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A B S T R A C T   

Since 2011 Direct Acting antivirals (DAAs) drugs targeting different non-structural (NS) viral proteins (NS3, 
NS5A or NS5B inhibitors) have been approved for clinical use in HCV therapies. However, currently there are not 
licensed therapeutics to treat Flavivirus infections and the only licensed DENV vaccine, Dengvaxia, is restricted to 
patients with preexisting DENV immunity. 

Similarly to NS5 polymerase, the NS3 catalytic region is evolutionarily conserved among the Flaviviridae 
family sharing strong structural similarity with other proteases belonging to this family and therefore is an 
attractive target for the development of pan-flavivirus therapeutics. 

In this work we present a library of 34 piperazine-derived small molecules as potential Flaviviridae NS3 
protease inhibitors. The library was developed through a privileged structures-based design and then biologically 
screened using a live virus phenotypic assay to determine the half-maximal inhibitor concentration (IC50) of each 
compound against ZIKV and DENV. Two lead compounds, 42 and 44, with promising broad-spectrum activity 
against ZIKV (IC50 6.6 µM and 1.9 µM respectively) and DENV (IC50 6.7 µM and 1.4 µM respectively) and a good 
security profile were identified. Besides, molecular docking calculations were performed to provide insights 
about key interactions with residues in NS3 proteases’ active sites.   

Abbreviations: CC50, half-maximal cytotoxic concentration; DCM, dichloromethane; DDAs, direct acting antivirals; DENV, Dengue virus; DEPT, distortionless 
enhancement by polarization transfer; DMF, dimethylformamide; DMSO, dimethylsulfoxide; EDCI, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; ELISA, Enzyme- 
Linked Immunosorbent Assay; HCV, Hepatitis C virus; HIV, Human immunodeficiency virus; HOBt, hydroxybenzotriazole; HRMS, High resolution mass spectrom
etry; HSQC, heteronuclear single quantum correlation; IC50, half maximal inhibitory concentration; MS, mass spectrometry; NMR, nuclear magnetic resonance; 
SARS–CoV–2, Severe acute respiratory syndrome coronavirus 2; SI, selectivity index; TLC, thin layer chromatography; TMS, tetramethylsilane; TPV, telaprevir; WHO, 
World Health Organization, ZIKV, Zika virus. 
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1. Introduction 

Flaviviridae family is subdivided into four genera namely, Flavivirus, 
Hepacivirus, Pegivirus and Pestivirus. Flavivirus genus includes prevalently 
arboviruses transmitted by infected arthropod, such as Dengue Virus 
(DENV), Japanese Encephalitis Virus (JEV), Yellow Fever Virus (YFV), 
Chikungunya Virus (CHIKV), Spondweni Virus (SPOV or SPONV), West 
Nile Virus (WNV) and Zika Virus (ZIKV) [1,2]. The incidence of Flavi
virus infection has grown up to 400 million people infected annually [3] 
and widely distributed as consequence of globalization and climate 
changes, causing public health problems worldwide [4,5]. 

One of the most important pathogens of the flaviviridae family is the 
Hepatitis C virus (HCV) belonging to the Hepacivirus genus. Globally, an 
estimated 58 million people have chronic HCV infection, with about 1.5 
million new infections per year and approximately 290,000 people died 
from hepatitis C in 2019, mostly from cirrhosis and hepatocellular car
cinoma [6,7]. The absence of a vaccine and the possible emergence of 
viral resistance toward the drugs approved for HCV treatment, makes 
necessary the continuous design of novel specific HCV inhibitors which 
can implement the existing combination therapy. 

DENV and ZIKV have an outstanding clinical and epidemiological 
relevance due to their high incidence and lack of effective treatments. 
DENV infections, has increased its global incidence dramatically 
(100–400 million infections each year) with about half of the world’s 
population now at risk, particularly in developing countries [8,9]. Over 
80% of infected patients are generally mild and asymptomatic [9] but 
approximately 5% have severe dengue with hemorrhagic fever [10]. 
Despite ZIKV infection usually proceeds asymptomatically or with mild 
symptoms, during the last outbreaks severe ZIKV-associated complica
tions emerged (depending on genetic variant of ZIKV), such as 
congenital birth defects, including microcephaly, and the Guillain-Barre 
syndrome in adults [5]. In 2018, WHO has added ZIKV infection to its 
Research and Development Blueprint (the list of diseases recommended 
for intensive research) [8]. 

Currently no effective drugs [11] or vaccines against these diseases 
are available, the only vaccine approved against DENV, Dengvaxia is 
restricted to patients with preexisting DENV immunity and for this 
reason its distribution is limited to endemic area [11,12]. Therefore, at 
present the therapy for the treatment of DENV and ZIKV infections, in
cludes only symptomatic treatment or supportive care in a hospital 
setting. 

All genera of the Flaviviridae family show similarities in the organi
zation of the viral genome, which is characterized by a single stranded 
positive sense RNA molecule. The whole viral genome is translated to a 
viral polyprotein which is processed by the host and viral proteases into 
9 to 12 mature proteins, consisting of the structural and nonstructural 
(NS) proteins [1,12]. The structural proteins form the viral particle. The 
NS proteins participate in the replication of the RNA genome, virion 
assembly and interaction with innate host immune response [13]. These 
viral proteins represent relevant targets for the development of novel 
antiviral therapies. Novel Flaviviridae inhibitors has been designed to 
target NS3 (protease domain, helicase domain) and NS5 (N-terminal 
methyltransferase domain and C-terminal RNA-dependent RNA poly
merase) viral proteins [14]. 

The NS3 protease domain belongs to the trypsin/chymotrypsin 
protease superfamily with a conserved catalytic triad consisted of His- 
Ser-Asp. During the viral lifecycle in host cell, the NS3 protease 
cleaves the polyprotein releasing the resulting NS proteins. The majority 
of NS protein structures are evolutionarily conserved among the Flavi
viridae family [15], with strong structural similarity of the NS3 catalytic 
region [15–18], despite difference in NS3 cofactor usage; for example, 
NS4A acts as cofactor in HCV whereas NS2B is the cofactor in DENV and 
ZIKV [18]. In the research of new anti-flavivirus agents, the repurposing 
of HCV NS3/NS4A inhibitors for the treatment of ZIKV infections is a 
reported and appealing strategy [19]. 

In this work we present the design and the synthesis of a small library 

of 34 piperazine-derived small molecules acting as potential Flaviviridae 
NS3 protease inhibitors. The compounds were designed using a privi
leged structure-based approach and their antiviral properties were 
determined by a live virus cell based phenotypic assay against ZIKV and 
DENV allowing the identification of lead compounds with promising 
broad-spectrum activity against flaviviruses. 

2. Results & discussion 

2.1. Design 

The design of the new antiviral compounds was based on our pre
vious experience in the synthesis of piperazines as relevant scaffolds in 
anti-adenovirus activity [20,21]. In addition, the role of piperazine de
rivatives against Flaviviridae viruses such us HCV has also been reported 
[7,22–27]. Due to the relevance of the piperazine ring in the biological 
activity of compounds [28], we decided to preserve it as central core. 

The general skeleton of the first family consisted of two aromatic/ 
aliphatic rings assembled through amide [29] or urea [14,30] functions. 
The common structural feature is the 2-substituted piperazine ring as 
main backbone, with tert-butoxycarbonyl and its isostere 3,3-dimethyl
butanoyl groups as acylating agents at N-4 [21,31]. The structural di
versity generation was accomplished at N-1 by the introduction of 
moieties considered as relevant for the desired antiviral activity. Liter
ature was consulted to identify some structural elements of interest that 
could be considered privileged structures for this activity (Fig. 1). We 
have recently employed this designing strategy for developing other 
antiviral agents based on different amine-propanediol skeletons with 
promising results [32,33]. 

Indol-3-yl-2-oxoacetyl, a biologically relevant oxoamide moiety 
[34–36] having the indole nucleus (privileged scaffold in ligands for 
diverse viral proteins) [36–38], that has been previously explored in 
anti-HIV agents [39], was selected for our model. Cinnamoyl and 
quinoline-3-carbonyl groups were also introduced at N-1 position in our 
general backbone. They are crucial pharmacophores that exhibit mul
tiple biological activities [40–43], and important structural motifs in 
antiviral drug discovery against HCV [44,45], ZIKV [46–49], DENV 
[49–55] and SARS-CoV–2 [56]. 

In the second type of compounds, the urea spacer connects the 
privileged moiety with the N-1 of the piperazine ring. 

To explore the chemical space around the urea scaffold, three 
different phenyl moieties were introduced. For the design of our library, 
4-acetylphenyl [57,58], 2,4-dimethoxyphenyl [14] and 3,4,5-trimethox
yphenyl groups were selected based on their presence in small molecules 
aryl urea derivatives with potent anti ZIKV activity. 

2.2. Synthesis 

Compounds 8–31 were obtained following the previously described 
short and high-yielded synthetic methodology that involved two re
actions [20,21,59], by employing 2-substituted piperazines as pre
cursors. Firstly, through a chemoselective N-acylation reaction, the acyl 
function at the less hindered nitrogen was introduced (compounds 3–6) 
Secondly, to generate chemical diversity at the other nitrogen, it was 
functionalized as amide and urea groups. 

Thirdly, compounds 32–34 were prepared in one step from com
mercial Boc-piperazine by reaction with the appropriate acylating 
agents: acyl chloride or carboxylic acid. 

The general synthetic route for these compounds is presented in 
Scheme 1. Spectral (NMR, Mass Spectrometry) and analytical data of the 
new synthesized compounds (8–34, Table 1) were in full agreement with 
the proposed structures (See Experimental Part and Supplementary 
Information). 
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2.3. Biological evaluation 

2.3.1. In vitro protease inhibition assay 
In the process of drug discovery, compounds exhibiting antiviral 

activity in cell based assays have better chance to be efficacious in vivo 
than in target-based approaches [60]. NS proteins in the Flaviviridae 
family, specifically the enzymes, are evolutionarily well conserved 
among different genera [8,61–64], existing a strong structural similarity 
in the catalytic region between the Flavivirus NS2B/NS3 and the HCV 
NS3/4A [15–18]. As our main goal was the development of broadly 
active antiviral compounds acting as pan Flaviviridae inhibitors, we 
started our antiviral drug discovery study by screening our library in a 
commercial HCV NS3/4A protease inhibition assay, to rapidly identify 
those compounds showing inhibitory enzymatic activity. 

The rationale behind our approach is the fact that ZIKV inhibitors 
have been obtained by repurposing previously identified HCV NS3/ 
NS4A inhibitors [19]. The discovery of novel broad spectrum com
pounds against HCV, Flavivirus and other viruses, by phenotypic 
screening starts with (i) anti-HCV cell-based viral infection screening, 
proceed with (ii) the optimizing process of anti HCV activity and it’s 
completed with (iii) the evaluation of broad antiviral profile of leading 
compounds [65]. 

Compounds 8–34 were evaluated to determine their degree of inhi
bition of the NS3/4A protease activity of the HCV, using Telaprevir 
(TPV) as reference compound (for details see Experimental Part), 
obtaining data recorded in Table 1 (Supplementary Information, Graph 
S31). 

As can be observed in Table 1, most of the HCV NS3/4A inhibitory 
values were >70%. Only five compounds gave around 40–50% of in
hibition, being 2-phenyl piperazine derivatives having at N-1 a urea 
function with a 2,4-dimethoxy or 3,4,5-trimethoxy substituted phenyl 
ring (25, 30 and 31) or an amide (3-quinolein carbonyl group in 29, and 
cinnamoyl group in 21). 

2.3.2. Cytotoxicity and antiviral activity 
It has been reported that some DENV inhibitors that exhibited 

inhibitory activities in biochemical protease assays, failed in cell-based 
viral infection assays [16,24]. This observation is not surprising 
considering that enzymatic assays evaluate only one activity of virus in a 
controlled reaction, while the viral replication in cell culture and 

consequently its inhibition, is a mechanism more complex which in
volves the interaction between different viral and cellular proteins. 

