mass spectrometer, with Analyst 1.6.2, and MultiQuant 3.0.1 software (Sciex,
Ontario, Canada) was used. Settings used for the ionization source were: curtain gas, 40 psi;
collision gas, 'medium'; ionspray voltage, 5000 V; temperature, 600 °C; ion source gas 1, 60 psi;
ion source gas 2, 80 psi. Dwell times were 10 msec, and entrance potential was set to 10 V;
compound specific parameters can be found in Table 2. The whole eluate was transferred to the
electrospray probe from 1.0 till 2.8 min using the MS diverter valve. Ratios of the sums of the

MNA and ds-MNA transitions were calculated and plotted versus concentration.
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Table 2. Tuned MS/MS parameters for all quantified components.

Compound Q1 (m/z) Q3 (m/z) DP CE CXP

MNA 137.101 94.0 136 27 12
92.0 136 29 12
78.0 136 35 10

MNA-ds 140.128 97.1 121 29 12
95.1 121 31 12
78.0 121 35 10

The entrance potential was set at 10 V for all compounds, dwell-time was 10 msec. Q1: quadrupole 1, Q3:

quadrupole 3, z: charge, DP: declustering potential, CE: collision energy, CXP: collision cell exit potential.

Isothermal Titration Calorimetry: Expression and purification of full-length wild type NNMT
protein (NNMTwt) were performed as previously described.3! Isothermal titration calorimetry
(ITC) measurements were made at 25 °C on a MicroCal ITC200 Instrument (Malvern
Instruments) with 2 pL injections. NNMTwt was diluted at 200 uM in ITC buffer (50 mM Tris
(pH 8.0), 150 mM NaCl) supplemented with 4% DMSO. Compounds were dissolved in DMSO at
50 mM and diluted to 2 mM in ITC buffer with a final DMSO concentration of 4%. Binding
constants were calculated by fitting the data using the ITC data analysis module in Origin 7.0
(OriginLab Corp.).

Modeling studies: Docking computations were performed using Autodock 4.2.49 Compounds
1, 2, 78, and 81 were docked into the catalytic pocket of the structure taken from PDB ID:
3ROD.32 Four molecular dynamic simulations were performed with GROMACS 2018.250 using
the AMBERO3 force field!. Each structure was immersed in a cubic box using TIP3P water
molecules®? and neutralized with counter ions. A production step of 250 ns was carried out using
the Parrinello-Rahman algorithm53 for temperature and pressure control, with coupling constants
of T=0.1 ps and P=2.0 ps, for compounds 1, 2, 81 and extended to 450 ns for compound 78, in
order to reach equilibrium of the system. Coordinates were saved every 200 ps and the
protein/ligand binding energy was estimated using g_mmpbsa calculations54>° on the last 50 ns
of each trajectory. The conformation of minimal energy in these 50 ns was extracted from the
simulations and minimized in order to represent the interactions between the ligands and NNMT

protein.

Enzyme assay for selectivity: Methyltransferase inhibition assays were performed as

described®® by using commercially available chemiluminescent assay kits for PRMT1 and NSD2
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(purchased from BPS Bioscience). The enzymatic reactions were conducted in duplicate at room
temperature for 1 h (PRMT1) or 2 h (NSD2) in substrate-coated well plates at a final reaction
volume of 50 pL containing: the manufacturer’s proprietary assay buffer, AdoMet (at a
concentration of 5 times the respective Km value for each enzyme), the methyltransferase enzyme:
PRMT1 (100 ng per reaction) and NSD2 (500 ng per reaction), and inhibitor 78. Before addition
of AdoMet, the enzyme was first incubated with the inhibitor for 15 min at room temperature.
Positive controls were performed in the absence of inhibitor using water to keep the final volume
consistent. Blanks and substrate controls were performed in the absence of the enzyme and
AdoMet, respectively. Following the enzymatic reactions, 100 uL of primary antibody
(recognizing the respective immobilized methylated product) was added to each well, and the
plate was incubated at room temperature for an additional 1 h. Then, 100 pL of secondary
horseradish peroxidase (HRP)-conjugated antibody was added to each well, and the plate was
incubated at room temperature for additional 30 min. Finally, 100 uL of an HRP substrate
mixture was added to the wells, and the luminescence was measured directly by using a standard
microplate reader. The luminescence data were normalized with the positive controls defined as
100% activity and blank defined as 0%.

Cell culture and treatment with compounds: The HSC-2 human oral cancer cell line was
purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA), and
cultured in DMEM/F12 medium, supplemented with 10% fetal bovine serum and 50 pg/ml
gentamicin, at 37 °C in a humidified 5% COz2 incubator. Compounds 1, 2, 78, and 81 were tested
for their inhibitory effect on cell proliferation of HSC-2 cells. Each compound was dissolved in
DMSO at 100mM concentration. This stock solution was then diluted in culture medium to final
concentration values ranging between 1 uM and 100 uM. For each sample, DMSO was kept
constant at 0.1% final concentration.

The day before starting treatment, cells were seeded in 96-well plates, at a density of 1x103
cells/well. Cells were allowed to attach overnight and then incubated with compounds at different
final concentrations, or with DMSO only, for 24, 48 and 72 hours. All experiments were

performed in triplicate.

MTT assay: Cell proliferation was determined using a colorimetric assay with 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT). The MTT assay measures the
conversion of MTT to insoluble formazan by dehydrogenase enzymes of the intact mitochondria

of living cells. HSC-2 cell proliferation was evaluated by measuring the conversion of the
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tetrazolium salt MTT to formazan crystals upon treatment with compounds or DMSO only for 24,
48 and 72 hours. Briefly, cells were incubated for 2 hours at 37°C with 100 pl fresh culture
medium containing 5 ul of MTT reagent (5mg/ml in PBS). The medium was removed and 200 pl
isopropanol were added. The amount of formazan crystals formed correlated directly with the
number of viable cells. The reaction product was quantified by measuring the absorbance at
540nm using an ELISA plate reader. Experiments were repeated three times. Results were
expressed as percentage of the control (control equals 100% and corresponds to the absorbance
value of each sample at time zero) and presented as mean values + standard deviation of three
independent experiments performed in triplicate. Data were analysed using GraphPad Prism
software (GraphPad Software, San Diego, CA). Significant differences between groups were
determined using the one-way analysis of variance (ANOVA). A p value <0.05 was considered as

statistically significant.

Quantitative measurements of MNA levels in cultured cells: The analysis was performed as
previously describeds” with minor modifications. Cellular MNA levels were determined using the
same UHP-HILIC-MS/MS employed for the inhibition studies as described above. To determine
the effect of compound 78 on NNMT activity in the HSC-2 oral cancer cell line used cells were
treated with 78 at 100 uM (final DMSO content 0.1%) and incubated for 24, 48, or 72 hours. The
day prior to starting treatment, cells were seeded in 6-well plates, at a density of 3x104 cells/well.
Cells were allowed to attach overnight and were then incubated with compound 78. All
experiments were performed in duplicate. Following treatment, medium was removed, and
adherent cells were trypsinized and harvested by centrifugation at 1,000xg for 3 min at 4°C.
Supernatant was then discarded and cell pellets were stored at -80 °C until further use. The
extraction of MNA from the cell pellets was performed as previously described.>8 Briefly, 100 pL
acetonitrile containing 50 nM ds-MNA (as internal control) was added to the cell pellets and the
cells were lysed for 20 minutes at room temperature with mild shaking. 50uL of purified water
was added, followed by mixing and the resulting cell debris centrifuged for 10 minutes at 5,000
rpm. 100 uL of the resulting supernatant was then transferred to a 96-well plate and analysed for
MNA content.
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Abstract

Nicotinamide N-methyltransferase (NNMT) methylates nicotinamide (vitamin B3) to
generate 1-methylnicotinamide (MNA). NNMT overexpression has been linked to a variety of
diseases, most prominently human cancers, indicating its potential as a therapeutic target. The
development of small molecule NNMT inhibitors has gained interest in recent years with the most
potent inhibitors sharing many similar structural features based on the structures of the
nicotinamide substrate and the S-adenosyl-L-methionine (SAM) cofactor. We here report the
development of a series of inhibitors that depart from some of these conserved structural features
through the introduction of alternative electron deficient aromatic groups to mimic the
nicotinamide moiety. In addition, the identification of an optimal trans-alkene linker differs from
the previously reported alkyl and alkynyl linkers used to connect the substrate and cofactor
mimics in these inhibitors. The most potent NNMT inhibitor identified in our study exhibits an
ICs0 value of 3.7 nM placing it among the most active NNMT inhibitors reported to date.
Complementary analytical techniques, modeling studies, and cell-based assays provide insight

into the binding mode, affinity, and selectivity of these inhibitors.
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1. Introduction

The enzyme nicotinamide N-methyltransferase (NNMT) catalyzes the methylation of
nicotinamide using S-adenosyl-L-methionine (SAM) as cofactor and produces S-adenosyl-L-
homocysteine (SAH) as byproduct (Figure 1). Since its discovery in 1952, its role was considered
to be exclusively associated with cell detoxification through the metabolism of xenobiotics.! This
function is carried out thanks to NNMT's broad substrate recognition that allows for the
methylation of pyridines, quinolines and other related heterocyclic metabolites, followed by their
excretion.2 However, the view that NNMT is primarily involved in detoxification has recently
changed as a result of numerous studies implicating NNMT in a variety of other critical metabolic
pathways.34 For example, NNMT's substrate nicotinamide is the precursor of NAD+, a
compound heavily involved in redox processes and energy management.> In addition, while
NNMT does not play an epigenetic role per se, its influence on the SAM/SAH balance has an
indirect impact on gene expression.®7 The involvement of NNMT in epigenetic reprogramming as
well as in the cell's energetic balance and detoxification pathways provides a broader appreciation
of its role in the development and progression of cancer,368-12 diabetes,>13.14 obesity,>14 and
neurodegenerative disorders.15-18

Improving our understanding of NNMT and its role in disease hinges in significant part on
the availability of potent, selective, and cell-active small-molecule inhibitors. Such chemical tools
can both lead the way to validate NNMT as a drug target and at the same time be used as
templates for the development of new medicines for treating NNMT-driven conditions. At present,
the most potent NNMT inhibitors described in the literature are bisubstrate analogues,
comprising two covalently linked moieties that mimic the cofactor and substrate, SAM and
nicotinamide, respectively. Following our initial reports describing such bisubstrate mimics as

NNMT inhibitors,1920 significant progress has been made by other groups also working in the
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Figure 1. Methylation of nicotinamide (NA) by NNMT using S-adenosyl-L-methionine (SAM) as the methyl donor
forming N-methyl nicotinamide (MNA) and S-adenosyl-L-homocysteine (SAH).
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field (Figure 2) 21-24 Notably, the potency of bisubstrate NNMT inhibitors has improved from
our first reported compounds with ICso values in the micromolar range!®20.25 to those more
recently described by the groups of Shair and Huang with ICso values in the low nanomolar
range.26.27 Collectively, these studies have shown that bisubstrate inhibitor potency is heavily
dependent on the relative spacing and spatial orientation of the adenosine, amino acid, and
nicotinamide mimicking moieties.1920.25-27 Notable in this regard are the different linkers that
have been used to connect the SAM and nicotinamide groups, amongst which alkynyl species
have been shown to achieve the highest levels of inhibition (Figure 2). Building on our previous
endeavors in designing inhibitors for NNMT1920 and bisubstrate inhibitors for other
methyltransferases containing alkene-based linkers,28.2% we here describe our most recent efforts
at developing novel NNMT inhibitors characterized by innovative design, improved potency, and
ease of synthesis. These investigations have culminated in the discovery of a novel styrene scaffold
with substitutions in the nicotinamide mimetic that get away from the amide functionality present
in the majority of bisubstrate inhibitors reported to date. Our results with this new scaffold also
revealed interesting structure-activity relationships of electron-withdrawing substitutions with
para-cyano compound 17u (Figure 2) being the most potent inhibitor identified with an ICso
value of 3.7 + 0.2 nM. The extensive SAR results presented here were further corroborated by
insights in the compounds' binding mode to NNMT as predicted by molecular modeling.
Compound 17u was further characterized by means of isothermal titration calorimetry (ITC)
experiments, biochemical assays to assess selectivity against other methyltransferases, and cell-

based studies to assess investigate effects on the viability of several cancer cell lines.
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Figure 2. Chemical structures, inhibition data, and publication dates of bisubstrate inhibitors of NNMT.
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2. Results and Discussion

Design. The crystal structures reported for NNMT consistently reveal m-m stacking
interactions between tyrosine residue Y204 and either the pyridine ring of the natural
nicotinamide substrate30 or the aromatic group that mimics it in the bisubstrate inhibitors.25-27 In
order to capitalize on these interactions and improve the potency of our previously disclosed
NNMT ligand 3,20 we first undertook a systematic exploration of its naphthalene portion (Figure
3A) where a selection of bicyclic (hetero)aromatics was incorporated. In addition, prompted by
the desire for an approach which would allow for the introduction of a wider range of
nicotinamide mimics with different shapes and electronic features, a novel styrene-based scaffold
was devised. This scaffold-hopping approach, which was based on a naphthalene truncation
strategy (Figure 3A), presents two key advantages: i) it allows for the expeditious synthesis of a
diverse library of NNMT inhibitors starting from readily available building blocks; and ii) it
provides insights into a novel alkenyl linker connecting the SAM-like portion and the
nicotinamide mimic moiety. The latter feature is relevant because the resulting ligands
complement the published bisubstrate inhibitors (Figure 2), which are generally linked by alkyl or

alkynyl spacers.25-27 In addition, a selection of compounds was designed to assess the importance
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Figure 3. (A) Strategy for the modification and optimization of inhibitor 3 through introduction of a variety of
aromatics and the truncation of the naphthalene moiety resulting in the introduction of the alkenyl linker; (B) General
synthetic route for the preparation of NNMT inhibitors, based on a double reductive amination approach followed by

a single deprotection step.
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of both the amino acid and adenosine moieties for NNMT active site binding.

Synthesis. The synthesis of the NNMT inhibitors here pursued was based on a convenient,
modular strategy that provides access to a wide range of chemically different ligands. Starting from
the known adenosine amine building block 9, all bisubstrate analogues were obtained via a
sequential double reductive amination process followed by global deprotection (Figure 3B). The
required bicyclic (hetero)aromatic aldehydes 8a-1 used in the reductive amination steps were
either commercially available or prepared through formation of the Weinreb amide and
subsequent DIBAL-H reduction (Scheme 1). Phenylpropenaldehydes 15a-y were either
commercially available or prepared through a Wittig reaction coupling the corresponding
benzaldehydes to (triphenyl-phosphoranylidene)acetaldehyde as shown in Scheme 2. The
aldehydes were subsequently coupled to compound 11 (prepared by reductive amination of
adenosine amine building block 9 with the appropriate 1-Asp derived aldehyde building block 10).
These reductive aminations were found to proceed cleanly using sodium triacetoxyborohydride
and acetic acid after which the final compounds were obtained by global deprotection of the acid-
labile protecting groups using TFA/CH2Clz, with isopropylidene group cleavage facilitated by the
addition of water (Scheme 1 and 2).
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Scheme 1. Representative synthetic scheme for the preparation of bicyclic aromatic compounds 13a-1, shown for
quinoline-containing compound 13a.2 The variable group for compounds 6b-1, 7b-1, 8b-1, 12b-1 and 13b-1 is indicated
in blue. Reagents and conditions: (a) CHsNHOCH3-HCl, BOP, EtsN, CHoCly, 1t, 2 h (88%); (b) DIBAL-H in hexanes,

THF, =78 °C, 2 h (assumed quant.); (c) NaBH(OAc)s, AcOH, DCE, rt, overnight (47%); (d) TFA, CH2Cl,, H»O, rt,

2h.(86%).
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Scheme 2. Representative synthetic scheme for the preparation of substituted cinnamaldehydes 15a-y and resulting
alkenyl linked aromatic compounds 17a-y. Reagents and conditions: (a) PPhs=CHCHO, toluene, 80°C, overnight
(45-77%); (b) aldehyde 15a-y, NaBH(OAc)s, AcOH, DCE, rt, overnight (43-81%); (c) TFA, CH2Cly, Ho0, 1t, 2 h,
(27-86%).

In order to investigate different substitutions of the amino acid moiety, building block 18
containing the para-cyano-substituted phenylpropenyl side chain, was prepared through
coupling of 4-cyano-phenylpropenaldehyde 15u to the adenosine amine starting material 9
(Scheme 3). A variety of aldehydes were then coupled to probe the amino acid pocket as
exemplified for compound 21a in which the amino acid linker was extended with an extra carbon.

Compounds 24a and 24b lacking the adenosine unit were also synthesized in a similar fashion
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HoN CN
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Scheme 3. Representative synthetic scheme for the preparation of 4-cyano-phenylpropenyl compounds with different
substitutions of the amino acid side chain, shown for compound 21a bearing an extended linker to the amino acid
moiety. The variable group in compounds 19b-k, 20b-k and 21b-k is indicated in blue. Reagents and conditions: (a)
aldehyde 15u, NaBH(OAc)s, AcOH, DCE, rt, overnight (81%); (b) aldehyde 19a, NaBH(OAc)s, AcOH, DCE, rt,
overnight (81%); (¢) TFA, CH2Cly, H20, 1t, 2 h, (86%).
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through coupling of amino acid aldehyde 10 to 4-cyano-phenylpropenylamine 22a or its
methylated analogue 22b (Scheme 4). The crude products were purified by preparative high-
performance liquid chromatography (HPLC) to yield the desired bisubstrate analogues.
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b | c
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(e}
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R = CH,NH,, 22a NHBoc NH,

R = CHO, 15u NHBoc
a 10 R=H,23a R=H, 24a

R = CH,NHCHj, 22b R = CHy, 23b R = CHa, 24b

Scheme 4. Synthetic scheme for the preparation of 4-cyano-phenylpropenyl compounds 24a-b lacking the adenosine
unit-2 Reagents and conditions: (a) methylamine in MeOH (33% w/w), NaBH(OAc)s, AcOH, DCE, rt, overnight (42%);
(b) aldehyde 22, NaBH(OAc)s, AcOH, DCE, rt, overnight (48-77%); (c) TFA, CH2Cly, H20, 1t, 2 h, (75-87%)

Inhibition Studies. All bisubstrate analogues prepared were tested for NNMT inhibitory
activity using a method recently developed in our group.? This assay employs hydrophilic liquid
interaction chromatography (HILIC) coupled with tandem mass spectrometry (MS/MS) to
rapidly and efficiently assess NNMT inhibition through direct analysis of the formation of MNA.
For each compound, NNMT inhibition was initially screened at a fixed inhibitor concentration of
25 uM. In cases where at least 50% inhibition was detected at this concentration, full inhibition
curves were measured in triplicate to determine the corresponding half-maximal inhibitory
concentration (ICso) values. As reference compounds, we included our previously described
NNMT inhibitor 3 and the recently described NNMT inhibitor 5. The structures of these
reference compounds are provided above in Figure 2 and the ICsovalues obtained in our assay

were found to be in line with published values.20-27

Structure—Activity Relationships (SAR): B-naphthalene modification. As previously
mentioned, we aimed at improving the potency of our previously reported inhibitor 3 through
further exploitation of the ;-7 stacking interactions between Y204 and the ligand’s nicotinamide
mimicking motif. To this end, a small library of compounds was made, in which the naphthalene
moiety of compound 3 was replaced with other (hetero)aromatic groups (compounds 13a-l,
Figure 4). The introduction of electron-poor quinolines, which could potentially complement

Y204 in a productive m-7 stacking interaction, was met with poor results as the ICso values of
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Figure 4. Structure—activity relationship (SAR) studies of bisubstrate NNMT inhibitors 13a-1 carrying bicyclic
(hetero)aromatic side-chains to replace the naphthalene group of compound 3. ICso values (M) and s.e.m. are

shown in red.

compounds 13a and 13b were above the 25 uM threshold, with only compound 13¢ showing
moderate inhibition (ICso = 7.36 pM). Although the incorporation of an a-naphthalene led to
good inhibition (13g, ICso = 1.48 pM), the addition of an extra carbon to the linker portion
abrogated it (13h, ICso = 19.54 uM) and switching to biphenyl resulted in a considerable drop in
potency (13d-f, ICso > 25 uM). A similar trend was observed with the introduction of an indole
moiety, with inhibitors 13i and 13j failing to display ICso values below 25 uM. Improved potency
was achieved when a benzothiophene ring was incorporated (13k and 13l) and especially when
the branching point was at its C-3 position. Notable in this regard is compound 13l which was
found to inhibit NNMT with an ICso value of 0.57 uM (Figure 4).

Scaffold hopping to styrene inhibitors. In light of the only moderate level of success obtained
by introduction of other bicyclic (hetero)aromatic groups, we next shifted our focus to a different
approach. Specifically, we applied a scaffold-hopping/truncation strategy to compound 3, in
which the naphthalene moiety was simplified into styrene derivatives 17a-y (Figure 3A). Notably,
this structural alteration and accompanying synthetic route, along with the wide availability of
substituted benzaldehydes, allowed for ready access to a wide range of novel bisubstrate analogues
(Figure 5).

The various styrene analogues thus prepared (17a-y) bear different electron-donating and
electron-withdrawing substituents at ortho, meta and para-positions, and were evaluated for their
in vitro activity against NNMT. Ortho methyl compound 17a (ICso = 1.16 uM) showed better
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Figure 5. SAR studies of bisubstrate NNMT inhibitors 17a-y carrying alkenyl linked substituted aromatics. I1Cso

values (uM) and s.e.m. are shown in red and the substitutions are highlighted in blue

activity than the corresponding meta (17b, ICso = 4.60 uM) and para (17c, ICso = 6.44 uM)
analogues. Methoxy-substituted compounds 17d-f all showed a somewhat lower potency (ICso >
4 uM). A clear improvement was observed when electron-withdrawing substituents were
introduced on the styrene ring. In addition, the orientation of the electron-withdrawing group was
directly correlated to its activity with the potency of the compounds increasing from ortho- to
meta- to para-substitution. In the case of fluorinated ligands 17g-i, the activity increased with an
[Cs0 value of 8.98 uM for ortho-F, to 3.78 uM for meta-F and the most potent activity observed
for the para-F substituted compound displaying an ICso value of 0.19 pM. The introduction of a
chlorine atom in the same styrene scaffold resulted in a similar trend in NNMT inhibitory activity.
In this instance, the ICso values for the ortho-Cl and meta-Cl compounds were 1.34 uM and 0.64
UM, respectively (17j and 17k, Figure 5), while para-analogue 171 (ICso = 0.24 uM) was again
the most active. Switching chlorine for bromine did not cause any major change in activity for the
ortho-Br and meta-Br analogues (17m and 17n, ICso = 1.45 and 0.38 uM, respectively), but
positively impacted NNMT inhibition in the case of the para-Br compound 170, which displayed
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nanomolar activity (ICso = 0.061 pM, Figure 5). Even more striking was the case of nitro-
substituted compounds 17p-r: while the para-nitro-substituted analogue was found to be a highly
potent inhibitor (17r, ICs0 = 0.010 uM), both ortho-nitro and meta-nitro compounds failed to
show any appreciable activity (17p and 17q, ICs0 >25 puM). Finally, introduction of nitrile
functionality on the styrene core caused yet further improvements in potency, especially when
situated at the para position. Whereas ortho-cyano analogue 17s did not show inhibition at 25
uM, meta-cyano analogue 17t displayed good inhibition with an ICso of 0.86 uM with another
leap in activity for para-cyano compound 17u which exhibits the most potent inhibition of all
compounds prepared in the present study with a single digit nanomolar ICso value (ICs0 = 3.7
nM).

We next assessed the potential for combining structural features of these new NNMT
inhibitors with known potent inhibitors 4 and 5 (Figure 2). In doing so, we generated two
styrene-based compounds inspired by 17u in which the nitrile functionality was replaced by a
meta- or para-substituted primary amide (17v and 17w). Notably, the para-amide showed a
marked decrease in potency (ICso = 10.77 uM) while the meta-amide proved to be an active
NNMT inhibitor (ICso = 0.013 uM). The behaviour of these two analogues highlighted an
interesting trend: whereas for the cyano substituent the para-arrangement is superior to the meta
one, for amides the contrary holds true. Interestingly, unsubstituted compound 17x exhibited only
very modest potency (ICso = 13.63 uM). Finally, it is worth noting that para-alkynyl substituted
compound 17y, in which the nitrile group of 17u was replaced by an acetylene, was completely
inactive with an ICso >25 pM. This result clearly indicates as specific role for the nitrile
functionality in facilitating productive binding interactions between the inhibitor and the NNMT
active site.

From the data presented above, it can be inferred that a strongly electron-rich styrene moiety
is not beneficial for NNMT inhibition. Also, it is clear that electron-withdrawing substituents like
nitro or cyano are most effective when located at the para position on the aromatic ring. The
origin of these trends is likely a combination of structural complementarity and electronics. For
example, the geometric constraints of the binding pocket could be favouring the para substitution
pattern, while a particularly effective m-mt stacking between NNMT’s tyrosine residue Y204 and

the electron-poor styrene of compounds 170, 17r and 17u might lie behind these ligands’ potency.
Linker modifications. After having established compound 17u as our lead inhibitor, we

turned our attention to the role of the linker bridging the SAM-derived motif and the nicotinamide

mimicking moiety. Our own work in the field had already highlighted the importance of the
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correct spacing for achieving potent NNMT inhibition.20 Moreover, reports by other groups have
reinforced the notion that a carefully judged linker, in terms of both length and rigidity, is required
for potency (see compounds 2, 4 and 5, Figure 2).25-27 In order to compare our own alkenyl linker
with the alternatives devised by others, a series of analogues of inhibitor 17u were designed
featuring a truncated linker (25), a fully saturated linker (26) and a propargylic linker (27 and 28,
Figure 6). Additionally, compound 29 was prepared to assess the impact of replacing the core
amine functionality with an amide linkage.

Both the truncated analogue 25 and amide-linked compound 29 displayed a clear drop in
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Figure 6. SAR studies of bisubstrate NNMT inhibitors 5 and 25-31 carrying different linkers. ICso values (uM) and

s.e.m. are shown in red. Changes introduced relative to the lead inhibitor 17u are indicated in blue.

activity against NNMT (ICso = 2.78 uM and > 25 uM respectively). When the carbon-carbon
double bond of inhibitor 17u was reduced to a saturated three carbon linker, the ICso value
increased more than 10-fold (26, ICs0 = 0.054 uM), but the resulting compound still showed high
potency. A similar outcome was observed when a propargyl spacer was introduced (28, ICso =
0.069 uM).

In recently reported studies involving propargyl linked bisubstrate inhibitors of NNMT, the
benzamide fragment featured prominently as the favoured nicotinamide mimic.25-27 Of note in
this regard is the importance of the position of the amide group on the aromatic ring with the para
substituted amide (81) displaying a clear lack of potency (ICso >25 uM) relative to the meta
compound (527) which was measured to have an ICsovalue of 0.010 uM in our assay. Notably, a
similar effect is also observed for the alkenyl linked amides 17v and 17w reported in our present
study (Figure 5) with the meta-substituted analogue displaying a nearly 1000-fold increase in
NNMT inhibition. Also of note was the observation that this trend is reversed for the

corresponding propargyl-linked meta- and para-cyano analogues: in this case the meta isomer 27
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was a much weaker inhibitor (ICso= 1.43 pM) than the para isomer 28 (ICs0= 0.069 uM, Figure
6). Finally, as also observed for the fully reduced para-cyano analogue 26, replacement of the
unsaturated linker in potent literature inhibitor 5 with a fully saturated alkyl linker led to
compound 30 which exhibits reduced activity but retains nanomolar inhibition (ICs0 = 0.083 uM).

The exploration of different linkers in conjunction with optimized nicotinamide mimicking
moieties revealed that nitrile- and amide-substituted aromatics confer high level of NNMT
inhibition, with the former narrowly outperforming the latter in our hands. Similarly, our newly
developed unsaturated linker compared favourably with the alkyne-based linkers previously
described.26-27 Taking a closer look at this finding, the potency of tight binding alkenyl and alkynyl
linked para-cyano (17u and 28) and meta-amide (17v and 5) inhibitors was reevaluated in the
presence of elevated concentrations of cofactor SAM to increase their ICso value, magnifying their
differences in potency.3! The four compounds tested bear the same SAM-mimicking motif and are
assumed to be equally SAM-competitive and thus similarly affected by increased levels of the
cofactor. Increasing the concentration of SAM to 85 uM (10 times its Ku value) in the biochemical
assay, resulted in a 2- to 4-fold increase in ICso, confirming the trend observed under standard
assay conditions. In addition, the apparent Ki values were calculated using Morrison’s equation
for tight binding inhibitors3? and found to be similar under both SAM concentrations tested
(Table 1). These studies confirm compound 17u as the most potent NNMT inhibitor evaluated in
the present study.

Table 1. ICso and Ki,pp values in nM with standard error of the mean (s.e.m.) for para-cyano compounds 17u and 28
and meta-amide compounds 17v and 5 with either propenyl or propargyl linkers. Compounds were tested in the
presence of SAM at its Ky value of 8.5 uM or at 10 times its Ky value (85 uM)

ICs0in nM Kiapp in nM
Compound 8.5 uM SAM 85 uM SAM 8.5 uM SAM 85 uM SAM
17u (alkene p-CN) 3.69+0.17 16.00+1.48 1.70+0.12 1.49+0.22
28 (alkyne p-CN) 69.290 + 4.42 258.25+26.21 34.90+2.58 35.38+0.96
17v (alkene m-CONH>) 12.76 £ 0.78 39.53+4.52 6.93+1.15 5.23£4.52
5 (alkyne m-CONH2) 10.23£0.90 21.66+1.61 511+£0.44 2.48+0.32

Amino acid and adenosine modifications. After having identified an optimal nicotinamide
mimic/linker combination for potent NNMT inhibition, a small selection of ligands with
modifications to other parts of the scaffold was next investigated. Structural alterations of the
amino acid portion of 17u (Figure 7) revealed a very steep SAR with all analogues exhibiting ICso

values several orders of magnitude higher than the parent compound. Compound 21a, an
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extended three-carbon homolog of 17u, was significantly less active compared to the parent
compound, but still showed submicromolar potency (ICso = 0.36 uM). It is also clear that the
amino group of the amino acid moiety is critical for inhibition, as compounds 21f and 21g lost all
activity. Removal of the carboxylic acid was tolerated slightly better, with amine 21e showing an
ICs0 value in the low micromolar range (0.96 uM). Amino amide analogue 21b showed a strong
decrease in potency (1.90 uM), which was further diminished upon removal of the primary amine
(21c and 21d, ICs0>25 uM). Replacement of the amino acid moiety with a pyridinone mimic33
(21h) was also not tolerated. When the entire amino acid chain was swapped for a lipophilic
methyl or isopropyl group as in compounds 21j and 21k, all activity against NNMT was lost (both
ICs0>25 uM). Notable, however, is the fully truncated, secondary amine 21i that was surprisingly
found to be active, albeit in the low micromolar range. Taken together, the results presented here
demonstrate the crucial role the amino acid motif plays in the interaction of these bisubstrate
inhibitors in the NNMT binding pocket. Similarly, two truncated analogues of inhibitor
17u, lacking the adenosine unit (24a and 24b, see Figure 7) or lacking the nicotinamide

mimicking side-chain (AzaAdoMet 32), displayed a complete loss of potency (ICso >25 uM).

NNMT Inhibitor Binding Studies
The binding of the most potent inhibitor 17u with NNMT was further characterized using

NH, o o
N ; < N ~ NH
;f/\/\IrOH f/\Hk NH, A~ NH, ¥ 2
o) NH, o)
. 21a 21b 21¢c 21d
2 N CN 0.36 + 0.07 1.90 +0.23 >25 >25
G i yo!
Z N N N N |
H
o)
Ho'@»«,,/N;/\‘)LOH 21e 21f 21g 21h
HO NH, 0.96 £ 0.09 >25 >25 >25
17u . . -
0.0037 + 0.0002 i féfCHs 1/
21i 21j 21k
4.78 + 0.66 >25 >25
CN CN HoN
N
N7 N
o
| | NN
o) o) O CHs o)
HO
HNMOH ch’N\/\HkOH /N\/\HkOH
NH, NH, HO NH,
24a 24b 32
>25 >25 >25

Figure 7. SAR studies of bisubstrate NNMT inhibitors 21a-k bearing different amino acid substitutions and
compounds 24a, 24b and 32 lacking either the adenosine unit or the nicotinamide mimicking aromatic sidechain. ICsg

values (uM) and s.e.m. are shown in red. Changes introduced relative to the lead inhibitor 17u indicated in blue.
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keeping with the bisubstrate inhibitor’s capacity to simultaneously compete with both cofactor
SAM and substrate NA, the ITC experiment also confirmed a 1:1 stoichiometry between ligand and
enzyme. Details and additional thermograms of compound 17u and NNMT as well as control

titrations are provided in the Supplementary Information.
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Figure 8. ITC thermogram of compound 17u including the thermodynamic binding parameters obtained from three

independent titration experiments with human wild-type NNMT.

NNMT Inhibitor Modeling

To learn more about the driving force of the ortho-meta-para effect observed for the electron-
withdrawing (EWG)-substitutions in the styrene compounds, computational studies were
performed on nitrile-substituted compounds 17s, 17t and 17u. These studies were specifically
aimed at estimating the relative binding affinity shifts, via free energy perturbation (FEP), due to
the inclusion of the ortho, meta, or para-nitrile substituent in the unsubstituted reference
compound 17x (Figure 9). From these calculations, it becomes apparent that serine residues S201
and S213 in the nicotinamide binding pocket of NNMT play a crucial role in the potency of
compound 17u. The model predicts hydrogen bonding interactions with the para-cyano
substituent of compound 17u involving the sidechains of both S201 and S213. These interactions
result in an estimated improvement of the binding affinity due to the p-CN substitution of more
than 4 kcal/mol, relative to the unsubstituted analogue 17x in agreement with the experimental

data. For the meta-cyano compound 17t, these interactions seem to be much weaker (less frequent),
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resulting in only a moderate improvement in the predicted affinity shift arising from the
introduction of the meta-cyano substitution again in line with the biochemical experiments.
Conversely, the ortho-cyano compound 17s cannot reach the serine residues and instead seems to
introduce a counterproductive steric hindrance in the binding site, as reflected by the weaker

binding affinity predicted relative to the unsubstituted compound 17x.

0-CN 17s: ICs0> 25 uM £ m-CN 17t: ICso= 859 nM

\ /‘I

o
s
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"

Table 2. Differences in free energy of binding (+

s.em.) for cyano-substituted compounds as
compared to the unsubstituted compound 17x, as
calculated from the FEP simulations and compared to

the experimental data

AAG (kcal /mol)
compound Experimental FEP
0-CN 17s -1.01+£0.06 -0.58 £0.62

m-CN 17t 1.65+£0.04 0.64+0.53
p-CN 17u 4.70£0.04 4.04£0.41

Figure 9. Results of modeling of compounds 17s-u bearing the ortho-, meta- and para-cyano substituent. The results
indicate strong hydrogen bonding of para-cyano compound 17u with serine residues S201 and S213, which are not
present in the models of compounds 17s and 17t. The modelled predictions are supported by the similarity in the
difference in Gibbs free energy (AAG) compared to unsubstituted compound 17x from the biochemical assay and the

MD simulations as displayed in Table 2.

Inhibitor Selectivity Studies and Cell-based Assays
To evaluate the NNMT selectivity of the most potent bisubstrate inhibitor, compound 17u was

tested for its activity against 12 representative SAM-dependent methyltransferases. For this
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experiment, we selected protein methyltransferases G9a, SETDB1, SETD2, MLL1, SMYD2,
PRMT1, CARMI1, PRMT5, PRMT7, DNMT1 and DOTIL and small molecule
methyltransferase phenylethanolamine N-methyltransferase (PNMT). Notably, PNMT has high
structural similarity to NNMT sharing 39% sequence identity.30 Compound 17u showed good
selectivity against all methyltransferases tested. Against PNMT, less than 50% inhibition was
observed for compound 17u at 10 uM. Against PRMT5 and DOT1L, 17u exhibited more than 50%
inhibition at 10 uM, but this activity was abolished at 1 uM. The highest percentage inhibition was
observed against lysine methyltransferase SMYD-2, with 19% and 39% activity remaining at the
concentrations of 10 uM and 1 uM, respectively. Based on this data, compound 17u inhibits NNMT
with excellent selectivity over other methyltransferases.

To investigate whether the potent activity observed in the biochemical inhibition assays
translates to cellular activity, compound 17u was also tested against human cancer cell lines. In
addition to the human oral cancer cell line HSC-2 previously used for assessing the cell-based
activity of naphthalene compound 3,20 we here also tested compound 17u against a human lung
cancer cell line (A549) and bladder cancer cell line (T24). The results of these studies reveal a clear
inhibition of cell viability for the different cancer cell lines upon treatment with compound 17u at a
concentration of 100uM. However, this effect was absent at the lower concentrations tested. As the
difference between the biochemical inhibition and the cellular activity spans several orders of
magnitude, we investigated the cell permeability of compound 17u by means of a Parallel Artificial
Membrane Permeability Assay (PAMPA). The data revealed very poor cell permeability for 17u,
which is likely to be the explanation for the discrepancy between the nanomolar potency in the

biochemical assay and the poor potency in the cellular assay.

3. Conclusion

To date, the majority of bisubstrate NNMT inhibitors have logically employed benzamide
groups to mimic the nicotinamide moiety. In addition, recent reports have highlighted the benefit
of utilizing alkyne-based linkers to connect the benzamide group to the SAM mimicking moiety.
We here report notable departures from both of these strategies to generate novel and potent
NNMT inhibitors that: a) include non-benzamide aromatic mimics of the nicotinamide group and
b) employ a 3-carbon trans-alkene linker to connect these aromatic groups to the SAM unit. This
approach was enabled by a convenient and robust synthetic route utilizing a double reductive
amination procedure that allowed for the preparation of a number of novel bisubstrate inhibitors.
Biochemical evaluation of the inhibitors thus prepared revealed a striking effect for EWG groups

present on the aromatic ring, predominantly when introduced at the position para to the linker.
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Among these compounds, the para-cyano substituted styrene-based inhibitor 17u was identified
as the most potent NNMT inhibitor with an ICso value of 3.7 nM. This compound was subsequently
used to further investigate the possibilities of altering and/or replacing the amino acid and
adenosine moieties. These studies showed that subtle changes in the amino acid side chain resulted
in dramatic decreases in activity. While the removal of the carboxylic acid moiety still yielded a low
UM inhibitor, elimination of the primary amine led to inactive compounds. Similarly, the novel
para-cyano side-chain could not compensate the loss of binding interactions when the adenosine
moiety was eliminated. The results from the ITC experiments confirmed compound 17u to be a
tight binder of NNMT with a dissociation constant of 21 nM and a 1:1 stoichiometry. In addition,
modelling studies predict the presence of hydrogen bonding interactions of the para-cyano group
with two active site serine residues in the substrate pocket of NNMT, providing a plausible
explanation for the potency of compound 17u. The low nanomolar potency exhibited in biochemical
assays was not maintained in cell-based assays and a significant decrease in cell viability was
observed only when compound 17u was tested at 100 uM against oral, lung, and bladder cancer
cell lines. This discrepancy is likely to be explained by the poor cell permeability of compound 17u
found in the PAMPA assay. Taken together, our findings provide valuable new insights towards the
design and further optimisation of potent NNMT inhibitors.

EXPERIMENTAL PROCEDURES

General Procedures. All reagents employed were of American Chemical Society grade or finer
and were used without further purification unless otherwise stated. For compound characterization,
IH NMR spectra were recorded at 400, 500 or 600 MHz with chemical shifts reported in parts per
million downfield relative to H20 (6 4.79), CH3OH (6 3.31), CHCl3 (6 7.26), or DMSO (6 2.50).
IH NMR data are reported in the following order: multiplicity (s, singlet; d, doublet; t, triplet; q,
quartet; and m, multiplet), coupling constant (J) in hertz (Hz), and the number of protons. Where
appropriate, the multiplicity is preceded by br, indicating that the signal was broad. 13C NMR
spectra were recorded at 101, 126 or 151 MHz with chemical shifts reported relative to CDCls (&
77.16), methanol (6 49.00), or DMSO (6 39.52). The 13C NMR spectra of the compounds recorded
in D20 could not be referenced. Compounds 5,27 9,34 10,20 19a,20 19b,35 19¢-d,20 19¢,36 19f-g,20
22a,37 3027 and 3238 were prepared as previously described and had NMR spectra and mass spectra
consistent with the assigned structures. Purity was confirmed to be >95% by LCMS performed on
a Shimadzu LC-20AD system with a Shimadzu Shim-Pack GISS-HP C18 column (3.0 x 150 mm,
3 um) at 30 °C and equipped with a UV detector monitoring at 214 and 254 nm. The following

solvent system, at a flow rate of 0.5 mL/min, was used: solvent A, 0.1 % formic acid in water;
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solvent B, acetonitrile. Gradient elution was as follows: 95:5 (A/B) for 2 min, 95:5 to 0:100 (A/B)
over 13 min, 0:100 (A/B) for 2 min, then reversion back to 95:5 (A/B) over 1 min, 95:5 (A/B) for
2 min. This system was connected to a Shimadzu 8040 triple quadrupole mass spectrometer (ESI
lonisation).

The final compounds were purified via preparative HPLC performed on a BESTA-Technik
system with a Dr. Maisch Reprosil Gold 120 C18 column (25 x 250 mm, 10 um) and equipped
with a ECOM Flash UV detector monitoring at 214 nm. The following solvent system, at a flow rate
of 12 mL/min, was used: solvent A: 0.1 % TFA in water/acetonitrile 95/5; solvent B: 0.1 % TFA
in water/acetonitrile 5/95. Gradient elution was as follows: 95:5 (A/B) for 5 min, 95:5 to 0:100
(A/B) over 40 min, 0:100 (A/B) for 5 min, then reversion back to 95:5 (A/B) over 2 min, 95:5
(A/B) for 8 min.

HRMS analyses were performed on a Shimadzu Nexera X2 UHPLC system with a Waters
Acquity HSS C18 column (2.1 x 100 mm, 1.8 um) at 30 °C and equipped with a diode array
detector. The following solvent system, at a flow rate of 0.5 mL/min, was used: solvent A, 0.1 %
formic acid in water; solvent B, 0.1 % formic acid in acetonitrile. Gradient elution was as follows:
95:5 (A/B) for 1 min, 95:5 to 15:85 (A/B) over 6 min, 15:85 to 0:100 (A/B) over 1 min, 0:100
(A/B) for 3 min, then reversion back to 95:5 (A/B) for 3 min. This system was connected to a
Shimadzu 9030 QTOF mass spectrometer (EST ionisation) calibrated internally with Agilent’s API-
TOF reference mass solution kit (5.0 mM purine, 100.0 mM ammonium trifluoroacetate and 2.5
mM hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine) diluted to achieve a mass count of
10000.

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 (11). 9-((3aR,4R,6R,6aR)-6-(aminomethyl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-y1)-9H-purin-6-amine 9 (7.3 g, 24 mmol), tert-butyl
(S)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate 10 (5.5 g, 20 mmol), NaBH(OAc)s (6.4 g, 30
mmol) and AcOH (1 mL) were added to 1,2-dichloroethane (DCE, 100 mL) in a 250 mL round-
bottom flask (RBF) and the mixture was stirred at room temperature under N2 atmosphere
overnight. The reaction was quenched by adding 1 N NaOH (20 mL), and the product was extracted
with CH2Cl2. The combined organic layers were washed with brine and dried over Na2SOa4. The
solvent was evaporated, and the crude product was purified by column chromatography (10%
MeOH in EtOAc) to give compound 11 as a white powder (6.4 g, 57% yield). 'H NMR (400 MHz,
CDCls) § 8.31 (s, 1H), 7.90 (s, 1H), 6.04 — 5.76 (m, 4H), 5.49 (s, 1H), 5.29 (s, 1H), 5.09 — 5.05
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(m, 1H), 4.36 (s, 1H), 4.28 (s, 1H), 2.95 (d, J = 9.5 Hz, 1H), 2.85 — 2.70 (m, 2H), 2.63 (s, 1H),
1.93 (brs, 1H), 1.81 (br, 1H), 1.60 (s, 3H), 1.41 (br d, J = 26.4 Hz, 21H). 13C NMR (101 MHz,
CDCls) 6 170.8, 156.0, 155.1, 153.0, 149.2, 140.4, 120.2, 113.3, 90.9, 84.9, 83.0, 82.1, 81.5,
79.2,77.9,77.3,77.1,76.8,52.9,50.3,46.2,32.1,28.2,27.8,27.2,25.4. HRMS (ESI): calculated
for C2sH42N707 [M+H]* 564.3146, found 564.3150.

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)(quinolin-6-ylmethyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (12a). Compound 11 (112 mg, 0.20 mmol), 1-quinoline-6-
carbaldehyde 8a (38 mg, 0.24 mmol), NaBH(OAc)s (11 mg, 0.30 mmol) and AcOH (one drop)
were added to 1,2- dichloroethane (DCE, 10 mL) in a 50 mL round-bottom flask (RBF) and the
mixture was stirred at room temperature under N2 atmosphere overnight. The reaction was
quenched by adding 1 N NaOH (10 mL), and the product was extracted with CH2Clz. The
combined organic layers were washed with brine and dried over Na2SO4. The solvent was
evaporated, and the crude product was purified by column chromatography (5% MeOH in EtOAc)
to give compound 12a as a white powder (66 mg, 47% yield). 'H NMR (400 MHz, CDCls) 6 8.81
(d,J=3.9 Hz, 1H), 8.02 (s, 1H), 7.95 (t,J = 9.2 Hz, 2H), 7.78 (s, 1H), 7.62 (d, J = 8.5 Hz, 1H),
7.55 (s, 1H), 7.29 (dd, J = 8.1, 4.2 Hz, 1H), 6.50 (s, 2H), 5.97 (s, 1H), 5.67 (d, J = 7.8 Hz, 1H),
5.28(d,J=5.4Hz, 1H), 4.85-4.80 (m, 1H),4.30(d, /= 6.0 Hz, 1H), 4.20 — 4.12 (m, 1H), 3.78
(d,J=8.1,1H), 3.59 (brd, J = 12.0 Hz, 2H), 2.81 — 2.75 (m, 1H), 2.68 — 2.59 (m, 2H), 2.54 -
2.48 (m, 1H), 1.96 (br, 1H), 1.77 (br, 1H), 1.51 (s, 3H), 1.33 = 1.27 (br m, 21H). 13C NMR (101
MHz, CDCls) § 171.7, 155.8, 155.4, 152.8, 150.0, 148.9, 139.7, 137.2, 135.7, 130.6, 129.2,
121.1,120.1, 114.3, 90.6, 85.3, 83.3, 81.6, 58.9, 55.8, 52.8, 50.8, 29.4, 28.3, 27.8, 27.0, 25.3.
HRMS (ESI): calculated for C3¢H49NsO7 [M+H]* 705.3724, found 705.3728.

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)(quinolin-2-ylmethyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (12b). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with quinoline-2-carbaldehyde 8b (38 mg, 0.24
mmol) afforded compound 12b, which was used in the next step without further purification.

