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ABSTRACT
Hemagglutinin (HA) is a viral glycoprotein that mediates influenza virus entry into the host cell and is considered

a relevant viral target. We here report the identification of a class of 4‐tert‐butylphenyl‐substituted spirothiazolidinones

as HA‐mediated fusion inhibitors with specific activity against influenza A/H3N2 virus. The novel spirocyclic

compounds were achieved by using one‐pot cyclocondensation method and the chemical structures were characterized

by IR, 1H NMR, 13C NMR, and elemental analysis. Compound 2c, bearing methyl substitutions at positions 2‐ and

8‐ of the spiro ring displayed an EC50 value against influenza A/H3N2 virus of 1.3 μM and an antiviral selectivity index of

30. The fusion‐inhibiting effect of compound 2c was revealed in the polykaryon assay which is based on cell‐cell
fusion when influenza virus H3 HA‐transfected cells are exposed to low pH. Computer‐aided docking was performed

to predict the possible binding pocket in the H3 HA trimer. Resistance data and in silico studies indicated that

compound 2c has an overlapping binding pocket in the stem region of H3 HA with the known fusion inhibitors TBHQ

and arbidol.

1 | Introduction

Influenza viruses are negative sense, single‐stranded RNA
viruses that belong to the Orthomyxoviridae family. Three types
of influenza virus (A, B, and C) cause disease in humans. While
influenza A virus (IAV) and influenza B virus (IBV) undergo
continuous antigenic drift to cause annual epidemics, the spo-
radic flu pandemics are due to emergence of antigenically novel
IAV strains (Monto and Fukuda 2019). Since the turn of the

twentieth century, we have witnessed five IAV pandemics: in
1918 (Spanish influenza, H1N1), 1957 (Asian influenza, H2N2),
1968 (Hong Kong influenza, H3N2), 1977 (H1N1) and 2009
(H1N1). Besides, avian H5N1 or H7N9 IAVs occasionally infect
humans to cause severe respiratory disease with high case‐
fatality rate (Harrington et al. 2021; Neumann and
Kawaoka 2019). Also, the recent outbreak of an avian H5N1
IAV in dairy cattle requires vigilant monitoring (Neumann and
Kawaoka 2024).
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The envelope of IAV particles carries three viral proteins, i.e.
hemagglutinin (HA), neuraminidase (NA), and the M2 proton
channel. The latter two are targeted by two classes of antiviral
drugs that have been available since many years. The M2
channel blockers, amantadine and rimantadine, are restricted
to IAV (Uyeki et al. 2022) and exhibit neurological side‐effects.
They are currently no longer recommended due to widespread
resistance among circulating IAV strains (Dong et al. 2015;
Batool et al. 2023). The NA inhibitors, oseltamivir, zanamivir,
peramivir and laninamivir, prevent the release of progeny
virions from infected cells. Although NA inhibitors are the
standard of care in most countries, their use is limited by the
short therapeutic window and concern that viral resistance to
these drugs may appear (Takashita et al. 2015). In the past
few years, two inhibitors of the viral polymerase complex have
been commercialized in certain countries, specifically the
nucleoside analogue favipiravir and endonuclease inhibitor
baloxavir marboxil (Jones et al. 2023).

Also HA represents an appealing drug target. To date, 18 HA
subtypes (H1−H18) have been discovered for IAV and these fall
into two phylogenetic groups. The H1, H2 and H5 HAs belong
to group‐1 whereas H3 and H7 HAs are in group‐2 (Jiao
et al. 2023). HA mediates two processes in the viral entry
pathway: receptor binding and membrane fusion. Viral entry
starts with binding of HA to sialylated glycan receptors on the
host cell surface. After endocytic uptake of the virus, the low
endosomal pH (pH 5.0−5.5) triggers a conformational

rearrangement in HA, which releases the hydrophobic fusion
peptide from its buried position within the stem region of the
HA trimer. Insertion of the fusion peptide in the endosomal
membrane results in fusion of the viral and endosomal mem-
branes, creating a fusion pore that allows release of the viral
genome segments into the cytoplasm (Sempere Borau and
Stertz 2021).

Arbidol (umifenovir) (Figure 1) is a broad‐spectrum antiviral
drug and the only inhibitor of influenza virus entry that is
currently approved. It has been in the market in Russia and
China since several years and is in clinical trials elsewhere
(Kang et al. 2023). Besides other antiviral mechanisms, arbidol
exhibits an inhibitory effect on HA‐mediated fusion by pre-
venting the conformational change of HA at low pH (Blaising
et al. 2014). Crystallographic analysis of arbidol in complex with
H3 and H7 HAs revealed that arbidol binds in a hydrophobic
cavity within the stem of HA, functioning as a molecular glue to
stabilize this trimeric protein (Kadam and Wilson 2017). This
binding site in H3 HA partially overlaps with that of tert‐
butylhydroquinone (TBHQ) (Figure 1) a group‐2 specific fusion
inhibitor (Bodian et al. 1993; Russell et al. 2008). The HA stem
region that is targeted by arbidol and TBHQ serves as a prom-
ising target for anti‐influenza drug development.

In addition to arbidol and TBHQ, numerous small molecules
(Figure 1) have shown promising inhibitory activity against
specific HA subtypes by blocking HA‐mediated fusion. These

FIGURE 1 | The structure of some compounds that inhibit HA‐mediated fusion.
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inhibitors function through mechanisms such as preventing HA
conformational changes at low pH or binding to different
regions of HA. HA fusion inhibitors can be classified into group
1‐specific, group 2‐specific, and broad‐spectrum categories
based on the HA subtypes they target (Chen et al. 2021).

Group‐1 specific fusion inhibitors include compounds BMY‐
27709, BMS‐199945, CL‐385319, RO5487624, JNJ4796. Struc-
turally related molecules, BMY‐27709, BMS‐199945, and CL‐
385319 demonstrated efficacy against influenza H1, H2, and H5
subtypes by inhibiting the low‐pH‐induced conformational
change of the HA protein (Luo et al. 1996, 1997; Liu et al. 2011,
Li et al. 2012). Benzene sulfonamide derivatives, RO5464466
and its 2‐chloro analogue RO5487624 showed activity against
influenza H1 subtypes and inhibited fusion by binding to HA
and stabilizing its prefusion structure (Tang et al. 2011).
JNJ4796, a benzylpiperazine derivative, was found to neutralize
a broad range of group‐1 IAVs by targeting the conserved stem
region of HA (Van Dongen et al. 2019). Compared with group‐1
specific inhibitors, fewer group‐2 specific fusion inhibitors have
been identified. CBS1194 was identified as an inhibitor of the
H3 and H5 subtypes of IAV targeting the fusogenic activity of
group 2 HAs by binding a region near the fusion peptide as
TBHQ (Du et al. 2021). Wright et al. synthesized a series of new
arbidol analogues, and compound 11, featuring a m‐hydroxy
group on the benzene ring, exhibited enhanced affinity for both
H1 and H3 HA subtypes (Wright et al. 2017). Another non‐
subtype‐specific HA inhibitor, M090, showed in vitro activity
against amantadine‐resistant and oseltamivir‐resistant H1N1
strains together with the H3N2 viral strain. Mechanism studies
of M090 indicated that it binds to a highly conserved segment in
the HA2 domain and inhibits virus‐mediated membrane fusion
by “locking” HA2 in its bent conformation during
rearrangement. Researchers found that this domain is not
absolutely group specific and may be used to design broad‐
spectrum agents that target both phylogenetic groups of HAs
(Zhao et al. 2018).

