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As human activity continuously develops, especially after the impact of SARS-CoV-
2, medicine-related manufacturing and development of new druggable targets for
obscure diseases have become a noteworthy segment of the society. Green synthetic
methods, especially step and atom economical methodologies towards sustainable and
environmentally friendly medicine synthesis have long been the focus of scientists.
Among the mainstream topics, one of them is methodology towards selective C—N bond
formation. Nitrogen containing molecules serve as a fundamental part of peptide
backbone, and amino groups serve as pervasive constructing element of pharmaceutical
agents or synthetic intermediates. Thus, introducing amine structure motif into organic
molecules with accurate selectivity plays an important role in modern chemistry,
especially in medicine synthesis. While classical C(sp®)—H activation provided us many
choices in regioselectivity, most of the developed reactions target at activated C—H
bonds, possibly due to the reason that unactivated C—H bond own similar C-H
activation energy. Also, there are still reactivity beyond the reach of classical C—H

activation. Alkenes, as abundant organic resources in reserve, have been standing under
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ABSTRACT

the spotlight for its functionalization recently. The concept “metal-walk”, which
represents the migration of metal through reversible f-hydride elimination / migratory
insertion, provides another pathway towards unactivated C(sp®)-N formation. In
Chapter 2, we report a selective C(sp®)—-H amidation of alkenes directed by thioether
group, with dioxazolones as the amide source, and Ni—H as the catalyst. Due to the
preference for five-membered nickelacycle, the Ni—-H migration would be terminated
at y-site, selectively and remote from the alkene group. The reaction can be achieved at
ideal yields (up to 90% vyield) and remarkable selectivity (y-product : other isomers up
to 24:1), with a wide substrate scope (>40 examples reported).

As SARS-CoV-2 emerged in human population in 2019, COVID-19 and its
therapeutic treatment quickly dominated human debate in recent years. The disease
rapidly spread around the world, with quick generation of new variants. Despite the
grievous harm it caused, medication towards SARS-CoV-2 remained largely
unexplored. SARS-CoV-2 encodes 16 non-structural proteins (nsps) in total, which
serve as the key enzymes in the replication of the virus. Among the enzymes encoded,
nsp12, which is RNA dependent RNA polymerase (RdRp) for SARS-CoV-2, attracted
the attention of scientists. RdRp is highly conservative, among all the variants and even
among other members of coronavirus family. Even “drug repurposing” strategy brought
us with several candidate, the proposed RdRp inhibitors still hold some disadvantages
such as possibility of mutations, or poor pharmacokinetic (PK) properties, etc. We thus
hope to seek for more ideal inhibitors of nsp12 towards more effective oral anti-SARS-
CoV-2 candidates. In Chapter 3, we report a series of (GS-441524 ester prodrug
derivatives as COVID-19 oral drug candidate. We tested their inhibition reactivities
towards SARS-CoV-2 RdRp, and their pharmacokinetic properties were also briefly
examined. Compound 3-1, the cyclohexyl carboxylic ester prodrug examined,
displayed the best inhibition ability, pharmacokinetic property, and oral bioavailability.
The ECso value of 3-1 is 0.26 uM, lower than that of GS-441524 (ECso = 1.644 uM). F
value of 3-1 also reached 53.443.4%, displaying an ideal oral bioavailability. Cmax of 3-

1 through oral intake was close to that through intravenous injection, demonstrating the
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ABSTRACT

potential of 3-1 as oral medicine against COVID-19. We further renamed the compound
as SHEN 26, and we went on to optimize its synthetic route and analyzed the quality y
of industrial produced batch. We achieved a protection-esterification-deprotection 3-
step route towards SHEN 26, without protecting the free amine group. We also
determined and synthesized potential impurities and analyzed the purity of SHEN 26
from industrial kilogram batch. The purity of SHEN 26 reached 98.8%, with nearly all
impurities meeting the acceptance criteria, demonstrating the feasibility of this route in
industrial production of SHEN 26.

Apart from RdRp, nsp14 is also a recently heated area. In the replication of SARS-
CoV-2, nspl4 is responsible for the methylation (capping) progress of the single-strand
RNA. The methylated RNA cap serves as a pivotal instrument, assisting the single-
strand RNA with immune escape and further translation. S-Adenosyl methionine (SAM)
serves as methyl source, which would give out a methyl group and turns into S-
Adenosylhomocysteine (SAH) during methylation of single-strand RNA molecule.
Thus, SAH analogues are considered as potential inhibitors for methyl transferases.
Despite its great potential, few examples of SAH analogues as SARS-CoV-2 nspl4
inhibitors were reported, and room for improvements still exists, especially for their
selectivity and cellular intake. To further pursue a better inhibitor, meanwhile being
highly selective towards SARS-CoV-2 nsp14, we designed and synthesized a series of
different SAH analogues in Chapter 3. Their inhibition ability against the SARS-CoV-
2 nspl4 was tested with three different testing assays, at fixed concentration and in a
dose-response manner. Among all inhibitors synthesized, ester MTI-ZC-007 and amide
MTI-ZC-014 displayed the best inhibition ability against SARS-CoV-2 nsp14 ( 100%
inhibition of both compounds at 10 uM and 50 puM; ICso = 1.57 uM and 1.70 uM
respectively, ICso..cms =2.26 uM and 1.65 uM respectively), and we were also glad to
see cellular inhibition of both MTI-ZC-007 and MTI-ZC-014 against SARS-CoV-2
virus (ECso = 21.84 uM and 14.88 uM respectively) A brief docking study was
conducted, and structure-activity relationship (SAR) regarding to this series of structure

was also briefly discussed.
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Chapter 1

Chapter 1 Introduction

1.1 General Background

Science and technology developed rapidly in the current society. Chemistry,
especially organic synthesis, constructed a crucial part of human activity. However, due
to the reason that human activity produces waste faster than the environment degrades,
natural environment is facing great pressure. Also, the amount of available natural
resources is continuously decreasing. Classical industrial synthesis produces by-
product as waste, which largely decreases the efficiency of chemical synthesis and
meanwhile increases the natural degradation pressure. Thus, green synthesis, especially

atom- and step-economical synthesis become a crucial part of modern chemistry.

Construction of C—N bond is a important part of synthetic chemistry, for its abundance

in bioactive and pharmaceutical molecules. Despite the great effectiveness of synthetic

approaches such as cross coupling in C - N bond construction, site-selective
construction of C(sp®)—N bond is still challenging. Discussion on the current

development of C(sp)-N bond construction will be included in later section (Chapter

1.2).

Also, under the sudden strike of COVID-19, effective antivirus reagents towards
SARS-CoV-2 virus quickly dominated human debate in recent years. Continuous
emergence of variants significantly reduced the function of vaccines and antibodies,
while currently proposed clinical medication towards COVID-19 still need
improvements. SARS-CoV-2 has a large genome which encodes 4 structural proteins,
several accessory proteins, and 16 nonstructural proteins (nspl—16). The encoded
proteins play a crucial part in the replication cycle, and by targeting at the inhibition of
conservative proteins in the replication cycle, efficient drug candidate that withstands
the effect of emergence of SARS-CoV-2 variants would be achievable. Here, our

discussion mainly focuses on two target proteins: nspl2 (RNA dependent RNA

1
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polymerase, RdRp) and nspl4 (Methyltransferase, MTase). Nspl2 is the RNA
dependent RNA polymerase (RdRp) of SARS-CoV-2, responsible for the replication
of +ssSRNA. Nsp14 assists synthesis of +ssRNA methylated cap structure, which helps
SARS-CoV-2 virus with translation and immune escape. Discussion on the current
development of inhibitors for SARS-CoV-2 nsp12 and nsp14 will be included in later
sections (Chapter 1.3 and Chapter 1.4).



Chapter 1

1.2  Directed Catalytic C(sp®)-H Amination/Amidation

1.2.1 Current Scenario of C-N Bond Formation

Nitrogen-containing molecules construct the cornerstone of biological
macromolecules and pharmaceutical intermediates, serving as a fundamental part of
modern synthetic chemistry. Facing the large industrial demand, the development of
methodology for more efficient C—N bond construction is continuously required.
Classical industrial chemistry builds C—N bond in harsh conditions with stoichiometric
by-products, raising the cost of industrial production and reducing atom economy. In

1

modern chemistry, catalytic C—H amination/amidation’ provided scientists with

methodologies towards atom- and step-economical amine synthesis.

Scheme 1 Transition metal catalyzed C(sp?)-N coupling reactions

a) Ullmann, et. al. and Goldberg et. al. b ) Catalytic dehydrogenative coupling
[Cu(0)] or [Cu(I)]

TM catalyst
/ — R2 Rw/ RZ R1 Oxidants ~ R'"\=—

Buchward, et. al. and Hartwig, et. al.

[Pd(0)] or [Pd(IN)]

phosphine ligand/ base ! pre-oxidized TM catalyst
@X + HNRZR? NRZRS; H + aminatihng —————————— // \ NR2R®
R! R1 R1 reagents RIN\—

Metal-catalyzed direct C—N bond formation through cross coupling reactions was

pioneered by Ullmann? and Goldberg®’s work on Cu-catalyzed amination of aryl
halides in 1903 and 1906 accordingly. Buchwald* and Hartwig® later on reported Pd-
catalyzed cross-coupling reactions of aryl halides with BusSnNRR’ as nitrogen source
independently (Scheme 1a). This protocol is continuously explored and widely used in
the construction of C(sp?)—N bond® 7. However, cross coupling reactions use pre-
functionalized starting materials and generates stoichiometric by-products, while at the
same time require addition of base or other reagents to promote the reaction. To elevate
the atom economy, direct reactions between arenes that are not prefuctionalized and
amino sources has been continuously pursued by scientists. Under mild oxidative
environment or with pre-oxidized aminating reagents (electrophilic aminating reagents,

azides, etc.), direct C—N bond formation between unactivated arenes and amine sources
3
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can be achieved (Scheme 1b)% °. Transition metal catalyzed C—N coupling reactions
provides a new path in organic synthesis, and is widely adopted in synthesis of nitrogen-

containing organic motifs.

Scheme 2 Transition Metal Catalyzed C(sp?)-H Amination

a) Mechanisms of C(sp2)—H Amination b) Selected Examples of Amination of Unactivated Arene ThroughC(sp?)—H Activation
Amination Through Direct arene C(sp?)—H Activation Miura, et. al. "
R [Cu]
7\ TM Cafﬁ/ySlS _aminating__ / '\ 3 H + BzO-N —
X reagent /_ IN] ‘R2
R
___________________________________________________________ Zhang, et. al.
Amination Through Directing Group Asslsted C(sp?)—H Activation H NHNs

DG G
TM catalysis _aminating . PhI=NNs ﬂ,
reagent [N]

aryl & vinyl C-H

Am|nat|on Through C(sp?)—H Nitrene Insertion Hartwig, et. al.

iEnE ™ cata/ySIs e HI Pd(OAC)Z
precursors through (N] H
R—N=[M]

aryl & vinyl C-H
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d) Selected Examples of Amination throughC(sp?)—H Nitrene Insertion
Jensen. et. al.

Driver, et. al. [Rh]; Lin, et. al. [Ru]; Che, et. al. [Fe].
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Apart from C—N coupling reactions, examples of C(sp?)-N bond formation through

C(sp?)-H amination/amidation are also reported. One of the pathways for C(sp?)-H
amination/amidation include direct amination/amidation through inner-sphere C(sp*)—
H activation, where the metal first breaks the aryl C(sp?)-H bond, forming metal-arene

complex. Then aminating reagents engage with the metal-arene complex to form the



Chapter 1

aminated/amidated product (Scheme 2a). Several amination/amidation reactions of
unactivated arenes through this pathway were reported'%!* (Scheme 2b). Through the
spatial proximity from directing group coordination, breaking of the aryl C(sp?)-H
bond is more facilitated (Scheme 2a). Various works are reported (Scheme 2c),
including examples of transition metals such as Pd!>?}, Ru®*3! Rh¥-, [r60-81
Co&Fe®*® Ni%, Cu’!% etc. Also, transition metals (Rh%" 1, Ru!02-104 Fel05-107 Cy!08,
etc.) form metal-nitrene intermediates with nitrene precursors (Scheme 2a), and then
insert into the aryl C(sp*)—H bond, achieving amination/amidation reactions of C(sp*)—
H bond through outer-sphere pathway. Several examples are listed in Scheme 2d.

Transition-metal-catalyzed C(sp’)-N formation was pioneered by Breslow and
Gellman’s work in 1983, where a series of transition metals including Fe'l, Mn!"" and
Rh" was explored on their capability for catalyzing the intramolecular amidation of 2,5-
diisopropylbenzenesulfonamide towards cyclic sultam'® (Scheme 2a). By identifying
the key intermediate involved, the mechanism for C(sp®)-N bond formation catalyzed
by transition metal can be generally divided into two categories: C—H insertion pathway
(outer-sphere) and C—H activation (inner-sphere) pathway.

The first pathway (outer-sphere pathway, Scheme 3a) includes C—H insertion through
metal-nitrenoid species generated from nitrene precursors (azide, dioxazolone, etc.). By
using Rh!10-126) Ry!27-130 Rgl31137 N[p138, 1390 Cl40-145 (o146 Ay 147 pld8-151 A gl52-154
etc. as catalyst, both intramolecular and intermolecular C(sp*)-N bond formation can
be achieved'*>!*°. Despite great advances in this methodology, selectivity, especially
regioselectivity in C—H amination/amidation through nitrene insertion is an important
feature to address. Classical C—H amination/amidation reaction through metal-nitrenoid
intermediate successfully targets at either benzylic C—-H bonds (White'*2, Du Bois &
Sigman''®) or tertiary C-H bonds (Dauban'®’) | for their relatively lower bond
dissociation energies (BDEs) and distinctive steric environment (Scheme 3b). C(sp*)-
H amination/amidation reactions through C—H insertion are widely adopted in total
synthesis of natural product!®!-1¢7_ Selected works of nitrene C—H insertion are listed in

Scheme 3c.
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Scheme 3 Transition Metal Catalyzed C(sp?)-H Amination

a) Mechanisms of C(sp®)—H Amination b) Selected examples of regioselective C(sp®)—H amination
Benzylic: Du Bois & Sigman, et. al. (2014)
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The second pathway (inner-sphere pathway, Scheme 3a) includes C—H activation as
the key step. C—H activation generates an organometallic intermediate, where the
transition metal breaks the C—H bond to form a metallacyclic or metal-allyl
intermediate'®®. While this pathway has been found to work well in the
functionalization of C(sp?)—H bonds, the cleavage of C(sp*)—H bonds is more difficult
since aliphatic system own high activation energies, low acidity and relatively

unreactive molecular orbital profile. Through directing group chelation, a spatially
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close interaction between transition metal catalyst and C(sp*)—H bonds occurs, forming
metallacycle intermediates. With a nitrogen source an aminated/amidated product can
be generated (Scheme 3d), catalyzed by late transition metals such as Pd!# 1176 Cy!77,
Ir'78 179 Rh!8-184  Ryu!35  Co!86 etc. Amination/amidation reactions at allylic site

(Scheme 3e) were also reported due to the relatively high activity from stabilized allyl

intermediate, under catalysis of Rh!87-193 [r194-200 pq201-208 ‘\f209 et
1.2.2 Current Scenario of Unactivated Methylene C(sp*)-N Bond Construction

Although C(sp®)-N formation underwent its great advances in the past decade,
examples of unactivated methylene C(sp’>)-N bond formation are still relatively

scarce?!%214 especially with high regioselectivity.

Scheme 4 Regioselective unactivated methylene C—H activation

Warren, et. al. Chang, et. al.
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Warren, et. al. reported a regioselective methylene C—H amidation of norbornane
with Cu catalyst, where an exo regioisomer is generated with relatively high
enantioselectivity (dr = 13:1, 63% yield)?!°. Through Co catalysis, Chang and his co-
workers reported a regioselective methylene C—H amidation of n-pentane, where a 3:1

216

regioselectivity is achieved between methylene sites”'®. Pan group reported a

regioselective methylene C—H amination of n-pentane with 3:1 regioselectivity, and of

2-methylpentane with >10:1 regioselectivity?!’

. Arnold, et. al. reported a series of
regioselective methylene C—H amination/amidation catalyzed by engineered enzyme
P450, where a maximum regioselectivity of >99% between methylene sites was
achieved'®. The above-mentioned works are listed in Scheme 4.

Despite the above-mentioned progress in methylene C—H amination/amidation, site

7
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selectivity remains a great challenge. To further develop methodology for effective and
selective C(sp’)-N bond formation, in Chapter 2, a regioselective alkene

hydroamidation reaction will be reported.
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1.3 Design and Synthesis of SARS-CoV-2 Nsp12 (RdRp) Inhibitors

1.3.1 Current Scenario of COVID-19 and Clinical Treatment

Coronaviruses are positive, single-stranded, non-segmented RNA viruses with a
sequence size of about 26~32 kb, owning a methylated cap at the 5' end and a
polyadenylate tail at the 3' end?!8. The orthocoronavirinae subfamily contains 4 genera
(Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus), and
SARS-CoV and SARS-CoV-2 belong to genus betacoronavirus. They tend to cross the
species barrier and can cause human and animal diseases. Currently reported human-
infecting coronaviruses mainly include human coronavirus NL63 (HCoV-NL63),
human coronavirus 229E (HCoV-229E), human coronavirus OC43 (HCoV-0OC43),
human coronavirus HKU1 (HCoV-HKUI), severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-
CoV), and the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
with SARS-CoV, MERS-CoV and SARS-CoV-2 leading to spreading transmission in
human population®®. In the past years, SARS-CoV, MERS-CoV and SARS-CoV-2
caused severe respiratory symptoms, all reporting fatal patients.

COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), rapidly spread around the global society. Over 6 million deaths are reported
until now by WHO, and the number of infections is still climbing. The new coronavirus
epidemic gravitates towards long-term coexistence with human beings, and has a high
degree of mutability, leading to continuous rise of new variants. The variants of concern
(VOCs) include the following ones: B.1.1.7 (Alpha), detected in the UK in December
2020; B.1.351 (Beta) detected in South Africa in December 2020; P.1 (Gamma),
detected in Brazil in January 2021; B.1.617.2 (Delta), first outbroke in India in April
2021 and B.1.1.529 (Omicron), detected in November 20212, Omicron is currently
the dominant variant, owing to its powerful ability to evade vaccine protection and to

decline the efficiency of antibodies. From Alpha to Omicron, emerging and evolving
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variants showed a tendency to bring the virus enhanced immune escaping ability and
transmissibility?%°,

The infection of virus begins with recognizing surface receptor of the cell, and then
the virus membrane fuses with the cell membrane with the help of S protein, injecting
RNA into the cytoplasm to begin viral replication, transcription and translation?!. The
genomic RNA of SARS-CoV-2 consists of 14 open reading frames (ORFs). There are
two main ORFs, ORFla and ORF1b, that comprises two-thirds of the genome.
Translation of ORFla relies on cap structure to produce the polymer ppla, and
translation of ORF1b yields polyprotein pplab. Processed by SARS-CoV-2 proteases
(PLpro and 3CLpro), ppla and pplab form non-structural proteins (nsps) 1 to 16 with
different functions??. The digested non-structural proteins gather on vesicles with a
double-membrane structure (DMV) and assemble into replicase-transcriptase complex
(RTC). The RTCs are the central machinery responsible for the transcription,
replication, assembly and other steps of the genome during viral replication??2, The
remaining one-third of the genome encodes four major structural proteins: spike (S),
Membrane (M), Envelope (E) and Nucleocapsid (N), and some accessory proteins®?,

Among the nsps encoded, several druggable targets of SARS-CoV-2 has been
continuously explored by scientists. Nsp 12, RNA dependent RNA polymerase (RdRp)
of SARS-CoV-2, is responsible for replication of its +ssRNA??%, RdRp has been
continuously explored for its potential as a druggable target against coronaviruses, due
to its high conservativity among the coronavirus family. Detailed discussion on
function of SARS-CoV-2 nsp12 and development of its inhibitors will be included in
later section (Chapter 1.3.2). 3CLpro, also known as Mpro and nsp5 in SARS-CoV-2,
is responsible for cleaving the ORFlab protein at 11 fixed cleavage sites, and the
generated peptides further folds to form 16 nsps??*. Lopinavir is a 3CLpro inhibitor,
approved for the clinical treatment for HIV. Reports also show that Lopinavir can be
effective for MERS-CoV, SARS-CoV in animal and COVID-19 clinical treatment, but
its effectiveness and safety still require further experiments??. Pfizer also developed an
effective 3CLpro inhibitor named Paxlovid [active ingredients include Nirmatrelvir

(PF-07321332) and Ritonavir]??. Nirmatrelvir is the effective 3CLpro inhibiting
10
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ingredient, and Ritonavir is adopted to slow down the metabolism of Nirmatrelvir.
Paxlovid was reported to lower the death and hospitalization risk by 89% in Phase Il
clinical experiment??” and is now approved by FDA as clinical treatment to COVID-19.
Ensitrelvir [S-217622] is another 3CLpro inhibitor developed by Shionogi
Pharmaceutical Company from Japan. It is reported to be effective in reducing the viral
load, while at the same time showing minor side effects. Ensitrelvir received emergency
approval for the clinical treatment of COVID-19 from the Japanese Ministry of Health
and Welfare in December 2022228, In 2023, Zhong and his group also reported a potent
3CLpro inhibitor Leritrelvir [RAY1216]. RAY1216 displayed potent inhibitory
efficacy, with ECsp in nM scale concentration scale against a series of different SARS-
CoV-2 variants. Leritrelvir is now approved for the clinical treatment of SARS-CoV-2
in China??. PLpro enzyme of coronavirus mainly conducts the functions of hydrolyzing
proteins, deglycosylating and several other functions. It is an indispensable enzyme in
the replication cycle of SARS-CoV-2. Many PLpro enzyme inhibitors are reported, but
the inhibitors displayed poor performance in in vivo experiments?°. Structures of the

above-mentioned inhibitors are enclosed in Figure 1.
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Figure 1 Structure of Lopinavir, Ensitrelvir and Paxlovid

S protein is another hit target in the development of anti-coronavirus drugs®. S

protein inhibitors are mainly neutralizing inhibitors and peptides. S protein contains
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two domains: S region is the receptor-binding domain (RBD), responsible for the
regulation of recognition between virus and receptor on the host cell surface. S> is
responsible for assisting the fusion of viral and host cell membrane???. S protein has
been the major target for vaccine development. The serum of convalescent patients has
also been proved to be efficient in the clinical treatment of diseases caused by SARS-
CoV, MERS-CoV, and SARS-CoV-2?*2, Obtained by cloning the corresponding
antibody sequence and expressing it in vitro, neutralizing antibodies can reduce the risk
of immune response caused by antiserum?3, Peptide fusion inhibitors is also reported
to be effective to block the virus from entering the host cells, even in in vivo
experiments. The heptad repeat (HR) regions were reported to conduct the function to
induce the fusion of virus with cell membrane, and peptides of the conserved fractions
displayed a broad-spectrum anti-coronavirus activity?**,

Interferons produced by the natural immune response is another important barrier in
preventing viral expansion. By using supplemental interferon or interferon inducers,
the level of interferon in the body of the host can be uplifted. Recombinant interferon
o (IFN-a) and interferon B (IFN-B) in combination with the antiviral drug Ribavirin
inhibited SARS-CoV and MERS-CoV replication in animal tests?*. Nitazoxanide is
another type I interferon inducer, and it was reported to inhibit a wide range of viruses?®.
In addition to directly upregulate the expression of interferons, modulating other signal
molecules can also efficiently block the replication of SARS-CoV-2 in host cells.
Chloroquine is an initiator of the p38/MAPK/ERK pathway, having a broad-spectrum
anti-coronavirus ability to some extent. By acting on proteases on cell surface, some
small molecule compounds, such as camostat mesylate (a TMPRSS2 inhibitor), also
exhibits inhibition ability towards the replication of coronaviruses in host, but side
effects are important factors to consider for these inhibitors to be clinical treatments’.
Some traditional Chinese medicine pharmaceutics, such as Lianhua Qingwen capsules
(granules), lung cleansing and detoxification soup, cold and wet epidemic formula,
Xuanfei Baidu formula, Q-14 (Huashi Baidu formula), and Xuebijing injection etc.,
was also used in clinical treatment of COVID-19, mainly through enhancing the

immune system to better identify and purge the viruses.
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Figure 2 Structure of Chloroquine, Ribavirin and camostat mesylate

Considering the tragic harm COVID-19 brought to our society, effective treatments,
especially anti-SARS-CoV-2 drugs are in immediate need. Even though monoclonal
antibodies and neutralizing antibodies display good antiviral reactivity, S protein is still
not conserved enough to overlook the influence of drug resistance caused by mutations.
Interferons when combined with organ supporting drugs can rescue critically severe
patients, but due to its high cost and inconvenience usage, it is not suitable for clinical
treatment for patients with mild infections. Traditional Chinese medicine preparations
mainly deal with the symptoms caused by SARS-CoV-2 infection, and the job of viral
clearance is all dependent on the immune system of the patient. Also, the effective
component of Chinese medicine is still on a far way to isolation. Facing repeated and
accelerated emergence of highly pathogenic coronaviruses, we urgently need to
develop oral anti-coronavirus drugs for clinical treatment of COVID-19 and for

preparation of potential upcoming epidemic caused by coronaviruses.

1.3.2 Functional Insights into SARS-CoV-2 RNA Dependent RNA Polymerase

(RdRp) and Development of Nsp12 Inhibitors for SARS-CoV-2

RNA dependent RNA polymerase (RdRp), responsible for SARS-CoV-2 +ssRNA
replication, is considered as the typical characteristic of coronaviruses. RdRp in SARS-
CoV-2 is a complex formed by nsp7, nsp8 and nsp12. The structure of RdRp is ~97%
homology with SARS-CoV, highly conservative along the coronavirus family?®,
Nspl12 includes a right-hand RdRp domain (including a palm domain, a finger domain
and a thumb domain) and a nidovirus-specific N terminal extension domain that adopts
a nidovirus RdRp-associated nucleotidyl-transferase (NiRAN) structure. The nsp7-

nsp8 pair binds to the thumb domain, and an additional copy of nsp8 binds to the finger
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domain. Except from the conserved regions of the polymerase family, nsp12 contains
another new g-hairpin domain at N terminus. The g-hairpin domain inserts to the groove
between the NiRAN domain and the palm subdomain, stabilizing the total architecture
of RARp?*. Nsp12 is the active center of RdRp, and its catalytic site contains 7
conserved motifs (A to G), with motifs A B C D located in the palm domain and FG
located on the finger domain. Nsp12 itself cannot carry the function of RNA replication;
only when nsp12 is complexed with nsp7 and nsp8 can nsp12 carry out the function of
RNA replication. During RNA replication, the RNA template enters the active site built
by motifs A and C through a groove clipped by motifs F and G. Motif E and the thumb
domain supports the nascent RNA string during replication, and the product RNA exits
the active site through the exit channel at the front of RdRp?*% ?4°, Due to its conserved
structure along the coronavirus family and indispensability in the viral replication cycle,
scientists have been regarding nspl2 as an important target in development of anti-
SARS-CoV-2 drugs. Drug repurposing strategies and rational design offered us with
choices of anti-SARS-CoV-2 drug candidates such as Molnupiravir?*t, Remdesivir?*,
Azvudine®®, etc.

Molnupiravir is a prodrug of the ribonucleoside analog B-pD-N*-hydroxycytidine
(NHC). Upon uptake, molnupiravir is converted to NHC in plasma, and then converted
to the active triphosphate form in the host cell?**. The active triphosphate form serves
as a competitive substrate for the viral replication, and once incorporated, molnupiravir
would induce mutations of the viral RNA that gradually accumulate in the replication
cycles, achieving its antiviral effect?*'. Molnupiravir showed more active (with 14 days
to total viral clearance in 800 mg molnupiravir group and 15 days to total viral clearance
in placebo group) and more effective (with up to 92.5% total viral clearance in 800 mg
molnupiravir group and 80.3% in placebo group) viral clearance compared to placebo
in clinical study. It also displayed a broad-spectrum antiviral activity against the
coronavirus family?®. However, risk for adopting molnupiravir in general clinical
treatment is that it can also serve as competitive substrate for human RNA replication.
Subsequent studies revealed that the parent drug EIDD-1931 of Molnupiravir could

also be utilized by mitochondrial DNA dependent RNA polymerase in vitro,
14



Chapter 1

incorporating into human RNA and leading to mutation in mammalian cells?**,
Molnupiravir was approved by FDA as an oral anti-SARS-CoV-2 drug in clinical
treatment in March 2020.

Remdesivir, also named as GS-5734, is a previously reported prodrug of an
adenosine analogue against Ebola virus?*®. Remdesivir is a monophosphoramidate
prodrug, and is quickly converted to the active nucleoside triphosphate form (NTP),
which is a competitive substrate for +ssRNA synthesis. The triphosphate form of
remdesivir is highly preferred over ATP in RNA synthetic incorporation, raising its
inhibition activity. Once incorporated into the nascent RNA, the RNA replication
process would generally be terminated at three nucleosides after incorporation®*’.
Remdesivir also displayed a broad-spectrum antiviral activity against the coronavirus
family in animal study?*?. However, due to its poor oral bioavailability, clinical delivery
of remdesivir is limited to intravenous injection, largely restricting its application.
Remdesivir was approved by FDA as clinical treatment for COVID-19, but later WHO
issued a conditional recommendation against the use of remdesivir in hospitalized
patients regardless of severity, due to the lack of evidence for improvement towards
survival rate and other clinical outcomes in these patients.

Sofosbuvir, reported by Gilead Inc., has been approved for the clinical treatment of
hepatitis C virus (HCV) infection?®®. Drug repurposing strategy suggested that
sofosbuvir is also a potential nsp12 inhibitor?*°. Galidesivir (BCX4430) is another
repurposed anti-SARS-CoV-2 drug®® 251, Similar repurposed drugs include
favipiravir?®? 23| ribavirin®4, etc. Unfortunately, the clinical progresses of the above-
mentioned candidates remained not ideal.

Roche and Atea Pharmaceuticals worked together on the development of AT-527.
AT-527 is a guanosine analog, functioning in its triphosphate form AT-9010. First
molecule of AT-9010 incorporates into the nascent RNA string, preventing correct
alignment of the second AT-9010. Then the third AT-9010 binds to the NiRAN domain,
leading to immediate chain termination®®> 2%, However, AT-527 did not reach its
expected primary clinical endpoint at global clinical phase Il trial, failing to lower the

viral load in patients with low risk and mild to moderate symptoms?’. Azvudine,
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developed by Genuine Biotech, also incorporates into the RNA string, leading to chain
termination. Azvudine was approved for the treatment of HIV infection in China on
July 2021, and was repurposed for the treatment of mild to moderate COVID-19
patients. Azvudine displayed an average nucleic acid negative conversion (NANC)
period of 4.5 days?®. Researchers also discovered that oral administration of Azvudine
would concentrate the active form of drug in thymus, preventing thymus immune
functions. They concluded that Azvudine would shorten the NANC time compared to
standard antiviral treatment (including interferon alpha, lopinavir/ritonavir, and
ribavirin, according to the Diagnosis and treatment program trial version 5 guidelines)
and would also support lung function and vital signs of patients?*3, Azvudine have now
been approved for the treatment of COVID-19 in China. VV-116, first synthesized by
Jingshan Shen’s group at Shanghai Institute of Materia Medica, is a triisobutyrate ester
prodrug of 7-deuterated GS-441524, which is the active nucleoside of Remdesivir. The
prodrug is rapidly converted into its parent nucleoside in the body, displaying strong
antiviral activity with an ECso value of 0.39 £ 0.08 uM?>°. VV-116 is now under phase
I11 clinical study.

The above-mentioned studies proved the potential of nsp12 as an anti-SARS-CoV-2
drug target. Considering the continuous mutation of the virus, further explorations in
RdRp inhibitors are still under urgent requirement. In Chapter 2, we report a series of
nucleoside ester prodrugs, and optimization on industrial synthesis of nucleoside 5’-

ester prodrugs were conducted.
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1.4 RNA Capping Procedure and Biological Insights into SARS-

CoV-2 Nspl4

Cap structure is essential for the biological function of coronaviruses. RNA caps
assist export of mMRNA from the host nucleus, direct mRNA splicing and support RNA
recognition by eukaryotic translation initiation factor (elF4E) to assure successful
translation®®, Uncapped viral RNAs may suffer from issues such as being detected by
host cell as “nonself’?5L, The viral RNA cap structure can either be stolen from the host
MRNA or be synthesized by either its own synthetic machinery or apparatus from the
host cell. SARS-CoV-2 owns a set of capping synthetic apparatus itself, and it adopts a
“cap-1” structure?®?. The capping procedure was proposed to proceed first by 5°-
triphosphatase site of helicase (nsp13) to remove the y-phosphate and then nspl2
NiRAN domain to transfer GTP onto the RNA string. Next, nspl4 methylate the N7
position of guanine to form the “cap-0" structure, and the nspl10/nspl6 complex
methylate the 2°-OH ribose group of the first nucleotide to form “cap-1” structure,
concluding the capping procedure®®?. Cap-0 introduces a methyl group at 7-N position
of the terminal guanine, and cap-1 structure is methylated at 2’-O position of the first
nucleotide of the mMRNA?%2, The structure of RNA cap and procedure of RNA capping

are enclosed in Figure 3a and Figure 3b.
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(a) Structure of viral RNA cap

Cap 1
N+ Triphosphate
HN | \>
PS o o o
HA NN B R B
Cap0 o7 IA I Base 1
m7G/ 7-methyl G | o 0 0]
O O-CH
OH O-CH,4 0=p—0 g
o Base 2
OH
0 RNA 5'end
9 O—CHg;
O=FI’_—O.,,,L .
o) RNA chain
(b) Procedure of RNA capping (c) Structure of SAM and SAH
pppNp—RNA : NH,
P; ‘_% helicase, nsp13 ; - </N \)N
S pZ
ppNp—RNA HOOC\_/\/§ N N
PPiXGp—GTase\ ' NH, o)
Gppp GTase = : OH OH
GpppNp—RNA SAM, S-adenosylmethionine
SAM ~
N7-MTase, nsp14 R NH;
SAH 1 i y | SN
7 — .
m’GpppNp—RNA HOOC A~ S N N/)
S g 2'-O-MTase; NH, o
SAH < 'nsp16/nsp10 complex:
: OH OH

7 —
T e =R SAH, S-Adenosyl-L-homocysteine

Figure 3 Structure of SARS-CoV-2 cap and procedure of RNA capping

Nspl4 is a bifunctional enzyme, with N7-MTase activity located at its C-terminal
and 3°-5° exoribonuclease located at its N-terminal®®2, The MTase domain and ExoN
domain were reported to be separated domains, with their functions independent from
the presence of the other. In between the N7-MTase domain and the ExoN domain is a
hinge region highly conserved along the coronavirus family, which is a distinguish
structure character of nsp142%3. Structural analysis of SARS-CoV-2 nsp14 bound to
GpppA and SAM revealed the binding pockets: RNA binding pocket and SAM binding
pocket. During methylation procedure on N7 position, nspl14 first stabilizes GpppA
with RNA-binding pocket, and then SAM-binding pocket grabs SAM and transfers the
S-methyl to GpppA. The enzyme then releases SAH and methylated RNA, finishing
the N7-methylation procedure?®,

SAH, the by-product of N7-methylation from SAM, was reported to exhibit certain
inhibition effect on SARS-CoV-2 nsp14%%4, Except from RNA methylation by SARS-
CoV-2 nspl4, SAM is also a methyl source widely adopted in many other methylation
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procedures, and thus SAH analogues demonstrate broad-spectrum inhibition in many
different targets?®®, including DOT1L2%¢, EZH2%7 PRMT12%® and CARM12%8 for the
treatment of cancer, etc.

Exploration on SAH analogues as inhibitors has been attracting scientists’ attention
ever since the unravelling of the protein as a druggable target, but despite its great
potential, successful reports on SAH analogues as SARS-CoV-2 nspl4 inhibitors
remain scarce. In Chapter 4, we report design and synthesis of a series of SAH

analogues, also biological test on their inhibition efficacy against SARS-CoV-2 nsp14.
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Chapter 2 Thioether-Directed NiH-Catalyzed y-
selective Remote Hydroamidation of Alkenes by
1,4,2-Dioxazol-5-ones

2.1 Introduction

Alkenes are a group of synthetic building block abundantly reserved in nature, and
functionalization of alkenes through transition metal intermediate have been widely
explored by scientists?®®-?’2, During this procedure, scientists revealed a migration
process where transition metal move along different methylene C(sp®)—H sites through
a reversible p-hydride elimination/migratory insertion cascade process to form
stabilized metal-alkyl species. The migration process is named as chain-walking,
providing access for activation of methylene C-H sites remote from the original
position of the alkene group. Among the transition metals triggering chain-walking
process, Ni attracted the interest of scientists for its effectiveness in remote C—H
functionalization?’32"> and its earth abundance. Through addition of NiH species to
alkenes Ni-alkyl complexes are generated, which then undergoes chain-walking to form
stabilized Ni-alkyl complexes (Scheme 5). The migration of metal commonly ends at
primary positions or benzylic positions, due to the lack of steric hindrance (primary
position?76-281 Scheme 5a) or resonance stability (benzylic positions?2-288 Scheme 5b).
289, 290

Termination at a-positions of the heteroatoms are also reported in several works

(Scheme 5c).

Scheme 5 Ni-catalyzed site-selective hydrofunctionalization of alkenes

a) primary selectivity : ¢) heteroatom-enabled a-selectivity
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Despite great advances in Ni-catalyzed remote functionalization of alkenes, site-
selectivity beyond primary, benzylic and a-positions remained as terra incognita. C—H
bonds beyond these positions own similar bond dissociation energies, resulting in
similar stability in corresponding Ni-alkyl species. In difunctionalization of alkenes,
Zhao’s group®! and Giri’s group®® independently discovered that 1,3-
difunctionalization happens at alkenes bearing directing groups with coordinating
ability (Scheme 6b), achieving selective installation of functional groups at beyond
primary, benzylic and a-positions. The selectivity can be attributed to formation of a

thermodynamically favored five-membered metallacycle during metal migration.

Scheme 6 Directing-group-enabled remote functionalization

a) Challenge: remote hydrofunctionalization beyond primary or a-selectivity

S S5 [N|H] INi] [Ni] similar energy  [Ni]
— S
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c) Perspection: Directing-group-coordination enabled remote hydroamidation

NiH] DG NI N

H
DG X - W /\/l\f/)/ y -selectivity
n
R1 n+2 n+.

To solve the challenge in differentiation between methylene C—H sites, we wish to
adopt this coordination strategy into hydrofunctionalization of alkenes (Scheme 6c¢)
towards site-selective hydroamination of alkenes. By adopting suitable coordinating
group into Ni-catalyzed remote hydrofunctionalization reactions, we wish to direct
walking of Ni through 5-membered metallacycle, achieving selective installation of
amide group at y-position. We also wish to adopt dioxazolones as amide source for its

versatility and facility in synthesis.
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2.2. Methodology

2.2.1 Directing Group Screening®

First a series of synthetically useful directing groups were screened (Scheme 7).
Thioether group gave the most ideal reaction outcoming among all screened directing
groups, yielding 95% - and 4% Markovnikov product. With piperidine, a strong

coordinating group as directing group, no hydroamidation product is detected.

Scheme 7 Directing group screening”

Ph Q 0
7———N\ stand. cond. HNJ\Ph HN)]\Ph j\
DG\/\/\ + O 0 —> +
X 4 L e P
7 \[O( o G/\/l\/ DG~ _ A DG N"Ph
Different DGs % Markovnikov%* Anti-Markovnikov%*
O\‘ n.d.c n.d.c n.d.c
N
N ¢ ¢
\\/\/\ n.d. n.d. 42
B O X n.d.c 15 70
Bn/SM 95 4 n.d.c
P-selectivity: Ph j)]\ Q o o
(o] >=N\ stand. cond. @ HN" "Ph )]\/\/ \NJ\Ph
)j\/ﬂ\/ T 0.0 —>)j\ﬂl\/ * AN PR+ H
15%¢ 3% O 249%¢

0o

“Yields determined by crude NMR, CH2Br: as internal standard. ®Standard conditions: alkenes (0.2 mmol),

dioxazolones (0.24 mmol), [Ni(ClO4)2]-6H20 (10 mol%), L4 (12 mol%), HBpin (2.0 equiv.), THF (2.0 mL) in N2 at

room temperature for 3 h unless otherwise specified. “not detected.

Cyanide group displayed almost no directing ability, with only anti-Markovnikov
furnished in 42% yield. 70% anti-Markovnikov products and 15% Markovnikov
product was obtained with ether as directing group. No y~product was detected when
adopting cyanide and ether group as directing group. Ni-walking was directed towards
[-position by ketone, yielding 15% pf-aminated product. However, differentiation
between S- (15%), Markovnikov (3%) and anti-Markovnikov (24%) amination were

not ideal under the direction of ketone. Considering the above-mentioned results
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(Scheme 7), we choose to adopt thioether as directing group to achieve remote

amidation at y~position.

2.2.2 Reaction Optimization-Hydroamidation at Remote Site

After determining basic working principle and choosing the most ideal directing
group, we went on to further explore detailed reaction conditions for remote
hydroamidation. Ni precatalyst was first explored. Among all Ni precatalysts studied,
Ni(ClOs4)2:6H>0 gave the most ideal reaction outcoming, (95% NMR yield, >20:1
regioselectivity; Table 1, Entry 1). NiXz (X = Cl, Br, I), Ni(OAc)2-4H20 and Ni(OTH).
displayed almost no reactivity (Table 1, Entry 2-6). Ni(acac)2-2H>O showed certain
reactivity, but with poor selectivity (Table 1, Entry 7). Except from above-mentioned
Ni(II) centers, Ni(COD), with a Ni(0) center was also able to catalyze the reaction, but

the yield and regioselectivity obtained was not ideal (Table 1, Entry 8).

Table 1 Optimization of Ni precatalyst

P e NN j\ 0 o
2-1(0.2mmol)  Ni] (10 mol%) HN™~Ph PN N
+
L4 (12 mol%)
N-C o Ph/\s/\/\/ + Ph\/S\/\/L\ . Ph/\S/\/U\/

=N N= | HBpin (2.0 equiv.)
nBu L4 nBu ph/ko>=0 THF (2 mL), Ny, r.t, 3h

2.2 (1.2 equiv) 23 4 s
Entry [Ni] 2-3%"* 2-4%" 2-5%"*

| Ni(CIO4)-6H;0 4 ndt 95
2 NiCl, trace n.d.’ n.d.?
3 NiBr, trace n.d.? n.d.?
4 Nil, trace n.d.? n.d.?
5 Ni(OAc),4H,0 trace n.d. n.d.
6 Ni(OT#), 5 nd? 36
7 Ni(acac),-2H,0O 7 6 4
8 Ni(COD), 1 10 4

?Yields determined by crude NMR, CH2Br: as internal standard. “not detected.

Next, we screened a series of solvents for their effect on the reaction. Among all the

solvents explored, THF performed best (95% yield, >20:1 regioselectivity; Table 2,
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Entry 1), followed by acetone (91% yield, >20:1 regioselectivity; Table 1, Entry 6) and
DCE (86% yield, >20:1 regioselectivity; Table 2, Entry 7). With a structure similar to
THF, dioxane also gave a fair reaction outcome (78% yield, ~16:1 regioselectivity;
Table 1, Entry 2). Middling yields were given by DMF (60% yield) and DMA (63%
yield), with unsatisfactory selectivities (<10:1) (Table 2, Entry 4 and 5). Exceeding our
expect, MeCN gave a poor reaction outcoming (30% yield, ~6:1 regioselectivity) (Table
2, Entry 3). Nonpolar solvents such as toluene and diethyl ether also showed a poor
performance (<20% yield) (Table 2, Entry 8 and 9).

Table 2 Optimization of solvents®
P s NN o]

o) o)
2-1 (0.2 mmol) Ni(CIO).6H,0 (10 mol%) HNJ\Ph X X
/ N +O L4 (12 mol%) ~ /\/\/l HN™ “Ph HN™ ~Ph
— \= /’[ M=o HBpin 2.0 equiv) " S + Ph_S A + Ph/\S/\/L\/
nBY L4 hBu Ph O Solvent (2 mL), Ny, r.t., 3 h 23 2.4 2.5
2-2 (1.2 equiv)
Entry Solvent 2-3%" 2-4%" 2-5%"
1 THF 4 n.d.? 95
2 dioxane 5 n.d.? 78
3 MeCN 5 3 30
4 DMF 12 trace 60
5 DMA 7 n.d.? 63
6 Acetone 2 n.d.? 91
7 DCE n.d.? n.d.? 86
8 toluene 2 n.d. 15
9 diethyl ether n.d.b n.d. 4

“Yields determined by crude NMR, CH2Br: as internal standard. ’not detected.

After deciding the combination of Ni(ClO4)2:6H20 and THF, the effect of ligand on
the reaction was studied. 2,9-Dibutyl-1,10-phenanthroline (L4) favored chain-walking
to give remote hydroamidation product most, giving 95% y-product 2-5; no
Markovnikov product 2-4 and only 4% anti-Markovnikov product 2-3 was detected.
When no ligand was present, the reaction proceeded with an unfavorable total yield
(57%) and poor regioselectivity (~1:1.5) (Table 3, Entry 2). Among all phenanthroline

ligands, 1,10-phenanthroline with no substituent on 2,9-positions (L.1) gave a relatively
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low yield (Table 3, Entry 3), while L2 ~ L4 with one or two substituents on 2,9-
positions gave fair to high yields (Table 3, Entry 1, 4-6). These results together indicate
that having at least one substituent on 2,9-positions is crucial for the reaction. 2-
Methylphenanthroline (L2) favored Markovnikov product 2-4 with a 71% yield (Table
3, Entry 4), while L3 and L4 both favored y-product 2-5, with yields of 74% and 95%,
respectively (Table 3, Entry 5 and 1). Between the chain-walking-favoring ligands L3
and L4, the selectivity of L3 (~3.5:1; chain-walking product to all side products) was
not comparable to L4 (>20:1). Considering that L4 is much bulkier than L3, we
reasoned that a more hindered environment would lead to a higher preference towards
chain-walking products. Also, several other ligands were examined, such as bipyridine
(Table 3, Entry 7), 6,6'-dimethyl-2,2'-bipyridine (Table 3, Entry 8), diamine (Table 3,
Entry 9), pyridine (Table 3, Entry 10), terpyridine (Table 3, Entry 11) and dppm (Table

3, Entry 12). These ligands all gave unfavorable yields and selectivity.
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Table 3 Optimization of ligands®

ph g NN j’\ o
21 (0.2 mmol) Ni(CI04)2.6H;0(10 mol%) HN™ “Ph PN U
iy L (12 mol%) S /\/\/I Ph S\/\i’l‘\ " /\i’l‘\/"h
IO\FO HBpin 20 equiv) " S NS + ph s
PG THF (2 mL), Ny, rt., 3 h 23 - 25
B e
4 \ 4 \ 4 N 4 \\ 4 \
=N N= =N N= =N N= =N  N= =N N=
L1 L2 L3 nBu L4 nBu Ph L5 Ph
7 \__ 7/ \ 7 \_/ \ Ph Ph S z
Q_@ = N= " NHNH | N N l AN PheP” > PPh,
L6 L7 EANT S L9 [N L0 N L11
Entry ligand 2-3% 2-4%" 2-5%*
1 L4 4 n.d.? 95
2 /¢ n.d.b 35 22
3 L1 n.d. 30 12
4 L2 3 71 14
5 L3 6 16 74
6 L5 n.d. 20 20
7 L6 n.d.b 8 21
8 L7 13 6 73
9 L8 n.d.b 18 7
10 L9 n.d. 28 13
11 L10 n.d.b 25 8
12 L11 n.d.b 27 26

“Yields determined by crude NMR, CH2Br: as internal standard. “not detected. ‘no ligand added

Further exploration was done on the selection of hydride source. HBpin is an
effective hydride source at room temperature, under which both MeOH and
(EtO)>MeSiH showed almost no reactivity (Table 4, Entry 1-3). Notably, by raising the
temperature to 70°C, remote hydroamidation product 2-5 and linear amidation product
2-3 was furnished in 20% yield and 4% yield accordingly with (EtO)>MeSiH as hydride

source (Table 4, Entry 4).
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Table 4 Optimization of hydride sources®
P s NN 0

o) o
2-1 (0.2 mmol) Ni(CIO,),6H,0 (10 mol%) HNJ\Ph P L
7 N\ ‘0 La(2mo%) /\/\/l \/\illl\ Ph HN” “Ph
=N N= /’\i o Hydride Source (2.0 equiv) phe S +Prs + Ph/\S/\/l\/
nBu L4 mBu| pyp o THF (2 mL), N, .t 3 h 23 04 25
2-2 (1.2 equiv)
Entry Hydride Source 2-3% 2-4% 2-5%*
1 HBpin 4 n.d.’ 95
2 MeOH n.d.? n.d.? n.d.?
3 (EtO):MeSiH, r.t. 1 n.d.b n.d.
4 (EtO),MeSiH, 70°C 4 n.d.’ 20

“Yields determined by crude NMR, CH2Br: as internal standard. ’not detected.

