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ARTICLE INFO ABSTRACT

Keywords: There are currently no antiviral drugs available to treat or prevent life-threatening human non-poliovirus
Enterovirus enterovirus infections, such as those caused by CV-B3, EV-A71 or EV-D68. Our aim is to develop novel in-
2C protein

hibitors that target the non-structural ATPase/Helicase 2C protein, which is involved in the RNA replication
process that is essential for enterovirus replication, among other functions. In this study, we describe the opti-
mization of (S)-fluoxetine, a promising hit identified through drug repurposing that binds to an allosteric site on
the CV-B3 2C ATPase domain. Our optimization process was guided by rational design, X-ray crystallographic
structures, computational docking, and validation by enzyme and cell-based assays, leading to several new in-
hibitors, among which compound 53 (CV-B3 ECsy = 0.5 pM and EV-D68 ECsy = 0.4 pM), a novel anti-
enterovirus with higher selectivity indexes than (S)-fluoxetine.

Fluoxetine derivatives
Broad-spectrum inhibitor
antiviral

1. Introduction

Enteroviruses, belonging to the Picornaviridae family, are among the
most prevalent viruses infecting humans worldwide, making them a
growing public health concern [1]. To date, there are four enterovirus
(EV) species (EV-A to EV-D) and three rhinovirus species (RV-A to RV-C)
infecting humans. These species include, among others, polioviruses
(PV; EV-C), which cause poliomyelitis, coxsackieviruses (CV-A, CV-B;
EV-A to EV-C), and echoviruses (E; EV-B). Infections with enterovi-
ruses can cause a wide range of diseases, from the common cold to
hand-foot-and-mouth disease (HFMD), meningitis, myocarditis, en-
cephalitis, and acute flaccid paralysis [2-4]. Although these viral in-
fections are often self-limiting, they can also result in serious
complications, especially in young children and immunocompromised
patients.

Enteroviruses continue to pose a significant public health challenge,
with new strains emerging and others persisting despite vaccination
efforts. The recent emergence of EV-A71 in South-East Asia and EV-D68
in North America, both associated with severe neurological complica-
tions, has underscored the ongoing threat these viruses present [5,6].
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While the global campaign against poliovirus has greatly reduced its
prevalence, recent cases demonstrate that complete eradication remains
elusive [7]. Although an inactivated EV-A71 vaccine has been approved
in China and shown to be effective, the co-circulation of numerous
enterovirus serotypes and their rapid genetic evolution make
single-virus vaccine strategies inadequate [8]. With over 100 enterovi-
ruses (EVs) and more than 150 rhinoviruses (RVs) identified, developing
a universal vaccine is unlikely, highlighting the urgent need for
broad-spectrum antiviral therapies.

A promising therapeutic approach is to develop direct-acting anti-
virals (DAAs) that target viral proteins. These include the 2C protein,
which is highly conserved among enteroviruses and plays a key role in
several stages of the virus life cycle, making it an attractive target for the
development of broad-spectrum treatments. Structural and functional
studies have highlighted the various biological functions of the 2C
protein in the viral cycle, in particular its involvement in the viral
replication complex and ATPase activity [9-14].

Several Food and Drug Administration (FDA)-approved compounds
have been identified by drug repositioning as inhibitors of the 2C pro-
tein, including fluoxetine (Fig. 1), dibucaine, pirlindole, and
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zuclopenthixol [15-18]. One of the most extensively studied is fluoxe-
tine (Prozac®), a selective serotonin reuptake inhibitor (SSRI), that is
approved for the treatment of depression and anxiety disorders. The in
vitro anti-enterovirus activity of fluoxetine was first demonstrated in
2012 by Zuo et al. [15]. A second study has shown that fluoxetine in-
terferes with viral RNA replication by binding to the 2C protein, and
selectively inhibits replication of EV-B (ECso CV-B3 = 3.36 pM) and
EV-D (ECs0 EV-D68 = 1.35 pM) [16]. In 2019, Bauer et al. demonstrated
through mechanistic studies that (S)-fluoxetine directly binds
(Kd = 9.5 pM) with higher affinity than (R)-fluoxetine (Kd > 200 pM).
This stereospecificity also applies to inhibition of the replication of
EV-D68. However, neither the racemic mixture nor (S)-fluoxetine were
active against EV-A71 and PV-1 in infected cells, at concentrations
where (S)-fluoxetine is not toxic in vitro [19]. In addition, the crystal-
lographic structure of CV-B3 protein 2C in complex with (S)-fluoxetine
(PDB IDs 6S3A and 6T3W) revealed that (S)-fluoxetine binds to an
allosteric site in the ATPase domain of CV-B3 2C protein. A more
detailed biochemical study, together with cryo-electron microscopy
analysis, elucidated the mechanism of action (S)-fluoxetine, which its
binding locks the hexameric structure of protein 2C, inhibiting its
ATPase activity [13].

Although (S)-fluoxetine inhibits viral replication of EV-B and EV-D in
vitro, its effective dose (ECso CV-B3~1 pM) is close to its cytotoxic dose
(CCsp =~ 25 pM), so its therapeutic window as an antiviral treatment is
quite narrow, and (S)-fluoxetine has shown no significant antiviral ef-
ficacy in vivo in EV-D68 infected mouse models [20]. However, fluoxe-
tine may have been effective in treating severe cases of chronic
infections (enterovirus encephalitis and meningoencephalitis) [21,22].
At this point, (S)-fluoxetine can be considered a promising ‘hit’ paving
the way for an optimization process. Previous work reported the eval-
uation of six different fragments derived from fluoxetine to identify its
key moieties involved in targeting 2C CB-V3 [19]. Only the N-meth-
yl-3-[4-(trifluoromethyl)phenoxy]propan-1-amine fragment exhibited
modest antiviral activity indicating that para-(trifluoromethyl)phenoxy
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and N-methylamine moieties are the ones involved in the antiviral ef-
fect, whereas the non-substituted phenyl ring seems dispensable. Here,
we report a structure-activity relationships (SAR) study mainly focused
on structural modifications of the para-(trifluoromethyl)phenoxy (series
3, Fig. 1) and N-methylamine moieties of fluoxetine (series 1, Fig. 1) to
potentially improve its antiviral efficacy, reduce toxicity and broaden its
spectrum of action among enteroviruses.

2. Results and discussion

2.1. Rational design and synthesis of (S)-fluoxetine analogues from series
1,2,3&4

A first rational design was performed to investigate structural mod-
ifications around four distinct series of (S)-fluoxetine analogues
described in Fig. 1. For series 1, the N-methylamine moiety was replaced
by various aliphatic, carbocyclic and heterocyclic amines starting from a
simple N,N-dimethylamine to bulkier phenyl- and benzylpiperazine
groups. For series 2 and 4, we explored a single modification by
replacing the non-substituted phenyl ring by a thiophene (series 2) and
the phenoxy by a thiophenoxy moiety (series 4), respectively. The last
moiety of interest was para-(trifluoromethyl)phenoxy (series 3) and we
started replacing the para-trifluoromethyl group by known (bio)iso-
steres such as halogen atoms and electronically close groups with similar
size or shape (CH30-, CF30-, CHs-, CN-, CF3SO,-). We also replaced the
para-trifluoromethyl group by a phenyl and a benzyl to explore potential
n-stacking interactions. Regarding the reported data by Manganaro et al.
[23], we prioritized all these modifications in para position since
changing the CF3 substituent from para to ortho or meta position abol-
ished the antiviral activity.

The synthesis of analogues from series 1 started the conversion of
commercial (S)-3-chloro-1-phenyl-1-propanol to (S)-3-iodo-1-phenyl-1-
propanol 2 using Nal with acetone via a Finkelstein reaction [24] in
93 % yield (Scheme 1). Reactions with iodopropanol 2 with excess of

Fig. 1. Rational design and structural modifications around four distinct series of (S)-fluoxetine analogues.
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Reagents and conditions: (a) Nal, acetone, reflux, 48h; (b) amine derivative, dry THF, rt, 3-24h;
(c) 4-chlorobenzotrifluoride, NaH, dry DMF, 100°C, 4h.
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Scheme 1. Synthesis of analogues 16-28 (series 1) and analogues 31-32 (series 2) via a SNAr reaction.

selected amines in dry THF gave the corresponding derivatives 3-15
with moderate to good yields. Then, the desired analogues 16-28 were
obtained by a nucleophilic aromatic substitution (SNAr) of 4-chloroben-
zotrifluoride with alkoxide anions of derivatives 3-15 generated by
reacting with NaH in dry DMF at 100 °C [25].

To confirm retention of the (S)-configuration of the chiral center core
during the SNAr step, we performed a chiral analytical HPLC analysis on
compound 16 (see experimental section and Fig. 1). There is no signif-
icant decrease of its enantiomeric excess in relation to the starting ma-
terial used (ee values of 93 % for 16 versus 95 % for starting material).

In a same manner, we synthetized two analogues from series 2,
starting with commercial (S)-3-(methylamino)-1-(2-thienyl)-1-propanol

29 and (S)-3-(dimethylamino)-1-(2-thienyl)-1-propanol 30 (Scheme 1)
and giving compounds 31 and 32 with 23 % and 71 % yields
respectively.

Regarding the synthesis of analogues from series 3, we employed an
alternative synthetic pathway using a Mitsunobu reaction. Indeed, the
previously described SNAr reaction is not appropriate for synthetizing
para-halogenated phenoxy derivatives and the use of commercial para-
substituted phenols as reactants offers more substitution options. For this
purpose, we started to protect the secondary amine group of the com-
mercial methyl (R)-3-(methylamino)-1-phenylpropan-1-ol 33 with di-
tert-butyl dicarbonate in dry DCM, leading to the intermediate 34 in
98 % yield (Scheme 2) [23]. A Mitsunobu reaction between intermediate
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Reagents and conditions: (a) Boc,O, dry DCM, rt, 24h; (b) phenol derivative,
PPhs, DIAD, dry THF, rt, 4-18h, (c) TFA, DCM, rt, 2-7h.
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Scheme 2. Synthesis of analogues 35-39 (series 3) via a Mitsunobu reaction.

34 and 1 equivalent of selected substituted phenols in the presence of
diisopropyl azodicarboxylate (DIAD) and triphenylphosphine [26] gave
the expected para-substituted (S)-fluoxetine analogues but despite
several attempts to purify them by flash chromatography on silica gel,
they could not be isolated from unreacted phenol. Therefore, we carried
out the deprotection of the crude Boc-protected amine derivatives (in
mixture with corresponding phenol) using TFA in DCM [23] to isolate
the desired analogues 35-39 with moderate to low overall yields.

To overcome these limitations, we performed a similar Mitsunobu
reaction between the commercial (R)-3-chloro-1-phenylpropan-1-ol 40
and other selected para-substituted phenols [26] (Scheme 3) and we
obtained analogues 41-49 with slightly better yields and no purification
issue. Then, analogues 41-49 reacted with an excess of aqueous
methylamine (40 %) in ethanol at 120 °C in a sealed tube [27] leading to
the desired para-substituted (S)-fluoxetine analogues 50-58 with mod-
erate yields.

For series 4, a similar coupling with Mitsunobu reaction between (R)-
3-chloro-1-phenylpropan-1-ol 40 and 4-(trifluoromethyl)thiophenol
followed by a methylamination reaction, led to (S)-fluoxetine analogue
60 in which the phenoxy was replaced by a thiophenoxy moiety
(Scheme 3).

To validate the Mitsunobu inversion and (S)-configuration of the
chiral center core for the synthetized analogues, we performed a chiral
analytical HPLC analysis on compound 53 (see experimental section and
Fig. 2). No detectable racemisation occurred in the Mitsunobu reaction,
and an enantiomeric excess of 99 % was obtained.

2.2. Insilico design and synthesis of (S)-fluoxetine analogues from series
3

In a second stage, we extended our hit-to-lead optimization by
employing a structure-based drug design (SBDD) approach using the
crystal structure of (S)-fluoxetine complexed with CV-B3 2C protein
available on the PDB (PDB IDs 6S3A). Based on the two main synthetic

pathways previously described to synthetize (S)-fluoxetine analogues,
we aimed to dock a library of virtual analogues designed from
substituted chloro- or fluorobenzene (SNAr reaction) or phenol (Mitsu-
nobu reaction) derivatives available in our laboratory. A first dataset of
140 compounds was designed and docked into the CV-B3 2C protein
allosteric binding site (see experimental section and additional file in
Supporting Information).

Two docking protocols were evaluated using Glide software. The (S)-
fluoxetine was docked and ranked in the allosteric site by using standard
precision (SP) and extra precision (XP) scoring functions with default
settings. Docking results were then assessed with RMSD (root mean
square deviation) of each predicted pose versus the crystal structure.
Using these two scoring functions, we obtained a low RMSD value for the
best pose between the docked (S)-fluoxetine and the crystallographic
conformation (RMSD = 0.68 A and RMSD = 0.65 A for SP and XP scoring
function respectively), with a better score for XP (SPscore = —8.35 and
XPscore = —9.17). Therefore, all the following docking experiments are
performed with extra precision (XP).

We then performed the docking of the 140 molecules (corresponding
to 163 3D structures including tautomers and stereoisomers, see
experimental section) using only XP score. Among the twenty ten top-
score compounds, we selected ten molecules for synthesis (Table 1).

The predicted binding mode of VSO01, the best scored molecule, is
almost identical to the crystallographic structure of (S)-fluoxetine with a
RMSD value of 0.4 A between the two conformations (Fig. 2). The
binding is mainly driven by hydrophobic interactions between the two
aromatic rings of the compounds and the residues of two hydrophobic
pockets composed of L157, P159, M175, D176 for one pocket and L178,
P182,V187, F190, 1L238, F242 for the other one. Moreover, VSO01, as (S)-
fluoxetine, is engaged in two hydrogen bonds with the protein. The first
one is formed with the backbone and the side chain of C179 and involves
the oxygen atom of the ether moiety whereas the second one occurs
between the methylamine group of the compounds and the side chain of
D186.
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Reagents and conditions: (a) phenol derivative, PPhs, DIAD, dry THF, rt, 3-16h,
(b) 40% aq. methylamine, EtOH, 120°C, 1h.
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Scheme 3. Synthesis of analogues 50-58 (series 3) and 60 (series 4) via a Mitsunobu reaction followed by a methylamination reaction.

The synthesis of analogues from VS01, VS04 and VS09 was achieved
by a one-step SNAr of chlorobenzene derivatives with commercial (S)-3-
(methylamino)-1-phenylpropan-1-ol 61 using the same protocol with
NaH in dry DMF at 100 °C (Scheme 4). The trifluoromethylpyridine
analogue 62 was obtained from VS01 with 27 % yield. Despite several
attempts in different reaction conditions, commercial (S)-3-(methyl-
amino)-1-phenylpropan-1-ol 61 failed to react with chlorobenzene de-
rivatives VS04 and VS09. This lack of reactivity is probably due to the
lack of strongly electron-attracting groups located on the aryl halide
rings at ortho-para positions, that stabilize the anionic intermediate
formed.

For synthesis of analogues from VS02-03, VS05-08, VS10 we per-
formed a Mitsunobu reaction between the commercial (R)-3-chloro-1-
phenylpropan-1-ol 40 and selected phenols (Scheme 4). For VS06-07
and VS10 derivatives, containing an aminophenol group, direct sub-
stitutions were attempted but gave very low yields. So, we attempted

these Mitsunobu substitutions using the corresponding nitrophenol de-
rivatives. We obtained analogues 63-69 with low to moderate yields,
that reacted with an excess of aqueous methylamine (40 %) in ethanol
leading to the final (S)-fluoxetine analogues 70-73 and the nitrobenzene
intermediates 74-76. Then, the aryl nitro group of 74-76 was reduced
to the desired aniline with stannous chloride in ethyl acetate at 70 °C
yielded the final derivatives 77-79 [28,29].

2.2.1. Antiviral evaluation of synthetized compounds on CV-B3, EV-A71
and EV-D68 in infected cells

The synthetized compounds 16-28, 31-32, 35-39, 50-58, 60, 62
and 70-79 were initially evaluated for their potential inhibitory effect
on CV-B3 in vitro replication in HeLa CCL-2 cells (Table 2, Fig. 3A,
Fig. S§3), using a virus yield inhibition assay as previously described.30
(S) and (R)-fluoxetine were used as positive and negative controls,
respectively. Seproxetine, the (S)-enantiomer of Norfluoxetine, the
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Fig. 2. 3D representation of the docking poses of VSO01, represented as cyan sticks, compared to the crystallographic pose of (S)-fluoxetine, represented as grey sticks.
Hydrogen bonds are highlighted with green dotted lines. A) The protein structure is represented as a ribbon with helices in orange, strands in green and coils in grey.
B) The protein structure is represented using both ribbon and surface (transparent rendering) colored from orange for hydrophobic areas to cyan for hydrophil-

ic areas.

Table 1

2D structure of compounds selected by virtual screening (VS). The building
blocks used to build the compounds are depicted with reactive groups high-
lighted in red.

VS
SNAr or
O/ Mitsunobu
X1 N
| H
=
VS Substructure Glide VSID  Substructure Glide
D score score
kJ/ kJ/
mol) mol)
VSo01 yZ CF3 -9.79 VS06 HyN Cl —8.51
g r
Cl N HO
VS02 -9.17  VS07 NH, —8.38
CN
HO
HO
VS03 NC Br —8.85 VS08 -8.15
19 o'
HO
HO
VS04 OH -8.79  VS09 —8.05
@*c’
Cl Cl
VS05 /OJQM -8.79  VS10 NH, —7.94
HO

N-demethylated main metabolite of fluoxetine acting as a selective se-
rotonin inhibitor was also included in the experimental setting.

To calculate these parameters, a non-linear regression was per-
formed as described in the Methods section, using triplicates for each
compound. For compounds with an SI > 15, the corresponding error
bars (mean + standard deviation) are shown on the curves in Fig. 3 and

S3.

Initially, considering the selectivity index (SI) for compound selec-
tion, the most promising inhibitors against CV-B3 (SI > 15), namely
compounds 16, 18, 22, 31, 53 and seproxetine, were tested against EV-
A71 and EV-D68 to evaluate their antiviral spectrum in vitro. Vapendavir
and A-967079, previously described as inhibitors of EV-A71 and EV-D68
respectively, were used as positive controls in these assays (Fig. 3B and
C, Table 3, Figs. S4 and S5) [31,32]. To confirm that the inhibition of
viral replication, as evidenced by a reduction in viral RNA copy number,
correlates with a decrease in the number of infected cells, a plaque assay
and a cytopathic effect (CPE) assay were conducted using compound 53
against EV-D68 (Fig. 3D and E). Visual inspection of the plaque assay
and determination of the CPE-based EC50 both confirm a correlation
between molecular titer and viral infection.

