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A B S T R A C T

Influenza viruses (IV) are single-stranded RNA viruses with a negative-sense genome and have the potential to cause pandemics. While vaccines exist for influenza,
their protection is only partial. Additionally, there is only a limited number of approved anti-IV drugs, which are associated to emergence of drug resistance. To
address these issues, for years we have focused on the development of small-molecules that can interfere with the heterodimerization of PA and PB1 subunits of the IV
RNA-dependent RNA polymerase (RdRP). In this study, starting from a cycloheptathiophene-3-carboxamide compound that we recently identified, we performed
iterative cycles of medicinal chemistry optimization that led to the identification of compounds 43 and 45 with activity in the nanomolar range against circulating A
and B strains of IV. Mechanistic studies demonstrated the ability of 43 and 45 to interfere with viral RdRP activity by disrupting PA-PB1 subunits heterodimerization
and to bind to the PA C-terminal domain through biophysical assays. Most important, ADME studies of 45 also showed an improvement in the pharmacokinetic
profile with respect to the starting hit.

1. Introduction

In the past two decades, anthropogenic, climatic, demographic, and
technological changes have altered the landscape of infectious diseases
risk, creating the conditions for epidemics to thrive and grow [1].
Emerging infectious diseases have caused numerous outbreaks, severe
illnesses, and many deaths. Along with HIV-1 and Severe Acute Respi-
ratory Syndrome Coronavirus-2 (SARS-CoV-2), influenza A virus (IAV)
is one of the RNA viruses that have posed the greatest threat to world-
wide Public Health reaching also pandemic proportions. One of the
primary targets for pandemic prevention and preparedness is the
development of vaccines and therapeutics [2,3].

In this context, our group has been working for years in discovery of
next-generation anti-IV agents, with a focus on the identification of

small molecules able to interfere with IV RNA-dependent RNA poly-
merase (RdRP) PA-PB1 subunits heterodimerization. This innovative
antiviral approach is supported by three main strengths.

The first strength is based precisely on RdRP, which has been largely
validated as an attractive antiviral drug target [4–9]. It is essential for
viral transcription and replication, its structure is highly conserved
among all the IV strains, and no homolog has been found in mammalian
cells [10–13]. The high profile of the RdRP as an antiviral drug-target
was confirmed by the approval of inhibitors [14], such as the nucleo-
side analog favipiravir (FPV) (T-705 or avigan®) [15] that was
approved in 2014 in Japan and the PA cap-dependent endonuclease
inhibitor baloxavir marboxil [16] that was approved in 2018 in both
Japan and the USA, and in 2021 also in Europe.

The second strength is the protein-protein interaction (PPI)
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inhibition approach. In recent years, different studies have highlighted
viral-viral or host-viral PPIs as valid drug-targets that could be exploited
for the discovery of alternative antiviral drugs [17–19]. The IV RdRP is a
heterotrimer formed by three proteins, polymerase basic 1 (PB1), po-
lymerase basic 2 (PB2), and polymerase acidic (PA), which establish
numerous PPIs. Indeed, RdRP subunits are stably bound, in a
head-to-tail fashion, through extensive interactions mainly between the
PB1 N-terminal (PB1N) and the PA C-terminal (PAC), and the PB1
C-terminal (PB1C) and the PB2 N-terminal (PB2N). On the basis of the
essential role played by the heterotrimerization process for RdRP func-
tions, the development of RdRP subunits interaction inhibitors has been
proven to be a valid and alternative approach to interfere with RdRP
activity [20–22]. Additionally, RdRP subunits establish interactions
with a number of host proteins that are essential cofactors for RdRP
localization and functions [23–25], opening perspective of developing
host-viral PPI inhibitors. PPIs by viral proteins are generally character-
ized by a high specificity and degree of conservation, and the require-
ment for the simultaneous mutation of at least one residue on both
binding proteins to develop resistance. Thus, the main potential ad-
vantages of targeting PPIs are the achievement of an anti-IV agent
endowed with a specific and broad-spectrum activity, as well as a high
barrier to drug-resistance, thus overcoming the main limitations that
characterize the currently available drugs. Indeed, with the exception of
FPV, which induces lethal viral mutagenesis, the development of resis-
tance has been determined in patients for all approved anti-IV drugs,
including baloxavir marboxil. In particular, viruses containing
PA/I38X substitutions were identified in baloxavir-treated patients,
which was associated with transient rises in infectious virus titers,
prolongation of virus detectability, and initial delay in symptoms alle-
viation [26].

The third strength concerns the peculiar features of PA-PB1 subunits
interaction. Some PPIs between RdRP subunits have been already
demonstrated to be druggable and, among them, main research efforts
have been devoted to the discovery of PA-PB1 interaction inhibitors [20,
27]. Two crystal structures of the PAC-PB1N interface have been reported
in 2008 [28,29]. Both crystal structures showed that subunits’ binding is
driven by relatively few residues, suggesting the feasibility of using
small molecules to interfere with PA-PB1 interaction. Moreover, the first
15 PB1N residues involved in the PAC binding are highly conserved

among avian and human IV strains [30]. Finally, mutations deliberately
introduced into the PAC or PB1N termini resulted into a limited ability of
IV to compensate [31].

These findings prompted the search for PA-PB1 heterodimerization
inhibitors, and, since 2012, different chemical classes of compounds
have been reported in literature (Fig. 1), such as 1,2,4-triazolopyrimi-
dines (compounds 1–3) [32–34], benzoimidazol-2-ones (compound 4)
[35], octahydronaphthalen-1-ones (compound 5) [36], and
quinolin-2-ones (compound 6) [37]. The first compounds to be reported
were characterized by an anti-IV activity in the micromolar range,
which was increased over time thanks to their chemical optimization. Of
note, the optimization study performed on quinolin-2-one derivatives
led the to the identification of compound 6, one of the most recent and
potent anti-IV derivatives to be reported, showing an effective concen-
tration at half-maximal response (EC50) of 61 nM, albeit its ability to
interfere with PA-PB1 heterodimerization was not reported.

For many years, our group has been working on the identification of
small molecules able to interfere with RdRP functions through the in-
hibition of PA-PB1 heterodimerization. Starting from the
cycloheptathiophene-3-carboxamide (cHTC) derivative 7 (Fig. 2),
emerged from a virtual screening on the PAC crystal structure [38], we
undertook a first optimization phase that led to the identification of
derivative 8 that exhibited an improved anti-PA-PB1 effect (IC50 = 32
μM) and, most importantly, acquired anti-IV activity (EC50 = 18 μM) at
non-toxic concentrations (CC50 > 250 μM) [39]. Then, a second opti-
mization phase afforded five compounds (9–13, Fig. 2) endowed with
potent antiviral activity against IAV/PR/8/34 (PR8) strain (EC50s =

0.23–2.1 μM) and a broad-spectrum potential when tested against
additional IAV and IBV strains (plaque reduction assay [PRA], MDCK
cells) [40,41]. Compounds were also potent inhibitors of IV RdRP ac-
tivity (IC50s = 0.27–2.8 μM, minireplicon assay) and strong PA-PB1
heterodimerization disruptors (IC50s = 5.2–15 μM, ELISA), with the
exception of compound 10 (IC50 = 81 μM). However, the main issue of
these compounds relies on a very low water solubility that strongly
undermines further in-depth studies and their potential for
development.

Therefore, in this study, an additional medicinal chemistry optimi-
zation was performed to explore SAR as well as to improve anti-IV ac-
tivity and pharmacokinetic profile of cHTC derivatives. Initially, starting

Fig. 1. Structure and biological activities of PA-PB1 heterodimerization inhibitors 1–6 previously reported. a The IC50 value represents the compound concentration
that reduces the PA-PB1 complex formation by 50 %; b the EC50 value represents the compound concentration that inhibits 50 % of IV replication; c the CC50 value
represents the compound concentration that inhibits 50 % of cell viability; d the Kd value represents the dissociation constant of compound with the PAC.
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from compound 13, two series of analogs were designed and synthesized
(Fig. 3), by extensively modifying the substituents at the C-3 (com-
pounds 14–22) and C-2 (compounds 23–32) positions of the core. Then,
based on the obtained results and previous SAR insights, a third series
was finely designed by combining the best moieties emerged as C-2 and
C-3 substituents, leading to compounds 33–46 (Fig. 3). The study led to
the identification of very potent anti-IV agents, with some compounds
active in the nanomolar range. In-depth studies focused on two of the
most promising analogs (compounds 43 and 45) highlighted potent,
broad spectrum, and specific anti-IV activity accomplished by potent
ability to disrupt PA-PB1 subunits heterodimerization and to interfere
with viral RdRP activity. Finally, completing our starting aims, com-
pound 45 showed a significant increase in water solubility with respect
to hit compound 13, coupled with promising stability in the presence of
microsomes and plasma enzymes.

2. Results and discussion

2.1. Chemistry

The synthesis of C-3 functionalized cHTC derivatives 14–22 started,
as outlined in Scheme 1, by preparing 2-cyano-N-(substituted) acet-
amide compounds 48 [40], 49 [40], 50 [40], 51–54, and 56 via reaction
of 3-(3,5-dimethyl-1H-pyrazol-1-yl)-3-oxopropanenitrile 47 [42] with
appropriate amines in toluene. Derivative 47 [42] was prepared, as re-
ported in literature, by reacting ethyl 2-cyanoacetate with hydrazine

monohydrate, followed by the reaction with acetylacetone. Derivatives
48–56 were then used in the successive two-steps Gewald reaction,
entailing an initial Knoevenagel condensation with cycloheptanone,
furnishing α,β-unsaturated nitrile intermediates, which were used
without isolation in the successive cyclization step. Cyclization was
performed in the presence of sulfur and N,N-diethylamine in EtOH, to
give intermediates 57 [40], 58 [40], 59 [40], 60, 61 [43], 62, 63, 64
[44], and 65 [44]. The successive C-2 amidation, accomplished by
reacting compounds 57–65 with 4-nitrobenzoyl chloride in dry pyri-
dine, furnished target compounds 14–21 and methoxyl intermediate 66.
Finally, O-demethylation of methoxyl intermediate 66 in the presence of
BBr3 in dry CH2Cl2 yielded 2-hydroxyl target derivate 22.

As outlined in Scheme 2, the synthesis of C-2 functionalized cHTC
derivatives 23–25 and 27–32 entailed the preparation of key interme-
diate 68 [39] using the two-steps Gewald reaction. Thus, the Knoeve-
nagel condensation of cycloheptanone with
2-cyano-N-pyridin-2-ylacetamide 67 [42], which was in turn synthe-
sized by reacting compound 47 [42] with 2-aminopyridine in toluene,
furnished α,β-unsaturated nitrile that was cyclized to give intermediate
68. Then, the successive coupling reaction of compound 68 with the
appropriate acyl chlorides in dry pyridine yielded target compounds
23–25, 27, 28, and 30–32, and methoxyl intermediate 69. O-deme-
thylation reaction of compound 69 performed with BBr3 in dry CH2Cl2
provided the 2-hydroxyl target compound 29.

Finally, as reported in Scheme 3, C-2 amidation of intermediates 58
[40], 60 [43], 64 [40], and 65 [44] with the appropriate acyl chlorides

Fig. 2. Structure and biological activities of cHTC compounds 7–13 previously reported. For the definition of a IC50, b EC50, and d CC50, see Table 1 caption; c the IC50
value represents the compound concentration that reduces by 50 % the activity of IAV RNA polymerase; e SI (selectivity index) represents the ratio between CC50 and
EC50 values.

Fig. 3. Structure of cHTC derivatives 14–46 synthesized in this study.
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in dry pyridine yielded 4-benzonitrile derivatives 33, 36, and 40,
5-chlorothiophene derivatives 35, 39, and 42, and intermediates 70–77.
O-demethylation of intermediates 70–77 in the presence of BBr3 in dry
CH2Cl2 furnished target compounds 34, 37, 38, 41, and 43–46.

2.2. Design of compounds 14–46 and their evaluation for anti-PA-PB1
heterodimerization and anti-IV activity

Starting from compound 13, a first set of compounds (derivatives
14–22, Fig. 3 and Table 1) was initially synthesized maintaining the 4-
nitrophenyl ring at the C-2 position of the cHTC scaffold, while
exploring different moieties as C-3 substituents.

Based on the SAR insight previously acquired, 1,3-thiazole, 4-
chlorophenyl and 4-fluorophenyl rings, which emerged as the best
substituents in the C-2 2-hydroxyphenyl series (compounds 10–12,
Fig. 2), were studied by synthesizing 4-nitrophenyl derivatives 14–16,
respectively. Then, the presence of halogens at the para position of the C-
3 phenyl ring was studied in bromine derivative 17, and fluorine com-
pounds 18–20 characterized by a 4-trifluoromethyl, 4-trifluoromethoxy,
and 4-difluoromethoxy moieties, respectively. A 4-methoxy group was
also explored in compound 21, while a 2-hydroxyl moiety, the only
hydrophilic substituent to be exploited, characterized compound 22.

The synthesized compounds were evaluated for the ability to inhibit
the PA-PB1 subunits interaction (by an ELISA-based assay), using the
PB11-15-Tat peptide as a positive control, and for the anti-IV activity in
MDCK cells infected with IAV/PR/8/34 strain (PR8) (by PRA), using
ribavirin (RBV) and FPV as positive controls. In parallel, the com-
pounds were tested for the cytotoxicity (by MTT assays in MDCK cells),
to exclude that the observed anti-IV activity might be due to toxic effects

in the cells.
All the compounds were unable to interfere with PA-PB1 hetero-

dimerization in vitro (Table 1). Nevertheless, except for 4-fluorophenyl
compound 16 and 4-methoxyphenyl compound 21, all the compounds
displayed anti-IV activity. Best results were shown by compound 14
(EC50 = 0.19 μM), which confirmed the 1,3-thiazole as a suitable C-3
substituent, and, surprisingly, by 2-hydroxyphenyl compound 22 (EC50
= 0.38 μM), suggesting that a hydrophilic substituent at the ortho po-
sition of the C-3 phenyl ring imparted antiviral activity. Halogen-
containing compounds 15 and 17–20 also provided good results,
exhibiting anti-IV activity with EC50 values ranging from 1.0 to 4.6 μM.
All the compounds resulted non-toxic up to 250 μM concentration,
except for derivative 22 that showed mild cytotoxicity (CC50 = 73 μM).

In order to study the role of the substituent at the C-2 position of the
cHTC scaffold, the 4-nitrophenyl ring of compound 13was modified in a
second set of compounds (derivatives 23–32, Fig. 3 and Table 2), while
maintaining unaltered the C-3 pyridine ring. In detail, the 4-nitrophenyl
ring was replaced by a 4-bromo-2-pyridine, 4-bromophenyl, and 2,3-
dihydrobenzo[b][1,4]dioxine ring in derivatives 23–25, respectively,
and by thiazole-based moieties in derivatives 26–28. The presence of a
4-nitro group on the C-2 phenyl ring was also studied in presence of a 2-
hydroxy group in compound 29. Finally, derivatives 30–32 were syn-
thesized by replacing the 4-nitrophenyl ring by bioisosteric moieties,
such as 4-benzonitrile, 1,3-dihydroisobenzofurane, and benzo[c][1,2,5]
oxadiazole rings, respectively. When evaluated for the ability to inter-
fere with PA-PB1 heterodimerization, all the C-2 modified compounds
resulted inactive or weakly active and most of them were also devoid of
anti-IV activity. Nevertheless, 5-chlorothiophene compound 27, 2-hy-
droxy-4-nitrophenyl compound 29, and 4-benzonitrile compound 30

Scheme 1. a Reagents and conditions: (i) hydrazine monohydrate, rt; (ii) acetylacetone, H2O, HCl 12N, rt; (iii) amines, toluene, reflux; (iv) cycloheptanone,
ammonium acetate, glacial acetic acid, benzene, reflux; (v) sulfur, N,N-diethylamine, EtOH dry, 50 ◦C; (vi) 4-nitrobenzoyl chloride, dry pyridine, rt; (vii) BBr3, dry
CH2Cl2, from 0 ◦C to rt.
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exhibited good anti-IV activity with EC50 values of 1.0, 1.3, and 1.6 μM,
respectively, at sub-cytotoxic concentrations (CC50 > 250, 188, and 141
μM, respectively).

