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Chronic Hepatitis C is a global health threat and a silent killer. Regardless of the profound progress in preventing and treating this
disease, research continues to discover new direct antiviral agents (DAAs), especially against novel targets. Our research has been
directed to leverage the NS4A binding site to develop peptidomimetic inhibitors of the hepatitis C virus (HCV) NS3 protease. In
previous reports, we could provide evidence of tunability of this site by peptide and nonpeptide NS3/4A inhibitors. In this report,
we used structure-based techniques to design 1,2,3,4-tetrahydro-1,7-naphthyridine derivative as NS4A core mimics that cover the
region between residues Ile-25′ to Arg-28′. +e synthetic plan featured the Povarov reaction as an efficient strategy to construct
the 1,7-naphthyridine core. Although this reaction has been reported in many literatures, critical assessments for its scope and
limitations are scarce. In our work, we found that Povarov was extremely sensitive to alkene and aldehyde reactants. Moreover,
using pyridine amines was not as successful as anilines. +e most striking results were the lack of stability of compounds during
purification and storage. +e four compounds that survived the stability problems (1a-1d) did not show significant binding
potency with NS3, because their structures were too simple to resemble the originally planned compounds.

1. Introduction

Hepatitis C virus (HCV) is a silent killer that starts with mild
or even no symptoms, but in many cases, it advances to a
life-long illness [1]. +e HCV, when activated, attacks liver
cells through its E2-envelop protein, maneuvers to penetrate
the cell membrane and proceeds to disrupt cellular mech-
anisms, controls genetic expressions, and leverages cellular
machinery to replicate [2, 3]. Moreover, HCV can evade the
innate immunity challenges and becomes a persistent in-
fection [4]. Consequently, the liver starts to enlarge and
develop inflammatory responses followed by necrosis and
extensive damage of hepatic tissues leading to cirrhosis that

ends with liver cancer [5]. In its 2019 report, the World
Health Organization (WHO) estimated that more than 70
million people are infected with HCV regardless of the great
progress in the control and treatment since 2013 [6].

+e recent success of newly discovered direct antiviral
agents (DAAs) led to a significant decline in HCV-related
deaths concomitant to an increase in survival and recovery
rate of patients suffering from the high viral count in their
blood [7]. +e approved DAAs up until now are directed to
three targets: substrate-site inhibitor of NS3/4A protease,
NS5A, and NS5B [8] (Figure 1). We have been interested in
exploring NS4A as a target [9, 10], aiming to add more drugs
to the DAA arsenal that may curb the increasingly emerging
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resistance against available DAAs. Another important rea-
son for targeting NS4A is that this 54-mer amino acid
peptide is a common factor, albeit not structurally or
functionally conserved, among all Flaviviridae family. +is
family of viruses comprises highly pathogenic viruses such as
Zika, Dengue, and West Nile fever. In HCV, this small
peptide is a multipurpose tool for HCV maturation and
replication. It plays irreplaceable roles in activating the NS3
protein (both protease and RNA helicase functions), curbing
host-cell immunological responses, and integrating the NS3
into the endoplasmic reticulum.

X-ray structures of NS3 complexed with NS4A revealed
that the binding of the NS4A peptide initiates ordering of the
N-terminal 28 residues of the NS3 protease into a β-strand and
an α-helix [11, 12]. It also causes local rearrangements, which
are important for a catalytically favorable conformation at the
active site. According to serine and alanine scanning studies,
the hydrophobic residues Val-23′, Ile-25′, Gly-27′, Ile-29′, and
Leu-31′ were found to be the most important to the enzyme
activation, while the Arg-28′ was controversial [13, 14]. As
shown in Figure 1, the NS4A21′-34′ peptide displays a brief
bulge at Ile-25′ and Val-26′; otherwise, the peptide is an
extended conformation. It forms main-chain hydrogen bonds
with the A0 and A1 strands of the protease in an antiparallel
fashion (Figure 2). Another important conformational feature
is that the kinky area of the boundNS4A21′-34′ is almost planar,
giving a good opportunity to design some cyclic aromatic
structures that mimic this area and bind in the same manner,

the NS3 protease. +is conformation is conserved in all HCV
NS3/4A protease crystal structures reported until now [9, 10].

A few previous reports that investigated synthetic peptide
variants of NS4A N-terminal provided strong grounds for
leveraging this new target since some of these peptides could
inhibit the function of NS3 protease in vitro [10]. Moreover,
we succeeded in introducing 1H-imidazole-2,5-dicarbox-
amide derivatives as peptidomimetic that competed with
NS4A and replaced it in binding assays with NS3 protease [9].
+e imidazole, however, is a 5-membered monocyclic ring
that mimicked the amide bond between Val-26′ and Gly-27′.
Meanwhile, the flat kink of NS4A encompasses five bonds in
this area (Figures 1 and 2 and Table 1).

To increase the binding potency of the heterocyclic
nonpeptide mimics of NS4A, a bicyclic structure involving
more bonds in this area was envisaged, because rigidification
is an effective strategy to increase binding potency elimi-
nating entropy factors of bond rotations.