Associating all the optimization results above, we defined the combination of most
powerful conditions as standard conditions: 10 mol% Ni(ClO4)2-:6H>0, 12 mol% 2,9-
dibutyl-1,10-phenanthroline, THF as solvent, HBpin (2.0 equiv.) as hydride source,

running under N» at room temperature for 3h.

Table 5 Other deviations from standard conditions®

P s NN )Ol\ o 0
/_N N_\ B (:?: " —>Ni(CIO::.zgzg;;/(:),mm%) Ph/\s/\/\i']‘ +P:hv8\/\i’ril\ Th - /J\‘;L’Dh
ol vee| o AT et an T,
2-2 (1.2 equiv)

Entry Deviation from standard conditions 2-3%" 2-4%" 2-5%*

1 None 4 n.d. 95

2 without Ni(Cl04),:6H>O n.d.’ n.d.? n.d.’?

3 5 mol% Ni(ClO4),-6H,0 trace n.d.? 60

4 2 mol% Ni(ClO4),-6H,O trace n.d.? 38

5 1 mol% Ni(ClO4)2-6H,O trace n.d. 42

6 1.5 equiv. 2-2 4 n.d. 97

7 2.0 equiv. 2-2 3 n.d.? 95

“Yields determined by crude NMR, CH2Br: as internal standard. ’not detected.

Some deviations were further made from the standard conditions to probe the
minimum equivalence of Ni(ClO4)2-:6H>0 and dioxazolone. Reducing the amount of
Ni(ClO4)2:6H>0 led to an notable reduce in yield: 60% product were furnished with 5%
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Ni(ClO4)2-:6H>0 (Table 5, Entry 3), and reducing the amount of Ni(ClO4)>-6H>0 to 2
mol% and 1 mol% led to further reduced yields of around 40% (Table 5, Entry 4 and
5). No product was obtained without Ni(ClO4),-6H>O (Table 5, Entry 2).The reaction
showed no better performance towards lifting the amount of dioxazolone (Table 5,
Entry 6 and 7). No further lowering in the amount of dioxazolone were conducted since

1.2 equiv. is already a satisfying equivalence.

2.2.3 Reaction Optimization-Hydroamidation at Original Site

Noticing the special Markovnikov selectivity of L2 (Table 6, Entry 4), we further
optimized several solvents to switch the selectivity to Markovnikov product by
hydroamidation at the original double bond. By elevating the amount of dioxazolone to
2 equiv., a better selectivity towards Markovnikov product was given by several

common organic solvents.

Table 6 Optimization of solvents (original site)*

ph s NN o o o
21 (0.2mmol)  Ni(ClO,);.6H,0 (10 mol%) HN)l\ph U L
4 N\ + L2 (12 mol%) ~ ) HN™ “Ph HN” ~Ph
=N N= ,\;—O>=o HBpin (2,0 equiv) NSNS e s AU, ph/\s/\/k/
L2 ph/ko Solvent (2 mL), N, r.t., 3h 23 24 25
2-2 (2.0 equiv)
Entry Solvent 2-3%" 2-4%" 2-5%"
1 THF 3 71 14
2 dioxane 4 64 18
3 DMF 3 50 4
4 MeCN 2 77 6
5 acetone 3 55 6
6 DCE 3 59 17
7 DMA 3 64 5

“Yields determined by crude NMR, CH2Br» as internal standard.

MeCN gave the best performance among all solvents screened, furnishing
Markovnikov product in 77% yield with >10:1 selectivity (Table 6, Entry 4). Similar in
structure, THF and dioxane (Table 6, Entry 1 and 2) gave moderate yields (both >60%),
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but with unfavorable selectivity (THF around 4:1; dioxane <3:1). DMF and DMA also
gave a pair of similar result, with fair selectivity (>7:1) but relatively low yields of
Markovnikov products (64% and 50%, respectively) (Table 6, Entry 4 and 8). Other
solvents such as DCE and acetone were also proved to be less efficient than MeCN for

this transformation (Table 6, Entry 5 and 6).

2.3. Results and Discussions

2.3.1 Substrate Scope-Hydroamidation at Remote Site

After settling the standard reaction conditions, we went on to examine the
synthetic versatility of the reaction (Scheme 8). Around 30 structurally diverse
dioxazolones were first selected and subjected to react with 5-(benzylthio)-1-pentene

2-1 under standard conditions.

Scheme 8 Dioxazolone scope (remote site hydroamidation)

o Ni(CIO4),6H,0 (10 mol%) ji ;
O, L4 (12 mol% HN"R | TN N\
e e S Y SR ( o) P~ ! \ N/ N=
O-N HBpin (2.0 equiv), THF (2.0 mL) Ph™ S N \Bu
2-1, 0.2 mmol 0.24 mmol Ny, rt., 3h 2-6 ~ 2-36 ! L4

2-6, R'=Me, 90%°

27, R'= OMe,88%
2.8, R'= OH, 80%? 2413, R%=CH,CH3,  76%* o)
N N rj 29, R=F, 73%° /\1 2-14, R? = CH,CH,Ph, 79%2 .
Ph S )j\ , 2CHyPh, o PN n-Pr
2-10,R'=Cl, 75%% pp "\ 2 2_ Ph™ 7S N
Ph" s R22-15, R? = (CH,)6CHj, 83%7
2-5:R=H, 86% (CH2)6CH3, 83% |

R! 1= oa
2112 51 ﬁgaz 32? 216, Rz' (CH2)10CH3,81%2 217, 78"/a

2-18, 75%? 2419, 780/a 2-20, 83°/a 2-21, 79%2

/\1 i /\)\ /\)\ i /\1 /U\/\/SQ
s %A g ee's Wle

COOEt

2-22, 33%2 2-23, 84% 2-24, 84%7 COOMe 2-25, 81%

/\1 i /\1 /\1 i
P s /\s Ph s J\/ PR s N

H | N4
2-26,78%2 O 2-27, 89%2 2-28, 27%° 2-29, 75%2

(0]
Ph/\S/J\ )‘\(ﬁjh/\s/g\ /\H/Q/\ /\1 Ph/\s/\)\
VS
Ph S
2-30, 78%° 2 31, 62%?from Ibuprofen  2-32, 82%afrom 1 Pyrenebutyrlc acid 2-33, 54%afrom Indomethacin O\
8 J OO Y )g/‘f“’
P s NJ><‘J 3 P s P s .
H 2-36 '
2-34, 18%%from Gemfibrozil 2-35, 44%2from Naproxen 2-36, 33%aff om Isoxepac X-ray structure

“Isolated yields.
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Aryl dioxazolones reacted efficiently to furnish corresponding amides, with isolated
yields up to 90% (2-5 ~ 2-12, 2-27, 2-30). For 4-substituted aryl dioxazolones, bearing
electron donating groups (EDG) would lead to higher yields (>80%) than electron
withdrawing groups (EWG) (<80%). Dioxazolones linked to primary alkyl groups and
saturated carbocycles (including strained carbocycles) were also proved to be powerful
reaction counterparts, giving targeted amides in ~80% yields (2-13 ~ 2-21, 2-25, 2-26).
However, when rising the steric hindrance by installing tertiary alkyl group, yields are
largely reduced (2-22, 33%; 2-34, 18%). Even so, stringed rings showed successful
coupling to give 2-23 and 2-24 in >80% yields. Luckily, dioxazolone derived from 2-
chloropropanoic acid also coupled with 2-1 successfully to give 2-28 in 27% yield,
showing a secondary halide group tolerance. However, yield to 2-28 is low, presumably
due to the influence of high acidity of hydrogen atom on carbon next to the chloride
group. Dioxazolones derived from biological active molecules and natural products,
such as Ibuprofen (2-31, 62%), 1-Pyrenebutyric acid (2-32, 82%), Indomethacine (2-
33, 54%), Gemfibrozil (2-34, 18%), Naproxen (2-35, 44%) and Isoxepac (2-36, 88%)
also gave corresponding products in satisfactory yields. Unfortunately, for all products

bearing two chiral centers, dr value was close to 1:1.

Scheme 9 Alkene scope (remote site hydroamidation)®

Ni(CI04),6H,0 (10 mol%) JOL :
ONGe! L4 (12 mol% : N7\
RGNS & Y P ( o) NP )
/ R. /\)\/ ' N N=
O~N HBpin (2.0 equiv), THF (2.0 mL) s g L4 \Bu
0.2 mmol 2-2, 0.24 mmol Na,rt, 3h 2-37 ~ 2-53 :
/©/\S NTPh Pisg NTPh s N Ph s 8
R 2-43,90% M 2-44,87% N 2-45,70%° O

. = a 2-46, 789
2:38, R = OMe 87% s NTSpp 246 78% 2-48,n=1,71%"
H

2-39, R = t-Bu, 82%° o

240, R=F, 79%° @ o /@)\n g  249.n=262%

2-41, R=CIl, 83%° a 2-50,n =3, 44%
: : 2-47, 78%

2-42, R = CFj, T4%” S HJ\Ph * P s HJ\Ph 2-51,n = 4, 38%°

a[solated yields. *Yields of main product:yields of all other isomers; Yields determined by crude NMR,

78% : 16%)°
67% : 29%)
53% : 42%)°
47% : 46%)P

CH,Br; as internal standard.

Next, a series of alkenes were subjected to react with 3-phenyl-1,4,2-dioxazol-5-
one 2-2 under standard conditions to further explore the substrate scope of the reaction
(Scheme 9). Derivations made by substitution on benzene ring of 2-1 led to almost no
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change in the yield of amide products (2-37 ~ 2-42). Also, adding carbon between
benzene ring and sulfur atom (2-43) and replacing benzene ring with alkyl group (2-44)
caused negligible influence to the product yield. Replacing alkyl sulfides with aryl
sulfides caused a slight decrease in product yields (2-45 ~ 2-46), presumably due to
increase in steric hindrance during coordination of sulfur atom to Ni. Alkenes with two
sulfur atoms also coupled successfully with 2-2 to give 2-47 in 78% yield. Longer
distance between double bond and sulfur atom was allowed, but the yield toward
targeted chain-walking product decreases as more carbon is adopted between sulfur

atom and double bond (2-48 ~ 2-51).

2.3.2 Substrate Scope-Hydroamidation at Original Site

Having studied the synthetic versatility of remote hydroamidation, we further
examined the substrate scope of hydroamidation at original site enabled by L2 (Scheme

10).

Scheme 10 Substrate scope (original site hydroamidation)®

Ni(CIO4),'6H,0 (10 mol%) H
1 R? L2(12 mol%) R N_ _O — 7\
R\S/\/.\(")f\ . I />’ . ~g Y \ 7/ _
N HBpin (0.4 mmol), MeCN (2.0 mL) R2 N N
0.2 mmol 0.4 mmol rt., Ny, 3h L2
H H
e0/©/\ /©/\ h
2-4, 71%%(1:39:3)° 2-52, 65%’(1:38:4)° 2-53, 61%7(1:34:3)° 2-54, 54/(1 31:3)°
H H
H H
N N
/@/\ /\/\T/ /@/\ /\/\T/ /(A)ES/\/\T/NYO )\/\T/N (o]
cl . Ph Ph
2-55, 65%7(1:38: 4) 2-56, 65%°(1:38:4)" 2-57, 57%(1:31:4)° 2-58, 449 (1:31:4)°
s N e}
- b
/©/\ /\/\r 2-59, R=Me, 66% (1:37: 4)b H 2-64, R = CH(CH,CH,CHy),, 54%2(1:32:2)0
CRIE e [YSTY O s e ey
= = o? - =4- 0.3(1-30-3)0
262 R=0Cl,  64%(1:30: 4)b R 2-66, R = 4-Mecyclohexyl, 51%%1:30:3)
2-63, R = CF3, 64%(1:31:4)°

“[solated yields. *Yields of main product:yields of all other isomers; Yields determined by crude NMR,

CH;Br; as internal standard.

Similar to remote hydroamidation, substitution on benzene ring led to trivial changes
(2-4, 2-52 ~ 2-56), with satisfactory yields and high selectivity (up to 10:1, NMR yield
of Markovnikov product:NMR yield of all side products). Alkenes bearing aliphatic

group next to sulfur atom and two sulfur atoms also reacted smoothly to give targeted
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products 2-57 and 2-58. A series of structurally diverse dioxazolones also showed
reactivity towards Markovnikov products in satisfying yields and selectivity (2-59 ~ 2-

66).

2.3.2 Mechanistic Studies

After examining the substrate scope of our methodology, we went on to seek for the
underlying mechanism of the reaction. First of all, to verify the binding ability of sulfur
in forming stabilized metallacycle, we synthesized 2-((pent-4-en-1-ylthio)methyl)pyri-
dine 2-67. 2-67 has a strong binding ability, and is able to form stable complex 2-68
when treated with 0.5 equiv. NiClo. X-ray structure of 2-68 clearly displays a six-
coordinated Ni center, bound to two molecules of 2-67 in a N,S-bidentate manner and
two CI anions (Scheme 11a). As 6-membered ring would be more stable than 5-
membered ring when fused with a 5-membered ring, considering the two possible
intermediate when 2-67 was subjected to react, 5,6-fused ring A would be more stable
than 5,5-fused ring B. Thus, we predicted that if sulfur atom is responsible for directing
the selectivity by forming stabilized metallacycles, in this situation the selectivity
should be guided towards Markovnikov product 2-70 instead of y-amidation product 2-
71. The observed overpowering selectivity towards 2-70 (20% yield, no 2-71 detected)
largely supports our conjecture that sulfur atom helps differentiate challenging

methylene positions by binding to Ni (Scheme 11Db).
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Scheme 11 Role of sulfur atom?

a)

| A Nu:l2 @ /
NS THE N’
’3

2-67
2-68
confirmed by X-ray
b)
X
- S A —and: cond, stand. cond. (j\/ \/\/1\
N without L
2-67 2- 70 20%
-------- detected by HRMS -------------------------------------------- mmmmmmome
ring straln forbidden
N*N. N~;\{. N~,\{|
2 59 A, 5,6-fused ring B, 5,5-fused ring E

Standard conditions: alkenes (0.2 mmol), dioxazolones (0.24 mmol), [Ni(C104)2]-6H20 (10 mol%), L4 (12 mol%),
HBpin (2.0 equiv.), THF (2.0 mL) in N2 at room temperature for 3 h unless otherwise specified.

To further explore the preference of directing ability of sulfur-directed y-selectivity
over benzylic and primary selectivity, we constructed substrate 2-74 and 2-75, where
the metal will undergo one-carbon migrations to both y-position and linear/benzylic
position (Scheme 12). When subjecting 2-72 to standard reaction conditions, a powerful
preference towards y-position over linear position was shown with a high regioisomeric
ratio. Reaction done with 2-73 gave a result where y-position was slightly preferred

over benzylic position, producing a 2:1 mixed product.

Scheme 12 Competition with other preferred positions”

y-selectivity vs. linear selectivity 0
N-O HN)J\Ph
Ph/\SM . /& /EO stand. cond. Ph/\S/\/l\/\+Ph/\S/\/\/\ /“ pn 7 linear| rr
= Ph™ 0 . 95% 4% | 23
2:72,0.2 mmol 22, 0.24 mmol y-selectivity linear selectivity Y
y-selectivity vs. benzylic selectivity j\
HN Ph Ph
N NN i
/\S/\/ _Ph /k \Fo stand. cond. o /\S/\/l\/\/Ph+Ph/\S 4 7 benzylic| rr

) . AN Phean 31% |2
2-73, 0.2 mmol 2-2, 0.24 mmol y—selectivity linear selectivity \[]/

4Standard conditions: alkenes (0.2 mmol), dioxazolones (0.24 mmol), [Ni(ClO4)2]-6H20 (10 mol%), L4 (12 mol%),
HBpin (2.0 equiv.), THF (2.0 mL) in N2 at room temperature for 3 h unless otherwise specified.

Next, to probe the underlying process of Ni walking on the hydrocarbon chain, a

deuterium labelling study was conducted (Scheme 13). Substrate 2-76 was subjected to
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react with 2-2 under standard reaction condition but with DBpin as hydride source.
From terminal position to y-position, D incorporation can be found all positions in
between along the chain. This scrambling of deuterium suggests that metal migrates
along the chain by 1,2-hydride shift mechanism, through a cascade p-hydride

elimination/migratory insertion process.

Scheme 13 Deuterium labelling experiment®

o)
o)
~ . O~ stand. cond. N (D, 0.31)
NSRS GEN Ny ——— P
N L4, DBpin P s / <— (D, 0.19)
2-74, 0.2 mmol 0.24 mmol

2-75,(D, 0.09) (D, 0.32)

Standard conditions: alkenes (0.2 mmol), dioxazolones (0.24 mmol), [Ni(C104)2]-6H20 (10 mol%), L4 (12 mol%),
HBpin (2.0 equiv.), THF (2.0 mL) in N2 at room temperature for 3 h unless otherwise specified.

To examine whether or not the reaction involves radical intermediates, three parallel
experiments were done by reacting under standard conditions with radical scavengers
such as TEMPO, BHT and a-cyclopropylstyrene (Scheme 14). Compared to reaction
without a radical scavenger, introducing BHT and a-cyclopropylstyrene caused nearly
no influence to the reaction, suggesting that the reaction is not likely to occur through
radical intermediates. However, introducing TEMPO reduced the yield to 63%, and we
reasoned that part of the low valence intermediates were oxidized by TEMPO, causing

a deactivation in part of the catalyst.

Scheme 14 Radical trapping experiments®

Ph/\s/\/y'\/ stand. cond.
] 7 Markovnikov anti-Markovnikovl (total yield)
2-1, 0.2 mmol radical scavenger (0.4 mmol)
+ 5.0 TEMPO 63% n.d. nd. (63%)
©_<\ \O( BHT 87% n.d. 6% (93%)
2.2 0.24 'r\r‘1mol a-cyclopropylstyrene 81% n.d. 4% (85%)

9Standard conditions: alkenes (0.2 mmol), dioxazolones (0.24 mmol), [Ni(C104)2]-6H20 (10 mol%), L4 (12 mol%),
HBpin (2.0 equiv.), THF (2.0 mL) in N2 at room temperature for 3 h unless otherwise specified.

To uncover the rate determining step of the reaction, competing reactions were done
by using a series of aryl dioxazolones (2-77 ~ 2-83) differing only in para-substituents
to compete with 2-2 under standard reaction conditions (Scheme 15). 6 parallel

reactions were conducted as [2-2+2-77], [2-2+2-78], [2-2+2-79], [2-2+2-80], [2-2+2-
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81], [2-2+2-82] and [2-2+2-83], and the yields were determined by 'H NMR with

CH1Br»; as internal standard.

Scheme 15 Competing reactions”

o) 0P P N NN o )O]\
o] 1,0.2 mmol
@—Q \f + FG©—<\N_\(‘;/ > HNJ\Ph . HN” SAr
N~ stand. cond., 2 min
Ph/\S/\)\/ Ph/\s/\)\/
2-2 0.12 mmol (2-76 ~ 2-82) 0.12 mmol 2-5 2-6 ~2-12

“Standard conditions: alkenes (0.2 mmol), dioxazolones (0.24 mmol), [Ni(ClO4)2]-6H20 (10 mol%), L4 (12 mol%),
HBpin (2.0 equiv.), THF (2.0 mL) in N2 at room temperature for 3 h unless otherwise specified.

A Hammett plot was drawn by applying o(para)as horizontal axis and log(krc/kn) as
vertical axis (Figure 4). The plot showed a good linear relationship, with a slope of -
0.483 and R? of 0.975. These findings suggest that the rate determining step is related

to dioxazolones, and during rate determining step, partial positive charge would be built

up.

03

5 2-76:0H (:0.37,0.18) 0.2 y =-0.4831x + 0.0009

® e R? = 0.9753

= . 2

o 2-77:0OMe (-0.27 ,0.14) 01

- 2.78:Me (-0.17,0.08) / 2.2:H (0.00,0.00)

0.6 0.4 02 0 / 0.2 0.4 0.6 0.8 1.0

o.w/ .~ 2-80:Cl(0.23,-0.14)
2-79:F (0.06,-0.04) /
’ o 2:81CF; (054,019

0.2
03 FG (o, log (Krc/kn) )
0.4
2.82:NO, (0.78 , -0.41) /S
05

Hammett o(para) substituent constants

Figure 4 Hammett Plot
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Combining all previous experimental results, A possible reaction mechanism can be

proposed (Figure 5).
Ni(CIO4)- 6H,0 / L4
' o Boin |
: Bpin J Bpin : +HBpin
; P Ph _S
! detected by HRMS | &% ('-\N_ Ny SN
~NI—|
L 21
R c
L. $
(L_,fNi—x &F N .
| : L :
PN ’W '

' L
Sulfide-Directed Ph g — N{..D
Remote Hydroamidation |
Catalyzed by NiH &
detected by HRMS

0 Ph

N==Ni--L O L
04]’\0’N \‘N'i--D

G Ph s
F
co

2

Ph s

Figure 5 Proposed Reaction Mechanism

Starting from Ni(ClO4)2:6H>0 and L4, a [NiH] species C is likely to be generated by
addition of HBpin. Alkene 2-1 then would undergo hydrometalation with C to generate
Ni-alkyl species D, which would then rapidly go through a reversible A-H
elimination/migratory insertion process to give a thermodynamically stabled
intermediate E. E then coordinates with dioxazolone to form F. Through releasing a
molecule of CO,, metal-nitrenoid complex G would be generated from E. G then goes
through nitrene insertion to generate H, which was then protonated to give the product
5 and a [NiX] species I. [NiH] species C was then regenerated from I by HBpin, and

the catalytical cycle was completed.
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Scheme 16 Variation of two conjectures

y -selectivity vs. & -selectivity i
NiH] / L2 HN" "Ph
Ph/\S/\A./\ + 22 ; o~ /\/L(/\ + Ph/\S g
283, 0.2 mmol 0.24 mmol MeCN Ph™ °S HN\"/ph
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[NiH] i
Phk il Ph s 5 =\ 7/ \
SN \ 7/
—_— HN\n/Ph nd v =
- 0 L2
o]
T /Lj HNJ\Ph
no chain-walking needed =~ — S —Nj--L —_— /\/L</\ 73% yield
VS
K/‘\/\ Ph S
M

After settling the mechanism study for remote hydroamidation, we then turned to
discuss why switching to L2 would lead to hydroamidation at original double bond.
Two possible reasons were proposed: the first being that using L2 lead to a change in
thermodynamic stability of 5- and 6- membered rings, and the second being that using
L2 lead to difference in relative speed of chain-walking and coupling, completing the
reaction before chain-walking to y-position was achieved. To decide which one of the
conjectures is correct, we synthesized internal alkene 2-83, where no chain-walking is
required to both y-position and J-position (Scheme 16). A high y-selectivity was
observed by treating 2-83 to react with 2-2 by using L2, suggesting that instead of a
reversal in stability of metallacycles, an insufficient chain-walking lead to the original

site selectivity of L2.

Scheme 17 Relative speed of metal migration and cross coupling

Vmigratiﬂn vs. chx.v-mupling Ph o)
L
NiH] / L2 Sy 22 s P
P NN INH] Pha_Se~_AS  T1%
THF
24 | 24
\_/ S Ph AL j\
NoONT + HN™ “Ph

L2 k ’-__j -
SK_;TI\; 22, Ph/\s/\/l\y/ 14%

- relatively quick cross-coupling

- insufficient chain-walking J 2-5
" X X
=N
more sufficient o 4 (2— o [NiH] /L2 HN 5 Ph HN ) Ph
chain-walkin, \/\/L\ + /\/l\/
9 e THF Ph_$ Ph s
° 2:4,50% 2:5,31%

2-2, dropwise in 10 mins

To further verify the conjecture that the original site selectivity is caused by the
change in relative speed of metal migration and cross-coupling, we performed an
experiment where 2-1 was subject to react with 2-2 by using L2 as ligand, under the
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condition where 2-2 was added dropwise over 10 minutes (Scheme 17). By adding 2-2
in a dropwise pattern, we manually provided more time for metal to walk along the
chain, leading to more sufficient chain-walking than adding 2-2 in one portion. A lifted
selectivity towards y-position was observed, proving that the high original site
selectivity was caused by insufficient chain-walking, which can be attributed to a

relative quicker cross-coupling resulted from adopting L2 as ligand.

2.4. Conclusion

In conclusion, we developed a thioether-directed Ni-catalyzed hydroamidation
reaction of alkenes. By applying 2,9-dibutyl-1,10-phenanthroline as ligand,
hydroamidation product was formed at y-position in high regioselectivity. During this
process, forming thermodynamically favored metallacycle fixed metal at y-position
during migration process, which helped to differentiate sites besides primary and a-
positions. Switching ligand to L2 shifted the selectivity towards Markovnikov products
in ideal yields. A wide substrate scope can be applied to both synthetic protocols, with
>40 examples with up to 90% vyield and up to >20:1 rr reported. Natural product
derivatives and biological active elements can also be introduced to the substrate scope.
Some mechanistic studies were conducted, and a possible reaction mechanism was

proposed based on all the mechanistic studies.

2.5 Experimental Section

2.5.1 General Information

All solvents (including superdry solvents) and reagents are used as received from
commercial sources without any purification. All glassware were dried at 150 °C
overnight before use. All Ni-catalyzed hydroamidation were carried out in a glovebox.
Monitoring of reaction was done with TLC by using UV light (254 nm) or KMnOy stain.
Purification on flash column chromatography was done with silica gel (Merck, 230-400

mesh) column. 'H and '3C NMR spectra were recorded on a Briiker DPX-400 MHz
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spectrometer, with chemical shift (3) values given in ppm and referenced to solvent
residual peaks. Coupling constants (J) were reported in hertz (Hz). NMR yields were
calculated and reported with CH2Br» as internal standard, giving a singlet signal at du
4.9 ppm in CDCIs. Unless stated as NMR yields, all isolated yields refer to
chromatographically and spectroscopically pure product isolated. High-resolution mass
spectra (HRMS) were collected on a VG MICROMASS Fison VG platform, a Finnigan
Model Mat 95 ST instrument, or a Briikker APEX 47e FT-ICR mass spectrometer. X-ray

crystallographic study was performed by a Briiker CCD area detector diffractometer.

2.5.2 Substrate Preparation

Preparation of Alkenes

General Method A

2 )
RI—sH + Br/\/R K,CO3 (2.0 equiv) R1’S\/\R2
DMF (10 mL), 85 °C, overnight

2-1, 93% yield 2-84, 91% vyield 2-85, 90% yield 2-86, 89% vyield 2-87, 86% vyield E
E AN s NNF s :
S /©/\ PSSy ARSIy YT
' CF3 16 !
Cl H
! 2-88, 88% yield 2-89, 84% yield 2-90, 91% vyield 2-91, 82% yield 2-92, 80% yield |
H SN SN (\S :
. AN X NN NGNS
H Ph S X '
T s s |
E 2-93, 89% yield 2-94, 88% yield 2-95, 79% yield 2-74, 93% yield 2-96, 91% yield :
E AN NN A~ P~ A SW E
LPn s x Ph s NN NN | ] :
H =
2-97, 90% vyield 2-98, 92% vyield 2-67, 88% vyield

A 50 mL sealed tube was charged with a magnetic stir bar. Benzyl mercaptan (5.0
mmol), 5-bromopent-1-ene (7.5 mmol, 1.5 equiv.), KoCO3 (15.0 mmol, 3.0 equiv.) and
DMF (10 mL) was then added to the tube. The tube was then charged to 85 °C heating
and the reaction mixture was allowed to go overnight under vigorous stirring. Upon
finishing, the reaction mixture was cooled to room temperature, poured into water (50
mL) and then extracted with DCM (20 mL x 3). The organic layer was combined, dried
over MgxSO4 and concentrated in vacuo. The residue was purified by flash column

chromatography (n-hexane:EA = 100:1) to give the corresponding products.
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General Method B

R2 NBS (1.0 equiv) 5
N R

HO PhsP (1.0 equiv) Br

DCM, rt., 12h
.
S K,CO3 (2.0 equiv)
R! ~R2? R'—SH

DMF (10 mL)
85 °C, overnight

! ph/\s/\/\/\ PhASW
2-72, 86% yield 2-83, 84% vyield

Corresponding alcohol (10.0 mmol) was dissolved in DCM (20 mL) in a 50 mL
round bottom flask charged with a magnetic stir bar. To the solution was then added
PPh; (10.5 mmol, 1.05 equiv.). N-bromosuccinimide (10.5 mmol, 1.05 equiv.) was
added to the mixture in portions over 40 minutes. The reaction mixture was then stirred
at room temperature overnight. The resulting PhsPO precipitate was removed through
filtration. The filtrate was concentrated in vacuo, and the crude product obtained was
used directly for the next step as General Method B without any purification. Through
General Method B, compound 2-72 and 2-83 was obtained.

General Method C

HO Ph + g NN F NaH (3.0 equiv) N Ph O :
DMF (10 mL), 0 °C - rt., overnight 2-99, 87% yield

........................

To a 50 mL round bottom flask with a magnetic stir bar was added benzyl alcohol
(5.0 mmol), NaH (15.0 mmol, 3.0 equiv.) and DMF (10 mL). The flask was then cooled
to 0 °C, and 5-bromopent-1-ene (7.5 mmol, 1.5 equiv.) was added dropwise via syringe.
Upon completing addition, the reaction mixture was slowly brought back to room
temperature and stirred overnight. The reaction was then quenched with saturated
aqueous NH4Cl solution and extracted with DCM (20 mL % 3). The combined organic
extract was then dried over MgxSO4 and concentrated in vacuo. The resulting crude
mixture was purified by flash column chromatography (n-hexane:EA = 100:1) to give
the corresponding product 2-99.

General Method D

18-crown-6 (5 mol%) G !

K,COs (1.25 equiv) : ;
+ BI‘W \ NM H
NH CH4CN, reflux, 18h ! :

....................

18-crown-6 (0.360 g, 1.36 mmol), KoCOs3 (4.83 g, 35.0 mmol) and piperidine (2.39
mL, 28.1 mmol) was added to a 100 mL sealed tube with a magnetic stir bar. 5-bromo-
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I-butene (5.00 g, 33.6 mmol) and CH3CN (20 mL) was then added to the mixture. The
reaction mixture was then refluxed overnight. Upon finishing, the reaction mixture was
slowly cooled to room temperature, poured into water and extracted with DCM (20 mL
% 3). The combined organic phase was then dried over MgSOj4 and solvent is removed
in vacuo. The crude product obtained was then purified by flash column
chromatography (n-hexane:EA =100 : 1) to give 2-100 as colorless oil.

General Method E

o PR NiClo(dppp) (10 mol%) %/\/@
@ + P Mgal NN

benzene (10 ml), refluxed, 20 h

2-101

|
NBS (1.0 equiv)
PhsP (1.0 equiv), DCM, r.t., 12h

SRR Y
:
H K,CO3 (2.0 equiv) Br =

In a nitrogen-filled glovebox, NiClo(dppp) (1.0 mmol, 10 mol%) and
benzylmagnesium bromide (2.0 mmol, 20 mol%) was added to a 50 mL round bottom
flask with a magnetic stir bar. To the flask was then added 15 mL dry benzene. The
flask was sealed with a rubber septum, taken out of glovebox, and the resulting mixture
was stirred at room temperature for 15 minutes. Next, another portion of
benzylmagnesium bromide (10.0 mmol, 1 equiv.) and 3,4-dihydro-2H-pyran (10.0
mmol, 1 equiv.) was added. The reaction mixture was stirred at room temperature for
another 15 minutes, and then subjected to reflux for 20 h. Upon finishing, the reaction
was quenched with saturated aqueous NH4Cl solution, poured into water (50 mL) and
then extracted with DCM (20 mL x 3). The combined organic extract was dried over
Mg>SO4, and concentrated in vacuo. The residue was purified by flash column
chromatography (n-hexane:EA =4 : 1) to give pure 2-101. 2-101 was then converted
to alkene substrate 2-102 through General Method C.
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Preparation of Dioxazolones

General Method F
Step A
X
(\N Ny
o = =/ NH,OHHCI o
R” “NOH THF, rt, 1h overnight, rt - R”™ "NHOH

A 50 mL round bottom flask was charged with a magnetic stir bar. To the flask
was added carboxylic acid (10.0 mmol, 1.0 equiv.) and THF (20 mL). Then at room
temperature, to the solution was added CDI (1,1'-carbonyldiimidazole) (15.0 mmol, 1.5
equiv.). The resulting mixture was allowed to stir at room temperature for 1 h.
NH2OH HCI (20.0 mmol, 2.0 equiv.) was then added to the mixture, stirred overnight,
quenched with 20 mL 5% KHSO4 ag. and extracted with EA (20 mL x 3). The
combined organic phase was dried over Na:SOs. Solvent was removed under vacuo.
The crude hydroxamic acid was used directly for the next step without further

purification.

Step B
(0] N-O.

J * NN /1\>=o

—_—
N DCM, 40 min
R” “NHOH _ - :
NJ l—/

IO N0 O -0 -0 1Ol

2-2, 82% yield 2-76, 79% yield 2-77, 81% yield 2-78, 83% yield 2-79, 77% yield 2-80, 78% yield

) >—< >—CF3YO>—< >—N02Y O>—) YO/)—‘?( Y >—Q( Yo a XOH >
N 2103 21o4 2105 210 Y107 'Pr Y08 |

2-81, 73% yield 2-82,64%yield oo yield 81% yield ~ 63% yield  64% yield 65% yleld 68% yield

OO, ONGY Ox-0 0
° T T T |
O\N>_<:| Y o~ FooOvy/ O\N@c;oome O\N/>\©\COOMe ;

2109, 67% yield ~ 2- 110 69% yield 2-111,71% yield 2112, 75% yield 2-113,73% yield O 2-114,70% yield |
! 0 O, H
o o //\
N . T
Fi

Y />\/\)Q \\Io/\ PN O‘N N
O~ N O\N \ :

o 2-117, 78% yleld 2-118, 63% vyield 2-119, 79% yleld 2-120, 69% vyield E

: o 2115, 81% yield 2-116, 85% yield

| 9 ‘1) g

E O>\/o i-Pr >‘O cl O:/\

: N O\ — O O N 0,

. N ] N, 124, 78% yleld

2-121, 82% yield 2 -122, 83% yield O\N/

O*N
O— O\N/

2-125, 80% yield 2-123, 81% yield 2-126, 75%y|e|d

To the crude hydroxamic acid obtained above in a round bottom flask, magnetic
stirrer and CDI (10.0 mmol, 1.0 equiv.) was added. DCM (30 mL) was then added to

the flask, and the mixture was then stirred at room temperature for 30 min. The reaction
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was quenched with 1 M HCI (20 mL) and extracted with DCM (20 mL x 3). The
combined organic phase was dried over Na2SO4 and solvent was removed in vacuo.
The crude product obtained were purified by flash chromatography (n-hexane:EA =

100:1 to 4:1) to afford pure dioxazolones.

Preparation of DBpin

General Method G

HO>—<OH
% . (B , A
Diglyme, 0 °C Xylenes, rt. o

To a three-neck 100 mL round bottom flask equipped with a magnetic stir bar were
added NaBD4 (0.5 g, 12.0 mmol) and diethylene glycol dimethyl ether (10 mL) in a
nitrogen-filled glovebox. To one neck of the flask was then fitted a dropping funnel,
and the other two necks were sealed with a septum. To the funnel was then added iodine
(1.6 g, 6.3 mmol) and diethylene glycol dimethyl ether (10 mL). To another 50 mL
round flask with a magnetic stir bar were added pinacol (0.48 g, 4.0 mmol) and
anhydrous xylenes (3 mL), and the flask was then sealed with rubber septum. With a
double-tipped needle, the two flasks were connected and removed from glovebox. A
nitrogen balloon was connected to the 50 mL round flask, and the three-neck flask were
then charged to ice water bath and cooled to 0°C. The iodine solution was added
dropwise over 1 h to the NaBDg solution in the three-neck flask from the dropping
funnel. The resulting gas (B2De) was vented to the pinacol solution (50 mL flask
connected to balloon) through the double-tipped needle. After complete addition of the
iodine solution, the whole reaction unit was allowed to stir at room temperature for
another 1 h until no bubble could be observed. The double tipped needle and the
nitrogen balloon was then removed from the round bottom flask, and DBpin was given

in xylenes solution.
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2.4.3 General Procedure for Ni-catalyzed Amidation

: o

: Ni(CI0,4);'6H50 (10 mol%) L :

. 3 \ -

: R\S/\/‘\M/\ . OYO - L4 (12 mol%) HN” R i Q) /_\

; n Y R~ AR | NN -

: R2 O~N HBpin (0.4 mmol), THF (2.0 mL) S n | nBY L4 nBu|
0.2 mmol 0.24 mmol rt. Np, 3h ' :

..............................................................................................................................

To an 8 mL vial was added a magnetic stir bar, Ni(Cl04)2.6H20 (7.3 mg, 10 mol%)
and 2,9-dibutyl-1,10-phenanthroline (7.0 mg, 12 mol%) in a nitrogen-filled glovebox.
Anhydrous THF (2.0 mL) were then added to the mixture via a syringe. The vial was
then capped and stirred for 10 min at room temperature, resulting in a green solution.
A separated 8 mL vial was prepared parallelly with a magnetic stir bar. To the vial were
then added alkene (0.20 mmol, 1.0 equiv.) and 1,4,2-dioxazol-5-one (0.24 mmol, 1.2
equiv.). The green [Ni + L] solution obtained above was transferred to the vial and
vigorously stirred with the alkene-dioxazolone mixture. 4,4,5,5-Tetramethyl-1,3,2-
dioxaborolane [HBpin, (0.40 mmol, 2.0 equiv.)] was then added dropwise to the
mixture through a syringe. Upon addition, the color of the solution would be changed
from green to dark or dark green. The vial was then capped, taken out of the glovebox
and stirred at room temperature for 3h. The reaction was monitored with TLC,
visualized by using UV light (254 nm) and KMnOjy stain. The reaction mixture was
then transferred to a 25mL round bottom flask, quenched with silica gel and subjected
to filtration through a short-packed silica gel column (EA as eluent). The resulting
solution was again concentrated in vacuo. The crude product obtained was purified by

column chromatography (n-hexane:EA =5 : 1 to 2 : 1) to afford the desired amide

product.

: Ni(CIO4)26H20 (10 mol%) j\ '

: ! —

' OO L2 (12 mol%) HNT SRZ PR
R*/SM * Y />—_R2 SM E ) N N=
: O-N HBpin (0.4 mmol), MeCN (2.0 mL) Rt~ ; L2

H 0.2 mmol 0.4 mmol rt., Ny, 3h !

..............................................................................................................................

Similar to above-described procedure, an 8§ mL vial with a magnetic stir bar was
charged with Ni(ClO4),.6H20 (7.3 mg, 10 mol%) and 2-methyl-1,10-phenanthroline
(4.7 mg, 12 mol%) in a nitrogen-filled glovebox. Anhydrous MeCN (2.0 mL) were then

added to the mixture via a syringe. The vial was then capped and stirred for 10 min at
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room temperature, yielding a colorless solution. Alkene (0.20 mmol, 1.0 equiv.) and
1,4,2-dioxazol-5-one (0.40 mmol, 2.0 equiv.) were added to another 8 mL vial with a
magnetic stir bar. The colorless [Ni + L] solution obtained above was transferred to the
vial and vigorously stirred with the alkene-dioxazolone mixture. The following steps
are same as the above-mentioned procedure, including the addition of HBpin, workup

and purification procedures.

2.4.4 General Procedure for Other Experiments

Synthesis of Complex 68 and Hydroamidation of 67

el
o/
N
N NiCI s._i_al
| — i\ 7
NSy THF /\/\/CV:'\S/\/\/
N
2-67 J

2-68

To an 8 mL vial charged with a magnetic stir bar were added 2-((pent-4-en-1-
ylthio)methyl)pyridine 2-67 (0.20 mmol, 2.0 equiv.) and NiCl; (0.10 mmol, 1.0 equiv.)
in a nitrogen filled glovebox. To the mixture was then added 2mL THF, and the vial
was then screw-capped and removed from the glovebox. The mixture was allowed to
go overnight at room temperature under vigorous stirring. The resulting mixture was
collected, concentrated in vacuo and recrystallized with hexane and DCM to yield 2-68

as a green solid.

X O O, : . o
(j\/s LY > Ni(CIO4),'6H,0 (10 mol%) | x HNT SR
N \/\/\ O-N HBpin (2.0 equiv), THF (2.0 mL) N/ S\/\/*\
2-67, 0.2 mmol 1.20 equiv r.t, Na, 3h 2-70

To an 8 mL vial charged with a magnetic stir bar, Ni(Cl04)2-6H20 (7.3 mg, 10 mol%),
2-((pent-4-en-1-ylthio)methyl)pyridine (0.20 mmol, 1.0 equiv.) and 1,4,2-dioxazol-5-
one (0.24 mmol, 1.2 equiv.) was added in one portion in a nitrogen-filled glovebox. 2.0
mL anhydrous THF were then added to the vial through syringe. 4,4,5,5-Tetramethyl-
1,3,2-dioxaborolane [HBpin, (0.40 mmol, 2.0 equiv.)] was then added dropwise to the
mixture through another syringe. The vial was screw-capped, removed from the
glovebox and stirred at room temperature for 3h, monitored by TLC. The reaction
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mixture was transferred to a 25 mL round bottom flask, quenched with silica gel and
concentrated in vacuo upon finishing, and the mixture obtained was filtered through a
short-packed column with silica gel (ethyl acetate as eluent). The crude product
obtained was purified by column chromatography (gradient eluent n-hexane:EA = 4:1)

to afford the desired amide product 2-70.

Hammett Plot

% SO

O‘N/>_© Ni(ClO,4),6H,0 (10 mol%) S\/)/N
0

) 25

©\/ . 22 012 L4 (12 mol%)
S~ "4 DAL MmOl T B in (0.4 mmol), THF (2.0 mL

. R
o. rt., Np, 2 min ©\/
0] H
2-1, 0.2 mmol
T />_©7R s N
-N I

2-76 ~ 2-82, 0.12 mmol
2-6 ~ 212

Seven 8 mL vials with a magnetic stir bar were charged with Ni(ClO4),:6H20 (7.3
mg, 10 mol%) and 2,9-dibutyl-1,10-phenanthroline (7.0 mg, 12 mol%) parallelly in a
glovebox filled with nitrogen. Anhydrous THF (2.0 mL) were then added to the mixture
via a syringe. The vial was then screw-capped and stirred for 10 minutes at room
temperature. To another seven parallel 8 mL vials with a magnetic stir bars were added
2-1 (0.20 mmol, 1.0 equiv.), 2-2 (0.12 mmol, 0.6 equiv.) and dioxazolone 2-76 ~ 2-82
accordingly (0.12 mmol, 0.6 equiv.). The [Ni + L] standard solution was then
transferred to the mixtures, and then to the solution was added 4,4,5,5-Tetramethyl-
1,3,2-dioxaborolane [HBpin, (0.40 mmol, 2.0 equiv.)] dropwise through a syringe. The
reaction mixture was then allowed to stir for 2 minutes, immediately quenched with
silica gel, concentrated in vacuo and subjected to a short-packed column with silica gel
(ethyl acetate as eluent) to give a crude mixture. The yields of amide products were
then examined by 'H NMR, with CH,Br; as internal standard. Then Hammett Plot was

drawn with g, as horizontal axis and log(kr/kn) as vertical axis.
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Radical Trapping Experiment

Ph/\s/\/y'\/ stand. cond.
] 7 Markovnikov anti-Markovnikovl (total yield)
2-1, 0.2 mmol radical scavenger (0.4 mmol)
+ 5.0 TEMPO 63% n.d. nd. (63%)
©_<\ \O( BHT 87% n.d. 6% (93%)
2.2 0.24 'r\r‘1mol a-cyclopropylstyrene 81% n.d. 4% (85%)

Three parallel 8 mL vials charged with magnetic stir bars was charged with
Ni(ClO4)2:6H20 (7.3 mg, 10 mol%) and 2,9-dibutyl-1,10-phenanthroline (7.0 mg, 12
mol%) in a nitrogen-filled glovebox. Anhydrous THF (2.0 mL) were then added to the
vials. The mixtures were allowed stirred for 10 min at room temperature to give a green
solution. 2-1 (0.20 mmol, 1.0 equiv.), 2-2 (0.24 mmol, 1.2 equiv.) and radical
scavengers were added to another three 8 mL vials. The [Ni + L] standard solution was
then transferred to the alkene-dioxazolone-radical scavenger mixture with vigorous
stirring. 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane [HBpin, (0.40 mmol, 2.0 equiv.)] was
then added dropwise to the mixtures through a syringe. The vial was then capped and
removed from the glovebox, and the reaction mixture was then stirred at room
temperature for 3 h, monitored by TLC. Upon finishing, the reaction mixtures were
separately transferred to three 25 mL round bottom flasks, quenched with silica gel,
concentrated in vacuo and filtered through a short-packed column with silica gel (EA
as eluent). The resulting solutions was again concentrated in vacuo. The yields of amide
products 2-3, 2-4 and 2-5 were then examined by '"H NMR, with CH>Br; as internal

standard.

Deuterated Experiment

o]

0P L :
stand. cond. HN Ph ' —
NN \\f—c> B I W
N~ L4, DBpin  Ph" S 7 <— (D, 0.19) ! N N=
2-74, 0.2 mmol 2-2, 0.24 mmol [ nBu L4 nBu
2-75,(D, 0.09) (D, 0.32)

In a nitrogen-filled glovebox, an 8 mL vial with magnetic stir bar was charged with
[Ni(C104)2]-6H20 (7.3 mg, 10 mol%) and 2,9-dibutyl-1,10-phenanthroline (7.0 mg, 12
mol%) separately. Anhydrous THF (2.0 mL) were then added via a syringe. The vials
were then screw-capped and stirred for 10 minutes at room temperature to give a green

solution. 2-74 (0.2 mmol, 1.0 equiv.) and 2-2 (0.24 mmol, 1.2 equiv.) were added to
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another 8 mL vial with magnetic stir bar. The [Ni + L] standard solution was then
transferred to the alkene-dioxazolone mixture with vigorous stirring. DBpin in xylenes
solution (Preparation see previous, 0.4 mmol, 2.0 equiv.) was then added dropwise to
the mixture through a syringe. The vial was then capped and removed from the
glovebox, and the reaction mixture was then stirred at room temperature for 3 h,
monitored by TLC. Upon finishing, the reaction mixtures were separately transferred
to three 25 mL round bottom flasks, concentrated in vacuo and filtered through a short-
packed column with silica gel (ethyl acetate as eluent). The resulting solutions was
again concentrated in vacuo, purified by flash column chromatography (n-hexane:ethyl
acetate = 4:1) to give the corresponding deuterated amide 2-75. 2-75 was then analyzed
with '"H NMR compared to non-deuterated product 2-48 to give percentage of

deuteration at all positions.

