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Abstract

Azoles are a promising class of the new generation of HIV-1 non-nucleoside reverse
transcriptase inhibitors (NNRTIs). From thousands of reported compounds, many possess the
same basic structure of an aryl substituted azole ring linked by a thioglycolamide chain with
another aromatic ring. In order to find novel extensions for this basic scaffold, we explored the
5-position substitution pattern of triazole NNRTIs using molecular docking followed by the
synthesis of selected compounds. We found that heterocyclic substituents in the 5-position of
the triazole ring are detrimental to the inhibitory activity of compounds with four-membered
thioglycolamide linker and this substitution seems to be viable only for compounds with
shorter two-membered linker. Promising compound, N-(4-carboxy-2-chlorophenyl)-2-((4-
benzyl-5-methyl-4H-1,2,4-triazol-3-yl)sulfanyl)acetamide, with potent inhibitory activity and
acceptable aqueous solubility has been identified in this study that could serve as lead scaffold
for the development of novel water-soluble salts of triazole NNRTIs.
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Introduction

Acquired immunodeficiency syndrome (AIDS) caused by the
HIV virus is a major health problem of our civilization. Current
treatment standard for HIV infection is to combine several drugs
with a different mode of action, known as the highly active
antiretroviral therapy (HAART)1–3. One of the drug groups used
in such combinations are the non-nucleoside reverse transcriptase
inhibitors (NNRTIs)4–7. These compounds upon binding to the
reverse transcriptase (RT) stop the replication of the virus. A very
high mutation rate of the HIV-1 virus causes development of
mutants resistant to currently used NNRTIs such as nevirapine
and efavirenz8–10. Thus, there is a continuous need for new
inhibitors that are effective on resistant mutants. A large number
of NNRTIs belonging to chemically different groups has been
reported in literature. An excellent review of various NNRTI
groups was written by Zhan et al.7 An interesting group of
compounds are azole-based inhibitors with thioglycolamide
linker, many of which possess a high activity, low toxicity and
good resistance profile11–20. In many such compounds, the azole
ring is a 1,2,4-triazole.

Azole NNRTIs can be divided into three main groups:
disubstituted azoles, where the substituents are aromatic rings
linked with the azole by one-atom chain (Figure 1a)21,22; azoles

with the thioglycolanilide moiety, commonly referred to as ‘‘azole
thioacetanilides’’ (Figure 1b)12–18; and other with miscellaneous
structure, such as capravirine, lersivirine and 4-benzyl-3-(benzyl-
sulfanyl)-5-(thiophen-2-yl)-4H-1,2,4-triazoles (Figure 1c)11.

We are mainly interested in triazoles belonging to the second
group. Triazoles in contrast to some other azoles such as
tetrazoles or thiadiazoles can be triple substituted and therefore
provide a more versatile core for NNRTIs. The RDEA806, a
compound belonging to this group that completed phase 2a
clinical trials, shows good activity against broad spectrum of
resistant mutants, has good pharmacokinetics, and is well
tolerated by patients19. A vast majority of reported azole
NNRTIs with the thioglycolamide moiety differs only in the
substitution of aromatic rings. Therefore, there is a lot of
structure–activity relationship data available for the substituents
in 3- and 4-position of the azole core, but very little is known
about an effect on the activity of a substitution in 5-position12–18.
Predominately, no or a small substituent like methyl is encoun-
tered in this position, and any larger group seems to reduce the
inhibitory activity12,17. A crystallographic structure of 4-benzyl-
3-(((2-chlorophenyl)methyl)sulfanyl)-5-(thiophen-2-yl)-4H-1,2,4-
triazole ligated to HIV-1 RT was published (PDB code 2RKI).
By examining this structure, it can be seen that the thiophene
ring occupies a hydrophobic pocked formed by Val179, Ile180,
Val189 (chain A) and Glu138 (chain B). This pocket in fact is an
entrance to a partially closed tunnel that links NNRTIs binding
site with the surface of the enzyme. By looking into other
structures of NNRTI-reverse transcriptase complexes, such as
PDB code 4O44, it can be seen that with a long substituent the
tunnel can be opened, giving the possibility of additional van der