Spiro compounds are bicyclic or polycyclic organic molecules
that contain saturated rings connected through a shared atom.
In 1900, Baeyer introduced the first “spiro (spirane)” as a
structure consisting of two perpendicular rings, which share a

single atom to form a rigid tetrahedral center. (Baeyer 1900).
Compared to planar aromatic structures, the three‐dimensional
nature of spirocyclic compounds, along with their positive ef-
fects on structural novelty and solubility, has contributed to
their increasing prominence in drug discovery (Zheng
et al. 2014; Müller et al. 2017; Hiesinger et al. 2021). Spirocycles
are also being used to tackle various challenges in drug dis-
covery, ranging from restricting conformation to enhance target
binding to modulating physicochemical and pharmacokinetic
properties (Varela et al. 2025). The growing presence of spir-
ocyclic scaffolds in recent literature suggests their broader use
in the future due to their versatile characteristics.

During the past two decades, our group has engaged in the
discovery of novel fusion inhibitors of IAV. We identified a
series of inhibitors with spirothiazolidinone (1‐thia‐4‐azaspiro
[4.5]decane) scaffold and strong cell culture activity against
influenza A/H3N2 virus. These inhibitors share a common
framework, consisting of an aromatic/alicyclic ring linked to a
spirothiazolidinone system via an amide bridge. Our mecha-
nistic studies with two lead compounds, 4c and 5f (Figure 2),
established that these spirothiazolidinone compounds prevent
the conformational change of H3 HA at low pH. Selection of
resistant virus combined with in silico predictions indicate that
the HA binding pocket of 4c and 5f overlaps with that of arbidol
and TBHQ (Vanderlinden et al. 2010; Cihan‐Üstündağ
et al. 2020). Compounds 4c and 5f possess an imidazo[2,1‐b]
thiazole and 5‐chloro‐3‐methyl‐1H‐indole scaffold as the aro-
matic part, respectively. Via the synthesis of different series of
analogues, we showed that the anti‐A/H3N2 activity is main-
tained when the aromatic part is replaced by 1‐adamantyl
(Göktaş et al. 2012), 2‐methylfuran‐3‐yl (Apaydın et al. 2021),
pyridine‐3‐yl (Cihan‑Üstündağ et al. 2022) or a substituted
phenyl group, that is, o‐hydroxyphenyl (Vanderlinden
et al. 2010), 5‐chloro‐2‐hydroxyphenyl (Göktaş et al. 2015) or
5‐chloro‐2‐methoxyphenyl (Göktaş et al. 2019).

We here describe the synthesis, anti‐IAV activity and mecha-
nism of action of a new series of azaspiro compounds (1a‐f, 2a‐
f) comprising a 4‐tert‐butylphenyl structure as the aromatic part
(Figure 2). These new analogues were designed by combining
our spirothiazolidinone scaffold with the 4‐tert‐butylphenyl

FIGURE 2 | Chemical structures of TBHQ and spirothiazolidinone analogues, 4c and 5f synthesized in previous studies (Vanderlinden

et al. 2010; Cihan‐Üstündağ et al. 2020) and present report (1a‐f, 2a‐f).
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moiety of TBHQ. The anti‐influenza virus activity was eval-
uated in cell‐based assays using A/H1N1, A/H3N2, and IBV
strains. The inhibitory effect on HA‐mediated fusion was
demonstrated in a polykaryon assay and molecular docking
studies were conducted to predict the probable binding site of
lead compound 2c within the H3 HA protein.

2 | Results and Discussion

2.1 | Chemistry and Structural Characterization

The synthetic pathway for the preparation of the target com-
pounds 1a‐f and 2a‐f is demonstrated in Scheme 1. The treat-
ment of the starting material 4‐tert‐butylbenzohydrazide with
an appropriate cyclic ketone and mercapto acids afforded the
spirothiazolidinones (1a‐f and 2a‐f) in a one‐pot reaction. IR,
1H NMR, 13C NMR (APT), 2D NMR (HSQC) and microanalysis
used to describe the structural characteristics of novel
compounds.

The solid phase (KBr) IR spectra of 1a‐f and 2a‐f exhibited
benzamide and lactam C═O bands in the 1654−1666 cm−1 and
1685‐1716 cm−1 regions, respectively. The shifts observed in the
benzamide N‐H (3141–3271 cm_1) and C═O (1654−1666 cm−1)
bands when compared to that of the starting 4‐tert‐
butylbenzohydrazide (3323 and 1625 cm−1) and the presence of
additional lactam bands provided proof for the aimed cycliza-
tion. In the 1H NMR spectra of compounds 1a‐f and 2a‐f,
CONH protons were observed at δ 10.43–10.50 ppm as singlets.
The S‐CH2 (1a‐f) protons of the newly formed thiazolidinone
residue resonated at δ 3.61 ppm as singlets while S‐CH (2a‐f)
protons resonated at δ 3.90–3.91 ppm as a broad/distorted
doublets or quartets. The remaining proton signals of spir-
oalkane system were detected at δ 0.74−2.15 ppm region
together with the alkyl substituents. The resonances of 4‐C
(CH3)3 group and aromatic hydrogens were observed in the δ

1.30−1.31 ppm and δ 7.53−7.86 ppm, respectively. The splitting
patterns of the aromatic H2, H6 and H3, H5 protons were in
accordance with the 1,4‐disubstituted aromatic ring system.
Carbon assignments were established through APT experiments
and 2D NMR HSQC experiment for compound 2e. Two
downfield resonances at δ 166.21–171.03 ppm region were
assigned to the benzamide and lactam carbonyl groups.
Observation of upfield resonances assigned to the aliphatic CH/
CH2 carbons and the typical spirodecan C5 resonances
(δ 71.09–73.00 ppm) substantiated the formation of the expected
spirothiazolidinones. The detailed spectral data of 1a–f and 2a–f
are present in the experimental section.

2.2 | Anti‐Influenza Virus Activity and
Cytotoxicity In Cell Culture

The anti‐influenza virus activity of the new spirocyclic com-
pounds was evaluated in Madin‐Darby canine kidney (MDCK)
cells infected with IAV (subtype A/H1N1 or A/H3N2) or IBV.
The cytopathic effect (CPE) reduction assay was based on
microscopic scoring combined with the formazan‐based MTS
colorimetric cell viability assay. In parallel, compound cyto-
toxicity was determined in mock‐infected cells using micro-
scopic readout (MCC) and MTS cell viability assay (CC50)
(Table 1).

Compound 2c, featuring two methyl substituents at positions 2
and 8 of the spirocyclic ring system, displayed favorable activity
against the A/H3N2 virus, with an average EC50 value of 2.4 μM
(microscopic readout) or 1.3 μM (MTS readout) (Table 1). This
2,8‐dimethyl derivative showed a CC50 value of 39 μM, yielding
a selectivity index (=ratio of CC50 to EC50) of 30. The impor-
tance of the 8‐methyl substituent is evident from the observa-
tion that compounds 2a, 2b and 2d‐f having no substituent, a
7‐methyl group or a bulkier group at position 8, respectively,
were devoid of antiviral activity. Likewise, the methyl

SCHEME 1 | Synthesis of compounds 1a‐f and 2a‐f. Reagents and conditions: (i) (non)substitutedcyclohexanone, mercaptoacetic acid, dry

toluene, reflux, 5–6 h; (ii) (non)substitutedcyclohexanone, 2‐mercaptopropionic acid, dry toluene, reflux, 5–6 h. Compounds: 1a, 2a: R =H; 1b, 2b:

R = 7‐CH3; 1c, 2c: R = 8‐CH3; 1 d, 2 d: R = 8‐C2H5; 1e, 2e: R = 8‐C3H7; 1 f, 2 f: R = C4H9.
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substituent at position 2 of the spiro ring was shown to play a
critical role, since the analogue of 2c lacking this function (1c)
was inactive. All compounds were found to be inactive against
A/H1N1 virus and IBV (Table 1). The requirement of the
2‐methyl substituent and positive effect of the 8‐methyl sub-
stituent on anti‐A/H3N2 activity, is fully consistent with our
previous structure–activity relationship analysis for these spir-
othiazolidinone analogues (Vanderlinden et al. 2010; Göktaş
et al. 2012, 2019; Cihan‐Üstündağ et al. 2020; Apaydın
et al. 2021). Comparing the EC50 value of compound 2c with the
EC50 values of previously synthesized o‐hydroxyphenyl
(Vanderlinden et al. 2010), 5‐chloro‐2‐hydroxyphenyl (Göktaş
et al. 2015) and 5‐chloro‐2‐methoxyphenyl (Göktaş et al. 2019)
derivatives, it appears that the tert‐butyl group on the para
position has a positive effect on antiviral activity. This is sup-
ported by the in silico predictions below, indicating that
hydrophobic interactions of the tert‐butyl group within the
binding pocket of HA may contribute to enhance the antiviral
potency.