Consequently, we screened the compounds with moderate-high 
percentage of enzymatic inhibitory activity in a cell-based antiviral 
assay, to determine their potential activity to inhibit ZIKV and DENV 
replication in vitro. The final goal was to find new lead compounds for hit 
optimization. Considering the enzymatic inhibition percentage data 
(Table 1) all compounds from the first family were evaluated. 

The cell-based antiviral assay has been previously published [66,67] 
and it is explained in detail in the Experimental Section. Activity / 
toxicity data for compounds 8–34 are reported in the Table 2. The IC50 
(half maximal inhibitory concentration) values obtained with the 
reference compound (sofosbuvir) were coherent with those obtained in 
literature and in previously published papers [66,68,69]. 

Anti-ZIKV activity was observed in the micromolar range, in 11 out 
27 compounds that compose the library with a median [IQR] IC50 of 24 
[8.4–37.0] μM and a mean SI of 10 [6.4–14.0]. Six of them were 2- 
methyl piperazine derivatives (8, 11, 14, 15, 16 and 18). Both tert- 
butoxycarbonyl and 3,3-dimethylbutanoyl groups are present in active 
compounds at N-4. Related to the different moieties at N-1, amide-linked 
derivatives with indol-3-yl-2-oxoacetyl (8 and 14), cinnamoyl (15) and 
quinoline-3-carbonyl (16), together with urea-linked compound with 4- 
acetylphenyl (11) showed a good SI, with a median SI of 10.2 
[13.3–17.1] (Table 2) [70]. 

Only three 2-phenylpiperazine were active: both 3,4,5-trimethoxy
phenyl urea derivatives (IC50 24 8.2 μM and 29 41.2 μM, with tert- 
butoxycarbonyl and 3,3-dimethylbutanoyl groups respectively at N-4) 
and 25, indol-3-yl-2-oxoacetyl derivative with IC50 3.9 μM. Of them, 
only the compound 24 had a low cytotoxic profile (SI = 14.6). 

Three different unsubstituted Boc-piperazine derivatives, 32, 33 and 
34, featuring the indol-3-yl-2-oxoacetyl, cinammoyl and indol-3-yl- 
acetyl respectively at the other N, were also prepared. Compound 32, 
unsubstituted analogue of 8 was not active, while compound 34, with 
the indol-3-yl acetyl group showed a poor activity (IC50 51.9 μM). 
Compound 33 showed certain activity (IC50 24.2 μM) while its 2- 
substituted analogues 9 and 21 were inactive. 

These results suggested that the presence of 2-metylpiperazine core 
in our model is crucial for the activity against ZIKV. 

At opposite of compounds active againt ZIKV, most of the com
pounds containing 2-methylpiperazine moiety were inactive against 

Fig. 1. Privileged structure-based design strategy for potential piperazine-derived anti-flavivirus agents.  
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DENV, with the exception of the indol-3-yl-2-oxoacetyl derivatives, 
compound 8 (IC50 10.7 µM, SI 14.3) and 14 (IC50 26.0 µM, SI 7.7) which 
showed a similar activity profile against ZIKV. 

The activity profile changed when 2-phenylpiperazine core was 
present. Six out eleven prepared derivatives displayed anti DENV ac
tivity. Indeed, compounds 21, 22, 23, 25, 26 and 29 showed IC50 values 
ranging from 7.9 to 31.3 μM. However, considering their median SI 4.2 
[3.1–4.7], probably they require further optimization to reduce their 
cytotoxicity. 

Among the three (32–34) unsubstituted piperazine derivatives 
evaluated, only two presented low activity, compund 32 with indol-3-yl- 
2-oxoacetyl group (IC50 45.0 μM) and its analogue 34 with indol-3-yl- 
acetyl (IC50 38.7 μM) which was similarly active against ZIKV. 

Globally, 8 was the most promising tested compound, considering its 
activity in the low micromolar range against both viruses and its low 
cytotoxic profile. As our compounds were prepared in racemic form, 
both enantiomers of compound 8 were evaluated in the cell-based assay 
to determine their inhibitory activity against ZIKV and DENV replication 
[(R)-8 [α]D = − 8.0 (c 1.04, CH2Cl2), (S)-8 [α]D = + 8.1 (c 0.95, 
CH2Cl2)]. Not substantial differences (Fig. 2) were appreciated among 
their IC50 values against ZIKV [(R)-8 13.8 ± 1.2 μM, (S)-8 12.7 ± 1.4 
μM)] and DENV [(R)-8 12.7 ± 1.2 μM, (S)-8 11.2 ± 1.3 μM)], showing 
almost similar activities and cytotoxicity (SI > 10) to those obtained 

with the racemic form. 
As both enantiomers of compound 8 showed similar activity profile 

in cell-based assay against ZIKV and DENV replication, a docking study 
was performed to look inside the binding mode of both enantiomers with 
the active site of Zika NS3/2B and to check the differences between (R) 
and (S) configurations. The groups in the chiral carbon do not present 
interactions with any residues, and the interactions in the two enan
tiomers are similar in both cases with similar binding energy values 
(Supplementary Information, Fig. S32). 

2.4. Round of optimization 

A further round of optimization was performed to obtain a second 
small family of inhibitors. The goal was to increase the molecular 
complexity through the assembly of 3 aromatic/aliphatic rings linked by 
both functions, urea and amide, in the same molecule. 

In pursuit of improving the antiviral activity against both viruses and 
reducing the cytotoxicity of those lead compounds, the first decision was 
to preserve 2-phenylpiperazine ring as the central core, due to its rele
vance for anti-DENV activity. 

The following chemical construction process focused on the incor
poration of two biologically interesting motifs to both nitrogen atoms of 
the piperazine ring located at central position The scaffold’s selection 

Scheme 1. Synthesis of 2-substituted piperazine amide and urea derivatives (8–31) and unsubstituted piperazine derivatives (32–34).  
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preserved the structural features of the most active compounds from the 
previous family (Fig. 3):  

(1) For the amide link, indol-3-yl-2-oxoacetyl and cinammoyl groups 
carried in compunds 8, 21 and 25.  

(2) For the urea connection, the 2,4-dimethoxyphenyl ring presents 
in compounds 18 and 23, and the 4-acetylphenyl, evaluated in 2- 
methyl piperazine derivatives (11), but not previously incorpo
rated to 2-phenylpiperazine core. The third moiety was (2-chloro- 
5-trifluoromethyl) phenyl, based on the fact that urea derivatives 
having this group have been described as effective anti ZIKV 
compounds [58]. 

It is also important to consider the relative position of the substituent 
at position 2 in the piperazine ring and the privileged scaffolds linked to 
the nitrogen atoms. 

Firstly, two indol-3-yl-2-oxoacetyl derivatives were prepared start
ing from compounds 8 and 20 (2-methyl and phenyl derivatives 

respectively), which yielded compounds 37 and 38 through the depro
tection of the Boc group by treatment with CF3COOH (35 and 36), fol
lowed by reaction with the appropriate isocyanate (Scheme 2). 

The groups indol-3-yl-2-oxoacetyl and cinammoyl were introduced 
at the less hindered nitrogen through a chemoselective N-acylation re
action (39 and 40) and secondly, N-1 was functionalized as urea to 
introduce the biologically relevant scaffolds mentioned above (41–44). 
All these compounds were obtained in high yields and their spectral and 
analytical data confirmed the proposed structure (See Experimental 
Section) (Scheme 2). 

The lead compounds, improved with the above-mentioned modifi
cations, were tested in cells-based assay to assess their cytotoxic profile 
and their antiviral activity (Table 3, Fig. 4). 

As illustrated in Table 3, compound 37, the only 2-methyl derivative 
of this family, showed a modest activity against both viruses (mean IC50 
33.5 μM when considering both ZIKV and DENV). Among the 3-phenyl
derivatives (38, 41 and 43) carrying the indol-3-yl-2-oxoacetyl group 
the cytotoxicity ranging from moderate to high. Indeed the compound 

Table 1 
Acyl piperazine amide and urea derivatives (8–34). Inhibition of HCV NS3/4A protease.  

Entry Comp 

R1 X R2 Yield (%) % Enzimatic Inhibitiona 

1 8 Me O A 64 73.98 ± 8.59 
2 9 Me O B 67 77.87 ± 11.42 
3 10 Me O C 94 76.12 ± 2.23 
4 11 Me O D 79 77.13 ± 13.64 
5 12 Me O E 68 86.20 ± 9.30 
6 13 Me O F 61 78.71 ± 15.45 
7 14 Me CH2 A 61 76.71 ± 14.91 
8 15 Me CH2 B 62 83.18 ± 6.06 
9 16 Me CH2 C 88 68.29 ± 0.29 
10 17 Me CH2 D 76 79.15 ± 9.66 
11 18 Me CH2 E 77 83.76 ± 11.74 
12 19 Me CH2 F 68 76.14 ± 3.31 
13 20 Ph O A 63 75.92 ± 4.05 
14 21 Ph O B 71 51.05 ± 10.05 
15 22 Ph O C 90 NDb 

16 23 Ph O E 83 79.19 ± 7.93 
17 24 Ph O F 69 41.90 ± 20.19 
18 25 Ph CH2 A 72 81.05 ± 1.75 
20 26 Ph CH2 C 79 NDb 

21 27 Ph CH2 D 91 44.92 ± 15.71 
22 28 Ph CH2 E 72 47.66 ± 23.99 
23 29 Ph CH2 F 65 47.39 ± 18.03 
24 30 Me O G 74 NDb 

25 31 Ph O G 81 61.92 ± 4.45 
26 32 H O A 94 80.87 ± 0.76 
27 33 H O B 79 86.90 ± 0.79 
28 34 H O G 78 85.32 ± 0.12 
29 TVP – – – – 88.41 ± 5.82  

a Percent inhibitory activity of compounds on HCV NS3/4A protease (genotype 1b) at 0.5 mM. All results are shown as means ± SD of triplicate samples from three 
independent experiments. See Experimental Section for details. 

b Not determined. 
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43, was completely toxic in cell culture while the 41 had a low SI (1.6) 
despite its anti DENV activity was in the low micromolar range (IC50 7.3 
μM). Compound 38, carrying the indol-3-yl-2-oxoacetyl group at N-1 
and the 2,4-dimethoxyphenyl urea at N-4 had a good anti-DENV activity 
(IC50 2.2 μM), with a SI of 14.5 which can be improved in future 
reducing its cytotoxicity (32 μM). The most promising compounds were 
the 42 and the 44, carrying the cinammoyl group at N-4. Indeed, they 
inhibited robustly the ZIKV and DENV replication with IC50 in the low 
micromolar range and high SI (60.5/59.7 ZIKV/DENV for compound 42 
and 33.5/44.6 ZIKV/DENV for compound 44). 

Thus, the optimization process led to the development of two 
promising pan-flavivirus agents with anti-DENV activity higher than 
that recorded by reference compound sofosbuvir in cell culture. 

2.5. Docking studies 

To further establish whether the inhibitors targeted the viral prote
ase as we hypothesized, molecular docking analyses on 8, 42 and 44, the 
most promising compounds of both libraries, were performed. 

2.5.1. HCV NS3 protease molecular modeling 
The docking scores and the interactions snapshot for the three 

compounds were obtained using PLIP [71] and PyMOL [72] software. 
These were found in the HCV NS3/4A Protease active site [73] with 
scores of − 6.75 kcal/mol, − 6.53 kcal/mol and − 6.01 kcal/mol, for 
compounds 8, 42 and 44, respectively. In addition, the compounds were 
found close to the active site [74] (Fig. 5), and some interactions with 
the essential catalytic residues (His76, Asp100 and Ser158) [72] were 

detected (Supplementary Information, Table S33). 
And additional docking study was performed to evaluate the po

tential interaction of the ketoamide group present in 8 (indol-3-yl-2- 
oxoacetyl derivative) with residues of the active site in the protease. This 
compound was compared to 30 (indol-3-yl-acetyl derivative, analogue 
to 8). Compound 8 shows two interactions in Ser 158, with both 
carbonyl groups, amide and ketone. Compound 30 only interacts with 
this residue once through the carbonyl in the amide function (Supple
mentary Information Fig. S34). 