2. Results and Discussion

2.1. Rationale and Design. Figure 2(c) represents a prom-
ising bicyclic nucleus that established the same interactions
of the mimicked planar region of the NS4A. +e NH at the
position of the THNnucleus could establish hydrogen bonds
with the carbonyl of Ile-36. +e carbonyl at position 4 of
THN is ideal for replacing the carbonyl Val-26′. +e iso-
propyl sidechain of Val-26′ was ignored for simplification

(a) (b)

(c)

Figure 1: Conserved conformation of NS4A peptide in bound form with NS3 protease domain. (a) Examples of bound NS4A downloaded
from the PDB website (rcsb.org) and illustrated as follows: 1A1R (Green), 2OC1 (magenta), 3OYP (Red), and 4U01 (Blue). (b) +e binding
of NS4A (PDBCode: 1NS3) with apoprotein residues guided our peptidomimetics design. (c) Dihedral angles θn of the boundNS4A’s planar
region (PDB Code: 1NS3). Numerical values of θ1 to θ5 are listed in Table 1.
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purposes, because it was considered ineffective in the NS4A
function [13]. +e aromatic pyridine ring contains nitrogen,
which acted as a hydrogen bond acceptor as a carbonyl
replacement at groups R1 aligning with Ile-25′ side chain;
therefore, groups at this side chain are expected to be hy-
drophobic (Figure 1(b)). +is pocket is composed of hy-
drophobic residues Trp-85, Pro-86, Ala-87, and Pro-88. It
was in our focus as a good opportunity for obtaining tight
binding peptidomimetics by making a library of compounds
with R2 � hydrophobic groups of different sizes and
branching (Figure 2(c)).

2.2. Synthetic Plan of Target Compounds. +e target scaffold
(THN derivatives, X�N) is an aza variant of 1,2,3,4-tetra-
hydroquinolines (X�CH), a nucleus commonly accessible
via Povarov reaction (Scheme 1). +e Povarov reaction (aka
aza Diels-Alder or imino Diels-Alder) is a three-component
reaction between an aromatic amine, an aldehyde, and an
alkene in the presence of a Lewis or a Brønsted acid catalyst

[15, 16]. Povarov chemistry has been extensively utilized to
construct several heterocyclic structures especially pyridine-
fused heterocycles [17]. Regardless of the fact that Povarov
first reported the inverse electron demand 4+ 2 cycload-
dition between a Schiff base (formed in situ) and electron-
rich alkene in the 1960s, the interest in this reaction in-
creased vastly only in the past decade [18]. +e most
common and earliest heterocyclic system that has been
efficiently prepared using the Povarov reaction is 1,2,3,4-
tetrahydroquinoline [19–21].

Planning for the synthesis of the final compounds, it was
decided to start with suitably substituted arylamine 1 and react
it with aldehyde 2 and the protected vinyl alcohol 3 to obtain
the 1,7-naphtyridine 4. Having the core nucleus of the target
compounds assembled, the crucial intermediate 5 (a depro-
tection product of 4) would be completed to the designed target
compounds. Unfortunately, we encountered some difficulties
in the early stages of the synthesis of the Povarov reaction step,
as yields of Povarov products by using pyridyl amines were low.
In some cases, the intended product was not observed in LC/
MS analysis. +erefore, we thought of using aniline as an
arylamine component that furnishes 1,2,3,4-tetrahydroquino-
line (THQ) variants of the target scaffold (THN). THQ is a
simpler structure, and it is more studied in previous reports
[22]. Additionally, the THQ (X�CH) scaffold should be useful
to investigate the utility of Povarov chemistry in our synthetic
plans and study the structure-activity relationships. Results of
the reactions of aniline with a variety of aldehydes and alkenes
are shown in Scheme 2 and Table 2.
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Figure 2: Design of THN scaffold as potential NS4A peptidomimetic. (a) Binding features of the NS4A with amino acids in the NS3.
Important hydrogen bonding interactions are shown in yellow lines. H-bond lengths are shown in Å length units, and they were measured
between heavy atoms. (b) Alignment of the designed core THN (golden color) with the NS4A core region bound to NS3. Circles illustrate
good fit of R1 and R2 with the cofactor side chains. (c) Sketch of the designing method of THN to mimic the core part of NS4A. +e bold
bonds highlight the planar area in the kink region of NS4A that was transformed to a bicyclic structure in the designed peptidomimetic THN
scaffold. Similarly, colored heteroatoms represent equivalent replacements.

Table 1: Dihedral angles of the core part of bound NS4A (PDB
Code: 1NS3).