2.3 | Inhibitory Effect on HA‐Mediated
Membrane Fusion

The polykaryon assay in HA‐transfected HeLa cells was used to
evaluate whether compound 2c interferes with the membrane
fusion process that occurs when HA‐expressing cells are ex-
posed to a buffer at pH 5. The EC50 for inhibition of polykaryon
formation by 2c was 7.6 μM for wild‐type (WT) H3 HA

(Table 2). We also determined the activity against two mutant
forms of H3 HA (E572K and D1122N), which were previously
identified when we passaged influenza A/H3N2 virus in cell
culture under selective pressure of compound 4c (Vanderlinden
et al. 2010). Compound 2c was clearly less effective against the
two HA mutants than against WT HA (Table 2). Mutation
E572K lies in the presumed binding pocket of 4c. The involve-
ment of residue E572 in the binding of compound 2c was also
proposed by our computer‐aided docking (see below). Mutation
D1122N leads to an increased fusion pH from 5.2 for WT‐HA to
5.6 for the mutant, and this renders the HA insensitive to fusion

TABLE 1 | Anti‐influenza virus activity and cytotoxicity in MDCKa cell cultures.

Compound

Antiviral EC50
b

A/H1N1 A/H3N2 IBV Cytotoxicity

CPE MTS CPE MTS CPE MTS MCCc CC50
d

All values in µM

1a H > 100 > 100 > 100 > 100 > 100 > 100 100 > 100

1b 7‐Me > 100 > 100 > 100 > 100 > 100 > 100 20 11

1c 8‐Me > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100

1d 8‐Et > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100

1e 8‐Pr > 100 > 100 > 100 > 100 > 100 > 100 100 > 100

1f 8‐t‐Bu > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100

2a H > 100 > 100 > 100 > 100 > 100 > 100 ≥ 20 92

2b 7‐Me > 100 > 100 > 100 > 100 > 100 > 100 ≥ 20 78

2c 8‐Me > 100 > 100 2.4 ± 0.8 1.3 ± 0.3 > 100 > 100 ≥ 20 39 ± 25

2d 8‐Et > 100 > 100 > 100 > 100 > 100 > 100 20 13

2e 8‐Pr > 100 > 100 > 100 > 100 > 100 > 100 4.0 14

2f 8‐t‐Bu > 100 > 100 > 100 > 100 > 100 > 100 ≥ 20 > 100

Oseltamivir carboxylate 0.5 0.4 0.8 0.4 0.8 0.6 > 100 > 100

Ribavirin 8.9 7.1 6.8 1.3 9.0 5.3 > 100 > 100

Rimantadine 8.0 8.7 0.7 0.8 > 200 > 200 > 200 > 200

aMadin Darby canine kidney cells.
bCompound concentration producing 50% inhibition of virus‐induced cytopathic effect, as determined by visual scoring of the CPE, or by the MTS cell viability assay.
Virus strains: A/Ned/378/05 (A/H1N1); A/HK/7/87 (A/H3N2): B/Ned/537/05 (IBV).
cMinimum compound concentration that causes a microscopically detectable alteration of normal cell morphology.
d50% cytotoxic concentration based on the MTS cell viability assay.

TABLE 2 | Inhibitory effect on polykaryon formation induced by

WT or mutant forms of H3 HAa.

Compound

EC50
b (µM)

HA‐WT HA‐E572K HA‐D1122N
pH: 5.2c pH: 5.2c pH: 5.6c

2c 7.6 ≥ 28 > 50

4c 1.4 12 > 50

aThe two mutations in the HA2 subunit (E572K and D1122N) were previously
identified in influenza A/H3N2 viruses selected for resistance to imidazo[2,1‐b]
thiazole analogue 4c (Vanderlinden et al. 2010). The mutations were introduced in
an expression plasmid encoding the X‐31 H3 HA, to perform the polykaryon
assay.
bEC50: compound concentration at which the number of polykaryons was 50%
relative to the number observed in the no compound control. The EC50 values for
compound 4c were reported earlier (Vanderlinden et al. 2010),
cFusion pH: pH at which the number of polykaryons was 50% relative to the
number seen at pH 4.9. Values reported in (Vanderlinden et al. 2010).
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inhibitors. Also 2c produced no inhibition of membrane fusion
in cells expressing D1122N‐substituted HA protein and receiv-
ing 50 μM of compound (the highest concentration tested).

2.4 | Molecular Docking Studies

HA is a homotrimeric integral membrane glycoprotein con-
sisting of a globular head domain and a stem domain. The
globular head domain is formed by the HA1 subunit and con-
tains the receptor binding site. The stem domain is primarily
comprised of HA2 with some HA1 residues and contains the
fusion machinery. Compared to the variable globular head
domain, the stem domain is much more conserved among dif-
ferent HA subtypes and strains (Wu and Wilson 2020). The
crystal structure of TBHQ in complex with H3 HA (PDB ID:
3EYM) shows that TBHQ binds to a hydrophobic pocket at an
interface region between two HA protomers, which in turn
stabilizes the HA prefusion conformation and prevents the
conformational rearrangement required for membrane fusion.
Arbidol binds at a similar location in the H3 HA stem (PDB ID:
5T6N) as TBHQ, but its binding site is larger and more complex
(Kadam and Wilson 2017). The binding modes of TBHQ and
arbidol to H3 HA are presented in Figures 3A,B. The amino acid
residues interacting with TBHQ and arbidol at a distance of 4 Å
are listed in Table 3. The grid determination process was greatly
aided by these residues. The tert‐butyl part of TBHQ makes
hydrophobic interactions with amino acids Ile291, Leu982,
Ala1012 of protomer 1 and Glu1032, Leu992 of protomer 2. The
hydroquinone part of the compound is surrounded by residues
Tyr942 and Glu972 in protomer 1 and by Arg542, Lys582, and
Glu572 in protomer 2 (Figure 3C). The binding sites of arbidol
and TBHQ to H3 HA are partially overlapping. The thiophenyl
group of arbidol is located at the same region lined by Arg542
and Val552 of protomer 1 and by Ile291, Ala1012 of protomer 2,
as also seen with TBHQ. The nitrogen of the indole ring forms
charged interactions with Glu572, Lys582, and Thr592 belonging
to protomer 1. The hydroxyl group on the indole ring of arbidol
makes polar interactions with Lys3101, Gln3111, and Asp902 of
protomer 2, while hydrophobic interactions occur between the
carbethoxy moiety and Trp922, Pro2931, and Phe2941 residues
of protomer 1 and Glu972 residue of protomer 2 (Figure 3D).

