
European Journal of Medicinal Chemistry 288 (2025) 117395

Available online 14 February 2025
0223-5234/© 2025 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Research paper

Design and synthesis of novel thioether analogs as promising antiviral 
agents: In vitro activity against enteroviruses of interest

Hugo Roux a, Franck Touret b, Antonio Coluccia c, Pietro Scio c, Hawa Sophia Bouzidi b,  
Carole di Giorgio d, Florence Gattacceca e, Omar Khoumeri a, Romano Silvestri c,  
Patrice Vanelle a,*, Manon Roche a,**

a Aix-Marseille Université, CNRS, ICR UMR 7273, PCR, Faculté de Pharmacie, 13005, Marseille, France
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A B S T R A C T

The Enterovirus genus contains two major subgroups: rhinovirus (RV) species A-C and enterovirus (EV) ones A-D. 
While RV only infects the respiratory system, the EV can cause a wide variety of diseases, ranging from non- 
specific febrile illness to severe neurologic complications. To date, no curative treatments are commercially 
available. Our research team had recently developed EV-A71 inhibitors. To improve their activity and broaden 
their spectrum, we performed optimization of the structure following an iterative cycle of chemical modulations. 
As a result, we obtained two broad-spectrum inhibitors with micromolar activity against these 3 types of viruses 
(OM1260: EC50 (MRC-5, EV-A71) = 1.15 μM; EC50 (RD, EV-A71) = 4.38 μM; EC50 (MRC-5, E30) = 0.41 μM; EC50 
(MRC-5, CVA24) = 1.15 μM; HR-568: EC50 (MRC-5, EV-A71) = 3.25 μM; EC50 (RD, EV-A71) = 1.53 μM; EC50 
(MRC-5, E30) = 0.40 μM; EC50 (MRC-5, CVA24) = 1.22 μM). Docking studies shed light on structure-activity 
relationships, while time-of-drug addition assays confirmed their intervention during the early step of viral 
replication. Eventually, some pharmacokinetic modelling has been carried out to evaluate their druggability. All 
these results showed that OM1260 and HR-568 are promising candidates for further development.

1. Introduction

The Enterovirus genus of the Picornaviridæ family contains many 
important human pathogens. It is composed of 7 species, namely 4 
enterovirus species (EV-A, -B, –C, -D) and 3 human rhinovirus species 
(RV-A, -B, –C). Some types of virus can be associated with severe and 
specific clinical manifestations for immunocompromised or pediatric 
patients. EVs are ubiquitous, with a diversity of species and variants 
among continental regions [1]. EV-B is the most detected species 
worldwide, while EV-A has been mainly observed in Pacific Asia in 
contrast to North America, where most of the infections reported have 
been caused by EV-D. In addition, new viral variants have emerged these 

last decades, such as enterovirus-A71 (EV-A71) and enterovirus-D68 
(EV-D68), causing outbreaks associated with more severe disease man
ifestations than previously described [2–4]. Moreover, even if the 
number of infections due to EV decreased during and shortly after the 
(SARS-Cov2) lockdown, numerous enterovirus outbreaks were once 
again detected. Indeed, EV-D outbreaks were detected as early as 2021 
[5]. Eventually, as a greater sensitivity in young children was identified 
in CV-B5 and E11 infections, there is a need to develop a broad-spectrum 
enterovirus inhibitor to address their growing threat [6].

In our previous projects to design some broad-spectrum anti
enteroviral compounds, we developed 210 molecules inhibiting rhino
viruses or EV-A71 [7–12]. From the last works, we observe that the 
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thioether linker improved EV growth inhibition. This is the first com
pound series using sulfur as a heteroatom in the linker with 4 aromatic 
cycles for EV capsid binders [13–16]. Four molecules were defined as 
potent inhibitors on MRC-5 against EV-A71 [Table 1]. AB112 and 
AB113 were the most promising candidates against EV-A71, considering 
two cell lines: MRC-5 and rhabomyosarcoma (RD).

To analyze the interactions of AB113, our most promising com
pound, with the hydrophobic pocket, we modulated configurations of 
benzyl alcohol on the toe-end side and nitrogen of the pore aromatic 
cycle [Fig. 1]. Then, to combine the properties of AB109 and AB113 
derivatives, we decided to modulate the toe-end side with fused cycles. 
Likewise, new five- or six-membered aromatic heterocycles were eval
uated as pore pharmacophores.

To access a preclinical lead from our compounds, some in silico 
predictions of pharmacokinetic parameters were performed. Moreover, 
some antiviral assays on other enteroviruses are considered to evaluate 
the spectrum of activity of our compounds and move toward broad- 
spectrum enterovirus inhibitors design. In addition to the EV-A71, the 
E30 has been selected for its prevalence, particularly in Europe, while 
CVA24 is known for its variant causing acute hemorrhagic conjuncti
vitis. A time-of-addition assay (TOA) was carried out to confirm the 
action of our compounds when the virus enters the host cell.

2. Results

2.1. Chemistry

2.1.1. Synthesis pathways
Twenty-two compounds were synthesized according to the synthesis 

pathways detailed in Scheme 1, already reported in our previous works 

[17]. Functionalization of both toe-end and pore sides was performed 
using various boronic acids.

As presented before, we change the substitution of the toe-end 
alcohol function and the nitrogen position in the pore side aromatic 
cycle for AB113 optimization. Moreover, we also decided to gather both 
AB113 and AB109 toe-end pharmacophores to enhance the activity of 
our newly synthesized compounds. Consequently, we modulated the 
toe-end side with fused aromatic cycles or aromatic heterocycles. Like
wise, we also changed the pore triazole pharmacophore, selecting five- 
membered heterocycles, namely N-benzyl or N-methylpyrazole, and 
3,5-dimethylisoxazole, or six-membered heterocycles, namely 3- or 4-N- 
dimethylaniline. Preliminary docking assays predicted that meta dime
thylaniline at the pore side could have an effective binding of bicycle 
derivatives (compounds 5d and 5e). Thus, the compounds 5a-e were 
also synthesized with this procedure. At last, cycle B was also modulated 
between aromatic heterocycles (phenyl, pyridine, 2-thiohydantoin).

The Supplementary Materials contain all the 1H NMR, and 13C NMR 
spectra, HRMS-ESI, and chemical purity data of target compounds.

2.1.2. General Procedure
We have chosen to keep the synthesis strategy previously described 

to obtain the desired compounds by considering the difficulty of syn
thesis, the economy of atoms, and the synthesis steps [7]. Most of 
boronic acids used in these pathways are commonly used [17].

The functionalization of the pore side was performed by Suzuki- 
Miyaura cross-coupling, with the highly reactive catalyst Pd(dppf)Cl2, 
to lead to derivatives 1a-e, in yields of between 76 % and 94 % (Scheme 
1, route a). A reduction with sodium borohydride NaBH4 led to benzyl 
alcohol derivatives 2a-f, with yields of 93 % and 100 %. Then a chlo
rination with thionyl chloride SOCl2 was performed to obtain chloro 
derivatives 3a-f in yield between 85 % and 97 % (Scheme 1, routes b and 
c). To prepare derivatives 4a-f, h, the chloro derivatives 3a-f were 
coupled with 3-bromo-6-mercaptopyridine (BrPhSh) or 4-bromothio
phenol (BrPySH), providing yields ranging from 73 % to 100 % 
(Scheme 1, routes d). Eventually, final products 5a-n were synthesized 
using a Suzuki-Miyaura cross-coupling, catalyzed with Pd(dppf)Cl2 
(Scheme 1, routes e). This step had yields from 40 % to 99 %.

A bimolecular nucleophilic substitution between 3f and (Z)-5-((1H- 
indol-3-yl)methylene)-2-thiohydantoin was performed with yields of 
50 % to synthesize derivative 6 (Scheme 2) [7].

2.1.3. Pyrimidine functionalization
The functionalization with appropriate pyrimidine was performed 

using a procedure already reported (Scheme 3) [7].
This strategy led to intermediate 7, which allows us to functionalize 

the pore side easily. 6 final products were synthesized in two steps from 
the bromo derivative 7. The pore functionalization for compounds 8a-f 
was made by Suzuki-Miyaura cross-coupling, catalyzed with Pd(dppf) 
Cl2, with yields ranging from 73 % to 93 %. Eventually, a reduction of 
compounds 8a-f with NaBH4 led to final compounds 9a-f with yields 
between 24 % and 100 %.

2.2. In vitro biological assays

To determine the activity of our new compounds against enterovi
ruses, we performed our standardized in vitro RNA yield-reduction 
antiviral assays [18]. These assays allowed us to estimate their anti
viral activity through their half-maximal effective concentration (EC50). 
We used two different cell lines: Rhabdomyosarcoma (RD) and Medical 
Research Council cell strain 5 (MRC-5). By assessing antiviral activity in 
two different cell lines, we reduce the risk of cell-specific activity and 
increase the confidence of our results [19]. Half-maximal cytotoxic 
concentration (CC50) was also measured in parallel in 
compound-treated uninfected cells.

To determine the most effective inhibitor among our synthesized 
compounds, first, we performed assays with an EV-A71 strain. Then, we 

Table 1 
The activity of thioether derivatives against enterovirus EV-A71.

Compound Structure EC50 (MRC- 
5, μM)

EC50 (RD, μM)

Vapendavir 0.36 ± 1.61 0.56 ± 1.63

AB109 1.67 ± 2.23 28.53 ± 2.23a

HR266 6.38 19.71 ± 2.33

AB112 0.57 ± 2.5 4.38 ± 2.16

AB113 0.29 ± 2.35 1.66 ± 2.18

a Cytotoxicity detected: CC50 (RD) = 22.10 μM.
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Fig. 1. Combination of AB109 bicycles with AB113 derivatives, introducing cycle’s nomenclatures and hydrophobic pocket sides.

Scheme 1. Procedure A for the Synthesis of the toe-end modulated AB113 analogs and bicycle derivatives a.aReagents and conditions: (a) ArB(OH)2, Pd(dppf)Cl2, 
K2CO3, Dioxane:H2O (4:1), 80 ◦C, N2, p; (b) NaBH4, DCM:MeOH (1:1), 0 ◦C to rt, 2 h, N2, p; (c) SOCl2, DCM or DMF, 0 ◦C to rt, 3 h, N2; (d) BrPhSh or BrPySH, K2CO3, 
ACN, 80 ◦C, N2, p; (e) ArB(OH)2, Pd(dppf)Cl2, K2CO3, Dioxane:H2O (4:1), 80 ◦C, N2, p; (f) IndThd, K2CO3, ACN, 80 ◦C, N2, p.

Scheme 2. General Procedure for the synthesis derivative 6.
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explored the broad-spectrum activity against E30 and CV-A24, respec
tively, from EV species B and C. Vapendavir, a capsid binder, was used as 
a reference compound in our assays [20]. We chose MRC-5 and RD cells 
line as they were already used in other antienteroviral works against 
EV-A71 for both and against E30 and CV-A24 for MRC-5 [7,21–23].

2.2.1. Evaluation of AB113 analogs
From the previous works, two molecules were defined as promising 

candidates: AB112 and AB113. However, some interactions remain 
unclear. Indeed, the orientation of methylalcohol in the toe-end was not 
evaluated yet, as well as the role of nitrogen atoms of the pore side ar
omatic cycle, in the activity enhancement. Consequently, to assess 
AB113 structure optimization, we first synthesized a derivative with a 
toe-end meta-substituted methylalcohol instead of para-substituted. 
Moreover, we decided to modulate the pore side, introducing an ami
nopyrimidine ring instead of a triazole (to retain the number of nitrogen 
atoms) and using various substitutions on 2-aminopyrimidine. Antiviral 
assays’ results are presented in Table 2.

The in vitro biological assays clarified that the para methanol sub
stituent at the toe-end was crucial because its shifting to the meta po
sition markedly affected the potency. In the same way, the triazole ring 
at the pore side was crucial too. Indeed, the introduction of 2-aminopyr
imidine affected potency, and substituted 2-aminopyridine completely 
abrogated the antiviral activity.

2.2.2. Bicycle pharmacomodulation at the toe-end side
Considering the pharmacophoric elements of AB109 and AB113 

compounds, we modulated both the toe-end and pore sides. Thus, we 
replaced the benzyl alcohol of AB113 with various fused aromatic bi
cycles, retaining the other part of the scaffold. Oxygen or nitrogen atoms 

were inserted in the bicycle rings, trying to retain the alcohol group’s 
capabilities to form hydrogen bond contacts. Activities for each modu
lation are presented in Table 3.

By comparing the different results on the two cell lines, we were able 
to identify the most promising inhibitors. OM1260, HR-394, and HR- 
568 were the most effective compounds against EV-A71 [Fig. 2]. HR- 
478 has a lower potency on RD cells, while no activity was quantified in 
MRC-5 cells. Other compounds did not show antiviral activity against 
EV-A71 in these conditions.

2.2.3. Evaluation of heteroaromatic pharmacophores at the pore side
Having determined the best toe-end functionalization, we also 

modulated the pore side with five-membered aromatic cycles, as triazole 
seemed to be the best pharmacophore. Activities for each modulation 
are presented in Table 4.

Any of the pore modulations presented a better activity than triazole 
derivatives. Indeed, the more the five-membered aromatic heterobi
cycles are substituted with bulky moieties, the more the steric hindrance 
seems to decrease the potency of the compound. N-methylpyrazole is 
more effective than dimethylisoxazole, itself being more active than N- 
benzylpyrazole. Loss of activity was observed for N-dimethylaniline, for 
both meta and para substitution. Six-membered modulation led to loss of 
activity.

2.2.4. Inhibition of enteroviruses from 3 different species (CVA24, E30, 
EV-A71)

As our main objective is to synthesize broad-spectrum enterovirus 
inhibitors, we performed RNA yield-reduction antiviral assays against 
other types of viruses. Here, we focus on 3 types of viruses, namely EV- 
A71, E30, and CVA24, included in EV-A, EV-B, and EV-C species 

Scheme 3. Pyrimidine pore functionalization synthesis pathway a. aReagents and conditions: (a) ArB(OH)2, Pd(Dppf)Cl2, K2CO3, Dioxane:H2O (4:1), 80 ◦C, N2, p; (b) 
NaBH4, DCM:MeOH (1:1), rt, 2 h, N2, p.

H. Roux et al.                                                                                                                                                                                                                                   
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[Table 5]. EV-A71 is the main cause of hand-foot-mouth disease, which 
is circulating in many Asia-Pacific countries. Moreover, severe infections 
were responsible for neurologic conditions as well as E30 ones, while a 
variant of CVA24 causes acute hemorrhagic conjunctivitis.

2.2.5. Early step inhibition by HR-568
To gain a better understanding of the HR-568 mode of action, we 

performed TOA using the same conditions as the EC50 determination. To 
clearly distinguish the difference in inhibition, we performed the 
experiment, higher than the EC50, at 10 μM in RD cells. We tested 4 
different times, 1 h before infection, at the same time (0), 1 and 4 h after 
infection. We used two complementary readouts: viral RNA copy num
ber in the supernatant and % viral inhibition [Fig. 3].

The experiment was conducted using the same conditions as the EC50 
determination. Data presented are from 3 or 6 technical replicates, and 
error bars show mean ± s.d.