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)(isoquinolin-6-ylmethyl)amino)-2-((tert-
butoxycarbonyl)amino) butanoate (12¢). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with isoquinoline-6-carbaldehyde 8¢ (38 mg, 0.24
mmol) afforded compound 12¢ as a white powder (77 mg, 55% yield). 'H NMR (400 MHz, CDCls)
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§8.07 (s, 1H), 7.98 (dd, J = 8.3, 2.0 Hz, 2H), 7.86 (s, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.66 — 7.62
(m, 1H), 7.55 (d, J = 8.5 Hz, 1H), 7.49 — 7.45 (m, 1H), 6.04 (br, 3H), 5.57 (d, J = 7.7 Hz, 1H),
5.34(d,J=5.6 Hz, 1H),4.94 — 4.89 (m, 1H), 4.43 — 4.36 (m, 1H), 4.20 — 4.16 (br, 1H), 3.96 (br,
1H), 3.86 (s, 1H), 2.92 — 2.84 (m, 1H), 2.81 — 2.66 (m, 2H), 2.61 (br, 1H), 2.06 — 1.92 (m, 1H),
1.77 (br, 1H), 1.56 (s, 3H), 1.41 — 1.31 (brm, 21H). 13C NMR (101 MHz, CDCl3) § 171.8, 159.9,
155.6,152.9,149.1,147.4,139.9,136.2,129.4,129.0,127.5,127.3,126.2,124.8,121.1, 120.2,
114.3,90.7,85.5,83.9,83.4,81.6,79.4,77.3,61.6,56.4,52.8,51.2,30.3, 28.4,27.9,27.2, 25 5.
HRMS (ESI): calculated for C3sH49NsO7 [M+H]* 705.3724, found 705.3733.

tert-butyl (25)-4-(([1,1'-biphenyl]-4-ylmethyl)(((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-
yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-2-((tert-
butoxycarbonyl)amino) butanoate (12d). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with [1,1'-biphenyl]-4-carbaldehyde 8d (44 mg, 0.24
mmol) afforded compound 12d as a white powder (103 mg, 71% yield). 1H NMR (400 MHz, CDCl3)
68.20(s, 1H),7.85(s, 1H),7.55(d,J = 7.6 Hz, 2H), 7.46 (d, J = 7.9 Hz, 2H), 7.40 (t,J = 7.6 Hz,
2H),7.30(d,J=7.9 Hz, 3H), 6.36 (s, 2H), 6.03 (s, 1H), 5.75 (d, /= 7.7 Hz, 1H), 5.37 (d, J = 5.4
Hz, 1H), 4.92 — 4.87 (m, 1H),4.41 — 4.34 (m, 1H), 4.24 - 4.16 (m, 1H), 3.72 (brd,J=12.0 1H),
3.49 (brd,J=12.0 1H),2.81 (brd,J=19.7 Hz, 1H), 2.71 — 2.60 (m, 2H), 2.52 (d, J = 7.0 Hz,
1H), 2.06 — 1.93 (m, 1H), 1.86 — 1.74 (m, 1H), 1.59 (s, 3H), 1.41 — 1.36 (br m, 21H). 13C NMR
(101 MHz,CDCls) 6 171.8, 155.5,153.1, 149.3, 140.9, 137.6, 129.4, 128.8, 127.2,127.0, 120.4,
58.7, 55.8, 53.0, 50.7, 30.4, 29.8, 29.4, 28.4, 28.0, 27.2, 25.5. HRMS (ESI): calculated for
C39H52N707 [M+H]* 730.3928, found 730.3956.

tert-butyl (2S)-4-(([1,1'-biphenyl]-2-ylmethyl)(((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-
yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-2-((tert-
butoxycarbonyl)amino) butanoate (12¢). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with [1,1'-biphenyl]-2-carbaldehyde 8e (44 mg, 0.24
mmol) afforded compound 12e as a white powder (99 mg, 69% yield). lH NMR (400 MHz, CDCls)
§8.22 (s, 1H), 7.79 (s, 1H), 7.57 — 7.51 (m, 1H), 7.39 — 7.11 (m, 8H), 5.97 (br d, J = 12.0 Hz,
3H), 5.34 (br, 2H), 4.75 (dd, J = 6.4, 3.3 Hz, 1H), 4.22 — 4.17 (m, 1H), 4.07-3.98 (m, 1H), 3.61
(br d,J=12.0,1H),3.44 (brd,J=16.0 1H), 2.64 - 2.59 (m, 1H), 2.50 — 2.44 (m, 2H), 2.37 —
2.30 (m, 2H), 1.83 - 1.72 (m, 1H), 1.57 (s, 3H), 1.42 — 1.36 (br m, 21H). 13C NMR (101 MHz,
CDCl3)6155.4,153.1,141.3,136.1,130.0,129.7,129.4,128.1,127.3,127.0, 126.8,114.3,90.8,
85.4, 83.8, 83.3, 56.2, 55.9, 52.8, 50.8, 29.3, 28.4, 28.0, 27.2, 25.5. HRMS (ESI): calculated for
C39H51N70O7Na [M+ Na]+ 752.3748, found 730.3759.
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tert-butyl (2S)-4-(([1,1'-biphenyl]-3-ylmethyl)(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-
yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-2-((tert-
butoxycarbonyl)amino) butanoate (12f). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with [1,1'-biphenyl]-3-carbaldehyde 8f (44 mg, 0.24
mmol) afforded compound 12f as a white powder (108 mg, 74% yield). 1H NMR (400 MHz, CDCls)
68.17 (s, 1H), 7.81 (s, 1H), 7.59-7.51 (m, 3H), 7.44 (d,J = 7.6 Hz, 1H), 7.38 (t,J = 7.5 Hz, 2H),
7.33-7.27 (m, 2H),7.22 (d,J = 7.4 Hz, 1H), 6.51 (s, 2H), 6.02 (s, 1H), 5.68 (d, J = 6.6 Hz, 1H),
5.35(d,J=5.3Hz, 1H),4.93 — 4.89 (m, 1H), 4.39 — 4.32 (m, 1H), 4.22 — 4.15 (m, 1H), 3.75 (br,
1H), 3.52 (br, 1H), 2.84 — 2.79 (m, 1H), 2.71-2.60 (m, 2H), 2.59 - 2.49 (m, 1H), 2.06 — 1.94
(m, 1H), 1.83 (brs, 1H), 1.57 (s, 3H), 1.39 —1.32 (br m, 21H). 13C NMR (101 MHz, CDCl3) &
171.7,155.5,153.1, 141.2, 141.1, 128.8, 127.9, 127.8, 127.3, 127.2, 126.0, 114.4, 90.8, 85.4,
83.9, 83.5, 59.1, 55.7, 52.9, 50.8, 29.5, 28.4, 28.0, 27.2, 25.4. HRMS (ESI): calculated for
C39H52N707 [M+H]*730.3928, found 730.3938.

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) (naphthalen-1-ylmethyl)amino)-2-((tert-
butoxycarbonyl)amino) butanoate (12g). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with 1-naphthaldehyde 8g (37 mg, 0.24 mmol),
afforded compound 12g as a white powder (94 mg, 67% yield). \H NMR (600 MHz, CDCls) § 8.14
(d,J=7.7Hz, 1H), 8.10 (s, 1H), 7.73 (d, J = 7.7 Hz, 1H), 7.69 — 7.60 (m, 2H), 7.40 — 7.34 (m,
2H), 7.27-7.19 (m, 2H), 6.24 (br s, 2H), 5.88 (s, 1H), 5.32 (d, J = 7.8 Hz, 1H), 5.06 (d, J = 5.1
Hz, 1H), 4.54 (s, 1H), 4.30 (s, 1H), 4.10 — 4.05 (m, 2H), 3.78 = 3.73 (m, 1H), 2.72 — 2.64 (m,
2H), 2.60 — 2.56 (m, 1H), 2.53 — 2.47 (m, 1H), 2.02 — 1.93 (m, 1H), 1.86 — 1.73 (m, 1H), 1.46
(s,3H),1.33-1.29 (brm, 18H), 1.13 (s, 3H). 3C NMR (151 MHz,CDCl3) § 171.7, 155.7, 155.4,
153.0, 149.1, 139.6, 134.2, 133.76, 132.2, 128.5, 128.1, 127.7, 125.8, 125.6, 125.0, 124.57,
120.18,91.0, 85.10, 83.5, 83.3, 81.7, 57.6, 55.4, 53.5, 52.8, 51.0, 29.1, 28.4, 27.9, 27.0, 25.1.
HRMS (ESI): calculated for Cs7Hs0N7O7 [M+H]+704.3772, found 704.3775.

tert-butyl (29)-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-(naphthalen-2-yl)ethyl)amino)-2-
((tert-butoxycarbonyl)amino) butanoate (12h). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with 2-(naphthalen-2-yl)acetaldehyde 8h (38
mg, 0.24 mmol) afforded compound 12h as a white powder (99 mg, 69% yield). H NMR (400
MHz, CDCl3) § 8.36 (s, 1H), 7.90 (s, 1H), 7.79 - 7.69 (m, 3H), 7.52 (s, 1H), 7.45 — 7.36 (m, 2H),
7.21 (dd, J = 8.4, 1.5 Hz, 1H), 6.15 (s, 2H), 6.03 (d, J = 1.7 Hz, 1H), 5.68 (d, J = 8.0 Hz, 1H),
5.48 -5.46 (d,J=8.0, 1H) 4.96 — 4.93 (m, 1H), 4.39 — 4.31 (m, 1H), 4.20 - 4.15 (m, 1H), 2.90
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—-2.50 (m, 8H),2.05-1.97 (m, 1H), 1.70 - 1.75 (m, 1H), 1.59 (s, 3H), 1.43 (d, J = 3.4 Hz, 18H),
1.33 (s, 3H). 13C NMR (101 MHz, CDCl3) § 172.4, 156.6, 153.1, 147.1, 140.2, 138.8, 134.4,
132.5,128.0,127.6,127.4,126.9, 126.0, 125.3, 120.4, 114.4,90.2, 85.7, 83.8, 83.3, 81.7, 79.5,
52.9,50.1, 28.4, 28.1, 27.2, 25.4. HRMS (ESI): calculated for CssHs2N7O7 [M+H]* 718.3928,
found 718.3932.

tert-butyl  (2S)-4-(((1H-indol-2-yl)methyl)(((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-
2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-2-((tert-
butoxycarbonyl)amino) butanoate (12i). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with 1H-indole-2-carbaldehyde 8i (35 mg, 0.18
mmol) afforded compound 12i as a white powder (77 mg, 56% yield). 1H NMR (600 MHz, CDCls)
59.41 (s, 1H), 8.20 (s, 1H), 7.81 (s, 1H), 7.50 (d, J= 7.8 Hz, 1H), 7.28 — 7.23 (m, 1H), 7.10 (t,J
=7.5Hz, 1H),7.03 (t,J = 7.4 Hz, 1H), 6.25 (s, 1H), 6.00 (s, 3H), 5.46 (d, J = 8.4 Hz, 1H), 5.30
(d,J=5.3Hz,1H),4.90 (d,J = 4.9 Hz, 1H), 4.44 — 4.37 (m, 1H), 4.2 (m 1H), 3.76 (dd, J = 8.0,
2H),2.87-2.84 (m, 1H),2.78 = 2.75 (m, 6.8 Hz, 1H), 2.72 — 2.60 (m, 2H), 2.02 — 1.94 (m, 1H),
1.79 - 1.75 (m, 1H), 1.54 (s, 3H), 1.47— 1.32 (br m, 21H). 13C NMR (151 MHz, CDCl3) § 172.1,
155.6, 153.0,149.1, 139.8, 136.4, 128.2, 121.3, 120.2, 120.0, 119.2, 114.6, 110.8, 101.0, 90.2,
84.8, 83.9, 83.4, 82.0, 79.8, 55.9, 52.4, 52.1, 51.2, 30.5, 28.4, 27.9, 27.1, 25.5. HRMS (ESI):
calculated for C35H4oNgO7 [M+H]* 693.3724, found 693.3732.

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)((S)-4-(tert-butoxy)-3-((tert-
butoxycarbonyl)amino)-4-oxobutyl)amino) methyl)-1H-indole-1-carboxylate (12j). Following the
procedure described for compound 12a, coupling compound 11 (112 mg, 0.20 mmol) with tert-
butyl 3-formyl-1H-indole- 1-carboxylate 8j (58 mg, 0.24 mmol) afforded compound 12j as a white
powder (79 mg, 50% yield). 1H NMR (600 MHz, CDCls) 6 8.24 (s, 1H), 8.09 (s, 1H), 7.82 (s, 1H),
7.68(d,J=7.8Hz, 1H),7.44 (s, 1H),7.28 (d,J=7.4 Hz, 1H), 7.18 (t,J = 7.5 Hz, 1H), 5.97 (br
d,J=39.0 Hz, 3H), 5.37 —5.32 (m, 2H), 4.81 (dd, J = 6.4, 3.2 Hz, 1H), 4.40 — 4.37 (m, 1H),
4.19 - 4.10 (m, 1H), 3.82 (br d, J = 13.7 Hz, 1H), 3.61 —3.57 (brd,J=13.8 Hz, 1H), 2.85 —
2.82 (brm, 1H), 2.71 = 2.58 (m, 2H), 2.52 — 2.48 (m, 1H), 2.02 - 1.99 (brm, 1H), 1.89 - 1.79
(m, 1H), 1.66 (s, 9H), 1.57 (s, 3H), 1.38 (br d, J = 27.7 Hz, 18H), 1.29 (s, 3H).13C NMR (151
MHz, CDCl3) § 170.7, 154.8, 154.4, 152.0, 148.6, 148.1, 138.7, 134.6, 129.3, 123.7, 123.4,
121.5,119.2,119.1,114.1,113.3,89.7,84.2,82.6, 82.3, 80.6, 54.6, 52.4,51.7,49.7, 49.0, 28.5,
27.3,27.2,26.9, 26.1, 24.2. HRMS (ESI): calculated for C40Hs7NsO9 [M+H]* 793.4249, found
793.4256.
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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) (benzo[ b]thiophen-2-ylmethyl)amino)-2-
((tert-butoxycarbonyl)amino) butanoate (12k). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with benzo[b]thiophene-2-carbaldehyde 8k (39
mg, 0.24 mmol) afforded compound 12k as a white powder (89 mg, 63% yield). 'H NMR (400
MHz, CDCls) § 8.10 (s, 1H), 7.86 (s, 1H), 7.72 (d,J = 7.7 Hz, 1H), 7.61 (d, J = 7.4 Hz, 1H), 7.28
(d,J=7.1Hz, 1H),7.22 (d,J = 7.2 Hz, 1H), 6.99 (s, 1H), 6.27 (s, 2H), 6.04 (s, 1H), 5.61 (d, J =
7.8 Hz, 1H), 5.40 (d, J = 5.4 Hz, 1H), 5.00 (brs, 1H), 4.42 — 4.36 (m, 1H), 4.23 — 4.15 (m, 1H),
3.95-3091 (brd,/J=16.0Hz, 1H),3.85-3.81 (brd,J=16.0 Hz, 1H), 2.89 - 2.84 (m, 1H), 2.76
- 2.64 (m, 2H), 2.60 — 2.52 (m, 1H), 2.02 = 1.99 (brd, J=12.0 Hz, 1H), 1.83 - 1.81 (d, J = 8.0
Hz, 1H), 1.59 (s, 3H), 1.40 - 1.36 (brm, 21H). 13C NMR (101 MHz, CDCl3)§ 171.7, 155.8, 155.4,
153.0, 149.1, 143.1, 139.9, 139.5, 124.1, 123.9, 123.1, 122.2, 120.2, 114.4, 90.6, 85.5, 83.8,
83.2,81.7,79.4,55.3,54.0,52.7,50.3, 29.6, 28.3, 27.9, 27.1, 25.4. HRMS (ESI): calculated for
C35H4sN707S [M+H]* 710.3336, found 710.3348.

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) (benzo[ b]thiophen-3-ylmethyl)amino)-2-
((tert-butoxycarbonyl)amino) butanoate (121). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with benzo[b]thiophene-3-carbaldehyde 81 (39
mg, 0.24 mmol) afforded compound 121 as a white powder (79 mg, 50% yield). \H NMR (400 MHz,
CDCl3) 6 8.63 (s, 1H), 8.30 — 8.23 (brd, J = 28.0 Hz, 3H), 7.73 — 7.67 (br d, J = 24.0 Hz, 3H),
6.94 (s, 2H), 6.44 (s, 1H), 6.06 (s, 1H), 5.72 (s, 1H), 5.20 (s, 1H), 4.81 (s, 1H), 4.63 (s, 1H), 4.35
- 432 (brd,J=8.0Hz, 1H), 4.16 — 4.13 (brd, J = 12.0 Hz, 1H), 3.34 — 2.89 (m, 4H), 2.46 (s,
1H), 2.27 (s, 1H), 2.00 (s, 3H), 1.85 - 1.81 (brd, J = 16.0 Hz, 18H), 1.71 (s, 3H). 13C NMR (101
MHz, CDCl3) & 171.7, 155.9, 155.4, 153.0, 149.0, 140.5, 139.6, 138.6, 133.4, 124.6, 124.3,
123.9,122.6,122.5,120.2,114.2,90.8,85.2,83.6,83.3,81.7,79.4,77.4,77.3,77.1,76.8,55.7,
52.9,52.8,50.9, 29.3, 28.3, 27.9, 27.0, 25.2. HRMS (ESI): calculated for C3sH4sN7O7S [M+H]*
710.3336, found 710.3355.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(quinolin-6-ylmethyl)amino)butanoic acid (13a). To a solution of compound 12a (50
mg, 0.071 mmol) in 1 mL of CH2Cl2 was added a mixture of 9 mL TFA and 1 mL H20, and the
solution was stirred for 2 h at room temperature. The mixture was concentrated, and the crude
product was purified by preparative HPLC affording compound 13a as a white powder (33 mg, 74%
yield). 1H NMR (400 MHz, D20) 6 8.34 (d, J = 1.2 Hz, 1H), 8.10 (s, 1H), 7.79 (s, 1H), 7.39 (s,
2H),7.28 (d,J=8.2 Hz, 1H), 7.06 (t,J = 7.6 Hz, 1H), 6.92 (s, 1H), 6.05 (d, J= 5.0 Hz, 1H), 4.79
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(t,J=5.0 Hz, 1H), 4.56 — 4.49 (m, 2H), 4.38 (d, J = 9.9 Hz, 1H), 3.76 — 3.69 (m, 1H), 3.60 —
3.50 (m, 4H), 3.25 (t,J=7.1 Hz, 1H), 2.43 - 2.34 (m, 1H), 2.24 (br s, 1H), 2.14 — 2.08 (m, 1H).
I3CNMR (101 MHz, D20) 6 169.9, 146.8, 143.6,126.8,122.8,122.7,120.3, 118.6, 109.0, 108.8,
73.5, 71.7, 52.2, 24.8. HRMS (ESI): calculated for C24H20NsOs [M+H]* 509.2261, found
509.2266.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(quinolin-2-ylmethyl)amino)butanoic acid (13b). Following the procedure described
for compound 13a, compound 12b (50 mg, 0.071 mmol) was deprotected and purified, affording
compound 13b as a white powder (8 mg, 17% yield over two steps). 1H NMR (400 MHz, D20) §
8.45 (d, J = 8.6 Hz, 1H), 8.14 (s, 1H), 7.88 — 7.81 (m, 1H), 7.62 — 7.56 (m, 3H), 7.53 (s, 1H),
7.40(d,J=9.7 Hz, 1H), 5.93 (d, J=4.5 Hz, 1H), 4.58 — 4.48 (m, 3H), 4.46 — 4.41 (m, 1H), 4.29
(t,J=5.1 Hz, 1H), 4.06 (dd, J = 7.8, 5.3 Hz, 1H), 3.48 — 3.28 (m, 4H), 2.37 — 2.18 (m, 2H). 13C
NMR (101 MHz, D20) 6 145.8, 142.4, 133.2, 132.1, 131.6, 129.8, 127.2, 123.0, 120.4, 92.3,
81.3, 80.4, 76.5, 74.4, 71.2, 54.2, 53.1, 27.5. HRMS (ESI): calculated for C24H29NgOs [M+H]*
509.2261, found 509.2265.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(isoquinolin-6-ylmethyl)amino)butanoic acid (13c). Following the procedure
described for compound 13a, compound 12¢ (50 mg, 0.071 mmol) was deprotected and purified,
affording compound 13c as a white powder (21 mg, 47% yield). 1H NMR (400 MHz, D20) § 8.00
(s, 1H), 7.83 = 7.70 (m, 3H), 7.49 — 7.32 (m, 3H), 6.99 (s, 1H), 5.81 (s, 1H), 4.88 (brd, J = 13.7
Hz, 1H), 4.64 (brd, J = 14.1 Hz, 1H), 4.44 (dd, J = 7.2, 5.7 Hz, 1H), 4.32 (dd, J = 5.4, 2.0 Hz,
2H),3.94(dd, J=9.1,4.1 Hz, 1H), 3.71 (t,J = 7.0 Hz, 2H), 3.59 (br d, J = 12.9 Hz, 1H), 2.50 -
2.45(m, 1H),2.38 - 2.28 (m, 1H). 3CNMR (101 MHz, D:0) 6 171.5,163.0,162.6, 153.9, 148.9,
146.8, 144.2,143.3, 142.9, 139.6, 133.3, 129.1, 128.3,121.9, 120.8, 118.6, 117.7, 114.8, 90 .4,
80.4,72.9,71.6, 56.8, 56.5, 51.0, 50.6, 25.9. HRMS (ESI): calculated for C24H290NgOs [M+H]*
509.2261, found 509.2273.

(S)-4-(([1,1'-biphenyl]-4-ylmethyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxy-tetrahydrofuran-2-yl)methyl)amino)-2-aminobutanoic acid (13d). Following the
procedure described for compound 13a, compound 12d (50 mg, 0.068 mmol) was deprotected and
purified, affording compound 13d as a white powder (30 mg, 68% yield). 1H NMR (400 MHz, D20)
68.13 (brs, 1H), 7.94 (s, 1H), 7.40 — 7.29 (m, 5H), 7.19 (br s, 4H), 5.88 (s, 1H), 4.53 — 4.48 (m,
1H), 4.31 (s, 3H), 4.06 (dd, J = 8.3, 4.8 Hz, 1H), 3.69 — 3.49 (m, 4H), 2.49 — 2.37 (brd, J = 48.0
Hz, 2H). 13C NMR (101 MHz, D20) § 171.1, 163.0, 162.6, 162.2, 143.6, 140.2, 137.8, 131.1,
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129.2,128.4,126.0,118.4,117.7,114.8,111.9,90.5,77.7,73.9,71.4,51.0, 24.6. HRMS (ESI):
calculated for C27H33N70s5 [M+H]+534.2465, found 534.2474.
(S)-4-(([1,1'-biphenyl]-2-ylmethyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxy-tetrahydrofuran-2-yl)methyl)amino)-2-aminobutanoic acid (13e). Following the
procedure described for compound 13a, compound 12e (50 mg, 0.068 mmol) was deprotected and
purified, affording compound 13e as a white powder (35 mg, 79% yield). 1H NMR (400 MHz, D20)
58.31 (s, 1H), 8.24 (s, 1H), 7.51 — 7.29 (m, 6H), 7.25 - 7.17 (m, 3H), 5.98 (d, J = 3.4 Hz, 1 H),
4.63 —4.53 (m, 2H), 4.48 (d, J = 13.8 Hz, 1H), 4.40 (s, 1H), 4.27 — 4.21 (m, 1H), 3.71 (s, 1H),
3.48 — 3.23 (m, 4H), 2.19 — 2.11 (m, 1H), 2.03 — 1.95 (m, 1H). 33C NMR (101 MHz, D20) §
171.2,149.9,147.6,144.2,143.6,138.9,131.2,130.9,130.1, 129.32,128.9,128.3,126.2,119.3,
117.7,114.8,90.3, 77.9, 73.3, 71.7, 55.3, 51.1, 24.3. HRMS (ESI): calculated for C27H33N70s
[M+H]*534.2465, found 534.2472.
(S)-4-(([1,1'-biphenyl]-3-ylmethyl)(((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-
dihydroxy-tetrahydrofuran-2-yl)methyl)amino)-2-aminobutanoic acid (13f). Following the
procedure described for compound 13a, compound 12f (50 mg, 0.068 mmol) was deprotected and
purified, affording compound 13f as a white powder (34 mg, 77% yield). '1H NMR (400 MHz, D20)
8798 (s, 1H), 7.67 (s, 1H), 7.23 — 7.14 (m, 8H), 7.03 (d, J = 6.9 Hz, 2H), 5.86 (s, 1H), 4.38 —
4.32 (brm, 3H), 4.25 - 4.13 (m, 2H), 3.96 (dd, J = 8.6, 4.6 Hz, 1H), 3.61 — 3.39 (m, 4H), 2.48 -
2.42 (m, 1H),2.39-2.23 (m, 1H). 3CNMR (101 MHz, D20) 6§ 171.9, 163.3,162.9, 162.2,149.0,
146.9, 143.6, 143.0, 139.6, 137.6, 129.5, 129.0, 128.1, 127.2, 125.5,120.7, 118.5, 117.8, 90.4,
73.6, 71.5, 51.8, 24.7. HRMS (ESI): calculated for C27H33N70Os [M+H]+ 534.2465, found
534.2468.
(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(naphthalen-2-ylmethyl)amino)butanoic acid (13g). Following the procedure
described for compound 13a, compound 12g (50 mg, 0.071 mmol) was deprotected and purified,
affording compound 13g as a white powder (33 mg, 74% yield). 'H NMR (400 MHz, D20) § 7.94
(s,1H),7.55(d,J=8.3 Hz, 4H),7.39 (d,J= 6.9 Hz, 1H), 7.24 (s, 3H), 5.79 (s, 1H), 4.56 (br d, J
=12.0,1H),4.42 -4.37 (m, 1H), 4.36 — 4.21 (m, 2H), 3.97 (dd, J = 8.6, 4.4 Hz, 1H), 3.76 — 3.42
(m, 4H), 2.53 - 2.25 (m, 2H). 13C NMR (101 MHz, D20) § 171.4, 163.0, 162.7, 149.3, 146.7,
143.4, 143.3, 132.8, 130.1, 128.4, 126.4, 122.2, 118.5, 117.7, 90.7, 73.5, 71.6, 51.4. HRMS
(ESI): calculated for C25H30N7Os [M+H]*+ 508.2308, found 508.2314.
(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(2-(naphthalen-2-yl)ethyl)amino)butanoic acid (13h). Following the procedure
described for compound 13a, compound 12h (50 mg, 0.069 mmol) was deprotected and purified,
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affording compound 13h as a white powder (33 mg, 76% yield). 1H NMR (400 MHz, CD30OD) &
8.45 (s, 1H), 8.23 (s, 1H), 7.78 = 7.63 (m, 3H), 7.58 (s, 1H), 7.46 — 7.39 (m, 2H), 7.26 (d, J = 8.4
Hz, 1H), 6.13 (d, J = 4.6 Hz, 1H), 4.71 (d, J = 9.6 Hz, 1H), 4.62 — 4.55 (m, 1H), 4.44 (t,J=5.1
Hz, 1H),4.11 (dd,J=8.3,4.7 Hz, 1H), 3.86 — 3.54 (m, 6H), 3.21 (t,J = 8.1 Hz, 2H), 2.56 — 2.46
(m, 1H), 2.36 —2.28 (m, 1H). 13C NMR (101 MHz, CD30OD) 6 170.3, 161.6,161.2,151.5, 148.1,
133.5, 133.1, 132.5, 119.7, 118.0, 115.1, 90.6, 79.8, 74.2, 68.7, 54.8, 52.0, 51.0, 29.4, 24.5.
HRMS (ESI): calculated for C26H32N7Os [M+H]* 522.2465, found 522.2477.

(S)-4-(((1H-indol-2-yl)methyl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxy-
tetrahydrofuran-2-yl)methyl)amino)-2-aminobutanoic acid (13i). Following the procedure
described for compound 13a, compound 12i (50 mg, 0.072 mmol) was deprotected and purified,
affording compound 13i as a white powder (27 mg, 61% yield). 1H NMR (400 MHz, D20) &§ 8.30
(s, 1H), 7.68 (s, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.13 (t,J = 7.5 Hz, 1H), 7.06 (t, J = 6.9 Hz, 1H),
6.97 (d,J = 8.1 Hz, 1H), 6.08 (s, 1H), 4.69 — 4.64 (m, 1H), 4.61 — 4.45 (m, 4H), 4.03 — 4.00 (m,
2H), 3.70 (t,J = 7.3 Hz, 2H), 3.63 — 3.60 (br d, J = 12.0,, 1H), 2.57 — 2.45 (m, 1H), 2.38 — 2.33
(m, 1H). 13C NMR (101 MHz, D20) 6 170.7, 149.2, 146.7, 143.9, 143.0, 123.0, 120.4, 120.1,
111.0,91.2,73.8,72.0, 25.0. HRMS (ESI): calculated for C23H20NgOs [M+H]+ 497.2261, found
497.2263.

(S)-4-(((1H-indol-3-yl)methyl)(((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxy-
tetrahydrofuran-2-yl)methyl)amino)-2-aminobutanoic acid (13j). Following the procedure
described for compound 13a, compound 12j (50 mg, 0.063 mmol) was deprotected and purified,
affording compound 13j as a pink powder (23 mg, 61% yield). \H NMR (500 MHz, CD3sOD) § 8.56
—-8.31 (m, 1H), 7.64 (d, J = 7.0 Hz, 1H), 7.55 (s, 1H), 7.42 (d, J = 8.2 Hz, 1H), 7.18 (t, J = 8.2
Hz, 1H), 7.07 (t,J = 7.5 Hz, 1H), 6.14 (dd, J= 9.4, 4.3 Hz, 1H), 4.75 — 4.56 (m, 3H), 4.51 — 4.38
(m, 1H), 4.02 (dd, J = 8.4, 4.7 Hz, 1H), 3.81 — 3.74 (m, 1H), 3.71 — 3.59 (m, 2H), 3.56 — 3.49
(m, 1H), 3.37 (s, 4H), 2.58 — 2.48 (m, 1H), 2.42 — 2.31 (m, 1H). 13C NMR (126 MHz, CD30D) &
170.3, 160.4, 150.5, 148.1, 134.7, 128.0, 127.2, 122.2, 120.1, 116.8, 111.7, 101.8, 91.5, 90.3,
81.0, 78.8, 74.6, 66.4, 49.9, 48.5, 44.6, 26.1, 23.1. HRMS (ESI): calculated for C23H20NgOs
[M+H]* 497.2261, found 497.2268.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(benzo[b]thiophen-2-ylmethyl)amino)butanoic acid (13k). Following the procedure
described for compound 13a, compound 12k (50 mg, 0.070 mmol) was deprotected and purified,
affording compound 13k as a white powder (34 mg, 78% yield). 1H NMR (400 MHz, D20) 6 8.26
(s,1H),7.69 (s, 1H),7.64 - 7.58 (m, 1H),7.42 - 7.35 (m, 1H), 7.34 - 7.27 (m, 2H), 7.13 (s, 1H),
6.04 (d,J = 2.3 Hz, 1H), 4.70 — 4.57 (m, 3H), 4.49 — 4.42 (m, 2H), 4.07 (dd, J=8.7,J = 4.5 Hz,
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1H), 3.92 - 3.86 (brt,J=12.0 Hz, 1H), 3.73 — 3.67 (m, 2H), 3.63 — 3.59 (br d, J = 16.0, 1H),
2.57-2.47 (m, 1H),2.41 - 2.33 (m, 1H). 3CNMR (101 MHz, D:0)§172.7,162.7, 144.0, 143.0,
128.7, 125.7, 125.0, 123.7, 122.1, 91.2, 78.0, 73.9, 71.9, 53.1, 51.45, 24.1. HRMS (ESI):
calculated for C23H2sN705S [M+H]+ 514.1873, found 514.1875.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(benzo[b]thiophen-3-ylmethyl)amino)butanoic acid (131). Following the procedure
described for compound 13a, compound 121 (50 mg, 0.070 mmol) was deprotected and purified,
affording compound 131 as a white powder (29 mg, 67% yield). 1H NMR (400 MHz, CD3OD) §
8.37 (s, 1H), 8.06 (s, 1H), 7.93 (s, 1H), 7.85 — 7.80 (m, 2H), 7.35 - 7.26 (m, 2H), 6.12 (d, /= 3.0
Hz, 1H), 4.72 (s, 2H), 4.61 — 4.53 (m, 2H), 4.50 — 4.46 (m, 1H), 4.00 (dd, J = 8.5, 4.4 Hz, 1H),
3.84 — 3.60 (m, 4H), 2.55 — 2.46 (m, 1H), 2.37 - 2.31 (m, 1H). 3C NMR (101 MHz, CDsOD) 6
170.8,162.1,161.8,161.4,161.1,151.1, 147.8,140.0, 137.8,124.8,120.9,119.5,118.0, 115.1,
112.2, 54.7, 51.80, 25.1. HRMS (ESI): calculated for C23H28N70sS [M+H]+ 514.1873, found
514.1877.

(E)-3-(4-((trimethylsilyl)ethynyl)phenyl)acrylaldehyde (15y). To a solution of 4-
((trimethylsilylethynyl)benzaldehyde 14y (1.81 g, 8.0 mmol) in THF (40 ml), (triphenyl
phosphoramylidene)acetaldehyde (2.20 g, 7.2 mmol) was added. The suspension was stirred at 50°C
under N2 for overnight and concentrated to dryness under vacuum. The crude product was purified
by flash chromatography on silica gel (0-90% CH2Cl2 in petroleum ether) to give compound 15y
(1.2 g, 73%) as a white solid. 1H NMR (400 MHz, CDCls) 69.72 (d,J = 7.7 Hz, 1H), 7.54 - 7.50
(m, 4H), 7.45 (br d, J = 12.0 Hz, 1H), 6.75 — 6.69 (m, 1H), 0.28 (s, 9H). 13C NMR (101 MHz,
CDCls) 6 193.5, 151.6, 132.9, 132.6, 128.3, 126.1, 104.3, 97.6. HRMS (ESI): calculated for
C14H170Si [M+H]* 229.3740, found 229.3744.

tert-butyl (29)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(o-tolyl)allyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (16a). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(o-tolyl)acrylaldehyde 15a (35 mg, 0.24
mmol) afforded compound 16a as a white powder (100 mg, 72% yield) 1H NMR (400 MHz, CDCls)
58.28 (s, 1H), 7.95 (s, 1H), 7.41 = 7.35 (m, 1H), 7.29 (s, 1H), 7.14 (dd, J = 5.3, 3.9 Hz, 3H), 6.6
- 6.64 (brd,J=12.0 Hz, 1H), 6.27 (s, 2H), 6.13 — 6.03 (m, 2H), 5.73 (d, J = 8.1 Hz, 1H), 5.48
(d,J=5.1Hz, 1H), 5.05 - 4.96 (m, 1H), 4.43 — 4.39 (m, 1H), 4.25 - 4.21 (m, 1H), 3.42 — 3.33
(m, 1H), 3.31 -=3.23 (m, 1H), 2.89 - 2.84 (m, 1H), 2.72 - 2.55 (m, 3H), 2.30 (s, 3H), 2.07 —=1.91
(m, 1H), 1.86 - 1.74 (m, 1H), 1.63 (s, 3H), 1.44 - 1.41 (brm, 21H). 13C NMR (101 MHz, CDCl3)
5171.9,155.8,153.1,149.3,140.0, 136.0, 135.2,130.9,127.4,126.1, 125.7, 120.4, 114.5,90.8,
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85.5, 83.9, 83.4,81.7, 57.2, 55.9, 52.9, 50.6, 29.5, 28.4, 28.0, 27.2, 25.5, 19.9. HRMS (ESI):
calculated for C36Hs2N707 [M+H]+ 694.3928, found 694.3935.

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)((E)-3-(m-tolyl)allyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (16b). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(m-tolyl)acrylaldehyde 15b (35 mg, 0.24
mmol) afforded compound 16b as a white powder (104 mg, 75% yield). tH NMR (400 MHz, CDCls)
58.26 (s, 1H), 7.92 (s, 1H), 7.18 = 7.09 (m, 3H), 7.01 (d, J = 7.3 Hz, 1H), 6.40 — 6.36 (br d, J =
16.0 Hz, 1H), 6.20 - 6.05 (m, 4H), 5.66 (d, /= 7.9 Hz, 1H), 5.44 (d, /= 6.1 Hz, 1H), 4.96 (d, J =
5.8 Hz, 1H), 4.38 (s, 1H), 4.24 — 4.08 (m, 1H), 3.39 — 3.14 (m, 2H), 2.84 - 2.79 (m, 1H), 2.71 -
2.50 (m, 3H), 2.31 (s, 3H), 2.00 — 1.93 (m, 1H), 1.82 — 1.73 (m 1H), 1.60 (s, 3H), 1.41 — 1.38
(br m, 21H). 13C NMR (101 MHz, CDCls) § 171.8, 155.8, 153.1, 149.3, 141.0, 140.0, 135.1,
128.5,126.1,123.5,120.4,114.5,90.8, 85.4, 83.3,57.0, 55.9, 52.9, 50.6, 29.5, 28.4, 28.0, 27 .2,
25.5.21.4. HRMS (ESI): calculated for C3sHs2N707 [M+H]+ 694.3928, found 694.3938.

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)((E)-3-(p-tolyl)allyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (16c). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(p-tolyl)acrylaldehyde 15¢ (35 mg, 0.24
mmol) afforded compound 16¢ as a white powder (109 mg, 79% yield). tH NMR (400 MHz, CDCls)
58.26 (s, 1H),7.92 (s, 1H), 7.19 (d, J = 8.1 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 6.39 — 6.35 (br J =
16.1 Hz, 1H), 6.25 - 5.98 (m, 4H), 5.66 (d,J=8.1 Hz, 1H), 5.43 (d, /= 6.1 Hz, 1H),4.96 (d, J =
6.1 Hz, 1H), 4.36 (brs, 1H),4.21 —4.17 (m, 1H), 3.33 - 3.16 (m, 2H), 2.84 - 2.79 (m, 1H), 2.67
—2.53 (m, 3H), 2.30 (s, 3H), 1.98 = 1.93 (m, 1H), 1.84 - 1.71 (m, 1H), 1.60 (s, 3H), 1.44 — 1.37
(br m, 21H). 13C NMR (101 MHz, CDCls) § 171.8, 155.8, 153.1, 149.3, 140.03, 136.8, 133.0,
128.6,127.5,126.3,120.4,114.5,90.8, 85.5, 83.9, 83.4,81.7,57.0, 55.9, 52.9, 28 .4, 28.0, 27 .2,
25.5. HRMS (ESI): calculated for CssHs2N7O7 [M+H]* 694.3928, found 694.3940.

tert-butyl (2S)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6~amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][ 1,3]dioxol-4-yl)methyl)((E)-3-(2-methoxyphenyl)allyl)Jamino)-
2-((tert-butoxy carbonyl)amino)butanoate (16d). Following the procedure described for
compound 12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(2-
methoxyphenyl)acrylaldehyde 15d (39 mg, 0.24 mmol) afforded compound 16d as a white powder
(75 mg, 53% yield). 1H NMR (400 MHz, CDCls) 6 8.27 (s, 1H), 7.95 (s, 1H), 7.38 (d, J = 7.6 Hz,
1H), 7.24 - 7.17 (m, 1H), 6.93 — 6.75 (m, 3H), 6.33 (br s, 2H), 6.25 - 6.14 (m, 1H), 6.07 (d, J =
2.2 Hz, 1H), 5.74 (d, J=8.2 Hz, 1H), 5.44 (d, J = 6.5 Hz, 1H), 5.06 — 4.93 (m, 1H), 4.43 — 4.39
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(m, 1H),4.26 —4.16 (m, 1H), 3.83 (s, 3H), 3.39 - 3.22 (m, 2H), 2.88 — 2.83 (m, 1H), 2.75 - 2.50
(m, 3H), 2.03 = 1.98 (m, 1H), 1.85 — 1.78 (m, 1H), 1.62 (s, 3H), 1.42 — 1.40 (br m, 21H). 13C
NMR (101 MHz, CDCls) 6 171.3, 156.5, 155.8, 155.1, 153.6, 149.9, 141.4, 130.3, 126.8, 125.9,
120.7,119.7,114.5,111.3,90.8, 85.8, 84.0, 82.7,81.7, 79.4, 57 .4, 55.9, 55.4, 52.9, 49.9, 29 .4,
28.4,27.2,25.5. HRMS (ESI): calculated for C3¢Hs2N70s [M+H]* 710.3877, found 710.3882.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(3-methoxyphenyl)allyl)Jamino)-
2-((tert-butoxy carbonyl)amino)butanoate (16€). Following the procedure described for
compound 12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(2-
methoxyphenyl)acrylaldehyde 15e (39 mg, 0.24 mmol) afforded compound 16e as a white powder
(82 mg, 58% yield). 'H NMR (400 MHz, CDCls) 6 8.30 (s, 1H), 7.96 (s, 1H), 7.23 (t, J = 7.9 Hz,
1H), 6.97 - 6.88 (m, 2H), 6.80 (dd, /= 8.2, 2.4 Hz, 1H), 6.44 — 6.40 (brd,J = 16.0 Hz, 1H), 6.28
—-6.17 (m, 1H), 6.09 — 6.03 (brd, J = 24.0 Hz, 3H), 5.66 — 5.48 (brm, 2H), 5.05 — 4.97 (m, 1H),
4.48 - 4.36 (m, 1H), 4.23 (d,J=4.7 Hz, 1H), 3.83 (s, 3H), 3.43 — 3.18 (m, 2H), 2.88 — 2.83 (m,
1H),2.75-2.53 (m, 3H),2.00 — 1.97 (m, 1H), 1.88 — 1.73 (m, 1H), 1.64 (s, 3H), 1.45 — 1.42 (br
m, 21H). 13C NMR (101 MHz, CDCl3) § 171.8, 159.8, 155.7, 151.9, 149.3, 140.1, 138.3, 133.5,
130.0, 127.6, 120.4, 119.9, 114.5, 113.3, 110.8, 93.1, 89.5, 81.7, 83.4, 81.72, 57.0, 55.9, 55.3,
50.6, 28.4, 28.0, 27.2, 25.5. HRMS (ESI): calculated for C3sHs2N7Os [M+H]+ 710.3877, found
710.3885.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((£)-3-(4-methoxyphenyl) /allyl)amino)-
2-((tert-butoxy carbonyl)amino)butanoate (16f). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(4-methoxyphenyl)acrylaldehyde
15f (39 mg, 0.24 mmol) afforded compound 16f as a white powder (86 mg, 61% yield). 'H NMR
(400 MHz, CDCl3) § 8.29 (s, 1H), 7.96 (s, 1H), 7.26 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H),
6.45 - 6.21 (m, 3H), 6.09 - 6.04 (m, 2H), 5.72 (d, /= 8.2 Hz, 1H), 5.47(d, J = 8.1 Hz, 1H), 5.01
—4.99 (m, 1H), 4.41 - 4.40 (brd,J =8.2 Hz, 1H), 4.25 - 4.20 (m, 1H), 3.81 (s, 3H), 3.36 — 3.30
(m, 1H), 3.25 - 3.17 (m, 1H), 2.87 — 2.82 (m, 1H), 2.71 — 2.53 (m, 3H), 2.03 — 1.96 (m, 1H),
1.86-1.75(m, 1H), 1.63 (s, 3H), 1.47 — 1.41 (br m, 21H). 13C NMR (101 MHz, CDCl3) § 171.8,
159.1, 155.8, 155.6, 153.1, 149.3, 140.1, 132.5, 129.7, 127 .5, 124.9, 120.3, 114.5, 114.0, 90.9,
85.5, 83.95, 83.4, 81.7, 57.1, 55.8, 55.3, 52.9, 29.5, 28.4, 28.0, 27.2, 25.5. HRMS (ESI):
calculated for C36Hs2N70s [M+H]+710.3877, found 710.3887.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(2-fluorophenyl)allyl)amino)-2-
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((tert-butoxy carbonyl)amino)butanoate (16g). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(2-fluorophenyl)acrylaldehyde 15g
(36 mg, 0.24 mmol) afforded compound 16g as a white powder (96 mg, 69% yield). 'H NMR (600
MHz, CDCls) § 8.26 (s, 1H), 7.91 (s, 1H), 7.37 (t,J = 7.1 Hz, 1H), 7.19 - 7.15 (m, 1H), 7.04 (t,J
=7.9Hz, 1H),7.01 - 6.97 (m, 1H), 6.58 (m, 1H), 6.30 - 6.21 (m, 1H), 6.04 (s, 1H), 5.90 (s, 2H),
5.58(d,J=8.0Hz, 1H),5.44(d,J=5.4 Hz, 1H), 5.01 — 4.92 (m, 1H), 4.38 (s, 1H), 4.22 — 4.15
(m, 1H), 3.35(d, J = 6.2 Hz, 1H), 3.29 - 3.19 (m, 1H), 2.86 — 2.80 (m, 1H), 2.71 - 2.51 (m, 3H),
1.99 - 1.96 (m, 1H), 1.82 — 1.72 (m, 1H), 1.60 (s, 3H), 1.40 — 1.38 (br m, 21H). 13C NMR (151
MHz, CDCls) § 171.5, 168.8, 159.4, 156.6, 152.5, 147.4, 145.2, 141.6, 137.1, 127.2, 123.5,
121.5,119.8,116.2,112.4,91.7,85.9,83.3, 81.7,79.9, 57.1, 54.8, 52.4, 51.8, 49.6, 28.1, 26.1,
24.4. HRMS (ESI): calculated for C3sH49FN70O7 [M+H]*+698.3678, found 698.3690.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)(()-3-(3-fluorophenyl)allyl)amino)-2-
((tert-butoxy carbonyl)amino)butanoate (16h). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(3-fluorophenyl)acrylaldehyde 15h
(36 mg, 0.24 mmol) afforded compound 16h as a white powder (93 mg, 67% yield). TH NMR (600
MHz, CDCls) § 8.26 (s, 1H), 7.91 (s, 1H), 7.25 - 7.18 (m, 1H), 7.03 (d, J = 7.7 Hz, 1H), 7.01 —
6.98 (m, 1H), 6.91 - 6.87 (m 1H), 6.36 (d, J = 8.1 Hz, 1H), 6.20 — 6.15 (m, 1H), 6.04 (s, 1H),
5.91 (s, 2H), 5.57 (d,J=8.0 Hz, 1H), 5.45 (d, J = 5.5 Hz, 1H), 4.97 (d, J = 5.7 Hz, 1H), 4.42 -
4.34 (m, 1H),4.19(d,J=4.9 Hz, 1H), 3.32 - 3.28 (m, 1H), 3.23 - 3.19 (m, 1H), 2.82 - 2.79 (m,
1H),2.70 - 2.50 (m, 3H),2.03 - 1.91 (m, 1H), 1.79 - 1.75 (m, 1H), 1.60 (s, 3H), 1.42 — 1.38 (br
m, 21H). 3CNMR (151 MHz, CDCls) 6 170.70, 162.85, 161.22, 154.58, 154.49, 152.06, 148.19,
139.03, 138.13, 130.67, 128.94, 128.88, 127.12, 121.17, 119.29, 113.45, 113.28, 113.14,
111.76, 111.61, 89.75, 84.52, 82.87, 82.26, 80.69, 55.83, 54.96, 51.81, 49.61, 28.54, 27.33,
26.95, 26.14, 24.42. HRMS (ESI): calculated for C3sH49FN70O7 [M+H]* 698.3678, found
698.3682.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((£)-3-(4-fluorophenyl)allyl)amino)-2-
((tert-butoxy carbonyl)amino)butanoate (16i). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(4-fluorophenyl)acrylaldehyde 15i
(36 mg, 0.24 mmol) afforded compound 16i as a white powder (86 mg, 62% yield). 1H NMR (400
MHz, CDCls) 6 8.21 (s, 1H), 7.89 (s, 1H), 7.21 — 7.16 (m, 2H), 6.90 (t, J = 8.6 Hz, 2H), 6.51 (s,
2H), 6.32 - 6.29 (brd, J=16.1 Hz, 1H), 6.08 — 5.99 (m, 2H), 5.74 (d, J = 8.1 Hz, 1H), 5.42 (d,
J=79Hz, 1H),4.96 (d,J = 3.5 Hz, 1H), 4.36 — 4.32 (m, 1H), 4.22-4.14 (m, 1H), 3.27 — 3.22
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(m, 1H), 3.18 = 3.12 (m, 1H), 2.80 — 2.75 (m, 1H), 2.66 — 2.57( m, 2H), 2.54 — 2.46 (m, 1H),
1.99 - 1.88 (m, 1H), 1.78 = 1.69 (m, 1H), 1.56 (s, 3H), 1.36 — 1.34 (br m, 21H). 13C NMR (101
MHz, CDCls) § 171.8, 163.3, 160.9, 155.9, 155.5, 153.0, 149.1, 139.9, 132.9, 131.5, 127.7,
126.2,120.2,115.4,115.2,114.3,90.7,85.5, 83.8, 83.2,81.7,79.3, 56.9, 55.8, 52.8, 50.5, 29.4,
28.3, 27.9, 27.1, 25.4. HRMS (ESI): calculated for C3sH49FN7O7 [M+H]+ 698.3678, found
698.3694.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(2-chlorophenyl)allyl)amino)-2-
((tert-butoxy carbonyl)amino)butanoate (16j). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(2-chlorophenyl)acrylaldehyde 15j
(40 mg, 0.24 mmol) afforded compound 16j as a white powder (84 mg, 59% yield). 1H NMR (400
MHz, CDCls) 6 8.25 (s, 1H), 7.91 (s, 1H), 7.44 — 7.41 (m, 1H), 7.29 (dd, J = 7.5, 1.7 Hz, 1H),
7.17 = 7.09 (m, 2H), 6.80 (d, /= 15.9 Hz, 1H), 6.22 — 6.10 (m, 3H), 6.04 (s, 1H), 5.65 (d, J = 8.0
Hz, 1H), 5.44 (d,J=5.6 Hz, 1H), 4.98 (d, /= 9.5 Hz, 1H), 4.41 — 4.33 (m, 1H), 4.23 — 4.16 (m,
1H), 3.38 - 3.30 (m, 1H), 3.28 — 3.20 (m, 1H), 2.86 — 2.81 (m, 1H), 2.62 (brs, 2H), 2.56 (d, J =
12.9 Hz, 1H), 12.01 - 1.92 (m, 1H), 1.79 - 1.75 (m, 1H), 1.59 (s, 3H), 1.39 = 1.37 (br m, 21H).
13C NMR (101 MHz, CDCls) 6 174.1, 158.8, 158.6, 156.1, 152.2, 135.8, 132.6, 132.0, 131.5,
129.9,129.8,123.4,117.5,93.8,88.5,86.9, 86.3,82.4,59.0, 32.6, 31.4, 31.0, 30.2, 28.5. HRMS
(ESI): calculated for C3sH49CIN7O7 [M+H]*714.3382, found 714.3389.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(3-chlorophenyl)allyl)amino)-2-
((tert-butoxy carbonyl)amino)butanoate (16k). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(3-chlorophenyl)acrylaldehyde 15k
(40 mg, 0.24 mmol) afforded compound 16k as a white powder (79 mg, 65% yield). \H NMR (400
MHz, CDCls) 6 8.22 (s, 1H), 7.88 (s, 1H), 7.17 = 7.09 (m, 3H), 6.32 — 6.28 (br d, J = 16.0 Hz,
1H), 6.16 (d,J=5.8 Hz,3H), 6.01 (s, 1H), 5.62 (d,J = 7.9 Hz, 1H), 5.42 (d,J= 5.6 Hz, 1H), 4.98
-4.91 (m, 1H),4.37-4.30 (m, 1H), 4.18 (s, 1H), 3.29 - 3.24 (m, 1H), 3.19 - 3.14 (m, 1H), 2.81
—2.76 (m, 1H), 2.66 — 2.60 (m, 2H), 2.53 — 2.47 (m, 1H), 1.99 - 1.88 (m, 1H), 1.79 — 1.67 (m,
1H), 1.56 (s, 3H), 1.36 (d, J = 6.8, 21H). 13C NMR (101 MHz, CDCls) § 174.0, 158.9, 158.7,
157.0,150.5, 143.2, 141.2,137.2, 135.1, 132.9, 131.5, 130.5, 129.4, 127.7, 124.1, 118.9, 95.0,
88.7,87.6, 86.5, 84.8, 84.3, 60.7, 59.1, 53.8, 32.7, 31.6, 31.1, 28.6. HRMS (ESI): calculated for
C35H49CIN7O7 [M+H]* 714.3382, found 714.3408.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(4-chlorophenyl)allyl)amino)-2-
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((tert-butoxy carbonyl)amino)butanoate (161). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(4-chlorophenyl)acrylaldehyde 151
(40 mg, 0.24 mmol) afforded compound 161 as a white powder (79 mg, 56% yield). TH NMR (400
MHz, CDCls) § 8.22 (s, 1H), 7.89 (s, 1H), 7.19 — 7.13 (m, 4H), 6.43 (s, 2H), 6.31 — 6.28 (br, J =
16.0 Hz, 1H), 6.12 - 6.05 (m, 1H), 6.02 (d,J=4.1 Hz, 1H),5.70 (d, /= 8.1 Hz, 1H), 5.42 (d, J =
5.9 Hz, 1H),4.97 — 4.94(m, 1H),4.37 - 4.32 (m, 1H), 4.22 — 4.14 (m, 1H), 3.28 - 3.22 (m, 1H),
3.19-3.13 (m, 1H), 2.80 - 2.76 (m, 1H), 2.68 — 2.58 (m, 2H), 2.54 — 2.47 (m, 1H), 2.00 — 1.89
(m, 1H), 1.75 (d, J = 9.4 Hz, 1H), 1.57 (s, 3H), 1.37 — 1.35 (br m, 21H). 13C NMR (101 MHz,
CDCls) § 171.7, 155.8, 155.5, 152.9, 149.1, 139.9, 135.2, 132.9, 131.5, 128.6, 127.4, 120.2,
114.3,90.7, 85.5, 83.8, 83.3, 81.6, 79.4, 56.9, 55.9, 52.8, 50.5, 29.5, 28.3, 27.1, 25.4. HRMS
(ESI): calculated for C3sH49CIN7O7 [M+H]* 714.3382, found 714.3403.

