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Novel ethyl 2-(5-aryl-1H-imidazol-1-yl)-acetates 17 and propionates 18, together with their acetic acid
19 and acetohydrazide 20 derivatives, were designed and synthesized using TosMIC chemistry. Biological
evaluation of these newly synthesized scaffolds in the HIV-1 Vpu- Host BST-2 ELISA assay identified
seven hits (17a, 17b, 17c, 17g, 18a, 20f and 20g) with greater than 50% inhibitory activity. These hits were
validated in the HIV-1 Vpu- Host BST-2 AlphaScreen™ and six of the seven compounds were found to
have comparable percentage inhibitory activities to those of the ELISA assay. Compounds 17b and 20g,
with consistent percentage inhibitory activities across the two assays, had IC50 values of 11.6 ± 1.1 mM
and 17.6 ± 0.9 mM in a dose response AlphaScreen™ assay. In a cell-based HIV-1 antiviral assay, com-
pound 17b exhibited an EC50 ¼ 6.3 ± 0.7 mM at non-toxic concentrations (CC50 ¼ 184.5 ± 0.8 mM),
whereas compound 20g displayed antiviral activity roughly equivalent to its toxicity
(CC50 ¼ 159.5 ± 0.9 mM). This data suggests that compound 17b, active in both cell-based and biochemical
assays, provides a good starting point for the design of possible lead compounds for prevention of HIV-1
Vpu and host BST-2 protein binding in new anti-HIV therapeutics.

© 2020 Elsevier Masson SAS. All rights reserved.
1. Introduction

The human immunodeficiency virus type 1 (HIV-1) therapy or
treatment has been effective in changing the once acute fatal dis-
ease into a chronic and manageable condition. Nevertheless, the
evolution of prevailing strains has led to multiple drug-resistance
against current Food and Drug Administration (FDA) approved
antiretroviral compounds [1e3]. This highlights the need in HIV-1
research to continue the search for new therapeutic targets.
Recent HIV research efforts have focused on the development of
small molecules that can target interactions between the HIV-1
proteins and the host proteins essential for viral replication
ebi), Moira.Bode@wits.ac.za

served.
[4e6]. Viral - host cofactor interactions could offer plausible alter-
native targets for therapeutic intervention [4e6]. One such inter-
action, that between the host bone marrow stromal cell antigen 2
(BST-2) and the HIV-1 Viral protein U (Vpu) has attracted significant
attention as a new approach for the development of next-
generation anti-HIV-1 treatment [7e9].

BST-2 (also known as tetherin, CD317, or HM1.24) is a type II
transmembrane protein 180 amino acids long. This interferon
inducible (a-IFN) host restriction factor bears a short cytoplasmic
N-terminal tail region (CT) of 21 amino acids, an alpha (a)-helical
transmembrane domain (TM) of 21 amino acids, a central coil-
coiled extracellular domain (EC) of 116 amino acids and a C-ter-
minal glycosylphosphatidylinositol (GPI) domain. The TM a-helical
structure serves as an anchor of the protein to the plasma mem-
branewhile GPI, which forms part of the C-terminal domain, acts as
a secondary anchor connecting the BST-2 back to the cell mem-
brane [7e13]. Both TM and GPI anchors of BST-2 are essential for
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restriction of virus release. The EC domain provides dimer stability
through the formation of a disulfide bond between cysteine resi-
dues, which is necessary for retention of antiviral activity [7e13].

HIV-1 Vpu is a type I integral protein of 81 amino acids and is
one of four accessory genes encoded in HIV-1 [14e17]. HIV-1 Vpu
consists of a hydrophobic N-terminal domain in the trans-
membrane region, which has a well-defined a-helix structure, and
a hydrophilic C-terminal domain residing in the cytoplasmic region
which consists of two a-helical domains linked together by two
phosphorylated serine residues [18,19]. Phosphorylation of the two
serine residues in Vpu is mediated by casein kinase II enzyme [17].
The typical functions of Vpu in viral replication include virion as-
sembly, CD4þ degradation and enhancement of extracellular viral
particles [15,20,21]. Although the exact mechanism involved in the
HIV-1 Vpu-mediated downregulation of BST-2 is not fully
explained, current data proposes numerous possible mechanistic
actions; i.e. degradation, cell-surface downregulation and traf-
ficking alteration which results in intracellular sequestration of
BST-2 within the endomembrane system [7,22e24]. Detailed
mutagenesis studies have shown that interactions between amino
acids Ala10, Ala14, Ala18 and Trp22 of Vpu and the following amino
acids: Val30, Ile33, Ile34, leu37, Leu41 and Thr45 of BST-2 protein
(Fig. 1) are essential for sustaining the downregulation of CD4þ,
while at the same time enabling budding and enhancing the release
of new virions [25e28].

To date, two peptides, BST-2-TM-P1 and BST-2-TM-P1-MT, have
been described to inhibit the binding of the HIV-1 Vpu protein to
the host BST-2 protein [29]. However, these peptide inhibitors
suffered setbacks in their development: they have molecular sizes
greater than 4000 g/mol and anti-HIV effects that can only be
achieved at higher doses [29]. In contrast, several small molecules
have been identified that can restrict the role of the HIV-1 Vpu
protein. These include BIT-225 (1), currently in clinical trials, IMB-
LA (2), 2-thio-6-azauridine (3); HMA (4); SM111 (5) and SM113 (6)
(Fig. 2) [30e33]. These molecules have been found to specifically
target the Vpu viroporin function, ultimately inhibiting HIV-1
particle release and impairing virion infectivity. Although these
compounds do not necessarily prevent the interaction between
BST-2 and Vpu proteins, they offer the proof of concept that small
heterocyclic compounds can be developed to block the antagonist
function of HIV-1 Vpu and thus expose HIV-1 to restriction by BST-
2.

Over the last two decades, amino acid-based drug design has
been the subject of great interest in the pharmaceutical and agro-
chemical industries [34e36]. Utilization of natural amino acids as
building blocks has proven to be useful for the modern drug dis-
covery platform because of their functional versatility and struc-
tural variety [34e36]. They signify a nearly limitless range of
Fig. 1. Representation of the interaction of HIV-1 Vpu and BST-2 through their
transmembrane domains [adapted from Arias, Iwabu and Tokunaga, ref. 11].
various structural features for the design and development of new
therapeutic drugs [37,38]. Thus, exploration of more efficient and
general protocols to access functionalized amino acids for thera-
peutic purposes is of great importance [38e40].

On the other hand, compounds containing imidazole as the
central core exhibit a wide variety of biological properties, such as
anti-fungal [41,42], anti-HIV [43,44], anti-microbial [45,46] and
anti-cancer properties [47], and, therefore, the synthesis of
imidazole-containing compounds remains relevant in medicinal
chemistry.

A number of divergent building blocks have been exploited to
efficiently access N-containing heterocyclic scaffolds, including
isocyanide synthons. Para-toluenesulfonylmethyl isocyanide (Tos-
MIC 7) is a valuable synthetic building block in the preparation of
several nitrogen containing heterocyclic compounds [48e50]. This
synthon consists of a sulfonyl substituent, two alpha (a) - acidic
protons and an isocyano reaction site (Fig. 2). These various func-
tionalities result in exceptional reaction diversity and broad syn-
thetic potential for the synthon.

The incorporation of amino acids into nitrogen (N)-containing
heterocyclic compounds has been shown to positively contribute to
the development of new biologically active molecules [51e54]. This
combination improves the drug resistance abilities and enhances
the pharmacological properties of the molecules [51e54]. Thus, the
synthesis of N-heterocycle-based amino acid scaffolds presents an
attractive approach for the development of new therapeutic agents
in medicinal chemistry. Indeed, a number of the N-heterocycle-
based amino acid inhibitors have been utilised in various thera-
peutic areas due to their ability to transport bioactive compounds
through cellular membranes [51e54]. Hence, our rationale was that
a combination of the imidazole core with a simple amino acid
structure might serve as a starting point for the identification of
valuable hit compounds that could then be elaborated into possible
inhibitors specifically targeting the Vpu - BST-2 transmembrane
interaction.

With the above facts in mind and our interest in TosMIC
chemistry [55,56], we were encouraged to integrate two moieties
to access small libraries of 2-(5-aryl-1H-imidazol-1-yl)-based
compounds that were subsequently evaluated for their inhibitory
activity against the HIV-1 Vpu and BST-2 protein interaction.

2. Results and discussion

2.1. Chemistry

The targeted 2-(5-aryl-1H-imidazol-1-yl) scaffolds consisting of
acyl, carboxylic acid and acetohydrazide functionalities were effi-
ciently synthesized by the route illustrated in Scheme 1. Initially,
natural amino acids, glycine 8 and L-alanine 9, were converted to
the corresponding amino acid ethyl ester hydrochloride salts 10
and 11 in the presence of SOCl2 in ethanol, followed by treatment
with Et3N in CHCl3 to afford free amino esters 12 and 13 [57e59].
These amino esters were further subjected to a condensation re-
actionwith various benzaldehydes 14a-g in DCM in the presence of
MgSO4 at room temperature for 16 h to produce the ethyl 2-(ary-
lideneamino)acyl intermediates 15 and 16 [57e59]. These in-
termediates were allowed to react with TosMIC 7 in the presence of
DBU in DCM at room temperature for 24 h, followed (after solvent
removal) by microwave irradiation in toluene at a set temperature
of 115 �C for 10 min to afford a series of novel ethyl 2-(5-aryl-1H-
imidazol-1-yl)acetates 17 and propionates 18 in various yields
(Table 1). The substituents on the aryl ring had a strong influence
on the yields of the products. Moreover, the presence of a stereo-
genic centre in compounds 16a-c had a strongly negative effect on
yield and resulted in poor yields of products 18a-c. Formation of the



Fig. 2. Structures of HIV-1 Vpu ion channel inhibitors (1e6) and TosMIC (7).

Scheme 1. Synthesis of ethyl 2-(5-aryl-1H-imidazol-1-yl)acetates 17 and propionates 18, 2-(5-aryl-1H-imidazol-1-yl)acetic acids 19 and 2-(5-aryl-1H-imidazol-1-yl)acetohy-
drazides 20:
Reaction conditions: (a): SOCl2, EtOH, 0 �C then reflux, 5 h; (b) Et3N CHCl3, r.t. 6 h, then reflux 1 h; (c): MgSO4, DCM, r.t. 16 h.; (d): TosMIC 7, DBU, DCM, r.t., 24 h followed by MW:
PhMe, 105 �C, 10 min; (e) MW: H2O, 200W, 105 �C, 3 h; (f) MW: NH2NH2$H2O, MeOH, 75 �C, 30 min.
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imidazole core was confirmed by 1H NMR spectroscopy by the
signals corresponding to the 2-methine proton at d 7.5e8.1 ppm
and the 4-methine proton d 6.8e7.10 ppm (Figs. S1eS20).