Torsion Actual Deviation from Plane
θ1 13.9 +13.9 (eclipsed cis)
θ2 179.4 −0.6
θ3 184.6 +4.6
θ4 191.6 +11.6
θ5 184.3 +4.3
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2.3. Limitations of theAlkene and theAldehydeComponents in
thePovarovReaction. As illustrated in Scheme 2 and Table 2,
the simplest arylamine, aniline (1a), was successfully reacted
with benzaldehyde (2a) and acyclic vinylic ethers (3a-c)
(Compounds 4a-c, Entries 1-5). +is success was expected,
and it agrees with results previously reported elsewhere [22].
According to the design described above, the non-alkene
portion acts as a temporary protective group (PG). It should
be removed to obtain alcohol (intermediate 5) followed by
oxidation to provide the ketone group in the target com-
pound. Accordingly, we used the alkene component as vinyl
ester, such as vinyl acetate or vinyl pivalate. We observed
that the reaction stops at the stage of the Schiff base in-
termediate, as monitored by LC/MS. +e failure of the
Povarov reaction with vinyl esters confirms the ultra-sen-
sitivity of this reaction to the electronic character of the
alkene component. Our observation agrees with reports by
Isambert and coworkers who reported that vinyl acetate does
not advance the Povarov intermediate to cyclization via
Friedel-Crafts mechanism as a termination step [23].
+erefore, we decided to focus on the more suitable vinylic
ethers. In particular, benzyl vinyl ether (BVE, 3d) has a
removable group (considered as protective group, PG), but it
was too expensive to consume in the chemistry development
and optimization. Consequently, we started efforts to ex-
amine the utility of the Povarov chemistry in our synthesis
using affordable alkenes such as ethyl vinyl ether (EVE, 3a),
3,4-dihydro-4H-pyran. (DHP, 2b), and 2,3-dihydrofuran
(DHF, 2c). EVE (3a) was of special importance, because it is
similar to BVE.+e cyclic ethers DHF andDHPwere used as
positive references, because they are the most common
alkenes used in the Povarov chemistry literature [19–21].

2.4. 6e Behavior of Aromatic Aldehydes, Aliphatic
Aldehydes, and 2-Oxoaldehydes. We reacted 3a-c with an-
iline (1a) and a set of five aldehydes (2a-e) encompassing two
aromatic aldehydes (2a and 2c), an aliphatic aldehyde (2b),
and two 2-oxoaldehydes (2d-e). +e product formation was
easier for aromatic aldehydes (2a and 2c) (Entries 1–7,

Products 4a-d and Entries 12–17, Products 4g-i), as com-
pared to the aliphatic 1-butanal (2b) (Entries 8–11). It was
noticed that some 1-butanal reactions (Entries 9-11) gave the
same side product with mass at m/z 202 that repeatedly
appeared along with the product peak (Entries 9-11). +is
side product was not a Schiff base of aniline with 1-butanal
(M.Wt.�148). From LC/MS data, we speculated that it is the
Schiff base of 4-alkylated aniline (a Friedel-Crafts product)
(Scheme 3).

Ethyl glyoxylate (EtGlx, 2d) is an aldehyde with an ester
tethering at C2 (R3) furnished Povarov products 4j and 4k
when reacting with the alkenes 3a,d (Entries 18-21). +e use
of phenylglyoxal (PhGlx, 2e) as the aldehyde component in
this reaction with vinyl esters (as an alkene component)
provided an extremely different reaction pathway that was
described elsewhere [24]. However, PhGlx could react with
electron-rich alkenes such as 3a-c as detected by LC/MS
(Entries 22-28) to give the derivatives 4l-4m. Both 2-oxo
aldehydes (EtGlx and PhGlx) are important for our targeted
NS4A peptidomimetics as illustrated in Figures 2(b) and 2(c)
for the design of target THN derivatives. We became par-
ticularly more optimistic when the Povarov reaction of
aniline with EtGlx (2d) and BVE (3d) provided the MS peak
of the product 4k, which featured a benzyl protecting group
for the oxy group at position C4 of the THQ nucleus. In
addition, 4k contains an ester group at position C2, which
can be later manipulated into interesting screenable set of
compounds for their inhibition of the target HCV-NS3.
Accordingly, we decided to investigate the Povarov reaction
with arylamine monomers (other than aniline 1a) that
contain a protected amine substituent aiming to move
forward with the synthetic plan illustrated in Scheme 1 (See
Scheme 4 below).

2.5. Cerium IV Ammonium Nitrate (CAN) and Montmoril-
lonite KSF (M-KSF) Are Suitable Catalysts for the Povarov
Reaction. From a long list of Lewis Acid catalysts reported
in the literature [22], we selected the inexpensive cerium IV
ammonium nitrate (CAN) and Montmorillonite KSF (M-
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Scheme 1: Putative Scheme for synthesis of scaffold 2 compounds. Cat� Lewis acid catalyst, THN� 1,2,3,4-tetrahydro-1,7-naphthyridine,
THQ� 1,2,3,4-tetrahydroquinoline.
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KSF) to try at this exploratory and chemistry development
stage. CAN reaction setup is simple, does not require strict
conditions (in terms of moisture and air control), and indeed
its Povarov reported yields are high. +e montmorillonite
clays are green catalysts of natural origin that can be easily
removed by filtration [25]. Results in Table 1 show that both
catalysts provided similar yields depending on the reactants
rather than the catalyst type.

2.6. Attempts to Broaden the Scope of the Povarov Reaction to
Synthesize Target Compounds. To move a step forward
towards the synthesis of a screenable library of target
compounds, we carried out Povarov reactions using mono-
Boc-1,4-phenylenediamine (1b) and 5-amino-2-(N-Boc-
amino)-pyridine (1c) with a set of aldehydes (2a-c, 2f-g)
along with the previously used activated alkenes 3a-d
(Scheme 4, Table 3). +e arylamines 1b-c carry a
Boc-protected amine that could be later diversified by al-
kylation or acylation (R1-NH in Scheme 1).