Finally, the results obtained from the two series of compounds pre-
viously described and earlier SAR insights guided the design and syn-
thesis of the last series of compounds. Thus, additional derivatives were
synthesized (compounds 33–46, Fig. 3 and Table 3) by combining the
best moieties emerged as C-2 and C-3 substituents. In particular, the C-2
4-benzonitrile, 2-hydroxy-4-nitrophenyl, 5-chlorothiophene, and 2-
hydroxyphenyl moieties were combined with each of the C-3 4-chloro-
phenyl, 4-trifluoromethylphenyl, 1,3-thiazole, and 2-hydroxyphenyl
rings; within the C-2 2-hydroxyphenyl series, 1,3-thiazole and 4-chloro-
phenyl derivatives were not synthesized since being previously reported
(compounds 10 and 11, Fig. 2).

Among them, C-2 4-benzonitrile compounds 33 and 36, 2-hydroxy-
phenyl compounds 37 and 44, and 5-chlorothiohene derivatives 39,
42, and 46 were devoid of anti-PA-PB1 activity, but displayed potent
anti-IV activity with EC50 values ranging from 0.085 μM to 1.8 μM at
sub-cytotoxic concentrations. On the other hand, compounds 34, 40,
and 41 showed the ability to disrupt PA-PB1 interaction (IC50 values of
17.3, 62.5, and 36.0 μM, respectively) but, unfortunately, we could not
reliably test their activity by PRA, since these compounds exhibited low
solubility in the dense cellulose-containing medium used in this assay.
The same applied for the inactive compound 38, which was also
considerably cytotoxic (CC50 = 10 μM). These results might suggest that
2-hydroxy-4-nitrophenyl and 4-benzonitrile rings, characterizing com-
pounds 34, 38, 40, and 41, were not suitable C-2 substituents. Never-
theless, their presence imparted to C-3 2-hydroxyphenyl compounds 43
and 45 the ability to interfere with both PA-PB1 heterodimerization in
vitro and viral replication in infected cells. In particular, compounds 43
and 45 exhibited anti-PA-PB1 activity with IC50 values of 19.3 and 26.5

μM and anti-IV activity with EC50 values of 0.38 μM and 0.089 μM,
respectively, at non-toxic concentrations (CC50 > 250 μM and 224 μM).
Of note, with an EC50 of 85 and 89 nM, compounds 42 and 45 were the
most potent anti-IV compounds herein synthesized and within the whole
cHTC class of compounds, reaching SI values of >2,941 and 2,517,
respectively. Compound 45 can be also counted as the most potent anti-
IV compound reported so far acting by interfering with IV RdRP PA-PB1
subunit heterodimerization.

As shown in Tables 1–3, we observed a discrepancy between the
activity in vitro and the activity in cellular assays for these compounds.
Since dissociative compounds are expected to act in a competitive
manner with one of the protein partners, the extent of their inhibitory
effect (PA-PB1 disruption) depends on their affinity to the target, but
also on the concentration of the target itself and on the experimental
setting and the employed assay. As it is conceivable that the concen-
tration of proteins used in the ELISA (hundreds of ng per well) may
greatly exceed those produced in virus-infected cells, it is expected that
compound concentrations required in vitro to achieve a given level of
inhibition may be higher than those required to inhibit virus replication
in the cellular context. This is in agreement with the IC50 of the PB1-
derived peptide in the ELISA assay (Table 1) and with similar results
described for dissociative compounds targeting other PPIs [45–47].
Nevertheless, the discrepancy between IC50 and EC50 values could also
suggest an additional mechanism of action for cHTC compounds.
Therefore, further studies were conducted to determine whether the
anti-IV activity shown by the most potent compounds 43 and 45 was
actually due to the ability to interfere with PA-PB1 heterodimerization.

Scheme 2. a Reagents and conditions: (i) 2-aminopyridine, toluene, reflux; (ii) ammonium acetate, glacial acetic acid, benzene, reflux; (iii) sulfur, N,N-diethyl-
amine, EtOH, 50 ◦C; (iv) selected acyl chloride, dry pyridine, rt; (v) BBr3, dry CH2Cl2, from 0 ◦C to rt.
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2.3. Compounds 43 and 45 inhibited the PA-PB1 heterodimerization in a
cellular context

Accordingly, the first aim was to ascertain whether the best com-
pounds 43 and 45 retained the ability to disrupt PA-PB1 hetero-
dimerization in the cellular context. Compound 36 (IC50 > 200 μM and
EC50= 1.8 μM) was included as a negative control, being inactive in PA-
PB1 ELISA-based assay. In particular, since PA and PB1 subunits enter
the nucleus as a heterodimer (while PB2 enters the cell nucleus inde-
pendently), we investigated whether compounds 36, 43 and 45 could
affect PA-PB1 binding in the cell cytoplasm by evaluating the intra-
nuclear translocation of a PA-GFP fusion protein. Thus, we transfected
HEK 293T cells with plasmids expressing PB1 and PA-GFP fusion protein
and analyzed the intracellular localization of PA-GFP in the absence or
in the presence of compounds 36, 43, and 45 (or DMSO as a control). As
shown in Fig. 4, individually expressed PA-GFP was largely cytoplasmic,
whereas co-expression of PA-GFP with PB1 resulted in marked nuclear
accumulation of PA. Treatment of PA-PB1 co-expressing cells with
compounds 43 and 45 impaired PA nuclear import, whereas compound
36 had no effect, similarly to DMSO (Fig. 4). These data demonstrated

that, in accordance with the observations made in the cell-free ELISA,
compounds 43 and 45 were able to interfere with PA-PB1 hetero-
dimerization also in a cellular context.

2.4. Compounds 43 and 45 inhibited the activity of IAV RdRP in a
minireplicon assay

Compounds able to displace the PA-PB1 interaction should lead to an
interference with IAV RdRP activity in a cellular context. Therefore,
compounds 43 and 45 were evaluated in a minireplicon assay at scalar
concentrations. Compound 36 (IC50 > 200 μM and EC50 = 1.8 μM) was
also included in this assay. Briefly, HEK 293T cells were co-transfected
with plasmids encoding IAV nucleoprotein (NP), PA, PB1, and PB2
proteins, and the firefly luciferase RNA flanked by the noncoding re-
gions of IAV/WSN/33 segment 8. Then, cells were treated with com-
pounds 36, 43, and 45, including RBV and FPV as positive controls.
Intracellular reconstitution of functional vRNPs (in which all four PA,
PB1, and PB2, and NP proteins are co-expressed and interact with each
other) and consequent RNA synthesis were detected by measuring the
expression of the firefly reporter gene. In parallel, compounds 36, 43,

Scheme 3. a Reagents and conditions: (i) selected acyl chloride, dry pyridine, rt; (ii) BBr3, dry CH2Cl2, from 0 ◦C to rt.
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and 45 were also evaluated for cytotoxicity in HEK 293T cells by MTT
assays, to exclude that the observed inhibition might be due to toxic
effects of the compounds.

As expected, compounds 43 and 45 exhibited a potent inhibitory
effect on IAV RdRP activity, with EC50 values of 0.032 and 0.13 μM,
respectively (Table 4), suggesting that disruption of PA-PB1 hetero-
dimerization resulted in potent inhibition of IAV RdRP functions. In
contrast, compound 36, which did not inhibit PA-PB1 interaction,
neither inhibited RdRP activity. Notably, in contrast to the inhibitory
activity of PA-PB1 determined by ELISA, the inhibitory activity of RdRP
correlates with the anti-IV activity of compounds 43 and 45, suggesting
that inhibition of RdRP underlies their antiviral activity.

2.5. Compounds 43 and 45 bound the PAC terminal domain

To determine whether the best compounds 43 and 45 interfere with
PA-PB1 heterodimerization by binding to PAC (aa 239–716), we

performed biophysical experiments using nano-differential scanning
fluorimetry (nano-DSF) [48]. The PB1N (aa 1–15) peptide and com-
pound 36 were included as positive and negative controls for PA bind-
ing, respectively.

As reported in Fig. S1 and Table S1, in the nano-DSF assay, com-
pounds 43 and 45were able to induce a significant melting temperature
shift (ΔTm) compatible with a binding to PAC and in keeping with the
results obtained in the ELISA, while compound 36 did not significantly
alter the Tm. These results are consistent with those observed in the PA-
PB1 interaction inhibition assay and the IV RdRP inhibition assay
(minireplicon). At this point, in order to confirm the results obtained for
compound 45 regarding the binding to PAC, we evaluated its affinity to
PAC (aa 239–716) at different concentrations by the MicroScale Ther-
mophoresis (MST) binding assay [49] as a biophysical experiment
orthogonal to nanoDSF, including the PB1N (aa 1–15) peptide as a
positive control.

Extrapolation of the binding curve showed a Kd value of 5.75 ± 1.27

Table 1
Structure and biological activity of cHTC derivatives 14–22 modified at the C-3 position.

Compd R ELISA PA-PB1 Interaction Assay IC50, μMa PRA in MDCK cells EC50, μMb Cytotoxicity (MTT Assay) in MDCK cells
CC50, μMc

SId

13 6.0± 1.0 0.23± 0.01 >250 >1087

14 125± 42 0.19± 0.01 >250 >1316

15 >200 1.3± 0.6 >250 >192

16 >200 81± 3 >250 >3

17 >200 3.2± 1.2 >250 >78

18 >200 0.66± 0.8 >250 >250

19 >200 4.6± 2.8 >250 >54

20 >200 2.7± 1.3 >250 >93

21 >200 >100 >250 –

22 >200 0.38± 0.11 73± 38 192

PB11-15-Tat peptide 35± 4 41± 5 >100 >2
RBV – 8.7± 0.8 >250 >29
FPV – 7.7± 0.4 >250 >32

a Activity of the compounds in ELISA PA-PB1 interaction assays. The IC50 value represents the compound concentration that reduces by 50% the interaction between
PA and PB1.
b Activity of the compounds in plaque reduction assays with the IAV/PR/8/34 strain. The EC50 value represents the compound concentration that inhibits 50% of

plaque formation.
c Cytotoxicity of the compounds in MTT assays. The CC50 value represents the compound concentration that causes a 50% decrease in cell viability. All the reported

values represent the means± SD of data derived from at least three independent experiments in duplicate.
d SI: selectivity index (SI––CC50/EC50). RBV: ribavirin; FPV: favipiravir.

A. Bonomini et al. European Journal of Medicinal Chemistry 277 (2024) 116737 

7 



μM and 30.49 ± 18.55 μM for compound 45 and for PB1N, respectively,
supporting the data obtained by nanoDSF (Fig. S2).

In conclusion, these data demonstrated that compounds 43 and 45
inhibit IV replication and RdRP activity by disrupting PA-PB1 interac-
tion through the binding to PAC.

Further studies are needed to determine the binding mode of cHTC
compounds to the PAC terminal domain. In this regard, the generation of
escape mutants is a valid technique for the enforcement of data about
the mechanism of action of antiviral agents, although the rapid emer-
gence of resistant variants may represent a weakness of future drugs. As
mentioned above, one of the main advantages of targeting the PA-PB1
interaction is the high barrier to resistance, as the IV should simulta-
neously mutate both surfaces involved in the interaction between PA
and PB1 to develop resistance while maintaining the subunit interaction.
Consistent with this, we were not able to isolate viruses resistant to hit
compound 13 (Fig. 2) [41] and the benzoimidazol-2-one compound 4
(Fig. 1) [35], highlighting a high barrier to drug resistance of PA-PB1
inhibitors. This behavior precludes on the other hand the possibility of
identifying amino acids involved in their binding to PAC.

Alternatively, we are currently attempting co-crystallization of
compound 45 with PAC. In this regard, it is worth noting that obtaining
the three-dimensional structure of PAC in complex with small molecules
still represents a significant challenge, as evidenced by the lack of such
structures in the literature.

2.6. Compounds 43 and 45 showed potent, broad-spectrum, and specific
anti-IV activity

Based on the ability to interfere with PA-PB1 heterodimerization and
the potent anti-IAV activity shown by compounds 43 and 45, in depth
studies were performed to further investigate their antiviral activity.

Initially, the spectrum of anti-IV activity was determined. Com-
pounds 43 and 45were tested by PRA against two IAV strains belonging
to different co-circulating subtypes, i.e., H1N1 A/Parma/24/09
oseltamivir-resistant strain and H3N2 A/Wisconsin/67/05 strain, and
two IBV strains corresponding to the two distinct lineages, i.e., B/Lee/40
(ancestral) and B(128)B/Malaysia/2506/04 (Victoria) (Table 5). RBV
was included as a positive control. Results showed that both compounds
inhibited the tested IAV and IBV strains with potency comparable to that
against IAV/PR/8/34 (H1N1). In particular, compound 43 showed EC50
values ranging from 0.22 to 0.38 μM,while compound 45 exhibited EC50
values within the nanomolar range, from 54 to 89 nM. These data
demonstrated that compounds 43 and 45 are potent and broad-spectrum
anti-IV compounds, able to provide cross-protection against circulating
subtypes of human IAV and two different lineages of IBV.

To further investigate the therapeutic potential and specificity of
compounds 43 and 45, their antiviral activity was evaluated against
another negative-stranded respiratory RNA virus (human parainfluenza
virus, HPIV), a positive-stranded respiratory RNA virus (SARS-CoV-2),

Table 2
Structure and biological activity of cHTC derivatives 23–32 modified at the C-2 position.

Compd R ELISA PA-PB1 Interaction Assay IC50, μMa PRA in MDCK cells EC50, μMb Cytotoxicity (MTT Assay) in MDCK cells CC50, μMc SId

23 143± 25 >100 >250 –

24 78± 23 >100 >250 –

25 >200 >100 >250 –

26 93± 8 22± 6 28± 5 –

27 >200 1.0± 0.2 >250 >250

28 >200 97± 4 >250 –

29 80± 11 1.3± 0.4 188± 8 144

30 103± 60 1.6± 0.4 141± 25 88

31 143± 26 17.8± 2.5 >100 >6

32 75± 18 >10.5 10.5± 0.7 –

a-d For the definition of IC50, EC50, CC50, and SI, see Table 1 caption.
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Table 3
Structure and biological activity of cHTC derivatives 33–46 modified at the C-2 and C-3 positions.

Compd R’ R ELISA PA-PB1
Interaction Assay
IC50, μMa

PRA in MDCK cells
EC50, μMb

Cytotoxicity (MTT
Assay) in MDCK
cells CC50, μMc

SId

33 145± 28 0.68± 0.11 >250 >368

34 “ 17.3± 4.9 N.D.e 115± 22 –

35 “ >200 62± 8 >250 >4

36 >200 1.8± 1.1 >250 >135

37 “ >200 0.44± 0.07 >200 >455

38 “ >200 N.D.e 10.0± 5.7 –

39 “ 112± 18 1.3± 0.5 >100 >74

40 62.5± 17.7 N.D.e >250 –

41 “ 36.0± 8.5 N.D.e 64.5± 19.1 –

42 “ >200 0.085± 0.01 >250 >2941

43 19.3± 6.7 0.38± 0.12 >250 >667

44 “ >200 0.74± 0.06 106± 6 143

45 “ 26.5± 4.9 0.089± 0.02 224± 23 2517

46 “ >200 0.73± 0.39 57.7± 16.3 79

a-d For the definition of IC50, EC50, CC50, and SI, see Table 1 caption.
e N.D., not determined.
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and finally other positive-stranded RNA viruses (i.e., Dengue virus,
DENV, and West Nile virus, WNV). In parallel, the cytotoxicity was
determined in the same cell lines used for the antiviral assays (i.e., Huh7
for DENV and WNV, Caco-2 for SARS-CoV-2, and A549 for HPIV).
Compounds 43 and 45 did not inhibit the replication of any of the tested
viruses while being non-toxic, with the exception of compound 45,
which showed a weak anti-HPIV activity with an EC50 of 21.7 μM (CC50
> 40 μM) (data not shown). These data demonstrated a specific antiviral

activity toward IAV and IBV for compounds 43 and 45, according to
their peculiar mechanism of action involving the PA-PB1 interaction
disruption.