Like fluoxetine, all of the tested compounds were efficient to inhibit
EV-D68 replication. In particular, compounds 16 and 31 have a potency
against EV-D68 replication comparable to that of (S)-fluoxetine, and are
twice as less cytotoxic than (S)-fluoxetine, which increases their selec-
tive index higher than or close to 100, respectively.

Compounds 16, 18, 22 and 31 did not inhibit EV-A71. For compound
53, seproxetine and (S)-fluoxetine, the measured ECs are close to their
CCsg (e.g., ECs0 (53) = 8 uM, CCsp (53) = 23 pM), making it difficult to
determine whether the observed inhibition is due to a gain in antiviral
effect or a result of the cytoxicity effect (Fig. 3C).

To calculate these parameters, a non-linear regression was per-
formed as described in the Methods section, using triplicates for each
compound. The corresponding error bars (mean + standard deviation)
are shown on the curves in Fig. 3, S4 and S5.

For series 1, there is no clear influence of the substituents. It may be
due to the fact that this substituent is exposed to the solvent area, as
shown in Fig. 2. This could explain the loss of activity for compounds 26,
27, and 28, exposing a large hydrophobic group to the solvent area.

Regarding series 3, the 4-(trifluoromethyl)phenyl moiety of (S)-
fluoxetine is located in a small hydrophobic pocket (Fig. 2). That may
explain that the substitution of trifluoromethyl group by a halogen atom
mimicking hydrophobic interactions maintains the activity of the com-
pound. We clearly observed an improvement in activity when increasing
the size of the halogen atom I (53) > Br (52) > Cl (51) > F (50).
However, adding polar atoms (compounds 56, 57 and 58) or large
substituents on the para substitution of the phenyl, even hydrophobic, as
for compounds 37 and 38, decreases activity compared to (S)-fluoxetine.

2.2.2. Evaluation of the binding of compounds 16, 18, 22, 31, 53,
seproxetine and (S)-fluoxetine to CV-B3 and EV-A71 2C proteins

The binding capacity of compounds 16, 18, 22, 31, 53 and seprox-
etine to the A36-2C protein (lacking the 36 N-terminal residues) of CV-
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Scheme 4. Synthesis of analogues 62 via a SNAr reaction and analogues 70-79 via a Mitsunobu reaction.

B3 was evaluated by Thermal Shift Assay (TSA), as previously described
[19]. In this assay, an increase of the melting temperature (Ty,) reflects a
stabilization of the protein, as a result of a stabilizing interaction be-
tween the protein and the compound. Like (S)-fluoxetine, compounds
16, 31, 53 and seproxetine induced an  inhibitor
concentration-dependent increase in the Ty, of 2C protein, indicating an
interaction between these compounds and the 2C, with a possible Mode
of Action comparable to that of (S)-fluoxetine (Fig. 4, Fig. S6).

Compounds 18 and 22 induced a ATy, < 0.5 °C, suggesting a weaker
interaction energy compared to (S)-fluoxetine.

We also assessed the binding capacity of (S)-fluoxetine, compound
53, and seproxetine to the A116-2C protein of EV-A71 (Fig. 5, Fig. S7).
Guanidine hydrochloride (HCl) was used as a positive control, since its
anti-EV-A71 activity has been previously reported at mM range [10]. At
a final concentration of 1 mM, Guanidine HCl induced a 0.6 °C increase
in the 2C Ty, indicating an interaction with the protein. At a final
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Table 2

In vitro antiviral activity and cytotoxicity of compounds 16-28, 31-32, 35-39, 50-58, 60, 62, 70-79, seproxetine, (S)- and (R)-fluoxetine against CV-B3 in HeLa CCL-

2 cells.
Compounds ECso (1M) CV-B3 CCso (pM) SI Compounds ECso (M) CV-B3 CCso (M) SI

HeLa CCL-2 Hela CCL-2

16 2.9 43 15 50 - 32 -
17 3.8 45 12 51 4.5 33 7
18 1.4 32 23 52 3.6 40 11
19 3.0 30 10 53 0.5 22 44
20 >8 37 <5 54 3.3 32 10
21 >8 47 <6 55 - 17 -
22 1.2 24 20 56 - > 100 -
23 2.2 25 11 57 - 47 -
24 3.4 12 4 58 > 8 24 <3
25 2.4 15 6 60 - 12 -
26 >8 12 <2 62 - 32 -
27 - 14 - 70 - 22 -
28 - 15 - 71 - 46 -
31 1.7 27 16 72 3.5 22 6
32 >8 48 <6 73 3.7 17 5
35 - 29 - 74 >8 47 <6
36 >8 100 <12.5 75 - 83 -
37 - 17 - 76 - 24 -
38 2.5 24 9.6 77 - > 100 -
39 - 24 - 78 - 50 -
(S)-Fluoxetine 0.8 24 30 79 - > 100 -
(R)-Fluoxetine - 23 - Seproxetine 0.9 22 24

SI: selectivity index (CCs0/ECsp); (—): no antiviral effect in the tested concentration range.

inhibitor concentration of 500 pM, (S)-fluoxetine, compound 53, and
seproxetine induced a decrease in the Ty, of EV-A71 2C protein >1.5 °C,
which is indicating protein destabilization, indicative of possible spe-
cific or non-specific binding at high concentrations.

Given that compounds 16, 18, 53, and seproxetine binds to the CV-
B3 2C protein, we assessed their ability to inhibit 2C ATPase activity.
Since the ATPase activity of 2C is dependent on its hexameric confor-
mation, we used for this assay a recombinant protein in which the 116 N-
terminal residues are replaced by a soluble MBP-hexamerization
domain, hereafter named MBP-Hex-2CA116, as previously described
[13]. In our assay, compounds 53 and seproxetine efficiently inhibited
the ATPase activity of the CV-B3 MBP-Hex-2CA116, with an ICsy com-
parable to that to (S)-fluoxetine (Fig. 5A). With compounds 16 and 18,
we were unable to measure any inhibition of the enzyme activity, that
may be due to an inability of the compounds to inhibit the 2C ATPase
activity in vitro, or to an incompatibility of the compounds with this
assay.

2.3. X-ray crystallographic structure of CV-B3 2C protein in complex with
compound 53

To validate the binding mode of one of the most potent inhibitors, we
co-crystallized the truncated CV-B3 A116-2C protein, used to obtain the
crystal structure in complex with (S)-fluoxetine (PDB IDs 6S3A and
6T3W) [13] in the presence of compound 53. We identified a crystalli-
zation condition that yielded crystals suitable for structure determina-
tion at 1.7 A resolution, with a reliable electron density corresponding to
compound 53 (PDB ID 9RQK), confirming a shared binding mode to
(S)-fluoxetine (Fig. 6) in the expected allosteric binding site.

Electron density maps of (S)-fluoxetine and compound 53 overlap in
crystal structures, indicating a similar binding mode. The binding mode
of compound 53 on 2C protein is mainly promoted by hydrophobic in-
teractions involving the residues L157, P158, P159, M175, D176, L178,
C179, P182, D186, V187, F190 and L238, as it is the case for (S)-
fluoxetine (Fig. 6).

Secondarily, hydrogen bonds between the methylamine group of (S)-
fluoxetine with the backbone carbonyl of P159 and carboxylic acid side
chain of D186 remain in complex with compound 53, although weaker
(~4.0 Avs ~3.0A for (S)-fluoxetine).

2.4. Optimization by combining efficient structural modifications from
series 1 and 3

We expected that by combining the structural modifications of the
most potent and less cytotoxic inhibitors synthesized from series 1 and 3,
we would obtain even more effective inhibitors while maintaining the
original binding mode. Analogues 16 (dimethylamine moiety) and 18
(pyrrolidone moiety) were selected for series 1 and analogue 53 (para-
iodophenoxy moiety) was selected for series 3, respectively. The previ-
ous synthetic pathways were combined and two new compounds 81-82
were synthesized and evaluated (Scheme 5, Table 4). For this purpose,
we performed the same previous Mitsunobu protocol between (R)-3-
chloro-1-phenylpropan-1-ol 40 and 4-iodophenol to obtain intermediate
80 with 43 % yield, which was converted by a one-pot, two-steps sub-
stitution using Nal [24] and excess of selected amines in dry THF to give
the corresponding derivatives 81-82.

We also combined the most potent structural modification from se-
ries 3, i.e. analogue 53 with its para-iodophenoxy moiety, with the most
potent structural modification of the methylamine group (series 1) re-
ported in Manganaro et al. [23], which is substituted by guanidine
moiety. To do so, we performed a Gabriel reaction to convert compound
80 into the corresponding phtalimide derivative through a nucleophilic
substitution, followed directly by a hydrazinolysis reaction using hy-
drazine monohydrate in ethanol to obtain the primary amine derivative
83 with 68 % yield. The derivative 83 was converted to the final de-
rivative 84 with an excellent yield using the attractive guanidinylation
reagent 1H-pyrazole-1-carboxamidine hydrochloride [33,34].

Since compounds 81 to 84 are derived from inhibitors effective
against CV-B3 and EV-D68, we assessed their antiviral effect against
these two viruses in vitro (Table 4).

None of these compounds, combining two structural modifications,
demonstrated improved selectivity index against CV-B3, as compared to
(S)-fluoxetine and compound 53. Surprisingly, compound 81 did not
show any inhibition against CV-B3 in vitro at the concentrations used in
the assay, for yet undetermined reasons. However, compound 81
exhibited a higher selectivity index than (S)-fluoxetine against EV-D68
due to its reduced cytotoxicity. Nevertheless, its inhibitory effect is
weaker than that of compounds 16 (dimethylamine moiety, ECsg
(16) = 0.4 pM, SI (16) = 110) and 53 (para-iodophenoxy moiety, ECsg
(53) = 0.4 pM, SI (53) = 58), which have a single modification.
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Fig. 3. Antiviral activity of (S)-fluoxetine, compound 53 and seproxetine. (A-C) Dose-response curves reporting the antiviral activity and cytotoxicity of (S)-

fluoxetine, compound 53 and seproxetine against CV-B3 in HeLa CCL-2 cells, EV-D68

in RD cells and EV-A71 in RD cells, using virus yield inhibition assay quantified

by RT-qPCR. Data presented are from three technical replicates, and error bars represent the mean =+ standard deviation. (D) Plaque assay images of compound 53

against EV-D68 in RD cells. Images were representatives of two independent replic
against EV-D68 in RD cells, using cytopathic effect (CPE) assay.

Table 3

In vitro antiviral activity and cytotoxicity of compounds 16, 18, 22, 31, 53,
seproxetine, (S)-fluoxetine, vapendavir and A-967079 against EV-D68 and EV-
A71 in RD cells.

Virus/Cell EV-D68/RD EV-A71/RD

line

Compounds ECso CCso SI ECso CCso SI
(uM) (uM) EV- (uv) (uM) EV-
EV-D68 RD D68 EV-A71 RD A71

16 0.4 44 110 - 44 -

18 1.1 41 37 - 41 -

22 0.4 25 63 - 25 -

31 0.5 47 94 - 47 -

53 0.4 23 58 8 23 3

Seproxetine 0.6 23 38 9.6 23 2

(S)- 0.6 23 38 11 23 2

Fluoxetine
Vapendavir ND >50 ND 1.2 >50 >42
A-967079 0.5 93 186 ND 93 ND

SI: selectivity index (CCso/ECsg); (—): no antiviral effect in the tested concen-
tration range; ND: not determined.

ates. (E) Dose-response curve reporting the antiviral activity of compound 53

Similarly, compounds 82 and 83 are less effective at inhibiting EV-D68
replication than (S)-fluoxetine, compounds 18 and 53, and seproxetine.
Compound 84, however, exhibits comparable potency to (S)-fluoxetine
and compound 53 in inhibiting EV-D68, but is twice as cytotoxic.

2.5. ADMET prediction for analogue 53 and (S)-fluoxetine

Pharmacokinetics properties of a compound play a crucial role in
pharmaceutical toxicology as it deals with the evaluation of the ab-
sorption, distribution, metabolism and elimination (ADME) of the
molecule in the living organism. Up to day, many statistical methods
have been developed that allow the prediction of several ADME-Tox
parameters. In this study, we used three online tools, ADMETlab3.0
(https://admetlab3.scbdd.com), Way2Drug (https://way2drug.
com/dr/) and FAME3R (https://nerdd.univie.ac.at/fame3r) to eval-
uate pharmacokinetics parameters and drug-likeness of (S)-fluoxetine
and compound 53.

Both compounds present good physicochemical properties with an
attractive value of quantitative estimate of drug-likeness (QED) of 0.85
and 0.78 for (S)-fluoxetine and analogue 53 respectively, and no
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Fig. 4. Compound concentration-dependent increase in the Ty, of the CV-B3 A36-2C protein with compound 53, seproxetine and (S)-fluoxetine, by thermal shift

assay (n = 2 independent replicates).
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Fig. 5. Biochemical ATPase assays with the CV-B3 hexA116-2C protein and compounds 53, seproxetine and (S)-fluoxetine. Data presented are from two technical

replicates, and error bars show mean + standard deviation.

Fig. 6. Crystal structure of 2C CV-B3 protein in complex with compound 53
(PDB ID: 9RQK). 2C protein is displayed in cartoon representation and com-
pound 53 in cylinder representation green carbon atom. Nitrogen, oxygen and
iodide are colored in blue, red, and purple, respectively. Small red spheres
represent water molecules around the binding sites. Amino acid residues indi-
cated are those establishing van der Waals interactions with compound 53. The
2Fo-Fc electron density map is shown as a multicolored mesh contoured at 1.6c
around the compound 53.

violation of the Lipinski's rule of five (Fig. 7A). The human liver
microsomal stability is evaluated as stable for both compounds by the
ADMETLab3.0 server, which is confirmed by the MetStab tool (https://
way2drug.com/metastab/) of the Way2Drug server. On the other hand,
the liver microsomal stability of both compounds is evaluated as un-
stable in mouse or rat species (Fig. 7A and B).

Predictive models of CYP450 bring out a N-demethylation of the
molecules, as assessed by the tool FAME3R of the OpenRiskNet project
(Fig. 7C). Moreover, norfluoxetine is a major metabolite produced by the
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N-demethylation of fluoxetine by CYP2D6 and CYP2C19.
3. Conclusion

To improve the potency of (S)-fluoxetine, identified through drug
repositioning as an attractive starting point for inhibitory design that
binds to an allosteric site on the CV-B3 2C ATPase domain, we employed
rational design, X-ray crystallographic structures and computational
docking. Our efforts to optimize interactions within the binding pocket
enabled us to synthetize novel fluoxetine derivatives that can inhibit CV-
B3 and EV-D68 viruses at low to sub-micromolar concentrations. Com-
pounds 16, 22, 31 and 81 exhibit slightly higher inhibition effect and
selectivity index against EV-D68, while the most potent inhibitor,
compound 53, containing a single modification with an iodide atom,
displays higher inhibitory effects and selectivity indexes (CV-B3
ECso = 0.5 pM, SI = 44 and EV-D68 ECso = 0.4 uM, SI = 58) against CV-
B3 and EV-D68 than (S)-fluoxetine. Furthermore, compound 53 effi-
ciently inhibits CV-B3 ATPase activity (ICso = 1.4 pM) and exhibits a
binding mode similar to that of (S)-fluoxetine in the expected binding
site, validating a suitable allosteric site for the development of new anti-
enterovirus agents targeting the 2C protein.

4. Experimental section
4.1. Chemistry

All commercial reagents and solvents were purchased from Sigma
Aldrich (Merck), Doug Discovery, Enamine and BLDpharm companies.
Furthermore, all dry solvents were obtained via Sigma Aldrich with
Sure/Seal™ system and regular solvents were obtained via Sigma
Aldrich at technical grade. Analytical thin layer chromatography (TLC)
of the reactions was performed on silica gel 60F 254 aluminium plates
(Merck) of 0.2 mm thickness with appropriate solvents. The spots were
examined with UV light (A = 254 nm) and Ninhydrin Spray. Preparative
flash column chromatographies were performed using silica gel (Merck)
G60 230-240 under compressed air or using a Flash Chromatography
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Scheme 5. Synthesis of analogues 81-84 via a Mitsunobu reaction.

Table 4
In vitro antiviral activity and cytotoxicity of compounds 81-84 against CV-B3
(HeLa CCL-2 cells) and EV-D68 (RD cells).

Virus/Cell CVB3/Hela CCL-2 EV-D68/RD

line

Compounds ECso CCso SI ECso CCso SI
(uv) (uM) Cv- (uM) (uM) EV-
CV-B3 HeLa B3 EV-D68 RD D68

CCL-2
S)- 0.8 24 30 0.6 23 38
Fluoxetine

81 - 40 - 0.9 48 53

82 2 14 7 1 24 24

83 1 12 12 1.9 16 8

84 1 17 17 0.5 9 18

SI: selectivity index (CCso/ECsp); (—): no antiviral effect in the tested concen-
tration range. To calculate these parameters, a non-linear regression was per-
formed as described in the Methods section, using triplicates for each compound.

Purification System Biotage® Isolera™ One (Interchim puriFlash silica
std 20 pm columns). The 'H NMR, °F NMR and '3C NMR spectra were
determined with a BRUKER Avance III nanobay 400 MHz. The chemical
shifts are reported in ppm and coupling constants (J) are reported in
hertz. Reaction monitoring and purity of compounds were recorded by
using analytical Thermo Scientific Vanquish® ultra high-performance
liquid chromatography (RP-HPLC column Thermo Hypersil Gold® C18
1.9 pm (2.1 x 50 mm); Mobile phase (A: 0.1 % FA Hy0, B: 0.1 % FA
MeOH, Time/%B: 0/5, 5/100, 7/100, 7/5, 10/5); Flow rate 0.4 mL/min
with DAD at 230 nM. All tested compounds yielded data consistent with
a purity of >95 %. Low-resolution mass spectra were obtained with a
single quadrupole mass spectrometer Thermo Scientific MSQ Plus® or
Thermo Scientific ISQ EC® in positive and/or negative electrospray
modes. Resolution Mass Spectra (HRMS) were obtained on a SYNAPT
G2-S WATERS mass spectrometer. Chiral HPLC analysis for ee deter-
mination was performed on an Agilent 1260 Infinity unit (pump
G1311B, autosampler G1329B, DAD G1315D) and Agilent OpenLAB
Chemstation using method 1: Lux-Amylose-1 column (250 x 4.6, 5 mm),
isocratic heptane/isopropanol with 0.1 % diethylamine (95-5) and flow
1 mL/min; method 2: Chiralpak IK column (250 x 4.6, 5 mm), isocratic
heptane/isopropanol with 0.1 % diethylamine (90/10) and flow 1 mL/
min.
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4.1.1. Synthesis of (S)-3-iodo-1-phenylpropan-1-ol 2

To a solution of (S)-3-Chloro-1-phenyl-1-propanol 1 (2 g, 11.7 mmol,
1 eq) in acetone (100 mL) was added sodium iodide (17.6 mmol, 1.5 eq).
The mixture was heated to reflux temperature for 72 h. After the solution
was cooled to room temperature, the solvent was evaporated in vacuo.
The residue was extracted with diethyl ether, the organic layer was
washed twice with water, once with brine, dried over NaySO4, and
evaporated in vacuo to afford a crude residue 2 as pale-beige solid
(2.85 g, 93 %) which does not require further purification.