First, 1-h pre-incubation is the condition with the greatest reduction 
(1.5 log compared to VC) and over 90 % inhibition. The standard con
dition gives a 1.25 log reduction and over 90 % inhibition. At 1-h post- 
infection, we observed a further slight decrease in reduction to 1.14 log, 
but still over 90 % inhibition. At 4 h post-infection we observe the 
greatest inhibition decrease with only 0.7 log, translating into less than 
90 % inhibition. These results seem to indicate that HR-568, which is a 
capsid binder, does have an antiviral effect on the early phase of viral 
replication. Given that, in our assay, there are several replication cycles, 
and our reduction in antiviral activity is not total, we cannot exclude a 

minor antiviral activity in the late phase of viral replication.

2.3. Evaluation of mutagenic activity of active compounds (HR-267, HR- 
394, HR-568, OM1260)

To completely evaluate the toxicity of our compounds, in addition to 
simple cytotoxicity ones, we performed mutagenic assays on Chinese 
Hamster Ovary (CHO) cells. This is why, firstly, we assess the cytotox
icity of our most promising compounds. Then, we evaluate the clasto
genic and aneugenic power of these compounds, with or without 
metabolic activation.

2.3.1. Cytotoxicity evaluation of our most promising compounds
To check every pre-clinical criterion, we didn’t only evaluate the 

activity of our compound but also their cytotoxicity. Half-maximal 
cytotoxic concentration (CC50) on MRC-5 and RD cells for all synthe
sized compounds are represented in Table 2, Table 3, or Table 4. Rh most 
promising compounds were also assayed to evaluate CC50 on CHO cells. 
Results are presented in Table 6. Most of them have a selective index 
superior of 10. Only HR-267 or OM1260 in RD cells have respectively 
1.81 and 6.62 for selective index. Moreover, all of them have a CC50 
superior to 20 μM on every cell line. On MRC-5, the upper limit of 
measure is too low to identify the precise CC50. On RD cells, our most 
promising compounds can be ranged with a CC50 from 23.51 μM to 
96.29 μM. On the contrary, on CHO, all values are between 30 and 45 
μM. Regarding the effect on the cell viability of the CHO cells, no 

Table 2 
In vitro antiviral activity of AB113 derivatives against EV-A71 on MRC-5 and RD cells.a

MRC-5 Rhabdomyosarcoma

Inhibitors R1 R2 EC50 (μM)b CC50 (μM)c SId EC50 (μM)b CC50 (μM)c SId

Vapendavir / / 0.36 ± 1.61 >20 >55 0.53 ± 1.65 >63 >118
5n 22.01 >40 >1.8 2.78 >40 >14

9a ¼ HR-267 <0.37 >20 >54 24.7 44.66 1.81

9b / / / >40 / /

9f / / / >40 / /

9d / / / >40 / /

9e / / / >40 / /

9c / / / >40 / /

a Values reported as median ± std are from two independent experiments.
b EC50 = 50 % effective concentration (concentration at which 50 % inhibition of virus-induced cell death is observed).
c CC50 = 50 % cytotoxic concentration (concentration at which 50 % adverse effect is observed on host cell viability).
d SI = selectivity index for EV-A71, SI––CC50/EC50.

H. Roux et al.                                                                                                                                                                                                                                   
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interferences should appear in our mutagenicity assays.

2.3.2. Evaluation of clastogenic and aneugenic effects of effective agents
The micronucleus assay protocol was performed as validated by the 

Organisation for Economic Co-operation and Development [24]. The 
procedure for assessing mutagenicity has already been described in our 
previous work [7]. The results are reported in Supplementary Materials 
Table 1 without S9 mix [Suppl. Table 1A] or with S9 mix [Suppl. 
Table 1B].

According to these results, none of our promising compounds 
significantly increased micronucleated cell rates. Consequently, neither 
OM1260, HR-267, HR-394, nor HR-568 exerts cytogenetic effects on in 

vitro CHO cell lines or produces metabolites with cytogenetic effects. In 
these conditions, none of these capsid binders ever became devoid of 
clastogenic or aneugenic activities.

2.4. Docking studies

All the newly reported compounds were studied by docking experi
ments to gain more insight into the binding mode and highlight the 
pharmacophoric interactions. In general, all derivatives shared a 
consistent binding mode superimposable with the one described for the 
parent compound AB113 [7]. Only derivative HR-394 had an unrelated 
binding pose.

Table 3 
In vitro antiviral activity of toe-end modulation against EV-A71 on MRC-5 and RD cells.a

MRC-5 Rhabdomyosarcoma

Inhibitors R EC50 (μM)b CC50 (μM)c SId EC50 (μM)b CC50 (μM)c SId

Vapendavir / 0.36 ± 1.61 >20 >55 0.53 ± 1.65 >63 >118
5j ¼ OM1260 1.15 ± 0.62 >40 >25 4.30 ± 1.29 30.54 ± 4.95 7.10

5h / / / >40 / /

5i / / / >40 / /

5k / / / >40 / /

5l / / / >40 / /

5m / / / >40 / /

5g >20 / / 22.10 ± 1.76 >40 >1.8

5f ¼ HR-568 3.25 ± 0.12 >40 >12 1.86 ± 0.47 23.51 12.5

6 ¼ HR-394 >40 / / 4.65 96.29 20.7

a Values reported as median ± std are from two independent experiments.
b EC50 = 50 % effective concentration (concentration at which 50 % inhibition of virus-induced cell death is observed).
c CC50 = 50 % cytotoxic concentration (concentration at which 50 % adverse effect is observed on host cell viability).
d SI = selectivity index for EV-A71, SI––CC50/EC50.

H. Roux et al.                                                                                                                                                                                                                                   
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The inspections of the proposed binding poses highlighted a series of 
crucial interactions. The triazole ring at the pore side was involved in 
hydrophobic interactions with F233, F137, V190, and P177 residues 
(5g, HR-568, OM1260) [Fig. 4, Suppl. Fig. 1]. Likewise, pyrimidine 
moiety is involved in the same interactions (HR-267). The introduction 
of bulkier moieties instead of the triazole (9b, 9c, 9d, 9e, 9f) negatively 
affected the binding mode mainly for steric clashes (Data not shown).

H-bonds are also reported as yellow dot lines while stacking/aro
matic contacts are depicted as black dot lines.

The scaffold of the compounds (ring C-linker-ring B) had extensive 

stabilization. In particular, the phenyl ring C was involved in aromatic 
interactions with F155 and F135, linker atoms were stabilized by V192 
and I111, and ring B (phenyl/pyridine) had aromatic contacts with Y201 
[Fig. 4].

The introduction of a bicycle instead of ring A did not affect the 
binding mode. For 6-member bicycle rings (OM1260, HR-568), a large 
hydrophobic interaction with W203 and I113 was observed [Fig. 4].

Worthily, derivative 5n, with the alcohol moiety in meta, did not 
show differences compared to the parent compound; also, the H-bond 
with D112 was conserved [Suppl. Fig. 2].

Fig. 2. Dose-response curve reporting the antiviral activity of OM1260/HR-568 against EV-A71. Antiviral activity in A) MRC-5 cells and B) RD cells. Data presented 
are from three technical replicates, and error bars show mean ± s.d.

Table 4 
In vitro antiviral activity of toe-end modulation against EV-A71 on MRC-5 and RD cells.a

MRC-5 Rhabdomyosarcoma

Inhibitors R EC50 (μM)b CC50 (μM)c SId EC50 (μM)b CC50 (μM)c SId

Vapendavir / 0.36 ± 1.61 >20 >55 0.53 ± 1.65 >63 >118
5f ¼ HR-568 3.25 ± 0.12 >40 >12 1.53 ± 0.47 23.51 12.5

5a 22.41 >40 >1.8 11.96 >40 >3.3

5c >40 / / 22.28 >40 >1.8

5b / / / >40 / /

5d / / / >40 / /

5e / / / >40 / /

a Values reported as median ± std are from two independent experiments.
b EC50 = 50 % effective concentration (concentration at which 50 % inhibition of virus-induced cell death is observed).
c CC50 = 50 % cytotoxic concentration (concentration at which 50 % adverse effect is observed on host cell viability).
d SI = selectivity index for EV-A71, SI––CC50/EC50.

H. Roux et al.                                                                                                                                                                                                                                   
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2.5. In silico pharmacokinetic evaluation of broad-spectrum inhibitors

Our compounds contain numerous aromatic cycles and interact with 
a hydrophobic pocket. Thus, solubility and bioavailability should be 
impacted by physicochemical properties related to the data. The anal
ysis of pharmacokinetic parameters seems essential in the preclinical 
evaluation phases. To evaluate these parameters, we used GastroPlus™ 
(Version 9.9; Simulations Plus, Inc., Lancaster, California, USA) to pre
dict pharmacokinetic parameters [Table 7].

Solubility in water, according to pH, influences the solubilization of 
compounds in the intestinal tract for absorption, and in blood for dis
tribution. Log P and permeability measure the capacity to pass through 
cell membranes. Molar mass is involved in this process with an inversely 
proportional correlation [25]. Fraction absorbed represents the pre
dicted percentage of compound absorbed just after the intestinal tract 
absorption, while bioavailability is the percentage after hepatic 
metabolism.

3. Discussion

Modulating both sides, we synthesized two promising compounds, 
namely OM1260 and HR-568, with a broad-spectrum against Entero
viruses. They have a (sub)micromolar potency against EV-A71, E30, and 

CVA24. To assess the druggability of these compounds, we used inno
vative and rigorous methods to evaluate broad-spectrum activity against 
EV-A71, E30, and CVA24 in 2 cell lines. In addition, to obtain a 
comprehensive assessment of the compounds, we also carried out an in- 
silico study of their pharmacokinetic parameters.

3.1. Assays on 2 cell lines

As described in the results section, we worked with two different cell 
lines.

We successfully identified compounds with micromolar activity in 
both cell lines (AB113, OM1260 and HR-568), which reduces the risk of 
cell-specific antiviral effects. Interestingly, we observe that they are 
more potent on MRC-5 cells than on RD cells. These differences in po
tency have already been observed with direct-acting antivirals such as 
remdesivir and sofosbuvir, where antiviral activity may depend on the 
cell line tested [26,27]. This could be explained either by differences in 
drug metabolism or stability within the cell or by the presence of the 
ABC transporter p-gp, which can cause the compounds to be effluxed 
from the cell [28,29].

Table 5 
In vitro evaluation of pan-EV activities of most promising compounds on MRC-5 cells.a

Compound EC50 (EV-A71)b EC50 (E30)b EC50 (CVA24)b CC50
c SI (EV-A71)d SI (E30)d SI (CVA24)d

AB113 0.29 ± 2.35 >40 23.25 >40 >181 / >1.7
OM1260 ¼ 5j 1.15 ± 0.62 0.41 1.22 >40 >25 >100 >32
HR-568 ¼ 5f 3.25 ± 0.12 0.40 0.99 >40 >12 >100 >40

a Values reported as median ± std are from two independent experiments.
b EC50 = 50 % effective concentration (concentration at which 50 % inhibition of virus-induced cell death is observed).
c CC50 = 50 % cytotoxic concentration (concentration at which 50 % adverse effect is observed on host cell viability).
d SI = selectivity index for several viruses (EV-A71, E30, CVA24), SI––CC50/EC50.

Fig. 3. Time of addition experiment of HR-568 at 10 μM in RD cells A) measured in viral RNA copies/ml and B) % viral RNA inhibition.

Table 6 
In vitro anti-EV-A71 activity and cytotoxicity of promising candidates on CHO, MRC-5, and RD cells.a

Compound EC 50 (MRC-5, EV-A71)b CC 50 (MRC-5)c SI (MRC-5)d EC50 (RD, EV-A71)b CC50 (RD)c SI (RD)d CC50 (CHO)b

HR-394 ¼ 6 >40 / / 4.65 96.29 20.7 33.56 ± 2.56
HR-267 ¼ 9a <0.37 >20 >54 24.68 44.66 1.81 36.89 ± 1.98
OM1260 ¼ 5j 0.71 >20 >28 4.61 30.54 6.62 31.26 ± 2.06
HR-568 ¼ 5f 3.16 >40 >13 1.53 23.51 15.4 43.18 ± 2.96

a Values reported as median ± std are from two independent experiments.
b EC50 = 50 % effective concentration (concentration at which 50 % inhibition of virus-induced cell death is observed).
c CC50 = 50 % cytotoxic concentration (concentration at which 50 % adverse effect is observed on host cell viability).
d SI = selectivity index for EV-A71, SI––CC50/EC50.
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3.2. Broad-spectrum

Even if AB113 is more effective against EV-A71 than OM1260 and 
HR-568, both inhibit E30 and CV-A24. These viruses belong to different 
species of enterovirus, respectively EV-A, EV-B, and EV-C.

We can consider that they have a broad spectrum as the capsid’s 
hydrophobic pocket is like other viruses. Although the capsids is often 
the region with the highest frequency of mutation, it also has a high 
sequence identity among the various enterovirus species (between 55.4 
% and 83.3 % in EV-A, and between 68.5 % and 87.0 % in EV-B) [30,31]. 
Moreover, the residues that lined the targeted hydrophobic pocket by 
capsid binder analyzed in RV species and on the complete Enterovirus 
genus [32,33]. Of the 26 amino acids in the EV-A71 hydrophobic pocket, 
22 are conserved for all viruses belonging to the enterovirus genus.

3.3. Target validation

One of our working hypotheses is that our compounds target the 
hydrophobic canyon pocket of the capsid. This is supported by the co- 
crystallization of the first hit compound LPCRW_0005 in the capsid 
[9]. In fact, the crystal structure of HRV14 in complex with 
LPCRW_0005 was solved to 3.0 Å resolution to fully characterize the 
interactions between the compound and the viral capsid (PDB ID: 
4PDW). In addition, the various modulations presented here have been 
modeled with a consistent binding mode. The key interactions of the 
molecules with the capsid have been highlighted for each hit Fig. 3.

The time-of-addition drug assay results showed a time-dependent 
decrease in the efficacy of our compounds when added after infection. 
These results confirm the inhibition of virus entry into the cell, where 

only the capsid is mobilized. This observation is consistent with the 
previously reported EV-A71 kinetic replication on rhabomyosarcoma 
cell line [34]. Indeed, VP1 protein is no longer detected in the cell 6 h 
after infection. On the contrary, from 3 h post-infection, the amount of 
viral RNA increases exponentially. This timing of VP1 disappearance 
and RNA synthesis is consistent with an activity of HR-568 on viral 
entry. Indeed, a decrease in activity (below 90 % of inhibition) is 
observed when the compound is added 4 h after infection.

The fact that this activity is not zero may be explained by a possible 
action at the end of the replication cycle, bearing in mind that non-lytic 
pathways of exit from the cell may be used by recognition of the EV-A71 
capsid [35].

A large body of evidence therefore supports the link between the 
hydrophobic capsid pocket and our compounds as an inhibitors of 
enteroviruses.

3.4. Pharmacokinetic parameters

All our active compounds have similar molecular weights (less than 
400 g/mol). They have a bioavailability superior to 70 %, which should 
mean compatibility for their development as drugs. Of note, first-pass 
effects appear limited for all compounds. However, the permeability 
of membranes to our compounds is lower than that of vapendavir. 
Consequently, variation in membrane permeability to our compounds 
does not seem to affect their bioavailability as much as might be 
expected.