2.7. Compounds 43 and 45 caused a dose-dependent reduction of
infectious viral progeny in human lung cells

To further characterize the anti-IV activity of compounds 43 and 45,
we assessed their effects on the production of infectious progeny in a
multi-cycle growth assay in human lung cells, along with FPV, used as a
positive control. As reported in Fig. 5, for both 43 and 45 we observed a

Fig. 4. Effects of compounds 36, 43, and 45 on intracellular localization of the PA-PB1 complex. A. HEK 293T cells were transfected with plasmids expressing PB1
and a PA-GFP fusion protein in the absence or the presence of test compounds or DMSO as a control. Cells transfected with the PA-GFP-expressing plasmid alone
served as a negative control. At 14 h post-transfection, cells were examined by confocal laser scanning microscopy. Individual green (GFP) and blue (DRAQ5)
channels and merged images are shown. B. Quantitative analysis of PA-GFP intracellular localization. The cytoplasmic/nuclear fluorescence ratio (Fc/n) was
calculated for each tested condition. Data are presented as scatter-dot-plots of n ≥ 50 analyzed fields from two independent experiments. Data were analyzed by one-
way Anova followed by Dunnett’s multiple-comparisons test. ****: p < 0.0001 compared to control (DMSO-treated cells).

Table 4
Activity of compounds 36, 43, and 45 against viral polymerase.

Compd Minireplicon Assay EC50,
μMa

Cytotoxicity (MTT Assay)
in HEK 293T cells CC50,
μMb

36 >10 >50
43 0.032± 0.010 >50
45 0.13± 0.03 >50
RBV 21.7± 7.3 >50
FPV 10.7± 2.8 >50

a The EC50 value represents the compound concentration that reduces by 50%
the activity of IAV virus RNA polymerase in HEK 293T cells.
b Cytotoxicity of the compounds in MTT assays. The CC50 value represents the

compound concentration that causes a 50% decrease in cell viability. All data
shown represent the means± SD of data derived from at least two independent
experiments in duplicate. RBV: ribavirin; FPV: favipiravir.

Table 5
Activity of compounds 43 and 45 against a panel of IAV and IBV strains.

Influenza Virus (strain) PRA (EC50, μM)a

43 45 RBV

A/PR/8/34 (H1N1) 0.38 ± 0.12 0.089 ± 0.016 7.4 ± 0.7
A/Parma/24/09 (H1N1)
(oseltamivir-resistant)

0.28 ± 0.11 0.081 ± 0.011 22.0 ± 1.4

A/Wisconsin/67/05 (H3N2) 0.22 ± 0.06 0.054 ± 0.015 5.8 ± 1.1
B/Lee/40 (ancestral) 0.30 ± 0.03 0.087 ± 0.012 19.5 ± 3.5
B/Malaysia/2506/04 0.35 ± 0.06 0.088 ± 0.011 10.8 ± 2.5

a The EC50 value represents the compound concentration that inhibits 50 % of
plaque formation. All data shown represent the means± SD of data derived from
at least two independent experiments. RBV: ribavirin.
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significant dose-dependent reduction in the production of infectious
viral progeny in infected human lung A549 cells. Of note, the EC50
values were consistent with those observed in PRA, as compound 43
showed an EC50 of 0.14 μM, while the most potent compound 45
exhibited an EC50 of 87 nM.

2.8. Compound 45 showed a good ADME profile

To further characterize the potent compounds 43 and 45, some
pharmacokinetic properties were experimentally determined, i.e., solu-
bility (thermodynamic solubility in aqueous media), permeability [by
parallel artificial membrane permeation assay (PAMPA)], and metabolic
stability in human liver microsomes (HLM) and plasma.

Thermodynamic solubility in aqueous media was determined for
compounds 43, 45, and starting hit compound 13 (Table 6). Compound
13 exhibited a suboptimal aqueous solubility of 1.72 μM (0.75 μg/mL)
with a logarithm of Solubility (LogS) value of − 5.76. An increased water
solubility was shown by compound 43 and, even more, compound 45,
exhibiting values of 17.6 μM (7.62 μg/mL) and 49.8 μM (23.30 μg/mL),
respectively (LogS = − 4.75 and − 4.30). These results were in accor-
dance with permeability studies (Table 6), which underlined how the
major hydrophilicity of compound 45 was responsible for a minor ten-
dency of this derivative to cross the phospholipidic bilayer (Papp= 0.78
cm/sec x 10− 6) and interact with the lipid membrane (MR = 2.50 %).
Compound 43, instead, endowed with a lower water solubility, showed
a higher tendency to cross membrane (Papp = 3.48 cm/sec x 10− 6) and
interact with lipid bilayer, where probably it remained entrapped (MR
= 57 %).

Then, the metabolic stability of compounds 43 and 45 in HLM was
evaluated including furosemide as reference compound. Both the com-
pounds showed high stability when incubated for 1 h in presence of HLM
(Fig. 6A and Table S2), with percentages of the unmetabolized com-
pound of 93.34 % and 93.77 %, respectively. Compounds underwent
oxidative reactions that led to the introduction of one or two hydroxyl
groups in different positions of the aromatic rings.

Finally, the stability of compounds 43 and 45 in the presence of

plasma was assessed including dasatinib as reference compound. Com-
pounds were incubated at a fixed concentration with plasma for
different time points (from time 0 to 1440 min). While the stability of
compound 45 (about 100 % throughout the experiment) resulted not to
be affected by the hydrolytic action of plasma esterase, compound 43
showed decreasing plasma stability over the different time points
(Fig. 6B and Table S3). Just after 5 min of incubation with plasma, the
percentage of the unmodified compound began to reduce to 95 %,
remaining stable until 60 min of treatment, and finally fell down to
around 81 % after 1440 min.

3. Conclusions

In this study, extensive medicinal chemistry efforts starting from the
cHTC derivative 13 led to obtain compound 45, which represents the
most potent anti-IV compound acting by inhibiting PA-PB1 interaction
identified to date, with an improved profile in terms of PK properties.
Compound 45 exhibited an impressive EC50 value of 89 nM against IAV
strain (A/PR/8/34 - H1N1) coupled with a CC50 value of 224 μM in
MDCK cells, resulting in a very high SI (SI = 2517), and an innovative
mechanism of action. Comparable potency was also demonstrated
against a panel of circulating human IAV and IBV strains, highlighting
its broad spectrum of activity.

In terms of characterizing the mechanism of action, compound 45
demonstrated a significant ability to disrupt the interaction between PA
and PB1 both in vitro in the ELISA and in the cellular context, resulting in
a reduction in the nuclear localization of PA in compound-treated cells.
Additionally, for the first time, we focused efforts on the evaluation of
the binding of cHTC compounds to PAC using two biophysical orthog-
onal techniques (i.e., nano-DSF and MST). Compound 45 showed a Kd of
5.75 μM, further proving that its anti-IV is strongly dependent on the
disruption of the PA-PB1 interaction through the binding to PAC. Finally,
it is worth noting that the disruption of PA-PB1 interaction exerted by
compound 45 resulted in the inhibition of IAV RdRP assembly and ac-
tivity in the cellular context, as demonstrated by the translocation and
minireplicon assays, respectively, and in the reduction of the production
of infectious progeny in human disease-relevant cells. In accordance
with this peculiar mechanism of action, the most potent compound 45
was not able to inhibit the viral growth of diverse RNA viruses (HPIV,
SARS-CoV-2, DENV, and WNV).

Although the starting hit 13 also exhibited this specific mechanism of
action, the main advancement achieved with this study relies in the fact
that we succeeded in the optimization and synthesis of the new com-
pound 45 that retains the ability to inhibit PA-PB1 interaction despite
the presence of two polar groups in its chemical structure. This result is
significant from a medicinal chemistry point of view due to the hydro-
phobic and challenging nature of the target PAC cavity, which binds
PB1N mainly through hydrophobic interactions, thus complicating the
development of PPI inhibitors with drug-like properties. Therefore, the

Fig. 5. Antiviral activity of compounds 43 and 45 in infected human A549 cells was determined by virus yield reduction assays. A549 cells were infected with IAV
PR/8 at MOI = 0.01 and treated with different concentrations of compounds 43, 45, FPV, or DMSO as a control. At 24 h p.i., virus progeny titers produced in the
presence of test compounds were determined by titration onto fresh MDCK cell monolayers by plaque assays. Data shown are the means ± SD of three experiments
performed in duplicate. Data were analyzed by a one-way ANOVA followed by Dunnett’s multiple-comparisons test. ***p < 0.001; **p < 0.01; *p < 0.05 versus IAV-
infected, DMSO-treated cells. EC50 values were obtained by the nonlinear regression analysis using GraphPad Prism version 10.0. FPV: favipiravir.

Table 6
Equilibrium solubility and PAMPA.

Compd 43 45 13

Solubilitya 17.6 μM
7.62 μg/mL

49.8 μM
23.30 μg/mL

1.72 μM
0.75 μg/mL

LogSb − 4.75 − 4.30 − 5.76
Pappc cm/sec x 10¡6 3.48 0.78 N.D.
% MRd 57 2.50 N.D.

a Equilibrium solubility in water.
b Logarithm of Solubility.
c Apparent permeability.
d Membrane retention %.

A. Bonomini et al. European Journal of Medicinal Chemistry 277 (2024) 116737 

11 



presence of polar groups in compound 45 made it significantly more
soluble than the starting hit 13 (49.8 μM vs 1.72 μM), without
compromising metabolic and plasma stabilities. Although the increased
water solubility of compound 45 is still suboptimal for its in vivo eval-
uation, this study represents a significant step forward in the design of
more polar PA-PB1 disruptors with potential in vivo efficacy, which has
not yet been demonstrated.

4. Experimental section

4.1. Chemistry

Commercially available starting materials, reagents, and solvents
were used as supplied. Compounds 47 [42], 48 [40], 49 [40], 50 [40],
57 [40], 58 [40], 59 [40], 61 [43], 64 [44], 65 [44], 67 [42], and 68
[39] were synthesized as reported in literature. Target compound 26
was synthesized as previously reported by us [50]. All reactions were
routinely monitored by TLC on silica gel 60F254 (Merck) and visualized
by using UV or iodine. Flash column chromatography was performed on
Merck silica gel 60 (mesh 230–400). After extraction, organic solutions
were dried over anhydrous Na2SO4, filtered, and concentrated with a
Büchi rotary evaporator at reduced pressure. Yields are of purified
product and were not optimized. 1H NMR and 13C NMR spectra were
recorded on Bruker Avance DRX-400. Chemical shifts (δ) are reported in
ppm relative to TMS and calibrated using residual undeuterated solvent
as internal reference. Coupling constants (J) are reported in Hz. Spectra
were acquired at 298 K. Data processing were performed with Bruker
TopSpin 4.2.0 software, and the spectral data are consistent with the
assigned structures. The spin multiplicities are indicated by the symbols:
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and bs
(broad singlet). For compounds 14, 15 and 31–46, the purity (>95 %)
was revealed at 254 nm and evaluated by HPLC analysis using a Jasco
LC-4000 instrument equipped with a UV–Visible Diode Array Jasco
MD-4015 and an XTerra MS C18 Column, 5 μm, 4.6 mm × 150 mm or a
Gemini LC C18 110 Å column, 3 μm, 100 mm × 2 mm (for compound
14). Used methods have been specified for each compound. Chromato-
grams were analyzed by ChromNAV 2.0 Chromatography Data System
software. For compounds 16–25 and 27–30, the purity (>95 %) was
evaluated by HPLC analysis using an Agilent 1290 Infinity System ma-
chine equipped with DAD detector from 190 to 640 nm. The purity was
revealed at 254 nm using a Phenomenex AERIS Widepore C4, 4.6 mm,
100 mm (6.6 lm) with flow rate: 0.85 mL/min; acquisition time: 10 min;
gradient: acetonitrile in water containing 0.1 % of formic acid (0–100 %
in 10 min); oven temperature, 30 ◦C. Peak retention time is given in
minutes. HRMS detection was based on electrospray ionization (ESI) in
positive or negative polarity, as indicated for each compound, using
Agilent 1290 Infinity System equipped with a MS detector Agilent

6540UHD Accurate Mass Q-TOF.

4.2. General procedure for the preparation of 2-cyano-N-(substituted)
acetamide derivatives (method A)

To a solution of the appropriate amine (1.0 equiv) in toluene, com-
pound 47 [42] (1.0 equiv) was added. The mixture was refluxed for 1 h
and then stirred at rt to obtain a precipitate which was filtered, washed
with Et2O and dried.

4.2.1. N-(4-Bromophenyl)-2-cyanoacetamide (51)
The title compound was prepared through Method A by using 4-bro-

moaniline, in 78 % yield as white solid.1H NMR (400 MHz, DMSO‑d6): δ
3.88 (s, 2H, CH2), 7.47–7.56 (m, 4H, aromatic CH), 10.40 (s, 1H, NH).

4.2.2. 2-Cyano-N-[4-(trifluoromethyl)phenyl]acetamide (52)
The title compound was prepared through Method A by using 4-

(trifluoromethyl)aniline, in 73 % yield as white solid. 1H NMR (400
MHz, DMSO‑d6): δ 4.00 (s, 2H, CH2), 7.67 and 7.72 (d, J = 8.7 Hz, each
2H, aromatic CH), 10.73 (s, 1H, NH).

4.2.3. 2-Cyano-N-[4-(trifluoromethoxy)phenyl]acetamide (53)
The title compound was prepared through Method A by using 4-

(trifluoromethoxy)aniline, in 67 % yield as a white solid. 1H NMR (400
MHz, DMSO‑d6): δ 3.96 (s, 2H, CH2), 7.31 and 7.61 (d, J = 9.0 Hz, each
2H, aromatic CH), 10.62 (s, 1H, NH).

4.2.4. 2-Cyano-N-[4-(difluoromethoxy)phenyl]acetamide (54)
The title compound was prepared through Method A by using 4-

(difluoromethoxy)aniline, in 81 % yield as a white solid. 1H NMR (400
MHz, DMSO‑d6): δ 3.76 (s, 2H, CH2), 7.12 (t, J HF = 74 Hz, 1H, CHF2),
7.12 and 7.54 (d, J = 8.9 Hz, each 2H, aromatic CH), 10.43 (s, 1H, NH).

4.2.5. N-(4-Methoxyphenyl)-2-cyanoacetamide (55)
The title compound was prepared through Method A by using 4-

methoxyaniline, in 89 % yield as white solid. 1H NMR (400 MHz,
DMSO‑d6): δ 3.57 (s, 3H, CH3), 3.68 (s, 2H, CH2), 6.86 and 7.41 (d, J =
12.3 Hz, each 2H, aromatic CH), 10.22 (s, 1H, NH).

4.2.6. 2-Cyano-N-(2-methoxyphenyl)acetamide (56)
The title compound was prepared through Method A by using 2-

methoxyaniline, in 50 % yield as white solid. 1H NMR (200 MHz,
DMSO‑d6): δ 3.52 (s, 2H, CH2), 3.87 (s, 3H, CH3), 6.91 (m, 2H, aromatic
CH), 7.08 (m, 1H, aromatic CH), 8 8.21 (dd, J= 1.63 Hz and 7.9 Hz, 1H,
aromatic CH), 8.29 (bs, 1H, NH).