H RMN (400 MHz, acetone-d6) § 7.41-7.37 (m, 2H), 7.36-7.31 (m,
2H), 7.27-7.23 (m, 1H), 4.77 (dt, J = 7.8, 4.3 Hz, 1H), 4.49 (dd, J = 4.3,
0.7 Hz, 1H), 3.38 (dt, J = 9.5, 7.7 Hz, 1H), 3.28 (ddd, J = 9.6, 7.7,
5.6 Hz, 1H), 2.24-2.11 (m, 2H). '3C RMN (101 MHz, acetone-d6) &
143.09, 126.30, 125.19, 123.81, 71.13, 41.68, 0.89.

4.1.2. General procedure for the synthesis of amine derivatives 3—-15

To a solution of (S)-3-iodo-1-phenyl-1-propanol 2 (0.76 mmol, leq)
in dry THF (5 mL) was added the corresponding amine derivative
(3.8 mmol, 5 eq). The mixture was stirred under argon atmosphere at
room temperature during 3-24h. After completion of the reaction, the
solvent was evaporated in vacuo. The residue was extracted with
dichloromethane, the organic layer was washed twice with water, once
with brine, dried over NaySO4, and evaporated in vacuo. Crude was
purified by column chromatography eluting with dichloromethane-
methanol (100-90:10) to give derivatives 3-15.

4.1.2.1. (1S)-3-(dimethylamino)-1-phenylpropan-1-ol 3. 'H  RMN
(400 MHz, CDCls3) & 7.39-7.30 (m, 4H), 7.22-7.17 (tt, J = 7.0, 1.6 Hz,
1H), 5.83 (bs, 1H), 4.92 (dd, J = 7.7, 4.0 Hz, 1H), 2.70 (ddd, J = 12.8,
8.5, 4.8 Hz, 1H), 2.54 (ddd, J = 12.6, 5.6, 4.4 Hz, 1H), 2.34 (s, 6H),

1.89-1.82 (m, 2H). LC/MS (ESD: 180.4 [M+H]"; yellow oil.
Yield = 36 %.
4.1.2.2. (1S)-3-(diethylamino)-1-phenylpropan-1-ol 4. 'H RMN

(400 MHz, CDCl3) 6 7.35-7.24 (m, 4H), 7.22-7.17 (m, 1H), 4.89 (dd,
J=17.9, 45 Hz, 1H), 3.07-2.81 (m, 6H), 2.01 (m, 2H), 1.23 (t,J =7.3
Hz, 6H). LC/MS (ESI): 208.5 [M+H]"; light yellow oil. Yield = 48 %.

4.1.2.3. (1S)-1-phenyl-3-(pyrrolidin-1-yDpropan-1-ol 5. 'H ~ RMN
(400 MHz, CDCls) & 7.32-7.24 (m, 4H), 7.20-7.15 (m, 1H), 4.89 (dd,
J = 8.6, 3.6 Hz, 1H), 3.01-2.92 (m, 1H), 2.91-2.84 (m, 3H), 2.84-2.77
(m, 2H), 2.00-1.90 (m, 2H), 1.89-1.84 (m, 4H). '3C RMN (101 MHz,
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(A) (B)
Probability
Name mw | qeo | RoS |calclogD | i ioep | HLM
violation | (pH=7.4) . ks
instability Name\Species| Human Mouse Rat
(S)-fluoxetine 309.13 0.85 0.00 3.28 4.03 0.02 (S)-fluoxetine stable unstable| unstablef
53 367.04 0.78 0.00 3.42[ 4.19 0.02] 53 stable unstable| unstable]
(C) Structure Probability SOM Structure Probability SOM
0.60 0.25 No
0.51 0.10 No
0.07 No 0.04 No
/@X 006 | No /©/ 003 | No
< 0.10 No H o 0.08 No
0.02 No
(S)-fluoxetine 0.02 No 53
0.00 No 0.02 No
0.06 No 0.13 No
0.01 No 0.07 No
0.00 No 0.13 No

Fig. 7. Prediction of ADME-Tox parameters (A) from ADMETLab3.0 server, focused on the molecular weight (MW), the quantitative estimation of drug-likeness
(QED), the number of violations of the Lipinski's rule of five, the calculated logD and logP and the predicted probability of the human liver microsomal insta-
bility, (B) from the MetaStab tool of Way2Drug server, which provides an in silico prediction of metabolic stability for three species, human, mouse and rat and (C)

from FAME3R, a machine learning models for site-of-metabolism (SOM) prediction.

CDCl3) & 144.62, 128.31, 127.11, 125.58, 74.19, 54.24, 54.02, 35.46,
23.42. LC/MS (ESI): 206.3 [M+H]"; light yellow oil. Yield = 65 %.

4.1.2.4. (1S)-1-phenyl-3-(piperidin-1-yl)propan-1-ol 6. 'H RMN
(400 MHz, CDCl3) & 7.34-7.23 (m, 4H), 7.22-7.16 (m, 1H), 4.90 (dd, J
=7.2,4.9 Hz, 1H), 3.03-2.59 (m, 6H), 2.08-1.94 (m, 2H), 1.90-1.73 (m,
4H), 1.58-1.44 (m, 2H). LC/MS (ESI): 219.9 [M+H]"; light orange oil.
Yield = 54 %.

4.1.2.5. (1S)-3-(morpholin-4-yl)-1-phenylpropan-1-ol 7. 'H RMN
(400 MHz, CDCl3) 6 7.33-7.25 (m, 4H), 7.22-7.16 (m, 1H), 4.92 (t,
J = 6.1 Hz, 1H), 3.94-3.78 (m, 4H), 2.98-2.68 (m, 6H), 2.01 (dd, J =
12.0, 6.0 Hz, 2H). LC/MS (ESI): 221.2 [M+H]"; light yellow oil.
Yield = 59 %.

4.1.2.6. (1S)-3-(4-methylpiperazin-1-yl)-1-phenylpropan-1-ol 8. 'H RMN
(400 MHz, CDCl3) 6 7.27 (d, J = 4.4 Hz, 4H), 7.21 (dd, J = 8.4, 4.3 Hz,
1H), 4.87 (t,J = 6.1 Hz, 1H), 3.36-2.81 (m, 10H), 2.63 (s, 3H), 1.95 (bd,
J = 5.5 Hz, 2H). LC/MS (ESI): 235.3 [M+H]"; light yellow oil.
Yield = 60 %.

4.1.2.7. (18)-3-{[2-(dimethylamino)ethyl] (methyl)amino}-1-phenyl-
propan-1-ol 9. 'H RMN (400 MHz, CDCls) & 7.34-7.24 (m, 4H),
7.21-7.16 (m, 1H), 4.88-4.83 (m, 1H), 3.12-3.03 (m, 1H), 2.99-2.81
(m, 5H), 2.68 (s, 6H), 2.42 (s, 3H), 1.95-1.88 (m, 2H). LC/MS (ESI):
237.4 [M+H]"; light yellow oil. Yield = 47 %.

4.1.2.8. (1S)-3-(imidazole-1-yl)-1-phenylpropan-1-ol  10. 'H RMN
(400 MHz, CDCl3) & 7.88 (bs, 1H), 7.35-7.28 (m, 4H), 7.28-7.23 (m,
1H), 7.03 (bs, 1H), 6.97 (t, J = 1.2 Hz, 1H), 4.54 (dd, J = 9.1, 4.1 Hz,
1H), 4.28 (ddd, J = 14.1, 8.6, 6.7 Hz, 1H), 4.08 (ddd, J = 13.9, 6.9,
4.9 Hz, 1H), 2.2-2.04 (m, 2H). 13C NMR (101 MHz, CDCl3) & 144.04,
137.17, 128.61, 127.75, 127.43, 125.71, 119.23, 70.15, 44.23, 39.77.
LC/MS (ESI): 203.4 [M+H]™; colorless oil. Yield = 83 %.

4.1.2.9. (1S)-3-(benzylamino)-1-phenylpropan-1-ol 11. 'H RMN
(400 MHz, CDCl3) & 7.41-7.31 (m, 8H), 7.32-7.24 (m, 2H), 4.99 (dd,
J = 8.5, 2.6 Hz, 1H), 3.88 (d, J = 13.1, Hz, 1H), 3.83 (d, J = 13.1, Hz,
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1H), 3.07-2.99 (m, 1H), 2.98-2.80 (m, 1H), 2.01-1.93 (m, 1H),
1.89-1.78 (m, 1H). '3C RMN (101 MHz, CDCl3) & 144.91, 138.86,
128.61, 128.38, 128.24, 127.42, 126.96, 125.59, 75.53, 53.75, 47.72,
37.20. LC/MS (ESD): 242.17 [M+H]*; yellow oil. Yield = 68 %.

4.1.2.10. (1S)-1-phenyl-3-((pyridin-2-ylmethyl)amino)propan-1-ol

12. 'H NMR (400 MHz, CDCls) 6 8.48 (ddd, J = 4.8, 1.5, 0.8 Hz, 1H),
7.60 (td, J = 7.7, 1.8 Hz, 1H), 7.31-7.20 (m, 5H), 7.18-7.12 (m, 2H),
4.93 (dd, J = 8.5, 3.3 Hz, 1H), 3.98 (bs, 2H), 3.06-2.89 (m, 2H),
2.04-1.95 (m, 1H), 1.95-1.83 (m, 1H). '3C RMN (101 MHz, CDCls) &
155.58, 149.42, 144.30, 137.01, 128.31, 127.17, 125.63, 122.93,
122.87, 74.14, 53.43, 47.16, 36.28. LC/MS (ESI): 243.13 [MtH]™;
yellow oil. Yield = 73 %.

4.1.2.11. (1S)-1-phenyl-3-(4-phenylpiperazin-1-yl)propan-1-ol ~ 13. H
RMN (400 MHz, CDCl3) 6 7.34-7.25 (m, 4H), 7.23-7.15 (m, 3H), 6.86
(d, J = 8.4 Hz, 2H), 6.81 (t, J = 7.3 Hz, 1H), 4.86-4.92 (m, 1H), 3.20 (t,
J = 4.9 Hz, 4H), 2.81-2.69 (m, 3H), 2.67-2.56 (m, 3H), 1.90-1.82 (m,
2H). '3C RMN (101 MHz, CDCl3) & 151.00, 144.70, 129.20, 128.29,
127.04, 125.55, 120.15, 116.34, 75.28, 57.01, 53.22, 49.16, 33.67. LC/
MS (ESI): 297.25 [M+H]™; light yellow solid. Yield = 85 %.

4.1.2.12. (1S)-3-(4-benzylpiperidin-1-yD)-1-phenylpropan-1-ol 14. 'H
RMN (400 MHz, CDCl3) 6§ 7.32-7.26 (m, 3H), 7.24-7.08 (m, 5H), 7.06
(d, J = 7.2 Hz, 2H), 4.86 (dd, J = 7.2, 4.2 Hz, 1H), 3.09 (d, J = 11.1 Hz,
1H), 3.02 (d, J = 11.0 Hz, 1H), 2.68-2.59 (m, 1H), 2.58-2.50 (m, 1H),
2.47 (d, J = 7.0 Hz, 2H), 2.02 (t, J = 11.5 Hz, 1H), 1.89-1.76 (m, 3H),
1.68-1.58 (m, 2H), 1.57-1.44 (m, 1H), 1.43-1.29 (m, 2H). '3C RMN
(101 MHz, CDCl3) & 144.89, 140.33, 129.10, 128.28, 128.24, 126.94,
125.97, 125.56, 74.84, 56.90, 54.56, 53.09, 42.90, 37.64, 33.70, 31.88,
31.58. LC/MS (ESI): 310.23 [M+H]™; light orange oil. Yield = 90 %.

4.1.2.13. (15)-3-(4-benzylpiperazin-1-yl)-1-phenylpropan-1-ol ~ 15. H
RMN (400 MHz, CDCl3) & = 7.31-7.26 (m, 3H), 7.25. — 7.21 (m, 5H),
7.20-7.13 (m, 2H), 4.85 (dd, J = 6.8 and 4.6 Hz, 1H), 3.44 (s, 2H),
2.66-2.31 (m, 10H), 1.82-1.72 (m, 2H). 13C RMN (101 MHz, CDCl3) & =
144.94,137.95, 129.22, 128.29, 128.23, 127.16, 126.92, 125.55, 75.51,
62.95, 56.98, 53.04, 45.69, 33.64. LC/MS (ESI): 311.29 [M+H]*; light
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orange oil. Yield = 27 %.

4.1.3. General procedure for synthesis of benzotrifluoride derivatives
16-28, 31-32 and trifluoromethylpyridine derivative 62 via a SNAr
reaction

A mixture of NaH (3 eq) and the corresponding amine derivative
(1leq, 3-15, 29-30 and 61) in dry DMF (~5 mL) was stirred under argon
at 60 °C for 1h. Then, 1-chloro-4-(trifluoromethyl)benzene (1.2 eq, for
16-28 and 31-32) or 2-chloro-5-(trifluoromethyl)pyridine (1.2 eq, for
62) was added and the mixture was heated to 100 °C for 2-5h. After
being cooled at room temperature, the reaction mixture was diluted in
DCM and the organic layers was washed three times with water, once
with brine, dried over NaySO4, and evaporated in vacuo. Crude was
purified by column chromatography eluting with dichloromethane-
methanol (100-95:5) to give derivatives 16-17, 19-26, 31-32 and 62
or AcOEt/Cyclohexane (20/80 to 80/20) to give derivatives 18 and
27-28.

4.1.3.1. Dimethyl[(3S)-3-phenyl-3-[4-(trifluoromethyl)phenoxyJpropyl]
amine 16. 'H RMN (400 MHz, CDCl3) & 7.42 (d, J = 8.5 Hz, 2H),
7.36-7.32 (m, 4H), 7.29-7.25 (m, 1H), 6.90 (d, J = 8.5 Hz, 2H), 5.31
(dd, J = 8.2, 4.8 Hz, 1H), 2.65-2.50 (m, 2H), 2.36 (s, 6H), 2.31-2.18 (m,
1H), 2.13-2.04 (m, 1H). 3¢ RMN (101 MHz, CDCl3) 6 160.06, 139.81,
129.00, 128.27, 126.85 (q, 8Jcr 3.7 Hz), 125.76, 124.29 (q,
1JCF = 271.2 Hz), 123.20 (q, 2JCF = 32.7 Hz), 115.76, 77.75, 55.28,
44.20, 34.77. 197 RMN (376 MHz, CDCl3) 8 —61.73. LC/MS (ESI): 324.2
[M-+H]"; HRMS (TOF, ESI+) cald for C18H20F3NO [M-+H]+ 324.157,
found 324.157; Chiral analytical analysis, method 1: RT, 4.02 min, 93 %
ee; Light yellow oil. Yield = 17 %.

4.1.3.2. Diethyl[(3S)-3-phenyl-3-[4-(trifluoromethyl)phenoxy]propyl]
amine 17. 'H RMN (400 MHz, CDCl3) & 7.38 (d, J = 8.6 Hz, 2H),
7.32-7.27 (m, 4H), 7.27-7.22 (m, 1H), 6.83 (d, J = 8.5 Hz, 2H), 5.41
(dd, J = 8.4, 3.9 Hz, 1H), 3.25-3.00 (m, 6H), 2.53-2.42 (m, 1H),
2.42-2.30 (m, 1H), 1.34 (t, J = 7.3 Hz, 3H), 1.31 (t, J = 7.3 Hz, 3H). 13C
RMN (101 MHz, CDCl3) & 160.35, 140.49, 128.87, 128.03, 126.76 (q,
3Jor = 3.7 Hz), 125.80, 124.35 (q, 'Jer = 271.1 Hz), 122.94 (q,
2Jcr = 32.7 Hz), 115.73, 78.17, 48.52, 46.93, 34.96, 10.65. °F RMN
(376 MHz, CDCl3) 8 —61.68. LC/MS (ESI): 352.2 [M+H]"; HRMS (TOF,
ESI+) cald for C20H24F3NO [M+H]" 352.187, found 352.1883;
colorless oil. Yield = 34 %.

4.1.3.3. 1-[(3S)-3-phenyl-3-[4-(trifluoromethyl)phenoxy]propyl]pyrroli-
dine 18. 'H RMN (400 MHz, CDCls) 5 7.36 (d, J = 8.6 Hz, 2H),
7.29-7.24 (m, 4H), 7.24-7.20 (m, 1H), 6.83 (d, J = 8.6 Hz, 2H), 5.27
(dd, J = 8.1, 4.7 Hz, 1H), 2.78-2.62 (m, 6H), 2.31-2.20 (m, 1H),
2.19-2.09 (m, 1H), 1.8-1.78 (m, 4H). 3C RMN (101 MHz, CDCls) &
160.37, 140.43, 128.86, 128.02, 126.79 (q, 3JCF = 3.6 Hz), 125.82,
124.35 (q, 'Jer = 271.1 Hz), 122.92 (q, 2Jor = 32.7 Hz), 115.77, 78.28,
54.12, 52.44, 36.86, 23.49. 19F RMN (376 MHz, CDCl3) & —61.70. LC/
MS (ESD): 349.2 [M+H]"; HRMS (TOF, ESI+) cald for C20H22F3NO
[M+H]" 350.1726, found 350.1726; light orange oil. Yield = 75 %.