2.5.2. ZIKV NS3 protease molecular modeling 
In the case of ZIKV NS3/2B protease, the docking scores for the three 

compounds were similar to HCV protease scores with values of − 5.61, 
− 5.78 and − 5.79 kcal/mol for compounds 8, 42 and 44, respectively 
(Supplementary Information, Table S35). 

In addition, the interactions obtained were related to critical residues 
for this active site, which consisted of the following residues: His77, 
Ser161, Tyr176, Tyr187 [75] (Fig. 6). 

These results support their expected mechanism of action as protease 
inhibitors. 

2.6. In silico prediction of physicochemical and pharmacokinetic 
properties 

In the drug development process, most of the new drug candidates 
fail in clinical trials due to their reduced ADME properties. In early 
stages of this process is critical to assess pharmacokinetic properties 

Table 2 
Cytotoxic profile and antiviral activity of acyl piperazine amide and urea de
rivatives (8–34) in vitro. Sofosbuvir, tested in each assay was used as reference 
control. Experiments were performed in Huh7 cell line.  

Comp CC50
a (μM) IC50

b (μM) 
ZIKV 

SIc 

ZIKV 
IC50

b (μM) DENV SIc 

DENV 

8 153 8.9 ± 1.2  17.1 10.7 ± 2.0  14.3 
9 123 NAd  – NA  – 
10 110 NA  – NA  – 
11 200 11.6 ± 1.3  17.3 NA  – 
12 200 NA  – NA  – 
13 200 NA  – NA  – 
14 200 20.6 ± 1.2  9.7 26.0 ± 3.4  7.7 
15 200 15.0 ± 1.2  13.3 NA  – 
16 84 8.0 ± 1.3  10.2 NA  – 
17 >200 NA  – NA  – 
18 200 58.2 ± 1.5  3.4 NA  – 
19 200 NA  – NA  – 
20 15.3 NA  – NA  – 
21 21.5 NA  – 7.9 ± 3.0  2.7 
22 60 NA  – 14.8 ± 0.2  4.1 
23 95 NA  – 14.6 ± 3.3  6.5 
24 115 8.2 ± 1.2  14.6 NA  – 
25 20 3.9 ± 0.2  5.1 9.0 ± 6.6  2.2 
26 112 NA  – 22.7 ± 7.5  4.9 
27 47.3 NA  – NA  – 
28 60 NA  – NA  – 
29 130 41.2 ± 11.3  3.2 31.3 ± 3.5  4.2 
30 100 NA  – NA  – 
31 18.7 NA  – NA  – 
32 130 NA  – 45.0 ± 1.4  2.9 
33 200 24.2 ± 1.9  8.3 NA  – 
34 200 51.9 ± 19.4  7.7 38.7 ± 2.0  10.3 
Sofosbuvir >200 4.0 ± 1.3  100.0 13.1 ± 1.2  30.5  

a Half-maximal cytotoxic concentration (CC50). The results represent means of 
triplicate experiments. 

b Half maximal inhibitory concentration (IC50). The results represent means 
± standard deviation of 2 independent experiments performed in triplicate. 

c The selectivity index value was determined as the ratio of CC50 to IC50 for 
each compound. 

d NA. Not active. 

Fig. 2. Inhibitory activity of compound 8 and its enantiomers, (R)-8 and (S)-8 
against ZIKV and DENV in cell culture. The micromolar compound concentra
tion is expressed as logarithm on x-axis, the viral replication is expressed on y- 
axis as percentage. The normalized curve for each compound derives from 2 
independent experiments performed in triplicate. 
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prediction, to minimize the risk of drug attrition in late stage, related to 
poor ADME profiles. In this sense, in silico ADME screens provide a good 
starting point to select the most promising candidates for development 
and to reject those with low chance of success [76]. 

Based on previously discussed results, the 2 lead compounds (42 and 
44) and different compounds showing activity against both viruses (8, 
14, 34 and 37), or active against only one virus but with a good SI (11, 
15, 16, 24 and 38) were submitted to in silico ADME properties 
evaluation. 

Compounds were first tested for drug-likeness by Lipinski’s Rule of 
Five [77–79]. SwissADME was the software used to predict the afore 
mentioned physicochemical parameters of the selected compounds 
(Table S36, Supplementary Information) [80]. 

Excepting compound 44 (with molecular weight > 500 and log P >
5), the investigated compounds were satisfying to Lipinski’s rule of five 
[81,82]. 

Molsoft was used to predict drug likeness model scores of the com
pounds (Table S36, Supplementary Information). (Available from: URL: 
https://www.molsoft.com/) [81]. The more positive drug likeness score 
values, the more likely the compound was expected to be as a promising 
therapeutic pharmacophore [83]. A positive model score was attributed 
for the most promising compounds 38, 42 and 44 (score ranged from 
0.59 to 1.09). 

Prediction of the major pharmacokinetic parameters such as ab
sorption and distribution, were estimated using Pre-ADMET software 
(Available from: URL: http://preadmet.bmdrc.org) [84,85]. The out
comes of the predicted ADME parameters (Table S37, Supplementary 
Information) indicate good pharmacokinetic profile and drug likeness. 

3. Conclusions 

In summary, a library of 34 piperazine-derived small molecules have 
been described. They have been designed employing a privileged- 
structures based strategy through the incorporation of a 2-substituted 
piperazine ring (main backbone) which is considered relevant for 
exerting antiviral activity as protease inhibitors of viruses belonging to 
the Flaviviridiae family. 

The compounds were firstly screened by a commercial HCV NS3/4A 

protease inhibition assay, recording inhibitory values above 70%, and 
then, to determine their potential activity to inhibit ZIKV and DENV 
replication in vitro, they were evaluated in a cell-based antiviral assay. 
From this library, compound 8 (general structure based on two rings 
assembled) was the most promising, being active in the low micromolar 
range against both viruses and poorly cytotoxic. A further round of 
optimization increasing the molecular complexity, led to the develop
ment of two compounds, the 42 and the 44 with a general structure 
based on three rings assembled. Both compounds had an anti-DENV 
activity higher than those recorded by reference compound sofosbuvir 
in cell culture, and a good security profile. The molecular docking an
alyses on compounds 8, 42 and 44 showed compound residues inter
acting with both HCV NS3/4A and ZIKV NS3/2B protease active sites, 
supporting their expected mechanism of action as protease inhibitors. 
These compounds based on the piperazine scaffold structure can be 
considered as promising hit candidates for the development of a new 
class of pan Flavivirus agents. Further chemical exploration of this 
scaffold will be performed to search potent antiviral agents with broad 
spectrum activity against flaviviruses. 

4. Experimental Section 

4.1. Chemistry 

4.1.1. General chemistry methods 
All reagents, solvents, and starting materials were obtained from 

commercial suppliers and used without further purification. The crude 
reaction mixtures were concentrated under reduced pressure by 
removing the organic solvents in a rotary evaporator (BÜCHI R-200). 
Reactions were monitored by thin layer chromatography (TLC) using 
Kieselgel 60 F254 (E. Merck) plates and UV detector (SPECTROLINE 
MODEL CM-10) for visualization. Flash column chromatography was 
performed on Silica Gel 60 (E. Merck, 0,040–0,063 mm) and sea sand 
washed (Panreac, thin grade ~ 0,25–0,30 mm), with the indicated 
eluent. All reported yields are of purified products. Melting points were 
obtained on a GALLENKAMP Melting Point Apparatus MPD350.BM2.5 
with open capillaries (Kimax-51◦, 1.5–1.8 × 90 mm) and are uncor
rected. Mass spectra were recorded on a Orbitrap Elite (Thermo 

Fig. 3. Privileged structure-based optimization process.  
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Scientific), a Hybrid Ion trap-orbitrap mass spectrometer capable of 
acquiring with a resolution higher than 240000, with ESI, HESI, APCI 
and nanoESI ionization sources. NMR spectra were recorded at 25 ◦C on 
a Bruker AV500 spectrometer at 500 MHz for 1H and 125 MHz for 13C. 
The chemical shifts (δ) reported are given in parts per million (ppm) and 
the coupling constants (J) are in hertz (Hz). 1H chemical shift values (δ) 
are referenced to the residual non deuterated components of the NMR 
solvents (δ = 2.54 ppm for DMSO‑d6). The 13C chemical shifts (δ) are 

referenced to DMSO‑d6 (central peak, δ = 39.5 ppm) as the internal 
standard. The spin multiplicities are reported as s (singlet), d (doublet), t 
(triplet), q (quadruplet), m (multiplet), or bs (broad singlet). COSY, 
DEPT, HSQC experiments were performed to assign the signals in the 
NMR spectra. The purity of final compounds was evaluated by C, H, N, S 
elementary analysis on a LECO TruSpec Micro CHNS (Maximum com
bustion temperature: 1050 ◦C). The purity of the final compounds was 
confirmed to be ≥95% by combustion. 

Scheme 2. Synthesis of optimized compounds 37, 38, 41–44.  
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4.1.2. General procedure 1. Chemoselective N-acylation reaction of 2- 
substituted piperazines (3–6, 39, 40) 

2-Substituted piperazine (5.0 mmol) was dissolved in dry dichloro
methane (100 mL) and cooled to 0 ◦C. A solution of the appropriate 
acylating agent (5.0 mmol) in dichloromethane (20 mL) was added 
dropwise in 30 min, and then pyridine (10 mmol). The reaction mixture 
was kept into an ice-water bath with stirring 6 h and left at room tem
perature until TLC showed that all the starting material had reacted. The 
reaction mixture was evaporated to dryness to obtain the corresponding 
monoacyl derivative. Flash column chromatography gave the pure 
compound in high yield. 

4.1.2.1. 1-(tert-Butoxycarbonyl)-3-methylpiperazine (3) [20,21]. The 
product was obtained as an oil and purified by column chromatography 
using ethyl acetate–methanol (10:1) as eluent (930 mg, 93% yield).1H 
NMR (500 MHz, DMSO‑d6) δ 3.75–3.7 1 (m, 2H), 2.85–2.82 (m, 1H), 
2.75–2.69 (m, 1H), 2.60–2.54 (m, 3H), 2.39–2.34 (m, 1H), 1.41 (s, 9H), 
0.96 (d, J = 6.3 Hz, 3H). 13C NMR (125 MHz, DMSO‑d6) δ 154.5, 79.3, 
51.2, 50.5, 45.5, 44.4, 28.6, 19.3. HRMS (m/z): calcd for C10H20N2O2 
200.1528 [M]+⋅; found 200.1525. 

4.1.2.2. 1-(3,3-Dimethylbutanoyl)-3-methylpiperazine (4) [21]. The 
product was obtained as an oil and purified by column chromatography 
using ethyl acetate–methanol (5:1) as eluent (861 mg, 87% yield). 1H 
NMR (500 MHz, CDCl3) δ 4.57 (d, J = 12.4 Hz, 1H), 3.85 (m, 1H), 
3.52–3.08 (m, 2H), 3.06–2.62 (m, 3H), 2.23 (s, 2H), 1.33 (bs, 3H), 1.02 
(s, 9H). 13C NMR (125 MHz, CDCl3) δ 170.3, 51.4, 45.8, 44.6, 44.5, 39.3, 
31.5, 30.0, 17.3. HRMS (m/z): calcd for C11H22N2ONa 221.1624 [M +
Na]+; found 221.1619. 

4.1.2.3. 1-(tert-Butoxycarbonyl)-3-phenylpiperazine (5) [20,21]. The 
product was obtained as a solid and purified by column chromatography 
using ethyl acetate–methanol (100:1) as eluent (1.26 g, 96% yield), mp 
130–133 ◦C. 1H NMR (500 MHz, CDCl3) δ 7.4–7.3 (m, 5H), 4.05 (bs, 2H), 
3.70 (dd, J = 2.4 Hz, J = 10.5 Hz, 1H,), 3.07 (m, 1H), 2.9–2.8 (m, 2H), 
2.72 (bs, 1H), 1.90 (bs, 1H), 1.47 (s, 9H). 13C NMR (125 MHz, CDCl3) δ 
154.8, 141.5, 128.5, 127.8, 127.0, 79.7, 60.3, 51.5, 46.1, 43.4, 28.5. 
HRMS (m/z): calcd for C15H23N2O2 263.1754 [M + H]+; found 
263.1748. 