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)((E)-3-(2-bromophenyl)allyl)amino)-2-
((tert-butoxycarbonyl)amino) butanoate (16m). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(2-bromophenyl)acrylaldehyde 15m
(51 mg, 0.24 mmol) afforded compound 16m as a white powder (80 mg, 53% yield). 'H NMR (400
MHz, CDCl3) 6 8.33 — 8.22 (m, 1H), 7.93 (s, 1H), 7.50 (dd, J = 7.9, 3.9 Hz, 1H), 7.47 — 7.38 (m,
1H),7.28 (t,J=4.4 Hz, 1H), 7.22 (d,J=7.3 Hz, 1H), 7.06 (d, J = 7.4 Hz, 1H), 6.77 (d, J = 15.2
Hz, 1H), 6.19 (s, 2H), 6.16 — 6.01 (m, 2H), 5.67 (s, 1H), 5.46 (s, 1H), 5.01 (s, 1H), 4.40 (s, 1H),
4.22 (s, 1H),3.32 (brd, J=22.6 Hz, 2H), 2.84 (s, 1H), 2.63 (br d, J = 42.6 Hz, 3H), 1.98 (s, 1H),
1.79 (s, 1H), 1.61 (d, J = 3.8 Hz, 3H), 1.42 (d, J = 2.1 Hz, 21H). 13C NMR (101 MHz, CDCls) §
171.7,155.6,155.5,152.9,149.0, 139.9, 136.3,133.9, 132.3, 128.1, 128.0, 126.3, 124.0, 120.2,
90.9,85.5,83.8,83.5,81.7,59.2, 56.0, 53.5, 52.,50.9, 29.5, 28.4,27.9, 27.1, 25.4. HRMS (ESI):
calculated for C35H49BrN7O7 [M+H]* 758.2877 found 758.2882.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((£)-3-(3-bromophenyl)allyl)amino)-2-
((tert-butoxy carbonyl)amino)butanoate (16n). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(3-bromophenyl)acrylaldehyde 15n
(51 mg, 0.24 mmol) afforded compound 16n as a white powder (94 mg, 62% yield). 1H NMR (600
MHz CDCls) § 8.25 (s, 1H), 7.90 (s, 1H), 7.43 (s, 1H), 7.30 (d, J = 7.8 Hz, 1H), 7.18 — 7.10 (m,
2H), 6.33 - 6.30 (brd,J=12.0 Hz, 1H), 6.19 — 6.14 (m, 1H), 6.05 (d,J =8.1 Hz, 2H), 5.61 (d,
J=7.7Hz, 1H),5.44(d,J=5.3 Hz, 1H), 4.98 (s, 1H), 4.36 (s, 1H), 4.19 (s, 1H), 3.31 — 3.18 (m,
2H), 2.82 - 2.78 (m, 1H), 2.70 — 2.50 (m, 3H), 1.96(br d, J = 4.0 Hz, 1H), 1.78 (brd, J = 4.1 Hz,
1H), 1.59 (s, 3H), 1.39 (d, J = 10.7 Hz, 21H). 13C NMR (151 MHz, CDCl3) § 170.2, 156.2, 153.1,
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147.5,138.5,131.3,130.3, 130.0, 129.1, 122.7, 124.5, 122.7,90.7, 85.2, 84.6, 83.9, 83.3, 81.3,
79.5, 56.0, 52.8, 49.9, 29.58, 29.6, 28.4, 27.2, 24.4. HRMS (ESI): calculated for C3sH49BrN7O7
[M+H]*758.2877 found 758.2881.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(4-bromophenyl)allyl)amino)-2-
((tert-butoxy carbonyl)amino)butanoate (160). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(4-bromophenyl)acrylaldehyde 150
(51 mg, 0.24 mmol) afforded compound 160 as a white powder (122 mg, 81% yield). 'H NMR
(400 MHz, CDCls) 6§ 8.22 (s, 1H), 7.89 (s, 1H), 7.33 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H),
6.41 (s,2H), 6.26 (s, 1H),6.14 - 6.07 (m, 1H), 6.03 (d,J = 1.6 Hz, 1H), 5.70 (d, J = 8.1 Hz, 1H),
5.43(d,J=5.8 Hz, 1H), 4.96 (dd, J = 6.3 Hz, 3.6 Hz, 1H), 4.37 — 4.31 (m, 1H), 4.22 — 4.14 (m,
1H),3.27 - 3.22 (m, 1H), 3.18 = 3.13 (m, 1H), 2.80 — 2.75 (m, 1H), 2.69 — 2.57 (m, 2H), 2.54 —
2.47 (m, 1H), 1.99 — 1.88 (m, 1H), 1.79 - 1.69 (m, 1H), 1.57 (s, 3H), 1.37 - 1.35 (brd, J = 8.3
Hz, 21H). 3CNMR (101 MHz, CDCls) § 171.7, 155.8, 155.5, 153.0, 149.1, 139.9, 135.7, 131.5,
127.7,127.5,121.1,120.2,114.3,90.7,85.5, 83.8, 83.3, 81.6, 79.4, 56.89 55.9, 52.80 50.5, 29.5,
28.3, 27.9, 27.1, 25.4. HRMS (ESI): calculated for C3sH49BrN7O7 [M+H]+ 758.2877, found
758.2895.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(2-nitrophenyl)allyl)Jamino)-2-
((tert-butoxy carbonyl)amino)butanoate (16p). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (£)-3-(2-nitrophenyl)acrylaldehyde 15p
(42 mg, 0.24 mmol) afforded compound 16p as a white powder (69 mg, 47% yield). 'H NMR (400
MHz, CDCl3) § 8.21 (s, 1H), 7.91 (s, 1H), 7.82 (d, /= 8.1 Hz, 1H), 7.44 (d, J = 4.1 Hz, 2H), 7.29
(dd,J=8.3,4.2 Hz, 1H), 6.85 — 6.81 (brd,J = 16.1 Hz, 1H), 6.46 (s, 2H), 6.15 — 6.06 (m, 1H),
6.03 (d,J=2.0 Hz, 1H),5.73 (d,J = 8.1 Hz, 1H), 5.41 (d, J = 5.7 Hz, 1H), 4.96 (dd, J = 6.4, 3.6
Hz, 1H), 4.37 — 4.31 (m, 1H), 4.21 — 4.14 (m, 1H), 3.33 — 3.28 (m, 1H), 3.24 — 3.19 (m, 1H),
2.83-2.78 (m, 1H), 2.72 — 2.60 (m, 2H), 2.56 — 2.50 (m, 1H), 1.98 = 1.91 (m, 1H), 1.79 — 1.68
(m, 1H), 1.55(s,3H), 1.42 - 1.29 (brm, 21H). 3CNMR (101 MHz, CDCl3) 6 171.7,155.8, 155.5,
153.0,149.1,139.9,135.7,131.5,127.7,121.1, 120.2, 114.3,90.7, 85.5, 83.8, 83.3, 81.6, 79.4,
56.9, 55.9, 53.4, 52.8, 50.6, 29.5, 28.3, 27.1, 25.4. HRMS (ESI): calculated for C3sH49NgO9g
[M+H]*725.3633, found 725.3632.

tert-butyl (28)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((£)-3-(3-nitrophenyl)allyl)amino)-2-
((tert-butoxy carbonyl)amino)butanoate (16q). Following the procedure described for compound
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12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(3-nitrophenyl)acrylaldehyde 15q
(42 mg, 0.24 mmol) afforded compound 16q as a white powder (63 mg, 43% yield). 1H NMR (400
MHz, CDCls) § 8.21 (s, 1H), 7.91 (s, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.44 (d, J = 4.1 Hz, 2H), 7.29
(dd,J=8.3,4.2 Hz, 1H), 6.85 - 6.81 (br d, J = 15.7 Hz, 1H), 6.46 (s, 2H), 6.15 — 6.06 (m, 1H),
6.03 (d,J=2.0 Hz, 1H),5.73 (d, /= 8.1 Hz, 1H), 5.41 (d, J = 5.7 Hz, 1H), 4.96 (dd, J = 6.4, 3.6
Hz, 1H), 4.37 — 4.31 (m, 1H), 4.21 — 4.14 (m, 1H), 3.33 — 3.19 (m, 2H), 2.83 — 2.78 (m, 1H),
2.72 -2.60 (m, 2H), 2.56 — 2.50 (m, 1H), 1.98 = 1.93 (m, 1H), 1.79 - 1.68 (m, 1H), 1.55 (s, 3H),
1.42 - 1.29 (m, 21H). 13C NMR (151 MHz, CDCl3) § 170.7, 154.8, 154.4, 152.0, 148.6, 148.1,
138.7, 134.6, 129.3, 123.7, 123.4, 121.5, 119.2, 119.1, 114.1, 113.3, 89.73, 84.2, 82.6, 82.3,
80.6, 54.6,52.4,51.7,49.7,49.0, 28.5, 27.3, 27.2, 26.9, 26.1, 24.2. HRMS (ESI): calculated for
C35H49NsO9 [M+H]*+725.3633, found 725.3634.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(4-nitrophenyl)allyl)amino)-2-
((tert-butoxy carbonyl)amino)butanoate (16r). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(4-nitrophenyl)acrylaldehyde 15r
(42 mg, 0.24 mmol) afforded compound 16r as a white powder (74 mg, 51% yield). 1H NMR (600
MHz, CDCl3) 6 8.24 (s, 1H), 8.10 (d, J = 7.7 Hz, 2H), 7.93 (s, 1H), 7.34 (d, J = 7.9 Hz, 2H), 6.45
- 6.43 (brd, J=15.9 Hz, 1H), 6.36 — 6.31 (m, 1H), 6.24 (s, 2H), 6.08 (s, 1H), 5.62 (d, J = 7.7
Hz, 1H), 5.46 (d, J = 5.0 Hz, 1H), 5.02 (s, 1H), 4.40 (s, 1H), 4.24 (s, 1H), 3.37 — 3.23 (m, 2H),
2.87 -2.81 (m, 1H), 2.78 (brd, J = 19.4 Hz, 1H), 2.66 (s, 1H), 2.61 — 2.57 (m, 1H), 2.03 — 1.99
(brd,J=20.7 Hz, 1H), 1.84 — 1.73 (m, 1H), 1.61 (s, 3H), 1.42 — 1.40 (br d, J = 15.3 Hz, 21H).
I3C NMR (151 MHz, CDCls) § 171.6, 155.7, 153.0, 149.1, 146.7, 143.2, 140.1, 126.6, 123.9,
120.3, 114.43,90.7, 85.7, 84.0, 83.3, 81.8, 79.5, 56.9, 56.1, 52.8, 50.8, 29.7, 28.4, 28.0, 27.2,
25.4. HRMS (ESI): calculated for C3sH49NgO9 [M+H]*+725.3633, found 725.3639.

tert-butyl (2S)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(2-cyanophenyl)allyl)Jamino)-2-
((tert-butoxy carbonyl)amino)butanoate (16s). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-2-(3-oxoprop-1-en-1-yl)benzonitrile
15s (58 mg, 0.24 mmol) afforded compound 16s as a white powder (82 mg, 68% yield). 1H NMR
(600 MHz, CDCl3) § 8.26 (s, 1H), 7.97 (s, 1H), 7.58 (d, J = 7.7 Hz, 1H), 7.54 (d, J = 8.0 Hz, 1H),
7.49 (t,J=7.6 Hz, 1H), 7.28 (t,J=7.5 Hz, 1H), 6.78 (brd, J = 11.6 Hz, 1H), 6.54 (s, 2H), 6.43
- 6.34 (m, 1H), 6.09 (s, 1H), 5.78 (d, J= 8.2 Hz, 1H), 5.47 (d, J = 5.6 Hz, 1H), 5.03 (dd, J = 6.2,
3.6 Hz, 1H), 4.42 — 4.39m, 1H), 4.26 — 4.23 (m, 1H), 3.40 — 3.37 (m, 1H), 3.32 — 3.28 (m, 1H),
2.89 —2.85(m, 1H), 2.77 - 2.73 (m, 1H), 2.70 - 2.66 (m, 1H), 2.62 — 2.56 (m, 1H), 2.06 — 1.93
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(m, 1H), 1.85-1.73 (m, 1H), 1.62 (s, 3H), 1.49 — 1.34 (br m, 21H). 13C NMR (151 MHz, CDCl3)
6171.8,155.9,155.5,153.0,149.1,132.7,128.2,127.5,125.6,120.2,117.9,114.4,110.7,90.6,
85.4, 83.9, 83.2, 81.6, 57.0, 56.0, 53.5, 52.8, 50.8, 29.6, 28.3, 27.9, 27.2, 25.4. HRMS (ESI):
calculated for C3sH49NgO7 [M+H]*705.3724, found 705.3734.

tert-butyl (29)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(3-cyanophenyl)allyl)Jamino)-2-
((tert-butoxy carbonyl)amino)butanoate (16t). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-3-(3-oxoprop-1-en-1-yl)benzonitrile
15t (58 mg, 0.24 mmol) afforded compound 16t as a white powder (69 mg, 49% yield). \H NMR
(400 MHz, CDCl3) 6 8.21 (s, 1H), 7.90 (s, 1H), 7.51 (s, 1H), 7.49 — 7.41 (m, 2H), 7.33 (t,J = 7.7
Hz, 1H), 6.33 (d,J = 16.0 Hz, 1H), 6.27 — 6.15 (m, 3H), 6.04 (d, J = 1.9 Hz, 1H), 5.62 (d, J = 8.0
Hz, 1H),5.43(d,J=5.9 Hz, 1H),4.97 (dd, /= 6.3, 3.6 Hz, 1H), 4.39 - 4.32 (m, 1H), 4.23 - 4.14
(m, 1H), 3.31 — 3.18 (m, 2H), 2.82 — 2.77 (m, 1H), 2.72 — 2.58 (m, 2H), 2.56 — 2.49 (m, 1H),
2.02-1.90 (m, 1H), 1.77 = 1.70 (br, 1H), 1.58 (s, 3H), 1.40 — 1.36 (br m, 21H). 13C NMR (151
MHz, CDCl3) 6 171.7,155.8, 155.5, 153.0, 149.1, 140.0, 138., 130.7, 130.3, 129.7,129.3, 120.3,
118.8,114.4,112.7,90.7, 85.6, 83.9, 83.3, 81.7, 79.5, 56.8, 56.0, 52.8, 50.7, 29.6, 28.3, 27.2,
25.4. HRMS (ESI): calculated for C3¢H49NgO7 [M+H]* 705.3724, found 705.3732.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)Jamino)-2-
((tert-butoxy carbonyl)amino)butanoate (16u). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with (E)-4-(3-oxoprop-1-en-1-yl)benzonitrile
15u (58 mg, 0.24 mmol) afforded compound 16u as a white powder (93 mg, 66% yield). \H NMR
(400 MHz, CDCls) 6§ 8.23 (s, 1H), 7.90 (s, 1H), 7.53 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.3 Hz, 2H),
6.40 — 6.36 (brd, J = 16.0, 1H), 6.33 — 6.22 (m, 1H), 6.08 — 5.91 (m, 3H), 5.53 (d, J = 8.0 Hz,
1H),5.44(d,J=6.0 Hz, 1H), 5.03 — 4.94 (m, 1H), 4.42 — 4.32 (m, 1H), 4.20 (d, J = 4.9 Hz, 1H),
3.36 - 3.20 (m, 2H), 2.84 — 2.79 (m, 1H), 2.72 (d, J = 5.2 Hz, 1H), 2.68 — 2.59 (m, 1H), 2.58 -
2.50(m, 1H),2.03-1.91 (m, 1H), 1.75(d,J=9.6 Hz, 1H), 1.59 (s, 3H), 1.42 - 1.37 (brm, 21H).
I3C NMR (151 MHz, CDCls) § 171.6, 155.6, 153.0, 149.1, 140.1, 132.3, 126.7, 120.3, 119.0,
114.5, 110.6, 90.7, 85.7, 83.9, 81.8, 79.5, 56.9, 56.1, 53.4, 52.8, 50.7, 29.1, 28.3, 27.2, 25.5.
HRMS (ESI): calculated for CssH49NsO7 [M+H]*705.3724, found 705.3738.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][ 1,3]dioxol-4-yl)methyl)((E)-3-(3-carbamoylphenyl)allyl)amino)-
2-((tert-butoxy carbonyl)amino)butanoate (16v). To a solution of compound 16t (0.21 mmol, 150
mg) in DMSO (10 mL) was added KOH (0.25 mmol, 14 mg). The mixture was cooled to 0 °C and
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treated with H202 (30 % w/w) in H20 (0.5 mL). The reaction mixture was warmed to room
temperature and stirred for 3 hours at room temperature. The reaction was diluted with water and
extracted with EtOAc (3x). The combined organic layers were dried over Na2SO4. The solvent was
evaporated, and the crude product was purified by column chromatography (5% MeOH in EtOAc)
to give compound 16v as a white powder (127 mg, 82% yield). 1H NMR (400 MHz, CDCls) 6 8.17
(s, 1H), 7.94 (s, 1H), 7.78 (s, 1H), 7.70 (d, J = 7.4 Hz, 1H), 7.37 — 7.24 (m, 3H), 7.03 (s, 1H),
6.64 (s, 2H), 6.32 (d, J = 15.8 Hz, 1H), 6.23 — 6.12 (m, 1H), 6.06 (d, J = 1.5 Hz, 1H), 5.89 (s,
1H),5.43(d,J=6.2 Hz, 1H),4.97 (dd,J = 6.2, 3.4 Hz, 1H),4.39 — 4.35 (m, 1H), 4.22 — 4.17 (m,
1H), 3.26 — 3.13 (m, 2H), 2.78 — 2.55 (m, 4H), 1.97 (dd, J = 13.5, 6.0 Hz, 1H), 1.81 — 1.70 (m,
1H), 1.58 (s, 3H), 1.40 — 1.36 (br m, 21H). 13C NMR (101 MHz, CDCl3) 6 172.0, 170.1, 156.0,
155.7,153.0,149.0,137.1, 134.0,128.7,128.0, 126.6,120.1,114.3,90.7, 85.8, 84.0, 83.4, 81.8,
79.5, 57.0, 50.6, 45.9, 29.7, 28.4, 28.0, 27.2, 25.5. HRMS (ESI): calculated for C3sH51NsOs
[M+H]*723.3830, found 723.3838.

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) ((E)-3-(4-carbamoylphenyl)allyl)amino)-
2-((tert-butoxycarbonyl) amino)butanoate (16w). Following the procedure described for
compound 16v, compound 16u was oxidized to afford compound 16w as a white powder (118 mg,
77% yield). 1H NMR (400 MHz, CDCls) & 8.09 (s, 1H), 7.92 (s, 1H), 7.75 (d, J = 8.0 Hz, 2H),
7.20 (d, J = 8.3 Hz, 2H), 6.72 (s, 2H), 6.34 — 6.30 (br d, J = 16 Hz, 1H), 6.20 — 6.10 (m, 1H),
6.04 (d,J=1.6 Hz, 1H),5.79 (d, J = 8.0 Hz, 1H), 5.41 (d, J = 6.2 Hz, 1H), 4.98 (dd, J = 6.1, 3.7
Hz, 1H), 4.38 — 4.34 (m, 1H), 4.21 — 4.17 (m, 1H), 3.22 (d, J = 5.6 Hz, 2H), 3.07 — 3.02 (br m,
1H), 2.80 — 2.67 (m, 2H), 2.61 — 2.55 (m, 2H), 1.58 (s, 3H), 1.44 — 1.36 (br m, 21H). 13C NMR
(101 MHz,CDCl3) §171.9,169.9, 156.0, 155.6, 152.9, 149.0, 140.2, 132.3, 131.7,127.9, 126.2,
90.7,85.7,84.0,83.3,81.8,79.5,56.9,55.8,52.9,45.9,30.3,29.7, 28.4, 28.0, 27.2, 25.5. HRMS
(ESI): calculated for C3sHs51NsOg [M+H]+723.3830, found 723.3832.

tert-butyl (29)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-4-yl)methyl)(cinnamyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (16x). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with cinnamaldehyde 15x (32 mg, 0.24 mmol)
afforded compound 16x as a white powder (110 mg, 50% yield). 'H NMR (400 MHz, CDCls) &
8.29 (s, 1H), 7.96 (s, 1H), 7.34 — 7.21 (m, 5H), 7.28 (s, 1H), 6.46 — 6.42 (brd, J = 16.0 Hz, 1H),
6.31 -6.16 (m, 3H), 6.08 (d, /= 1.7 Hz, 1H), 5.71 (d, J = 8.1 Hz, 1H), 5.48 (d, J = 5.1 Hz, 1H),
5.02 - 5.00 (m, 1H), 4.50 — 4.35 (m, 1H), 4.22 (d, J = 7.4 Hz, 1H), 3.38 — 3.22 (m, 2H), 2.88 -
2.83 (m, 1H), 2.77 - 2.51 (m, 3H), 2.06 — 1.92 (m, 1H), 1.84 — 1.79 (m, 1H), 1.64 (s, 3H), 1.44
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— 1.42 (br m, 21H). 13C NMR (101 MHz, CDCls) 6 171.8, 155.8, 153.1, 149.3, 140.0, 137.3,
134.1, 133.0, 129.3, 126.3, 125.3, 120.3, 114,5, 90.8, 85.5, 83.9, 83.4, 52.9, 50.6, 29.5, 28.41,
28.0, 27.2, 25.5, 21.2. HRMS (ESI): calculated for C3sHsoN7O7 [M+H]* 680.3772, found
680.3780.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl) ((E)-3-(4-
((trimethylsilyl)ethynyl) phenyl)allyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate ~ (16y).
Following the procedure described for compound 12a, coupling compound 11 (112 mg, 0.20 mmol)
with (E)-3-(4-((trimethylsilyl)ethynyl)phenyl)acrylaldehyde 15y (55 mg, 0.24 mmol) afforded
compound 16y as a white powder (98 mg, 63% yield). tH NMR (400 MHz, CDCls) 6 8.27 (s, 1H),
7.93 (s, 1H), 7.38 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 6.40 — 6.36 (br d, J = 16.0, 1H),
6.25 - 6.15 (m, 1H), 6.19 — 6.06 (m, 2H), 5.68 — 5.66 (brd, J = 8.2 Hz, 1H), 5.47 - 5.45 (brd, J
= 8.6 Hz, 1H), 5.04 — 4.94 (m, 1H), 4.39 (d, J = 4.9 Hz, 1H), 4.24 - 4.19 (m, 1H), 3.35 - 3.30
(br m, 1H), 3.25 — 3.19 (br m, 1H), 2.86 — 2.81 (m, 1H), 2.74 — 2.47 (m, 4H), 2.01 — 1.96 (br,
1H), 1.81 - 1.78 (br, 1H), 1.61 (s, 3H), 1.42 — 1.39 (br m, 21H), 0.25 (s, 9H). 13C NMR (101
MHz, CDCls) § 171.8, 155.6, 153.1, 149.2, 140.1, 137.0, 132.2, 126.1, 122.2, 120.3, 114.5,
105.2,90.8, 85.5, 83.9, 83.3, 79.5, 57.0, 56.0, 52.9, 50.7, 29.5, 28.0, 27.2, 25.5. HRMS (ESI):
calculated for C40Hs58N707S1 [M+H]*776.4167, found 776.4172.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yD)methyl)((E)-3-(o-tolyl)allyl)amino)butanoic acid (17a). Following the procedure described
for compound 13a, compound 16a (50 mg, 0.072 mmol) was deprotected and purified, affording
compound 17a as a white powder (31 mg, 71% yield). 'H NMR (400 MHz, CDsOD) & 8.50 (s, 1H),
8.21 (s, 1H), 7.38 (d,J = 7.5 Hz, 1H), 7.23 = 7.11 (m, 3H), 6.99 — 6.5 (br d, J = 16.0 Hz, 1H),
6.29 — 6.23 (m, 2H), 4.69 (t,J = 4.2 Hz, 1H), 4.59 (d, J = 6.3 Hz, 2H), 4.19 — 4.08 (m, 3H), 3.91
—3.85(m, 1H), 3.75 - 3.55 (m, 3H), 2.59 — 2.49 (m, 1H), 2.38 — 2.32 (m, 1H), 2.20 (s, 3H). 13C
NMR (101 MHz, CD30OD) § 170.53, 151.1, 147.9, 144.7, 143.2, 138.8, 135.8, 134.1, 130.1,
128.7, 126.0, 125.4, 119.63, 116.9, 91.0, 78.9. 735.5, 72.3, 54.39, 51.2, 51.0, 25.02, 18.3.
HRMS (ESI): calculated for C24H32N7Os [M+H]* 498.2465, found 498.2572.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(m-tolyl)allyl)amino)butanoic acid (17D).
Following the procedure described for compound 13a, compound 16b (50 mg, 0.072 mmol) was
deprotected and purified, affording compound 17b as a white powder (32 mg, 73% yield). \H NMR
(400 MHz, CDs0D) & 8.48 (s, 1H), 8.23 (s, 1H), 7.21 (t,J = 7.5 Hz, 1H), 7.11 (dd, J = 18.9, 8.4
Hz, 3H), 6.69 (d, J = 15.8 Hz, 1H), 6.24 (dt,J = 15.3, 7.3 Hz, 1H), 6.17 (d, J = 3.6 Hz, 1H), 4.66
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(t,J=4.1 Hz, 1H),4.56 (d, J = 6.8 Hz, 2H), 4.10 (dd, J = 8.3, 5.0 Hz, 3H), 3.88 (dd, J = 13.9,
10.1 Hz, 1H), 3.70 = 3.52 (m, 3H), 2.55 — 2.46 (m, 1H), 2.33 (s, 3H), 2.31 — 2.27 (m, 1H). 13C
NMR (101 MHz, CDsOD) 6 170.3,151.3,148.0, 145.0, 143.0, 141.0, 138.3, 135.1, 129.5, 127.0,
123.6, 119.8, 115.3, 91.1, 78.9, 72.3, 54.4, 51.2, 50.9.5.0. 20.0. HRMS (ESI): calculated for
Co24H32N705 [M+H]* 498.2465, found 498.2574.
(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yD)methyl)((E)-3-(p-tolyl)allyl)amino)butanoic acid (17¢). Following the procedure described
for compound 13a, compound 16¢ (50 mg, 0.072 mmol) was deprotected and purified, affording
compound 17¢ as a white powder (31 mg, 70% yield). tH NMR (400 MHz, D20) 6 8.47 (s, 1H),
8.22 (s, 1H), 7.16 — 7.09 (m, 4H), 6.69 — 6.65 (brd, J = 16.0 Hz, 1H), 6.21 — 6.13 (m, 2H), 4.65
(t,J = 4.0 Hz, 1H), 4.54 (d, J = 6.2 Hz, 2H), 4.10 — 4.06 (m, 3H), 3.88 — 3.82 (m, 1H), 3.71 -
3.49 (m, 3H), 2.57 — 2.43 (m, 1H), 2.32 — 2.27 (m, 4H). 13C NMR (101 MHz, D20) 6 168.7,
163.1,162.8,152.7,149.4,146.3,144.5,142.3,140.5,133.73,127.8,121.1,119.4,116.5, 115.7,
92.4,80.4,75.0,73.7,55.8,52.3,26.40, 21.4. HRMS (ESI): calculated for C24H32N7O0s [M+H]*
498.2465, found 498.2570.
(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(2-methoxyphenyl)allyl)amino)butanoic acid (17d). Following the procedure
described for compound 13a, compound 16d (50 mg, 0.070 mmol) was deprotected and purified,
affording compound 17d as a white powder (32 mg, 72% yield). tH NMR (400 MHz, CD30D) &
8.46 (s, 1H), 8.16 (s, 1H), 7.33 = 7.24 (m, 2H), 6.96 — 6.85 (m, 3H), 6.27 — 6.21 (m, 1H), 6.15
(d,J=3.4Hz, 1H),4.62 (dd,J=4.8, 3.5 Hz, 1H), 4.59 — 4.50 (m, 2H), 4.15 — 4.02 (m, 3H), 3.90
(dd, J=13.9,9.7 Hz, 1H), 3.77 (s, 3H), 3.69 — 3.51 (m, 3H), 2.55 — 2.45 (m, 1H), 2.36 — 2.28
(m, 1H). 3CNMR (101 MHz, CDsOD) § 170.3, 157.0, 151.0, 147.9, 144.4,143.2, 136.0, 130.1,
127.0, 123.56, 119.8, 115.8, 110.8, 91.2, 79.0, 73.6, 72.3, 55.9, 54.6, 54.2, 50.8, 25.0. HRMS
(ESI): calculated for C24H32N706 [M+H]*+ 514.2414, found 514.2422.
(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yD)methyl)((E)-3-(3-methoxyphenyl)allyl)amino)butanoic acid (17¢). Following the procedure
described for compound 13a, compound 16e (50 mg, 0.070 mmol) was deprotected and purified,
affording compound 17e as a white powder (34 mg, 77% yield). 1H NMR (400 MHz, CD30D) &
8.46 (s, 1H),8.21 (s, 1H), 7.21 (t,J =7.9 Hz, 1H), 6.89 — 6.83 (m, 2H), 6.77 (s, 1H), 6.68 — 6.64
(brd,J=16.0Hz, 1H), 6.27 — 6.19 (m, 1H), 6.15(d, J = 3.5 Hz, 1H), 4.66 — 4.61 (m, 1H), 4.56
—4.52 (m, 2H),4.12-4.02 (m, 3H), 3.89 — 3.83 (m, 1H), 3.78 (s, 3H), 3.69 — 3.50 (m, 3H), 2.54
—2.44 (m, 1H), 2.34-2.27 (m, 1H). 3C NMR (101 MHz, CD30D) § 170.3, 160.0, 151.2, 148.0,
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144.8, 143.1, 140.8, 136.5, 129.5,119.8, 118.8,91.1, 78.9, 73.6, 72.3, 54.4, 50.9, 25.0. HRMS
(ESI): calculated for C24H32N706 [M+H]*+ 514.2414, found 514.2419.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(4-methoxyphenyl)allyl)amino)butanoic acid (17f). Following the procedure
described for compound 13a, compound 16f (50 mg, 0.070 mmol) was deprotected and purified,
affording compound 17f as a white powder (35 mg, 80% yield). 1H NMR (400 MHz, D20) & 8.47
(s, 1H), 8.24 (s, 1H), 7.21 (d,J=8.5 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.65 (d, J = 15.7 Hz, 1H),
6.15(d, J = 3.6 Hz, 1H), 6.07 — 6.03 (m, 1H), 4.66 (t,J = 4.0 Hz, 1H), 4.54 (d, J = 6.4 Hz, 2H),
412 -4.01 (m, 3H), 3.88 - 3.82 (m, 4H), 3.70 — 3.47 (m, 3H), 2.54 — 2.44 (m, 1H), 2.34 - 2.26
(m, 1H). 3C NMR (101 MHz, D20) § 169.0, 161.9, 152.7, 149.44, 146.3, 144.5, 142.0, 129.3,
129.1,121.1,115.2,114.1,92.4,80.4,75.0,73.7,55.8,52.5,52.1, 26.4. HRMS (ESI): calculated
for C24H32N706 [M+H]+ 514.2414, found 514.2425.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yD)methyl)((E)-3-(2-fluorophenyl)allyl)amino)butanoic acid (17g). Following the procedure
described for compound 13a, compound 16g (50 mg, 0.072 mmol) was deprotected and purified,
affording compound 17g as a white powder (31 mg, 68% yield). LH NMR (400 MHz, D20) § 8.30
(s, 1H), 8.04 (s, 1H), 7.56 — 7.52 (m, 1H), 7.38 (d, J = 5.4 Hz, 2H), 7.21 (s, 1H), 6.85 — 6.56 (m,
1H), 6.10 - 6.05 (m, 1H), 6.02 - 5.93 (m, 1H), 4.70 (dd, /= 7.1, 5.6 Hz, 1H), 4.57 (dd, J = 5.5,
2.4Hz,1H),4.43 (s, 1H),4.11 — 4.06 (m, 2H), 3.96 (s, 1H), 3.86 — 3.76 (m, 1H), 3.66 — 3.51 (m,
3H),2.55-2.41 (m, 1H),2.36 — 2.30 (m, 1H). 3CNMR (101 MHz, D>0) 6 171.7,163.2, 162.9,
162.5,162.2,149.0,147.1,144.0,133.2,130.9,129.9, 128.7,120.6,118.7,117.7,114.8,111.9,
91.1,72.9,72.3,50.9, 25.0. HRMS (ESI): calculated for Co3H290FN7Os [M+H]+ 502.2214, found
502.2215.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yD)methyl)((E)-3-(3-fluorophenyl)allyl)amino)butanoic acid (17h). Following the procedure
described for compound 13a, compound 16h (50 mg, 0.072 mmol) was deprotected and purified,
affording compound 17h as a white powder (30 mg, 67% yield). 'H NMR (400 MHz, D20) § 8.30
(s, 1H), 8.04 (s, 1H), 7.20 — 7.15 (m, 1H), 6.96 (t,J = 8.4 Hz, 1H), 6.75 (d, J = 7.6 Hz, 1H), 6.68
(d,J=9.4Hz, 1H), 6.30 (s, 1H), 6.08 (s, 1H), 6.00 - 5.92 (m, 1H), 4.67 (d,J = 6.1 Hz, 1H), 4.54
—4.48 (m, 1H),4.39 (s, 1H), 4.07 - 3.76 (m, 4H), 3.46 — 3.45 (m, 3H), 2.42 — 2.36 (m, 1H), 2.30
—2.15 (m, 1H). 13C NMR (101 MHz, D20) 6 172.1, 149.3, 147.2, 144.1, 143.6, 137.0, 130.5,
122.3, 119.2, 115.8, 115.6, 112.42, 112.19, 91.4, 72.0, 51.8. HRMS (ESI): calculated for
C23H29FN705 [M+H]+ 502.2214, found 502.2218.
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(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(4-fluorophenyl)allyl)amino)butanoic acid (17i). Following the procedure
described for compound 13a, compound 16i (50 mg, 0.072 mmol) was deprotected and purified,
affording compound 17i as a white powder (34 mg, 76% yield). 'H NMR (400 MHz, D20) & 8.32
(s,1H), 8.02 (s, 1H), 6.98 - 6.81 (m, 4H), 6.28 (brs, 1H), 6.09 (s, 1H), 5.89 — 5.82 (m, 1H), 4.70
(dd,J=6.9,5.5 Hz, 1H), 4.55 — 4.53 (m, 1H), 4.43 (brs, 1H), 4.11 — 3.79 (m, 4H), 3.65 — 3.47
(m, 3H), 2.52 — 2.38 (m, 1H), 2.31 (s, 1H). 13C NMR (101 MHz, D20) § 171.5, 163.8, 163.0,
161.3,149.2,147.1, 144.0, 143.5, 138.8, 131.0, 128.0, 127.9, 115.6, 115.3, 114.0, 112.0, 91.3,
73.6,51.2,24.9. HRMS (ESI): calculated for CosH20FN7Os [M+H]* 502.2214, found 502.2216.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(2-chlorophenyl)allyl)amino)butanoic acid (17j). Following the procedure
described for compound 13a, compound 16j (50 mg, 0.070 mmol) was deprotected and purified,
affording compound 17j as a white powder (28 mg, 63% yield). 'H NMR (400 MHz, D20) § 8.31
(d,J=10.5Hz, 1H),8.00 (brd,J=12.0 Hz, 1H), 7.46 — 6.98 (m, 4H), 6.58 — 6.38 (br d, J = 80.0
Hz, 1H), 6.09 (d, J = 10.8 Hz, 1H), 6.00 — 5.88 (m, 1H), 4.74 — 4.68 (m, 1H), 4.50 (dd, J = 5.4,
2.2 Hz, 1H), 4.43 (s, 1H), 4.15 - 3.81 (m, 4H), 3.67 — 3.48 (m, 3H), 2.47 (s, 1H), 2.36 — 2.30 (m,
1H). 3C NMR (101 MHz, D20) § 171.1, 163.3, 163.0, 162.6, 149.0, 147.0, 144.1, 143.4 138.5,
132.3,130.3, 129.5, 127.3, 126.33, 125.4, 120.6, 119.1, 117.7, 114.9, 112.0, 91.4, 73.5, 72.0,
55.7,50.9, 25.0. HRMS (ESI): calculated for C23H29CIN7Os [M+H]* 518.1919, found 518.1922.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(3-chlorophenyl)allyl)amino)butanoic acid (17k). Following the procedure
described for compound 13a, compound 16k (50 mg, 0.070 mmol) was deprotected and purified,
affording compound 17k as a white powder (28 mg, 63% yield). 1H NMR (400 MHz, CD30OD) &
8.48 (s, 1H), 8.27 (s, 1H), 7.34 —= 7.23 (m, 4H), 6.73 (br d, J = 16.0 Hz, 1H), 6.37 — 6.29 (m, 1H),
6.16 (d,J=3.8 Hz, 1H), 4.68 — 4.64 (m, 1H), 4.58 — 4.49 (m, 2H), 4.08 (dd, J = 8.3, 4.5 Hz, 3H),
3.86 — 3.80 (m, 1H), 3.63 — 3.53 (m, 3H), 2.54 — 2.44 (m, 1H), 2.33 — 2.25 (m, 1H). 13C NMR
(101 MHz,CD3s0D) 6170.5,162.0,161.2,151.3,148.1, 145.0, 143.0,139.2, 137.3, 134.4, 130.0,
128.6,126.2,125.0,119.6, 118.0, 117.6, 115.1, 54.66, 78.9, 73.6, 72.2, 54.7, 51.2, 51.0, 25.0,
22.9. HRMS (ESI): calculated for C2sH29CIN7Os [M+H]+ 518.1919, found 518.1928.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yD)methyl)((E)-3-(4-chlorophenyl)allyl)amino)butanoic acid (171). Following the procedure
described for compound 13a, compound 161 (50 mg, 0.070 mmol) was deprotected and purified,
affording compound 171 as a white powder (30 mg, 69% yield). 1H NMR (400 MHz, D20) & 8.33
(s,1H),8.05(d,J=8.2 Hz, 1H),7.14 (d,J=7.8 Hz, 2H), 6.87 (d, J = 8.3 Hz, 2H), 6.27 (br s, 1 H),
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6.10 (s, 1H),5.97 - 5.89 (m, 1H),4.72 (dd, J=6.9,5.6 Hz, 1H), 4.56 — 4.38 (m, 2H), 4.10 - 3.79
(m, 4H), 3.64 — 3.50 (m, 3H), 2.53 — 2.39 (m, 1H), 2.37 — 2.24 (m, 1H). 13C NMR (101 MHz,
D20)5171.8,163.0,162.7,149.1, 147.1, 144.0, 1435, 138.6, 134.0, 133.2, 128.6, 127.4, 119.0,
117.8, 114.9, 91.4, 73.6, 72.0, 25.0. HRMS (ESI): calculated for C23H29CIN7Os [M+H]*
518.1919, found 518.1925.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(2-bromophenyl)allyl)amino)butanoic acid (17m). Following the procedure
described for compound 13a, compound 16m (50 mg, 0.066 mmol) was deprotected and purified,
affording compound 17m as a white powder (26 mg, 59% yield). H NMR (400 MHz, D20) § 8.21
(s, 1H),7.86 (s, 1H),7.29 (d,/=9.3 Hz, 1H), 7.03 (d, /= 7.2 Hz, 3H), 6.42 (s, 1H), 5.99 (s, 1H),
5.84 - 5.77 (m, 1H), 4.65 — 4.60 (m, 1H), 4.42 (dd, J = 5.4, 2.2 Hz, 1H), 4.34 (s, 1H), 4.02 (dd,
J=8.4,49Hz, 1H), 3.84 — 3.74 (m, 2H), 3.57 — 3.41 (m, 3H), 2.38 (br s, 1H), 2.29 — 2.20 (m,
1H). 3CNMR (101 MHz, D20) § 171.1,163.3, 163.0, 162.2, 149.0, 146.9, 144.1, 143.4, 132.7,
130.5,127.9, 126.5,122.7, 120.6, 119.1, 117.7, 114.8, 111.9, 91.5, 73.5,72.0, 55.5, 50.8, 251.
HRMS (ESI): calculated for C23H29BrN7Os [M+H]*562.1414, found 562.1427.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(3-bromophenyl)allyl)amino)butanoic acid (17n). Following the procedure
described for compound 13a, compound 16n (50 mg, 0.066 mmol) was deprotected and purified,
affording compound 17n as a white powder (28 mg, 64% yield). 1H NMR (400 MHz, D20) & 8.33
(s, 1H), 8.05 (s, 1H), 7.38 — 7.35 (m, 1H), 7.09 (t,J = 7.8 Hz, 1H), 7.00 (s, 1H), 6.95 (d, /= 7.8
Hz, 1H), 6.10 (s, 2H), 5.99 = 5.92 (m, 1H), 4.75 - 4.69 (m, 1H), 4.52 —4.43 (m, 2H), 4.09 — 3.91
(m, 4H), 3.66 — 3.51 (m, 3H), 2.53 — 2.45 (m, 1H), 2.36— 2.30 (m, 1H). 13C NMR (101 MHz,
D20)8§171.3,163.4,162.7,162.3,149.0, 147.0, 144.0,143.4,138.4, 136.7,131.6, 130.4, 128.5,
124.9,122.2,120.7,119.1,117.8,114.9,91.5,73.7,71.90, 51.1, 25.0. HRMS (ESI): calculated
for C23H20BrN7Os [M+H]*562.1414, found 562.1425.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(4-bromophenyl)allyl)amino)butanoic acid (170). Following the procedure
described for compound 13a, compound 160 (50 mg, 0.066 mmol) was deprotected and purified,
affording compound 170 as a white powder (33 mg, 75% yield).!H NMR (400 MHz, D20) 6 8.33
(s, 1H),7.93 (s, 1H), 7.21 - 7.07 (m, 2H), 6.65 (d, J = 8.3 Hz, 2H), 6.00 (s, 2H), 5.86 — 5.78 (m,
1H), 4.62 (d, J = 6.3 Hz, 1H), 4.42 — 4.33 (m, 2H), 4.04 — 3.79 (m, 4H), 3.66 — 3.41 (m, 3H),
2.41-2.21 (m,2H). 3CNMR (101 MHz, D20) 6 171.3, 163.0, 162.6,162.3 149.0, 147.0, 143.9,
143.4,138.7,135.5,131.5,127.6,122.3,120.7,119.0, 117.8,114.9,91.4,73.7,71.9,51.1, 25.0.
HRMS (ESI): calculated for C2sH29BrN7Os [M+H]+ 562.1414, found 562.1421.
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(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(2-nitrophenyl)allyl)amino)butanoic acid (17p). Following the procedure
described for compound 13a, compound 16p (50 mg, 0.069 mmol) was deprotected and purified,
affording compound 17p as a white powder (18 mg, 43% yield). 1H NMR (400 MHz, D20) 6 8.29
(s, 1H), 8.06 (s, 1H), 7.83 — 7.78 (m, 1H), 7.47 (s, 1H), 7.41 (d, J = 9.2 Hz, 1H), 7.27 (s, 1H),
6.72 (d,J=13.6 Hz, 1H), 6.07 (s, 1H), 6.00 — 5.93 (m, 1H), 4.67 — 4.59 (m, 2H), 4.49 — 4.40 (m,
1H), 4.13 - 3.91 (m, 3H), 3.80 — 3.73 (m, 1H), 3.68 — 3.49 (m, 3H), 2.50 — 2.43(s, 1H), 2.37 -
2.29 (m, 1H). 13C NMR (101 MHz, D20) 6 170.8, 149.2, 147.3, 146.4, 143.9, 143.8, 136.1,
134.1,130.1, 129.8, 124.6, 117.7, 114.8, 111.9, 91.0, 73.2, 71.9, 67.9, 66.5, 50.6, 24.8, 17.9.
HRMS (ESI): calculated for C23H29NsO7 [M+H]*529.2159, found 529.2166.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(3-nitrophenyl)allyl)amino)butanoic acid (17q). Following the procedure
described for compound 13a, compound 16q (50 mg, 0.069 mmol) was deprotected and purified,
affording compound 17q as a white powder (20 mg, 45% yield). 1H NMR (500 MHz, CDsOD) 6
8.51 (s, 1H),8.27 (s, 1H), 7.45 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 5.02 (s, 2H), 4.69 (t,
J=4.5Hz, 1H), 4.08 (h, J = 7.7 Hz, 3H), 3.85 — 3.80 (m, 1H), 3.68 (6.10 (d, J = 8.1 Hz, 1H),
3.64 — 3.55 (m, 2H), 2.54 — 2.46 (m, 1H), 2.32 — 2.24 (m, 1H). 33C NMR (126 MHz, CD30D) §
171.1,161.9,161.8,161.6, 151.4, 148.2, 139.5, 134.3, 131.6, 128.3, 122.6, 119.5, 116.7. 90.5,
79.1,73.6, 72.2, 54.7, 51.6, 51.2, 29.8, 25.0. HRMS (ESI): calculated for C23H29NsO7 [M+H]*
529.2159, found 529.2162.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yDmethyl)((E/Z)-3-(4-nitrophenyl)allyl)amino)butanoic acid (17r, mixture of isomers).
Following the procedure described for compound 13a, compound 16r (50 mg, 0.069 mmol) was
deprotected and purified, affording compound 17r as a pink powder (mixture of E- and Z-isomers,
23 mg, 51% yield). 1H NMR (500 MHz, CDsOD) § 8.48 (s, 1H), 8.38 (d, /= 6.2 Hz, 1H), 8.30 (s,
1H), 8.20 — 8.12 (m, 3H), 7.54 (s, 2H), 7.42 (d, J = 7.1 Hz, 1H), 7.01 — 6.85 (br m, 2H), 6.56 —
6.51 (m, 1H),6.17 (d,J=3.6 Hz, 1H), 6.12 - 5.99 (m, 1H), 4.70 — 4.66 (m, 1H), 4.61 — 4.53 (m,
3H), 4.42 — 4.35 (m, 1H), 4.30 (d, J = 6.3 Hz, 1H), 4.21 — 4.04 (m, 4H), 3.90 — 3.82 (m, 1H),
3.79 - 3.50 (m, 5H), 2.56 — 2.19 (m, 3H). (E/Z mixture). 13C NMR (126 MHz, CDsOD) § 171.1,
153.9, 148.4, 147.71, 141.6, 137.7, 134.5, 129.5, 123.6, 123.3, 121.6, 90.8, 79.3, 73.4, 73.3,
72.4,72.1, 54.8,52.0, 25.0. HRMS (ESI): calculated for C23H290NgO7 [M+H]+ 529.2159, found
529.2178.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(2-cyanophenyl)allyl)amino)butanoic acid (17s). Following the procedure
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described for compound 13a, compound 16s (50 mg, 0.071 mmol) was deprotected and purified,
affording compound 17s as a white powder (34 mg, 78% yield). tH NMR (400 MHz, D20) & 8.33
(s, 1H), 8.03 (s, 1H), 7.52 = 7.42 (m, 2H), 7.33 (t,J = 7.2 Hz, 2H), 6.44 (s, 1H), 6.22 — 6.15 (m,
1H),6.11(d,J=2.3Hz, 1H),4.70 — 4.65 (m, 1H), 4.45 (tJ= 7.8, 1H), 4.14 — 4.04 (m, 3H), 3.86
(d,J=10.2 Hz, 1H), 3.67 — 3.51 (m, 3H), 2.53 — 2.43 (m, 1H), 2.37 — 2.29 (m, 1H). 13C NMR
(101 MHz, D:0) § 171.0, 163.2, 162.9, 162.5, 162.2, 149.1, 147.1, 144.2, 143.7, 137.3, 135.2,
133.6,133.0,129.4,125.6,120.6,119.0,117.7,117.3,114.8,109.1,91.4,73.4,72.0,55.4,50.8,
24.9. HRMS (ESI): calculated for C24H29NgOs [M+H]* 509.2261, found 509.2271.
(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(3-cyanophenyl)allyl)amino)butanoic acid (17t). Following the procedure
described for compound 13a, compound 16t (50 mg, 0.071 mmol) was deprotected and purified,
affording compound 17t as a white powder (34 mg, 77% yield). 'H NMR (400 MHz, D20) 6 8.36
(s, 1H), 8.10 (s, 1H), 7.60 — 7.58 (m, 1H), 7.39 — 7.29 (m, 3H), 6.40 (brs, 1H), 6.13 — 6.05 (m,
2H),4.71(dd,J="7.1,5.5Hz, 1H), 4.56 — 4.51 (m, 1H), 4.45 (s, 1H), 4.11 — 3.86 (m, 4H), 3.68
—3.52 (m, 3H), 2.53 = 2.44 (m, 1H), 2.37 — 2.31 (m, 1H). 13C NMR (101 MHz, D:0) § 171.1,
149.2,147.2,144.1,143.6,137.8,135.7,132.3,130.8,129.7,119.1,118.9,118.5,117.7,114.8,
111.5,91.4,71.8,50.9, 24.9. HRMS (ESI): calculated for C24H20NgOs [M+H]* 509.2261, found
509.2264.
(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoic acid (17u). Following the procedure
described for compound 13a, compound 16u (50 mg, 0.071 mmol) was deprotected and purified,
affording compound 17u as a white powder (35 mg, 80% yield). 'H NMR (400 MHz, D20) § 8.38
(s, 1H),8.14 (s, 1H), 7.59 (d,J = 8.0 Hz, 2H), 7.16 (d, J = 8.1 Hz, 2H), 6.47 (d,J = 8.1, 1H), 6.23
—6.13 (m, 2H), 4.75 — 4.72 (m, 1H), 4.58 — 4.56 (m, 1H), 4.47 (brs, 1H), 4.09 — 4.01 (m, 4H),
3.67 — 3.54 (m, 3H), 2.52 — 2.42 (m, 1H), 2.35 - 2.29 (m, 1H). 13C NMR (101 MHz, D20) &
171.8,149.3, 147.2, 144.1, 143.6, 138.1, 132.63, 126.6, 119.2, 114.9, 110.8,91.4, 73.6, 71.9,
51.6,20.5. HRMS (ESI): calculated for C24H20NsOs [M+H]* 509.2261, found 509.2266.
(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(3-carbamoylphenyl)allyl)amino)butanoic acid (17v). Following the
procedure described for compound 13a, compound 16v (50 mg, 0.069 mmol) was deprotected and
purified, affording compound 17v as a white powder (34 mg, 77% yield). 'H NMR (400 MHz,
CD30OD) §8.46 (s, 1H), 8.26 (s, 1H), 7.91 (s, 1H), 7.82 (d, J = 7.6 Hz, 1H), 7.53 — 7.41 (m, 2H),
6.16 (d,J = 3.8 Hz, 1H), 4.72 — 4.68 (m, 1H), 4.60 — 4.49 (m, 2H), 4.17 — 4.02 (m, 3H), 3.86 —
3.80 (m, 1H), 3.71 — 3.52 (m, 3H), 2.51 — 2.45 (m, 1H), 2.30 — 2.20 (m, 1H). 13C NMR (101
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MHz, CDsOD) & 170.7, 148.7, 144.6, 139.7, 137.0, 134.8, 129.8, 128.7, 127.5, 126.2, 118.0,
90.7, 79.5, 73.4, 71.9, 53.5, 52.4, 50.8, 25.0. HRMS (ESI): calculated for C24H31NsOs [M+H]*
527.2367, found 527.2378.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(4-carbamoylphenyl)allyl)amino)butanoic acid (17w). Following the
procedure described for compound 13a, compound 16w (50 mg, 0.069 mmol) was deprotected and
purified, affording compound 17w as a white powder (34 mg, 77% yield). 1H NMR (400 MHz,
CDsOD) & 8.45 (s, 1H), 8.26 (s, 1H), 7.85 (d, J = 8.4 Hz, 2H), 7.41 (s, 2H), 6.81 (brd, J = 15.8
Hz, 1H), 6.45 — 6.37 (m, 1H), 6.16 (s, 1H), 4.73 — 4.68 (m, 1H), 4.55 (dd, J = 5.6, 2.8 Hz, 2H),
4.16 —4.01 (m, 3H), 3.88 —3.79 (m, 1H), 3.69 — 3.57 (m, 4H), 2.51 — 2.45 (m, 1H), 2.29 - 2.20
(m, 1H). I3CNMR (101 MHz, CDsOD) § 171.9, 148.2, 138.5, 129.0, 126.5, 120.9, 118.4, 51.40,
90.9, 79.0, 72.9, 72.3, 51.7, 51.4, 25.0. HRMS (ESI): calculated for C24H31NsOe¢ [M+H]*
527.2367, found 527.2373.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(cinnamyl)amino)butanoic acid (17x). Following the procedure described for
compound 13a, compound 16x (50 mg, 0.074 mmol) was deprotected and purified, affording
compound 17x as a white powder (35 mg, 79% yield). 'H NMR (500 MHz, CDsOD) & 8.49 (s, 1H),
8.24 (s, 1H),7.31 - 7.26 (s, 5H), 6.74 - 6.71 (brd,J=12.0, 1H), 6.29 — 6.23 (m, 1H), 6.18 (d, J
=3.8Hz, 1H),4.70 - 4.68 (m, 1H), 4.60 — 4.56 (m, 2H), 4.14 — 4.10 (m, 3H), 3.90 — 3.85 (br m,
1H),3.76 —=3.52 (m, 3H),2.57 —2.51 (m, 1H), 2.41 — 2.34 (m, 1H). 13C NMR (126 MHz, CD30OD)
5169.5,162.0,161.7,161.4,149.7,151.0,148.0,140.9,135.1, 128.8,128.5,125.7,120.0, 119.8,
117.7,115.5,115.4,91.1,79.4,73.6,72.3,55.5, 54.5, 50.9, 50.6, 25.0. HRMS (ESI): calculated
for C23H30N705 [M+H]+484.2308, found 484.2311.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yD)methyl)((E)-3-(4-ethynylphenyl)allyl)amino)butanoic acid (17y). Following the procedure
described for compound 13a, compound 16y (50 mg, 0.064 mmol) was deprotected and purified,
affording compound 17y as a white powder (8 mg, 21% yield). 1H NMR (500 MHz, CDsOD) &
8.41 (s, 1H), 8.28 (s, 1H), 7.43 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.3 Hz, 2H), 6.77 — 6.73 (br d, J
=12.0,1H),6.37 - 6.25 (m, 1H), 6.14 (d, J = 3.5 Hz, 1H), 4.70 — 4.66 (m, 1H), 4.53 (dd, J= 5.5,
2.5Hz, 2H), 4.14 - 3.94 (m, 3H), 3.82 — 3.77 (m, 1H), 3.66 — 3.63 (brd, J = 16.0, 1H), 3.61 (s,
1H), 3.60 — 3.47 (m, 2H), 2.48 — 2.40 (m, 1H), 2.24 - 2.16 (m, 1H). 13C NMR (126 MHz, CDs0OD)
0 148.6,139.6, 135.6, 132.0,126.5,91.1,79.1, 78.9, 73.4, 71.7, 54.6, 51.5, 25.2. HRMS (ESI):
calculated for C25sH30N70s [M+H]+ 508.2308, found 508.2315.
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4-((E)-3-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)prop-1-en-1-yl)benzonitrile (18).
Following the procedure described for compound 12a, coupling 9-((3aR,4R,6R,6aR)-6-
(aminomethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9 H-purin-6-amine 9 (67 mg,
0.22 mmol) with (E)-4-(3-oxoprop-1-en-1-yl)benzonitrile 15u (31 mg, 0.20 mmol) afforded
compound 18 as a yellow powder (49 mg, 55% yield). 1H NMR (400 MHz, CDCls) § 8.26 (s, 1H),
7.92 (s, 1H), 7.59 (d,J = 8.4 Hz, 2H), 7.41 (d,J = 8.3 Hz, 2H), 6.51 (s, 1H), 6.41 - 6.36 (m, 1H),
6.15 (s, 2H), 6.01 (d, J = 3.3 Hz, 1H), 5.52 - 5.47 (m, 1H), 5.10 (dd, J = 6.4, 3.3 Hz, 1H), 4.45 -
4.41 (m, 1H), 3.46 (t, J = 5.5 Hz, 2H), 3.06 — 2.93 (m, 2H), 2.61 (s, 3H), 1.64 (s, 3H), 1.41 (s,
3H).13CNMR (101 MHz, CDCl3) 6§ 155.7,153.1, 149.3, 141.5, 140.1,132.5,129.8,126.8, 114.8,
110.6, 91.1, 85.5, 83.3, 82.3, 51.6, 50.9, 27.4, 25.5. HRMS (ESI): calculated for C23H26N703
[M+H]*448.2097, found 448.2106.