To broaden the scope, we included a set of aldehydes
encompassing benzaldehyde (2a) as a reference, two het-
eroaromatic aldehydes (2c, 2g), two aliphatic aldehydes (2b,
2f ), and a 2-oxoaldehyde (2d). +e alkene component in-
cluded the previously used monomers 3a-d. Unfortunately,
aniline 1a was overall a better amine in the Povarov reaction
than its variants 1b and 1c. +e phenyl variant 1b provided
the desired products 5a-c, albeit in low yields. +e more
important pyridylamine 1c could also show some positive
results but failed to give the desired product MS peak in
reactions with 2a/3b (Entries 35-38) or with 2c/3b (Entry
39), regardless of our attempts to push the reaction by in-
creasing the amount of the catalyst (Entries 37-38). How-
ever, 1c could provide the required product MS peak with
several combinations of reactants (Entries 40-53, Products
5f-m). It was noticed that CAN catalyst performed better
than the M-KSF clay with this particular amine (2c). For
instance, the product was detected in several cases when
CAN was used as catalyst such as Entries 40, 48, 50, and 52
(Products 5g and 5k-m) but not M-KSF (Entries 42, 49, 51
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Scheme 2: Povarov reactions using aniline (1a), aldehydes (2a-e), and alkenes (3a-f ) using a catalyst (Cat). R1 is absent, because R1 is
assigned to arylamine monomers as mentioned in Scheme 1. In this scheme, only aniline was used as an arylamine.
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and 53). +e Povarov reactions of the aliphatic aldehyde (S)-
4-Methylhexanal (4-MeHexCHO, 2f) were an exception,
because they could provide a product with both catalysts
(Entries 45-47, Products 5i-j).

Although there was a significant progress in the opti-
mization efforts, and we wanted to move forward towards
the target compounds described in Figure 2 and Scheme 1,
we encountered a major problem in the process. We noticed
that a big part of the products were lost in the purification
step as described in Entries 29,40,43 and 50 (Table 3,
Products 5a,f,g,l). Moreover, we noticed that many recov-
ered pure products decomposed within few hours to form
black tars. For instance, the product 5l (Entry 50) was
collected in 96% overall purity (diastereomeric mixture of
two peaks) (Figure 3(a)). We found that the purity of 5l
decreases quickly within a few hours with concomitant
formation of uncharacterized decomposition products
(Figure 3(b)). +e LC/MS peak of 5l completely disappeared
after 24 hours of storage at room temperature (Figure 3(c)).
It is worthy of hinting that storage under inert air and/or low
temperature elongated the decomposition time, but the
compounds quickly decompose before biological screening
is completed or does another reaction towards the target
compounds. +erefore, among all compounds listed above,
only four compounds were relatively stable upon storage
(4c, 4f, 4m, and 5f). Two of them made of the aliphatic
1-butanal (4f and 5f), one from benzaldehyde (4c), and one
from phenyl glyoxal (4m). One product was from the pyridyl

amine building block (5f ), and three are from aniline (4c, 4f
and 4m). +e product 5a is one of the classic examples of
Povarov chemistry that was used as positive reference in
literature [26].

To conclude this chemistry investigation, our finding
was that Povarov chemistry is a good tool in drug discovery
that aniline or some substituted anilines are fine, but pyr-
idine derivatives are not suitable. Aromatic aldehydes gave
better yields than aliphatic aldehydes. +e biggest downside
of this chemistry is that either THQ or its aza analogue THN
is not stable, and some have a very short shelf life.

2.7. Binding Assay of Compounds 4c, 4f, 4m, and 5fwith HCV
NS3 Enzyme. +e protocol set previously by our research
group to attest any compound has NS3 inhibition activities
by binding to the NS4A binding site depended on first
verifying that the compound has a significant affinity to-
wards the NS3. If it passed this initial test, a competition
assay with labeled NS4A would determine how potent the
compound prevents the viral NS4A from binding to the NS3.
A final in vitro test would investigate if compounds with
confirmed high affinity inhibited NS3 by forming inactive
complex [9, 10]. Accordingly, the four compounds 4c, 4f,
4m, and 5fwere tested for their binding affinity towards NS3
using the label-free Differential Scanning Light Scattering
technique (DSLS). +is technique assesses the protein’s
thermal stability in terms of the formation of aggregates

Table 2: Results of Povarov reactions are shown in Scheme 2.