4.1.2.4. 1-(3,3-Dimethylbutanoyl)-3-phenylpiperazine (6) [21]. The 
product was obtained as an oil and purified by column chromatography 
using ethyl acetate–methanol (20:1) as eluent (1.27 g, 97% yield). 1H 
NMR (500 MHz, DMSO‑d6) δ 7.45–7.27 (m, 5H), 4.44–4.39 (m, 1H), 
3.94–3.85 (m, 1H), 3.58 (dd, J = 2.3 Hz, J = 10.3 Hz, 1H), 3.31 (bs, 1H), 

3.11–2.99 (m, 2H), 2.91–2.68 (m, 1H), 2.61–2.57 (m, 1H), 2.31–2.20 
(m, 2H), 1.02, 1.00 (2 s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 169.3, 
169.2, 142.2, 141.9, 128.2, 128.1, 127.4, 127.3, 127.0, 126.9, 60.1, 
59.4, 53.5, 48.1, 46.4, 45.9, 45.5, 43.8, 43.6, 41.1, 40. HRMS (m/z): 
calcd for C16H25N2O 261.1889 [M + H]+; found 261.1886. 

4.1.2.5. 1-[2-(Indol-3-yl)-2-oxoacetyl]-3-phenylpiperazine (39). The 
product was obtained as an oil and purified by column chromatography 
using dicholormethane-methanol (60:1) as eluent (1.1 g, 64% yield). 1H 
NMR (500 MHz, DMSO‑d6) δ 12.36 (s, 1H), 8.21 (bs, 1H), 8.17–8.09 (m, 
1H), 7.59–7.20 (m, 7H), 4.42–4.34 (m, 1H), 3.85–3.61 (m, 1H), 
3.55–3.42 (m, 1H), 3.24–2.66 (m, 5H). 13C NMR (125 MHz, DMSO‑d6) δ 
186.3, 186.2, 165.8, 141.7, 141.1, 137.1, 137.0, 136.9, 128.4, 128.3, 
127.5, 127.4, 126.9, 126.7, 124.0, 124.7, 123.6, 122.5, 120.9, 120.8, 
113.6, 113.1, 112.6, 60.9, 59.1, 52.9, 47.6, 46.1, 45.8, 45.1, 41.0. HRMS 
(m/z): calcd for C20H20N3O2 333.1477 [M + H]+; found 333.1473. 

4.1.2.6. 1-Cinnamoyl-3-phenylpiperazine (40). The product was ob
tained as an oil and purified by column chromatography using hex
ane–ethyl acetate (1:7) as eluent (1.4 g, 97% yield). 1H NMR (500 MHz, 
DMSO‑d6) δ 7.75–7.30 (m, 12H), 4.52–4.43 (m, 1H), 4.35–4.23 (m, 1H), 
3.76–3.63 (m, 2H), 3.56–3.25 (m, 2H), 3.12–0.66 (m, 2H); 13C NMR 
(125 MHz, DMSO‑d6) δ 164.5, 141.6, 135.2, 129.5, 128.7, 128.3, 128.2, 
128.1, 127.5, 127.3, 126.9, 118.3, 60.2, 59.4, 52.1, 48.9, 46.2, 45.5, 
45.3, 41.8. HRMS (m/z): calcd for C19H20N2ONa 315.1473 [M + Na]+; 
found 315.1456. 

4.1.3. General procedure 2. Synthesis of N,N’-diacyl derivatives 
(A) By reaction with acyl halide. To a solution of the monoacyl 

derivatives (3–7) (1.0 mol) in dry dichloromethane (15 mL) was added 
the corresponding acyl halide (1.2 mmol) and dry pyridine (1.5 mmol). 
The reaction mixture was stirred at room temperature under argon at
mosphere until TLC showed that all the starting material had reacted. 
The reaction mixture was diluted in dichloromethane and successively 
washed with hydrochloric acid solution 1 M, saturated solution of so
dium bicarbonate, dried (Na2SO4), filtered and the filtrate was evapo
rated to dryness. The compounds obtained were purified by flash 
chromatography. 

4.1.3.1. 4-(tert-Butoxycarbonyl)-1-[2-(indol-3-yl)-2-oxoacetyl]-2-methyl
piperazine (8). The product was obtained as a solid and purified by 
column chromatography using hexane–ethyl acetate (1:1) as eluent 
(237 mg, 64% yield), mp 223–225 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
12.31, 12.29 (2bs, 1H), 8.22–8.10 (m, 2H), 7.55 (d, J = 7.4 Hz, 1H), 
7.33–7.25 (m, 2H), 4.67 (m, 1H), 4.31–3.69 (m, 4H), 3.06–2.70 (m, 2H), 
1.42 (s, 9H), 1.22, 1.15 (2d, J = 6.7 Hz, 3H). 13C NMR (125 MHz, 
DMSO‑d6) δ 186.1, 186.0, 166.0, 165.9, 154.2, 137.2, 137.0, 136.9, 
124.8, 123.6, 122.5, 120.9, 120.8, 113.0, 112.9, 112.6, 79.2, 49.3, 43.9, 
40.7, 35.3, 27.9, 15.6, 14.8. HRMS (m/z): calcd for C20H25N3O4Na 
394.1737 [M + Na]+; found 394.1726. Anal. Calcd C20H25N3O4: C, 
64.67; H, 6.78; N, 11.31. Found: C, 64.66; H, 6.73; N, 11.11. 

4.1.3.2. 4-(tert-Butoxycarbonyl)-1-cinnamoyl-2-methylpiperazine (9). 
The product was obtained as a solid and purified by column chroma
tography using hexane–ethyl acetate (2.5:1) as eluent (219 mg, 67% 
yield), mp 130–133 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 7.70 (d, J = 7.0 
Hz, 2H), 7.50 (d, J = 15.4 Hz, 1H), 7.46–7.36 (m, 3H), 7.21 (d, J = 15.4 
Hz, 1H), 4.73–4.44 (m, 1H), 4.29–3.72 (m, 3H), 3.15–2.73 (m, 3H), 1.43 
(s, 9H), 1.13 (bs, 3H). 13C NMR (125 MHz, DMSO‑d6) δ 164.9, 154.3, 
141.7, 135.0, 129.6, 128.8, 127.9, 118.3, 79.1, 28.0, 26.8. HRMS (m/z): 
calcd for C19H26N2O3Na 353.1836 [M + Na]+; found 353.1830. Anal. 
Calcd C19H26N2O3: C, 69.06; H, 7.93; N, 8.48. Found: C, 69.17; H, 7.91; 
N, 8.40. 

Table 3 
Cytotoxic profile and antiviral activity of optimized compounds 37, 38, 41–44 in 
vitro. Sofosbuvir, tested in each assay was used as reference control. Experiments 
were performed in Huh7 cell line.  

Comp CC50
a (μM) IC50

b (μM) 
ZIKV 

SIc 

ZIKV 
IC50 (μM) 
DENV 

SI c 

DENV 

37 >200 31.7 ± 5.4  12.6 35.2 ± 15.1  11.4 
38 32 NAd  – 2.2 ± 1.1  14.5 
41 12 NAd  – 7.3 ± 2.8  1.6 
42 >200 6.6 ± 1.4  60.5 6.7 ± 2.6  59.7 
43 Toxic –  – –  
44 62 1.9 ± 0.4  33.5 1.4 ± 0.3  44.6 
Sofosbuvir >200 4.7 ± 1.2  85.1 12.1 ± 1.3  33.1  

a Half-maximal cytotoxic concentration (CC50). The results represent means of 
triplicate experiments. 

b Half-maximal inhibitory concentration (IC50). The results represent means 
± Standard deviation of 2 independent experiments performed in triplicate. 

c The selectivity index value was determined as the ratio of CC50 to IC50 for 
each compound. 

d NA: Not active. 
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4.1.3.3. 4-(3,3-Dimethylbutanoyl)-1-[2-(indol-3-yl)-2-oxoacetyl]-2-meth
ylpiperazine (14). The product was obtained as a solid and purified by 
column chromatography using hexane–ethyl acetate (1:1) as eluent 
(225 mg, 61% yield), mp 114–118 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
12.31 (bs, 1H), 8.25–8.09 (m, 2H), 7.56 (d, J = 7.5 Hz, 1H), 7.34–7.24 
(m, 2H), 4.74–4.45 (m, 1H), 4.38–3.76 (m, 3H), 3.13–2.60 (m, 2H), 
2.45–1.99 (m, 2H), 1.26–1.08 (m, 3H), 1.05–0.95 (m, 9H). 13C NMR 
(125 MHz, DMSO‑d6) δ 186.1, 186.0, 170.3, 170.2, 166.0, 137.2, 137.0, 
136.9, 124.9, 123.6, 122.6, 120.9, 113.0, 112.7, 50.0, 49.5, 43.6, 43.4, 

41.2, 40.6, 40.5, 35.3, 31.0, 29.6, 15.6. 15.4. HRMS (m/z): calcd for 
C21H27N3O3Na 392.1945 [M + Na]+; found 392.1933. Anal. Calcd 
C21H27N3O3: C, 68.27; H, 7.37; N, 11.37. Found: C, 67.63; H, 7.40; N, 
11.30. 

4.1.3.4. 1-Cinnamoyl-4-(3,3-dimethylbutanoyl)-2-methylpiperazine 
(15). The product was obtained as a solid and purified by column 
chromatography using hexane–ethyl acetate (1:1) as eluent (148 mg, 
62% yield), mp 157–160 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 7.90–7.10 

Fig. 4. Inhibitory activity of compound 37, 38, 41, 42, 44 and sofosbuvir used as reference compound against ZIKV and DENV in cell culture. The micromolar 
compound concentration is expressed as logarithm on x-axis, the viral replication is expressed on y-axis as percentage. The normalized curve for each compound 
derives from 2 independent experiments performed in triplicate. 
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(m, 9H), 4.79–4.47 (m, 1H), 4.38–3.74 (m, 3H), 2.95–2.64 (m, 3H), 
2.41–1.96 (m, 2H), 1.31–0.76 (m, 12H). 13C NMR (125 MHz, DMSO‑d6) 
δ 170.3, 170.2, 164.8, 141.7, 135.1, 129.5, 128.7, 128.0, 118.4, 49.5, 
45.6, 44.6, 31.0, 30.9, 29.7, 15.6. HRMS (m/z): calcd for C20H28N2O2Na 
351.2043 [M + Na]+; found 351.2032. Anal. Calcd C20H28N2O2: C, 
73.14; H, 8.59; N, 8.53. Found: C, 73.42; H, 8.37; N, 8.24. 

4.1.3.5. 4-(tert-Butoxycarbonyl)-1-[2-(indol-3-yl)-2-oxoacetyl]-2-phenyl
piperazine (20). The product was obtained as a solid and purified by 
column chromatography using hexane–ethyl acetate (2:1) as eluent 
(273 mg, 63% yield), mp 154–156 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
12.36 (bs, 1H), 8.33, 8.23 (2 s, 1H), 8.16, 8.11 (dd, J = 7.3 Hz, 1H), 7.57, 
7.53 (2d, J = 7.8 Hz, 1H), 7.48–7.21 (m, 8H), 5.71 (m, 1H), 4.96 (m, 
1H), 4.58 (d, J = 12.6 Hz, 1H), 4.01–3.46 (m, 2H). 3.20–2.70 (m, 2H), 
1.35 (s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 186.1, 167.3, 137.8, 
137.4, 129.1, 128.9, 127.3, 127.1, 125.4, 124.2, 124.1, 123.2, 123.1, 
121.5, 121.4, 113.6, 113.2, 79.8, 56.3, 28.4. HRMS (m/z): calcd for 
C25H27N3O4Na 456.1894 [M + Na]+; found 456.1897. Anal. Calcd 
C25H27N3O4: C, 69.27; H, 6.28; N, 9.69. Found: C, 69.23; H, 6.48; N, 
9.39. 