tert-butyl (9)-5-((((3 3aR,3aR 4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)-2-
(bis(tert-butoxycarbonyl)amino)pentanoate (20a). Following the procedure described for
compound 12a, coupling compound 18 (112 mg, 0.20 mmol) with tert-butyl (S)-2-(bis(tert-
butoxycarbonyl)amino)-5-oxopentanoate 19a (82 mg, 0.24 mmol) afforded protected intermediate
20a as a white powder (113 mg, 69% yield). 'H NMR (400 MHz, CDCls) 6 8.23 (s, 1H), 7.92 (s,
1H),7.51(d,J=8.3 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 6.44 — 6.21 (m, 4H), 6.04 (d, J = 1.9 Hz,
1H), 5.44 (dd, J= 6.4, 1.9 Hz, 1H),4.97 (dd, J = 6.4, 3.6 Hz, 1H), 4.71 (dd, J = 9.6, 5.2 Hz, 1H),
4.38 — 4.34 (m, 1H), 3.26 (d, J = 6.0 Hz, 2H), 2.79 — 2.69 (m, 2H), 2.56 — 2.51 (m, 2H), 2.07 -
2.00(m, 1H),1.91-1.75(m, 1H), 1.59 (s, 3H), 1.44 (brd, J=21.0,27H), 1.37 (s, 3H). 13C NMR
(101 MHz, CDCl3) § 169.8, 155.8,153.0, 152.6, 149.2, 141.4, 140.0, 132.4, 131.7, 130.6, 126.6,
119.1,114.4,110.4, 107.0, 90.8, 85.7, 83.9, 83.3,82.8, 81.2, 77.5, 77.2, 76.9, 58.6, 54.3, 28.1,
27.2, 26.9, 25.5, 23.9. HRMS (ESI): calculated for C42HsoNgOo [M+H]* 819.4405, found
819.4410.

methyl (S)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydro-furo[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)Jamino)-2-
((tert-butoxycarbonyl) amino)butanoate (20b). Following the procedure described for compound
12a, coupling compound 18 (112 mg, 0.20 mmol) with methyl (S)-2-((tert-
butoxycarbonyl)amino)-4-oxobutanoate 19b (82 mg, 0.24 mmol) afforded protected intermediate
20b as a white powder (97 mg, 73% yield). 'H NMR (400 MHz, CDCls) § 8.21 (s, 1H), 7.94 (s,
1H),7.49 (d,J = 8.3 Hz, 2H), 7.27 (d, J = 8.3 Hz, 2H), 6.60 (s, 2H), 6.41 — 6.25 (m, 1H), 6.26 —
6.19 (m, 1H), 6.06 (s, 1H), 5.94 (d, /= 8.1 Hz, 1H), 5.45 (d,J = 6.2 Hz, 1H), 5.03 — 4.95 (m, 1H),
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441 -4.30 (m, 2H), 3.64 (s, 3H), 3.23 (d, J = 6.0 Hz, 2H), 2.79 — 2.69 (m, 2H), 2.58 — 2.50 (m,
2H),2.07 = 2.00 (m, 1H), 1.86 — 1.79 (m, 1H), 1.58 (s, 3H), 1.41 — 1.33 (br m, 12H). 13C NMR
(101 MHz, CDCl3) 6 173.3, 155.9, 155.6, 155.3, 153.0, 149.0, 141.3, 140.1, 132.3, 131.0, 126.7,
120.2,119.0, 114.4, 110.5,90.7, 85.7, 83.9, 83.3, 56.6, 56.1, 53.6, 52.2, 50.6, 44.8, 29.2, 28.4,
27.2,25.4. HRMS (ESI): calculated for C3sH43NsO7 [M+H]*+ 663.3255, found 663.3258.

4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[ 3,4-
d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)-N-tritylbutanamide (20c).
Following the procedure described for compound 12a, coupling compound 18 (112 mg, 0.20 mmol)
with 4-oxo-N-tritylbutanamide 19¢ (82 mg, 0.24 mmol) afforded protected intermediate 20c as a
white powder (79 mg, 51% yield). 1H NMR (400 MHz, CDCls) 6 8.27 (s, 1H), 7.90 (s, 1H), 7.54
(d,J = 6.6 Hz, 2H), 7.33 = 7.19 (m, 20H), 6.72 (br s, 1H), 6.43 — 6.39 (br d, J = 16.0 Hz, 1H),
6.32 — 6.23 (m, 1H), 6.04 (d, J = 2.1 Hz, 1H), 5.82 (s, 2H), 5.47 (dd, J = 6.4, 2.1 Hz, 1H), 4.99
(dd,J=6.4,3.5 Hz, 1H), 4.42 — 4.38 (m, 1H), 3.28 (t,J = 6.4 Hz, 2H), 2.77 (d, J = 6.7 Hz, 2H),
2.57 = 2.51 (m, 2H), 2.35 — 2.25 (m, 2H), 1.87 — 1.73 (m, 2H), 1.59 (s, 3H), 1.38 (s, 3H). 13C
NMR (101 MHz, CDCls) 6 171.7, 154.9, 153.6, 149.2, 144.0, 140.8, 132.4, 128.7, 128.0, 127.0,
126.7,120.8,119.1,114.4,110.5,90.9,86.7,83.9,82.7,69.1, 56.6, 56.0, 54.5, 35.6, 26.5, 25 4,
22.6. HRMS (ESI): calculated for C46H47NgO4 [M+H]*+775.3720, found 775.3733.

5-((((3aR,4R,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)-N-tritylpentanamide (204).
Following the procedure described for compound 12a, coupling compound 18 (112 mg, 0.20 mmol)
with 5-oxo-N-tritylpentanamide 19d (86 mg, 0.24 mmol) afforded protected intermediate 20d as a
white powder (88 mg, 56% yield). 1H NMR (500 MHz, CDCls) 6 8.15 (s, 1H), 7.97 (s, 1H), 7.52
(d,J=8.4Hz, 2H), 7.29 - 7.27 (m, 7H), 7.25 — 7.18 (m, 11H), 7.07 (s, 2H), 6.75 (s, 1H), 6.05
(d,J=2.0Hz, 1H),5.40(dd, J=6.4,2.0 Hz, 1H), 4.97 (dd, J = 6.4, 3.5 Hz, 1H), 4.45 — 4.41 (m,
1H), 3.30 (d, J = 6.5 Hz, 2H), 2.78 (d, J = 6.6 Hz, 2H), 2.54 (dd, J = 10.8, 4.0 Hz, 2H), 2.28 -
2.25 (m, 2H), 1.60 (s, 3H), 1.46 — 1.41 (m, 2H), 1.37 (s, 3H). 13C NMR (126 MHz, CDCl3) 6
175.9,171.9,155.8,152.3,148.9,144.8,141.2,132.5,131.5,130.6,128.8,127.1,126.8,119.5,
119.1, 114.6, 110.7,91.1, 86.1, 84.4, 83.3, 70.5, 60.5, 56.4, 55.8, 54.0, 37.2, 26.1, 23.2, 21.5.
HRMS (ESI): calculated for C47H49NsO4 [M+H]*789.3877, found 789.3886.

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)((E)-3-(4-
cyanophenyl)allyl)amino)propyl)carbamate (20e). Following the procedure described for
compound 12a, coupling compound 18 (112 mg, 0.20 mmol) with tert-butyl (3-
oxopropyl)carbamate 19e (41 mg, 0.24 mmol) afforded protected intermediate 20e as a white
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powder (88 mg, 73% yield). 1H NMR (500 MHz, CDCls) 6 8.09 (s, 1H), 7.97 (s, 1H), 7.54 (d, J =
8.4 Hz, 1H),7.30(d,J=8.4 Hz, 2H), 6.98 (s, 2H), 6.40 (d, J = 15.9 Hz, 1H), 6.32 — 6.22 (m, 1H),
6.06 (s, 1H), 5.41 (d,J = 7.8 Hz, 1H), 4.40 - 4.37 (m, 1H), 3.26 (d, J = 6.5 Hz, 2H), 3.17 - 3.13
(m, 1H), 2.75 (d, J = 4.7 Hz, 1H), 2.56 (s, 1H), 1.42 (d, J = 8.6 Hz, 12H), 1.38 (s, 3H). 13C NMR
(126 MHz,CDCl3) 6 175.8,154.8,152.4,149.7,141.2,132.6,126.8,119.6,119.0, 114.6,112.1,
90.9, 86.4, 84.1, 57.0, 51.2, 39.2, 28.5, 27.2, 26.5, 25.4, 22.0. HRMS (ESI): calculated for
C31H41Ng0s [M+H]* 605.3200, found 605.3211.

tert-butyl 4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydro-furo[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(4-
cyanophenyl)allyl)amino)butanoate (20f). Following the procedure described for compound 12a,
coupling compound 18 (89 mg, 0.20 mmol) with tert-butyl 4-oxobutanoate 19f (35 mg, 0.22 mmol)
to afford protected intermediate 20f as a white powder (84 mg, 71% yield). 1H NMR (400 MHz,
CDCls) 6 8.27 (s, 1H), 7.93 (s, 1H), 7.55 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 6.43 (d, J
=15.9 Hz, 1H), 6.33 - 6.26 (m, 1H), 6.10 (s, 2H), 6.07 (d, J= 2.1 Hz, 1H), 5.47 (dd, J = 6.5, 2.1
Hz, 1H),5.01 (dd, J = 6.5, 3.6 Hz, 1H), 4.40 — 4.36 (m, 1H), 3.30 (d,J = 6.5 Hz, 2H), 2.83 — 2.73
(m, 2H), 2.54 (t,J = 7.3 Hz, 2H), 2.26 — 2.23 (m, 2H), 1.79 - 1.69 (m, 2H), 1.61 (s, 3H), 1.43 —
1.38 (brm, 12H). 13C NMR (101 MHz, CDCls) § 173.7, 157.1, 153.0, 150.2, 142.2, 141.7, 140.1,
138.9,136.8,134.2,130.7,127.0,120.9,119.0, 114.4,111.2,90.8, 85.8, 84.6, 83.2, 79.5, 56.8,
56.0, 52.4, 33.1, 28.7, 27.2, 25.4, 22.4. HRMS (ESI): calculated for C3s1H4oN7Os [M+H]*
590.3091, found 590.3097.

tert-butyl 5-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydro-furo[3,4-d][1,3]dioxol-4-yl)methyl)((E)-3-(4-
cyanophenyl)allyl)amino)pentanoate (20g). Following the procedure described for compound 12a,
coupling compound 18 (112 mg, 0.20 mmol) with tert-butyl 5-oxopentanoate 19g (41 mg, 0.24
mmol) afforded protected intermediate 20g as a white powder (82 mg, 68% yield). 1H NMR (500
MHz, CDCl3) 6§ 8.23 (s, 1H), 7.92 (s, 1H), 7.53 (d, J = 6.7 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 6.40
(d,J=16.0Hz, 1H), 6.31- 6.25 (m, 1H), 6.20 (s, 2H), 6.05 (d, J = 2.1 Hz, 1H), 5.45 (dd, J = 6.4,
2.1 Hz, 1H), 4.99 (dd, J = 6.4, 3.6 Hz, 1H), 4.39 — 4.34 (m, 1H), 3.69 — 3.59 (m, 3H), 3.28 (d, J
= 6.8 Hz, 2H), 2.75 (d, J = 6.7 Hz, 2H), 2.53 — 2.45 (m, 3H), 2.18 (t,J = 7.3 Hz, 2H), 1.76 — 1.68
(m, 1H), 1.65 — 1.48 (m, 8H), 1.47 — 1.43 (m, 2H), 1.41 (s, 9H), 1.37 (s, 3H). 13C NMR (126
MHz, CDCl3) 6 173.0,155.7,153.1,149.2,141.4,132.4,126.7,120.3,119.1,114.4,111.3,90.9,
85.8,84.0,83.3,80.2,62.5,62.0,56.9,56.0,54.4,35.3,32.4,28.2,27.2,25.5,23.5. HRMS (ESI):
calculated for C32H42N70s5 [M+H]+604.3247, found 604.3255.
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4-((E)-3-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)methyl)((6-(tert-butoxy)pyridin-2-yl)methyl)amino)prop-1-en-1-
yl)benzonitrile (20h). Following the procedure described for compound 12a, coupling compound
18 (112 mg, 0.20 mmol) with 6-(tert-butoxy)picolinaldehyde 19h (43 mg, 0.24 mmol) afforded
protected intermediate 20h as a white powder (73 mg, 60% yield). 1H NMR (400 MHz, CDCls) &
8.15(s, 1H),7.95 (s, 1H), 7.54 (d,J = 6.6 Hz, 2H), 7.45 — 7.41 (m, 1H), 7.30 (d, J = 6.5 Hz, 2H),
6.88 (d,J=7.4 Hz, 1H), 6.59 (d,J = 6.8 Hz, 2H), 6.52 (dd, J = 8.2, 0.8 Hz, 1H), 6.44 (d, J = 16.0
Hz, 1H), 6.37 - 6.29 (m, 1H), 6.08 (d, /= 2.1 Hz, 1H), 5.42 (dd, J = 6.4, 2.1 Hz, 1H), 4.97 (dd, J
=6.4,3.5 Hz, 1H), 4.50 — 4.56 (m, 1H), 3.75 (s, 2H), 3.46 — 3.32 (m, 2H), 2.90 (d, J = 6.6 Hz,
2H), 1.60 (s, 3H), 1.56 (s, 9H), 1.39 (s, 3H). 13C NMR (101 MHz, CDCl3) § 163.3, 156.0, 153.0,
149.2,141.5,139.9, 132.4, 131.8,130.7, 126.6, 120.3, 119.1, 115.4, 114.3, 111.5, 110.5, 90.8,
85.8,84.0,83.2,79.4,60.2,56.9, 56.0, 28.8, 27.2, 25.5. HRMS (ESI): calculated for C33H39NsO4
[M+H]* 611.3094, found 611.3102.

4-((E)-3-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)methyl)amino)prop-1-en-1-yl)benzonitrile (20j). Following the
procedure described for compound 12a, coupling 9-((3aR,4R,6R,6aR)-2,2-dimethyl-6-
((methylamino)methyl)tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9 H-purin-6-amine3® (64 mg, 0.20
mmol) with 15u (34 mg, 0.22 mmol) afforded protected intermediate 20j as a yellow powder (66
mg, 72% yield). tH NMR (400 MHz, CDCI3) 6 8.20 (s, 1H), 7.97 (s, 1H), 7.52 (d, J = 8.1 Hz, 2H),
7.28 (d, J = 8.5 Hz, 2H), 6.57 (s, 2H), 6.42 (d, J = 16.0 Hz, 1H), 6.34 — 6.23 (m, 1H), 6.08 (s,
1H),5.45(d,J=79Hz, 1H),4.98 (dd,J=6.3,3.7 Hz, 1H), 4.48 - 4.35 (m, 1H), 3.28 - 3.11 (m,
2H), 2.80 — 2.74 (m, 1H), 2.65 — 2.60 (br m, 1H), 2.33 (s, 3H), 1.61 (s, 3H), 1.38 (s, 3H). 13C
NMR (101 MHz, CDCI3) 6 155.8, 152.9, 149.1, 140.0, 132.4,131.0, 126.6, 120.2,119.1, 114.5,
110.6, 90.8, 85.2, 84.1, 83.2, 60.4, 59.0, 42.8, 29.7, 27.2, 25.4. HRMS (ESI): calculated for
C24H2sN703 [M+H]*462.2254, found 462.2259.

4-((E)-3-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)methyl) (isopropyl)amino)prop-1-en-1-yl)benzonitrile (20Kk).
Following the procedure described for compound 12a, coupling compound 18 (112 mg, 0.20 mmol)
with 2 mL dry acetone afforded protected intermediate 20k as a white powder (47 mg, 48% yield).
IH NMR (400 MHz, CDCl3) § 8.29 (s, 1H), 7.92 (s, 1H), 7.54 (d, J= 8.4 Hz, 2H), 7.33 (d, /= 8.3
Hz, 2H), 6.49 - 6.38 (m, 3H), 6.37 - 6.29 (m, 1H), 6.06 (d, /= 2.0 Hz, 1H), 5.49 (dd, /= 6.4, 2.0
Hz, 1H), 5.04 (dd, J = 6.4, 3.5 Hz, 1H), 4.35 - 4.31 (m, 1H), 3.35 - 3.22 (m, 2H), 3.04 — 2.97
(m, 1H), 2.83 - 2.78 (m, 1H), 2.69 — 2.60 (m, 1H), 1.58 (s, 3H), 1.40 (s, 3H), 1.05 (d, J = 6.6 Hz,
3H), 0.93 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CDCls) 6 155.8, 153.0, 149.2, 141.6, 140.2,
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133.7,132.4,129.6, 126.6, 120.3, 119.1, 114.3, 110.3, 90.9, 86.6, 83.9, 83.1, 53.8, 51.7, 27.2,
25.5,18.6,17.9. HRMS (ESI): calculated for C26H32N703 [M+H]* 490.2567, found 490.2573.

(S)-2-amino-5-((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)pentanoic acid (21a). Following the procedure
described for compound 13a, compound 20a (50 mg, 0.061 mmol) was deprotected and purified,
affording compound 21a as a white powder (24 mg, 63% yield). 'H NMR (400 MHz, CD30OD) &
8.47 (s, 1H), 8.33 (s, 1H), 7.68 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 6.82 — 6.78 (br d, J
=15.8 Hz, 1H), 6.51 — 6.43 (m, 1H), 6.18 (d, J = 3.2 Hz, 1H), 4.71 — 4.65 (m, 1H), 4.62 — 4.51
(m, 2H), 4.19 — 4.00 (m, 3H), 3.89 — 3.84 (m, 1H), 3.69 (d, J = 8.9 Hz, 1H), 3.47 — 3.37 (m, 2H),
2.13 - 1.91 (m, 4H). 13C NMR (101 MHz, CDsOD) 6 170.0, 151.3, 148.1, 145.0, 143.1, 139.7,
138.5,132.3,127.2,120.0,119.7,118.1,118.0, 115.1, 111.9,91.3, 73.5, 72.2, 55.3, 52.8, 27.1,
20.0. HRMS (ESI): calculated for C25H32NgOs [M+H]* 523.2417, found 523.2423.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yDmethyl)((E)-3-(4-cyanophenyl)allyl)amino)butanamide (21b). Compound 20b (50 mg,
0.076 mmol) was added to ammonia in MeOH (33% w/w, 5 mL) in a sealed tube and the mixture
was stirred overnight at room temperature. The solvent was evaporated and the crude intermediate
was deprotected and purified following the procedure described for compound 13a affording
compound 21b as a white powder (33 mg, 71% yield, two steps). 'H NMR (400 MHz, CDsOD) §
8.44 (s, 1H), 8.32 (s, 1H), 7.70 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 6.85 — 6.81 (br d, J
=15.8 Hz, 1H), 6.50 — 6.41 (m, 1H), 6.15(d,J = 3.3 Hz, 1H), 4.68 (dd, J= 5.0, 3.4 Hz, 1H), 4.58
—4.48 (m, 2H), 4.15-4.03 (m, 3H), 3.86 — 3.80 (m, 1H), 3.67 — 3.64 (brd,J=9.0 Hz, 1H), 3.51
—3.40 (m, 2H), 2.47 — 2.34 (m, 2H). 13C NMR (101 MHz, CD30D) § 169.4, 163.1, 161.0, 152.6,
148.1, 140.1, 138.3, 132.7, 119.8, 118.0, 111.8, 91.1, 78.6, 73.4, 72.2, 55.4, 54.8, 49.3, 26.8.
HRMS (ESI): calculated for C24H40NoO4 [M+H]* 508.2421, found 508.2427.

4-((((2R,3S,4R,5R)-5-(6~-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanamide (21c). Following the procedure
described for compound 13a, compound 20c (50 mg, 0.065 mmol) was deprotected and purified,
affording compound 21c as a white powder (19 mg, 59% yield). 'H NMR (400 MHz, CD3OD) &
8.46 (s, 1H),7.70 (d,J = 8.1 Hz, 2H), 7.53 (s, 2H), 6.88 — 6.84 (br d, J =9.0 Hz, 1H), 6.54 — 6.40
(m, 1H), 4.75 (brs, 1H),4.57 (d,J = 6.1 Hz, 2H), 4.12 (dd, J = 7.4, 3.7 Hz, 2H), 3.88 — 3.82 (m,
1H), 3.68 — 3.64 (br d, J = 16.0 Hz, 1H), 3.37(s, 1H), 2.46 (t, J = 6.5 Hz, 2H), 2.10 — 2.04 (m,
2H). 13C NMR (101 MHz, CD30D) 6 174.8, 151.7, 149.1, 141.3, 137.9, 132.8, 127.2, 120.1,
117.0,110.2,91.0,73.8,71.1,55.1,30.1, 19.3. HRMS (ESI): calculated for C24H20NsO4 [M+H]*
493.2312, found 493.2320.
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5-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)pentanamide (21d). Following the procedure
described for compound 13a, compound 20d (50 mg, 0.063 mmol) was deprotected and purified,
affording compound 21d as a white powder (22 mg, 57% yield). 'H NMR (400 MHz, CDsOD) §
8.44 (s,1H), 8.32 (s, 1H), 7.71 (d, J = 7.9 Hz, 2H), 7.51 (s, 2H), 6.87 (s, 1H), 6.52 (s, 1H), 6.16
(d,J=3.5Hz, 1H), 4.70 (s, 1H), 4.60 — 4.48 (m, 2H), 4.11 (d, J = 7.2 Hz, 2H), 3.87 — 3.81 (m,
1H), 3.66 (brd, J = 15.8 Hz, 1H), 2.31 (t,J = 7.0 Hz, 2H), 1.89 — 1.77 (m, 2H), 1.72 — 1.64 (m,
2H). I3CNMR (101 MHz, CDs0OD) 6 175.5, 140.8, 138.6, 132.3,127.2,118.0, 112.7,91.1, 73 .4,
72.3,54.4,31.4,23.1, 21.8. HRMS (ESI): calculated for C25H31N8O4 [M+H]+ 507.2468, found
507.2479.
3-((E)-3-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl) (3-aminopropyl)amino)prop-1-en-1-yl)benzonitrile (21e). Following the procedure
described for compound 13a, compound 20e (50 mg, 0.083 mmol) was deprotected and purified,
affording compound 21e as a white powder (41 mg, 72% yield). tH NMR (500 MHz, CD30D) &
8.48 (s, 1H), 8.33 (s, 1H), 7.64 (d,J = 8.4 Hz, 2H), 7.47 (s, 2H), 6.18 (d, J = 3.3 Hz, 1H), 4.68 (d,
J=3.3Hz, 1H), 4.60 — 4.55 (m, 2H), 4.14 (d, J = 7.3 Hz, 2H), 3.90 — 3.83 (m, 1H), 3.73 - 3.70
(brd,J=9.0Hz, 1H), 3.08 (t,J = 7.5 Hz, 2H), 2.26 — 2.20 (m, 2H). 13C NMR (126 MHz, CD30D)
5 151.1, 148.1, 139.7, 138.6, 132.3, 127.2, 120.0, 119.8, 118.2, 111.8, 91.3, 73.6, 72.3, 55.4,
54.6,50.6, 36.51, 48.6, 36.5, 22.2. HRMS (ESI): calculated for C23H20NgO3 [M+H]* 465.2363,
found 465.2372.
4-((((2R,3S,4R,5R)-5-(6~amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoic acid (21f). Following the procedure
described for compound 13a, compound 20f (50 mg, 0.085 mmol) was deprotected and purified,
affording compound 21f as a white powder (37 mg, 71% yield). 1H NMR (CDsOD) & 8.44 (s, 1H),
8.34 (s, 1H), 6.87 (d,J = 15.8 Hz, 1H), 6.51 — 6.43 (m, 1H), 6.16 (d,J = 3.7 Hz, 1H), 4.74 (t,J =
4.1Hz, 1H),4.55(d,J=6.9 Hz, 2H),4.13(d,J= 7.4 Hz, 2H), 3.37 (dd, J= 9.5, 6.9 Hz, 2H), 2.47
(t,J = 6.8 Hz, 2H), 2.11 — 2.02 (m, 2H). 13C NMR (101 MHz, CDsOD) 6 178.8, 151.1, 147.5,
139.7, 139.2, 132.3, 127.3, 120.5, 118.1, 112.3, 95.4, 78.3, 73.4, 72.3, 57.9, 52.9, 32.6, 22.2.
HRMS (ESI): calculated for C24H2sN7Os [M+H]*+ 494.2152, found 494.2160.
5-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl)((E)-3-(4-cyanophenyl)allyl)Jamino)pentanoic acid (21g). Following the procedure
described for compound 13a, compound 20g (50 mg, 0.083 mmol) was deprotected and purified,
affording compound 21g as a white powder (39 mg, 75% yield). 1H NMR (400 MHz, CDsOD) &
8.45 (s, 1H), 8.33 (s, 1H), 7.71 (d, J = 8.0 Hz, 2H), 7.52 (br s, 2H), 6.85 (brd, J = 15.7 Hz, 1H),
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6.48 - 6.41 (m, 1H), 6.17 (d, J=4.3 Hz, 1H), 4.59 — 4.48 (m, 2H), 4.12 (d,J= 7.3 Hz, 2H), 3.86
—3.81 (brm, 1H), 3.68 — 3.65 (brd, J = 12.2 Hz, 1H), 2.38 (t,J = 7.0 Hz, 2H), 1.86 (t,J = 7.8
Hz, 1H), 1.70 - 1.63 (m, 2H). 13C NMR (101 MHz, CDsOD) § 171.7,139.1, 138.6, 131.7, 119.9,
118.0, 111.9, 91.1, 73.4, 72.2, 55.1, 53.0, 31.7, 23.0, 20.7. HRMS (ESI): calculated for
Ca5H30N705 [M+H]* 508.2308, found 508.2317.

4-((E)-3-((((2R,3S,4R,5R)-5-(6~amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl) ((6-oxo0-1,6-dihydropyridin-2-yl)methyl)amino)prop-1-en-1-yl)benzonitrile (21h).
Following the procedure described for compound 13a, compound 20h (50 mg, 0.082 mmol) was
deprotected and purified, affording compound 21h as a white powder (25 mg, 59% yield). \H NMR
(400 MHz, CD3OD) & 8.43 (s, 1H), 8.26 (s, 1H), 7.64 (d, J = 8.4 Hz, 2H), 7.57 (dd, J = 8.8, 7.0
Hz, 1H), 7.46 (d,J = 8.4 Hz, 2H), 6.79 - 6.69 (m, 2H), 6.57 — 6.43 (m, 2H), 6.14 (d, J = 3.1 Hz,
1H), 4.63 (dd, J=4.9, 3.1 Hz, 1H), 4.58 — 4.49 (m, 2H), 4.35 (s, 2H), 4.13 — 4.00 (m, 2H), 3.76
—3.57 (m, 2H). BCNMR (101 MHz, CDsOD) 6 164.1, 150.9, 148.0, 144.3, 143.3, 141.4, 137.3,
132.3,127.1,122.2,119.8,118.2,117.8,115.8,114.9,112.3,111.5,91.2,79.4,73.7,72.3, 56.1,
55.4,55.1. HRMS (ESI):) calculated for C26H27NgO4 [M+H]* 515.2155, found 515.2164.

4-((E)-3-((((2R,35,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl) amino)prop-1-en-1-yl)benzonitrile (21i). Following the procedure described for
compound 13a, compound 18 (50 mg, 0.11 mmol) was deprotected and purified, affording
compound 21i as a white powder (30 mg, 52% yield). tH NMR (500 MHz, CD30D) 6 8.49 (s, 1H),
8.38 (s, 1H), 7.69 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 15.9 Hz, 1H), 6.49 —
6.40 (m, 1H), 6.15 (d, J = 4.6 Hz, 1H), 4.83 (d, J = 4.9 Hz, 2H), 4.50 (t, J = 5.1 Hz, 1H), 4.47 -
4.43 (m, 1H), 3.95(d, J=7.2 Hz, 2H), 3.66 — 3.61 (br m, 1H), 3.56 — 3.53 (br m, 1H). 13C NMR
(126 MHz,CDs0OD) 6 161.3,150.8, 148.3,140.3,136.7,132.5,128.3,122.2,119.7,118.6, 108.9,
90.6, 80.3, 73.7, 71.9, 50.7. HRMS (ESI): calculated for C20H22N703 [M+H]+408.1784, found
408.1792.

4-((E)-3-((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl) (methyl)amino)prop-1-en-1-yl)benzonitrile (21j). Following the procedure described
for compound 13a, compound 20j (50 mg, 0.11 mmol) was deprotected and purified, affording
compound 21j as a white powder (37 mg, 64% yield). 'H NMR (400 MHz, CD30D) 6 8.46 (s, 1H),
8.37 (s, 1H), 7.73 (d, J = 8.3 Hz, 2H), 7.59 (d, J = 8.0 Hz, 2H), 6.94 — 6.90 (br d, J =16.0, 1H),
6.53 - 6.45 (m, 1H), 6.16 (d,J = 4.2 Hz, 1H), 4.81 — 4.76 (m, 1H), 4.59 — 4.46 (m, 2H), 4.09 (d,
J=5.0Hz, 2H), 3.84 (brt, J=9.0 Hz, 1H), 3.63 - 3.61 (brd, J = 8.0 Hz, 1H), 3.00 (s, 3H). 13C
NMR (101 MHz, CDsOD) 6 151.82,148.9,139.7,138.7,132.3,127.8,118.05,111.1,89.5,78.7,
73.3,72.2,56.9. HRMS (ESI): calculated for C21H24N7O3 [M+H]* 422.1941, found 422.1945.
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4-((E)-3-((((2R,3S,4R,5R)-5-(6~amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl) (isopropyl)amino)prop-1-en-1-yl)benzonitrile (21k). Following the procedure
described for compound 13a, compound 20k (50 mg, 0.10 mmol) was deprotected and purified,
affording compound 21k as a white powder (32 mg, 69% yield). 1H NMR (500 MHz, CD30OD) &
8.34 (s, 1H), 8.28 (s, 1H), 7.62 (d, J = 8.2 Hz, 2H), 7.44 (d, J = 6.9 Hz, 2H), 6.82 (d, J = 8.9 Hz,
1H), 6.44 — 6.38 (m, 1H), 6.12 — 6.10 (m, 1H), 4.64 (dd, J = 5.3, 3.2 Hz, 1H), 4.58 — 4.53 (m,
2H), 4.47 - 4.43 (m, 1H), 4.07 (d, J = 8.1 Hz, 2H), 3.89 - 3.81 (m, 1H), 3.69 (d, J = 4.2 Hz, 2H),
1.44(d,J = 6.6 Hz, 3H), 1.41 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CD30D) 6 161.9, 161.6,
161.2, 160.8, 142.9, 139.8, 132.3, 119.7, 118.1, 115.1, 111.7, 91.3, 73.7, 72.1, 51.7. HRMS
(ESI): calculated for C23H2sN703 [M+H]+ 450.2254, found 450.2262.

(E)-4-(3-(methylamino)prop-1-en-1-yl)benzonitrile (22b). Aldehyde 15u (157 mg, 1.0
mmol), 5 mL methylamine in MeOH (33% w/w), NaBH(OAc)s (57 mg, 1.5 mmol) and AcOH (one
drop) were added to DCE (10 mL) in a sealed tube and the mixture was stirred at room temperature
overnight. The reaction was quenched by adding 1 N NaOH (10 mL), and the product was extracted
with CH2Cl2. The combined organic layers were washed with brine and dried over Na2SOa4. The
solvent was evaporated, and the crude product was purified by column chromatography (20%
MeOH in EtOAc) to give compound 22b as a white powder (72 mg, 42% yield). 'H NMR (400
MHz, CD30OD) 6 7.76 (d,J = 8.6 Hz, 2H), 7.68 (d, J= 8.7 Hz, 2H), 6.97 — 6.93 (brd, J = 12.0 Hz,
1H), 6.52 — 6.45 (m, 1H), 3.85 (dd, J = 7.1, 1.3 Hz, 2H), 2.77 (s, 3H). 13C NMR (101 MHz,
CDsOD) 6 140.1, 136.5,132.4,127.3,122.2,118.1, 111.7, 50.0, 31.5. HRMS (ESI): calculated
for C11H13N2 [M+H]* 173.1079, found 173.1084.

tert-butyl (S,E)-2-((tert-butoxycarbonyl)amino)-4-((3-(4-
cyanophenyl)allyl)amino)butanoate (23a). Following the procedure described for compound 12a,
coupling (E)-4-(3-aminoprop-1-en-1-yl)benzonitrile 22a (35 mg, 0.22 mmol) with tert-butyl (S)-
2-((tert-butoxycarbonyl)amino)-4-oxobutanoate 10 (55 mg, 0.20 mmol) afforded compound 23a
as a white powder (40 mg, 48% yield).!H NMR (400 MHz, CDCls) § 7.57 (d, J = 8.3 Hz, 2H), 7.43
(d,J=8.3Hz,2H), 6.56 — 6.52 (brd,J=16.0 Hz, 1H), 6.45 - 6.35 (m, 1H), 5.57 (d, /= 8.1 Hz,
1H), 4.30 — 4.18 (m, 1H), 3.48 — 3.40 (m, 2H), 2.76 — 2.67 (m, 2H), 2.04 - 1.92 (m, 2H), 1.81 -
1.75 (m, 1H), 1.45 — 1.42 (m, 18H). 13C NMR (101 MHz, CDCl3) § 171.9, 155.7, 141.7, 132.4,
129.5,126.8,119.0, 110.5, 81.9, 79.6, 52.6, 51.5, 45.4, 32.9, 28.4. HRMS (ESI): calculated for
Co3H34N304 [M+H]* 416.2549, found 416.2563.

tert-butyl (S,E)-2-((tert-butoxycarbonyl)amino)-4-((3-(4-cyanophenyl)allyl)(methyl)amino)
butanoate (23b). Following the procedure described for compound 12a, coupling (E)-4-(3-
(methylamino)prop-1-en-1-yl)benzonitrile 22b (34 mg, 0.20 mmol) with tert-butyl (S)-2-((tert-
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butoxycarbonyl)amino)-4-oxobutanoate 10 (66 mg, 0.24 mmol) afforded compound 23b as a
white powder (66 mg, 77% yield).!H NMR (400 MHz, CDCls) § 7.59 (d, J = 8.3 Hz, 2H), 7.46 (d,
J=8.2Hz, 2H),6.53(d,J=16.0 Hz, 1H), 6.46 — 6.34 (m, 1H), 5.83 (d,/=7.9 Hz, 1H), 4.23 (d,
J=6.4Hz, 1H), 3.26 — 3.21 (m, 1H), 3.14 — 3.09 (m, 1H), 2.58 — 2.49 (m, 1H), 2.44 — 2.38 (m,
1H), 2.26 (s, 3H), 2.07 — 1.97 (m, 1H), 1.87 — 1.79 (m, 1H), 1.46 — 1.42 (br m, 18H).13C NMR
(101 MHz, CDCls) § 171.7, 156.9, 141.5,132.4,131.8, 130.8, 126.9, 119.0, 110.6, 81.7, 79.5,
60.2, 53.6, 53.3, 42.3, 28.4, 28.0. HRMS (ESI): calculated for C24H3sN304 [M+H]* 430.2706,
found 430.2715.

(S,E)-2-amino-4-((3-(4-cyanophenyl)allyl)amino)butanoic acid (24a). Following the
procedure described for compound 13a, compound 23a (20 mg, 0.048 mmol) was deprotected and
purified, affording compound 24a as a white powder (14 mg, 76% yield). 1H NMR (400 MHz,
CDsOD) 6 7.75(d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 15.9 Hz, 1H), 6.54 —
6.47 (m, 1H), 4.10 (dd, J = 8.1, 5.3 Hz, 1H), 3.91 (d, J = 8.3 Hz, 2H), 3.43 — 3.35 (m, 1H), 2.45
—2.21 (m, 2H). 3CNMR (101 MHz, CD30OD) 6 169.4, 144.8, 136.5, 131.3, 127.8, 126.2, 122.5,
118.0, 114.1, 111.7, 50.7, 48.7, 42.8, 28.7. HRMS (ESI): calculated for C14H1sN302 [M+H]*
260.1399, found 260.1408.