Address for correspondence: Piotr Paneth, Institute of Applied Radiation
Chemistry, Lodz University of Technology, Zeromskiego 116, 90-924
Lodz, Poland. Tel: +48-42-631-31-99. Fax: + 48-42-631-31-99. E-mail:
paneth@p.lodz.pl



Waals interactions, which can improve the ligand binding23.
Molecular docking experiments suggested a similar binding mode
of azoles with thioglycolamide linker and the ligand from the
2RKI crystallographic structure. We hypothesized that it would be
possible to combine structural features of the two groups of
compounds to obtain novel scaffolds. Therefore, the main goal of
our study was to determine if extending the triazole NNRTIs by a
larger substituent in the 5-position can open new possibilities for
designing RT inhibitors. In this article, we report the results of
these investigations that allow us to conclude that large five-
membered heterocyclic substituents at the 5-position of the
triazole core are incompatible with the thioglycolamide linker and
such combinations should be avoided when designing novel
inhibitors. A promising compound, N-(4-carboxy-2-chlorophe-
nyl)-2-((4-benzyl-5-methyl-4H-1,2,4-triazol-3-yl)sulfanyl)aceta-
mide, with potent inhibitory activity and acceptable aqueous
solubility has been identified in this study that could serve as a
scaffold for the development of novel water-soluble salts of
triazole NNRTIs.

Methods

Chemistry

General comments

All reagents and solvents of analytical grade or higher were
purchased from commercial sources and were used without
purification unless otherwise stated. NMR spectra were recorded
using Bruker Avance spectrometers (250, 300 and 700 MHz).
Analytical thin layer chromatography was performed with Merck
60F254 silica gel plates (Darmstadt, Germany) and visualized by
UV irradiation (254 nm). Melting points were determined on a
Fischer–Johns block and are uncorrected. Elemental analyses
were determined by an AMZ-CHX elemental analyzer (are
within ± 0.5% of the theoretical values). Mass spectra (ESI TOF)
were recorded using Waters LCT Premier XE mass spectrometer
(Milford, MA).

General procedure for synthesis of 3,4-disubstituted-4,5-dihydro-
1H-1,2,4-triazole-5-thiones 1a-3a, 5a, 6a, 8a, 9a, 11a, 12a, 29a
and 31a

A solution of the corresponding thiosemicarbazide derivative
(0.01 mol) in 2% sodium hydroxide (10 mL) was refluxed and
progress of the reaction was monitored by thin layer chromatog-
raphy. After 2 h, the reaction was completed and the reaction
mixture was cooled and then acidified with 3 M hydrochloric acid.
The precipitate was filtered, washed with water and crystallized
from ethanol.

4-(2,4-dimethylphenyl)-3-(thiophen-2-yl)-4,5-dihydro-1H-1,2,4-
triazole-5-thione 1a. (CAS 364596-54-3). Yield 89%, m.p. 254–
256 �C, 1H NMR (300 MHz) (DMSO-d6) d (ppm): 2.03 (s, 3H,
CH3), 2.44 (s, 3H, CH3), 6.80–6.84 (m, 1H, Ar-H), 7.04–7.09
(m, 1H, Ar-H), 7.28 (s, 2H, Ar-H), 7.35 (s, 1H, Ar-H), 7.72–7.74
(d, 1H, Ar-H), 14.21 (s, 1H, NH).

4-(3-(trifluoromethyl)phenyl)-3-(thiophen-2-yl)-4,5-dihydro-1H-
1,2,4-triazole-5-thione 2a. (CAS 690246-87-8) Yield 94%, m.p.
274–276 �C, 1H NMR (300 MHz) (DMSO-d6) d (ppm): 6.83–6.85
(m, 1H, Ar-H), 7.06–7.10 (m, 1H, Ar-H), 7.74–7.77 (m, 1H,
Ar-H), 7.88–7.90 (m, 2H, Ar-H), 8.03–8.08 (m, 2H, Ar-H), 14.28
(s, 1H, NH).