Our broad-spectrum inhibitors (OM1260 and HR-568) have a lower 
bioavailability than vapendavir. This could be explained by a one-grade 
higher log P and a predicted solubility 100 times lower.

4. Materials and methods

4.1. Chemistry

4.1.1. General methods
Commercially available reagents and solvents were used without 

further purification. Reactions were monitored by thin-layer chroma
tography (plates coated with silica gel 25 DC-Fertigfolien from 
Macherey-Nagel).

1H and 13C NMR spectra were recorded at room temperature in 
deuterated solvents on a Brüker Avance-250 instrument (250 MHz), a 

Fig. 4. Proposed binding mode for derivatives OM1260 (in green) and HR-5-068 (in magenta). Residues involved in main interactions are depicted as white stick.

Table 7 
Physicochemical and absorption parameters of our most promising compounds, 
predicted with GatroPlus™.

Pharmacokinetic parameters OM1260 HR-568 Vapendavir

Solubility (mg/L) 0.698 0.794 10.2
Permeability (10− 3 cm/s) 39.9 30.8 67.6
Log P 5.28 5.19 4.00
Molecular Weight (g/mol) 394.50 394.50 382.47
Fraction absorbed (%) 83 76 100
Bioavailability (%) 81 74 92
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Brüker Avance III nanobay-300 MHz or a Brüker Avance III nanobay- 
400 MHz. Chemical shifts (δ) are reported in parts per million (ppm) 
relative to the solvent [1H: (δ (DMSO) = 2.50 ppm, (δ(CDCl3) = 7.26 
ppm; 13C: (δ (DMSO) = 39.52 ppm, (δ (CDCl3) = 77.16 ppm]. Data are 
reported as follows: chemical shift, type of carbon (for 13C NMR), mul
tiplicity, coupling constant in Hertz, integration, and position on the 
molecule. Two-dimensional spectroscopy (HSQC and HMBC) was used 
to assist in assignment (data not shown).

Accurate mass measurements (HRMS) were recorded on a TOF 
spectrometer, by the Spectropole of Faculté des Sciences de Saint 
Jérôme, Marseille (France). The purity of tested compounds was deter
mined as > 95 % by liquid chromatography (LC).

In accordance with our reported works, each synthesized compound 
was obtained using previous synthesis pathways [7].

Likewise, compounds 1d, 1f, 2d, 2f, 3d, 3f, 4d, 4f, 4h, and 7 were 
already described in previous reported works [7].

4.1.2. Products of Suzuki Miyaura cross-coupling

4.1.2.1. 4-(1-methyl-1H-pyrazol-4-yl)benzaldehyde (1a). 1H NMR (400 
MHz, Chloroform-d) δ 9.96 (s, 1H, HCHO), 7.86 (dt J = 8.4, 1.9 Hz, 2H, 
HPh), 7.84 (s, 1H, HPrz), 7.72 (s, 1H, HPrz), 7.61 (dt, J = 8.4, 1.9 Hz, 2H, 
HPh), 3.96 (s, 3H, HNMe).

13C NMR (101 MHz, Chloroform-d) δ 191.72 (CH, 1C, CCHO), 139.01 
(Cq, 1C, CPh), 137.34 (CH, 1C, CPrz), 134.49 (Cq, 1C, CPh), 130.69 (CH, 
2C, CPh), 127.94 (CH, 1C, CPrz), 125.67 (CH, 2C, CPh), 122.14 (Cq, 1C, 
CPrz), 39.37 (CH, 1C, CNMe).

4.1.2.2. 4-(1-benzyl-1H-pyrazol-4-yl)benzaldehyde (1b). 1H NMR (400 
MHz, Chloroform-d) δ 9.97 (s, 1H, HCHO), 7.91 (d, J = 0.9 Hz, 1H, HPrz), 
7.85 (dt, J = 8.4, 1.9 Hz, 2H, HPh), 7.72 (d, J = 0.9 Hz, 1H, HPrz), 7.61 
(dt, J = 8.0, 1.7 Hz, 2H, HPh), 7.37 (dt + m, J = 8.0, 1.7 Hz, 3H, HBz), 
7.28 (dd, J = 7.5, 1.5 Hz, 2H, HBz), 5.36 (s, 2H, HBz).

13C NMR (101 MHz, Chloroform-d) δ 191.73 (CH, 1C, CCHO), 138.94 
(Cq, 1C, CPh), 137.59 (CH, 1C, CPrz), 136.06 (Cq, 1C, CBz), 134.58 (Cq, 1C, 
CPh), 130.68 (CH, 2C, CPh), 129.14 (CH, 2C, CBz), 128.54 (CH, 1C, CBz), 
128.02 (CH, 2C, CBz), 127.17 (CH, 1C, CPrz), 125.74 (CH, 2C, CPh), 
122.47 (Cq, 1C, CPrz), 56.61 (CH2, 1C, CBz).

4.1.2.3. 4-(3,5-dimethylisoxazol-4-yl)benzaldehyde (1c). 1H NMR (400 
MHz, Chloroform-d) δ 10.05 (s, 1H, HCHO), 7.96 (dt, J = 8.3, 1.8 Hz, 2H, 
HPh), 7.44 (dt, J = 8.3, 1.8 Hz, 2H, HPh), 2.45 (s, 3H, HMe), 2.31 (s, 3H, 
HMe).

13C NMR (101 MHz, Chloroform-d) δ 191.72 (CH, 1C, CCHO), 166.17 
(Cq, 1C, CIsx), 158.43 (Cq, 1C, CIsx), 137.07 (Cq, 1C, CPh), 135.45 (Cq, 1C, 
CPh), 130.30 (CH, 2C, CPh), 129.65 (CH, 2C, CPh), 116.00 (Cq, 1C, CIsx), 
11.90 (CH3, 1C, CMe), 11.03 (CH3, 1C, CMe).

4.1.2.4. 3’-(dimethylamino)-[1,1′-biphenyl]-4-carbaldehyde (1e). 1H 
NMR (400 MHz, Chloroform-d) δ 10.06 (s, 1H, HCHO), 7.94 (dt, J = 8.2, 
1.9 Hz, 2H, HPh), 7.76 (dt, J = 8.2, 1.9 Hz, 2H, HPh), 7.35 (dd, J = 8.3, 
7.6 Hz, 1H, HPh), 6.98 (dt, J = 7.6, 1.0 Hz, 1H, HPh), 6.94 (t, J = 2.6 Hz, 
1H, HPh), 6.80 (ddd, J = 8.3, 2.6, 1.0 Hz, 1H, HPh), 3.03 (s, 6H, HNMe).

13C NMR (101 MHz, Chloroform-d) δ 192.16 (CH, 1C, CCHO), 151.14 
(Cq, 1C, CPh), 148.50 (Cq, 1C, CPh), 140.89 (Cq, 1C, CPh), 135.24 (Cq, 1C, 
CPh), 130.30 (CH, 2C, CPh), 129.82 (CH, 2C, CPh), 128.00 (CH, 1C, CPh), 
115.92 (CH, 1C, CPh), 112.77 (CH, 1C, CPh), 111.49 (CH, 1C, CPh), 40.77 
(CH, 2C, CNMe).

4.1.2.5. 2-((4-(1-methyl-1H-pyrazol-4-yl)benzyl)thio)-5-(naphthalen-2- 
yl)pyridine (5a). 1H NMR (400 MHz, Chloroform-d) δ 8.84 (dd, J = 2.5, 
0.9 Hz, 1H, HPy), 8.01 (d, J = 1.9 Hz, 1H, HNph), 7.94 (d, J = 8.5 Hz, 1H, 
HNph), 7.89 (dd, J = 6.9, 2.5 Hz, 1H, HNph), 7.87 (dd, J = 6.9, 2.5 Hz, 1H, 
HNph), 7.82 (dd, J = 8.4, 2.5 Hz, 1H, HPy), 7.74 (d, J = 0.9 Hz, 1H, HPrz), 
7.69 (dd, J = 8.5, 1.9 Hz, 1H, HNph), 7.58 (d, J = 0.9 Hz, 1H, HPrz), 7.52 

(m, 2H, HNph), 7.43 (dt, J = 8.5, 1.5 Hz, 2H, HPh), 7.41 (dt, J = 8.5, 1.5 
Hz, 2H, HPh), 7.28 (dd, J = 8.4, 0.9 Hz, 1H, HPrz), 4.50 (s, 2H, HCS), 3.93 
(s, 3H, HNMe).

13C NMR (101 MHz, Chloroform-d) δ 157.78 (Cq, 1C, CPy), 148.08 
(CH, 1C, CPy), 136.91 (CH, 1C, CPrz), 136.21 (Cq, 1C, CPh), 135.03 (Cq, 
1C, CNph), 134.89 (CH, 1C, CPy), 133.79 (Cq, 1C, CNph), 132.92 (Cq, 1C, 
CPy), 132.85 (Cq, 1C, CNph), 131.72 (Cq, 1C, CPh), 129.65 (CH, 2C, CPh), 
129.02 (CH, 1C, CNph), 128.31 (CH, 1C, CNph), 127.86 (CH, 1C, CNph), 
127.01 (CH, 1C, CNph), 126.75 (CH, 1C, CPrz), 126.46 (CH, 1C, CNph), 
125.78 (CH, 2C, CPh), 125.75 (CH, 1C, CNph), 124.96 (CH, 1C, CNph), 
123.11 (Cq, 1C, CPrz), 122.21 (CH, 1C, CPy), 39.24 (CH, 1C, CNMe), 34.51 
(CH2, 1C, CCS).

HRMS (ESI): calcd for C26H21N3S [M + H]+, 407.1456; observed, 
407.1456.

4.1.2.6. 2-((4-(1-benzyl-1H-pyrazol-4-yl)benzyl)thio)-5-(naphthalen-2- 
yl)pyridine (5b). 1H NMR (400 MHz, Chloroform-d) δ 8.83 (dd, J = 2.1, 
0.9 Hz, 1H, HPy), 8.01 (d, J = 2.0 Hz, 1H, HNph), 7.94 (d, J = 8.9 Hz, 1H, 
HNph), 7.90 (dd, 1H, HNph), 7.86 (dd, J = 7.4, 2.6 Hz, 1H, HNph), 7.82 
(dd, J = 8.3, 2.4, 1H, HNph), 7.80 (d, J = 0.9 Hz, 1H, HPrz), 7.68 (dd, J =
8.5, 2.1 Hz, 1H, HPy), 7.59 (d, J = 0.9 Hz, 1H, HPrz), 7.52 (m, 2H, HNph), 
7.43 (dt, J = 8.6, 2.5 Hz, 2H, HPh), 7.40 (dt, J = 8.6, 2.5 Hz, 2H, HPh), 
7.34 (m, 3H, HBz), 7.28 (dd, J = 8.5, 0.9 Hz, 1H, HPy), 7.24 (dd, J = 7.8, 
1.4 Hz, 2H, HBz), 5.33 (s, 2H, HBz), 4.49 (s, 2H, HCS).

13C NMR (101 MHz, Chloroform-d) δ 157.77 (Cq, 1C, CPy), 148.07 
(CH, 1C, CPy), 137.15 (CH, 1C, CPrz), 136.52 (Cq, 1C, CPh), 136.27 (Cq, 
1C, CBz), 135.02 (Cq, 1C, CNph), 134.88 (CH, 1C, CPy), 133.79 (Cq, 1C, 
CNph), 132.92 (Cq, 1C, CPy), 132.85(Cq, 1C, CNph), 131.60 (Cq, 1C, CPh), 
129.65 (CH, 2C, CPh), 129.03 (CH, 2C, CBz), 129.02 (CH, 1C, CNph), 
128.31 (CH, 1C, CBz), 127.88 (CH, 2C, CBz), 127.87 (CH, 1C, CNph), 
126.75 (CH, 1C, CNph), 126.46 (CH, 2C, CNph), 126.29 (CH, 1C, CPrz), 
125.76 (CH, 2C, CPh), 125.75 (CH, 1C, CNph), 124.96 (CH, 1C, CNph), 
123.38 (Cq, 1C, CPrz), 122.22 (CH, 1C, CPy), 56.40 (CH2, 1C, CBz), 34.53 
(CH2, 1C, CCS).

HRMS (ESI): calcd for C32H25N3S [M + H]+, 483.1769; observed, 
483.1769.

4.1.2.7. 3,5-dimethyl-4-(4-(((5-(naphthalen-2-yl)pyridin-2-yl)thio) 
methyl)phenyl)isoxazole (5c). 1H NMR (400 MHz, Chloroform-d) δ 8.85 
(dd, J = 2.5, 0.9 Hz, 1H, HPy), 8.02 (d, J = 2.0 Hz, 1H, HNph), 7.95 (d, J 
= 8.7 Hz, 1H, HNph), 7.91 (dd, J = 7.3, 2.7 Hz, 1H, HNph), 7.88 (dd, J =
7.3, 2.7 Hz, 1H, HNph), 7.85 (dd, J = 8.4, 2.5 Hz, 1H, HPy), 7.70 (dd, J =
8.7, 2.0 Hz, 1H, HNph), 7.52 (dt + m, J = 8.5, 2.0 Hz, 4H, HPh + Naph), 
7.31 (dd, J = 8.4, 0.9 Hz, 1H, HPy), 7.21 (dt, J = 8.5, 2.0 Hz, 2H, HPh), 
4.55 (s, 2H, HCS), 2.40 (s, 3H, HMe), 2.27 (s, 3H, HMe).

13C NMR (101 MHz, Chloroform-d) δ 165.37 (Cq, 1C, CIsx), 158.87 
(Cq, 1C, CIsx), 157.47 (Cq, 1C, CPy), 148.10 (CH, 1C, CPy), 137.75 (Cq, 1C, 
CPh), 134.95 (CH, 1C, CPy), 133.79 (Cq, 1C, CNph), 132.97 (Cq, 2C, CNph), 
132.94 (Cq, 1C, CPy), 129.57 (CH, 2C, CPh), 129.43 (Cq, 1C, CPh), 129.33 
(CH, 2C, CPh), 129.07 (CH, 1C, CNph), 128.30 (CH, 1C, CNph), 127.87 
(CH, 1C, CNph), 126.79 (CH, 1C, CNph), 126.51 (CH, 1C, CNph), 125.76 
(CH, 1C, CNph), 124.91 (CH, 1C, CNph), 122.19 (CH, 1C, CPy), 116.47 (Cq, 
1C, CIsx), 34.22 (CH2, 1C, CCS), 11.75 (CH3, 1C, CMe), 11.00 (CH3, 1C, 
CMe).

HRMS (ESI): calcd for C27H22N3OS [M + H]+, 422.1453; observed, 
422.1453.