4.1.3.6. 4-(tert-Butoxycarbonyl)-1-Cinnamoyl-2-phenylpiperazine (21). 
The product was obtained as a solid and purified by column chroma
tography using hexane–ethyl acetate (4:1) as eluent (279 mg, 71% 
yield), mp 193–196 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 7.87–7.26 (m, 
12H), 5.84–5.66 (m, 1H), 4.60–4.21 (m, 2H), 3.98–3.72 (m, 2H), 
3.32–2.94 (m, 2H), 1.41 (s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 165.9, 
142.9, 135.5, 130.2, 129.3, 128.9, 128.5, 126.9, 118.5, 79.8, 55.4, 28.3. 

HRMS (m/z): calcd for C24H28N2O3Na 415.1992 [M + Na]+; found 
415.1987. 

4.1.3.7. 4-(3,3-Dimethylbutanoyl)-1-[2-(indol-3-yl)-2-oxoacetyl]-2-phe
nylpiperazine (25). The product was obtained as a solid and purified by 
column chromatography using hexane–ethyl acetate (2.5:1) as eluent 
(310 mg, 72% yield), mp 124–126 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
12.41 (bs, 1H), 8.43–8.33 (2 s, 1H), 8.24–8.02 (m, 1H), 7.62, 7.58 (2d, J 
= 7.8 Hz, 1H), 7.51–7.24 (m, 7H), 5.83, 5.64 (2bs, 1H), 5.21–5.02 (m, 
1H), 4.54–3.50 (m, 3H), 3.25–2.87 (m, 2H), 2.40–2.01 (m, 2H), 0.92, 
0.89 (2 s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 185.7, 170.3, 166.7, 
137.9, 137.5, 129.1, 128.8, 127.9, 127.3, 125.4, 124.3, 123.1, 121.5, 
113.6, 113.2, 67.8, 56.6, 51.5, 46.4, 43.6, 31.5, 29.5. HRMS (m/z): calcd 
for C26H29N3O3Na 454.2101 [M + Na]+; found 454.2101 Anal. Calcd 
C26H29N3O3: C, 72.37; H, 6.77; N, 9.74. Found: C, 71.93; H, 6.74; N, 
9.41. 

4.1.3.8. 1-(tert-Butoxycarbonyl)-4-[2-(indol-3-yl)-2-oxoacetyl]piperazine 
(32). The product was obtained as a solid and purified by column 
chromatography using hexane–ethyl acetate (1:1) as eluent (336 mg, 
94% yield), mp 190–192 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 12.41 (br s, 
1H), 8.20 (d, J = 3.2 Hz, 1H), 8.15–8.12 (m, 1H), 7.57–7.53 (m, 1H), 
7.33–7.25 (m, 2H), 3.64–3.59 (m, 2H), 3.51–3.46 (m, 2H), 1.42 (s, 9H). 
13C NMR (125 MHz, DMSO‑d6) δ 186.1, 166.1, 153.8, 137.3, 137.0, 
124.9, 123.6, 122.6, 121.0, 113.1, 112.6, 79.3, 45.3, 40.5, 28.0. HRMS 
(m/z): calcd for C19H23N3O4Na 380.1574 [M + Na]+; found 380.1581. 
Anal. Calcd C19H23N3O4: C, 63.85; H, 6.49; N, 11.76. Found: C, 63.44; H, 
6.42; N, 11.54. 

Fig. 5. HCV NS3/4A structure indicating interactions of the three compounds 8, 42 and 44 with the active site.  
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4.1.3.9. 1-(tert-Butoxycarbonyl)-4-cinnamoylpiperazine (33). The prod
uct was obtained as a solid and purified by column chromatography 
using hexane–ethyl acetate (1.5:1) as eluent (249 mg, 79% yield), mp 
139–144 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 7.76–7.70 (m, 2H), 7.52 
(d, Jtrans = 15.5 Hz, 1H), 7.45–7.37 (m, 3H), 7.26 (d, Jtrans = 15.5 Hz, 
1H), 3.76–3.52 (m, 4H), 3.44–3.34 (m, 4H), 1.44 (s, 9H). 13C NMR (125 
MHz, DMSO‑d6) δ 164.6, 153.8, 141.8, 135.0, 129.6, 128.7, 128.0, 
118.3, 79.4, 44.8, 41.4, 28.0. HRMS (m/z): calcd for C18H24N2O3Na 
339.1679 [M + Na]+; found 339.1675. Anal. Calcd C18H24N2O3: C, 
68.33; H, 7.65; N, 8.85. Found: C, 67.95; H, 7.54; N, 8.76. 

(B) By reaction with carboxylic acid: To a solution of the appro
priate carboxylic acid (1.3 mmol) in dry DMF (10 mL) EDCI (1.5 mmol), 
and HOBt (1.7 mmol) were added and stirred at room temperature for 
45 min. Then a solution of the monoamide (1.0 mmol) in dry DMF (15 
mL) was added. The reaction mixture was stirred at room temperature 
for 72 h until TLC showed that all the starting material had reacted. The 
reaction mixture was diluted (ethyl acetate, 10 mL) and successively 
washed with diluted aqueous saturated solution of sodium bicarbonate, 
brine and dried (Na2SO4), filtered and the filtrate was evaporated to 
dryness. The compounds obtained were purified by flash chromatog
raphy on silica gel. 

4.1.3.10. 4-(tert-Butoxycarbonyl)-2-methyl-1-(quinoline-3-carbonyl) 
piperazine (10). The product was obtained as an oil and purified by 
column chromatography using ethyl acetate–methanol (40:1) as eluent 
(333 mg, 94% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.94 (s, 1H), 8.46 
(s, 1H), 8.07 (m, 2H), 7.84 (m, 1H), 7.67 (m, 1H), 4.72 (m, 1H), 
4.16–3.64 (m, 3H), 3.28–2.84 (m, 3H), 1.41 (s, 9H), 1.21 (m, 3H). 13C 
NMR (125 MHz, DMSO‑d6) δ 167.1, 154.2, 148.3, 147.5, 134.2, 130.6, 

129.1, 128.7, 128.6, 127.3, 126.6, 79.0, 48.0, 46.7, 43.6, 42.8, 27.9, 
15.2. HRMS (m/z): calcd for C20H26N3O3 356.1969 [M + H]+; found 
356.1964. Anal. Calcd C20H25N3O3: C, 67.58.; H, 7.09; N, 11.82. Found: 
C, 67.81; H, 7.12; N, 11.74. 

4.1.3.11. 4-(3,3-Dimethylbutanoyl)-2-methyl-1-(quinoline-3-carbonyl) 
piperazine (16). The product was obtained as an oil and purified by 
column chromatography using ethyl acetate–methanol (40:1) as eluent 
(311 mg, 88% yield). 1H NMR (500 MHz, DMSO‑d6) δ 8.94 (d, J = 1.8 
Hz, 1H), 8.48 (s, J = 1.8 Hz 1H), 8.10 (s, 1H), 8.08 (s, 1H), 7.89–7.84 (m, 
1H), 7.73–7.67 (m, 1H), 4.39–4.26 (m, 1H), 4.41–4.20 (m, 1H), 
4.13–3.79 (m, 2H), 3.45–3.37 (m, 1H), 3.26–3.15 (m, 1H), 2.98–2.72 
(m, 1H), 2.44–2.05 (m, 2H), 1.23, 1.16 (2d, J = 5.1 Hz, 3H), 1.02, 1.01 
(2 s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 170.3, 167.1, 148.3, 147.5, 
134.3, 130.6, 129.1, 128.7, 128.6, 127.4, 126.6, 45.8, 43.6, 43.4, 31.0, 
30.9, 29.7, 28.4, 15.5. HRMS (m/z): calcd for C21H28N3O2 354.2176 [M 
+ H]+; found 354.2170. Anal. Calcd C21H27N3O3: C, 71.36; H, 7.70; N, 
11.89. Found: C, 71.07; H, 7.81; N, 11.69. 

4.1.3.12. 4-(tert-Butoxycarbonyl)-2-phenyl-1-(quinoline-3-carbonyl) 
piperazine (22). The product was obtained as an oil and purified by 
column chromatography using hexane–ethyl acetate (2.5:1) as eluent 
(376 mg, 90% yield). 1H NMR (500 MHz, DMSO‑d6) δ 9.03 (s, 1H), 8.61 
(s, 1H), 8.17–8.06 (m, 2H), 7.89 (t, J = 7.6 Hz, 1H,) 7.73 (t, J = 7.4 Hz, 
1H), 7–55–7.29 (m, 5H), 5.98–5.65 (m, 1H), 4.69–4.49 (m, 1H), 
4.00–3.66 (m, 3H), 3.34–3.01 (m, 2H), 1.38 (s, 9H). 13C NMR (125 MHz, 
DMSO‑d6) δ 168.7, 154.0, 148.0, 135.1, 131.3, 129.3, 129.2, 129.0, 
127.9, 127.6, 127.1, 79.7, 60.3, 46.5, 42.9, 28.3. HRMS (m/z): calcd for 

Fig. 6. ZIKV NS3/2B structure indicating interactions of the three compounds 8, 42 and 44 with the active site.  
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C25H28N3O3 418.2125 [M + H]+; found 418.2123. 

4.1.3.13. 4-(3,3-Dimethylbutanoyl)-2-phenyl-1-(quinoline-3-carbonyl) 
piperazine (26). The product was obtained as an oil and purified by 
column chromatography using hexane–ethyl acetate (1:1) as eluent 
(328 mg, 79% yield). 1H NMR (500 MHz, DMSO‑d6) δ 9.00 (s, 1H), 8.67 
(s, 1H), 8.13–7.98 (m, 2H), 7.90–7.64 (m, 2H), 7.52–7.18 (m, 5H), 
6.11–5.47 (m, 1H), 5.12–4.87 (m, 1H), 4.59–3.73 (m, 3H), 3.30–3.03 
(m, 2H), 2.35–1.75 (m, 2H), 0.89, 0.83 (2 s, 9H). 13C NMR (125 MHz, 
DMSO‑d6) δ 170.8, 159.4, 140.0, 148.2, 135.1, 131.4, 129.3, 129.2, 
129.1, 127.9, 127.7, 127.0, 70.3, 67.7, 67.6, 46.7, 44.1, 31.5, 30.0. 
HRMS (m/z): calcd for C26H30N3O2 416.2333 [M + H]+; found 
416.2330. 

4.1.3.14. 4-(tert-Butoxycarbonyl)-1-[2-(indol-3-yl)acetyl]-2-methylpiper
azine (30). The product was obtained as a solid and purified by column 
chromatography using hexane–ethyl acetate (2:1) as eluent (264 mg, 
74% yield), mp 186–188 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 10.89 (s, 
1H), 7.55 (d, J = 7.9 Hz, 1H), 7.35 (d, J = 7.9 Hz, 1H), 7.20 (d, J = 7.2 
Hz, 1H), 7.07 (t, J = 7.6 Hz, 1H), 6.97 (t, J = 7.4 Hz, 1H), 4.64–4.15 (m, 
2H), 3.96–3.60 (m, 4H), 3.18–2.96 (m, 3H), 1.39 (s, 9H), 0.98 (d, J =
6.8 Hz, 3H). 13C NMR (125 MHz, DMSO‑d6) δ 169.8, 154.7, 136.7, 
121.5, 118.8, 111.9, 79.5, 48.8, 44.6, 40.8, 35.9, 28.5, 15.2. HRMS (m/ 
z): calcd for C20H27N3O3Na 380.194 [M + Na]+; found 380.1940. 

4.1.3.15. 4-(tert-Butoxycarbonyl-1-[2-(indol-3-yl)acetyl]-2-phenyl
piperazine (31). The product was obtained as a solid and purified by 
column chromatography using hexane–ethyl acetate (1:1) as eluent 
(339 mg, 81% yield), mp 151–153 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
10.93 (bs, 1H), 7.67–6.90 (m, 11H), 5.70–5.33 (bs, 1H), 4.58–3.43 (m, 
3H), 3.28–2.94 (m, 2H), 1.32 (s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 
170.5, 136.3, 128.3, 127.1, 123.7, 118.4, 111.3, 107.8, 79.0, 51.2, 31.1, 
28.4, 27.8. HRMS (m/z): calcd for C25H29N3O3Na 442.2101[M + Na]+; 
found 442.2099. 