Entry Product Catalyst Product %
1 4a CAN 59%
2 4b CAN 18%
3 M-KSF 62%
4 4c CAN 80%,
5 M-KSF 68%
6 4d CAN 50%
7 M-KSF 48%
8 4e CAN ND
9 M-KSF ND, 43% of [M+H]+ 202
10 4f CAN 32% product and 15% of [M+H]+ 202
11 M-KSF 22% product and 30% of [M+H]+ 202
12 4g CAN 80%
13 M-KSF 20%
14 4h CAN 50%
15 M-KSF 48%
16 4i CAN 40%
17 M-KSF 52%
18 4j CAN 38%
19 M-KSF 11%
20 4k CAN 32%
21 M-KSF 25%
22

4l
CAN 31%

23 M-KSF 52%
24 M-K10 46%
25 4m CAN 35%
26 M-KSF 6%
27 4n CAN 43%
28 M-KSF 32%
Abbreviations: CAN� ceric ammonium nitrate; M-KSF�Montmorillonite KSF; M-K10�Montmorillonite K10.
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upon increasing the temperature gradually from 25°C to
90°C [27]. When the target protein binds a ligand, the ag-
gregation temperature (Tagg) increases proportionally to the

binding potency [28]. We performed this binding assay to
measure the change in the aggregation temperature (ΔTagg)
upon mixing test compounds with NS3 and compare them

Table 3: THQ and THN derivatives preparation.

Entry Product no. Amine Aldehyde Alkene Catalyst Product %∗

29 5a 1b PhCHO (2a) DHP (3b) CAN 43%
8% (isolated)

30 M-KSF ND
31 5b 1b EtGlx (2d) BVE (3d) CAN 32%
32 M-KSF 25%
33 5c 1b Furfural (2c) DHF (3c) CAN 23%
34 M-KSF 17%
35

5d 1c PhCHO (2a) DHP (3b)

CAN ND
36 M-KSF ND
37 CAN (10x)§ ND
38 M-KSF (10x)§ ND
39 5e 1c Furfural (2c) DHP (3b) CAN ND

40
5f 1c 1-Butanal (2b) EVE (3a)

CAN 29%
7% (isolated)

41 CAN (10x)§ ND
42 M-KSF (10x)§ ND

43 5g 1c Furfural (2c) BVE (3d) CAN 33%
8% (isolated)

44 5h 1c Furfural (2c) DHF (3c) CAN 17%
45 5i 1c 4-MeHexCHO (2f ) BVE (3d) CAN (10x)§ 22%
46 CAN 30%
47 5j 1c 4-MeHexCHO (2f ) DHF (3c) M-KSF 3%
48 5k 1c PyrCHO (2g) DHF (3c) CAN 64%
49 M-KSF ND

50 5l 1c PyrCHO (2g) DHP (3b) CAN 67%
32% (isolated)

51 M-KSF ND
52 5m 1c PyrCHO (2g) BVE (3d) CAN 58%
53 M-KSF ND
PhCHO�Benzaldehyde; EGlx�Ethyl glyoxylate; 4-MeHexCHO � (S)-4-methylhexanal; PyrCHO� 2-pyridinecarbaldehyde; EVE�Ethyl vinyl ether;
DHP� 3,4-Dihyro-2H-pyran; DHF� 2,3-Dihydrofuran; BVE�Benzyl vinyl ether. ∗Product percentages shown are for LCMS analysis in crude mixture
unless mentioned between parentheses. §+e catalyst was used in 10-fold amount larger than what was mentioned in the section Experiment.
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Figure 3: Stability study of tert-Butyl (5-(Pyridin-2-yl)-3,4,4a,5,6,10b-hexahydro-2H-pyrano[3,2-c] [1, 7]naphthyridin-9-yl)carbamate (5l),
Entry 50. (a) Pure 1a right after HPLC purification. (b) LC/MS after 7 hours are showing complete decomposition of one isomer (Rt� 2.06)
while the isomer at Rt� 2.16min peak is detected. (c) LC/MS after 24 hours showed disappearance of both peaks of the compound.
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to the viral NS4A21′-34′ (Table 4). Comparing the ΔTagg
revealed that only compound 4m showed a weak affinity to
the NS3 (22.6% of NS4A) (Figure 4). +e other three
compounds had nearly no affinity to the NS3. Compound 4f
caused a drop in the thermal stability of the protein. It was
not surprising that these compounds did not give any sig-
nificant stability, because their structures had low similarity
to the designed but failed compounds (Figure 2 and
Scheme 1). +e low affinity of the tested compounds was
discouraging to pursue the biological screenings in the preset
protocol. It is interesting to notice that the only compound
that increased NS3 thermal stability was the 2-acyl analogue
4m (ΔTagg � 25% of the NS4A), indicating the significance of
the oxo group to the binding.

3. Conclusions

+e robustness of the Povarov reaction helped the synthesis
of hundreds of medicinally relevant compounds [29]. Our
finding is that the compounds produced by this reaction had
some limits in diversity. For instance, in our study, diver-
sifying the 1,2,3,4-tetrahydroquinoline with 2-acyl, 4-oxo or
7-aza groups could not be achieved due to low yields and/or
stability issues of the products. We recommend that our

study be a guide for researchers before they decide to employ
Povarov reaction in their screening libraries with a similar
pattern of substituents.