The ethyl 2-(5-aryl-1H-imidazol-1-yl)acetates 17 were then
microwave irradiated in water at a set power of 200 Watts and
temperature of 105 �C for 3 h to give a novel set of zwitterionic 2-
(5-aryl-1H-imidazol-1-yl)acetic acids 19 in good yields
(Figs. S21eS34 and Table 1). This zwitterionic form may be attrib-
uted to the presence of both the basic imidazole ring and the car-
boxylic acid, which can tautomerise via internal hydrogen transfer
from the carboxylic acid group to the nitrogen of the imidazole ring.
(Fig. 3A). Additionally, ethyl 2-(5-aryl-1H-imidazol-1-yl)acetates 17
were also subjected to nucleophilic attack by hydrazine mono-
hydrate using a standardmicrowavemethod at a set temperature of
75 �C for 30 min to furnish 2-(5-aryl-1H-imidazol-1-yl)
acetohydrazides 20 as rotamers in excellent yields (Figs. S35eS48
and Table 1). Rotamers arise due to hindered rotation around the
amide CeN bond caused by delocalization (Fig. 3B) [60,61].

To confirm that acetohydrazide scaffolds 20 were obtained as
rotamers, compound 20e was chosen to be studied at different
temperatures by analyzing the signals around the aromatic region in
the 1H NMR spectrum. At 30 �C, the 1HNMR spectrum in DMSO‑d6 of
20e (Fig. S43) reveals that the relative ratio of the major and minor
rotamers is ca. 7:1.When the temperaturewas increased to 70 �C, the
signals for the two rotamers began to move closer to each other, but
could still be observed (Fig. 4A). Finally, at a temperature of 90 �C, the
two signals had coalesced into a single peak. This can be attributed to
the fact that at these higher temperatures the rotation barrier be-
tween rotamers can be easily overcome, and the interconversion is
fast enough when compared to the NMR spectroscopic time-scale.



Table 1
Isolated yields of ethyl 2-(5-aryl-1H-imidazol-1-yl)acetates 17 and propionates 18,
2-(5-aryl-1H-imidazol-1-yl) acetic acids 19 and 2-(5-aryl-1H-imidazol-1-yl)aceto-
hydrazides 20.

Compounds R R0 R’’ Yield (%) Structure

17a H 4-F OCH2CH3 52
17b H H OCH2CH3 33
17c H 3,4-diOMe OCH2CH3 74
17d H 3,4-OCH2O OCH2CH3 45
17e H 4-tBu OCH2CH3 35
17f H 3-OH,4-OMe OCH2CH3 51
17g H 3-OMe OCH2CH3 38
18a CH3 (S) 4-F OCH2CH3 11
18b CH3 (S) H OCH2CH3 20
18c CH3 (S) 3,4-diOMe OCH2CH3 23
19a H 4-F OH 72
19b H H OH 68
19c H 3,4-diOMe OH 71
19d H 3,4-OCH2O OH 68
19e H 4-tBu OH 56
19f H 3-OH,4-OMe OH 58
19g H 3-OMe OH 56
20a H 4-F NHNH2 92
20b H H NHNH2 90
20c H 3,4-diOMe NHNH2 94
20d H 3,4-OCH2O NHNH2 90
20e H 4-tBu NHNH2 93
20f H 3-OH,4-OMe NHNH2 94
20g H 3-OMe NHNH2 86
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The existence of rotamers was also observed in the 13C NMR
spectrum of compound 20e (Fig. 4B). Changes in the spectrum
around aromatic signals and the carbonyl carbon atom were also
detected at different temperatures. At lower temperature, the
carbonyl carbon atom of the major rotamer resonates at
Fig. 3. General representation of A: Zwitterionic form of 2-(5-aryl-1H-imidazol-1-yl) acetic
in amide system 20 (major rotamer) and 22 (minor rotamer).

Fig. 4. Effect of temperature on the aromatic signals A: in the 1H NM
d 166.6 ppm, while the minor rotamer emerges at d 170.9 ppm. The
signals of the minor rotamer broaden and then coalesce at tem-
peratures of 70 �C and 90 �C. These results strongly support that
extra peaks observed in the NMR spectra of the acetohydrazide
scaffolds 20 can be attributed to hindered rotation around the
amide CeN bond. A likely explanation for the energetic difference
between rotamers 20 and 22, is that there is the possibility of
hydrogen-bond formation between the amide oxygen and the NH2
group in structure 20, giving rise to a stable 5-membered ring. This
is not a possibility for compound 22 and results in 20 being ener-
getically favoured.
2.2. Biological evaluation

2.2.1. HIV-1 Vpu-BST-2 ELISA assays
A total of 24 novel 2-(5-aryl-1H-imidazol-1-yl) scaffolds con-

sisting of acyl, carboxylic acid and acetohydrazide functionalities
17, 18, 19 and 20 were initially evaluated for their ability to inhibit
the binding of HIV-1 Vpu to the BST-2 protein via an enzyme-linked
immunosorbent assay (ELISA) [62] at 100 mM concentration and 2-
thio-6-azauridine (3) was used as a reference (Vpu inhibitor). The
percentage inhibition values of the tested compounds were calcu-
lated and are listed in Table 2, where seven compounds (17a, 17b,
17c, 17g, 18a, 20f and 20g) showed inhibitory activities exceeding a
pre-defined cut-off of 50% at 100 mM. Compound 17b with no
substituents on the phenyl ring and no stereogenic centre repre-
sented themost potent inhibitory percentage (82%). Compound 20f
with the hydroxyl group and the methoxy group at the meta- and
para-positions of the aryl ring displayed the second highest inhi-
bition percentage of 72%, followed by compound 20g with the
meta-methoxyphenyl substituent with 69% inhibition. Compound
18a (with the para-fluorophenyl moiety and a methyl group at the
acids in DMSO‑d6: neutral 19 and ionized form 21. B: Resonance of partial double bond

R spectrum; B: in the 13C NMR spectrum of 20e in DMSO- d6.



Table 2
ELISA results from screening of ethyl 5-aryl-1H-imidazol-1-yl derivatives 17e18, 2-
(5-aryl-1H-imidazol-1-yl) acetic acids 19 and 2-(5-aryl-1H-imidazol-1-yl)acetohy-
drazides 20.

Compounds % inhibition (BST-2 -Vpu ELISA) @ 100 mM

17a 54 ± 0.95
17b 82 ± 1.65
17c 58 ± 2.15
17d 33 ± 2.42
17e 17 ± 1.45
17f 30 ± 2.31
17g 51 ± 3.17
18a 63 ± 1.03
18b 22 ± 1.30
18c 20 ± 0.73
19a 11 ± 4.67
19b 0
19c 25 ± 0.10
19e 9 ± 0.78
19d 2 ± 1.06
19f 0
19g 30 ± 2.31
20a 48 ± 0.14
20b 39 ± 1.33
20c 28 ± 1.57
20d 22 ± 0.68
20e 45 ± 0.57
20f 72 ± 1.42
20g 69 ± 1.40
Reference 3 54 ± 1.68
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chiral centre) and compound 17c (with themethoxy substituents at
the para- and meta-positions and no chiral centre) were ranked
fourth and fifth with percentage inhibition activities of 63% and
58%, respectively.

Interestingly, compound 17a, an analogue of 18a, with no ster-
eogenic centre ranked sixth with 54% inhibitory activity, which was
comparable to the activity found for reference compound 3. It was
not surprising that compound 3 exhibited a modest percentage
inhibition as it has been reported to specifically inhibit Vpu-
induced BST-2 down-regulation by decreasing Vpu-mediated BST-
2 ubiquitination and not necessarily by inhibiting the interaction
between the two proteins [32]. Similarly, compound 17g with the
meta-methoxyphenyl substituent also exhibited a modest per-
centage inhibitory activity of 50%. The data further indicated that
the acetic acid scaffolds 19a-g exhibited little or no inhibition
(0e30%). Overall, these results showed that seven compoundswere
capable of inhibiting the binding of the HIV-1 Vpu to the host BST-2
protein, which could subsequently lead to prevention of new virion
release during HIV-1 replication.

2.2.2. AlphaScreen as a secondary screening assay
To further validate the inhibitory effect of the best potential

inhibitors of the HIV-1 Vpu/BST-2 interaction identified, com-
pounds 17a, 17b, 17c, 17g, 18a, 20f and 20g were further screened
using an Amplified Luminescent Proximity Homogeneous Assay
(AlphaScreen™ assay) [63] as a secondary test. Prior to the evalu-
ation, the interaction of HIV-1 Vpu with BST-2 protein was estab-
lished in the AlphaScreen™ assay by using biotinylated
recombinant HIV-1 Vpu and a commercially available recombinant
GST-tagged BST-2 protein (Abcam). Fixed concentrations of BST-2
(100 nM) bound to anti-GST acceptor beads were treated with
the biotinylated HIV-1 Vpu bound to streptavidin donor beads, at
different concentrations (0.39e200 nM). The graph shown in
Fig. 5A was used to estimate the dissociation constant (Kd) of
binding of these two proteins using Origin 6.0 software. The Kd for
the binding of HIV-1 Vpu to BST-2 was determined as the con-
centration of HIV-1 Vpu at which the AlphaScreen signal was
reduced by half, and this value was determined to be 4.7 ± 1.62 nM,
indicating a strong interaction between these two proteins.

The seven most active compounds from the ELISA assay were
then validated in the AlphaScreen™ assay at an initial concentra-
tion of 100 mMand their percentage inhibition results are presented
in Table 3. From the data obtained, it is evident that all seven
compounds were shown to affect the binding of BST-2 to Vpu with
percentage inhibition values of greater than the 50% benchmark.
Six of the seven compounds (with the exception of compound 20f),
displayed comparable results to those obtained in the ELISA test
(Table 3 and Fig. 5B). Inhibition percentages of 83% and 68% were
observed for compounds 17b and 20g, respectively, while others
showed percentage inhibition values (in order) of 64% (18a), 61%
(17c), 60% (20f), 56% (17g) and 55% (17a). Taken together, the ELISA
and AlphaScreen results suggest that the seven active hits have the
potential to inhibit the binding of HIV-1 Vpu to the BST-2 protein.

Using a dose-response AlphaScreen™ assay, the IC50 values of
the two compounds exhibiting the highest activities in both assays
(17b and 20g) were determined. For the test, compounds with
variable concentrations ranging from 200 to 1.56 mM were incu-
bated with the biotinylated HIV-1 Vpu followed by the subsequent
addition of BST-2 protein and the IC50 determination (Table 3). The
data generated from the graph in Fig. 5C showed that compound
17b displayed a lower IC50 value of 11.6 ± 1.1 mM, while compound
20g exhibited an IC50 value of 17.6 ± 0.9 mM.

2.2.3. Cytotoxicity and antiviral assays
The two most active compounds 17b and 20g were further

assessed for their cytotoxicity effects in the Human T-cell
leukaemia (MT-4) mammalian cell line at concentrations ranging
from 200 to 1.56 mM. The compounds were screened alongside a
control, Auranofin, a compound known to exhibit toxicity against
mammalian cells [64]. The results demonstrated that compounds
17b and 20g showed marginal cytotoxicity to human cells with
CC50 values of 184.5± 0.8 and 159.5 ± 0.9 mM, respectively (Table 3).
The control compound, Auranofin, exhibited a CC50 value of 6.5 mM,
consistent with the CC50 value of 4.5 mM against human HepG-2
human liver cells previously reported [64].