4.1.3.16. 1-(tert-Butoxycarbonyl-)-4-[2-(indol-3-yl)acetyl]-piperazine 
(34). The product was obtained as a solid and purified by column 
chromatography using hexane–ethyl acetate (1:1) as eluent (267 mg, 
78% yield), m.p. 193–198 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 9. 94 (s, 
1H), 7.61 (d, J = 7.9 Hz, 1H), 7.39 (d, J = 7.9 Hz, 1H), 7.29–7.25 (m, 
1H), 7.12 (t, J = 7.7 Hz, 1H), 7.02 (t, J = 7.5 Hz, 1H), 3.86–3.80 (m, 2H), 
3.58–3.46 (m, 4H), 3.33–3.19 (m, 4H), 1.35 (s, 9H). 13C NMR (125 
MHz, DMSO‑d6) δ 169.9, 154.3, 136.6, 127.6, 124.0, 121.5, 119.2, 
118.8, 111.8, 108.4, 79.6, 45.8, 41.4, 31.3, 28.5. HRMS (ESI) m/z: calcd. 
for C19H25N3O3Na 366.1784 [M +Na]+; found 366.1788 Anal. Calcd for 
C19H25N3O3: C, 66.45; H, 7.34; N, 12.24. Found: C, 65.28; H, 7.32; N, 
12.04. 

4.1.4. General procedure 3. Synthesis of the urea derivatives 
To a solution of the monoacyl derivative (3–6, 35, 36, 39 and 40) 

(1.0 mmol) in dry dichloromethane (10 mL) was added the appropriate 
isocyanate (1.2 mmol). The reaction mixture was stirred at room tem
perature until TLC showed that all the starting material had reacted. The 
reaction mixture was evaporated to dryness. The compounds were pu
rified by flash chromatography on silica gel using the appropriate 
eluent. 

4.1.4.1. 1-[(4-Acetylphenyl)aminocarbonyl]-4-tert-butoxycarbonyl-2- 
methylpiperazine (11). The product was obtained as a solid and purified 
by column chromatography using hexane–ethyl acetate (1:2.5) as eluent 
(285 mg, 79% yield), mp 170–173 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
8.85 (s, 1H), 7.84 (d, J = 9.0 Hz, 2H), 7.59 (d, J = 8.9 Hz, 2H), 4.35 (br s, 
1H), 4.13–4.06 (m, 1H), 3.97–3.69 (m, 3H), 3.19–3.13 (m, 3H), 
3.11–2.74 (m, 2H), 1.41 (s, 9H), 1.08 (d, J = 6.7 Hz, 3H). 13C NMR (125 
MHz, DMSO‑d6) δ 197.1, 154.8, 145.7, 130.8, 129.6, 118.8, 79.9, 49.2, 

48.5, 46.9, 44.1, 43.1, 38.8, 31.1, 28.5, 26.7, 15.3. HRMS (m/z): calcd 
for C19H27N3O4Na 384.1894 [M + Na]+; found 384.1888. Anal. Calcd 
C19H27N3O4: C, 63.14; H, 7.53; N, 11.63. Found: C, 63.32; H, 7.36; N, 
11.51. 

4.1.4.2. 4-tert-Butoxycarbonyl-1-[(2,4-dimethoxyphenyl)aminocarbonyl]- 
2-methylpiperazine (12). The product was obtained as a solid and puri
fied by column chromatography using hexane–ethyl acetate (2:1) as 
eluent (258 mg, 68% yield), mp 88–90 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 7.51 (s, 1H), 7.36 (d, J = 8.6 Hz, 1H), 6.59 (d, J = 2.6 Hz, 
1H), 6.4 (dd, J = 2.6 Hz, J = 8.6 Hz, 1H), 4.27 (bs, 1H), 3.95–3.85 (m, 
1H), 3.79 (s, 3H), 3.77–3.22 (m, 5H), 3.15–2.75 (m, 3H), 1.44 (s, 9H), 
1.10 (d, J = 6.7 Hz, 3H). 13C NMR (125 MHz, DMSO‑d6) δ 155.7, 155.4, 
154.3, 152.6, 125.2, 121.4, 104.0, 98.7, 78.9, 55.7, 55.2, 46.4, 38.1, 
28.0, 14.6. HRMS (m/z): calcd for C19H30N3O5 380.2180 [M + H]+; 
found 380.2180. Anal. Calcd C19H29N3O5: C, 60.14; H, 7.70; N, 11.07. 
Found: C, 60.28; H, 7.67; N, 10.84. 

4.1.4.3. 4-tert-Butoxycarbonyl-2-methyl-1-[(3,4,5-trimethoxyphenyl)ami
nocarbonyl]piperazine (13). The product was obtained as a solid and 
purified by column chromatography using hexane–ethyl acetate (1:2.5) 
as eluent (249 mg, 61% yield), mp 171–173 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.39 (s, 1H), 6.91 (d, J = 8.6 Hz, 1H), 4.33 (bs, 1H), 
4.01–3.79 (m, 2H), 3.73 (s, 6H), 3.61 (s, 3H), 3.14–2.69 (m, 3H), 1.43 (s, 
9H), 1.09 (d, J = 6.6 Hz, 3H). 13C NMR (125 MHz, DMSO‑d6) δ 154.6, 
154.2, 152.4, 136.5, 132.4, 97.4, 78.9, 60.1, 55.8, 46.2, 38.0, 28.0, 14.7. 
HRMS (m/z): calcd for C20H31N3O6Na 432.2105 [M + Na]+; found 
432.2094. Anal. Calcd C20H31N3O6: C, 58.66; H, 7.63; N, 10.26. Found: 
C, 58.79; H, 7.46; N, 10.12. 

4.1.4.4. 1-[(4-Acetylphenyl)aminocarbonyl]-4-(3,3-dimethylbutanoyl)-2- 
methylpiperazine (17). The product was obtained as a solid and purified 
by column chromatography using hexane–ethyl acetate (1:2) as eluent 
(185 mg, 76% yield), mp 199–203 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
9.24, 8.88 (2 s, 1H), 7.93, 7.87 (2d, J = 8.8 Hz, 2H), 7.62 (d, J = 8.4 Hz, 
2H) 4.47–4.20 (m, 2H), 4.05–3.79 (m, 2H), 3.20–3.03 (m, 1H), 
2.90–2.68 (m, 1H), 2.44–2.05 (m, 2H), 1.13, 1.06 (2d, J = 6.5 Hz, 3H), 
1.02, 1.01 (2 s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 196.4, 170.4, 
170.2, 154.2, 145.2, 130.6, 129.6, 129.1, 118.3, 117.4, 49.7, 46.7, 46.6, 
45.6, 44.7, 43.6, 43.4, 40.9, 38.5, 31.0, 30.9, 29.7, 26.3, 26.2, 15.2, 
14.7. HRMS (m/z): calcd for C20H29N3O3Na 382.2101 [M + Na]+; found 
382.2088. Anal. Calcd C20H29N3O3: C, 66.83; H, 8.13; N, 11.69. Found: 
C, 66.82; H, 7.91; N, 11.53. 

4.1.4.5. 1-[(2,4-Dimethoxyphenyl)aminocarbonyl]-4-(3,3-dimethylbuta
noyl)-2-methylpiperazine (18). The product was obtained as a solid and 
purified by column chromatography using hexane–ethyl acetate (1:2) as 
eluent (290 mg, 77% yield), mp 112–117 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 7.53 (s, 1H), 7.34 (d, J = 8.5 Hz, 1H), 6.58 (s, 1H), 6.46 (d, 
J = 8.0 Hz, 1H), 4.34–4.18 (m, 2H), 4.03–3.90 (m, 1H), 3.78 (s, 3H), 
3.75 (s, 3H), 3.17–2.64 (m, 3H), 2.44–2.03 (m, 2H), 1.11, 1.05 (2d, J =
6.5 Hz, 3H), 1.02, 1.01 (2 s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 170.3, 
170.2, 156.7, 155.4, 152.7, 125.3, 121.3, 104.0, 98.7, 78.9, 55.7, 55.3, 
49.7, 46.8, 46.6, 45.7, 44.7, 43.6, 43.4, 40.9, 38.2, 31.0, 30.9, 29.7, 
14.9, 14.5. HRMS (m/z): calcd for C20H31N3O4Na 400.2207 [M + H]+; 
found 400.2195. Anal. Calcd C20H31N3O4: C, 63.64; H, 8.28; N, 11.13. 
Found: C, 64.05; H, 8.16; N, 10.94. 

4.1.4.6. 4-(3,3-Dimethylbutanoyl)-2-methyl-1-[(3,4,5-trimethoxyphenyl) 
aminocarbonyl]piperazine (19). The product was obtained as a solid and 
purified by column chromatography using hexane–ethyl acetate (1:2) as 
eluent (275 mg, 68% yield), mp 159–163 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.37 (s, 1H), 6.88 (s, 2H), 4.42–4.19 (m, 2H), 4.02–3.80 (m, 
2H), 3.73 (s, 6H), 3.61 (s, 3H), 3.18–2.96 (m, 2H), 2.89–2.65 (m, 1H), 
2.44–2.04 (m, 2H), 1.16–0.90 (m, 12H). 13C NMR (125 MHz, DMSO‑d6) 
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δ 170.4, 170.2, 154.6, 152.4, 136.5, 132.5, 97.5, 60.1, 49.7, 55.7, 49.7, 
46.6, 45.7, 44.7, 43.6, 43.4, 40.95, 38.6, 38.3, 31.0, 30.9, 29.7, 15.1, 
14.7. HRMS (m/z): calcd for C21H33N3O5Na 430.2312 [M + Na]+; found 
430.2299. Anal. Calcd C21H33N3O5: C, 61.90; H, 8.16; N, 10.31. Found: 
C, 62.27; H, 8.09; N, 10.08. 

4.1.4.7. 4-tert-Butoxycarbonyl-1-[(2,4-dimethoxyphenyl)aminocarbonyl]- 
2-phenylpiperazine (23). The product was obtained as a solid and puri
fied by column chromatography using hexane–ethyl acetate (1.5:1) as 
eluent (368 mg, 83% yield), mp 144–146 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.46 (s, 1H), 7.88 (d, J = 8.8 Hz, 1H), 7.55–7.23 (m, 3H), 
6.62–6.54 (m, 2H), 6.49–6.44 (m, 2H), 5.34–5.27 (m, 1H), 4.40–4.11 
(m, 1H), 4.03–3.91 (m, 1H), 3.74 (s, 3H), 3.70 (s, 3H), 3.52–3.44 (m, 
1H), 3.27–3.18 (m, 2H), 3.12–2.97 (m, 1H), 1.32 (bs, 9H). 13C NMR 
(125 MHz, DMSO‑d6) δ 155.1, 153.3, 149.5, 128.4, 126.6, 122.2, 121.5, 
120.5, 104.2, 99.0, 55.72, 55.62, 46.5, 27.9. HRMS (m/z): calcd for 
C24H31N3O5Na 464.2156[M + Na]+; found 464.2149. 

4.1.4.8. 4-tert-Butoxycarbonyl-2-phenyl-1-[(3,4,5-trimethoxyphenyl)ami
nocarbonyl]piperazine (24). The product was obtained as a solid and 
purified by column chromatography using hexane–ethyl acetate (1:1) as 
eluent (324 mg, 69% yield), mp 79–81 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.54 (s, 1H), 7.44–7.26 (m, 5H), 6.93 (s, 2H), 4.67 (bs, 1H), 
4.53–4.36 (m, 1H), 4.07–3.77 (m, 2H), 3.73 (s, 6H), 3.62 (s, 3H), 
3.44–3.33 (m, 1H), 3.15–2.75 (m, 2H), 1.42, 1.35 (2 s, 9H). 13C NMR 
(125 MHz, DMSO‑d6) δ 154.9, 154.0, 152.4, 136.7, 132.8, 128.4, 128.2, 
127.9, 126.3, 97.4, 70.9, 60.3, 55.8, 30.8, 28.2, 27.9. HRMS (m/z): calcd 
for C25H33N3O6Na 494.2262[M + Na]+; found 464.2256. Anal. Calcd 
C25H33N3O6: C, 63.68; H, 7.05; N, 8.91. Found: C, 63.84; H, 7.24; N, 
8.81. 