(S,E)-2-amino-4-((3-(4-cyanophenyl)allyl)(methyl)amino)butanoic acid (24b). Following
the procedure described for compound 13a, compound 23b (13 mg, 0.046 mmol) was deprotected
and purified, affording compound 24b as a white powder (9 mg, 72% yield). 1H NMR (400 MHz,
CDsOD 6 7.76 (d,J = 8.6 Hz, 2H), 7.71 (d, J = 8.5 Hz, 2H), 7.04 — 7.00 (br d, J = 15.8 Hz, 1H),
6.62 - 6.51 (m, 1H), 4.13 (dd, J = 8.0, 5.3 Hz, 1H), 4.06 (d, J = 7.3 Hz, 2H), 3.53 — 3.30 (br m,
2H), 2.96 (s, 3H), 2.53 — 2.42 (m, 1H), 2.41 — 2.30 (m, 1H). 13C NMR (101 MHz, CD30OD) &
171.7,143.8,140.9,138.7,132.3,127.5,120.3,117.0,115.1, 110.6, 54.9, 53.0, 50.8, 39.3, 23.8.
HRMS (ESI): calculated for C1sH20N302 [M+H]* 274.1556, found 274.1561.

tert-butyl (25)-4-((((3 3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][ 1,3]dioxol-4-yl)methyl)(4-cyanobenzyl)amino)-2-((tert-
butoxycarbonyl) amino)butanoate (25a). Following the procedure described for compound 12a,
coupling compound 11 (112 mg, 0.20 mmol) with 4-formylbenzonitrile (31 mg, 0.24 mmol)
afforded protected intermediate 25a as a white powder (79 mg, 50% yield). 1H NMR (500 MHz,
CDCl3) 6 8.14 (s, 1H), 7.86 (s, 1H), 7.46 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 6.42 (s,
2H), 6.03 (s, 1H), 5.43 - 5.37 (m, 2H), 4.93 (dd, J = 6.5, 3.6 Hz, 1H), 4.38 — 4.33 (m, 1H), 4.21
- 4,17 (m, 1H), 3.69 — 3.53 (m, 2H), 2.82 — 2.67 (m, 2H), 2.65 — 2.48 (m, 2H), 2.00 — 1.96 (br
m, 1H),1.77-1.71 (brm, 1H), 1.59 (s, 3H), 1.43 = 1.37 (brm, 21H). 13C NMR (126 MHz, CDCls)
6 175.4,171.7, 155.7, 148.9, 132.1, 129.3, 120.1, 119.0, 115.8, 109.5, 90.8, 85.7, 84.0, 83.5,
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59.4, 52.7, 50.73, 29.8, 28.4, 27.2, 25.5. HRMS (ESI): calculated for C34H47NgO7 [M+H]*
679.3568, found 679.3571.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(4-cyanobenzyl)amino)butanoic acid (25). Following the procedure described for
compound 13a, compound 25a (50 mg, 0.074 mmol) was deprotected and purified, affording
compound 25 as a white powder (33 mg, 75% yield). 1H NMR (500 MHz, CD30D) & 8.40 (s, 1H),
8.34 (s, 1H),7.69 (d,J = 8.5 Hz, 2H), 7.64 (d, J = 8.6 Hz, 2H), 6.11 (d,J = 3.2 Hz, 1H), 4.60 (dd,
J=5.3,3.3 Hz, 1H), 4.48 - 4.40 (m, 3H), 4.33 (brd, J = 13.7 Hz, 1H), 3.98 (dd, /= 7.9, 5.1 Hz,
1H), 3.53 - 3.37 (m, 4H), 2.39 — 2.33 (m, 1H), 2.22 — 2.18 (m, 1 H). 13C NMR (126 MHz, CD30D)
6172.2,161.2,151.5,147.8,132.4,128.0,119.6,118.3,112.8,90.8,79.4,73.1,70.9,57.3,55.1,
51.7, 51.0, 39.1, 25.5. HRMS (ESI): calculated for Co4H27NsOs [M+H]+ 483.2104, found
483.2115.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)(3-(4-cyanophenyl)propyl)amino)-2-
((tert-butoxy carbonyl)amino)butanoate (26a). Following the procedure described for compound
12a, coupling compound 11 (112 mg, 0.20 mmol) with 4-(3-oxopropyl)benzonitrile (38 mg, 0.24
mmol) afforded protected intermediate compound 26a as a white powder (80 mg, 57% yield). H
NMR (400 MHz, CDCl3) 6 8.30 (s, 1H), 7.92 (s, 1H), 7.54 (d,J= 8.1 Hz, 2H), 7.22 (d, J = 8.2 Hz,
2H), 6.24 (brs, 2H), 6.07 (d, J = 1.7 Hz, 1H), 5.76 (d, J = 8.0 Hz, 1H), 5.52 (d, J = 6.0 Hz, 1H),
5.02 (s, 1H),4.32 —4.28 (m, 1H), 4.20 — 4.14 (m, 2H), 3.01 — 2.73 (m, 2H), 2.67 — 2.57 (m, 4H),
2.50 — 2.34 (m, 3H), 2.16 — 1.88 (m, 2H), 1.75 — 1.64 (m, 3H), 1.62 (s, 3H), 1.48 — 1.38 (br m,
21H). 13C NMR (101 MHz, CDCls) § 171.9, 153.1, 149.2, 148.0, 140.3, 132.2, 129.2, 120.4,
119.2,114.4, 109.6, 90.9, 85.7, 83.9, 83.4, 81.7, 79.5, 60.4, 54.0, 53.7, 53.0, 52.6, 50.9, 42.1,
33.6, 30.8, 29.3, 28.4, 28.2, 27.2, 25.5, 20.0, 14.3. HRMS (ESI): calculated for C3sH51NgO7
[M+H]*707.3881, found 707.3882.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(3-(4-cyanophenyl)propyl)amino)butanoic acid (26). Following the procedure
described for compound 13a, compound 26a (50 mg, 0.071 mmol) was deprotected and purified,
affording compound 26 as a white powder (35 mg, 79% yield). 1H NMR (400 MHz, CDsOD) &
8.47 (s, 1H), 8.38 (s, 1H), 7.61 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 6.12 (d, J = 3.9 Hz,
1H),4.70 (t,J = 4.3 Hz, 1H), 4.50 — 4.43 (m, 2H), 4.08 (dd, J = 8.2,4.7 Hz, 1H), 3.84 — 3.78 (m,
1H), 3.71 - 3.67 (brd,J =16.0 Hz, 1H), 3.64 — 3.47 (m, 2H), 2.81 — 2.68 (m, 2H), 2.47 — 2.38
(m, 1H), 2.30 — 2.22(m, 1H), 2.07 (h, J = 7.4 Hz, 2H). 13C NMR (101 MHz, CD30D) & 170.2,
161.9,161.5,161.2,160.8,151.6,148.3,146.1,145.4,142.8,132.1,129.1,119.6,118.4,115.1,
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109.9, 90.6, 78.7, 73.3, 72.2, 54.9, 51.1, 31.9, 24.7, 24.3. HRMS (ESI): calculated for
C24H31NgOs [M+H]* 511.2417, found 511.2425.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)(3-(3-cyanophenyl)prop-2-yn-1-
yl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (27a). Following the procedure described for
compound 12a, coupling compound 11 (112 mg, 0.20 mmol) with 3-(3-oxoprop-1-yn-1-
yDbenzonitrile (37 mg, 0.24 mmol) afforded protected intermediate compound 27a as a white
powder (90 mg, 64% yield). 1H NMR (400 MHz, CDCls3) 6 8.31 (s, 1H), 7.99 (s, 1H), 7.63 (s, 1H),
7.55(dd,J=7.7,2.1 Hz, 2H), 7.39 (t,J = 7.8 Hz, 1H), 6.34 (d, J = 11.2 Hz, 2H), 6.09 (d, J = 2.3
Hz, 1H), 5.64 — 5.49 (br m, 2H), 5.08 — 5.00 (m 1H), 4.42 — 4.23 (m, 2H), 3.66 (s, 2H), 2.91 -
2.86 (m, 1H), 2.81 — 2.73 (br m, 1H), 2.65 (t,J = 6.9 Hz, 2H), 2.02 - 1.96 (m, 1H), 1.87 - 1.80
(m, 1H), 1.62 (s, 3H), 1.50 — 1.35 (brm, 21H). 13CNMR (101 MHz, CDCl3) § 175.9, 171.7,155.8,
155.5,153.0,149.2,140.1,135.83,135.8,135.1,131.4,129.2,124.5,120.2,118.1,114.5,112.8,
86.8, 85.7, 83.9, 83.4, 55.6, 52.67,50.6, 43.5, 29.7, 28.4, 28.0, 27.2, 25.5. HRMS (ESI):
calculated for C36H47NsO7 [M+H]+703.3568, found 703.3582.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(3-(3-cyanophenyl)prop-2-yn-1-yl)amino)butanoic acid (27). Following the
procedure described for compound 13a, compound 27a (50 mg, 0.074 mmol) was deprotected and
purified, affording compound 27 as a white powder (33 mg, 73% yield). 'H NMR (500 MHz,
CDsOD) 6 8.48 (s, 1H), 8.38 (s, 1H), 7.83 (t,J = 1.3 Hz, 1H), 7.78 — 7.75 (m, 1H), 7.74 - 7.72
(m, 1H),7.59 = 7.55 (m, 1H), 6.14 (d,J = 4.1 Hz, 1H), 4.74 — 4.71 (m, 1H), 4.50 — 4.46 (m, 1H),
4.44 (t,J =5.4 Hz, 1H), 4.23 (s, 2H), 4.13 (t, J = 6.4 Hz, 1H), 3.60 — 3.49 (m, 2H), 3.40 (t, J =
6.9 Hz, 2H), 2.42 — 2.35 (m, 1H), 2.24 — 2.17 (m, 1H). 3C NMR (126 MHz, CD30D) § 170.3,
161.0,160.8,151.2, 148.4, 135.8, 134.9, 132.4, 129.6, 123.1, 119.6, 117.4, 115.2, 112.8, 90.3,
86.1, 81.44, 80.2, 73.7, 72.2, 55.9, 51.7, 51.1, 42.7, 25.6. HRMS (ESI): calculated for
Co4H27NsOs [M+H]* 507.2104, found 507.2108.

tert-butyl (2S)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6~amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)(3-(4-cyanophenyl)prop-2-yn-1-
yl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (28a). Following the procedure described for
compound 12a, coupling compound 11 (112 mg, 0.20 mmol) with 4-(3-oxoprop-1-yn-1-
yDbenzonitrile (37 mg, 0.24 mmol) afforded protected intermediate compound 28a as a white
powder (104 mg, 74% yield). 1H NMR (500 MHz, CDCls) 6 8.32 (s, 1H), 7.96 (s, 1H), 7.56 (s,
2H), 7.40 (d, J = 8.4 Hz, 2H), 6.09 (d, J = 9.8 Hz, 3H), 5.57 (d, J = 8.2 Hz, 1H), 5.50 (d, J = 8.7
Hz, 1H), 5.09 - 4.99 (m, 1H), 4.43 — 4.36 (m, 1H), 4.25 - 4.23 (m, 1H), 3.66 (d, J = 2.9 Hz, 2H),
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2.90-2.75(m, 2H), 2.64 (t,J = 6.9 Hz, 2H), 2.01 — 1.97 (m, 1H), 1.85 - 1.80 (m, 1H), 1.61 (s,
3H), 1.45 - 1.38 (brm, 21H). 13C NMR (126 MHz, CDCl3) § 171.7, 154.5, 153.1, 150.6, 132.3,
132.0,129.0,120.9,118.5,113.9,110.2,90.9,89.0, 85.8,83.2,81.9,80.2,55.2,50.6,42.1, 30.1,
28.4, 28.1, 27.2, 25.5. HRMS (ESI): calculated for C3sH47NgO7 [M+H]* 703.3568, found
703.3577.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(3-(4-cyanophenyl)prop-2-yn-1-yl)amino)butanoic acid (28). Following the
procedure described for compound 13a, compound 28a (50 mg, 0.074 mmol) was deprotected and
purified, affording compound 28 as a white powder (36 mg, 81% yield). 'H NMR (500 MHz,
CDsOD) 6 8.48 (s, 1H), 8.37 (s, 1H), 7.73 (d, J = 8.6 Hz, 2H), 7.59 (d, J = 8.6 Hz, 2H), 6.13 (d, J
=4.1Hz, 1H),4.74 - 4.71 (m, 1H), 4.48 — 4.41 (m, 2H), 4.19 (s, 2H), 4.12 (t, J = 6.4 Hz, 1H),
3.53-3.42(m, 2H),3.35(d,J=6.5Hz,2H),2.39 - 2.32 (m, 1H), 2.20 — 2.13 (m, 1H). 3C NMR
(126 MHz,CDsOD) § 170.5, 161.0, 151.50, 148.4,132.1,126.6,117.8,115.3,112.2,90.2, 86.2,
84.2,73.7,72.2,55.9,52.2,51.1, 42.7, 25.8. HRMS (ESI): calculated for C24H27NgOs [M+H]*
507.2104, found 507.2113.

tert-butyl (29)-4-((E)-N-(((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-
dimethyl-tetrahydrofuro[3,4-d][ 1,3]dioxol-4-yl)methyl)-3-(4-cyanophenyl)acrylamido)-2-((tert-
butoxy carbonyl)amino)butanoate (29a) To a stirred solution of (E)-3-(4-cyanophenyl)acrylic acid
(35 mg, 0.20 mmol) in CH2Cl2 (10 mL) under N2 atmosphere were added BOP (97 mg, 0.22 mmol),
compound 11 (112mg, 0.20 mmol) and EtsN (0.1 mL) sequentially. The resulting reaction mixture
was then stirred for 16 hours at room temperature. After washing with 5% KHSO4 (2 x 80 mL), 5%
NaHCOs (2 x 80 mL), and H20 (80 mL), the organic phase was dried over Na2SOa4. The solvent
was evaporated, and the crude product was purified by column chromatography (5% MeOH in
EtOAc) to give protected intermediate compound 29a as a white powder (83 mg, 58% yield). 1H
NMR (400 MHz, CDCl3) 6 8.32 (d, J = 8.1 Hz, 1H), 7.93 (d, J = 43.7 Hz, 1H), 7.73 — 7.59 (m,
2H),7.52 - 7.36 (m, 2H), 7.08 — 6.87 (m, 2H), 6.76 (s, 1H), 6.70 — 6.47 (m, 1H), 6.07 (d, J = 9.4
Hz, 1H), 5.63 — 5.47 (brm, 1H), 5.27 (d, J = 6.4 Hz, 1H), 5.17 = 5.12 (m, 1H), 4.27 — 3.80 (m,
3H), 3.70 - 3.66 (brd, J = 16.0 Hz, 1H), 3.60 — 3.13 (m, 2H), 2.11 (s, 1H), 1.61 (d, J = 10.2 Hz,
3H), 1.46 — 1.36 (br m, 21H) 13C NMR (101 MHz, CDCl3) § 175.7, 141.4, 166.2, 155.0, 153.1,
140.2, 139.5, 132.5, 128.5, 127.6, 124.8, 121.5, 118.7, 90.6, 89.9, 84.7, 81.8, 52.2, 50.5, 43.4,
28.4,28.0, 25.5. HRMS (ESI): calculated for C3sH47NsOs [M+H]*719.3517, found 719.3524.

(S)-2-amino-4-((E)-N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydro-furan-2-yl)methyl)-3-(4-cyanophenyl)acrylamido)butanoic ~ acid  (29).

Following the procedure described for compound 13a, compound 29a (50 mg, 0.070 mmol) was
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deprotected and purified, affording compound 29 as a white powder (18 mg, 49% yield). 1H NMR
(400 MHz, CDs0D) 6 8.40 (s, 1H), 8.32 (s, 1H), 7.68 (d, /= 8.4 Hz, 2H), 7.46 (d,J = 6.7 Hz, 2H),
7.43-7.39 (brd,J=16.0, 1H), 7.18 (brs, 1H), 6.09 — 6.04 (m, 1H), 4.69 — 4.63 (m, 2H), 4.39
—4.25 (m, 1H), 4.07 - 4.01 (m, 2H),3.97 (dd, /= 7.7, 5.4 Hz, 1H), 3.89 — 3.82 (m, 1H), 3.74 -
3.63 (m, 1H), 2.40 — 2.35 (m, 1H), 2.27 — 2.20(m, 1H). 13C NMR (101 MHz, CD30D) 6 170.0,
168.4,162.5,151.6, 148.3, 140.1, 139.3, 133.2, 127.9, 121.2, 117.96, 112.52, 90.6, 82.5, 72.5,
70.9, 50.2, 42.6, 27.9. HRMS (ESI): calculated for C24H27NsOs [M+H]* 523.2054, found
523.2061.

tert-butyl (25)-4-((((3aR,3aR,4R,6R,6aR,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetra-hydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)(3-(4-carbamoylphenyl)prop-2-yn-1-
yl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (31a). Following the procedure described for
compound 16v, compound 28a was oxidized to afford protected intermediate compound 31a as a
white powder (109 mg, 82% yield). 1H NMR (400 MHz, CDCls) 6 8.31 (s, 1H), 7.99 (s, 1H), 7.76
(d,J=8.3Hz,2H),7.38 (d, J = 8.2 Hz, 2H), 6.47 (s, 2H), 6.18 (s, 2H), 6.10 (s, 1H), 5.62 (d, J =
8.0 Hz, 1H), 5.,51 (d, J = 5.7 Hz, 1H), 5.12 — 5.03 (m, 1H), 4.43 (s, 1H), 4.32 — 4.21 (m, 1H),
3.67 (s, 2H), 2.92 — 2.80 (m, 2H), 2.69 — 2.63 (m, 2H), 1.99 (d, J = 5.5 Hz, 1H), 1.87 — 1.82 (br
m, 1H), 1.64 (s, 3H), 1.44 - 1.42 (br d, J = 8.0 Hz, 21H). 13C NMR (101 MHz, CDCl3) § 171.8,
169.0,155.6,153.0,149.2,140.2,132.7,131.8,127.4,120.3,114.5,90.9, 86.8, 86.0, 83.0, 83.3,
55.7, 52.8, 50.7, 28.4, 28.0, 27.2, 25.50. HRMS (ESI): calculated for C3cH51NgOs [M+H]*
723.3830, found 723.3841

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methyl)(3-(4-carbamoylphenyl)prop-2-yn-1-yl)amino)butanoic acid (31). Following the
procedure described for compound 13a, compound 31a (50 mg, 0.074 mmol) was deprotected and
purified, affording compound 31 as a white powder (34 mg, 80% yield). 1H NMR (400 MHz,
CDs0D) 6 8.59 (s, 1H), 8.32 (s, 1H), 7.87 (d, J = 8.5 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 6.20 (d, J
=4.8 Hz, 1H),4.79 (t,J = 4.8 Hz, 1H), 4.61 (dd, J = 7.9, 4.6 Hz, 1H), 4.50 (t, J = 4.9 Hz, 1H),
4.44(s,2H),4.20 (dd,J=8.1,4.7 Hz, 1H), 3.85 - 3.68 (m, 2H), 3.67 — 3.53 (m, 2H), 2.57 - 2.48
(m, 1H), 2.35-2.22 (m, 1H). 33C NMR (101 MHz, CDsOD) 6 171.4,169.9, 162.2,161.8, 161.5,
161.1,151.2,148.3,144.9,148.3, 144.9,143.0, 134.2,127.5,124.6,121.0,119.2,118.1, 115.2,
112.3,89.9,88.4,73.7,72.2,55.7,52.1,51.8,42.3,25.3. HRMS (ESI): calculated for C24H28NsOs
[M+H]* 525.2210, found 525.2223.

Enzymatic activity assay: Expression and purification of full-length wild-type NNMT protein

(NNMTwt) were performed as previously described.30 The purity of the enzyme was confirmed
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using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie
blue staining, and NNMT identity was confirmed using SDS-PAGE and Western blotting. Catalytic
activity of the recombinant protein was evaluated with 1 unit of enzyme activity representing the
formation of 1 nmol of MNA/h of incubation. The specific activity of the batch used in the inhibitory
activity assays was 18060 units/mg of protein at a protein concentration of 0.98 mg/mL. NNMT
was used at a final concentration of 100 nM diluted in assay buffer (50 mM Tris buffer (pH 8.4)
and 1 mM dithiothreitol final concentrations). The compounds were dissolved in DMSO and
diluted with water to concentrations ranging from 1 nM to 500 uM (DMSO was kept constant at
1.25% final concentration). The compounds were screened for activity at fixed concentrations of 25
and 5 uM. When at least 50% inhibition was observed at 25 uM, full ICso curves were generated.
The compounds were incubated with the enzyme for 10 minutes at room temperature before
initiating the reaction with a mixture of NA and SAM at their Kum concentrations of 400 uM and 8.5
uM, respectively. The formation of MNA was measured after 30 minutes at room temperature. The
reaction was quenched by addition of 30 L of the sample to 70 uL of acetonitrile containing 50 nM
deuteromethylated nicotinamide (ds-MNA) as internal standard. Sample analysis was performed
using Multiple Reaction Monitoring (MRM) on an LC-MS system as previously described with
minor modifications.20 The LC-MS system consisted of a Shimadzu 8040 triple quadrupole mass
spectrometer (ESI ionization). Isocratic elution was performed after 5 pL injections on a Waters
Acquity BEH Amide HILIC column (3.0 x 100 mm, 1.7 um particle size, Waters, Milford), using
water containing 300 mM formic acid and 550 mM NH4OH (pH 9.2) at 40% v/v and acetonitrile
at 60% v/v, with a runtime of 1.7 min. Calibration samples were prepared using 70 uL of internal
standard ds-MNA at 50 nM in acetonitrile and 30 pL of an aqueous solution of reference standard
MNA with concentrations ranging from 1 to 1024 nM. All compounds exhibiting an ICso value
below 500 nM were considered tight binding inhibitors and were retested using an enzyme

concentration of 10 nM and a reaction time of 45 minutes.

Isothermal Titration Calorimetry: All binding experiments are performed using a MicroCal
PEAQ-ITC Automated microcalorimeter (Malvern). The samples are equilibrated to 20°C prior to
the measurement. The hNNMT enzyme (8.4 mg/mL in 50mM NaH2POa4, pH 8, 300mM NacCl,
200mM imidazole, 0.5mM DTT, 1mM PMSF, 20% glycerol) was diluted with 20 mM Tris HCI,
pH 7.0 to reach a final concentration of 11.4 pM. Compound 17u was diluted to a final
concentration of 114 uM in 20 mM Tris HCl, pH 7.0 with the addition of enzyme buffer to avoid
any buffer mismatch during titration. Compound 17u (114uM) was titrated into ANNMT (11.4
uM). The titrations are conducted at 25 °C under constant stirring at 750 rpm. Each binding
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experiment consisted of an initial injection of 0.4 uL followed by 18 separate injections of 2.0 uL
into the sample cell of 200 uL. The time between each injection is 150 seconds, the measurements
are performed with the reference power set at 10 pcal s and the feedback mode set at ‘high’. The
calorimetric data obtained is analyzed using MicroCal PEAQ-ITC Analysis Software Version 1.20.
ITC data fitting is made based on the “One set of sites” fitting model of the software. The best fit is
defined by chi-square minimization. All thermodynamic parameters and thermograms are reported

based on the measurements of three independent experiments.

Enzyme assays for selectivity: The PRMT4/CARM1 methyltransferase inhibition assay was
performed as previously described?® by using a commercially available chemiluminescent assay kit
for PRMT4/CARM1 (purchased from BPS Bioscience). Compound 17u was tested at
concentrations of 3.7, 11.1, 33.3 and 100 uM and no inhibition was observed at the concentrations
tested. The phenylethanolamine N-methyltransferase (PNMT) assay was developed using the
Promega MTase-Glo™ Methyltransferase Assay (purchased from Promega Corporation, US).
Compound 17u was tested at concentrations of 1 and 10 uM and less than 50% inhibition was
observed at the concentrations tested. Full details of the PNMT assay are provided below. All other

methyltransferase assays are performed as previously described.2>

PNMT selectivity assay: The phenylethanolamine N-methyltransferase (PNMT) assay was
developed using the Promega MTase-Glo™ Methyltransferase Assay (Promega Corporation, US,
#V7601). In the coupled luminescence-based assay, the enzymatic product SAH is converted into
ADP and subsequently into light.! Human recombinant PNMT was purchased from ProSpec-Tany
TechnoGene Ltd, Israel (#ENZ-457). After establishing the concentration of enzyme to use in the
assay, the Ku values for cofactor SAM and substrate (+)-norepinephrine were determined. The
measured Ku values were 2.6 uM for SAM and 5.9 uM for (+)-norepinephrine. The final conditions
of the assay were set at 125 nM PNMT, 5 uM SAM, 10 uM (+)-norepinephrine and a reaction time
of 45 minutes. The reactions were performed in half area, flat bottom, white 96 well plates (Greiner
Bio-One #675074) with a final volume of the reaction mixture of 10 pL. Inhibitors (2 uL) were pre-
incubated with the enzyme in the presence of substrate (4 uL) for 10 minutes before the
methyltransferase reaction was initiated through addition of cofactor SAM (4 pL). After 45 minutes,
the MTase Glo detection solution (10 uL) was added and incubated for 60 minutes followed by
analysis of the luminescent signal in a plate reader. Compound 17u was tested at 3.7, 11.1, 33.3

and 100 uM in duplicate.
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The luminescence data were analysed using GraphPad Prism (version 8.4.3). The
luminescence of the positive control (Lp) in each dataset was defined as 100% activity. This value
was included in the ICso graphs at a concentration of 1.5 log values below the lowest concentration
tested. The luminescence data of the negative controls (Ln) in each dataset were subtracted from
the obtained luminescence data. The percent activity in the presence of each inhibitor was
calculated according to the following equation: % activity = (L — Ln)/(Lp — Ln), where L = the
luminescence in the presence of the compound, Ln = the luminescence in the absence of the enzyme,
and Lp = the luminescence in the absence of the inhibitor. The percent activity values were plotted
as a function of inhibitor concentrations and fitted using non-linear regression analysis of the
Sigmoidal dose—response curve generated using the equation Y=100/(1+10"((LogIC50-
X)*HillSlope))). The ICso value was determined by the concentration resulting in a half- maximal

percent activity at 21.34 + 1.28 uM.

Modelling: The structure of NNMT was taken from PDB entry 6PVE27 and subsequently
prepared using the Protein Preparation Wizard in Maestro (Schrodinger, version 2020-3).
Compounds were aligned to the co-crystallized ligand using flexible ligand alignment in Maestro,
based on their chemical similarity. The generated protein-ligand complexes were used as starting
point for molecular dynamics (MD) simulations performed in the software package Q.40 This
software is tailored for different types of free energy calculations under spherical boundary
conditions, and in particular we used the QligFEP utility as a free energy perturbation (FEP)
protocol! for the generation of all input files and subsequent analysis. A 25 A radius sphere was
solvated, based on the center of geometry of the ligand. Protein atoms in the boundary of the sphere
(22-25 A outer shell) had a positional restraint of 20 kcal/mol/A2, while solvent atoms were subject
to polarization and radial restrains using the surface constrained all-atom solvent (SCAAS)#2:43
model to mimic the properties of bulk water at the sphere surface. Atoms lying outside the
simulation sphere are tightly constrained (200 keal/mol/A2 force constant) and excluded from the
calculation of non-bonded interactions. Long range electrostatics interactions beyond a 10 A cut off
were treated with the local reaction field method,* except for the atoms undergoing the FEP
transformation where no cut-off was applied. Solvent bonds and angles were constrained using the
SHAKE algorithm.#+ All titratable residues outside the sphere were neutralized and histidine
protonation states were assigned by the Protein Preparation Wizard. The OPLS-AA/M force field
45 was adopted for protein and solvent (TIP3P model) parameters, while compatible OPLS2005
ligand parameters were generated using the ffld_server4¢ and translated to Q format using QligFEP.

The simulation sphere was warmed up from 0.1 to 298 K, during a first equilibration period of 0.61
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nanoseconds, where an initial restraint of 25 keal/mol/A2 imposed on all heavy atoms was slowly
released for all complexes. Thereafter the system was subject to ten parallel replicates of
unrestrained MD, starting in all cases with a 0.25 nanosecond unbiased equilibration period using
randomized initial velocities. Thereafter the FEP protocol follows for every investigated ligand pair,
which consists of 101 FEP A-windows, where the coupling parameter A is unevenly distributed
using a sigmoidal function, each window sampled for 10 ps. In order to close a thermodynamic
cycle and calculate relative binding free energies, for each ligand pair an analogous FEP
transformation is run in parallel in a sphere of water. In these water simulations, the same
parameters apply (i.e., sphere size, simulation time, etc.), and the relative binding free energy
difference was estimated by solving the thermodynamic cycle utilizing the Bennett acceptance ratio
(BAR).#” The corresponding experimental values were extracted from the herein reported ICso

values for each ligand using equation 1:

IC50474_,, )
346, = 1 (1C50075)
Gexp 7 0 Equation (1)

where R = 1.987x10-3 kcal/mol/K, and T = 298K.

Cell culture and treatment with compounds: HSC-2 human oral cancer cell line, T24 human
bladder cancer cell line and A549 human lung cancer line were purchased from the American Type
Culture Collection (ATCC, Rockville, MD, USA), and cultured in DMEM/F12 medium,
supplemented with 10% fetal bovine serum and 50 pug/ml gentamicin, at 37 °C in a humidified 5%
COz2 incubator. Compound 17u was dissolved in DMSO at 100mM concentration. This stock
solution was then diluted in culture medium to final concentration values ranging between 1uM
and 100uM. For each sample, DMSO was kept constant at 0.1% final concentration. The day before
starting treatment, cells were seeded in 96-well plates, at a density of 2x103 cells/well. Cells were
allowed to attach overnight and then incubated with compound 17u at different final concentrations,
or with DMSO only, for 24, 48 and 72 hours. All experiments were performed in triplicate. Cell
proliferation was determined using a colorimetric assay with 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide (MTT). The MTT assay measures the conversion of MTT to
insoluble formazan by dehydrogenase enzymes of the intact mitochondria of living cells. Cell
proliferation was evaluated by measuring the conversion of the tetrazolium salt MTT to formazan
crystals upon treatment with compound 17u or DMSO only for 24, 48 and 72 hours. Briefly, cells
were incubated for 2 hours at 37 °C with 100 pl fresh culture medium containing 5ul of MTT
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reagent (5 mg/ml in PBS). The medium was removed and 200ul isopropanol were added. The
amount of formazan crystals formed correlated directly with the number of viable cells. The reaction
product was quantified by measuring the absorbance at 540nm using an ELISA plate reader.
Experiments were repeated three times. Results were expressed as percentage of the control
(control equals 100% and corresponds to the absorbance value of each sample at time zero) and
presented as mean values + standard deviation of three independent experiments performed in
triplicate. Data were analysed using GraphPad Prism (GraphPad Software, San Diego, CA).
Significant differences between groups were determined using the one-way analysis of variance

(ANOVA). A p-value <0.05 was considered statistically significant.

Parallel Artificial Membrane Permeability Assay

The PAMPA assay was carried out with a Corning® BioCoat™ Pre-coated PAMPA Plate
System (cat. 353015). The stock solutions were prepared at 10 mM concentration in DMSO and
diluted with PBS to achieve a final sample concentration of 200 uM (2% DMSO (v/v)). The bottom
plate (donor) was filled with 300 uL of diluted sample solution, while the top plate (acceptor,
containing the synthetic phospholipid membrane) was filled with 200 pL of PBS. The acceptor plate
was then placed on the donor plate and the system incubated for 5 h at 25 °C. The plate sandwich
was separated, and the concentrations of samples in both the donor and acceptor compartments

were evaluated by means of UV spectrometry using a Tecan plate reader set at 280 nM.
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Chapter 4

Abstract

A recently discovered NNMT inhibitor with single digit nanomolar ICso values (compound
17u from Chapter 3) was found to be highly potent in biochemical assays but lacking in cellular
activity. In order to translate the observed potent inhibitory activity into strong cellular activity, a
prodrug strategy was investigated. This prodrug strategy focused on the temporary protection of
the amine and carboxylic acid moieties of the highly polar amino acid side chain present in
bisubstrate inhibitor 17u. The modification of the carboxylic acid into a range of esters in the
absence or presence of a trimethyllock (TML) protecting group at the amine group yielded a range
of candidate prodrugs. Based on stability in buffers combined with conformed esterase-dependent
conversion to the parent compound, the isopropyl ester was selected as the preferred acid prodrug.
The isopropyl ester and isopropyl ester-TML prodrugs demonstrated improved cell permeability,
which importantly also translated into significantly enhanced cellular activity in assays designed to

measure the enzymatic activity of NNMT in live cells.
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1. Introduction

Nicotinamide N-methyltransferase (NNMT) is a small molecule methyltransferase enzyme
responsible for the conversion of nicotinamide (NA, vitamin b3) to 1-methylnicotinamide (MNA).
NNMT utilizes the cofactor S-adenosyl-L-methionine (SAM) as a methyl donor, which is converted
to S-adenosyl-L-homocysteine (SAH) upon methylation of nicotinamide.! Under normal
physiological conditions, NNMT is mainly expressed in the liver and in adipose tissue.2 One of the
primary roles of NNMT is the detoxification of xenobiotics. This function is achieved through
NNMT's broad substrate recognition that allows for the methylation of different metabolites,
including pyridines, quinolines, and other related heterocyclic aromatics.3

The overexpression of NNMT has been described in a wide variety of tissues and diseases,
generally with detrimental effects. Elevated NNMT activity in cancer has been correlated with
tumour aggressiveness and is proposed to promote migration, invasion, proliferation, leading to its
potential a biomarker predictive of worsened clinical outcomes.#-11 The overexpression of NNMT
has been shown to cause depletion of the cellular pool of SAM, distorting the SAM/SAH balance,
subsequently leading to a hypomethylated state with downstream effects on gene expression
beneficial for tumour growth and metastasis.!2 This process is supported by recent proteomics-
based research revealing NNMT to be the master regulator of the differentiation of cancer-
associated fibroblasts (CAFs).13 In another recent investigation upregulated MNA levels in the
tumour microenvironment were found to lead to the inhibition of T-cell functions resulting in their
deregulated killing capacity and increased tumour growth.14

Potent, selective, and cell-active NNMT inhibitors are valuable tools to probe the complex
regulatory functions mediated by NNMT and to also investigate a number of different
pharmacological hypotheses that suggest NNMT as a therapeutic target. Although the increase in
reports describing the roles of NNMT in disease have led to an increase in the development of
inhibitors of NNMT, to date very few cell-active inhibitors have been described. In this regard, the
bisubstrate inhibitors of NNMT pioneered by our group and others exhibit very potent enzyme
inhibition in biochemical assays but due to the polar nature of their structures, show only limited
cellular activity.15-19 Recent work in our group yielded compound 17u (see Chapter 3), which
showed an ICsp value of 3.7 nM and was found to be more potent than similar bisubstrate inhibitors
reported by other groups. However, when tested against a range of human cancer cell lines,
compound 17u only showed significant antiproliferative effects at the high concentration tested of
100 uM, more than four orders of magnitude higher than the concentration needed for enzyme
inhibition in the biochemical assay. The absence of cellular activity of compound 17u is presumably

due to the compound’s poor cell permeability which is most likely caused by the presence of two
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highly polar functional groups that are present in all of the potent bisubstrate inhibitors of NNMT;
the carboxylic acid and amine moieties of the amino acid sidechain. Notably, previous structure
activity relationship studies of the bisubstrate inhibitors revealed that both the carboxylic acid and
amine moieties of the amino acid sidechain are required for potent inhibitory activity and attempts
at replacing them with less polar bio-isosteres in all cases resulted in a significant loss of potency.

Therefore, a prodrug strategy was applied to the structure of compound 17u with the aim of
improving its cellular activity (Figure 1A). The carboxylic acid moiety was converted into a variety
of esters, which can be cleaved by cellular esterases. In the case of the amino group a different
prodrug strategy was applied. The derivatization of amines to give amides has not been widely used
as a prodrug strategy due to the high chemical stability of amide linkages20-2! and the lack of amidase
enzymes necessary for hydrolysis?2. To circumvent these problems, the trimethyl-lock (TML)
moiety?3 was selected for the prodrug form of the amine (Figure 1B). After esterase-mediated
hydrolysis of the acetyl group, the liberated hydroxyl group of the TML moiety spontaneously
cyclizes to form the corresponding lactone ring, with concomitant release of the free amine. Using
these strategies, a series of prodrugs were prepared in which either one, or both, of the ester and
TML-groups were incorporated.

To investigate the most suitable prodrug form of compound 17u, the different ester and TML
modified analogues were evaluated for their hydrolytic stability in buffer after which the most stable
prodrugs were evaluated for the esterase-mediated release of the parent compound. After
confirming the esterase mediated conversion to the active compound, the prodrugs were evaluated

for cellular activity in a range of cellular assays and compared to the activity of the parent compound.
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Figure 1. A) Prodrug strategy of compound 17u. The carboxylic acid can be masked as an ester and the amine can be
masked as an amide using the esterase-sensitive trimethyl-lock (TML). B) The mechanism of the trimethyl-lock

cleavage. Deacetylation by esterases results in subsequent spontaneous lactonization releasing the free amine.
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2. Results and Discussion

The prodrugs of parent compound 17u were prepared following the syntheses depicted in
Scheme 1 and 2. This synthetic route was developed during the investigation of structure activity
relationships of 17u and allows for the convenient modification of different parts of the molecule.
The ester building blocks were synthesised (Scheme 1) starting from the Boc-Asp(Bn)-OH 1 which
is esterified with the appropriate iodides in the presence of potassium carbonate as base to produce
compounds 2b-e, followed by the deprotection of the benzyl protecting group to obtain compounds
3b-e. Compounds 3a and 3f were commercially available. Free carboxylic acids 3a-f were then first
converted into Weinreb amides 4a-f using BOP-coupling conditions and subsequently reduced to
the corresponding aldehyde (5b-f) with DIBAL-H. Compound 4a followed a different route to
produce TML-prodrug 8a which contains the free carboxylic acid. In order to do so, the Boc group
was selectively deprotected using HCl in dioxanes to produce free amine 6a. The free amine can
then be coupled to the trimethyllock acid?4 7 with BOP and triethylamine to yield Weinreb amide
intermediate 8a followed by DIBAL reduction to form aldehyde 9a.

b
o) OH a o O,R le] O,F{

OBn NHBoc OBn NHBoc OH NHBoc

1 2b-e 3a-f

a, R = tert-butyl
b, R = methyl
¢, R = ethyl
d,
e,
f,

R = propyl
R = isopropyl
R = benzyl

TML acid (7)

Scheme 1. Synthesis of the prodrug forms of the amino acid building blocks. Reagents and conditions: (a) RT, DMF,
K>COs, rt, overnight (65-79%); (b) 10% Pd/C, MeOH, overnight (82-90%); (c) CHsNHOCH3-HCl, BOP, Et3N,
CH,Cly, 1t, 2 h (77-83%); (d) DIBAL-H (1 M in hexanes), THF, =78 °C, assumed quant; (e) HCI (4N in dioxanes),
0°Ctort, 2.25 h; (f) TML acid 7, BOP, EtsN, CH2Cly, rt, overnight, 88% over 2 steps.
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12b R, = methyl
12¢ R, = ethyl
12d R, = propyl
12e R, = isopropyl
12f R, =benzyl

14a R, =H

14b R, = methyl
14c R, =ethyl
14d R = propyl
14e R, =isopropyl
14f R, =benzyl

Scheme 2. Synthesis of prodrugs 12b-f and 14a-f. Reagents and conditions: (a) aldehydes 5b-f or 9a, NaBH(OAc)s,
AcOH, DCE, rt, overnight (34-73%); (b) TFA, CH2Cly, H20, rt, 2h (70-93%); (c) TFA, CH2Cly, rt, 2h; (d) TML
acid 7, BOP, EtsN, CH,Cly, rt, 2h (77-83%);

The aldehydes were subsequently coupled to intermediate 10 using reductive amination
conditions forming intermediates 11b-f, which can be deprotected to form ester prodrugs 12b-f
(Scheme 2). Compounds 11b-f can alternatively be selectively Boc-deprotected using TFA/DCM
to form intermediates 13b-f and subsequently coupled to trimethyllock acid 7 with BOP and
triethylamine. Compound 13a was synthesized through coupling of aldehyde 9a with compound
10. The intermediates were then deprotected under acidic conditions to yield ester-TML dual
prodrugs 14a-f. Initially, the prodrugs were tested for their residual activity in the enzymatic activity
assay. However, several prodrugs unexpectedly showed significant inhibition at fixed
concentrations of 5 and 25 uM. In order to evaluate the validity of these results, the prodrugs were
subsequently evaluated for their hydrolytic stability in both PBS buffer at pH 7.4 and Tris buffer at
pH 8.4. Both these buffers and pHs have been used in the different biochemical and cellular assays
described in this report. Compounds were dissolved in DMSO at a concentration of 40 mM and
diluted with the respective buffer to a final concentration of 1 mM. Compounds were tested directly
(to) and subsequently every 2 hours over a time period of 16 hours by HPLC. The formation of the
parent compound was evaluated and normalized by measuring the peak area at 214 nm and
comparing it to the initial timepoint. The results presented in Table 1 below show significant
hydrolysis over time for most of the ester prodrugs. Only the isopropyl ester seems to be stable
under these conditions. Interestingly, the stability of the prodrugs increased significantly in the
presence of the trimethyllock (TML) moiety at the amine position. Even for the rather labile methyl
ester 12b, the TML group in 14b results in a decrease in hydrolysis of the methyl ester. Benzyl ester
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8f was found to be the least stable and due to its poor aqueous solubility, the benzyl ester-TML dual

prodrug 14f was not evaluated further.

Table 1. Stability data of the prodrugs in Tris buffer at pH 8.4 and in PBS buffer at pH 7.4. The values indicate the

percentage of compound peak area present after 16 hours of incubation at room temperature.

HaoN CN
N)jN\>
L
kN N
o
HO N4
HO
Ester R, . Ester R, )
compound Tris PBS compound Tris PBS
(Ri=H) (R;=TML)
17u H n.a. n.a. 14a H 93.97 99.10
12b Methyl 22.59 36.97 14b Methyl 73.88 88.08
12¢ Ethyl 54.84 68.36 l4c Ethyl 87.00 90.44
12d Propyl 61.32 71.96 14d Propyl 87.52 90.30
12e Isopropyl 93.70 98.59 l4e Isopropyl 87.69 91.13
12f Benzyl 21.60 33.43 14f Benzyl n.d. n.d.

n.a. not applicable; n.d. not determined

The most stable esters were found to be the isopropyl ester (compound 12e), the trimethyllock
(compound 14a) and the isopropyl-trimethyllock dual prodrug (compound 14e). However, as
compound 14a was not found to improve the cellular activity of the parent compound (discussed
below), this compound was not evaluated further. The next step was to establish whether
compounds 12e and 14e can be converted to the parent compound in the presence of an esterase.
Using commercially available pig liver esterase (PLE), both compounds were shown to be readily
converted to the parent compound as measured by HPLC (Figure 2). Within 4 hours the prodrugs
were fully converted to the parent compound, while no hydrolysis was observed in the absence of
PLE. Of note is the sequential conversion of dual prodrug 14e in which the TML is hydrolysed first
followed by the isopropyl ester. No trace of compound 14a could be observed in which the ester is
cleaved and the TML s still in place. This finding suggests that the TML group hinders the esterase-
mediated hydrolysis of the isopropyl ester moiety and only after deacetylation of the TML moiety

followed by its spontaneous loss, can the ester moiety be cleaved by the esterase.
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60— A
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Figure 2. Esterase-mediated hydrolysis of isopropyl ester prodrug 12e (left) and isopropyl-TML dual prodrug 14e
(right). The data shows clean conversion of the prodrugs to the parent compound 17u. For the dual prodrug 14e,

conversion of the TML happens first followed by the hydrolysis of the isopropyl ester moiety.

The prodrugs shown in Table 1 were also subjected to a variety of cellular assays to screen for
the most suitable prodrug form of compound 17u. Initially, the prodrugs were tested in an MTT
assay to evaluate their effect on cell viability against three different cancer cell lines: HSC-2 (oral
cancer), T24 (bladder cancer), and A549 (lung cancer) (Figure 3). The results of these assays did
not show an appreciable effect for ester prodrugs 12b-f or TML prodrug 14a compared to parent
compound 17u. Selected dual prodrugs 14b and 14c¢ did show some activity, but only against HSC-
2 cells, which overall seemed to be the more sensitive cell-line towards NNMT inhibition compared
to the T24 and A549 cell lines. By comparison, when tested at the highest concentration evaluated
(100 uM) compound 14e did cause reduction of cell viability in a time dependent manner.

Compound 14e was then tested in a neon electroporation assay in which the cell membrane is
made highly permeable by energy pulses without killing the cells. With this technique, the effect of
poorly cell permeable compounds can be evaluated. As control measurements, cells were either
treated with DMSO alone, were not electroporated, or were treated with the parent compound 17u.
The results depicted in the bar graph in Figure 4 indicate an effect of the treatment of compounds
17u and 14e on the cell viability of the electroporated A549 cells. Again, however, the effects on cell
viability were only found at a concentration of 100uM, more than 10,000 times higher than the

activity of the parent compound in biochemical assays (ICso = 3.7 nM).
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Figure 3. MTT cell viability data presented as percentage of DMSO control in three different cancer cell lines tested

with 100uM compound after 24, 48 and 72 hours of incubation. Experiments were performed in triplicate.

Neon Electroporation

N
=)
1

Bl 17u 15K EP

Bl 14e 15K EP

I DMSO 0,5% EP
Il DMSO 0,5% N-EP

-
(3,
1

=y
o
1

o
2]

MTS absorbance 490 nm

o
=)
1

24h 48h 72h
time

Figure 4. Effect of compounds 17u and 14e on the cell viability of A549 cells after neon electroporation. Absorbance
of the water-soluble formazan product was measured at 490 nm using the MTS cell viability assay. The cell viability
after treatment with compounds 17u (blue) and 14e (red) are significantly lower than the DMSO control (green)
and non-electroporated DMSO control (purple).
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The findings from both the conventional MTT and neon electroporation assays reveal that the
prodrug inhibitors have little effect on cell viability unless tested at very high concentrations. One
explanation for these finding may be that prodrugs are not effectively entering the cells. An
alternative explanation could be that the compounds do enter the cells but that NNMT inhibition is
simply not inherently toxic to these cells. If this is the case, the impact on cell viability observed
when applying the compounds at the highest concentration tested (100 pM) could instead by
ascribed to a non-specific toxic effect.

To investigate the cellular activity of the prodrugs in a more direct manner, compounds 12b-f
and 14a-e were screened in a cellular MNA assay and compared to parent compound 17u at a fixed
concentration of 10 uM (Figure 5). In this assay the levels of MNA produced by an immortalized
human microvascular endothelial cell line (HMEC-1) are quantified using a sensitive LC-MS assay.
The results of the treatment of HMEC-1 cells with the different prodrugs show significant
improvement of cellular activity over the parent compound for all prodrugs tested except for TML
prodrug 14a. These results indicate that masking the carboxylic acid is more important to promote
cell permeability than masking the amine functionality. Of note is the comparable efficacy compared
to reference compound 6-methylamino-nicotinamide (6-MANA), for which in vivo effects have
been previously demonstrated25, and the absence of any effect for 5-amino-1-methylquinolium (5-

MQ), another reference compound used in cellular assays2°.
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Figure 5. MNA concentrations in endothelial HMEC-1 cells after 24-hour incubation with 10 M of compounds 5-
amino-methylquinolinum (5-MQ), 6-methylamino-nicotinamide (6-MANA), compound 17u or prodrug
compounds 12b-f and 14a-e.
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From this data, the best prodrugs in terms of stability and potency are compounds 12e and 14e,
corresponding to the isopropyl ester prodrugs with and without the TML group on the amine. The
study was therefore continued focusing on compounds 12e and 14e, which were further evaluated
for their effect on cellular levels of MNA in a dose-dependent manner. The results presented in
Figure 6 demonstrate that parent compound 17u and reference compound 6-MANA require higher
concentrations to substantially decrease the levels of MNA in A549 lung cancer cells. In contract,
when the isopropyl ester 12e was tested, a clear and significant decrease in MNA levels were
observed. This effect is even further enhanced by the introduction of the TML moiety as present in
compound 14e. These findings indicate that the prodrug strategy here applied was able to convert
a potent, but non-permeable inhibitor, into a compound with cellular activity. Notably, our findings
also seem to suggest that the capacity for a small molecule to inhibit NNMT in cells does not per se
lead to an impact on cell viability. This is in keeping with recent reports showing that the addition
of NNMT inhibitors to cancer associated fibroblasts do not kill the cells but rather cause a reversion

of cell morphology to one that more-closely resembles normal fibroblasts. 13
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Figure 6. Concentration of MNA in A549 cells after 24-hour treatment with compounds 6-MANA (A), 17u (B), 12e
(C) and 14e (D).
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3. Conclusion

In this report we describe a prodrug strategy to translate the potent activity of lead compound
17u found in biochemical assays into cellular activity. The prodrug strategy focussed specifically on
the amino acid functionality of the bisubstrate inhibitor. The carboxylic acid was masked as an ester
using a variety of alkyl and benzyl groups and the amine was masked using the trimethyl-lock
technology, in which the amine is masked as an amide, but can be released by an esterase. The
different combination of prodrugs led to the selection of the isopropyl ester and the isopropyl
ester/TML dual prodrug as the compounds with the most promising profile in terms of stability
and cellular activity. The prodrugs were found to have little impact on cell viability. However, when
evaluated in an assay allowing for the direct quantification of cellular MNA production, a clear dose-
dependent effect was observed. The data presented here demonstrate the suitability of a prodrug
strategy for the delivery of polar NNMT inhibitors into cells. Ongoing research is focussing on the
effect of NNMT inhibition in a range of cell systems covering oncology as well as metabolic

disorders.

4. Experimental procedures

All reagents employed were of American Chemical Society grade or finer and were used
without further purification unless otherwise stated. For compound characterization, 1H NMR
spectra were recorded at 400, 500 MHz with chemical shifts reported in parts per million downfield
relative to CHCls (7.26) or CH3OH (6 3.31).1H NMR data are reported in the following order:
multiplicity (s, singlet; d, doublet; t, triplet; g, quartet; and m, multiplet), coupling constant () in
hertz (Hz), and the number of protons. Where appropriate, the multiplicity is preceded by br,
indicating that the signal was broad. 13C NMR spectra were recorded at 101 or 126 MHz with
chemical shifts reported relative to CHCls (77.16) or CH3OH (8 49.00). High-resolution mass
spectrometry (HRMS) analysis was performed using a Q-TOF instrument. Purity was confirmed
to be =95% by LCMS performed on a Shimadzu LC-20AD system with a Shimadzu Shim-Pack
GISS-HP C18 column (3.0 x 150 mm, 3 um) at 30 °C and equipped with a UV detector monitoring
at 214 and 254 nm. The following solvent system, at a flow rate of 0.5 mL/min, was used: solvent
A, 0.1 % formic acid in water; solvent B, acetonitrile. Gradient elution was as follows: 95:5 (A/B)
for 2 min, 95:5 to 0:100 (A/B) over 13 min, 0:100 (A/B) for 2 min, then reversion back to 95:5
(A/B) over 1 min, 95:5 (A/B) for 2 min. This system was connected to a Shimadzu 8040 triple
quadrupole mass spectrometer (ESI ionization). The compounds were purified via preparative
HPLC performed on a BESTA-Technik system with a Dr. Maisch Reprosil Gold 120 C18 column
(25 x 250 mm, 10 pym) and equipped with an ECOM Flash UV detector monitoring at 214 nm.
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The following solvent system, at a flow rate of 12 mL/min, was used: solvent A: 0.1 % TFA in
water/acetonitrile 95/5; solvent B: 0.1 % TFA in water/acetonitrile 5/95. Gradient elution was as
follows: 95:5 (A/B) for 5 min, 95:5 to 0:100 (A/B) over 40 min, 0:100 (A/B) for 5 min, then
reversion back to 95:5 (A/B) over 2 min, 95:5 (A/B) for 8 min. HRMS analyses were performed
on a Shimadzu Nexera X2 UHPLC system with a Waters Acquity HSS C18 column (2.1 x 100 mm,
1.8 um) at 30°C and equipped with a diode array detector. The following solvent system, at a flow
rate of 0.5 mL/min, was used: solvent A, 0.1 % formic acid in water; solvent B, 0.1 % formic acid
in acetonitrile. Gradient elution was as follows: 95:5 (A/B) for 1 min, 95:5 to 15:85 (A/B) over 6
min, 15:85 to 0:100 (A/B) over 1 min, 0:100 (A/B) for 3 min, then reversion back to 95:5 (A/B)
for 3 min. This system was connected to a Shimadzu 9030 QTOF mass spectrometer (ESI
ionization) calibrated internally with Agilent's API-TOF reference mass solution kit (5.0 mM
purine, 100.0 mM ammonium trifluoroacetate and 2.5 mM hexakis(1H,1H,3H-
tetrafluoropropoxy)phosphazine) diluted to achieve a mass count of 10000.