Fig. 6. A) Metabolic stability in HLM and B) Plasma stability of compounds 43, 45, and the reference compounds furosemide and dasatinib.
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4.3. General procedure for the preparation of 2-amino-N-(substituted)-
cycloheptathiophene-3-carboxamides (method B)

A mixture of the appropriate 2-cyano-N-(substituted)acetamide (1.0
equiv), cycloheptanone (4.0 equiv), ammonium acetate (1.3 equiv), and
glacial acetic acid (3.5 equiv) in dry benzene (10 mL/mmol) was heated
at reflux for 16 h in a Dean-Stark apparatus. After cooling, the mixture
was diluted with CHCl3 and then washed with H2O, 10 % Na2CO3 so-
lution, and finally H2O. The organic layer was concentrated to dryness to
afford the crude Knoevenagel product, which was used in the successive
step without further purification. Thus, to the crude Knoevenagel
product (1.0 equiv) dissolved in EtOH dry, sulfur (4.0 equiv) and N,N-
diethyl amine (4.0 equiv) were added. The mixture was maintained at
50 ◦C for 2 h and then concentrated to dryness to yield a residue, which
was treated with Et2O and filtered.

4.3.1. 2-Amino-N-(4-bromophenyl)-5,6,7,8-tetrahydro-4H-cyclohepta[b]
thiophene-3-carboxamide (60)

The title compound was prepared starting from 51 through Method
B, in 94 % yield as white-pink solid. 1H NMR (400 MHz, DMSO‑d6): δ
1.40–1.60 (m, 4H, cycloheptane CH2), 1.65–1.80, 2.40–2.55 and
2.60–2.70 (m, each 2H, cycloheptane CH2), 5.80 (bs, 2H, NH2), 6.75 and
7.25 (d, J = 8.0 Hz, each 2H, aromatic CH), 9.50 (s, 1H, NH).

4.3.2. 2-Amino-N-[4-(trifluoromethoxy)phenyl]-5,6,7,8-tetrahydro-4H-
cyclohepta[b]thiophene-3-carboxamide (62)

The title compound was prepared starting from 53 through Method
B, in 100 % yield as brown solid. 1H NMR (400 MHz, DMSO‑d6): δ
1.50–1.54 (m, 4H, cycloheptane CH2), 1.63–1.73, 2.51–2.55 and
2.60–2.62 (m, each 2H, cycloheptane CH2), 5.98 (bs, 2H, NH2), 7.27 and
7.73 (d, J = 8.7 Hz, each 2H, aromatic CH), 9.95 (s, 1H, NH).

4.3.3. 2-Amino-N-[4-(difluoromethoxy)phenyl]-5,6,7,8-tetrahydro-4H-
cyclohepta[b]thiophene-3-carboxamide (63)

The title compound was prepared starting from 54 through Method
B, in 95 % yield as brown solid. 1H NMR (400 MHz, DMSO‑d6): δ
1.44–1.53 (m, 4H, cycloheptane CH2), 1.65–1.72 (m, 2H, cycloheptane
CH2), 2.50–2.57 (m, 2H, cycloheptane CH2), 2.60–2.62 (m, 2H, cyclo-
heptane CH2), 5.88 (bs, 2H, NH2), 7.10 (t, JHF = 62.5 Hz, 1H, CHF2),
7.07 and 7.65 (d, J = 9.0 Hz, each 2H, aromatic CH), 9.56 (s, 1H, NH).

4.4. General procedure for C-2 amidation (method C)

A solution of the appropriate intermediate (1.0 equiv) in dry pyridine
was added to the suitable benzoyl chloride (2.0 equiv). The reaction
mixture was maintained at rt until no starting material was detected by
TLC. Then, the reaction mixture was poured into ice/water, obtaining a
precipitate that was filtered and purified as described below.

4.4.1. 2-[(4-Nitrobenzoyl)amino]-N-1,3-thiazol-2-yl-5,6,7,8-tetrahydro-
4H-cyclohepta[b]thiophene-3-carboxamide (14)

The title compound was prepared starting from 57 [40] through
Method C using 4-nitrobenzoyl chloride and purified by flash chroma-
tography eluting with cyclohexane/EtOAc (80:20) followed by crystal-
lization in EtOH, in 10 % yield as orange solid. 1H NMR (400 MHz,
DMSO‑d6): δ 1.43–1.51 (m, 4H, cycloheptane CH2), 1.68–1.78 (m, 2H,
cycloheptane CH2), 2.62–2.72 (m, 4H, cycloheptane CH2), 7.18 and 7.49
(d, J = 4.0 Hz, each 1H, thiazole CH), 8.09 and 8.31 (d, J = 8.3 Hz, each
2H, aromatic CH), 11.50 and 12.34 (s, each 1H, NH). 13C NMR (101
MHz, DMSO‑d6): δ 27.61, 28.01, 28.24. 28.89, 32.42, 113.53, 124.14,
129.76, 130.40, 131.30, 137.15, 139.44, 149.74, 141.10, 150.60,
154.53, 159.29, 162.89. HRMS (ESI) m/z [M − H]- calcd for
C20H18N4O4S2 442.07695, found 442.0767. HPLC, RP C18 (Gemini -
Phenomenex), H2O with 0.1 % FA 20 %/CH3CN 80 % to CH3CN 100 %
in 10 min, ret. time: 9.710 min.

4.4.2. N-(4-Chlorophenyl)-2-[(4-nitrobenzoyl)amino]-5,6,7,8-tetrahydro-
4H-cyclohepta[b]thiophene-3-carboxamide (15)

The title compound was prepared starting from 58 [40] through
Method C using 4-nitrobenzoyl chloride and purified by flash chroma-
tography eluting with CH2Cl2 (100), in 19 % yield as yellow solid. 1H
NMR (400 MHz, DMSO‑d6): δ 1.57–1.66 (m, 4H, cycloheptane CH2),
1.81–1.89 (m, 2H, cycloheptane CH2), 2.69–2.81 (m, 4H, cycloheptane
CH2), 7.38 (d, J = 7.7 Hz, 2H, aromatic CH), 7.77 (d, J = 7.0 Hz, 2H,
aromatic CH), 8.13 (d, J= 7.5 Hz, 2H, aromatic CH), 8.34 (d, J= 7.3 Hz,
2H, aromatic CH), 10.27 and 11.24 (s, each 1H, NH). 13C NMR (101
MHz, DMSO‑d6): δ 27.77, 28.39, 28.47, 29.06, 32.35, 121.87, 124.19,
126.14, 127.55, 129.03, 129.77, 132.94, 134.55, 136.56, 138.91,
139.49, 149.93, 163.16, 163.66. HRMS (ESI) m/z [M − H]- calcd for
C23H20ClN3O4S 468.0790, found 468.0779. HPLC, H2O 20 %/CH3CN
80 %, ret. time: 4.3967 min.

4.4.3. N-(4-Fluorophenyl)-2-[(4-nitrobenzoyl)amino]-5,6,7,8-tetrahydro-
4H-cyclohepta[b]thiophene-3-carboxamide (16)

The title compound was prepared starting from 59 [40] through
Method C using 4-nitrobenzoyl chloride and purified by flash chroma-
tography eluting with cyclohexane/EtOAc (80:20), in 20 % yield as
yellow solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.37–1.57 (m, 4H,
cycloheptane CH2), 1.76–1,78 (m, 2H, cycloheptane CH2), 2.62–2.70
(m, 4H, cycloheptane CH2), 7.13 and 7.74 (m, each 2H, aromatic CH),
8.02 and 8.30 (d, J = 8.52 Hz, each 2H, aromatic CH), 10.25 and 11.29
(s, each 1H, NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.70, 28.31, 28.94,
31.57, 32.33, 115.60 (d, JCF = 22 Hz), 121.88, 124.11, 125.99, 129.68,
132.72, 134.17, 136.24, 136.48, 139.34, 149.74, 162.98, 158.37 (d, JCF
= 220 Hz), 163.31. HRMS (ESI) m/z [M − H]- calcd for C23H20FN3O4S
453.11586, found 453.11554. HPLC, ret. time: 6.613 min.

4.4.4. N-(4-Bromophenyl)-2-[(4-nitrobenzoyl)amino]-5,6,7,8-tetrahydro-
4H-cyclohepta[b]thiophene-3-carboxamide (17)

The title compound was prepared starting from 60 throughMethod C
using 4-nitrobenzoyl chloride and purified by crystallization by Et2O/
EtOH, in yield 12 %, as yellow solid. 1H NMR (400 MHz, DMSO‑d6): δ
1.50–1.60 (m, 4H, cycloheptane CH2), 1.72–1.78 (m, 2H, cycloheptane
CH2), 2.26–2.70 (m, 4H, cycloheptane CH2), 7.48, 7.70, 8.01 and 8.30
(d, J= 8.7 Hz, each 2H, aromatic CH), 10.35 and 11.30 (s, each 1H, NH).
13C NMR (101 MHz, DMSO‑d6): δ 27.70, 28.30 (2C), 28.95, 32.32,
115.42, 122.10, 124.11, 125.98, 129.70, 131.86, 132.80, 133.47,
134.31, 136.50, 139.29, 147.64, 163.10, 163.50. HRMS (ESI) m/z [M −

H]- calcd for C23H20BrN3O4S 513.03535, found 513.03579. HPLC, ret.
time: 7.020 min.

4.4.5. 2-[(4-Nitrobenzoyl)amino]-N-[4-(trifluoromethyl)phenyl]-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (18)

The title compound was prepared starting from 61 [43] through
Method C using 4-nitrobenzoyl chloride and purified by crystallization
by cyclohexane/EtOAc, in yield 32 % yield as brown solid. 1H NMR
(400 MHz, DMSO‑d6): δ 1.51–1.58 (m, 4H, cycloheptane CH2),
1.75–1.82 (m, 2H, cycloheptane CH2), 2.63–2.73 (m, 4H, cycloheptane
CH2), 7.70 and 7.93 (d, J = 8.5 Hz, each 2H, aromatic CH), 8.02 and
8.30 (d, J= 8.7 Hz, each 2H, aromatic CH), 10.82 and 11.53 (s, each 1H,
NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.62, 28.17, 28.24, 28.86,
32.28, 119.88, 124.90 (q, JCF = 228.2 Hz), 124.04, 125.68, 126.31,
126.33, 129.67, 132.80, 134.36, 136.47, 139.30, 143.48, 149.68,
163.00, 163.76. HRMS (ESI) m/z [M − H]- calcd for C24H20F3N3O4S
503.11266, found 503.11262. HPLC, ret. time: 7.060 min.

4.4.6. 2-[(4-Nitrobenzoyl)amino]-N-[4-(trifluoromethoxy)phenyl]-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (19)

The title compound was prepared starting from 62 throughMethod C
using 4-nitrobenzoyl chloride and purified by crystallization in EtOH, in
33 % yield as yellow solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.51–1.58
(m, 4H, cycloheptane CH2), 1.72–1.83 (m, 2H, cycloheptane CH2),
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2.63–2.74 (m, 4H, cycloheptane CH2), 7.32 and 7.89 (d, J= 8.6 Hz, each
2H, aromatic CH), 8.02 and 8.30 (d, J = 8.7 Hz, each 2H, aromatic CH),
10.04 and 11.30 (s, each 1H, NH). 13C NMR (101 MHz, DMSO‑d6): δ
27.63, 28.23 (2C), 28.86, 32.27, 121.37, 121.94, 122.83 (q, JCF = 220.0
Hz), 124.04, 125.77, 129.65, 132.69, 134.18, 136.42, 139.08, 139.30,
144.02, 149.67, 163.00, 163.47. HRMS (ESI) m/z [M − H]- calcd for
C24H20F3N3O5S 519.10758, found 519.10769. HPLC, ret. time: 7.111
min.

4.4.7. N-[4-(Difluoromethoxy)phenyl]-2-[(4-nitrobenzoyl)amino]-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (20)

The title compound was prepared starting from 63 throughMethod C
using 4-nitrobenzoyl chloride and purified by crystallization in EtOH, in
20 % yield as orange solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.52–1.58
(m, 4H, cycloheptane CH2), 1.75–1.79 (m, 2H, cycloheptane CH2),
2.63–2.71 (m, 4H, cycloheptane CH2), 7.12 (t, JHF = 71 Hz, 1H, CHF2),
7.13 and 7.76 (d, J = 8.7 Hz, each 2H, aromatic CH) 8.03 and 8.31 (d, J
= 8.7 Hz, each 2H, aromatic CH), 10.34 and 11.40 (s, each 1H, NH). 13C
NMR (101MHz, DMSO‑d6): δ 27.70, 28.31 (2C), 28.94, 32.34, 116.95 (t,
JCF = 258.6 Hz), 119.87, 121.48, 124.11, 125.99, 129.69, 132.74,
134.19, 136.49, 137.21, 139.33, 146.80, 149.74, 163.00, 163.38. HRMS
(ESI) m/z [M − H]- calcd for C24H21F2N3O5S 501.1170, found
501.11703. HPLC, ret. time: 6.665 min.

4.4.8. N-(4-Methoxyphenyl)-2-[(4-nitrobenzoyl)amino]-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (21)

The title compound was prepared starting from 64 [44] through
Method C using 4-nitrobenzoyl chloride and purified by flash chroma-
tography eluting with cyclohexane/EtOAc (70:30), in 8 % yield, as
yellow solid. 1H NMR (400 MHz, DMSO‑d6) δ 1.35–1.52 (m, 4H,
cycloheptane CH2), 1.79–1.84 (m, 2H, cycloheptane CH2), 2.63–2.72
(m, 4H, cycloheptane CH2), 3.69 (s, 3H, OCH3), 6.87, 7.63, 8.03 and
8.31 (d, J= 8.8 Hz, each 2H, aromatic CH), 10.03 and 11.28 (s, each 1H,
NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.71, 28.28, 28.39, 28.96,
32.33, 55.63, 114.15, 121.67, 124.13, 126.18, 129.63, 132.63, 132.91,
134.11, 136.49, 139.39, 149.75, 155.83, 162.84, 163.05. HRMS (ESI)
m/z [M − H]- calcd for C24H23N3O5S 465.13562, found 465.13586.
HPLC, ret. time: 6.485 min.

4.4.9. N-(2-Methoxyphenyl)-2-[(4-nitrobenzoyl)amino]-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (66)

The title compound was prepared starting from 65 [44] through
Method C using 4-nitrobenzoyl chloride and purified by Et2O, in 76 %
yield as orange solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.58–1.59 (m,
4H, cycloheptane CH2), 1.80–1.82 (m, 2H, cycloheptane CH2),
2.72–2.74 (m, 4H, cycloheptane CH2), 3.66 (s, 3H, CH3), 6.92 (t, J= 7.6
Hz, 1H, aromatic CH), 7.01 (d, J = 7.6 Hz, 1H, aromatic CH), 7.07–7.11
(m, 1H, aromatic CH), 8.04–8.08 (m, 1H, aromatic CH), 8.10 and 8.34
(d, J = 8.8 Hz, each 2H, aromatic CH), 9.05 and 11.43 (s, each 1H, NH).

4.5. General procedure for O-demethylation (method D)

To a solution of the appropriate methoxyl derivative (1.0 equiv) in
dry CH2Cl2, 1M solution of BBr3 in CH2Cl2 (6.0 equiv) was added
dropwise maintaining the temperature at 0 ◦C. Then, the reaction
mixture was stirred at rt for 24 h and then quenched with MeOH and
water. The organic solvent was removed under vacuum affording a
residue, which was filtered and purified as described below.

4.5.1. N-(2-Hydroxyphenyl)-2-[(4-nitrobenzoyl)amino]-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (22)

The title compoundwas prepared starting from 66 throughMethod D
and purified by flash chromatography eluting with cyclohexane/EtOAc
(75:25), in 24 % yield as orange solid. 1H NMR (400 MHz, DMSO‑d6): δ
1.52–1.59 (m, 4H, cycloheptane CH2), 1.79–1.80 (m, 2H, cycloheptane
CH2), 2.72–2.81 (m, 4H, cycloheptane CH2), 6.76–6.80 (m, 1H, aromatic

CH), 6.83–6.86 (m, 1H, aromatic CH), 6.94–6.98 (m, 1H, aromatic CH),
7.83 (d, J= 7.3 Hz, 1H, aromatic CH), 8.10 and 8.33 (d, J= 8.9 Hz, each
2H, aromatic CH), 9.05 (s, 1H, OH), 9.92 and 11.34 (s, 1H, NH). 13C
NMR (101MHz, DMSO‑d6): δ 27.46, 28.07, 28.28, 28.76, 32.14, 115.80,
119.36, 123.30, 124.23, 125.00, 125.65, 126.26, 129.53, 133.16,
135.46, 136.24, 138.83, 148.69, 149.80, 162.76, 163.44. HRMS (ESI)
m/z [M − H]- calcd for C23H21N3O5S 451.12019 found 451.11985.
HPLC, ret. time: 6.337 min.