4. Experiment

4.1. Chemical Synthesis

4.1.1. General Conditions. Solvents and reagents were
purchased from Sigma-Aldrich (USA), VWR (USA), or Alfa
Aesar (UK). When needed, solvents were dried according to
the procedures described in the literature. Unless otherwise
stated, the reactions were performed under an inert atmo-
sphere of nitrogen. Microwave (MW) reactions were per-
formed using Milestone StartSynth™ reactor (Milestone
Inc., Italy). Melting points (mp) were determined in open
capillary tubes using electrothermal apparatus (Stuart, UK)
and are uncorrected. NMR results were recorded on Bruker
DPX-300MHz (Bruker, Switzerland). HPLC–MS was per-
formed on aWaters 2695/ZQMSD, including a C18 column
and a diode-array UV detector (Waters Inc., Milford, MA).
+e mobile phase (containing 0.01M ammonium acetate)
was a gradient starting from 20% acetonitrile/80% water to
80% acetonitrile/20% water. Purities are reported according

Table 4: Results of DSLS stability test.

Tagg (°C)
4c +NS3 4f +NS3 4m+NS3 5f +NS3 NS3 NS3+NS4A

Exp1 45.84 44.84 45.98 45.82 45.48 47.12
Exp2 45.73 44.92 46.06 45.73 45.69 48.12
Exp3 45.64 44.80 45.96 45.49 45.59 47.43
Exp4 45.8 45.17 46.19 45.59 45.59 47.8
Average Tagg 45.75 44.93 46.05 45.66 45.59 47.62
St. Dev. 0.088 0.166 0.104 0.146 0.086 0.435
ΔTagg 0.16 -0.66 0.46 0.07 2.03

0
20 30 40

Temperature (oC)

Multiple well regressions

50 60 70

20
40
60

Re
lat

iv
e i

nt
en

sit
y 

(%
)

80
100

(a)

20 30 40
Temperature (oC)

50 60 70
0

20
40
60

Re
lat

iv
e i

nt
en

sit
y 

(%
)

80
100

Multiple well regressions

(b)

Figure 4: Changes in the aggregation temperature (Tagg) in DSLS protein thermal stability assay (25-85°C). (a) Compound 4m mixed with
NS3 (right plots) compared to NS3 alone (left plots). (b) Positive reference NS4Amixed with NS3 (right plots) compared to NS3 (left plots).
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to the percentage of peak areas at wavelength 254 nm.
According to LC–MS analyses, all compounds in this study
were confirmed to have 95% purity or higher. Infrared
spectra were recorded on a +ermo Scientific Nicolet iS10
Fourier transform (FT)-IR Spectrometer. In this report, we
only listed the important IR stretching bands, including NH,
OH, CH, C�O, C�N, and/or C�C. In FT-IR, all samples
were measured neat.

4.1.2. General Procedure for Povarov Reaction. To a stirred
solution of the appropriate arylamine derivative 1a-c
(1mmol), vinyl ether (4.53mmol) and the corresponding
aldehyde (4.53mmol) in acetonitrile (15mL) were added
CAN (82.78mg, 0.15 µmol).+emixture was stirred at room
temperature overnight. +e mixture was then extracted with
dichloromethane (2× 20mL), and the extract was washed
with water and brine and then dried (anhydrous Na2SO4).
Purification was achieved by column chromatography
(Gradient, hexane 100% to Hexane/Ethyl acetate 9 :1). +e
previously reported compound 4c [26] was found identical
to that in the literature; however, the 1H NMR spectrum
indicated that the compound 4c is a mixture of 58.8% trans
isomer [(3aS,4R,9bS)-4-phenyl-2,3,3a,4,5,9b-hexahydrofuro
[3,2-c]quinoline]; and 42.2% cis isomer [(3aS,4S,9bS)-4-
phenyl-2,3,3a,4,5,9b-hexahydrofuro [3,2-c]quinoline.

(1) 4-Ethoxy-2-(n-propyl)-1,2,3,4-tetrahydroquinoline
(4f). +is compound 4f was collected as nonsolidified res-
idue to be a mixture of approx. 75% trans and 25% cis
according to 1H NMR integrations.

1H NMR, trans isomer signals only: (300MHz,
DMSO-d6) δ ppm: 0.9 (t, J� 6.99, 3 H, 2- CH2-CH2-CH3)
1.17 (t, J� 6.99Hz, 3 H, 4-O-CH2-CH3) 1.31–1.55 (m, 5 H,
2-CH2-CH2-CH3 & 3-CHa) 2.18 (d of m, J� 12.84Hz, 1 H,
3-CHb) 3.28 (br. s., 1 H, 2-CH) 3.44–3.57 (m, 1 H, 4-
O-CHaHb-CH3) 3.66 (dd, J� 9.25, 6.99Hz, 1 H, 4-O-
CHaHb-CH3) 4.52 (dd, J� 9.82, 5.29Hz, 1 H, 4-CH) 5.50 (s, 1
H, 1-NH) 6.41–6.53 (m, 2 H, 6-CH & 7-CH) 6.89 (t,
J� 7.55Hz, 1H, 5-CH) 7.11 (d, J� 7.18Hz, 1 H, 8-CH).
LC–MS (ESI), RT�1.34min,m/z 220.3 [M + H]+,m/z 178.3
[M+ 1 – EtO], 86.0% (220-254 nm).