Since compound 2c exerts its inhibitory activity by interfering with
HA‐mediated fusion, computer‐aided docking was performed to
predict the possible binding pocket in the HA trimer. 2cwas docked
into the two H3 HA crystal structures (PDB ID: 3EYM and 5T6N)
using an induced fit protocol. As expected given the similarity
between the two starting protein structures, the docking poses of 2c
were similar with comparable XP Gscores of around −10 kcal/mol.
The binding modes of compound 2c in the two protein structures
are presented in Figures 4A,B. The amino acid residues that 2c
interacts with at a distance of 4Å are listed in Table 3. Binding
interactions of the compound at the interface in trimeric HA were
evaluated through the 2D‐interaction diagrams (Figures 4C,D) and
common characteristics are highlighted below.

Compound 2c mainly consists of three pharmacophore parts: a
tert‐butyl group as in TBHQ, carboxamide bridge and spir-
othiazolidinone ring. The tert‐butyl groups of compound 2c and
TBHQ engage in similar hydrophobic interactions with Leu992

of protomer 1, and Ile291 and Ala1012 of protomer 2. The
phenyl ring forms aromatic H‐bonding between its hydrogens
and Arg542 and Glu572 residues of protomer 1. Also, pi‐pi
stacking interactions were observed between the phenyl ring of
2c and Lys271 of protomer 2 in the arbidol‐bound structure. The
carboxamide groups play a crucial role in protein‐ligand con-
nections due to the dual hydrogen bond donor and acceptor
properties. Compound 2cmakes hydrogen‐bonding interactions
via its carboxamide groups in the TBHQ‐bound structure. The
nitrogen atom of its carboxamide bridge forms a hydrogen bond
with the side chain carbonyl of Glu572 of protomer 1, while the
lactam carbonyl of the thiazolidinone ring forms a hydrogen
bond with Lys582 of protomer 1.

The spirocyclic part of compound 2c was observed to fit within
a hydrophobic cavity formed by amino acids Arg542, Glu572,
Lys582, Thr592, and Trp922 of protomer 1, and Leu912, and
Tyr942 of protomer 2. In particular, amino acids Lys582, Thr592,
and Trp922 (protomer 1) and Tyr942 (protomer 2), located in the
hydrophobic pocket, enable to form ligand‐receptor clashes.
The position of the spirocyclic part of 2c within this hydro-
phobic cavity is similar to that of TBHQ, in line with our pre-
vious findings (Vanderlinden et al. 2010; Cihan‐Üstündağ
et al. 2020). Several hydrophobic interactions between the sur-
rounding residues in this region and 2c were observed in which
2‐ and 8‐methyl groups were also involved. An essential inter-
action is seen between methyl group at position 2‐ of the thia-
zolidinone ring and residues Asp902, Ser932, and Lys3101 of
protomer 2. The importance of this interaction is supported by
the observation that compound 1c, the analogue of 2c bearing a
hydrogen instead of 2‐methyl group, lacks anti‐A/H3N2 activ-
ity. The 8‐methyl substituted cyclohexyl ring engages in
hydrophobic interactions with amino acids Pro2931, Phe2941,
Pro3061, and Lys3071 of protomer 1 in both crystal structures.

The predicted binding mode of compound 2c offers an explanation
for the ~fourfold resistance of the E572K‐mutant H3 HA protein, as
demonstrated in the polykaryon assay. Replacement of the Glu572
residue by lysine results in loss of the hydrogen bond between the
glutamic acid carboxyl group and the nitrogen atom of the car-
boxamide bridge. Hydrophobic interactions between glutamic acid
carboxyl group and the 8‐methyl group on the cyclohexane ring, are
further lost in E572K‐mutant H3 HA.

2.5 | Molecular Dynamics (MD) Studies

The binding of compound 2c affecting the flexibility and the
stability of the H3 HA protein, especially in the stem region
where it is proposed to, were identified with MD simulations.
The trajectories of each protein‐ligand complexes with 3EYM
and 5T6N were subjected to specific parameters such as RMSD
and RMSF. For the ligand binding to remain stable, RMSD
variations must be minimal. The RMSD values for proteins with
the compound 2c remained at ~2.1 and ~2.4 Å with a range of
less than 1 Å for 3EYM and 5T6N systems, respectively. The
RMSD values for the ligand compound 2c were ~3.0 and ~3.6 Å,
respectively (Figure 5). Characterizing local alterations along
the protein chain is made easier with the help of the RMSF
value. The protein regions that fluctuate the most during the
simulation were shown by the peaks. The green vertical bars
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were used to indicate the protein residues that interact with the
ligand. The RMSF values for residues in the active sites were
less than ~1.5 and ~1.0 Å, respectively (Figure 6).

Compound 2c was observed to interact with the Arg54 amino
acid of 3EYM structure with its phenyl ring via π‐cation inter-
action after MD simulation (Figure 7A). And, it is observed that
the compound was mainly surrounded by polar, hydrophobic
and negatively charged interactions. The distances of the in-
teractions were written on the interaction lines. In the 50 ns MD
simulation time, the hydrogen bonding between amino group of

carboxamide and Arg54 amino acid was observed at a rate of
97%. Additionally, the interactions over the water molecule
bridges from the carbonyl group of thiazolidinone were seen
with Arg54, Glu57, and Glu97 of protomer 2 at a rate of 69%,
17%, and 11%, respectively (see the protein‐ligand interaction
diagram in Figure 8A). With the 5T6N structure system, it was
observed that compound 2c was surrounded by hydrophobic,
polar, negatively, and posivitely charged interactions within the
active region after MD simulation (Figure 7B). In the 50 ns MD
simulation time, the water molecule bridges from the carbonyl
group of thiazolidinone were observed with only Lys58 and

FIGURE 3 | Reported HA binding modes for arbidol and TBHQ. (A) Vertical view of the crystal structure of H3 HA protein in complex with

arbidol (in magenta) and TBHQ (in yellow). The binding pose of TBHQ (from PDB entry: 3EYM) was superimposed onto the arbidol‐H3 HA cocrystal

structure (PDB entry:5T6N). (B) Top view of the crystal structure of H3 HA protein in complex with arbidol and TBHQ. (C) The binding mode of

TBHQ in PDB 3EYM crystal structure. (D) The binding mode of arbidol in PDB 5T6N crystal structure. The HA1 subunits of protomer 1 and 2 are

colored in blue, and the HA2 subunits are in orange. TBHQ is colored in yellow and arbidol is magenta, in structure of ball and stick.
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Glu97 amino acids of protomer 2 at a rate of 10% and 50%,
respectively. Also, the hydrogen bondings between carbonyl
group of carboxamide and Arg54 (with the help of water bridge)
and Lys58 amino acids were observed at a rate of 21% and 23%,
respectively (see the protein‐ligand interaction diagram in
Figure 8C). The fraction of interactions with which residues
were formed were summarized in Figures 8B,D.

3 | Conclusion

We here report the synthesis and antiviral evaluation of new 4‐tert‐
butylphenyl‐substituted spirothiazolidinones, which were easily
synthesized by using one‐pot cyclocondensation method. Com-
pound 2c, bearing methyl substitutions at positions 2‐ and 8‐ of the
spiro ring displayed an EC50 value against influenza A/H3N2 virus
of 1.3 μM and an antiviral selectivity index of 30. Mechanistic
studies including polykaryon assay and virus resistance selection
with compound 2c demonstrated that it acts as H3 HA‐specific
membrane fusion inhibitor. In silico studies combined with the
resistance data indicated that the HA binding pocket of 2c partially
overlaps with that of arbidol and TBHQ. Compound 2c proved
inactive against E572K‐mutant H3 HA, consistent with the
computer‐aided predictions of its binding mode in the H3 HA tri-
mer. The data we gained on the binding of compound 2c to the
cavity around glutamic acid‐57 that is occupied by previously re-
ported small‐molecule fusion inhibitors, indicate the high relevance
of this binding pocket for structure‐based drug design.