4.5.2. 5-Bromo-N-{3-[(pyridin-2-ylamino)carbonyl]-5,6,7,8-tetrahydro-
4H-cyclohepta[b]thien-2-yl}pyridine-2-carboxamide (23)

The title compound was prepared starting from 68 [39] through
method C using 5-bromopyridine-2-carbonyl chloride and purified by
crystallization in EtOH, in 23 % yield as green solid. 1H NMR (400 MHz,
DMSO‑d6): δ 1.57–1.60 (m, 4H, cycloheptane CH2), 1.70–1.72 (m, 2H,
cycloheptane CH2), 2.62–2.81 (m, 4H, cycloheptane CH2), 7.13 and 7.82
(t, J = 6.5 Hz and J = 7.2 Hz, each 1H, pyridine CH), 8.02–8.09 (m, 2H,
pyridine CH), 8.28–8.32 (m, 2H, pyridine CH), 8.88–8.93 (m, 1H, pyr-
idine CH), 10.42 and 11.74 (s, each 1H, NH). 13C NMR (101 MHz,
DMSO‑d6): δ 27.39, 27.85, 28.78 (2C), 31.97, 115.06, 120.35, 122.45,
124.64, 124.80, 131.70, 135.89, 137.55, 138.56, 141.43, 146.98,
148.54, 150.30, 151.95, 160.37, 164.81. HRMS (ESI) m/z [M + Na]+

calcd for C21H19BrN4O2S 470.04121, found 470.04159 HPLC, ret. time:
6.583 min.

4.5.3. 2-[(4-Bromobenzoyl)amino]-N-pyridin-2-yl-5,6,7,8-tetrahydro-4H-
cyclohepta[b]thiophene-3-carboxamide (24)

The title compound was prepared starting from 68 [39] through
Method C using 4-bromobenzoyl chloride and purified by flash chro-
matography eluting with cyclohexane/EtOAc (90:10), in 10 % yield as
white solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.52–1.57 (m, 4H, cyclo-
heptane CH2), 1.77–1.79 (m, 2H, cycloheptane CH2), 2.71–2.74 (m, 4H,
cycloheptane CH2), 7.09 (t, J = 6.0 Hz, 1H, pyridine CH), 7.68 (d, J =

7.5 Hz, 2H, aromatic CH), 7.75–7.81 (m, 3H, aromatic CH and pyridine
CH), 8.16 (d, J = 8.3 Hz, 1H, pyridine CH), 8.32 (d, J = 4.53 Hz, 1H,
pyridine CH), 10.45 and 11.02 (s, each 1H, NH). 13C NMR (101 MHz,
DMSO‑d6): δ 27.60, 28.19, 28.33, 28.93, 32.30, 114.99, 120.07, 124.97,
126.31, 130.37, 131.99, 132.37, 132.72, 135.82, 136.51, 138.35,
148.45, 152.57, 163.70, 164.07. HRMS (ESI) m/z [M + H]+ calcd for
C22H20BrN3O2S 469.04596, found 469.04577. HPLC, ret. time: 6.847
min.

4.5.4. N-(3-(Pyridin-2-ylcarbamoyl)-5,6,7,8-tetrahydro-4H-cyclohepta[b]
thiophen-2-yl)-2,3-dihydrobenzo[b][1,4]dioxine-6-carboxamide (25)

The title compound was prepared starting from 68 [39] through
Method C using 2,3-dihydrobenzo[b][1,4]dioxine-6-carbonyl chloride
and purified by flash chromatography eluting with cyclohexane/EtOAc
(75:25), in 95 % yield as white solid. 1H NMR (400 MHz, DMSO‑d6): δ
1.41–1.50 (m, 4H, cycloheptane CH2), 1.58–1.61 (m, 2H, cycloheptane
CH2), 2.63–2.70 (m, 4H, cycloheptane CH2), 4.24–4.26 (m, 4H, benzo-
dioxane CH2), 6.88–6.98 (m, 1H, aromatic CH), 7.08–7.10 (m, 1H, ar-
omatic CH), 7.29–7.40 (m, 2H, aromatic CH), 7.76–7.80 (m, 1H,
aromatic CH), 8.16 (d, J = 8.2 Hz, 1H, aromatic CH), 8.30 (s, 1H, aro-
matic CH), 10.32 and 10.83 (s, each 1H, NH). 13C NMR (101 MHz,
DMSO‑d6): δ 27.59, 28.16, 28.42, 28.90, 32.26, 64.43, 64.86, 114.99,
117.19, 117.58, 120.09, 121.64, 124.22, 126.32, 132.01, 136.33,
136.79, 138.40, 143.51, 147.29, 148.42, 152.48, 163.60, 164.33. HRMS
(ESI) m/z [M + H]+ calcd for C24H23N3O4S 450.1468, found 450.1487.
HPLC, ret. time: 6.230 min.

4.5.5. 2-(5-Chlorothiophene-2-carboxamido)-N-(pyridin-2-yl)-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (27)

The title compound was prepared starting from 68 [39] through
Method C using 5-chlorothiophene-2-carbonyl chloride and purified by
crystallization by EtOH, in 53 % yield as white solid. 1H NMR (400 MHz,
DMSO‑d6): 1.48–1.63 (m, 4H, cycloheptane CH2), 1.73–1.82 (m, 2H,
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cycloheptane CH2), 2.62–2.79 (m, 4H, cycloheptane CH2), 7.05–7.11
(m, 1H, pyridine CH), 7.19–7.23 (m, 1H, aromatic CH), 7.67–7.71 (m,
1H, aromatic CH), 7.78 (t, J = 7.6 Hz, 1H, pyridine CH), 8.18 (d, J= 8.2
Hz, 1H, thiophene CH), 8.27–8.31 (m, 1H, aromatic CH), 10.48 and
10.85 (s, each 1H, NH). δ 13C NMR (101MHz, DMSO‑d6): δ 27.51, 28.09,
28.24, 28.90, 32.20, 114.93, 119.99, 125.94, 128.76, 130.29, 132.91,
134.51, 134.75, 136.63, 137.38, 138.27, 148.24, 152.49, 158.18,
163.58. HRMS (ESI)m/z [M+ H]+ calcd for C20H18ClN3O2S2 432.0608,
found 432.0602. HPLC, ret. time: 6.798 min.

4.5.6. N-pyridin-2-yl-2-[(3-thienylcarbonyl)amino]-5,6,7,8-tetrahydro-
4H-cyclohepta[b]thiophene-3-carboxamide (28)

The title compound was prepared starting from 68 [39] through
Method C using thiophene-3-carbonyl chloride and purified by flash
chromatography eluting with cyclohexane/EtOAc (70:30), in 29 % yield
as white solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.49–1.61 (m, 4H,
cycloheptane CH2), 1.75–1.83 (m, 2H, cycloheptane CH2), 2.68–2.77
(m, 4H, cycloheptane CH2), 7.10 (t, J = 6.5 Hz, 1H, aromatic CH),
7.48–7.52 (m, 1H, aromatic CH), 7.60–7.64 (m, 1H, aromatic CH), 7.77
(t, J = 6.5 Hz, 1H, aromatic CH), 8.18 (d, J = 7.5 Hz, 1H, aromatic CH),
8.23–8.26 (m, 1H, aromatic CH), 8.29–8.34 (m, 1H, aromatic CH), 10.37
and 10.76 (s, each 1H, NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.60,
28.17, 28.39, 28.93, 32.30, 115.02, 120.09, 124.80, 127.26, 127.88,
131.04, 132.29, 135.93, 136.46, 138.37, 148.39 (2C), 152.54, 160.09,
164.20. HRMS (ESI) m/z [M + H]+ calcd for C20H19N3O2S2 398.0998,
found 398.0991. HPLC, ret. time: 6.015 min.

4.5.7. 2-[(4-Cyanobenzoyl)amino]-N-pyridin-2-yl-5,6,7,8-tetrahydro-4H-
cyclohepta[b]thiophene-3-carboxamide (30)

The title compound was prepared starting from 68 [39] through
Method C using 4-cyanobenzoyl chloride and purified by crystallization
in EtOH, in 13 % yield as yellow solid. 1H NMR (400 MHz, DMSO‑d6): δ
1.52–1.58 (m, 4H, cycloheptane CH2), 1.76–1.78 (m, 2H, cycloheptane
CH2), 2.68–72 (m, 4H, cycloheptane CH2), 7.10 and 7.77 (m, each 1H,
pyridine CH), 7.96 and 8.02 (d, J = 8.4 Hz, each 2H, aromatic CH), 8.17
(d, J= 8.3 Hz, 1H, pyridine CH), 8.32–8.34 (m, 1H, pyridine CH), 10.52
and 11.18 (s, each 1H, NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.53,
28.18 (2C), 28.87, 32.25, 114.53, 114.98, 118.62, 120.02, 125.31,
129.15, 132.59, 132.90, 135.16, 136.58, 137.64, 138.45 (2C), 152.47,
163.26, 163.85. HRMS (ESI) m/z [M + H]+ calcd for C23H20N4O2S
416.1307, found 416.13131 HPLC, ret. time: 6.052 min.

4.5.8. 1-Oxo-N-(3-(pyridin-2-ylcarbamoyl)-5,6,7,8-tetrahydro-4H-
cyclohepta[b]thiophen-2-yl)-1,3-dihydroisobenzofuran-5-carboxamide
(31)

The title compound was prepared starting from 68 [39] through
Method C using 1-oxo-1,3-dihydroisobenzofuran-5-carbonyl chloride
and purified by crystallized by EtOH/DMF, in 60 % yield as yellow solid.
1H NMR (400 MHz, DMSO‑d6): δ 1.58–1.64 (m, 4H, cycloheptane CH2),
1.80–1.86 (m, 2H, cycloheptane CH2), 2.73–2.78 (m, 4H, cycloheptane
CH2), 5.48 (s, 2H, OCH2), 7.15 (t, J = 5.1 Hz, 1H, aromatic CH), 7.82 (t,
J = 7.1 Hz, 1H, aromatic CH), 7.97 (d, J = 7.9 Hz, 1H, aromatic CH),
8.07 (d, J = 7.9 Hz, 1H, aromatic CH), 8.17–8.22 (m, 2H, aromatic CH),
8.39 (d, J = 3.79 Hz, 1H, aromatic CH), 10.51 (s, 1H, CONH), 11.23 (s,
1H, CONH). 13C NMR (101 MHz, DMSO‑d6): δ 27.13, 27.75, 27.85,
28.49, 31.83, 70.00, 114.57, 119.68, 122.69, 125.06, 127.65 (2C),
128.59, 132.24, 135.08, 136.20, 137.94, 138.49, 147.40, 147.98,
152.14, 163.47 (2C), 168.89. HRMS (ESI) m/z [M + H]+ calcd for
C24H21N3O4S 448.1312, found 448.1345 HPLC, H2O with 0.1 % FA 20
%/CH3CN 80 %, ret. time: 2.7500 min.

4.5.9. N-(3-(Pyridin-2-ylcarbamoyl)-5,6,7,8-tetrahydro-4H-cyclohepta[b]
thiophen-2-yl)benzo[c] [1,2,5]oxadiazole-5-carboxamide (32)

The title compound was prepared starting from 68 [39] through
Method C using benzo[c][1,2,5]oxadiazole-5-carbonyl chloride and
purified by crystallization by EtOH/DMF, in 60 % yield as yellow solid.

1H NMR (400 MHz, DMSO‑d6): δ 1.57–1.63 (m, 4H, cycloheptane CH2),
1.82–1.85 (m, 2H, cycloheptane CH2), 2.75–2.79 (m, 4H, cycloheptane
CH2), 7.17 (t, J = 5.0 Hz, 1H, aromatic CH), 7.83 (t, J = 7.1 Hz, 1H,
aromatic CH), 7.96 (d, J= 9.4 Hz, 1H, aromatic CH), 8.18 (d, J= 9.2 Hz,
1H, aromatic CH), 8.24 (d, J = 8.0 Hz, 1H, aromatic CH), 8.41 (d, J =

4.7, 1H aromatic CH), 8.69 (s, 1H, aromatic CH), 10.67 (s, 1H, CONH),
11.35 (s, 1H, CONH). 13C NMR (101 MHz, DMSO‑d6): δ 27.16, 27.77
(2C), 28.53, 31.88, 114.98, 116.59, 117.27, 119.68, 125.43, 131.50,
132.54, 134.39, 136.40, 137.07, 137.94, 147.94, 148.67, 149.11,
152.27, 162.76, 163.14. HRMS (ESI) m/z [M + H]+ calcd for
C22H19N5O3S 434.1268, found 434.1296 HPLC, H2O with 0.1 % FA 20
%/CH3CN 80 %, ret. time: 3.4700 min.

4.5.10. 2-[(2-Methoxy-4-nitrobenzoyl)amino]-N-pyridin-2-yl-5,6,7,8-
tetrahydro-4H cyclohepta[b]thiophene-3-carboxamide (69)

The title compound was prepared starting from 68 [39] through
Method C using 2-methoxy-4-nitrobenzoyl chloride and purified by
treatment Et2O, in 77 % yield as orange solid. 1H NMR (400 MHz,
DMSO‑d6): δ 1.56–1.60 (m, 4H, cycloheptane CH2), 1.72–1.78 (m, 2H,
cycloheptane CH2), 2.63–2.70 (m, 2H, cycloheptane CH2), 2.78–2.80
(m, 2H, cycloheptane CH2), 4.05 (s, 3H, CH3), 7.14 (dd, J = 4.9 Hz, and
J = 7.2 Hz, 1H, pyridine CH), 7.80–7.86 (m, 1H, pyridine CH),
7.91–7.93 (m, 2H, aromatic CH and pyridine CH), 8.22 (t, J = 8.7 Hz,
1H, pyridine CH2), 8.33 (d, J = 5.6 Hz, 1H, aromatic CH), 10.45 and
11.72 (s, each 1H, NH).

4.5.11. 2-[(2-Hydroxy-4-nitrobenzoyl)amino]-N-pyridin-2-yl-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (29)

The title compoundwas prepared starting from 69 throughMethod D
and purified by flash chromatography eluting with cyclohexane/EtOAc
(70:30), in 14 % yield as yellow solid. 1H NMR (400 MHz, DMSO‑d6): δ
1.56–1.59 (m, 4H, cycloheptane CH2), 1.76–1.79 (m, 2H, cycloheptane
CH2), 2.70–2.76 (m, 4H, cycloheptane CH2), 7.11–7.13 (m, 1H, pyridine
CH), 7.71–7.74 (m, 2H, aromatic CH), 7.81 (t, J = 7.7 Hz, 1H, pyridine
CH), 8.04 and 8.17 (d, J= 8.2 Hz and J= 8.6 Hz, each 1H, pyridine CH),
8.31 (d, J = 4.0 Hz, 1H, aromatic CH), 10.44 and 12.06 (s, 1H, NH). 13C
NMR (101MHz, DMSO‑d6): δ 27.46, 27.98, 28.72, 28.76, 32.08, 111.75,
114.36, 115.16, 120.28, 122.37, 123.23, 131.63, 133.02, 135.64,
137.03, 138.42, 148.57, 150.41, 152.02, 156.98, 160.19, 164.79. HRMS
(ESI) m/z [M − H]- calcd for C22H20N4O5S 452.11544, found
452.11541. HPLC, ret. time: 5.938 min.