4-(4-methylphenyl)-3-(4-methyl-1,2,3-thiadiazol-5-yl)-4,5-dihydro-
1H-1,2,4-triazole-5-thione 3a. Yield 88%, m.p. 111–113 �C, 2.34
(s, 3H, CH3), 3.71 (s, 3H, CH3), 7.09–7.20 (m, 2H, Ar-H), 7.23–
7.45 (m, 2H, Ar-H), 14.51 (s, 1H, NH).

4-(4-methoxyphenyl)-3-(thiophen-2-yl)-4,5-dihydro-1H-1,2,4-
triazole-5-thione 4a. (CAS 209670-96-2). Yield 91%, m.p.
263–265 �C, 3.82 (s, 3H, OCH3), 6.78–6.80 (m, 1H, Ar-H), 6.98–
7.02 (m, 1H, Ar-H), 7.08–7.12 (m, 2H, Ar-H), 7.32–7.36 (m, 2H,
Ar-H), 7.65–7.67 (m, 1H, Ar-H), 14.05 (s, 1H, NH).

4-(2,4-dichlorophenyl)-3-(4-methylimidazol-5-yl)-4,5-dihydro-
1H-1,2,4-triazole-5-thione 5a. Yield 85%, m.p. 303–305 �C,
1H NMR (300 MHz) (DMSO-d6) d (ppm): 2.36 (s, 3H, CH3),
7.45–7.55 (m, 3H, Ar-H), 7.76–7.77 (m, 1H, Ar-H), 12.11 (s, 1H,
NH), 13.96 (s, 1H, NH).

4-(3-(trifluoromethyl)phenyl)-3-(4-methylimidazol-5-yl)-4,5-dihydro-
1H-1,2,4-triazole- 5-thione 6a. Yield 80%, m.p. 308–310 �C, 1H
NMR (300 MHz) (DMSO-d6) d (ppm): 2.06 (s, 3H, CH3), 7.68–
7.71 (m, 2H, Ar-H), 7.82–7.86 (m, 1H, Ar-H), 7.91 (s, 1H, Ar-H),
8.89 (s, 1H, Ar-H), 12.31 (s, 1H, NH), 14.56 (s, 1H, NH).

4-(4-methylphenyl)-3-(thiophen-2-yl)-4,5-dihydro-1H-1,2,4-triazole-
5-thione 8a. (CAS 496787-40-7) Yield 91%, m.p. 286–288 �C,
1H NMR (300 MHz) (DMSO-d6) d (ppm): 2.40 (s, 3H, CH3),
6.79–6.81 (m, 1H, Ar-H), 6.95–7.03 (m, 1H, Ar-H), 7.05–7.11
(m, 2H, Ar-H), 7.36–7.40 (m, 2H, Ar-H), 7.61–7.63 (m, 1H,
Ar-H), 13.98 (s, 1H, NH).

3-(4-methyl-1,2,3-thiadiazol-5-yl)-4-(2,4-dimethylphenyl)-4,5-dihydro-
1H-1,2,4-triazole-5-thione 11a. Yield 88%, m.p. 281–283 �C, 1H
NMR (300 MHz) (DMSO-d6) d (ppm): 1.95 (s, 3H, CH3), 2.41
(s, 3H, CH3), 2.91 (s, 3H, CH3), 7.24–7.27 (m, 2H, Ar-H), 7.32
(s, 1H, Ar-H), 14.64 (s, 1H, NH).