The antiviral effect of these two compounds 17b and 20g was
evaluated in an in vitro phenotypic assay using the MT-4 cell line at
concentrations ranging from 200 to 1.56 mM. The compounds were
assessed together with FDA-approved inhibitor of HIV-1 replica-
tion, Raltegravir, as a positive control, and results are shown in
Table 3. Compound 17b displayed the lowest in vitro EC50 value of
6.3 ± 0.7 mM, while compound 20g exhibited an EC50 of
157.5 ± 1.2 mM. However, the antiviral activity value (EC50) of 20g
was close to its cytotoxicity value with a selectivity index (SI) of 1,
suggesting that the apparent antiviral activity of the compoundwas
in fact the result of its toxicity. On the other hand, compound 17b,
with a SI of 29 represents a good starting point for further modi-
fication. Raltegravir produced an EC50 of 7.9 ± 0.9 nM, which cor-
relates well with a previously reported EC50 value of �8 nM [65].

2.3. Aqueous solubility

Poor solubility of an ideal candidate molecule in an in vitro assay
could lead to poor results, reproducibility and a reduction of
compound concentration essential to binding to the target of in-
terest. Compounds 17b and 20g and chloramphenicol, used as a
control, were assessed to determine their aqueous solubility in vitro
using the 96-well MultiScreen Solubility Filter plate system from
Millipore. The data obtained is recorded in Table 4 and all of these
compounds indicated tolerable solubility profiles as classified by
the orally absorbed compound guidelines established by Rogge &
Taft [66]. Both compounds 17b and 20g showed over 100%



Table 3
Biological screening of the most active compounds.

Compounds Biochemical target assays Cell-based assays

% inhibition (BST-2 Vpu AlphaScreen@100 mM IC50
a (mM) Cytotocity CC50

b (mM) Antiviral EC50
c (mM)

17a 55 ± 0.65
17b 83 ± 1.66 11.6 ± 1.1 184.5 ± 0.8 6.3 ± 0.7
17c 61 ± 1.23
17g 56 ± 1.03
18a 64 ± 1.45
20f 60 ± 0.98
20g 68 ± 0.55 17.6 ± 0.9 159.5 ± 0.9 157.5 ± 1.2
BST-2 - Vpu
Interaction

Kd ¼ 4.7 ± 1.62 nM

Raltegravir 7.9 ± 0.9 (nM)

a IC50 -concentration of compound required to inhibit 50% of the specific biological process.
b CC50 e concentration of compound that causes 50% reduction of cell growth.
c EC50 - concentration of a drug that gives the half-maximal response.

Fig. 5. A: Validation graph of the binding affinity of HIV-1 Vpu to BST-2 in the AlphaScreen™ assay using 100 nM of the GST-tagged BST-2 and Biotinylated HIV-1 Vpu at con-
centrations ranging from 0.39 to 200 nM. B: Comparison of percentage inhibition of the seven active scaffolds in ELISA and AlphaScreen™ assays at 100 mM; C: Dose-response
curves for Compound 17b ( ) and 20g (▪) generated from AlphaScreen™ assay at different concentrations (200e1.56 mM).

Table 4
The aqueous solubility of the compounds 17b and 20g in comparison to chloramphenicol.

Compounds Maximum Wavelength nm % Dissolution Solubility (mM)

100 mM 200 mM 100 mM 200 mM

17b 250 100 100 �100 �200
20g 250 100 100 �100 �200
Chloramphenicol 290 100 100 �100 �200

Table 5
Analysis of the drug-likeness of the test compounds 17g and 20g using Lipinski’s rule-of-five.

Compounds Molecular weight {g/mol} (<500) H-bond Donors (<5) H-bond Acceptors (<10) LogP (<5) Violations

17b 230.26 2 0 2.995 0
20g 246.27 3 2 0.094 0
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dissolution at both 100 mM and 200 mM, which is similar to the
control compound.
2.4. In silico prediction of physicochemical properties

Some physicochemical properties of the two most active can-
didates 17g and 20g were predicted for their compliance with
Lipinski’s rule-of-five using Biovia Discovery Studio ™ [67,68]. As
shown in Table 5, compounds 17g and 20g conformed well with
Lipinski’s rule-of-five. This data further signifies that the identified
hits provide a good starting point for further optimization.
3. Conclusion

We have successfully synthesized, via TosMIC chemistry, a series
of novel ethyl 2-(5-aryl-1H-imidazol-1-yl)acyl scaffolds, which
were then transformed into two sets of novel 2-(5-aryl-1H-imida-
zol-1-yl) acetic acids and 2-(5-aryl-1H-imidazol-1-yl)acetohy-
drazides. Assessment of the twenty-four newly synthesized
compounds in an HIV-1 Vpu - BST-2 ELISA assay at 100 mM iden-
tified seven scaffolds (i.e. 17a, 17b, 17c, 17g, 18a, 20f and 20g) with
high inhibitory activities (>50% inhibition benchmark). Subsequent
validation of these hits using an AlphaScreen™ as secondary assay
at 100 mM showed that, except for 20f, the compounds had
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comparable percentage inhibitory activities to those found via the
ELISA assay. The two most active compounds (17b and 20g) were
selected for further studies. Cell-based assays indicate that com-
pound 17b is able to inhibit viral replication without being signif-
icantly toxic to the host cells (SI ¼ 29) while the apparent antiviral
activity of compound 20gwas attributed to its cytotoxicity (SI ¼ 1).
Furthermore, the two most active scaffolds 17b and 20g had
tolerable solubility profiles and adhered to Lipinski’s rule-of-five.
The data suggest that the ability of these scaffolds to disrupt the
interaction of Vpu and BST-2 could result from preventing binding
of virions to the cell surface, thereby limiting virion release. Even
though compound 20g was shown to be toxic, efforts can be made
through structure optimization in future to reduce the toxicity
while maintaining the desired drug-like properties. Overall, 17g
exhibited high inhibition activities in two biochemical assays, a
high antiviral activity, low toxicity and acceptable physicochemical
properties, and thus could be considered as a promising candidate
for future SAR studies that may guide the rational design and
synthesis of possible novel leads for inhibition of the Vpu- BST-2
interaction. To the best of our knowledge, these synthesized com-
pounds are novel and, therefore, have not been reported previously
as inhibitors of the binding of HIV-1 Vpu protein to the host BST-2
protein.

4. Experimental section

4.1. General methods and materials

All commercially available reagents were purchased from
Sigma-Aldrich. Dry solvents were used from an LC-Tech SP-1 Sol-
vent Purification System stored under argon. Microwave-assisted
reactions were performed in a CEM Discover reactor (Dynamic
Temperature and Power set). Column chromatography was per-
formed using Merck Silica gel 60 [particle size 0.040e0.063 mm
(230e400 mesh)]. TLC was performed on pre-coated Merck silica
gel F254 plates and viewed under UV light (254 nm) or following
exposure to iodine vapour. NMR spectra were recorded on a
400MHz Bruker Avance Spectrometer at 298 K equipped with a BBI
5 mm probe. NMR spectra frequency recordings were 400 MHz for
1H and 101 MHz for 13C, using D2O, CDCl3 or DMSO‑d6 as solvents.
Chemical shifts (d) are cited in parts per million (ppm) and are
referenced by the solvent residual peak (CDCl3, d 7.26 ppm for 1H
and d 77.0 ppm for 13C NMR; DMSO‑d6 d 2.50 ppm for 1H and
d 39.5 ppm for 13C NMR). High-resolution mass spectra were
recorded on an LC-MS system consisting of a Dionex Ultimate 3000
Rapid Separation LC system equipped with a C-18 pre-coated col-
umn and coupled to a MicrOTOF QII Bruker mass spectrometer,
fitted with an electrospray source operating in positive mode. FTIR
spectra were recorded using a Thermo Nicolet 5700 spectrometer
and samples were prepared as KBr mixtures. All melting points
were obtained using a Stuart SMP10 melting point apparatus and
are uncorrected. The compounds 2-thio-6-azauridine, Auranofin,
and chloramphenicol used in biological tests were purchased from
Sigma-Aldrich and were used as such without further purification.
A commercial BST-2 sandwich ELISA kit and a biotin-conjugated
anti-BST-2 antibody were purchased from Uscn Life Science.

4.2. Chemistry

4.2.1. Synthesis of ethyl 2-amino hydrochloride salts
4.2.1.1. General synthetic procedure. Thionyl chloride (160 mmol)
was added slowly to a mixture containing amino acid (133 mmol)
in ethanol (100 ml) at 0 �C. After removal of the ice bath, the
mixture was heated at reflux for 5 h. After cooling to room tem-
perature, the ethanol and excess thionyl chloride were removed
under reduced pressure. The resultant white solid was combined
twice with ethanol and this was again removed under reduced
pressure to remove adhering thionyl chloride completely. The
product was then recrystallized from ethanol and dried under high
vacuum.

4.2.1.2. Ethyl glycinate hydrochloride 10. Physical characteristics:
white solid; Yield: 16.71 g, 90%; Mp: 144e147 �C (lit. [69]); 1H NMR
(D2O) 4.36 (2H, q, J¼ 7.2 Hz, OCH2CH3), 3.87 (2H, s, NH2), 3.61 (2H, s,
NCH2), 1.37 (3H, t, J ¼ 7.1, OCH2CH3); 13C NMR (D2O) 168.5 (C]O),
63.4 (OCH2CH3), 41.1 (NCH2), 14.39 (OCH2CH3).

4.2.1.3. L-Ethyl 2-aminopropanoate hydrochloride 11. Physical
characteristics: white solid; Yield: 20.53 g, 99%; Mp: 76e78 �C (lit.
[70]);: 1H NMR (D2O) 4.10 (2H, q, J ¼ 7.2 Hz, OCH2CH3), 3.45 (1H, q,
J¼ 7.2 Hz, CHCH3), 1.62 (2H, s, NH2), 1.19 (3H, d, J¼ 7.6 Hz, CH2CH3),
1.16 (3H, t, J¼ 7.6 Hz, OCH2CH3); 13C NMR (D2O) d 170.2 (C]O), 60.5
(OCH2CH3), 49.4 (CHCH3), 19.9 (CHCH3), 14.0 (OCH2CH3).

4.2.2. Synthesis of ethyl 2-aminoacylates
4.2.2.1. General synthetic procedure. To a suspension of amino acid
ethyl ester hydrochloride (71.6 mmol) in chloroform (15 ml) was
added dropwise a solution of triethylamine (71.6 mmol) in chlo-
roform (10ml) at room temperature. The resulting reactionmixture
was stirred at the same temperature for 6 h, followed by heating at
reflux for 1 h. Themixturewas allowed to cool to room temperature
and solvent was removed under reduced pressure to afford a crude
material. The product was extracted with diethyl ether (3 � 25 ml)
and then filtered. The filtrates were washed with ether (2 � 10 ml).
The filtered solution was concentrated in vacuo to afford pure ethyl
-2-aminoacylates.

4.2.2.2. Ethyl 2-aminoacetate 12. Physical characteristics: yellow
oil; Yield: 7.09 g, 96%; 1H NMR (CDCl3) d 4.14 (2H, q, J ¼ 7.2 Hz,
OCH2CH3), 3.40 (2H, s, CH2CO), 1.67 (2H, s, NH2), 1.23 (3H, t,
J ¼ 7.2 Hz, OCH2CH3); 13C NMR (CDCl3) d 174.2 (C]O), 60.8
(OCH2CH3) 43.9 (CH2CO), 14.2 (OCH2CH3).