4 | Experimental

4.1 | Materials

All reagents and solvents were obtained from Merck, Fluka, and
Sigma Aldrich. Melting points (m.p.) were determined on a
Buchi 530 capillary melting‐point apparatus in open capillaries
and were uncorrected. Infrared (IR) spectra were recorded on
Shimadzu IRAffinity‐1 FT infrared spectrophotometer in
potassium bromide pellets. 1H NMR (DMSO‐d6) spectra were
run on a Varian UNITY INOVA (500‐MHz) and 13C NMR (APT)
(DMSO‐d6) spectra were run Bruker 500MHz spectro-
photometers. Chemical shifts were reported as δ (ppm) relative
to TMS as internal standard and coupling constants (J) were
given in hertz (Hz). ESI/MS were determined on the Finnigan
LCQ Advantage Max spectrophotometer. Elemental analyses
were performed on Thermo Finnigan Flash EA 1112 elemental
analyzer. (*: broad/distorted, ph.: phenyl, sp.: spirodecane).

4.2 | Chemical Synthesis

4.2.1 | General procedure for the synthesis of 1a‐f and
2a‐f

A mixture of 4‐tert‐butylbenzohydrazide (0.005mol), an
appropriate ketone (0.006mol) and mercaptoacetic acid/2‐
mercaptopropionic acid (2.5 ml) was refluxed in 30mL dry
toluene for 5–6 h using a Dean–Stark apparatus. After checking
with TLC that the reaction was over, excess toluene wasT
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evaporated in vacuo. The residue was quenched with saturated
NaHCO3 until CO2 evaluation ceased. The solid was filtered,
washed with water, and recrystallized from ethanol.

4.2.2 | 4‐(tert‐Butyl)‐N‐(3‐oxo‐1‐thia‐4‐azaspiro[4.5]
decan‐4‐yl)benzamide (1a)

Yield: 33.72%, mp: 215.2‐216.2°C; IR (KBr) νmax (cm−1): 3271
(N‐H); 1714, 1660 (C═O); ¹H‐NMR (DMSO‐d6/500MHz): 1.02‐

1.09 (1H, m, CH2‐sp.), 1.31 (9H, s, 4‐C(CH3)3‐sp.), 1.40‐1.55 (3H,
m, CH2‐sp.), 1.71‐2.05 (6H, m, CH2‐sp.), 3.61 (2H, s, H2‐sp.),
7.53 (2H, d, J= 8.8 Hz, H3,H5‐ph.), 7.85 (2H, d, J= 8.8 Hz,
H2,H6‐ph.), 10.44 (1H, s, NH). 13C‐NMR (APT) (DMSO‐d6/
125MHz): 23.38, 24.45 (CH2‐sp.), 28.41 (C2‐sp.), 31.35 (4‐C
(CH3)3‐ph.), 35.20 (4‐C(CH3)3‐ph.), 72.85 (C5‐sp.), 125.75
(C3,C5‐ph.), 128.08 (C2,C6‐ph.), 129.70 (C1‐ph.), 155.62 (C4‐
ph.), 166.32 (CONH), 168.16 (CO‐sp.). Anal. calcd. for
C19H26N2O2S (346.49) C: 65.86; H:7.56; N:8.09. Found C: 65.89;
H:7.86; N:7.70.

FIGURE 4 | Predicted H3 HA binding modes (A, B) and 2D‐ interaction diagrams (C, D) of compound 2c. The molecule was docked into the two

H3 HA structures: PDB 3EYM (A, C) and PDB 5T6N (B, D). In (A, B) the molecule is in ball and stick representation. The HA1 subunits of protomer

1 and 2 are colored in blue, and the HA2 subunits are in orange. In (C, D) the colored lines around the compound visualize interactions according to

colors: green for hydrophobic, turquoise for polar, blue for positively charged, and red for negatively charged.
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FIGURE 5 | The RMSD graphic for the protein and ligand 2c during the MD simulation (A for PDB ID: 3EYM, B for PDB ID: 5T6N).

FIGURE 6 | The RMSF graphic for the protein during the MD simulation with the compound 2c (A for PDB ID: 3EYM, B for PDB ID: 5T6N).

FIGURE 7 | 2D‐interaction diagram of compound 2c at active site on H3 HA after MD simulation (A for PDB ID: 3EYM, B for PDB ID: 5T6N).
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4.2.3 | 4‐(tert‐Butyl)‐N‐(7‐methyl‐3‐oxo‐1‐thia‐
4‐azaspiro[4.5]decan‐4‐yl)benzamide (1b)

Yield: 33.33%, mp: 148‐151.5°C; IR (KBr) νmax (cm−1): 3209
(N‐H); 1714, 1666 (C═O); ¹H‐NMR (DMSO‐d6/500 MHz):
0.75‐0.80 (1H, m, CH/CH2‐sp.), 0.91 (3H, s, 7‐CH3‐sp.) 1.31
(9H, s, 4‐C(CH3)3‐ph.), 1.43‐2.05 (8H, m, CH/CH2‐sp.), 3.61
(2H, s, H2‐sp.), 7.53 (2H, d, J = 8.8 Hz, H3,H5‐ph.), 7.86 (2H,
d, J = 8.8 Hz, H2,H6‐ph.), 10.43 (1H, s, NH). 13C‐NMR (APT)
(DMSO‐d6/125 MHz): 22.50 (7‐CH3‐sp.), 22.91 (CH2‐sp.),
28.49 (C2‐sp.), 30,04 (C7‐sp.), 31.35 (4‐C(CH3)3‐ph.), 33.16
(CH2‐sp.), 35.20 (4‐C(CH3)3‐ph.), 72.84 (C5‐sp.), 125.76
(C3,C5‐ph.), 128.10 (C2,C6‐ph.), 129.66 (C1‐ph.), 155.64 (C4‐
ph.), 166.29 (CONH), 168.11 (CO‐sp.). Anal. calcd. for
C20H28N2O2S (360.52) C: 66.63; H:7.83; N:7.77. Found
C:66.54; H:7.62; N:7.45.

4.2.4 | 4‐(tert‐Butyl)‐N‐(8‐methyl‐3‐oxo‐1‐thia‐
4‐azaspiro[4.5]decan‐4‐yl)benzamide (1c)

Yield: 68.89%. mp: 248.9‐250.5°C; IR (KBr) νmax (cm
−1): 3208

(N‐H); 1709, 1661 (C═O); ¹H‐NMR (DMSO‐d6/500 MHz):
0.85 (3H, d, J = 6.0 Hz, 8‐CH3‐sp.), 1.31 (9H, s, 4‐C(CH3)3‐
ph.), 1.01‐1.49 (3H, m, CH/CH2‐sp.), 1.65‐2.05 (6H, m, CH/
CH2‐sp.), 3.61 (2H, s, H2‐sp.), 7.53 (2H, d, J = 8.8 Hz, H3,H5‐

ph.), 7.85 (2H, d, J = 8.8 Hz, H2,H6‐ph.), 10.43 (1H, s, NH).
13C‐NMR (APT) (DMSO‐d6/125 MHz): 22.32 (8‐CH3‐sp.),
28.41 (C2‐sp.), 30.95 (C8‐sp.) 31.35 (4‐C(CH3)3‐ph.), 31.86
(CH2‐sp.), 35.20 (4‐C(CH3)3‐ph.), 72.70 (C5‐sp.), 125.76
(C3,C5‐ph.), 128.07 (C2,C6‐ph.), 129.70 (C1‐ph.), 155.62 (C4‐
ph.), 166.33 (CONH), 168.21 (CO‐sp.). Anal. calcd. for
C20H28N2O2S (360.52) C: 66.63; H:7.83; N:7.77. Found
C:66.71; H:7.65; N:7.62.