3-(4-methylimidazol-5-yl)-4-(2,4-dimethylphenyl)-4,5-dihydro-1H-
1,2,4-triazole-5-thione 12a. Yield 77%, m.p. 200–202 �C, 1H
NMR (300 MHz) (DMSO-d6) d (ppm): 1.97 (s, 3H, CH3), 2.29

Figure 1. Three main groups of azole NNRTIs: aryl–CH2–(–NH–, –O–)
disubstituted azoles (a), azole-thioglycolanilide derivatives (b) and
other (c).
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(s, 3H, CH3), 2.31 (s, 3H, CH3), 6.89–6.93 (m, 1H, Ar-H), 6.98–
7.01 (m, 1H, Ar-H), 7.08 (s, 1H, Ar-H), 7.37 (s, 1H, Ar-H), 12.30
(s, 1H, NH), 13.89 (s, 1H, NH).

Physicochemical characterization of remaining 3,4-disubsti-
tuted-4,5-dihydro-1H- 1,2,4-triazole-5-thiones that were
used as building blocks for synthesis final triazoles, that
are 4-(4-methylphenyl)-3-(2-methylfuran-3-yl)-4,5-dihydro-1H-
1,2,4-triazole-5-thione (9a), 3-methyl-4-(2,4-dimethylphenyl)-
4,5-dihydro-1H-1,2,4-triazole-5-thione (29a), 4-benzyl-3-(thio-
phen-2-yl)-4,5-dihydro-1H-1,2,4-triazole-5-thione (31a), were
reported elsewhere12,24–26.

Synthesis of 2-bromo-N-(2-chloro-4-sulfamoylphenyl)acetamide

Fifteen milligrams (1 equivalent) of 4-amino-3-chlorobenzene-
1-sulfonamide (Sigma-Aldrich, Poznan, Poland) was dissolved in
2 ml of acetonitrile and cooled down to 0 �C. Thirty milligrams of
potassium carbonate (3 equivalents) was added and 9.5 ll of
freshly distilled bromoacetyl bromide (1.5 equivalent, Sigma-
Aldrich) was added dropwise for 1–3 min. After complete
addition, the reaction mixture was stirred for around 10 min
(controlled by TLC, chloroform–methanol 29:1). Reaction mix-
ture was centrifuged and the precipitate was washed with
acetonitrile and discarded. Combined solutions were concentrated
under reduced pressure. Addition of methylene chloride caused
most of the product to precipitate and n-pentane addition further
increased the yield. The product was centrifuged, washed thrice
with n-pentane and dried. Yield 98%; m.p. 150–152 �C; 1H NMR
(250 MHz, acetone-d6) d (ppm): 4.36 (s, 2H, CH2), 6.79 (br s, 2H,
NH2), 7.93 (dd, J¼ 8.7, 2.1 Hz, 1H), 8.02 (d, J¼ 2.1 Hz, 1H), 8,46
(dd, J¼ 8.7, 2.6 Hz, 1H), 9.40 (br s, 1H, NH).

Synthesis of 2-bromo-N-(2-nitrophenyl)acetamide

The compound was synthesized from o-nitroaniline according to
the same procedure as for 2-bromo-N-(2-chloro-4-sulfamoylphe-
nyl)acetamide using methylene chloride as a solvent. After the
reaction was completed, the precipitate was centrifuged, washed
with methylene chloride and discarded. Combined extracts were
concentrated under reduced pressure and the product was
precipitated with n-heptane, centrifuged, washed thrice with
n-pentane and dried. Physicochemical characterization of the
compound was reported elsewhere27,28.

Synthesis of 2-bromo-N-(4-carboxy-2-chlorophenyl)acetamide

Thirty-nine milligrams of 4-amino-3-chlorobenzoic acid (Sigma-
Aldrich) was suspended in 2 ml of methylene chloride, 40 ll of
diisopropylethylamine was added and the mixture was cooled in
an ice bath. Twenty microliters of distilled bromoacetyl bromide
was added slowly. The reaction mixture was stirred for 30 min
controlled by TLC. The reaction mixture was diluted with
methylene chloride, extracted thrice with water and evaporated.
The residue was washed once again with water, dried under
vacuum and dissolved in methylene chloride. The product was
precipitated with n-pentane, washed with n-pentane and dried.
Yield 60%, m.p. 200–202 �C. 1H NMR (250 MHz, acetone-d6) d
(ppm): 4.21 (s, 2H), 7.87 (dd, J¼ 8.6, 1.8, 1H), 7.95 (d, J¼ 1.8,
1H), 7.99 (dd, J¼ 8.6, 4.0, 1H), 10.05 (br s, 1H, OH).