4.2.2.3. L-Alanine ethyl ester 13. Physical characteristics: yellow oil;
Yield: 8.11 g, 98%: 1H NMR (CDCl3) d 4.01 (2H, q, J ¼ 7.2 Hz,
OCH2CH3), 3.43 (1H, q, J¼ 7.2 Hz, CHCH3), 1.59 (2H, s, NH2), 1.19 (3H,
d, J ¼ 7.4 Hz, CHCH3), 1.13 (3H, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR
(CDCl3) d 176.3 (C]O), 60.5 (OCH2CH3), 49.8 (CHCH3), 20.4
(CHCH3), 13.9 (OCH2CH3).

4.2.3. Preparation of ethyl 2-arylideneamino acyl intermediates
4.2.3.1. General procedure. A solution of free amino acid ethyl ester
(27.2 mmol), aryl aldehyde 14 (13.6 mmol) and magnesium sulfate
(20.4 mmol) in dry dichloromethane (20 ml) was stirred at room
temperature for 16 h. Upon completion, the magnesium sulfate was
removed by filtration andwashedwith DCM. The combined organic
layer was concentrated in vacuo and the resulting products were
kept at 80 �C for 1 h under reduced pressure in a rotary evaporator
and finally dried under high vacuum to give pure ethyl 2-
arylideneamino acyl intermediates.

4.2.3.2. (E)-Ethyl 2-(4-fluorobenzylideneamino)acetate 15a.
Physical characteristics: light yellow oil; Yield: 2.59 g, 91%: 1H NMR
(CDCl3) d 8.20 (1H, s, N]CH), 7.71e7.74 (2H, m, ArH), 7.03e7.07 (2H,
m, ArH), 4.33 (2H, s, CH2N), 4.15 (2H, q, J ¼ 7.4 Hz, OCH2CH3), 1.23
(3H, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR (CDCl3) d 170.0 (C]O), 164.5
(d, 1JC,F¼ 247 Hz, para-CF), 163.8 (N]CH),131.3 (d, 4JCF ¼ 3 Hz,10-C),
115.7 (d, 3JCF ¼ 9.0 Hz, ortho-C), 115.5 (d, 2JCF ¼ 22 Hz,meta-C), 61.7
(OCH2CH3), 60.9 (CH2N), 14.0 (OCH2CH3).
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4.2.3.3. (E)-Ethyl 2-(benzylideneamino)acetate 15b. Physical char-
acteristics: colourless oil; Yield: 2.49 g, 96%:1H NMR (CDCl3) d 8.26
(1H, s, N]CH), 7.38e7.76 (5H, m, ArH), 4.37 (2H, s, 2-CH2), 4.18 (2H,
q, J ¼ 7.2 Hz, OCH2CH3), 1.25- (3H, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR
(CDCl3) d 170.0 (C]O), 165.8 (N]CH), 135.4, 131.7, 128.5, 128.3
(ArC), 61.9 (CH2N), 60.9 (OCH2CH3), 14.1 (OCH2CH3).

4.2.3.4. (E)-Ethyl 2-(3,4-dimethoxybenzylideneamino)acetate 15c.
Physical characteristics: pale yellow oil; Yield: 3.18 g, 93%; 1H NMR
(CDCl3) d 8.15 (1H, s, N]CH), 7.42 (1H, s, ArH), 7.13 (1H, dd,
J ¼ 6.4 Hz, 1.6 Hz, ArH), 7.13 (1H, d, J ¼ 8.4 Hz, ArH), 4.33 (2H, s,
CH2N), 4.15 (2H, q, J¼ 7.4 Hz, OCH2CH3), 3.87 and 3.89 (6H, 2 x s, 2 x
ArOCH3), 1.24 (3H, t, J ¼ 7.4 Hz, OCH2CH3); 13C NMR (CDCl3) d 170.2
(C]O), 164.8 (N]CH), 151.7 and 149.2 (2 x ArCOCH3), 128.8, 123.7,
110.2, 108.7 (ArC), 61.9 (OCH2CH3), 60.9 (CH2N), 55.8 and 55.9 (2 x
ArCOCH3), 14.1 (OCH2CH3).

4.2.3.5. (E)-Ethyl 2-((benzo[d][1,3]dioxol-6-yl)methyleneamino)ace-
tate 15d. Physical characteristics: pale yellowoil; Yield: 2.92 g, 91%:
1H NMR (CDCl3) d 8.24 (1H, s, N]CH), 7.38 (1H, s, ArH), 6.98e7.33
(2H, m, ArH), 4.62 (2H, s, ArOCH2O-); 4.39 (2H, s, CH2N), 4.20 (2H,
J ¼ 7.2 Hz, OCH2CH3); 1.27 (3H, q, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR
(CDCl3) d 170.0 (C]O), 165.3 (N]CH), 159.7 and 149.8 (ArCOCH2O),
136.9, 129.4, 121.8, 118.0 (ArC), 101.5 (ArCOCH2O), 61.8 (OCH2CH3),
61.0 (CH2N), 14.1 (OCH2CH3).

4.2.3.6. (E)-Ethyl 2-(4-tert-butylbenzylideneamino)acetate 15e.
Physical characteristics: yellow oil; Yield: 2.96 g, 88%; 1H NMR
(400MHz, CDCl3) d 8.25 (1H, s, N]CH), 7.69 (2H, d, J¼ 8.4 Hz, ArH),
7.42 (2H, q, J ¼ 8.4 Hz, ArH), 4.38 (2H, s, CH2N), 4.19 (2H, J ¼ 7.4 Hz,
OCH2CH3),1.32 [9H, s, C(CH3)3], 1.27 (3H, t, J¼ 7.0 Hz, OCH2CH3); 13C
NMR (101 MHz; CDCl3) d 170.2 (C]O), 165.2 (N]CH), 154.6, 132.9,
128.2, 125.5 (ArC), 62.1 (OCH2CH3), 60.9 (CH2N), 34.9 [ArC(CH3)3],
31.3 [ArC(CH3)3], 14.1 (OCH2CH3).

4.2.3.7. (E)-Ethyl 2-(3-hydroxy-4-methoxybenzylideneamino)acetate
15f. Physical characteristics: orange oil; Yield: 2.78 g, 86%; 1H NMR
(CDCl3) d 8.16 (1H, s, N]CH), 7.47 (1H, s, ArH), 7.09 (2H, d, J¼ 8.4 Hz,
ArH), 5.29 (OH), 4.35 (2H, s, CH2N), 4.20 (2H, q, J ¼ 7.2 Hz,
OCH2CH3), 3.89 (3H, s, ArOCH3), 1.27 (3H, t, J ¼ 7.2 Hz, OCH2CH3);
13C NMR (CDCl3) d 170.0 (C]O), 165.3 (N]CH), 159.7 (ArCOCH3),
149.8 (ArCOH), 136.9, 118.0, 111.5, 98.0 (ArC), 61.8 (OCH2CH3), 61.0
(CH2N), 55.2 (ArCOCH3), 14.1 (OCH2CH3).

4.2.3.8. (E)-Ethyl 2-(3-methoxybenzylideneamino)acetate 15g.
Physical characteristics: pale yellow oil; Yield: 2.71 g, 90%; 1H NMR
(CDCl3) d 8.24 (1H, s, N]CH), 7.38 (1H, s, ArH), 6.98e7.33 (3H, m,
ArH), 4.39 (2H, s, CH2N), 4.20 (2H, q, J ¼ 7.2 Hz, OCH2CH3), 3.83 (3H,
s, ArOCH3), 1.27 (3H, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR (CDCl3)
d 170.0 (C]O), 165.3 (N]CH), 159.7 (ArCOCH3), 136.9, 129.4, 121.8,
118.0, 111.5 (ArC), 61.8 (OCH2CH3), 61.0 (CH2N), 55.2 (ArCOCH3), 14.1
(OCH2CH3).

4.2.3.9. (S, E)-Ethyl 2-(4-fluorobenzylideneamino)propanoate 16a.
Physical characteristics: pale yellow oil; Yield: 2.77 g, 91%; 1H NMR
(CDCl3) d 8.29 (1H, s, N]CH), 7.74e7.76 (2H, m, ArH), 7.38 (2H, t,
J ¼ 8.4 Hz, ArH), 4.11e4.21 (3H, m, CHCH3 and OCH2CH3), 1.50 (3H,
q, J ¼ 7.2 Hz, CHCH3), 1.23 (3H, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR
(CDCl3) d 170.0 (C]O), 164.4 (d, 1JC,F ¼ 247 Hz, para-CF), 163.8 (N]
CH), 131.4 (d, 4JCF ¼ 3 Hz, 10-C), 126.4 (d, 3JCF ¼ 9 Hz, ortho-C), 115.5
(d, 2JCF ¼ 22 Hz, meta-C), 66.8 (CHCH3), 61.7 (OCH2CH3), 18.3
(CHCH3), 14.0 (OCH2CH3).

4.2.3.10. (S, E)-Ethyl 2-(benzylideneamino)propanoate 16b.
Physical characteristics: light yellow oil; Yield: 2.01 g, 72%; 1H NMR
CDCl3) d 8.39 (1H, s, N]CH), 7.40e7.55 (5H, m, ArH), 4.11e4.25 (3H,
m, CHCH3 and OCH2CH3), 1.28 (3H, q, J ¼ 7.4 Hz, CHCH3), 1.18 (3H, t,
J ¼ 7.0 Hz, OCH2CH3); 13C NMR (CDCl3) d 172.8 (C]O), 162.7 (N]
CH), 135.9, 131.6, 128.9, 128.6 (ArC), 68.4 (CHCH3), 61.0 (OCH2CH3),
19.3 (CHCH3), 14.1 (OCH2CH3).

4.2.3.11. (S, E)-Ethyl 2-(3,4-dimethoxybenzylideneamino)propanoate
16c. Physical characteristics: pale yellow oil; Yield: 3.00 g, 83%; 1H
NMR (CDCl3) d 8.17 (1H, s, N]CH), 7.41 (1H, s, ArH), 7.14 (1H, d,
J ¼ 8.4 Hz, ArH), 6.82 (1H, d, J ¼ 8.4 Hz, ArH), 4.05e4.18 (3H, m,
CHCH3 and OCH2CH3), 3.86 and 3.89 (6H, 2 x s, 2 x ArOCH3), 1.46
(3H, J ¼ 7.4 Hz, CHCH3), 1.21 (3H, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR
(CDCl3) d 172.6 (C]O), 162.2 (N]CH), 151.5 and 149.1 (2 x
ArCOCH3), 128.9, 123.5, 110.1, 108.8 (ArC), 67.7 (CHCH3), 60.8
(OCH2CH3), 55.9 and 55.8 (2 x ArCOCH3), 19.3 (CHCH3), 14.0
(OCH2CH3).