(2) (3,4,4a,5,6,10b-hexahydro-2H-pyrano [3,2-c]quino-
lin-5-yl) (phenyl)methanone (4m). +e compound 4m was
isolated as nonsolidified residue and found to be >95% trans
isomer according to 1H NMR integrations.

1H NMR (300MHz, DMSO-d6) δ ppm: 0.99 (d,
J� 12.84Hz, 1 H, 4-CHaHb) 1.14–1.40 (m, 3 H, 4-CHaHb)
2.29 (d, J� 6.04Hz, 1 H, 5-CH2) 3.11–3.24 (m, 1 H, 4a-CH)
3.42 (d, J� 10.95Hz, 1 H, 2-CHa) 5.28–5.39 (m, 2 H, 2-CHb
& 5-CH) 5.71 (s, 1 H, 6-NH) 6.62 (t, J� 7.37Hz, 1 H, 9-CH)
6.79 (d, J� 7.93Hz, 1 H, 9-CH) 6.99 (t, J� 7.18Hz, 1 H,
8-CH) 7.16 (d, J� 7.93Hz, 1 H, 10-CH) 7.58 (t, J� 7.55Hz, 2
H, 3′,5′-CH) 7.70 (t, J� 7.36Hz, 1 H, 4′-CH) 7.98–8.08 (m, 2
H, 2′,6′-CH). LC–MS (ESI), RT�1.29min, m/z 294.4 [M +
H]+, 95.0% (220-254 nm).

(3) tert-Butyl (4-ethoxy-2-propyl-1,2,3,4-tetrahydro-
1,7-naphthyridin-6-yl)carbamate (5f). +e compound 5f
was isolated as nonsolidified residue and found to be >90%
trans isomer according to 1H NMR integrations.

1H NMR (500MHz, DMSO-d6) δ ppm: 0.89
(t, J� 7.09Hz, 3H, 2-CH2-CH2-CH3), 1.10 (t, J� 6.94Hz, 3H,
4-O-CH2-CH3), 1.28–1.40 (m, 2H, 2-CH2-CH2-CH3), 1.43
(s, 9H, 6-NH-CO-C(CH3)3), 1.49–1.55 (m, 2H, 2-CH2-CH2-
CH3), 3.61–3.66 (m, 1H, 4-O-CHaHb-CH3), 3.84–3.91 (m,
1H, 4-O-CHaHb-CH3), 4.37 (t, J� 6.78Hz, 1H, 4-CH), 5.54
(s, 1H, 1-NH), 6.90 (d, J� 8.83Hz, 1H, 5-CH), 7.31 (d,
J� 8.83Hz, 1H, 8-CH), 9.03 (br. s., 1H, 6-NH-CO-C(CH3)3).
LC–MS (ESI), RT� 2.84min, m/z 336.4 [M + H]+, 92.9%
(220-254 nm).

4.2. Biological Screening. All reagents used in the biological
screenings were purchased from Sigma-Aldrich (UK) in
molecular biology grade unless stated otherwise.

4.2.1. NS3 Protein. (1) NS3 Constructs. A synthetic gene
coding for the HCV NS3 domain of genotype 4a, the most
abundant HCV in Saudi Arabia and Egypt [30], was syn-
thesized by GenScript (Hong Kong), and the nucleotide
sequence was optimized for E. coli codon usage. +e syn-
thetic gene was cloned as a NdeI-BamHI fragment into the
expression vector pET-3a Novagen®.+e obtained construct
was sequenced to confirm that we have the right clone and
the gene is in the correct frame.

(2) NS3 Protein Information. Accession GU085486.1

HCV genotype 4a (+e most common genotype in
Saudi Arabia) [31]
NS3 from 4 to 182 aa (L/E, F/E, I/Q, V/E, L/Q, C/S)
NS4A 632 to 685 aa (i/n)
G svvivgrvnl sgdtayaqqt rgeestqets qtgrdtnenc
gevqvlstat qsflgtavng vmwtvyhgag sktisgpkgp
vnqmytnvdq dlvgwpsppg vksltpctcg asdlylvtrh
advvpvrrrg dtrgallspr pistlkgssg gpllcpmgha aglfraavst
rgvakavdfv pveslett mrsp
NS4A/NS3 Fusion protein expression in pET-28a
NS3 protease domain 1-181 aa +N-terminal T7 tag
and C-terminal His tag
M ASMTGGQQMG apitayaqqt rglfstivts ltgrdtnenc
gevqvlstat qsflgtavng vmwtvyhgag sktisgpkgp
vnqmytnvdq dlvgwpsppg vksltpctcg asdlylvtrh
advvpvrrrg dtrgallspr pistlkgssg gpllcpmgha aglfraavct
rgvakavdfv pveslettmr sGSHHHHHH
Expression in pET-3a

(3) Protein Expression. +e sequence of NS3 domain for
genotype 4A was expressed in E. coli Rosette (DE3) pLysS
according to standard protocol [11]. +erefore, a synthetic
gene for the NS3 domain was subcloned in the expression
vector pET-3a. In the process, a 100mL bacterial culture in
Luria Broth medium grew overnight at 37°C and used for
inoculation of 10 L LB in a 14-liter fermenter flask (New
Brunswick Scientific Co., CT, USA). +e media were sup-
plemented with ampicillin 50 μg/mL. +e culture grew until
the OD600 reached 0.5-0.6, then it was cooled to 25°C, and
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1mM IPTG was added. Expression was followed overnight,
and then cells were harvested.