4.2.5 | 4‐(tert‐Butyl)‐N‐(8‐ethyl‐3‐oxo‐1‐thia‐4‐azaspiro
[4.5]decan‐4‐yl)benzamide (1d)

Yield: 26.70%. mp: 263.8‐265.2°C; IR (KBr) νmax (cm−1): 3211
(N‐H); 1707, 1659 (C═O); ¹H‐NMR (DMSO‐d6/500MHz): 0.81
(3H, t, J= 7.5 Hz, 8‐CH2CH3‐sp.), 1.02‐1.26 (5H, m, CH/CH2‐
sp., 8‐CH2CH3‐sp.) 1.31 (9H, s, 4‐C(CH3)3‐ph.), 1.61‐2.02 (6H,
m, CH/CH2‐sp.), 3.61 (2H, s, H2‐sp.), 7.53 (2H, d, J= 8.8 Hz,
H3,H5‐ph.), 7.84 (2H, d, J= 8.3 Hz, H2,H6‐ph.), 10.45 (1H, s,
NH). 13C‐NMR (APT) (DMSO‐d6/125MHz): 11.83 (8‐CH2CH3‐
sp.), 28.41 (C2‐sp.), 29.21, 29.43 (CH2‐sp., 8‐CH2CH3‐sp.), 31.35
(4‐C(CH3)3‐ph.), 35.20 (4‐C(CH3)3‐ph.), 37.55 (C8‐sp.), 72.99
(C5‐sp.), 125.74 (C3,C5‐ph.), 128.08 (C2,C6‐ph.), 129.72 (C1‐
ph.), 155.61 (C4‐ph.), 166.34 (CONH), 168.20 (CO‐sp.). Anal.
calcd. for C21H30N2O2S (374,54) C:67.34; H:8.07; N:7.48. Found:
C:67.62; H:8.23; N:7.13.

FIGURE 8 | The percentages and fractions of protein‐ligand interactions (A and B for PDB ID: 3EYM, C and D for PDB ID: 5T6N).
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4.2.6 | 4‐(tert‐Butyl)‐N‐(3‐oxo‐8‐propyl‐1‐thia‐4‐azaspiro
[4.5]decan‐4‐yl)benzamide (1e)

Yield: 72.16%. mp: 242−243°C; IR (KBr) νmax (cm
−1): 3200 (N‐

H); 1709, 1661 (C═O); ¹H‐NMR (DMSO‐d6/500MHz): 0,84 (3H,
t, J= 7.5 Hz, 8‐CH2CH2CH3‐sp.), 1,12‐1,31 (7H, m, CH/CH2‐sp.,
8‐CH2CH2CH3‐ sp.), 1.31 (9H, s, 4‐C(CH3)3‐ph.), 1,60‐2,05 (6H,
m, CH/CH2‐sp.), 3.61 (2H, s, H2‐sp.) 7.53 (2H, d, J= 8.8 Hz,
H3,H5‐ph.), 7.85 (2H, d, J= 8.8 Hz, H2,H6‐ph.), 10.46 (1H, s,
NH). 13C‐NMR (APT) (DMSO‐d6/125MHz): 14.59 (8‐
CH2CH2CH3‐sp.), 19.94 (8‐CH2CH2CH3‐sp.), 28.41 (C2‐sp.),
29.81 (CH2‐sp., 8‐CH2CH2CH3), 31.35 (4‐C(CH3)3‐ph.), 35.20
(4‐C(CH3)3‐ph.), 35.45 (C8‐sp.), 38.83 (CH2‐sp., 8‐CH2CH2CH3),
72.99 (C5‐sp.), 125.73 (C3,C5‐ph.), 128.08 (C2,C6‐ph.), 129.70
(C1‐ph.), 155.60 (C4‐ph.), 166.31 (CONH), 168.19 (CO‐sp.).
Anal. calcd. for C22H32N2O2S (388,57) C:68.00; H:8.30; N:7.21.
Found: C:67.89; H:8.23; N:7.12.

4.2.7 | 4‐(tert‐Butyl)‐N‐(8‐(tert‐butyl)‐3‐oxo‐1‐thia‐
4‐azaspiro[4.5]decan‐4‐yl)benzamide (1f)

Yield: 22%. mp: 179−181°C; IR (KBr) νmax (cm
−1): 3155 (N‐H);

1689, 1663 (C═O); ¹H‐NMR (DMSO‐d6/500MHz): 0.81 (9H, s,
8‐C(CH3)3‐sp.); 0.83‐1.26 (3H, m, CH/CH2‐sp.), 1.31 (9H, s, 4‐C
(CH3)3‐ph.), 1.47‐2.15 (6H, m, CH/CH2‐sp.), 3.61 (2H, s, H2‐
sp.), 7.53 (2H, d, J= 8.3 Hz, H3,H5‐ph.), 7.85 (2H, d, J= 8.3 Hz,
H2, H6‐ph.), 10.45 (1H, s, NH). 13C‐NMR (APT) (DMSO‐d6/
125MHz): 24.19 (CH2‐sp.), 27.75 (8‐C(CH3)3‐sp.), 28.40 (C2‐
sp.), 31.35 (4‐C(CH3)3‐ph.), 32.39 (8‐C(CH3)3‐sp.), 35.20 (4‐C
(CH3)3‐ph.), 46.17 (C8‐sp.), 72.86 (C5‐sp.), 125.73 (C3,C5‐ph.),
128.08 (C2,C6‐ph.), 129.69 (C1‐ph.), 155.60 (C4‐ph.), 166.29
(CONH), 168.22 (CO‐sp.). Anal. calcd. for C23H34NO2S.H2O
(420,24) C:65.68; H:8.63; N:6.66. Found: C:65.34; H:8.42; N:6.69.

4.2.8 | 4‐(tert‐Butyl)‐N‐(2‐methyl‐3‐oxo‐1‐thia‐
4‐azaspiro[4.5]decan‐4‐yl)benzamide (2a)

Yield: 59.72%. mp: 224‐226,5°C; IR (KBr) νmax (cm
‐1): 3240 (N‐

H); 1716, 1662 (C═O); 1H‐NMR (DMSO‐d6/500MHz): 1.02‐1.04
(1H, m, CH2‐sp.), 1,30 (9H, s, 4‐C(CH3)3‐ph.), 1.44 (3H, d,
J= 6,8 Hz, 2‐CH3‐sp.), 1.55‐1.55 (3H, m, CH2‐sp.), 1.71‐2.05 (6H,
m, CH2‐sp.), 3.91 (1H, d*, J= 6.3 Hz, H2‐sp.), 7.53 (2H, d,
J= 8.3 Hz, H3,H5‐ph.), 7.86 (2H, d, J= 8.3 Hz, H2,H6‐ph.),
10.50 (1H, s, NH‐disappeared on D2O exchange). 13C‐NMR
(APT) (DMSO‐d6/125MHz): 23.47, 23.92, 24.66 (CH2‐sp.), 31.58
(4‐C(CH3)3‐ph.), 35.40 (4‐C(CH3)3‐ph.), 37.51 (C2‐sp.), 71.72
(C5‐sp.), 125.97 (C3,C5‐ph.), 128.38 (C2,C6‐ph.), 129.92 (C1‐
ph.), 155.83 (C4‐ph.), 166.47 (CONH), 171.00 (CO‐sp.). Anal.
calcd. for C20H28N2O2S (360.52) C: 66.63; H: 7.83; N: 7.77.
Found C:66.53; H: 8.46; N: 7.84.