4.5.12. N-(4-chlorophenyl)-2-[(4-cyanobenzoyl)amino]-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (33)

The title compound was prepared starting from 58 [40] through
Method C using 4-cyanobenzoyl chloride and purified by crystallization
by EtOH/DMF, in 41 % yield as yellow solid. 1H NMR (400 MHz,
DMSO‑d6): δ 1.56–1.63 (m, 4H, cycloheptane CH2), 1.81–1.85 (m, 2H,
cycloheptane CH2), 2.71–2.79 (m, 4H, cycloheptane CH2), 7.40 (d, J =

8.6 Hz, 2H, aromatic CH), 7.79 (d, J = 8.2 Hz, 2H, aromatic CH),
7.97–8.02 (m, 4H, aromatic CH), 10.35 and 11.26 (s, each 1H, NH). 13C
NMR (101 MHz, DMSO‑d6): δ 27.80, 28.40 (2C), 29.05, 32.41, 114.70,
118.75, 121.75, 125.92, 127.47, 129.04, 129.10, 132.80, 133.10,
134.54, 136.56, 137.83, 138.96, 163.37, 163.62. HRMS (ESI) m/z [M +

Na]+ calcd for C24H20ClN3O2S 472.08627, found 472.08652. HPLC,
H2O 20 %/CH3CN 80 %, ret. time: 3.7033 min.

4.5.13. N-(4-chlorophenyl)-2-{[(5-chloro-2-thienyl)carbonyl]amino}-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (35)

The title compound was prepared starting from 58 [40] through
Method C using 5-chlorothiophene-2-carbonyl chloride and purified by
crystallization by EtOH/DMF, in 10 % yield as yellow solid. 1H NMR
(400 MHz, DMSO‑d6): δ 1.52–1.55 (m, 2H, cycloheptane CH2),
1.59–1.62 (m, 2H, cycloheptane CH2), 1.80–1.84 (m, 2H, cycloheptane
CH2), 2.70–2.75 (m, 4H, cycloheptane CH2), 7.23 (d, J = 3.28 Hz, 1H,
thiophene CH), 7.38 (d, J= 8.12 Hz, 2H, aromatic CH), 7.67 (d, J= 3.25
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Hz, 1H, thiophene CH), 7.76 (d, J = 8.38 Hz, 2H, aromatic CH), 10.31
and 11.11 (s, each 1H, NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.70,
28.28 (2C), 28.99, 32.33, 121.70, 126.33, 128.89, 128.91, 130.19,
133.07, 133.90, 134.79, 136.60, 137.53, 138.85, 158.21, 163.42. HRMS
(ESI) m/z [M − H]- calcd for C21H18Cl2N2O2S2 464.01867, found
464.01928. HPLC, H2O with 0.1 % FA 10 %/CH3CN 90 %, ret. time:
4.2733 min.

4.5.14. N-(4-chlorophenyl)-2-[(2-methoxy-4-nitrobenzoyl)amino]-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (70)

The title compound was prepared starting from 58 [40] through
Method C using 2-methoxy-4-nitrobenzoyl chloride and purified by
trituration with Et2O/EtOH, in 47 % yield as yellow solid. 1H NMR (400
MHz, DMSO‑d6): δ 1.59–1.65 (m, 4H, cycloheptane CH2), 1.81–1.85 (m,
2H, cycloheptane CH2), 2.75–2.82 (m, 4H, cycloheptane CH2), 4.06 (s,
3H, OCH3), 7.43 (d, J = 8.5 Hz, 2H, aromatic CH), 7.80 (d, J = 8.4 Hz,
2H, aromatic CH), 7.95–7.98 (m, 2H, aromatic CH), 8.25 (d, J = 8.8 Hz,
1H, aromatic CH), 10.27 and 11.82 (s, each 1H, NH).

4.5.15. N-(4-chlorophenyl)-2-[(2-hydroxy-4-nitrobenzoyl)amino]-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (34)

The title compoundwas prepared starting from 70 throughMethod D
and purified by crystallization by EtOH/DMF, in 79 % yield as white
solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.60–1.65 (m, 4H, cycloheptane
CH2), 1.81–1.86 (m, 2H, cycloheptane CH2), 2.76–2.80 (m, 4H, cyclo-
heptane CH2), 7.44 (d, J = 8.7 Hz, 2H, aromatic CH), 7.71–7.80 (m, 4H,
aromatic CH), 8.21 (d, J= 8.6 Hz, 1H, aromatic CH), 10.29 and 11.99 (s,
each 1H, NH), 12.82 (s, 1H, OH). 13C NMR (101 MHz, DMSO‑d6): δ
27.77, 28.23, 28.95 (2C), 32.30, 111.95, 114.56, 122.14, 123.01,
123.38, 127.96, 129.21, 132.10, 133.17, 135.70, 136.31, 138.21,
150.61, 157.12, 160.32, 164.26. HRMS (ESI) m/z [M − H]- calcd for
C23H20ClN3O5S 484.0739 found 484.07318. HPLC, H2O 30 %/CH3CN
70 %, ret. time: 6.5733 min.

4.5.16. 2-[(4-Cyanobenzoyl)amino]-N-[4-(trifluoromethyl)phenyl]-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (36)

The title compound was prepared starting from 60 [43] through
Method C using 4-cyanobenzoyl chloride and purified by crystallization
by EtOH/DMF, in 47 % yield as yellow solid. 1H NMR (400 MHz,
DMSO‑d6): δ 1.57–1.63 (m, 4H, cycloheptane CH2), 1.78–1.82 (m, 2H,
cycloheptane CH2), 2.74–2.76 (m, 4H, cycloheptane CH2), 7.71 (d, J =

8.6 Hz, 2H, aromatic CH), 7.97–8.02 (m, 6H, aromatic CH), 10.60 and
11.29 (s, each 1H, NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.78, 28.40
(2C), 29.03, 32.41, 114.71, 118.74, 120.05, 123.87 (q, J = 32.7 Hz),
125.06 (q, J = 278.76 Hz), 125.73, 126.44, 129.13, 132.87, 133.10,
134.72, 136.58, 137.84, 143.64, 163.47, 163.97. HRMS (ESI) m/z [M +

Na]+ calcd for C25H20F3N3O2S 506.11257, found 506.11312. HPLC,
H2O 20 %/CH3CN 80 %, ret. time: 3.7133 min.

4.5.17. 2-{[(5-Chloro-2-thienyl)carbonyl]amino}-N-[4-(trifluoromethyl)
phenyl]-5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide
(39)

The title compound was prepared starting from 60 [43] through
Method C using 5-chlorothiophene-2-carbonyl chloride and purified by
crystallization by EtOH/DMF, in 26 % yield as white solid. 1H NMR
(400 MHz, DMSO‑d6): δ 1.53–1.58 (m, 2H, cycloheptane CH2),
1.60–1.64 (m, 2H, cycloheptane CH2), 1.80–1.84 (m, 2H, cycloheptane
CH2), 2.71–2.77 (m, 4H, cycloheptane CH2), 7.23 (d, J = 4.09 Hz, 1H,
aromatic CH), 7.68–7.70 (m, 3H, aromatic CH), 7.94 (d, J= 8.50 Hz, 2H,
aromatic CH), 10.53 and 11.05 (s, each 1H, NH). 13C NMR (101 MHz,
DMSO‑d6): δ 27.68, 28.22, 28.97, 32.32, 32.97, 119.99, 123.73 (q,
J=32.3 Hz), 124.99 (q, J=284.8 Hz), 126.08, 126.30 (q, J=3.0 Hz),
128.89, 130.22, 133.12, 134.14, 134.81, 136.61, 137.52, 143.52,
158.25, 163.79. HRMS (ESI) m/z [M − H]- calcd for C22H18ClF3N2O2S2
498.04503, found 498.04553. HPLC, RP C18, H2O with 0.1 % FA 10
%/CH3CN 90 %, ret. time: 4.1900 min.

4.5.18. 2-[(2-Methoxy-4-nitrobenzoyl)amino]-N-[4-(trifluoromethyl)
phenyl]-5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide
(71)

The title compound was prepared starting from 60 [43] through
Method C using 2 methoxy-4-nitrobenzoyl chloride and purified by
trituration with Et2O/EtOH, in 83 % yield as yellow solid. 1H NMR (400
MHz, DMSO‑d6): δ 1.60–1.66 (m, 4H, cycloheptane CH2), 1.81–1.85 (m,
2H, cycloheptane CH2), 2.78–2.83 (m, 4H, cycloheptane CH2), 4.07 (s.
3H, OCH3), 7.75 (d, J = 8.4 Hz, 2H, aromatic CH), 7.96–8.00 (m, 4H,
aromatic CH), 8.25 (d, J= 8.9 Hz, 1H, aromatic CH), 10.49 and 11.84 (s,
each 1H, NH).

4.5.19. 2-(2-Methoxybenzamido)-N-(4-(trifluoromethyl)phenyl)-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (72)

The title compound was prepared starting from 60 [43] through
Method C using 2-methoxybenzoyl chloride and purified by crystalli-
zation by EtOH/DMF, in 39 % yield as brown solid. 1H NMR (400 MHz,
DMSO‑d6): δ 1.52–1.68 (m, 4H, cycloheptane CH2), 1.77–1.81 (m, 2H,
cycloheptane CH2), 2.73–2.81 (m, 4H, cycloheptane CH2), 3.93 (s, 3H,
CH3), 7.15 (t, J = 7.6 Hz, 1H, aromatic CH), 7.23 (d, J = 8.4 Hz, 1H,
aromatic CH), 7.60 (t, J = 7.2 Hz, 1H, aromatic CH), 7.75 and 7.99 (d, J
= 8.4 Hz, each 2H. aromatic CH), 8.07 (d, J= 7.3 Hz, 1H, aromatic CH),
10.49 and 11.82 (s, each 1H, NH).

4.5.20. 2-(2-Hydroxybenzamido)-N-(4-(trifluoromethyl)phenyl)-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (37)

The title compoundwas prepared starting from 72 throughMethod D
and purified by crystallization by EtOH, in 80 % yield as yellow solid. 1H
NMR (400 MHz, DMSO‑d6): δ 1.53–1.71 (m, 4H, cycloheptane CH2),
1.79–1.83 (m, 2H, cycloheptane CH2), 2.71–2.80 (m, 4H, cycloheptane
CH2), 6.93–7.05 (m, 2H, aromatic CH), 7.36–7.43 (m, 1H, aromatic CH),
7.74 and 7.91 (d, J= 7.0 Hz, each 2H, aromatic CH), 7.98 (d, J= 7.1 Hz,
1H, aromatic CH), 10.50 (s, 1H, NH), 11.72 (s, 1H, OH), 11.90 (s, 1H,
NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.74, 28.27, 28.92 (2C), 32.24,
117.36, 117.71, 120.31, 120.42 (2C), 122.34, 124.25 (J = 32.3 Hz),
124.96 (J= 272.7 Hz), 126.31, 131.49, 134.36, 135.41, 137.03, 143.01,
156.83, 162.25, 164.74. HRMS (ESI)m/z [M − H]- calcd C24H21F3N2O3S
473.1152 found 473.11444. HPLC, H2O 20 %/CH3CN 80 %, ret. time:
4.3967 min.

4.5.21. 2-[(2-Hydroxy-4-nitrobenzoyl)amino]-N-[4-(trifluoromethyl)
phenyl]-5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide
(38)

The title compoundwas prepared starting from 71 throughMethod D
and purified by crystallization by EtOH/DMF, in 21 % yield as white
solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.60–1.66 (m, 4H, cycloheptane
CH2), 1.81–1.84 (m, 2H, cycloheptane CH2), 2.76–2.81 (m, 4H, cyclo-
heptane CH2), 7.74–7.80 (m, 4H, aromatic CH), 7.91 (d, J = 7.6 Hz, 2H,
aromatic CH), 8.21 (d, J= 8.6 Hz, 1H, aromatic CH), 10.52 and 11.99 (s,
each 1H, NH), 12.71 (s, 1H, OH). 13C NMR (101 MHz, DMSO‑d6): δ
27.75, 28.22, 28.94 (2C), 32.29, 111.97, 114.58, 120.44, 122.78,
123.39, 123.85 (q, J = 58.6 Hz), 125.37 (q, J = 183.8 Hz), 126.63,
132.19, 133.17, 135.73, 136.66, 142.87, 150.62, 157.13, 160.41,
164.64. HRMS (ESI) m/z [M − H]- calcd for C24H20F3N3O5S 518.1005
found 518.09986. HPLC, H2O 20 %/CH3CN 80 %, ret. time: 3.2833 min.

4.5.22. 2-[(4-Cyanobenzoyl)amino]-N-1,3-thiazol-2-yl-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (40)

The title compound was prepared starting from 64 [40] through
Method C using 4-cyanobenzoyl chloride and purified by crystallization
by EtOH/DMF, in 58 % yield as yellow solid. 1H NMR (400 MHz,
DMSO‑d6): δ 1.56–1.62 (m, 4H, cycloheptane CH2), 1.81–1.87 (m, 2H,
cycloheptane CH2), 2.75–2.82 (m, 4H, cycloheptane CH2), 7.23 (d, J =

3.2 Hz, 1H, aromatic CH), 7.53 (d, J = 3.7 Hz, 1H, aromatic CH),
8.02–8.06 (m, 4H, aromatic CH), 11.48 and 12.37 (s, each 1H, NH). 13C
NMR (101MHz, DMSO‑d6): δ 27.73, 28.15, 28.35, 29.00, 32.51, 113.59,
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114.74, 118.79, 123.25, 129.20, 132.60, 133.18, 137.04, 137.80,
163.15. HRMS (ESI) m/z [M + H]+ calcd for C21H18N4O2S2 423.0944,
found 423.09504. HPLC, H2O 30 %/CH3CN 70 %, ret. time: 4.4433 min.

4.5.23. 2-{[(5-Chloro-2-thienyl)carbonyl]amino}-N-1,3-thiazol-2-yl-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (42)

The title compound was prepared starting from 64 [40] through
Method C using 5-chlorothiophene-2-carbonyl chloride and purified by
crystallization by EtOH/DMF, in 32 % yield as yellow solid. 1H NMR
(400 MHz, DMSO‑d6): δ 1.52–1.55 (m, 2H, cycloheptane CH2),
1.59–1.62 (m, 2H, cycloheptane CH2), 1.80–1.84 (m, 2H, cycloheptane
CH2), 2.68–2.74 (m, 4H, cycloheptane CH2), 7.22–7.23 (m, 2H, aromatic
CH), 7.51 (d, J = 3.42 Hz, 1H, aromatic CH), 7.71 (d, J = 11.09 Hz, 1H,
aromatic CH), 11.50 and 12.32 (s, each 1H, NH). 13C NMR (101 MHz,
DMSO‑d6): 27.62, 28.07, 28.21, 28.93, 32.38, 113.48, 123.47, 128.92,
130.28, 132.72, 134.83, 136.96, 137.55, 158.02. HRMS (ESI) m/z [M −

H]- calcd for C18H16ClN3O2S3 437.00932, found 437.01073. HPLC, H2O
with 0.1 % FA 10 %/CH3CN 90 %, ret. time: 3.6300 min.

4.5.24. 2-[(2-Methoxy-4-nitrobenzoyl)amino]-N-1,3-thiazol-2-yl-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (73)

The title compound was prepared starting from 64 [40] through
Method C using 2-methoxy-4-nitrobenzoyl chloride and purified by
trituration with Et2O/EtOH, in 88 % yield as yellow solid. 1H NMR (400
MHz, DMSO‑d6): δ 1.59–1.64 (m, 4H, cycloheptane CH2), 1.81–1.85 (m,
2H, cycloheptane CH2), 2.75–2.78 (m, 2H, cycloheptane CH2),
2.91–2.94 (m, 2H, cycloheptane CH2), 4.19 (s, 3H, OCH3), 7.29 (d, J =
3.5 Hz, 1H, aromatic CH), 8.56 (d, J = 3.6 Hz, 1H, aromatic CH),
7.95–7.98 (m, 2H, aromatic CH), 8.27 (d, J = 8.2 Hz, 1H, aromatic CH),
8.60 and 12.28 (s, each 1H, NH).