4.1.2.8. N,N-dimethyl-4’-(((5-(naphthalen-2-yl)pyridin-2-yl)thio) 
methyl)-[1,1′-biphenyl]-4-amine (5d). 1H NMR (400 MHz, Chloroform-d) 
δ 8.85 (dd, J = 2.5, 0.9 Hz, 1H, HPy), 8.02 (d, J = 1.9 Hz, 1H, HNph), 7.94 
(d, J = 8.5 Hz, 1H, HNph), 7.90 (dd, J = 7.5, 1.8 Hz, 1H, HNph), 7.87 (dd, 
J = 7.5, 1.8 Hz, 1H, HNph), 7.83 (dd, J = 8.4, 2.5 Hz, 1H, HPy), 7.70 (dd, 
J = 8.5, 1.9 Hz, 1H, HNph), 7.52 (m, 5H, HNph + Ph), 7.47 (m, 3H, HNph +

Ph), 7.29 (dd, J = 8.4, 0.9 Hz, 1H, HPy), 6.80 (dt, J = 8.8, 2.6 Hz, 2H, 
HPh), 4.53 (s, 2H, HCS), 2.99 (s, 6H, HNMe).
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13C NMR (101 MHz, Chloroform-d) δ 157.99 (Cq, 1C, CPy), 150.11 
(Cq, 1C, CPh), 148.09 (CH, 1C, CPy), 140.29 (Cq, 1C, CPh), 135.69 (Cq, 1C, 
CPh), 135.08 (Cq, 1C, CNph), 134.88 (CH, 1C, CPy), 133.80 (Cq, 1C, CPh), 
132.91 (Cq, 1C, CPy), 132.80 (Cq, 1C, CNph), 129.47 (CH, 2C, CPh), 
129.01 (CH, 1C, CNph), 128.32 (CH, 1C, CNph), 127.86 (CH, 1C, CNph), 
127.76 (CH, 2C, CPh), 126.73 (CH, 1C, CNph), 126.53 (CH, 2C, CPh), 
126.43 (CH, 1C, CNph), 125.75(CH, 1C, CNph), 124.99(CH, 1C, CNph), 
122.17 (CH, 1C, CPy), 112.91 (CH, 2C, CPh), 111.65 (Cq, 1C, CNph), 40.72 
(CH, 2C, CNMe), 34.56 (CH, 1C, CCS).

HRMS (ESI): calcd for C30H26N2S [M + H]+, 446.1817; observed, 
446.1817.

4.1.2.9. N,N-dimethyl-4’-(((5-(naphthalen-2-yl)pyridin-2-yl)thio) 
methyl)-[1,1′-biphenyl]-3-amine (5e). 1H NMR (400 MHz, Chloroform-d) 
δ 8.86 (dd, J = 2.5, 0.9 Hz, 1H, HPy), 8.02 (d, J = 1.9 Hz, 1H, HNph), 7.95 
(d, J = 8.5 Hz, 1H, HNph), 7.91 (dd, J = 7.3, 2.3 Hz, 1H, HNph), 7.88 (dd, 
J = 7.3, 2.3 Hz, 1H, HNph), 7.83 (dd, J = 8.3, 2.5 Hz, 1H, HPy), 7.70 (dd, 
J = 8.5, 1.9 Hz, 2H, HPh), 7.56 (dt, J = 8.5, 1.9 Hz, 2H, HPh), 7.51 (d +m, 
J = 8.5 Hz, 3H, HNph), 7.30 (dd + dd, J = 8.3, 7.5, 0.9 Hz, 2H, HPh + Py), 
6.94 (ddd, J = 7.5, 1.7, 0.9 Hz, 1H, HPh), 6.92 (dd, J = 2.5, 1.7 Hz, 1H, 
HPh), 6.74 (ddd, J = 8.3, 2.5, 0.9 Hz, 1H, HPh), 4.56 (s, 2H, HCS), 3.00 (s, 
6H, HNMe).

13C NMR (101 MHz, Chloroform-d) δ 157.82 (Cq, 1C, CPy), 151.05 
(Cq, 1C, CPh), 148.08 (CH, 1C, CPy), 142.02 (Cq, 1C, CPh), 141.28 (Cq, 1C, 
CPh), 137.02 (Cq, 1C, CPh), 135.03 (Cq, 1C, CNph), 134.88 (CH, 1C, CPy), 
133.78 (Cq, 1C, CNph), 132.91 (Cq, 1C, CPy), 132.82 (Cq, 1C, CNph), 
129.54 (CH, 1C, CPh), 129.39 (CH, 2C, CPh), 129.01 (CH, 1C, CPh), 
128.31 (CH, 1C, CPh), 127.85 (CH, 1C, CPh), 127.61 (CH, 2C, CPh), 
126.73 (CH, 1C, CPh), 126.44 (CH, 1C, CPh), 125.74 (CH, 1C, CPh), 
124.96 (CH, 1C, CPh), 122.17 (CH, 1C, CPy), 115.91 (CH, 1C, CPh), 
111.79 (CH, 1C, CPh), 111.63 (CH, 1C, CPh), 40.85 (CH, 2C, CNMe), 34.45 
(CH, 1C, CCS).

HRMS (ESI): calcd for C30H26N2S [M + H]+, 446.1817; observed, 
446.1817.

4.1.2.10. 2-((4-(1H-1,2,4-triazol-1-yl)benzyl)thio)-5-(naphthalen-2-yl) 
pyridine (5f). 1H NMR (400 MHz, DMSO‑d6) δ 9.26 (s, 1H, HTrz), 8.97 
(dd, J = 2.5, 1.0 Hz, 1H, HPy), 8.30 (d, J = 2.0 Hz, 1H, HNph), 8.22 (s, 1H, 
HTrz), 8.13 (dd, J = 8.4, 2.5 Hz, 1H, HPy), 8.04 (d, J = 8.7 Hz, 1H, HNph), 
8.00 (dd, J = 6.3, 2.6 Hz, 1H, HNph), 7.96 (dd, J = 6.3, 2.6 Hz, 1H, HNph), 
7.89 (dd, J = 8.7, 2.0 Hz, 1H, HNph), 7.81 (dt, J = 8.7, 2.3 Hz, 2H, HPh), 
7.65 (dt, J = 8.7, 2.3 Hz, 2H, HPh), 7.56 (m, 2H, HNph), 7.48 (dd, J = 8.4, 
1.0 Hz, 1H, HPy), 4.57 (s, 2H, HCS).

13C NMR (101 MHz, DMSO‑d6) δ 157.26 (Cq, 1C, CPy), 152.86 (CH, 
1C, CTrz), 148.00 (CH, 1C, CPy), 142.75 (CH, 1C, CTrz), 138.49 (Cq, 1C, 
CPh), 136.12 (Cq, 1C, CPh), 135.47 (CH, 1C, CPy), 134.37 (Cq, 1C, CNph), 
133.77 (Cq, 1C, CNph), 132.88 (Cq, 1C, CNph), 132.26 (Cq, 1C, CPy), 
130.67 (CH, 2C, CPh), 129.20 (CH, 1C, CNph), 128.67 (CH, 1C, CNph), 
128.04 (CH, 1C, CNph), 127.07 (CH, 1C, CNph), 126.89 (CH, 1C, CNph), 
125.72 (CH, 1C, CNph), 125.06 (CH, 1C, CNph), 122.30 (CH, 1C, CPy), 
119.97 (CH, 2C, CPh), 33.18 (CH2, 1C, CCS).

HRMS (ESI): calcd for C23H17N5S [M + H]+, 394.1252; observed, 
394.1252.

4.1.2.11. 3-(6-((4-(1H-1,2,4-triazol-1-yl)benzyl)thio)pyridin-3-yl)iso
quinoline (5g). 1H NMR (400 MHz, DMSO‑d6) δ 9.29 (d, J = 2.4 Hz, 1H, 
HQnl), 9.25 (s, 1H, HTrz), 9.03 (dd, J = 2.5, 1.0 Hz, 1H, HPy), 8.73 (d, J =
2.4 Hz, 1H, HQnl), 8.22 (s, 1H, HTrz), 8.20 (dd, J = 8.4, 2.5 Hz, 1H, HPy), 
8.07 (dd, J = 8.4, 1.5 Hz, 1H, HQnl), 8.04 (dd, J = 8.4, 1.5 Hz, 1H, HQnl), 
7.81 (dt, J = 8.6, 2.1 Hz, 2H, HPh), 7.78 (dd, J = 6.9, 1.5 Hz, 1H, HQnl), 
7.67 (dd, J = 6.9, 1.5 Hz, 1H, HQnl), 7.64 (dt, J = 8.6, 2.1 Hz, 2H, HPh), 
7.52 (dd, J = 8.4, 1.0 Hz, 1H, HPy), 4.57 (s, 2H, HCS).

13C NMR (101 MHz, DMSO‑d6) δ 158.10 (Cq, 1C, CPy), 152.85 (CH, 
1C, CTrz), 149.51 (CH, 1C, CQnl), 148.15 (CH, 1C, CPy), 147.42 (Cq, 1C, 
CQnl), 142.75 (CH, 1C, CTrz), 138.41 (Cq, 1C, CPh), 136.12 (Cq, 1C, CPh), 

135.62 (CH, 1C, CPy), 133.36 (CH, 1C, CQnl), 130.66 (CH, 2C, CPh), 
130.30 (CH, 1C, CQnl), 129.98 (Cq, 1C, CPy), 129.55 (Cq, 1C, CQnl), 
129.19 (CH, 1C, CQnl), 128.87 (CH, 1C, CQnl), 128.04 (Cq, 1C, CQnl), 
127.67 (CH, 1C, CQnl), 122.36 (CH, 1C, CPy), 119.96 (CH, 2C, CPh), 33.15 
(CH2, 1C, CCS).

HRMS (ESI): calcd for C24H18N4S [M + H]+, 395.1205; observed, 
395.1205.

4.1.2.12. 1-(4-(((4-(naphthalen-2-yl)phenyl)thio)methyl)phenyl)-1H- 
1,2,4-triazole (5h). 1H NMR (400 MHz, DMSO‑d6) δ 9.26 (s, 1H, HTrz), 
8.22 (s, 1H, HTrz), 8.21 (d, J = 1.9 Hz, 1H, HNph), 8.00 (d, J = 8.8 Hz, 1H, 
HNph), 7.98 (dd, J = 7.4, 2.4 Hz, 2H, HNph), 7.94 (dd, J = 7.5, 2.2 Hz, 1H, 
HNph), 7.84 (dd, J = 8.8, 1.9 Hz, 1H, HNph), 7.81 (dt, J = 8.6, 2.3 Hz, 2H, 
HPh), 7.78 (dt, J = 8.5, 2.2 Hz, 2H, HPh), 7.59 (dt, J = 8.6, 2.3 Hz, 2H, 
HPh), 7.53 (m, 2H, HNph), 7.50 (dt, J = 8.5, 2.2 Hz, 2H, HPh), 4.39 (s, 2H, 
HCS).

13C NMR (101 MHz, DMSO‑d6) δ 152.87 (CH, 1C, CTrz), 142.75 (CH, 
1C, CTrz), 138.00 (Cq, 1C, CNph), 137.93 (Cq, 1C, CPh), 137.10 (Cq, 1C, 
CPh), 136.14 (Cq, 1C, CPh), 135.70 (Cq, 1C, CPh), 133.82 (Cq, 1C, CNph), 
132.72 (Cq, 1C, CNph), 130.62 (CH, 2C, CPh), 129.46 (CH, 2C, CPh), 
128.99 (CH, 1C, CNph), 128.67 (CH, 1C, CNph), 127.97 (CH, 1C, CNph), 
127.90 (CH, 2C, CPh), 126.93 (CH, 1C, CNph), 126.64 (CH, 1C, CNph), 
125.43 (CH, 1C, CNph), 125.28 (CH, 1C, CNph), 119.92 (CH, 2C, CPh), 
36.34 (CH2, 1C, CCS).

HRMS (ESI): calcd for C25H19N3S [M + H]+, 393.1300; observed, 
393.1300.

4.1.2.13. 2-((4-(1H-1,2,4-triazol-1-yl)benzyl)thio)-5-(naphthalen-1-yl) 
pyridine (5i). 1H NMR (400 MHz, DMSO‑d6) δ 9.27 (s, 1H, HTrz), 8.23 (s, 
1H, HTrz), 8.00 (dd, J = 8.1, 1.5 Hz, 1H, HNph), 7.95 (dd, J = 8.1, 1.5 Hz, 
1H, HNph), 7.82 (dt, J = 8.5, 2.2 Hz, 2H, HPh), 7.77 (dd, J = 8.3, 1.2 Hz, 
1H, HNph), 7.60 (dt, J = 8.3, 2.1 Hz, 2H, HPh), 7.57 (dd, J = 8.3, 1.2 Hz, 
1H, HNph), 7.54 (dd, J = 8.0, 1.5 Hz, 1H, HNph), 7.51 (dt, J = 8.3, 2.1 Hz, 
2H, HPh), 7.48 (dd, J = 8.0, 1.5 Hz, 1H, HNph), 7.41 (dt, J = 8.5, 2.2 Hz, 
3H, HPh + Nph), 4.40 (s, 2H, HCS).

13C NMR (101 MHz, DMSO‑d6) δ 152.88 (CH, 1C, CTrz), 142.79 (CH, 
1C, CTrz), 139.24 (Cq, 1C, CNph), 138.10 (Cq, 1C, CPh), 137.86 (Cq, 1C, 
CPh), 136.17 (Cq, 1C, CPh), 135.64 (Cq, 1C, CPh), 133.94 (Cq, 1C, CNph), 
131.22 (Cq, 1C, CNph), 130.83 (CH, 2C, CPh), 130.67 (CH, 2C, CPh), 
128.88 (CH, 3C, CNph + Ph), 128.22 (CH, 1C, CNph), 127.34 (CH, 1C, 
CNph), 126.93 (CH, 1C, CNph), 126.47 (CH, 1C, CNph), 126.09 (CH, 1C, 
CNph), 125.57 (CH, 1C, CNph), 119.91 (CH, 2C, CPh), 36.42 (CH2, 1C, 
CCS).

HRMS (ESI): calcd for C25H19N3S [M + H]+, 393.1300; observed, 
393.1300.

4.1.2.14. 3-(4-((4-(1H-1,2,4-triazol-1-yl)benzyl)thio)phenyl)isoquinoline 
(5j). 1H NMR (400 MHz, DMSO‑d6) δ 9.26 (s, 1H, HTrz), 9.24 (d, J = 2.4 
Hz, 1H, HQnl), 8.64 (dd, J = 2.4 Hz, 2H, HQnl), 8.22 (s, 1H, HTrz), 8.05 (t, 
J = 8.5, 1.2 Hz, 1H, HQnl), 8.03 (t, J = 8.5, 1.2 Hz, 1H, HQnl), 7.84 (dt, J 
= 8.6, 2.2 Hz, 2H, HPh), 7.81 (dt, J = 8.7, 2.3 Hz, 2H, HPh), 7.76 (ddd, J 
= 8.3, 6.9, 1.5 Hz, 1H, HQnl), 7.64 (ddd, J = 8.3, 6.9, 1.5 Hz, 1H, HQnl), 
7.60 (dt, J = 8.7, 2.3 Hz, 2H, HPh), 7.53 (dt, J = 8.6, 2.2 Hz, 2H, HPh), 
4.41 (s, 2H, HCS).