4.1.3.4. 1-[(3S)-3-phenyl-3-[4-(trifluoromethyl)phenoxy]propyl]piperi-
dine 19. 'H RMN (400 MHz, CDClg) & 7.36 (d, J = 8.6 Hz, 2H),
7.29-7.25 (m, 4H), 7.22-7.21 (m, 1H), 6.83 (d, J = 8.5 Hz, 2H), 5.29
(dd, J = 7.9, 4.8 Hz, 1H), 2.78-2.54 (m, 6H), 2.38-2.18 (m, 2H),
1.84-1.69 (m, 4H), 1.53-1.41 (m, 2H). 13C RMN (101 MHz, CDCl3) &
160.22, 140.05, 128.90, 128.14, 126.82 (g, 3Jcr = 3.7 Hz), 125.79,
124.31 (q, IJCF =271.1 Hz), 123.08 (q, 2JCF = 32.4 Hz), 115.74, 78.26,
54.85,54.10, 34.28, 24.27, 23.28. 1°F RMN (376 MHz, CDCl3) 5 —61.70.
LC/MS (ESI): 364.2 [M+H]"; HRMS (TOF, ESI+) cald for C21H24F3NO
[M+H] " 364.188, found 364.1883 orange oil. Yield = 13 %.
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4.1.3.5. 4-[(3S)-3-phenyl-3-[4-(trifluoromethyl)phenoxy]propylJmorpho-
line 20. 'H RMN (400 MHz, CDClg) 7.36 (d, J = 8.6 Hz, 2H), 7.27 (bd,
J = 4.4 Hz, 2H), 7.23-7.20 (m, 1H), 6.83 (d, J = 8.5 Hz, 1H), 5.25 (dd,
J = 8.0, 4.9 Hz, 1H), 3.83-3.63 (m, 4H), 2.70-2.37 (m, 6H), 2.29-2.16
(m, 1H), 2.12-2.01 (m, 1H). 13¢ RMN (101 MHz, CDCl3) & 160.24,
140.24, 128.93, 128.17, 126.83 (q, 3JCF = 3.7 Hz), 125.79, 124.31 (q,
LJer = 271.3 Hz), 123.10 (q, 2Jgr = 32.5 Hz), 115.74, 78.10, 65.73,
54.90, 53.16, 34.36. 19F RMN (376 MHz, CDCl3) § —61.61. LC/MS (ESI):
366.2 [M+H]"; HRMS (TOF, ESI+) cald for CaoHxoF3NOs [M+H]T
366.167, found 366.1675; light yellow oil. Yield = 39 %.

4.1.3.6. 1-Methyl-4-[(3S)-3-phenyl-3-[4-(trifluoromethyl)phenoxy]pro-
pylipiperazine 21. 'H RMN (400 MHz, CDCl3) 7.36 (d, J = 8.6 Hz, 2H),
7.29-7.24 (m, 4H), 7.23-7.20 (m, 1H), 6.82 (d, J = 8.6 Hz, 2H), 5.20
(dd, J = 8.1, 4.9 Hz, 1H), 2.74-2.53 (m, 8H), 2.52 (t, J = 7.2 Hz, 2H),
2.39 (s, 3H), 2.21-2.09 (m, 1H), 2.03-1.92 (m, 1H). *C RMN (101 MHz,
CDCl3) 6 160.50, 140.70, 128.84, 127.99, 126.77 (q, 3JCF = 3.7 Hz),
125.81,124.35(q, 1JCF =271.2Hz),122.89 (q, 2Jc1= =32.7 Hz), 115.74,
78.41, 54.37, 54.06, 51.75, 45.04, 35.63. 1°F RMN (376 MHz, CDCl3) &
—61.72. LC/MS (ESI): 379.1 [M+H]"; HRMS (TOF, ESI+) cald for
C21H25F3N20 [M+H]" 379.199, found/; colorless oil. Yield = 17 %.

4.1.3.7. [2-(dimethylamino)ethyl] (methyD)[(3S)-3-phenyl-3-[4-(tri-
fluoromethyl)phenoxy]propyljamine 22. 'H RMN (400 MHz, CDCls) 7.35
(d, J = 8.6 Hz, 2H), 7.32-7.23 (m, 4H), 7.23-7.17 (m, 1H), 6.84 (d,
J = 8.6 Hz, 2H), 5.27 (dd, J = 8.6, 4.4 Hz, 1H), 2.63-2.35 (m, 6H), 2.23
(s, 6H), 2.22 (s, 3H), 2.15-2.04 (m, 1H), 1.99-1.90 (m, 1H). '3C RMN
(101 MHz, CDCl3) & 159.62, 140.05, 127.76, 126.81, 125.73 (q,
3Jep = 3.7 Hz), 124.82, 123.35 (q, Jer = 271.0 Hz), 121.73 (q,
2JCF = 32.7 Hz), 114.74, 77.11, 55.67, 53.96, 52.94, 44.08, 41.20,
35.24. 1°F RMN (376 MHz, CDCl3) & —61.60. LC/MS (ESI): 381.2
[M+H]*; HRMS (TOF, ESI4) cald for C21H27F3N20 [M+H] " 381.215,
found 381.2148; colorless oil. Yield = 26 %.

4.1.3.8. 1-[(3S)-3-phenyl-3-[4-(trifluoromethyDphenoxyIpropyl]imid-
azole 23. 'H RMN (400 MHz, CDCls) 8.21 (bs, 1H), 7.36 (d, J = 8.6 Hz,
2H), 7.30-7.18 (m, 6H), 6.99 (m, 1H), 6.79 (d, J = 8.6 Hz, 2H), 5.07 (dd,
J =9.0, 3.7 Hz, 1H), 4.37-4.18 (m, 2H), 2.49-2.38 (m, 1H), 2.31 (m,
1H). '3C RMN (101 MHz, CDCl3) § 158.70, 138.47, 138.37, 128.08,
127.80, 127.40, 125.93 (q, 3Jcr = 3.7 Hz), 125.40, 124.62, 123.19 (q,
Yer = 271.1 Hz), 122.39 (q, 2Jcr = 32.7 Hz), 114.66, 75.77, 43.59,
38.63. 1%F RMN (376 MHz, CDCls) & —61.72. LC/MS (ESD): 347.0
[M+H]"; HRMS (TOF, ESI+) cald for C19H17F3N20 [M-+H]*
347.1366, found 347.1366; colorless oil. Yield = 43 %.

4.1.3.9. Benzyl[(3S)-3-phenyl-3-[4-(trifluoromethylphenoxy]propyl]
amine 24. 'H RMN (400 MHz, CDCls) & 7.35 (d, J = 8.6 Hz, 2H),
7.26-7.20 (m, 7H), 7.20-7.13 (m, 3H), 6.81 (d, J = 8.6 Hz, 2H), 5.27
(dd, J = 8.2, 4.8 Hz, 1H), 3.71 (s, 2H), 2.80-2.60 (m, 2H), 2.26-2.07 (m,
1H), 2.05-1.96 (m, 1H). '3C RMN (101 MHz, CDCls) 5 160.56, 140.99,
139.70, 128.78, 128.46, 128.23, 127.84, 127.13, 126.75 (q,
3Jer = 3.7 Hz), 125.81, 124.40 (q, ‘Jer = 271.0 Hz), 122.79 (q,
2Jcp = 32.6 Hz), 115.78, 78.57, 53.81, 45.35 38.68. 1°F RMN (376 MHz,
CDCls) & —61.55. LC/MS (ESI): 386.13 [M+H]"; HRMS (TOF, ESI+)
cald for C23H22F3NO [M+H] " 386.172, found 386.1726; light brown
oil. Yield = 27 %.

4.1.3.10. [(3S)-3-phenyl-  3-[4-(trifluoromethyl)phenoxyIpropyl] (pyri-
dine-2-ylmethyl)amine 25. 4 RMN (400 MHz, CDCl3) 6 8.40 (dd,
J=4.8,0.6 Hz, 1H), 7.54 (td, J = 7.7, 1.7 Hz, 1H), 7.36 (d, J = 8.7 Hz,
2H), 7.25 (t, J = 4.4 Hz, 4H), 7.22-7.17 (m, 2H), 7.10 (dd, J = 7.4,
5.0 Hz, 1H), 6.83 (d, J = 8.7 Hz, 2H), 5.32 (dd, J = 8.3, 4.5 Hz, 1H), 3.92
(s, 2H), 2.91-2.79 (m, 2H), 2.31-2.18 (m,1H), 2.15-2.03 (m,1H). 13¢
RMN (101 MHz, CDCl3) 160.36, 157.67, 149.29, 140.60, 136.71,
128.83, 127.94, 126.75 (q, 3Jcp 3.7 Hz), 125.79, 125.61 (q,
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1Jer = 271.1 Hz), 123.09 (q, Zcr = 32.6 Hz), 122.43, 122.40, 115.82,
78.60, 54.34, 45.70, 38.15. '°F RMN (376 MHz, CDCl3) § —61.69. LC/
MS (ESD: 387.10 [M+H]*; HRMS (TOF, ESI+) cald for C22H21F3N20
[M+H]" 387.167, found 387.1679; light yellow oil. Yield = 13 %.

4.1.3.11. 1-Phenyl-4-[(3S)-phenyl-3-[4-(trifluoromethyl)phenoxy]propyl]
piperazine 26. 'H RMN (400 MHz, CDCls) § 7.36 (d, J = 8.7 Hz, 2H),
7.29-7.27 (m, 4H), 7.23-7.17 (m, 3H), 6.86 (d, J = 7.8 Hz, 2H), 6.84 (d,
J = 8.4 Hz, 2H), 6.80 (t, 7.3 Hz, 1H), 5.26 (dd, J = 7.8, 5.0 Hz, 1H),
3.26-3.06 (m, 4H), 2.75-2.46 (m, 6H), 2.40-2.26 (m, 1H), 2.15-1.99
(m, 1H). 13C RMN (101 MHz, CDCl3) & 160.52, 151.15, 140.70, 129.17,
128.84, 127.99, 126.79 (q, 3Jecz = 3.7 Hz), 125.87, 125.71 (g,
1JCF = 271.1 Hz), 122.90 (q, 2Jcp = 32.6 Hz), 116.22, 115.77, 78.48,
54.47, 53.12, 48.87, 35.56. 1°F RMN (376 MHz, CDCl3) § —61.59. LC/
MS (ESI): 441.17 [M+H]"; HRMS (TOF, ESI+) cald for G26H27F3N20
[M+H] 441.215, found 441.2148; light yellow oil. Yield = 20 %.

4.1.3.12. 4-Benzyl-1-[(3S)-phenyl-3-[4-(trifluoromethyl)phenoxypropyl]
piperidine 27. 'H RMN (400 MHz, CDCl3) § 7.35 (d, J = 8.6 Hz, 2H),
7.27-7.24 (m, 4H), 7.23-7.19 (m, 3H), 7.16-7.13 (m, 1H), 7.04 (d,
J = 8.3 Hz, 2H), 6.79 (d, J = 8.6 Hz, 2H), 5.34 (dd, J = 8.6, 3.8 Hz, 1H),
3.52-3.42 (m, 2H), 3.13-2.96 (m, 2H), 2.61-2.39 (m, 6H), 2.10-1.95
(m, 2H), 1.73 (bd, J = 14.8 Hz, 2H), 1.69-1.61 (m, 1H). '*C RMN
(101 MHz, CDCls) § 159.65, 139.05, 138.86, 129.12, 129.00, 128.55,
128.53, 126.94 (q, 3Jcr = 3.6 Hz), 126.45, 125.71 (q, *Jcr = 271.1 Hz),
125.67, 123.51 (q, 2Jcr = 32.9 Hz), 115.68, 77.60, 77.23, 54.63, 54.13,
53.43, 52.81, 41.93, 36.65, 32.58. '°F RMN (376 MHz, CDCl3) 5 —61.71.
LC/MS (ESI): 454.18 [M+H]"; HRMS (TOF, ESI+) cald for
C28H30F3NO [M+H]' 454.235, found 454.2352; light brown oil.
Yield = 18 %.

4.1.3.13. 1-Benzyl-4-[(3S)-phenyl-3-[4-(trifluoromethyl)phenoxypropyl]
piperazine 28. 'H RMN (400 MHz, CDCl3) & 7.35 (d, J = 8.7 Hz, 2H),
7.27-7.20 (m, 8H), 7.21-7.16 (m, 2H), 6.85-6.80 (d, J = 8.7 Hz, 2H),
5.20 (dd, J = 8.0, 5.0 Hz, 1H), 3.45 (s, 2H), 2.58-2.31 (m, 10H), 2.15
(td, J = 14.6, 7.6 Hz, 1H), 2.01-1.89 (m, 1H). 13C RMN (101 MHz,
CDCl3) & 160.61, 140.91, 137.77, 129.28, 128.77, 128.28, 127.89,
127.20, 126.74 (q, 3JCF = 3.5 Hz), 125.87,125.73 (q, lJCF = 271.1 Hz),
122.95 (q, 2Jcr = 32.7 Hz), 115.78, 78.64, 62.93, 54.42, 53.06, 52.79,
35.73. 1°F RMN (376 MHz, CDCl3) 6 —61.59. LC/MS (ESI): 455.18
[M-+H]"; HRMS (TOF, ESI+) cald for C27H29F3N20 [M+H]" 455.230,
found 455.2305; light brown oil. Yield = 35 %.

4.1.3.14. Methyl[(3S)-3-(thiophen-2-yl)-3-[4-(trifluoromethyl)phenoxy]
propyl]amine 31. 'H RMN (400 MHz, MeOD) § 7.41 (d, J = 8.7 Hz, 2H),
7.25 (dd, J = 5.1, 1.1 Hz, 1H), 7.04 (bd, J = 3.5 Hz, 1H), 6.99 (d,
J = 8.6 Hz, 2H), 6.87 (dd, J = 5.1, 3.5 Hz, 1H), 5.68 (dd, J = 7.6, 5.5 Hz,
1H), 2.78-2.62 (m, 2H), 2.34 (s, 3H), 2.30-2.19 (m, 1H), 2.15-2.03 (m,
1H). '3C RMN (101 MHz, MeOD) & 160.32, 143.68, 126.34 (q,
3Jor = 3.7 Hz), 126.27, 124.47 (q, Jcp = 270.3 Hz), 125.47, 125.12,
122.88 (q, 2Jcr = 32.5 Hz), 116.01, 74.33, 47.10, 37.32, 34.27. 1°F RMN
(376 MHz, MeOD) 8 —63.15. LC/MS (ESI): 316.1 [M-+H]*; HRMS (TOF,
ESI+) cald for C15H16F3NOS [M+H]* 316.097, found 316.0977; light
yellow oil. Yield = 23 %.

4.1.3.15. Dimethyl[(3S)-3-(thiophen-2-yl)-3-[4-(trifluoromethyl)phe-

noxy]Jpropyljamine 32. 'H RMN (400 MHz, CDCl3) 6 7.40 (d, J = 8.5 Hz,
2H), 7.17 (dd, J = 5.0, 1.1 Hz, 1H), 6.97 (dd, J = 3.5, 0.5 Hz, 1H), 6.93
(d, J = 8.5 Hz, 2H), 6.88 (dd, J = 5.0, 3.5 Hz, 1H), 5.58 (dd, J = 7.5,
5.6 Hz, 1H), 2.55-2.40 (m, 2H), 2.34-2.21 (m, 1H), 2.27 (s, 6H),
2.16-2.04 (m, 1H). 13¢ RMN (101 MHz, CDCl3) & 160.17, 143.72,
126.84 (q, 3Jor = 3.7 Hz), 126.78, 125.33, 125.30, 124.32 (q,
1JCF = 271.4 Hz), 123.39 (q, ZJCF = 32.6 Hz), 115.99, 74.38, 55.24,
44.90, 35.86. 1°F RMN (376 MHz, CDCl3) 5 —61.62. LC/MS (ESI): 330.2
[M+H]"; HRMS (TOF, ESI+) cald for C16H18F3NOS [M+H]"

14

European Journal of Medicinal Chemistry 306 (2026) 118621

330.1135, found 330.1134; colorless oil. Yield = 71 %.

4.1.3.16. Methyl[(3S)-3-phenyl-3-{[5-(trifluoromethyDpyridine-2-yl]
oxy}propylJamine 62. 'H RMN (400 MHz, CDCl3) & 8.36 (dd, J = 1.3,
0.8 Hz, 1H), 7.64 (dd, J = 9.1, 2.4 Hz, 1H), 7.38-7.30 (m, 4H),
7.27-7.22 (m, 1H), 6.56 (d, J = 9.1 Hz, 1H), 5.41 (bs, 1H), 4.53 (dd,
J=10.5, 2.8 Hz, 1H), 4.37 (ddd, J = 15.0, 11.2, 4.3 Hz, 1H), 3.34 (ddd,
J =14.6, 5.3, 3.4 Hz, 1H), 3.06 (s, 3H), 2.14-1.99 (m, 1H), 1.92-1.78
(m, 1H). **C RMN (101 MHz, CDCls) & 160.28, 145.42 (q, >Jor = 4.3 Hz),
144.10, 134.82 (q, 3JCF = 3.0 Hz), 128.32, 127.14, 125.62, 124.62 (q,
lJCF = 270.1 Hz), 114.46 (q, ZJCF = 33.2 Hz), 105.11, 69.76, 46.78,
37.69, 36.14. '°F RMN (376 MHz, CDCl3) & —59.03. LC/MS (ESI):
311.26 [M+H]"; HRMS (TOF, ESI+) cald for C16H17F3N20 [M+H]™"
311.1365, found 311.1366; colorless oil. Yield = 27 %.

4.1.4. Synthesis of tert-butyl N-[(3R)-3-hydroxy-3-phenylpropyl]-N-
methylcarbamate 34

To a stirred solution of (R)-3-(methylamino)-1-phenylpropan-1-ol 33
(1.9 g, 11.51 mmol, 1 eq) in dry DCM (50 mL) was added di-tert-butyl
dicarbonate (Boc20, 2.76g, 1.1 eq) at 4 °C. The reaction mixture was
stirred at room temperature for 48h, then washed twice with saturated
NH4CI, once with brine, dried over Na3SO4, and evaporated in vacuo to
afford a crude residue 34 as pale-yellow oil (3.02 g, 98 %) which does
not require further purification.

'H RMN (400 MHz, CDCl3g) & 7.31-7.23 (m, 4H), 7.20-7.15 (m, 1H),
4.53 (dd, J = 9.9, 3.4 Hz, 1H), 3.77-3.62 (m, 1H), 3.10 (bs, 1H), 3.00
(ddd, J = 14.4, 6.1, 4.0 Hz, 1H), 2.79 (s, 3H), 1.92-1.81 (m, 1H), 1.71
(m, 1H), 1.39 (s, 9H). '3C RMN (101 MHz, CDClg) § 156.77, 144.18,
128.39, 127.25, 125.66, 80.07, 70.49, 45.35, 37.26, 34.30, 28.42. LC/
MS (ESI): 266.1 [M+H]™; light yellow oil. Yield = 98 %.