4.2.4. Synthesis of ethyl 2-(5-aryl-1H-imidazol-1-yl)acyl
derivatives
4.2.4.1. Synthetic procedure. To a stirred solution of ethyl 2-(aryli-
deneamino)acylate (2.04 mmol), TosMIC (2.04 mmol) and DCM
(8 ml), a solution of DBU (2.04 mmol) in DCM (2 ml) was added
dropwise at room temperature. Thereafter, the resulting mixture
was stirred for 24 h. After consumption of TosMIC, the solvent was
evaporated and the brown oily crude material obtained was re-
dissolved in toluene (10 ml) and transferred into a 35 ml micro-
wave vessel equipped with a magnetic stirrer bar and capped. The
resulting solutionwas microwave irradiated at a set temperature of
115 �C for 10 min. After the solution cooled down, the solvent was
evaporated to afford a dark brown oily crude material, which was
purified by flash column chromatography [first elution (2:1) hex-
ane: ethyl acetate, followed by 1% MeOH in ethyl acetate] to afford
the pure product.

4.2.4.2. Ethyl 2-[5-(4-fluorophenyl)-1H-imidazol-1-yl]acetate 17a.
Physical characteristics: brown oil; Yield: 263 mg, 52%; 1H NMR
(CDCl3) d 7.55 (1H, s, 2-CH), 7.25e7.28 (2H, m, ArH), 7.06e7.10 (2H, t,
J ¼ 8.6 Hz, ArH), 7.02 (1H, s, 4-CH), 4.60 (2H, s, NCH2), 4.12 (2H, q,
J ¼ 7.2 Hz, OCH2CH3), 1.17 (3H, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR
(CDCl3) d 167.6 (C]O), 163.7 (d, 1JC,F ¼ 249 Hz, para-CF), 138.9 (2-C),
132.3 (5-C), 130.8 (d, 3JC,F ¼ 8 Hz, ortho-C), 127.9 (4-C), 125.1 (d,
4JC,F ¼ 3 Hz, 10-C), 115.7 (d, 2J C,F ¼ 22.1 Hz,meta-C), 62.0 (OCH2CH3),
46.2 (NCH2), 13.9 (OCH2CH3); FTIR nmax/cm-1 (KBr): 3104, 3026,
1747, 1568, 1496, 1380, 1478, 1278, 1163, 854, 824, 698, 694, 543;
HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C13H14FN2O2 249.1034,
found 249.1037.

4.2.4.3. Ethyl 2-[(5-phenyl)-1H-imidazol-1-yl]acetate 17b.
Physical characteristics: pale yellow solid; Yield: 155 mg, 33%; Mp:
144e147 �C; 1H NMR (CDCl3) d 7.58 (1H, s, 2-CH), 7.29e7.41 (5H, m,
ArH), 7.08 (1H, s, 4-CH), 4.66 (2H, s, NCH2), 4.14 (2H, q, J ¼ 7.2 Hz,
OCH2CH3), 1.18 (3H, t, J¼ 7.2 Hz, OCH2CH3); 13C NMR (CDCl3) d 167.7
(C]O), 139.0 (2-C), 133.4 (5-C), 129.1, 128.9, 128.8, 128.3 (ArC), 127.8
(4-C), 62.0 (OCH2CH3), 46.4 (NCH2),13.9 (OCH2CH3); FTIR nmax/cm-
1 (KBr): 3122, 2936, 2954, 1736, 1602, 1484, 1444, 1376, 1321, 1216,
1160, 1118, 1080, 978, 852, 824, 768, 700, 660; HRMS (ESI-TOF)m/z:
[MþH]þ Calcd for C13H15N2O2 231.1128, found 231.1126.

4.2.4.4. Ethyl 2-[5-(3,4-dimethoxyphenyl)-1H-imidazol-1-yl]acetate
17c. Physical characteristics: yellow solid; Yield: 438 mg, 74%; Mp:
67e70 �C; 1H NMR (CDCl3) d 7.56 (1H, s, 2-CH), 7.01 (1H, s, 4-CH),
6.81e6.88 (3H, m, ArH), 4.61 (2H, s, NCH2), 4.13 (2H, q, J ¼ 7.2 Hz,
OCH2CH3) 3.83 and 3.87 (6H, 2 x s, 2 x ArOCH3), 1.18 (3H, t,
J ¼ 7.2 Hz, OCH2CH3); 13C NMR (CDCl3) d 167.8 (C]O), 149.2 and
148.9 (2 x ArCOCH3), 138.5 (2-C), 133.3 (5-C), 127.3, 121.6, (ArC),



T.J. Rashamuse et al. / European Journal of Medicinal Chemistry 190 (2020) 112111 9
121.5 (4-C), 112.3, 111.2 (ArC), 61.9 (OCH2CH3), 55.81 and 55.78 (2 x
ArCOCH3), 46.3 (NCH2), 13.9 (OCH2CH3); FTIR nmax/cm-1 (KBr):
2955, 2930, 1748, 1617, 1566, 1503, 1435, 1356, 1217, 1143, 1039, 759,
665, 513; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C15H21N2O4
291.1339, found 291.1332.

4.2.4.5. Ethyl 2-(5-(benzo[d][1,3]dioxol-6-yl)-1H-imidazol-1-yl)ace-
tate 17d. Physical characteristics: pale yellow solid; Yield: 252 mg,
45%;Mp: 83e86 �C; 1H NMR (CDCl3) d 7.52 (1H, s, 2-CH), 6.97 (1H, s,
4-CH), 6.79 (1H, d, J ¼ 7.4 Hz, ArH), 6.71e6.72 (2H, overlapping
singlet and doublet, ArH), 5.95 (2H, s, ArOCH2O), 4.60 (2H, s, NCH2),
4.13 (2H, q, J ¼ 7.2 Hz, OCH2CH3), 1.18 (3H, t, J ¼ 7.2 Hz, OCH2CH3);
13C NMR (CDCl3) d 167.7 (C]O), 147.8 and 148.7 (2 x ArCOCH2O),
138.6 (2-C), 133.0 (5-C), 127.4, (ArC), 122.8 (4-C), 122.5, 109.4, 108.5
(ArC), 101.2 (ArCOCH2O), 61.9 (OCH2CH3), 46.2 (NCH2), 13.9
(OCH2CH3); FTIR nmax/cm-1 (KBr): 3097, 2986, 2908, 2782, 1741,
1504, 1479, 1336, 1243, 1213, 1104, 1041, 921, 887, 813; HRMS (ESI-
TOF) m/z: [MþH]þ Calcd for C13H13N2O4 261.1183, found 261.1186.

4.2.4.6. Ethyl 2-(5-(4-tert-butylphenyl)-1H-imidazol-1-yl)acetate
17e. Physical characteristics: brown oil; Yield: 204 mg, 35%; 1H
NMR (CDCl3) d 7.64 (1H, s, 2-CH), 7.45 (2H, d, J ¼ 8.4 Hz, ArH), 7.28
(2H, d, J ¼ 8.4 Hz, ArH), 7.10 (1H,s, 4-CH), 4.70 (2H, s, NCH2), 4.19
(2H, q, J ¼ 7.2 Hz, OCH2CH3), 1.37 [9H, s, C(CH3)3], 1.21 (3H, t,
J ¼ 7.2 Hz, OCH2CH3); 13C NMR (CDCl3) d 167.8 (C]O), 151.5
[ArCC(CH3)3], 138.8 (2-C), 133.4, 128.6, 127.5, 126.1, 125.7 (ArC), 62.0
(OCH2CH3), 46.4 (NCH2), 34.6 [ArCC(CH3)3], 31.2 [ArCC(CH3)3], 14.0
(OCH2CH3); FTIR nmax/cm-1 (KBr): 2966, 2904, 2870, 1755, 1480,
1363, 1265, 1219, 1113, 1011, 913, 840, 656, 565; HRMS (ESI-TOF) m/
z: [MþH]þ Calcd for C17H23N2O2 287.1754, found 287.1764.

4.2.4.7. Ethyl 2-(5-(3-hydroxy-4-methoxyphenyl)-1H-imidazol-1-yl)
acetate 17f. Physical characteristics: yellow solid; Yield: 288 mg,
51%; Mp: 137e140 �C; 1H NMR (CDCl3) d 7.76 (1H, s, 2-CH), 7.05 (1H,
s, 4-CH),6.95 (1H, d, J ¼ 8.4 Hz, ArH), 6.76e6.81 (2H, m, ArH), 5.24
(1H, br s, ArOH), 4.67 (2H, s, NCH2), 4.16 (2H, q, J¼ 7.2 Hz, OCH2CH3),
3.87 (3H, s, ArOCH3), 1.21 (3H, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR
(CDCl3) d 167.8 (C]O), 147.0 and 146.7 (ArCOCH3 and ArCOH), 138.2
(NCH2), 133.8 (5-C), 126.0, 122.5 (ArC), 120.1 (4-C), 115.0, 112.2 (ArC),
62.2 (OCH2CH3), 56.0 (ArCOCH3), 46.5 (NCH2), 14.1 (OCH2CH3); FTIR
nmax/cm-1 (KBr): 2974, 2929, 2608, 1748, 1596, 1552, 1501, 1494,
1474, 1334, 1213, 1112, 1026, 956, 813, 616; HRMS (ESI-TOF) m/z:
[MþH]þ Calcd for C14H17N2O4 277.1183, found 277.1184.

4.2.4.8. Ethyl 2-[5-(3-methoxyphenyl)-1H-imidazol-1-yl]acetate 17g.
Physical characteristics: brownish yellow oil; Yield: 202 mg, 38%;
1H NMR (CDCl3) d 7.57 (1H, s, 2-CH), 7.29e7.33 (1H, m, ArH), 7.08
(1H, s, 4-CH), 6.84e6.92 (3H, m, ArH), 4.66 (2H, s, NCH2), 4.15 (2H, q,
J ¼ 7.2 Hz, OCH2CH3), 3.79 (3H, s, ArOCH3), 1.19 (3H, t, J ¼ 7.2 Hz,
OCH2CH3); 13C NMR (CDCl3) d 167.7 (C]O), 159.8 (ArCOCH3), 139.0
(2-C), 133.2 (5-C), 130.3, 129.8, 127.8 (ArC), 121.01 (4-C), 114.3, 113.9
(ArC), 62.0 (OCH2CH3), 46.4 (NCH2), 13.9 (OCH2CH3); FTIR nmax/
cm-1 (KBr): 3126, 2887, 1745, 1604, 1591, 1536, 1453, 1425, 1379,
1326, 1292, 1225, 1027, 928, 800, 699, 516; HRMS (ESI-TOF) m/z:
[MþH]þ Calcd for C14H17N2O3 261.1234, found 261.1232.