13C NMR (101 MHz, DMSO‑d6) δ 152.86 (CH, 1C, CTrz), 149.71 (CH, 
1C, CQnl), 147.27 (Cq, 1C, CQnl), 142.75 (CH, 1C, CTrz), 137.81 (Cq, 1C, 
CPh), 136.69 (Cq, 1C, CPh), 136.16 (Cq, 1C, CPh), 134.96 (Cq, 1C, CPh), 
132.97 (CH, 1C, CQnl), 132.46 (Cq, 1C, CQnl), 130.61 (CH, 2C, CPh), 
130.02 (CH, 1C, CQnl), 129.31 (CH, 2C, CPh), 128.15 (Cq, 1C, CQnl), 
128.07 (CH, 2C, CPh), 127.54 (CH, 1C, CQnl), 119.93 (CH, 2C, CPh), 36.09 
(CH2, 1C, CCS).

HRMS (ESI): calcd for C24H18N4S [M + H]+, 394.1252; observed, 
394.1252.
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4.1.2.15. 1-(4-(((4-(benzofuran-2-yl)phenyl)thio)methyl)phenyl)-1H- 
1,2,4-triazole (5k). 1H NMR (400 MHz, DMSO‑d6) δ 9.25 (s, 1H, HTrz), 
8.22 (s, 1H, HTrz), 7.84 (dt, J = 8.5, 2.2 Hz, 2H, HPh), 7.79 (dt, J = 8.5, 
2.3 Hz, 2H, HPh), 7.65 (dd, J = 7.7, 1.0 Hz, 1H, HFur), 7.61 (dd, J = 7.7, 
1.0 Hz, 1H, HFur), 7.57 (dt, J = 8.5, 2.3 Hz, 2H, HPh), 7.48 (dt, J = 8.5, 
2.2 Hz, 2H, HPh), 7.42 (d, J = 1.0 Hz, 1H, HFur), 7.32 (td, J = 7.5, 1.5 Hz, 
1H, HFur), 7.25 (td, J = 7.5, 1.5 Hz, 1H, HFur), 4.40 (s, 2H, HCS).

13C NMR (101 MHz, DMSO‑d6) δ 155.23 (Cq, 1C, CFur), 154.66 (Cq, 
1C, CFur), 152.87 (CH, 1C, CTrz), 142.73 (CH, 1C, CTrz), 137.68 (Cq, 1C, 
CPh), 137.35 (Cq, 1C, CPh), 136.17 (Cq, 1C, CPh), 130.66 (CH, 2C, CPh), 
129.34 (Cq, 1C, CFur), 129.05 (CH, 2C, CPh), 127.73 (Cq, 1C, CPh), 125.62 
(CH, 2C, CPh), 125.10 (CH, 1C, CFur), 123.78 (CH, 1C, CFur), 121.61 (CH, 
1C, CFur), 119.92 (CH, 2C, CPh), 111.56 (CH, 1C, CFur), 102.40 (CH, 1C, 
CFur), 36.03 (CH2, 1C, CCS).

HRMS (ESI): calcd for C23H17N3OS [M + H]+, 383.1092; observed, 
383.1092.

4.1.2.16. 5-(4-((4-(1H-1,2,4-triazol-1-yl)benzyl)thio)phenyl)-1H-indole 
(5l). 1H NMR (400 MHz, DMSO‑d6) δ 11.15 (s, 1H, HNH), 9.25 (s, 1H, 
HTrz), 8.21 (s, 1H, HTrz), 7.80 (dt, J = 8.6, 2.3 Hz, 2H, HPh), 7.61 (dt, J =
8.4, 2.3 Hz, 3H, HInd + Ph), 7.58 (s, 1H, HInd), 7.56 (dt, J = 8.6, 2.4 Hz, 
2H, HPh), 7.43 (dt, J = 8.4, 2.3 Hz, 2H, HPh), 7.37 (t, J = 2.8 Hz, 1H, 
HInd), 7.28 (dd, J = 8.3, 1.8 Hz, 1H, HInd), 6.43 (t, J = 2.8 Hz, 1H, HInd), 
4.35 (s, 2H, HCS).

13C NMR (101 MHz, DMSO‑d6) δ 152.87 (CH, 1C, CTrz), 142.74 (CH, 
1C, CTrz), 139.99 (Cq, 1C, CPh), 138.07 (Cq, 1C, CPh), 136.98 (Cq, 1C, 
CInd), 136.12 (Cq, 1C, CPh), 134.06 (Cq, 1C, CPh), 132.95 (Cq, 1C, CInd), 
130.61 (CH, 2C, CPh), 129.79 (CH, 2C, CPh), 127.70 (Cq, 1C, CInd), 
127.64 (CH, 2C, CPh), 126.78 (CH, 1C, CInd), 120.95 (CH, 1C, CInd), 
119.89 (CH, 2C, CPh), 118.51 (CH, 1C, CInd), 109.64 (CH, 1C, CInd), 
101.45 (CH, 1C, CInd), 36.73 (CH2, 1C, CCS).

HRMS (ESI): calcd for C23H20N4S [M + H]+, 382.1252; observed, 
382.1252.

4.1.2.17. 6-(4-((4-(1H-1,2,4-triazol-1-yl)benzyl)thio)phenyl)-1H-inda
zole (5m). 1H NMR (400 MHz, DMSO‑d6) δ 13.11 (s, 1H, HNH), 9.25 (s, 
1H, HTrz), 8.22 (s, 1H, HTrz), 8.11 (s, 1H, HIdz), 8.01 (s, 1H, HIdz), 7.80 (d, 
J = 8.5 Hz, 2H, HPh), 7.64 (d, J = 8.4 Hz, 3H, HIdz + Ph), 7.60 (d, J = 8.6 
Hz, 1H, HIdz), 7.56 (d, J = 8.6 Hz, 2H, HPh), 7.44 (d, J = 8.4 Hz, 2H, HPh), 
4.35 (s, 2H, HCS).

13C NMR (101 MHz, DMSO‑d6) δ 152.85 (CH, 1C, CTrz), 142.72 (CH, 
1C, CTrz), 139.84 (Cq, 1C, CIdz), 139.07 (Cq, 1C, CPh), 137.99 (Cq, 1C, 
CPh), 136.12 (Cq, 1C, CPh), 134.52 (Cq, 1C, CPh), 134.48 (CH, 1C, CIdz), 
132.36 (Cq, 1C, CIdz), 130.60 (CH, 2C, CPh), 129.67 (CH, 2C, CPh), 
127.75 (CH, 2C, CPh), 125.85 (CH, 1C, CIdz), 124.02 (Cq, 1C, CIdz), 
119.88 (CH, 2C, CPh), 118.54 (CH, 1C, CIdz), 111.06 (CH, 1C, CIdz), 36.58 
(CH2, 1C, CCS).

HRMS (ESI): calcd for C22H19N5S [M + H]+, 383.1205; observed, 
383.1205.

4.1.2.18. (3-(6-((4-(1H-1,2,4-triazol-1-yl)benzyl)thio)pyridin-3-yl) 
phenyl)methanol (5n). 1H NMR (400 MHz, DMSO‑d6) δ 9.25 (s, 1H, 
HTrz), 8.79 (dd, J = 2.5, 1.0 Hz, 1H, HPy), 8.21 (s, 1H, HTrz), 7.95 (dd, J 
= 8.4, 2.5 Hz, 1H, HPy), 7.79 (dt, J = 8.8, 2.3 Hz, 2H, HPh), 7.63 (dt + m, 
J = 8.8, 2.3 Hz, 3H, HPh), 7.57 (dt, J = 7.6, 1.3 Hz, 1H, HPh), 7.43 (dd +
t, J = 8.4, 5.6, 1.0 Hz, 2H, HPh + Py), 7.35 (dt, J = 7.6, 1.3 Hz, 1H, HPh), 
5.25 (t, J = 5.7 Hz, 1H, HOH), 4.57 (d, J = 5.7 Hz, 2H, HCO), 4.54 (s, 2H, 
HCS).

13C NMR (101 MHz, DMSO‑d6) δ 157.07 (Cq, 1C, CPy), 152.86 (CH, 
1C, CTrz), 147.67 (CH, 1C, CPy), 144.00 (Cq, 1C, CPh), 141.81 (CH, 1C, 
CTrz), 138.47 (Cq, 1C, CPh), 136.79 (Cq, 1C, CPh), 136.11 (Cq, 1C, CPh), 
135.26 (CH, 1C, CPy), 132.59 (Cq, 1C, CPy), 130.67 (CH, 2C, CPh), 129.42 
(CH, 1C, CPh), 126.54 (CH, 1C, CPh), 125.32 (CH, 1C, CPh), 124.98 (CH, 
1C, CPh), 122.25 (CH, 1C, CPy), 119.95 (CH, 2C, CPh), 63.26 (CH2, 1C, 
CCO), 33.17 (CH2, 1C, CCS).

HRMS (ESI): calcd for C21H18N4OS [M + H]+, 374.1201; observed, 
374.1201.

4.1.2.19. 4-(6-((4-(2-aminopyrimidin-5-yl)benzyl)thio)pyridin-3-yl)benz
aldehyde (8a). 1H NMR (400 MHz, DMSO‑d6) δ 10.06 (s, 1H, HCHO), 
8.91 (d, J = 2.5 Hz, 1H, HPy), 8.55 (s, 2H, HPym), 8.07 (dd, J = 8.4, 2.5 
Hz, 1H, HPy), 8.01 (dt, J = 8.4, 2.0 Hz, 2H, HPh), 7.97 (dt, J = 8.4, 2.0 Hz, 
2H, HPh), 7.56 (dt, J = 8.4, 1.9 Hz, 2H, HPh), 7.50 (dt, J = 8.4, 2.0 Hz, 
2H, HPh), 7.47 (d, J = 8.4 Hz, 1H, HPy), 6.76 (s, 2H, HNH2), 4.52 (s, 2H, 
HCS).

13C NMR (101 MHz, DMSO‑d6) δ 193.19 (CH, 1C, CCHO), 163.38 (Cq, 
1C, CPym), 158.96 (Cq, 1C, CPy), 156.33 (CH, 1C, CPym), 148.10 (CH, 1C, 
CPy), 142.85 (Cq, 1C, CPh), 137.05 (Cq, 1C, CPh), 135.84 (Cq, 1C, CPh), 
135.54 (CH, 1C, CPy), 134.58 (Cq, 1C, CPym), 130.97 (Cq, 1C, CPy), 
130.72 (CH, 2C, CPh), 130.02 (CH, 2C, CPh), 127.59 (CH, 2C, CPh), 
125.76 (CH, 2C, CPh), 122.19 (Cq, 1C, CPh), 122.17 (CH, 1C, CPy), 33.51 
(CH2, 1C, CCS).

4.1.2.20. 4-(6-((4-(2-(dimethylamino)pyrimidin-5-yl)benzyl)thio)pyridin- 
3-yl)benzaldehyde (8b). 1H NMR (400 MHz, DMSO‑d6) δ 10.06 (s, 1H, 
HCHO), 8.92 (dd, J = 2.4, 0.9 Hz, 1H, HPy), 8.67 (s, 2H, HPym), 8.08 (dd, J 
= 8.4, 2.4 Hz, 1H, HPy), 8.01 (dt, J = 8.5, 2.2 Hz, 2H, HPh), 7.98 (dt, J =
8.5, 2.2 Hz, 2H, HPh), 7.58 (dt, J = 8.4, 2.1 Hz, 2H, HPh), 7.51 (dt, J =
8.4, 2.1 Hz, 2H, HPh), 7.47 (dd, J = 8.4, 0.9 Hz, 1H, HPy), 4.52 (s, 2H, 
HCS), 3.16 (s, 6H, HNMe).

13C NMR (101 MHz, DMSO‑d6) δ 193.22 (CH, 1C, CCHO), 161.65 (Cq, 
1C, CPym), 158.96 (Cq, 1C, CPy), 156.00 (CH, 2C, CPym), 148.12 (CH, 1C, 
CPy), 142.86 (Cq, 1C, CPh), 137.17 (Cq, 1C, CPh), 135.85 (Cq, 1C, CPh), 
135.56 (CH, 1C, CPy), 134.45 (Cq, 1C, CPym), 130.98 (Cq, 1C, CPy), 
130.74 (CH, 2C, CPh), 130.06 (CH, 2C, CPh), 127.61 (CH, 2C, CPh), 
125.83 (CH, 2C, CPh), 122.19 (CH, 1C, CPy), 121.17 (Cq, 1C, CPh), 37.21 
(CH3, 2C, CNMe), 33.51 (CH2, 1C, CCS).

4.1.2.21. 4-(6-((4-(2-(ethylamino)pyrimidin-5-yl)benzyl)thio)pyridin-3- 
yl)benzaldehyde (8c). 1H NMR (400 MHz, DMSO‑d6) δ 10.06 (s, 1H, 
HCHO), 8.92 (dd, J = 2.5, 1.0 Hz, 1H, HPy), 8.59 (s, 2H, HPym), 8.08 (dd, J 
= 8.4, 2.5 Hz, 1H, HPy), 8.01 (dt, J = 8.6, 2.1 Hz, 2H, HPh), 7.98 (dt, J =
8.6, 2.1 Hz, 2H, HPh), 7.56 (dt, J = 8.5, 2.1 Hz, 2H, HPh), 7.50 (dt, J =
8.5, 2.1 Hz, 2H, HPh), 7.47 (dd, J = 8.4, 0.9 Hz, 1H, HPy), 7.29 (t, J = 5.7 
Hz, 1H, HNH), 4.52 (s, 2H, HCS), 3.33 (qd, J = 7.1, 5.7 Hz, 2H, HNEt), 1.13 
(t, J = 7.1 Hz, 3H, HNEt).

13C NMR (101 MHz, DMSO‑d6) δ 193.21 (CH, 1C, CCHO), 161.99 (Cq, 
1C, CPym), 158.97 (Cq, 1C, CPy), 156.23 (CH, 2C, CPym), 148.11 (CH, 1C, 
CPy), 142.85 (Cq, 1C, CPh), 137.01 (Cq, 1C, CPh), 135.84 (Cq, 1C, CPh), 
135.55 (CH, 1C, CPy), 134.63 (Cq, 1C, CPym), 130.97 (Cq, 1C, CPy), 
130.72 (CH, 2C, CPh), 130.03 (CH, 2C, CPh), 127.60 (CH, 2C, CPh), 
125.73 (CH, 2C, CPh), 122.18 (CH, 1C, CPy), 121.82 (Cq, 1C, CPh), 35.94 
(CH2, 1C, CNEt), 33.50 (CH2, 1C, CCS), 15.18 (CH3, 1C, CNEt).

4.1.2.22. 4-(6-((4-(2-morpholinopyrimidin-5-yl)benzyl)thio)pyridin-3-yl) 
benzaldehyde (8d). 1H NMR (400 MHz, DMSO‑d6) δ 10.06 (s, 1H, HCHO), 
8.92 (d, J = 2.5 Hz, 1H, HPy), 8.69 (s, 2H, HPym), 8.08 (dd, J = 8.4, 2.5 
Hz, 1H, HPy), 8.01 (d, J = 8.3 Hz, 2H, HPh), 7.98 (d, J = 8.3 Hz, 2H, HPh), 
7.59 (d, J = 8.2 Hz, 2H, HPh), 7.51 (d, J = 8.2 Hz, 2H, HPh), 7.47 (d, J =
8.4 Hz, 1H, HPy), 4.52 (s, 2H, HCS), 3.77 (s, 4H, HMpn), 2.24 (s, 4H, 
HMpn).