2.4.5 Physical Charaterization of Products

/\)\ o N-(1-(Benzylthio)pentan-3-yl)benzamide (2-5): White solid (86%).
P s uJ\O M.P. 60 €. *H NMR (400 MHz, CDCls3) 6 7.72 (d, J = 7.9 Hz, 2H), 7.53

—7.47 (m, 1H), 7.42 (t, J = 7.4 Hz, 2H), 7.30 — 7.16 (m, 5H), 6.00 (d, J
=9.0 Hz, 1H), 4.11 (ddt, J = 13.7, 8.4, 4.3 Hz, 1H), 3.71 (s, 2H), 2.49 (t, J = 7.6 Hz, 2H), 1.87
(dtd, J = 16.1, 8.0, 4.5 Hz, 1H), 1.76 — 1.64 (m, 2H), 1.64 — 1.55 (m, 1H), 1.50 (dt, J = 14.2,
7.4 Hz, 1H), 0.93 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) § 167.28, 138.24,
134.83, 131.41, 128.88, 128.59, 128.52, 127.01, 126.87, 50.83, 36.35, 34.16, 27.85, 27.69,
10.37 ppm. HRMS (ESI): calcd. for C1sH24NOS™: 314.1579. found: 314.1586.

A:L 0 N-(1-(Benzylthio)pentan-3-yl)-4-methylbenzamide (2-6): White
Ph s HJ\©\ solid (90%). M.P. 93 €. 'H NMR (400 MHz, CDCl3) 6 7.63 (d, J =
8.1 Hz, 2H), 7.31 — 7.15 (m, 7H), 5.97 (d, J = 9.0 Hz, 1H), 4.10 (tq, J
=8.5,4.9, 4.3 Hz, 1H), 3.70 (s, 2H), 2.48 (t, J = 7.7 Hz, 2H), 2.40 (s, 3H), 1.86 (dtd, J = 16.1,
8.0, 4.5 Hz, 1H), 1.69 (dp, J = 15.1, 7.7, 7.3 Hz, 1H), 1.59 (dt, J = 13.4, 6.6 Hz, 1H), 1.49 (dt,
J=14.2, 7.4 Hz, 1H), 0.92 (t, J = 7.4 Hz, 3H) ppm. 3C NMR (101 MHz, CDCls) & 167.19,
141.78, 138.28, 131.96, 129.22, 128.88, 128.51, 127.00, 126.88, 50.73, 36.35, 34.23, 27.88,
27.73, 21.47, 10.37 ppm. HRMS (ESI): calcd. for CxH2sNOS*: 328.1735. found: 328.1742.

/\)\ o N-(1-(Benzylthio)pentan-3-yl)-4-methoxybenzamide (2-7): Whi-
P s u*@ te solid (88%). M.P. 100 €. *H NMR (400 MHz, CDCls) § 7.70 (d,

oM J=8.8Hz 2H), 7.33 — 7.15 (m, 5H), 6.90 (d, J = 8.8 Hz, 2H), 6.00
(d, J = 9.0 Hz, 1H), 4.18 — 4.03 (m, 1H), 3.84 (s, 3H), 3.70 (s, 2H), 2.48 (t, J = 7.7 Hz, 2H),
1.91-1.80 (m, 1H), 1.69 (dg, J = 14.9, 7.5 Hz, 1H), 1.58 (dt, J = 13.9, 6.6 Hz, 1H), 1.49 (dt, J
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= 14.2, 7.5 Hz, 1H), 0.91 (t, J = 7.4 Hz, 3H) ppm. ®C NMR (101 MHz, CDCls) § 166.77,
162.10, 138.28, 128.88, 128.69, 128.51, 127.08, 126.99, 55.44, 50.73, 36.34, 34.21, 27.89,
27.75, 10.40 ppm. HRMS (ESI): calcd. for CooH2sNO,S*: 344.1684. found: 344.1683.

/\:L a N-(1-(Benzylthio)pentan-3-yl)-4-methoxybenzamide (2-8): Yell-
Ph s uJ\Q ow oil (80%). *H NMR (400 MHz, CDCls)  8.20 (s, 1H), 7.58 (d, J

" =8.5Hz, 2H), 7.28 — 7.21 (m, 4H), 7.21 — 7.15 (m, 1H), 6.86 (d, J =
8.5 Hz, 2H), 6.01 (d, J = 9.0 Hz, 1H), 4.10 (qt, J = 8.7, 5.0 Hz, 1H), 3.69 (s, 2H), 2.47 (t, J =
7.6 Hz, 2H), 1.93 — 1.75 (m, 2H), 1.74 — 1.63 (m, 1H), 1.58 (ddd, J = 13.6, 7.7, 6.0 Hz, 1H),
1.48 (dt, J = 14.2, 7.4 Hz, 1H), 1.25 (s, 3H), 0.91 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz,
CDCl3) 8 167.85, 160.04, 138.18, 128.86, 128.82, 128.52, 127.03, 125.72, 115.62, 77.36, 77.04,
76.72, 75.24, 51.01, 36.36, 34.07, 27.82, 27.68, 24.84, 10.35 ppm. HRMS (ESI): calcd. for
C1oH24NO2S*: 330.1528. found: 330.1532.

/\:L Q N-(1-(Benzylthio)pentan-3-yl)-4-fluorobenzamide (2-9): White
P s N solid (73%). M.P. 88 €. 'H NMR (400 MHz, CDCls) 6 7.79 — 7.67
" (m, 2H), 7.34 — 7.16 (m, 5H), 7.07 (t, J = 8.6 Hz, 2H), 6.12 (d, J = 8.9
Hz, 1H), 4.15-4.03 (m, 1H), 3.70 (s, 2H), 2.47 (dd, J = 8.4, 6.8 Hz, 2H), 1.91 - 1.81 (m, 1H),
1.71 (ddd, J = 13.0, 8.2, 6.5 Hz, 1H), 1.64 — 1.42 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H) ppm. 3C
NMR (101 MHz, CDCls) & 166.24, 165.90, 163.40, 138.21, 131.01, 130.97, 129.27, 129.18,
128.86, 128.52, 127.03, 115.65, 115.43, 77.42, 77.10, 76.78, 50.97, 36.35, 33.98, 27.78, 27.68,
10.39, 0.02 ppm. *F NMR (377 MHz, CDCls) § -108.30, -108.32, -108.34, -108.35, -108.37.

HRMS (ESI): calcd. for C1oH23FNOS™: 322.1484. found: 332.1497.

/\:L o N-(1-(Benzylthio)pentan-3-yl)-4-chlorobenzamide (2-10): White
PR s NJ\O solid (75%). M.P. 110 €. *H NMR (400 MHz, CDCls) § 7.57 (d, J =

“ 8.4 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 7.23 — 7.06 (m, 5H), 6.10 (d, J
= 9.0 Hz, 1H), 4.00 (dtd, J = 13.6, 8.5, 4.9 Hz, 1H), 3.62 (s, 2H), 2.39 (t, J = 7.6 Hz, 2H), 1.77
(dtd, J =12.5,7.9, 45 Hz, 1H), 1.62 (dq, J = 14.8, 7.6 Hz, 1H), 1.45 (ddq, J = 28.7, 14.1, 7.0
Hz, 2H), 0.83 (t, J = 7.4 Hz, 4H) ppm. °C NMR (101 MHz, CDCls)  166.25, 138.20, 137.55,
133.21, 128.85, 128.76, 128.52, 128.38, 127.04, 51.03, 36.37, 33.93, 27.74, 27.70, 10.39 ppm.
HRMS (ESI): calcd. for C19H23CINOS*: 348.1189. found: 348.1191.

/\:L Q N-(1-(Benzylthio)pentan-3-yl)-4-nitrobenzamide (2-11): White
Ph7s NJ\@ solid (80%). M.P. 130 €. *H NMR (400 MHz, CDCls) 4 7.82 (d, J

" =8.1Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 7.26 (d, J = 6.1 Hz, 4H), 7.20
(ddd, J =8.3,4.9, 2.4 Hz, 1H), 6.09 (d, J = 8.9 Hz, 1H), 4.13 (ddt, J = 13.6, 10.6, 6.6 Hz, 1H),
3.71 (s, 2H), 2.50 (td, J = 7.1, 6.5, 1.9 Hz, 2H), 1.89 (dtd, J = 14.2, 7.8, 4.4 Hz, 1H), 1.72 (dltd,
J=143,8.1,6.2 Hz, 1H), 1.56 (ddq, J = 28.7, 14.1, 7.5 Hz, 3H), 0.93 (t, J = 7.4 Hz, 3H) ppm.
13C NMR (101 MHz, CDCl3) 8 165.96, 138.12, 132.98, 128.84, 128.52, 127.36, 127.07, 125.64,
125.60, 77.36, 77.04, 76.72,51.18, 36.40, 33.75, 27.69, 27.63, 10.35 ppm. °F NMR (377 MHz,
CDCls) 6 -62.80. HRMS (ESI): calcd. for C11H23FsNOS™: 382.1452. found: 382.1451.
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/\:L Q N-(1-(Benzylthio)pentan-3-yl)-4-nitrobenzamide (2-12): White
Phs N solid (46%). M.P. 118 €. 'H NMR (400 MHz, CDCls) & 8.34 - 8.17
(m, 2H), 7.92 — 7.78 (m, 2H), 7.27 (d, J = 2.9 Hz, 4H), 7.21 (ddd, J
=8.0, 6.6, 3.4 Hz, 1H), 6.19 (d, J = 8.9 Hz, 1H), 4.13 (dtd, J = 15.6, 8.2, 4.8 Hz, 1H), 3.72 (s,
2H), 2.56 — 2.43 (m, 2H), 1.90 (dtd, J = 15.2, 7.7, 4.4 Hz, 1H), 1.73 (dtd, J = 14.2, 8.0, 6.1 Hz,
1H), 1.58 (dtt, J = 26.0, 14.1, 6.7 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz,
CDCls) 6 165.22, 149.53, 140.40, 138.08, 128.85, 128.56, 128.10, 127.12, 123.82, 77.38, 77.06,
76.74, 51.42, 36.42, 33.53, 31.60, 27.62, 27.60, 10.38 ppm. HRMS (ESI): calcd. for
C19H23N205S*: 359.1429. found: 359.1434.

NO,

/\:L 1 N-(1-(Benzylthio)pentan-3-yl)propionamide (2-13): White solid (76%).
M.P. 65 €. 'H NMR (400 MHz, CDCls) § 7.30 (s, 4H), 7.27 — 7.20 (m,
1H), 5.40 (d, J=9.2 Hz, 1H), 3.93 - 3.82 (m, 1H), 3.70 (s, 2H), 2.41 (t, J = 7.8 Hz, 2H), 2.15
(9, =7.6 Hz, 2H), 1.75 (dtd, J = 16.1, 8.0, 4.6 Hz, 1H), 1.61 — 1.42 (m, 2H), 1.42 — 1.29 (m,
1H), 1.12 (t, J = 7.6 Hz, 3H), 0.86 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) 5
173.59, 138.36, 128.87, 128.50, 127.00, 77.45, 77.14, 76.82, 50.10, 36.34, 34.38, 29.91, 27.84,
27.75, 24.86, 10.25, 10.10 ppm. HRMS (ESI): calcd. for CisH24NOS*: 266.1579. found:
266.1585.

/\)\ Q N-(1-(Benzylthio)pentan-3-yl)-3-phenylpropanamide (2-14): White
P s N Phsolid (79%). M.P. 58 €. 'H NMR (400 MHz, CDCls) & 7.35 — 7.24
(m, 6H), 7.24 — 7.14 (m, 4H), 5.18 (d, J = 9.1 Hz, 1H), 3.83 (qt, J = 8.9, 4.9 Hz, 1H), 3.66 (s,
2H), 2.93 (t, J = 7.6 Hz, 2H), 2.42 (t, J = 7.6 Hz, 2H), 2.30 (ddd, J = 9.2, 6.4, 2.8 Hz, 2H), 1.67
(dddd, J=13.8,9.1, 7.1, 4.6 Hz, 1H), 1.53 — 1.34 (m, 2H), 1.27 (dp, J = 14.8, 7.5 Hz, 1H), 0.76
(t,J=7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) 5 171.76, 140.85, 138.38, 128.89, 128.57,
128.52, 128.41, 127.04, 126.31, 77.44, 77.12, 76.80, 50.20, 38.68, 36.35, 34.27, 31.79, 27.75,
27.71, 10.13 ppm. HRMS (ESI): calcd. for C21H2sNOS™: 342.1892. found: 342.1907.

R /\:L )O'\W N-(1-(Benzylthio)pentan-3-yl)octanamide (2-15): White solid (81%).
oS °  M.P. 49 €. 'H NMR (400 MHz, CDCl3) § 7.30 (d, J = 4.4 Hz, 4H), 7.26
—7.20 (m, 1H), 5.21 (d, J = 9.0 Hz, 1H), 3.88 (qt, J = 8.8, 5.0 Hz, 1H), 3.70 (s, 2H), 2.41 (t, J
= 7.8 Hz, 2H), 2.12 (t, J = 7.6 Hz, 2H), 1.87 — 1.66 (m, 1H), 1.66 — 1.42 (m, 4H), 1.42 — 1.18
(m, 9H), 0.87 (g, J = 7.5, 7.0 Hz, 6H) ppm. *C NMR (101 MHz, CDCls) & 172.87, 138.37,
128.87, 128.50, 127.01, 77.38, 77.07, 76.75, 50.12, 37.08, 36.40, 34.42, 31.72, 29.30, 29.03,
27.87,27.81, 25.90, 22.62, 14.08, 10.23 ppm. HRMS (ESI): calcd. for CxH3sNOS*: 336.2361.
found: 336.2368.

R /\:L )O'\W N-(1-(Benzylthio)pentan-3-yl)dodecanamide (2-16): White solid (83%).
oS © M.P. 45 <. 'H NMR (400 MHz, CDCl3) § 7.30 (d, J = 4.4 Hz, 4H), 7.23
(dt, J = 8.7, 4.2 Hz, 1H), 5.19 (d, J = 9.1 Hz, 1H), 3.88 (qt, J = 8.9, 5.0 Hz, 1H), 3.70 (s, 2H),
2.41(t,J=7.8 Hz, 2H), 2.11 (t, J = 7.7 Hz, 2H), 1.81 — 1.69 (m, 2H), 1.65 — 1.43 (m, 4H), 1.40
—1.17 (m, 19H), 0.87 (g, J = 7.3, 6.8 Hz, 6H) ppm. *C NMR (101 MHz, CDCls) & 172.87,
138.36, 128.87, 128.50, 127.01, 77.37, 77.06, 76.74, 50.12, 37.09, 36.40, 34.41, 31.92, 29.63,
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29.62, 29.52, 29.38, 29.35, 27.87, 27.80, 25.90, 22.69, 14.12, 10.23 ppm. HRMS (ESI): calcd.
for C24H42NOS™: 392.2987. found: 392.2990.

/\:L Q N-(1-(Benzylthio)pentan-3-yl)-2-propylpentanamide (2-17): White
P HJKC/ solid (78%). M.P. 76 €. 'H NMR (400 MHz, CDCls) 5 7.30 (s, 4H),
7.26 — 7.20 (m, 1H), 5.25 (d, J = 9.0 Hz, 1H), 3.91 (ddt, J = 13.2, 8.8,
4.3 Hz, 1H), 3.71 (s, 2H), 2.42 (dd, J = 8.6, 7.0 Hz, 2H), 1.96 (tt, J = 9.5, 4.4 Hz, 1H), 1.73 (dtd,
J=16.1,8.1,7.6, 4.7 Hz, 1H), 1.67 — 1.43 (m, 4H), 1.42 — 1.16 (m, 7H), 0.88 (g, J = 7.2 Hz,
9H) ppm. *C NMR (101 MHz, CDCls) § 175.60, 138.39, 128.81, 128.51, 127.01, 77.39, 77.07,
76.75, 50.06, 48.00, 36.48, 35.35, 35.33, 34.42, 28.01, 27.89, 20.91, 20.86, 14.18, 14.14, 10.24
ppm. HRMS (ESI): calcd. for C2oHzaNOS™: 336.2361. found: 336.2368.

/\:L 2 N-(1-(Benzylthio)pentan-3-yl)cyclobutanecarboxamide (2-18): White
PAS ﬂ)kﬁ solid (75%). M.P. 52 €. 'H NMR (400 MHz, CDCl3) 6 7.29 (d, J = 5.1
Hz, 4H), 7.25 - 7.19 (m, 1H), 5.09 (d, J = 9.1 Hz, 1H), 3.87 (qt, J = 8.8, 5.0 Hz, 1H), 3.69 (s,
2H), 2.93 (pd, J = 8.5, 1.0 Hz, 1H), 2.39 (dd, J = 8.7, 6.9 Hz, 2H), 2.22 (dddd, J = 11.5, 8.9,
7.1,4.4Hz, 2H), 2.17 - 2.04 (m, 2H), 1.95 (dg, J = 11.1, 8.8 Hz, 1H), 1.89 — 1.78 (m, 2H), 1.78
—1.68 (m, 1H), 1.60 — 1.41 (m, 2H), 1.34 (dt, J = 13.8, 7.4 Hz, 1H), 0.85 (t, J = 7.4 Hz, 3H)
ppm. C NMR (101 MHz, CDCls) § 174.72, 138.37, 128.86, 128.50, 127.00, 77.39, 77.07,
76.76, 50.02, 40.04, 36.38, 34.44, 27.92, 27.76, 25.42, 25.38, 18.15, 10.24 ppm. HRMS (ESI):
calcd. for C17H2sNOS*: 292.1735. found: 292.1741.

/\:L e N-(1-(Benzylthio)pentan-3-yl)cyclopentanecarboxamide (2-19): Whi-
P HJ\Q te solid (78%). M.P. 58 €. 'H NMR (400 MHz, CDCl3) & 7.30 (d, J =

4.3 Hz, 4H), 7.23 (q, J = 4.4 Hz, 1H), 5.19 (d, J = 9.2 Hz, 1H), 3.88 (qt,
J=8.9, 4.9 Hz, 1H), 3.70 (s, 2H), 2.43 (dt, J = 15.5, 7.8 Hz, 3H), 1.90 — 1.64 (m, 7H), 1.64 —
1.43 (m, 4H), 1.35 (dp, J = 14.9, 7.5 Hz, 1H), 0.86 (t, J = 7.4 Hz, 3H) ppm. °C NMR (101
MHz, CDCls) 6 175.92, 138.39, 128.86, 128.50, 126.99, 77.38, 77.06, 76.74, 50.08, 46.08,
36.41, 34.52, 30.52, 30.50, 27.96, 27.82, 25.92, 10.24 ppm. HRMS (ESI): calcd. for
CisH2sNOS™*: 306.1892. found: 306.1902.

/\:L Q (1S,2S,4R)-N-(1-(Benzylthio)pentan-3-yl)bicyclo[2.2.1]heptane-2-
Phs N lé carboxamide (2-20): White solid (83%). M.P. 92 €. *H NMR (400
MHz, CDCl3) § 7.35 — 7.27 (m, 4H), 7.26 — 7.18 (m, 1H), 5.18 (dd, J = 9.6, 4.6 Hz, 1H), 3.86
(ddp, J = 17.9, 13.7, 4.8 Hz, 1H), 3.74 — 3.64 (m, 2H), 2.49 — 2.19 (m, 4H), 2.04 (dd, J = 9.0,
5.2 Hz, 1H), 1.90 — 1.66 (m, 2H), 1.63 — 1.45 (m, 5H), 1.45 — 1.25 (m, 4H), 1.25 — 1.07 (m,
3H), 0.93 - 0.80 (m, 3H) ppm. *C NMR (101 MHz, CDCls) § 175.45, 173.63, 138.39, 128.88,
128.87, 128.85, 128.50, 127.00, 77.41, 77.09, 76.77, 50.22, 50.09, 48.24, 47.31, 41.66, 41.15,
40.52, 37.01, 36.51, 36.38, 35.95, 34.60, 34.54, 34.40, 34.38, 31.30, 29.83, 29.23, 28.69, 28.02,
27.95, 27.84, 27.81, 24.33, 10.32, 10.30 ppm. HRMS (ESI): calcd. for C20H3oNOS*: 332.2048.
found: 332.2055.

/\:L Q N-(1-(Benzylthio)pentan-3-yl)-4,4-difluorocyclohexane-1-carbox-
P HJ\OKF amide (2-21): White solid (79%). M.P. 111 €. *H NMR (400 MHz,
F
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CDCls) & 7.34 — 7.27 (m, 4H), 7.23 (dtd, J = 8.6, 4.1, 3.0 Hz, 1H), 5.30 (d, J = 8.5 Hz, 1H),
3.87 (dtd, J = 13.9, 8.8, 5.0 Hz, 1H), 3.69 (s, 2H), 2.38 (ddd, J = 9.0, 6.6, 2.5 Hz, 2H), 2.23 —
2.02 (m, 3H), 1.91 - 1.61 (m, 8H), 1.52 (dddd, J = 29.1, 13.4, 8.1, 5.8 Hz, 2H), 1.42 — 1.28 (m,
1H), 0.85 (t, J = 7.4 Hz, 3H) ppm. 3C NMR (101 MHz, CDCls) § 173.77, 138.28, 128.86,
128.52, 127.04, 125.06, 122.66, 120.26, 77.40, 77.08, 76.77, 50.13, 43.10, 36.39, 34.20, 33.11,
32.88, 32.64, 27.86, 27.67, 26.08, 25.99, 10.27 ppm. °F NMR (377 MHz, CDCls) & -98.36, -
98.99, -106.50, -107.13 ppm. HRMS (ESI): calcd. for CioHzsF.NOS*: 356.1860. found:
356.1867.

o (3R,5R,7R)-N-(1-(Benzylthio)pentan-3-yl)adamantane-1-carboxa-

ph/\s/\)\N mide (2-22): White solid (33%). M.P. 127 €. 'H NMR (400 MHz,

CDCl3) 8 7.30 (d, J = 4.4 Hz, 4H), 7.23 (dp, J = 7.5, 3.6 Hz, 1H), 5.31

(d, J=9.0 Hz, 1H), 3.89 (qt, J = 9.0, 5.0 Hz, 1H), 3.70 (s, 2H), 2.46 — 2.32 (m, 2H), 2.03 (t, J

= 3.4 Hz, 3H), 1.83 — 1.64 (m, 14H), 1.52 (dddd, J = 28.5, 14.8, 11.0, 6.7 Hz, 2H), 1.35 (dp, J

= 14.9, 7.5 Hz, 1H), 0.85 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) & 177.64,

138.37, 128.85, 128.51, 126.98, 77.38, 77.07, 76.75, 49.66, 40.64, 39.38, 36.53, 36.37, 34.47,

28.16, 27.99, 27.71, 10.25 ppm. HRMS (ESI): calcd. for CxsHNOS*: 372.2361. found:
372.2368.

Al o Methyl (1R,2R,3R,4S,5S,6S,7R,8S)-4-((1-(be-nzylthio)penta-
PSS NJ\@C oone N-3-yl)carbamoyl)cubane-1-carboxylate (2-23): White solid
(84%). M.P. 112 €. 'H NMR (400 MHz, CDCls) § 7.35 — 7.26
(M, 4H), 7.26 — 7.14 (m, 1H), 5.35 (d, J = 9.2 Hz, 1H), 4.21 (dd, J = 5.7, 3.9 Hz, 3H), 4.13 (dd,
J=5.7,4.0 Hz, 3H), 3.92 (qt, J = 9.4, 5.0 Hz, 1H), 3.71 (d, J = 6.2 Hz, 5H), 2.41 (t, J = 7.7 Hz,
2H), 1.77 (dtd, J =12.7, 7.9, 4.5 Hz, 1H), 1.60 (ddd, J = 12.7, 8.5, 6.6 Hz, 1H), 1.55 —1.43 (m,
1H), 1.39 (dt, J = 14.2, 7.4 Hz, 1H), 0.87 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCl5)
0 172.08, 171.00, 138.28, 128.83, 128.50, 127.04, 77.42, 77.10, 76.79, 57.82, 55.81, 51.66,
50.01, 46.97, 46.65, 36.39, 34.11, 27.81, 27.73, 10.32 ppm. HRMS (ESI): calcd. for
C23H2sNO3S*: 398.1790. found: 398.1793.

/\:L Q Methyl 3-((1-(benzylthio)pentan-3-yl)carbamo-yl)bicyclo[1.1.1]
P HJ\QCOOM pentane-1-carboxylate (2-24): Yellow oil (84%). 'H NMR (400
MHz, CDCls) & 7.37 — 7.16 (m, 5H), 5.36 (d, J = 9.2 Hz, 1H), 3.87
(qt, J = 8.7, 4.9 Hz, 1H), 3.70 (s, 5H), 2.43 — 2.35 (m, 2H), 2.24 (s, 6H), 1.86 — 1.67 (m, 2H),
1.59 (ddd, J =11.9, 8.4, 6.1 Hz, 1H), 1.50 (ddd, J = 13.6, 8.5, 4.4 Hz, 1H), 1.37 (dp, J = 14.8,
7.5 Hz, 1H), 0.85 (t, J = 7.3 Hz, 3H) ppm. C NMR (101 MHz, CDCls) & 169.87, 168.86,
138.24, 128.84, 128.55, 127.08, 77.39, 77.08, 76.76, 52.22, 51.88, 50.28, 39.39, 36.67, 36.39,
33.92,27.67,27.64,24.87,10.23 ppm. HRMS (ESI): calcd. for C0H2sNO3S*: 362.1790. found:
362.1779.

R /\:L /?K/\D N-(1-(Benzylthio)pentan-3-yl)-4-(thiophen-2-yl)butanamide (2-
s N 25): White solid (81%). M.P. 80 €. 'H NMR (400 MHz, CDCls)
§7.27 (d, J = 12.7 Hz, 4H), 7.25 — 7.17 (m, 1H), 7.12 (dd, J = 5.1, 1.2 Hz, 1H), 6.92 (dd, J =
5.2, 3.4 Hz, 1H), 6.78 (dd, J = 3.5, 1.2 Hz, 1H), 5.25 (d, J = 9.1 Hz, 1H), 3.93 — 3.82 (m, 1H),
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3.69 (s, 2H), 2.85 (t, J = 7.2 Hz, 2H), 2.40 (t, J = 7.7 Hz, 2H), 2.16 (t, J = 7.4 Hz, 2H), 1.97
(ddt, J = 13.2, 8.2, 6.4 Hz, 2H), 1.74 (dtd, J = 16.1, 8.1, 4.6 Hz, 1H), 1.59 — 1.41 (m, 2H), 1.34
(dt, J = 13.8, 7.5 Hz, 1H), 0.86 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) § 172.15,
144.28, 138.35, 128.89, 128.53, 127.04, 126.88, 124,57, 123.24, 77.44, 77.12, 76.81, 50.22,
36.40, 35.76, 34.35, 29.19, 27.86, 27.79, 27.60, 10.31 ppm. HRMS (ESI): calcd. for
CaoH2sNOS,*: 362.1612. found: 362.1617.

/\:L j\/\ 0 N-(1-(Benzylthio)pentan-3-yl)-3-(1,3-dioxoisoi-ndolin-2-
P N % yl)propanamide (2-26): White solid (78%). M.P. 121 €. H
© NMR (400 MHz, CDCls) 6 7.85 — 7.77 (m, 2H), 7.74 — 7.65 (m,
2H), 7.32 - 7.25 (m, 4H), 7.25 — 7.18 (m, 1H), 5.71 (d, J = 9.0 Hz, 1H), 3.97 (td, J = 7.1, 1.3
Hz, 2H), 3.91 — 3.81 (m, 1H), 3.66 (s, 2H), 2.59 (t, J = 7.2 Hz, 2H), 2.37 (dd, J = 8.6, 6.9 Hz,
2H), 1.71 (dtd, J=15.9, 8.1, 7.6, 4.7 Hz, 1H), 1.55 (dqg, J = 13.9, 8.0 Hz, 1H), 1.44 (tq, J = 13.4,
7.8, 6.7 Hz, 1H), 1.39 — 1.30 (m, 1H), 0.80 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz,
CDCl3) 6 169.36, 168.15, 138.34, 134.08, 131.98, 128.87, 128.49, 126.99, 123.32,77.47,77.15,
76.83, 50.31, 36.29, 35.04, 34.48, 34.11, 27.75, 27.60, 10.18 ppm. HRMS (ESI): calcd. for
Co3H27N205S*: 411.1742. found: 411.1745.

R /\:L Q o N-(1-(Benzylthio)pentan-3-yl)-2,3-dihydrobenzo[b] [1,4]dioxine-
s N j 6-carboxamide (2-27): White solid (89%). M.P. 112 €. 'H NMR
© (400 MHz, CDCls) & 7.30 (d, J = 2.2 Hz, 1H), 7.28 — 7.24 (m, 3H),
7.21(ddd, J=12.2,7.1, 2.2 Hz, 2H), 6.86 (d, J = 8.4 Hz, 1H), 6.00 (d, J = 9.0 Hz, 1H), 4.31 -
4.22 (m, 4H), 4.12 — 4.02 (m, 1H), 3.69 (s, 2H), 2.46 (t, J = 7.6 Hz, 2H), 1.83 (dtd, J = 14.1,
8.0, 4.5 Hz, 1H), 1.68 (ddd, J = 14.4, 8.2, 6.8 Hz, 1H), 1.61 — 1.40 (m, 2H), 0.90 (t, J = 7.4 Hz,
3H) ppm. C NMR (101 MHz, CDCls) & 166.56, 146.35, 143.35, 138.29, 128.88, 128.51,
128.12, 126.99, 120.30, 117.19, 116.47, 77.45, 77.13, 76.81, 64.56, 64.23, 50.76, 36.33, 34.24,
27.86, 27.75, 10.38 ppm. HRMS (ESI): calcd. for C21H26NOsS*: 372.1633. found: 372.1642.

/\:L Q N-(1-(Benzylthio)pentan-3-yl)-3-(1H-indol-3-yl)propanamide (2-28):
P HJ\( White solid (27%). M.P. 47 €. *H NMR (400 MHz, CDCl3) § 7.40 — 7.30
(m, 4H), 7.30 — 7.21 (m, 2H), 6.32 (d, J = 9.1 Hz, 1H), 4.40 (g, J = 7.0 Hz,
1H), 3.90 (ddq, J = 13.6, 8.8, 4.9 Hz, 1H), 3.78 — 3.68 (m, 2H), 2.43 (dd, J = 8.6, 6.8 Hz, 2H),
1.88 — 1.70 (m, 4H), 1.70 — 1.50 (m, 3H), 1.43 (dq, J = 14.3, 7.5 Hz, 1H), 0.90 (t, J = 7.4 Hz,
3H) ppm. $*C NMR (101 MHz, CDCls) § 169.28, 138.29, 128.87, 128.54, 127.05, 77.36, 77.04,
76.72,56.21, 50.76, 39.59, 36.33, 34.16, 31.90, 29.64, 29.55, 29.31, 27.66, 27.64, 27.57, 26.92,
22.93,22.69, 14.13,10.13, 0.01 ppm. HRMS (ESI): calcd. for C15H23CINOS*: 300.1189. found:
300.1191.

o P~ N-(1-(Benzylthio)pentan-3-yl)-3-(1H-indol-3-yl)propanamide
Ph/\s/\)\’“)‘\/\(@ (2-29): Colorless oil (75%). *H NMR (400 MHz, CDCl3) § 8.08
" NH (s, 1H), 7.31 — 7.17 (m, 6H), 7.03 (d, J = 2.4 Hz, 1H), 6.90 (d, J =

2.4 Hz, 1H), 6.84 (dd, J = 8.8, 2.4 Hz, 1H), 5.14 (d, J = 9.0 Hz, 1H), 3.84 (s, 4H), 3.62 (s, 2H),
3.04 (t,J=7.3 Hz, 2H), 2.51 (td, J = 7.3, 2.2 Hz, 2H), 2.22 (ddd, J =9.1, 6.5, 2.6 Hz, 2H), 1.62
(dddd, J =13.7, 9.1, 7.2, 4.5 Hz, 1H), 1.36 (ttd, J = 12.7, 8.0, 7.2, 5.6 Hz, 2H), 1.29 — 1.16 (m,

Cl
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2H), 0.72 (t, J = 7.4 Hz, 3H) ppm. C NMR (101 MHz, CDCl3) § 172.45, 153.96, 138.51,
131.62, 128.88, 128.52, 127.50, 127.03, 122.74, 114.47, 112.10, 112.06, 100.71, 77.42, 77.10,
76.78, 56.03, 50.15, 37.47, 36.39, 34.26, 27.73, 27.69, 21.47, 10.05 ppm. HRMS (ESI): calcd.
for CasHaoNoNaO,S *: 433.1926. found: 433.1934.

/\:L Q N-(1-(Benzylthio)pentan-3-yl)-6-fluoronicotinamide (2-30): White
P HJ\@ solid (78%). M.P. 85 €. 'H NMR (400 MHz, CDCl3) & 8.56 (d, J =
2.5 Hz, 1H), 8.19 (td, J = 8.0, 2.5 Hz, 1H), 7.27 (d, J = 3.1 Hz, 4H),
7.20 (ddt, J = 8.6, 5.2, 2.9 Hz, 1H), 6.98 (dd, J = 8.5, 2.8 Hz, 1H), 6.32 (d, J = 8.9 Hz, 1H),
4.10 (dtd, J = 13.6, 8.3, 4.9 Hz, 1H), 3.71 (s, 2H), 2.56 — 2.41 (m, 2H), 1.87 (ddt, J = 15.5, 7.8,
4.0 Hz, 1H), 1.72 (dtd, J = 14.3, 8.0, 6.3 Hz, 1H), 1.56 (dtt, J = 25.3, 14.1, 6.6 Hz, 2H), 0.92 (t,
J =7.4 Hz, 3H) ppm. 3C NMR (101 MHz, CDCls) § 166.14, 164.26, 163.72, 146.68, 146.52,
140.89, 140.80, 138.09, 128.84, 128.78, 128.54, 127.10, 109.86, 109.49, 77.42, 77.10, 76.79,
51.25, 36.37, 33.62, 27.64, 27.60, 10.39 ppm. °F NMR (377 MHz, CDCls) § -69.68, -69.69, -
69.70, -69.71 ppm. HRMS (ESI): calcd. for C1sH2FN,OS*: 333.1437. found: 333.1411.

(1-(Benzylthio)pentan-3-yl)-2-(4-isobutylphenyl) propanamide
R /\:L i(©)/ (2-31): Orange solid (62%). M.P. 65 €. 'H NMR (400 MHz,
s CDCls) 8 7.35—7.20 (m, 5H), 7.15 (d, J = 8.1 Hz, 2H), 7.10 (d, J =
8.1 Hz, 2H), 4.99 (d, J = 9.1 Hz, 1H), 3.83 (ddt, J = 13.1, 8.8, 4.4 Hz, 1H), 3.66 (s, 2H), 3.46
(9, J = 7.1 Hz, 1H), 2.45 (d, J = 7.2 Hz, 2H), 2.34 (t, J = 7.7 Hz, 2H), 1.83 (dh, J = 13.6, 6.8
Hz, 1H), 1.72 — 1.60 (m, 2H), 1.49 (d, J = 7.2 Hz, 3H), 1.47 — 1.31 (m, 2H), 1.19 (dt, J = 13.8,
7.4 Hz, 1H), 0.89 (dd, J = 6.6, 1.1 Hz, 6H), 0.67 (t, J = 7.4 Hz, 3H) ppm. 3C NMR (101 MHz,
CDCl3) 6 174.19, 140.73, 138.73, 138.42, 129.64, 128.86, 128.50, 127.31, 127.00, 77.36, 77.05,
76.73, 50.20, 46.91, 45.01, 36.41, 34.35, 30.19, 27.81, 27.66, 22.36, 22.32, 18.32, 9.90 ppm.
HRMS (ESI): calcd. for C2sH3sNOS™: 398.2518. found: 398.2521.

N /\)\ N-(1-(Benzylthio)pentan-3-yl)-4-(pyren-1-yl)butanamide
P N ’O (2-32): White solid (82%). M.P. 125 €. 'H NMR (400 MHz,
CDCls) § 832 (d, J = 9.3 Hz, 1H), 8.19 (dd, J = 7.7, 2.8 Hz,
2H), 8.14 (d, J = 8.7 Hz, 2H), 8.04 (d, J = 14.4 Hz, 3H), 7.88 (d, J = 7.8 Hz, 1H), 7.33 — 7.21
(m, 4H), 7.21 — 7.14 (m, 1H), 5.14 (d, J = 9.1 Hz, 1H), 3.94 (qt, J = 8.7, 5.0 Hz, 1H), 3.69 (s,
2H), 3.39 (t, J = 7.1 Hz, 2H), 2.42 (t, = 7.7 Hz, 2H), 2.30 — 2.15 (m, 4H), 1.82 — 1.66 (m, 2H),
1.60 — 1.42 (m, 2H), 1.41 — 1.28 (m, 1H), 0.88 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz,
CDCls) 6 172.31, 138.31, 135.89, 131.44, 130.93, 129.99, 128.85, 128.81, 128.48, 127.51,
127.47,127.42,126.99, 126.77,125.91, 125.13, 125.01, 124.97, 124.83, 124.82, 123.41, 77.40,
77.08, 76.76, 50.22, 36.38, 36.29, 34.34, 32.85, 27.86, 27.78, 27.57, 10.30 ppm. HRMS (ESI):
calcd. for C3,H3sNOS*: 480.2361. found: 480.2364.

N F

O\>’®—CI N-(1-(Benzylthio)pentan-3-yl)-2-(1-(4-chlorobenzoyl)-5-

/\:L o N methoxy-2-methyl-1H-indol-3-yl)acetamide (2-33): White

AN\

P N solid (54%). M.P. 129 €. 'H NMR (400 MHz, CDCls) § 7.66
o— —7.56 (M, 2H), 7.51 — 7.42 (m, 2H), 7.31 — 7.15 (m, 5H), 6.88

(dd, J=5.7, 3.2 Hz, 2H), 6.70 (dd, J = 9.1, 2.5 Hz, 1H), 5.50 (d, J = 9.1 Hz, 1H), 3.90 (qt, J =
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8.6, 4.9 Hz, 1H), 3.80 (s, 3H), 3.63 (s, 2H), 3.56 (d, J = 1.8 Hz, 2H), 2.34 (s, 3H), 2.30 (t, J =
7.5 Hz, 2H), 1.64 (dtd, J = 12.6, 7.9, 4.6 Hz, 1H), 1.51 — 1.32 (m, 2H), 1.24 (s, 9H), 0.75 (t, J
= 7.4 Hz, 3H) ppm. 3C NMR (101 MHz, CDCl5) & 169.64, 168.36, 156.34, 139.57, 138.25,
136.30, 133.59, 131.19, 130.91, 130.34, 129.24, 128.79, 128.50, 127.01, 115.21, 112.92,
112.52, 100.68, 77.41, 77.09, 76.77, 75.02, 55.74, 50.47, 36.39, 33.77, 32.39, 27.78, 27.44,
24.87,13.31, 10.20 ppm. HRMS (ESI): calcd. for CaiHaCIN205S*: 549.1979. found: 549.1980.

o N-(1-(Benzylthio)pentan-3-yl)-5-(2,5-dimethylphenoxy)-
Ph/\S/\)\N)kK/\/O\@ 2,2-dimethylpentanamide (2-34): Colorless oil (18%). *H
H NMR (400 MHz, CDClz) 6 7.29 (d, J = 4.4 Hz, 4H), 7.22
(ddd, J=8.7,5.2, 3.4 Hz, 1H), 7.00 (d, J = 7.5 Hz, 1H), 6.66
(d,J=7.5Hz 1H), 6.61 (d, J = 1.5 Hz, 1H), 5.42 (d, J = 8.9 Hz, 1H), 3.96 — 3.83 (m, 3H), 3.69
(s, 2H), 2.41 (ddd, J = 8.5, 6.6, 1.7 Hz, 2H), 2.30 (s, 3H), 2.17 (s, 3H), 1.82 — 1.54 (m, 8H),
1.54 —1.44 (m, 1H), 1.42 - 1.28 (m, 1H), 1.17 (s, 7H), 0.86 (t, J = 7.4 Hz, 3H) ppm. 3C NMR
(101 MHz, CDClz) 6 177.08, 156.94, 138.33, 136.55, 130.32, 128.84, 128.54, 127.02, 123.53,
120.78, 112.10, 77.38, 77.06, 76.75, 68.01, 50.15, 41.94, 37.61, 36.44, 34.29, 27.85, 27.83,
25.70, 25.63, 25.19, 21.43, 15.86, 10.31 ppm. HRMS (ESI): calcd. for C27H40NO,S™: 442.2780.
found: 442.2782.

/\:L °\ N-((R)-1-(Benzylthio)pentan-3-yl)-2-(6-methoxynaphthale-

Pr s N n-2-yl)propanamide (2-35): White solid (44%). M.P. 96 <.

'H NMR (400 MHz, CDCls) § 7.76 — 7.59 (m, 3H), 7.28 (td, J

=18.8, 18.1, 6.2 Hz, 6H), 7.19 — 7.10 (m, 2H), 5.07 (d, J = 9.2 Hz, 1H), 3.91 (s, 4H), 3.63 (d,

J=7.0Hz,3H),2.34 (t,J=7.8Hz, 2H), 1.64 (p, J =7.9, 6.7 Hz, 1H), 1.57 (d, J = 7.1 Hz, 3H),

1.45 (dt, J =14.6, 7.7 Hz, 1H), 1.35 (dq, J = 13.8, 6.9 Hz, 1H), 1.17 (dp, J = 14.9, 7.6 Hz, 1H),

0.67 (t, J = 7.4 Hz, 3H) ppm. $3C NMR (101 MHz, CDCls) & 174.01, 157.80, 138.42, 136.65,

133.76, 129.22,129.01, 128.84, 128.48, 127.56, 126.98, 126.28, 126.11, 119.18, 105.73, 77.36,

77.05, 76.73, 55.34, 50.35, 47.25, 36.43, 34.31, 27.87, 27.66, 18.48, 10.04 ppm. HRMS (ESI):
calcd. for C26H32NOQS+Z 422.2154. found: 422.2155.

] N-(1-(Benzylthio)pentan-3-yl)-2-(11-o0x0-6,11-dihydrodibe-
A:L nzo[b,e]oxepin-3-yl)acetamide (2-36): White solid (88%). *H
Ph s N 0

H NMR (400 MHz, CDCls) § 8.09 (d, J = 2.4 Hz, 1H), 7.88 (dd,
J=17.6,1.4Hz, 1H), 7.56 (td, J = 7.4, 1.4 Hz, 1H), 7.46 (td, J = 7.6, 1.2 Hz, 1H), 7.42 — 7.32
(m, 2H), 7.32 — 7.16 (m, 5H), 7.03 (d, J = 8.4 Hz, 1H), 5.40 (d, J = 9.0 Hz, 1H), 5.17 (s, 2H),
3.95-3.80 (m, 1H), 3.65 (s, 2H), 3.53 (s, 2H), 2.35 (t, J = 7.7 Hz, 2H), 1.69 (dtd, J = 12.8, 8.0,
4.6 Hz, 1H), 1.58 — 1.36 (m, 2H), 1.31 (dq, J = 14.4, 7.5 Hz, 1H), 0.80 (t, J = 7.4 Hz, 3H) ppm.
13C NMR (101 MHz, CDCl3) 6 190.87, 170.43, 160.56, 140.39, 138.34, 136.32, 135.52, 132.92,
132.32, 129.50, 129.34, 128.95, 128.86, 128.51, 127.91, 127.02, 125.24, 121.53, 77.43, 77.11,
76.80, 75.02, 73.64, 50.52, 42.86, 36.40, 34.06, 27.78, 27.64, 24.87, 10.23 ppm. HRMS (ESI):

calcd. for CosH3oNOsS™: 460.1946. found: 460.1939.

/\)\ )01\ N-(1-((4-Methoxybenzyl)thio)pentan-3-yl)benzamide (2-37): White
)@AS NP Solid (85%). MLP. 99 €. 'H NMR (400 MHz, CDCls) & 7.78 — 7.67
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(m, 2H), 7.50 (t, J = 7.3 Hz, 1H), 7.42 (t, J = 7.5 Hz, 2H), 7.15 (d, J = 7.9 Hz, 2H), 7.04 (d, J =
7.7 Hz, 2H), 6.02 (d, J = 9.1 Hz, 1H), 4.11 (ddt, J = 13.5, 8.3, 4.1 Hz, 1H), 3.67 (s, 2H), 2.48
(t, J=7.7 Hz, 2H), 2.29 (s, 3H), 1.97 — 1.80 (m, 1H), 1.76 — 1.64 (m, 2H), 1.64 — 1.40 (m, 2H),
0.93 (t, J = 7.4 Hz, 3H) ppm. 3C NMR (101 MHz, CDCls) § 167.25, 136.62, 135.10, 134.87,
131.38, 129.19, 128.76, 128.57, 126.87, 77.38, 77.06, 76.75, 50.86, 36.01, 34.11, 27.84, 27.60,
21.08, 10.35 ppm. HRMS (ESI): calcd. for CooHosNOS*: 328.1735. found: 328.1737.

/\:L )0,\ N-(1-((4-Methylbenzyl)thio)pentan-3-yl)benzamide (2-38): White
R @AS NP Solid (87%). M.P. 84 €. 'H NMR (400 MHz, CDCls) § 7.77 — 7.68
© (m, 2H), 7.54 — 7.47 (m, 1H), 7.43 (dd, J = 8.3, 6.6 Hz, 2H), 7.23 —
7.13 (m, 2H), 6.82 — 6.73 (m, 2H), 5.98 (d, J = 9.0 Hz, 1H), 4.12 (qt, J = 8.5, 5.0 Hz, 1H), 3.75
(s, 3H), 3.67 (s, 2H), 2.48 (t, J = 7.7 Hz, 2H), 1.89 (dtd, J = 16.1, 8.1, 4.6 Hz, 1H), 1.72 (dlt, J
= 14.4, 7.5 Hz, 1H), 1.67 — 1.56 (m, 2H), 1.51 (dt, J = 14.1, 7.4 Hz, 1H), 0.94 (t, J = 7.4 Hz,
3H) ppm. *C NMR (101 MHz, CDCls) § 167.25, 158.62, 134.86, 131.39, 130.15, 129.92,
128.59, 126.85, 113.91, 77.36, 77.04, 76.72, 55.26, 50.87, 35.69, 34.11, 27.83, 27.53, 10.36
ppm. HRMS (ESI): calcd. for CaoHasNO,S*: 344.1684. found: 344.1693.

/\:L )0,\ N-(1-((4-(t-Butyl)benzyl)thio)pentan-3-yl)benzamide (2-39):
>((>A TP White solid (82%). M.P. 91 €. H NMR (400 MHz, CDCls) § 7.75
(dd, J = 7.2, 1.8 Hz, 2H), 7.54 — 7.46 (m, 1H), 7.42 (dd, J = 8.3, 6.6
Hz, 2H), 7.31 — 7.23 (m, 2H), 7.23 — 7.15 (m, 2H), 6.08 (d, J = 9.1 Hz, 1H), 4.12 (tq, J = 8.5,
4.6, 4.1 Hz, 1H), 3.68 (s, 2H), 2.51 (t, J = 7.7 Hz, 2H), 1.88 (dtd, J = 12.5, 7.9, 4.4 Hz, 1H),
1.71 (ddd, J = 14.6, 8.2, 7.0 Hz, 2H), 1.59 (ddd, J = 13.5, 7.5, 5.9 Hz, 1H), 1.50 (dt, J = 14.1,
7.5 Hz, 1H), 1.28 (s, 9H), 0.92 (t, J = 7.4 Hz, 3H) ppm. °C NMR (101 MHz, CDCls) § 167.26,
149.94, 135.18, 134.86, 131.39, 128.50, 128.52, 126.88, 125.43, 77.39, 77.07, 76.76, 50.88,
35.98, 34.46, 34.16, 31.34, 27.83, 10.36 ppm. HRMS (ESI): calcd. for C2sHzNOS*: 370.2205.
found: 370.2204.