4.5.25. 2-[(2-Hydroxy-4-nitrobenzoyl)amino]-N-1,3-thiazol-2-yl-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (41)

The title compoundwas prepared starting from 73 throughMethod D
and purified by crystallization by EtOH/DMF, in 57 % yield as white
solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.59–1.64 (m, 4H, cycloheptane
CH2), 1.81–1.85 (m, 2H, cycloheptane CH2), 2.73–2.77 (m, 2H, cyclo-
heptane CH2), 2.84–2.86 (m, 2H, cycloheptane CH2), 6.54 (d, J = 3.5
Hz, 1H, aromatic CH), 7.55 (d, J = 3.4 Hz, 1H, aromatic CH), 7.78–7.82
(m, 2H, aromatic CH), 8.20 (d, J = 8.6 Hz, 1H, aromatic CH), 12.41 (bs,
3H, OH and NH x 2). 13C NMR (101 MHz, DMSO‑d6): δ 27.74, 28.21,
28.74, 28.88, 32.36, 112.07, 113.96, 114.53, 121.21, 123.66, 132.04,
133.13, 136.17, 137.69, 150.59, 157.19, 159.12, 160.55, 162.85,
164.79. HRMS (ESI) m/z [M − H]- calcd for C20H18N4O5S2 459.0792
found 459.07968. HPLC, H2O 30 %/CH3CN 70 %, ret. time: 4.3367 min.

4.5.26. 2-[(4-Cyanobenzoyl)amino]-N-(2-methoxyphenyl)-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (74)

The title compound was prepared starting from 65 [44] through
Method C using 4-cyanobenzoyl chloride and purified by crystallization
by EtOH/DMF, in 49 % yield as yellow solid. 1H NMR (400 MHz,
DMSO‑d6): δ 1.64–1.65 (m, 4H, cycloheptane CH2), 1.83–1.86 (m, 2H,
cycloheptane CH2), 2.77–2.79 (m, 2H, cycloheptane CH2), 2.87–2.90
(m, 2H, cycloheptane CH2), 3.71 (s, 3H, OCH3), 6.97 (t, J = 7.5 Hz, 1H,
aromatic CH), 7.06 (d, J= 8.3 Hz, 1H, aromatic CH), 7.13 (t, J= 8.0 Hz,
1H, aromatic CH), 8.05–8.10 (m, 5H, aromatic CH), 8.97 and 11.29 (s,
each 1H, NH).

4.5.27. 2-(2-Methoxybenzamido)-N-(2-methoxyphenyl)-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (75)

The title compound was prepared starting from 65 [44] through
Method C using 2-methoxybenzoyl chloride and purified by flash
chromatography eluting with cyclohexane/EtOAc (90:10), in 6 % yield
as yellow solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.53–1.65 (m, 4H,
cycloheptane CH2), 1.80–1.84 (m, 2H, cycloheptane CH2), 2.76–2.79
(m, 2H, cycloheptane CH2), 2.83–2.95 (m, 2H, cycloheptane CH2), 3.84

(s, 3H, CH3), 4.05 (s, 3H, CH3), 7.01 (t, J = 7.6 Hz, 1H, aromatic CH),
7.10–7.19 (m, 3H, aromatic CH), 7.26 (d, J = 7.9 Hz, 1H, aromatic CH),
7.62 (t, J = 8.1 Hz, 1H, aromatic CH), 8.08 (d, J = 7.8 Hz, 1H, aromatic
CH), 8.15 (d, J = 6.8 Hz, 1H, aromatic CH), 8.78 and 12.28 (s, each 1H,
NH).

4.5.28. 2-[(2-Methoxy-4-nitrobenzoyl)amino]-N-(2-methoxyphenyl)-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (76)

The title compound was prepared starting from 65 [44] through
Method C using 2-methoxy-4-nitrobenzoyl chloride and purified by
crystallization by EtOH/DMF, in 88 % yield as yellow solid. 1H NMR
(400 MHz, DMSO‑d6): δ 1.68–1.70 (m, 4H, cycloheptane CH2),
1.85–1.89 (m, 2H, cycloheptane CH2), 2.79–2.80 (m, 2H, cycloheptane
CH2), 2.92–2.94 (m, 2H, cycloheptane CH2), 3.85 and 4.18 (s, each 3H,
OCH3), 7.02–7.06 (m, 1H, aromatic CH), 7.11–7.16 (m, 1H, aromatic
CH), 7.39–7.40 (m, 1H, aromatic CH), 7.96–7.99 (m, 2H, aromatic CH),
8.13–8.16 (m, 1H, aromatic CH), 8.29–8.32 (m, 1H, aromatic CH), 8.80
and 12.30 (s, each 1H, NH).

4.5.29. 2-{[(5-Chloro-2-thienyl)carbonyl]amino}-N-(2-methoxyphenyl)-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (77)

The title compound was prepared starting from 65 [44] through
Method B using 5-chlorothiophene-2-carbonyl chloride without purifi-
cation, in 65 % yield as yellow solid. 1H NMR (400 MHz, CDCl3): δ
1.76–1.78 (m, 4H, cycloheptane CH2), 1.94–1.96 (m, 2H, cycloheptane
CH2), 2.81–2.82 (m, 2H, cycloheptane CH2), 3.00–3.02 (m, 2H, cyclo-
heptane CH2), 3.94 (s, 3H, CH3), 6.95–6.99 (m, 2H, aromatic CH),
7.02–7.16 (m, 2H, aromatic CH), 7.54 (d, J = 4.05 Hz, aromatic CH),
8.19 (s, 1H, NH), 8.50 (d, 1H, J = 7.83 Hz, thiophene CH), 12.02 (s, 1H
NH).

4.5.30. 2-[(4-Cyanobenzoyl)amino]-N-(2-hydroxyphenyl)-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (43)

The title compoundwas prepared starting from 74 throughMethod D
and purified by crystallization by EtOH/DMF, in 58 % yield as yellow
solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.61–1.65 (m, 4H, cycloheptane
CH2), 1.82–1.86 (m, 2H, cycloheptane CH2), 2.75–2.79 (m, 2H, cyclo-
heptane CH2), 2.85–2.89 (m, 2H, cycloheptane CH2), 6.84 (t, J= 6.7 Hz,
1H, aromatic CH), 6.89 (d, J= 7.7 Hz, 1H, aromatic CH), 7.01 (t, J= 6.7
Hz, 1H, aromatic CH), 7.87–7.89 (m, 1H, aromatic CH), 8.04–8.07 (m,
4H, aromatic CH), 9.09, 9.97 and 11.43 (s, each 1H, NH x 2 and OH). 13C
NMR (101MHz, DMSO‑d6): δ 27.63, 28.24, 28.48, 28.93, 32.29, 114.91,
116.01, 118.76, 119.57, 123.35 (2C), 124.92, 125.81, 126.46, 128.94,
133.32, 135.95, 136.30, 137.36, 148.81, 163.11, 163.70. HRMS (ESI)
m/z [M − H]- calcd for C24H21N3O3S 430.1231 found 430.12282. HPLC,
H2O 20 %/CH3CN 80 %, ret. time: 2.7200 min.

4.5.31. 2-(2-Hydroxybenzamido)-N-(2-hydroxyphenyl)-5,6,7,8-
tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (44)

The title compoundwas prepared starting from 75 throughMethod D
and purified by crystallization by EtOH/DMF, in 40 % yield as white
solid. 1H NMR (400 MHz, DMSO‑d6): δ 1.57–1.63 (m, 4H, cycloheptane
CH2), 1.79–1.83 (m, 2H, cycloheptane CH2), 2.77–2.81 (m, 2H, cyclo-
heptane CH2), 2.85–2.93 (m, 2H, cycloheptane CH2), 6.85 (t, J= 7.4 Hz,
1H, aromatic CH), 6.91 (d, J = 8.0 Hz, 1H, aromatic CH), 6.96–7.04 (m,
3H, aromatic CH), 7.42 (t, J = 8.0 Hz, 1H, aromatic CH), 7.84 and 7.98
(d, J = 7.5 Hz, each 1H, aromatic CH), 8.89 (s, 1H, NH), 9.91 and 11.78
(s, each 1H, OH), 12.29 (s, 1H, NH). 13C NMR (101 MHz, DMSO‑d6): δ
27.68, 28.24, 28.78, 28.86, 32.29, 116.12, 117.27, 117.69, 119.54,
120.19, 121.33, 123.37, 125.80, 126.36, 131.54, 131.58, 134.37,
134.79, 138.25, 148.97, 156.94, 162.17, 164.11. HRMS (ESI) m/z [M −

H]- calcd for C23H22N2O4S 421.1227 found 421.12213. HPLC, H2O 20
%/CH3CN 80 %, ret. time: 3.1000 min.
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4.5.32. 2-[(2-Hydroxy-4-nitrobenzoyl)amino]-N-(2-hydroxyphenyl)-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (45)

The title compoundwas prepared starting from 76 throughMethod D
and purified by flash chromatography column eluting with CHCl3/
MeOH (95/5), in 21 % yield as yellow solid. 1H NMR (400 MHz,
DMSO‑d6): δ 1.69–1.73 (m, 4H, cycloheptane CH2), 1.83–1.86 (m, 2H,
cycloheptane CH2), 2.75–2.78 (m, 2H, cycloheptane CH2), 2.90–2.93
(m, 2H, cycloheptane CH2), 6.85 (t, J = 7.4 Hz, 1H, aromatic CH), 6.91
(d, J = 8.0 Hz, 1H, aromatic CH), 7.03 (t, J = 7.4 Hz, 1H, aromatic CH),
7.77–7.83 (m, 3H, aromatic CH), 8.22 (d, J = 8.5 Hz, 1H, aromatic CH),
8.91 and 9.90 (s, each 1H, NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.62,
28.17, 28.79, 28.80, 32.11, 111.98, 114.42, 116.26, 119.60, 122.10,
123.36, 123.66, 125.84, 126.40, 132.40, 133.17, 134.98, 137.82,
148.98, 150.72, 157.29, 160.49, 164.10. HRMS (ESI) m/z [M − H]-

calcd for C23H21N3O6S 466.1078 found 466.10748. HPLC, RP C18, H2O
20 %/CH3CN 80 %, ret. time: 2.5933 min.

4.5.33. 2-{[(5-Chloro-2-thienyl)carbonyl]amino}-N-(2-hydroxyphenyl)-
5,6,7,8-tetrahydro-4H-cyclohepta[b]thiophene-3-carboxamide (46)

The title compoundwas prepared starting from 77 throughMethod D
and purified by flash chromatography eluting with CH2Cl2 (100 %) in
20 % yield as a yellow solid. 1H NMR (400 MHz, CDCl3): δ 1.65-1.69 (m,
4H, cycloheptane CH2), 1.88-1.93 (m, 2H, cycloheptane CH2), 2.81-2.83
(m, 2H, cycloheptane CH2), 2.87-2.90 (m, 2H, cycloheptane CH2), 6.85-
6.89 (m, 1H, aromatic CH), 6.93 (dd, J=1.15 and J=7.98 Hz, 1H, aro-
matic CH), 7.05 (dt, J=1.51 and J=7.88 Hz, 1H, aromatic CH), 7.33 (d, J
= 4.08 Hz, 1H, aromatic CH), 7.77 (d, J = 4.11 Hz, 1H, aromatic CH),
7.93 (d, J= 7.88 Hz, 1H, aromatic CH), 9.11 (s, 1H, OH), 9.97 and 11.18
(s, each 1H, NH). 13C NMR (101 MHz, DMSO‑d6): δ 27.53, 28.13, 28.33,
28.90, 32.20, 115.92, 119,45, 123.10, 125.63, 125.76, 126.44, 129.02,
130.20, 133.63, 135.00, 135.03, 136.52, 137.17, 148.66, 158.36,
163.41. HRMS (ESI)m/z [M − H]- calcd for C21H19ClN2O3S2 446.05256,
found 446,05378. HPLC, H2O with 0.1 % FA 10 %/CH3CN 90 %, ret.
time: 3.8500 min.

5. Biology

5.1. Anti-IV activity

5.1.1. Compounds and peptide
RBV (1-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) was pur-

chased from Roche. FPV was purchased from MedChemExpress. Each
test compound was dissolved in 100 % DMSO. The PB11–15–Tat peptide
was synthesized and purified by the Peptide Facility of CRIBI Biotech-
nology Center (University of Padua, Padua, Italy). This peptide corre-
sponds to the first 15 amino acids of PB1 protein fused to a short
sequence of HIV Tat protein (amino acids 47− 59), which allows the
delivery into the cell [51]. The PB1N (aa 1–15) peptide was purchased
from Proteogenix.

5.1.2. Cells and virus
Madin-Darby canine kidney (MDCK), human A549, and human

embryonic kidney (HEK) 293T cell lines were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Life Biotechnologies) supplemented
with 10 % (v/v) fetal bovine serum (FBS, Life Technologies) and anti-
biotics (100 U/mL penicillin and 100 μg/mL streptomycin, Life Tech-
nologies). Cells were maintained at 37 ◦C in a humidified atmosphere
with 5 % CO2. The IAV/PR/8/34 (H1N1) was kindly provided by P.
Digard (Roslin Institute, University of Edinburgh, United Kingdom). The
IAV/Wisconsin/67/05 and IBV/Malaysia/2506/4 strains were provided
by R. Cusinato (Clinical Microbiology and Virology Unit, Padua Uni-
versity Hospital, Italy). The IBV/Lee/40 strain was obtained from W. S.
Barclay (Imperial College, London, United Kingdom). The clinical
isolate A/Parma/24/09 was kindly provided by I. Donatelli (Istituto
Superiore di Sanità, Rome, Italy).

5.1.3. PA-PB1 interaction enzyme-linked immunosorbent assay (ELISA)
The PA− PB1 interaction was detected by a procedure previously

described [52,53]. Briefly, 96-well microtiter plates (Nuova Aptaca)
were coated with 400 ng of 6His-PA(239− 716) for 3 h at 37 ◦C and then
blocked with 2 % BSA (Sigma) in PBS for 1 h at 37 ◦C. The
6His-PA(239− 716) protein was expressed in E. coli strain BL21(DE3)pLysS
and purified as already described [38]. After washing, 200 ng of
GST-PB1(1− 25), or GST alone as a control, were added and incubated in
the absence or the presence of test compounds at various concentrations
O/N at room temperature. Escherichia coli-expressed, purified GST and
GST-PB1(1− 25) proteins were obtained as previously described [38,54].
After washing, the interaction between 6His-PA(239− 716) and
GST-PB1(1− 25) was detected with a horseradish peroxidase-coupled
anti-GST monoclonal antibody (GenScript) diluted 1:3000 in PBS sup-
plemented with 2 % FBS. Following washes, the substrate 3,3′,5,
5′tetramethylbenzidine (TMB, KPL) was added and absorbance was
measured at 450 nm by an ELISA plate reader (MultiSkan FC, Thermo-
Fisher). Values obtained from the samples treated with only DMSO were
used to set as 100 % of PA− PB1 interaction.

5.1.4. Cytotoxicity assay
Cytotoxicity of compounds was tested in MDCK, HEK 293T, and

A549 cells by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) method, as previously reported [38,55]. Briefly, cells
were grown in 96-well plates for 24 h and then treated with serial di-
lutions of test compounds, or DMSO as a control, in DMEM supple-
mented with 10 % FBS. After incubation at 37 ◦C for 48 h, 5 mg/mL of
MTT (Sigma) in PBS was added into each well and incubated at 37 ◦C for
further 4 h. Successively, a solubilization solution was added to lyse the
cells and incubated O/N at 37 ◦C. Finally, optical density was read at the
wavelength of 570 nm on a microtiter plate reader (MultiSkan FC,
ThermoFisher).