1H NMR (600 MHz, DMSO‑d6) δ 10.07 (s, 1H, HCHO), 8.89 (d, J = 2.6 
Hz, 1H, HPy), 8.68 (s, 2H, HPmy), 8.04 (dd, J = 8.2, 2.6 Hz, 1H, HPy), 8.00 
(dt, J = 8.2, 2.2 Hz, 2H, HPh), 7.95 (d, J = 8.2 Hz, 2H, HPh), 7.58 (dt, J =
8.3, 2.4 Hz, 2H, HPh), 7.52 (d, J = 8.2 Hz, 1H, HPy), 7.45 (d, J = 8.3 Hz, 
2H, HPh), 4.53 (s, 2H, HCS), 3.76 (t, J = 5.0 Hz, 4H, HMpn), 3.68 (t, J =
5.0 Hz, 4H, HMpn).

13C NMR (151 MHz, DMSO‑d6) δ 192.11 (CH, 1C, CCHO), 160.47 (Cq, 
1C, CPym), 158.19 (Cq, 1C, CPy), 155.29 (CH, 2C, CPym), 147.27 (CH, 1C, 
CPy), 142.12 (Cq, 1C, CPh), 136.71 (Cq, 1C, CPh), 135.26 (Cq, 1C, CPh), 
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134.69 (CH, 1C, CPy), 133.46 (Cq, 1C, CPym), 130.39 (Cq, 1C, CPy), 
129.83 (CH, 2C, CPh), 129.22 (CH, 2C, CPh), 126.79 (CH, 2C, CPh), 
125.28 (CH, 2C, CPh), 121.85 (Cq, 1C, CPh), 121.49 (CH, 1C, CPy), 65.68 
(CH2, 2C, CMpn), 43.89 (CH2, 2C, CMpn), 33.03 (CH2, 1C, CCS).

4.1.2.23. 4-(6-((4-(2-(4-methylpiperazin-1-yl)pyrimidin-5-yl)benzyl)thio) 
pyridin-3-yl)benzaldehyde (8e). 1H NMR (400 MHz, DMSO‑d6) δ 10.06 
(s, 1H, HCHO), 8.92 (d, J = 2.5 Hz, 1H, HPy), 8.71 (s, 2H, HPym), 8.08 (dd, 
J = 8.6, 2.5 Hz, 1H, HPy), 8.01 (d, J = 8.5 Hz, 2H, HPh), 7.98 (d, J = 8.5 
Hz, 2H, HPh), 7.60 (d, J = 8.4 Hz, 2H, HPh), 7.52 (d, J = 8.4 Hz, 2H, HPh), 
7.47 (d, J = 8.6 Hz, 1H, HPy), 4.52 (s, 2H, HCS), 3.74 (dt, J = 11.1, 4.2 
Hz, 4H, HPpn), 3.65 (dt, J = 11.1, 4.2 Hz, 4H, HPpn), 1.27 (s, 3H, HNMe).

1H NMR (600 MHz, DMSO‑d6) δ 10.07 (s, 1H, HCHO), 8.89 (d, J = 2.7 
Hz, 1H, HPy), 8.65 (s, 2H, HPym), 8.04 (dd, J = 8.3, 2.7 Hz, 1H, HPy), 8.00 
(d, J = 8.3 Hz, 2H, HPh), 7.95 (d, J = 8.3 Hz, 2H, HPh), 7.57 (d, J = 8.3 
Hz, 2H, HPh), 7.51 (d, J = 8.3 Hz, 2H, HPh), 7.45 (d, J = 8.3 Hz, 1H, HPy), 
4.53 (s, 2H, HCS), 3.79 (t, J = 5.1 Hz, 4H, HPpz), 2.41 (t, J = 5.1 Hz, 4H, 
HPpz), 2.25 (s, 3H, HNMe).

13C NMR (151 MHz, DMSO‑d6) δ 192.54 (CH, 1C, CCHO), 160.85 (Cq, 
1C, CPym), 158.65 (Cq, 1C, CPy), 155.73 (CH, 2C, CPym), 147.72 (CH, 1C, 
CPy), 142.57 (Cq, 1C, CPh), 137.07 (Cq, 1C, CPh), 135.72 (Cq, 1C, CPh), 
135.13 (CH, 1C, CPy), 134.00 (Cq, 1C, CPym), 130.84 (Cq, 1C, CPy), 
130.28 (CH, 2C, CPh), 129.65 (CH, 2C, CPh), 127.25 (CH, 2C, CPh), 
125.67 (CH, 2C, CPh), 121.94 (CH, 1C, CPy), 121.57 (Cq, 1C, CPh), 54.47 
(CH2, 2C, CPpz), 45.74 (CH3, 1C, CNMe), 43.61 (CH2, 2C, CPpz), 33.49 
(CH2, 1C, CCS).

4.1.2.24. 4-(6-((4-(2-methoxypyrimidin-5-yl)benzyl)thio)pyridin-3-yl) 
benzaldehyde (8f). 1H NMR (400 MHz, DMSO‑d6) δ 10.06 (s, 1H, HCHO), 
8.92 (d, J = 2.5, 0.9 Hz, 1H, HCHO), 8.92 (s, 2H, HPym), 8.08 (dd, J = 8.4, 
2.5 Hz, 1H, HPy), 8.01 (dt, J = 8.5, 2.2 Hz, 2H, HPh), 7.98 (dt, J = 8.5, 
2.2 Hz, 2H, HPh), 7.68 (dt, J = 8.3, 2.1 Hz, 2H, HPh), 7.57 (dt, J = 8.3, 
2.1 Hz, 2H, HPh), 7.48 (dd, J = 8.4, 0.9 Hz, 1H, HPy), 4.55 (s, 2H, HCS), 
3.95 (s, 3H, HOMe).

1H NMR (600 MHz, DMSO‑d6) δ 10.07 (s, 1H, HCHO), 8.89 (dd, J =
2.6, 0.9 Hz, 1H, HPy), 8.87 (s, 2H, HPym), 8.04 (dd, J = 8.4, 2.6 Hz, 1H, 
HPy), 8.01 (dt, J = 8.3, 2.0 Hz, 2H, HPh), 7.95 (dt, J = 8.2, 1.9 Hz, 2H, 
HPh), 7.66 (dt, J = 8.3, 2.0 Hz, 2H, HPh), 7.57 (dt, J = 8.2, 1.9 Hz, 2H, 
HPh), 7.46 (dd, J = 8.4, 0.9 Hz, 1H, HPy), 4.55 (s, 2H, HCS), 3.98 (s, 3H, 
HOMe).

13C NMR (151 MHz, DMSO‑d6) δ 192.12 (CH, 1C, CCHO), 164.38 (Cq, 
1C, CPym), 158.09 (Cq, 1C, CPy), 156.80 (CH, 2C, CPym), 147.29 (CH, 1C, 
CPy), 142.12 (Cq, 1C, CPh), 137.76 (Cq, 1C, CPh), 135.27 (Cq, 1C, CPh), 
134.72 (CH, 1C, CPy), 132.42 (Cq, 1C, CPh), 130.42 (Cq, 1C, CPy), 129.84 
(CH, 2C, CPh), 129.31 (CH, 2C, CPh), 126.89 (Cq, 1C, CPym), 126.81 (CH, 
2C, CPh), 126.10 (CH, 2C, CPh), 121.52 (CH, 1C, CPy), 54.30 (CH3, 1C, 
COMe), 32.94 (CH2, 1C, CCS).

4.1.3. Products of reduction reaction

4.1.3.1. (4-(1-methyl-1H-pyrazol-4-yl)phenyl)methanol (2a). 1H NMR 
(400 MHz, Chloroform-d) δ 7.76 (s, 1H, HPrz), 7.61 (s, 1H, HPrz), 7.47 (d, 
J = 8.2 Hz, 2H, HPh), 7.36 (d, J = 8.2 Hz, 2H, HPh), 4.69 (s, 2H, HCO), 
3.95 (s, 3H, HNMe), 1.68 (s, 1H, HOH).

13C NMR (101 MHz, Chloroform-d) δ 139.08 (Cq, 1C, CPh), 136.92 
(CH, 1C, CPrz), 132.26 (Cq, 1C, CPh), 127.80 (CH, 2C, CPh), 127.07 (CH, 
1C, CPrz), 125.80 (CH, 2C, CPh), 123.06 (Cq, 1C, CPrz), 65.34 (CH2, 1C, 
CCO), 39.25 (CH, 1C, CNMe).

4.1.3.2. (4-(1-benzyl-1H-pyrazol-4-yl)phenyl)methanol (2b). 1H NMR 
(400 MHz, Chloroform-d) δ 7.82 (s, 1H, HPrz), 7.62 (s, 1H, HPrz), 7.46 (dt, 
J = 8.1, 2.1 Hz, 2H, HPh), 7.35 (dt + m, J = 8.1, 2.1 Hz, 5H, HBz + Ph), 
7.26 (dd, J = 7.5, 2.0 Hz, 2H, HBz), 5.34 (s, 2H, HBz), 4.68 (s, 2H, HCO), 
1.66 (s, 1H, HOH).

13C NMR (101 MHz, Chloroform-d) δ 139.13 (Cq, 1C, CPh), 137.17 

(CH, 1C, CPrz), 136.48 (Cq, 1C, CBz), 132.15 (Cq, 1C, CPh), 129.05 (CH, 
2C, CBz), 128.34 (CH, 1C, CBz), 127.93 (CH, 1C, CBz), 127.75 (CH, 2C, 
CPh), 126.32 (CH, 1C, CPrz), 125.80 (CH, 2C, CPh), 123.33 (Cq, 1C, CPrz), 
65.32 (CH2, 1C, CCO), 56.43 (CH2, 1C, CBz).

4.1.3.3. (4-(3,5-dimethylisoxazol-4-yl)phenyl)methanol (2c). 1H NMR 
(400 MHz, Chloroform-d) δ 7.45 (dt, J = 8.4, 2.0 Hz, 2H, HPh), 7.25 (dt, 
J = 8.4, 2.0 Hz, 2H, HPh), 4.75 (s, 2H, CCO), 2.40 (s, 3H, HMe), 2.27 (s, 
3H, HMe), 1.80 (s, 1H, COH).

13C NMR (101 MHz, Chloroform-d) δ 165.40 (Cq, 1C, CIsx), 158.85 
(Cq, 1C, CIsx), 140.31 (Cq, 1C, CPh), 129.96 (Cq, 1C, CPh), 129.42 (CH, 2C, 
CPh), 127.57 (CH, 2C, CPh), 116.52 (Cq, 1C, CIsx), 65.13 (CH2, 1C, CCO), 
11.69 (CH3, 1C, CMe), 10.93 (CH3, 1C, CMe).

4.1.3.4. (3’-(dimethylamino)-[1,1′-biphenyl]-4-yl)methanol (2e). 1H 
NMR (400 MHz, Chloroform-d) δ 7.60 (dt, J = 8.4, 2.0 Hz, 2H, HPh), 7.43 
(dt, J = 8.4, 2.0 Hz, 1H, HPh), 7.31 (dd, J = 8.3, 7.5 Hz, 1H), 6.94 (ddd, J 
= 7.5, 1.6, 0.9 Hz, 1H, HPh), 6.92 (dd, J = 2.6, 1.6 Hz, 1H, HPh), 6.75 
(ddd, J = 8.3, 2.6, 0.9 Hz, 1H, HPh), 4.74 (d, J = 5.9 Hz, 2H, HCO), 3.01 
(s, 6H, HNMe), 1.66 (t, J = 5.9 Hz, 1H, HOH).

13C NMR (101 MHz, Chloroform-d) δ 151.12 (Cq, 1C, CPh), 142.00 
(Cq, 1C, CPh), 141.86 (Cq, 1C, CPh), 139.85 (Cq, 1C, CPh), 129.59 (CH, 1C, 
CPh), 127.67 (CH, 2C, CPh), 127.49 (CH, 2C, CPh), 115.91 (CH, 1C, CPh), 
111.86 (CH, 1C, CPh), 111.62 (CH, 1C, CPh), 65.35 (CH, 1C, CCO), 40.85 
(CH, 2C, CNMe).

4.1.3.5. (4-(6-((4-(2-aminopyrimidin-5-yl)benzyl)thio)pyridin-3-yl) 
phenyl)methanol (9a). 1H NMR (400 MHz, DMSO‑d6) δ 8.80 (d, J = 2.5 
Hz, 1H, HPy), 8.55 (s, 2H, HPym), 7.96 (dd, J = 8.4, 2.5 Hz, 1H, HPy), 7.68 
(dt, J = , Hz, 2H, HPh), 7.56 (dt, J = , Hz, 2H, HPh), 7.49 (dt, J = , Hz, 2H, 
HPh), 7.43 (d, J = Hz, 2H, HPh), 7.40 (d, J = Hz, 1H, HPy), 6.76 (s, 2H, 
HNH2), 5.24 (t, J = 5.7 Hz, 1H, HOH), 4.55 (d, J = 5.7 Hz, 2H, HCO), 4.50 
(s, 2H, HCS).

13C NMR (101 MHz, DMSO‑d6) δ 163.38 (Cq, 1C, CPym), 157.20 (Cq, 
1C, CPy), 156.33 (CH, 1C, CPym), 147.58 (CH, 1C, CPy), 142.88 (Cq, 1C, 
CPh), 137.22 (Cq, 1C, CPh), 135.38 (Cq, 1C, CPh), 135.10 (CH, 1C, CPy), 
134.53 (Cq, 1C, CPym), 132.29 (Cq, 1C, CPh), 130.00 (CH, 2C, CPh), 
127.64 (CH, 2C, CPh), 126.67 (CH, 2C, CPh), 125.75 (CH, 2C, CPh), 
122.21 (Cq, 1C, CPy), 122.13 (CH, 1C, CPy), 63.02 (CH2, 1C, CCO), 33.53 
(CH2, 1C, CCS).

HRMS (ESI): calcd for C23H20N4OS [M + H]+, 400.1358; observed, 
400.1358.

4.1.3.6. (4-(6-((4-(2-(dimethylamino)pyrimidin-5-yl)benzyl)thio)pyridin- 
3-yl)phenyl)methanol (9b). 1H NMR (400 MHz, DMSO‑d6) δ 8.80 (dd, J 
= 2.5, 0.9 Hz, 1H, HPy), 8.67 (s, 2H, HPym), 7.95 (dd, J = 8.5, 2.5 Hz, 1H, 
HPy), 7.67 (dt, J = 8.4, 2.0 Hz, 2H, HPh), 7.57 (dt, J = 8.4, 2.0 Hz, 2H, 
HPh), 7.50 (dt, J = 8.4, 2.1 Hz, 2H, HPh), 7.43 (dt, J = 8.4, 2.1 Hz, 2H, 
HPh), 7.40 (dd, J = 8.5, 0.9 Hz, 1H, HPy), 5.24 (t, J = 5.7 Hz, 1H, HOH), 
4.54 (d, J = 5.7 Hz, 2H, HCO), 4.49 (s, 2H, HCS), 3.15 (s, 6H, HNMe).