4.1.4.9. 1-[(4-Acetylphenyl)aminocarbonyl]-4-(3,3-dimethylbutanoyl)-2- 
phenylpiperazine (27). The product was obtained as a solid and purified 
by column chromatography using hexane–ethyl acetate (1:2) as eluent 
(384 mg, 91% yield), mp 185–189 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 
9.08, 8.96 (2 s, 1H), 7.92–7.82 (m, 2H), 7.68–7.55 (m, 2H), 7.41–7.21 
(m, 5H), 5.59–5.41 (m, 1H), 4.97–4.83 (m, 1H), 4.33–3.72 (m, 2H), 
3.26–3.00 (m, 2H), 2.33–1.81 (m, 2H), 0.91, 0.86 (2 s, 9H). 13C NMR 
(125 MHz, DMSO‑d6) δ 196.7, 170.1, 154.6, 145.2, 138.9, 130.5, 129.2, 
128.4, 127.0, 126.4, 118.4, 53.5, 45.6, 43.7, 43.4, 42.3, 41.2, 30.9, 29.6, 
26.3. HRMS (m/z): calcd for C25H31N3O3Na 444.2258 [M + Na]+; found 
444.2252 Anal. Calcd C25H31N3O3: C, 71.23; H, 7.41; N, 9.97. Found: C, 
71.20; H, 7.40; N, 9.46. 

4.1.4.10. 1-[(2,4-Dimethoxyphenyl)aminocarbonyl]-4-(3,3-dimethylbuta
noyl)-2-phenylpiperazine (28). The product was obtained as a solid and 
purified by column chromatography using hexane–ethyl acetate (1.5:1) 
as eluent (315 mg, 72% yield), mp 151–153 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 7.63–7.27 (m, 7H), 6.63–6.45 (m, 2H), 5.44–5.23 (m, 1H), 
4.79–4.67 (m, 1H), 4.20–3.83 (m, 3H), 3.78, 3.76, 3.70 (3 s, 6H), 
3.65–3.56 (m, 1H), 3.32–3.17 (m, 1H), 2.33–1.86 (m 2H), 0.94, 0.92 (2 
s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 170.7, 170,5, 157.1, 156.6, 
152.8, 151.7, 140.5, 139.8, 129.0, 128.9, 127.1, 125.0, 123.4, 121.9, 
104.5, 99.3, 56.3, 56.1, 55.7, 54.9, 49.1, 46.1, 44.2, 43.9, 43.1, 42.3, 
31.4, 31.2, 30.0. HRMS (m/z): calcd for C25H33N3O6Na 462.2363 [M +
Na]+; found 462.2362. 

4.1.4.11. 4-(3,3-Dimethylbutanoyl)-2-phenyl-1-[(3,4,5-trimethox
yphenyl)aminocarbonyl]piperazine (29). The product was obtained as a 
solid and purified by column chromatography using hexane–ethyl ace
tate (1:10) as eluent (304 mg, 65% yield), mp 158–160 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 8.58, 8.47 (2 s, 1H), 7.40–7.22 (m, 5H), 6.94, 6.88 (2 
s, 2H), 5.57–5.38 (m, 1H), 5.00–4.25 (m, 1H), 4.08–43.83 (m, 2H), 3.73, 
3.71 (2 s, 6H), 3.61, 3.59 (2 s, 3H), 3.31–2.95 (m, 3H), 2.30–1.83 (m 
2H), 0.91, 0.86 (2 s, 9H). 13C NMR (125 MHz, DMSO‑d6) δ 171.3, 155.9, 

140.3, 137.6, 133.8, 129.6, 128.2, 127.6, 98.6, 61.3, 56.9, 54.7, 46.9, 
44.9, 43.6, 32.2, 31.9, 30.8. HRMS (m/z): calcd for C26H35N3O5Na 
492.2469 [M + Na]+; found 492.2462. Anal. Calcd C26H35N3O5: C, 
66.50; H, 7.51; N, 8.95. Found: C, 66.72, H, 7.19; N, 8.67. 

4.1.4.12. 4-[(2,4-Dimethoxyphenyl)aminocarbonyl]-1-[2-(indol-3-yl)-2- 
oxoacetyl]-2-methylpiperazina (37). The product was obtained as a solid 
and purified by column chromatography using hexane–ethyl acetate 
(1:10) as eluent (306 mg, 68% yield), mp 169–171 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 12.35, 12.33 (2bs, 1H), 8.30–8.16 (m, 2H), 7.71–7.59 
(m, 2H), 7.42–7.28 (m, 3H), 6.64–6.61 (m, 1H), 6.52–6.48 (m, 1H), 
4.74–4.67 (m, 1H), 4.38–4.18 (m, 1H), 4.09–3.87 (m, 2H), 3.81, 3.80 (2 
s, 3H), 3.78 (s, 3H), 3.34–2.87 (m, 2H), 1.32, 1.27 (2d, J = 6.8 Hz, 3H). 
13C NMR (125 MHz, DMSO‑d6) δ 186.7, 186.6, 166.5, 166.4, 157.5, 
157.4, 156.4, 156.3, 153.6, 153.5, 137.7, 137.5, 137.4, 129.4, 128.7, 
126.3, 126.3, 125.4, 124.1, 123.1, 121.7, 121.6, 121.4, 113.6, 113.5, 
113.2, 104.5, 99.2, 56.1, 56.0, 55.7, 50.1, 48.5, 47.6, 45.0, 44.2, 43.8, 
41.3, 36.0, 16.4, 15.4. HRMS (m/z): calcd for C24H26N4O5Na 473.1801 
[M + Na]+; found 473.1787. 

4.1.4.13. 4-[(2,4-Dimethoxyphenyl)aminocarbonyl-1-[2-(indol-3-yl)-2- 
oxoacetyl]-]-2-phenylpiperazina (38). The product was obtained as a 
solid and purified by column chromatography using hexane–ethyl ace
tate (1:2) as eluent (358 mg, 70% yield), mp 192–195 ◦C. 1H NMR (500 
MHz, DMSO‑d6) δ 12.40 (bs, 1H), 8.37, 8.26 (2 s, 1H), 8.22–8.13 (m, 
1H), 7.72–7.25 (m, 10H), 6.63–6.44 (m, 2H), 5.74, 5.03 (2 m, 1H), 
4.72–3.53 (m, 4H), 3.78 (s, 3H), 3.76 (s, 3H), 3.36–2.90 (m, 2H). 13C 
NMR (125 MHz, DMSO‑d6) δ 186.3, 167.3, 157.4, 157.3, 155.9, 153.4, 
153.3, 138.6, 137.5, 129.2, 128.9, 127.8, 127.4, 127.2, 126.1, 126.0, 
125.4, 124.2, 123.2, 123.1, 121.5, 113.6, 113.2, 104.5, 99.2, 56.4, 56.1, 
55.7, 51.9, 45.9, 45.1, 44.2, 43.6, 42.2, 37.2. HRMS (m/z): calcd for 
C29H28N4O5Na 535.1957 [M + Na]+; found 535.1944. 

4.1.4.14. 1-[(Acetylphenyl)aminocarbonyl]-4-[2-(indol-3-yl)-2-oxoace
tyl]-2-phenylpiperazine (41). The product was obtained as a solid and 
purified by column chromatography using hexane–ethyl acetate (1:2) as 
eluent (448 mg, 81% yield), mp 182–184 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 12.24, 12.17 (2d, J = 2.1 Hz, 1H), 9.14, 9.05 (2 s, 1H), 
8.18–7.06 (m, 14H), 5.76 (bs, 1H), 5.08–5.02 (m, 1H), 4.30–4.01 (m, 
3H), 3.61–3.35 (m, 2H), 3.32 (s, 3H). 13C NMR (125 MHz, DMSO‑d6) δ 
196.3, 185.6, 185.4, 166.6, 166.1, 154.7, 154.5, 145.1, 138.7, 138.2, 
136.8, 136.3, 130.6, 130.5, 129.2, 129.1, 128.1, 126.9, 126.6, 126.3, 
124.9, 124.7, 123.6, 123.5, 122.6, 122.5, 120.9, 120.8, 118.4, 118.3, 
113.1, 112.6, 112.5, 59.7, 53.7, 53.2, 47.8, 45.1, 42.4, 40.9, 38.1, 26.3. 
HRMS (m/z): calcd for C29H26N4O4Na 517.1846 [M + Na]+; found 
517.1834. 

4.1.4.15. 1-[(Acetylphenyl)aminocarbonyl]-4-cinnamoyl-2-phenyl
piperazina (42). The product was obtained as a solid and purified by 
column chromatography using dichloromethane-methanol (20:1) as 
eluent (439 mg, 97% yield), mp 163–165 ◦C. 1H NMR (500 MHz, 
DMSO‑d6) δ 9.12, 9.06 (2 s, 1H), 7.92–7.17 (m, 16H), 5.67–5.55 (m, 
1H), 5.00–4.72 (m, 1H), 4.29–3.86 (m, 3H), 3.50–3.37 (m, 1H), 3.34 (m, 
3H), 3.24–3.15 (m, 1H). 13C NMR (125 MHz, DMSO‑d6) δ 169.4, 154.5, 
145.1 141.9, 141.7, 139.9, 135.0, 130.5, 129.6, 129.2, 128.7, 128.5, 
128.1, 127.0, 118.4, 117.8, 117.6, 54.2, 53.6, 47.5, 44.6, 43.1, 41.8, 
26.3. HRMS (m/z): calcd for C28H27N3O3Na 476.1945 [M + Na]+; found 
476.1935. 

4.1.4.16. 1-[(2-Chloro-5-trifluoromethylphenyl)aminocarbonyl]-4-[2- 
(indol-3-yl)-2-oxoacetyl]-2-phenylpiperazine (43). The product was ob
tained as a solid and purified by column chromatography using hex
ane–ethyl acetate (1:1) as eluent (415 mg, 75% yield), mp 190–192 ◦C. 
1H NMR (500 MHz, DMSO‑d6) δ 12.26, 12.17 (2d, J = 2.1 Hz, 1H), 8.62 
(s, 1H), 8.30–7.10 (m, 13H), 5.68 (bs, 1H), 5.07–4.96 (m, 1H), 
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4.24–3.81 (m, 2H), 3.73–3.40 (m, 2H); 3.11–3.01 (m, 1H). 13C NMR 
(125 MHz, DMSO‑d6) δ 185.6, 185.3, 166.7, 166.2, 154.7, 154.5, 145.1, 
138.5, 138.1, 137.5, 137.3, 136.8, 136.4, 130.5, 130.4, 128.7, 128.3, 
127.4, 127.3, 126.7, 126.3, 124.9, 124.7, 123.6, 123.5, 122.6, 122.5, 
120.9, 120.8, 113.0, 112.6, 112.5, 54.8, 53.7, 47.9, 44.9, 42.5, 41.2, 
36.2, 28.2, 24.2. HRMS (m/z): calcd for C28H22ClF3N4O3Na 577.1225 
[M + Na]+; found 577.1206. 