4.2.9 | 4‐(tert‐Butyl)‐N‐(2,7‐dimethyl‐3‐oxo‐1‐thia‐
4‐azaspiro[4.5]decan‐4‐yl)benzamide (2b)

Yield: 19,78%. mp: 220.5‐222.5°C; IR νmax (cm−1): 3230 (N‐H);
1714, 1666 (C═O); 1H‐NMR (DMSO‐d6/500MHz): 0.74 (1H, q*,
J= 11.0 Hz, CH/CH2‐sp.), 0.87 (3H, s, 7‐CH3‐sp.), 1.30 (9H, s,

4‐C(CH3)3‐ph.), 1.43 (3H, d, J= 6,9 Hz, 2‐CH3‐sp.), 1.49‐1.80
(8H, m, CH/CH2‐sp.), 3.90 (1H, d*, J= 6.8 Hz, H2‐sp.), 7.53 (2H,
d, J= 8.3 Hz, H3,H5‐ph.), 7.85 (2H, d, J= 8,3 Hz, H2,H6‐ph.),
10.45 (1H, s, NH). 13C‐NMR (APT) (DMSO‐d6/125MHz): 22.45,
22.60 (7‐CH3‐sp., 2‐CH3‐sp.), 23.20 (CH2‐sp.), 29.90 (C7‐sp.),
31.36 (4‐C(CH3)3‐ph.), 33.17 (CH2‐sp.), 35.19 (4‐C(CH3)3‐ph.),
37.34 (C2‐sp.), 71.49 (C5‐sp.), 125.72 (C3,C5‐ph.), 128.08
(C2,C6‐ph.), 129.86 (C1‐ph.), 155.52 (C4‐ph.), 166.26 (CONH),
170.59 (CO‐sp.). Anal. calcd. for C21H30N2O2S (374.54) C: 67.34;
H: 8.07; N: 7.48. Found C:67.25; H: 8.17; N: 7.64.

4.2.10 | 4‐(tert‐Butyl)‐N‐(2,8‐dimethyl‐3‐oxo‐1‐thia‐
4‐azaspiro[4.5]decan‐4‐yl)benzamide (2c)

Yield: 38.21%. mp: 139‐141.5°C; IR νmax(cm
−1): 3431, 3419 (O‐

H), 3151, 3141 (N‐H); 1685, 1660 (C═O); 1H‐NMR (DMSO‐d6/
500MHz): 0.85 (3H, d, J= 5,9 Hz, 8‐CH3‐sp.), 1.09‐1.27 (3H, m,
CH/CH2‐sp.), 1.30 (9H, s, 4‐C(CH3)3‐ph.), 1.44 (3H, d,
J= 6.8 Hz, 2‐CH3‐sp.), 1.67‐2.05 (6H, m, CH/CH2‐sp.), 3.91 (1H,
d*, J= 6.3 Hz, H2‐sp.), 7.53 (2H, d, J= 8.3 Hz, H3,H5‐ph.), 7.85
(2H, d, J= 8.3 Hz, H2,H6‐ph.), 10.49 (1H, s, NH). 13C‐NMR
(APT) (DMSO‐d6/125MHz): 22.34 (8‐CH3‐sp.), 30.92 (C8‐sp.),
31.35 (4‐C(CH3)3‐ph.), 31.70, 32.18 (CH2‐sp.), 35.40 (4‐C(CH3)3‐
ph.), 37.26 (C2‐sp.), 71.34 (C5‐sp.), 125.76 (C3,C5‐ph.), 128.05
(C2,C6‐ph.), 129.67 (C1‐ph.), 155.62 (C4‐ph.), 166.21 (CONH),
170.83 (CO‐sp.). (ESI+) MS m/z (%): 374.9 ([M+H]+, 100).
Anal. calcd. for C21H30N2O2S.H2O (392.56) C: 64.25; H: 8.22; N:
7.14. Found C:64.27; H: 9.18; N: 6.94.

4.2.11 | 4‐(tert‐Butyl)‐N‐(8‐ethyl‐2‐methyl‐3‐oxo‐1‐thia‐
4‐azaspiro[4.5]decan‐4‐yl)benzamide (2d)

Yield: 14.28%. mp: 135−136.5°C; IR νmax (cm−1): 3415 (O‐H),
3145 (N‐H); 1685, 1662 (C═O); 1H‐NMR (DMSO‐d6/500MHz):
0.82 (3H, t, J= 7.8 Hz, 8‐CH2CH3‐sp.), 1.05‐1.18 (5H, m, CH/
CH2‐sp., 8‐CH2CH3‐sp.), 1.30 (9H, s, 4‐C(CH3)3‐ph.), 1.44 (3H,
d, J= 6.8 Hz, 2‐CH3‐sp.), 1.67‐2.01 (6H, m, CH/CH2‐sp.), 3.91
(1H, q, J= 6.3 Hz, H2‐sp.), 7.53 (2H, d, J= 8.3 Hz, H3,H5‐ph.),
7.85 (2H, d, J= 8.3 Hz, H2,H6‐ph.), 10.49 (1H, s, NH). 13C‐NMR
(APT) (DMSO‐d6/125MHz): 11.81 (8‐CH2CH3‐sp.), 20.32 (2‐
CH3‐sp.), 29.22, 29.27, 29.72 (CH2‐sp., 8‐CH2CH3‐sp.), 31.36 (4‐
C(CH3)3‐ph.), 35.19 (4‐C(CH3)3‐ph.), 37.30, 37.51 (C2‐sp., C8‐
sp.), 71.66 (C5‐sp.), 125.72 (C3,C5‐ph.), 128.05 (C2,C6‐ph.),
129.88 (C1‐ph.), 155.51 (C4‐ph.), 166.29 (CONH), 170.71 (CO‐
sp.).Anal.calcd. for C22H32N2O2S.H2O (406.58) C: 64.99; H: 8.43;
N: 6.89.Found C:65.04; H: 8.12; N: 7.05.

4.2.12 | 4‐(tert‐Butyl)‐N‐(2‐methyl‐3‐oxo‐8‐propyl‐1‐thia‐
4‐azaspiro[4.5]decan‐4‐yl)benzamide (2e)

Yield: 44.71%. mp: 201‐202.5°C; IR νmax (cm−1): 3261 (N‐H);
1716, 1662 (C═O); 1H‐NMR (DMSO‐d6/500MHz): 0.83 (3H, t,
J= 7.3 Hz, 8‐CH2CH2CH3‐sp.), 1.04−1.17 (5H, m, CH/CH2‐sp.,
8‐CH2CH2CH3‐sp.), 1.23−1.28 (2H, m, 8‐CH2CH2CH3‐sp.), 1.30
(9H, s, 4‐C(CH3)3‐ph.), 1.44 (3H, d, J= 6.8 Hz, 2‐CH3‐sp.), 1.73‐
2.15 (6H, m, CH/CH2‐sp.), 3.91 (1H, d*, J= 6.4 Hz, H2‐sp.), 7.53
(2H, d, J= 8.3 Hz, H3,H5‐ph.), 7.86 (2H, d, J= 8.3 Hz, H2,H6‐
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ph.), 10.49 (1H, s, NH). 13C‐NMR (HSQC) (125MHz) (DMSO‐
d6/TMS): 14.79 (8‐CH2CH2CH3‐sp.), 20.14 (2‐CH3‐sp.,
8‐CH2CH2CH3‐sp.), 29.88, 30.33 (CH2‐sp.), 31.57 (4‐C(CH3)3‐
ph.), 35.42 (4‐C(CH3)3‐ph.), 35.66 (C8‐sp.), 37.34 (CH2‐sp.),
37.43 (C2‐sp.), 39.07 (8‐CH2CH2CH3‐sp.), 71.86 (C5‐sp.), 125.95
(C3,C5‐ph.), 128.38 (C2,C6‐ph.), 129.94 (C1‐ph.), 155.83 (C4‐
ph.), 166.47 (CONH), 171.03 (CO‐sp.). Anal. calcd. for
C23H30N2O2S (402.59) C: 68.62; H: 8.51; N: 6.72. Found C:68.67;
H: 8.83; N: 6.44.