4.1.5. General procedure for synthesis of derivatives 35-39 via a
Mitsunobu reaction followed by an acidic hydrolysis

To a stirred solution of triphenylphosphine (1.5 eq, 0.85 mmol) in
dry THF (2 mL), cooled at 4 °C, was slowly added diisopropyl azodi-
carboxylate (DIAD, 1.5 eq, 0.85 mmol). After 20 min, the corresponding
phenol (1 eq, 0.57 mmol) in dry THF (1 mL) was added and the reaction
mixture was stirred 1h at 4 °C. Then, a solution of tert-butyl[(3R)-3-
hydroxy-3-phenylpropyllmethylcarbamate 34 (1 eq, 0.57 mmol) in dry
THF (0.5 mL) was added 4 °C. The reaction mixture was stirred at room
temperature for 4-18h before removing the solvent in vacuo. The residue
was diluted in DCM, washed twice with water, once with brine, dried
over NaySQOy, and the solvent was evaporated in vacuo. The crude residue
was purified by flash column chromatography eluting with DCM/
cyclohexane (50:50 to 80:20 or 70:30 to 100:0).

The obtained residue was then solubilized in DCM (2 mL) and TFA
(5eq) was added at 4 °C. The mixture was stirred at room temperature
for 2-5h, diluted in DCM (8 mL), washed three times with saturated
NaHCOs, once with brine, dried over Nay;SO4, and the solvent was
evaporated in vacuo. The crude residue was purified by flash column
chromatography eluting with DCM/MeOH (100:0 to 95:5 or 90:10) to
give desired derivatives 35-39.

4.1.5.1. Methyl-[(3S)-3-phenyl-3-(4-((trifluoromethyanesulfornylphenoxy)
propyl]-amine 35. 'H{ RMN (400 MHz, CDCl3) 6 = 7.76 (d, J = 8.9 Hz,
2H), 7.30-7.18 (m, 5H), 6.98 (d, 2H), 5.37 (dd, J = 8.1, 4.8 Hz, 1H),
2.96 (bs, 1H), 2.79-2.62 (m, 2H), 2.39 (s, 3H), 2.27-2.17 (m, 1H),
2.11-1.97 (m, 1H). 3C RMN (101 MHz, CDCls) & 164.67, 139.73,
133.06, 129.08, 128.38, 125.74, 121.95, 119.85 (q, J = 325.5 Hz),
116.87, 79.10, 47.61, 37.86, 35.87. 19 RMN (376 MHz, CDCl3) &
—78.71. LC/MS (ESI): 374.12 [M+H]"; HRMS (TOF, ESI+) cald for
C17H18F3NO3S [M+H]" 374.103, found 374.1032; light yellow oil.
Yield = 10 %.

4.1.5.2. 4-[(1S)-(3-(methylamino)-1-phenylpropoxy]benzonitrile 36. Bii
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RMN (400 MHz, CDCl3) § = 7.39 (d, J = 8.9 Hz, 2H), 7.28-7.20 (m, 5H),
6.82 (d, J = 8.9 Hz, 2H), 5.30 (dd, J = 8.1, 4.7 Hz, 1H), 2.82-2.70 (m,
2H), 2.41 (s, 3H), 2.27-2.16 (m, 1H), 2.12-2.00 (m, 1H). '*C RMN
(101 MHz, CDCl3) 8 = 161.17, 140.02, 133.87, 128.98, 128.21, 125.75,
119.12, 116.54, 104.13, 78.37, 47.53, 37.41, 35.49. LC/MS (ESI):
267.07 [M+H]"; HRMS (TOF, ESI+) cald for C17H18N20 [M+H]"
267.149, found 267.1492; colorless oil. Yield = 25 %.

4.1.5.3. [(3S)-3-([1,1-biphenyl]-4-yloxy)-3-phenylpropyl]-(methyl)
amine 37. 'H RMN (400 MHz, CDCl3) & 7.40 (d, J = 7.5 Hz, 2H),
7.34-7.27 (m, 6H), 7.25 (d, J = 7.6 Hz, 2H), 7.23-7.17 (m, 2H), 6.83 (d,
J = 8.8 Hz, 2H), 5.26 (dd, J = 8.2, 4.3 Hz, 1H), 2.93-2.80 (m, 2H), 2.45
(s, 3H), 2.34-2.19 (m, 1H), 2.19-2.07 (m, 1H). 3¢ RMN (101 MHz,
CDCl3) & 157.33, 140.96, 140.69, 134.04, 128.81, 128.68, 128.06,
127.86, 126.69, 126.67, 125.87, 116.14, 77.90, 47.50, 36.92, 34.92.
LC/MS (ESI): 318.26 [M+H]+; HRMS (TOF, ESI+) cald for C22H23NO
[M-+H]" 318.185, found 318.1852; colorless oil. Yield = 22 %.

4.1.5.4. [(3S)-3-(4-benzylphenoxy)-3-phenylpropyl] (methyl)amine

38. 'HRMN (400 MHz, CDCls) § 7.28-7.13 (m, 8H), 7.11-7.02 (m, 2H),
6.90 (d, J = 8.6 Hz, 2H), 6.67 (d, J = 8.6 Hz, 2H), 5.15 (dd, J = 8.3,
4.3 Hz, 1H), 3.77 (s, 2H), 2.92-2.77 (m 2H), 2.43 (s, 3H), 2.29-2.17 (m,
1H), 2.17-2.07 (m, 1H). 13C RMN (101 MHz, CDCl3) & 156.10, 141.37,
140.96, 133.66, 129.73, 128.83, 128.76, 128.41, 127.81, 125.98,
125.83,115.83, 77.72, 47.31, 41.01, 36.50, 34.53. LC/MS (ESD): 332.26
[M-+H]; colorless oil. Yield = 8 %.

4.1.5.5. [(3S)-3-[4-fluoro-2-(trifluoromethyl)phenoxy]-3-phenylpropyl]
(methyl)amine 39. HRMN (400 MHz, CDCl3) 8 7.31-7.18 (m, 6H), 7.08
(bd, J = 8.6 Hz, 1H), 6.78 (bt, J = 8.3 Hz, 1H), 5.31 (dd, J = 8.3, 4.7 Hz,
1H), 2.83-2.70 (m, 2H), 2.40 (s, 3H), 2.54 (bs, 1H), 2.30-2.18 (m1H),
2.09-1.97 (ml1H). '3C RMN (101 MHz, CDCl3) & 152.38 (d,
1Jer = 248.1 Hz), 148.74 (d, ZJcr = 10.2 Hz), 140.18, 128.91, 128.23,
125.84, 123.50 (qd, }Jcr = 271.5 Hz, “Jcr = 2.0 Hz), 123.33 (qd, 2JCF,
33.7 Hz, 3Jcp = 6.8 Hz), 121.57 (m), 116.53 (d, 3Jcp = 1.8 Hz), 113.69
(dq, 2Jgr = 21.5 Hz, 3Jp = 3.6 Hz), 80.00, 47.81, 37.87, 35.91. 1°F RMN
(376 MHz, CDCl3) 6 —61.88, —131.66. LC/MS (ESI): 328.20 [M+H]";
HRMS (TOF, ESI+) cald for C17H17F4NO [M+H]' 328.132 found
328.1319; light yellow oil. Yield = 24 %.

4.1.6. General procedure for synthesis of derivatives 41-49, 59, 63-69
and 80 via a Mitsunobu reaction

To a stirred solution of triphenylphosphine (1.2 eq, 1.40 mmol) in
dry THF (5 mL), cooled at 4 °C, was slowly added diisopropyl azodi-
carboxylate (DIAD, 1.2 eq, 1.40 mmol). After 30 min, the corresponding
phenol (1.05 eq, 1.22 mmol) in dry THF (0.5 mL) was added and the
reaction mixture was stirred 1h at 4 °C. Then, a solution of (R)-3-Chloro-
1-phenylpropan-1-ol 40 (1 eq, 1.17 mmol) in dry THF (0.5 mL) was
added at 4 °C. The reaction mixture was stirred at room temperature for
3-30h before removing the solvent in vacuo. The residue was diluted in
DCM, washed twice with water, once with brine, dried over NasSO4, and
the solvent was evaporated in vacuo. The crude residue was purified by
flash column chromatography eluting with cyclohexane/ethyl acetate
(100:0 to 80:20) to give derivatives 41-49, 59, 63—-69 and 80.

4.1.6.1. 1-[(1S)-3-chloro-1-phenylpropoxy]-4-fluorobenzene 41. 'H
NMR (400 MHz, CDCls) & 7.38-7.33 (m, 4H), 7.32-7.24 (m, 1H), 6.88
(dd, J = 9.2, 8.2 Hz, 2H), 6.80 (dd, J = 9.3, 4.5 Hz, 2H), 5.30 (dd,
J = 8.6, 4.5 Hz, 1H), 3.82 (ddd, J = 10.9, 8.5, 5.3 Hz, 1H), 3.61 (dt,
J=11.1, 5.7 Hz, 1H), 2.46 (ddt, J = 14.2, 8.6, 5.5 Hz, 1H), 2.21 (dddd,
J=14.4, 8.5, 5.8, 4.5 Hz, 1H). 3C NMR (101 MHz, CDCl5) & 157.40 (d,
1o = 239.0 Hz), 154.14 (d, J & = 2.1 Hz), 140.75, 128.94, 128.13,
126.11, 117.33 (d, J & = 8.0 Hz), 115.87 (d, J & = 23.2 Hz), 77.82,
41.42. 1°F NMR (376 MHz, CDCl3) & —123.32. Light yellow oil.
Yield = 27 %.
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4.1.6.2. 1-chloro-4-[(1S)-3-chloro-1-phenylpropoxy]benzene 42. 'H
NMR (400 MHz, MeOD) § 7.39-7.31 (m, 4H), 7.29-7.24 (m, 1H), 7.13
(d, J =9.1 Hz, 2H), 6.84 (d, J = 9.1 Hz, 2H), 5.39 (dd, J = 8.7, 4.5 Hz,
1H), 3.78 (ddd, J = 10.9, 8.3, 5.9 Hz, 1H), 3.67-3.55 (m, 1H), 2.42 (ddt,
J=14.4,8.7,5.7 Hz, 1H), 2.19 (dddd, J = 14.5, 8.3, 6.4, 4.5 Hz, 1H). 13C
NMR (101 MHz, MeOD) 6 158.05, 141.92, 130.17, 129.83, 129.08,
127.20, 126.89, 118.58, 78.49, 42.51, 41.92. Light yellow oil.
Yield = 35 %.

4.1.6.3. 1-bromo-4-[(1S)-3-chloro-1-phenylpropoxy]benzene 43. 'H
NMR (400 MHz, MeOD) & 7.39-7.31 (m, 4H), 7.27 (d, J = 9.1 Hz, 2H),
7.29-7.24 (m, 1H), 6.79 (d, J = 9.1 Hz, 2H), 5.39 (dd, J = 8.7, 4.5 Hz,
1H), 3.78 (ddd, J = 11.0, 8.3, 5.9 Hz, 1H), 3.65-3.58 (m, 1H), 2.43 (ddt,
J=14.4,8.7,5.7 Hz, 1H), 2.19 (dddd, J = 14.5, 8.3, 6.4, 4.5 Hz, 1H). 1°C
NMR (101 MHz, MeOD) 6 158.54, 141.87, 133.17, 129.84, 129.09,
127.19, 119.06, 114.06, 78.42, 42.50, 41.91. Light yellow oil
Yield = 65 %.

4.1.6.4. 1-[(1S)-3-chloro-1-phenylpropoxy]-4-iodobenzene 44. 'H NMR
(400 MHz, MeOD) & 7.44 (d, J = 9.0 Hz, 2H), 7.38-7.31 (m, 4H),
7.29-7.23 (m, 1H), 6.67 (d, J = 9.0 Hz, 2H), 5.39 (dd, J = 8.7, 4.5 Hz,
1H), 3.76 (ddd, J = 11.0, 8.2, 5.9 Hz, 1H), 3.64-3.57 (m, 1H), 2.41 (ddt,
J=14.4,8.7,5.7 Hz, 1H), 2.18 (dddd, J = 14.5, 8.2, 6.4, 4.5 Hz, 1H). 13C
NMR (101 MHz, MeOD) & 159.24, 141.83, 139.26, 129.83, 129.08,
127.16, 119.54, 83.70, 78.25, 42.48, 41.90. Light yellow oil.
Yield = 33 %.

4.1.6.5. 1-[(1S)-3-chloro-1-phenylpropoxy]-4-methylbenzene 45. 'H
NMR (400 MHz, MeOD) § 7.38-7.29 (m, 4H), 7.27-7.22 (m, 1H), 6.95
(dd, J = 8.8, 0.6 Hz, 2H), 6.73 (d, J = 8.6 Hz, 2H), 5.34 (dd, J = 8.7,
4.4 Hz, 1H), 3.78 (ddd, J = 10.9, 8.2, 5.9 Hz, 1H), 3.61 (ddd, J = 11.0,
6.3, 5.5 Hz, 1H), 2.40 (ddt, J = 14.4, 8.7, 5.7 Hz, 1H), 2.19 (s, 3H),
2.18-2.12 (m, 1H). '3C NMR (101 MHz, MeOD) & 157.23, 142.62,
131.35, 130.68, 129.68, 128.83, 127.20, 117.03, 78.21, 42.67, 42.07,
20.48. Light yellow oil. Yield = 70 %.

4.1.6.6. 1-Butyl-4-[(1S)-3-chloro-1-phenylpropoxy]benzene 46. ‘H NMR
(400 MHz, CDCl3) & 7.41-7.33 (m, 4H), 7.31-7.25 (m, 1H), 7.01 (d,
J = 8.7 Hz, 2H), 6.79 (d, J = 8.7 Hz, 2H), 5.34 (dd, J = 8.7, 4.4 Hz, 1H),
3.82 (ddd, J = 10.9, 8.3, 5.6 Hz, 1H), 3.70-3.57 (dt, J = 11.4, 5.7, 1H),
2.54-2.42 (m, 3H), 2.21 (dddd, J = 14.4, 8.3, 6.0, 4.4 Hz, 1H), 1.53 (m,
2H), 1.33 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCls) 5
156.11,141.30, 135.54, 129.30, 128.86, 127.90, 126.06, 115.88, 77.01,
41.66, 41.52, 34.83, 33.91, 22.44, 14.07. Light yellow oil. Yield = 34 %.

4.1.6.7. 1-[(1S)-3-chloro-1-phenylpropoxy]-4-methoxybenzene ~ 47. H
NMR (400 MHz, CDCl3) 8 7.41-7.32 (m, 4H), 7.31-7.25 (m, 1H), 6.81
(d, J = 9.2 Hz, 2H), 6.74 (d, J = 9.2 Hz, 2H), 5.28 (dd, J = 8.7, 4.4 Hz,
1H), 3.83 (ddd, J = 10.9, 8.4, 5.5 Hz, 1H), 3.72 (s, 3H), 3.63 (dt,
J=11.1,5.7 Hz, 1H), 2.46 (ddt, J = 14.3, 8.7, 5.5 Hz, 1H), 2.21 (dddd,
J = 14.4, 8.4, 5.9, 4.5 Hz, 1H). '3C NMR (101 MHz, CDCl3) 5 154.15,
152.17, 141.23, 128.83, 127.94, 126.16, 117.32, 114.63, 77.87, 55.72,
41.53, 41.49. Yellow oil. Yield = 18 %.

4.1.6.8. 1-[(1S)-3-chloro-1-phenylpropoxy]-4-propoxybenzene ~ 48. 'H
NMR (400 MHz, CDCl3) & 7.39-7.31 (m, 4H), 7.29-7.23 (m, 1H), 6.77
(d, J = 9.3 Hz, 2H), 6.72 (d, J = 9.2 Hz, 2H), 5.25 (dd, J = 8.7, 4.4 Hz,
1H), 3.86-3.78 (m, 1H), 3.81 (t, J = 6.6 Hz, 2H), 3.61 (dt, J = 11.2,
5.8 Hz, 1H), 2.44 (ddt, J = 14.3, 8.7, 5.5 Hz, 1H), 2.19 (dddd, J = 14.4,
8.4, 5.9, 4.5 Hz, 1H), 1.79-1.67 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H). '3C
NMR (101 MHz, CDCl3) & 153.73, 152.07, 141.29, 128.83, 127.94,
126.19, 117.32, 115.37, 77.90, 70.13, 41.56, 41.53, 22.77, 10.64. Yel-
low oil. Yield = 18 %.
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4.1.6.9. 1-[(1S)-3-chloro-1-phenylpropoxy]-4-(trifluoromethoxy)benzene
49. 'THNMR (400 MHz, MeOD) & 7.40-7.32 (m, 4H), 7.29-7.24 (m, 1H),
7.07 (dd, J =9.2, 0.8 Hz, 2H), 6.91 (d, J = 9.2 Hz, 2H), 5.42 (dd, J = 8.7,
4.5 Hz, 1H), 3.78 (ddd, J = 11.0, 8.3, 5.9 Hz, 1H), 3.66-3.58 (m, 1H),
2.44 (ddt, J = 14.4, 8.7, 5.7 Hz, 1H), 2.20 (dddd, J = 14.5, 8.3, 6.4,
4.5 Hz, 1H). 3¢ NMR (101 MHz, MeOD) & 158.04, 144.10 (q,
3jcr = 1.9 Hz), 141.83, 129.87, 129.13, 127.19, 123.30, 121.95 (q,
Ljer = 254.5 Hz), 118.06, 78.62, 42.51, 41.89. !°F NMR (376 MHz,
MeOD) 6 —59.97. Colorless oil. Yield = 44 %.

4.1.6.10. 1-{[(1S)-3-chloro-1-phenylpropyl]sulfanyl}-4-(trifluoromethyl)
benzene 59. 'H NMR (400 MHz, MeOD) & 7.50 (d, J = 8.3 Hz, 2H), 7.43
(d, J = 8.2 Hz, 2H), 7.38-7.28 (m, 4H), 7.27-7.22 (m, 1H), 4.65 (dd,
J=8.5,6.6 Hz, 1H), 3.64 (dt, J = 11.2, 6.0 Hz, 1H), 3.42 (ddd, J = 11.1,
7.7, 6.0 Hz, 1H), 2.47-2.28 (m, 2H). 13C NMR (101 MHz, MeOD) &
141.95, 141.60, 131.81, 129.78, 129.53 (q, 2Jcr = 32.4 Hz), 128.99,
128.87, 126.56 (q, 3Jcr = 3.7 Hz), 125.58 (q, ‘Jer = 270.8 Hz), 50.27,
43.02, 40.02. 1°F NMR (376 MHz, MeOD) & —64.09. Colorless oil.
Yield = 67 %

4.1.6.11. 2-[(1S)-3-chloro-1-phenylpropoxyInaphthalene 63. 'H NMR
(400 MHz, CDCl3) 6 7.72 (d, J = 8.1 Hz, 1H), 7.71 (d, J = 9.0 Hz, 1H),
7.59 (d, J = 8.2 Hz, 1H), 7.46-7.42 (m, 2H), 7.39-7.29 (m, 4H),
7.29-7.24 (m, 1H), 7.19 (dd, J = 8.9, 2.5 Hz, 1H), 7.05 (d, J = 2.5 Hz,
1H), 5.54 (dd, J = 8.5, 4.5 Hz, 1H), 3.85 (ddd, J = 11.0, 8.3, 5.5 Hz, 1H),
3.70-3.59 (m, 1H), 2.53 (ddt, J = 14.2, 8.5, 5.6 Hz, 1H), 2.28 (dddd,
J = 14.4, 8.3, 5.9, 4.5 Hz, 1H)."3C NMR (101 MHz, CDCl3) § 155.83,
140.84, 134.46, 129.52, 129.17, 128.96, 128.06, 127.68, 126.99,
126.38, 126.08, 123.88, 119.30, 109.60, 76.98, 41.54, 41.48. White
solid. Yield = 34 %.