4.1.4.17. 1-[(2-Chloro-5-trifluoromethylphenyl)aminocarbonyl]-4-cinna
moyl-2-phenylpiperazine-1-carboxamida (44) [86]. The product was ob
tained as a solid and purified by column chromatography using 
hexane–ethyl acetate (2.5:1) as eluent (477 mg, 93% yield), mp 
171–173 ◦C. 1H NMR (500 MHz, DMSO‑d6) δ 8.46, 8.34 (2 s, 1H), 8.03 
(bs, 1H), 7.74–7.67 (m, 3H), 7.56–7.23 (m, 8H), 7.20 (d, J = 15.6 Hz, 
1H), 5.57–5.44 (m, 1H), 4.83–4.59 (m, 1H), 4.25–3.95 (m, 3H), 
3.62–3.46 (m, 2H). 13C NMR (125 MHz, DMSO‑d6) δ 169.4, 154.6, 
141.8, 141.6, 138.9, 137.4, 135.0, 130.4, 129.6, 128.7, 128.6, 128.0, 
127.3, 127.0, 126.5, 121.4, 55.2, 54.5, 47.5, 44.6, 43.2, 42.1, 36.2, 28.3, 
24.1. HRMS (m/z): calcd for C27H23ClF3N3O3Na 536.1326 [M + Na]+; 
found 536.1308. 

4.1.5. General procedure 4. Removal of Boc group 
To a solution of the Boc derivatives 8 and 20 (1.0 mmol) in dry 

dichloromethane (30 mL) was kept into an ice-water up to adding the 
trifluoroacetic acid (15.0 mmol). The reaction mixture was stirred at 
room temperature until TLC showed that all the starting material had 
reacted. The reaction mixture was evaporated to dryness and co- 
evaporated with toluene. The products 35 and 36 were detected by 
mass spectrometry and used without purification for the next synthetic 
step (Section 4.1.4). 

4.1.6. General procedure 5. Synthesis of phenyl isocyanate from substituted 
aniline 

According to a published procedure with some modifications [87], to 
a solution of appropriate substituted aniline (1.87 mmol) in dichloro
methane (20 mL) was added an aqueous solution of Na2CO3 (3.0 mmol, 
20 mL) and the heterogeneous mixture was vigorously stirred for 5 min 
at rt. Triphosgene (0.62 mmol) was added to the flask and stirred for 30 
min. The phases were manually separated, and the organic layer was 
dried (Na2SO4), filtered and evaporated to dryness. The isocyanate was 
used without further purification in reaction of urea formation. 

4.1.6.1. 3,4,5-Trimethoxyphenyl isocyanate. The product was obtained 
as a pure solid (339 mg, 86% yield). 1H NMR (500 MHz, DMSO‑d6) δ 
6.79 (s, 2H, Ar), 3.77 (s, 6H, OCH3), 3.63 (s, 3H, OCH3). 13C NMR (125 
MHz, DMSO‑d6) δ 152.8, 135.7, 132.6, 96.2, 91.6, 60.0, 55.4. HRMS (m/ 
z): calcd for C10H11NO4Na 210.0761 [M + Na]+; found 210.0757. 

4.2. Biology 

4.2.1. Hepatitis C virus NS3/4A protease inhibition assay 
The HCV NS3/4A protease is required for the cleavage of the viral 

polyprotein at the NS3-NS4A, NS4A-NS4B, NS4B-NS5A, and NS5A-NS5B 
sites [88,89]. These proteolytic cleavages are essential for the matura
tion of the viral proteins in the HCV replicative cycle. Thus, NS3/4A has 
become one of the key targets for developing anti-HCV drugs [90] and, 
consequently, was selected as the main target of this study. 

We performed the screening assay in the Biology Service of CITIUS at 
the University of Seville using a microplate reader (Synergy Biotek, VT, 
USA) and SensoLyte® 520 HCV Protease Assay Kit (Cat#AS-71145; 
AnaSpec®, Fremont CA, USA), in addition to HCV-genotype 1b NS3/4A 
protease (Cat#61017; AnaSpec®, Fremont CA, USA). Briefly, the 
quantification of HCV NS3/4A protease activity was based on the 5- 
FAM/QXL™520 fluorescence resonance energy transfer (FRET) peptide 
(tested with the protease assay kit), whose sequence is derived from the 

cleavage site of NS4A/NS4B. In the FRET peptide, the fluorescence of 5- 
FAM is quenched by QXL™520. However, upon cleavage into two 
separate fragments by HCV NS3/4A protease, the fluorescence of 5-FAM 
is recovered and can be monitored at excitation (490 nm)/emission 
(520 nm). In addition, the assay can detect as low as 1.56 ng/mL active 
HCV NS3/4A protease [91]. Therefore, this proteolytic mechanism al
lows us to relate the protease activity acting on the FRET peptide with 
the fluorescence intensity. 

The assay-related working solutions and the samples were prepared 
immediately before the screening according to the manufacturer’s rec
ommendations. The test compounds were dissolved at 5 mM in dimethyl 
sulfoxide (DMSO) to obtain a final concentration of 0.5 mM by well, 
similar to the reference control with Telaprevir (TPV). All measurements 
were made in triplicate for each compound. 

The controls and test compounds were added into each well on a 96- 
well black microplate (Costar® 96-Well Black Polystyrene Plate) 
following the protocol previously published [92]: 19 μL of buffer assay, 
1 μL of HCV NS3/4A protease, and 5 μL of screening inhibitors, incu
bated at room temperature for 15 min in the dark. The enzymatic re
action started by adding 25 μL of HCV NS3/4A protease substrate. 
Immediately, the fluorescence on kinetic mode was recorded at 37̊C in 
the microplate reader at λex/em = 490/520 nm every 5 min for 1 h by 
soft shaking before reading. 

The fluorescence reading from the substrate control well is the 
background fluorescence. The relative fluorescence unit (RFU) was ob
tained from the readings of the other wells subtracting this background. 
The reader of fluorescence generated a plot data as RFU versus time for 
controls and samples. The slope of the RFU curves was determined from 
the average of the duplicates. Percentage protease inhibition was 
calculated using the following equation: % inhibition = (slope E + S – 
slope test compound/ slope E + S) × 100, where the slope E + S is the 
fluorescence of the enzyme and substrate without Telaprevir, and the 
slope test compound is the fluorescence of the assay mixture with the 
potential inhibitors added [93]. Graphs of the percentage of enzymatic 
activity inhibition of positive, negative, vehicle controls and compounds 
were generated with GraphPad PRISM software version 9.0.0. (Supple
mentary information, Fig. S31). 

4.2.2. In vitro antiviral activity against Zika and Dengue viruses 
Viruses, cells and reference compound. 
The H/PF/2013 ZIKV strain, belonging to the Asian lineage, and the 

New Guinea C DENV serotype 2 strain were kindly provided by the 
Instituto Superiore di Sanità, Rome, Italy. Once expanded, viral stocks 
were stored at − 80 ◦C and titrated by plaque assay, as previously 
described [68]. 

Vero E6 (African green monkey kidney cell line; ATCC, Manassas, 
VA, USA, CRL-1586) and C6/36 (Aedes albopictus mosquito; ATCC CRL- 
1660) cell lines were used to expand ZIKV and DENV, respectively. The 
in vitro cytotoxicity and antiviral activity of candidate compounds was 
determined in Huh7 cell line (human hepatoma cell line; kindly pro
vided by Instituto Toscano Tumori, Core Research Laboratory, Siena, 
Italy). Dulbecco’s modified Eagle’s medium high glucose with sodium 
pyruvate, and L-glutamine (DMEM High Glucose, Euroclone, Milan, 
Italy) supplemented with 10% fetal bovine serum (FBS; Euroclone) and 
1% of penicillin/streptomycin (Euroclone) was used as propagation 
medium. The propagation medium was supplemented with 2 mM of L- 
glutamine and HEPES (25 mM) to propagate the C6/36 medium cell 
line. The propagation medium with a lower concentration of FBS (1%) 
was used in infection experiments. The mammalian cells were incubated 
at 37 ◦C in a humidified incubator supplemented with 5% CO2, whereas 
the mosquito cell line was maintained at 28 ◦C. Sofosbuvir (MedChem 
Express cat. HY-15005), used as reference compound, was supplied as a 
powder, and dissolved in 100% dimethyl sulfoxide (DMSO). 

4.2.3. Cytotoxicity assay 
Cytotoxicity of compounds was determined by CellTiter-Glo 2.0 
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Luminescent Cell Viability Assay (Promega) in the Huh7 cell line, ac
cording to the manufacturer’s protocol. The luminescent signal obtained 
from cells treated with 5-fold dilution of the test compound, or DMSO as 
a control, was measured through the GloMax® Discover Microplate 
Reader (Promega). Raw data were elaborated with the GraphPad PRISM 
software version 6.01 (La Jolla) to calculate the half-maximal cytotoxic 
concentration (CC50). The putative inhibitory activity of compounds was 
tested starting from the concentration causing the 20% of cellular 
toxicity (CC20). 

4.2.4. Antiviral assay 
Immunodetection assay (IA) using a pan-flavivirus monoclonal 

antibody recognizing a conserved domain of the envelope protein was 
the read out to determine the antiviral activity of candidate compounds 
on the whole viral replication cycle as previously published [66,67] 
Briefly, 7,000 Huh7 cells per well were infected using 50 TCID50 (50% 
tissue culture infectious dose TCID50) of DENV or ZIKV viral stocks, as 
defined by previous titration according to Reed & Muench [94]. Viral 
adsorption was performed in 96-well plates for 1 h at 37 ◦C with 5% CO2 
and after virus removal, serial dilutions of each compound tested were 
added to the cells and incubated at 37 ◦C with 5% CO2. After 72 h, 
culture supernatants were collected, properly diluted, and used to re- 
infect in triplicate uninfected Huh7 cells in absence of the compounds 
(infectious virus yield) for 72 h at 37 ◦C with 5% CO2. After incubation, 
cells were fixed for 30 min with 10% formaldehyde (Carlo Erba), rinsed 
with 1% PBS and permeabilized for 10 min with 1% Triton X-100 (Carlo 
Erba). After washing, cells monolayer was incubated with monoclonal 
anti-flavivirus mouse antibody (clone D1-4G2-4–15; Novus Bio) and 
then with a polyclonal Horseradish Peroxidase (HRP)-coupled anti- 
mouse IgG secondary antibody (Novus Bio NB7570). Absorbance 
values were measured after 10 min incubations with the 3,3′,5,5′-tet
ramethylbenzidine substrate (TMB, Sigma Aldrich) and signals were 
acquired at 450 nm optical density (OD450) using the absorbance 
module of the GloMax® Discover Multimode Microplate Reader 
(Promega). Each IA run was validated by the OD450 value above 1 in the 
virus control culture. All drug concentrations were tested in triplicate in 
two independent experiments. In each test, sofosbuvir was used as 
reference compounds and infected and uninfected cells without drugs 
were used to calculate the 100% and 0% of viral replication, respec
tively. The half-maximal inhibitory concentration (IC50) was calculated 
through a non-linear regression analysis of the dose–response curves 
generated with GraphPad PRISM software version 6.01. Selectivity 
Index (SI) of compounds was calculated as ratio between CC50 and IC50. 

4.3. Docking studies 

4.3.1. Dataset 
Inactive structural conformation for ZIKV and HCV NS3 Proteases 

were extracted from the X-ray crystal structure chain A in the PDB 
Database for each protease (PDB ID: 5LC0 [75] and 6PJ1 [73], respec
tively). After that, we processed the structure files through Maestro 
(https://www.schrodinger.com) to obtain mol2 files with assigned 
charges and prepared for the virtual screening technique using OPLS3e 
as force field and different tools to fill possible missing side or loops, 
assign bonds and add hydrogens to the structure. 

We obtained ligand mol2 files from the generated cdx files through 
different conversion programs. First, we converted cdx files to smi 
format via Open Babel [95] converter tool. After that, these smi files 
were transformed to mol2 files via the Chemaxon tool molconvert to 
obtain the mol2 files used for molecular modeling. 

4.3.2. Molecular modeling 
When the ligand and protein structures had been prepared, we car

ried out a molecular modeling protocol with the Lead Finder [96] 
docking program to obtain docking scores and details about interactions 
between protein and generated compounds. These calculations were 

performed for compounds 8, 42 and 44 against 5CL0 and 6PJ1 pre
processed structures via the metascreener tool (https://github. 
com/bio-hpc/metascreener). Thus, we executed calculations via Lead 
Finder for each protease with the same compounds as queries in an HPC 
server and in parallel. 
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Pérez, F. Iglesias-Guerra, M.E. Pachón-Ibáñez, Exploration of piperazine-derived 
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