/\:L j\ N-(1-((4-Fluorobenzyl)thio)pentan-3-yl)benzamide (2-40): White
Oﬂs NP solid (79%). M.P. 101 €. 'H NMR (400 MHz, CDCl3) § 7.72 (d, J =
] 7.7 Hz, 2H), 7.50 (t, J = 7.3 Hz, 1H), 7.43 (t, J = 7.5 Hz, 2H), 7.32 —
7.17 (m, 2H), 6.92 (t, J = 8.6 Hz, 2H), 5.99 (d, J = 9.1 Hz, 1H), 4.12 (qt, J = 8.9, 5.0 Hz, 1H),
3.68 (s, 2H), 2.48 (t, J = 7.7 Hz, 2H), 1.87 (dtd, J = 12.7, 8.0, 4.5 Hz, 1H), 1.82 — 1.66 (m, 2H),
1.61 (dt, J = 13.9, 6.8 Hz, 1H), 1.51 (dt, J = 14.1, 7.3 Hz, 1H), 0.94 (t, J = 7.4 Hz, 3H) ppm.
13C NMR (101 MHz, CDCl3) 6 167.30, 163.05, 160.62, 134.77, 133.98, 133.95, 131.46, 130.40,
130.32, 128.61, 126.83, 115.44, 115.23, 77.38, 77.06, 76.74, 50.80, 35.59, 34.21, 27.85, 27.70,
10.38 ppm. F NMR (377 MHz, CDCl3) § -121.53, -121.55, -121.56, -121.57, -121.58, -121.58,
-121.59, -121.61 ppm. HRMS (ESI): calcd. for C1oH23FNOS*: 332.1484. found: 332.1480.

/\)\ )Ol\ N-(1-((4-Chlorobenzyl)thio)pentan-3-yl)benzamide (2-41): White

/@AS NP solid (83%). MLP. 98 €. 'H NMR (400 MHz, CDClg)  7.72 (dt, J =
¢ 7.0, 1.4 Hz, 2H), 7.55 — 7.47 (m, 1H), 7.43 (dd, J = 8.3, 6.6 Hz, 2H),
7.20 (s, 4H), 6.00 (d, J = 9.0 Hz, 1H), 4.12 (dtd, J = 13.7, 8.5, 4.9 Hz, 1H), 3.66 (s, 2H), 2.47
(dd, J=8.5, 6.8 Hz, 2H), 1.87 (dtd, J =12.7, 7.9, 4.4 Hz, 1H), 1.76 — 1.65 (m, 1H), 1.65 — 1.55
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(m, 1H), 1.51 (dg, J = 14.2, 7.4, 6.5 Hz, 1H), 0.94 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz,
CDCls) § 167.32, 136.81, 134.75, 132.73, 131.48, 130.20, 128.64, 126.83, 77.40, 77.08, 76.76,
50.77, 35.65, 34.20, 27.86, 27.69, 10.41 ppm. HRMS (ESI): calcd. for CioHasCINOS™:
348.1189. found: 348.1186.

/\:L )Ol\ N-(1-((4-(Trifluoromethyl)benzyl)thio)pentan-3-yl)benzamide
@A ST (2-42): White solid (74%). M.P. 139 €. 'H NMR (400 MHz, CDCl5)
i §7.72 (dd, J = 6.9, 1.8 Hz, 2H), 7.49 (dd, J = 7.9, 2.7 Hz, 3H), 7.45
—7.34 (m, 4H), 5.98 (d, J = 9.0 Hz, 1H), 4.19 — 4.08 (m, 1H), 3.73 (s, 2H), 2.48 (dd, J = 8.4,
6.8 Hz, 2H), 1.88 (dtd, J = 12.7, 7.9, 4.6 Hz, 1H), 1.77 — 1.68 (m, 2H), 1.66 — 1.55 (m, 1H),
1.50 (dt, J = 14.2, 7.4 Hz, 1H), 0.94 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls)
167.32, 142.55, 134.72, 131.50, 129.40, 129.16, 129.08, 128.62, 126.80, 125.49, 125.46,
125.42, 125.38, 122.78, 77.37, 77.06, 76.74, 50.74, 35.93, 34.25, 27.87, 27.85, 10.38 ppm. °F
NMR (377 MHz, CDCl3) § -68.44 ppm. HRMS (ESI): calcd. for CaoH2sFsNOS*: 382.1452.
found: 382.1455.

/\:L 2 N-(1-(Phenethylthio)pentan-3-yl)benzamide (2-43): White solid (90%).
Phes NJ\Ph 1

H M.P. 104 €. *H NMR (400 MHz, CDCl3) 6 7.79 — 7.74 (m, 2H), 7.51 —
7.45 (m, 1H), 7.41 (dd, J=8.2, 6.5 Hz, 2H), 7.26 (dd, J = 7.9, 6.6 Hz, 2H), 7.22 — 7.12 (m, 3H),
6.21 (d, J=9.0 Hz, 1H), 4.15 (ddt, J = 13.7, 8.6, 4.3 Hz, 1H), 2.90 — 2.81 (m, 2H), 2.81 - 2.72
(m, 2H), 2.59 (dd, J = 8.4, 6.9 Hz, 2H), 1.90 (dtd, J = 12.5, 7.9, 4.5 Hz, 1H), 1.81 — 1.69 (m,
1H), 1.63 (tq, J = 13.0, 7.4, 6.5 Hz, 1H), 1.53 (dt, J = 14.2, 7.4 Hz, 1H), 0.95 (t, J = 7.4 Hz, 3H)
ppm. *C NMR (101 MHz, CDCls) § 167.33, 140.49, 134.81, 131.43, 128.60, 128.53, 128.49,
126.93, 126.38, 77.45, 77.13, 76.81, 50.92, 36.27, 34.64, 33.85, 28.88, 27.96, 10.44 ppm.
HRMS (ESI): calcd. for C20H2sNOS*: 328.1735. found: 328.1738.

/\)\ )0,\ N-(1-(Octadecylthio)pentan-3-yl)benzamide (2-44): White solid (87%).
s N P M.P.88<.'H NMR (400 MHz, CDCl3) § 7.85 — 7.74 (m, 2H), 7.52 (dd,
J=8.5,6.0 Hz, 1H), 7.45 (t, J = 7.5 Hz, 2H), 6.13 (d, J = 9.1 Hz, 1H), 4.20 (qt, J = 8.6, 4.9 Hz,
1H), 2.62 (t, J = 7.6 Hz, 2H), 2.53 (t, J = 7.4 Hz, 2H), 1.95 (dtd, J = 12.5, 7.9, 4.4 Hz, 1H), 1.78
(dg, J = 14.9, 7.7 Hz, 1H), 1.73 - 1.63 (m, 3H), 1.58 (pd, J = 7.7, 4.9 Hz, 4H), 1.27 (d, J = 3.8
Hz, 34H), 0.99 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 6.7 Hz, 3H) ppm. 1*C NMR (101 MHz, CDCl5)
0167.23,134.84,131.40, 128.59, 126.84, 77.35, 77.04, 76.72, 50.96, 34.54, 32.36, 31.94, 29.71,
29.69, 29.67, 29.62, 29.60, 29.54, 29.37, 29.26, 28.93, 28.62, 27.93, 22.70, 14.13, 10.37 ppm.
HRMS (ESI): calcd. for C3HsaNOS™: 476.3926. found: 476.3924.

\Q A:L . N-(1-(p-Tolylthio)pentan-3-yl)benzamide (2-45): White solid (70%).

S N P MP.101 €. *H NMR (400 MHz, CDCls) § 7.79 — 7.70 (m, 2H), 7.48
(t,J=7.3Hz, 1H), 7.41 (t, J = 7.5 Hz, 2H), 7.23 (d, J = 7.9 Hz, 2H), 7.07 (d, J = 7.8 Hz, 2H),
6.11 (d, J = 9.0 Hz, 1H), 4.17 (qt, J = 9.0, 5.0 Hz, 1H), 2.94 (t, J = 7.7 Hz, 2H), 2.30 (s, 3H),
1.94 (dtd, J = 16.0, 7.9, 4.4 Hz, 1H), 1.77 (ddd, J = 14.6, 8.4, 6.8 Hz, 1H), 1.70 — 1.57 (m, 1H),
1.52 (dt, J = 14.2, 7.4 Hz, 1H), 0.93 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) &
167.40, 136.30, 134.80, 132.35, 131.42, 130.17, 129.75, 128.58, 126.90, 77.41, 77.10, 76.78,
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50.84, 34.59, 31.20, 28.07, 21.02, 10.37 ppm. HRMS (ESI): calcd. for C19H24NOS™: 314.1579.
found: 314.1576.

A:L . N-(1-(Naphthalen-2-ylthio)pentan-3-yl)benzamide (2-46): White
s NP solid (78%). M.P. 118 €. *H NMR (400 MHz, CDCl3) & 7.81 — 7.72

(m, 3H), 7.72 — 7.63 (m, 3H), 7.50 — 7.43 (m, 2H), 7.43 — 7.35 (m, 4H), 6.16 (d, J = 9.1 Hz,
1H), 4.21 (qt, J = 9.0, 5.0 Hz, 1H), 3.07 (t, J = 7.7 Hz, 2H), 1.9 (dtd, J = 16.1, 7.9, 4.4 Hz,
1H), 1.81 (ddt, J = 14.3, 8.8, 7.3 Hz, 1H), 1.69 — 1.56 (m, 1H), 1.52 (dt, J = 14.3, 7.5 Hz, 1H),
0.93 (t, J = 7.4 Hz, 3H) ppm. ®*C NMR (101 MHz, CDCls) § 167.50, 134.78, 133.80, 133.76,
131.79, 131.47, 128.62, 128.50, 127.74, 127.37, 127.10, 126.96, 126.94, 126.60, 125.70, 77.44,
77.12, 76.80, 50.91, 34.60, 30.37, 28.14, 10.42 ppm. HRMS (ESI): calcd. for CoHasNOS*:
350.1579. found: 350.1580.

C)S\:L . N-(1-(13-Dithian-2-yl)butan-2-yl)benzamide (2-47): White solid (78%).

s NP MLP. 113 €. 'H NMR (400 MHz, CDCl3) § 7.80 (dd, J = 7.0, 1.9 Hz, 2H),
7.55—7.47 (m, 1H), 7.44 (dd, J = 8.2, 6.5 Hz, 2H), 6.13 (d, J = 9.1 Hz, 1H), 4.36 (qt, J = 8.3,
4.6 Hz, 1H), 4.13 (dd, J = 8.5, 5.4 Hz, 1H), 2.96 — 2.76 (m, 4H), 2.17 — 2.02 (m, 2H), 1.97 (ddd,
J =145, 8.4, 5.4 Hz, 1H), 1.88 (dddd, J = 17.8, 14.2, 9.0, 5.0 Hz, 1H), 1.76 — 1.55 (m, 3H),
0.98 (t, J = 7.4 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) § 167.09, 134.80, 131.41, 128.59,
126.94, 77.35, 77.04, 76.72, 49.39, 43.95, 40.32, 30.40, 30.20, 27.95, 25.68, 10.38 ppm. HRMS
(ESI): calcd. for C1sH2NOS,*: 296.1143. found: 296.1148.

/\EL o N-(1-(Benzylthio)hexan-3-yl)benzamide (2-48): White solid (78%). M.P.
oh s e 104 €. *H NMR (400 MHz, CDCls) § 7.76 — 7.67 (m, 2H), 7.52 — 7.44 (m,
1H), 7.44 — 7.36 (m, 2H), 7.30 — 7.15 (m, 5H), 6.09 (d, J = 9.0 Hz, 1H),
4.19 (dtd, J = 13.5, 8.5, 5.4 Hz, 1H), 3.69 (s, 2H), 2.48 (t, J = 7.6 Hz, 2H), 1.86 (dtd, J = 14.1,
8.0,4.5Hz, 1H),1.71 (ddd, J =13.1, 8.2, 6.8 Hz, 1H), 1.47 (qdd, J = 9.8, 6.0, 1.7 Hz, 2H), 1.41
—1.27 (m, 2H), 0.90 (t, J = 7.2 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) 8 167.19, 138.26,
134.83, 131.38, 128.88, 128.56, 128.51, 127.00, 126.91, 77.43, 77.11, 76.80, 49.24, 37.19,
36.32, 34.62, 27.67, 19.26, 14.01 ppm. HRMS (ESI): calcd. for Co0H26NOS*: 328.1735. found:
328.1728.

H

M.P. 93 €. 'H NMR (400 MHz, CDCls) § 7.72 (dd, J = 7.1, 1.8 Hz, 2H),

H 7.53 — 7.46 (m, 1H), 7.42 (dd, J = 8.2, 6.6 Hz, 2H), 7.31 — 7.15 (m, 5H),

6.00 (d, J = 9.0 Hz, 1H), 4.26 — 4.09 (m, 1H), 3.70 (s, 2H), 2.49 (t, J = 7.7 Hz, 2H), 1.93 - 1.81

(m, 1H), 1.77 — 1.64 (m, 2H), 1.58 — 1.41 (m, 2H), 1.32 (qd, J = 7.1, 6.6, 3.0 Hz, 4H), 0.88 (h,

J = 3.2 Hz, 3H) ppm. 33C NMR (101 MHz, CDCls) 5 167.14, 138.26, 134.84, 131.39, 128.88,

128.58, 128.51, 127.00, 126.87, 77.38, 77.06, 76.75, 49.45, 36.35, 34.71, 34.59, 28.13, 27.66,
22.59, 14.01 ppm. HRMS (ESI): calcd. for C21H2sNOS™: 342.1892. found: 342.1898.

/:EL N-(1-(Benzylthio)heptan-3-yl)benzamide (2-49): White solid (62%).
(o}
P s N

N-(1-(Benzylthio)octan-3-yl)benzamide (2-50): White solid (44%). M.P.
PR j\ 75 €. 'H NMR (400 MHz, CDCls) § 7.72 (dd, J = 7.0, 1.7 Hz, 2H), 7.53
Ph S

N Ph
H

—7.46 (M, 1H), 7.42 (dd, J = 8.3, 6.6 Hz, 2H), 7.31 — 7.16 (m, 5H), 6.03 (d,
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J=9.0 Hz, 1H), 4.18 (dtt, J = 13.6, 8.3, 4.6 Hz, 1H), 3.70 (5, 2H), 2.48 (t, J = 7.7 Hz, 2H), 1.87
(dtd, J = 15.8, 8.0, 4.4 Hz, 1H), 1.71 (ddd, J = 14.5, 8.1, 6.7 Hz, 1H), 1.48 (dtd, J = 18.8, 13.4,
7.6 Hz, 2H), 1.38 — 1.19 (m, 6H), 0.95 — 0.76 (m, 3H) ppm. *C NMR (101 MHz, CDCls) &
167.16, 138.26, 134.84, 131.39, 128.88, 128.58, 128.51, 127.01, 126.88, 77.40, 77.08, 76.77,
49.48, 36.34, 34.98, 34.57, 31.71, 27.66, 25.67, 22.57, 14.05 ppm. HRMS (ESI): calcd. for
C2Hs0oNOS*: 356.2048. found: 356.2053.

N-(1-(Benzylthio)nonan-3-yl)benzamide (2-51): White solid (38%). M.P.

§ 68°%.*HNMR (400 MHz, CDCls) § 7.73 (dd, = 7.1, 1.8 Hz, 2H), 7.56 —

® W™ 7.48 (m, 1H), 7.44 (dd, J = 8.2, 6.6 Hz, 2H), 7.33 — 7.17 (m, 5H), 5.97 (d,
J=9.0 Hz, 1H), 4.19 (dp, J = 13.6, 4.9, 4.2 Hz, 1H), 3.72 (s, 2H), 2.50 (t, J = 7.6 Hz, 2H), 1.89
(dtd, J = 16.0, 8.0, 4.5 Hz, 1H), 1.72 (ddd, J = 14.7, 8.0, 6.7 Hz, 1H), 1.50 (tdd, J = 13.5, 10.8,
5.7 Hz, 2H), 1.40 — 1.18 (m, 8H), 0.88 (t, J = 6.7 Hz, 3H) ppm. *C NMR (101 MHz, CDCl5)
5 167.13, 138.26, 134.86, 131.38, 128.87, 128.58, 128.50, 127.00, 126.85, 77.36, 77.04, 76.72,
49.49, 36.35, 35.02, 34.57, 31.74, 29.19, 27.65, 25.94, 22.59, 14.06 ppm. HRMS (ESI): calcd.

for C23H3s2NOS™: 370.2205. found: 370.2206.

Ph/\

Oﬁs/\/\(“\fo N-(5-(Benzylthio)pentan-2-yl)benzamide (2-4): White solid (71%).

Ph M.P. 78 €. H NMR (400 MHz, CDCl3) 6 7.81 — 7.69 (m, 2H), 7.54 —
7.45 (m, 1H), 7.41 (dd, J = 8.3, 6.6 Hz, 2H), 7.28 (d, J = 4.4 Hz, 4H), 7.21 (dt, J = 9.0, 4.3 Hz,
1H), 5.99 (d, J = 8.4 Hz, 1H), 4.27 — 4.06 (m, 1H), 3.68 (s, 2H), 2.57 — 2.35 (m, 2H), 1.61 (tq,
J=12.0,7.1,6.1 Hz, 4H), 1.21 (d, J = 6.6 Hz, 3H) ppm. *C NMR (101 MHz, CDCl3) § 166.92,
138.51, 134.88, 131.38, 128.84, 128.57, 128.51, 126.97, 126.87, 77.42, 77.10, 76.78, 45.46,
36.36, 36.09, 31.32, 25.79, 21.16 ppm. HRMS (ESI): calcd. for C1gH2sNOS*: 314.1579. found:
314.1583.

S/\/\rﬂ o N-(5-((4-Methylbenzyl)thio)pentan-2-yl)benzamide (2-52): Color-
/(DA Ph less oil (65%). 'H NMR (400 MHz, CDCl3) & 7.79 — 7.69 (m, 2H),
7.52 —7.46 (m, 1H), 7.42 (dd, J = 8.2, 6.5 Hz, 2H), 7.17 (d, J = 7.9 Hz, 2H), 7.09 (d, J = 7.8
Hz, 2H), 5.93 (d, J = 8.4 Hz, 1H), 4.25 - 4.12 (m, 1H), 3.65 (s, 2H), 2.48 — 2.40 (m, 2H), 2.31
(s, 3H), 1.62 (ddt, J = 11.7, 9.2, 5.8 Hz, 4H), 1.21 (d, J = 6.6 Hz, 3H) ppm. *C NMR (101
MHz, CDCls) 6 166.89, 136.57, 135.35, 134.91, 131.36, 129.18, 128.71, 128.57, 126.83, 77.38,
77.06, 76.75, 45.48, 36.10, 36.03, 31.26, 25.79, 21.15, 21.08 ppm. HRMS (ESI): calcd. for
C20H26N03+Z 328.1735. found: 328.1743.

S/\/\(H o N-(5-((4-Methoxybenzyl)thio)pentan-2-yl)benzamide (2-53):
\OOA Pn White solid (61%). M.P. 79 €. *H NMR (400 MHz, CDCl3) 6 7.74

(dd, J=7.0, 1.9 Hz, 2H), 7.52 — 7.46 (m, 1H), 7.42 (dd, J = 8.2, 6.5
Hz, 2H), 7.23 — 7.16 (m, 2H), 6.85 — 6.79 (m, 2H), 5.92 (d, J = 8.4 Hz, 1H), 4.25 — 4.12 (m,
1H), 3.78 (s, 3H), 3.64 (s, 2H), 2.45 (t, J = 6.8 Hz, 2H), 1.70 — 1.55 (m, 4H), 1.22 (d, J = 6.6
Hz, 3H) ppm. *C NMR (101 MHz, CDCls) 6 166.89, 158.60, 134.89, 131.38, 130.42, 129.88,
128.58, 126.82, 113.91, 77.37, 77.05, 76.74, 55.28, 45.48, 36.13, 35.70, 31.20, 25.80, 21.17
ppm. HRMS (ESI): calcd. for CxH2sNO>S*: 344.1684. found: 344.1692.
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S/\/\rﬂ o N-(5-((4-Fluorobenzyl)thio)pentan-2-yl)benzamide (2-54): White
FOA Ph solid (54%). M.P. 74 €. 'H NMR (400 MHz, CDCls) 6 7.79 — 7.71

(m, 2H), 7.53 — 7.46 (m, 1H), 7.42 (dd, J = 8.3, 6.6 Hz, 2H), 7.30 —
7.18 (m, 2H), 6.96 (t, J = 8.7 Hz, 2H), 5.92 (d, J = 8.3 Hz, 1H), 4.30 — 4.09 (m, 1H), 3.66 (s,
2H), 2.55 - 2.34 (m, 2H), 1.70 — 1.47 (m, 4H), 1.22 (d, J = 6.6 Hz, 3H) ppm. *C NMR (101
MHz, CDClz) & 166.89, 163.06, 160.62, 134.85, 134.18, 131.41, 130.35, 130.27, 128.59,
126.82, 115.43, 115.22, 77.37, 77.05, 76.74, 45.39, 36.14, 35.59, 31.29, 25.77, 21.17 ppm. °F
NMR (377 MHz, CDCls) ¢ -115.58, -115.59, -115.61, -115.61, -115.63. HRMS (ESI): calcd.
for C1gH2sFNOS™: 332.1484. found: 332.1489.

S/\/\(HYO N-(5-((4-Chlorobenzyl)thio)pentan-2-yl)benzamide (2-55):
Cl/(jA Pn White solid (78%). M.P. 74 €. 'H NMR (400 MHz, CDCls) § 7.77

—7.71 (m, 2H), 7.50 (t, J = 7.3 Hz, 1H), 7.43 (dd, J = 8.3, 6.5 Hz,
2H), 7.28 — 7.17 (m, 4H), 5.88 (d, J = 8.5 Hz, 1H), 4.26 — 4.12 (m, 1H), 3.64 (s, 2H), 2.44 (td,
J=6.7, 2.3 Hz, 2H), 1.71 - 1.52 (m, 5H), 1.23 (d, J = 6.6 Hz, 3H) ppm. *C NMR (101 MHz,
CDCls3) 6 166.87,137.04, 134.85, 132.71, 131.42, 130.15, 128.63, 128.60, 126.81, 77.36, 77.04,
76.72, 45.38, 36.16, 35.67, 31.28, 25.74, 21.19 ppm. HRMS (ESI): calcd. for C19H23CINOS™:
348.1189. found: 348.1194.

s /\/\rH o N-(5-((4-Hydroxybenzyl)thio)pentan-2-yl)benzamide  (2-56):
F3C/(>A Ph - White solid (57%). M.P. 91 €. *H NMR (400 MHz, CDCls) 6 7.57

(d, J =8.4 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 7.23 — 7.06 (m, 5H),
6.10 (d, J = 9.0 Hz, 1H), 4.00 (dtd, J = 13.6, 8.5, 4.9 Hz, 1H), 3.62 (s, 2H), 2.39 (t, J = 7.6 Hz,
2H), 1.77 (dtd, J = 12.5, 7.9, 4.5 Hz, 1H), 1.62 (dq, J = 14.8, 7.6 Hz, 1H), 1.45 (ddq, J = 28.7,
14.1,7.0 Hz, 2H), 0.83 (t, J = 7.4 Hz, 4H) ppm. **C NMR (101 MHz, CDCls) § 166.25, 138.20,
137.55, 133.21, 128.85, 128.76, 128.52, 128.38, 127.04, 51.03, 36.37, 33.93, 27.74, 27.70,
10.39 ppm. *F NMR (377 MHz, CDCls) 6 -62.33. HRMS (ESI): calcd. for CoH2sFsNOS*:
382.1452. found: 382.1459.

s WH o N-(5-((4-(Trifluoromethyl)benzyl)thio)pentan-2-yl)benzamide (2-57):

pn  Yellow oil (57%). *H NMR (400 MHz, CDCl3) § 7.76 (d, J = 7.6 Hz, 2H),
7.48 (t,J=7.3 Hz, 1H), 7.41 (t, J = 7.5 Hz, 2H), 6.11 (d, J = 8.5 Hz, 1H), 4.22 (h, J = 6.6 Hz,
1H), 2.53 (g, J = 6.5 Hz, 2H), 2.48 (t, J = 7.4 Hz, 2H), 1.67 (h, J = 4.1, 3.5 Hz, 4H), 1.57 (q, J
=7.3Hz, 2H), 1.41-1.15 (m, 7H), 0.88 (t, J = 6.9 Hz, 3H) ppm. *C NMR (101 MHz, CDCls)
3166.93,134.89, 131.32, 128.52, 126.86, 77.41,77.09, 76.78, 45.46, 36.06, 32.16,31.98, 31.10,
29.37, 26.20, 22.29, 21.15, 13.98 ppm. HRMS (ESI): calcd. for C19H3sNOS*: 324.2361. found:
324.2366.

(\S H N-(4-(1,3-Dithian-2-yl)butan-2-yl)benzamide (2-58): White solid (44%).
S)\/\( Y M.P.154 €. H NMR (400 MHz, CDCl3) § 7.79 — 7.72 (m, 2H), 7.49 (t, J
= 7.2 Hz, 1H), 7.43 (dd, J = 8.3, 6.6 Hz, 2H), 5.97 (d, J = 8.4 Hz, 1H), 4.23

(dg, J = 13.5, 7.1, 6.6 Hz, 1H), 4.08 (t, J = 6.7 Hz, 1H), 2.84 (tdd, J = 10.5, 6.9, 4.4 Hz, 4H),
2.17 — 2.07 (m, 1H), 1.87 (qd, J = 7.6, 7.0, 2.6 Hz, 3H), 1.82 — 1.71 (m, 2H), 1.26 (d, J = 6.6
Hz, 3H) ppm. 3C NMR (101 MHz, CDCl3) & 166.93, 134.82, 131.39, 128.57, 126.85, 77.36,
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77.05, 76.73, 47.30, 45.42, 33.83, 32.11, 30.40, 30.38, 25.93, 21.26 ppm. HRMS (ESI): calcd.
for C1sH22NOS;": 296.1143. found: 296.1147.

S/\/\(H o 4-Methyl-N-(5-((4-methylbenzyl)thio)pentan-2-yl)benzamide (2-
/()A 59): White solid (66%). M.P. 97 €. *H NMR (400 MHz, CDCls) &
é 7.64 (d,J=7.9Hz, 2H), 7.22 (d, J =8.0 Hz, 2H), 7.17 (d, J = 7.9 Hz,

2H), 7.09 (d, J = 7.7 Hz, 2H), 5.87 (d, J = 8.5 Hz, 1H), 4.25 - 4.08 (m,
1H), 3.65 (s, 2H), 2.44 (t, J = 6.9 Hz, 2H), 2.39 (s, 3H), 2.31 (s, 3H), 1.67 — 1.54 (m, 4H), 1.21
(d, J=6.5Hz, 3H) ppm. *C NMR (101 MHz, CDCls) § 166.80, 141.74, 136.56, 135.36, 132.04,
129.21, 129.18, 128.71, 126.81, 77.36, 77.05, 76.73, 45.37, 36.14, 36.01, 31.26, 25.77, 21.43,
21.18, 21.08 ppm. HRMS (ESI): calcd. for C21H2sNOS™: 342.1892. found: 342.1900.

S/\/\FH o 4-Methoxy-N-(5-((4-methylbenzyl)thio)pentan-2-yl) benzamide

/@A (2-60): White solid (67%). M.P. 101 €. *H NMR (400 MHz, CDCl5)

8 7.75 - 7.68 (m, 2H), 7.17 (d, J = 7.8 Hz, 2H), 7.09 (d, J = 7.8 Hz,

O~ 2H), 6.94 — 6.86 (m, 2H), 5.88 (d, J = 8.4 Hz, 1H), 4.16 (dq, J = 8.2,

6.2 Hz, 1H), 3.83 (s, 3H), 3.65 (s, 2H), 2.44 (t, J = 6.1 Hz, 2H), 2.31 (s, 3H), 1.68 — 1.54 (m,

4H), 1.20 (d, J = 6.6 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) & 166.39, 162.09, 136.56,

135.36,129.18,128.71, 128.62, 127.17,113.73, 77.39, 77.07, 76.75, 55.41, 45.37, 36.15, 36.01,

31.28, 25.79, 21.20, 21.08 ppm. HRMS (ESI): calcd. for Cy1H2sNO,S*™: 358.1841. found:
358.1845.

S/\/\rh‘ o 4-Fluoro-N-(5-((4-methylbenzyl)thio)pentan-2-yl)benzamide (2-
/(jA 61): White solid (70%). M.P. 103 €. 'H NMR (400 MHz, CDCls) &
é 7.79-7.71(m, 2H), 7.17 (d, J = 7.8 Hz, 2H), 7.09 (dt, J = 8.6, 4.7 Hz,

F 4H),5.88 (d, J = 8.5 Hz, 1H), 4.16 (p, J = 6.4 Hz, 1H), 3.65 (s, 2H),
2.51 -2.36 (m, 2H), 2.31 (s, 3H), 1.61 (tq, J = 11.8, 7.3, 6.2 Hz, 4H), 1.21 (d, J = 6.6 Hz, 3H)
ppm. BC NMR (101 MHz, CDCls) 6 165.91, 165.82, 163.41, 136.60, 135.32, 131.06, 131.03,
129.18, 129.09, 128.70, 115.68, 115.46, 77.36, 77.05, 76.73, 45.62, 36.05, 31.25, 25.77, 21.12,
21.07 ppm. **F NMR (377 MHz, CDCls) § -108.33, -108.35, -108.36, -108.38, -108.39. HRMS
(ESI): calcd. for Co0H2sFNOS™: 346.1641. found: 346.1645.

S/\/\(N o 4-Chloro-N-(5-((4-methylbenzyl)thio)pentan-2-yl)benzamide (2-

/@ 62): White solid (64%). M.P. 103 €. *H NMR (400 MHz, CDCl3) &

7.72 — 7.64 (m, 2H), 7.42 — 7.35 (m, 2H), 7.16 (d, J = 7.7 Hz, 2H),

¢ 7.09(d,J=7.8Hz 2H),5.94 (d, J = 8.3 Hz, 1H), 4.16 (dt, J = 8.6, 6.1

Hz, 1H), 3.65 (s, 2H), 2.48 — 2.38 (m, 2H), 2.31 (s, 3H), 1.66 — 1.56 (m, 4H), 1.21 (d, J = 6.5

Hz, 3H) ppm. *C NMR (101 MHz, CDCls) 6 165.82, 137.58, 136.61, 135.31, 133.24, 129.19,

128.80, 128.70, 128.30, 77.38, 77.06, 76.74, 45.67, 36.06, 36.01, 31.25, 25.76, 21.08 ppm.
HRMS (ESI): calcd. for C2H2sCINOS™: 362.1345. found: 362.1349.

S/\/\(H o N-(5-((4-Methylbenzyl)thio)pentan-2-yl)-4-(trifluoro-methyl)ben-
/(>A zamide (2-63): White solid (64%). M.P. 101 €. 'H NMR (400 MHz,
CDCls) 6 7.84 (d, J = 8.1 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 7.17 (d, J

CF3
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=8.0 Hz, 2H), 7.09 (d, J = 7.8 Hz, 2H), 5.94 (d, J = 8.5 Hz, 1H), 4.26 — 4.11 (m, 1H), 3.66 (s,
2H), 2.46 (td, J = 6.0, 5.2, 3.5 Hz, 2H), 2.31 (s, 3H), 1.70 — 1.56 (m, 5H), 1.23 (d, J = 6.6 Hz,
3H) ppm. ¥C NMR (101 MHz, CDCl3) & 136.64, 135.28, 129.20, 128.69, 127.33, 125.65,
125.62, 77.35, 77.04, 76.72, 45.83, 36.08, 35.97, 31.23, 25.75, 21.06 ppm. HRMS (ESI): calcd.
for Co1H2sF3sNOS™: 396.1609. found: 396.1612.

S/\/\(N 0 N-(5-((4-Methylbenzyl)thio)pentan-2-yl)-2-prop-ylpentanami-
/©A E(/\ de (2-64): White solid (54%). M.P. 70 €. *H NMR (400 MHz,
CDCl3) 6 7.20 (d, J = 7.8 Hz, 2H), 7.12 (d, J = 7.7 Hz, 2H), 5.18
(d, J=8.8 Hz, 1H), 4.01 (hept, J = 6.8 Hz, 1H), 3.67 (s, 2H), 2.43 (it, J = 8.2, 4.1 Hz, 2H), 2.34
(s, 3H), 1.95 (tt, J = 9.4, 4.3 Hz, 1H), 1.59 (p, J = 7.7, 7.0 Hz, 4H), 1.49 (hept, J = 6.7, 6.2 Hz,
2H), 1.31 (dtt, J = 27.4, 16.6, 13.3, 5.6 Hz, 7H), 1.11 (d, J = 6.6 Hz, 3H), 0.90 (t, J = 6.9 Hz,
6H) ppm. 3C NMR (101 MHz, CDCls) § 175.23, 136.57, 135.39, 129.18, 128.71, 77.35, 77.03,
76.72,47.99, 44.62, 36.04, 35.98, 35.41, 35.28, 31.21, 25.77, 21.31, 21.08, 20.89, 20.83, 14.16,
14.14 ppm. HRMS (ESI): calcd. for C2:HssNOS™: 350.2518. found: 350.2524.

(2-65): White solid (63%). M.P. 83 €. *H NMR (400 MHz, CDCls)

8 7.18 (d, J =8.0 Hz, 2H), 7.11 (d, J = 7.7 Hz, 2H), 5.07 (d, J = 8.6
Hz, 1H), 4.03 — 3.90 (m, 1H), 3.66 (s, 2H), 2.93 (p, J = 8.5 Hz, 1H), 2.42 (td, J = 7.0, 1.8 Hz,
2H), 2.33 (s, 3H), 2.30 — 2.18 (m, 2H), 2.12 (dtd, J = 11.9, 8.5, 3.3 Hz, 2H), 1.95 (dq, J = 11.2,
8.8 Hz, 1H), 1.86 (tg, J = 9.7, 5.0, 4.5 Hz, 1H), 1.62 — 1.51 (m, 2H), 1.51 — 1.37 (m, 2H), 1.09
(d, J=6.6 Hz, 3H) ppm. *C NMR (101 MHz, CDCl3) 6 174.24, 136.57, 135.39, 129.18, 128.70,
77.36, 77.04,76.73, 44.64, 40.08, 36.11, 36.01, 31.25, 25.69, 25.40, 25.33, 21.12, 21.08, 18.11
ppm. HRMS (ESI): calcd. for C1sH2sNOS™: 306.1892. found: 306.1896.

S/\/\(H o  4-Methyl-N-(5-((4-methylbenzyl)thio)pentan-2-yl)cy-clohexane-
/(jA 1-carboxamide (2-66): White solid (51%). M.P. 105 €. 'H NMR
é (400 MHz, CDCl3) 6 7.18 (d,J = 7.9 Hz, 2H), 7.11 (d, J = 7.8 Hz, 2H),

5.20 (d, J = 8.6 Hz, 1H), 3.97 (dq, J = 15.7, 6.8 Hz, 1H), 3.65 (s, 2H),
2.41 (td, J=7.0, 2.2 Hz, 2H), 2.33 (s, 3H), 1.93 (tt, J = 12.1, 3.5 Hz, 1H), 1.88 — 1.71 (m, 5H),
1.59 - 1.51 (m, 2H), 1.51 — 1.38 (m, 4H), 1.35 (ddq, J = 11.7, 6.7, 3.5, 2.6 Hz, 1H), 1.09 (d, J
=6.6 Hz, 3H), 0.99 - 0.83 (m, 5H) ppm. *C NMR (101 MHz, CDCls) 5 175.50, 136.56, 135.39,
129.18, 128.71, 77.37, 77.06, 76.74, 45.58, 44.46, 36.12, 36.01, 34.50, 34.47, 32.03, 31.25,
29.85, 29.65, 25.70, 22.53, 21.16, 21.09 ppm. HRMS (ESI): calcd. for C21H3sNOS*: 348.2361.
found: 348.2366.

/OAS/\/\(HEO N-(5-((4-Methylbenzyl)thio)pentan-2-yl)cyclobutanecarboxamide
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X-ray structure of 2-68:

Clia

68 (CCDC: 2079166)

Table 2. Crystal data and structure refinement for 2-68

Empirical formula

C22 H30 CI2 N2 Ni S2

Formula weight 516.21
Temperature 296(2) K
Wavelength 0.71073 A

Crystal system, space group

Rhombohedral, R -3

Unit cell dimensions

a=27.8756(6) A alpha=90 deg.

Volume

5645.6(2) A3

Z, Calculated density

9,1.366 Mg/m"3

Absorption coefficient 1.164 mm~-1

F (000) 2430

Crystal size 0.24x 0.18 x 0.16 mm
Theta range for data collection 2.57 t0 27.52 deg.

Limiting indices

-36<=h<=36, -36<=k<=36, -10<=1<=10

Reflections collected / unique

39039 /2886 [R(int) = 0.0315]

Completeness to theta = 72.20

99.7 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8357 and 0.7675

Refinement method

Full-matrix least-squares on F*2

Data / restraints / parameters

2886/1/133

Goodness-of-fit on FA2

1.043

Final R indices [I>2 sigma (I)]

R1=10.0277, wR2 = 0.0694

R indices (all data)

R1=10.0341, wR2 =0.0746

Extinction coefficient

0.0019(3)

Largest diff. peak and hole

0.375 and -0.334 e.A"-3
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3.1 GS-441524 Ester as Anti-SARS-CoV-2 Drug Candidate

3.1.1 Introduction

COVID-19 pandemic, breaking out in human society in 2019, quickly spread around
the world with unparalleled speed and destructive influence. The disease resulted in
over 700 million confirmed cases and over 6 million deaths, and the number of
infections is still climbing. The pathogen of COVID-19 is a single-stranded positive-
sense RNA (+ssRNA) virus, named as SARS-CoV-2. Due to the high mutation rate in
the replication cycles, new variants kept emerging, with five main variants raising
concerns from human society: alpha, beta, gamma, delta, and omicron. The variations
of SARS-CoV-2 bring the virus with enhanced ability of immune evasion and
transmissibility. Among the five variants, omicron is currently the dominant variant
among the globe, due to its strong ability to evade the protection of antibodies and
vaccines. Considering the trend of continuous emergence of variants, discovery of
convenient and cheap anti-SARS-CoV-2 medicine is now one of the main concerns for
scientists.

RNA dependent RNA polymerase (RdRp) is one of the key enzymes in the life cycle
of SARS-CoV-2, responsible for replication of its +ssRNA. The catalytic domain of
SARS-CoV-2 is highly conserved among the coronavirus family, making RdRp one of
the most strategic target for development of broad-spectrum antiviral reagents. Also,
analysis of the RdRp sequence revealed that the mutation among different variants of
SARS-CoV-2 did not bring obvious change in the structure of RdRp. Drug repurposing
strategy brought scientists with a series of different nucleoside analogues in the past
years. Four nucleoside or nucleotide analogs, Molnupiravir (EIDD-2801), Remdesivir,
Azvudine and VV-116 were approved for the clinical treatment of SARS-CoV-2

infection. Molnupiravir, developed by Merck & Co. Inc., was first launched on August,
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2021. However, subsequent study revealed the risk of incorporation of Molnupiravir
into mitochondrial DNA dependent RNA polymerase, leading to mammalian cell
mutations. Roche and Atea Pharmaceuticals developed a guanosine analogue named as
AT-527. AT-527 was originally taken as oral therapeutic medicine against HCV, and
was reproposed for the treatment of SARS-CoV-2. Although AT-527 displayed
effective inhibition on SARS-CoV-2 in preclinical studies, the drug failed its phase Il
clinical trial due to the lack of significant decrease in virus tilter. Azvudine is a thymus-
homing approved anti-HIV drug reproposed as anti-SARS-CoV-2 drug targeting at
RdRp. Azvudine acts in its triphosphate form, incorporating into the generated RNA
string and leading to chain termination®*, Azvudine displayed effective shortening in
the nucleic acid negative conversion (NANC) time, where the mean times of the first
NANC is 2.60 d for Azvudine group, and 5.60 d for the control group?®, It is currently
approved for the clinical treatment of COVID-19 in China.
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Figure 6 Structures of reported RdRp inhibitors

Several other broad spectrum RdRp inhibitors, including Sofosbuvir, Galidesivir,
Favipiravir and Ribavirin was also reported, but they unfortunately did not display
satisfactory clinical results. Remdesivir, reported by Gilead Inc., is a phosphoramidate
prodrug of 1’-CN-4-aza-7,9-dideazaadenosine C-nucleoside (GS-441524). Remdesivir
was the first approved drug for the emergency treatment of COVID-19. Early
administration of remdesivir to non-hospitalized high-risk patients was reported to
reduce the risk of hospitalization or death by 87%. Also, analysis of different variants
showed no obvious resistance towards remdesivir. Remdesivir further metabolizes into
GS-441524, and was then transformed into the active triphosphate form. However, the

clinical administration of remdesivir is restricted to intravenous injection, which largely
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limited its application to outpatients of COVID-19. Despite the limited administration
of remdesivir, researchers discovered that GS-441524, the parent nucleoside of
remdesivir was more potent against SARS-CoV-2 than remdesivir. It was also
previously found that remdesivir was highly selective towards inhibition of SARS-
CoV-2 RdRp against human RNA polymerase, with up to 500-fold selectivity.
However, the oral bioavailability of GS-441524 was not ideal, thus displaying no in
vivo antiviral activity. Xie et. al also reported a 7’-deuterated ester prodrug (VV-116)
based on GS-441524. The anti-SARS-CoV-2 activity of VV-116 was comparable to
that of GS-441524 in replicator and hACE2-transduced mice model, while VV-116
own better oral bioactivity (up to 80% in rats). We consider that investigation on novel
derivative of GS-441524 towards better bioavailability and anti-SARS-CoV-2 activity
IS necessary and our group previously reported a 5’-isopropyl ester derivative
(ATV006), which presented significant anti-SARS-CoV-2 activity in mice infected
with delta variant of SARS-CoV-2. In this study, we continued to explore on ester
prodrug derivatives of GS-441524, where we synthesized a series of ester derivatives
with cyclic or long-chain aliphatic acid, and their anti-SARS-CoV-2 efficacy,

pharmacokinetic properties and oral bioavailability was examined.

3.1.2 GS-441524 Esters and Identification of Their Inhibition Efficacy,

Pharmacokinetic Properties and Oral Bioavailability

Cyclic carboxylates were initially introduced to obtain 3-1 ~ 3-3. Quaternary carbon,
bridging skeletons and adamantyl group was assembled for increased steric effect of
the ester to improve plasma stability, yielding 3-4 ~ 3-6. Oxygen atom or substituted
nitrogen atom were introduced to improve physical and chemical properties, obtaining
3-7 ~ 3-10. Saturated aliphatic acids were adopted to obtain long-acting compounds 3-
11, 3-12. The nicotinic acid ester compound 3-13 was also designed and synthesized

(Figure 7). Synthetic route of the above-mentioned compounds is listed in Chapter 3.5.
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Figure 7 Synthesized GS-441524 ester prodrugs

The synthesized compounds were evaluated for their anti-SARS-CoV-2 efficacy
with a previously developed replicon system. Compounds 3-1 ~ 3-8 and 3-10 ~ 3-12
showed comparable or more potent antiviral ability against SARS-CoV-2, with ECsg
ranging from 0.26 pM to 1.61 uM. The antiviral activities of compounds 3-9 and 3-13
were not comparable to that of GS-441524, with ECso values of 9.37 uM and 9.12 uM,
respectively. The downturn in their antiviral efficacy can be mostly attributed to
difficulty in their hydrolysis to GS-441524. Noteworthy, cyclohexancarboxylate ester
prodrug 3-1 displayed an inhibitory activity (ECso = 0.26 uM) about three times that of
GS-441524 (ECso = 1.644 uM). We also examined the stability of synthesized
compounds in human plasma. As the steric hindrance of ester motif increases, the
prodrugs become less facile towards plasma hydrolysis. The lipophilicity of most
synthesized compounds displayed ideal logP value, falling within a range of 0-52%,
including compound 3-1 with the most ideal replicon inhibition. Detailed information

of their antiviral ability is enclosed in Table 7.
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Table 7 Inhibition efficacy and stability of synthesized GS-441524 esters

Stability of Compounds .
Entry  Compound in Hﬁman Plagma SARS-CoV-2replicon  cjogpe

Tup (Min)? ECso (uM)P

1 GS-441524 N. A. 1.644 -1.43
2 3-1 7.945 0.26 1.075
3 3-2 5.80 1.05 0.163
4 3-3 33.33 1.23 1.532
5 3-4 587.031 1.39 1.492
6 3-5 326.49 0.44 0.307
7 3-6 218.70 0.99 1.505
8 3-7 15.69 0.48 -1.015
9 3-8 31.93 1.61 -0.694
10 3-9 199.48 9.37 -0.424
11 3-10 978.382 0.64 0.008
12 3-11 255.86 1.16 5.09

13 3-12 665.04 0.95 5.547
14 3-13 115.632 9.12 -0.537

“The slope value, k, was determined by linear regression of the natural logarithm of the remaining percentage of the
parent drug vs. incubation time curve. The in vitro half-life was determined from the slope value: in vitro Ti2 = -
0.693/k. *The analysis of the antiviral effect of compounds were performed through a luciferase-based SARS-CoV-
2 replicon system in HEK293T cells. The EC50 values were measured with GraphPad Prism Software. “Octanol-
water partition coefficient (logP) was calculated according to the Pharma Algorithms' AB/LogP v2.0 algorithm.

Based on the replicon inhibition data obtained, we chose 3-1, 3-8 and 3-12 for the
evaluation of single-dose PK parameters in SD rats. With an oral dose of 25 mg/kg, 3-
1 showed oral bioactivity (F%) of 53.4% and Ty2 of 3.9 h. A maximum concentration
of 2463+142 ng/mL was reached 0.8h after oral intake for 3-1, demonstrating effective
blood exposure of 3-1. Also, compound 3-1 was quickly metabolized to GS-441524,
with a Tmax 0f 0.820.3 h for oral intake group. To our disappointment, compound 3-8
bearing tetrahydropyranyl motif and compound 3-12, a long-chain aliphatic acid ester,
displayed poor oral absorption, with low oral maximum concentration and fast

metabolism. The corresponding PK parameters are enclosed in Table 8
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Table 8 PK parameters of 3-1, 3-8 and 3-12

Comp-  Administra-  Dose Level AUC(0-) MRT (0-«)
. T (h) T max (h) Crmax (ng/mL) F (%)
ound tion Route? (mg/kg) (h*ng/mL) (h)
21 p.o. 25.0 3.94.0 0.84.3 2463142 6081+0.00 2.5140.00 53.4434
iv. 5.0 1.34.2 - 3030451 23584354 0.9620.07 /
p.o. 25.0 1.240.1 2.2+.8 8224145 BLQ®? BLQ 36.043.3
3-8 ) 3064.944389.
V. 5.0 0.840.2 -- 23744238 23 0.03%0.00 /
p.o. 25.0 1442 1780 841+180 BLQ BLQ 35.643.6
3-12 ) 308.68+158.5
iv. 5.0 0.940.2 - 2042.84212.4 g 0.0449.00 /

3p.0.: per os; i.v.: intravenous injection. *Below the lower limit of quantitation.

Considering the above-mentioned results, we believe that ester prodrug strategy by
introducing ester motif at ribose 5’-position of GS-441524 could significantly improve
the pharmacokinetic properties. Compound 3-1 was renamed as SHEN 26 and was

further explored with its preclinical evaluation.

3.2 Optimization on Synthetic Route of SHEN 26

3.2.1 Introduction

Considering the potential industrial of SHEN 26, we further went on to optimize its
synthetic route. Several examples of synthesis for nucleoside 5’-ester prodrugs were
previously reported. Liu et al. presented a synthetic route (Scheme 18a) which involved
a selective protection of the 5’-hydroxy with triaryl methylation reagent first, and then
protection of the ribose 2’- and 3’-hydroxy and aryl amino group with
allyloxycarbonylation reagent. The protection group on 5’-hydroxy is then removed
under acidic conditions, and the deprotected 5’-hydroxy is then esterified. The
allyloxycarbonyl protecting groups are then removed with palladium acetate, achieving
regioselective esterification at 5’-position. However, this synthetic route includes
several steps of protection and deprotection, resulting in a long operation route and low
atom economy. Also, removing alloxycarbonyl group requires a reaction temperature
of -50 °C, bringing extra requirements on instruments and thus elevating production
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cost. Sun et al. also reported a route (Scheme 18b), where they firstly used benzyl
chloroformate (Chz-Cl) to selectively protect the aryl amino group, then the 5’-hydroxy
group was condensed with corresponding acid. The Chz protection group was then
removed with Pd catalyst, obtaining the 5’-esterified products. However, this route
lacked protection for the hydroxy group on the ribose 2’- and 3’- position, resulting in

complex condensation outcoming.