General procedure for synthesis of compounds 1–12, 28–31 and
34

One equivalent of the corresponding 3,4-disubstituted-4,5-dihy-
dro-1H-1,2,4-triazole-5-thione and 1.7 mg of potassium iodide (or
tetrabutylammonium iodide) (0.3 eq.) were dissolved/suspended
in 2 ml of methanol. 5.2 mg of K2CO3 (1.1 eq.) was added and
the mixture was heated to 60 �C under reflux for 20 min.

After cooling to530 �C, 1.2 equivalent of the corresponding
2-bromo-N-arylacetamide or benzyl bromide (Merck) was added
and the reaction mixture was stirred for 1–2 h, monitored by
TLC. The reaction mixture was filtered, evaporated, dissolved
in methylene chloride (in case of compounds with carboxyl
group the dry residue was dissolved in water, acidified
with diluted hydrochloric acid and extracted with methylene
chloride), filtered, concentrated and layered with n-heptane.
The product precipitated or crystallized within 24 h was
washed with n-heptane and dried. If product separated as an oil,
addition of 1–2 drops of methylene chloride often caused
solidification.

N-(2-nitrophenyl)-2-((4-(2,4-dimethylphenyl)-5-(thiophen-2-yl)-
4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 1. m.p. – (amorph-
ous); 1H NMR (250 MHz, acetone-d6) d (ppm): 1.96 (s, 3H, CH3),
2.46 (s, 3H, CH3), 4.29 (ABq, DdAB¼ 0.04, J¼ 15.6 Hz, 2H,
CH2), 6.79 (dd, J¼ 3.6, 1.1 Hz, 1H), 7.07 (m, 1H), 7.33 (m, 1H),
7.41–7.48 (m, 2H), 7.70 (dd, J¼ 5.2, 1.2 Hz, 1H), 7.78–7.88
(m, 2H), 8.06 (m, 1H), 10.81 (br s, 1H, NH).

N-(2-nitrophenyl)-2-((5-(thiophen-2-yl)-4-(3-(trifluoromethyl)-
phenyl)-4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 2. m.p. 187–
189 �C; 1H NMR (250 MHz, acetone-d6) d (ppm): 4.14 (s, 2H,
CH2), 6.71 (dd, J¼ 3.7, 1.2 Hz, 1H), 6.86 (m, 1H), 7.22 (m, 1H),
7.44 (dd, J¼ 5.1, 1.2 Hz, 1H), 7.64 (m, 1H), 7.83 (m, 2H), 7.97
(m, 2H), 8.05 (dd, J¼ 8.4, 1.5 Hz, 1H), 8.41 (dd, J¼ 8.4, 1.4 Hz,
1H), 10.78 (br s, 1H, NH).

N-(2-nitrophenyl)-2-((4-(4-methylphenyl)-5-(4-methyl-1,2,3-thiadiazol-5-
yl)-4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 3. m.p. 181–182 �C; 1H
NMR (250 MHz, acetone-d6) d (ppm): 2.41 (s, 3H, CH3), 2.72
(s, 3H, CH3), 4.22 (s, 2H, CH2), 7.26 (m, 1H), 7.39 (m, 4H), 7.68
(m, 1H), 8.08 (dd, J¼ 8.5, 1.7 Hz, 1H), 8.46 (dd, J¼ 8.5, 1.2 Hz,
1H), 10.76 (br s, 1H, NH).