Compounds 2¢?7, 2d?8, 2e29, 3¢30, 3d?8, 4als, 4h31, 432 5al” were prepared as previously

described and had NMR spectra and mass spectra consistent with the assigned structures.

4.1 Synthetic procedures

(S)-3-((tert-butoxycarbonyl)amino)-4-isopropoxy-4-oxobutanoic acid (3e). To a stirred
suspension of 4-benzyl 1-isopropyl (tert-butoxycarbonyl)-L-aspartate (2e) (1200 mg, 3.3 mmol),
10% Pd-C (120 mg) under H2 atmosphere. After completion of reaction (TLC), the mixture was
filtered through celite, and the filtrate was concentrated under vacuum to get 3e (900 mg, 99% yield)
as a colorless oil.1H NMR (400 MHz, CDCl3) § 5.55(d,J=8.4 Hz, 1H), 5.11 - 5.03 (m, 1H), 4.54
—4.50 (m, 1H), 3.05 (dd, J=17.4,4.5 Hz, 1H), 2.99 (s, 2H), 2.91 (s, 2H), 2.85 (dd, /= 17.3, 4.3
Hz, 1H),1.46 (s,9H), 1.25(dd,J=10.2, 6.3 Hz, 6H).13C NMR (101 MHz, CDCl3) § 176.1, 170.5,
155.6, 80.3, 69.7, 50.0, 36.7, 28.3, 21.6. HRMS (ESI): calculated for C12H22NO6 [M+H]+
276.1447, found 276.1450.

ethyl N2-(tert-butoxycarbonyl)-N*-methoxy-N*-methyl-L-asparaginate (4c). To a stirred
suspension of 3¢ (100 mg, 04 mmol) in 10 mL CH2Cl2, benzotriazol-1-
yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) (194 mg, 0.44 mmol) and 0.1
mL EtsN were added and after 10 mins N,0-dimethylhydroxylamine hydrogen chloride (43 mg,
0.44) was added followed by another 0.1 mL EtsN. The resulting mixture was stirred at room
temperature for 2 hours, 10 mL water was added to quench the reaction, the product extracted with
CH2Cl2 (10 mL x 3), the organic layer washed with water, brine, dried over NaSO4. Solvent was

removed and the crude compound purified by column chromatography to get compound 4c as a
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colorless oil (960 mg, 80% yield). 1H NMR (400 MHz, CDCls) 6 5.73 (d, J = 8.8 Hz, 1H), 4.59 —
4.55 (m, 1H), 4.24 — 4.19 (m, 2H), 3.70 (s, 3H), 3.18 (s, 3H), 2.97 — 2.91 (m, 1H), 1.46 (s, 9H),
1.28 (t,J = 7.1 Hz, 3H). LRMS (ESI): calculated for C13H25N20¢ [M+H]*305.17, found 305.19.

propyl N2-(tert-butoxycarbonyl)-N*-methoxy-N*-methyl-L-asparaginate (4d). Following the
procedure described for compound 4e¢, coupling compound 3d (730 mg, 2.6 mmol) with N,0O-
dimethylhydroxylamine hydrogen chloride (284 mg, 2.9 mmol) yielded compound 4d as a
colourless oil (708 mg, 84% yield).!H NMR (400 MHz, CDCl3) 6 5.70 (d, J = 8.9 Hz, 1H), 4.53
(dt, J =9.3, 4.4 Hz, 1H), 4.08 — 4.01 (m, 2H), 3.66 (s, 3H), 3.21 - 3.15 (m, 1H), 3.12 (s, 3H),
2.91-2.86 (brm, 1H), 1.67 — 1.56 (m, 2H), 1.41 (s, 9H), 0.90 (t,J = 7.4 Hz, 3H).13C NMR (101
MHz, CDCl3) 6 171.8, 155.8,80.6,67.1,62.1,49.1,34.7,32.4,21.9, 4.8. HRMS (ESI): calculated
for C14H27N206 [M+H]*319.1869, found 318.1873.

isopropyl N2-(tert-butoxycarbonyl)-N*-methoxy-N*-methyl-L-asparaginate (4¢). Following
the procedure described for compound 4¢, coupling compound 3e (800 mg, 2.9 mmol) with N,0O-
dimethylhydroxylamine hydrogen chloride (312 mg, 3.2 mmol) yielded compound 4e as a
colourless oil (760 mg, 82% yield). 1H NMR (400 MHz, CDCl3) § 5.71 (d,J=8.8 Hz, 1H), 5.11 —
5.01 (m, 1H), 4.55 — 4.50 (m, 1H), 3.70 (s, 3H), 3.25 - 3.18 (m, 1H), 3.17 (s, 3H), 2.95 -2.89
(brm, 1H), 1.46 (s, 10H), 1.25 (dd, J = 13.5, 6.3 Hz, 6H). 13C NMR (101 MHz, CDCl3) 6 171.1,
155.8,69.1, 61.3, 50.0, 34.7, 32.0, 28.4, 21.7. HRMS (ESI): calculated for C14H27N206 [M+H]*
319.1869, found 318.1872.

methyl (S)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate (5b). To a solution of methyl N2-
(tert-butoxycarbonyl)-N*-methoxy-N4-methyl-L-asparaginate 4b (1000 mg, 4.1 mmol) in CH2Cl2
(20 mL) at -78 °C was added DIBAL-H (1M in hexane, 6.0 mL) and the resulting mixture was
stirred at -78 oC for 2 hours. 10 mL water was added to quench the reaction, 10 mL 1M HCI (aq)
was added to the solution, the product was extracted with Et20. Combined organic layer wash with
H20, brine, dried over Na2SOa4. The solvent was removed to yield compound 5b as a colorless oil
used in the next step without further purification.

ethyl (S)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate (5c). Following the procedure
described for compound 5a, compound ethyl N2-(tert-butoxycarbonyl)-N*-methoxy-N*-methyl-L-
asparaginate 4¢ (560 mg, 1.84 mmol) was reduced using DIBAL-H (1M in hexane, 3 mL) to yield
compound 5¢, which was used in the next step without further purification.

propyl (S)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate (5d). Following the procedure
described for compound 5a, compound propyl N2-(tert-butoxycarbonyl)-N*-methoxy-N*-methyl-
L-asparaginate 4d (400 mg, 1.3 mmol) was reduced by DIBAL-H (1M in hexane, 2 mL) to yield

compound 5d which was used in the next step without further purification.
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isopropyl (S)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate (5¢). Following the procedure
described for compound 5a, compound isopropyl N2-(tert-butoxycarbonyl)-N4-methoxy-N4-
methyl-L-asparaginate 4e (450 mg, 1.4 mmol) was reduced by DIBAL-H (1M in hexane, 2 mL) to
yield compound 5e which was used in the next step without further purification.

benzyl (S)-2-((tert-butoxycarbonyl)amino)-4-oxobutanoate (5f). Following the procedure
described for compound 5a, compound benzyl N2-(tert-butoxycarbonyl)-N*-methoxy-N*-methyl-
L-asparaginate 4f (370 mg, 1.0mmol) was reduced by DIBAL-H (1M in hexane, 1.2 mL) to yield
compound 5f which was used in the next step without further purification.

tert-butyl N2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanoyl)-N*-methoxy-N*-
methyl-L-asparaginate (8a). tert-butyl N2-(tert-butoxycarbonyl)-N*-methoxy-N*-methyl-L-
asparaginate 4a (300 mg, 0.9 mmol) in dioxane (5 mL) is selectively deprotected using 4N HCl in
dioxanes (10 mL) while stirring for 1 hour at 0 °C and 75 minutes at room temperature. The mixture
is concentrated and added to a mixture of TML acid 7 (220 mg, 0.83 mmol, 0.9 eq), EtsN (330 uL,
2.4 mmol, 2.8 eq) and BOP (450 mg, 1 mmol, 1.1 eq) in CH2Cl2 (10 mL). The mixture was stirred
overnight, diluted with CH2Cl2to 100 mL, washed with saturated NaHCOs, water and Brine, dried
over sodium sulfate and concentrated. The crude product was purified by column chromatography
(30% EtOAc in petroleum ether, followed by flushing with 20% MeOH in EtOAc) yielding
compound 8a (350 mg, 88%) of an off-white powder. 1H NMR (300 MHz, CDCls) 6 6.77 (d, J =
2.0Hz, 1H), 6.56 (d,J=2.1 Hz, 1H), 6.51 (d,J = 8.4 Hz, 1H), 4.66 (dt, J = 8.4, 4.2 Hz, 1H), 3.62
(s,3H),3.11 (s, 3H),2.98 (dd, J = 17.3, 4.2 Hz, 1H), 2.78 (d, J = 13.8 Hz, 1H), 2.64 — 2.41 (m,
5H),2.30(s,3H),2.19(s,3H), 1.61 (s, 3H), 1.54 (s, 3H), 1.40 (s, 9H). 13C NMR (75 MHz, CDCl3)
5170.66,170.19, 170.08, 149.60, 138.14, 136.15, 133.61, 132.47, 123.21, 81.76, 61.15, 49.28,
48.51, 39.54, 34.32, 31.97, 31.64, 27.88, 25.45, 21.92, 20.24. LRMS (ESI): calculated for
CosH39N207 [M+H]* 479.28, found 479.35.

tert-butyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-oxobutanoate
(9a). Following the procedure described for compound 5a, compound 8a (110 mg, 0.23 mmol) was
reduced by DIBAL-H (1M in hexane, 0.4 mL) to yield compound 9a which was used in the next
step without further purification.

methyl  (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)((E)-3-(4-cyanophenyl)allyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (11b). 4-((E)-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)prop-1-en-1-yl)benzonitrile
10 (50 mg, 0.11 mmol), 5b (30, 0.13 mmol), NaBH(OAc)3 (36 mg, 0.17 mmol) and AcOH (one

drop) were dissolved in 1,2- dichloroethane (DCE, 10 mL) and stirred at room temperature under
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a N2 atmosphere overnight. The reaction was quenched by adding 1 N NaOH (10 mL), and the
product was extracted with CH2Cl2. The combined organic layers were washed with brine and dried
over Na2SOs. The solvent was evaporated, and the crude product was purified by column
chromatography (5% MeOH in CH2Cl2) to give compound 11b as a white powder (47 mg, 65%
yield). tH NMR (400 MHz, CDCl3) § 8.21 (s, 1H), 7.94 (s, 1H), 7.49 (d, J = 8.3 Hz, 2H), 7.27 (d,
J =8.3 Hz, 2H), 6.60 (s, 2H), 6.35 (d, J = 16.0 Hz, 1H), 6.27 — 6.22 (m, 1H), 6.06 (s, 1H), 5.94
(d,J=8.1Hz, 1H), 5.45 (d, J = 6.2 Hz, 1H), 5.03 — 4.95 (m, 1H), 4.41 — 4.30 (m, 2H), 3.64 (s,
3H), 3.23 (d, J = 6.0 Hz, 2H), 2.79 — 2.69 (m, 2H), 2.58 — 2.54 (m, 2H), 2.00 — 1.89 (m, 1H),
1.82-1.77 (brm, 1H), 1.58 (s, 3H), 1.38 (brs, 12H). 13C NMR (101 MHz, CDCls) 6 173.3, 155.9,
155.6, 153.0, 149.0, 141.3, 140.1, 132.3, 131.0, 126.7, 120.2, 119.0, 114.4, 110.5, 90.7, 85.7,
83.9, 83.3, 56.6, 56.1, 53.6, 52.2, 50.6, 44.8, 29.2, 28.4, 27.2, 25.4. HRMS (ESI): calculated for
C33H43NsO7 [M+H]* 663.3255, found 663.3262.

ethyl (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)((E)-3-(4-cyanophenyl)allyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (11c). Following the procedure described for compound 11b,
coupling compound 10 (50 mg, 0.11 mmol) with 5¢ (32 mg, 0.13 mmol) afforded compound 11¢
as a white powder (53 mg, 72% yield). 1H NMR (400 MHz, CDCls3) 6 8.15 (s, 1H), 7.91 (s, 1H),
7.46 (d, J = 8.3 Hz, 2H), 7.24 (d, J = 8.3 Hz, 2H), 6.58 (s, 2H), 6.32 (d, J = 16.0 Hz, 1H), 6.26 —
6.16 (br, 1H), 6.01 (s, 1H), 5.85 (d, J = 8.0 Hz, 1H), 5.39 (t,J = 8.2 Hz, 2H), 4.95-4.89 (m, 2H),
4.36 —4.17 (m, 2H), 3.74 - 3.51 (m, 6H), 3.43 (s, 4H), 3.29 — 3.03 (m, 4H), 2.80 — 2.52 (m, 6H),
2.49 (s, 5H), 1.83-1.64 (m, 3H), 1.53 (s, 3H), 1.34 (brd, J = 7.8 Hz, 15H). 13C NMR (101 MHz,
CDCl3) 8 172.2,156.1,155.8,153.0, 148.9, 141.3,132.3,126.7,120.2, 114.4, 110.4, 90.6, 85.6,
83.9, 83.2, 68.8, 65.0, 59.7, 56.8, 56.0, 52.4, 51.0, 44.8, 29.3, 28.3, 25.4, 21.7. HRMS (ESI):
calculated for C33H43NsO7 [M+H]+677.3411, found 677.3420.

propyl  (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)((E)-3-(4-cyanophenyl)allyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (11d). Following the procedure described for compound 11b,
coupling compound 10 (50 mg, 0.11 mmol) with 5d (34 mg, 0.13 mmol) afforded compound 11d
as a white powder (46 mg, 60% yield). 1H NMR (400 MHz, CDCls) 6 8.18 (s, 1H), 7.93 (s, 1H),
7.48 (d,J=8.3 Hz, 2H), 7.26 (d, J = 8.3 Hz, 2H), 6.55 (s, 2H), 6.34 (d, J = 15.9 Hz, 1H), 6.27 —
6.17 (m, 1H), 6.03 (s, 1H), 5.88 (d, J = 8.1 Hz, 1H), 5.41 (d, J = 5.6 Hz, 2H), 4.96 (dd, J = 6.3,
3.7 Hz, 1H), 4.33 (t,J = 8.1 Hz, 2H), 3.98 (t,J = 6.7 Hz, 2H), 3.64 (d, J= 2.7 Hz, 1H), 3.59 (d, J
= 3.1 Hz, 1H), 3.26 — 3.19 (m, 2H), 3.11 (d, J = 6.8 Hz, 1H), 2.79 — 2.50 (m, 8H), 2.02 — 1.65
(m, 4H), 1.62-1.52 (m, 6H), 1.39 — 1.34 (m, 19H). 13C NMR (101 MHz, CDCl3) § 172.8, 155.9,
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153.0,149.0,141.3,132.3,130.9,126.7,120.1,119.0,114.4,110.5,90.6, 85.6, 83.9, 79.6, 66.6,
65.1, 59.6, 52.31, 44.8, 28.4, 25.4, 21.8. HRMS (ESI): calculated for C33sH43NgO7 [M+H]*
691.3568, found 691.3573.

isopropyl (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)((E)-3-(4-cyanophenyl)allyl)amino)-2-
((tert-butoxycarbonyl)amino)butanoate (11e). Following the procedure described for compound
11b, coupling compound 10 (50 mg, 0.11 mmol) with 5e (34 mg, 0.13 mmol) afforded compound
11e as a white powder (47 mg, 62% yield). 1H NMR (400 MHz, CDCls) § 8.16 (s, 1H), 7.92 (s,
1H),7.45(d,J = 8.3 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 6.62 (br s, 2H), 6.32 (br s, 1H), 6.24-6.16
(m, 1H), 6.04 — 5.99 (m, 1H), 5.91 (d, J = 8.1 Hz, 1H), 5.40 (t, J = 8.1 Hz, 2H), 4.33-4.25(m,
2H), 3.61 (d,J=2.3 Hz, 1H), 3.56 (d, J = 3.6 Hz, 2H), 3.44 (s, 3H), 3.20 (t,J = 5.6 Hz, 2H), 3.09
(d,J=4.8Hz, 1H),2.78 —= 2.52 (m, 6H), 2.49 (s, 3H), 1.85 - 1.62 (m, 3H), 1.53 (s, 3H), 1.34 (br
s, 20H). 3CNMR (101 MHz, CDCls) § 172.7, 156.1, 153.0, , 132.29, 141.3, 132.3, 130.9, 126.6,
119.0,114.3,110.4,90.6, 85.6, 83.9, 83.2, 59.7, 52.3,51.0, 44.8, 29.2, 28.3, 27.1, 25.4. HRMS
(ESI): calculated for C3sH43NsO7 [M+H]*691.3568, found 691.3577.

benzyl (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) ((E)-3-(4-cyanophenyl)allyl)amino)-2-
((tert-butoxycarbonyl)amino)butanoate (11f). Following the procedure described for compound
11b, coupling compound 5f (50 mg, 0.11 mmol) with compound 10 (40 mg, 0.13 mmol) afforded
compound 11f as a white powder (54 mg, 66% yield). 1H NMR (400 MHz, CDCls3) § 8.18 (s, 1H),
791 (s, 1H),7.48 (d,J =8.4 Hz, 2H), 7.25 (s, 7H), 6.48 (s, 2H), 6.02 (s, 1H), 5.92 (d, J = 8.1 Hz,
1H), 5.38 (d, /= 6.4 Hz, 2H), 5.19 — 4.99 (m, 2H), 4.98 — 4.90 (m, 1H), 4.38 — 4.31 (br m, 2H),
3.78 - 3.68 (m, 2H), 3.66 (s, 1H), 3.60 (d, J = 3.9 Hz, 3H), 3.48 (s, 5H), 3.23-3.17 (m, 2H), 2.79
—2.59 (m, 6H), 1.88 — 1.82 (m, 2H), 1.74-1.69 (m, 2H), 1.56 (s, 3H), 1.38 (br, 12H). 13C NMR
(101 MHz,CDCl3) § 172.6, 156.1, 155.8,153.0, 149.0, 141.2, 135.5, 132.3, 128.2, 126.7, 120.0,
90.6, 85.6, 83.9, 83.3, 66.9, 65.1, 59.8, 56.6, 56.1, 52.4, 44.8, 28.4, 27.2, 25.4. HRMS (ESI):
calculated for C33H43NgO7 [M+H]+739.3568, found 739.3571.

methyl (S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (12b). To a
solution of compound 11b (30 mg, 0.045 mmol) in 1 mL of CH2Cl2 was added a mixture of 9 mL
TFA and 1 mL H20, and the solution was stirred for 2 h at room temperature. The mixture was
concentrated, and the crude product was purified by preparative HPLC affording compound 12b as
awhite powder (24mg, 93% yield). '1H NMR (400 MHz, CDsOD) 6 8.47 (s, 1H), 8.33 (s, 1H), 7.69
(d,J=8.4Hz,2H),7.51 (d,J=8.5Hz, 2H), 6.84 (d, /= 15.8 Hz, 1H), 6.49 (dt, /= 15.8, 7.2 Hz,
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1H), 6.17 (d,J = 3.4 Hz, 1H), 4.70 (dd, J = 4.8, 3.4 Hz, 1H), 4.60 — 4.53 (m, 2H), 4.25 (dd, J =
7.4,5.7 Hz, 1H),4.14(d,J=7.3 Hz, 2H), 3.92 — 3.85 (m, 1H), 3.84 (s, 3H), 3.74 — 3.66 (m, 1H),
3.64 — 3.47 (m, 2H), 2.58 — 2.47 (m, 1H), 2.46 — 2.34 (m, 1H). 33C NMR (101 MHz, CD30OD) §
168.3, 161.84, 161.5, 151.6, 148.2, 139.75, 145.5, 143.0, 139.8, 138.4, 132.3, 127.2, 119.8,
118.191.2, 78.7, 73.5, 72.2, 55.5, 54.9, 52.8, 50.2, 49.8, 24.9. HRMS (ESI): calculated for
C25H31NgOs [M+H]*523.2417, found 523.2422.

ethyl (S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (12¢).
Following the procedure described for compound 12b, compound 11¢ (30 mg, 0.044 mmol) was
deprotected and purified, affording compound 12¢ as a white powder (19 mg, 67% yield). 1H NMR
(400 MHz, CDsOD) 6 8.42 (s, 1H), 8.30 (s, 1H), 7.70 (d, /= 8.4 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H),
6.84 (brd,J=15.9 Hz, 1H), 6.53 — 6.42 (m, 1H), 6.15(d, /= 3.4 Hz, 1H), 4.69 (dd, J= 5.1, 3.5
Hz, 1H), 4.59 — 4.48 (m, 2H), 4.33 — 4.25 (m, 2H), 4.21 (t,J = 6.6 Hz, 1H), 4.09 (t, J = 7.2 Hz,
2H), 3.80 (dd, J = 13.9,9.8 Hz, 1H), 3.65 - 3.61 (dd, J = 13.2, 5.8 Hz, 1H), 3.56 — 3.44 (m, 2H),
2.52-2.44(m, 1H),2.41-2.30 (m, 1H), 1.30 (t,J=7.1 Hz, 3H). 13C NMR (101 MHz, CDsOD)
5167.9,161.6,152.5,148.3,139.8,138.0, 132.3,127.2,121.0,119.7,118.1, 111.7,91.0, 78.8,
73.4,72.2,62.9, 55.5, 55.0, 50.4, 49.9, 25.0. HRMS (ESI): calculated for C26H33NgOs [M+H]*
537.2574, found 537.2579.

propyl (S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (124).
Following the procedure described for compound 12b, compound 11d (30 mg, 0.043 mmol) was
deprotected and purified, affording compound 12d as a white powder (20 mg, 69% yield). 'H NMR
(400 MHz, CDsOD) § 8.46 (s, 1H), 8.33 (s, 1H), 7.69 (d, J = 8.3 Hz, 2H), 7.51 (d, J = 8.3 Hz, 2H),
6.84 (d, J = 15.8 Hz, 1H), 655-6.45 (m, 1H), 6.16 (d, J = 3.4 Hz, 1H), 4.75 — 4.67 (m, 1H), 4.59
- 4.53 (m, 2H), 4.28 — 4.09 (m, 5H), 3.90 — 3.77 (m, 1H), 3.69 (d, J = 13.4 Hz, 1H), 3.63 — 3.47
(m, 2H), 2.57 = 2.33 (m, 2H), 1.73-1.64 (m, 2H), 1.24 (s, 6H), 0.94 (t,JJ = 7.4 Hz, 3H). 13C NMR
(101 MHz, CDsOD) § 168.0, 152.0, 148.3, 146.1, 142.8,139.81, 120.6, 118.1,111.8,91.1, 78.8,
73.5, 72.2, 68.3, 55.6, 55.0, 29.8, 25.0, 21.4. HRMS (ESI): calculated for C27H35NgOs
[M+H]*551.2730, found 551.2732.

isopropyl (S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (12e).
Following the procedure described for compound 12b, compound 11e (30 mg, 0.043 mmol) was
deprotected and purified, affording compound 12e as a white powder (21 mg, 73% yield). 1H NMR
(400 MHz, CDsOD) § 8.41 (s, 1H), 8.30 (s, 1H), 7.70 (d,J = 8.4 Hz, 2H), 7.50 (d, J = 8.3 Hz, 2H),
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6.84 (brd,J=15.8 Hz, 1H), 6.53 — 6.42 (m, 1H), 6.14 (d, J = 3.4 Hz, 1H), 5.14 - 5.07 (m, 1H),
470 (dd,J=5.1,3.5Hz, 1H), 4.59 — 4.54 (m, 1H), 4.54 — 4.48 (m, 1H), 4.18 (t,J = 6.6 Hz, 1H),
4.07 (d, J = 7.1 Hz, 2H), 2.51 — 2.29 (m, 2H), 1.29 (t, J = 6.1 Hz, 6H). 13C NMR (101 MHz,
CDsOD) 6 167.5,152.7,139.8,137.8, 132.3, 127.2,119.7,118.1, 111.7,91.0, 78.9, 73.4, 72.2,
71.4, 55.1, 50.6, 50.0, 25.1, 20.3. HRMS (ESI): calculated for C27H3sNgOs [M+H]+ 551.2730,
found 551.2734.

benzyl (S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (121).
Following the procedure described for compound 12b, compound 11f (30 mg, 0.041 mmol) was
deprotected and purified, affording compound 12f as a white powder (22 mg, 77% yield). 1H NMR
(400 MHz, CDsOD) 6 8.41 (s, 1H), 8.29 (s, 1H), 7.48 (s, 1H), 7.46 (s, 1H), 7.43 — 7.36 (m, 5H),
6.79 (brd,J=15.9 Hz, 1H), 6.47 - 6.37 (m, 1H), 6.13 (d, J = 3.4 Hz, 1H), 5.29 (d, J = 2.8 Hz,
2H),4.67 (dd,J=5.1,3.4 Hz, 1H), 4.57 — 4.45 (m, 2H), 4.28 (t,J = 6.6 Hz, 1H), 4.03 (d,J = 7.2
Hz, 2H), 3.76 (dd, J = 13.9, 9.9 Hz, 1H), 3.60 (br d, J = 12.8 Hz, 1H), 3.53 — 3.40 (m, 2H), 2.54
—2.33 (m, 2H). 3CNMR (101 MHz, CD3OD) § 167.9, 152.1, 148.2,134.7,132.3, 119.7, 118.1,
111.78,91.0, 78.8, 73.4, 72.2, 68.2, 55.5, 54.9, 50.4, 49.9, 25.0. HRMS (ESI): calculated for
C31H34NsOs [M+H]*598.2652, found 598.2656.

tert-butyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-
((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-
4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (13a). Following the procedure
described for compound 11b, coupling compound 10 (95 mg, 0.21 mmol, 1.1 eq) with compound
9a (80 mg, 0.19 mmol, 1.0 eq) afforded compound 13a as a yellowish oil (55 mg, 34% yield). 'H
NMR (400 MHz, CDCl3) 6 8.24 (s, 1H), 7.90 (s, 1H), 7.55 (d,J = 8.4 Hz, 1H), 7.31 (d, J = 8.4 Hz,
2H),6.79 (d,J=2.1 Hz, 1H), 6.58 (d, /= 2.1 Hz, 1H), 6.43 — 6.19 (m, 3H), 6.14 (s, 2H), 6.04 (d,
J =2.0Hz, 1H), 5.44 (dd, J = 6.4, 2.0 Hz, 1H), 4.98 (dd, J = 6.4, 3.6 Hz, 1H), 4.38 — 4.27 (m,
2H), 3.21 (d, J = 6.3 Hz, 2H), 2.77 - 2.66 (m, 2H), 2.57 (q, J = 13.5 Hz, 2H), 2.49 (s, 3H), 2.31
(s,3H), 2.20 (s, 3H), 1.85 - 1.73 (m, 1H), 1.67 — 1.56 (m, 11H), 1.52 — 1.38 (m, 16H), 1.26 (s,
9H). 13C NMR (101 MHz, CDCls3) 6 171.15, 170.94, 170.76, 155.65, 153.02, 149.87, 149.12,
141.25, 140.14, 138.46, 136.51, 133.68, 132.73, 132.39, 130.90, 126.69, 124.82, 123.39,
119.05, 114.43,114.13, 110.59, 90.80, 85.71, 83.96, 83.25, 81.71, 56.83, 56.01, 51.56, 50.84,
49.26,43.53,39.80,31.97,31.81, 31.69, 30.35, 29.74, 29.55, 29.46, 27.96, 27.94, 27 .20, 25.53,
25.43,21.97,20.27. HRMS (ESI): calculated for C46Hs9NsOs [M+H]* 851.4450, found 851.4456.

methyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-
((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-

151



Chapter 4

4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (13b). To a solution of compound 11b
(30 mg, 0.045 mmol) in 9 mL dry of CH2Cl2 was added a 1 mL TFA and the solution was stirred
for 1 h at room temperature. The mixture was concentrated. 5mL CH2Cl2 was added to the mixture,
followed by adding benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate
(BOP, 20 mg), 3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanoic acid 7 (TML acid, 0.045
mmol, 12 mg) and 0.5 ml EtsN. The reaction mixture stirred 2 hours at r.t. 10 mL water wad added,
then extracted with CH2Cl2 (10 ml x3), the combined organic phase dried over Na2SOa. The solvent
was evaporated, and the crude product was purified by column chromatography (100% EtOAc) to
give compound 13b as a white powder (15 mg, 42% yield over 2 steps). 'H NMR (400 MHz, CDCls)
§8.20 (s, 1H), 7.91 (s, 1H), 7.54 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 6.79 (d, J = 1.5 Hz,
1H), 6.58 (d,J = 7.3 Hz, 3H), 6.43 — 6.32 (m, 2H), 6.27 — 6.17 (m, 1H), 6.04 (d, J = 2.0 Hz, 1H),
5.43(dd,J=6.4,2.0 Hz, 1H), 4.97 (dd, J = 6.4, 3.4 Hz, 1H), 4.48-4.43 (m, 1H), 4.37-4.32 (m,
1H), 3.62 (s,3H), 3.19(d, /= 6.2 Hz, 2H), 2.69 (d, J = 6.8 Hz, 2H), 2.55 (d, J = 4.8 Hz, 2H), 2.48
(s, 3H), 2.41 - 2.32 (m, 1H), 2.30 (s, 3H), 2.19 (s, 3H), 2.12 (s, 1H), 1.81-1.74 (m, 1H), 1.69 —
1.55 (m, 9H), 1.38 (s, 3H). 13C NMR (101 MHz, CDCls) 6 172.5, 171.1, 155.8, 152.7, 149.9,
141.2,140.1,138.5, 136.6, 132.7, 133.6, 132.4, 131.0, 130.9, 126.7, 123.4, 114.4, 110.6, 90.9,
85.6,83.9,83.2,56.4,55.9,52.2,50.9,49.2,39.8,31.7,29.1,27.2,25.5,25.3,22.0, 20.2. HRMS
(ESI): calculated for C43H53NsOg [M+H]*809.3986, found 809.3991.

ethyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-
((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-
4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (13c). Following the procedure
described for compound 13b, compound 11¢ (85 mg, 0.126 mmol) was selectively deprotected and
coupled with TML acid 7 (40 mg, 0.15 mmol), affording crude 13c which was used in the next step
without further purification.

propyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-
((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-
4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (13d). Following the procedure
described for compound 13b, compound 11d (31 mg, 0.045 mmol) was selectively deprotected and
coupled with TML acid 7 (12 mg, 0.045 mmol), affording crude 13d which was used in the next
step without further purification.

isopropyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-
((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-
4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (13e). Following the procedure
described for compound 13b, compound 11e (31 mg, 0.045 mmol) was selectively deprotected and
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coupled with TML acid 7 (15 mg, 0.045 mmol), affording compound 13e as a white powder (18
mg, 39% yield over 2 steps). 1H NMR (400 MHz, CDCls) 6 8.22 (s, 1H), 7.90 (s, 1H), 7.54 (d, J =
8.3 Hz, 2H), 7.30 (d, J = 6.4 Hz, 2H), 6.79 (d, J = 1.6 Hz, 1H), 6.59 (d, J = 1.6 Hz, 1H), 6.43 —
6.32 (m, 4H), 6.23 (dt, J = 15.9, 6.4 Hz, 1H), 6.04 (d, J = 2.0 Hz, 1H), 5.44 (dd, J = 6.4, 2.0 Hz,
1H), 5.01 = 4.92 (m, 2H), 4.46 — 4.30 (m, 2H), 3.20 (d, J = 6.2 Hz, 2H), 2.70 (d, J = 7.9 Hz, 2H),
2.64-2.51(m,3H),2.49 (s,3H), 2.41 — 2.36 (m, 2H), 2.30 (s, 3H), 2.20 (s, 3H), 1.83 = 1.78 (m,
1H), 1.67 — 1.57 (m, 11H), 1.38 (s, 3H), 1.26 (s, 4H), 1.20 (d, J = 6.3 Hz, 3H), 1.15 (d, J = 6.2
Hz, 3H). 13C NMR (101 MHz, CDCls) § 171.6, 171.0, 170.8, 155.7, 152.9, 149.9, 141.2, 140.1,
138.6,132.7,132.4,123.42,120.2, 119.0, 114.4, 109.8, 90.9, 85.7, 84.0, 83.2, 68.9, 56.7, 56.0,
51.1,50.8,49.2,39.8,31.7,29.7,27.2,25.5, 25.4,22.0, 21.7, 20.3. HRMS (ESI): calculated for
Ca5Hs7NsOs [M+H]*+837.4299, found 837.4303.

benzyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-
((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-
4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butanoate (13f). Following the procedure
described for compound 13b, compound 11f (82 mg, 0.13 mmol) was selectively deprotected and
coupled with TML acid 7 (34 mg, 0.13 mmol), affording crude 13f which was used in the next step
without further purification.

(S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-((((2R,3S,4R,5R)-5-(6-
amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl)((£)-3-(4-
cyanophenyl)allyl)amino)butanoic acid (14a). Following the procedure described for compound
12a, compound 13a (55 mg, 0.065 mmol) was deprotected and purified, affording compound 14a
as a white powder (28 mg, 54% yield). 1H NMR (400 MHz, CDsOD) & 8.47 (s, 1H), 8.35 (s, 1H),
7.72 (d,J =8.1 Hz, 2H), 7.54 (d, J = 8.1 Hz, 2H), 6.85 — 6.75 (m, 2H), 6.61 (d, J = 2.1 Hz, 1H),
6.44 — 6.34 (m, 1H), 6.15(d,J = 3.5 Hz, 1H), 4.54 — 4.47 (m, 2H), 4.32 (dd, J = 8.6, 4.8 Hz, 1H),
3.93(d, J = 7.5 Hz, 2H), 3.84 — 3.76 (m, 1H), 3.62 (d, J = 13.8 Hz, 1H), 3.27 — 3.16 (m, 2H),
2.76 (d,J = 14.9 Hz, 1H), 2.69 - 2.60 (m, 1H), 2.55 (s, 3H), 2.33 (s, 3H), 2.16 (s, 3H), 2.08 -
1.96 (m, 1H), 1.60 (s, 3H), 1.56 (s, 3H). 13C NMR (101 MHz, CDsOD) 6 175.2, 171.7, 162.9,
157.1,150.4,147.3,139.6,138.7,138.3,136.0, 134.4, 133.0,132.3, 131.9, 127.3, 123.0, 119.8,
118.1,117.7,114.8,112.4,91.1,77.0,73.4,71.7,54.9, 50.9, 50.5, 36.9, 31.0, 29.7, 26.3, 20.5,
18.5. HRMS (ESI): calculated for C39H47NgOs [M+H]+755.3511, found 755.3508.

methyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-
((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl) ((E)-3-
(4-cyanophenyl)allyl)amino)butanoate (14b). Following the procedure described for compound
12a, compound 13b (10 mg, 0.012 mmol) was deprotected and purified, affording compound 14b
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as a white powder (5 mg, 48% yield). 1H NMR (400 MHz, CDsOD) 6 8.48 (s, 1H), 8.36 (s, 1H),
7.70 (d,J = 8.3 Hz, 2H), 7.53 (d, J = 8.1 Hz, 2H), 6.87 — 6.77 (m, 2H), 6.61 (d, J = 1.5 Hz, 1H),
6.42 —6.35(m, 1H), 6.17 (d, J = 3.5 Hz, 1H), 4.69 (t,J = 3.8 Hz, 1H), 4.51 (d, J = 6.6 Hz, 2H),
4.40 (dd, J = 8.7,5.0 Hz, 1H), 3.95 (br s, 2H), 3.82 — 3.74 (m, 1H), 3.69 (s, 3H), 3.62 (br d, J =
13.6 Hz, 1H), 3.25 - 3.18 (m, 2H), 2.76 (d, J = 14.9 Hz, 1H), 2.64 (br d, J = 14.8 Hz, 1H), 2.54
(s, 3H), 2.16 (s, 3H), 2.00 (s, 1H), 1.61 (s, 3H), 1.55 (s, 3H). 13C NMR (101 MHz, CDsOD) 6
172.9, 170.9, 160.96, 161.3, 161.0, 160.6, 160.2, 151.1, 149.7, 148.1, 139.66, 138.7, 136.0,
133.6,132.3,131.9,127.3,123.0,119.9,118.1,117.7,114.8,111.9,91.1,78.5,73.4,72.2,54.3,
51.8, 49.5, 39.1, 31.1, 30.8, 26.1, 24.4, 20.6, 18.9. HRMS (ESI): calculated for C40H49NsOs
[M+H]*769.3673, found 769.3681.

ethyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-((((2R,3S,4R,5R)-
5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl) ((E)-3-(4-
cyanophenyl)allyl)amino)butanoate (14c). Following the procedure described for compound 12a,
compound 13¢ (10 mg, 0.012 mmol) was deprotected and purified, affording compound 14c as a
white powder (6 mg, 56% yield). 1H NMR (400 MHz, Methanol-ds) § 8.46 (s, 1H), 8.34 (s, 1H),
7.72 (d,J = 8.4 Hz, 2H), 7.53 (d, J = 8.2 Hz, 2H), 6.86 — 6.78 (m, 2H), 6.61 (d, J = 2.1 Hz, 1H),
6.42 -6.31 (m, 1H), 6.16(d,J= 3.6 Hz, 1H), 4.70 (s, 1H), 4.55 — 4.46 (m, 2H), 4.38 (dd, J = 8.8,
5.0Hz, 1H), 4.18 - 4.13 (m, 2H), 3.93 (s, 2H), 3.81 — 3.75 (m, 1H), 3.61 (brd, J = 14.9 Hz, 1H),
3.26 - 3.15 (m, 2H), 2.55 (s, 3H), 2.34 (s, 3H), 2.16 (s, 3H), 1.62 (s, 3H), 1.56 (s, 3H), 1.24 (t,J
= 7.1 Hz, 3H). 13C NMR (101 MHz, Methanol-ds) 6 172.9, 171.0, 151.6, 149.7, 147.1, 139.6,
138.7, 138.3, 136.0, 133.6, 132.7, 131.9, 128.1, 123.6, 119.8, 118.9, 112.0, 91.0, 78.5, 78.5,
73.4,72.2,61.6,55.5,50.9,49.6, 39.1, 29.9, 26.1, 24.4, 20.6, 18.8. HRMS (ESI): calculated for
C41H51Ns0s [M+H]* 783.3830, found 783.3835.

propyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-((((2R,3S,4R,5R)-
5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl) ((E)-3-(4-
cyanophenyl)allyl)amino)butanoate (14d). Following the procedure described for compound 12a,
compound 13d (10 mg, 0.012 mmol) was deprotected and purified, affording compound 14d as a
white powder (4 mg, 42% yield). 1H NMR (500 MHz, CD3sOD) 6 8.45 (s, 1H), 8.34 (s, 1H), 7.70
(d,J=8.3Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 6.85 — 6.78 (m, 2H), 6.60 (d, J = 1.8 Hz, 1H), 6.40
- 6.34 (m, 1H), 6.15(d, J = 3.5 Hz, 1H), 4.68 (t,J = 4.0 Hz, 1H), 4.52 —-4.47 (m, 2H), 4.37 (dd,
J=28.6,5.1Hz, 1H), 4.04 (t,J = 6.7 Hz, 2H), 3.97 -3.89 (m, 2H), 3.79 —3.74 (m, 1H), 3.64 —
3.57 (m, 1H), 3.24 - 3.17 (m, 2H), 2.79 - 2.70 (m, 2H), 2.67 (d, J = 4.2 Hz, 1H), 2.64 (s, 1H),
2.53 (s, 3H), 2.32 (s, 3H), 2.15 (s, 3H), 2.04 — 1.94 (m, 1H), 1.67 — 1.58 (m, 6H), 1.54 (s, 3H),
0.91(t,J="7.4Hz,3H). 3CNMR (126 MHz, CD3s0D) 6 172.9, 171.1,170.6, 149.8, 139.7, 138 4,
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136.1,133.7,134.4,132.0, 127.4,123.1,119.9,118.1, 112.0,91.1, 78.6, 73.5, 72.3, 67.1, 54.5,
50.9, 49.7, 39.2, 31.1, 30.9, 24.5, 21.6, 20.7, 18.9. HRMS (ESI): calculated for C42Hs53NsOs
[M+H]*783.3986, found 797.3991.

isopropyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-
((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl) ((E)-3-
(4-cyanophenyl)allyl)amino)butanoate (14€). Following the procedure described for compound
12a, compound 13e (10 mg, 0.012 mmol) was deprotected and purified, affording compound 14e
as a white powder (5.3 mg, 49% yield). LH NMR (400 MHz, CD30OD) & 8.47 (s, 1H), 8.35 (s, 1H),
7.71(d,J = 8.1 Hz, 2H), 7.53 (d, J = 8.1 Hz, 2H), 6.86 — 6.77 (m, 2H), 6.61 (d, J = 2.1 Hz, 1H),
6.42 -6.35(m, 1H),6.17 (d,J=3.5Hz, 1H),4.72 - 4.66 (m, 1H), 4.54 — 4.49 (m, 2H), 4.33 (dd,
J=8.8,5.0Hz, 1H), 3.93 (d, J = 7.5 Hz, 2H), 3.78 (dd, J = 14.0, 9.6 Hz, 1H), 3.62 (d, J = 13.8
Hz, 1H), 3.27 - 3.17 (m, 2H), 2.77 (d, J = 14.9 Hz, 1H), 2.64 (br d, J = 14.9 Hz, 1H), 2.55 (s,
3H), 2.33 (s, 3H), 2.16 (s, 3H), 2.07 — 1.93 (m, 1H), 1.61 (s, 3H), 1.56 (s, 3H), 1.22 (dd, J = 6.3,
1.8 Hz, 6H). 13C NMR (101 MHz, CDsOD) 6 175.2, 171.7, 162.9, 157.1, 150.4, 147.3, 139.6,
138.7,138.3,136.0,134.4,133.0,132.3,131.9,127.3,123.0, 119.8,118.1,117.7,114.8,112.4,
91.1,77.0,73.4,71.7, 69.2, 54.9, 50.9, 50.5, 36.9, 31.0, 29.7, 26.3, 24.4, 20.5, 18.5. HRMS
(ESI): calculated for C42H53NgOg [M+H]*+783.3986, found 797.3994.

benzyl (S)-2-(3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutanamido)-4-((((2R,3S,4R,5R)-
5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(4-
cyanophenyl)allyl)amino)butanoate (14f). compound 13f (13mg, 0.015 mmol) was deprotected
and purified, affording compound 14f as a white powder (5 mg, 39%). TH NMR (500 MHz, CDs0D)
88.41 (s, 1H),8.31 (s, 1H), 7.69 (d,J = 6.3 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H), 7.33 (d, /= 9.1 Hz,
5H), 6.82 — 6.75 (m, 2H), 6.57 (d,J= 2.1 Hz, 1H), 6.36 — 6.27 (m, 1H), 6.12 (d, J = 3.5 Hz, 1H),
5.12(d,J=2.9 Hz, 2H), 4.65 (t,J = 4.2 Hz, 1H), 4.50 — 4.38 (m, 3H), 3.89 (d, J = 11.8 Hz, 2H),
3.76 —3.70(m, 1H), 3.56 (brd, J = 14.6 Hz, 1H), 3.35 (s, 1H), 3.23 - 3.11 (m, 2H), 2.28 (s, 3H),
2.12 (s, 3H), 2.01 — 1.93 (m, 1H), 1.56 (s, 3H), 1.49 (s, 3H). 13C NMR (126 MHz, CD30OD) 6
171.1, 149.8, 139.6, 138.4, 136.1, 133.7, 1132.4, 128.3, 128.1, 123.1, 91.1, 72.3, 67.1, 42.4,
31.7, 24.4, 20.6, 18.9. HRMS (ESI): calculated for C4sH52NsOs [M+H]+ 844.3908, found
844.3911.

4.2 Ester stability assay
The prodrugs were evaluated for their stability in both PBS buffer at pH 7.4 and Tris buffer at
pH 8.4. The compounds were dissolved in DMSO at a concentration of 40 mM and diluted with

the respective buffer to a final concentration of 1 mM. Compounds were tested directly (to) and
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subsequently every 2 hours over a time period of 16 hours by HPLC. Compounds were eluted from
a Dr. Maisch reprosil-pur C18 column (4.6 x 250 mm, 10um) with the following solvent system at
a flow rate of 0.5 mL/min: solvent A, 0.1 % trifluoroacetic acid in water/acetonitrile (95:5) ; solvent
B, 0.1 % trifluoroacetic acid in water/acetonitrile (5:95). Gradient elution was as follows: 100:0
(A/B)t0 0:100 (A/B) over 8 min, 0:100 (A/B) for 1 min, then reversion back to 100:0 (A/B) over
1 min, 100:0 (A/B) for 2 min. The formation of the parent compound was evaluated and normalized

by measuring the peak area at 214 nm and comparing it to the initial timepoint.

4.3 Esterase-mediated hydrolysis

The conversion of the prodrugs to the parent compound by esterases was evaluated using pig
liver esterase (PLE, 18 U/mg, Sigma-Aldrich) in PBS at pH 7.4. Compounds were dissolved in
DMSO at 40 mM, diluted to a final concentration of 2 mM with PBS and added to an equal volume
of a 10 mg/mL solution of PLE in PBS (pH 7.4), resulting in final concentrations of 2.5% DMSO,
1 mM compound and 5 mg/mL PLE. At different time-points 50 pL aliquots were taken, added to
100uL acetonitrile to precipitate the proteins and centrifuged for 5 minutes at 10,000 rpm. The

supernatant was subsequently analyzed by HPLC as described in section 4.2 above.

4.4 Neon electroporation assay
4.4.1. Cell culture

A549 lung cancer cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10%
fetal bovine serum and seeded at 50,000 cells per well in a 48 well plate. After addition of compound
(1, 10 or 100uM) or DMSO (0.5%), the cells were electroporated in 10uL Neon transfection tips
with 2 pulses with a pulse voltage of 1700 mV and a pulse width of 20ms. Cells were resuspended
in 250 mM sucrose buffer with Mg2+ and transferred to 96 well plates (100 uL, 15,000 cells/well)
and incubated for 24, 48 or 72 hours at 37 °C with 5% CO2. The cells were subsequently checked
for their viability using the MTS cell viability assay and compared to both non-treated cells (DMSO)
and non-electroporated cells. All experiments were performed in triplicate.
4.4.2. MTS cell viability assay

Cell proliferation was determined using a colorimetric assay with 3-(4,5-dimethylthiazol-2-
y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS). The MTS assay
measures the conversion of MTS to a water-soluble formazan product by dehydrogenase enzymes
of the intact mitochondria of living cells. Cell proliferation was evaluated by measuring the
absorbance at 490 nm upon treatment with compounds or DMSO only for 24, 48 and 72 hours.
Briefly, medium was aspirated from the cells and MTS in DMEM/FBS medium was added. The
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cells were incubated for 1 hour at 37°C. The reaction product was quantified by measuring the
absorbance at 490 nm using a plate reader. Experiments were repeated three times. Results were
expressed as percentage of the control (control equals 100% and corresponds to the absorbance
value of each sample at time zero) and presented as mean values + standard deviation of three

independent experiments performed in triplicate.

4.5 Cell proliferation assay
4.5.1. Cell culture

HSC-2 human oral cancer cell line, T24 human bladder cancer cell line and A549 human lung
cancer line were cultured in DMEM/F12 medium, supplemented with 10% fetal bovine serum and
50 ug/ml gentamicin, at 37 °C in a humidified 5% CO2 incubator. For each compound tested,
powder was dissolved in DMSO at 100mM concentration. This stock solution was then diluted in
culture medium to final concentration values ranging between 1uM and 100uM. For each sample,
DMSO was kept constant at 0.1% final concentration. The day before starting treatment, cells were
seeded in 96-well plates, at a density of 2,000 cells/well. Cells were allowed to attach overnight and
then incubated with compounds at different concentrations, or with DMSO only, for 24, 48 and 72
hours. All experiments were performed in triplicate.
4.5.2. MTT cell viability assay

Cell proliferation was determined using a colorimetric assay with 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyl tetrazolium bromide (MTT). The MTT assay measures the conversion of MTT to
insoluble formazan by dehydrogenase enzymes of the intact mitochondria of living cells. Cell
proliferation was evaluated by measuring the conversion of the tetrazolium salt MTT to formazan
crystals upon treatment with compounds or DMSO only for 24, 48 and 72 hours. Briefly, cells were
incubated for 2 hours at 37 °C with 100 pl fresh culture medium containing 5ul of MTT reagent
(5mg/ml in PBS). The medium was removed and 200ul isopropanol were added. The amount of
formazan crystals formed correlated directly with the number of viable cells. The reaction product
was quantified by measuring the absorbance at 540nm using a plate reader. Experiments were
repeated three times. Results were expressed as percentage of the control (control equals 100% and
corresponds to the absorbance value of each sample at time zero) and presented as mean values +

standard deviation of three independent experiments performed in triplicate.