13C NMR (101 MHz, DMSO‑d6) δ 161.00 (Cq, 1C, CPym), 157.16 (Cq, 
1C, CPy), 156.16 (CH, 2C, CPym), 147.58 (CH, 1C, CPy), 142.88 (Cq, 1C, 
CPh), 137.51 (Cq, 1C, CPh), 135.36 (Cq, 1C, CPh), 135.10 (CH, 1C, CPy), 
134.19 (Cq, 1C, CPh), 132.29 (Cq, 1C, CPy), 130.03 (CH, 2C, CPh), 127.64 
(CH, 2C, CPh), 126.67 (CH, 2C, CPh), 125.94 (CH, 2C, CPh), 122.14 (CH, 
1C, CPy), 122.08 (Cq, 1C, CPym), 63.01 (CH2, 1C, CCO), 37.21 (CH3, 2C, 
CNMe), 33.51 (CH2, 1C, CCS).

HRMS (ESI): calcd for C25H24N4OS [M + H]+, 428.1671; observed, 
428.1671.

4.1.3.7. (4-(6-((4-(2-(ethylamino)pyrimidin-5-yl)benzyl)thio)pyridin-3- 
yl)phenyl)methanol (9c). 1H NMR (400 MHz, DMSO‑d6) δ 8.80 (dd, J =
2.5, 0.9 Hz, 1H, HPy), 8.59 (s, 2H, HPym), 7.96 (dd, J = 8.4, 2.5 Hz, 1H, 
HPy), 7.68 (dt, J = 8.3, 2.0 Hz, 2H, HPh), 7.56 (dt, J = 8.3, 2.0 Hz, 2H, 
HPh), 7.49 (dt, J = 8.4, 1.9 Hz, 2H, HPh), 7.43 (dt, J = 8.4, 1.9 Hz, 2H, 
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HPh), 7.40 (dd, J = 8.4, 0.9 Hz, 1H, HPy), 7.29 (t, J = 5.7 Hz, 1H, HNH), 
5.24 (t, J = 5.6 Hz, 1H, HOH), 4.55 (d, J = 5.6 Hz, 2H, HCO), 4.50 (s, 2H, 
HCS), 3.31 (q, J = 7.1 Hz, 2H, HNEt), 1.14 (t, J = 7.1 Hz, 3H, HNEt).

13C NMR (101 MHz, DMSO‑d6) δ 161.99 (Cq, 1C, CPym), 157.07 (Cq, 
1C, CPy), 152.85 (CH, 2C, CPym), 147.67 (CH, 1C, CPy), 144.00 (Cq, 1C, 
CPh), 138.47 (Cq, 1C, CPh), 136.79 (Cq, 1C, CPh), 136.11 (Cq, 1C, CPym), 
135.26 (CH, 1C, CPy), 132.58 (Cq, 1C, CPh), 130.67 (CH, 2C, CPh), 129.41 
(CH, 2C, CPh), 125.31 (CH, 2C, CPh), 122.24 (CH, 1C, CPy), 121.82 (Cq, 
1C, CPy), 119.65 (CH, 2C, CPh), 63.26 (CH2, 1C, CCO), 35.94 (CH2, 1C, 
CNEt), 33.17 (CH2, 1C, CCS), 15.18 (CH3, 1C, CNEt).

HRMS (ESI): calcd for C25H26N4OS [M + H]+, 428.1671; observed, 
428.1671.

4.1.3.8. (4-(6-((4-(2-morpholinopyrimidin-5-yl)benzyl)thio)pyridin-3-yl) 
phenyl)methanol (9d). 1H NMR (400 MHz, DMSO‑d6) δ 8.81 (dd, J =
2.4, 0.9 Hz, 1H, HPy), 8.72 (s, 2H, HPym), 7.96 (dd, J = 8.4, 2.4 Hz, 1H, 
HPy), 7.68 (dt, J = 8.5, 2.1 Hz, 2H, HPh), 7.60 (dt, J = 8.5, 2.1 Hz, 2H, 
HPh), 7.52 (dt, J = 8.5, 2.1 Hz, 2H, HPh), 7.43 (dt, J = 8.5, 2.1 Hz, 2H, 
HPh), 7.40 (dd, J = 8.4, 0.9 Hz, 1H, HPy), 5.24 (t, J = 5.7 Hz, 1H, HOH), 
4.55 (d, J = 5.7 Hz, 2H, HCO), 4.51 (s, 2H, HCS), 3.74 (td, J = 4.6, 1.5 Hz, 
4H, HMpn), 3.68 (td, J = 4.6, 1.5 Hz, 4H, HMpn).

13C NMR (101 MHz, DMSO‑d6) δ 161.08 (Cq, 1C, CPym), 157.15 (Cq, 
1C, CPy), 156.17 (CH, 2C, CPym), 147.58 (CH, 1C, CPy), 142.88 (Cq, 1C, 
CPh), 137.62 (Cq, 1C, CPh), 135.36 (Cq, 1C, CPh), 135.10 (CH, 1C, CPy), 
134.09 (Cq, 1C, CPh), 132.29 (Cq, 1C, CPy), 130.05 (CH, 2C, CPh), 127.64 
(CH, 2C, CPh), 126.67 (CH, 2C, CPh), 126.01 (CH, 2C, CPh), 122.49 (Cq, 
1C, CPym), 122.15 (CH, 1C, CPy), 66.44 (CH2, 2C, CMpn), 63.01 (CH2, 1C, 
CCO), 44.49 (CH2, 2C, CMpn), 33.50 (CH2, 1C, CCS).

HRMS (ESI): calcd for C27H26N4O2S [M + H]+, 470.1776; observed, 
470.1776.

4.1.3.9. (4-(6-((4-(2-(4-methylpiperazin-1-yl)pyrimidin-5-yl)benzyl)thio) 
pyridin-3-yl)phenyl)methanol (9e). 1H NMR (400 MHz, DMSO‑d6) δ 8.81 
(dd, J = 2.5, 0.9 Hz, 1H, HPy), 8.69 (s, 2H, HPym), 7.96 (dd, J = 8.4, 2.5 
Hz, 1H, HPy), 7.68 (dt, J = 8.2, 2.1 Hz, 2H, HPh), 7.59 (dt, J = 8.5, 2.1 Hz, 
2H, HPh), 7.51 (dt, J = 8.5, 2.1 Hz, 2H, HPh), 7.43 (dt, J = 8.2, 2.1 Hz, 
2H, HPh), 7.40 (dd, J = 8.4, 0.9 Hz, 1H, HPy), 5.24 (t, J = 5.8 Hz, 1H, 
HOH), 4.55 (d, J = 5.8 Hz, 2H, HCO), 4.50 (s, 2H, HCS), 3.77 (t, J = 5.1 Hz, 
4H, HPpz), 2.37 (t, J = 5.1 Hz, 4H, HPpz), 2.22 (s, 3H, HNMe).

13C NMR (101 MHz, DMSO‑d6) δ 161.00 (Cq, 1C, CPym), 157.16 (Cq, 
1C, CPy), 156.16 (CH, 2C, CPym), 147.58 (CH, 1C, CPy), 142.88 (Cq, 1C, 
CPh), 137.51 (Cq, 1C, CPh), 135.36 (Cq, 1C, CPh), 135.10 (CH, 1C, CPy), 
134.19 (Cq, 1C, CPh), 132.29 (Cq, 1C, CPy), 130.03 (CH, 2C, CPh), 127.64 
(CH, 2C, CPh), 126.67 (CH, 2C, CPh), 125.94 (CH, 2C, CPh), 122.14 (CH, 
1C, CPy), 122.08 (Cq, 1C, CPym), 63.01 (CH2, 1C, CCO), 54.85 (CH2, 2C, 
CPpz), 46.30 (CH3, 1C, CNMe), 43.89 (CH2, 2C, CPpz), 33.51 (CH2, 1C, 
CCS).

HRMS (ESI): calcd for C28H29N3OS [M + H]+, 483.2093; observed, 
483.2093.

4.1.3.10. (4-(6-((4-(2-methoxypyrimidin-5-yl)benzyl)thio)pyridin-3-yl) 
phenyl)methanol (9f). 1H NMR (400 MHz, DMSO‑d6) δ 8.92 (s, 2H, 
HPym), 8.81 (dd, J = 2.4, 0.9 Hz, 1H, HPy), 7.96 (dd, J = 8.4, 2.4 Hz, 1H, 
HPy), 7.68 (dt, J = 8.5, 2.1 Hz, 4H, HPh), 7.57 (dt, J = 8.5, 2.1 Hz, 2H, 
HPh), 7.43 (dt, J = 8.5, 2.1 Hz, 2H, HPh), 7.42 (dd, J = 8.4, 0.9 Hz, 1H, 
HPy), 5.24 (t, J = 5.7 Hz, 1H, HOH), 4.55 (d, J = 5.7 Hz, 2H, HCO), 4.53 (s, 
1H, HCS), 3.96 (s, 3H, HOMe).

13C NMR (101 MHz, DMSO‑d6) δ 165.01 (Cq, 1C, CPym), 157.70 (CH, 
2C, CPym), 157.05 (Cq, 1C, CPy), 147.59 (CH, 1C, CPy), 142.90 (Cq, 1C, 
CPh), 138.67 (Cq, 1C, CPh), 135.35 (Cq, 1C, CPh), 135.12 (CH, 1C, CPy), 
133.06 (Cq, 1C, CPh), 132.32 (Cq, 1C, CPy), 130.13 (CH, 2C, CPh), 127.64 
(CH, 2C, CPh), 127.57 (Cq, 1C, CPym), 126.86 (CH, 2C, CPh), 126.67 (CH, 
2C, CPh), 122.17 (CH, 1C, CPy), 63.01 (CH2, 1C, CCO), 55.19 (CH3, 1C, 
COMe), 33.43 (CH2, 1C, CCS).

HRMS (ESI): calcd for C24H21N3O2S [M + H]+, 415.1354; observed, 

415.1354.

4.1.4. Products of chlorination reaction

4.1.4.1. 4-(4-(chloromethyl)phenyl)-1-methyl-1H-pyrazole (3a). 1H 
NMR (400 MHz, Chloroform-d) δ 7.76 (d, J = 0.9 Hz, 1H, HPrz), 7.61 (d, 
J = 0.9 Hz, 1H, HPrz), 7.45 (dt, J = 8.5, 2.0 Hz, 2H, HPh), 7.38 (dt, J =
8.5, 2.0 Hz, 2H, HPh), 4.59 (s, 2H, HCCl), 3.94 (s, 3H, HNMe).

13C NMR (101 MHz, Chloroform-d) δ 136.92 (CH, 1C, CPrz), 135.57 
(Cq, 1C, CPh), 133.01 (Cq, 1C, CPh), 129.35 (CH, 2C, CPh), 127.19 (CH, 
1C, CPrz), 125.89 (CH, 2C, CPh), 122.77 (Cq, 1C, CPrz), 46.32 (CH2, 1C, 
CCCl), 39.26 (CH, 1C, CNMe).

4.1.4.2. 1-benzyl-4-(4-(chloromethyl)phenyl)-1H-pyrazole (3b). 1H NMR 
(400 MHz, Chloroform-d) δ 7.83 (d, J = 0.9 Hz, 1H, HPrz), 7.62 (d, J =
0.9 Hz, 1H, HPrz), 7.45 (dt, J = 8.2, 2.0 Hz, 2H, HPh), 7.36 (dt + m, J =
8.2, 2.0 Hz, 5H, HBz + Ph), 7.27 (dd, J = 7.8, 1.9 Hz, 2H, HBz), 5.34 (s, 2H, 
HBz), 4.59 (s, 2H, HCCl).

13C NMR (101 MHz, Chloroform-d) δ 137.19 (CH, 1C, CPrz), 136.41 
(Cq, 1C, CPh), 135.62 (Cq, 1C, CBz), 132.92 (Cq, 1C, CPh), 129.31 (CH, 2C, 
CPh), 129.04 (CH, 2C, CBz), 128.34 (CH, 1C, CBz), 127.90 (CH, 2C, CBz), 
126.44 (CH, 1C, CPrz), 125.88 (CH, 2C, CPh), 123.04 (Cq, 1C, CPrz), 56.42 
(CH2, 1C, CBz), 46.30 (CH2, 1C, CCCl).

4.1.4.3. 4-(4-(chloromethyl)phenyl)-3,5-dimethylisoxazole (3c). 1H 
NMR (400 MHz, Chloroform-d) δ 7.46 (dt, J = 8.4, 2.0 Hz, 2H, HPh), 7.25 
(dt, J = 8.4, 2.0 Hz, 2H, HPh), 4.63 (s, 2H, HCCl), 2.41 (s, 3H, HMe), 2.27 
(s, 3H, HMe).

13C NMR (101 MHz, Chloroform-d) δ 165.56 (Cq, 1C, CIsx), 158.75 
(Cq, 1C, CIsx), 136.89 (Cq, 1C, CPh), 130.83 (Cq, 1C, CPh), 129.54 (CH, 2C, 
CPh), 129.19 (CH, 2C, CPh), 116.25 (Cq, 1C, CIsx), 45.98 (CH2, 1C, CCCl), 
11.71 (CH3, 1C, CMe), 10.94 (CH3, 1C, CMe).

4.1.4.4. 4’-(chloromethyl)-N,N-dimethyl-[1,1′-biphenyl]-3-amine 
(3e). 1H NMR (400 MHz, Chloroform-d) δ 7.59 (dt, 2H, HPh), 7.45 (dt, 
2H, HPh), 7.31 (dd, J = 8.3, 7.5 Hz, 1H, HPh), 6.93 (ddd, J = 7.5, 1.7, 0.9 
Hz, 1H, HPh), 6.90 (dd, J = 2.6, 1.7 Hz, 1H, HPh), 6.75 (dd, J = 2.6, 0.9 
Hz, 1H, HPh), 4.64 (s, 2H, HCCl), 3.01 (s, 6H, HNMe).

13C NMR (101 MHz, Chloroform-d) δ 151.11 (Cq, 1C, CPh), 142.63 
(Cq, 1C, CPh), 141.71 (Cq, 1C, CPh), 136.40 (Cq, 1C, CPh), 129.63 (CH, 1C, 
CPh), 129.06 (CH, 2C, CPh), 127.84 (CH, 2C, CPh), 115.88 (CH, 1C, CPh), 
112.00 (CH, 1C, CPh), 111.59 (CH, 1C, CPh), 46.30 (CH, 1C, CCCl), 40.83 
(CH, 2C, CNMe).

4.1.5. Products of bimolecular nucleophilic substitution

4.1.5.1. 5-bromo-2-((4-(1-methyl-1H-pyrazol-4-yl)benzyl)thio)pyridine 
(4a). 1H NMR (400 MHz, Chloroform-d) δ 8.51 (dd, J = 2.4, 0.8 Hz, 1H, 
HPy), 7.73 (d, J = 0.9 Hz, 1H, HPrz), 7.57 (d + dd, J = 8.5, 2.4, 0.9 Hz, 
2H, HPrz + Py), 7.39 (m, 4H, HPh), 7.06 (dd, J = 8.5, 0.8 Hz, 1H, HPy), 
4.40 (s, 2H, HCS), 3.93 (s, 3H, HNMe).

13C NMR (101 MHz, Chloroform-d) δ 157.65 (Cq, 1C, CPy), 150.36 
(CH, 1C, CPy), 138.66 (CH, 1C, CPy), 136.90 (CH, 1C, CPrz), 135.83 (Cq, 
1C, CPh), 131.82 (Cq, 1C, CPh), 129.61 (CH, 2C, CPh), 127.00 (CH, 1C, 
CPrz), 125.76 (CH, 2C, CPh), 123.39 (Cq, 1C, CPrz), 123.04 (Cq, 1C, CPy), 
116.36 (CH, 1C, CPy), 39.24 (CH, 1C, CNMe), 34.53 (CH2, 1C, CCS).