4.1.6.12. 1-[(1S)-3-chloro-1-phenylpropoxy]-2-methoxy-4-(prop-2-ene-1-
yDbenzene 64. H NMR (400 MHz, CDCl3): & 7.42-7.31 (m, 4H);
7.30-7.24 (m, 1H); 6.70 (d, J = 2.0 Hz, 1H); 6.65 (d, J = 8.2 Hz, 1H);
6.54 (dd, J = 8.2, 2.0 Hz, 1H); 5.91 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H);
5.30 (dd, J = 8.8, 4.3 Hz, 1H); 5.08-5.01 (m, 2H); 3.90 (m, 1H); 3.87 (s,
1H); 3.65 (dt, J = 11.1, 5.7, 1H); 3.28 (d, J = 6.7, 2H); 2.55 (ddt,
J =14.4, 8.8, 5.5 Hz, 1H); 2.20 (dddd, J = 14.5, 8.4, 5.9, 4.3 Hz, 1H).
13C NMR (101 MHz, CDCls) § 150.18, 145.92, 141.33, 137.66, 133.84,
128.75, 127.93, 126.22, 120.51, 116.70, 115.78, 112.63, 78.84, 56.06,
41.77, 41.55, 39.95. Yellow oil. Yield = 17 %.

4.1.6.13. 5-Bromo-2-[(1S)-3-chloro-1-phenylpropoxy]benzonitrile 65. 'H
NMR (400 MHz, CDCls3) 6 7.63 (d, J = 2.5 Hz, 1H), 7.43 (dd, J = 9.0,
2.5 Hz, 1H), 7.39-7.34 (m, 4H), 7.33-7.29 (m, 1H), 6.71 (d, J = 9.1 Hz,
1H), 5.48 (dd, J = 8.8, 4.4 Hz, 1H), 3.88 (ddd, J = 11.2, 9.2, 4.4 Hz, 1H),
3.63 (dt, J = 10.9, 5.3 Hz, 1H), 2.57 (dddd, J = 14.4, 8.8, 5.4, 4.4 Hz,
1H), 2.30-2.19 (m, 1H). 3C NMR (101 MHz, CDCl3) 6 158.82, 139.03,
137.17, 135.91, 129.30, 128.78, 125.96, 116.10, 115.08, 112.92,
104.67, 78.53, 41.16, 40.97. Light yellow oil. Yield = 44 %.

4.1.6.14. 1-Chloro-4-[(1S)-3-chloro-1-phenylpropoxy]-2-methylbenzene
66. 'H NMR (400 MHz, CDCl3): 6 7.34-7.29 (m, 4H); 7.26-7.21 (m,
1H); 7.08 (d, J = 8.7 Hz, 1H); 6.74 (d, J = 2.9 Hz, 1H); 6.58 (dd, J = 8.7,
3.0 Hz, 1H), 5.30 (dd, J = 8.6, 4.5 Hz, 1H); 3.75 (ddd, J = 10.9, 8.5,
5.3 Hz, 1H); 3.56 (dt, J = 11.1, 5.7 Hz, 1H), 2.41 (ddt, J = 14.2, 8.6,
5.5 Hz, 1H); 2.23 (s, 3H); 2,17 (dddd, J = 14.4, 8.5, 5.8, 4.5 Hz, 1H). 13C
NMR (101 MHz, CDCl3) 6 156.55, 140.67, 137.10, 129.64, 128.96,
128.13, 126.35, 126.02, 118.83, 114.56, 77.09, 41.43, 41.37, 20.42.
Colorless oil. Yield = 20 %.

4.1.6.15. 1-[(1S)-3-chloro-1-phenylpropoxy]-2-methyl-3-nitrobenzene

67. 'THNMR (400 MHz, MeOD) 6 7.41-7.33 (m, 4H), 7.31-7.25 (m, 2H),
7.15 (bt, J = 8.3 Hz, 1H), 7.01 (bd, J = 8.2 Hz, 1H), 5.56 (dd, J = 8.5,
4.6 Hz, 1H), 3.81 (ddd, J = 11.0, 8.2, 5.8 Hz, 1H), 3.71-3.60 (m, 1H),
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2.54 (ddt, J = 14.3, 8.5, 5.7 Hz, 1H), 2.41 (s, 3H), 2.27 (dddd, J = 14.5,
8.2, 6.3, 4.6 Hz, 1H). °C NMR (101 MHz, MeOD) & 160.19, 151.29,
141.31,129.98, 129.34, 127.81, 127.17, 122.86, 118.14, 116.85, 79.02,
42.28, 41.91, 11.87. Yellow oil. Yield = 42 %.

4.1.6.16. 4-Chloro-1-[(1S)-3-chloro-1-phenylpropoxy]-2-nitrobenzene

68. 'H NMR (400 MHz, MeOD) & 7.82 (d, J = 2.6 Hz, 1H), 7.43-7.34
(m, 4H), 7.33-7.28 (m, 1H), 7.06 (d, J = 9.1 Hz, 1H), 5.65 (dd, J = 8.8,
4.3 Hz, 1H), 3.81 (ddd, J = 11.0, 8.5, 5.7 Hz, 1H), 3.64 (ddd, J = 11.2,
6.2, 5.4 Hz, 1H), 2.48 (ddt, J = 14.4, 8.8, 5.5 Hz, 1H), 2.24 (dddd,
J=14.7, 8.5, 6.3, 4.4 Hz, 1H). 13C NMR (101 MHz, MeOD) 6 150.58,
142.14, 140.51, 134.41, 130.10, 129.62, 127.20, 126.49, 125.90,
118.95, 79.96, 42.17, 41.62. Light orange oil. Yield = 45 %.

4.1.6.17. 4-[(1S)-3-chloro-1-phenylpropoxy]-2-nitrobenzonitrile 69. 'H
NMR (400 MHz, MeOD) & 7.86 (d, J = 2.6 Hz, 1H), 7.82 (d, J = 8.7 Hz,
1H), 7.45 (m, 1H), 7.41-7.36 (m, 4H), 7.34-7.28 (m, 1H), 5.69 (dd,
J=8.5,4.7 Hz, 1H), 3.79 (ddd, J = 11.1, 8.2, 5.8 Hz, 1H), 3.68-3.59 (m,
1H), 2.55 (ddt, J = 14.3, 8.5, 5.7 Hz, 1H), 2.29 (dddd, J = 14.5, 8.2, 6.3,
4.7 Hz, 1H). '3C NMR (101 MHz, MeOD) & 162.99, 151.44, 140.14,
137.98,130.21,129.77,127.32,122.34,116.32, 114.45, 100.29, 79.80,
41.98, 41.56. Yellow oil. Yield = 55 %.

4.1.6.18. 1-[(1S)-3-chloro-1-phenylpropoxy]-4-iodobenzene 80. 'H NMR
(400 MHz, MeOD) & 7.44 (d, J = 9.0 Hz, 2H), 7.38-7.30 (m, 4H),
7.29-7.23 (m, 1H), 6.67 (d, J = 9.0 Hz, 2H), 5.38 (dd, J = 8.6, 4.5 Hz,
1H), 3.76 (ddd, J = 10.9, 8.2, 5.9 Hz, 1H), 3.60 (ddd, J = 10.9, 6.4,
5.4 Hz, 1H), 2.41 (ddt, J = 14.5, 8.7, 5.7 Hz, 1H), 2.18 (dddd, J = 14.5,
8.2, 6.4, 4.5 Hz, 1H). '3C NMR (101 MHz, MeOD) & 159.21, 141.81,
139.25, 129.83, 129.08, 127.15, 119.52, 83.70, 78.20, 42.47, 41.91.
Yellow oil, 43 %

4.1.7. General procedure for synthesis of derivatives 50-58, 60 and
70-76 via a methylamination reaction

To a stirred solution of (1S)-(3-chloro-1-phenylpropoxy)benzene
derivatives 41-49, 59 and 63-69 (1 eq) in EtOH (4 mL) was added a
solution methylamine (40 % in water, 30 eq). The reaction mixture was
heated at 120 °C for 1h before removing the solvent in vacuo. The res-
idue was diluted in DCM, the organic phase was washed twice with
water, once with brine, dried over Na2SO4, and concentrated under
vacuum. The crude residue was purified by flash column chromatog-
raphy as indicated for each compound to give derivatives 50-58, 60 and
70-76.

4.1.7.1. [(3S)-3-(4-fluorophenoxy)-3-phenylpropyl] (methyDamine 50.
Chromatography on silica gel was eluting with DCM to DCM/MeOH 85/
15 (v/v). THNMR (400 MHz, MeOD) 8 7.40-7.31 (m, 4H), 7.29-7.24 (m,
1H), 6.92-6.82 (m, 4H), 5.29 (dd, J = 8.3, 4.4 Hz, 1H), 3.05-2.90 (m,
2H), 2.55 (s, 3H), 2.25 (ddt, J = 14.2, 8.7, 5.9 Hz, 1H), 2.11 (dddd,
J=13.7,9.1, 6.0, 4.4 Hz, 1H). "*C NMR (101 MHz, MeOD) & 158.93 (d,
YJep = 237.7 Hz), 155.38 (d, J&r = 2.0 Hz), 142.17, 129.96, 129.22,
127.33, 118.42 (d, Jér = 8.1 Hz), 116.53 (d, J& = 23.5 Hz), 79.73,
49.43, 37.48, 34.91. 19F NMR (376 MHz, MEOD) & —125.59. LC/MS
(ESD): 260.37 [M+H]"; HRMS (TOF, ESI+) cald for C1¢H1gFNO [M+H] "
260.144, found 260.1445; Light yellow oil. Yield = 62 %.

4.1.7.2. [(3S)-3-(4-chlorophenoxy)-methyl-phenylpropyl] (methyl)amine

51. Chromatography on silica gel was eluting with DCM to DCM/MeOH
90/10 (v/v). 'H NMR (400 MHz, MeOD) & 7.38-7.30 (m, 4H), 7.28-7.22
(m, 1H), 7.13 (d, J = 9.1 Hz, 2H), 6.83 (d, J = 9.1 Hz, 2H), 5.28 (dd,
J=8.1,4.8 Hz, 1H), 2.71 (m, 2H), 2.37 (s, 3H), 2.17 (dtd, J = 14.0, 8.3,
5.8 Hz, 1H), 2.02 (dddd, J = 13.7, 8.7, 6.3, 4.8 Hz, 1H). 3C NMR (101
MHz, MeOD) & 158.07, 142.63,130.11, 129.71, 128.85, 127.14, 126.66,
118.53, 79.80, 49.07, 39.00, 36.01. LC/MS (ESI): 276.61 [M+H]";
HRMS (TOF, ESI+) cald for C16H18CINO [M+H]" 276.115, found
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276.115; Light yellow oil. Yield = 58 %.

4.1.7.3. [(3S)-3-(4-bromophenoxy)-3-phenylpropyl](methyDamine 52.
Chromatography on silica gel was eluting with DCM to DCM/MeOH 90/
10 (v/v). TH NMR (400 MHz, MeOD) 6 7.37-7.29 (m, 4H), 7.26 (d,
J = 9.1 Hz, 2H), 7.25-7.21 (m, 1H), 6.78 (d, J = 9.1 Hz, 2H), 5.28 (dd,
J=28.1,4.8 Hz, 1H), 2.79-2.62 (m, 2H), 2.36 (s, 3H), 2.17 (dtd, J = 14.0,
8.3, 5.8 Hz, 1H), 2.01 (dddd, J = 13.7, 8.7, 6.3, 4.8 Hz, 1H). 13¢ NMR
(101 MHz, MeOD) 6 158.57, 142.61, 133.11, 129.71, 128.85, 127.13,
119.02, 113.80, 79.75, 49.28, 39.07, 36.06. LC/MS (ESI): 320.54 and
322.54 [M+H]"; HRMS (TOF, ESI+) cald for C16H18BrNO [M+H]"
320.064, found 320.0645 and 322.0626; Yellow oil. Yield = 46 %.

4.1.7.4. [(3S)-3-(4-iodophenoxy)-3-phenylpropyl] (methyl)amine 53.

Chromatography on silica gel was eluting with DCM to DCM/MeOH 95/
5 (v/v). 'HNMR (400 MHz, MeOD) & 7.44 (d, J = 9.0 Hz, 2H), 7.37-7.29
(m, 4H), 7.27-7.21 (m, 1H), 6.67 (d, J = 9.0 Hz, 2H), 5.28 (dd, J = 8.1,
4.8 Hz, 1H), 2.71 (m,2H), 2.37 (s, 3H), 2.17 (dtd, J = 14.0, 8.2, 6.0 Hz,
1H), 2.07-1.96 (m, 1H). 13 NMR (101 MHz, MeOD) 6 159.28, 142.55,
139.21, 129.72, 128.85, 127.11, 119.53, 83.42, 79.57, 48.97, 38.97,
36.00. LC/MS (ESI): 368.41 [M+H]"; HRMS (TOF, ESI+) cald for
C16H18INO [M+H]" 368.050, found 368.0506; Chiral analytical anal-
ysis, method 2: RT, 7.56 min, 95 % ee; Light yellow oil. Yield = 59 %.

4.1.7.5. Methyl [(3S)-3-(4-methylphenoxy)-3-phenylpropyl]amine 54.
Chromatography on silica gel was eluting with DCM to DCM/MeOH 95/
5 (v/v). 'H NMR (400 MHz, MeOD) & 7.38-7.27 (m, 4H), 7.25-7.19 (m,
1H), 6.94 (d, J = 8.7 Hz, 2H), 6.72 (d, J = 8.6 Hz, 2H), 5.24 (dd, J = 8.1,
4.7 Hz, 1H), 2.79-2.63 (m, 2H), 2.36 (s, 3H), 2.18 (s, 3H), 2.17-2.09 (m,
1H), 2.00 (dddd, J = 13.7, 8.7, 6.3, 4.8 Hz, 1H). '3C NMR (101 MHz,
MeOD) & 155.83, 141.90, 129.73, 129.25, 128.17, 127.20, 125.75,
115.55, 78.19, 47.77, 37.68, 34.62, 19.07. LC/MS (ESI): 256.56
[M+H]"; HRMS (TOF, ESI+) cald for Ci7HzNO [M+H]" 256.169,
found 256.1696; Light yellow oil. Yield = 43 %.

4.1.7.6. [(3S)-3-(4-butylphenoxy)-3-phenylpropyl] (methyDamine  55.
Chromatography on silica gel was eluting with DCM to DCM/MeOH 85/
15 (v/v). THNMR (400 MHz, MeOD) § 7.42-7.32 (m, 4H), 7.30-7.25 (m,
1H), 6.98 (d, J = 8.7 Hz, 2H), 6.78 (d, J = 8.7 Hz, 2H), 5.35 (dd, J = 8.4,
4.1 Hz, 1H), 3.18 (m, 2H), 2.70 (s, 3H), 2.48 (t, J = 7.6 Hz, 2H),
2.37-2.13 (m, 2H), 1.50 (m, 2H), 1.29 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H).
13C NMR (101 MHz, MeOD) & 156.86, 142.08, 136.85, 130.16, 129.83,
129.08, 127.08, 116.96, 78.65, 47.81, 36.26, 35.65, 35.08, 34.02,
23.23, 14.23. LC/MS (ESI): 298.43 [M+H]"; HRMS (TOF, ESI+) cald for
CooHoyNO [M+H]" 298.2165, found 298.2165; Colorless oil.
Yield = 24 %.

4.1.7.7. [(3S)-3-(4-methoxyphenoxy)-3-phenylpropyl] (methyl)amine

56. Chromatography on silica gel was eluting with DCM to DCM/MeOH
85/15 (v/v). THNMR (400 MHz, MeOD) 6 7.42-7.31 (m, 4H), 7.30-7.24
(m, 1H), 6.81 (d, J = 9.3 Hz, 2H), 6.73 (d, J = 9.3 Hz, 2H), 5.30 (dd,
J=8.4,4.1 Hz, 1H), 3.67 (s, 3H), 3.29-3.21 (m, 1H), 3.20-3.12 (m, 1H),
2.72 (s, 3H), 2.37-2.27 (m, 1H), 2.21 (m, 1H). 13¢ NMR (101 MHz,
MeOD) & 155.76, 152.76, 142.00, 129.81, 129.13, 127.22, 118.32,
115.49, 79.38, 56.01, 47.78, 36.03, 33.92. LC/MS (ESI): 272.43
[M-+H]"; HRMS (TOF, ESI+) cald for C17Ho1NOy [M+H]' 272.164,
found 272.1645; Colorless oil. Yield = 21 %.

4.1.7.8. Methyl[(3S)-3-phenyl-3-(4-propoxyphenoxy)propyllamine 57.

Chromatography on silica gel was eluting with DCM to DCM/MeOH 95/
5 (v/v). 'H NMR (400 MHz, MeOD) & 7.42-7.31 (m, 4H), 7.30-7.24 (m,
1H), 6.79 (d, J = 9.3 Hz, 2H), 6.72 (d, J = 9.3 Hz, 2H), 5.29 (dd, J = 8.4,
4.1 Hz, 1H), 3.80 (t, J = 6.5 Hz, 2H), 3.21 (m, 2H), 2.72 (s, 3H),
2.36-2.26 (m, 1H), 2.26-2.15 (m, 1H), 1.76-1.64 (m, 2H), 0.99 (t,
J = 7.4 Hz, 3H). 13C NMR (101 MHz, MeOD) 5 155.20, 152.72, 142.02,
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129.81, 129.13, 127.21, 118.29, 116.24, 79.38, 71.05, 47.78, 36.03,
33.91, 23.69, 10.80. LC/MS (ESI): 300.45 [M+H]"; HRMS (TOF, ESI+)
cald for C19HasNO, [M+H]' 300.196, found 300.1958; Colorless oil.
Yield = 16 %.