Scheme 18 Sclected routes for synthesis of 5’-ester prodrugs

(a) Liu and coworkers' route: Nucleobase N protected with AllocCl
NH, NH, NHAlloc

¢ N ¢ ¢ \:N
HO N Tro N Tro N
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2 r.t. to 40 °C s DME, 0°C to r.t., Ar

HO  OH HO  OH AllocG  OAlloc

NHAIlloc NHAIlloc NH,
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N
—\CfN_ﬁ RCOOH, DCC, DMAP )x\ /\Qrv ‘( Pd(PPh3)s, Me,NH+BH; )Lo /\Q:N\(

DCM, r.t. DCM, -50 °C L
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(b) Sun and coworkers' route: Nucleobase N protected with Cbz
NH, NHCbz

HO_\CT(N_ﬁo benzoxycarbonyl chloride HO*\Q‘YN—ﬁo protected amino acid, CDI, DMAP, TEA _
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HG OH HG OH
NHCbz NH, NH,*HCI
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BocHN N—< BocHN [¢] N—< > — .
(o) Pd/C O. HCI N —0 NHo+HCI
_\g _\<_75 0 —— (ONS 2
75°C 3h \/ EtOH

DMF/DMA isobutyryl chloride, DMAP
—_—
pyridine, r.t. pyridine, r.t.

NoHgeH,0
CH4CN, rt.

Xie and his co-workers also reported an example of synthesis for 5’-esterified
prodrugs (Scheme 18c). The amino group and hydroxy groups at 2’- and 3’-position of
the deuterated nucleoside was first protected with imine in one step. Esterification at

5’-position happened with isobutyryl chloride, and protection on ribose 2’- and 3’-
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hydroxy groups is simultaneously removed. The imine protection on nucleobase amino
group is then removed with hydrazine-hydrate, yielding the target compound. The
synthetic route is short, with only three steps, and two protection groups on hydroxy
groups and amino group were introduced in one step.

Still, all three mentioned routes required extra steps of protection and deprotection
on the amino group of nucleobases. Also, the removal of N-protection group generally
requires costly conditions such as transition metal catalysis, which largely increased the
difficulty and cost in industrial production. Thus, synthetic route for 5’-ester prodrugs
still need to be optimized. Herein, we report an optimized synthesis route for SHEN 26,
with a three-step short route and simple operation process. The post-reaction treatments

are column-free, bringing low environmental pollution.

3.2.2 Synthetic Route Optimization

Our synthesis of SHEN 26 starts with compound GS-441524 (Scheme 19). The
ribose 2’- and 3’-hydroxy groups of GS-441524 can be selectively protected with ketal
protection group, catalyzed by acid to obtain 3-15. 3-15 then undergoes regioselective
esterification at ribose 5’-hydroxy group to obtain 3-16. The ketal protection on ribose
2’- and 3’-hydroxy groups can then be removed under acidic conditions to obtain our
target compound SHEN 26. This provides us with a shortened technical route (3 steps)

while assuring the selectivity of condensation.

Scheme 19 Proposed synthetic route for SHEN 26

NH
2 NH,

N "N " N
\
N \ Ney NSUNP N
HO—\ o O
oy
“ICN - Protection > — Condensation—» — CN — Deprotection =
HO ©

)<O o OH

GS-441524 3 15 3-16 SHEN 26

After establishing the basic principle of this route, we further refined the reaction

conditions for each step. For step 1, we screened the acid catalyst/promoter.
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Table 9 Optimization of ketal protection: Step 12

2,2-dimethoxypropane; catalyst/promoter _

Ry Solvent, r.t.

HO ©OH

GS-441524
Entry Catalyst/promoter [ﬁ‘i:.)t::llgtsg‘ Solvent equli)vzlll(:nce (GS- 4‘:{222/?3_1 5y 3-15%“

equivalence

1 Amberlyst 15 20% W/W Acetone 4.8 equiv. 76.3%:21.5% 21.9%
2 conc. sulfuric acid 1.4 equiv. Acetone 4.8 equiv. 7.2%:59.6% 89.2%
3 p-TsOH 0.5 equiv. Acetone 4.8 equiv. 8.5%:68.4% 88.9%
4 p-TsOH 0.5 equiv. MeCN 4.8 equiv. 13.5%:84.9% 86.2%
5 p-TsOH 0.5 equiv. DCM 4.8 equiv. 6.9%:61.2% 89.8%
6 p-TsOH 0.8 equiv. DCM 4.8 equiv. 30.1%:69.9% 69.9%
7 p-TsOH 1.1 equiv. DCM 4.8 equiv. 4.4%:95.6% 95.6%
8 p-TsOH 1.1 equiv. DCM 6.2 equiv. 1.3%:98.7% 98.7%
9¢ p-TsOH 1.1 equiv. DCM 6.2 equiv. 0.4%:99.1% 99.6%

aTo the reaction flask were added GS-441524 (0.1 g, 1.0 eq), solvent (0.5 mL), acid promoter and 2,2-
dimethoxypropane (DMP). The reaction was stirred at room temperature and monitored by HPLC (0.1% HCOOH:
0.1% ACN= 20: 80, Flow rate: 0.8 mL/min; UV detection at A = 254 nm). "HPLC area% of GS-441524 and 3-15.
¢GS-441524 (200 g, 1.0 eq), DMP (443.4 g, 6.2 eq), TSOH (143.5 g, 1.1 eq) and DCM (1 L). 209 g 3-15 obtained,
99.4% purity, 91.8% yield. 93-15% = Area% (3-15)/Area% (GS-441514 + 3-15) x100.

Conc. H2SO4, Amberlyst 15 and p-toluenesulfonic acid were tested for their catalytic
or promotion ability, and both conc. H.SO4 and p-toluenesulfonic acid had a good
promotion effect (Table 9, Entry 1-3). However, product 3-15 was discovered to
decompose irreversibly with conc.H2SO4 as promoter, requiring a strict time control,
which is not convenient in industrial operation. With p-toluenesulfonic acid as promoter,
we went on to screen acetone, dichloromethane and acetonitrile as solvent, discovering
that DCM gave the best reaction outcoming (Table 9, Entry 3-5). 1.1 equiv. p-
toluenesulfonic acid and 6.2 equiv. dimethyl propane was discovered to be the most
favored load of promoter and substrate (Table 9, Entry 5-9). The reaction occurred at
room temperature for 5 h, then 5 V heptane was added to the reaction solution and

further stirred for 2 h. The suspension was filtered, and the filter cake was put into 20%
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Na.COs solution (5 V), further stirred for another 2 h. The suspension was again filtered,
and the filter cake was washed with water, vacuum dried at 50<C to obtain white solid
3-15.

We then optimized the conditions for selective esterification. Inspired by the Steglich
Esterification reaction, we selected and cyclohexylcarboxylic acid as acyl source.
Considering the exposed amino group, we also monitored the generation of diacylated
by-product 3-14 during optimization. Condensation agents were screened (Table 10,
Entry 1-3), with both N,N'-dicyclohexylcarbodiimide (DCC) and N,N'-
diisopropylcarbodiimide (DIC) displaying ideal condensation efficacy and selectivity.
We selected DIC as the condensing agent, considering its convenience for industrial
operation as a liquid. Solvents such as acetone, dichloromethane and acetonitrile were
examined (Table 10, Entry 3-5), with acetonitrile displaying best result and least 3-14
generated. The equivalence of DIC was then explored, and with 1.25 equiv. DIC the
best reaction outcoming was obtained, observing complete conversion of raw materials

and better selectivity (Table 10, Entry 6).
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Table 10 Optimization of acylation: Step 2
Step 2

Cyclohexanecarboxylic acid
DMAP, condensation reagent

Solvent, 5 - 10 °C

Entry C°'$§'§§Zﬁ?°“ Solvent (3-1::‘;?;1;/:3-14) 3-14%
1 DCC (133 equiv.) DMF (10 V) 63%:36%:0% 36.4%
2 EDCI (1.33 equiv.) MeCN (10 V) 19%:94.4%:4.7% 94.3%
3¢ DIC (133 equiv.) MeCN (10 V) 0%:97.8%:2.2% 97.8%
40 DIC (1.25 equiv.) MeCN (10 V) 0%:98.7%:1.4% 98.6%
s DIC (1.2 equiv.) MeCN (10 V) 0%:95.6%:4.4% 95.6%
6 DIC (125 equiv.) MeCN (5 V) 0%:98.4%:1.6% 98.4%

a@To the reaction flask were added 3-15 (0.1 g, 1.0 eq), cyclohexylcarboxylic acid (32 mg, 1.2 eq), DMAP (18.5 mg,
0.5 eq) and solvent (1 mL, 10V), and the reaction mixture was cooled to 5-10°C. Condensation reagent dissolved in
solvent (1 mL) was added dropwise to the reaction mixture, and then the reaction mixture was stirred at 5-10°C for
24 h. HPLC was then used to monitor the reaction (0.1% HCOOH:0.1% ACN= 20:80, Flow rate: 0.8 mL/min; UV
detection at A = 254 nm). "3-15 (120 g, 1.0 eq), cyclohexylcarboxylic acid (38.3 g, 1.2 eq), DMAP (22.1 g, 0.5 eq)
and MeCN (600 mL, 5V), DIC (57.1 g, 1.25 equiv.), 135 g IlI, 96.7% purity, 93.1% yield. ¢3-16% = Area% (3-
16)/Area% (3-15 + 3-16 + 3-14) < 100.

After the reaction completes, precipitated diisopropylurea (DIU) by-product was
firstly removed by filtration, and 5V EA and 1N HCI was then added to the filtrate. The
organic layer was then washed with saturated Na>COs aqueous solution, water and
saturated NaCl aqueous solution. The organic phase was then concentrated, and the

crude product of 3-16 was directly used for the next step without any purification.
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Table 11 Optimization of deprotection: Step 3

Step 3

HO  OH HO  OH

GS-441524 SHEN 26
. Reaction Area% (GS-441524:3-15: o/ c
Entry — Acidpromoter o perature 3-16:3-17:SHEN 26) SHEN 26%
14 (anN Ifsc\l,) 0°C 8.9%:0%:12.2%:0%:78.9% 78.9%
24 AcOH (15 V) 0°C 0%:0%:92%:5.1%:3% 3.0%
34 TFA (15 V) 0°C 42.2%:0%0%:0%:50.9% 54.6%
40 HBF4 (15 V) 0°C 7.2%:6.8%:0%:0%:85.2% 85.9%
5 Fonﬂ‘?laa‘gzgzo N 0°C 1.6%:0%:33.6%:1.4%:60.9% 62.5%
6 Fonlg?lafllg:\gzo - 25°C 1.1%:0%:0.4%:0.8%:93.5% 97.6%
74 Fom‘lc.;%d;}){zo N 25°C 1.1%:0%:15.6%:0.9%:80.1% 82.0%
8¢ F"m“; l“%d{}){zo - 25°C 0.9%:0%:31.4%:1.1%:64.4% 65.8%
90 Formic acid: H20 = 25°C 1.0%:0%:2.1%:0.9%:92.7% 95.9%

2:1(10V)

aTo the reaction flask was added 3-16 (1.0 eq) and corresponding acid (0.5 mL, 10V). The reaction mixture was
cooled to 0 + 5°C and was stirred for 24 h. The reaction was then monitored by HPLC (0.1% HCOOH:0.1% ACN=
20:80, Flow rate: 0.8 mL/min; UV detection at A = 254 nm). "3-16 (93 g, 1.0 eq) and formic acid: H20 = 2:1 (930
mL, 10V). 62 g SHEN 26 obtained, 98% purity, 74% yield. °“SHEN 26% = Area% (SHEN 26)/Area% (GS-441524
+ SHEN 26 + 3-15 + 3-16 + 3-17) x100.

The removal of ketal protection is carried out in acidic condition (Table 3).
Selectivity towards ketal deprotection over ester hydrolysis is a crucial factor to
consider in this step. Thus, we herein monitor the generation of GS-441524, ketal
hydrolysis product SHEN 26, ester hydrolysis product 3-15 and 3-17 (from diacylation
by-product 3-14). We first screened a series of acids as solvent, with formic acid
aqueous solution and HBF4 displaying ideal outcoming (Table 11, Entry 1-4). When
using HBF4 as solvent, area% of target product SHEN 26 reached 85.2%, while
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excessive hydrolysis partly occurs towards generation of 3-15. Although area% of
SHEN 26 by using formic acid aqueous solution is lower than by using HBF4 as solvent,
selectivity towards SHEN 26 over 3-15 is better in formic acid aqueous solution. To
increase conversion of starting materials, and for the convenience of industrial
operation, we tried to conduct the reaction at 25°C. Under 25°C, 10 V 66.7 % formic
acid aqueous solution (Table 11, Entry 6) exhibited the highest conversion with area%
of SHEN 26 reaching 93.5%. The amount and concentration of formic acid aqueous
solution is crucial to the reaction. When using 50% formic acid (Table 11, Entry 5) or
with 5V (Table 11, Entry 7) and 3V (Table 11, Entry 8) formic acid solution, conversion
of starting material 3-16 was low. After completion of the reaction, 2 VV EA was added,
and the pH was adjusted to 7-8 with 50% sodium carbonate aqueous solution under
0 <C. The suspension was filtered, and the filter cake was then stirred in methyl t-butyl

ether at 50 <C for 10 h to obtain the target compound.

3.2.3 Impurity Analysis

After developing the synthetic route, we went on to identify the possible impurities
in SHEN 26 production (Scheme 20). The impurities of concern include leftovers of
starting materials (GS-441524, Impurity I; 3-16, Impurity 1), reaction by-products (3-
17, Impurity V) and stereochemical diastereomers (3-20, Impurity VI; 3-21, Impurity
VII). Standards of reaction by-products and diastereomers were synthesized. The
impurities of concern include the leftover of starting materials (GS-441524, 3-15 and
3-16), reaction Dby-products (3-14 and 3-17). Acylation of 3-15 with
cyclohexylcarboxylic acid chloride vyields diacylated intermediate 3-14, and
deprotection of 3-14 yields diacylated impurity 3-17. We also discovered formylated
by-product 3-19 during the deprotection procedure, and 3-19 was obtained through
concentration. The industrial production of GS-441524 involves a cyanidation
procedure, where a molecule of oxonium ion intermediate ¢ was generated while
removing a molecule of H>O catalyzed by trifluoromethanesulfonic acid. Although

steric hindrance of the benzyloxy group on the ribose blocks attack from the back to
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form g intermediate d, still # intermediate d would be generated, and Sn2 cyanidation
reverses the g intermediate to form product f in a configuration. This would lead to
residue of 3-20 in batches of GS-441524, which would go through the whole synthetic
procedure along with GS-441524 to form 3-21. 3-20 was synthesized with a previously
described route: first enantioselectively substitute the hydroxy group with cyano group,
and then remove the benzyl group wusing boron trichloride. The 5'-
cyclohexanecarboxylic 3-21 was obtained through a 3-step of conversion same as the

synthesis of SHEN 26.

Scheme 20 Generation of impurities

a)

Side reaction

317
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diacylation byproduct

GS-441524
Impurity I
Starting material leftover

3-16 ATV-014
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After obtaining the standard compound for potential impurities, we analyzed the
purity of SHEN 26 and quantified the proportion of impurities. SHEN 26 obtained from
the industrial large-scale batch is sampled, and the impurities are analyzed, quantified
and compared with the corresponding acceptance criteria. the details of other mentioned
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impurities are listed in Table 12. 3-15, 3-14 and 3-21 were not detected, and the amount
of GS-441524, 3-16, 3-17, 3-19 and 3-21 met their acceptance criteria. The purity of
SHEN 26 reached 98.9% (<1.1% impurity), demonstrating the feasibility of this
synthetic route in SHEN 26 production.

Table 12 HPLC quantification of impurities

Entry Impurity Acceptance criteria% Area%
1 Other unknown impurities <0.2 0.09442
2 SHEN 26 N.A? 98.88747
3 3-21 <0.15 N.D.“
4 3-19 <0.7 0.63509
5 3-16 <0.5 0.17318
6 3-17 <0.2 0.20984

aNot detected. "Not applicable.

3.3 Conclusion

In summary, we designed and synthesized a series of ester prodrugs at the ribose 5°-
position of GS-441524, the activity core of remdesivir, to improve its pharmacokinetics
properties. Among these synthesized compounds, compound 3-1 (SHEN 26) with a 5°-
cyclohexyl ester prodrug motif displayed the best inhibition ability against SARS-CoV-
2 with an ECso value of 0.26 uM through the SARS-CoV-2 replicon inhibition assay
and 53.4% bioavailability suggested by the PK results. Further on, we optimized the
synthetic route for a potent novel RdRp inhibitor SHEN 26. This route contains 3 steps,
with column-free post reaction treatments. Impurities involved in the synthetic route
were synthesized and analyzed. Also, SHEN 26 obtained through the kilogram-scale
synthetic batch from industrial production was sampled and qualified through HPLC.
All impurities met the acceptance criteria, also illustrating the possibility of industrial

adaptation of this synthetic route. This route provides simple industrial operations, with
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high atom economy and low environmental influence, providing a practical example

for the industrial synthesis of 5’-ester prodrugs.

3.4 Experimental Section

3.4.1 General Information

All reagents used were commercially available. Reactions were monitored by thin-
layer chromatography (TLC) on glass plates coated with silica gel with a fluorescent
indicator (GF254). Flash silica gel column chromatography was performed using
Tsingdao silica gel (60, particle size 300-400 mesh). All the 'H NMR and *C NMR
spectra were recorded on a Bruker 400 MHz or 600 MHz spectrometer. Chemical shifts
(0) were expressed in parts per million using tetramethylsilane as an internal reference.
High-resolution mass spectra (HRMS) were measured with an Agilent Accurate-Mass
Q-TOF 6530 in ESI mode (Agilent, Santa Clara, CA, USA). HPLC analyses were
performed using a Hewlett Packard Model HP 1100 Series instruments, the compounds
are at least > 95% pure (OD-3; eluent, n-hexane/isopropanol = 80/20; flow rate 0.8
mL/min; temperature 30 °C; wavelength 254 nm; HPLC analysis data are reported in

relative area % and were not adjusted to weight %).
3.4.2 Chemistry

Synthetic Route for 3-1 ~ 3-13

NH, NH, NH, NH,
<~ N N (0] N o ~ N
N\ _N. ~ N\ _N_ ~ /”\ N\ _N. - \
oy S oy oS Ko SE oy SHJ
“ICN = Protection > "ICN — Condensation—» “"CN  — Deprotection - “ICN
HO OH 6><6 o_ 0 Hd bH
GS-441524 3-15 3-16, 3-22 ~ 3-33 3-1~3-13

The synthetic route of 3-1 ~ 3-12 starts with GS-441524. GS-441524 was first
protected with ketal protection group to give intermediate 3-15. 3-15 was then

condensed with corresponding carboxylic acid with DIC and DMAP in DCM, yielding
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intermediate 3-16 and 3-24 ~ 3-36. The ketal protection of 3-16, 3-22 ~ 3-33 was then

removed under acidic conditions to give 3-1 ~ 3-13.

Synthesis of 3-15

HG OH 6. o

GS-441524 3-15

To a solution of GS-441524 (4.0 g, 13.7 mmol) in dichloromethane (20 mL) was
added 2,2-dimethoxypropane (8.9 g, 85.5 mmol). Then p-toluenesulfonic acid (2.9 g,
16.8 mmol) was added dropwise at room temperature. The mixture was stirred at room
temperature. After 8 h, the reaction was completed as monitored by TLC. The mixture
was quenched with heptane (20 mL) and stirred for additional 2 h. The suspension was
filtered and the filter was washed with saturated solution of sodium carbonate. After

drying the product at 45 °C in the oven, 3-15 was obtained.

General procedure for preparation of compounds 3-16 and 3-22 ~ 3-33.

NH; NH,
~r >N ) < >N
"o \_n. N \_~n.
o) N RCOOH, DIC, DMAP o) N
'CN DCM CN
6. o oo

3-16, 3-22 ~ 3-33

3-15

NH; NH, NH, NH, NH,

o ~r >N ) ~r >N o ~r XN o ~ o) ~ N

O)‘\OWMLO o) ) N‘NJO)LOWOXOWMO o ) N‘N/)
“'CN \_/ “'CN "CN "'CN “ICN

3.16 3-22 3.23 3.24 3.25
NH, NH, NH, NH,
o < N o < N (e} <" N [0} < N
| \ N, A ) )
@/U\O o} 0™\ o 0\ o N 0™\ o
CN o} CN o “ICN N CN
O o< S5 O
................. 326 BT BB ll.329 .
NH, NH, NH, NH,
o < N [0} <~ o S o <~
\ ., A \9)1\ NN, A \9)1\ \ N, NN, A
O)\O o 13 O\ o 4 O\ o () ©°\o
NS CN “ICN “1CN N7 CN
O 55® O O’
3-30 3.31 3.32 3.33
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To a solution of 3-15 (1.50 g, 4.5 mmol), corresponding acid (4.5 mmol), 4-
dimethylaminopyridine (DMAP, 55.40 mg, 0.45 mmol) in DCM (15 mL) was added
N,N'-diisopropylcarbodiimide (DIC, 0.62 g, 4.9 mmol). The mixture was stirred at room
temperature for 12 h. The suspension was filtered and the solvent was washed with 30
mL of saturated solution of Na,CO3 and then with 30 mL of an aqueous solution of
citric acid (20 % w/v). The organic layer was dried over anhydrous Na;SO4. After

removal of the solvent in vacuo, the residue was purified by column chromatography

(PE/EA = 1:1).

General procedure for preparation of compounds 3-1 ~ 3-13

Yfﬁ ‘(fh
_: ': HCOOH, 30°C

3-16, 322 3-33 341 ~3-12
NH, NH, NH, NH,
o] ~r N (0] X o] ~r o] ~r N
\ N S \ N \_N_
@)LO o 0™\ o 0™\ o 0™\ o
CN o} “ICN O. "ICN N "ICN
HO OH HO bH HO: OH HO OH
36 3.7 3-8 3-9
NH; NH, NH, NH,
o \\ \)N o] < N [¢] ~r N o < N
NN N\ _N_ — \e)J\ N\ _N. ~ N\ _N_ —
ON)LO 0 ) oo L S0 SR Ao o507
~ / ‘CN “ICN "GN N/ “ICN
Ho  on HO  OH HG  OH HG OH
3-10 311 312 313

Compound 3-16 and 3-22 ~ 3-33 was added to the mixture of formic acid (6 V) and
water (3 V). The reaction solution was stirred at 30°C. After 36 h, the reaction was
completed as monitored by TLC. The formic acid was removed in vacuo, and the
resulting residue was dissolved with ethyl acetate (5 mL). Then the pH was adjusted to
7-8 with 50% Na>COs and stirred for at least 1 h at 0~5 °C. The precipitate was collected

by filtration and washed with ethyl acetate to furnish compound 3-1 ~ 3-13.
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Physical Characterization of Synthesized Compounds

((3aR,4R,6R,6aR)-4-(4-aminopyrrolo|2,1-f][1,2,4]triazin-7-yl)-6-
(hydroxymethyl)-2,2-dimethyltetrahydrofuro|3,4-d][1,3]dioxole-4-

carbonitrile (3-15): white solid, 93.3% yield. 'H NMR (400 MHz,

Chloroform-d) 8 7.93 (s, 1H), 7.08 (d, J=4.6 Hz, 1H), 6.66 (d, J=4.9 Hz,
1H), 5.98 (s, 2H), 5.43 (d, J= 6.5 Hz, 1H), 5.24 (dd, J = 6.6, 2.3 Hz, 1H), 4.67 (q, J = 1.9 Hz,
1H), 4.04 — 3.74 (m, 2H), 1.81 (s, 3H), 1.40 (s, 3H).

((2R,35,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cya
no-3,4-dihydroxytetrahydrofuran-2-yl)methyl cyclohexanecarbo

xylate (3-1): white solid, 73% yield. HPLC purity: 99.4%. 'H NMR

(600 MHz, DMSO-ds) 6 8.01 —7.79 (m, 3H), 6.92 (d,J=4.5 Hz, 1H),
6.82 (d,J=4.5Hz, 1H), 6.34 (d, J=6.0 Hz, 1H), 5.38 (d, /= 5.9 Hz, 1H), 4.71 (t, /= 5.2 Hz,
1H), 4.31 (dd, J=12.2,2.9 Hz, 1H), 4.26 — 4.20 (m, 1H), 4.15 (dd, J=12.2, 5.0 Hz, 1H), 3.97
(q,J = 5.4 Hz, 1H), 2.29 — 2.19 (m, 1H), 1.79 — 1.53 (m, 5H), 1.31 — 1.10 (m, 5H). *C NMR
(151 MHz, DMSO-de)) 6 175.2, 156.1, 148.4, 124.0, 117.4, 117.0, 110.7, 101.2, 81.7, 79.4,
74.5, 70.6, 63.0, 42.6, 29.0, 28.9, 25.7, 25.2, 25.2. ESI-HRMS: m/z [M+H]" calcd for
Ci19H24N50s: 402.1772; found: 402.1765.
((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyan
0-3,4-dihydroxytetrahydrofuran-2-yl)methyl cyclobutanecarb

oxylate (3-2): white solid, 62% yield. HPLC purity: 99.24%. '"H NMR

(400 MHz, DMSO-ds) 6 7.93 (s, 1H), 7.90 (br, 2H), 6.93 (d, /J=4.5 Hz,
1H), 6.80 (d, /J=4.5 Hz, 1H), 6.34 (d,J=5.9 Hz, 1H), 5.38 (d, /J=5.8 Hz, 1H), 4.68 (t,J=5.2
Hz, 1H), 4.35-4.31 (m, 1H), 4.25-4.15 (m, 2H), 3.96-3.92 (m, 1H), 3.19-3.11 (m, 1H), 2.15-
2.09 (m, 4H), 1.97-1.73 (m, 2H). '"H NMR (101 MHz, DMSO-ds) 6 174.7, 156.1, 148.4, 124.0,
117.4,117.0,110.7, 101.3, 81.6, 79.5, 74.5, 70.6, 63.3, 37.6, 25.2, 25.1, 18.2. ESI-HRMS: m/z
[M+H]" caled for C17H20N5Os: 374.1459; found: 374.1452.
((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cy
ano-3,4-dihydroxytetrahydrofuran-2-yl)methyl cycloheptanecar

boxylate (3-3): white solid, 50% yield. HPLC purity: 97.75%. 'H
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NMR (600 MHz, DMSO-ds) & 7.93 (s, 1H), 7.90 (br, 1H), 6.92 (d, J=4.5 Hz, 1H), 6.81 (d, J
=4.5Hz, 1H), 4.70 (d, J = 4.8 Hz, 1H), 4.31-4.29 (m, 1H), 4.24-4.22 (m, 1H), 4.17-4.14 (m,
1H), 3.97-3.95 (m, 1H), 2.46-2.41 (m, 1H), 1.80-1.77 (m, 2H), 1.63-1.37 (m, 10H). '"H NMR
(151 MHz, DMSO-ds) 6 176.1, 156.1, 148.4,124.1, 117.4, 117.0, 110.6, 101.2, 81.7, 79.4, 74.6,
70.6, 63.1, 60.2, 44.4, 30.7, 30.6, 28.2, 28.1, 26.2. ESI-HRMS: m/z [M+H]" calcd for
C20H26N50s: 416.1928; found: 416.1920.

NHz  ((2R,3S,4R,SR)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cya

no-3,4-dihydroxytetrahydrofuran-2-yl)methyl 1-methylcyclohex

ane-1-carboxylate (3-4): white solid, 33% yield. HPLC purity:
98.59%. '"H NMR (400 MHz, Methanol-ds) & 7.86 (s, 1H), 6.95 — 6.80
(m, 2H), 4.90 — 4.86 (m, 1H), 4.42 —4.32 (m, 3H), 4.17 (t, J=15.7 Hz, 1H), 2.03 — 1.88 (m, 2H),
1.55 — 1.42 (m, 3H), 1.34 — 1.13 (m, 5H), 1.09 (s, 3H). *C NMR (101 MHz, Methanol-ds) &
177.5, 155.9, 146.9, 124.3, 116.6, 116.2, 110.7, 101.1, 82.0, 79.8, 74.3, 70.7, 62.9, 43.1, 35.2,
25.3,22.9. ESI-HRMS: m/z [M+H]" calcd for C20H26N50s: 416.1928; found: 416.1922.

((2R,3S5,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4] triazin-7-yl)-5-cy
ano-3,4-dihydroxytetrahydrofuran-2-yl)methyl (1R,4R)-bicyclo

[2.2.1]hept-5-ene-2-carboxylate (3-5): white solid, 61% yield.

HPLC purity: >99%. '"H NMR (400 MHz, DMSO-ds) 8 7.93 (s, 1H),
8.0 (br, 2H), 6.93-6.91 (m, 1H), 6.85-6.82 (m, 1H), 6.35-6.32 (m, 1H), 6.17-6.11 (m, 1H), 5.85-
5.78 (m, 1H), 5.40-5.37 (m, 1H), 4.73-4.69 (m, 1H), 4.25-4.09 (m, 3H), 3.99-3.93 (m, 1H),
3.07-2.84 (m, 3H), 1.87-1.75 (m, 1H), 1.35-1.16 (m, 3H). *C NMR (101 MHz, DMSO-ds) &
174.0, 156.1, 148.4, 138.0, 136.1, 132.8, 124.0, 117.4, 117.0, 110.7, 101.3, 81.7, 79.3, 74.5,
70.6, 63.5, 49.5, 45.5, 43.0, 42.4, 29.2. ESI-HRMS: m/z [M+H]" caled for CH2NsOs:
412.1615; found: 412.1607.
((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-c

yano-3,4-dihydroxytetrahydrofuran-2-yl)methyl (3R,5R,7R)-ad

amantane-1-carboxylate (3-6): white solid, 67% yield. HPLC
purity: 98.30%. "H NMR (600 MHz, DMSO-ds) 5 7.93 (s, 1H), 7.90
(br, 2H), 6.93 (d, J=4.5 Hz, 1H), 6.83 (d, /=4.5 Hz, 1H), 6.37 (d, /= 5.9 Hz, 1H), 5.37 (d, J
=5.9 Hz, 1H), 4.71 (t, J = 5.3 Hz, 1H), 4.29-4.23 (m, 2H), 4.16-4.13 (m, 1H), 4.01-3.98 (m,
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1H), 1.94-1.91 (m, 3H), 1.71-1.60 (m, 12H). *C NMR (151 MHz, DMSO-ds)  176.7, 156.1,
148.4, 124.1, 117.4, 117.0, 110.5, 101.2, 81.6, 79.2, 74.7, 70.4, 62.7, 38.7, 36.3, 27.7. ESI-
HRMS: m/z [M+H]" calcd for C23HsNs5Os: 454.2085; found: 454.2077.

((2R,3S5,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cya
no-3,4-dihydroxytetrahydrofuran-2-yl)methyl tetrahydrofuran-3

-carboxylate (3-7): white solid, 69% yield. HPLC purity: 99.20%. 'H

NMR (600 MHz, DMSO-ds) 8 7.94 (s, 1H), 7.90 (br, 2H), 6.93 (d, J =
4.4 Hz, 1H), 6.82 (d,/J=4.4 Hz, 1 H), 6.33 (t, /= 5.5 Hz, 1H), 5.40 (d, /= 5.8 Hz, 1H), 4.71
(t, J=5.3 Hz, 1H), 4.37-4.34 (m, 1H), 4.25-4.20 (m, 2H), 3.97-3.96 (m, 1H), 3.81-3.78 (m,
1H), 3.75-3.69 (m, 2H), 3.66-3.62 (m, 1H), 3.15-3.10 (m, 1H), 2.08-1.95 (m, 2H). *C NMR
(151 MHz, DMSO-ds) 6 150.1, 148.4, 124.0, 117.4, 117.1, 110.8, 101.3, 81.6, 81.5, 79.5, 74.5,
70.7, 70.6, 69.8, 69.7, 67.8, 63.9, 63.8, 43.4, 29.5, 29.4. ESI-HRMS: m/z [M+H]" calcd for
C17H20N506: 390.1408; found: 390.1401.
((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cy

ano-3,4-dihydroxytetrahydrofuran-2-yl)methyl tetrahydro-2H-p

yran-4-carboxylate (3-8): white solid, 71% yield. HPLC purity:
99.5%. "H NMR (600 MHz, DMSO-d;) 8 7.93 (s, 1H), 7.90 (br, 1H),
6.92 (d,J=4.6 Hz, 1H), 6.82 (d,J=4.6 Hz, 1H), 6.35 (d, J= 5.7 Hz, 1H), 5.41 (d, J=5.6 Hz,
1H), 4.71 (t, J= 5.3 Hz, 1H), 4.34-4.32 (m, 1H), 4.25-4.22 (m, 1H), 4.19-4.16 (m, 1H), 3.99-
3.96 (m, 1H), 3.79-3.77 (m, 2H), 3.33-3.29 (m, 2H), 2.55-2.50 (m, 1H), 1.68-1.63 (m, 2H),
1.53-1.45 (m, 2H). C NMR (151 MHz, DMSO-ds) 4 156.2, 148.5, 124.0, 117.4, 117.1, 110.7,
101.2, 81.6, 79.4, 74.5, 70.6, 66.5, 63.3, 28.8, 28.7. ESI-HRMS: m/z [M+H]" calcd for
Ci3H2Ns50s: 404.1565; found: 404.1559.

NH,  ((2R,35,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-¢
yano-3,4-dihydroxytetrahydrofuran-2-yl)methyl 1-methylpiper

idine-4-carboxylate (3-9): white solid, 30% yield. HPLC purity:

95.91%. '"H NMR (600 MHz, Methanol-ds) & 7.86 (s, 1H), 6.89 (q,
J=4.6 Hz, 2H), 4.90 — 4.88 (m, 1H), 4.46 — 4.39 (m, 1H), 4.39 — 4.30 (m, 2H), 4.16 (t, J= 5.7
Hz, 1H), 3.02 — 2.86 (m, 2H), 2.45 — 2.33 (m, 6H), 1.97 — 1.86 (m, 2H), 1.82 — 1.65 (m, 2H).
3C NMR (151 MHz, Methanol-ds) & 175.3, 157.3, 148.4, 125.6, 118.0, 117.7, 112.2, 102.6,
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83.4,81.5,75.6,72.2,64.7,55.1,49.5,49.3, 49.2, 49.0, 48.9, 48.8, 48.6, 45.5, 40.3, 28.1. ESI-
HRMS: m/z [M+H]" calcd for C19H2sNeOs: 417.1881; found: 417.1873.
NHz  ((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cya

no-3,4-dihydroxytetrahydrofuran-2-yl)methyl 1-methylpiperidin

e-2-carboxylate (3-10): white solid, 37% yield. HPLC purity: 98.3%.
'H NMR (600 MHz, Methanol-ds) & 7.86 (s, 1H), 6.90 (d, J=2.5 Hz,
2H), 4.91 —4.87 (m, 1H), 4.49 — 4.34 (m, 3H), 4.22 —4.12 (m, 1H), 2.89 (dd, J=11.9, 3.3 Hz,
1H), 2.79 — 2.68 (m, 1H), 2.19 (s, 1H), 2.17 (s, 2H), 2.13 - 2.06 (m, 1H), 1.82 — 1.49 (m, 5H),
1.35 - 1.24 (m, 1H). *C NMR (151 MHz, Methanol-ds) & 174.1, 174.0, 157.3, 148.4, 125.7,
118.0,117.6,112.2, 102.6, 102.5, 83.3, 81.5, 81.5, 75.6, 72.3, 72.2, 68.6, 64.7, 64.6, 55.9, 44 4,

30.7, 30.6, 26.0, 23.8. ESI-HRMS: m/z [M+H]" caled for Ci9H2sN¢Os: 417.1881; found:

417.1874.

((2R,385,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]|triazin-7-yl)-5-cyan
0-3,4-dihydroxytetrahydrofuran-2-yl)methyl pentadecanoate (3-

11): white solid, 40% yield. HPLC purity: 98.91%. '"H NMR (600 MHz,

Methanol-ds) 6 7.86 (s, 1H), 6.89 (q,J=4.6 Hz, 2H), 4.42 (dd, J=12.0,
3.1 Hz, 1H), 4.37 (m, 1H), 4.31 (dd, J=11.9, 5.2 Hz, 1H), 4.17 — 4.12 (m, 1H), 2.29 (m, 2H),
1.55 (p, J= 7.2 Hz, 2H), 1.39 — 1.19 (m, 24H), 0.89 (t, J = 7.0 Hz, 3H). °C NMR (151 MHz,
Methanol-ds) 8 175.1, 157.3, 148.3, 125.7, 118.0, 117.6, 112.1, 102.6, 83.4, 81.5, 75.7, 72.1,
64.2, 35.0, 33.1, 30.8, 30.8, 30.8, 30.7, 30.6, 30.5, 30.4, 30.2, 26.0, 23.8, 14.5. ESI-HRMS: m/z
[M+H]" calcd for C,7H4:NsOs: 516.3180; found: 516.3173.
((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cyan
0-3,4-dihydroxytetrahydrofuran-2-yl)methyl palmitate (3-12):

white solid, 38% yield. HPLC purity: 99.58%. 'H NMR (600 MHz,

Methanol-ds) 6 7.86 (s, 1H), 6.89 (q, /=4.6 Hz, 2H), 4.42 (dd, /J=11.9,
3.1 Hz, 1H), 4.38 — 4.34 (m, 1H), 4.32 — 4.27 (m, 1H), 4.16 — 4.08 (m, 1H), 2.36 — 2.24 (m,
2H), 1.60 — 1.50 (m, 2H), 1.36 — 1.24 (m, 24H), 0.89 (t, J = 7.0 Hz, 3H). *C NMR (151 MHz,
Methanol-ds) 6 173.7, 155.8, 146.9, 124.3, 116.5, 116.2, 110.7, 101.1, 82.0, 80.1, 74.2, 70.7,
62.8,33.5,31.7,29.4,29.4,29.4,29.4,29.3,29.2,29.1, 29.0, 28.7, 24.6, 22.3, 13.0. ESI-HRMS:
m/z [M+H]" caled for C23sHasNsOs: 530.3337; found: 530.3329.

85



Chapter 3

((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-cya
no-3,4-dihydroxytetrahydrofuran-2-yl)methyl nicotinate (3-13):

white solid, 35% yield. HPLC purity: 97.37%. 'H NMR (600 MHz,

Methanol-d4) 8 9.05 (d, /J=2.2 Hz, 1H), 8.73 (dd, /= 5.0, 1.7 Hz, 1H),
8.35 - 8.25 (m, 1H), 7.76 (s, 1H), 7.53 (dd, J = 8.0, 4.9 Hz, 1H), 6.83 (dd, J = 32.8, 4.6 Hz,
2H), 4.97 (d, /= 5.3 Hz, 1H), 4.82 — 4.74 (m, 1H), 4.61 — 4.45 (m, 2H), 4.39 — 4.30 (m, 1H).
BC NMR (151 MHz, Methanol-ds) & 164.5, 155.8, 152.8, 149.8, 146.9, 137.6, 126.2, 124.0,
123.8, 116.6, 116.2, 110.8, 101.1, 81.9, 80.2, 74.1, 70.6, 63.4. ESI-HRMS: m/z [M+H]" calcd
for C1sH17NeOs: 397.1255; found: 397.1250.
A \NHz (2R,3R,4S,5R)-2-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-3,4-dihy
HO/\G%F‘;;N droxy-5-(hy-droxymethyl)tetrahydrofuran-2-carbonitrile (GS-4415
Ho' on 24): "H NMR (600 MHz, DMSO-ds) § 7.93 (s, 3H), 6.91 (q, 2H), 6.11 (d,
J=6.3 Hz, 1H), 5.22 (d, J=5.2 Hz, 1H), 5.00 — 4.89 (m, 1H), 4.66 (t, /= 5.7 Hz, 1H), 4.08 (q,
J=4.5Hz, 1H), 3.98 (q, J = 5.3 Hz, 1H), 3.70 — 3.62 (m, 1H), 3.57 — 3.47 (m, 1H). C NMR
(151 MHz, DMSO) 6 156.09, 148.34, 124.34, 117.82, 116.98, 111.24, 101.29, 85.89, 78.99,

74.72,70.53, 61.40, 40.34, 40.20, 40.06, 39.92, 39.78, 39.70, 39.64, 39.51.

NH,  (3aR,4R,6R,6aR)-4-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-6-(hyd
\ N
0 | =/N roxyme-thyl)-2,2-dimethyltetrahydrofuro|3,4-d][1,3]di-oxole-4-carb

N
HO “ion N
(5:><;b onitrile (3-16): "H NMR (400 MHz, Chloroform-d) § 7.93 (s, 1H), 7.08

(d, J=4.6 Hz, 1H), 6.66 (d, J = 4.9 Hz, 1H), 5.98 (s, 2H), 5.43 (d, J =

6.5 Hz, 1H), 5.24 (dd, J= 6.6, 2.3 Hz, 1H), 4.67 (q, /= 1.9 Hz, 1H), 4.02 — 3.81 (m, 2H), 1.81
(s, 3H), 1.40 (s, 3H). *C NMR (101 MHz, CDCls) & 155.65, 147.64, 123.24, 117.02, 116.85,

113.73, 100.61, 85.45, 83.57, 82.89, 81.71, 77.37, 77.25, 77.05, 76.73, 62.74, 25.60, 25.10.

((2R,3S,4R,5R)-5-cyano-5-(4-(cyclohexanecarboxamido)pyrr

09 olo[2,1-f][1,2,4]triazin-7-yl)-3,4-dihydroxytetrahydrofuran-2-

o) o )N J\N yDmethyl cyclohexanecarboxylate (3-17): 'H NMR (400 MHz,
O)\O Sz ot DMSO-ds) 6 10.83 (s, 1H), 8.42 (s, 1H), 7.29 (d, J =4.8 Hz, 1H),

7.09 (d, J = 4.7 Hz, 1H), 6.47 (d, J= 5.9 Hz, 1H), 5.46 (d, J = 6.0
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Hz, 1H), 4.73 (t, J= 5.0 Hz, 1H), 4.41 — 4.23 (m, 2H), 4.24 — 4.08 (m, 1H), 4.00 (q, /= 5.1 Hz,
1H), 2.96 — 2.77 (m, 1H), 2.23 (dp, J= 10.5, 3.8 Hz, 1H), 1.95 — 1.85 (m, 2H), 1.82 — 1.52 (m,
8H), 1.49 — 1.37 (m, 2H), 1.35 — 1.14 (m, 8H). 3C NMR (101 MHz, DMSO) § 176.05, 175.09,
152.08, 146.86, 125.48, 117.84, 116.94, 112.32, 105.50, 81.75, 79.15, 74.66, 70.63, 62.86,

44.78,42.57,29.30, 28.97, 28.88, 25.82, 25.72, 25.55, 25.21, 25.19.

NH,

M ((28,3R,45,5R)-2-(4-aminopyrrolo[2,1-f][1,2,4] triazin-7-yl)-3,4-dihy
o) N N

HO/\Q%N N= droxy-5-(hydroxymethyl)tetrahydrofuran-2-carbonitrile (3-20): 'H

HO oM
NMR (400 MHz, DMSO-ds) 5 8.94 (s, 1H), 8.62 (s, 1H), 8.12 (s, 1H),

7.29 (d, J=4.8 Hz, 1H), 7.17 (d, J= 4.0 Hz, 1H), 6.77 (d, J= 4.0 Hz, 1H), 4.72 (d, J= 4.0 Hz,
1H), 4.38 (dd, J = 8.0 Hz, 4.0 Hz, 1H), 3.98 — 4.02 (m, 1H), 3.77 (dd, J = 8.0 Hz, 4.0 Hz, 1H),
3.56 (q, J = 8.0 Hz, 1H). ESI-HRMS: m/z [M+H]" calcd for C1sHNsOs: 292.1046; found:

292.1418.

A \NHz ((2R,3S,4R,5S)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-
Q)OLO/\@CNN‘NJI cyano-3,4-dihydroxytetrahydrofuran-2-yl)methyl cyclohexane
Ho' on carboxylate (3-21): *H NMR (400 MHz, Methanol-dz) & 7.86 (s,

1H), 6.91 (d, J = 4.6 Hz, 1H), 6.80 (d, J = 4.6 Hz, 1H), 5.01 (d, J = 4.2 Hz, 1H), 4.71 — 4.55 (m,
2H), 4.38 — 4.12 (m, 2H), 2.56 — 2.40 (m, 1H), 2.08 — 1.93 (m, 2H), 1.84 — 1.71 (m, 2H), 1.70
— 1.61 (m, 1H), 1.59 — 1.45 (m, 2H), 1.41 — 1.27 (m, 3H). 3C NMR (151 MHz, DMSO) &
175.35, 155.93, 148.32, 122.96, 118.46, 116.02, 110.34, 101.25, 80.26, 78.32, 75.79, 71.59,

62.36, 42.75, 31.75, 29.46, 29.01, 28.90, 25.75, 25.32, 25.26, 22.56.
3.4.3 Biology

SARS-CoV-2 replicon assays

The luciferase assays were carried out according to the manufacturer’s instructions
(Promega Corporation, Fitchburg, W1, USA). Firstly, the HEK293T cells in 24-well
plate transfected with pBAC- SARS-CoV-2-Replicon-Luciferase plasmid (250 ng) and
RL-TK plasmid (15 ng). After 6-8 h, the cells are transfected, the supernatant was
removed and changed with fresh DMEM medium, followed by adding tested
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compounds to the media with the final concentration of 10 uM, 5 uM, 2 uM, 1 uM, 0.5
uM, 0.1 uM. After 60 h, cells were lysed in 200 pL Passive Lysis Buffer (PLB). Each
lysate (20 pL) was transferred into 96-well white plate and then mixed with 20 pL
Luciferase Assay Reagent II, followed by 20 pL of Stop & Glo solution. The
luminescence values of the two-step reaction were recorded using a luminescence
detector in Synergy H1 Hybrid Multi-Mode Reader (BioTek). Data analysis was

performed with GraphPad Prism 6.0 software.

The metabolic stability determination in human plasma

1 mM working solutions of test compounds were prepared in DMSO. 4 | of
working solutions was spiked to 796 L of pre-incubated plasma to reach a final
concentration of 5 M. 50 L aliquots of the spiked plasma were added into new tubes
for different time points including 15, 30, 60 and 120 minutes and then incubated at
37<C water bath with shaking at 60 rpm. The assay was performed in duplicate. The
reaction was stopped by adding 300 pL of room temperature quench solution
acetonitrile containing internal standards (100 nM Alprazolam, 500 nM Labetalol and
2 UM Ketoprofen) to the spiked plasma samples at the appointed time points. Time 0
samples were prepared by adding 50 L of the spiked plasma to new tubes containing
300 i of room temperature quench solution. Vortex for 5 minutes. Samples in plate
were centrifuged at 3,220 g for 30 minutes at 4 <C to precipitate protein. And then 100
uL of the supernatant was transferred to a new 96-well plate with 100 pL water for LC-
MS/MS analysis. Percent compounds remaining at each time point were calculated
using Microsoft Excel. Peak area ratios were determined from extracted ion

chromatograms.

Pharmacokinetic study in SD rats

Male SD rats (180-220 g, N = 3) were fasted for 12 h before drug administration. 3-
1, 3-8 and 3-12 were respectively administered intravenously at 5 mg/kg or
intragastrically at 25 mg/kg. Blood samples were collected from the jugular vein into

anticoagulant EDTA-K2 tubes at 0.083, 0.25, 0.5, 1, 2, 3, 4, 6, 8 and 24 h for the IV
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group, and 0.25, 1, 0.5, 2, 3, 4, 6, 8 and 24 h for the I1G group, respectively. All samples
were centrifuged under 4000 rpm/min for 10 min at 4°C and the plasma (supernatants)
were collected and stored at -65°C for future analysis. An aliquot of 50 uL each plasma
sample was treated with 250 pL of acetonitrile. The samples were centrifuged under
4000 rpm/min for 10 min and filtered through 0.2 um membrane filters. The
concentration of analytes in each sample were analyzed by LC/MS/MS. PK parameters
were determined following a noncompartmental analysis of the plasma
concentration—time data by using Phoenix WinNonlin7.0. The following PK
parameters are reported: clearance (CL; L/h/kg), volume of distribution at steady state
(Vss; L/kg), terminal half-life (T12; h), maximum concentration (Cmax; tM), and area

under the concentration—time curve from time 0 to infinity (AUC0-«) (h*ng/mL)).