4.1.5.2. 2-((4-(1-benzyl-1H-pyrazol-4-yl)benzyl)thio)-5-bromopyridine 
(4b). 1H NMR (400 MHz, Chloroform-d) δ 8.50 (dd, J = 2.4, 0.8 Hz, 1H, 
HPy), 7.79 (d, J = 0.9 Hz, 1H, HPrz), 7.59 (d, J = 0.9 Hz, 1H, HPrz), 7.56 
(dd, J = 8.5, 2.4 Hz, 1H, HPy), 7.37 (dt + dt + m, J = 8.6, 1.9 Hz, 7H, HBz 

+ Ph), 7.24 (dd, J = 7.9, 1.6 Hz, 2H, HBz), 7.05 (dd, J = 8.5, 0.8 Hz, 1H, 
HPy), 5.33 (s, 2H, HBz), 4.38 (s, 2H, HCS).

13C NMR (101 MHz, Chloroform-d) δ 157.63 (Cq, 1C, CPy), 150.36 
(CH, 1C, CPy), 138.65 (CH, 1C, CPy), 137.13 (CH, 1C, CPrz), 136.50 (Cq, 
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1C, CPh), 135.89 (Cq, 1C, CBz), 131.69 (Cq, 1C, CPh), 129.61 (CH, 2C, 
CPh), 129.04 (CH, 2C, CBz), 128.32 (CH, 1C, CBz), 127.88 (CH, 2C, CBz), 
126.30 (CH, 1C, CPrz), 125.75 (CH, 2C, CPh), 123.40 (CH, 1C, CPy), 
123.31 (Cq, 1C, CPrz), 116.36 (Cq, 1C, CPy), 56.40 (CH2, 1C, CBz), 34.54 
(CH2, 1C, CCS).

4.1.5.3. 4-(4-(((5-bromopyridin-2-yl)thio)methyl)phenyl)-3,5-dimethyli
soxazole (4c). 1H NMR (400 MHz, Chloroform-d) δ 8.52 (dd, J = 2.4, 
0.9 Hz, 1H, HPy), 7.59 (dd, J = 8.5, 2.5 Hz, 1H, HPy), 7.46 (dt, J = 8.2, 
2.1 Hz, 2H, HPh), 7.18 (dt, J = 8.2, 2.1 Hz, 2H, HPh), 7.08 (dd, J = 8.5, 
0.9 Hz, 1H, HPy), 4.44 (s, 2H, HCS), 2.39 (s, 3H, HMe), 2.26 (s, 3H, HMe).

13C NMR (101 MHz, Chloroform-d) δ 165.38 (Cq, 1C, CIsx), 158.83 
(Cq, 1C, CIsx), 157.37 (Cq, 1C, CPy), 150.41 (CH, 1C, CPy), 138.73 (CH, 
1C, CPy), 137.37 (Cq, 2C, CPh), 129.52 (CH, 2C, CPh), 129.32 (CH, 2C, 
CPh), 123.37 (CH, 1C, CPy), 116.45 (Cq, 1C, CIsx), 116.42 (Cq, 1C, CPy), 
34.24 (CH2, 1C, CCS), 11.75 (CH3, 1C, CMe), 10.99 (CH3, 1C, CMe).

4.1.5.4. 4’-(((5-bromopyridin-2-yl)thio)methyl)-N,N-dimethyl-[1,1′- 
biphenyl]-3-amine (4e). 1H NMR (400 MHz, Chloroform-d) δ 8.52 (dd, J 
= 2.4, 0.8 Hz, 1H, HPy), 7.58 (dd, J = 8.5, 2.4 Hz, 1H, HPy), 7.52 (dt, J =
8.3, 2.0 Hz, 2H, HPh), 7.44 (dt, J = 8.3, 2.0 Hz, 2H, HPh), 7.29 (dd, J =
8.3, 7.5 Hz, 1H, HPh), 7.07 (dd, J = 8.5, 0.8 Hz, 1H, HPy), 6.92 (ddd, J =
7.5, 1.9, 1.0 Hz, 1H, HPh), 6.89 (dd, J = 2.4, 1.9 Hz, 1H, HPh), 6.73 (ddd, 
J = 8.3, 2.4, 1.0 Hz, 1H, HPh), 4.44 (s, 2H, HCS), 2.99 (s, 6H, HPh).

13C NMR (101 MHz, Chloroform-d) δ 157.70 (Cq, 1C, CPy), 151.08 
(Cq, 1C, CPh), 150.38 (CH, 1C, CPy), 141.96 (Cq, 1C, CPh), 141.39 (Cq, 1C, 
CPh), 138.67 (CH, 1C, CPy), 136.65 (Cq, 1C, CPh), 129.55 (CH, 1C, CPh), 
129.35 (CH, 2C, CPh), 127.61 (CH, 2C, CPh), 123.38 (CH, 1C, CPy), 
116.35 (Cq, 1C, CPy), 115.87 (CH, 1C, CPh), 111.80 (CH, 1C, CPh), 111.59 
(CH, 1C, CPh), 40.84 (CH, 1C, CCS), 34.47 (CH, 2C, CNMe).

4.1.5.5. (Z)-2-((4-(1H-1,2,4-triazol-1-yl)benzyl)thio)-4-((1H-indol-3-yl) 
methylene)-1H-imidazole-5(4H)-one (6). 1H NMR (400 MHz, DMSO‑d6) 
δ 11.89 (t, J = 1.5 Hz, 1H, HNH), 11.57 (s, 1H, HNH), 9.25 (s, 1H, HTrz), 
8.45 (d, J = 2.6 Hz, 1H, HVyn), 8.21 (s, 1H, HTrz), 8.13 (d, J = 8.0 Hz, 1H, 
HInd), 7.84 (dt, J = 8.5, 2.3 Hz, 2H, HPh), 7.73 (dt, J = 8.5, 2.3 Hz, 2H, 
HPh), 7.47 (dt, J = 8.0, 1.5 Hz, 1H, HInd), 7.20 (ddd, J = 8.0, 7.0, 1.2 Hz, 
1H, HInd), 7.14 (ddd, J = 8.0, 7.0, 1.2 Hz, 1H, HInd), 7.13 (s, 1H, HInd), 
4.67 (s, 2H, HCS).

13C NMR (101 MHz, DMSO‑d6) δ 170.50 (Cq, 1C, CThd), 158.57 (Cq, 
1C, CThd), 152.90 (CH, 1C, CTrz), 142.77 (CH, 1C, CTrz), 137.89 (Cq, 1C, 
CPh), 136.81 (Cq, 1C, CInd), 136.38 (Cq, 1C, CPh), 135.23 (Cq, 1C, CThd), 
132.57 (CH, 1C, CVyn), 130.79 (CH, 1C, CInd), 127.22 (Cq, 1C, CInd), 
122.99 (CH, 1C, CInd), 121.14 (CH, 1C, CInd), 120.04 (CH, 2C, CPh), 
120.01 (CH, 2C, CPh), 116.80 (CH, 1C, CInd), 112.66 (CH, 1C, CInd), 
111.57 (Cq, 1C, CInd), 33.08 (CH2, 1C, CCS).

HRMS (ESI): calcd for C21H16N6OS [M + H]+, 400.1106; observed, 
400.1106.

4.2. Biology

4.2.1. Cells and viruses
RD cells (CCL-136) were provided by ATCC. They were cultivated in 

DMEM Media supplemented with 10 % fetal bovine serum (FBS), 1 % 
penicillin – streptomycin (PS), and 2 % non-essential amino acid. MRC- 
5 cells (CCL-171) were obtained from RD Biotech. They were cultivated 
in BME media supplemented with 10 % FBS, 1 % PS, and 1 % L-Gluta
mine. Both cell lines were grown at 37 ◦C in a 5 % CO2 atmosphere.

EV A71 strain Laos2011 HFMD18TS (clinical strain), echovirus 30 
strain UVE/E− 30/2013/FR/4-MRS2013 and coxsackievirus A24 strain 
UVE/CV-A24/2010/LA/HFMK14St were provided through European 
Virus Archive – Global (respectively EVA – Global Ref-SKU: 001v- 
EVA1553, EVA – Global Ref-SKU: 001v-EVA1517, and EVA – Global 
Ref-SKU: 001v-EVA1546).

We selected these viruses to represent EV-A, EV-B, and EV-C species. 

EV-A and EV-B cause a variety of diseases, including hand-foot-mouth 
disease (HFMD) [1,36]. For instance, EVA-71, CV-A16, and E11 can 
be responsible for neurological symptoms, cardiopulmonary complica
tions or acute hemorrhagic conjunctivitis in case of severe infections 
[37,38]. Likewise, acute flaccid paralysis, meningitis, or encephalitis 
can be caused by EV-B [4]. Finally, CVA24 has a variant that causes 
acute hemorrhagic conjunctivitis, a highly specific feature of this type of 
infection.

4.2.2. RNA extraction and quantification
Viral RNA was extracted from 100 μL of cell supernatant from pas

sages P8 and P16 using a QIAamp Viral RNA kit on the automated 
QIAcube (Qiagen), according to the manufacturer’s instructions. Rela
tive quantification of viral RNA was performed using the GoTaq® 1-Step 
RT-qPCR System kit (Promega). The mixture contained 5 μL of 2x Master 
Mix, 0.25 μL of each primer (250 nM), 0.07 μL of probe (75 nM), 0.2 μL 
of GoScript RT Mix and 3.8 μL of extracted nucleic acids. For Enterovirus 
A, EV-A71F: AGATACCCACCCCCCTTACAA, EV-A71R: CACG
TACGGGTGTTGCAACT, and EV-A71P FAM-CTCAACCCGGCGCC-MGB 
were used as primers and probes. For Enterovirus B and C, an already 
reported pan Enterovirus probe and primers were used [39]. Assays 
were performed using the QuantStudio 12 K Flex real-time PCR machine 
(Life technologies). Viral RNA was 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. Synthetic RNA was used 
to calculate the amount of viral RNA from standard curves.

4.2.3. EC50 and CC50 determination
One day prior to infection, 50000 RD cells, or 37500000 MRC-5 cells, 

per well were seeded in 100 μL assay medium containing 2.5 % FBS in 
96-well culture plates. After 24 h exposure, antiviral compounds were 
added via the D300e dispenser (TECAN) with eight ½ dilutions. Then, 50 
μL/well of a virus mix diluted in the medium was added to the wells. 
Each well was inoculated with XXX TCID50 of the virus. 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 72 
h postinfection [40]. On each plate, Vapendavir (Medchemexpress) was 
used as a positive control at the same concentrations. Four virus control 
wells were included within the plate. On day 3 post-infection, the su
pernatant was harvested, and RNA was quantified as described above. 
Viral inhibition VI was calculated as follows: 

VI=100 ×
(VC − SQ )

VC 

with VC the mean quantity of viral control and SQ the sample quantity. 
The 50 % effective concentrations (EC50 compound concentration 
required to inhibit viral RNA replication by 50 %) and the 50 % cyto
toxic concentration (CC50) were determined by logarithmic interpola
tion after performing a nonlinear regression (log(inhibitor) vs. 
response–variable slope (three parameters)) as previously described 
[41]. All data obtained were analyzed using GraphPad Prism 9 software 
(GraphPad software).

4.2.4. Time-of-drug addition assays
For the TOA, we used the same experimental conditions as for the 

EC50 determination with the EV-A71 strain in RD cells. We used a non- 
cytotoxic concentration of HR-568 (10 μM). RD cell wells were treated 1 
h before infection, at the time of infection, 2 h and 4 h post-infection. 
The viral supernatants were collected 72 h later and processed and 
analyzed as described above.

4.3. Docking

Docking calculations were performed on an Intel Xeon Silver- 
powered machine running Ubuntu 20.04 LTS. The X-ray crystal 
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structure of the EV-A71 capsid protein (PDB ID: 3ZFG) was initially 
prepared by reconstructing the missing loops and amino acid side 
chains. Subsequently, hydrogen atoms were added and minimized, 
fixing the positions of all heavy atoms until an RMSD gradient of 0.05 
kcal mol− 1 Å− 1 was reached. The 3D structures of the compounds were 
protonated at physiological pH and minimized using the OPLS4 force 
field [42]. The Maestro suite was used for both protein and ligand 
preparation steps [43]. PLANTS was utilized as the docking engine with 
default settings [44]. The geometrical center of the co-crystallized 
ligand was selected as the center of the docking sphere, with a radius 
of 12 Å. Molecular visualization and image processing were accom
plished using PyMOL [45].

4.4. Evaluation of pharmacokinetic parameters

GastroPlus™ (Version 9.9; Simulations Plus, Inc., Lancaster, Cali
fornia, USA) software was used with a default parameter, namely the 
intake of a single tablet containing 100 mg of active compound, diluted 
in 250 mL of water, by a man on an empty stomach.

Only the bioavailability, the absorbed fraction, the log P, the mo
lecular weight, the permeability, and the solubility were analyzed.

5. Conclusions

To obtain a broad-spectrum inhibitor of enteroviruses, we synthe
sized 21 thioether derivatives by optimized strategies and high yields.

The first series, containing AB113 analogs, was developed to un
derstand precisely each interaction between our compounds and the 
hydrophobic pocket. Unfortunately, except for HR-267, none of the 
derivatives were active anymore. Docking studies could explain this loss 
of activity by a steric hindrance with capsid amino acids.

In a second phase, fused bicycle derivatives were synthesized to 
combine AB113 global structure with hydrophobic interactions of our 
previous series of AB109 analogs. This time, according to docking 
studies, an extension of the toe-end side with this type of chemical 
structure should have favorable interactions. Among these derivatives, 
OM1260 and HR-568 inhibit EV-A71, from EV-A species, with micro
molar potency (OM1260: EC50 (MRC-5, EV-A71) = 1.15 μM; EC50 (RD, 
EV-A71) = 4.38 μM; HR-568: EC50 (MRC-5, EV-A71) = 3.25 μM; EC50 
(RD, EV-A71) = 1.53 μM). Admittedly, both derivatives are less effective 
than AB113, but with the great advantage of a broader spectrum. 
Indeed, both derivatives have micromolar activity against E30 and 
CVA24 virus, members respectively of the EV-B and the EV-C species 
(OM1260: EC50 (MRC-5, E30) = 0.41 μM; EC50 (MRC-5, CVA24) = 1.15 
μM; HR-568: EC50 (MRC-5, E30) = 0.40 μM; EC50 (MRC-5, CVA24) =
1.22 μM). However, OM1260 and HR-568 have a lower selectivity 
index (SI between 7.1 and 17) than AB113. These could be an effect of 
the fused bicycles that are known to insert between the nucleic acid of 
DNA [46]. Works about substitutions to reduce cytotoxicity must be led, 
even if any aneugenic or clastogenic toxicity has been observed.

Eventually, these promising compounds possess sufficient bioavail
ability and associated permeability but poor solubility (<1 mg/L). A 
study about increasing solubility without reducing the activity has to be 
performed to come back to more favorable parameters.
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