(4) Protein Purification. +e produced protein was purified
using equilibrated Ni-NTA beads, and the poly-histidine tag
was not removed. In the process, cells were resuspended (1 g/
5mL) in buffer (50mM HEPES, 0.3M NaCl, 10% glycerol,
2mM β-mercaptoethanol, pH8). Lysozymes were added
(1mg/mL) followed by a protease inhibitor cocktail tablet,
and the suspension was sonicated. Cell lysate was centri-
fuged to collect the clear supernatant that contained the
desired NS3 protein. +e protein was purified using pre-
equilibrated Ni-NTA beads (Qiagen, USA). Beads were
washed with buffer (50mM HEPES, 0.3M NaCl, 10%
glycerol, 2mM β-mercaptoethanol, 20mM imidazole, pH8)
and eluted with another buffer (50mM HEPES, 0.3M NaCl,
10% glycerol, 2mM β-mercaptoethanol, 350mM imidazole,
pH8). Fractions were collected and concentrated using
Amicon Ultra-4 3000 MWCO centrifugal device (Millipore,
Germany). Protein purity after the Ni-affinity purification
step was not less than 70%. +e purity, as estimated by SDS-
PAGE, was sufficient to perform all investigations of this
study, and the protein was stable for several hours at test
conditions [30]. +e concentration of NS3 in the final
concentrate was measured using Nanodrop™ nanoscale
spectrophotometer.

When needed, further purification of the protein was
accomplished on Superdex 7516/90 column (GEHealthcare,
USA) equilibrated in 20mM HEPES, 10mM DDT, 200mM
NaCl, pH 7.6 run at a rate of 1mL/min followed by SDS-
PAGE for purity estimation.

4.2.2. NS4A. +e cofactor NS4A and the fluorescent fluo-
rescein isothiocyanate NS4A (FITC-NS4A) were purchased
from GenScript (Hong Kong). NS4A structure was identical
to that of HCV genotype 4a, with two lysine residues added
at both the N- and C-termini. +us, the structure of NS4A
used in this study was LL-G21SVVIVGRIVLSG33-LL.

We studied the binding of NS4A and its mutants with
NS3 by DSLS using Stargazer-2™ (Harbinger Biotechnology
and Engineering Corporation, Toronto, Canada). +is
method assesses protein stability by monitoring aggregate
formation at controlled, gradually elevated temperatures
[27]. NS3 domain stability upon binding to NS4A was
measured by monitoring denatured protein aggregation
upon increasing temperature from 25 to 85°C (0.5°C in-
crements) at 600 nm.

4.2.3. DSLS Binding Test. NS3 domain (15 µM) alone or
mixed with the equimolar equivalent of tested MOC de-
rivative was added to a binding buffer (20mM HEPES,
10mM DTT, 200mM NaCl, pH 7.6) to a final volume
100 µL. +e mixture was incubated at room temperature
with gentle shaking for 2h. Afterward, 10 µL of the mixture
was transferred into a clear bottomed Nunc 384-well plate
and covered with 10 µL paraffin oil to minimize evaporation.
Protein aggregation was monitored by tracking the change
in scattered light that was detected by a Charged Coupled

Device (CCD) camera. Snapshot images of the plate were
taken every 0.5°C. +e pixel intensities in a preselected re-
gion of each well were integrated using image analysis
software to generate a value representative of the total
amount of scattered light in that region. +ese intensities
were then plotted against temperature for each sample well
and fitted to obtain the aggregation temperature (Tagg).
Aggregation was monitored and analyzed to assess the effect
of NS4A and its synthetic analogues on the stability of the
NS3 as an indicator of binding. Each experiment was re-
peated 3 times. Statistical analysis was performed using
GraphPad Prism v. 8.0® and Instat® software.

4.3. Molecular Modeling

4.3.1. Hardware and Software. Molecular modeling exper-
iments were performed using SYBYL-X package v. 2.0 (with
a license to the Faculty of Pharmacy, King Abdulaziz
University) installed on Common Desktop run onWindows
7 operating system and equipped with Samsung SyncMaster
2233RZ 120Hz LCD Display™ (3D ready) and Nvidia
GeForce 3D Vision Glasses Kit™. +e graphics of images
were generated using PyMOL free software (https://pymol.
org/2/).

4.3.2. Preparation of the Protein. +e 3-dimensional
structure of NS3/4A protease [32] was downloaded from the
Protein Data Bank (rcsb.org, Code: 1NS3), and its dimer
structure was simplified to a monomer and optimized using
Biopolymer> Prepare Structure tools. +e Pep-15 was
prepared by Biopolymer>Composition>Mutate Structure
tools.

4.3.3. Molecular Mechanics. MM was performed using
Staged Minimization tools (Force Field: Amber 7 FF02,
Charges: Amber) [33].
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Spectra and biological data are available upon request by any
party.
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