Statistical analysis

Quantitative experiments were carried out in triplicate and are indicated as the means
+standard deviations (SDs). The statistical tests utilized are two-tailed and respective
details have been indicated in figure legends. A p value less than 0.05 was considered
statistically significant (*, p-value of < 0.05. **, p-value of < 0.005. ***_ p-value of <

0.0005. **** p-value of <0.0001).
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Chapter 4

4.1 Current Scenario of SARS-CoV-2 RNA N7 Methyltransferase

(nsp14) Inhibitors

Known nsp14 inhibitors are mainly obtained from high-throughput virtual screening
or from rational design based on SAH and its analogues. Diffley’s group reported
examples of prospective nspl4 inhibitors (Figure 8a). By virtual screening combined
with HTRF-based assay, 4 compounds were observed to have certain inhibition activity
towards SARS-CoV-2. The reported inhibitors are non-nucleosides, and have certain
cellular inhibition against SARS-CoV-2. Combinational treatment of the inhibitors with
remdesivir also showed improvement in ECso values of remdesivir. However,
selectivities against human methyltransferase for the obtained inhibitors are not
reported?®®. Jaudzems and co-workers also conducted high-throughput virtual screening
against both nspl4 and nspl6, yielding 6 potential inhibitors (Figure 8b). Both
nucleosides and non-nucleosides are included among the inhibitors identified.
Nucleosides display better inhibitory activity against nspl4 in this work, with
ZINC3861767 exhibiting the best inhibition (nsp14 MTase ICso = 1.5 uM, SI = 1.9)?%,
Vedadi and coworkers also identified two nsp14 inhibitors: DS0464 and SS148%%.
SS148 is highly potent towards nspl14, with ICsp = 0.07 uM, but SS148 also exhibits a
strong inhibition against other human MTases. While DS0464 presents an inhibition
activity with 1Cso = 1.1 pM, selectivity towards other MTases is better than SS1482%,
Another virtual screening conducted over 680 million molecules identified three
potential nspl4 inhibitors (Figure 8d): ZINC475239213 (ICso = 20 uM),
ZINC730084824 (1Cso = 50 uM), ZINC61142882 (ICs0 = 6 pM)?*'.
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Figure 8 Nsp14 inhibitors identified through high throughput virtual screening

Except from virtual screening, rational design is also a promising method towards
effective nsp14 inhibitors. SAH is a by-product of methyl transfer yielded by SAM, and
was reported to have inhibitory effect towards SARS-CoV-2 nsp142%4. Along with SAH,
an SAH analogue sinefungin was also reported to be an inhibitor of nsp14 (Figure 9a).
Nencka and co-workers reported a series of nsp14 inhibitors based on rational design
from SAH?%®, By analyzing the cavity of SARS-CoV nsp14, the researchers discovered
a large hydrophobic cavity enclosed by Val287, Phe367, Val389, Pro429, Arg289 and
Phe367 close to the 7-position of guanine group. To better fit in this cavity, the
researchers introduced a large aromatic group to fit in this cavity towards design and
synthesis for a series of nspl4 inhibitors. Among the synthesized nucleosides,
Compound 16 (Figure 9b) presents the best inhibitory activity (ICso = 3 nM). However,
compound 16 also significantly inhibits a series of human methyltransferase at 10 uM
concentration (DNMT3A/3L ICso = 11 nM, DNMT3B/3L I1Cs0 = 29 nM, PRMT4 ICx0
=40 nM, PRMT6 ICso = 75 nM)?%, Jaudzems group also reported an example of SAH
analogues as nspl4 inhibitors. Comparison along the structures of SARS-CoV

Nspl4—SAM complex, SARS-CoV-2 Nspl6—SAM complex, human glycine N-
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MTase—SAM complex, and human RNA guanine-N7-MTase—SAH complex was
conducted. Through the comparison the researchers discovered that although the
adenine-binding pocket is constrained narrowly in all structures, the amino acid binding
sites for the amino acid side chain are much wider in SARS-CoV and SARS-CoV-2
MTases than in human MTases and are proposed to accommodate more sterically
hindered side chains. The researchers synthesized a series of nucleosides with aromatic
side chains, and along the inhibitors synthesized, Compound 2a (Figure 9c) presented
the best inhibitory ability (SARS-CoV-2 nspl4 I1Csg = 8.0 nM, SARS-CoV-2 nspl6
ICs0 = 4.0 nM, human GNMT ICso = 8.6 nM)?®°, Although compound 2a is highly
potent against SARS-CoV-2 nspl4 and nspl6, selectivity towards human MTases is
not ideal. Debart and his co-workers also reported potent inhibitors against SARS-CoV-
2 nspl4. Their group previously reported a series of dinucleoside molecules linked by

300 “\which act as

sulfonamides that are effective as SARS-CoV-2 nspl4 inhibitors
bisubstrate inhibitors with occupation at both SAM binding pocket and RNA binding
pocket observed. However, none of the nucleosides exhibited molecular inhibition
presumably due to a large molecular size, and the researchers thus went on to explore
mononucleosides to obtain inhibitors reduced in size. The authors kept their bisubstrate
strategy, introducing a phenyl ring as side chain, which was connected to adenosine by
a sulfonamide linker. A series of nucleotides were designed and synthesized, and
among all the molecules synthesized compound 25 (Figure 9d) displayed the best
inhibition reactivity against SARS-CoV-2 nspl4 (SARS-CoV-2 nspl4 ICso = 0.019
uM). Compound 25 also exhibited a high selectivity towards human MTases,
with >2000 fold selectivity towards ARNMT (hRNMT ICso = 53 pM)%%. Unfortunately,
the reported inhibitors displayed no cellular inhibition. CHEN group also reported
potent nspl4 bisubstrate inhibitors. Instead of phenyl group, the author introduced
larger aromatic group such as naphthalene and quinoline to fill the RNA binding pocket.
The aromatic side chain is linked to the adenosine via sulfonamide. Among all the
inhibitors explored, compound 3 (Figure 9e) (SARS-CoV-2 nsp14 ICso = 0.061 uM).
To further prevent degradation, the authors replaced the C—N bond with a C-C bond,
and no big changes in the inhibitory activity was caused by this change. Unexpectedly,
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compound 10 (Figure 9e) with pyrrolo[2,1-f][1,2,4]-triazin-4-amine ring (GS-441524,
the nucleobase of remdesivir) instead of adenosine displayed ideal cellular inhibitory
activity (ECso = 0.72 uM) while having comparable inhibitory reactivity for nspl4
(SARS-CoV-2 nsp14 ICso = 0.093 uM)3*2, Compound 3 displayed ideal selectivity over
a panel of human MTases, while the selectivity of compound 10 over human MTases

were not reported.
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Figure 9 SAH, sinefungin and nsp14 inhibitors identified through rational design

To tackle with continuous mutation of SARS-CoV-2, we wish to further explore the
potential of nsp14 as anti-SARS-CoV-2 target. We designed and synthesized a series of
different SAM analogues.

4.2 Design and Synthesis of Nsp14 Inhibitors
4.2.1 Design of SARS-CoV-2 Nsp14 Inhibitors

Based on the structure of SAH, we examined factors related to the selectivity and
pharmacokinetics properties. As reported by Jaudzems et. al., the hydrophobic surface
enclosed by the nspl4 residues Phe401, Tyr420, Phe426, and Phe506 would better
contain an aromatic side chain than human MTases*”, and we thus choose to adopt a
similar aromatic side chain for better selectivity. To improve the cellular intake of
designed molecules, we introduced substitution on the exposed amino group, and used
ester/amide group to mimic the carboxylic group in Jaudzems’s work with better

pharmacokinetic properties.
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Figure 10 Design of SAH-based nsp14 inhibitors

Nencka et. al. reported that introducing hydrophobic motifs at nucleobase 7-position
would fit into a hydrophobic cavity nearby, enclosed by several hydrophobic residues
(Val287, Phe367, Val389, Pro429) and Arg2892°%. We thus use a similar strategy where
the nucleobase 7-N atom can be substituted with C atom, and then alkynes/aromatic

groups can be introduced. The above-mentioned designs are enclosed in Figure 10.
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4.2.2 Synthesis of SARS-CoV-2 Nsp14 Inhibitors

Based on the brief design in Figure 10, we synthesized a series of different potential

SARS-CoV-2 nspl4 inhibitors with previously described structures, as enclosed in

Figure 11.
o /N HN— E o /N HN—Et o _N HN—/—
o VD : o 7D o VD
N N ' N N N N
Ho s ! HO s/\O’ HO s/\Q*
aoaatmAEe saaenl &
HG OH : HG OH HO OH
.................... AN AR a3
| ! Ph
o /N HN Bn: o /N NHZE o y NH,
o) \ . 0. \ '
A SRRt TINELE S R daa
o T =T O
HO OH : HO OH 2 5 o
4-4 : 4-5 46
........................................... e
o N NHz . o N NHi o N NH
o N o N o) A
MeO s/m"“ /_/N ! MeO s/\g"‘ /N N s/\Q’N /_/N
A = ) DA
2 | = F 5
HG  OH : HO OH HO OH
B . (S S .. SO 4 ]
g Br o
8 N NHa - y NH, o) =N 2
: D
Bn\N s O _N— \N ' MeO S O _N— \N SN S/\G‘N 4 N
H N= ! N/ J N=/
HG OH : HO OH HG OH
4-10 i 4-11 4-12
5 N NH N NH o N NH
3 0. N\
Phy, NN :/ﬁN s N— N /@\N SN /A Y
H N=/ i H \_/ N=/ 34 N="
HG OH : HO OH HO OH
413 : 4-14 415
i fi -
8 / NH, ! @ NH, (0] _N 2
o\, i O N D N s ~NOSAN— N
HO S/\Q, —/N EMeO S/\Q‘ N=/N H \_/ N=/
2 : o HO OH
HO OH : HO OH 418
.................... T S = ¢ A A
O __N | 0. 7\ o) 7
MeO S N N N MeO S Y N
acRR'® Capanesab N
HO  OH : HG OH HG OH
4-19 : 4-20 421

For compounds 4-1 ~ 4-4, 4-7 ~ 4-10, 4-12 ~ 4-15 and 4-18, our synthesis started
with readily accessible nucleoside 4-22 (Scheme 21). Corresponding amines was
attached to 1, and then protected to yield 14-19. 14-19 then went through condensation
with thiolacetic acid, and the acetyl group was then replaced with methyl 3-

(bromomethyl)benzoate, giving compounds 4-44 ~ 4-50 Compound 4-7 was obtained
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through deprotection of compound 4-50 (R' = R? = H). The ethyl ester groups of 4-44
~ 4-50 were hydrolyzed to generate 4-51 ~ 4-57. Removing protection group of
compounds 4-44 ~ 4-50 led to compounds 4-1 ~ 4-5 and 4-8. Compound 4-57 (R! =R
= H) was then linked with a series of amines, affording compounds 4-58 ~ 4-64. 4-58

~ 4-64 was then deprotected to give compounds 4-9, 4-10, 4-12 ~ 4-15 and 4-18.

Scheme 21 Synthetic route for 4-1 ~ 4-4, 4-7 ~ 4-10, 4-12 ~ 4-15 and 4-18¢
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“Reagents and conditions: (a) for 3 (R? = Me), 4 (R? = Et): R2NHz in H20, 100°C, 91% to 95%; for 5 (R? = Bn), 6
(R? = 2-propynyl): R?NHa, Et3N, EtOH, reflux, 82% to 91%. (b) conc. H2SO4, 2,2-dimethoxypropane, 45°C, 77%
to 89%. (c) AcSH, PPhs, DIAD, THF, 83% to 92%. (d) methyl 3-(bromomethyl)benzoate, MeONa, MeOH, 0°C to
r.t., 79% to 86%. (¢) HCOOH / H20, r.t., 82%. (f) LiOH, THF / H20. (g) corresponding amine, EDCI, HOBT, Et3N,
DCM, 0°C to r.t., 82% to 89% (2 steps).

Synthesis of compounds 4-6, 4-11, 4-16, 4-17, and 4-19 ~ 4-21 started with protected
ribose 4-65, which is commercially available. The ribose was then joined with 3-bromo-
1 H-indole, deprotected and protected again to give compound 4-67. The hydroxy group
was then replaced with thioacetic acid to give thioacetate 4-68, which was transformed
into 4-69 through an ester exchange-nucleophilic substitution process. Deprotection of
4-69 gives compound 4-11. 4-69 can be coupled with various boronic acids or alkyne,
then through hydrolysis and deprotection we obtained compounds 4-6, 4-16, 4-17, and
4-19 ~ 4-21 (Scheme 22).
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Scheme 22 Synthetic route for 4-6, 4-11, 4-16, 4-17, and 4-19 ~ 4-21¢
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“Reagents and conditions: (a) 3-bromo-1H-indole, N,O-bis(trimethylsilyl)acetamide, TMSOT{, MeCN, r.t. to 80°C.
(b) NH3 in H20, 130°C. (c) conc. H2SO4, 2,2-dimethoxypropane, 45°C, 60% (3 steps). (d) AcSH, PPhs, DIAD, THF,
87%. (e) methyl 3-(bromomethyl)benzoate, MeONa, MeOH, 0°C to r.t., 77%. (f) for 42-44: RB(OH)2, Pd(PPhs)4,
K2CO:s, dioxane, 105°C, 66-74%; for 45 (R = alkynyl): 1) Trimethylsilylacetylene, Pd(PPhs)s, Cul, EtsN, THF, 50°C;
2) TBAF, THEF, r.t., 21% after 2 steps. (g) HCOOH / H20, r.t., 70% to 88%. (h) LiOH, THF / H20.

Detailed synthetic procedures can be found in Chapter 4.4.2. Chemistry.

4.2.3 Assessment of Inhibition Ability of Synthesized Compounds on SARS-CoV-

2 Nspl4

Compounds 4-1 ~ 4-21 was tested for their inhibitory activity against SARS-CoV-2
nspl4 protein. We first screened the inhibition activity of synthesized compounds at
fixed concentrations (10 pM and 50 upuM). We adopted a MTase-Glo™
methyltransferase assay as testing assay (Figure 10). The assay adopts GpppA to mimic
RNA substrate, and SAM is adopted as the methyl source, generating SAH by-product.
The testing assay transfers the SAH by-product generated to ATP, and light energy is
released when ATP is transferred to ADP. The light energy generated is measured and

quantified, and with reference of background and 100% active enzyme group we can

calculated inhibition percentage. For each experimental trial, wells were performed in
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duplicate.

ARS-CoV-2 14
GpppA SARS:CY 1sp N7-Me GpppA

MTase-Glo™

MTase-Glo ™ Reagent Detection Solution
SAM SAH >

Figure 12 Working principle of MTase-Glo™ Methyltransferase Assay

Among the synthesized inhibitors, compounds 4-1 ~ 4-5 and 4-7, 4-8 with
modifications on adenine group displayed undesirable inhibitory efficacy and negative
shift in melting temperature, demonstrating the necessity of adenine group in retaining
the inhibition ability and binding ability. Compounds 4-6, 4-20 with 7-phenyl
substitution, 4-11 with 7-bromo substitution and 4-16, 4-17 with alkynyl group
displayed fair inhibition reactivity, while compounds 4-19 ~ 4-21 bearing large
aromatic motifs at nucleobase 7-position showed nearly no inhibition towards nsp14,
and negative shifts in melting point are also observed. These results indicate that the
massive 7-aromatic substituent is difficult to fit in the hydrophobic cavity near
nucleobase 7-position, resulting in failure in their binding with nsp14. Compound 4-9
and 4-12 bearing secondary amide group on phenyl side chain displayed unideal
inhibitory, presumably due to the steric hindrance of nitrogen atom. Compound 4-7, 4-
10, 4-13, 4-14 and 4-15 displayed good inhibitory efficacy against SARS-CoV-2 nsp14,
with 100% inhibition at 50 uM and >70% inhibition at 10 uM. Compound 4-18 also
displayed satisfactory inhibitory efficacy, with 97% inhibition at 50 pM and 89%
inhibition at 10 uM. Pair 4-6, 4-20 and 4-16, 4-17 displayed parallel inhibition activity,
displaying feasibility of substituting carboxylic group with ester motif, which may

improve the pharmacokinetic properties of inhibitors.
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Table 13 Evaluation of Synthesized Potent Inhibitors

Entry  Compound Inhibition at 50 uM / % Inhibition at 10 uM / % ATy, at 50 uM / °C

1 4-1 70 55 /e
2 4-2 60 55 /2
3 4-3 54 39 o
4 4-4 40 31 o
5 4-5 27 14 o
6 4-6 84 37 5.8
7 4-7 100 92 44
8 4-8 48 26 o
9 4-9 58 65 o
10 4-10 31 71 3.6
11 4-11 53 36 o
12 4-12 34 19 o
13 4-13 100 86 3.5
14 4-14 100 96 3.8
15 4-15 74 87 3.9
16 4-16 50 30 ja
17 4-17 32 37 ja
18 4-18 97 89 3.8
19 4-19 51 38 o
20 4-20 80 49 o
21 4-21 39 27 o

“Negative results obtained.

Based on the above-mentioned results at fixed concentration, we selected compound
4-7, 4-13, 4-14, 4-18 and 4-21 for dose-response test. ICso value for the tested
compounds fall in an ideal range between 1 and 4 pM. To our disappointment,
sinefungin displayed an ICso value of 0.273 uM in our testing assay, indicating that
none of the synthesized inhibitors displayed reactivity better than sinefungin. Among
the inhibitors analyzed, compound 4-7 with an ester motif and 4-14 with a aliphatic
amide motif on phenyl m-position displayed the best inhibitory activity (ICso = 1.84

uM and 1.81 puM, respectively).
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Figure 13 ICso graphs of sinefungin and compounds 4-7, 4-13, 4-14, 4-18 and 4-21

Based on the results of previous biological experiments, we conclude a brief
structure-activity relationship (SAR). Firstly, breaking the adenosine nucleobase
largely reduces the inhibition reactivity. In our structure, introducing hydrophobic
groups at 7-position did not show obvious increase to inhibitory efficacy of synthesized
structures, and massive aromatic substitution at 7-position would lead to decreased
inhibition activity. Substituting the carboxyl group with ester structure did not
significantly change the inhibition activity, and with amide motifs we obtained ideal

inhibition activity.
4.3 Conclusion

In this work, we synthesized a series of SAH-based SARS-CoV-2 nspl4 inhibitors,
and examined their inhibition ability against SARS-CoV-2 nspl4. Among the
synthesized inhibitors, 4-7 and 4-14 displayed the best inhibitory activity, with ICso =
1.84 uM and 1.81 uM respectively. A brief structure-activity relationship (SAR) was
concluded. Future exploration of nsp14 inhibitors can be focused on the selectivity of
inhibitors, on examining the selectivity against human methyltransferases, and on
structures with improved selectivity against human methyltransferases. While keeping

the amide/ester advantageous structure, we can seek for enlarged side chain substitution
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or suitable 7-substitution to better fit in cavities specially owned by SARS-CoV-2 nsp14.

4.4 Experimental Section

4.4.1 General Information

All the solvents and reagents were obtained from commercial sources and used
without purification unless stated otherwise. All glassware was dried overnight at
105 °C prior to use. Thin layer chromatography (TLC) was performed on silica gel
plates. Visualization on TLC was performed by UV light (254 nm) irradiation. Flash
column chromatography was performed on a silica gel (200-300 mesh) column. 'H and
3C NMR spectra were recorded on a Briiker DPX-400 MHz spectrometer. The
chemical shift (d) values are given in ppm and are referenced to residual solvent peaks.
Coupling constants (J) were reported in hertz (Hz). Mass spectra and high-resolution
mass spectra (HRMS) were obtained on a VG MICROMASS Fison VG platform, a
Finnigan Model Mat 95 ST instrument, or a Briikker APEX 47e¢ FT-ICR mass

spectrometer.

4.4.2 Chemistry

Synthesis of compounds 4-1 ~ 4-21

N F N HN-R?
g R2NH, in H,0 -
2in Hy
HO 0 N / \N -_ o N / \N
=/ HO =/

— N 130°C, overnight \/ N

N sz Z CR2 =
HO OH HG  BH 4-23:R? = Me

4-22 4-23, 4-24 4-24: R? = Et

To 4g 4-22 in autoclaves were added 50mL R?NH, in H,O (commercially available)
correspondingly. Magnetic stir bars were charged to the autoclaves, then sealed and
heated at 100°C overnight. Following this the autoclaves were cooled to room
temperature, and the precipitated products were filtered and washed with water. The
filter residues were collected and dried with vacuum drying oven overnight. 4-23 and

4-24 were obtained in 95% yield and 91% yield, correspondingly, as white solid.
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N S ) N HN-R?
~ 95— R2NH,, Et;N 2
HO 0 N / N . > HO 0o N / \N
N=" EtOH, reflux, overnight N="
HG OH HG  DH 4-25:R?=Bn
4-22 4-25, 4-26 4-26: R? = 2-propynyl

To 4g 4-22 in 250 mL round-bottom flasks were added corresponding amines (1.5
equiv.), EN (4.9 mL, 2.5 equiv.) and 50 mL EtOH. Magnetic stir bars were charged to
the flasks. The reaction mixtures were heated at reflux overnight, then cooled to room
temperature, and the reaction progress was monitored by TLC. The product was filtered
from the reaction mixture and washed with dichloromethane (50 mL x 3). 4-25 was

obtained as white solid with 82% yield, and 4-26 was obtained as white solid in 91%

yield.
" HN-R? 4.30:R'=H, R?= Me
(/N HN-R /OXO\ \2—‘< 4-31:R'=H, R?= Et
o o N\Z/—\<N sconc. HpSO, /\ﬁf 4-32:R'=H,R2=Bn
.pl = 2 _
/\Q’ N=< Acetone, 45°C, 30 min 4-33: R1 =H, R2 = 2-propynyl
P’ R 434:R'=F R2=H
OH
HO 7< 4-35:R" = NH,, R2 = H
4-23 ~ 4-29 4-30 ~ 4-36 4-36:R'=H,R?=H

To 2g 4-23 ~ 4-29 in 100 mL round bottom flasks was added 2,2-dimethoxypropane
(4.0 equiv.) and 20 mL acetone. Magnetic stir bars were charged to the flasks. The
reaction mixtures were then heated to 45°C, and concentrated sulfuric acid (1.3 equiv.)
was added to the reaction mixtures dropwise. After TLC indicated full conversion of
the starting material, the reaction mixtures were cooled to room temperature, and their
pH was adjusted to ~5 with saturated NaHCO3 aqueous solution. Acetone was then
removed with rotatory evaporator, and the aqueous solutions were then extracted with
dichloromethane (50 mL x 3). The organic layers were then combined correspondingly,
dried over NaSO4, and 4-30 ~ 4-36 were obtained through flash column
chromatography (DCM:MeOH = 40:1 to 20:1) in 77% to 89% yields.
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HN—R? _N HN-R? 4.37:R'=H,R2=H

~
4-38:R'=H, R?= Me
/\Q; \Z/—\< AcSH, DIAD, PPh; )I\ /\Q»N /
N=( N=

4-39:R'=H, R?=Et
Rr1  THF, 0°C, overnight

)\/

4-40:R'=H, R2=Bn
4-41: R = H, R? = 2-propynyl
>< >< 442:R'=F R?=H

4-30 ~ 4-36 4-37 ~ 4-43 4-43:R'=NH,, R2=H

To PPh3 (2.0 equiv.) in seven parallel 100 mL round-bottom flasks were charged 20
mL THF and magnetic stir bars. The reaction mixtures were cooled to 0°C, and DIAD
(2.0 equiv.) was added to the mixtures dropwise. Thick suspensions formed, and were
stirred for 30 minutes. 2g 4-30 ~ 4-36 were added to the suspensions accordingly, and
the mixtures were stirred for another 10 minutes at 0°C. Thioacetic acid (2.0 equiv.)
was added dropwise to the reaction mixtures, and the flasks were slowly warmed to
room temperature. The reaction mixtures were stirred overnight and monitored with
TLC. Upon completion of the reactions, THF was removed by rotatory evaporator, and
the crude mixtures were purified by flash column chromatography (PE:EA=2:1to 1:1).
4-37 ~ 4-43 were obtained in 83% to 92% yields.

,UJ\

R1 MeONa, MeOH, 0°C, 1 h 4-47:R'=H,R?=Bn
x 4-48: R" = H, R? = 2-propynyl
4-49:R'=F, R?=H
4-37 ~ 4-43 4-44 ~ 4-50 4-50: R = NHp, R2=H

2 HN-R? 12 2_
o HN—-R2Me0OC B 0O N 4-44:R'=H,R? = H
P N\Z_< 4-45:R'=H,R?= Me
S/\<_)’ N=( /\Q’ 4-46:R'= H,R?= Et

To 2g 4-37 ~ 4-43 in 100 mL round-bottom flasks under N> protection were charged
with magnetic stir bars, methyl 3-(bromomethyl)benzoate (1.2 equiv.) and 20 mL dry
MeOH. The flasks were cooled to 0°C, and to the reaction mixtures were added 5SM
MeONa in MeOH (3.0 equiv.) dropwise. The reaction solutions were stirred at 0°C for
1 h, and TLC was adopted to monitor the reactions. Upon completion of the reaction,
MeONa was quenched with saturated NH4Cl aqueous solution, and MeOH was
removed by rotatory evaporator. The aqueous phases were then extracted with
dichloromethane (50 mL x 3). The organic layers were combined correspondingly,
dried over NaxSOy4, and 4-44 ~ 4-50 were obtained in 79% to 86% yields by flash

column chromatography (PE:EA = 2:1 to 1:1).
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HN-R? HN-R®4.51: RT=H R2 = H
MeOOC AN ) HooC o 4-52:R'=H, R?= Me
\©/\/\<_7’ N_< LiOH \©/\/\<_7’ 4.53:R'=H, R2= Et
RT THF /H,0=2:1 4-54:R'=H, R2=Bn
>< rt, 24 h x 4-55: R" = H, R? = 2-propyny!

4-56:R'=F, R>=H
4-40 ~ 4-50 4-51 ~ 4-57 4-57:R'=NH,, R2=H

/

To 500 mg 4-40 ~ 4-50 in 50 mL round-bottom flasks were added LiOH (2.0 equiv.),
4 mL THF and 2 mL H>O. Magnetic stir bars were charged to the flasks, and the reaction
mixtures were stirred at room temperature for 24 h. Upon TLC indicated total
consumption of the substrate, THF was removed by rotatory evaporator, and the
aqueous phases were extracted with dichloromethane (10 mL x 3) to remove organic
impurities. The aqueous phases were kept, and their pH was adjusted to ~ 5 with 1M
HCI, then extracted with dichloromethane (20 mL x 3). The organic phases were
combined correspondingly, dried over Na>:SO4, and dichloromethane was removed by

rotatory evaporator. The crude mixtures were directly used for the next step.

HN—R?
N N HN-R?

HOOC o r\Z/—_\< L 2
s/\gN N HCOOH/H,0 =211 piooc ot
= ~Cr
ST > rt, 24 h \_/

O® LT

4-51 ~ 4-57 4-1~4-5

b

4-1: R'=H, R?= Me 4-4: R' = H, R? = 2-propyny!
4-2:R'=H,R2=FEt 4-5:R'=F R?=H
4-3:R'=H,R?>=Bn

To the crude mixtures of 4-51 ~ 4-57 obtained from the above step in 25 mL round-
bottom flasks were added 2 mL formic acid and 1 mL H>O. Magnetic stir bars were
charged to the flasks, and the reaction mixtures were stirred at room temperature for 24
h. Upon TLC indicated the completion of the reactions, solvents were removed by
rotatory evaporator, and the crude mixtures were purified by flash column
chromatography (DCM:MeOH = 30:1 to 10:1), or washed by hot MeOH, depending on
the solubility of the crude products in MeOH. 4-1 ~ 4-5 were obtained in 60% to 75%

yields (for the above 2 steps).
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N, HN-R?

= Pan _N NH,
Meooc\@ﬁs/\ézN N HCOOH/H,0=21  MeOOC s o) N\Z/—\<N
— —<R1 rt, 24 h \(>A -y N
SN HO  OH Ri
4-7(R'=H),4-8R'=F
s (R'=H), 48 (R =F)

To 200 mg 4-50 in a 25 mL round-bottom flask was added 2 mL formic acid and 1
mL H>O. Magnetic stir bars were charged to the flasks. The reaction mixture was stirred
at room temperature for 24 h. Upon TLC indicated the completion of the reaction,

solvents were removed by rotatory evaporator, and the crude mixture was purified by

flash column chromatography (DCM:MeOH = 20:1). 4-7 was obtained in 82% yield.

DCM, 0°C to r.t. overnight

N NHz o r/N NH,
HOOC s o ’\Y\Z/—_\<N corresponding amines R3 S/\G’N\Z/—_&N
\(jA /\Q’ - EDCI, HOBT, EtN \_/ ="
o K

4-51 4-58 ~ 4-64
4-58 4-59 4-60 4-61 4-62 4-63 4-64
/ \ \ NN '1{
3 o N N PhNH Apne N NH
R + BnNH-$ + + EN N i

To 200 mg 4-51 (crude product) in 25 mL round-bottom flasks were added magnetic
stir bars, EDCI (120 mg, 1.5 equiv.) and HOBT (90 mg, 1.5 equiv.). 2 mL
dichloromethane were added to the solid mixtures, and the suspensions were stirred at
0°C. To the reaction mixtures were added EtsN (0.18 mL, 3.0 equiv.) dropwise, and
then corresponding amines (1.5 equiv.) in 1 mL dichloromethane was added to the
solutions dropwise. The reaction solutions were then moved to room temperature, and
stirred overnight. Upon TLC indicated the completion of the reactions,
dichloromethane were removed by rotatory evaporator, and the crude mixtures were
purified by flash column chromatography (PE:EA = 2:1 to 1:1). 4-58 ~ 4-64 were
obtained in 82% to 89% yields for 2 steps.
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o} - N
\Z/—_\< (0] =
/\Q» _) HCOOH / H,0 = 2:1 , o_n— \
N= > R S/\i_j, _
rt, 24 h \__/ N=

x HO OH

4-58 ~ 4-64 4-9,4-10, 4-12 ~ 4-15, 4-19
4-9 4-10 4-12 4-13 4-14 4-15 4-19
/ N\ \ NN
3 1o N BnNH N PhNH Apne N NH
R \__/ ‘é‘ n ‘é‘ i '3' _é' GH H P

To 200 mg 4-58 ~ 4-64 in 25 mL round-bottom flasks were added 2 mL formic acid
and 1 mL H>O. Magnetic stir bars were charged to the flasks, and the reaction mixtures
were stirred at room temperature for 24 h. Upon TLC indicated the completion of the
reactions, solvents were removed by rotatory evaporator, and the crude mixtures was
purified by flash column chromatography (DCM:MeOH = 30:1 to 10:1). 4-9,4-10, 4-
12 ~ 4-15 and 4-19 were obtained in 69% to 87% yields.

Br

NH, A NH,
BSA, TMSOTY
+ BzO OuaN—¢
/l MeCN, rt. to 80°C z /\Q’ _/
B2O OBz N — N
4-65 482 B20 OBz
4-83

To 20 g 4-65 in a 500 mL three-necked round-bottom flask was added 200 mL
acetonitrile. A magnetic stir bar was charged to the flask, and the flask was protected
by N2. BSA (26 mL, 1.2 equiv.) was then added to the suspension, and the mixture was
stirred at room temperature for 10 minutes. 4-82 (66g, 1.5 equiv.) in 100 mL acetonitrile
was added dropwise to the reaction mixture, followed by TMSOTT (26 mL, 1.6 equiv.),
also in a dropwise manner. The reaction mixture was heated at 80°C for 1 h. Upon TLC
indicated the completion of the reaction, the flask was cooled to room temperature, and
water was added to the reaction mixture. The precipitated white solid was filtered,
washed with H>O, collected and then dried with vacuum drying oven overnight. 4-83

was obtained as white solid with 82% yield.
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Br Br
A NH, A NH,
NHz in H,O
B20 O N— \N 04> HO O N— \N
N=" 130°C, 24 h N="
Bzé E)BZ H(j E)H
4-83 4-66

40 g 4-83, a magnetic stir bar and 370 mL NH3 in H>O (100 equiv.) were added to an
autoclave. The autoclave was then fine sealed, heated to 130°C for 24 h, and then cooled
to room temperature. The reaction solution was then transformed to a 1 L eggplant
shaped flask, and water was removed by rotatory evaporator. A black to purple crude
solid was obtained, and the solid was washed with dichloromethane (200 mL x 3). The

crude product obtained was directly used for the next step.

Br NH

NH, OO = 2

o = < 7< . conc. HpSO, Ho O N— \

N— > _)
Ho/\Q’ N=" Acetone, 45°C, 30 min — N

N o. 0O
HO OH x
4-66 267

To the above-obtained crude product in a 500 mL round bottom flask was added a
magnetic stir bar, 2,2-dimethoxypropane (28.5 mL, 4.0 equiv.) and 200 mL acetone.
The reaction mixture was then heated to 45°C, and concentrated sulfuric acid (4 mL,
1.3 equiv.) was added dropwise. After TLC indicated full conversion of the starting
material, the reaction mixture was cooled to room temperature and its pH was adjusted
to ~5 with saturated NaHCO3 aqueous solution. Acetone was removed with rotatory
evaporator, and the aqueous solution was then extracted with dichloromethane (200 mL
x 3). The organic layers were then combined, dried over Na;SO4, and 4-67 was obtained

through flash column chromatography (DCM:MeOH = 20:1) in 82% yield.
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Br Br
A NH, o A NH
N AcSH, DIAD, PPh N
\_/ N= THF, 0°C, overnight \_/ N="
s i
4-67 4-68

To PPh;3 (20 g, 2.0 equiv.) in a 500 mL round-bottom flask was charged 150 mL THF
and a magnetic stir bar. The suspension was cooled to 0°C, and DIAD (13.8 mL, 2.0
equiv.) was added to it dropwise. A thick suspension was formed, and the suspension
was stirred for 30 minutes. 15g 4-67 was then added to the suspension, and the mixture
was stirred for another 10 minutes at 0°C. Following this, thioacetic acid (5.4 mL, 2.0
equiv.) was added dropwise to the reaction mixture. The flask was slowly warmed to
room temperature and the reaction solution was stirred overnight. Upon TLC indicated
the completion of the reaction, THF was removed by rotatory evaporator, and the crude
mixture was purified by flash column chromatography (PE:EA = 2:1). 4-68 was
obtained in 87% yield.

Br

Br
o 2N M meooc 2\ N
)I\S/\@,N 7 N\ \©/\Br MeOOC NP ,Q/_\<N
N=/ - \(jA /\O’ N=/
dxb
-6

dxb MeONa, MeOH, 0°C, 1 h

4-68 4-69

To 15g 4-68 in a 500 mL round-bottom flask under N> protection was charged with
a magnetic stir bar, methyl 3-(bromomethyl)benzoate (8.5 g, 1.2 equiv.) and 150 mL
dry MeOH. The reaction mixture was cooled to 0°C, and to the reaction mixture was
added 5SM MeONa in MeOH (20 mL, 3.0 equiv.) dropwise. The reaction mixture was
stirred at 0°C for 1 h, and TLC was adopted to monitor the reaction. Upon completion
of the reaction, MeONa was quenched with saturated NH4Cl aqueous solution, and
MeOH was removed by rotatory evaporator. The aqueous phase was then extracted with
dichloromethane (200 mL x 3), and the organic layers were combined, dried over
NazS04. 4-69 was obtained in 77% yield by flash column chromatography (PE:EA =
2:1).
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Br

NH, Br
= > NH,
MeOOC 0) \ HCOOH / H,0 = 2:1

S/\Q,N /=/N 2 > MeOOC < o Nt \N

\/ N rt, 24 h \EjA /\Q’ =/

o_ 0 sz

X HO OH

4-69 4-11

To 200 mg 4-69 and a magnetic stir bar in a 25 mL round-bottom flask were added 2
mL formic acid and 1 mL H>O. The reaction mixture was stirred at room temperature
for 24 h. Upon TLC indicated the completion of the reaction, solvents were removed
by rotatory evaporator, and the crude mixture was purified by flash column

chromatography (DCM:MeOH = 20:1 to 10:1). 4-11 was obtained in 70% yield.

Br R
y NH, / NH,
MeOOC S o N~ N\ MeOOC S/\@,N 7 N\
N=/  R(BOH),, Pd(PPh3)3,K,CO3 \/ N="
cfxb Dioxane, 105°C, 24 h dxb
4-69 4-70 ~ 4-72
4-70 471 472

To 400 mg 4-69 each in three parallel 50 mL Schlenk tubes charged with magnetic

stir bars was added Pd(PPh3)s (80.1 mg, 10 mol%), corresponding boronic acids (1.5
equiv.) and K>COs3 (304 mg, 3 equiv.). The Schlenk tubes were then protected with N»,
and 5 mL dry and degassed dioxane was added to each of the solid mixtures. The
reaction mixtures were heated to 105°C for 24 h, and TLC was adopted to monitor the
reaction process. Upon complete consumption of the starting material, the reaction
mixtures were cooled to room temperature, and dioxane was removed by rotatory
evaporator. 4-70 ~ 4-72 was obtained by flash column chromatography (PE:EA = 2:1),
with 66% to 74% yields.
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NH, R
= NH,
MeOOC 0) \ HCOOH / H,0 = 2:1
e S/\Q,N /=/N 2 = MeOOC N / \N
5.0

HO OH
4-70 ~ 4-72 4-19 ~ 4-21

4-19 4-20 4-21

To 200 mg 4-70 ~ 4-72 and magnetic stir bars in three 25 mL round-bottom flasks

were added 2 mL formic acid and 1 mL H>O. The reaction mixtures were stirred at room
temperature for 24 h. Upon TLC indicated the completion of the reactions, solvents
were removed by rotatory evaporator, and the crude mixtures were purified by flash
column chromatography (DCM:MeOH = 30:1 to 20:1). 4-19 ~ 4-21 were obtained in
82% to 88% yields.

COOMe ~ )\ Si cooMe
Br JE—.
NH, _j:< COOMe / / NH,
/ N NH O N/ N
PA(PPhgCul ELN
C TBAF S _N

THF, 60°C 2h __/ THF, rt, 1h

4-69 4-71
4-84

To 1 g 4-69 in a 100 mL Schlenk tube charged with a magnetic stir bar was added
Pd(PPh3)s (231.2 mg, 10 mol%) and Cul (114.2 mg, 30 mol%). The Schlenk tube was
then protected with N2, and 10 mL dry and degassed THF was added to the solid mixture.
Ethynyltriisopropylsilane (1.2 mL, 3.0 equiv.) and EtsN (0.82 mL, 3 equiv.) were then
added to the suspension. The reaction mixture was heated to 60°C for 2 h, and TLC was
adopted to monitor the reaction process. The reaction mixture was cooled to room
temperature, and THF was removed by rotatory evaporator. The crude mixture was
filtered through a short silica gel column and washed with DCM. The filtrate was
concentrated and then dissolved again in 10 mL THF. 1M TBAF (2.25 mL, 1.5 equiv.)
was then added to the solution dropwise. 4-71 was obtained by flash column

chromatography (PE:EA = 2:1 to 1:1) with 21% yield for 2 steps, and 4-69 was
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recovered.

I Il

NH,

=
MeOOC o_N_g
3/\<_7’ =/ HCOOH /H,0 = 2:1 MeOOC NN N
e > N=/
6_o :

rt., 24 h

>< HOS oH

4-71 417

To 100 mg 4-71 and a magnetic stir bar in a 10 mL round-bottom flask were added 1
mL formic acid and 0.5 mL H>O. The reaction mixture was stirred at room temperature
for 24 h. Upon TLC indicated the completion of the reaction, solvents were removed
by rotatory evaporator, and the crude mixture was purified by flash column

chromatography (DCM:MeOH = 30:1 to 20:1). 4-17 was obtained in 83% yield.

I I

> NH, —
LiOH

Me0OC ON—/ Y\ —HOH  , Hooc /\G’N ! N
S N S
\(>A /\Q’ N=/  THF/H,0=2:1 \(>A \_/ N=/
o_o rt, 24 h éxb

4-71 4-77

To 200 mg 4-71 in a 25 mL round-bottom flask were added LiOH (20 mg, 2.0 equiv.),
2 mL THF and 1 mL H>O. A magnetic stir bar was charged to the flask. The reaction
mixture was stirred at room temperature for 24 h. Upon TLC indicated the completion
of the reaction, THF was removed by rotatory evaporator, and the aqueous phase was
extracted with dichloromethane (5 mL x 3) to remove organic impurities. The aqueous
phase was kept, and its pH was adjusted to ~ 5 with 1M HCI. Then the aqueous phase
was extracted with dichloromethane (10 mL x 3). The organic phase was combined,
dried over Na>SOs, and dichloromethane was removed by rotatory evaporator. The

crude mixture was directly used for the next step.
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Il I

NH,

=
HOOC O _N—d
@ASAQ’ =/ HCOOH/H,0=21_HOOC NN N
iz N=/
6_o 1

rt, 24 h

>< H(5: bH

4-77 4-16

To the crude mixture from the above step in a 10 mL round-bottom flask was charged
with a magnetic stir bar. 1 mL formic acid and 0.5 mL H,O was added to the flask. The
reaction mixture was stirred at room temperature for 24 h. Upon TLC indicated the
completion of the reaction, solvents were removed by rotatory evaporator, and the crude
mixture was purified by flash column chromatography (DCM:MeOH = 10:1). 4-16 was
obtained in 73% yield for 2 steps.

LiOH

Ph Ph
A NH A NH
MeOOC S o Q_\<N > HOOC S o ,Q/_\<N
\©/\/\<_T N=/ THF/H,0=2:1 \©/\/\<_7’ N=/
be éx'b

rt., 24 h

4-70 4-76

To 500 mg 4-70 in a 25 mL round-bottom flask was added LiOH (45 mg, 2.0 equiv.),
4 mL THF and 2 mL H>O. A magnetic stir bar was charged to the flask. The reaction
mixture was stirred at room temperature for 24 h. Upon TLC indicated the completion
of the reaction, THF was removed by rotatory evaporator, and the aqueous phase was
extracted with dichloromethane (10 mL x 3) to remove organic impurities. The aqueous
phase was kept, and its pH was adjusted to ~ 5 with 1M HCI. The aqueous phase was
then extracted with dichloromethane (25 mL x 3). The organic phases were combined,
dried over Na>SOs, and dichloromethane was removed by rotatory evaporator. The

crude mixture was directly used for the next step.
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Ph
NH, Ph

5 Q_& N
HOOC N
S N H (o) A\
\(>A /\Q’ N=/HCOOH /H,0=2:1 "0°C S/\Q’N 7 N

d: ;b —_— \/ N=/

1, 24h iz
X i HG OH
4-76 4-6

To the crude mixture from the above step in a 50 mL round-bottom flask was charged
with a magnetic stir bar. 4 mL formic acid and 2 mL H>O were added to the flask. The
reaction mixture was stirred at room temperature for 24 h. Upon TLC indicated the
completion of the reaction, solvents were removed by rotatory evaporator, and the crude
mixture was purified by flash column chromatography (DCM:MeOH = 10:1). 4-6 was
obtained in 76% yield for 2 steps.

Physical Characterization of Products
o oI N_ 3-((((25,38,4R,5R)-3 4-dihydroxy-5-(6-(methy-
\@SMH ﬂ lamino)-9H-purin-9-yl)tetrahydrofuran-2-yl)m-
ethyl)thio)methyl)benzoic acid (4-1): White solid. HPLC purity: 99.13%. 'H NMR
(600 MHz, DMSO-ds) 6 8.32 (s, 1H), 8.22 (s, 1H), 7.89 (s, 1H), 7.80 (d, J = 7.7 Hz,
1H), 7.75 (s, 1H), 7.46 (d, J=7.4 Hz, 1H), 7.39 (t, /= 7.6 Hz, 1H), 5.88 (d, J=5.5 Hz,
1H), 5.48 (d, J= 5.8 Hz, 1H), 5.30 (s, 1H), 4.73 (d, J=5.0 Hz, 1H), 4.16 (s, 1H), 4.01
(q,/=5.8 Hz, 1H), 3.82 (s, 2H), 2.95 (s, 3H), 2.84 (dd, J=13.8, 5.9 Hz, 1H), 2.71 (dd,
J=13.9, 6.9 Hz, 1H) ppm. *C NMR (101 MHz, DMSO-ds) § 167.74, 155.50, 153.17,
149.35, 140.16, 139.56, 133.73, 131.53, 130.12, 129.07, 128.30, 120.10, 88.04, 84.07,
73.00, 35.67, 33.83, 27.44 ppm.

N 3-(((((25,3S,4R,5R)-5-(6-(ethylamino)-9 H-pu-

o /T
oo O
\©ﬁs )
S N N
HO OH Y

methyl)thio)methyl)benzoic acid (4-2): White solid. HPLC purity: 94.05%. 'H NMR

rin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

(400 MHz, DMSO-ds) & 8.32 (s, 1H), 8.20 (s, 1H), 7.89 (s, 1H), 7.80 (d, J = 7.6 Hz,
2H), 7.47 (d, J= 7.7 Hz, 1H), 7.39 (t, /= 7.6 Hz, 1H), 5.89 (d,J=5.5 Hz, 1H), 5.48 (s,
1H), 5.31 (s, 1H), 4.74 (s, 1H), 4.17 (t, J = 4.4 Hz, 1H), 4.02 (q, J = 6.3 Hz, 1H), 3.51
(s, 2H), 2.85 (dd, J= 13.8, 5.9 Hz, 1H), 2.71 (dd, J=13.8, 6.9 Hz, 1H), 1.17 (t, J= 7.1
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Hz, 3H) ppm. °C NMR (101 MHz, DMSO-ds) § 167.67, 154.95, 153.13, 148.89,
140.15, 139.61, 133.77, 131.43, 130.15, 129.04, 128.28, 120.07, 88.10, 84.09, 73.06,
73.03, 35.69, 35.01, 33.87, 15.28 ppm. HRMS (ESI): calcd. for CzoH24NsOsS™
446.1498. found: 446.1507.

=N .
o0 . /\Cj’ N/'%\\(H P 3-(((((28,35,4R,5R)-5-(6-(benzylamino)-9 H-
\@ S on NN purin-9-yl)-3,4-dihydroxytetrahydrofuran-

HO

2-yl)methyl)thio)methyl)benzoic acid (4-3): White solid. HPLC purity: 96.99%. 'H
NMR (600 MHz, DMSO-ds) 6 8.37 (s, 1H), 8.20 (s, 1H), 7.83 (s, 1H), 7.71 (d, J= 7.0
Hz, 1H), 7.33 (d, J=7.5 Hz, 2H), 7.28 (t, J = 7.6 Hz, 2H), 7.21 (dt, J = 14.5, 7.8 Hz,
3H), 5.89 (d,J=5.6 Hz, 1H), 4.82 —4.59 (m, 3H), 4.16 (t,J=4.2 Hz, 1H), 4.04 - 3.97
(m, 1H), 3.77 (s, 2H), 2.84 (dd, J = 13.9, 6.0 Hz, 1H), 2.70 (dd, J = 13.9, 6.7 Hz, 1H)
ppm. *C NMR (151 MHz, DMSO-ds) & 167.79, 154.90, 153.08, 149.23, 140.48,
139.50, 133.58, 131.85, 130.13, 128.98, 128.68, 128.27, 127.57, 127.09, 120.08, 88.15,
84.13, 73.06, 73.03, 43.32, 35.70, 33.87, 21.55 ppm. HRMS (ESI): calcd. for
C25H26N505S™: 508.1655. found: 508.1666.