4.1.7.9. Methyl-[(3S)-3-phenyl-3-(4-(trifluoromethoxy)phenoxy)propyl]-
amine 58. Chromatography on silica gel was eluting with DCM to DCM/
MeOH 90/10 (v/v). 'H NMR (400 MHz, MeOD) & 7.40-7.31 (m, 4H),
7.28-7.23 (m, 1H), 7.07 (dd, J = 9.2, 0.8 Hz, 2H), 6.91 (d, J = 9.2 Hz,
2H), 5.32 (dd, J = 8.1, 4.7 Hz, 1H), 2.76 (m, 2H), 2.40 (s, 3H), 2.20 (dtd,
J=14.0,8.3,5.9 Hz, 1H), 2.05 (dddd, J=13.7, 8.7, 6.3, 4.7 Hz, 1H). 3¢
NMR (101 MHz, MeOD) & 158.05, 143.99 (q, 3Jcr = 2.0 Hz), 142.45,
129.78, 128.94, 127.14, 123.28, 121.97 (q, IJCF = 254.3 Hz), 118.03,
79.85, 48.86, 38.77, 35.84. 1°F NMR (376 MHz, MeOD) § 60.04. LC/MS
(ESD): 326.58 [M+H]"; HRMS (TOF, ESI+) cald for C17H18F3NO
[M+H]" 326.136, found 326.1362; Light yellow oil. Yield = 76 %.

4.1.7.10. Methyl[(3S)-3-phenyl-3-{[4-(trifluoromethyl)phenyl]sulfanyl}
propyl]amine 60. Chromatography on silica gel was eluting with DCM to
DCM/MeOH 92/8 (v/v). 'H NMR (400 MHz, MeOD) & 7.48 (d,
J = 8.4 Hz, 2H), 7.42 (d, J = 8.3 Hz, 2H), 7.38-7.26 (m, 4H), 7.25-7.19
(m, 1H), 4.52 (dd, J = 8.6, 6.5 Hz, 1H), 2.66 (ddd, J = 11.9, 9.0, 6.2 Hz,
1H), 2.56 (ddd, J = 11.9, 8.8, 5.9 Hz, 1H), 2.35 (s, 3H), 2.25-2.08 (m,
2H).13C NMR (101 MHz, MeOD) § 142.42, 142.25, 131.78, 129.67,
129.36 (q, 2Jcr = 32.6 Hz), 128.88, 128.67, 126.46 (q, >Jcr = 3.9 Hz),
125.66 (q, 'Jep = 541.5, 270.5 Hz), 50.89, 50.08, 36.56, 35.70. 1°F NMR
(376 MHz, MeOD) & —64.10. LC/MS (ESD): 326.28 [M-+H]"; HRMS
(TOF, ESI+) cald for C17H18F3NS [M+H] " 326.118, found 326.1185;
Yellow oil. Yield = 16 %

4.1.7.11. Methyl[(3S)-3-(naphtalen-2-yloxy)-3-phenylpropyl]amine 70.
Chromatography on silica gel was eluting with DCM to DCM/MeOH 90/
10 (v/v). 'H RMN (400 MHz, CDCl3) § 7.72 (d, J = 7.9 Hz, 1H), 7.70 (d,
J=8.9 Hz, 1H), 7.57 (d, J = 8.1 Hz, 1H), 7.43-7.40 (m, 2H), 7.38-7.28
(m, 4H), 7.27-7.22 (m, 1H), 7.19 (dd, J = 8.9, 2.5 Hz, 1H), 7.03 (d,
J = 2.4 Hz, 1H), 5.41 (dd, J = 8.2, 4.6 Hz, 1H), 3.08 (bs, 1H), 2.85 (t,
J = 6.9 Hz, 2H), 2.47 (s3H), 2.36-2.21 (m, 1H), 2.18-2.06 (m, 1H). '3C
RMN (101 MHz, CDCl3) 6 155.80, 141.41, 134.36, 129.35, 128.95,
128.72, 127.69, 127.54, 126.82, 126.21, 125.90, 123.66, 119.25,
109.31, 78.27, 48.08, 38.08, 35.91. LC/MS (ESI): 292.30 [M+H];
HRMS (TOF, ESI4+) cald for CooHyNO [M+H]™ 292.1698, found
292.1696; colorless oil. Yield = 52 %.

4.1.7.12. [(3S)-3-[2-methoxy-4-(prop-2-en-1-yl)phenoxy]-3-phenyl-
propyl](methy)amine 71. Chromatography on silica gel was eluting
with DCM to DCM/MeOH 95/5 (v/v). 'H NMR (400 MHz, MeOD) &
7.41-7.34 (m, 4H), 7.33-7.28 (m, 1H), 6.85-6.82 (bs, 1H), 6.51 (m, 2H),
5.90 (ddt, J = 16.8, 10.1, 6.7 Hz, 1H), 5.25 (dd, J = 9.3, 3.6 Hz, 1H),
5.05-4.97 (m, 2H), 3.92 (s, 3H), 3.37 (ddd, J = 12.9, 8.2, 5.8 Hz, 1H),
3.30-3.22 (m, 3H), 2.80 (s, 3H), 2.41-2.28 (m, 1H), 2.26-2.14 (m, 1H).
13C NMR (101 MHz, MeOD) § 151.19, 146.10, 141.99, 138.90, 136.19,
129.82,129.32, 127.21, 121.54, 118.39, 115.85, 113.38, 82.71, 56.49,
49.05, 40.72, 35.66, 33.95. LC/MS (ESI): 312.44 [M+H]*; HRMS (TOF,
ESI+) cald for CooHasNOy [M+H]T 312.196, found 312.1958; Yellow
oil. Yield = 16 %.

4.1.7.13. 5-Bromo-2-[(1S)-3-(methylamino)-1-phenylpropoxy]benzoni-

trile 72. Chromatography on silica gel was eluting with DCM to DCM/
MeOH 95/5 (v/v). HNMR (400 MHz, MeOD) & 7.76 (d, J = 2.5 Hz, 1H),
7.54 (dd, J = 9.1, 2.5 Hz, 1H), 7.41-7.34 (m, 4H), 7.32-7.26 (m, 1H),
6.90 (d, J = 9.1 Hz, 1H), 5.52 (dd, J = 8.1, 4.8 Hz, 1H), 2.83-2.68 (m,
2H), 2.39 (s, 3H), 2.27 (m, 1H), 2.10 (dddd, J = 14.0, 8.2, 6.7, 4.8 Hz,
1H). 3C NMR (101 MHz, MeOD) § 160.28, 141.26, 138.32, 136.76,
130.00, 129.40, 127.10, 117.84, 116.02, 113.54, 105.37, 81.27, 48.69,
38.64, 36.01. LC/MS (ESI): 347.26 [M+H]"; HRMS (TOF, ESI+) cald for



S. Khemiri et al.

Ci7H17BrN,O  [M+H]"T 345.059, found 345.0597; Colorless oil.
Yield = 38 %.

4.1.7.14. [(3S)-3-(4-chloro-3-methylphenoxy)-3-phenylpropyl] (methyl)
amine 73. Chromatography on silica gel was eluting with DCM to DCM/
MeOH 95/5 (v/v). 'H NMR (400 MHz, MeOD) & 7.38-7.30 (m, 4H),
7.27-7.22 (m, 1H), 7.09 (d, J = 8.8 Hz, 1H), 6.80 (d, J = 2.7 Hz, 1H),
6.65 (dd, J = 8.8, 2.8 Hz, 1H), 5.28 (dd, J = 8.1, 4.8 Hz, 1H), 2.70 (m,
2H), 2.37 (s, 3H), 2.23 (s, 3H), 2.21-2.10 (m, 1H), 2.00 (dddd, J =13.7,
8.7, 6.3, 4.8 Hz, 1H). 13C NMR (101 MHz, MeOD) & 158.03, 142.79,
137.85,130.39,129.68,128.79,127.13,126.79, 119.69, 115.87, 79.68,
49.04, 39.04, 36.04, 20.22. LC/MS (ESD): 290.37 [M+H]"; HRMS (TOF,
ESI+) cald for Cy7H29Cl NO [M+H]1 290.130, found 290.1306; Color-
less oil. Yield = 70 %.

4.1.7.15. Methyl[(3S)-3-(2-methyl-3-nitrophenoxy)-3-phenylpropyl]
amine 74. Chromatography on silica gel was eluting with DCM to DCM/
MeOH 90/10 (v/v). 'H NMR (400 MHz, MeOD) § 7.39-7.31 (m, 4H),
7.29-7.23 (m, 2H), 7.10 (bt, J = 8.3 Hz, 1H), 7.00 (bd, J = 8.3 Hz, 1H),
5.45 (dd, J = 8.0, 4.9 Hz, 1H), 2.83-2.65 (m, 2H), 2.41 (s, 3H), 2.38 (s,
3H), 2.33-2.19 (m, 1H), 2.15-2.04 (m, 1H). 13C NMR (101 MHz, MeOD)
8 157.80, 152.65, 142.06, 129.86, 129.09, 127.74, 127.07, 122.75,
118.22,116.65, 80.23, 48.94, 38.92, 36.03, 11.90. LC/MS (ESI): 301.59
[M+H]";HRMS (TOF, ESI+) cald for C17HygN2O3 [M+H]" 301.1549
found 301.1547 Colorless oil. Yield = 40 %.

4.1.7.16. [(3S)-3-(4-chloro-2-nitrophenoxy)-3-phenylpropyl] (methyl)
amine 75. Chromatography on silica gel was eluting with DCM to DCM/
MeOH 80,20 (v/v). 'H NMR (400 MHz, MeOD) & 7.89 (d, J = 2.6 Hz,
1H), 7.44-7.36 (m, 4H), 7.35-7.30 (m, 1H), 7.04 (d, J = 9.1 Hz, 1H),
5.66 (dd, J = 8.4, 4.1 Hz, 1H), 3.22-3.05 (m, 2H), 2.67 (s, 3H),
2.41-2.29 (m, 1H), 2.28-2.21 (m, 1H). '3C NMR (101 MHz, MeOD) &
150.60, 142.12, 141.12, 134.35, 130.00, 129.40, 127.10, 126.33,
125.84, 119.11, 81.40, 48.61, 38.45, 35.87. LC/MS (ESI): 321.34
[M+H]*; HRMS (TOF, ESI+) cald for C16H17CIN203 [M+H]"
321.099, found 321.1; Colorless oil. Yield = 20 %.

4.1.7.17. 4-[(1S)-3-(methylamino)-1-phenylpropoxy]-2-nitrobenzonitrile
76. Chromatography on silica gel was eluting with DCM to DCM/MeOH
90/10 (v/v). H NMR (400 MHz, MeOD) 6 7.84 (d, J = 2.6 Hz, 1H), 7.81
(d, J = 8.7 Hz, 1H), 7.44-7.41 (m, 2H), 7.40-7.34 (m, 4H), 7.32-7.27
(m, 1H), 5.59 (dd, J = 8.1, 4.9 Hz, 1H), 2.82-2.66 (m, 2H), 2.40 (s, 3H),
2.29 (dtd, J = 14.0, 8.2, 5.8 Hz, 1H), 2.09 (dddd, J = 15.5, 11.9, 7.7,
5.9 Hz, 1H). '3C NMR (101 MHz, MeOD) & 163.11, 151.43, 140.90,
137.88,130.12,129.56,127.23,122.52,116.36, 114.39, 100.06, 80.94,
49.28, 38.57, 35.94. LC/MS (ESI): 312.57 [M+H]™"; HRMS (TOF, ESI+)
cald for C;7H17N303 [M+H]" 312.134, found 312.13243; Yellow oil.
Yield =18 %

4.1.8. General procedure for synthesis of derivatives 77-79 via a nitro
reduction reaction

To a solution of nitrobenzene derivative (0.22 mmol, 1 eq) in ethyl
acetate (3 mL) was added Tin (II) chloride (207 mg, 1.09 mmol) and the
reaction mixture was heated at 70 °C in a sealed tube for 2h. After the
solution was cooled to room temperature, the mixture was washed twice
with a solution of saturated Na;COs and once with brine. The organic
phase was dried over NaySO4 and concentrated under vacuum. The
crude product was purified by flash chromatography from DCM to DCM/
MeOH 8/2 (v/v).

4.1.8.1. 2-methyl-3-[(1S)-3-(methylamino)-1-phenylpropoxy]aniline

77. 'THNMR (400 MHz, MeOD) & 7.40-7.30 (m, 4H), 7.29-7.22 (m, 1H),
6.71 (bt, J = 8.2 Hz, 1H), 6.32 (bd, J = 8.0 Hz, 1H), 6.15 (bd, J = 8.2 Hz,
1H), 5.36 (dd, J = 8.2, 4.2 Hz, 1H), 3.27-3.10 (m, 2H), 2.70 (s, 3H), 2.34
(dddd, 14.0, 9.8, 8.3, 5.8 Hz), 2.22 (dddd, 13.9, 10.0, 5.7, 4.3 Hz), 2.13
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(s, 3H). 3¢ NMR (101 MHz, MeOD) 6 156.91, 147.70, 142.19, 129.79,
129.06, 127.17, 127.01, 112.67, 110.42, 105.29, 78.19, 47.74, 36.02,
33.85, 9.57. LC/MS (ESI): 271.63 [M+H]+; HRMS (TOF, ESI+) cald for
Ci17H2oN,O  [M+H]" 271.180, found 371.1805. Colorless oil.
Yield = 22 %.

4.1.8.2. 5-Chloro-2-[(1S)-3-(methylamino)-1-phenylpropoxy]aniline

78. 'HNMR (400 MHz, MeOD) & 7.43-7.32 (m, 4H), 7.32-7.27 (m, 1H),
6.72 (d, J = 2.5 Hz, 1H), 6.54 (d, J = 8.7 Hz, 1H), 6.41 (dd, J = 8.6,
2.5 Hz, 1H), 5.38 (dd, J = 8.6, 4.0 Hz, 1H), 3.29-3.16 (m, 2H), 2.72 (s,
3H), 2.43-2.31 (m, 1H), 2.28-2.18 (m, 1H). 13CNMR (101 MHz, MeOD)
5 144.86, 141.49, 140.15, 129.95, 129.36, 127.58, 127.00, 117.87,
116.04, 115.69, 78.99, 47.67, 35.92, 33.86. LC/MS (ESI): 291.36
[M-++H]"; HRMS (TOF, ESI+) cald for C16H19CIN20 [M+H] " 291.126,
found 291.1259; Colorless oil. Yield = 35 %.

4.1.8.3. 2-amino-4-[(1S)-3-(methylamino)-1-phenylpropoxy]benzonitrile
79. 'THNMR (500 MHz, MeOD) 6 7.37-7.32 (m, 4H), 7.31-7.21 (m, 1H),
7.16 (d, J = 8.6 Hz, 1H), 6.27 (d, J = 2.2 Hz, 1H), 6.24 (dd, J = 8.7,
2.3 Hz, 1H), 5.34 (dd, J = 8.2, 4.6 Hz, 1H), 2.87-2.72 (m, 2H), 2.44 (s,
3H), 2.19 (dtd, J = 14.0, 8.4, 5.8 Hz, 1H), 2.11-2.01 (m, 1H). 3¢ NMR
(126 MHz, MeOD) 6 163.99, 154.38, 142.14, 134.72, 129.81, 129.01,
126.97,119.21, 107.48, 102.23, 88.75, 79.19, 48.60, 38.32, 35.55. LC/
MS (ESI): 282.42 [M+H]"; HRMS (TOF, ESI+) cald for C17H19N30
[M+H]" 282.160, found 282.1601. Colorless oil. Yield = 5 %.

4.1.9. General procedure for the synthesis of amine derivatives 81-82

To a solution of 1-[(1S)-3-chloro-1-phenylpropoxy]-4-iodobenzene
80 (200 mg, 0.54 mmol, leq) in dry THF (5 mL) was added sodium
iodide (0.80 mmol, 1.5 eq). The mixture was heated at 70 °C for 16h.
Then, the corresponding amine derivative (2.7 mmol, 5 eq) was added
and the mixture was stirred under argon atmosphere at room tempera-
ture during 10-20h. After completion of the reaction, the solvent was
evaporated in vacuo. The residue was extracted with dichloromethane,
the organic layer was washed twice with water, once with brine, dried
over Na2SO4, and evaporated in vacuo. Crude was purified by column
chromatography eluting with dichloromethane-methanol (100-90:10)
to give derivatives 81-82.

4.1.9.1. [(3S)-3-(4-iodophenoxy)-3-phenylpropyl]dimethylamine 81. 'H
NMR (400 MHz, MeOD) & 7.43 (d, J = 9.0 Hz, 2H), 7.38-7.28 (m, 4H),
7.27-7.21 (m, 1H), 6.66 (d, J = 9.0 Hz, 2H), 5.25 (dd, J = 8.1, 4.8 Hz,
1H), 2.61-2.42 (m, 2H), 2.27 (s, 6H), 2.21-2.09 (m, 1H), 2.06-1.95 (m,
1H).1*C NMR (101 MHz, MeOD) & 159.29, 142.47, 139.21, 129.73,
128.88,127.13,119.52, 83.45, 79.42, 56.76, 45.36, 37.12. LC/MS (ESD):
382.18 [M+H]"; HRMS (TOF, ESI+) cald for C17H20INO [M+H]"
382.066, found 382.0662; Yellow oil. Yield = 20 %

4.1.9.2. 1-[(3S)-3-(4-iodophenoxy)-3-phenylpropylipyrrolidine ~ 82. H
NMR (400 MHz,MeOD) 6 7.44 (d, J = 9.0 Hz, 2H), 7.37-7.29 (m, 4H),
7.29-7.21 (m, 1H), 6.67 (d, J = 9.0 Hz, 2H), 5.26 (dd, J = 8.1, 4.8 Hz,
1H), 2.71 (ddd, J = 11.9, 10.6, 5.0 Hz, 1H), 2.65-2.60 (m, 1H),
2.62-2.54 (m, 4H), 2.20 (dddd, J = 13.1, 10.3, 8.0, 5.0 Hz, 1H), 2.05
(ddt, J=13.6, 10.5, 5.4 Hz, 1H), 1.85-1.76 (m, 4H).!3C NMR (101 MHz,
MeOD) 6 159.34, 142.54, 139.23, 129.72, 128.87, 127.15, 119.52,
83.40, 79.55, 55.06, 53.67, 38.46, 24.17. LC/MS (ESI): 408.04 [M+H]";
HRMS (TOF, ESI+) cald for CjoH2INO [M+H]" 308.082, found
408.0819; Colorless oil. Yield = 37 %.