4.6. 1-methylnicotinamide (MNA) quantification in A549 cells
4.6.1. Cell culture
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Human lung adenocarcinoma line (A549, ATCC, VA, USA) was cultured according to the
provider’s indications and seeded in 6-well format. After 24h stabilization, when cells reached ~100%
confluence, A549 line was preincubated with normal Hank’s buffer (HBSS), then treated with
NNMT peptide inhibitors (1 or 10 uM), applied for 1h-incubation in a presence of nicotinamide
100 uM ans S-adenosyl-mehionine 10 uM (Sigma Aldrich. MO, USA). After incubation, effluent
samples were taken and frozen (-80 °C) for further MNA measurement. Cells also were collected,
centrifuged (2 x 500 G/5 min.) and frozen both for the measurement of intracellular MNA and for
BCA protein assay.

4.6.2. Quantification of 1-methylnicotinamide (MNA)

The quantification of 1-methylnicotinamide (MNA), nicotinamide (NAM), nicotinic acid
(NicA), I-methyl-2-pyridone-5-carboxamide = (Met-2Pyr) and  1-methyl-4-pyridone-5-
carboxamide (Met-4Pyr) was performed applying ultra-high pressure liquid chromatography
coupled to tandem mass spectrometry (UPLC-MS) according to the methodology previously
described with minor modifications. An UPLC-MS system comprised of an UPLC Ultimate 3000
(Dionex, Thermo Scientific, USA) connected to a TSQ Quantum Ultra mass spectrometer (Thermo
Scientific, USA) equipped with a heated electrospray ionization interface (HESI-II Probe) was used.
Chromatographic separation of analytes was carried out on an Aquasil C18 analytical column (4.6
mm x 150 mm, 5 mm; Thermo Scientific) under isocratic elution using acetonitrile with 0.1% of
formic acid (A) and 5 mM ammonium formate in water (B) as mobile phases delivered at the flow
rate of 0.8 ml/min (A:B, 80:20, v/v). The cell pellet was resuspended in 60 uL of deionized water
and 50 uL of suspension was transferred to a fresh test tube. 50 pl of effluent sample was used for
the measurement of extracellular MNA. The internal standard (IS) containing MNA-ds was added
to each sample (5 uL) obtaining the final concentration of 500 ng/mL. After the sample mixing, the
proteins were precipitated using 100 uL of acidified acetonitrile (0.1% of formic acid), and samples
were mixed (10 min), cooled at 4 °C (15 min) and finally centrifuged (15 000 x g, 15 min, 4 °C). A
clear supernatant was transferred to a chromatographic vial and directly injected (5 uL) into UPLC-
MS system. The mass spectrometer was operating in the positive ionisation mode using selected
reactions monitoring (SRM) mode monitoring the following ion transitions for analysed metabolite:
m/z 137— 94 for MNA and 140 — 97 for MNA-d3. The concentration of MNA was calculated
based on the calibration curve plotted for the analyte as the relationship between the peak area ratios
of analyte/IS to the nominal concentration of the analyte. The concentration of analytes was
normalized to milligram of proteins, which was assessed using Pierce™ BCA Protein Assay Kit
(Thermo Fisher, Waltham, MA, USA) and a Synergy4 multiplate reader (BioTek, Winooski, VT,
USA). MNA was obtained from Sigma-Aldrich, and the deuterated internal standard MNA-ds was
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synthesized by Dr. Adamus (Technical University, Lodz, Poland). LC-MS—grade acetonitrile,
ammonium formate and formic acid were purchased from Sigma-Aldrich. Ultrapure water was

obtained from a Millipore system (Direct-Q 3UV).

4.7 Statistical Analysis
Data were analysed using GraphPad Prism software for Windows (GraphPad Software, San
Diego, CA). Significant differences between groups were determined using the one-way analysis of

variance (ANOVA). A p value <0.05 was considered as statistically significant.
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Abstract

Nicotinamide N-methyltransferase (NNMT) catalyses the methylation of nicotinamide using
the cofactor S-adenosyl-L-methionine (SAM) as a methyl donor. NNMT has been implicated in
various diseases, including cancer and metabolic disorders. Therefore, potent, and selective
NNMT inhibitors are valuable tools to study the biological functions and therapeutic potential of
NNMT. Covalent inhibition is a rapidly growing discipline within drug discovery. Here, we
describe our efforts to design covalent inhibitors targeting non-catalytic cysteine residues (C159
and C165) and serine residues (S201 and S213) involved in substrate binding in the NNMT
active site. Acrylamides and chloroacetamides were used as warheads to target the cysteine
residues and sulfonyl fluoride and boronic acid groups were used to target serine. After linker
optimization, a chloroacetamide-containing inhibitor gave good inhibition of NNMT (compound
17b, ICs0 = 400 nM) and was found to be the first example of a potent NNMT bisubstrate type
inhibitor lacking the amino acid motif present in SAM. The replacement of the aromatic nitrile in
lead compound 17u (chapter 3) with a sulfonyl fluoride at either the meta- or para-position gave
potent inhibition of NNMT with ICso values of 68-89 nM for compounds 39a and 39b. Modelling
data predicts that the distance and orientation of the sulfonyl fluoride moieties may allow for
covalent interaction with active site serine residues Experiments to further characterize the

mechanistic details of these inhibitors are currently ongoing.
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1. Introduction

Nicotinamide N-methyltransferase (NNMT) is a key cytoplasmic enzyme in the human body,
which is responsible for the methylation of the nicotinamide (NA), using S-adenosyl-L-
methionine (SAM) as the methyl donor.1-3 The physiological function of NNMT is related to
various human diseases in the past years. The main functions of NNMT were assumed to be
linked to NA metabolism and xenobiotic detoxification of endogenous metabolites. However, the
role that NNMT plays in human health and disease is becoming more apparent and seems to be
much more complex.# Overexpressed NNMT has been observed in various disorders, including
cardiovascular disease,>® metabolic disorders,’-9 neurodegenerative disease,!0:1! and cancer.12-16
It seems that NNMT has a role in regulating epigenetic modifications and signal transduction,
making it a promising and valuable therapeutic target.17-18 Given the increased interest in NNMT
as a potential therapeutic target, a variety of NNMT inhibitors have recently been disclosed,
including SAM-competitive inhibitors, nicotinamide-competitive inhibitors, bisubstrate inhibitors,
natural product inhibitors, peptides inhibitors, and covalent inhibitors.!® Generally speaking,
covalent inhibitors have several potential advantages, including sustained duration of action,
increased ligand efficiency, the ability to overcome endogenous ligands, optimized capability to
avoid resistant mutations, and increased selectivity of some clinically isolated variants.20

In this chapter, we aimed to expand upon the available set of bisubstrate NNMT inhibitors
developed in our group (chapters 2 and 3) by the introduction of covalent warheads. The active
site of NNMT contains several non-catalytic cysteine residues, specifically C159 and C165, which
can be targeted for covalent modification. In addition, the NA substrate pocket of NNMT contains
two important, but non-essential active site serine residues (S201 and S213) which are involved
in the interaction of the amide moiety of NA. Mutation of these cysteine and serine residues to
alanine does not impair the activity of the enzyme.21-23 Previous work by Cravatt and co-workers
has also demonstrated the feasibility of covalent inhibition of NNMT.22 In their work, an activity-
based protein profiling study was performed using probes based on S-adenosyl-L-homocysteine
(SAH), the biproduct of the NNMT enzymatic methylation reaction, to profile methyltransferases
In various human cancer cell lines (renal carcinoma 769P, ovarian cancer OVCAR3, and
melanoma MUM2C). Subsequently, the SAH-probe was used as a fluorescence polarization (FP)
probe to screen a set of electrophilic fragments identifying the first covalent NNMT inhibitor
(RS004 (1), Figure 1) which displayed an ICso value of 10 uM. Through mutation of active site
cysteine residue C165 to alanine, the compound was confirmed to covalently engage with this
residue.?? The structure of RS004 was optimized through a structure-activity relationship (SAR)
study, resulting in the more potent compounds HS58a (2) and HS312 (3) which showed
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submicromolar ICso values (Figure 1).24 In an alternative approach, Sen et al. reported 4-
chloropyridine analogs (4-6) as NNMT suicide substrates. Upon NNMT mediated N-methylation
of the chlorinated substrates, the now positively charged pyridine ring enhances the
electrophilicity of the C4 position, thereby facilitating an aromatic nucleophilic substitution by the
non-catalytic C159 residue.23 In a third approach, Resnick et al. described the high-throughput
screening of ca. 1000 electrophilic fragments against cysteine-containing enzymes, identifying
several fragments that covalently modified NNMT (compounds 7-9).25 However, when we
evaluated these compounds using our in-house NNMT inhibition assay, none of them showed

significant NNMT inhibition when tested at a concentration of 100 uM (unpublished data).
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Figure 1. The structures of published covalent NNMT inhibitors featuring the chloroacetamide moiety as a warhead
(compounds 1-3 and 7-9). Compounds 4-6 are substrates which become covalent modifiers of an active site cysteine

upon NNMT-mediated methylation.
Compound Design

The crystal structure of NNMT bound to its natural substrate NA and the product of the
enzymatic reaction SAH (PDB ID: 3ROD) reveals multiple interactions with active site residues,
including cysteine C165 that interacts with the ribose oxygen, and serine residues S201 and S213
that interact with the carbonyl of the NA substrate (Figure 2A).2! Notably, results of a modelling
study performed with the very potent NNMY inhibitor 17u (chapter 3) suggest that the nitrile
group is interacting with two active site serine residues (S201 and S213, Figure 2B).

In an NMR-based activity assay Gilbert et al. measured the reactivity of various covalent
warheads against serine and cysteine residues: the two most common residues targeted for
covalent inhibition.26 Building from this information, as well as from the structures of recdently

reported covalent NNMT inhibitors (Figure 1), we selected the acrylamide and chloroacetamide
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Figure 2. Schematic overview of the active site of NNMT. A) Interactions of active site residues with substrate NA and
product SAH indicating the presence of cysteine residues C159 and C165 and serine residues S201 and S213. B)
Compound 17u (chapter 3) modelled in the active site of NNMT

moieties as Michael acceptor “warheads” in an attempt to target cysteine residues C159 and C165.
In search of other warheads to covalently modifying serine residues S201 and S213, we selected
the boronic acid and sulfonyl fluoride moieties. The boronic acid motif is found in a variety of
clinically approved drugs, like Bortezomib, Tavaborole, and Vaborbactam, which have been
approved for treatment of cancer and fungal infections, and bacterial infections.2” The boric acids
form a reversible covalent interaction with serine or threonine residues in their protein targets.
The use of the sulfonyl fluoride moiety as a covalent warhead was first reported by Fahrney,28 and
was subsequently broadly investigated as a covalent warhead for protein modification. As a
covalent warhead, sulfonyl fluorides show good reactivity towards active site serine residues and
as such are often used in protease inhibitors. Furthermore, sulfonyl fluorides are known to
interact with threonine, lysine, tyrosine, cysteine and histidine residues.?? This feature may help in
identifying other residues in NNMT that can be targeted for covalent inhibition.

Based on the structural and modelling data available, our design of covalent bisubstrate
NNMT inhibitors focussed on the introduction of the acrylamide and chloroacetamide moieties in
place of the amino acid functionality as well as the introduction of boronic acid and sulfonyl

fluoride warheads on the aromatic ring in the substrate pocket (Figure 3). The Michael acceptors
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were incorporated with a variety of linkers to probe the optimal length and rigidity for the position
of the warheads. The warheads on the aromatic ring were investigated at both the meta and para-
position. as both para-cyano and meta-amide lead compounds 17u and 17v (Figure 3) showed

potent inhibition of NNMT and are predicted to interact with serine residues S201 and S213.
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Figure 3. The design of the covalent NNMT inhibitors was based on the structure of lead compounds 17u and 17v,
which were modified to target active site serine residues with boronic acids and sulfonyl fluoride motifs (red) or

modified with acrylamide and chloroacetamide motifs to target active site cysteine residues.

Synthesis of cysteine targeting compounds

Using our modular double reductive amination procedure, we first prepared compounds
12a-d to investigate the role of the aromatic sidechain and the choice of warhead. In this route, 5'-
amino-5'-deoxy-2',3'-O-isopropylideneadenosine 10a or the propenyl-4-cyanophenyl linked
compound 10b was treated with acryloyl chloride or chloroacetyl chloride to obtain intermediates
11a-d which were subsequently deprotected using TFA and purified by preparative HPLC to give
final compounds 12a-d (Scheme 1). Unfortunately, compounds 12a-c did not show any
measurable activity against NNMT and compound 12d showed only poor inhibition with an ICso

of 45.76 + 2.07 uM. These findings hinted at the importance of the aromatic sidechain and the
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;: S 12¢ Ry =P, Ry = CH=CH,, ICoq> 100 uM

12d Ry =P,Ry;=CH,Cl,  ICgo=45.76 £ 2.07 M

4-propenyl-benzonitrile (P)

Scheme 1. Synthetic Route for compounds 12a — 12d. Reagents and conditions: (a) acryloyl chloride or chloroacetyl
chloride, DIPEA, DCM, 2h; (b) TFA, DCM, H20, rt. 2h (two steps, 18 — 38%).
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need to optimize the spacing of the warhead.

We then prepared compounds 17a-17f (Scheme 2), in which the propenyl-4-cyanophenyl
was maintained and the linker between the central nitrogen and the warhead was varied from 2 to
4 carbons. Starting from compound 1b, aldehydes 13a-c were coupled to offer intermediates 14a-
c. Next, the Boc-group was removed selectively using water-free acidic conditions and the
corresponding amines 15a-c coupled with acryloyl chloride or chloroacetyl chloride. Finally, the
isopropylidene group was cleaved using aqueous acidic conditions and the crude products were
purified to yield compounds 17a-f. For acrylamide 17a only moderate activity was observed (ICso
=20.98 + 1.06 uM) while compounds 17¢ and 17e bearing longer spacers, showed no inhibition
of NNMT. The chloroacetamides, however, showed more promising results with increasing
activity with decreasing spacer length. While no activity was observed for compound 17f,
compound 17d exhibited moderate activity (ICso = 11.86 + 0.53 uM), which was further
improved in the case of compound 17b, which exhibits sub-micromolar inhibition of NNMT (ICso
=0.40 + 0.01 uM). Notably, this is the first example of a bisubstrate inhibitor of NNMT in which
the amino acid functionality is replaced by a less polar functionality while retaining significant

activity.

HoN CN

\\)I \ K)\/E | >
NH J\HNHBOC - N NHBoc ,@ QANHz

n=1,23 n=1,2, 3 n=1,23
10b 13a-13c 14a - 14c 15a - 15¢
B CN HoN CN
S N = N
N S N S 17an=1, R = CH=CH, ICso=20.98 * 1.06 uM
c LN/ N | d \\N/ N | 17bn=1,R=CH,Cl,  ICg=0.40+0.01 uM
/~0 o g —o o 17¢n =2, R = CH=CH, ICg > 100 uM
e HO Ji§ 17dn=2,R=CH,Cl, ICs =11.860.53 M
o w,/Né%/\N R w/NQ/\N R | 17en=3,R=CH=CH, ICs > 100 uM
%o nH HO n H 17f n=3,R=CH,Cl, ICs0> 100 uM
n=12,3 n=123
16a — 16f 17a-17f

Scheme 2. Synthetic route for compounds 17a — 17f. Reagents and conditions: (a) NaBH(OAc)s, DCE, AcOH (65-
72% yield); (b) TFA, dry DCM; (c) acryloyl chloride or chloroacetyl chloride, DIPEA, DCM (d) TFA, DCM, H0, rt.
2h (18-47% yield, 3 steps).

Building on the promising results obtained with compound 17b, we next focussed on the
further optimization of the linker. Instead of the linear linkers, we investigated a series of 4-, 5- or
6-membered cyclic linkers (Scheme 3 and 4). To synthesize these compounds, amine 1b was

subjected to reductive amination with ketones 18a-c (Scheme 3) or aldehyde 23 (Scheme 4). As
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before, the Boc group was then selectively deprotected and the resulting amine coupled to acryloyl
chloride or chloroacetyl chloride to form intermediates 2la-f and 26a-b which were then
deprotected and purified to give final compounds 22a-f and 27a-b. For the chloroacetamide-
containing compounds, no improvement in activity was found with the best results found for
compound 27b (ICso = 19.77 + 0.96 uM). For the acrylamides however, compounds 22e (ICso =
8.46 + 0.40 uM), and 27a (ICso = 4.16 + 0.32 uM), now showed low micromolar inhibition.

HzN CN

N cN
NTTS \> N N\
[ | L L | LAy
NTOE b NT N \
o _° . o
NBoc 0 v N O(@».,,/N
#\o NBoc %O \@\NH
n n
n=1,2.3 n=1,23 n=1,23
1b 18a - 18c 19a-19c 20a - 20c
HoN oN
N
Y
\:\I K)i 22a n=1, R = CH=CH,, ICs > 100 M
c | N | 22b n=1,R=CHyCl,  ICsq> 100 uM
— ‘ o 22c n=2,R = CH=CH,, ICs=89.70 £ 11.06 uM
_, N 22d n=2,R=CH,Cl,  ICep>100 uM
v 22e n=3,R=CH=CH,, ICso = 8.46 £ 0.40 uM
HO N._R  |22f n=3,R=CH,Cl, ICs>100 uM
T W T
n=1,23 n=1,23 o
21a - 21f 22a - 22f

Scheme 3. Synthetic route for compounds 22a — 22f. Reagents and conditions: (a) NaBH(OAc)s, DCE, AcOH (17-
63% yield); (b) TFA, dry DCM; (c) acryloyl chloride or chloroacetyl chloride, DIPEA, DCM (d) TFA, DCM, H-0,
rt. 2h (23-39% yield, 3 steps) .

To investigate aromatic linkers, a benzyl-based moiety was introduced bearing the

HZN HzN CN HZN CN
N N
NS S NTTS S
L | \L 2~N | L A~N |
N 4 b N %
o VC/NBoc 0 \/C/NH
o v N ) 0, N
NBoc 7‘\0 7\\0
1b 23 24 25
HzN CN HzN
NTTS N\
c (> N> | o d | o 27a R = CH=CHy, ICs( = 4.16 £ 0.32 pM
- N - L - JL 27b R=CH,Cl, ICs=19.77 +0.96 uM
o N R 0
o) "«//N\/C/ HO / \/C/
7L0 HO

26a-26b 27a-27b

Scheme 4. Synthetic route for compounds 27a — 27b. Reagents and conditions: (a) NaBH(OAc)s, DCE, AcOH,

(35%); (b) TFA, dry DCM,; (c) acryloyl chloride or chloroacetyl chloride, DIPEA, DCM (d) TFA, DCM, H»0, rt. 2h
(20-28%, over 3 steps).
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acrylamide or chloroacetamide warhead at the ortho, meta or para position (Scheme 5). To this
end, compound 1b was coupled with tert-butyl 4-formylphenylcarbamates 28a-c. As before, the
Boc group was selectively deprotected and the resulting anilines 29a-c¢ coupled to acryloyl chloride
or chloroacetyl chloride to form intermediates 30a-f. Final deprotection and purification gave
compounds 31a-f. Unfortunately, the introduction of the aromatic ring did not improve the

activity of the compounds.

H,N CN HzN CN
N N
L LY
LA ~N | 0 P | b e
N < a N < N s
o) - - o -
H X —NHB
O(@"“/NH * J\@NHBOC O,@"’//Np oc
- .
1b 28a —28c 29a - 29c
HoN CN HoN CN
NS N\> NS N\> 31a0, R=CH=CH, ICg> 100 M
Ly | o U Ay | o 31bo, R=CH,Cl, ICg > 100 uM
NT= R a N - >\;R 31c m, R = CH=CHj,, ICsp > 100 uM
o ‘ = h o | IS 31dm, R=CH,Cl, ICso>67.70 + 3.99 uM
e} -, N — HO o, N _ 31ep, R=CH=CH, ICs> 100 uM
' ’ 31f p, R=CH,Cl, ~ ICso > 66.42 + 4.19 uM
o HO
30a — 30f 31a-31f

Scheme 5. Synthetic route for compounds 31a — 31f. Reagents and conditions: (a) NaBH(OAc)s, DCE, AcOH (21 —
56% yield); (b) TFA, dry DCM,; (c) acryloyl chloride or chloroacetyl chloride, DIPEA, DCM (d) TFA, DCM, H:O, rt.
2h (22-41% vield, 3 steps).

As noted above, in our attempts to develop covalent bisubstrate NNMT inhibitors,
compound 17b was identified as the most potent compound and bears the chloroacetamide
moiety in place of the amino acid functionality. Ongoing work is focussing on establishing the
proposed covalent mechanism of this inhibitor both by whole protein mass spectrometry to
analyse the formation of the enzyme-inhibitor adduct as well as biochemical assays using enzyme
mutants in which one or more of the target cysteine residues is mutated to an alanine. For these
experiments we recently obtained the C159A, C165A and C159A/C165A mutants, all of which
are catalytically still active. Should a covalent interaction with either of these cysteine residues
play a covalent role in the activity of 17b, the activity of the inhibitor would be expected to be

reduced against the mutant enzyme.

Synthesis of serine targeting compounds
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For the serine-targeting compounds containing the sulfonyl fluoride warheads, commercially
available methylbenzenesulfonyl chlorides 32a-b were brominated with benzoyl peroxide (BPO)
and N-bromo-succinimide to form bromomethylbenzenesulfonyl chlorides 33a-b and
subsequently converted to the corresponding sulfonyl fluorides 34a-b using hydrogen fluoride
(Scheme 6). Compounds 34a-b were then oxidized directly using N-methylmorpholine N-oxide
(NMO) in the presence of 4& molsieves to offer the corresponding aldehydes 35a-b which were
extended via a Wittig reaction to obtain cinnamic aldehydes 36a-b. The aldehydes were coupled
with amine 37 via a reductive amination reaction to obtain intermediates 38a-b and after

deprotection using TFA and purification by preparative HPLC, final compounds 39a-b were

obtained.
. £
O= S [e) 0=S=0 0=S=0
&
32a-32b 33a-33b 34a-34b 35a-35b 36a-36b ©
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f N ~ AN
SRR
NTE 39a meta, ICsq = 0.0886 + 0.009 UM
o 39b para, ICg = 0.0679 + 0.003 uM
HO .
HO

39a - 39b

Scheme 6. Synthetic route for compounds 39a — 39b. Reagent and conditions: (a) Benzoyl peroxide, N-
bromosuccinimide, ACN, reflux (8-25%); (b) HF.KF, H,O/ACN, rt, (31-80%); (¢) N-methylmorpholine N-oxide, 44
molsives, ACN, rt (50-75%); (d) PPhs=CHCHO, THF, 50°C, overnight (44 — 67%); (e) 36a or 36b, NaBH(OACc)s,
DCE, AcOH (67% — 71%); (f) TFA, DCM, H0, 1t, 2h (71— 82%).

When evaluating the sulfonyl fluoride compounds, we found that incorporation of the
sulfonyl fluoride at either the meta- and para-position relative to the alkene linker, both resulted
in potent inhibition of NNMT with ICso values of 89 and 68 nM respectively. Until now, the

position on the aromatic ring at which a substitution was incorporated had a significant impact
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into its activity. However, for compounds 39a and 39b, no significant difference is observed.
Experiments are ongoing to establish the mode of action of these inhibitors. Specifically, looking
into the covalent nature of the mechanism through whole protein MS and biochemical assays. For
these experiments we have obtained the single and double serine-to-alanine mutants (S201A,
S213A, S201A/S213A), all of which are catalytically still active. Should a covalent interaction
with either of these serine residues play a role in the mechanism of action for 39a or 39b, the
activity of the compound(s) will likely be significantly impacted against NNMT mutants wherein
these serine residues are exchanged for alanine.

For the synthesis of the boronic acid containing compounds, we started from
pinacolatoboron aldehydes 40a-b which were extended via Wittig reaction to obtain cinnamic
aldehydes 41 (Scheme 7). The aldehydes were subsequently coupled with amine 37 to offer
compounds 42a-b. The pinacol protecting groups were cleaved under oxidative conditions using
NalOs4 yielding compounds 43a-b. Final compounds 44a-b were obtained by global deprotection
of the acid-labile protecting groups using TFA.

En Sl o S /3 oL
A AL {» 1 S

NHBoc NHBoc
40a - 40b 41a-41b 37 42a - 42b

44a meta, IC5p = 1.66 + 0.13 uM

o ~0 o 44b para, 1Csy > 25 pM
MotBU v,,//N\/\HkOH

NHBoc HO NH,

43a-43b 44a - 44b

Scheme 7. Synthetic route for compounds 44a — 44b. Reagent and conditions: (a) PPhs=CHCHO, THF, 50 °C,
overnight (15 — 36%); (b) NaBH(OAc)s, DCE, AcOH (37 — 44%) ; (c) NaIOs4, 0.2 M HCl(aq), THF, 2h ; (d) TFA,
DCM, H0, rt, 2h (17 — 38%, over two steps).

The analysis of boronic acid substituted compounds 44a-b revealed a steep SAR with no
appreciable inhibition observed for para-substituted boronic acid 44b, but low micromolar
inhibition seen for meta-substituted boronic acid 44a (ICso value of 1.66 + 0.13 pM). This is the
same trend as observed for the amide substituted compounds (chapter 3), which could suggest

that the boronic acids are mimicking the amide functional group, only less efficiently. To evaluate
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the mode of action of the boronic acid analogues, the compounds will be evaluated in biochemical

assays using the serine-to-alanine mutants of NNMT as described above.

Modelling Studies

To further explore how the inhibitors described in this chapter might bind within the NNMT
active site, docking studies were carried out using Autodock Vina3®. Using available crystal
structures of NNMT bound to previously reported bisubstrate inhibitor LL320 (PDB ID:
6PVS),3! compounds 17b, 39a-b, and 44a-b were docked in the NNMT active site. Overlaying
compound 17b with the ligand LL320 show good overlay, but no hydrogen bonding interactions
are predicted for the chloroacetamide moiety binding in the amino acid pocket. In addition, it
seems that the covalent warhead of compound 17b does not have the correct spacing and
orientation to engage with cysteine residues C159 or C165 in the NNMT active site. The distance
between the a-carbon of the chloroacetamide and the sulphur atom of C165 is around 8.2 A in the
overlay and cysteine C159 is located even further away. These distances would be too large to be
able to form a covalent interaction (Figure 4). Nevertheless, compound 17b still shows good
NNMT inhibition, which indicates that the chloroacetamide warhead is well accommodated in

the active site, e.g. through hydrophobic interactions.

CYS-165

Figure 4. (A) Overlay of the docking model of compound 17b with the crystal structure of compound LL320 (pink)
bound to hANNMT (gray), and (B) the distance between the a-carbon of the chloroacetamide in 17b to the sulphur

atom of cysteine residue C165 is around 8.2 A, which would be too far to form a covalent interaction.

Compounds 39a, 39b, 44a, and 44b were designed to covalently target serine residues S201

or S213. Therefore, the focus of modelling these compounds was on the interactions of the
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sulfonyl fluoride and boronic acid substitutions with the serine residues in the nicotinamide
pocket of NNMT. When docking compounds 39a-b in the NNMT active site (PDB ID: 6PVS),
good overlay with compound LL320 was found (Figure 5A) and both the meta- and para-
substituted sulfonyl fluorides appear to be close enough to serine residues S201 and S213 to
possible engage in covalent interactions with predicted distances of 2.9 and 3.4 A respectively
(Figure 6A and 6B). The docking of both meta- and para-substituted boronic acid compounds
44a-b revealed a slight difference in overlay with compound LL320 for para-substituted boronic
acid compound 44b while the meta-substituted boronic acid compound 44a showed a similar
orientation of the boronic acid motif with the amide moiety of LL320 (Figure 5B). This may
explain the difference in activity observed for 44a and 44b. However, from the modelling data of

compounds 44a and 44b, no clear explanation for the difference in activity can be found as in both

cases the boronic acid seems to be in close proximity with both targeted serine residues (Figure 6C
and 6D).

Figure 5. A) Overlay of the docking models of compounds 39a (pink) and 39b (yellow) with the hANNMT (gray)-LL320
(cyan) complex (PDB 6PVS), (B) Overlay of the docking models of compounds 44a (pink) and 44b (yellow) with the
hNNMT (gray)-LL320 (cyan) complex (PDB 6PVS).
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Figure 6. Docking analysis of compounds 39a (A), 39b (B), 44a (C) and 44b (D) in the binding sites of ANNMT (gray)
structure (PDB ID: 6PVS). Hydrogen bonding interactions are shown in gray dotted lines with calculated distances in

Angstrom.

Conclusions

Building on the structure of the potent bisubstrate NNMT inhibitors 17u and 17v, described
in chapter 3, we designed and synthesized a focused library of novel inhibitors containing different
warheads designed to target cysteine or serine residues in the NNMT active site. To this end, the
amino acid functionality was replaced by acrylamides and chloroacetamides with different linkers
and evaluated for their inhibitory activity of NNMT with the aim of interacting with cysteine
residues C159 or C165, previously targeted by covalent inhibitors of NNMT. In addition, serine
residues S201 and S213, involved in binding to the amide moiety of NA pocket, were targeted
using sulfonyl fluoride and boronic acid groups. By probing the NNMT binding pockets with
different linkers and covalent warheads, we found that linker length is crucial for activity. Among

the Michael-acceptor compounds prepared, compound 17b showed the most potent activity with
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an ICso value of 400 nM. It is noteworthy to mention, that this is the first example of a bisubstrate
inhibitor of NNMT in which the amino acid functionality is replaced whilst partially retaining its
activity. Whether or not the interaction of compound 17b with the NNMT active site is covalent is
still under investigation.

In pursuit of targeting the serine residues in the nicotinamide pocket of NNMT, sulfonyl
fluoride analogues 39a and 39b showed very promising activity with both compounds exhibiting
nanomolar activity. As described in chapter 3, we previously found that the orientation of electron
withdrawing functional groups at the aromatic ring generally have a preference for the para-
position and only the amide functionality was found to be most active in the meta-position. In the
case of the sulfonyl fluoride motif, both orientations work equally well. Modelling of compounds
39a-b indicate that the sulfonyl fluoride moiety in both compounds is in close proximity to serine
residues S201 and S213, potentially allowing for a covalent interaction. For the boronic acid
derivatives, only meta-orientated boronic acid compound 44a showed activity, albeit with a
moderate ICso value of 1.6 uM. Compound 44b, which has its boronic acid motif in the para-
position, did not show any activity. No clear explanations can be provided for the potencies of
compounds 44a-b based on the modelling data obtained. The role of the serine residues is

currently under investigation involving the use serine-to-alanine mutants of NNMT.

Experimental Procedures
General Procedures

All reagents employed were of American Chemical Society grade or finer and were used
without further purification unless otherwise stated. For compound characterization,!H NMR
spectra were recorded at 400 MHz or 500MHz with chemical shifts reported in parts per million
downfield relative to tetramethylsilane, H20 (8 4.79), CHCls (7.26), or methanol (6 3.31). 'H
NMR data are reported in the following order: multiplicity (s, singlet; d, doublet; t, triplet; g,
quartet; and m, multiplet), coupling constant () in hertz (Hz) and the number of protons. Where
appropriate, the multiplicity is preceded by br, indicating that the signal was broad. 13C NMR
spectra were recorded at 101 MHz with chemical shifts reported relative to CDCls (6 77.16),
methanol (8 49.00), or DMSO (6 39.52). The 13C NMR spectra of the compounds recorded in
D20 could not be referenced. High-resolution mass spectrometry (HRMS) analysis was
performed using a Q-TOF instrument. Compounds 1b, 4a,32 4b,33 4¢,34 34a,3> 34b3¢ and 37, were
prepared as previously described and had NMR spectra and mass spectra consistent with the

assigned structures.
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N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)acrylamide (11a). To a solution of 9-((3aR,4R,6R,6aR)-6-
(aminomethyl)-2-methyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine 10a (10 mg,
0.033 mmol) in 5 mL DMF were added 0.1 mL DIPEA and 0.1 mL acryloyl chloride under ice
bath. After the addition, the ice bah was removed the mixture stirred at rt 2 hours, then removed

the solvent under reduced pressure and the residue (yellow oil) 11a was not purified for next step.

N-(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)-2-chloroacetamide (11b) Following the procedure described for
compound 11a, coupling 10a (10 mg, 0.033 mmol) and 2-chloroacetyl chloride (0.1 mL) afforded

compound 11b as yellow oil without purification for next step.

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-((E)-3-(4-cyanophenyl)allyl)acrylamide (11c). Following the
procedure described for compound 11a, coupling 4-((E)-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)prop-1-en-1-
yl)benzonitrile 10b (15 mg, 0.033 mmol) and acryloyl chloride (0.1 mL) afforded compound 11c

as yellow oil without purification for next step.

N-(((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-chloro-N-((E)-3-(4-cyanophenyl)allyl)acetamide (11d). Following
the procedure described for compound 1la, compound 10b (15 mg, 0.033 mmol) and 2-
chloroacetyl chloride (0.1 mL) afforded compound 11d as yellow oil without purification for next

step.

N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)acrylamide (12a). To a solution of compound 11a (14mg, crude) in 1 mL of CH2Cl2 has
added a mixture of 9 mL TFA and 1 mL H20, and the solution was stirred for 2 h at room
temperature. The mixture was concentrated, and the crude product was purified by preparative
HPLC, affording compound 12a as a yellow oil (4 mg, 38% yield over two steps, >70 % pure),
LRMS (ESI): calculated for C13H17Ne¢O4 [M+H]* 321.13, found 321.16.
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N-(((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)-2-chloroacetamide (12b). Following the procedure described for compound 12a,
compound 11b (16mg, crude) was deprotected and purified, affording compound 8 as a yellow
powder (3 mg, 27% yield over two steps, > 70% pure). LRMS (ESI): calculated for C12H16CINO4
[M+H]* 343.09, found 349.11.

N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)-N-((E)-3-(4-cyanophenyl)allyl)acrylamide (12¢). Following the procedure described
for compound 12a, compound 1llc (21mg, crude) was deprotected and purified, affording
compound 12c¢ as a white powder (5 mg, 32% yield over two steps, > 70% pure). LRMS (ESI):
calculated for C23H24N704 [M+H]* 462.1890, found 462.1892.

N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)-2-chloro-N-((E)-3-(4-cyanophenyl)allyl)acetamide (12d). Following the procedure
described for compound 12a, compound 11d (25mg, crude) was deprotected and purified,
affording compound 12d as a yellow powder (3 mg, 18% yield over two steps, 70% pure). LRMS
(ESI): calculated for C2oH23CIN7O4 [M+H]* 484.15, found 484.19.

tert-butyl (2-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-4-yl)methyl)((E)-3-(4-
cyanophenyl)allyl)amino)ethyl)carbamate (14a). Amine 10b (840 mg, 1.89 mmol), tert-butyl (2-
oxoethyl)carbamate 13a (360 mg, 2.26mmol), NaBH(OAc)s (600 g, 2.83 mmol) and AcOH (1
drop) were added to 1,2-dichloroethane (DCE, 50 mL) in a 250 mL round-bottom flask (RBF)
and the mixture was stirred at room temperature under N2 atmosphere overnight. The reaction
was quenched by adding 1 N NaOH (20 mL), and the product was extracted with CH2Cl2. The
combined organic layers were washed with brine and dried over Na2SO4. The solvent was
evaporated, and the crude product was purified by column chromatography (5% MeOH in EtOAc)
to give compound 14a as a white powder (724 mg, 65% yield). 'H NMR (400 MHz, CDCls3) &
8.17 (s, 1H), 7.88 (s, 1H), 7.49 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 7.2 Hz, 2H), 6.63 (s, 2H), 6.39
(brd,J=15.9 Hz, 1H), 6.28 — 6.18 (m, 1H), 6.03 (d, J = 1.9 Hz, 1H), 5.44 — 5.33 (m, 2H), 5.04
—-4.97 (m, 1H), 4.27 (q,J = 6.5 Hz, 1H), 3.26 (d, J = 6.0 Hz, 2H), 3.21 - 3.01 (m, 2H), 2.76 (d,
J=6.2 Hz, 2H), 2.59 (d,J = 5.2 Hz, 2H), 1.57 (s, 3H), 1.37 (br d, J = 12.7 Hz, 12H). 13C NMR
(101 MHz, CDCl3) § 156.0, 153.0, 149.0, 141.3, 132.4, 131.1, 126.7, 120.2, 119.0, 114.6,
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110.6, 90.4, 85.6, 83.9, 83.1, 56.8, 55.9, 53.7, 38.3, 28.5, 27.2, 25.5. HRMS (ESI): calculated
for C30H39NgOs [M+H]+ 590.3043, found 590.3045.

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)((E)-3-(4-
cyanophenyl)allyl)amino)pyrrolidine-1-carboxylate (14b). Following the procedure described for
compound 14a, compound 10b (210 mg, 0.47 mmol) coupled with (9H-fluoren-9-yl)methyl (3-
oxopropyl)carbamate 13b (121 mg, 0.70 mmol) afforded compound 14b as yellow powder (204
mg, 72% yield). TH NMR (400 MHz, CDCls) § 8.16 (s, 1H), 7.93 (s, 1H), 7.46 (d, J = 8.3 Hz,
2H), 7.23 (d, J = 8.3 Hz, 2H), 6.76 (s, 2H), 6.35 (br d, J = 16.0 Hz, 1H), 6.27 — 6.16 (m, 1H),
6.08 — 6.02 (m, 1H), 5.52 - 5.36 (m, 2H), 4.99 (dd, J = 5.6, 3.3 Hz, 1H), 4.36 — 4.32 (m, 1H),
3.25-3.00 (m, 4H), 2.68 (d, J = 6.8 Hz, 2H), 2.49 (t, J = 6.4 Hz, 2H), 1.56 (s, 3H), 1.35(d, J =
7.2 Hz, 12H).13C NMR (101 MHz, CDCl3) 6 156.0, 153.0, 149.0, 141.3, 139.5, 132.3, 131.2,
130.8, 126.6, 120.2, 119.0, 114.3, 110.4, 90.7, 85.8, 84.0, 83.3, 56.4, 51.8, 38.7, 28.5, 27.1,
25.4. HRMS (ESI): calculated for C31H41NgOs [M+H]+ 605.3200, found 605.3201.

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) ((E)-3-(4-
cyanophenyl)allyl)amino)butyl)carbamate (14c). Following the procedure described for
compound 14a, compound 10b (210 mg, 0.47 mmol) coupled with tert-butyl (4-
oxobutyl)carbamate 14 (130 mg, 0.70 mmol) afforded compound 5c as yellow powder (200 mg,
69% yield). IH NMR (400 MHz, CDCls) & 8.22 (s, 1H), 7.95 (s, 1H), 7.50 (d, J = 8.3 Hz, 2H),
7.28 (d, J = 9.3 Hz, 2H), 6.53 (s, 2H), 6.38 (br d, J = 16.0 Hz, 1H), 6.31 — 6.22 (m, 1H), 6.06 (s,
1H), 5.49 - 5.43 (m, 1H), 4.97 (dd, J = 6.0, 3.3 Hz, 2H), 4.36 (s, 1H), 3.58 (s, 1H), 3.30 — 3.20
(m, 2H), 3.11 = 2.95 (m, 2H), 2.72 (d, J = 6.5 Hz, 2H), 2.48 (s, 2H), 1.57 (s, 3H), 1.38 (d, J =
13.7 Hz, 17). 3C NMR (101 MHz, CDCls) § 155.8, 153.0, 149.1, 141.3, 140.2, 132.4, 131.33,
130.9, 126.7, 120.2, 119.1, 114.3, 110.5, 90.9, 85.8, 83.9, 83.3, 56.8, 56.0, 54.3, 28.5, 27.8,
27.1,25.4,24.3. HRMS (ESI): calculated for C32H43NsOs [M+H]* 619.3356, found 619.3358.

4-((E)-3-((((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-aminoethyl)amino)prop-1-en-1-yl)benzonitrile (15a). To a solution
of 14a (118 mg, 0.2 mmol) in CH2Cl2 (9mL) was added TFA (1 mL), after 1 hour, solvent and

TFA were removed under reduced pressure, the crude yellow oil was used for next step directly
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without purification (assumed quantitive yield). LRMS (ESI): calculated for C2sH31NsOs [M+H]+
491.25, found 491.27.

4-((E)-3-((((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-aminopropyl)amino)prop-1-en-1-yl)benzonitrile (15b). Following
the procedure described for compound 15a, compound 14b was selectively deprotected, the cude

compound 6b was used for next step directly without purification (assumed quantitive yield).
LRMS (ESI): calculated for C26H33NgOs3 [M+H]* 505.26, found 505.31.

4-((E)-3-((((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-aminopropyl)amino)prop-1-en-1-yl)benzonitrile (15c). Following
the procedure described for compound 15a, compound 14c¢ was selectively deprotected, the cude
compound 6¢ was used for next step directly without purification (assumed quantitive yield).
LRMS (ESI): calculated for C27H35NsO3 [M+H]* 519.28, found 519.33.

N-(2-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[ 3,4-
d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)ethyl)acrylamide (16a). Following
the procedure described for compound 11a, compound 15a (25 mg, 0.05 mmol) and acryloyl

chloride (0.05 mL) afforded compound 7a as yellow oil without purification for next step.

N-(2-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[ 3,4-
d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)ethyl)-2-chloroacetamide ~ (16b).
Following the procedure described for compound 11a, compound 15a (25 mg, 0.05 mmol) and 2-
chloroacetyl chloride (0.05 mL) afforded compound 16b as yellow oil without purification for next

step.

N-(3-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)propyl)acrylamide. (16c)
Following the procedure described for compound 11a, compound 15b (25 mg, 0.05 mmol) and
acryloyl chloride (0.05 mL) afforded compound 16¢ as yellow oil without purification for next

step.

N-(3-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)propyl)-2-chloroacetamide (16d).
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Following the procedure described for compound 11a, compound 15b (25 mg, 0.05 mmol) and
2-chloroacetyl chloride (0.05 mL) afforded compound 16d as yellow oil without purification for
next step.

N-(4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butyl)acrylamide (16e). Following
the procedure described for compound 11a, compound 15¢ (26 mg, 0.05 mmol) and acryloyl

chloride (0.05 mL) afforded compound 16e as yellow oil without purification for next step.

N-(4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-
d][1,3]dioxol-4-yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butyl)-2-chloroacetamide ~ (16f).
Following the procedure described for compound 11a, compound 15¢ (26 mg, 0.05 mmol) and 2-
chloroacetyl chloride (0.05 mL) afforded compound 16f as yellow oil without purification for next

step.

N-(2-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)ethyl)acrylamide (17a). Following the procedure
described for compound 12a, compound 16a was deprotected and purified, affording compound
17a as a yellow powder (3 mg, 18% yield over two steps). 1H NMR (500 MHz, CD3OD) & 8.39 (s,
1H), 8.30 (s, 1H), 7.72 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.3 Hz, 2H), 6.93 (br d, J = 15.8 Hz, 1H),
6.54 — 6.45 (m, 1H), 6.16 — 6.03 (m, 3H), 5.65 (dd, J = 9.6, 2.2 Hz, 1H), 4.80 (d, J = 3.7 Hz,
1H), 4.56 (d,J=10.5Hz, 1H), 4.49 (t,J = 4.9 Hz, 1H), 4.23 (d, J = 7.2 Hz, 2H), 3.96 — 3.87 (m,
1H),3.73 (d,J=3.9 Hz, 1H), 3.70 (d, J = 2.3 Hz, 1H), 3.67 (d, J = 9.4 Hz, 1H), 3.55 — 3.44 (m,
2H). 13C NMR (126 MHz, CDsOD) & 168.6, 139.7, 139.1, 132.4, 129.3, 127.4, 126.8, 119.7,
118.1, 112.0, 90.9, 78.7, 73.8, 73.2, 55.1, 34.9, HRMS (ESI): calculated for C25H29NgO4
[M+H]* 505.2312, found 505.2218.

N-(2-((((2R,3S,4R,5R)-5-(6~amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)ethyl)-2-chloroacetamide (17b). Following the
procedure described for compound 12a, compound 16b was deprotected and purified, affording
compound 17b as a yellow powder (12 mg, 38% yield over two steps). 'H NMR (500 MHz,
CD30OD) § 8.49 (s, 1H), 8.36 (s, 1H), 7.68 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.3 Hz, 2H), 6.86 (d,
J=15.8Hz, 1H), 6.50 (dd, J = 15.4,7.9 Hz, 1H), 6.17 (d, J = 3.8 Hz, 1H), 4.74 — 4.70 (m, 1H),
4.59 — 4.52 (m, 2H), 4.06 (s, 2H), 3.90 (dd, J = 13.9, 9.9 Hz, 1H), 3.76 (dd, J = 13.9, 1.6 Hz,
1H), 3.69 (t, J = 6.1 Hz, 2H), 3.51 (t, J = 6.1 Hz, 2H). 13C NMR (126 MHz, CD30D) § 169.5,
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151.1, 148.2, 139.8, 138.9, 132.4, 127.3, 120.0, 119.9, 118.2, 111.9, 91.1, 78.7, 73.5, 72.3,
55.6, 54.94, 54.9, 52.9, 41.7, 34.8, HRMS (ESI): calculated for C24H27CINsO4 [M+H]*
527.1922, found 527.1925.

N-(3-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)propyl)acrylamide (17c). Following the procedure
described for compound 12a, compound 16¢ was deprotected and purified, affording compound
17¢ as a yellow powder (14mg, 44% yield over two steps, > 70% pure). LRMS (ESI): calculated
for CosH31NgO4 [M+H]* 519.24, found 519.29.

N-(3-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)propyl)-2-chloroacetamide (17d). Following the
procedure described for compound 12a, compound 16d was deprotected and purified, affording
compound 17d as a yellow powder (14 mg, 42% yield over two steps). 'H NMR (500 MHz,
CDsOD) & 8.48 (s, 1H), 8.35 (s, 1H), 7.68 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 7.0 Hz, 2H), 6.87 —
6.80 (m, 1H), 6.48 — 6.42 (m, 1H), 6.17 (d, J = 3.4 Hz, 1H), 4.68 (s, 1H), 4.56 — 4.51 (m, 2H),
4.12 (d,J = 7.3 Hz, 2H), 4.02 (s, 2H), 3.86 — 3.81 (m, 1H), 3.68 (br d, J = 13.6 Hz, 1H), 3.38 -
3.33 (m, 2H), 2.06 — 2.01 (m, 2H). 13C NMR (126 MHz, CD30D) 6 168.7, 161.3, 161.0, 151.1,
148.2, 139.7, 138.6, 132.4, 127.3, 120.0, 119.8, 118.1, 111.9, 90.5, 55.27, 73.5, 72.3, 55.3,
51.3, 41.8, 36.3, 23.9, HRMS (ESI): calculated for C25H30CINgO4 [M+H]* 541.2079, found
541.2083.

N-(4-((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl)((E)-3-(4-cyanophenyl)allyl)amino)butyl)acrylamide (17e). Following the procedure
described for compound 12a, compound 16e was deprotected and purified, affording compound
17e as a yellow powder (12mg, 36% yield over two steps, >70% pure). LRMS (ESI): calculated
for C27H33CIN804 [M+H]+ 533.26, found 533.30.

N-(4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)butyl)-2-chloroacetamide (17f). Following the
procedure described for compound 12f, compound 16f was deprotected and purified, affording
compound 17f as a yellow powder (16 mg, 47% yield over two steps). 1H NMR (500 MHz,
CDs0D) 6 8.47 (s, 1H), 8.34 (s, 1H), 7.68 (d, J = 8.0 Hz, 2H), 7.49 (s, 2H), 6.81 (br d, J = 15.8
Hz, 1H), 6.48 — 6.42 (m, 1H), 6.17 (d, J = 3.3 Hz, 1H), 4.68 (s, 1H), 4.56 — 4.50 (m, 2H), 4.10
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(d,J=7.3 Hz, 2H), 4.06 (s, 2H), 3.84 — 3.79 (m, 1H), 3.66 (brd, J = 13.4 Hz, 1H), 3.39 — 3.33
(m, 2H), 3.27 (t, J = 6.5 Hz, 2H), 1.89 — 1.75 (m, 2H), 1.65 — 1.56 (m, 2H). 13C NMR (126
MHz, CD3OD) 6 168.3, 161.1, 151.3, 148.11, 139.7, 138.6, 132.4, 119.8, 118.1, 111.9, 91.2,
73.5, 72.3, 53.4, 41.9, 38.2, 26.1, 20.9, HRMS (ESI): calculated for C26H32CINgO4 [M+H]*
555.2235, found 555.2238.

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)((E)-3-(4-
cyanophenyl)allyl)amino)azetidine-1-carboxylate (19a). Following the procedure described for
compound 14a, compound 1b (40 mg, 0.090 mmol) coupled with tert-butyl 3-oxoazetidine-1-
carboxylate 18a (19 mg, 0.11 mmol) afforded compound 19a as yellow powder (10 mg 19% yiled
over two steps, > 70% pure). LRMS (ESI): calculated for C31H39NsOs [M+H]* 603.30, found
603.31.