3-(((((28,35,4R,5R)-3,4-dihydroxy-5-(6-

/—:N H\///
0NN
o o N

tetrahydrofuran-2-yl)methyl)thio)methyl)benzoic acid (4-4): White solid. HPLC

(prop-2-yn-1-ylamino)-9H-purin-9-yl)-

purity: 97.02%. '"H NMR (600 MHz, DMSO-ds) § 8.38 (s, 1H), 8.27 (s, 1H), 8.20 (s,
1H), 7.89 (s, 1H), 7.80 (d, /= 7.7 Hz, 1H), 7.45 (d, J=7.6 Hz, 1H), 7.38 (t,J=7.6 Hz,
1H), 5.90 (d, J=5.5Hz, 1H), 5.50 (d, J=5.6 Hz, 1H), 5.31 (s, 1H), 4.74 (q,J= 5.0 Hz,
1H), 4.25 (s, 2H), 4.17 (s, 1H), 4.02 (t, J= 6.0 Hz, 1H), 3.82 (s, 2H), 3.03 (s, 1H), 2.85
(dd, J=13.8, 5.9 Hz, 1H), 2.71 (dd, J = 13.8, 6.9 Hz, 1H) ppm. '*C NMR (151 MHz,
DMSO-ds) 6 167.72, 154.31, 152.93, 149.62, 140.78, 139.55, 133.73, 131.49, 130.11,
129.06, 128.29, 120.23, 88.15, 84.15, 82.30, 73.02, 72.80, 35.68, 33.82, 29.55 ppm.
HRMS (ESI): caled. for C21H2Ns0sS*: 456.1342. found: 456.1350.
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=N . . .
oo . /\C)]’ N%NHz 3-(((((28,3S,4R,5R)-5-(2,6-diamino-9 H-purin-9-
\@ WS oH NYN yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl)-

NH,

thio)methyl)benzoic acid (4-5): Cream yellow
solid. HPLC purity: 89.71%. 'H NMR (400 MHz, DMSO-ds) § 7.90 (s, 2H), 7.80 (d, J
=17.7 Hz, 1H), 7.49 (d, J= 7.6 Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 6.70 (s, 2H), 5.80 (s,
2H), 5.72 (d, J = 5.8 Hz, 1H), 5.43 (d, /= 5.9 Hz, 1H), 5.20 (d, /= 5.1 Hz, 1H), 4.62
(q,/=4.0 Hz, 1H),4.07 (q,J=4.9 Hz, 1H), 3.95 (q, /= 6.2 Hz, 1H), 3.83 (s, 2H), 2.81
(dd, J=13.8, 5.9 Hz, 1H), 2.68 (dd, J = 13.7, 6.8 Hz, 1H) ppm. *C NMR (101 MHz,
DMSO0-ds) 8 167.70, 160.74, 156.59, 152.40, 139.63, 136.48, 133.81, 131.46, 130.16,
129.08, 128.27, 113.79, 87.07, 83.73, 73.09, 72.85, 35.66, 33.96 ppm. HRMS (ESI):
calcd. for C1gH21N¢OsS™: 433.1294. found: 433.1302.

_ 3-(((((2S,3S,4R,5R)-5-(4-amino-5-phenyl-7H-
HOOCﬁSﬁN%ENHZ pyrrolo-[2,3-d]pyrimidin-7-yl)-3,4-dihydro-
o on T xytetrahydrofuran-2-yl)methyl)thio)methyl)-
benzoic acid (4-6): White solid. HPLC purity: 95.75%. 'H NMR (600 MHz, DMSO-
d6) 6 8.19 (s, 1H), 8.02 (d, J = 8.4 Hz, 1H), 8.00 — 7.92 (m, 3H), 7.90 (d, J = 2.0 Hz,
1H), 7.83 —7.71 (m, 1H), 7.67 — 7.59 (m, 2H), 7.59 — 7.48 (m, 3H), 7.37 (t, J= 7.7 Hz,
1H), 6.19 (d, J = 5.6 Hz, 2H), 5.45 (d, /= 6.2 Hz, 1H), 5.28 (d, J = 5.3 Hz, 1H), 4.55
(q,J=5.7Hz, 1H), 4.10 (q, /=4.8 Hz, 1H), 4.01 (td, J=6.2,4.1 Hz, 1H), 3.85 (d, J=
3.6 Hz, 2H), 2.85 (dd, J = 13.8, 5.8 Hz, 1H), 2.69 (dd, J = 13.8, 6.5 Hz, 1H). 3*C NMR
(101 MHz, DMSO) 6 167.74, 157.69, 152.36, 151.60, 139.53, 134.70, 133.78, 131.43,
130.10, 129.51, 129.10, 128.91, 128.29, 127.52, 121.14, 117.34, 100.81, 87.22, 83.31,
73.54, 72.97, 35.77, 33.97 ppm. HRMS (ESI): calcd. for C2sH2sN4OsS™: 493.1546.
found: 493.1554.

Methyl 3-(((((2S,3S,4R,5R)-5-(6-amino-9 H-pu-

rin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)-

/—:N
o) NH
Meooc\©/\s/\<—TN\2\\( 2
NI N N
HO oH Y

methyl)thio)methyl)benzoate (4-7): White solid. HPLC purity: 99.72%. 'H NMR
(400 MHz, DMSO-ds) & 8.33 (s, 1H), 8.13 (s, 1H), 7.90 (s, 1H), 7.82 (d, J = 7.7 Hz,
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1H), 7.51 (d, J= 7.7 Hz, 1H), 7.42 (t, J= 7.7 Hz, 1H), 7.29 (s, 2H), 5.88 (d, J= 5.5 Hz,
1H), 5.49 (d, J = 5.9 Hz, 1H), 5.30 (d, J = 5.2 Hz, 1H), 4.73 (q, J = 5.5 Hz, 1H), 4.16
(q,J = 4.7 Hz, 1H), 4.05 — 3.97 (m, 1H), 3.85 (s, 3H), 3.83 (s, 2H), 2.84 (dd, J = 13.9,
5.8 Hz, 1H), 2.70 (dd, J = 13.9, 7.0 Hz, 1H) ppm. 3C NMR (101 MHz, DMSO-ds) &
166.56, 156.57, 153.12, 149.87, 140.43, 139.91, 134.21, 130.25, 129.94, 129.25, 128.11,
119.68, 88.08, 84.12, 73.07, 72.97, 52.63, 35.57, 33.81 ppm. HRMS (ESI): calcd. for
C1oH2oNsOsS*: 432.1342. found: 432.1347.

N Methyl 3-(((((2S,3S,4R,5R)-5-(6-amino-2-fluor-o-

F
MeOOC S/\G,N\/\\( 2
\@ . NYN 9H-purin-9-yl)-3,4-dihydroxytetrahydrofura-n-
HO OH
F

2-yl)methyl)thio)methyl)benzoate (4-8): White
solid. HPLC purity: 95.02%. 'H NMR (600 MHz, DMSO-dy) & 8.13 (s, 1H), 7.89 (s,
1H), 7.80 (d,J=7.5 Hz, 1H), 7.42 (d, J= 7.4 Hz, 1H), 7.36 (t,J=7.5 Hz, 1H), 7.27 (s,
2H), 5.79 (d, J=5.3 Hz, 1H), 4.72 (t, J = 5.1 Hz, 1H), 4.20 (t, /= 4.2 Hz, 1H), 4.03 —
3.97 (m, 1H), 3.81 (s, 2H), 3.77 (s, 3H), 2.83 (dd, /= 13.7, 5.6 Hz, 1H), 2.71 (dd, J =
13.8, 6.9 Hz, 1H) ppm. *C NMR (151 MHz, DMSO-ds) & 168.02, 162.32, 157.34,
151.36, 139.45, 139.38, 133.52, 131.98, 130.12, 128.94, 128.27, 116.20, 88.21, 84.00,
73.11, 72.77, 54.45, 35.69, 33.91 ppm. '°F NMR (377 MHz, DMSO-ds) § -51.67.
HRMS (ESI): caled. for C19H21Ns5Os": 450.1247. found: 450.1255.

Q =N 3-(((((2S,3S,4R,5R)-5-(6-amino-9 H-purin-9-
0) NH, 9 Iy RN,y purin
o oo on N

yl)-3,4-dihydroxytetrahydrofuran-2-yl)me-
thyl)thio)methyl)phenyl)(morpholino)methanone (4-9): White solid. HPLC purity:
92.34%. '"H NMR (400 MHz, Methanol-d,) § 8.30 (s, 1H), 8.21 (s, 1H), 7.47 - 7.21 (m,
4H), 5.99 (d,J =4.9 Hz, 1H), 5.51 (s, 1H), 4.78 (t, ] = 5.1 Hz, 1H), 4.31 (t,J = 5.1 Hz,
1H), 4.16 (q, J = 5.7 Hz, 1H), 3.94 — 3.35 (m, 11H), 2.90 (dd, J = 14.2, 5.5 Hz, 1H),
2.79 (dd, J = 14.2, 6.1 Hz, 1H) ppm. 3C NMR (151 MHz, Methanol-dy) § 170.95,
155.98, 152.55, 149.30, 140.10, 139.44, 135.22, 130.49, 128.52, 127.22, 125.29, 88.82,
84.26, 73.30, 72.64, 66.37, 43.56, 35.71, 32.86 ppm. HRMS (ESI): calcd. for
C2H27N6OsS": 487.1764. found: 487.1771.
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(6] . .
/=N 3-(((((2S,3S,4R,5R)-5-(6-amino-9 H-purin-9-
A)K@A“Q’W ’

o
wo' oy NN yl)-3,4-dihydroxytetrahydrofuran-2-yl)met-

hyl)thio)meth-yl)-N-benzylbenzamide (4-10): White solid. HPLC purity: 93.62%. 'H
NMR (400 MHz, DMSO-ds) 6 9.03 (t,J = 5.9 Hz, 1H), 8.34 (s, 1H), 8.14 (s, 1H), 7.83
(s, 1H), 7.76 (d, /= 6.9 Hz, 1H), 7.41 — 7.20 (m, 9H), 5.88 (d, /= 5.5 Hz, 1H), 5.50 (d,
J=6.0Hz, 1H), 5.31 (d, /J=5.2 Hz, 1H), 4.74 (q, /= 5.6 Hz, 1H), 4.47 (d, /= 6.0 Hz,
2H), 4.16 (q, /= 5.0 Hz, 1H), 4.02 (q, /= 6.3 Hz, 1H), 3.80 (s, 2H), 2.86 (dd, J=13.9,
5.9 Hz, 1H), 2.72 (dd, J = 13.8, 6.9 Hz, 1H) ppm. '3C NMR (101 MHz, DMSO-d;) &
166.56, 156.53, 153.16, 149.88, 140.43, 140.09, 139.28, 134.97, 132.19, 128.81,
128.76, 128.29, 127.69, 127.22, 126.18, 119.62, 88.02, 84.06, 73.06, 72.99, 43.08,
35.92, 33.94 ppm. HRMS (ESI): calcd. for C25sH27N604S™: 507.1814. found: 507.1825.

_ Methyl 3-(((((2S,3S,4R,5R)-5-(4-amino-5-bro-
MeOOC\QAS/ﬁN?\\ENHZ mo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-3,4-dih-

no o T ydroxytetrahy-drofuran-2-yl)methyl)thio)me-
thyl)benzoate (4-11): White solid. HPLC purity: 97.64%. 'H NMR (400 MHz, DMSO-
ds) 0 8.10 (s, 1H), 7.91 (s, 1H), 7.83 (d, J = 7.8 Hz, 1H), 7.60 (s, 1H), 7.53 (d, /= 7.8
Hz, 1H), 7.44 (t,J=17.7 Hz, 1H), 6.79 (s, 2H), 6.06 (d, /= 5.8 Hz, 1H), 5.40 (d, /= 6.2
Hz, 1H), 5.24 (d, /= 5.2 Hz, 1H), 4.43 (q, J = 5.8 Hz, 1H), 4.02 (q, J = 5.2 Hz, 1H),
3.95 (q, J = 4.0 Hz, 1H), 3.84 (s, 5H), 2.81 (dd, J = 13.8, 6.0 Hz, 1H), 2.65 (dd, J =
13.8, 6.6 Hz, 1H) ppm. *C NMR (101 MHz, DMSO-ds) § 166.57, 157.43, 153.11,
150.40, 139.89, 134.24, 130.26, 129.95, 129.30, 128.15, 122.11, 101.47, 87.77, 87.13,
83.55,73.45,72.95,52.64, 35.60, 33.91 ppm. HRMS (ESI): calcd. for C20H2205N4BrS:
509.0494. found: 509.0498.

o
/—_—N - A (6- 1 - - in-9-

~ . /\((17‘,\‘ 2N NH, 3-(((((25,35,4R,5R)-5-(6-amino-9H-purin-9
) ho' o NN yl)-3,4-dihydroxytetrahydrofuran-2-yl)me-

thyl)thio)methyl)-V,N-diethylbenzamide (4-12): White solid. HPLC purity: 98.95%.
'"H NMR (400 MHz, Methanol-ds) § 8.30 (s, 1H), 8.20 (s, 1H), 7.38 — 7.30 (m, 3H),
7.28 —7.15 (m, 1H), 6.00 (d, J=4.8 Hz, 1H), 4.79 (t,J= 5.1 Hz, 1H), 4.32 (t, J=5.1
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Hz, 1H), 4.18 (q, J=5.5 Hz, 1H), 3.88 — 3.74 (m, 2H), 3.54 (q, /= 7.4 Hz, 2H), 3.34 —
3.32 (m, 1H), 3.24 (q, J = 6.6 Hz, 2H), 2.90 (dd, J = 14.2, 5.4 Hz, 1H), 2.78 (dd, J =
14.2,6.2 Hz, 1H), 1.25 (t, J= 6.9 Hz, 3H), 1.08 (t, /= 6.8 Hz, 3H) ppm. *C NMR (101
MHz, Methanol-ds) 6 172.02, 155.96, 152.55, 149.27, 140.10, 139.28, 136.82, 129.92,
128.43, 126.37, 124.44, 119.20, 88.81, 84.26, 73.35, 72.65, 43.55, 39.47, 35.75, 32.84,
12.98, 11.68 ppm. HRMS (ESI): calcd. for C20H20Ns04S™: 473.1971. found: 473.1978.

o) . .
/=N 3-(((((2S,3S,4R,5R)-5-(6-amino-9H-purin-9-
Ph< N NH>

o

ho' oy NN yl)-3,4-dihydroxytetrahydrofuran-2-yl)meth-
yl)thio)methyl)-N-phenylbenzamide (4-13): White solid. HPLC purity: 99.25%. 'H
NMR (400 MHz, DMSO-dys) & 10.24 (s, 1H), 8.35 (s, 1H), 8.14 (s, 1H), 7.87 (s, 1H),
7.82 (d,J=6.0 Hz, 1H), 7.75 (d, J = 7.8 Hz, 2H), 7.52 — 7.29 (m, 5H), 7.10 (t, J=7.2
Hz, 1H), 5.89 (d, J = 5.3 Hz, 1H), 5.55 (d, J = 5.3 Hz, 1H), 5.36 (d, J = 4.5 Hz, 1H),
4.74 (q,J=5.5Hz, 1H), 4.18 (q, J=4.6 Hz, 1H), 4.04 (q, /= 5.8 Hz, 1H), 3.84 (s, 2H),
2.88 (dd, J=13.8, 5.5 Hz, 1H), 2.74 (dd, J = 13.8, 6.8 Hz, 1H), 2.51 (s, 3H) ppm. "*C
NMR (101 MHz, DMSO-ds) 6 165.86, 156.57, 153.17, 149.91, 140.43, 139.59, 139.42,
135.65, 132.47, 129.08, 128.84, 128.64, 126.61, 124.17, 120.91, 119.68, 88.08, 84.07,
73.10, 73.03, 35.94, 34.02 ppm. HRMS (ESI): calcd. for C24HasNsO4S™: 493.1658.
found: 493.1666.

9 . .
=N 3-(((((285,3S.,4R,5R)-5-(6-amino-9 H-purin-9-
O NH 90y 9
HO ©

on NN yl)-3,4-dihydroxytetrahydrofuran-2-yl)me-
thyl)thio)methyl)-N-heptylbenzamide (4-14): White solid. HPLC purity: 99.38%. 'H
NMR (400 MHz, DMSO-ds)d 8.41 (t, J= 5.5 Hz, 1H), 8.35 (s, 1H), 8.15 (s, 1H), 7.78
(s, 1H), 7.69 (d, J= 6.8 Hz, 1H), 7.40 — 7.26 (m, 4H), 5.90 (d, /= 5.5 Hz, 1H), 5.51 (d,
J=6.0Hz, 1H), 5.32 (d, J=5.2 Hz, 1H), 4.75 (q, /= 5.5 Hz, 1H), 4.17 (q, /= 4.9 Hz,
1H), 4.03 (q, /= 6.2 Hz, 1H), 3.80 (s, 2H), 3.24 (q, J= 6.7 Hz, 2H), 2.86 (dd, J = 13.9,
5.8 Hz, 1H), 2.72 (dd, J=13.8, 6.9 Hz, 1H), 1.57 — 1.45 (m, 2H), 1.33 — 1.21 (m, 8H),
0.85 (t,J= 6.8 Hz, 3H) ppm. 3*C NMR (101 MHz, DMSO-ds) 6 166.36, 156.57, 153.15,
149.90, 140.41, 139.14, 135.41, 131.89, 128.66, 128.20, 126.05, 119.67, 88.04, 84.06,
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73.09,73.01,35.97, 33.98, 31.70, 29.57, 28.92, 26.93, 22.53, 14.42 ppm. HRMS (ESI):
calcd. for C25H35sN¢O4S*: 515.2440. found: 515.2451.

(0]
=N 3-(((((25,3S,4R,5R)-5-(6-amino-9 H-purin-9-
N NH 9O, AL,

o

o on NN yl)-3,4-dihydroxytetrahydrofuran-2-yl)me-
thyl)thio)methyl)-N-propylbenzamide (4-15): White solid. HPLC purity: 96.03%. 'H
NMR (400 MHz, Methanol-d) 6 8.30 (s, 1H), 8.20 (s, 1H), 7.78 (s, 1H), 7.67 (d, J =
7.7 Hz, 1H), 7.41 (d,J=7.7 Hz, 1H), 7.35 (t, J=7.6 Hz, 1H), 6.01 (d,/=4.7 Hz, 1H),
4.77 (t,J=5.0 Hz, 1H), 4.63 (s, 2H), 4.33 (t, /= 5.1 Hz, 1H), 4.21 (q, /= 5.5 Hz, 1H),
3.89 - 3.77 (m, 2H), 2.92 (dd, J = 14.1, 5.3 Hz, 1H), 2.81 (dd, J = 14.2, 6.2 Hz, 1H),
1.64 (h, J=7.2 Hz, 2H), 0.98 (t, J= 7.4 Hz, 3H) ppm. *C NMR (101 MHz, Methanol-
d4) 6 168.76, 155.93, 152.50, 149.24, 140.07, 139.03, 134.79, 134.75, 131.79, 128.20,
127.48, 125.46, 119.19, 88.85, 84.22, 73.43, 72.67, 41.53, 41.40, 35.91, 32.98, 22.32,
10.38 ppm. HRMS (ESI): calcd. for C21H27N6O4S™: 459.1814. found: 459.1822.

Vi 3-(((((2S5,35,4R,5R)-5-(4-amino-5-ethynyl-7H-
Ho0C o~ N/i(NHZ pyrrolo-[2,3-d]|pyrimidin-7-yl)-3,4-dihydrox-
\d /H\O:LZ): N\le ytetrahydrofuran-2-yl)methyl)thio)methyl)-
benzoic acid (4-16): White solid. HPLC purity: 97.03%. '"H NMR (400 MHz, DMSO-
ds) 8 8.13 (s, 1H), 7.90 (s, 1H), 7.83 — 7.75 (m, 2H), 7.49 (d,J= 7.6 Hz, 1H), 7.41 (t,J
=7.6 Hz, 1H), 6.04 (d, J=5.7 Hz, 1H), 5.42 (s, 1H), 5.27 (s, 1H), 4.46 (s, 1H), 4.29 (s,
1H), 4.04 (t, J=4.4 Hz, 1H), 3.97 (t, J = 5.0 Hz, 1H), 3.83 (s, 2H), 2.82 (dd, J = 13.8,
6.0 Hz, 1H), 2.67 (dd, J = 13.8, 6.6 Hz, 1H) ppm. *C NMR (151 MHz, DMSO) §
167.66, 158.01, 153.48, 150.35, 139.59, 133.77, 130.16, 129.07, 128.29, 127.76,
102.80,94.91, 87.47, 83.68, 83.59, 77.69, 73.52, 72.98, 35.72, 33.95 ppm. HRMS (ESI):
caled. for C2iH2iN4OsS™: 441.1233. found: 441.1231.
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Vi Methyl 3-(((((25,3S,4R,5R)-5-(4-amino-5-ethy-
A(‘?,N/:/i(wz nyl-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-3,4-dih-
|

MeOOC\©/\S °

HO on NN ydroxytetrahy-drofuran-2-yl)methyl)thio)me-
thyl)benzoate (4-17): Light brown solid. HPLC purity: 94.75%. 'H NMR (400 MHz,
DMSO-ds) 6 8.13 (s, 1H), 7.91 (s, 1H), 7.83 (d, J= 7.6 Hz, 1H), 7.78 (s, 1H), 7.54 (d,
J=17.6 Hz, 1H), 7.44 (t, J= 7.6 Hz, 1H), 6.04 (d, /= 5.6 Hz, 1H), 5.44 (d, J= 6.0 Hz,
1H), 5.28 (d, J = 5.0 Hz, 1H), 4.46 (q, J = 5.6 Hz, 1H), 4.31 (s, 1H), 4.08 — 4.01 (m,
1H), 3.96 (q, J = 6.1 Hz, 1H), 3.85 (s, 5H), 2.82 (dd, /= 13.8, 5.9 Hz, 1H), 2.66 (dd, J
=13.8, 6.6 Hz, 1H) ppm. *C NMR (101 MHz, DMSO-ds) § 166.57, 158.01, 153.48,
150.33, 139.88, 134.23, 130.26, 129.95, 129.28, 128.14, 127.74, 102.79, 94.92, 87.49,
83.69, 83.62, 77.68, 73.53, 72.99, 52.63, 35.63, 33.89 ppm. HRMS (ESI): calcd. for

C2H23N405S™: 455.1389. found: 455.1397.

O\ 0 =N 3-(((((28,35,4R,5R)-5-(6-amino-9H-purin-9-
HJK@AS/\S_OJ‘NK\\ENHZ yl)-3,4-dihydroxytetrahydrofuran-2-yl)me-
e thyl)thio)-methyl)-/NV-cyclohexylbenzamide
(4-18): White solid. HPLC purity: 98.05%. 'H NMR (600 MHz, DMSO-ds) § 8.34 (s,
1H), 8.20 (d, J=7.9 Hz, 1H), 8.15 (s, 1H), 7.75 (s, 1H), 7.68 (d, J = 6.9 Hz, 1H), 7.34
(q,/=7.8 Hz, 2H), 7.27 (s, 2H), 5.89 (d, /= 5.5 Hz, 1H), 5.57 (d, /= 5.9 Hz, 1H), 5.39
(d, J=5.1Hz, 1H), 4.74 (q, /= 5.5 Hz, 1H), 4.17 (q, /=4.8 Hz, 1H), 4.03 (9, /= 6.0
Hz, 1H), 3.79 (s, 2H), 2.85 (dd, J=13.9, 5.7 Hz, 1H), 2.72 (dd, J = 13.9, 6.9 Hz, 1H),
1.80 (m, 2H), 1.73 (m, 2H), 1.61 (d, J=12.1 Hz, 1H), 1.30 (m, 4H), 1.12 (m, 1H) ppm.
3C NMR (101 MHz, DMSO-ds) § 165.91, 156.41, 153.18, 149.81, 140.48, 139.04,
135.41, 131.93, 128.67, 128.22, 126.23, 119.52, 88.04, 84.05, 73.00, 48.89, 35.92,
33.90, 32.78, 25.64, 25.38 ppm. HRMS (ESI): calcd. for C24H31N6O4S™: 499.2127.
found: 499.2135.
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Ph Methyl 3-(((((2S,3S,4R,5R)-5-(4-amino-5-phe-

MeOOC\©/\S/\CTN 7 [ Nz nyl-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-3,4-dih-
s
= ydroxytetrahydrofuran-2-yl)methyl)thio)met-

hyl)benzoate (4-19): White solid. HPLC purity: 99.13%. 'H NMR (400 MHz, DMSO-
ds) 0 8.16 (s, 1H), 7.89 (s, 1H), 7.79 (d, J=7.7 Hz, 1H), 7.52 — 7.44 (m, 6H), 7.37 (q,
J=17.7,6.4Hz, 2H), 6.16 (d,J= 5.7 Hz, 1H), 5.43 (d, /J=5.9 Hz, 1H), 5.28 (d,/=4.2
Hz, 1H), 4.52 (q, J = 5.6 Hz, 1H), 4.08 (q, J = 4.6 Hz, 1H), 3.99 (q, J = 6.0 Hz, 1H),
3.83 (s, 3H), 2.84 (dd, J=13.8, 5.8 Hz, 1H), 2.67 (dd, J=13.8, 6.4 Hz, 1H) ppm. 13C
NMR (101 MHz, DMSO-ds) 6 167.69, 157.72, 152.38, 151.64, 139.57, 134.76, 133.78,
131.42,130.12, 129.48, 129.08, 128.93, 128.28, 127.48, 121.18, 117.30, 100.82, 87.25,
83.32, 73.54, 73.00, 35.77, 33.99, 30.88 ppm. HRMS (ESI): caled. for C26H27N40sS™:
507.1702. found: 507.1712.

O Methyl 3-(((((25,3S,4R,5R)-5-(4-amino-5-(na-
phtha-len-2-yl)-7H-pyrrolo[2,3-d|pyrimidin-
MeOOC\©/\S/\<i7‘N & 7-y1)-3,4-dihydroxytetrahydrofuran-2-yl)me-
o o NS thyl)thio)methyl)benzoate (4-20): White solid.
HPLC purity: 98.57%. '"H NMR (400 MHz, CDCl3) & 8.26 (s, 1H), 7.98 (s, 1H), 7.95 —
7.84 (m, 5H), 7.53 (ddd, J=21.7, 16.9, 8.2 Hz, 4H), 7.36 — 7.29 (m, 2H), 6.07 (d, J =
5.5 Hz, 1H), 5.25 (s, 2H), 4.53 (t, J = 5.4 Hz, 1H), 4.40 (q, /= 5.9 Hz, 1H), 4.33 (dd, J
=5.4,3.4 Hz, 1H), 3.86 (s, 3H), 3.82 (s, 2H), 2.76 (p, J = 8.2 Hz, 2H) ppm. *C NMR
(101 MHz, CDCl3) & 171.33, 162.58, 157.58, 156.56, 144.61, 138.97, 138.43, 137.08,
137.00, 134.98, 134.67, 134.01, 133.72, 133.03, 132.89, 132.20, 131.89, 131.81,
131.19, 126.35, 122.13, 92.04, 88.14, 78.32, 77.79, 57.36, 40.43, 38.73 ppm. HRMS
(ESI): calcd. for C30H20N4Os": 557.1859. found: 557.1860.
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Methyl 3-(((((2S,3S,4R,5R)-5-(4-amino-5-(ben-
zofuran-2-yl)-7H-pyrrolo[2,3-d|pyrimidin-7-y-
1)-3,4-dihydroxytetrahydrofuran-2-yl)methyl)-

MeOOC\©/\

purity: 98.84%. 'H NMR (400 MHz, DMSO-ds) & 8.19 (s, 1H), 8.06 (s, 1H), 7.91 (s,

thio)methyl)benzoate (4-21): White solid. HPLC

1H), 7.79 (d,J=7.9 Hz, 1H), 7.66 (t, J= 8.1 Hz, 2H), 7.53 (d, J= 7.6 Hz, 1H), 7.40 (t,
J=17.7Hz, 1H), 7.33 — 7.25 (m, 2H), 7.13 (s, 1H), 7.01 (s, 2H), 6.17 (d, J = 5.4 Hz,
1H), 5.48 (d, J=6.1 Hz, 1H), 5.29 (d, J=5.2 Hz, 1H), 4.52 (q, J = 5.3 Hz, 1H), 4.11
(q, J=4.8 Hz, 1H), 4.01 (q, J = 6.0 Hz, 1H), 3.86 (s, 2H), 3.81 (s, 3H), 2.86 (dd, J =
13.8, 5.7 Hz, 1H), 2.71 (dd, J = 13.9, 6.6 Hz, 1H) ppm. 1*C NMR (151 MHz, DMSO-
ds) 6 166.60, 157.69, 154.22, 152.96, 151.85, 151.32, 139.79, 134.21, 130.22, 129.90,
129.27,129.19, 128.13, 124.41, 124.01, 122.77, 121.11, 111.55, 106.50, 102.22, 99.73,
87.44, 83.58, 73.66, 72.97, 52.60, 35.70, 33.91 ppm. HRMS (ESI): calcd. for
C2gH27N406S*: 547.1651. found: 547.1661.

Physical Characterization of Synthetic Intermediates

(2R,3R,4S,5R)-2-(hydroxymethyl)-5-(6-(methylamino)-9H-purin-9-yl)tetrahydro-
furan-3,4-diol (4-23): MS (ESI): caled. for C11HsNsO4": 282.12. found: 282.88.

(2R,3R,4S,5R)-2-(6-(benzylamino)-9 H-purin-9-yl)-5-(hydroxymethyl)tetrahydro-
furan-3,4-diol (4-25): MS (ESI): caled. for C17H20Ns04": 358.15. found: 358.66.

_N_ NHz  (2R,3R,4S,5R)-2-(6-amino-2-fluoro-9H-purin-9-yl)-5-(hydro-
HO 0 g "
/\Q’ N=( xymethyl) tetrahydrofuran-3,4-diol (4-28): White solid. 'H
) F
X NMR (400 MHz, Methanol-d4) & 8.29 (s, 1H), 6.11 (d,J=3.1 Hz,

1H), 5.28 (dd, J= 6.0, 3.2 Hz, 1H), 5.03 (dd, J = 6.0, 2.3 Hz, 1H), 4.42 — 4.30 (m, 1H),
3.79 (dd, J = 12.0, 3.7 Hz, 1H), 3.73 (dd, J = 12.0, 4.4 Hz, 1H), 1.63 (s, 3H), 1.40 (s,
3H) ppm. *C NMR (151 MHz, Methanol-dy) § 159.82, 158.44, 157.89, 157.75, 150.33,
150.20, 140.33, 117.44, 113.95, 90.97, 86.86, 83.93, 81.49, 62.02, 26.15, 24.12 ppm.
MS (ESI): caled. for C13H17FNsO4": 326.13. found: 326.55.
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((3aR,4R,6R,6aR)-6-(6-(benzylamino)-9H-purin-9-yl)-2,2-dimethyltetrahydrofu-
ro[3,4-d][1,3]dioxol-4-yl)methanol (4-32): MS (ESI): calcd. for C17H20NsO4": 358.15.
found: 358.29.

- NHz - ((3aR,4R,6R,6aR)-6-(2,6-diamino-9H-purin-9-yl)-2,2-dimeth-
O _N—d/ N

~ N—<NH yltetrahy-drofuro[3,4-d][1,3]dioxol-4-yl)methanol (4-35): Lig-
o__ 0O 2
X ht yellow solid. "H NMR (400 MHz, Methanol-d,)  8.12 (s, 1H),
7.53 (s, 1H), 6.20 (d, J =3.7 Hz, 1H), 5.12 (dd, J = 6.2, 3.8 Hz, 1H), 4.98 (dd, ] = 6.2,
2.7 Hz, 1H), 4.29 (q, J =3.7 Hz, 1H), 3.75 (qd, J = 12.0, 3.8 Hz, 2H), 1.62 (s, 3H), 1.38
(s, 3H) ppm. *C NMR (151 MHz, Methanol-dy) § 157.34, 151.94, 148.90, 122.68,
113.99, 101.93, 90.71, 85.78, 84.06, 81.20, 62.04, 26.23, 24.19 ppm. MS (ESI): calcd.

for C13H19NO4": 323.15. found: 323.60.

N N2 S-(((3aS5,45,6R,6aR)-6-(6-amino-9 H-purin-9-yl)-2,2-dimet-

)OI\S/\G’N/ {\l=>N hyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl) ethanethi-

OXO oate (4-37): Colorless oil. 'H NMR (400 MHz, CDCls) § 8.35
(s, 1H), 7.96 (s, 1H), 6.98 (s, 2H), 6.18 — 6.04 (m, 1H), 5.60 — 5.50 (m, 1H), 5.00 (dd,
J=6.2,3.0Hz, 1H), 4.35 (td,J=6.9, 3.0 Hz, 1H), 3.30 (dd, J=13.8, 7.3 Hz, 1H), 3.19
(dd, J=13.8, 6.6 Hz, 1H), 2.34 (s, 3H), 1.60 (s, 3H), 1.39 (s, 3H) ppm. 1*C NMR (101
MHz, CDCI3) & 194.64, 156.15, 153.10, 149.02, 139.85, 120.14, 114.39, 90.82, 86.10,
84.16, 83.69, 31.24, 30.55, 27.03, 25.32 ppm. MS (ESI): calcd. for CisHoNsO4':

366.12. found: 366.30.

S$-(((3aS$,4S5,6R,6aR)-6-(6-(benzylamino)-9 H-purin-9-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)methyl) ethanethioate (4-40): MS (ESI): calcd. for
C17H20N504": 358.15. found: 358.69.
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o A Methyl 3-((((32S,4S,6R,6aR)-6-(6-amino-9 H-purin
&% -9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]diox-
A ol-4-yl)methyl)thio)methyl)benzoate (4-50): Colorl-
ess oil. 'H NMR (400 MHz, CDCls) 5 8.29 (s, 1H), 7.98 — 7.79 (m, 3H), 7.41 (d, J =
7.7 Hz, 1H), 7.33 (t, J = 7.6 Hz, 1H), 6.05 (d, J=2.1 Hz, 1H), 5.81 (s, 2H), 5.45 (dd, J
= 6.4,2.2 Hz, 1H), 5.01 (dd, J = 6.4, 3.4 Hz, 1H), 4.45 — 427 (m, 1H), 3.91 (s, 3H),
3.74 (s, 2H), 2.78 (dd, J = 13.7, 7.0 Hz, 1H), 2.66 (dd, J = 13.7, 6.4 Hz, 1H), 1.61 (s,
3H), 1.38 (s, 3H) ppm. *C NMR (151 MHz, CDCls) & 166.85, 155.54, 153.15, 149.22,
140.00, 138.33, 133.33, 130.50, 129.94, 128.62, 128.44, 120.30, 114.60, 90.73, 86.68,
84.02, 83.80, 52.19, 36.22, 33.42, 27.12, 25.35 ppm. MS (ESI): calcd. for
C22HasNsOsS™: 471.16. found: 471.28.

Methyl 3-(((((3aS,4S,6R,6aR)-6-(6-(benzylamino)-9 H-purin-9-yl)-2,2-dimethyltet-
rahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)thio)methyl)benzoate (4-47): MS (ESI):
calcd. for C2oH32NsOsS™: 562.21. found: 562.55.

N N 3-(((((28,35,4R,5R)-5-(6-amino-9 H-purin-9-yl)-3,
HOOCOAS/\CTN\CN 4-dihydroxytetrahydrofuran-2-yl)methyl)thio)me-
dxb thyl)phenyl)(morpholino)methanone (4-51): White
solid. "H NMR (400 MHz, DMSO-ds) § 8.32 (s, 1H), 8.13 (s, 1H), 7.89 (s, 1H), 7.80
(d,J=7.6 Hz, 1H), 7.50 — 7.28 (m, 4H), 6.15 (d, J=2.4 Hz, 1H), 5.46 (dd, J=6.3,2.4
Hz, 1H), 4.95 (dd, /= 6.3, 2.9 Hz, 1H), 4.21 (td, J= 7.5, 2.9 Hz, 1H), 3.94 — 3.74 (m,
2H), 2.77 (dd, J=13.6, 7.8 Hz, 1H), 2.62 (dd, J = 13.6, 6.4 Hz, 1H), 1.52 (s, 3H), 1.31
(s, 3H) ppm. *C NMR (101 MHz, DMSO-ds) § 167.74, 156.58, 153.22, 149.17, 140.56,
139.47, 133.64, 131.53, 130.13, 129.05, 128.32, 119.59, 113.86, 89.58, 85.85, 83.76,
83.48, 55.33, 35.36, 33.55, 27.36, 25.59 ppm. MS (ESI): calcd. for C21H24NsO0sS™:

458.15. found: 458.82.
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. (/N/ TN—B” Methyl 3-(((((2S,3S,4R,5R)-5-(6-amino-2-fluoro-
HOOCOASAS—Z’N =" 9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-
0><0 yD)methyl)thio)methyl)benzoate (4-54): White sol-
id. "H NMR (400 MHz, Methanol-d,) & 8.32 — 8.13 (m, 2H), 7.94 (s, 1H), 7.84 (d, J =
7.7 Hz, 1H), 7.40 — 7.24 (m, 6H), 6.14 (dd, J=4.2, 2.3 Hz, 1H), 5.45 (dt, /= 6.1, 3.0
Hz, 1H), 4.98 (dd, J=7.1, 3.9 Hz, 1H), 4.81 (s, 2H), 4.29 (tt, /= 6.5, 3.1 Hz, 1H), 3.73
(d,J=5.8 Hz, 2H), 2.72 (qdd, J=13.8, 6.7, 4.5 Hz, 2H), 1.57 (d, J= 3.3 Hz, 3H), 1.36
(d, J=3.9 Hz, 3H) ppm. '3C NMR (151 MHz, Methanol-d,) § 168.30, 152.69, 140.01,
138.89, 133.02, 130.86, 129.74, 128.16, 128.12, 127.98, 127.19, 126.85, 114.11, 90.18,
86.87, 83.77, 35.47, 33.17, 26.01, 24.14 ppm. MS (ESI): calcd. for C2sH30NsOsS™:
548.20. found: 548.28.

3-(((((3a8,4S,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4
-d][1,3]dioxol-4-yl)methyl)thio)methyl)-N-heptylbenzamide (4-62): MS (ESI):
caled. for C2gH30N6O4S™*: 555.28. found: 555.50.

Br o (2R,3R,4R,5R)-2-((benzoyloxy)methyl)-5-(5-bromo-4-chloro-

=

BzoA@»N (, =\/N 7H-pyrrolo|2,3-d]pyrimidin-7-yl)tetrahydrofuran-3,4-diyl d-

Bz0 0Bz ibenzoate (4-66): White solid. '"H NMR (400 MHz, CDCl;) § 8.58
(s, 1H), 8.11 (dd, J= 8.4, 1.3 Hz, 2H), 8.00 (dd, /= 8.4, 1.3 Hz, 2H), 7.92 (dd, J = 8.4,
1.3 Hz, 2H), 7.65 — 7.34 (m, 11H), 6.68 (d, J = 5.4 Hz, 1H), 6.15 (t, J = 5.6 Hz, 1H),
6.10 (dd, J=5.8, 4.5 Hz, 1H), 4.90 (dd, J=12.3, 3.1 Hz, 1H), 4.80 (q, J= 3.4 Hz, 1H),
4.68 (dd, J = 12.3, 3.6 Hz, 1H) ppm. 3*C NMR (101 MHz, CDCls) § 166.15, 165.40,
165.10, 153.62, 151.63, 150.46, 133.86, 133.64, 129.87, 129.71, 129.27, 128.82,
128.67, 128.61, 128.56, 128.37, 126.46, 116.53, 90.20, 87.52, 81.33, 74.11, 71.39,

64.23 ppm. MS (ESI): calcd. for C32H24BrCIN3O7": 676.05. found: 676.33.

(2R,3R,4S,5R)-2-(4-amino-5-bromo-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-(hydrox-
ymethyl)tetrahydrofuran-3,4-diol (4-28): MS (ESI): caled. for CiiHi4BrNsO4™:
345.02. found: 345.80.
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A N ((3aR,4R,6R,6aR)-6-(4-amino-5-bromo-7H-pyrrolo[2,3-d|py-
Hoﬁ’N <,=\/N rimidin-7-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-

dxb 4-yDmethanol (4-67): White solid. 'H NMR (400 MHz,
Methanol-ds) 6 7.83 (s, 1H), 5.88 (d, /= 3.7 Hz, 1H), 5.13 (dd, J = 6.1, 3.7 Hz, 1H),
4.94 (dd, J=6.1,2.2 Hz, 1H), 4.52 (s, 2H), 4.25 (q, J = 3.5 Hz, 1H), 3.71 (dd, J= 12.1,
3.4 Hz, 1H), 3.62 (dd, J = 12.1, 3.8 Hz, 1H), 1.50 (s, 3H), 1.28 (s, 3H) ppm. 3*C NMR
(101 MHz, Methanol-ds) 6 160.17, 158.08, 150.34, 150.15, 140.34, 140.31, 113.94,
90.97, 86.85, 83.92, 81.49, 62.02, 26.15, 24.12 ppm. MS (ESI): caled. for

C14H1sBrN4O4": 385.05. found: 385.21.

Br - S$-(((3aS,4S5,6R,6aR)-6-(4-amino-5-bromo-7 H-pyrrolo|2,3-

j\s/\ﬁr%ru d]pyrimidin-7-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]d-

dxb ioxol-4-yl)methyl) ethanethioate (4-68): Colorless oil. 'H

NMR (600 MHz, CDCls) 6 8.28 (s, 1H), 7.09 (s, 1H), 6.11 (d,

J=2.3Hgz, 1H), 5.79 (s, 2H), 5.36 — 5.23 (m, 1H), 4.85 (dd, /= 6.4, 3.5 Hz, 1H), 4.28

(td, J=6.5, 3.6 Hz, 1H), 3.28 (dd, J = 13.8, 7.0 Hz, 1H), 3.18 (dd, J = 13.8, 6.0 Hz,

1H), 2.37 (s, 3H), 1.59 (s, 3H), 1.36 (s, 3H) ppm. MS (ESI): calcd. for Ci6H20BrNsO4S™:
443.11. found: 443.04.

Br Methyl 3-(((((3aS8,4S,6R,6aR)-6-(4-amino-5-brom-

NH,
\

[0} =
\OJ\QASA@’%N 0-7H-pyrrolo[2,3-d]|pyrimidin-7-yl)-2,2-dimethylt-
50
A

etrahydrofuro[3, 4-d][1,3]dioxol-4-yl)methyl)thio)-

methyl)benzoate (4-69): Light yellow oil. 'H NMR
(400 MHz, CDCl3) 5 8.21 (s, 1H), 7.95 (s, 1H), 7.90 (d, J = 7.7 Hz, 1H), 7.42 (d, J =
7.6 Hz, 1H), 7.34 (t, J="7.6 Hz, 1H), 7.11 (s, 1H), 6.25 (5, 2H), 6.14 (d, J= 2.4 Hz, 1H),
5.22 (dd, J= 6.5, 2.5 Hz, 1H), 4.89 (dd, J = 6.4, 3.9 Hz, 1H), 4.29 (q, J = 6.0 Hz, 1H),
3.90 (s, 3H), 2.76 (dd, J = 13.8, 6.5 Hz, 1H), 2.67 (dd, J = 13.8, 5.8 Hz, 1H), 1.59 (s,
3H), 1.36 (s, 3H) ppm. '3C NMR (101 MHz, CDCls) § 166.83, 156.89, 152.34, 149.12,
138.38, 133.45, 130.44, 129.95, 128.63, 128.42, 122.24, 114.73, 102.43, 90.32, 88.33,
85.52, 84.43, 83.30, 52.20, 36.39, 33.45, 27.15, 25.37 ppm. MS (ESI): calcd. for
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C23H26BrN4OsS*: 549.08. found: 549.21.

Methyl 3-(((((3aS,4S5,6R,6aR)-6-(4-amino-5-phenyl-7H-pyrrolo[2,3-d]pyrimidin-
7-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)thio)methyl)benz-
oate (4-70): MS (ESI): caled. for C20H31N4OsS™: 547.20. found: 547.68.

4.4.3 Biology

Dose-response Test

Inhibitory effect of all compounds was assessed using a luminescence-based nsp14
MTase-Glo™ methyltransferase assay. In this assay, SAH by-product generated is
transferred to ATP, and generates luminescence when transferring to ADP. Drug in
corresponding concentration (10 uM) and nsp14 enzyme (10 pM) was mixed on a 384
well-plate, centrifuged and incubated for 10 mins at room temperature. GpppA (7.5 uM,
10 uL) and Glo reagent (1x, 10 pL) was mixed with the incubated mixture and
centrifuged, incubated again for 10 mins at room temperature. SAM (1 uM, 10 pL) was
added to the mixture, centrifuged and incubated at 30°C for 60 mins. Detection buffer
(10 pL, from the kit) was added to the mixture, centrifuged and incubated at 30°C for
3 h. Luminescence generated was read on a BioTek Synergy HTX automated
multimode microplate reader. Background group was defined by substituting drug and
protein solution with buffer, and 100% activity group was defined by substituting drug
solution with buffer. All enzymatic reactions were performed in duplicate, and 1Cs
values were defined as concentration displaying 50% inhibition, determined by fitting

the data to Three Parameter Logistic equation using GraphPad Prism 9.3.1 software.

Single Dose Inhibition

Single-dose inhibition was tested with a protocol parallel to that of dose-response

test, with fixed drug concentration at 50 nM and 10 nM.

127



Chapter 4

Thermal Shift Assays

TSA experiments were performed on a Bio-Rad C1000 thermal cycler CFX96 real-
time system. Applied Biosystems™ Protein Thermal Shift™ kit was applied. Sypro
Orange dye was diluted to 3.3333% with kit buffer provided by supplier, and was mixed
with nsp14. The mixture was diluted to nsp14 (4 uM) and dye kit (1x%), labeled as mix
solution. 50 uM synthesized inhibitors (4 pL) was mixed with mixed solution (6 uL)
and the mixture was incubated on ice, protect from light. Each group was replicated in
triplate. TSA was performed with a melt temperature increment of 0.3 °C per 5 s from
30 °C to 80 °C. The melting temperature (Tm) was determined using the Boltzmann

nonlinear regression formula.
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Chapter 5 Conclusion

Under continuous progressing of human society, especially noticing the continuous
emergence of new pathogens in recent years, green synthesis and development of
clinical medicine for obscure diseases continuously attracted the attention of scientists.
In this thesis, we enclosed a brief methodology for site-selective synthesis of nitrogen-
containing molecules and two examples of development of anti-SARS-CoV-2 medicine.
Green synthetic methods towards sustainable production of medicine have long been
under continuous pursue of scientists. Nitrogen containing molecules have long been
the main focus for the development of synthetic methodologies, for their crucial role in
peptide backbones and pharmaceutical intermediates. Classical C(sp®)-H activation
strategies provided us with different regioselectivities such as construction for C—N
bonds at benzylic primary, allylic and aromatic sites, etc., while selective construction
of C—N bonds at unactivated methylene remained scarce. Alkene, as a type of organic
synthetic building block abundantly reserved in nature, have been constantly receiving
attention for its functionalization recently. The concept “metal-walk” represents the
migration of metal along the carbon skeleton through a reversible A-hydride
elimination/migratory insertion procedure, providing another pathway towards
unreached selectivity in C(sp®)-N formation. In Chapter 2, we described a site-selective
unactivated methylene C—N bond formation through coordinating group assisted and
metal migration enabled alkene hydroamination. Ni migration terminated at y-position
due to preference towards five-membered metallacycle, and with following amidation
with dioxazolones we were able to obtain amidation product at unactivated y-methylene
site. The reaction was achieved at up to 90% yield and remarkable selectivity (y-
product:other isomers up to 24:1).