4.1.10. Synthesis of (3S)-3-(4-iodophenoxy)-3-phenylpropan-1-amine 83

To a stirring suspension of potassium phthalimide (3 mmol, 1.5eq) in
dry dimethylformamide (15 mL) was added the intermediate 80
(750 mg, 2 mmol). The reaction mixture was heated to 90 °C and left
stirring for 4 h, until completion was observed by TLC. The reaction
mixture was concentrated in vacuo and the resulting residue was diluted
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in dichloromethane, washed twice with water, once with brine, dried
over Na2SO4, and evaporated in vacuo. The crude residue (860 mg)
obtained was then diluted in ethanol (25 mL) and hydrazine mono-
hydrate was added (170 mg, 3 mmol) and the reaction mixture was
stirred and heated to reflux for 3 h. Upon completion the reaction
mixture was concentrated under reduced pressure, diluted in dichloro-
methane, washed twice with water, once with brine, dried over Na2S04,
and evaporated in vacuo. The residue was purified by flash column
chromatography eluting with DCM to DCM/MeOH 90/10 (v/v) to give
the pure derivative 83 as a light-yellow oil with 68 % yield. 'H NMR
(400 MHz,MeOD) & 7.43 (d, J = 9.1 Hz, 2H), 7.37-7.28 (m, 4H),
7.26-7.20 (m, 1H), 6.66 (d, J = 9.1 Hz, 2H), 5.29 (dd, J = 8.3, 4.8 Hz,
1H), 2.88-2.72 (m, 2H), 2.14 (dtd, J = 14.0, 7.9, 6.0 Hz, 1H), 2.02-1.91
(m, 1H). '*C NMR (101 MHz, MeOD) § 159.31, 142.65, 139.20, 129.70,
128.79, 127.10, 119.52, 83.39, 79.43, 42.33, 39.10. LC/MS (ESD:
354.29 [M-+H]"; HRMS (TOF, ESI+) cald for C;sHigINO [M+H]"
354.034, found 354.0349.

4.1.11. Synthesis of N-[(3S)-3-(4-iodophenoxy)-3-phenylpropyl]guanidine
84

The commercial 1H-pyrazole-1-carboxamidine hydrochloride
(96 mg, 6.6 mmol, 1.1 eq) was suspended in dry dimethylformamide
(10 mL) under argon and diisopropylethylamine was added (115 pL,
6.6 mmol, 1.1 eq). Then, a solution of compound 83 (212 mg, 6.1 mmol)
in DMF (2 mL) was added dropwise. The mixture was stirred at room
temperature under nitrogen for 16 h and the solvent was removed in
vacuo. The remaining viscous yellow oil was treated with ~1 mL satu-
rated NaHCOj3 solution, immediately forming a white crystalline pre-
cipitate, which was filtered off, washed with NaHCOj3 solution, water
and diethyl ether, and dried in vacuo yielding the pure product 84 as an
off-white crystalline solid. Yield = 80 %. H NMR (400 MHz, MeOD) 6
7.45 (d, J = 8.9 Hz, 2H), 7.40-7.31 (m, 4H), 7.30-7.23 (m, 1H), 6.69 (d,
J = 8.9 Hz, 2H), 5.30 (dd, J = 8.9, 4.2 Hz, 1H), 3.44-3.34 (m, 2H),
2.28-2.16 (m, 1H), 2.09 (dtd, J = 11.6, 7.3, 4.2 Hz, 1H). 13C NMR (101
MHz, MeOD) §159.12,158.92, 142.02, 139.26, 129.87, 129.07, 127.08,
119.56, 83.70, 78.71, 39.37, 38.78. LC/MS (ESD): 396.29 [M-+H]™;
HRMS (TOF, ESI+) cald for C16H18IN30O [M-+H]" 396.056, found
396.0567.

4.2. Molecular modeling

4.2.1. Binding site preparation

Two structures of the RNA helicase domain of the CV-B3 2C protein
complexed with (S)-fluoxetine are available in the RCSB PDB [35] (PDB.
ID 6s3a and 6t3w) [13]. In these two structures, the poses of the
fluoxetine compound are highly superimposed, except for the
N-methylamine group which is exposed to the solvent. As the structure
with PDB.ID 6s3a has the best crystallographic resolution (1.52 A vs
1.82 A for PDB.ID 6t3w), we choose this structure as the target structure
to conduct the docking experiments.

The receptor was prepared using the Protein Preparation Wizard
workflow [36] from the Schrodinger Molecular Modelling Suite
2022-03. Water molecules were first removed and missing side chains of
residues were fulfilled. Then, hydrogen atoms were added to the re-
ceptor according to a global target pH value of 7.4, and the hydrogen
network was automatically optimised. Finally, the receptor was mini-
mised (OLPS2004 force field) [37] with a convergence criterion of
RMSD on heavy atoms of 0.3 A (other parameters were fixed to their
default values).

4.2.2. Design of a virtual library

A total of 140 fluoxetine analogues were designed and stored as a 2D
SDF structure file for virtual screening experiment, in addition with the
2D structures of (R)- and (S)-fluoxetine. All these compounds were
prepared using the LigPrep package [38] of the Schrodinger Molecular
Modelling Suite 2022-03 with default parameters, including the
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generation of tautomeric and ionization states and stereoisomers,
resulting in 163 3D structures of compounds for the docking.

4.2.3. Virtual screening

Docking experiments were carried out using the Glide software
[39-41] from the Schrodinger Suite. The docking grid was centered and
sized on the crystalized fluoxetine. Docking calculations were performed
with extra precision. Ligand flexibility was considered and the option of
sampling of ring conformation was activated. Only one pose was
generated by compound.

4.3. Biology

4.3.1. Cells and viruses

HeLa CCL-2 cells and Rhabdomyosarcoma (RD) cells were provided
by ATCC. They were cultured in Minimum Essential Medium (MEM,
Gibco) supplemented with 7.5 % fetal bovine serum (FBS; Gibco), 1 % t-
Glutamine (Gibco), 1 % non-essential amino acid (Gibco) and 1 %
Penicillin - Streptomycin (10 000 U/ml; Gibco). Both cell lines were
grown at 37 °Cin 5 % COa».

Enterovirus A71 (EV-A71, clinical strain Laos2011 HFMD18TS) was
provided through the European Virus Archive (Ref-SKU: 001v-
EVA1553). Coxsackievirus B3 (CV-B3, strain Nancy) was provided by
ATCC. Enterovirus D68 (EV-D68 (strain 316.183.054) was provided by
the French National Reference Center for Enteroviruses and Para-
echoviruses (Clermont-Ferrand University Hospital, France).

4.3.2. Antiviral assay and ECsy determination

One day prior to infection, 30 000 RD cells, or 15 000 HeLa CCL-
2 cells, per well were seeded in 100 pL assay medium containing 2.5 %
FBS in 96-well culture plates (Falcon® 96-well clear microplate, Corn-
ing). After 24 h, antiviral compounds were added with seven % dilutions.
Each experiment was performed in triplicate. Then, 25 pL/well of a virus
mix diluted in the medium was added to the wells. Prior to the assay, it
was verified that viruses in the cell culture supernatants were harvested
during the logarithmic growth phase of viral replication at 48h or 72h
post infection measured by RT-qPCR. Thus, 96-well plates infected with
EV-A71 were incubated at 37 °C for 48h, plates infected with CV-B3
were incubated at 37 °C for 72h and plates infected with EV-D68 were
incubated at 33 °C for 72h. Vapendavir (MedChemExpress), S-fluoxetine
and A-967079 (MedChemExpress) were used as positive controls and
added to each plate in assays against EV-A71, CV-B3 and EV-D68,
respectively. For EV-A71 assays, on each plate, Vapendavir (Medche-
mexpress) was used as a positive control. For CV-B3 assays, (S)-fluoxe-
tine was used as a positive control. For EV-D68 assays, A-967079
(MedChemExpress) was used as a positive control.>? 3 compounds were
tested per 96-well plate, using a virus control (VC) in triplicate 48h or
72h post-infection, the supernatant was harvested, and RNA was
quantified as described above. Antiviral efficacy was evaluated in a
range of compound concentrations from 16 pM to 0.25 pM. In each well,
the percentage of viral inhibition VI was calculated as follows:

(mean RNA quantity VC — RNA quantity in the well)

VI=100*
mean RNA quantity VC

The 50 % effective concentrations (ECsg, compound concentration
required to inhibit viral RNA replication by 50 %) were determined by
logarithmic interpolation after performing a nonlinear regression (log
(inhibitor) vs. response-variable slope (four parameters)), using
GraphPad Prism 9 software (GraphPad software). For cytopathic effect
(CPE) assay, 96-well plates of RD cells infected with EV-D68 were pre-
pared as described above. After three days of incubation at 33 °C, the
supernatant was removed and CellTiterBlue® (Promega) reagent was
added to the cells following the manufacturer's recommendations. After
2 h of incubation at 37 °C, fluorescence was measured using an Infinite
200 Pro plate reader (Tecan Life Sciences). The ECso value was deter-
mined as described above, using GraphPad Prism 9 software.
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4.3.3. Plaque assay

One day prior infection, ~450 000 RD cells per well were in 1.5 mL
MEM containing 2.5 % FBS in 12-well culture plates (Falcon®, Corn-
ing®). After overnight incubation at 37 °C, the cell culture medium was
removed, and the cell monolayer was washed with 1 mL of Hanks'
Balanced Salt Solution (HBSS, Gibco). Cells were then infected with EV-
D68 virus diluted with culture medium containing 0 % FBS, and incu-
bated at 33 °C for 1 h. Unbound virus particles were removed by HBSS
wash. Overlay containing the serially diluted compound, MEM with
2.5 % FBS and 1.2 % Avicel (Sigma-Aldrich) was added to the cells with
1.5 mL per well. Plates were incubated at 33 °C with 5 % CO- for 3 days.
After removing the overlay and washing with HBSS, cells were fixed
with 4 % formaldehyde in HBSS, and stained with 1 % crystal violet in
HBSS.

4.3.4. Cytotoxicity and CCsp determination

Cytotoxicity of the compounds was assessed using the CellTiterBlue®
cell viability assay (Promega), in a range of compound concentration
from 100 pM to 1 pM. 96-well culture plates were prepared in a similar
way to the antiviral assay, but with the addition of 25 pl of culture
medium instead of the virus mixture. After 72 h incubation, fluorescence
was measured using an Infinite 200 Pro plate reader (Tecan Life Sci-
ences). Like the ECsp, the 50 % cytotoxic concentration (CCsg, com-
pound concentration inducing the death of 50 % of cells) was
determined by logarithmic interpolation after performing a nonlinear
regression (log(inhibitor) vs. response-variable slope (four parame-
ters)), using GraphPad Prism 9 software (GraphPad software).

4.3.5. Viral RNA extraction and quantification

Viral RNA was extracted from 100 pL of cell culture supernatant
using a QIAamp Viral RNA kit on the automated QIAcube (Qiagen),
according to the manufacturer's instructions. Relative quantification of
viral RNA was performed using the GoTaq® 1-Step RT-qPCR System kit
(Promega). The mixture contained 5 pL of 2x Master Mix, 0.25 pL of each
primer (250 nM), 0.07 pL of probe (75 nM), 0.2 pL of GoScript RT Mix
and 3.8 pL of extracted nucleic acids. For EV-A71, EV-A71F: 5-AGA-
TACCCACCCCCCTTACAA-3, EV-A71R: 5'-CACGTACGGGTGTTG-
CAACT-3, and EV-A71P FAM-5-CTCAACCCGGCGCC-3-MGB were used
as primers and probe. For CV-B3, a pan Enterovirus system already re-
ported was used [42]. For EV-D68, an EV-D68 specific system already
reported was used [43]. Assays were performed using the QuantStudio
12 K Flex real-time PCR machine (Life technologies). Reaction mixtures
were exposed at 50 °C for 15 min, then 95 °C for 2 min, followed by 40
cycles of 95 °C for 3 s, then 60 °C for 30 s. Data collection took place
during the 60 °C step. In vitro transcripts were used to calculate the
amount of viral RNA from standard curves.

4.3.6. Cloning and construct design

Several constructs of the CV-B3 2C and EV-A71 2C proteins were
generated for specific needs. For binding assays with CV-B3 2C, the DNA
fragment coding for CV- B3 A36-2C (amino acids 37 to 329) was cloned
downstream of a cleavable thioredoxin-hexahistidine tag (PMID: 313
05993). For binding assays with EV-A71 2C, the coding sequence of
EV-A71 A116-2C (amino acids 117 to 329) was cloned into the
expression vector pmCox 20A as previously described [44]. For protein
crystallization and structural determination, the coding sequence of CV-
B3 A116-2C (amino acids 117 to 329) was cloned into the expression
vector pmCox 20A. For ATPase assays, the coding sequences of an
hexamerization domain and CV-B3 A116-2C was previously fused and
cloned to generate the hexA116-2C constructs [13].

4.3.7. Protein expression and purification

The three recombinant proteins were produced in Escherichia coli T7
Express (New England biolabs). Cells were grown in TB (Terrific Broth)
medium supplemented with glycerol and containing ampicillin (100 pg/
ml) or kanamycin (100 pg/ml) and chloramphenicol (34 pg/ml) at
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37 °C. Expression was induced overnight at 17 °C with 0.5 mM
isopropyl-thiogalactopyranoside (IPTG). The cells were harvested by
centrifugation and resuspended in lysis buffer (50 mM tris, 300 mM
NaCl, 10 mM imidazole, 5 % glycerol, and 0.1 % Triton X-100) com-
plemented with lysozyme (0.25 mg/ml), deoxyribonuclease (DNase;
10 pg/ml), and 1 mM phenylmethylsulfonyl fluoride (PMSF). The bac-
terial samples were sonicated and centrifuged at 12,000g for 30 min at
4 °C. Soluble CV-B3 A36-2C, CV-B3 and EV-A71 A116-2C, and CV-B3
hexA116-2C, were purified from the supernatant by immobilized
metal affinity chromatography (IMAC) on a HisTrap column (GE
Healthcare) and eluted with a buffer consisting of 50 mM tris, 300 mM
NaCl, and 500 mM imidazole (pH 8). The eluted A36-2C and A116-2C
proteins were subjected to dialysis in 50 mM tris (pH 8), 300 mM NaCl,
10 mM imidazole, and 1 mM DTT (dithiothreitol), followed by an
overnight cleavage by Tobacco Etch Virus (TEV) protease (molar ratio,
1/20), followed by a second IMAC to remove the tag and uncleaved
proteins. The recombinant proteins were lastly purified by SEC on a
HiLoad 16/60 Superdex 75 column (GE Healthcare) in 10 mM HEPES
(pH 7.5) and 300 mM NaCl. The protein-containing fractions were
pooled, concentrated, and stored at —80 °C. For ATPase assays, the
hexA116-2C TEV protease tag was not cleaved. After the first IMAC, the
eluted protein was purified by SEC on a HiLoad 16/60 Superdex 200
column (GE Healthcare) in 10 mM HEPES (pH 7.5), 150 mM NacCl, and
10 mM MgCly. Protein fractions corresponding to the SEC peak at the
hexameric molecular weight were pooled, concentrated, and stored at
—20 °C in 20-pl aliquots containing 50 % glycerol, with a final con-
centration of ~4 mg/ml.

4.3.8. Binding of compounds to 2C protein

The binding of compounds on CV-B3 A36-2C and EV-A71 A116-2C
proteins was monitored by the fluorescence-based thermal shift assay
(TSA) using a Bio-Rad CFX Connect (Bio-Rad), as previously described
[19].

4.3.9. ATPase assay

The release of inorganic phosphate during 2C-mediated ATPase hy-
drolysis was measured using the Malachite Green Phosphate Assay Kit
(Sigma-Aldrich). ATP was purchased from Cytiva (ref 27-2056-01). Each
25-pl reaction comprised 500 nM of CV-B3 hexA116-2C protein and
1 mM ATP in reaction buffer (10 mM HEPES (pH 7.5), 150 mM Nacl,
and 10 mM MgCly). The reaction buffer and recombinant protein were
thawed immediately before use. For testing the inhibitory effect of 2C-
targeting compounds, the final DMSO concentration in each reaction
was 1 %. The compound-enzyme mixture was incubated for 15 min at
4 °C before adding ATP. Reactions were performed for 15 min at 37 °C.
To stop the reaction, 20 pl were transferred to a 96-well reading plate at
4 °C, and mixed with 10 pl of 10 mM EDTA. Samples were then diluted
with water to give a final ATP concentration of 0.25 mM before adding
the working reagent, as per the manufacturer's instructions. The plates
were incubated for 30 min at room temperature, and absorbance was
measured using a microplate reader at ODgoonm. To determine the
phosphate concentration in each sample, the ODgyonm values were
plotted against a standard curve using GraphPad Prism 9 software
(GraphPad software).

4.4. Crystallography

4.4.1. Co-crystallization of CV-B3 A116-2C protein and compound 53
Structure Screens 1 and 2 and Stura Footprint Screen (Molecular
Dimensions Ltd.) were used for initial screening. Trials were assessed in
SWISSCI 3 Lens Crystallization Plates with three wells per reservoir
using 400-, 300-, and 200-nl drops. The drops contained increasing
volumes (100, 200, and 300 nl) of protein solution at a concentration of
10 mg/ml in complex with 2 mM of compound 53 (from 100 mM stock
in 100 % DMSO) and 100 nl of mother liquor. Crystals were observed in
0.2 M imidazole malate (pH 7.0) and polyethylene glycol (PEG) 4K
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10-20 %. They were soaked in 20 % (v/v) PEG 200 added to the mother
liquor and cooled in liquid nitrogen. X-ray diffraction data were
collected at the European Synchrotron Radiation Facility, at SOLEIL
synchrotron (Proxima 2). The space group was assigned to P212;2; with
one protein and one 53 compound per asymmetric unit (PDB code
9RQK). We used Pipedream [45], a tool specifically designed for linking
data processing with AutoPROC, rigid-body replacement with Phaser,
and structure refinement with autoBUSTER. Using this automated
pipeline, images were processed and scaled using XDS [46] and SCALA.
The structure of CV-B3 A116-2C protein (PDB ID 6S3A) was used as
template model in the limited molecular replacement procedure and the
structure was refined to a resolution of 1.7 A. Iterative cycles of model
building were done with the program COOT. Compounds restraints were
generated with grade [47] and Mogul [48] using RM1 semi-empirical
QM methods.
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