N-(2-chloro-4-sulfamoylphenyl))-2-((5-(thiophen-2-yl)-4-(4-meth-
oxyphenyl)-4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 4. m.p.
193–194 �C; 1H NMR (250 MHz, acetone-d6) d (ppm): 3.95 (s,
3H, CH3), 4.16 (s, 2H, CH2), 5.78 (br s, 2H, NH2), 6.93 (m, 1H),
7.05 (m, 1H), 7.19 (m, 2H), 7.45 (m, 2H), 7.55 (m, 1H), 7.86 (dd,
J¼ 8.9, 2.2, 1H), 8.00 (d, J¼ 2.2 Hz, 1H), 8.56 (d, J¼ 8.9 Hz,
1H), 9.96 (s, 1H, NH).

N-(2-nitrophenyl)-2-((4-(2,4-dichlorophenyl)-5-(4-methylimida-
zol-5-yl)-4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 5. m.p. 246–
248 �C; 1H NMR (250 MHz, acetone-d6) d (ppm): 2.50 (s, 3H,
CH3), 4.06 (ABq, DdAB¼ 0.06, J¼ 15.9 Hz, 2H, CH2), 7.20
(s, 1H), 7.28 (m, 1H), 7.46 (m, 2H), 7.64 (m, 1H), 7.71 (m, 1H),
8.14 (dd, J¼ 8.5, 1.5 Hz, 1H), 8.47 (dd, J¼ 8.5, 1.2 Hz, 1H),
10.25 (br s, 1H, NH), 10.72 (br s, 1H, NH).

N-(2-nitrophenyl)-2-((4-(3-(trifluoromethyl)phenyl)-5-(4-methyli-
midazol-5-yl)-4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 6. m.p.
190–192 �C; 1H NMR (250 MHz, acetone-d6) d (ppm): 2.15
(s, 3H, CH3), 4.32 (s, 2H, CH2), 7.46 (m, 1H), 7.82 (m, 4H), 7.99–
8.07 (m, 3H), 8.67 (br s, 1H), 10.83 (s, 1H, NH).

N-(2-nitrophenyl)-2-((4-(4-methoxyphenyl)-5-(thiophen-2-yl)-4H-
1,2,4-triazol-3-yl)-sulfanyl)acetamide 7. m.p. 137–138 �C; 1H
NMR (250 MHz, acetone-d6) d (ppm): 4.01 (s, 3H, CH3), 4.30
(s, 2H, CH2), 6.92 (dd, J¼ 3.8, 1.3 Hz, 1H), 7.05 (m, 1H), 7.27
(m, 2H), 7.42 (m, 1H), 7.56–7.61 (m, 3H), 7.84 (m, 1H), 8.25
(dd, J¼ 8.4, 1.6 Hz, 1H), 8.63 (dd, J¼ 8.5, 1.3 Hz, 1H), 11.00
(br s, 1H, NH).

DOI: 10.3109/14756366.2015.1039531 Search for novel scaffold of triazole HIV-1 NNRTIs 483



N-(2-nitrophenyl)-2-((4-(4-methylphenyl)-5-(thiophen-2-yl)-4H-
1,2,4-triazol-3-yl)-sulfanyl)acetamide 8. m.p. 151–152 �C;
1H NMR (250 MHz, CDCl3) d (ppm): 2.39 (s, 3H, CH3), 4.09
(s, 2H, CH2), 6.81 (s, 1H), 6.82 (d, J¼ 0.7 Hz, 1H), 7.10 (m, 1H),
7.19–7.31 (m, 5H), 7.55 (m, 1H), 8.08 (dd, J¼ 8.5, 1.5 Hz, 1H),
8.56 (dd, J¼ 8.5, 1.3 Hz, 1H), 11.11 (br s, 1H, NH).