4.2.4.9. (S)-Ethyl 2-(5-(4-fluorophenyl)-1H-imidazol-1-yl)prop-
anoate 18a. Physical characteristics: pale yellow oil; Yield: 59 mg,
11%; 1H NMR (CDCl3) d 7.52 (1H, s, 2-CH), 7.20e7.24 (2H, m, ArH),
7.02 (2H, t, J ¼ 8.8 Hz, ArH), 6.97 (1H, s, 4-CH), 4.56 (2H, s, NCH2),
4.81 (1H, q, J¼ 7.2 Hz, CHCH3), 4.17e4.25 (2H, q, J¼ 7 Hz, OCH2CH3),
1.65e1.72 (3H, d, J ¼ 8 Hz, CHCH3), 1.14 (3H, t, J ¼ 7.2 Hz, OCH2CH3);
13C NMR (CDCl3) d 167.4 (C]O), 162.5 (d,1J C,F ¼ 249 Hz, para-CF),
138.7 (2-C), 132.1 (5-C), 130.6 (d, 3JC,F ¼ 9 Hz, ortho-C), 127.7 (4-C),
124.9 (d, 4JC,F ¼ 3.0 Hz, 10-C), 115.6 (d, 2J C,F ¼ 21 Hz, meta-C), 61.8
(OCH2CH3), 46.0 (CHCH3), 20.5 (CHCH3), 14.1 (OCH2CH3); FTIR
nmax/cm-1 (KBr): 2955, 2930, 1748, 1617, 1566, 1503, 1435, 1356,
1217, 1143, 1039, 759, 665, 513; HRMS (ESI-TOF)m/z: [MþH]þ Calcd
for C14H16FN2O2 263.1173, found 263.1190.

4.2.4.10. (S)-Ethyl 2-(5-phenyl-1H-imidazol-1-yl)propanoate 18b.
Physical characteristics: yellow solid; Yield: 100 mg, 20%; 1H NMR
(CDCl3) d 7.76 (1H, s, 2-CH), 7.37e7.41 (3H, m, ArH), 7.27e7.29 (2H,
m, ArH), 7.03 (1H, s, 4-CH), 4.80 (1H, q, J ¼ 8.4 Hz, CHCH3), 4.12 (2H,
q, J ¼ 7.2 Hz, OCH2CH3), 1.70 (3H, d, J ¼ 7.2 Hz, CHCH3), 1.17 (3H, t,
J ¼ 7.2 Hz, OCH2CH3); 13C NMR (CDCl3) d 170.3 (C]O), 136.0 (2-C),
133.1 (5-C), 129.3, 129.2, 128.7, 128.3, 127.2 (ArC), 61.9 (OCH2CH3),
52.9 (CHCH3), 18.8 (CHCH3), 13.9 (OCH2CH3); HRMS (ESI-TOF) m/z:
[MþH]þ Calcd for C14H17N2O2 245.1258; found 245.1279.

4.2.4.11. (S)-Ethyl 2-(5-(3,4-dimethoxyphenyl)-1H-imidazol-1-yl)
propanoate 18c. Physical characteristics: yellow solid; Yield:
143mg, 23%; 1H NMR (CDCl3) d 7.69 (1H, s, 2-CH), 6.96 (1H, s, 4-CH),
6.78e6.88 (3H, m, ArH), 4.78 (1H, q, J ¼ 8.4 Hz, CHCH3), 4.10 (2H, q,
J ¼ 7.2 Hz, OCH2CH3), 3.82 and 3.86 (6H, 2 x s, ArOCH3), 1.66 (3H, d,
J ¼ 7.2 Hz, CHCH3), 1.16e1.20 (3H, t, J ¼ 7.2 Hz, OCH2CH3); 13C NMR
(CDCl3) d 167.4 (C]O), 149.15 and 148.9 (2 x ArCOCH3), 135.7 (2-C),
130.7 (5-C), 127.5, 127.7, 127.6, 112.6, 111.2 (ArC), 61.8 (OCH2CH3),
55.8 and 55.7 (2 x ArCOCH3), 52.8 (CHCH3), 18.8 (CHCH3), 13.9
(OCH2CH3); FTIR nmax/cm-1 (KBr): 3635, 2954, 2896, 2783, 1750,
1668, 1479, 1440, 1378, 1306, 1225, 1108, 1038, 933, 880, 815, 726,
668, 579; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C16H21N2O4
305.1476, found 305.1503.

4.2.5. Synthesis of 2-(5-aryl)-1H-imidazol-1-yl)acetic acid
derivatives

4.2.5.1. Synthetic procedure. In a 35 ml microwave vessel equipped
with amagnetic stirrer bar, was added ethyl 2-(5-aryl-1H-imidazol-
1-yl)acetate 17 (0.96 mmol) and water (25 ml). The cap was
replaced and the resulting mixture was microwave irradiated at a
set power of 200 W and a temperature of 105 �C for 3 h. After
completion of the reaction, the mixture was transferred into a
separating funnel, water (5 ml) was added, followed by washing
with ethyl acetate (3 � 10 ml). The water layer was evaporated in
vacuo and dried under high vacuum to afford the desired pure 2-(5-
aryl)-1H-imidazol-1-yl)acetic acids.

4.2.5.2. 2-[5-(4-Flurorophenyl)-1H-imidazol-1-yl]acetic acid 19a.
Physical characteristics: pale yellow solid; Yield: 152 mg, 72%; Mp:
189e192 �C; 1H NMR (DMSO‑d6) d 7.85 (1H, s, 2-CH), 7.41e7.45 (2H,
m, ArH), 7.06e7.31 (2H, m, ArH), 7.07 (1H, s, 4-CH), 4.84 (2H, s,
NCH2);13C NMR (DMSO‑d6) d 169.7 (C]O), 160.7 (d, 1JC,F ¼ 246 Hz,
para-CF), 139.8 (2-C), 131.8 (5-C), 130.3 (d, 3JC,F ¼ 8 Hz, ortho-C),
126.6 (4-C), 125.8 (d, 4JC,F ¼ 3 Hz, 10-C), 115.7 (d, 2JC,F ¼ 22 Hz,meta-
C), 46.5 (NCH2); FTIR nmax/cm-1 (KBr): 3105, 3032, 2434, 1645,
1540,1496,1380,1290,1226,1165,1110, 544, 823, 767, 697, 693, 544;
HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C11H10FN2O2

þ 221.0721,
found 221.0720.

4.2.5.3. 2-(5-Phenyl-1H-imidazol-1-yl)acetic acid 19b. Physical
characteristics: pale yellow solid; Yield: 132 mg, 68%; Mp:
175e178 �C; 1H NMR (CDCl3) d 10.1 (1H, s, OH), 8.62 (1H, s, 2-CH),
7.30 (5H, m, ArH), 7.07 (1H, s, 4-CH), 4.61 (2H, s, NCH2); 13C NMR
(CDCl3) d 170.9 (C]O), 137.5 (2-C), 134.3 (5-C), 129.4, 129.2 (ArC),
129.0 (4-C), 126.5, 119.0 (ArC), 49.2 ((NCH2); FTIR nmax/cm-1 (KBr):
3139, 2957, 2900, 2861, 2517, 1730, 1691, 1626, 1378, 1270,1113, 766,
687; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C11H11N2O2 203.0815;
found 203.0807.
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4.2.5.4. 2-[5-(3,4-Dimethoxyphenyl)-1H-imidazol-1-yl]acetic acid
19c. Physical characteristics: yellow solid; Yield: 179 mg, 71%; Mp:
124e127 �C; 1H NMR (DMSO‑d6) d 7.77 (1H, s, 2-CH), 6.88e67.02
(4H, overlapping signals, m, ArH and 4-CH), 4.74 (2H, s, NCH2), 3.77
and 3.74 (6H, 2 x s, 2 x ArOCH3); 13C NMR (DMSO‑d6) d 170.3 (C]O),
148.7 and 148.7 (2 x ArCOCH3), 139.4 (2-C), 132.8 (5-C), 125.9, 127.8
(ArC), 120.7 (4-C), 112.0, 111.9 (ArC), 55.5 and 55.4 (2 x ArCOCH3),
46.9 (NCH2); FTIR nmax/cm-1 (KBr): 3126, 3050, 2970, 2841, 2604,
1612, 1512, 1471, 1447, 1380, 1324, 1256, 1224, 1181, 1146, 1021, 826,
806, 695, 676; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C13H15N2O4
263.1040, Found 263.1017.

4.2.5.5. 2-(5-(Benzo[d][1,3]dioxol-6-yl)-1H-imidazol-1-yl)acetic acid
19d. Physical characteristics: yellow solid; Yield: 161 mg, 68%; Mp:
233e236 �C; 1H NMR (DMSO‑d6) d 7.79(1H, s, 2-CH),6.82e6.99 (4H,
overlapping signals, m, ArH and 4-CH), 6.05 (2H, s, ArOCH2O), 4.77
(2H, s, NCH2); 13C NMR (DMSO‑d6) d 170.0 (C]O), 147.6 and 147.1
(ArCOCH2O), 139.4 (2-C), 132.6 (5-C), 126.2, 123.0, 122.1, 108.7 (ArC),
101.4 (ArCOCH2O), 46.7 (NCH2); FTIR nmax/cm-1 (KBr): 3435, 3152,
3096, 2500, 1652, 1604, 1504, 1474, 1388, 1313, 1257, 1226, 1035,
882, 691; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C12H11N2O4

247.0713, found 247.0702.

4.2.5.6. 2-(5-(4-tert-Butylphenyl)-1H-imidazol-1-yl)acetic acid 19e.
Physical characteristics: yellow solid; Yield: 333 mg, 56%; Mp:
170e173 �C; 1H NMR (DMSO‑d6) d 7.82 (1H, s, 2-CH), 7.45 (2H, d,
J ¼ 7.6 Hz, ArH), 7.30 (2H, d, J ¼ 7.6 Hz, ArH), 7.04 (1H, s, 4-CH), 4.81
(2H, s, NCH2), 1.29 [9H, s, C(CH3)3]; 13C NMR (DMSO‑d6) d 169.9 (C]
O), 150.4 [ArCC(CH3)3], 139.7 (2-C), 132.7, 127.7, 126.5, 126.3, 125.7
(ArC and 4-C), 46.7 (NCH2), 34.4 [ArCC(CH3)3], 31.1 [ArCC(CH3)3];
FTIR nmax/cm-1 (KBr): 3132, 3035, 2961, 2905, 2868, 2509, 1722,
1678, 1625, 1463, 1378, 1335, 1269, 1233, 1112, 1035, 1010, 841, 677;
HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C15H19N2O2 259.1441,
Found 259.1440.

4.2.5.7. 2-(5-(3-Hydroxy-4-methoxyphenyl)-1H-imidazol-1-yl)acetic
acid 19f. Physical characteristics: yellow solid; Yield: 138 mg, 58%;
Mp: 211e214 �C; 1H (DMSO‑d6) d 7.85 (1H, s, 2-CH), 7.00 (1H, s, 4-
CH), 6.89 (1H, s, 4-CH), 6.82 (1H, d, J ¼ 8.0 Hz, ArH), 6.75 (2H, d,
J ¼ 8.0, ArH), 5.57 (1H, br, ArOH), 4.75 (2H, s, NCH2), 3.76 (3H, s,
ArOCH3); 13C NMR (NMR (DMSO‑d6) d 166.7 (C]O), 147.6 and 146.5
(ArCOCH3 and ArCOH),139.3 (2-C), 133.1 (5-C), 126.2 (ArC), 121.2 (4-
C), 120.4, 115.7, 112.4 (ArC), 55.6 (ArCOCH3), 45.7 (NCH2); FTIR
nmax/cm-1 (KBr): 2973, 2930, 2600, 1748, 1604, 1552, 1514, 1358,
1312, 1280, 1214, 1139, 1109, 1026, 865, 822; HRMS (ESI-TOF) m/z:
[MþH]þ Calcd for C12H13N2O4 249.2421, found 249.2438.