5.1.5. Plaque reduction assay (PRA)
The antiviral activity of test compounds against IAV and IBV was

tested by PRA as previously described [38]. MDCK cells were seeded at
5 × 105 cells/well into 12-well plates, and incubated at 37 ◦C for 24 h.
The following day, the culture medium was removed and the mono-
layers were first washed with serum-free DMEM and then infected with
the different IAV and IBV strains at 40 PFU/well in DMEM supplemented
with 2 μg/mL of TPCK-treated trypsin (Worthington Biochemical Cor-
poration) and 0.14 % BSA and incubated for 1 h at 37 ◦C. The IV
infection was performed in the presence of different concentrations of
test compounds or solvent (DMSO) as a control. After virus adsorption,
DMEM containing 2 μg/mL of TPCK-treated trypsin, 0.14 % BSA, 1.2 %
Avicel, and DMSO or test compounds was added to the cells. At 48 h
post-infection, cells were fixed with 4 % formaldehyde and stained with
0.1 % toluidine blue. Viral plaques were counted, and the mean plaque
number in the DMSO-treated control was set at 100 %.

5.1.6. Virus yield reduction assay
Virus yield reduction assays were performed similarly to Ref. [56].

Briefly, A549 cells were seeded at a density of 2 × 104 cells per well in
96-well plates and the next day, were infected with IAV/PR/8/34 at
multiplicity of infection (MOI) of 0.01 PFU/cell in the presence of
various concentrations of test compounds for 1 h at 37 ◦C. After incu-
bation, the inoculum was removed, and media containing various con-
centrations of test compounds were added. FPV was included as a
positive control. At 24 h post-infection, supernatants were collected and
viral titers were determined by titration in fresh MDCK cells as described
above. Nonlinear regression analysis and one-way Anova followed by
Dunnett’s multiple-comparisons test versus IAV-infected, DMSO-treated
cells were performed with GraphPad Prism version 10.0.

5.1.7. Minireplicon assays
The minireplicon assay was performed as described [38,57], with
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somemodifications. Briefly, HEK 293T cells (2× 105 cells per well) were
plated into 24-well plates and incubated overnight at 37 ◦C. The next
day, cells were transfected using calcium phosphate co-precipitation
method with pcDNA-PB1, pcDNA-PB2, pcDNA-PA, pcDNA-NP plas-
mids (100 ng/well of each) along with 50 ng/well of the pPolI-Flu-ffLuc
reporter plasmid and 50 ng/well of pRL-SV40 plasmid as a transfection
control. Transfections were performed in the presence of different con-
centrations of test compounds or DMSO. RBV and FPV were used as
positive controls for inhibition. Cell medium was removed 4 h
post-transfection and replaced with DMEM containing the compounds,
RBV, FPV, or DMSO. At 24 h post-transfection, cells were harvested,
lysed and both firefly and Renilla luciferase activity were measured using
the Dual Luciferase Assay Kit (Promega). In each experiment, firefly
luciferase activity was normalized with that of the Renilla luciferase and
relative luciferase units (RLU) were obtained. The activity measured in
control transfection reactions containing DMSO was set at 100 % of
polymerase activity.

5.1.8. Analysis of nuclear accumulation of the PA-PB1 complex
PA-PB1 nuclear translocation assays were performed as reported [32,

38], with some modifications. HEK 293T cells were transiently trans-
fected using Lipofectamine 3000™ (ThermoFisher Scientific) with
pcDNA− PA− GFP and pcDNA− PB1 plasmids, in the absence or the
presence of compounds 36, 43, and 45, or DMSO as a control. Com-
pounds 43 and 45 were tested at 0.5 μM, whereas compound 36 was
tested at 5 μM. At 14 h post transfection, cells were fixed for 20 min with
4 % formaldehyde in PBS. Successively, cells were incubated for 20 min
with DRAQ5™ (BioStatus) in PBS and 4 % FBS, mounted using
mounting fluid (70 % glycerol in PBS), and imaged using Nikon ECLIPSE
Ti confocal microscope equipped with a 63 × oil immersion objective.
The nuclear/cytoplasmic ratio (Fn/c) was determined using the Image J
1.62 public domain software (NIH), from single-cell measurements for
each of the nuclear (Fn) and cytoplasmic (Fc) fluorescences. Obtained
Fn/c ratios were then analyzed by GraphPad Prism 10 with one-way
Anova followed by Dunnett’s multiple-comparisons test compared to
control (DMSO-treated cells).

5.2. Biophysical studies

5.2.1. PAC expression and purification
To obtain 6His–PA239–716 protein, the pET28a–PA239–716 plasmid

was transformed into E. coli strain BL21(DE3)pLysS (Stratagene). Bac-
teria cells were grown in Luria Bertani (LB) medium containing 50 μg/
mL kanamycin until the OD600 was 0.8 and then induced by the addition
of 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG, Sigma-Aldrich)
overnight (O/N) at 16 ◦C. Cells were pelleted, resuspended in 20 mM
Tris-HCl pH 8.0, 500 mM NaCl, 500 mM urea, 10 mM β-mercaptoe-
thanol, 25 mM imidazole, 1 mg/mL lysozyme, and complete protease
inhibitors (Roche Molecular Biochemicals), and then lysed by two
freeze/thaw cycles and by sonication. The lysate was centrifuged at
16,000×g for 30 min, and then applied in an FPLC chromatographic
system (ӒKTApurifier™ UPC 10, GE Healthcare) to a 1-mL HisTrap™HP
column (Cytiva) that had been equilibrated in resuspension buffer.
Protein was eluted with 20 mM Tris-HCl pH 8.0, 500 mM NaCl, 500 mM
urea, 10 mM β-mercaptoethanol, and 250 mM imidazole. PAC was then
further purified by means of a HiLoad™ 16/600 Superdex™ 75/200
prep grade column (Cytiva) for size exclusion chromatography, and
finally dialysed into storage buffer (20 mM Tris-HCl pH 8.0, 150 mM
NaCl, 30 % glycerol, 5 mM DTT) using a HiTrap™ Desalting 5-mL col-
umn (Cytiva).

5.2.2. Thermal stability analysis
The Prometheus NT.48 instrument (NanoTemper Technologies,

GmbH, Munich, Germany) was used to determine the melting temper-
atures (Tm). Thermal denaturation assays were performed using in 1 μM
PAc alone, as blank reference, or with 10 μMPB1N, as positive control, or

with 50 μM of tested ligands, such as compounds 43, 45, and 36 in
running buffer consisting of 20 mM TRIS-HCl, 150 mM NaCl, pH 8.0, 1
% glycerol, 0.05 % Tween20 (TRIS-GT) enriched with 1 mM DTT and 5
% DMSO. High Sensitive Capillaries were filled with about 8 μL of each
sample and placed on the sample holder. Excitation power was set at 80
% and a temperature gradient of 2 ◦C⋅min− 1 from 25 to 75 ◦C was
applied. Intrinsic protein fluorescence at 330 and 350 nm was recorded
and relative data were processed by PR.Stability Analysis v.1.1 software
(NanoTemper Technologies).

5.2.3. MicroScale thermophoresis assays
PAC recombinant protein was fluorescently labelled to lysine resi-

dues with dye RED-NT650-NHS 2nd generation supplied by Nano-
Temper Technologies (NanoTemper Technologies, GmbH, Munich,
Germany), using 1:3 protein:dye ratio. Briefly, 100 μL of a 2.0 μM PAc
solution in labeling buffer (130 mM NaHCO3, 50 mM NaCl, 0.05 %
Tween20, pH 8.2) was mixed with 100 μL of 6.0 μM RED-NT650-NHS
fluorophore in the same buffer and incubated for 30 min at room tem-
perature (RT) in the dark, according to the instructions of the manu-
facturer. Unbounded fluorophores were removed by size-exclusion
chromatography with running buffer consisting of 20 mM TRIS-HCl,
150 mM NaCl, pH 8.0, 0.05 % Tween20 (TRIS-T buffer). Degree of La-
beling (DoL) of 0.84 was determined by absorption spectroscopy using
PAc ε of 74,370M− 1 cm− 1 at 280 nm, and red dye ε of 195,000M− 1 cm− 1

at 650 nm. However, fluorophore absorbs light at 280 nm as well, so a
correction factor (Fcorr) of 0.04 was applied.

Thermophoretic measurements were performed at constant target
concentration with different serial dilutions of each ligand tested, as
following described.

- A) 15 nM RED-PAc vs 150 μM PB1N (3:1 ligand dilution) in TRIS-T
buffer enriched of 1 mM DTT;

- B) 20 nM RED-PAc vs 15 μM 45 (2:1 ligand dilution) in TRIS-T buffer
enriched of 1 mM DTT and 2 % DMSO;

In each experiment, the samples were incubated before loading into
Premium Capillaries (NanoTemper Technologies). The capillary tubes
were then submitted to a Cap Scan analysis of fluorescent emission at RT
to check whether each tube contained the same amount of labelled
protein, and the presence of protein sticking to capillary walls. Ther-
mophoretic migrations were recorded using Monolith NT.115 device
(NanoTemper Technologies) at RT setting LED power at 60 % and me-
dium MST power. Interaction was analyzed in three independent ex-
periments and recorded data were processed NanoTemper MO.Affinity
Analysis v2.3 in DoT (Default on Time) setting hot region between 4/5s
regarding experiment A and C; while in Initial Fluorescence Analysismode
setting Phase 1 as default, in experiment B. This different approach in
data analysis recorded, was due to fluorescence variation registered
during initial Cap Scan in presence of compound 45. Performing SD-test,
as suggested by NanoTemper, samples displayed the same amount of
fluorescent protein, so, initial emission change could be ascribed to
specific interaction between PAc and molecule 45.

Confidence value (±) was indicated next to Kd values. Specifically,
confidence values define the range where the Kd falls with a 68 % of
certainty, as declared by NanoTemper Technologies. Correlated Signal to
Noise ratio (S/N) allows judging data quality: a value of more than 5 is
desirable, while a value of more than 12 corresponds to an excellent
assay, as declared by NanoTemper. S/N: 8.7 for PAC+ PB1N and 30.8 for
PAC + 45.

5.3. ADME studies

5.3.1. Chemicals
All solvents, reagents and plasma from rats were purchased from

Sigma-Aldrich Srl (Milan. Italy). Pooled Male Donors of 20 mg/mL
(HLM) were from BD Gentest-Biosciences (San Jose, CA, USA). Milli-Q
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quality water (Millipore, Milford, MA, USA) was used. Acetonitrile and
formic acid were used for the chromatographic analyses.

5.3.2. Equilibrium solubility in aqueous media
Thermodynamic solubility values were measured in aqueous media

(pH = 7) by the shake flask method. One mg of each compound was
placed in 1 mL of Milli-Q water and shaken at room temperature for 24
h. The resulting suspension was filtered through a 0.45 μm nylon filter
(Sartorius Stedim Biotech, Gottingen, Germany) and the filtrate was
analyzed at λmax of each compound by HPLC using a Jasco LC-4000
instrument equipped with a UV–visible Diode Array Jasco MD-4015
(Jasco Corporation, Tokyo, Japan) and a Gemini LC C18 110 Å col-
umn, 3 μm, 100 mm × 2 mm (Phenomenex, Torrance, CA, USA).
Chromatographic separation was performed using a gradient elution
with CH3CN:H2O with formic acid 0.1%v/v, eluting from 20 to 100 % of
CH3CN in 10 min at 0.5 mL/min. Solubility values were interpolated
from calibration curves prepared from concentrated DMSO stock solu-
tions of each compound diluted with Milli-Q water to a final concen-
tration of 10, 50, and 100 μM. As a positive control, a solution of each
compound at a known concentration was used.

5.3.3. UV/LC-MS method
For the quantitative analysis was used a UV/LC-MS system. LC

analysis was performed by Agilent 1100 LC/MSD VL system (G1946C)
(Agilent Technologies, Palo Alto, CA, USA) constituted by a vacuum
solvent degassing unit, a binary high-pressure gradient pump, an 1100
series UV detector, and an 1100 MSD model VL benchtop mass spec-
trometer. The Agilent 1100 series mass spectra detection (MSD) single-
quadrupole instrument was equipped with the orthogonal spray API-ES
(Agilent Technologies, Palo Alto, CA, USA). Nitrogen was used as
nebulizing and drying gas. Chromatographic separation was performed
using a Kinetex 5 μm EVO C18 column (100 Å. 150 × 4.6 mm) and
gradient elution with a binary solution; eluent A was H2O, while eluent
B consisted of ACN (both eluents were acidified with formic acid 0.1%v/

v). The analysis started at 5 % of B for 1 min, then rapidly increased up to
95 % of B in 10 min remaining until 19 min; finally, in 1 min came back
to the initial conditions. The analysis was performed at a flow rate of 0.6
mL/min. UV detection was monitored at 254 nm. Spectra were acquired
over the scan range m/z 50–1500 in both positive and negative mode.

5.3.4. Parallel artificial membrane permeability assay (PAMPA)
Donor solutions were prepared by diluting 1:1v/v 1 mM DMSO

compound stock solution with phosphate buffer (10 mM PBS, pH 7.4).
Filters were coated with 10 μL of a 1%w/v L-α-phosphatidylcholine so-
lution in dodecane. One hundred-fifty μL of donor solution were added
to each well of the filter plate, while 300 μL of solution 50 % DMSO in
phosphate buffer were added to each well of the acceptor plate. The
sandwich was incubated for 5 h at room temperature under gentle
shaking. After the incubation time, the plates were separated and sam-
ples taken from both receiver and donor sides were analyzed using the
UV/LC-MS method. Apparent permeability (Papp) was calculated ac-
cording to the following equation and permeability values are expressed
in cm/s x 10− 6:

Papp=
Vd*Va

(Vd+ Va)*A*t
− ln (1 − r)

Where.

Va and Vd are the volumes in the acceptor and donor well (cm3).
respectively
A is the area of the membrane (cm2)
t is the incubation time (s)
r the ratio between drug concentration in the acceptor and equilib-
rium concentration of the drug in the total volume (Vd + Va).

Membrane Retention (MR) was calculated according to the following
equation:

%MR=
r − (D+ A)

C
*100

Where.

r is the ratio between drug concentration in the acceptor and equi-
librium concentration of the drug in the total volume (Vd + Va)
D and A represent the drug concentration in the donor and acceptor
compartments. respectively
C is the equilibrium concentration.

5.3.5. Metabolic stability in human liver microsomes (HLM)
Fifty μM of the tested compound in DMSO were incubated at 37 ◦C

for 1 h under shaking in presence of phosphate buffer (10 mM PBS, pH
7.4), human liver microsomes (HLM) (0.2 mg/mL), and an NADPH so-
lution in 48 mM MgCl2 (Vf 500 μL). The metabolizing reactions were
stopped by adding 1 mL of cold ACN. The reaction mixtures were then
centrifuged and dried under an N2 flow. Finally, the amount of the
parent drug and metabolites were subsequently determined by UV/LC-
MS and calculated with Excel. Data were plotted using GraphPad
Prism 8.0. Furosemide was used as reference compound [58].

5.3.6. Plasma stability
Each compound stock solution in DMSO at the final concentration of

2 mM was incubated in the presence of plasma (from rat) and HEPES
buffer (25 mM, 140 mM NaCl, pH 7.4) at 37 ◦C under shaking. At
selected time points (0, 5, 15, 30, 60, 120, 360, 1440 min), 50 μL of the
mix solution were added with cold ACN and centrifuged at 5000 rpm for
10 min. The supernatant was removed and analyzed by UV/LC-MS to
monitor the amount of unmodified compound. Data were calculated
with Excel and plotted using GraphPad Prism 8.0. Statistical significance
was assessed by using Student’s t-test (unpaired samples). Dasatinib was
used as reference compound [59].
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cHTC cycloheptathiophene-3-carboxamide
DENV Dengue virus
FPV favipiravir
HLM human liver microsomes
HPIV Human parainfluenza virus
IV Influenza
NP nucleoprotein
PA polymerase acidic
PAMPA parallel artificial membrane permeation assay
Papp apparent permeability
PB1 polymerase basic 1
PB2 polymerase basic 2
PPI protein-protein interaction
PRA plaque reduction assay
RBV ribavirin
RdRP RNA-dependent RNA polymerase
SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2
WNV West Nile virus
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