4.2.13 | 4‐(tert‐Butyl)‐N‐(8‐(tert‐butyl)‐2‐methyl‐3‐oxo‐
1‐thia‐4‐azaspiro[4.5]decan‐4‐yl)benzamide (2f)

Yield: 47.86%. mp: 159−161°C. IR νmax (cm−1): 3412 (O‐H),
3151 (N‐H); 1689, 1654 (C═O); 1H‐NMR (DMSO‐d6/500MHz):
0.81 (9H, s, 8‐C(CH3)3‐sp.), 0.83−0.93 (1H, m, CH/CH2‐sp.),
1.17−1.26 (2H, m, CH/CH2‐sp.), 1.30 (9H, s, 4‐C(CH3)3‐ph.),
1.44 (3H, d, J= 6.8 Hz, 2‐CH3‐sp.), 1.73−2.15 (6H, m, CH/CH2‐
sp.), 3.91 (1H, q, J= 5.9 Hz, H2‐sp.), 7.53 (2H, d, J= 8.3 Hz,
H3,H5‐ph.), 7.85 (2H, d, J= 8.3 Hz, H2,H6‐ph.), 10.50 (1H, s,
NH). 13C‐NMR (APT) (DMSO‐d6/125MHz): 20.35 (2‐CH3),
24.03, 24.46 (CH2‐sp.), 27.74 (8‐C(CH3)3‐sp.), 31.35 (4‐C(CH3)3‐
ph.), 32.39 (8‐C(CH3)3‐sp.), 35.20 (4‐C(CH3)3‐ph.), 37.30 (C2‐
sp.), 46.11 (C8‐sp.), 71.52 (C5‐sp.), 125.74 (C3,C5‐ph.), 128.06
(C2,C6‐ph.), 129.67 (C1‐ph.), 155.61 (C4‐ph.), 166.21 (CONH),
170.86 (CO‐sp.). (ESI+) MS m/z (%): 417.2 ([M+H]+, 100).
Anal. calcd. for C24H36N2O2S.H2O (434.64) C: 66.32; H: 8.81; N:
6.45. Found C:66.27; H: 8.33; N: 6.62.

4.3 | Antiviral Assay

The CPE reduction assay for IAV and IBV was reported in full
detail elsewhere [Vanderlinden et al. 2010]. Briefly, MDCK cells
were seeded in 96‐well plates and, on the next day, virus was
added [A/H1N1 (strain A/Ned/378/05), A/H3N2 (A/HK/7/87)
or IBV (B/Ned/537/05)] at a multiplicity of infection of 100
CCID50 (50% cell culture infective dose) per well. At the same
time, the compounds were added at serial dilutions. After 4 days
incubation at 35°C, the compounds' protective effect against
viral CPE as well as their cytotoxicity were assessed by
microscopy and the colorimetric MTS cell viability assay
(CellTiter 96 AQueous One Solution Cell Proliferation Assay
from Promega). Antiviral activity was expressed as the 50%
effective concentration (EC50), whereas cytotoxicity was defined
as MCC (minimal cytotoxic concentration, based on micros-
copy) or CC50 (50% cytotoxic concentration, assessed by the
MTS assay). The formulas used to calculate these parameters
were published elsewhere (Vrijens et al. 2019).

4.4 | Polykaryon Assay

The polykaryon assay (see [Vanderlinden et al. 2010] for all
details) was performed with pCAGEN plasmids expressing
wild‐type or mutant (E572K and D1122N) forms of A/X‐31 H3
HA. HeLa cells were seeded into 12‐well plates and transfected
with HA plasmid using Fugene 6 reagent (Promega). Two days
later, the cells were briefly exposed to TPCK‐treated trypsin to

activate the HA on the cell surface. After two rinses with PBS
containing Ca2+ and Mg2+ (PBS‐CM), the cells were pre‐
incubated with compound during 15min. Next, they were ex-
posed to acidic buffer (PBS‐CM adapted to pH 5) containing the
same concentration of compound, and incubated for exactly
15 min at 37°C. After two rinses with PBS‐CM, medium with
10% fetal calf serum was added. Three hours later, the cells were
fixated with ethanol and stained with Giemsa. Microscopy at
x200 magnification was conducted to count the number of
polykaryons (containing five or more nuclei) in four randomly
selected microscopic fields.

4.5 | Molecular Docking Studies

All molecular docking process was performed on Schrödinger
Small Molecule Drug Discovery Suite program (v.2022‐1, Mae-
stro, Schrödinger, Limited Liability Company, New York, 2022).
The chosen compound was drawn by the 2D Sketcher appli-
cation in Maestro, energy minimization was done at pH 7.0
according to OPLS4 technic, and the LigPrep application was
used to create the 3D ligand structure. The protein and grid
preparation procedures were carried out according to the lit-
erature (Cihan‐Üstündağ et al. 2020). The crystal structures for
H3 HA were procured with the pdb codes 3EYM (strain A/
Aichi/2/1968 H3N2) and 5T6N (strain A/Hong Kong/1/1968
H3N2 and strain A/Northern Territory/60/1968 H3N2) from
Protein Data Bank database (PDB). 3EYM (2.8 Å) includes the
influenza virus haemagglutinin in complex with 2‐tert‐
butylbenzene‐1,4‐diol (TBHQ) (Russell et al. 2008) and 5T6N
(2.54 Å) contains the influenza virus HA in complex
with the influenza virus fusion inhibitor drug, arbidol (ethyl
6‐bromo‐4‐[(dimethylamino)methyl]‐5‐hydroxy‐1‐methyl‐
2‐[(phenylsulfanyl)methyl]‐1H‐indole‐3‐carboxylate) (Kadam
and Wilson 2017). Before docking, crystal structures of the
proteins were prepared by removing ligands from the respective
hydrophobic pockets and applying the Protein Preparation
Wizard Module of Schrodinger Software Suite. Hydrogen
addition at pH 7.0, optimization, and energy minimization were
performed. The grid was generated by taking the centroid of
ligands with Receptor Grid Generation application. The three
chains in the trimer are labeled A, C, and E (HA1) and B, D,
and F (HA2). The subscript number 1 or 2 after the amino acid
residue number indicates their location in the HA1 or HA2
subunit, respectively. The grid includes Arg542, Val552, and
Glu572 of monomer 1 and Tyr942, Glu972, and Leu992 of
monomer 2 for 5T6N.pdb. The grid for 3EYM.pdb was also
detected with the same residues. The prepared ligand was
docked into the grids with standard protocol and extra precision
(XP) method according to the Induced Fit Docking (IFD) pro-
tocol. The poses were ranked based on XP G‐scores and ex-
amined for protein‐ligand interactions.

4.6 | MD Studies

To evaluate insights into the conformational changes of the
compound 2c with the H3 HA proteins 3EYM and 5T6N over
time, MD simulations were performed via Desmond application
implemented in Schrödinger Small Molecule Drug Discovery
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Suite program (v.2022‐1, Maestro, Schrödinger, Limited Liability
Company, New York, 2022). The systems were firstly solvated by
the predefined single point charge (SPC) water in the ortho-
rhombic boundary condition at the distances of 10 × 10× 10 Å,
and the charges of the compound‐protein complexes neutralized
with adding Na+/Cl− ions with OPLS_2005 force field on System
Builder application. Then, the prepared complexes with 178721
and 164480 atoms for 3EYM and 5T6N structures (respectively)
were applied to energy minimization using the steepest descent
method with 310K temperature and 1 atm pressure using Lan-
gevin as thermostat and barostat methods. MD simulations with-
out any constraints were carried out for 50 ns with NPT ensemble
class on MD application. For analyzing trajectories, comparing of
the hydrogen bonding occupancy of the protein‐ligand complexes
and calculating the values of root mean square deviation (RMSD)
and fluctuation (RMSF), the Simulation Interactions Diagram
application were performed. The RMSD values between each
snapshot with respect to the starting situation was plotted over
during the 50 ns simulation.
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