4.2.5.8. 2-[5-(3-Methoxyphenyl)-1H-imidazol-1-yl]acetic acid 19g.
Physical characteristics: yellow solid; Yield: 125 mg, 56%; 1H NMR
(DMSO‑d6) d 7.83 (1H, s, 2-CH), 7.33e7.37 (1H, m, ArH), 7.09 (1H, s,
4-CH), 6.93e6.96 (3H, m, ArH), 4.81 (2H, s, NCH2), 3.76 (3H, s,
ArOCH3);13C NMR (DMSO‑d6) d 170.1 (C]O),159.5 (ArCOCH3),140.0
(2-C), 132.7 (5-C), 130.7, 130.0, 126.6 (ArC), 120.3 (4-C), 113.6, 113.4
(ArC), 55.1 (ArCOCH3), 46.9 (NCH2); FTIR nmax/cm-1 (KBr): 3126,
2946, 2450, 1696, 1609, 1578, 1487, 1394, 1300, 1207, 1168, 1028,
854, 777, 693; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C12H13N2O3

233.0921, found 233.0922.

4.2.6. Synthesis of 2-(5-aryl-1H-imidazol-1-yl)acetohydrazide
4.2.6.1. General synthetic procedure. Ethyl 2-(5-aryl-1H-imidazol-
1-yl)acylate (0.90 mmol) and hydrazine monohydrate (2.70 mmol)
and MeOH (5 ml) were placed in a 10 ml microwave vessel
equipped with a magnetic stirrer bar. The cap was then fitted and
the resulting mixture was microwave irradiated at a set tempera-
ture of 75 �C for 30 min. After completion of the reaction, the
solvent was removed and DCMwas added to generate a precipitate
which was then filtered and dried under high vacuum to afford
pure 2-(5-aryl-1H-imidazol-1-yl)acetohydrazides.

(NB: 1H and 13C NMR spectra reported below are for major
rotamer only).

4.2.6.2. 2-[5-(4-Fluorophenyl)-1H-imidazol-1-yl]acetohydrazide
20a. Physical characteristics: white solid; Yields: 194 mg, 92%; Mp:
178e180 �C; 1H NMR (DMSO‑d6) d 9.31 (1H, s, NHNH2), 7.69 (1H, s,
2-CH), 7.25e7.45 (4H, m, ArH), 6.99 (1H, s, 4-CH), 4.59 (2H, s, NCH2),
4.29 (2H, s, NHNH2); 13C NMR (DMSO‑d6) d 166.4 (C]O), 160.6 (d,
1JC,F¼ 245Hz, para-CF),140.0 (2-C), 131.8 (5-C), 130.5 (d, 3JC,F¼ 8 Hz,
ortho-C), 127.3 (4-C), 126.0 (d, 4JC,F ¼ 3 Hz, 10-C), 115.6 (d,
2JC,F ¼ 22 Hz, meta-C), 45.8 (NCH2); FTIR nmax/cm-1 (KBr): 3104,
3026, 2417, 1747, 1495, 1380, 1223, 1163, 1110, 928, 824, 698, 674,
544, HRMS (ESI-TOF)m/z: [MþH]þ Calcd for C11H12FN4O 235.0990,
found 235.0995.

4.2.6.3. 2-(5-Phenyl-1H-imidazol-1-yl)acetohydrazide 20b. 2 Phys-
ical characteristics: pale yellow solid; Yields: 176 mg, 90%; Mp:
172e174 �C; 1H NMR (DMSO‑d6) d 9.32 (1H, s, NHNH2), 7.36 (1H, s,
2-CH), 7.35e7.45 (5H, m, ArH), 7.00 (1H, s, 4-CH), 4.62 (2H, s, NCH2),
4.30 (2H, s, NHNH2); 13C NMR (DMSO‑d6) d 167.5 (C]O), 141.1 (2-C),
133.2 (5-C), 130.5, 129.7, 129.1, 128.7, 128.1 (ArC), 128.1 (4-C), 46.8
(NCH2); FTIR nmax/cm-1 (KBr): 3321, 3197, 3119, 3026, 2950, 1676,
1638, 1608, 1553, 1489, 1425, 1298, 1285, 1229, 1112, 1006, 927, 909,
820, 767, 718, 703, 678, 647, 581, 534; HRMS (ESI (ESI-TOF) m/z:
[MþH]þ Calcd for C11H13N4O 217.1084, found 217.1082.

4.2.6.4. 2-[5-(3,5-Dimethoxyphenyl)-1H-imidazol-1-yl]acetohy-
drazide 20c. Physical characteristics: yellow solid; Yields:
259 mg,94%; Mp: 89e91 �C; 1H NMR (DMSO‑d6) d 9.37 (1H, s,
NHNH2), 7.66 (1H, s, 2-CH), 6.88e7.01 (4H, overlapping multiplets,
ArH and 4-CH), 4.59 (2H, s, NCH2), 4.33 (2H, s, NHNH2), 3.78 and
3.76 (6H, 2 x s, 2 x ArOCH3); 13C NMR (DMSO‑d6) d 166.7 (C]O),
148.7 & 148.6 (2 x ArCOCH3), 139.6 (2-C), 132.8 (5-C), 126.5 (4-C),
121.9, 121.9, 111.9, 112.9 (ArC), 55.5 and 55.4 (2 x ArCOCH3), 45.8
(NCH2); FTIR nmax/cm-1 (KBr): 3565, 3209, 2938, 2838, 1693, 1586,
1557, 1511, 1463, 1418, 1321, 1254, 1168, 1142, 1112, 1024, 868, 815,
766, 656, 628, 601, 534; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for
C13H17N4O3 277.1295, found 277.1260.

4.2.6.5. 2-(5-(Benzo[d][1,3]dioxol-6-yl)-1H-imidazol-1-yl)acetohy-
drazide 20d. Physical characteristics: pale yellow solid; Yields:
211 mg, 90%; Mp: 169e171 �C; 1H NMR (DMSO‑d6) d 9.33 (1H, s,
NHNH2), 7.65 (1H, s, 2-CH), 6.84e6.97 (4H, overlapping signals, ArH
and 4-CH), 6.06 (2H, s, ArOCH2O), 4.58 (2H, s, NCH2), 3.42 (2H, s,
NHNH2); 13C NMR (DMSO‑d6) d 170.9 (C]O), 147.5 and 147.1 (2 x
ArCOCH2O), 139.6 (2-C), 132.7 (5-C), 127.2 (4-C), 126.7, 123.2, 122.0,
108.8 (ArC), 101.3 (ArCOCH2O), 45.7 (NCH2); FTIR nmax/cm-1 (KBr):
3318, 3210, 3104, 2994, 2929, 1655, 1619, 1561, 1500, 1428, 1344,
1321, 1292, 1231, 1121, 1142, 1040, 968, 934, 918, 880, 874, 841, 833,
809, 759, 665, 642, 579; HRMS (ESI-TOF) m/z: [MþH]þ Calcd. for
C12H13N4O3 261.0982, found 261.0992.

4.2.6.6. 2-[5-(4-tert-Butylphenyl)-1H-imidazol-1-yl]acetohydrazide
20e. Physical characteristics: pale yellow solid; Yields: 228 mg,
93%; Mp: 178e180 �C; 1H NMR (DMSO‑d6) d 9.36 (1H, s, NHNH2),
7.69 (1H, s, 2-CH), 7.44 (2H, d, J¼ 8.0 Hz, ArH), 7.31 (2H, d, J¼ 8.0 Hz,
ArH), 6.97 (1H, s, 4-CH), 4.61 (2H, s, NCH2), 4.45 (2H, brs, NHNH2),
1.30 [9H, s, C(CH3)3]; 13C NMR (DMSO‑d6) d 166.6 (C]O), 150.2
[ArCC(CH3)3], 139.9 (2-C), 132.7, 127.9, 127.0, 126.7, 125.6 (ArC), 45.8
(NCH2), 34.4 [ArCC(CH3)3], 31.1 [ArCC(CH3)3]; FTIR nmax/cm-1
(KBr): 3335, 3220, 3062, 2957, 2865, 1663, 1603, 1589, 1501, 1478,
1382, 1362, 1296, 1274, 1228, 1116, 992, 964, 913, 842, 828, 783, 740,
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648, 585, 564; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C15H21N4O
273.1710, found 273.1727.

4.2.6.7. 2-(5-(3-Hydroxy-4-methoxyphenyl)-1H-imidazol-1-yl)ace-
tohydrazide 20f. Physical characteristics: pale yellow solid; Yield:
222 mg, 94%; Mp: 217e219 �C; 1H NMR (DMSO‑d6) d 9.32 (1H, s,
NHNH2), 9.20 (1H, s, ArOH), 7.63 (1H, s, 2-CH), 6.75e7.69 (4H,
overlapping signals, m, 4-CH and ArH), 4.56 (2H, s, NCH2)), 4.32 (2H,
brs, NHNH2), 3.36 (3H, s, ArOCH3;13C NMR (DMSO‑d6) d 166.7 (C]
O), 147.6 and 146.5 (ArCOCH3 and ArCOH), 139.3 (2-C), 133.0 (5-C),
126.2, 121.2 (ArC), 120.4 (4-C), 115.7, 112.4 (ArC), 55.5 (ArCOCH3),
46.9 (NCH2); FTIR nmax/cm-1 (KBr): 3146, 3120, 3051, 2994, 2603,
1614, 1574, 1523, 1460, 1387, 1331, 1318, 1289, 1247, 1219, 1182, 1155,
1132, 1032, 857, 782, 673; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for
C12H15N4O3 263.1139, found 263.1145.

4.2.6.8. 2-[5-(3-Methoxyphenyl)-1H-imidazol-1-yl]acetohydrazide
20g. Physical characteristics: white solid; Yields: 191 mg, 86%; Mp:
152e154 �C; 1H NMR (DMSO‑d6) d 9.35 (1H, s, NHNH2), 7.69 (1H, s,
2-CH), 7.32e7.36 (1H, m, ArH), 7.02 (1H, s, 4-CH), 6.91e6.96 (3H, m,
ArH), 4.63 (2H, s, NCH2), 4.31 (2H, s, NHNH2) 3.77 (3H, s, ArOCH3);
13C NMR (DMSO‑d6) d 166.5 (C]O), 159.4 (ArCOCH3), 410.2 (2-C),
132.7 (5-C), 130.8, 129.9 (ArC), 127.3 (4-C), 120.4, 113.7, 113.2 (ArC),
55.1 (ArCOCH3), 45.9 (NCH2); FTIR nmax/cm-1 (KBr): 3320, 3198,
3012, 2954, 1677, 1606, 1589, 1563, 1493, 1482, 1473, 1425, 1319,
1293,1250,1218,1118,1113,1030,1008, 866, 849, 818, 797, 722, 700,
650, 574; HRMS (ESI-TOF) m/z: [MþH]þ Calcd for C12H15N4O2

247.1195, found 247.1208.