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)((E)-3-(4-
cyanophenyl)allyl)amino)pyrrolidine-1-carboxylate (19b). Following the procedure described for
compound 14a, compound 1b (200 mg, 0.45 mmol) coupled with tert-butyl 3-oxoazetidine-1-
carboxylate 18b (92 mg, 0.54 mmol) afforded compound 19b as yellow powder (174 mg, 63
yield). 1TH NMR (400 MHz, CDCls) 6 8.25 (br d, J = 34.0 Hz, 1H), 7.87 (s, 1H), 7.51 — 7.43 (m,
2H), 7.22 (br d, J = 19.8 Hz, 2H), 6.78 — 6.67 (m, 2H), 6.42 — 6.32 (m, 1H), 6.29 — 6.18 (m,
1H), 6.03 (d, J = 2.0 Hz, 1H), 5.43 — 5.39 (m, 1H), 5.05 — 4.96 (m, 1H), 4.38 — 4.26 (m, 1H),
3.67 —2.99 (m, 7H), 2.93 — 2.73 (m, 2H), 1.98 — 1.86 (m, 1H), 1.78 — 1.63 (m, 1H), 1.54 (s,
3H), 1.39 (d, J = 5.5 Hz, 9H), 1.34 (s, 3H). 13C NMR (101 MHz, CDCls) 6 155.9, 154.5, 153.0,
149.0, 140.2, 140.2, 132.4, 130.8, 126.6, 120.3, 119.0, 114.4, 110.6, 90.7, 86.2, 84.0, 83.1,
79.4, 61.9, 60.8, 54.7, 44.7, 44.3, 29.7, 28.5, 27.2, 25.,5. HRMS (ESI): calculated for
C32H41CINgOs [M+H]* 617.3200, found 617.3201.

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)((E)-3-(4-
cyanophenyl)allyl)amino)piperidine-1-carboxylate (19¢). Following the procedure described for
compound 14a, compound 1b (40 mg, 0.090 mmol) coupled with tert-butyl 3-oxoazetidine-1-
carboxylate18c (22 mg, 0.11 mmol) afforded compound 19c as yellow powder (13mg, 23% yield).
LRMS (ESI): calculated for C33H41NgOs [M+H]* 631.33, found 631.35.
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4-((E)-3-((1-acryloylazetidin-3-y1)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)methyl)amino)prop-1-en-1-yl)benzonitrile (22a). To a solution of
compound 19a (30 mg, 0.05 mmol) in CH2Cl2 (9 mL) was added TFA (1 mL), after 30 mins,
solvent was removed under reduced pressure, the crude oil was redissolved in CH2Cl2 (10 mL),
DIPEA (0.1 mL) added and acryloyl chloride (0.05 mL) was added under 0 °C. After 2 hours,
solvent was removed under reduced pressure. A mix ture of TFA/CH2Cl2/H20 (9mL/1mL/1ml)
was added to the crude oil, after 2 hours, solvent was removed and the crude compound was
purififed by prep-HPLC to offer compound 22a as yellow powder, (9 mg, 29% yield over 3
steps, >70% pure). LRMS (ESI): calculated for C2sH20NsO4 [M+H]* 517.23, found 517.29.

4-((E)-3-((((2R,35,4R 5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(1-(2-chloroacetyl)azetidin-3-yl)amino)prop-1-en-1-yl)benzonitrile (22b). Following
the procedure described for compound 22a, compound 22b was obtained as a white powder (11
mg, 35% yield over 3 steps). LH NMR (300 MHz, CD3OD) 6 8.46 (s, 1H), 8.34 (s, 1H), 7.69 (d, J
= 8.4 Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 6.88 — 6.73 (m, 1H), 6.51 — 6.41 (m, 1H), 6.14 (d, J =
3.5Hz, 1H),4.75 - 4.65 (m, 2H), 4.61 — 4.33 (m, 5H), 4.29 — 4.17 (m, 3H), 4.05 (d, J = 4.2 Hz,
2H),3.93(d,J=9.9 Hz, 2H), 3.63 — 3.41 (m, 2H), 2.70 (d, J = 2.7 Hz, 1H). 13C NMR (75 MHz,
CDsOD) 6 167.2, 146.8, 143.7, 131.6, 126.5, 117.0, 88.9, 77.7, 74.1, 71.6, 53.7, 53.5, 52.4,
51.4,39.6,21.8. HRMS (ESI): calculated for C2sH28CINsO4 [M+H]* 539.1922, found 539.1923.

4-((E)-3-((1-acryloylpyrrolidin-3-y1)(((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)amino)prop-1-en-1-yl)benzonitrile (22c). Following the
procedure described for compound 22a, compound 22¢ was obtained as a yellow powder (7mg,
23% yield over 3 steps, >70% pure). LRMS (ESI): calculated for C27H31CINsO4 [M+H]* 531.24,
found 531.26.

4-((E)-3-((((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)(1-(2-chloroacetyl)pyrrolidin-3-yl)amino)prop-1-en-1-yl)benzonitrile (224).
Following the procedure described for compound 22a, compound 22d was obtained as a white
powder (13 mg, 39% yield, over 3steps). 1H NMR (300 MHz, CDsOD) 6 8.42 (s, 1H), 8.38 —
8.26 (m, 1H), 7.70 — 7.66 (m, 2H), 7.53 — 7.39 (m, 2H), 6.91 — 6.72 (m, 1H), 6.54 — 6.40 (m,
1H), 6.21 — 6.11 (m, 1H), 4.75 — 4.47 (m, 4H), 4.29 — 4.08 (m, 5H), 4.02 — 3.55 (m, 6H), 2.70
—2.68 (m, 1H), 2.39 — 2.33 (m, 2H). 13C NMR (75 MHz, CD30OD) & 165.5, 150.9, 148.0, 145.1,
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131.6, 125.1, 96.4, 77.5, 72.9, 69.5, 53.5, 52.4, 51.3, 39.3, 24.3, HRMS (ESI): calculated for
C26H30CINgO4 [M+H]* 553.2079, found 553.2081.

4-((E)-3-((1-acryloylpiperidin-4-yl)(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)amino)prop-1-en-1-yl)benzonitrile (22e). Following the
procedure described for compound 22a, compound 22e was obtained as a white powder (9 mg,
27% yield over 3 steps). LRMS (ESI): calculated for C2¢H33NgO4 [M+H]* 545.26, found 545.31.

4-((E)-3-((((2R,35,4R ,5R)-5-(6-amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yl)methyl)(1-(2-chloroacetyl)piperidin-4-yl)amino)prop-1-en-1-yl)benzonitrile (22f). Following
the procedure described for compound 22a, compound 22f was obtained as a white powder (10
mg, 30% yield over 3 steps). 1H NMR (400 MHz, CDsOD) 6 8.38 (s, 1H), 8.27 (s, 1H), 7.67 (d, J
=7.9 Hz, 2H), 7.44 (s, 2H), 6.83 (br d, J = 15.7 Hz, 1H), 6.49 — 6.40 (m, 1H), 6.14 (d, J = 2.4
Hz, 1H), 4.74 — 4.57 (m, 3H), 4.47 (t, J = 7.4 Hz, 1H), 4.38 — 4.34 (m, 1H), 4.30 — 4.25 (m,
1H), 4.16 (d, J = 7.2 Hz, 3H), 3.90 — 3.72 (m, 3H), 3.30 — 3.15 (m, 1H), 2.82 — 2.72 (m, 1H),
2.23 (d, J = 26.9 Hz, 2H), 1.99 — 1.72 (m, 2H). 13C NMR (101 MHz, CD30D) & 166.1, 148.2,
139.6,138.0, 131.5,127.1, 120.9, 119.7, 118.1, 111.9,91.2, 73.5, 72.2, 52.2, 44.2, 40.6, 29.8.
HRMS (ESI): calculated for C27H32CINgO4 [M+H]* 567.2235, found 567.2241.

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) ((E)-3-(4-
cyanophenyl)allyl)amino)methyl)azetidine-1-carboxylate (24). Following the procedure
described for compound 14a, compound 1b (40 mg, 0.090 mmol) coupled with tert-butyl 3-
formylazetidine-1-carboxylate 23 (19 mg, 0.11 mmol) afforded compound 24 as yellow powder
(35 mg, 63% yield). LRMS (ESI): calculated for Cs2H41NsOs [M+H]* 617.32, found 617.33.

4-((E)-3-(((1-acryloylazetidin-3-yl)methyl)(((2R,3S,4R,5R)-5-(6-amino-9 H-purin-9-yl)-
3,4-dihydroxytetrahydrofuran-2-yl)methyl)amino)prop-1-en-1-yl)benzonitrile (27a). Following
the procedure described for compound 22a, compound 27a was obtained as a yellow powder (6
mg, 20% yield over three steps). LRMS (ESI): calculated for C27H31NsO4 [M+H]* 531.24, found
531.28.
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4-((E)-3-((((2R,3S,4R,5R)-5-(6~amino-9 H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-

yDmethyl)((1-(2-chloroacetyl)azetidin-3-yl)methyl)amino)prop-1-en-1-yl)benzonitrile ~ (27b).
Following the procedure described for compound 27a, compound 27b was obtained as a white
powder (9 mg, 28% yield over three steps). lH NMR (400 MHz, CD3OD) & 8.47 (s, 1H), 8.33 (s,
1H),7.69 (d,J=8.4 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 6.82 (d, J = 15.8 Hz, 1H), 6.51 — 6.44 (m,
1H), 6.18 (d, J = 3.2 Hz, 1H), 4.70 — 4.64 (m, 1H), 4.62 — 4.43 (m, 4H), 4.12 (d, J = 7.4 Hz,
3H), 4.03 (d, J = 6.7 Hz, 2H), 3.91 - 3.77 (m, 2H), 3.74 — 3.67 (m, 3H), 3.31 (d, J = 6.8 Hz,
1H). 13C NMR (101 MHz, CDsOD) 6 167.3, 161.6, 151.7, 148.1, 142.9, 139.7, 138.7, 132.3,
127.2, 120.0, 118.1, 111.9, 91.2, 78.5, 73.5, 72.3, 55.8, 54.2, 52.0, 38.8, 29.8, 24.7, HRMS
(ESI): calculated for C26H30CINgO4 [M+H]* 553.2079, found 553.2082.

tert-butyl (2-(((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][ 1,3]dioxol-4-yl)methyl) ((E)-3-(4-
cyanophenyl)allyl)amino)methyl)phenyl)carbamate (29a). Following the procedure described for
compound 14a, compound 1b (200 mg, 0.45 mmol) coupled with tert-butyl (2-
formylphenyl)carbamate 28a (24 mg, 0.11 mmol) afforded compound 29a as yellow powder (61
mg, 21% yield ). LRMS (ESI): calculated for C3sH41NsOs [M+H]* 653.32, found 653.35.

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)((E)-3-(4-
cyanophenyl)allyl)amino)methyl)phenyl)carbamate (29b). Following the procedure described for
compound 14a, compound 1b (200 mg, 0.45 mmol) coupled with tert-butyl (3-
formylphenyl)carbamate 28b (150 mg, 0.67 mmol) afforded compound 29b as yellow powder
(110 mg, 38% yield). 1H NMR (400 MHz, CDCls) 6 8.18 (s, 1H), 7.92 (s, 1H), 7.47 (d, J = 8.3
Hz, 3H), 7.28 (d, J = 8.3 Hz, 2H), 7.22 — 7.09 (m, 2H), 6.90 (d, J = 7.4 Hz, 1H), 6.75 (s, 2H),
6.43 (brd,J=15.9 Hz, 1H), 6.34 — 6.25 (m, 1H), 6.07 (d, /= 2.2 Hz, 1H), 5.38 (dd, /= 6.4, 1.9
Hz, 1H), 4.96 (dd, J = 6.3, 3.2 Hz, 1H), 4.43 — 4.39 (m, 1H), 3.58 (br d, J = 15.1 Hz, 2H), 3.31
—3.21 (m, 2H), 2.76 (d, J = 6.2 Hz, 2H), 1.56 (s, 3H), 1.47 (s, 9H), 1.35 (s, 3H). 13C NMR (101
MHz, CDCl3) & 156.0, 153.0, 149.1, 141.4, 139.8, 139.7, 138.8, 132.3, 131.5, 131.0, 126.7,
123.43, 123.4, 120.1, 119.1, 114.3, 90.7, 85.6, 83.9, 83.2, 59.0, 56.5, 55.6, 28.4, 27.2, 25.4.
HRMS (ESI): calculated for C3sH41NsOs [M+H]* 653.3200, found 653.3202.

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)((E)-3-(4-
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cyanophenyl)allyl)amino)methyl)phenyl)carbamate (29¢). Following the procedure described for
compound 1la, compound 1b (200 mg, 0.45 mmol) coupled with tert-butyl (4-
formylphenyl)carbamate 28¢ (150 mg, 0.68 mmol) afforded compound 29¢ as yellow powder
(165 mg, 56% yield). 1H NMR (400 MHz, CDCls) § 8.16 (s, 1H), 7.88 (s, 1H), 7.50 (d, J = 8.3
Hz, 2H), 7.31 — 7.23 (m, 4H), 7.18 (d, J = 8.5 Hz, 2H), 6.59 (s, 2H), 6.40 (br d, J = 15.9 Hz,
1H), 6.31 — 6.24 (m, 1H), 6.06 (d, J = 1.9 Hz, 1H), 5.38 (dd, J = 6.4, 1.9 Hz, 1H), 4.93 (dd, J =
6.3, 3.4 Hz, 1H), 4.45 — 4.39 (m, 1H), 3.58 (d, J = 4.4 Hz, 2H), 3.34 - 3.17 (m, 2H), 2.76 (d, J
= 6.5 Hz, 2H), 1.58 (s, 3H), 1.49 (s, 9H), 1.36 (s, 3H). LRMS (ESI): calculated for
C35H41CINgOs [M+H]* 653.32, found 653.35.

N-(2-(((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)methyl)phenyl)acrylamide (31a). Following the
procedure described for compound 27a, compound 31a was obtained as a yellow powder (7 mg,
22% yield over three steps, > 70% pure). LRMS (ESI): calculated for CsoH11NsO4 [M+H]* 567.24,
found 567.29.

N-(2-(((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
ymethyl)((E)-3-(4-cyanophenyl)allyl)amino)methyl)phenyl)-2-chloroacetamide (31b).
Following the procedure described for compound 27a, compound 31b was deprotected and
purified, affording compound 31b as a yellow powder (9 mg, 26% yield over three steps). 'H
NMR (400 MHz, CDsOD) & 8.42 (s, 1H), 8.23 (s, 1H), 7.96 (brd, J = 19.4 Hz, 1H), 7.70 (d, J =
8.1 Hz, 2H), 7.58 — 7.39 (m, 4H), 7.32 (d, J = 7.1 Hz, 1H), 6.87 (br d, J = 15.7 Hz, 1H), 6.55 —
6.48 (m, 1H), 6.18 (d, J = 2.1 Hz, 1H), 4.62 — 4.51 (m, 5H), 4.22 (s, 2H), 4.16 (d, J = 5.8 Hz,
2H), 3.80 (d,J = 5.9 Hz, 1H), 3.68 (br d, J = 13.7 Hz, 1H), 2.79 — 2.68 (m, 1H). 13C NMR (101
MHz, CDsOD) § 172.7, 166.3, 151.3, 148.0, 139.7, 130.1, 119.8, 118.1, 111.9,92.8, 81.2, 73.7,
72.3, 57.6, 55.2, 54.1, 42.6, HRMS (ESI): calculated for C29H30CINsO4 [M+H]* 589.2079,
found 589.2086.

N-(3-(((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)amino)methyl)phenyl)acrylamide (31c). Following the
procedure described for compound 27a, compound 31¢ was obtained as a yellow powder (11 mg,
33% yield over three steps). LRMS (ESI): calculated for C30H11CINgO4 [M+H]+ 567.24, found
567.25.
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N-(3-(((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yl)methyl)((E)-3-(4-cyanophenyl)allyl)Jamino)methyl)phenyl)-2-chloroacetamide (31d).
Following the procedure described for compound 27a, compound 30d was deprotected and
purified, affording compound 32d as a white powder (13 mg, 38% yield over three steps). 'H
NMR (400 MHz, CDsOD) 6 8.42 (s, 1H), 8.23 (s, 1H), 7.96 (br d, 1H), 7.70 (d, J = 8.1 Hz, 2H),
7.58 - 7.39 (m,4H),7.32 (d,J="7.1 Hz, 1H), 6.87 (br d, J = 15.7 Hz, 1H), 6.55 — 6.48 (m 1H),
6.18 (d,J= 2.1 Hz, 1H), 4.62 — 4.51 (m, 5H), 4.22 (s, 2H), 4.16 (d, J = 5.8 Hz, 2H), 3.80 (d, J =
5.9 Hz, 1H), 3.68 (brd, J = 13.7 Hz, 1H), 2.79 — 2.68 (m, 1H). 13C NMR (101 MHz, CD30OD) §
172.7, 166.3, 151.3, 148.0, 145.0, 143.1, 139.7, 138.8, 130.07, 132.3, 130.9, 130.1, 119.8,
118.1, 111.9, 91.4, 78.5, 73.7, 72.3, 57.6, 55.2, 54.1, 42.6, 22.9, HRMS (ESI): calculated for
Ca9H30CINgO4 [M+H]* 589.2079, found 589.2088.

N-(3-(((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
ylmethyl)((E)-3-(4-cyanophenyl)allyl)amino)methyl)phenyl)acrylamide (32¢). Following the
procedure described for compound 27a, compound 32e was obtained as a yellow powder (14 mg,
41% yield over three steps, > 70% pure). LRMS (ESI): calculated for C30H11NsO4 [M+H]*+ 567.24,
found 567.24.

N-(3-(((((2R,35,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
yDmethyl)((E)-3-(4-cyanophenyl)allyl)amino)methyl)phenyl)-2-chloroacetamide (321).
Following the procedure described for compound 27a, compound 30f was deprotected and
purified, affording compound 32f as a yellow powder (13 mg, 37% yield over three steps). 'H
NMR (400 MHz, CD3OD) & 8.40 (s, 1H), 8.22 (s, 1H), 7.69 (t, J = 8.9 Hz, 4H), 7.50 (t, J = 8.3
Hz, 4H), 6.81 (brd,J = 15.7 Hz, 1H), 6.51 — 6.45 (m, 1H), 6.16 (s, 1H), 4.55 (brd, J = 26.4 Hz,
5H), 4.23 (s, 2H), 4.14 (d, J = 13.7 Hz, 2H), 3.86 — 3.73 (m, 1H), 3.65 (br d, J = 13.9 Hz, 1H).
I3C NMR (101 MHz, CDsOD) 6 166.3, 148.0, 139.9, 139.7, 125.0, 119.8, 118.1, 111.9, 91.5,
73.6, 72.3, 57.4, 55.3, 42.7. HRMS (ESI): calculated for C29H30CINgO4 [M+H]* 589.2079,
found 589.2085.

(E)-3-(3-oxoprop-1-en-1-yl)benzenesulfonyl fluoride (36a). To a solution of 3-
formylbenzenesulfonyl fluoride 35a (18 mg, 0.1 mmol), in toluene (10 mL) was added
(triphenylphosphoranylidene)acetaldehyde (45 mg, 0.15 mmol), the resulting mixture refluxed
overnight. The solvent was removed under reduced pressure, the residue was purified by FCC to
give 36a as yellow powder (9 mg, 44% yield). 1H NMR (400 MHz, CDCls) 6 9.73 (d, J = 7.5 Hz,
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1H), 7.78 (s, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.67 (d, J = 7.6 Hz, 1H), 7.56 (t, J = 7.8 Hz, 1H),
7.49 (brd,J=16.0 Hz, 1H), 6.75 (dd, J = 16.0, 7.5 Hz, 1H).

(E)-4-(3-oxoprop-1-en-1-yl)benzenesulfonyl fluoride (36b). Following the procedure
described for compound 36a , 4-formylbenzenesulfonyl fluoride 35b (250 mg, 1.3 mmol) coupled
with  (triphenylphosphoranylidene)acetaldehyde (525 mg, 1.73 mmol), compound 36b was
obtained as yellow powder (190 mg, 67% yield). tH NMR (500 MHz, CDCl3) 6 9.81 (s, 1H), 8.12
- 8.05 (m, 2H), 7.82 (d,J=9.1 Hz, 2H), 7.55 (brd, J = 16.1 Hz, 1H), 6.89 — 6.81 (m, 1H).

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)((E)-3-(3-
(fluorosulfonyl)phenyl)allyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (38a). Following
the procedure described for compound 5a, compound 36a (13 mg, 0.06 mmol) coupled with 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)amino)-2-((tert-butoxycarbonyl)amino)butanoate 37 (28 mg, 0.05
mmol) afforded compound 38a as white powder (25 mg, 67% yield). H NMR (500 MHz, CDCls)
§8.25(s, 1H), 7.90 (s, 1H), 7.53 (s, 1H), 7.44 (d, J = 7.7 Hz, 2H), 7.39 — 7.35 (m, 1H), 6.42 (d,
J =159 Hz, 1H), 6.28 — 6.21 (m, 1H), 6.06 (br d, J = 24.3 Hz, 2H), 5.61 (d, J = 8.0 Hz, 1H),
5.44 (d,J = 5.5 Hz, 1H), 4.98 (s, 1H), 4.37 (s, 1H), 4.23 — 4.16 (m, 1H), 3.33 - 3.30 (m, 1H),
3.27 — 3.18 (m, 1H), 2.84 - 2.81 (m, 1H), 2.67 — 2.62 (m, 2H), 2.56 — 2.51 (m, 1H), 2.01 -
1.94 (m, 1H), 1.79 — 1.74 (m, 1H), 1.59 (s, 3H), 1.45 — 1.32 (m, 21H). 13C NMR (125 MHz,
CDCls) § 171.7, 155.7, 155.5, 153.1, 149.2, 140.0, 131.4, 131.0, 130.8, 129.4, 129.0, 125.0,
124.0,122.9,120.3, 114.5,90.7, 85.6, 83.9, 83.3, 81.7, 56.9, 56.0, 52.8, 50.7, 29.6, 28.3, 27.9,
27.2,25.4, HRMS (ESI): calculated for C3sH490FN7OQoS [M+H]* 762.3297, found 762.3301.

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) ((E)-3-(4-
(fluorosulfonyl)phenyl)allyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (38b). Following
the procedure described for compound 5a, compound 36b (24 mg, 0.12 mmol) 37 (56 mg, 0.1
mmol) afforded compound 38b as white powder (27 mg, 71%). 'H NMR (400 MHz, CDCl3) &
8.24 (s,1H),7.89 (d,J = 1.8 Hz, 1H), 7.59 (d, J = 8.3 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 6.74 (br
d, J = 16.0 Hz, 1H), 6.62 — 6.56 (m, 1H), 6.48 — 6.32 (m, 2H), 6.13 (br s, 2H), 6.07 (s, 1H),
5.59 (d, J = 8.2 Hz, 1H), 5.47 — 5.43 (m, 1H), 5.02 — 5.00 (m, 1H), 4.42 (dd, J = 4.8, 1.7 Hz,
2H), 4.26 — 4.21(m, 1H), 3.37 — 3.25 (m, 2H), 2.87 — 2.80 (m, 2H), 2.71 — 2.52 (m, 3H), 2.07
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—1.90 (m, 1H), 1.81 = 1.76 (m, 1H), 1.62 (s, 3H), 1.48 — 1.32 (m, 21H). 13C NMR (101 MHz,
CDCl3) 6 171.7,155.6, 153.0149.1, 144.4, 140.1, 134.7, 128.9, 127.7, 127.04, 90.8, 85.7, 84.0,
83.3, 56.2, 52.8, 28.4, 25.5, HRMS (ESI): calculated for C3sH49FN709S [M+H]*+ 762.3297,
found 762.3303.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(3-(fluorosulfonyl)phenyl)allyl)amino)butanoic
acid (39a). Following the procedure described for compound 3a, compound 38a (10 mg, 0.013
mmol) was deprotected and purified, affording compound 39a as a white powder (7 mg, 83%). 'H
NMR (400 MHz, CDsOD) 6 8.50 (s, 1H), 8.29 (s, 1H), 7.68 (s, 1H), 7.64 — 7.60 (m, 2H), 7.53 (%,
J="7.7Hz,1H),6.90 (brd,J = 15.8 Hz, 1H), 6.49 — 6.42 (m, 1H), 6.17 (d, J = 4.0 Hz, 1H), 4.71
—4.67 (m, 1H), 4.61 — 4.55 (m, 1H), 4.49 (t, J = 5.4 Hz, 1H), 4.14 — 4.09 (m, 3H), 3.87 — 3.80
(m, 1H), 3.71 (brd, J = 13.8 Hz, 1H), 3.64 — 3.55 (m, 2H), 2.54 — 2.48 (m, 1H), 2.36 — 2.26 (m,
1H). 13C NMR (101 MHz, CDsOD) 6 170.6, 161.7, 161.3, 161.0, 151.2, 144.9, 143.0, 139.2,
136.3, 131.0, 130.7, 129.4, 125.1, 119.5, 118.0, 115.1, 90.6, 78.9, 73.6, 72.2, 54.8, 51.2, 50.9,
24.9, HRMS (ESI): calculated for C23H290FN70O7S [M+H]* 566.1833, found 566.1837.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(4-(fluorosulfonyl)phenyl)allyl)amino)butanoic
acid (39b). Following the procedure described for compound 3a, compound 38b (10 mg, 0.013
mmol) was deprotected and purified, affording compound 39b as a white powder (6 mg, 72%). 'H
NMR (500 MHz, CD3OD) &§ 8.47 (s, 1H), 8.34 (s, 1H), 8.01 (d, J = 8.6 Hz, 2H), 7.70 (d, J = 8.5
Hz, 2H), 6.93 (br d, J = 15.8 Hz, 1H), 6.65 — 6.56 (m, 1H), 6.17 (d, J = 3.8 Hz, 1H), 4.70 — (m,
1H), 4.59 — 4.54 (m, 1H), 4.53 — 4.50 (m, 1H), 4.15 (h, J = 7.6 Hz, 2H), 4.08 (dd, J = 8.5, 4.6
Hz, 1H), 3.85 - 3.80 (m, 1H), 3.71 (dd, J = 13.9, 1.7 Hz, 1H), 3.66 — 3.53 (m, 2H), 2.53 — 2.46
(m, 1H), 2.31 - 2.27 (m, 1H). 13C NMR (126 MHz, CDsOD) & 170.5, 151.6, 142.8, 137.8,
132.2, 122.1, 119.6, 117.7, 115.4, 113.1, 90.8, 79.0, 73.5, 72.5, 55.0, 25.0, HRMS (ESI):
calculated for C23H29FN7O7S [M+H]* 566.1833, found 566.1835.

(E)-3-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acrylaldehyde (41a).
Following the procedure described for compound 36a, compound 3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzaldehyde  40a (46 mg, 0.2 mmol) coupled  with
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(triphenylphosphoranylidene)acetaldehyde (90 mg, 0.3 mmol) to offer 41a as yellow powder (26

mg, 50%). The compound was not stable on silica column and directly used in the next step.

(E)-3-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)acrylaldehyde (41b).
Following the procedure described for compound 36a, compound 3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzaldehyde ~ 40b (46 mg, 0.2  mmol) coupled  with
(triphenylphosphoranylidene)acetaldehyde (90 mg, 0.3 mmol) to offer 41b as yellow powder (23

mg, 45%). The compound was not stable on silica column and directly used in the next step.

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)((E)-3-(3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)allyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (42a).
Following the procedure described for compound 5a, compound 37 (28 mg, 0.05 mmol) coupled
with 41a (26 mg, 0.10 mmol) afforded compound 42a as yellow powder (16mg, 39%). The
compound was not stable on silica column and directly used in the next step. LRMS (ESI):
calculated for C41Hs1BN7O9 [M+H]* 806.46, found 806.50.

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)((E)-3-(4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl)allyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (42Db).
Following the procedure described for compound 5a, compound 37 (28 mg, 0.05 mmol) coupled
with 41b (26 mg, 0.10 mmol) afforded compound 42b as yellow powder (6 mg, 15%). The
compound was not stable on silica column and directly used in the next step. LRMS (ESI):
calculated for C41He1BN7O9 [M+H]* 806.46, found 806.53.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(3-boronophenyl)allyl)amino)butanoic acid (44a).
To a solution of 42a (40 mg, 0.05mmol) in THF/H20 = 6 mL/2mL added NalO4(31 mg, 0.15
mmol). The resulting mixture stirred at r.t 30 mins. 0.5 mL 1 M HCl(aq) was added to the
solution and stirred 30 mins. The solvent was removed, a mixture of TFA/CH2Clo/H20 = 9
mL/1mL/1mL was added to the residue, the solution stirred at rt 2h, the solvent was removed,
and the crude compound was purified by prep-HPLC to offer final compound 44a as white
powder (12 mg, 38% yield over two steps). 1H NMR (500 MHz, CD30D) 6 8.40 (br,d, J=11.0
Hz, 1H), 8.24 (d,J=7.8 Hz, 1H), 7.70 (br d, J = 18.1 Hz, 2H), 7.42 — 7.25 (m, 2H), 6.78 (d, J =
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16.1 Hz, 1H), 6.31 — 6.25 (m, 1H), 6.14 (d, J = 3.7 Hz, 1H), 4.69 (t,J = 4.2 Hz, 1H), 4.53 (d, J
= 2.6 Hz, 2H), 4.14 — 4.00 (m, 2H), 3.99 — 3.94 (m, 1H), 3.86 — 3.76 (m, 1H), 3.70 — 3.48 (m,
4H), 2.49 - 2.39 (m, 1H), 2.20 (d, J = 6.3 Hz, 1H). 13C NMR (126 MHz, CDsOD) 6 170.8,
141.0, 134.4, 132.0, 127.7, 91.4, 79.1, 73.4, 71.9, 25.2, HRMS (ESI): calculated for
CasH31BN7O7 [M+H]*+ 528.2378, found 528.2378.

(S)-2-amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)((E)-3-(4-boronophenyl)allyl)amino)butanoic acid (44b).
Following the procedure described for compound 42a, compound 42b (40mg, 0.05 mmol) was
deprotected and purified, affording compound 44b as a white powder (5 mg, 17% yield over two
steps). IH NMR (500 MHz, CDsOD) 6 8.43 (s, 1H), 8.26 (s, 1H), 7.69 (s, 2H), 7.30 (d, J = 7.7
Hz, 2H), 6.77 (brd, J = 15.8 Hz, 1H), 6.35 — 6.29 (m, 1H), 6.15 (d, J = 3.6 Hz, 1H), 4.70 (t, J =
4.0 Hz, 1H), 4.54 (d, J = 6.2 Hz, 2H), 4.13 — 3.97 (m, 3H), 3.84 — 3.79 (dd, J = 13.8, 9.9 Hz,
1H), 3.69 — 3.49 (m, 3H), 2.50 — 2.42 (m, 1H), 2.28 — 2.18 (m, 1H). 13C NMR (126 MHz,
CDs0OD) & 148.3, 140.7, 133.9, 125.6, 119.8, 91.0, 79.1, 73.4, 72.4, 54.6, 51.9, 25.1, HRMS
(ESI): calculated for C23H31BN7O7 [M+H]+ 528.2378, found 528.2380.

Modeling protocol by AutoDock Vina

The crystal structure of the human NNMT (6PVS) was retrieved from the Protein Data
Bank.3! Polar hydrogen atoms were added using AutoDockTools (ADT).30 United atom Kollman
charges were assigned for the protein. The 3D structures of the ligands used for the docking
studies were constructed using ChemDraw and Chem3D. These ligands were energetically
minimized by using Chem3D. The AutoDock vina3” molecular docking program was employed,
using a genetic algorithm with local search (GALS). The pose with the highest docking score was
exported and analysed by PYMOL 2.4.
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Chapter 6

SUMMARY

The function of NNMT in healthy and disease states has gained increased attention in
recent years. Overexpressed levels of NNMT have been observed in various cancers, and
increased NNMT expression has been related to tumour progression, metastasis, and
worse clinical outcomes. NNMT is considered to be a new potential pharmacological
target in the treatment of a variety of cancers, metabolic disease and other pathologies.
The growing number of publications elucidating the role of NNMT in disease has in turn
spurred the development of potent and selective inhibitors of NNMT with an increasing

number of compounds being disclosed in the past five years.

Chapter 1 provides a comprehensive review of the current status of NNMT inhibitor
development, relevant in vitro and in vivo studies, and a discussion of the challenges faced
in the development of NNMT inhibitors. Although the search for effective NNMT
inhibitors is still in its infancy, substantial achievements have been made in identifying
potent and selective small-molecule inhibitors of NNMT. That said, the limited cellular
and in vivo activity of these compounds speak to the need to develop more drug-like
inhibitors. The clinical importance of NNMT in various diseases, including cancer and
metabolic disorders, support it as a promising therapeutic target. However, there are
many limitations in the currently available set of NNMT inhibitors. The adenosine and
amino acid moieties of the SAM mimetics are considered critical moieties in NNMT
inhibitors. While these features are crucial for activity, they also negatively affect cell
permeability. To assess the therapeutic viability of NNMT inhibition in more detail, the
current set of NNMT inhibitors available needs to be expanded to be provide more drug-

like molecules.

In chapter 2, a diverse library of inhibitors was prepared to probe the different regions of
NNMT'’s binding site. To this end, various structural motifs were explored for their ability
to improved potency and binding within the NNMT binding pocket. Among the
bisubstrate analogues prepared, the most potent NNMT inhibitor was found to be
naphthalene-containing compound 78, displaying an ICso value of 1.41 pM, >10-fold
better than its parent compound MvH45 (compound 1 in chapter 2). From modelling
studies, the improved activity of compound 78 can be rationalized by the apparent
presence of an intramolecular hydrogen bonding interaction predisposing the compound

to an active conformation with lower entropic cost. In addition, the modelling indicates
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that the naphthalene group in 78 is appropriately oriented to benefit from additional 71—
stacking interactions with several tyrosine residues in the nicotinamide binding pocket of
NNMT. (Figure 1). The cellular data obtained for compound 78 show a dose-dependent

effect on cell proliferation in HSC-2 oral cancer cells.

(0]
HO .. N
[y \/\)J\OH

HO NH,
78 IC50=1.4 uM

Figure 1. Modelling results for compound 78 in the NNMT active site (PDB ID: 3ROD). Molecular dynamics
simulation indicates the presence of an intramolecular hydrogen bond (2.7A, shown in cyan) specific to

compound 78 (in green)

Chapter 3 reports a scaffold-hopping strategy to generate novel and potent bisubstrate
NNMT inhibitors (170, 17r, 17u, Figure 2). The inhibition data of the inhibitors thus
prepared revealed a striking effect for electron-withdrawing groups present on the
aromatic ring, predominantly when introduced at the position para to the alkene linker.
Among these compounds, the para-cyano substituted styrene-based inhibitor 17u was
identified as the most potent NNMT inhibitor with an ICso value of 3.7 nM. These studies
demonstrated that minor changes in the amino acid side chain and adenosine moiety lead
to remarkable decreases in potency. Modelling studies predict the presence of hydrogen
bonding interactions between the para-cyano group and two active site serine residues in
the nicotinamide binding pocket of NNMT, providing a possible explanation for the
potency of compound 17u. Notbaly, the potent inhibition exhibited by 17u in biochemical
assays was not observed in cell-based assays; only when tested at a very high concntraiton
of 100 uM was a decline in cell viability observed for oral, lung, and bladder cancer cell

lines treated with the compound.
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781C50 = 1.4 uM 17x IC50 = 13.6 pM X=Br 170 ICg=64nM

X=NO, 17r ICg = 10 "M
X=CN 17u ICgp =4 nM

Figure 2. Scaffold-hopping strategy to generate novel and potent bisubstrate inhibitors.

In chapter 4 a prodrug strategy is described to decrease the polarity of compound 17u and
improve its cellular activity. Specifically, the carboxylic acid on inhibitor 17u was masked
as an ester using a variety of alkyl and benzyl groups, and the amine moiety was masked
using the trimethyl-lock (TML) group. The different combinations of esterase-cleavable
prodrugs thus prepared lead to the selection the isopropyl prodrug 12e and the isopropyl-
TML dual-prodrug 14e (Figure 3) as the compounds with the most promising profile in
terms of stability and cellular activity. Initially, the compounds were tested in an MTT cell
viability assay using three different cancer cell lines, but cellular activity was observed only
at the highest concentration of 100 pM tested. Subsequently, a cellular MNA
determination assay was performed, revealing a dose-dependent effect of NNMT prodrug
inhibitors 12e and 14e on MNA levels in cells, with significant improvement over the
parent compound. The data presented here demonstrate the suitability of a prodrug

strategy to deliver polar NNMT inhibitors into cells.

H,N CN HoN CN
N N
N)\i \> N \> OAc
\\\ ~ =N | esterase \\\ Z N |
N - —— N -
o 0] 0] (e}
HO )\ HO
"'//N\/\)J\o "'//N\/\)J\OH (e} N;%1
HO HN. HO NH, H
TML TML
isopropyl-TML dual-prodrug 14e parent drug 17u

Figure 3. Prodrug 14e hydrolysis to form parent drug 17u.

In chapter 5, the design and synthesis of a library of compounds is described that aim to

covalently target active site cysteine and serine residues using a variety of different
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warheads. To do so, the amino acid sidechain in the potent NNMT inhibitor 17u
(identified in chapter 3) was replaced by an acrylamide or chloroacetamide warhead with
different linkers to target cysteine residues C159 and C165, for which covalent inhibitors
have been described previously. The most active compound (17b, Figure 4) thus prepared
showed an ICso value of 400 nM, making it the first example of a bisubstrate inhibitor in
which the amino acid sidechain was successfully replaced without rendering it inactive. In
another approach, the cyano group of compound 17u was replaced by either a sulfonyl
fluoride or a boronic acid moiety with the aim of targeting serine residues S201 or S213
present in the nicotinamide pocket of NNMT. These efforts lead to potent NNMT
inhibition by meta- and para-sulfonyl fluoride compounds 39a (ICso = 89 nM) and 39b
(ICso = 68 nM, Figure 4). Interestingly, the significant difference in activity observed for
meta- versus para-substitution, discussed in chapter 3, was not observed for the sulfonyl
fluorides. The boronic acid compounds revealed moderate activity for the meta-
substitution with no inhibition observed for para-substituted boronic acid. Modelling
data of compounds 39a-b suggest that the distance of 2.9 and 3.4 A between the sulfonyl
fluoride group and the hydroxyls of serine residues S201 and S213 could allow for a
covalent interaction. Studies to reveal the mechanism of action of compounds 17b, 39a

and 39b are ongoing.

HoN H2N HoN SO,F
Iy Kes Ly
I8 | L | L |
fe) O (0]
HO ,
'@ N\/\NJ\/Cl '@-.,,/N\/\‘)J\OH VQ"’/N\/\HJ\OH

HO HO NH, HO NH,

8b 20a 29b
IC50 = 400 nM ICso = 71 NM IC50 = 64 nM

Figure 4. Structures of 17b, 39a and 39b.
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List of Abbreviations
ABPP, activity-based protein profiling;
aCA, alpha-chloroacetamide;
Boc, tert-Butyloxycarbonyl,
BOP, benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate;
BPO, benzoyl peroxide;
DCE, 1,2-dichloroethane;
DIBAL-H, diisobutylaluminium hydride;
DNMT1, DNA (cytosine-5)-N-methyltransferase 1;
DOT1L, disruptor of telomeric silencing 1-like;
EWG, electron- withdrawing;
FEP, free energy perturbation;
FP, fluorescence polarization;
hNNMT, human NNMT;
ICso, half-maximal inhibitory concentration;
ITC, isothermal titration calorimetry;
Kd, dissociation constant;
MLLI, mixed-lineage leukemia 1;
MNA, 1-methyl-nicotinamide;
NA, nicotinamide;
NMO, N-Methylmorpholine N-oxide;
NNMT, nicotinamide N-methyltransferase;
NNMTwt, wild-type NNMT;

PAMPA, parallel artificial membrane permeability assay;
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List of Abbreviations

PDC, pyridinium dichromate;

PNMT, phenylethanolamine N-methyltransferase;
PRMT, protein arginine N-methyltransferase ;

RBF, round-bottom flask;

SAH, S-adenosyl-L-homocysteine;

SAM, S-adenosyl-L-methionine;

SAR, structure—activity relationship;

SETDBI, SET domain bifurcated 1;

SETD2, SET domain-containing 2;

SMYD2, SET and MYND domain containing protein 2;
SF, sulfonyl fluoride;

Trt, triphenylmethyl (trityl);

UHP-HILIC, ultra-high-performance hydrophilic liquid interaction chromatography;

YD, Yuanhuadine;
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Samenvatting

De functie van NNMT in gezonde toestand en in ziekten heeft de laatste jaren meer aandacht
gekregen. Overexpressie van NNMT is waargenomen in verschillende kankers, en
verhoogde NNMT expressie is gerelateerd aan tumorprogressie, metastase, en slechtere
klinische resultaten. NNMT wordt beschouwd als een nieuw potentieel farmacologisch
doelwit in de behandeling van een verscheidenheid van kankers, stofwisselingsziekten en
andere pathologieén. Het toenemend aantal publicaties waarin de rol van NNMT bij ziekten
wordt opgehelderd, heeft op zijn beurt de ontwikkeling van krachtige en selectieve remmers
van NNMT gestimuleerd, waarbij in de afgelopen vijf jaar een toenemend aantal

verbindingen is onthuld.

Hoofdstuk 1 geeft een uitgebreid overzicht van de huidige status van de ontwikkeling van
NNMT remmers, relevante in vitro en in vivo studies, en een bespreking van de uitdagingen
waar men bij de ontwikkeling van NNMT remmers voor staat. Hoewel de zoektocht naar
effectieve NNMT-remmers nog in de kinderschoenen staat, zijn er belangrijke successen
geboekt bij het identificeren van krachtige en selectieve kleine molecuul remmers van
NNMT. De beperkte cellulaire en in vivo activiteit van deze verbindingen wijst echter op de
noodzaak om meer geneesmiddel-achtige remmers te ontwikkelen. Het klinisch belang van
NNMT bij verschillende ziekten, waaronder kanker en stofwisselingsstoornissen,
ondersteunt het als een veelbelovend therapeutisch doelwit. De momenteel beschikbare
reeks NNMT-remmers kent echter vele beperkingen. De adenosine- en aminozuurgroepen
van de SAM-mimetica worden beschouwd als kritische groepen in NNMT-remmers.
Hoewel deze eigenschappen cruciaal zijn voor de activiteit, hebben zij ook een negatieve
invloed op cel-permeabiliteit. Om de therapeutische levensvatbaarheid van NNMT-
remming beter te kunnen beoordelen, moet de huidige reeks beschikbare NNMT-remmers

worden uitgebreid om meer geneesmiddel-achtige moleculen te kunnen leveren.

In hoofdstuk 2 werd een gevarieerde bibliotheek van remmers geprepareerd om de
verschillende gebieden van de NNMT bindingsplaats te onderzoeken. Daartoe werden
verschillende structurele motieven onderzocht op hun vermogen om de potentie en binding
binnen de NNMT bindingsplaats te verbeteren. Van de bereide bisubstraat-analogen bleek
naftaleen-verbinding 78 de krachtigste NNMT-remmer te zijn, met een ICso-waarde van
1,41 uM, >10 maal beter dan voorloper MvH45 (verbinding 1 in hoofdstuk 2). Uit

modeleerstudies blijkt dat de verbeterde activiteit van verbinding 78 beredeneerd kan
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worden door de schijnbare aanwezigheid van een intramoleculaire waterstofbruginteractie
die de verbinding voorbestemt tot een actieve conformatie met lagere entropische kosten.
Bovendien blijkt uit de modellering dat de naftaleengroep in 78 correct georiénteerd is om
te profiteren van extra m-m stacking interacties met verschillende tyrosineresiduen in de
nicotinamidebindingsplaats in NNMT (Figuur 1). De cellulaire gegevens die zijn verkregen
voor verbinding 78 laten een dosis-afthankelijk effect zien op de celproliferatie in HSC-2

mondkankercellen.

Figuur 1. Modelleringsresultaten voor verbinding 78 in de actieve site van NNMT (PDB ID: 3ROD). Moleculaire
dynamica simulatie toont de aanwezigheid van een intramoleculaire waterstofbrug (2.74, aangegeven in cyaan)
specifiek voor verbinding 78 (in groen)

In hoofdstuk 3 wordt verslag gedaan van een scaffold-hopping strategie om nieuwe en
krachtige bisubstraat NNMT remmers te genereren (170, 17r, 17u, figuur 2). De
inhibitiegegevens van de aldus bereide remmers onthulden een opvallend effect voor
elektron-onttrekkende groepen aanwezig op de aromatische ring, voornamelijk wanneer ze
worden ingebracht op de positie para van de alkeenlinker. Onder deze verbindingen werd
de para-cyano gesubstitueerde styreen-gebaseerde remmer 17u geidentificeerd als de
meest krachtige NNMT-remmer met een ICso-waarde van 3,7 nM. Deze studies toonden
aan dat kleine veranderingen in de aminozuurzijketen en het adenosinegedeelte tot
opmerkelijke verminderingen van de potentie leiden. Modeleerstudies voorspellen de
aanwezigheid van waterstofbruginteracties tussen de para-cyanogroep en twee actieve
serine residuen in de nicotinamide bindingsplaats van NNMT, wat een mogelijke verklaring
biedt voor de potentie van verbinding 17u. Opmerkelijk is dat de krachtige remming die

17u in biochemische tests vertoonde, niet werd waargenomen in celgebaseerde testen;
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Figuur 2. Scaffold-hopping strategie om nieuwe en krachtige bisubstraatremmers te genereren.
alleen bij een zeer hoge concentratie van 100 pM werd een afname van de levensvatbaarheid
van de cellen waargenomen bij cellijnen voor mond-, long- en blaaskanker die met de

verbinding werden behandeld.

In hoofdstuk 4 wordt een prodrug strategie beschreven om de polariteit van verbinding 17u
te verlagen en de cellulaire activiteit te verbeteren. Meer specifiek werd het carboxylzuur op
remmer 17u gemaskeerd als een ester met behulp van een verscheidenheid aan alkyl- en
benzylgroepen, en het aminegedeelte werd gemaskeerd met behulp van de trimethyl-lock
(TML) groep. De verschillende combinaties van esterase-splitsbare prodrugs die zo werden
bereid leidden tot de selectie van de isopropyl prodrug 12e en de isopropyl-TML duaal
prodrug 14e (figuur 3) als de verbindingen met het meest veelbelovende profiel wat betreft
stabiliteit en cellulaire activiteit. Aanvankelijk werden de verbindingen getest in een MTT-
cellevensvatbaarheidstest met drie verschillende kankercellijnen, maar de cellulaire
activiteit werd alleen waargenomen bij de hoogst geteste concentratie van 100 pM.
Vervolgens werd een cellulaire MNA bepalingstest uitgevoerd, waarbij een dosisathankelijk
effect van de NNMT prodrug remmers 12e en 14e op de hoeveelheid MNA in de cellen
werd aangetoond, met een significante verbetering ten opzichte van de hoofdverbinding. De
hier gepresenteerde gegevens tonen de geschiktheid aan van een prodrugstrategie om

polaire NNMT-remmers in cellen af te leveren.

HzN CN HoN CN s
N N ~N Hlll (0]
\L P \\7 esterase N\\\ \>
N N | —_— N/ N |
O @) o) 0
HO . N J\ HO OAc
"o \/”\ero '”/N\//\r)kOH
HO HN.
™ML HO NH,
isoporpyl-TML duaal prodrug 14e hoofdverbinding 17u TML

Figuur 3. Hydrolyse van prodrug 14e om hoofdverbinding 17u te vormen.
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In hoofdstuk 5 wordt het ontwerp en de synthese beschreven van een bibliotheek van
verbindingen die zich richten op de covalente interactie met actieve site cysteine en serine
residuen met behulp van verschillende functionele groepen. Hiertoe werd de
aminozuurzijketen in de krachtige NNMT-remmer 17u (geidentificeerd in hoofdstuk 3)
vervangen door een acrylamide of chlooracetamide fragment met verschillende linkers om
cysteineresiduen C159 en C165 aan te pakken, waarvoor covalente remmers al eerder zijn
beschreven. De meest actieve verbinding (17b, figuur 4) die aldus werd bereid, vertoonde
een ICso-waarde van 400 nM, waardoor dit het eerste voorbeeld is van een
bisubstraatremmer waarin de aminozuurzijketen met succes werd vervangen zonder dat het
inactief werd. In een andere benadering werd de cyanogroep van verbinding 17u vervangen
door hetzij een sulfonylfluoride, hetzij een boronzuurgroep, met als doel de serineresiduen
S201 of S213, die aanwezig zijn in de nicotinamide bindingsplaats van NNMT, aan te
pakken. Deze inspanningen leidden tot een krachtige remming van NNMT door de meta-
en para-sulfonylfluorideverbindingen 39a (ICs0 = 89 nM) en 39b (ICs0 = 68 nM, figuur 4).
Interessant is dat het significante verschil in activiteit dat werd waargenomen voor meta-
versus para-substitutie, besproken in hoofdstuk 3, niet werd waargenomen voor de
sulfonylfluoriden. De boronzuurverbindingen vertoonden een matige activiteit voor de
meta-substitutie, terwijl geen remming werd waargenomen voor para-gesubstitueerd
boronzuur. Modelleringsgegevens van verbindingen 39a-b suggereren dat de afstand van
2.9 en 3.4 A tussen de sulfonylfluoride groep en de hydroxylen van serine residuen S201 en
S213 een covalente interactie mogelijk zou kunnen maken. Studies om het

werkingsmechanisme van verbindingen 17b, 39a en 39b te onthullen zijn aan de gang.

SO,F
HoN cN  HeN HoN SO,F

L G Ly
L | LN | LN |
(@] (0] (0] (o]
RSH O S e N O B N O
NH,

HO HO NH, HO
17b 39%a 39b
|C50 =400 nM |C50 =89 nM |C50 =68 nM

Figuur 4. Chemische structure van verbindingen 17b, 39a en 39b.
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