COVID-19 rapidly spread around the world in the past three years with great harm
to human society and continuous raise of variants, and effective clinical treatment for
the disease have been continuously pursued by scientists. 16 non-structural proteins

(nsps) encoded by SARS-CoV-2 play crucial parts in the replication of the virus,
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providing potential targets for the development of anti-SARS-CoV-2 drugs. RNA
dependent RNA polymerase (RdRp), responsible for the replication of SARS-CoV-2
RNA, is an enzyme highly conserved along the variants of SARS-CoV-2 and even
along the coronavirus family. GS-441524, the activity core of Remdesivir, was reported
to be a potent inhibitor for SARS-CoV-2 RdRp, while relative inhibitors bear poor
pharmacokinetic (PK) properties and oral bioavailability. In Chapter 3, we synthesized
a series of ester prodrugs of GS-441524, in pursue for improvements in PK properties.
Along the compounds synthesized, the cyclohexylcarboxylic ester SHEN 26 displayed
the best ECso (0.26 uM) and 53.4% bioavailability (suggested by PK study results). We
then optimized the synthetic route of SHEN 26 for potential upcoming industrial
requirement, leading to a 3-step route with column-free post-reaction treatments. SHEN
26 obtained through the kilogram-scale synthetic batch from industrial production was
also qualified. Potential impurities are synthesized as standard compounds, and
impurities in sampled SHEN 26 were identified and quantified. The purity of SHEN 26
synthesized reached 98.9% (< 1.1% impurity), certifying industrial adaptation of this
synthetic route.

SARS-CoV-2 nspl4, responsible for the RNA methylation (capping) procedure, is
another important target in suppressing SARS-CoV-2 replication. The methylated RNA
cap play a vital role, as a protection against human immune system and as an assistant
in RNA translation. The methylation of SARS-CoV-2 +ssRNA adopts S-Adenosyl
methionine (SAM) as methyl source, releasing S-Adenosylhomocysteine (SAH) as a
by-product. SAH was reported to be an inhibitor of SARS-CoV-2 nspl4, and SAH
analogues are considered as potential inhibitors for SARS-CoV-2 nspl4. Despite great
potential of this target, few examples of SAH analogues as SARS-CoV-2 nspl4
inhibitors were reported. In Chapter 4 we designed and synthesized a series of different
SAH analogues and tested their inhibition ability against the SARS-CoV-2 nspl4.
Among synthesized molecules, compounds 4-7 and 4-14 displayed the best inhibition
efficacy, with ICso = 1.84 uM and 1.81 uM respectively. Their structure-activity
relationship (SAR) were also briefly discussed, providing approach for future
exploration of SAH analogues as SARS-CoV-2 nsp14 inhibitors.
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Chapter 5

APPENDICES

Physical Characterization of Substrates in Chapter 2

on~s~~7 Benzyl(pent-4-en-1-yl)sulfane (2-1): Colorless oil. *H NMR (400
MHz, CDCl3) & 7.38 — 7.16 (m, 5H), 5.75 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.05 — 4.90
(m, 2H), 3.70 (s, 2H), 2.42 (dd, J = 8.2, 6.6 Hz, 2H), 2.15 — 2.07 (m, 2H), 1.65 (p, J =
7.4 Hz, 2H) ppm. *C NMR (101 MHz, CDCls) § 138.59, 137.82, 128.84, 128.47,
126.91, 115.14, 36.26, 32.81, 30.74, 28.41 ppm. HRMS (ESI): calcd. for C12H17S™:
193.1045. found: 193.1044.

O?;O)—Q 3-Phenyl-1,4,2-dioxazol-5-one (2-2): White solid. *H NMR (400

N MHz, CDCl3) § 7.92 — 7.80 (m, 2H), 7.69 — 7.60 (m, 1H), 7.60 — 7.47
(m, 2H) ppm. 3C NMR (101 MHz, CDCls) & 163.56, 153.86, 133.80, 129.41, 126.63,
120.15 ppm. HRMS (ESI): calcd. for CtHsNO™ (corresponds to the isocyanate from
dioxazolone): 120.0449. found: 120.0448.

@ASW 2-((Pent-4-en-1-ylthio)methyl)pyridine (2-67): Orange oil. H

NMR (400 MHz, CDCl3) 5 8.52 (dd, J =4.9, 1.9 Hz, 1H), 7.65 (td,
J=76,1.9 Hz, 1H), 7.38 (d, J = 7.8 Hz, 1H), 7.16 (tt, J = 5.5, 3.3 Hz, 1H), 5.75 (dd,
J=16.9, 10.1, 6.6 Hz, 1H), 5.04 — 4.91 (m, 2H), 3.84 (d, J = 2.8 Hz, 2H), 2.50 (t, J =
7.4 Hz, 2H), 2.17 — 2.08 (M, 2H), 1.67 (g, J = 7.4 Hz, 2H) ppm. *C NMR (101 MHz,
CDCI3) 6 159.01, 149.21, 137.76, 136.67, 123.03, 121.84, 115.13, 77.38, 77.06, 76.74,
38.18, 32.73, 31.07, 28.39 ppm. HRMS (EI): calcd. for C11H1sNS: 193.0925. found:
193.0920.

P s NN (2)-Benzyl(hex-4-en-1-yl)sulfane (2-72): Colorless oil. *H
NMR (400 MHz, CDCls) § 7.31 (d, J = 4.4 Hz, 4H), 7.27 — 7.19 (m, 1H), 5.46 (dddd,
J=13.4,6.8, 4.9, 3.3 Hz, 1H), 5.32 (dtt, J = 10.9, 7.4, 1.8 Hz, 1H), 3.70 (s, 2H), 2.47
—2.37(m, 2H), 2.10 (q, J = 7.3 Hz, 2H), 1.68 — 1.52 (m, 6H) ppm. 13C NMR (101 MHz,
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CDCI3) 6 138.64, 129.48, 128.86, 128.47, 126.90, 124.75, 77.37, 77.05, 76.73, 36.28,
30.91, 29.03, 26.00, 12.81 ppm. HRMS (EI): calcd. for C13H1sS: 206.1129. found:
206.1124. IR (cm™) 707, 1027, 1070, 1238, 1453, 1494, 1601, 1655.

PR sTX Benzyl(hex-5-en-1-yl)sulfane (2-74): Colorless oil. tH NMR (400
MHz, CDCls) 5 7.31 (d, J = 4.4 Hz, 4H), 7.27 — 7.19 (m, 1H), 5.77 (ddt, J = 17.0, 10.2,
6.7 Hz, 1H), 5.05 — 4.88 (m, 2H), 3.70 (s, 2H), 2.51 — 2.31 (m, 2H), 2.11 — 1.93 (m,
2H), 1.60 — 1.52 (m, 2H), 1.44 (tt, J = 8.6, 6.8 Hz, 2H) ppm. 3C NMR (101 MHz,
CDCl3) 6 138.65, 138.56, 128.86, 128.48, 126.91, 114.67, 77.38, 77.07, 76.75, 36.28,
33.31, 31.17, 28.64, 28.05 ppm. HRMS (EI): calcd. for C13H1sS: 206.1129. found:
206.1125. IR (cm™) 709, 1028, 1071, 1237, 1438, 1453, 1494, 1602, 1640.

o 3-(4-Hydroxyphenyl)-1,4,2-dioxazol-5-one (2-76): White solid.
TO»—(: >—OH
N 'H NMR (400 MHz, CDClz) 5 7.82 — 7.70 (m, 2H), 7.04 — 6.88 (m,
2H), 5.66 (s, 1H) ppm. 13C NMR (101 MHz, CDCls) & 163.37, 160.28, 154.08, 128.90,
116.46, 112.45, 77.34, 77.02, 76.70 ppm. HRMS (ESI): calcd. for C7HsNO2*

(corresponds to the isocyanate from dioxazolone): 136.0399. found: 136.0392.

Oj;o/ e 3-(4-Methoxyphenyl)-1,4,2-dioxazol-5-one (2-77): White solid.
N C IH NMR (400 MHz, CDCl3) § 7.82 — 7.76 (m, 2H), 7.07 — 6.99
(m, 2H), 3.89 (s, 3H) ppm. 3C NMR (101 MHz, CDCls) § 163.88, 163.43, 154.06,
128.58, 114.89, 112.14, 55.62 ppm. HRMS (ESI): calcd. for CsHsNO,* (corresponds to
the isocyanate from dioxazolone): 150.0555. found: 150.0554.

0 3-(p-Tolyl)-1,4,2-dioxazol-5-one (2-78): White solid. 'H NMR (400
Yo
o\N’> < >

(s, 3H) ppm. *C NMR (101 MHz, CDCl3) § 163.66, 153.97, 144.84, 130.09, 126.57,

MHz, CDCls) § 7.76 — 7.69 (m, 2H), 7.34 (d, J = 8.1 Hz, 2H), 2.45

117.25, 21.81 ppm. HRMS (ESI): calcd. for CsHsNO™ (corresponds to the isocyanate
from dioxazolone): 134.0606. found: 134.0603.
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o?;o/ i 3-(4-Fluorophenyl)-1,4,2-dioxazol-5-one (2-79): White solid. H
N C NMR (400 MHz, CDCls)  7.96 — 7.82 (m, 2H), 7.31—7.19 (m, 2H)
ppm. 3C NMR (101 MHz, CDCls) § 167.20, 164.64, 162.80, 153.68, 129.23 (d, J = 9.4
Hz), 117.02 (d, J = 22.7 Hz), 116.41 (d, J = 3.5 Hz) ppm. °F NMR (377 MHz, CDCls)
0 -108.59, -108.60, -108.61, -108.62, -108.62, -108.64, -108.65, -108.66 ppm. HRMS
(ESI): calcd. for C7HsFNO™ (corresponds to the isocyanate from dioxazolone):

138.0355. found: 138.0357.

o\\(r;o/ . 3-(4-Chlorophenyl)-1,4,2-dioxazol-5-one (2-80): White solid. H
N C NMR (400 MHz, CDCl3) & 7.87 — 7.76 (m, 2H), 7.59 — 7.49 (m, 2H)
ppm. 3C NMR (101 MHz, CDCls) & 162.84, 153.53, 140.40, 129.91, 127.90, 118.58
ppm. HRMS (ESI): calcd. for C7HsCINO* (corresponds to the isocyanate from
dioxazolone): 154.0060. found: 154.0059.

OTO/ . 3-(4-(Trifluoromethyl)phenyl)-1,4,2-dioxazol-5-one  (2-81):
N C White solid. *H NMR & 8.01 (d, J = 8.2 Hz, 2H), 7.83 (d, J = 8.2
Hz, 2H) ppm. *C NMR (101 MHz, CDCls) § 162.51, 153.30, 135.57, 135.24, 127.14,
126.51 (q, J = 3.8 Hz), 124.51, 123.53, 121.79 ppm. *F NMR (377 MHz, CDCl3) 5 -
63.33 ppm. HRMS (ESI): calcd. for CgHsF3NO™ (corresponds to the isocyanate from

dioxazolone): 188.0323. found: 188.0314.

oj;ol o, 3-(4-Nitrophenyl)-1,4,2-dioxazol-5-one (2-82): White solid. H
N : NMR (400 MHz, CDCls) & 8.43 (d, J = 8.9 Hz, 2H), 8.10 (d, J =
8.9 Hz, 2H) ppm. ¥C NMR (101 MHz, CDCls) & 162.01, 153.00, 150.82, 127.87,
125.67, 124.66, 77.35, 77.04, 76.72 ppm. HRMS (ESI): dioxazolone corresponding
isocyanate calcd. for C7HsN20s": 165.0300. found: 165.0291.

PR s\ (Z)-Benzyl(hex-3-en-1-yl)sulfane (2-83): Colorless oil. ‘H
NMR (400 MHz, CDCls) § 7.37 — 7.27 (m, 4H), 7.23 (tt, J = 5.1, 3.9 Hz, 1H), 5.47 —
5.38 (m, 1H), 5.36 — 5.26 (M, 1H), 3.73 (s, 2H), 2.48 — 2.36 (M, 2H), 2.29 (q, J = 7.3
Hz, 2H), 2.02 (pd, J = 7.5, 1.5 Hz, 2H), 0.95 (t, J = 7.5 Hz, 3H) ppm. 3C NMR (101
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MHz, CDCls) & 138.56, 133.25, 128.86, 128.50, 126.94, 126.83, 77.36, 77.05, 76.73,
36.35, 31.33, 27.13, 20.64, 14.28 ppm. HRMS (EI): calcd. for CisHusS: 206.1129.
found: 206.1124. IR (cm't) 710, 1028, 1103, 1204, 1454, 1496, 1640,

/@/\SW (4-Methylbenzyl)(pent-4-en-1-yl)sulfane (2-84): Colorless oil.

IH NMR (400 MHz, CDCls) § 7.19 (d, J = 8.1 Hz, 2H), 7.11 (d, J
=7.9 Hz, 2H), 5.76 (ddt, J = 17.0, 10.3, 6.7 Hz, 1H), 5.08 — 4.89 (m, 2H), 3.67 (s, 2H),
2.41 (dd, J=8.2, 6.7 Hz, 2H), 2.33 (s, 3H), 2.11 (tdd, J = 7.9, 5.9, 1.5 Hz, 2H), 1.65 (p,
J = 7.4 Hz, 2H) ppm. 3C NMR (101 MHz, CDCls) § 137.88, 136.53, 135.48, 129.16,
128.73,115.11, 77.36, 77.04, 76.73, 35.93, 32.83, 30.71, 28.44, 21.10 ppm. HRMS (EI):
calcd. for C13H1sS: 206.1116 found: 206.1129.

O/\SW (4-Methoxybenzyl)(pent-4-en-1-yl)sulfane (2-85): Colorless
0 oil. 'H NMR (400 MHz, CDCls) § 7.22 (d, J = 8.5 Hz, 2H), 6.88
—6.80 (M, 2H), 5.76 (ddt, J = 16.9, 10.0, 6.6 Hz, 1H), 5.05 — 4.89 (m, 2H), 3.79 (s, 3H),
3.66 (s, 2H), 2.41 (t, J = 7.4 Hz, 2H), 2.16 — 2.06 (m, 2H), 1.65 (p, J = 7.4 Hz, 2H) ppm.

~

13C NMR (101 MHz, CDCls) & 158.59, 137.87, 130.56, 129.89, 115.13, 113.88, 77.36,
77.05, 76.73, 55.29, 35.61, 32.84, 30.66, 28.45 ppm.

sNNF (4-(Tert-butyl)benzyl)(pent-4-en-1-yl)sulfane (2-86): Color-
X@ less oil. *H NMR (400 MHz, CDCls) & 7.33 (d, J = 8.3 Hz, 2H),
7.23 (d, J = 8.2 Hz, 2H), 5.75 (ddt, J = 17.0, 10.3, 6.7 Hz, 1H), 5.04 — 4.91 (m, 2H),
3.68 (s, 2H), 2.47 — 2.40 (m, 2H), 2.12 (tdd, J = 8.0, 6.2, 1.4 Hz, 2H), 1.65 (p, J = 7.4
Hz, 2H), 1.31 (s, 10H) ppm. 3C NMR (101 MHz, CDCls) & 149.84, 137.89, 135.50,
128.49, 125.41, 115.11, 77.37, 77.05, 76.73, 35.86, 34.49, 32.82, 31.38, 30.86, 28.44
ppm. HRMS (EI): calcd. for C16H24S: 248.1599. found: 248.1590.

/@/\SW (4-Fluorobenzyl)(pent-4-en-1-yl)sulfane (2-87): Colorless oil.
F IH NMR (400 MHz, CDCl3) § 7.30 — 7.23 (m, 2H), 7.03 — 6.94
(m, 2H), 5.75 (ddt, J = 16.9, 10.1, 6.6 Hz, 1H), 5.07 — 4.91 (m, 2H), 3.67 (s, 2H), 2.46
—2.37 (M, 2H), 2.12 (tdd, J = 8.0, 6.8, 1.4 Hz, 2H), 1.64 (p, J = 7.4 Hz, 2H) ppm. 3C
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NMR (101 MHz, CDCls) 6 160.62, 137.74, 134.29 (d, J = 3.3 Hz), 130.33 (d, J = 8.0
Hz), 115.42, 115.22 (d, J = 3.7 Hz), 35.50, 32.78, 30.70, 28.35 ppm. °F NMR (377
MHz, CDClz) 6 -121.81, -121.82, -121.83, -121.84, -121.86, -121.87, -121.88 ppm.
HRMS (El): calcd. for C12H1sFS: 210.0878. found: 210.0871.

/@/\SW (4-Chlorobenzyl)(pent-4-en-1-yl)sulfane (2-88): Colorless oil.
cl H NMR (400 MHz, CDCl3) & 7.30 — 7.21 (m, 4H), 5.75 (ddt, J
=17.0,10.2, 6.7 Hz, 1H), 5.06 — 4.92 (m, 2H), 3.66 (s, 2H), 2.46 — 2.36 (M, 2H), 2.17
—2.07 (m, 2H), 1.64 (p, J = 7.4 Hz, 2H) ppm. 13C NMR (101 MHz, CDCl3) § 137.71,
137.14,132.67,130.17, 128.62, 115.28, 77.36, 77.05, 76.73, 35.57, 32.76, 30.69, 28.32
ppm. HRMS (El): calcd. for C12H1sCIS: 226.0583. found: 226.0576.

/@/\SW Pent-4-en-1-yl(4-(trifluoromethyl)benzyl)sulfane (2-89):
CFs Colorless oil. *H NMR (400 MHz, CDCl3) § 7.57 (d, J = 8.0 Hz,
2H), 7.43 (d, J = 8.0 Hz, 2H), 5.75 (ddt, J = 17.0, 10.1, 6.6 Hz, 1H), 5.05 — 4.92 (m,
2H), 3.73 (s, 2H), 2.42 (t, J = 7.4 Hz, 2H), 2.12 (q, J = 7.1 Hz, 2H), 1.66 (q, J = 7.3 Hz,
2H) ppm. °C NMR (101 MHz, CDCls) & 167.32, 142.55, 134.72, 131.50, 129.16,
128.62, 126.80, 125.44 (q, J = 3.7 Hz), 50.74, 35.93, 34.25, 27.87, 27.85, 10.38 ppm.
19 NMR (377 MHz, CDCl3) § -68.45 ppm. HRMS (E|): calcd. for C13H1sF3S: 260.0847.
found: 260.0842.

pr~S~x  Pent-4-en-1-yl(phenethyl)sulfane (2-90): Colorless oil. *H NMR
(400 MHz, CDCls) & 7.29 (dd, J = 8.7, 6.6 Hz, 2H), 7.21 (td, J = 6.2, 1.8 Hz, 4H), 5.78
(ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.08 — 4.95 (m, 2H), 2.88 (dd, J = 9.0, 5.8 Hz, 2H),
2.80—2.72 (m, 2H), 2.57 — 2.50 (m, 2H), 2.18 — 2.11 (m, 2H), 1.68 (p, J = 7.4 Hz, 2H)
ppm. 3C NMR (101 MHz, CDCl3) & 140.70, 137.85, 128.65, 128.56, 128.51, 128.50,
126.45, 126.35, 115.23, 77.40, 77.08, 76.76, 40.24, 36.43, 35.76, 33.66, 32.85, 31.66,
28.81 ppm. HRMS (El): calcd. for C13H18S: 206.1129. found: 206.1127.

AbSi~  Octadecyl(pent-4-en-1-yl)sulfane (2-91): Colorless oil. 'H NMR
(400 MHz, CDClz) & 5.79 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.10 —
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4.91 (m, 2H), 2.50 (td, J = 7.5, 5.6 Hz, 5H), 2.15 (g, J = 7.1 Hz, 2H), 1.68 (p, J = 7.3
Hz, 2H), 1.57 (p, J = 7.2 Hz, 3H), 1.26 (s, 37H), 0.88 (t, J = 6.7 Hz, 3H) ppm. 3C NMR
(101 MHz, CDCls) 6 137.86, 115.07, 77.37, 77.05, 76.73, 32.87, 32.15, 31.95, 31.50,
29.73, 29.70, 29.68, 29.64, 29.57, 29.39, 29.29, 28.96, 28.87, 22.71, 14.11 ppm. HRMS
(EI): calcd. for Co3HaseS: 354.3320. found: 354.3326.

S~~~ Pent-4-en-1-yl(pentyl)sulfane (2-92): Colorless oil. 'H NMR (400

MHz, CDClz) 6 5.80 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.12 — 4.91 (m,
2H), 2.51 (td, J = 7.4, 5.4 Hz, 4H), 2.20 — 2.11 (m, 2H), 1.68 (p, J = 7.4 Hz, 2H), 1.59
(d, J = 7.4 Hz, 3H), 1.41 — 1.27 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H) ppm. 3C NMR (101
MHz, CDCl3) 6 137.93, 115.09, 77.34,77.03, 76.71, 32.87, 32.13, 31.51, 31.12, 29.41,
28.87, 22.32, 13.98 ppm. HRMS (El): calcd. for C1oH20S: 172.1286. found: 172.1296.

/@SM Pent-4-en-1-yl(p-tolyl)sulfane (2-93): Colorless oil. *H NMR

(400 MHz, CDCls) 8 7.25 (d, J = 8.3 Hz, 2H), 7.09 (d, J = 7.9 Hz,
2H), 5.7 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.09 — 4.93 (m, 2H), 2.92 — 2.84 (m, 2H),
2.32 (5, 3H), 2.21 — 2.13 (m, 2H), 1.71 (p, J = 7.3 Hz, 2H) ppm. 3C NMR (101 MHz,
CDCIs) 6 137.70, 136.02, 132.81, 130.01, 129.66, 115.34, 77.36, 77.05, 76.73, 33.74,
32.70, 28.38, 21.02 ppm. HRMS (EI): calcd. for C12H16S: 192.0973. found: 192.0974.
IR (cm™) 717, 1015, 1092, 1210, 1438, 1492, 1565, 1598 1639.

SM Naphthalen-2-yl(pent-4-en-1-yl)sulfane (2-94): Colorless oil.

IH NMR (400 MHz, CDCls) § 7.79 — 7.70 (m, 4H), 7.49 — 7.37
(m, 3H), 5.79 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.11 —4.93 (m, 2H), 3.01 (t, J = 7.4 Hz,
2H), 2.21 (q, J = 7.1 Hz, 2H), 1.78 (p, J = 7.3 Hz, 2H) ppm. C NMR (101 MHz,
CDCI3) 6 137.60, 134.30, 133.83, 131.70, 128.37, 127.75, 127.35, 127.04, 126.61,
126.55, 125.57, 115.54, 77.39, 77.08, 76.76, 32.83, 32.77, 28.26 ppm. HRMS (EI):
calcd. for C1sH16S: 228.0973. found: 228.0970.

S 2-(But-3-en-1-yl)-1,3-dithiane (2-95): Colorless oil. *H NMR (400 MHz,
o 2 ) (2-95) (
CDCls) § 5.79 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.14 — 4.95 (m, 2H), 4.04
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(t, J = 7.0 Hz, 1H), 2.99 — 2.73 (m, 5H), 2.32 — 2.22 (m, 2H), 2.17 — 2.06 (m, 1H), 1.96
—1.76 (m, 3H) ppm. 3C NMR (101 MHz, CDCl3) § 137.14, 115.65, 77.36, 77.04, 76.72,
46.72, 34.55, 30.54, 30.34, 26.03 ppm. HRMS (El): calcd. for C1gH14S2: 174.0537.
found: 174.0536.

pr~s~~~~ Benzyl(hept-6-en-1-yl)sulfane (2-96): Colorless oil. *H NMR
(400 MHz, CDCls) § 7.30 (d, J = 4.3 Hz, 4H), 7.27 — 7.19 (m, 1H), 5.79 (ddt, J = 16.9,
10.2, 6.7 Hz, 1H), 5.05 — 4.89 (m, 2H), 3.70 (s, 2H), 2.41 (t, J = 7.4 Hz, 2H), 2.03 (g, J
= 6.6 Hz, 2H), 1.55 (td, J = 11.2, 9.3, 4.6 Hz, 3H), 1.44 — 1.29 (m, 4H) ppm. 3C NMR
(101 MHz, CDCls) 6 138.88, 138.68, 128.85, 128.47, 126.89, 114.41, 77.37, 77.05,
76.74, 36.32, 33.62, 31.33, 29.09, 28.49, 28.35 ppm. HRMS (EI): calcd. for C14H20S:
220.1286. found: 220.1288. IR (cm™) 711, 1027, 1070, 1237, 1437, 1453, 1494, 1601,
1640.

PhSTNSX Benzyl(oct-7-en-1-yl)sulfane (2-97): Colorless oil. 'H NMR
(400 MHz, CDCl3) § 7.31 (d, J = 4.4 Hz, 4H), 7.24 (dd, J = 8.5, 4.2 Hz, 1H), 5.79 (ddt,
J=17.0,10.2, 6.7 Hz, 1H), 5.06 — 4.81 (m, 2H), 3.70 (s, 2H), 2.50 — 2.31 (m, 2H), 2.03
(0, J=7.0 Hz, 2H), 1.69 — 1.48 (m, 2H), 1.43 — 1.09 (m, 6H) ppm. 3C NMR (101 MHz,
CDCI3) 6 139.07, 138.69, 128.85, 128.47, 126.89, 114.29, 77.38, 77.06, 76.74, 36.31,
33.72, 31.36, 29.16, 28.76, 28.72, 28.69 ppm. HRMS (EI): calcd. for CisHzoS:
234.1442. found: 234.1448. IR (cm™) 709, 1027, 1070, 1237, 1437, 1453, 1494, 1602,
1640.

P ~Ns~~~~~ Benzyl(non-8-en-1-yl)sulfane (2-98): Colorless oil. *H NMR
(400 MHz, CDCls) & 7.30 (d, J = 4.3 Hz, 4H), 7.23 (dd, J = 8.9, 4.5 Hz, 1H), 5.80 (ddt,
J=16.9,10.2, 6.7 Hz, 1H), 5.08 — 4.84 (m, 2H), 3.70 (s, 2H), 2.40 (t, J = 7.4 Hz, 2H),
2.03(q, J = 7.0 Hz, 2H), 1.61 — 1.45 (m, 3H), 1.44 — 1.08 (m, 9H) ppm. 13C NMR (101
MHz, CDCIz) & 139.16, 138.71, 128.85, 128.46, 126.88, 114.21, 77.37, 77.05, 76.73,
36.33, 33.78, 31.40, 29.21, 29.05, 28.97, 28.85, 28.82 ppm. HRMS (EI): calcd. for
Ci16H24S: 248.1599. found: 248.1606. IR (cm™) 709, 1027, 1071, 1238, 1437, 1453,
1494, 1601, 1640.
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Ph_ O~ ((Pent-4-en-1-yloxy)methyl)benzene (2-99): Colorless oil. H
NMR (400 MHz, CDCls) & 7.39 — 7.32 (m, 4H), 7.29 (td, J = 6.6, 4.9, 3.0 Hz, 1H), 5.82
(ddtd, J = 16.8, 9.9, 6.6, 2.6 Hz, 1H), 5.10 — 4.91 (m, 2H), 4.51 (d, J = 2.2 Hz, 2H),
3.49 (td, J = 6.6, 2.4 Hz, 2H), 2.15 (g, J = 7.0 Hz, 2H), 1.72 (ddt, J = 13.6, 8.9, 4.8 Hz,
2H) ppm. BC NMR (101 MHz, CDCls) § 138.65, 138.34, 128.39, 127.66, 127.54,
114.76, 77.37, 77.05, 76.73, 72.92, 69.76, 30.38, 28.98 ppm. HRMS (EI): calcd. for
C12H160: 176.1201. found: 176.1195.

G 1-(Pent-4-en-1-yl)piperidine (2-100): Colorless oil. *H NMR (400
"SSN MHz, CDCl) 5581 (ddt, J = 16.9, 10.1, 6.6 Hz, 1H), 5.05 — 4.90 (m,
2H), 2.47 (s, 4H), 2.33 — 2.24 (m, 3H), 2.05 (q, J = 7.1 Hz, 2H), 1.58 (dt, J = 11.1, 6.1
Hz, 7H), 1.43 (p, J = 6.1 Hz, 2H) ppm. 3C NMR (101 MHz, CDCl3) 5 138.61, 114.49,

77.38, 77.06, 76.74, 59.03, 54.64, 31.89, 26.11, 25.98, 24.49 ppm.

P s._Ph Benzyl(6-phenylhex-4-en-1-yl)sulfane (2-102): Colorless
QMW oil. *H NMR (400 MHz, CDCls) § 7.41 — 7.21 (m, 8H), 7.21
—7.10 (m, 3H), 5.67 — 5.53 (m, 1H), 5.52 — 5.39 (M, 1H), 3.69 (d, J = 3.7 Hz, 2H), 3.34
(dd, J = 28.7, 7.0 Hz, 2H), 2.42 (dt, J = 13.8, 7.4 Hz, 2H), 2.22 (¢, J = 7.3 Hz, 2H), 1.74
—1.62 (m, 2H) ppm. 3C NMR (101 MHz, CDCl3) & 141.05, 138.64, 138.59, 130.70,
129.84, 129.65, 129.05, 128.86, 128.50, 128.48, 128.46, 128.41, 128.39, 128.35,
128.29,126.94, 126.91, 125.95, 125.91, 77.37, 77.05, 76.73, 39.04, 36.29, 36.27, 33.51,
31.56, 31.31, 31.05, 30.91, 30.77, 29.08, 28.94, 26.38 ppm. HRMS (ESI): calcd. for
C19H23S™: 283.1520. found: 283.1519.

OYO 3-Ethyl-1,4,2-dioxazol-5-one (2-103): Colorless oil. *H NMR (400 MHz,
/

O-N CDCl3) § 2.64 (q, J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H) ppm. 3C NMR
(101 MHz, CDCl3z) ¢ 167.48, 154.22, 18.60, 8.67 ppm. HRMS (ESI): calcd. for

C4HsNO3": 116.0348. found: 116.0340.

OYO ph 3-Phenethyl-1,4,2-dioxazol-5-one (2-104): Colorless oil. *H NMR
/

N (400 MHz, CDCls) § 7.40 — 7.12 (m, 5H), 3.07 — 2.99 (m, 2H), 2.96 —
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2.88 (m, 2H) ppm. *C NMR (101 MHz, CDCls) § 165.87, 154.05, 138.04, 128.95,
128.21, 127.19, 30.46, 26.68 ppm. HRMS (ESI): calcd. for CoH10NO™ (corresponds to
the isocyanate from dioxazolone): 148.0762. found: 148.0755.

OYO’ / 3-Heptyl-1,4,2-dioxazol-5-one (2-105): Colorless oil. *H NMR (400

O-N MHz, CDCls) §2.61 (t, J = 7.5 Hz, 2H), 1.71 (p, J = 7.5 Hz, 2H), 1.44 —
1.31 (m, 4H), 1.27 (d, J = 6.8 Hz, 12H), 0.88 (t, J = 6.8 Hz, 3H) ppm. 13C NMR (101
MHz, CDClz) 6 166.74, 31.88, 29.54, 29.50, 29.28, 28.92, 28.70, 24.74, 24.51, 22.66,
14.08 ppm. HRMS (ESI): calcd. for CgH1sNO™ (corresponds to the isocyanate from

dioxazolone): 142.1232. found: 142.1228.

OY())—%(\“ 3-Undecyl-1,4,2-dioxazol-5-one (2-106): Colorless oil. *tH NMR (400

O-N MHz, CDCls) § 2.61 (t, J = 7.5 Hz, 2H), 1.71 (p, J = 7.4 Hz, 2H), 1.43 —
1.22 (m, 16H), 0.88 (t, J = 6.7 Hz, 3H) ppm. 3C NMR (101 MHz, CDCl3) & 166.76,
154.23, 31.45, 28.64, 28.57, 24.71, 24.49, 22.50, 13.96 ppm. HRMS (ESI): calcd. for
C12H24NO™ (corresponds to the isocyanate from dioxazolone): 198.1858. found:

198.1859.

OYO/ npr  3-(Heptan-4-yl)-1,4,2-dioxazol-5-one (2-107): Colorless oil. *H NMR
O-N" WPr (400 MHz, CDCls) § 2.69 (tt, J = 8.6, 5.9 Hz, 1H), 1.66 — 1.54 (m, 4H),
1.36 — 1.27 (m, 4H), 0.90 (t, J = 7.3 Hz, 6H) ppm. 3C NMR (101 MHz, CDCls) §
168.95, 36.44, 33.27, 20.13, 13.61 ppm. HRMS (ESI): calcd. for CgHisNO*
(corresponds to the isocyanate from dioxazolone): 142.1232. found: 142.1227.

0 3-Cyclobutyl-1,4,2-dioxazol-5-one (2-108): Colorless oil. 'H NMR
Y©
o\N’>_<>

Hz, 4H), 2.21 — 2.00 (m, 2H) ppm. *C NMR (101 MHz, CDCl;) § 168.44, 154.49,

(400 MHz, CDCL3) & 3.46 (qd, J= 8.4, 1.1 Hz, 1H), 2.38 (td, /= 8.8, 7.1

29.51, 25.18, 18.99 ppm. HRMS (ESI): calcd. for CeHsNOs™: 142.0504. found:
142.0499.
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Oj;O)—O 3-Cyclopentyl-1,4,2-dioxazol-5-one (2-109): Colorless oil. *H NMR

N (400 MHz, CDCls) 5 3.06 (tt, J = 8.6, 7.1 Hz, 1H), 2.04 (dddd, J = 12.1,
9.5,5.0, 3.2 Hz, 2H), 1.90 — 1.62 (m, 6H) ppm. 13C NMR (101 MHz, CDCl3) & 169.52,
154.44, 35.14, 29.33, 25.43 ppm. HRMS (ESI): calcd. for CeH1oNO™ (corresponds to
the isocyanate from dioxazolone): 112.0762. found: 112.0763.

OYO ? 3-(Bicyclo[2.2.1]heptan-2-yl)-1,4,2-dioxazol-5-one (2-110): Color-

O\ less oil. '"H NMR (400 MHz, CDCls) § 3.10 — 2.91 (m, 0.5H), 2.68 —
2.62 (m, 1H), 2.55 (d, J = 4.0 Hz, 0.5H), 2.41 (dt, J = 6.5, 4.4 Hz, 1H), 1.85 (ddt, J =
12.9, 6.2, 3.7 Hz, 1H), 1.50 — 1.46 (m, 2H), 1.93 — 1.25 (m, 5H) ppm. 3C NMR (101
MHz, CDCI3) & 169.10, 168.68, 154.54, 154.48, 40.44, 39.95, 39.55, 38.20, 37.28,
36.56, 36.37, 36.01, 33.10, 30.81, 29.31, 29.11, 28.36, 24.28 ppm. HRMS (ESI): calcd.
for CgH12NO™ (corresponds to the isocyanate from dioxazolone): 138.0919. found:

138.0916.

/
O-N

OYO : ¢ 3-(4,4-Difluorocyclohexyl)-1,4,2-dioxazol-5-one (2-111): White

" solid. '"H NMR (400 MHz, CDCls) & 2.80 (td, J = 9.1, 8.0, 4.6 Hz,
1H), 2.25 — 2.09 (m, 4H), 1.98 — 1.80 (m, 4H) ppm. *C NMR (101 MHz, CDCl3) &
167.66 (d,J=1.9 Hz), 153.83, 126.36 — 117.78 (m), 32.42, 32.07 (t,J=25.1 Hz), 24.86
—24.19 (m) ppm. "’F NMR (376 MHz, CDCl3) 6 -94.56 (d, J = 240.3 Hz), -100.49 (d,
J=240.8 Hz) ppm. HRMS (ESI): calcd. for C7HioF2NO™ (corresponds to the isocyanate
from dioxazolone): 162.0730. found: 162.0734.

OYO % 3-(Adamantan-1-yl)-1,4,2-dioxazol-5-one (2-112): White solid. 'H
O~/ NMR (400 MHz, CDCl3) 6 2.15 — 2.06 (m, 1H), 1.95 (d, J = 2.9 Hz,
4H), 1.88 — 1.69 (m, 4H) ppm. 1*C NMR (101 MHz, CDCl3) § 171.72, 154.65, 38.08,
36.09, 34.60, 27.27 ppm. HRMS (ESI): calcd. for C11HisNO™ (corresponds to the

isocyanate from dioxazolone): 178.1232. found: 178.1230.

OYO Methyl-4-(5-o0x0-1,4,2-dioxazol-3-yl)cubane-1-carboxylate
/
O‘N@COOM‘% (2-113): White solid. *H NMR (400 MHz, CDCl3) § 4.43 — 4.32
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(m, 6H), 3.71 (s, 3H) ppm. 3C NMR (101 MHz, CDCl3) § 171.02, 164.52, 154.20,
56.03, 51.78, 47.69, 47.63, 46.82 ppm. HRMS (ESI): calcd. for CiiHioNOs*

(corresponds to the isocyanate from dioxazolone): 204.0661. found: 204.0667.

OYO Methyl-3-(5-ox0-1,4,2-dioxazol-3-yl)bicyclo[1.1.1]pentane-1-
O\N)\Q‘COOMe carboxylate (2-114): White solid. *H NMR (400 MHz, CDCls)
§3.71 (s, 3H), 2.50 (s, 6H) ppm. 3C NMR (101 MHz, CDCls) 5 168.23, 162.89, 153.73,
53.22, 52.13, 39.87, 30.83 ppm. HRMS (ESI): calcd. for CgH1oNOs" (corresponds to

the isocyanate from dioxazolone): 168.0661. found: 168.0653.

YO S\\ 3-(3-(Thiophen-2-yl)propyl)-1,4,2-dioxazol-5-one (2-115): Ye-
O~/ llow oil. "H NMR (400 MHz, CDCl3) & 7.17 (dd, J= 5.2, 1.2 Hz,
1H), 6.94 (dd, J=5.1, 3.4 Hz, 1H), 6.83 (dd, J=3.4, 1.2 Hz, 1H), 2.98 (t, /= 7.2 Hz,
2H), 2.67 (t,J=7.5Hz, 2H), 2.11 (p, J= 7.3 Hz, 2H) ppm. *C NMR (101 MHz, CDCl;)
0 166.28, 154.06, 142.29, 127.03, 125.21, 123.91, 28.64, 26.25, 23.84 ppm. HRMS
(ESI): calcd. for CsHioNOS™ (corresponds to the isocyanate from dioxazolone):

168.0483. found: 168.0478.

o 0 2-(2-(5-Oxo0-1,4,2-dioxazol-3-yl)ethyl)isoindoline-1,3-dione

O‘N>\/\ (2-116): White solid. *H NMR (400 MHz, CDCl3) & 7.92 — 7.82

° (m, 2H), 7.80 — 7.68 (m, 2H), 4.08 (t, J = 6.4 Hz, 2H), 3.02 (t, J

= 6.4 Hz, 2H) ppm. 3C NMR (101 MHz, CDCl3) § 167.71, 164.04, 153.65, 134.45,

131.64, 123.69, 33.20, 24.71 ppm. HRMS (ESI): calcd. for C11H9N2O3" (corresponds
to the isocyanate from dioxazolone): 217.0613. found: 217.0618.

OYO’ . 3-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-1,4,2-dioxazol-5-one
O-N j (2-117): White solid. *H NMR (400 MHz, CDCls) & 7.36 — 7.32 (m,

° 2H), 7.03 — 6.94 (m, 1H), 4.39 — 4.33 (M, 2H), 4.33 — 4.27 (m, 2H)
ppm. 8C NMR (101 MHz, CDCls) & 163.24, 154.02, 148.45, 144.14, 120.44, 118.44,

115.88, 112.78, 77.37, 77.05, 76.74, 64.68, 64.16 ppm. HRMS (ESI): calcd. for
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CoHgNO3* (corresponds to the isocyanate from dioxazolone): 178.0504. found:

178.0502.

OYO 3-(1-Chloroethyl)-1,4,2-dioxazol-5-one (2-118): Colorless oil. H NMR
/

O (400 MHz, CDClz) 6 4.86 (q, J = 7.0 Hz, 1H), 1.88 (d, J = 7.0 Hz, 3H)
ppm. 3C NMR (101 MHz, CDCls) & 165.16, 153.04, 44.13, 20.38 ppm. HRMS (ESI):

calcd. for C4HsCINOs*: 149.9958. found: 149.9963.

o~ 3-(2-(5-Methoxy-1H-indol-3-yl)ethyl)-1,4,2-dioxazol-5-one

Oj:o, : (2-119): White solid. 'H NMR (400 MHz, CDCl3) 8 7.97 (s, 1H),
" Nt 726 (d, J = 8.9 Hz, 1H), 7.00 (dd, J = 20.5, 2.4 Hz, 2H), 6.89
(dd, J = 8.8, 2.4 Hz, 1H), 3.87 (s, 3H), 3.17 (tt, J = 7.0, 1.0 Hz, 2H), 3.03 — 2.97 (m,
2H) ppm. 3C NMR (101 MHz, CDCls) & 166.29, 154.29, 154.18, 131.41, 127.07,
122.64,112.68, 112.31, 112.23, 100.03, 55.96, 25.82, 20.55 ppm. HRMS (ESI): calcd.
for C12H13N20," (corresponds to the isocyanate from dioxazolone): 217.0977. found:

217.0984.

Ot%@F 3-(§-FIuoropyridin-3-yl)-1,4,2-dioxazol-5-one (2-120): Brown

N N solid. 'H NMR (400 MHz, CDCls) & 8.75 (d, J = 2.5 Hz, 1H), 8.28
(ddd, J=9.1,7.1, 2.5 Hz, 1H), 7.17 (dd, J = 8.6, 3.0 Hz, 1H) ppm. 13C NMR (101 MHz,
CDCl3) 6 166.08 (d, J = 248.9 Hz), 161.15, 153.00, 147.16 (d, J = 16.9 Hz), 139.27 (d,
J=9.3 Hz), 115.25 (d, J = 5.0 Hz), 111.09 (d, J = 37.9 Hz) ppm. °F NMR (376 MHz,
CDCl3) & -58.00 ppm. HRMS (ESI): calcd. for C¢H4FN2O* (corresponds to the

isocyanate from dioxazolone): 139.0308. found: 139.0303.
O>\\ 3-(1-(4-1sobutylphenyl)ethyl)-1,4,2-dioxazol-5-one  (2-121):
°~N/O - White solid. 'H NMR (400 MHz, CDCls) & 7.18 (q, J = 8.3 Hz,
4H), 4.04 (g, J = 7.2 Hz, 1H), 2.48 (d, J = 7.2 Hz, 2H), 1.92 —
1.80 (m, 1H), 1.67 (d, J = 7.2 Hz, 3H), 0.91 (d, J = 6.6 Hz, 6H) ppm. 3C NMR (101
MHz, CDCl3) & 168.54, 142.11, 134.04, 129.91, 127.05, 44.97, 36.70, 30.13, 22.32,
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17.19 ppm. HRMS (ESI): calcd. for C13H1sNO™ (corresponds to the isocyanate from
dioxazolone): 204.1388. found: 204.1383.

o “ 3-(3-(Pyren-1-yl)propyl)-1,4,2-dioxazol-5-one (2-122):
O>\‘0 OO White solid. '"H NMR (400 MHz, CDCl3) & 8.22 — 8.15 (m,

S~

N
3H), 8.15 — 8.09 (m, 2H), 8.03 (d, J = 11.4 Hz, 3H), 7.82 (d,

J=17.8Hz, 1H), 3.43 (t, J= 7.5 Hz, 2H), 2.66 (t, J = 7.4 Hz, 2H), 2.26 (p, J = 7.5 Hz,
2H) ppm. *C NMR (101 MHz, CDCLy) & 166.41, 133.83, 131.41, 130.81, 130.35,
128.69, 127.83, 127.44, 127.24, 127.08, 126.06, 125.25, 125.18, 125.04, 124.93,
124.89, 122.70, 32.10, 25.97, 24.35 ppm. HRMS (ESI): caled. for CaoH¢NO*

(corresponds to the isocyanate from dioxazolone): 286.1232. found: 286.1228.

¢ 3-((1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-
Oj;z, [ ) 3-yl) methyl)-1,4,2-dioxazol-5-one (2-123): White solid.

IH NMR (400 MHz, CDCl3) 6 7.66 (d, J = 8.5 Hz, 2H), 7.47

(d,J=8.5Hz, 2H), 6.93 (d, J=2.4 Hz, 1H), 6.83 (d, J=9.0
Hz, 1H), 6.70 (dd, J = 9.1, 2.5 Hz, 1H), 3.99 (s, 2H), 3.83 (s, 3H), 2.44 (s, 3H) ppm.
13C NMR (101 MHz, CDCl3) § 168.16, 164.56, 156.27, 153.89, 139.74, 137.08, 133.34,
131.29, 130.75, 129.43, 129.28, 115.17, 112.24, 108.33, 100.64, 55.76, 20.43, 13.11
ppm. HRMS (ESI): calcd. for C19H16CIN20O3" (corresponds to the isocyanate from
dioxazolone): 355.0849. found: 355.0848.

o\’></\/o 3-(5-(2,5-Dimethylphenoxy)-2-methylpentan-2-yl)-1,4,2-
Oz’(o_‘u dioxazol-5-one (2-124): Colorless oil. *H NMR (400 MHz,
CDCl3) 5 7.03 (d, J = 7.4 Hz, 1H), 6.75 — 6.65 (m, 1H), 6.61

(d, J = 1.6 Hz, 1H), 3.96 (t, J = 5.6 Hz, 2H), 2.33 (s, 3H), 2.19 (s, 3H), 1.90 — 1.77 (m,
4H), 1.39 (s, 6H) ppm. 1*C NMR (101 MHz, CDCls3) § 171.60, 156.70, 136.55, 130.44,
123.56, 121.02, 111.95, 67.14, 36.08, 35.92, 24.62, 24.18, 21.39, 15.73 ppm. HRMS
(ESI): calcd. for CisH22NO2* (corresponds to the isocyanate from dioxazolone):

248.1651. found: 248.1642.
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0 (|) 3-(1-(6-Methoxynaphthalen-2-yl)ethyl)-1,4,2-dioxazol-5-one
O?\; (2-125): White solid. '"H NMR (400 MHz, CDCl3) § 7.74 (dd, J

=14.0, 8.7 Hz, 2H), 7.68 (d, J= 1.9 Hz, 1H), 7.35 (dd, J = 8.5,
1.9 Hz, 1H), 7.19 (dd, J = 8.9, 2.6 Hz, 1H), 7.14 (d, J = 2.5 Hz, 1H), 4.20 (q, J=7.3
Hz, 1H), 3.93 (s, 3H), 1.75 (d, J = 7.2 Hz, 3H) ppm. '*C NMR (101 MHz, CDCl3) &
167.94, 153.97, 66.38, 32.10, 27.66 ppm. HRMS (ESI): calcd. for Ci4sHisNO>"

(corresponds to the isocyanate from dioxazolone): 228.1025. found: 228.1030.

o o 3-((11-Oxo0-6,11-dihydrodibenzo[b,e]oxepin-2-yl)methyl)-
o?‘ 1,4,2-dioxazol-5-one (2-126): White solid. *H NMR (400

" ° MHz, CDCl3) § 8.17 (d, J = 2.5 Hz, 1H), 7.89 (dd, J = 7.7, 1.4
Hz, 1H), 7.58 (td, J = 7.5, 1.4 Hz, 1H), 7.49 (td, J = 7.6, 1.3 Hz, 1H), 7.39 (ddd, J = 9.3,
8.0, 1.9 Hz, 2H), 7.08 (d, J = 8.5 Hz, 1H), 5.20 (s, 2H), 3.95 (s, 2H) ppm. 3C NMR
(101 MHz, CDCls) 6 190.40, 165.10, 161.27, 153.83, 140.20, 135.48, 135.33, 133.07,
132.63, 129.56, 129.45, 127.96, 125.59, 123.98, 122.02, 73.69, 30.40 ppm. HRMS
(ESI): calcd. for Ci6H12NOs* (corresponds to the isocyanate from dioxazolone):

266.0817. found: 266.0815.

07;0/ 3-(4-Methylcyclohexyl)-1,4,2-dioxazol-5-one (2-127): white solid.
N C IH NMR (400 MHz, CDCls) & 2.56 (tt, J = 12.3, 3.5 Hz, 1H), 2.08 —
1.98 (m, 2H), 1.89 — 1.78 (m, 2H), 1.56 — 1.35 (m, 3H), 1.01 (qd, J = 13.4, 3.5 Hz, 2H),
0.91 (d, J = 6.6 Hz, 3H) ppm. *C NMR (101 MHz, CDCls) § 169.44, 154.33, 34.62,
33.63, 31.67, 28.23, 22.22 ppm. HRMS (ESI): calcd. for CsH14NO* (corresponds to the

isocyanate from dioxazolone): 140.1075. found: 140.1076.
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