4.3. Biological studies

4.3.1. Indirect biochemical assays (ELISA and AlphaScreen™)
4.3.1.1. In vitro ELISA test for the binding of HIV-1 Vpu to BST-2.
HIV-1 Vpu was overexpressed and purified using the protocol re-
ported by Njengele et al. [71] The binding between HIV-1 Vpu and
BST-2 was analysed using the enzyme-linked immunosorbent
assay (ELISA) with the purified recombinant HIV-1 Vpu and a
commercial BST-2 ELISA kit (Uscn Life Science). The assay was
carried out according to the kit instructions, and all reagents used
(with the exception of the HIV-1 Vpu) were provided with the kit.
Briefly, 100 mL of BST-2, at a concentration of 5 ng/ml, was added on
a 96-well microtiter plate that was pre-coated with an anti-BST-2
antibody. The plate was incubated at 37 �C for an hour, after
which excess BST-2 was discarded and 100 mL of the recombinant
HIV-1 Vpuwas introduced at 5 and 10 ng/ml, respectively. The plate
was incubated at 37 �C for another hour and 100 mL of a biotin-
conjugated anti-BST-2 antibody at a dilution of 1:100 was subse-
quently added. Following another hour of incubation at 37 �C,
100 mL of Streptavidin conjugated to HRP was added and the plate
was incubated at 37 �C for 30 min. The activity of the HRP enzyme
was detected using the 3,30,5,50-Tetramethylbenzidine (TMB) sub-
strate solution, and the enzyme-substrate reaction was terminated
by the addition of 50 mL of the stop solution (10% sulfuric acid)
30 min after the addition of the substrate. The absorbance was
measured spectrophotometrically at 450 nm.

4.3.1.2. Sandwich ELISA for compound screening. The ELISA test
optimized above was used in the screening of the synthesized
compounds that were identified to show inhibition against the
HIV-1 Vpu/BST-2 interaction in silico. For this assay, 5 ng/ml of HIV-
1 Vpu was incubated with 100 mM of each compound for 30 min at
37 �C with slight shaking, and 5 ng/ml of BST-2 was coated on a 96-
well polysorp plate that was pre-coated with an anti-BST-2 anti-
body (Uscn Life Science). Following the incubation period, excess
BST-2 was discarded and the HIV-1 Vpu/compound solutions were
introduced at 100 mL. The plates were incubated at 37 �C for an
hour, and a biotin-conjugated anti-BST-2 antibody (Uscn Life Sci-
ence) was added and incubated at 37 �C for another hour. Strep-
tavidin conjugated to HRP was added and the plates were
incubated at 37 �C for 30 min. The activity of the HRP enzyme was
detected as outlined above. The compounds were tested in dupli-
cate wells and the assay was repeated three times. The inhibition
percentage for each of the test compounds was calculated.

4.3.1.3. The HIV-1 Vpu/BST-2 AlphaScreen assay. An AlphaScreen
assay was developed and used as a secondary screening assay to
confirm the results obtained from the ELISA. The assay was per-
formed using a biotinylated HIV-1 Vpu (tagged using a biotin
labelling kit, Roche) and a commercial recombinant BST-2 protein
with a Glutathione S-transferase (GST) tag (Abcam). HIV-1 Vpu and
BST-2 were incubated together at a 1:1 ratio to a final concentration
of 100 nM for each protein. Half-area Opti-Plates (PerkinElmer)
were used and the proteins were diluted in an assay buffer
composed of 25 mM HEPES (pH 7.4), 100 mM NaCl, and 0.1% BSA.
Following a 2-h incubation of the proteins at 37 �C, Streptavidin
Donor beads and anti-GST conjugated Acceptor beads (Perki-
nElmer) were added to a final concentration of 10 mg/ml. The plate
was incubated at 30 �C in the dark for an hour and the lumines-
cence responsewas subsequently read between 520 and 620 nm on
the EnSpire Multimode plate reader (PerkinElmer). The following
controls were included in the development of the assay: beads
alone, HIV-1 Vpu alone, BST-2 alone, HIV-1 Vpu and BST-2 alone,
and each protein with both beads.

To validate the compound screening results obtained from the
ELISA, the AlphaScreen assay was used to confirm the activity of the
compounds in inhibiting the HIV-1 Vpu/BST-2 interaction. For this
assay, 400 nM of the biotinylated HIV-1 Vpu was incubated with
100 mM of each compound at 37 �C for 30 min. Following the in-
cubation period, the recombinant GST-tagged BST-2 was added to a
final concentration of 100 nM and incubated at 37 �C for an hour.
Streptavidin Donor and anti-GST conjugated Acceptor beads were
added at 10 mg/ml and the plate was incubated at 30 �C in the dark
for an hour. The plate was read on the EnSpire Multimode plate
reader as detailed above, and the inhibition percentages of the
compounds were calculated. The compounds were tested in
duplicate wells and the assays were repeated three times.

4.3.1.4. Dose-response studies in AlphaScreen™ assay. The opti-
mized AlphaScreen assay from above was used to conduct dose-
response studies for the compounds that showed the highest in-
hibition of the HIV-1 Vpu/BST-2 interaction. This was done to
determine the concentrations of the compounds that caused 50%
inhibition (IC50) in the interaction. A total of eight serial dilutions
ranging from 200 to 1.56 mM were run for each compound on this
assay. Percentage inhibition was calculated for each concentration
and plotted against the logarithm of the concentration. The com-
pounds were tested in duplicate at each concentration and the
assays were repeated three times. The obtained data was analysed
and fitted using the Origin 6.0 software.

4.3.2. Cell-based assays
4.3.2.1. Cellular toxicity. The toxicity of the test compounds that
showed activity in inhibiting the HIV-1 Vpu/BST-2 interaction
against mammalian cells was evaluated using the 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) cell proliferation assay ac-
cording to the manufacturer. Briefly, MT-4 cells (NIH AIDS Reagents
Programme, Division of AIDS, NIAID, NIH: catalogue number: 120)
were seeded at a density of 1x105 cells/mL and a final volume of 100
mL/well in 96-well cell culture plates (Sigma Aldrich). The cells were
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incubated at 37 �C in a humidified atmosphere of 5% CO2 for 4 h to
allow for stabilization. Following the incubation period, dose-
response studies of the test compounds were conducted using 2-
fold serial dilutions, with final concentrations ranging from 200
to 1.56 mM in Roswell ParkMemorial Institute (RPMI) 1640medium
(Gibco, Life Technologies) containing 10% (v/v) foetal calf serum
(FCS, Highveld Biological). The plates were incubated under stan-
dard culture conditions (37 �C and 5% CO2) for 72 h, after which the
viability of the cells was determined using the MTS dye. The MTS
solution, to a final volume of 20 mL per well, was added and the
plates were incubated at 37 �C for an additional 4 h. The amount of
soluble formazan produced was measured spectrophotometrically
at 490 nm. Untreated MT-4 cells and Auranofin (Biomol Interna-
tional) were used as controls. The data was analysed using Origin
6.0 with the logarithmic value of each compound concentration
plotted against the percentage of viable cells (%Viability) to obtain a
dose-response curve. From the dose curve, a half-maximal cyto-
toxic concentration (CC50) value for each compound was
determined.

4.3.2.2. The antiviral activity of the compounds. The antiviral ac-
tivity of the identified compounds against HIV-1 was investigated
using MT-4 cells and the HIV-1 LAV viral strain. Briefly, MT-4 cells
(1x105 cells/mL) were infected with the HIV-1 LAV at a multiplicity
of infection (MOI) of 0.1. The virus-infected cells were plated onto
96-well tissue culture plates at 100 mL/well, and the plates were
subsequently incubated at 37 �C in a humidified atmosphere of 5%
CO2 for 90 min. Following the incubation period, two-fold serial
dilutions of each compound (200e1.56 mM) made up in 10% RPMI
were added and the plates were incubated at 37 �C and 5% CO2 for
72 h. The compounds were tested alongside HIV-1 infected cells
without any compound treatment, as well as uninfected MT-4 cells
as controls. Raltegravir, a known inhibitor of HIV-1, was used as a
positive antiretroviral control. After the 72 h incubation, superna-
tants were collected from the cells and viral levels were analysed
via a p24 ELISA test. Cell supernatants were used to test for the
presence of the p24 antigen using the BioElisa HIV-1þ2 Ag/AB kit
(BIOKIT) according to themanufacturer’s instructions. The datawas
used to determine the concentration of compound required to
reduce the expression of p24, which is equivalent to viral replica-
tion, by 50% (EC50). Selective activities of the compounds were
calculated as follows:

Selectivity index (SI) ¼ CC50 mM / IC50 (mM)

4.4. Aqueous solubility analysis of the compounds

To study the aqueous solubility of the identified inhibitors, a
filtration-based assay that includes 96-well filter plates was
adapted from Millipore and was conducted according to the man-
ufacturer’s instructions. Briefly, compound stocks were prepared in
DMSO, and the standards were diluted in an 80:20 PBS: acetonitrile
solution. The concentration of DMSO was maintained at 5% in all
the standards, and standard concentrations of 500, 200, 50, 12.5
and 3.13 mMwere prepared for the construction of a standard curve.
The standards were incubated in a 96-well filter plate (Millipore,
Merck) at room temperature shaking at 300 rpm overnight (~16 h).
Following vacuum filtration, the compounds in solution were
analysed via UV/Vis spectroscopy (measured from 200 to 800 nm at
10 nm increments). The inhibitors were tested alongside chlor-
amphenicol as a positive control. Following the construction of the
standard curves, 200 and 100 mM samples of the compounds were
prepared in 100% PBS, incubated in a filter plate shaking overnight
at room temperature. The plate was vacuum filtered and 80 mL of
the compounds transferred to a UV-Star half-area microplate for
analysis. A total of 20 mL acetonitrile was added per sample and the
compounds were quantified using UV/Vis spectroscopy at the op-
timum wavelength for each compound. The amount of soluble
compound in the aqueous sample was quantified using the
following equation:

Aqueous Solubility ¼ (Amax Filtrate/ Slope) * 1.25

Where the maximum absorbance of each compound (Amax) was
divided by the slope of the line from the respective calibration
curve and multiplied by a factor of 1.25 to account the dilutionwith
acetonitrile.

4.5. In silico assessment of the physicochemical properties of the
compounds

4.5.1. Ligand preparation
Prior to the prediction of physicochemical properties, the

selected compounds were energy minimized using a CHARMM
based force field function under Small Molecules’ Prepare and Filter
Ligands function to generate all possible combinations of stereo-
isomers and conformers [68].

4.5.2. Prediction of drug-likeness of compounds
The compounds that showed good inhibition percentages for

the HIV-1 Vpu/BST-2 interaction were analysed for drug-likeness
according to Lipinski’s rule-of-five. For a compound to be consid-
ered as a potential ‘lead’, it should exhibit specific binding towards
the target and the absorption, distribution, metabolism, excretion
and toxicity (ADME-T) properties of the compound should be
known. The rule-of-five predicts that poor absorption is more likely
when a compound has a molecular mass greater than 500 g/mol,
has more than 10 hydrogen bond acceptors (N and O atoms), more
than 5 hydrogen bond donors (OH and NH groups) and has an
octanol-water partition coefficient (LogP) value of more than 5
[67,72]. The water-octanol partitioning co-efficiency (LogP), as well
as the number of hydrogen bond donors and acceptors in each
compound were determined using the Biovia Discovery Studio ™
software package.
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