N-(2-nitrophenyl)-2-((4-(4-methylphenyl)-5-(2-methylfuran-3-yl)-
4H-1,2,4-triazol-3-yl)-sulfanyl)acetamide 9. m.p. 170–172 �C;
1H NMR (250 MHz, DMSO-d6) d (ppm): 2.45 (s, 3H, CH3), 2.49
(s, 3H, CH3), 4.24 (s, 2H, CH2), 5.75 (d, J¼ 2.1 Hz, 1H), 7.48–
7.35 (m, 5H), 7.51 (d, J¼ 2.1 Hz, 1H), 7.80 (m, 1H), 7.89 (m,
1H), 8.07 (dd, J¼ 8.3, 1.2 Hz, 1H), 10.80 (s, 1H, NH).

N-(2-chloro-4-sulfamoylphenyl)-2-((4-(2,4-dimethylphenyl)-5-
(thiophen-2-yl)-4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 10.
m.p. 130–133 �C; 1H NMR (700 MHz, DMSO-d6) d (ppm): 1.91
(s, 3H, CH3), 2.40 (s, 3H, CH3), 4.30 (ABq, DdAB¼ 0.05,
J¼ 15.4 Hz, 2H, CH2), 6.75 (dd, J¼ 3.7, 1.2 Hz, 1H), 7.01 (dd,
J¼ 5.1, 3.7 Hz, 1H), 7.26 (d, J¼ 7.9 Hz, 1H), 7.35 (m, 2H), 7.45
(s, 2H, NH2), 7.64 (dd, J¼ 5.1, 1.2 Hz, 1H), 7.76 (dd, J¼ 8.7,
2.2 Hz, 1H), 7.90 (d, J¼ 2.2 Hz, 1H), 8.07 (d, J¼ 8.7 Hz, 1H),
10.16 (s, 1H, NH).

N-(2-chloro-4-sulfamoylphenyl)-2-((4-(2,4-dimethylphenyl)-5-(4-
methyl-1,2,3-thiadiazol-5-yl)-4H-1,2,4-triazol-3-yl)sulfanyl)ace-
tamide 11. m.p. 199–201 �C; 1H NMR (700 MHz, DMSO-d6) d
(ppm): 1.88 (s, 3H, CH3), 2.43 (s, 3H, CH3), 3.01 (s, 3H, CH3),
4.40 (ABq, DdAB¼ 0.07, J¼ 15.4 Hz, 2H, CH2), 7.31 (d,
J¼ 8.5 Hz, 1H), 7.39 (m, 2H), 7.46 (s, 2H, NH2), 7.76 (dd,
J¼ 8.5, 2.2 Hz, 1H), 7.90 (d, 2.2 Hz, 1H), 8.06 (d, J¼ 8.5 Hz, 1H),
10.18 (s, 1H, NH).

N-(2-chloro-4-sulfamoylphenyl)-2-((4-(2,4-dimethylphenyl)-5-(4-
methyl-imidazol-5-yl- 4H-1,2,4-triazol-3-yl)sulfanyl)acetamide
12. 1H NMR (700 MHz, DMSO-d6) d (ppm): 1.90 (s, 3H,
CH3), 2.33 (s, 3H, CH3), 2.41 (s, 3H, CH3), 4.21 (ABq,
DdAB¼ 0.04, J¼ 15.3 Hz, 2H, CH2), 7.07 (m, 2H), 7.16
(s, 1H), 7.37 (s, 1H), 7.42 (br s, 2H, NH2), 7.73 (d, J¼ 8.3 Hz,
1H), 7.87 (s, 1H), 8.09 (d, J¼ 8.3 Hz, 1H), 8.53 (s, 1H, NH),
12.03 (br s, 1H, NH).

N-(4-carboxy-2-chlorophenyl)-2-((4-(2,4-dimethylphenyl)-5-(4-
methyl-1,2,3-thiadiazol-5-yl)-4H-1,2,4-triazol-3-yl)sulfanyl)ace-
tamide 28. m.p. 189–190 �C (potassium salt); 1H NMR (250
MHz, CD3OD) d (ppm): 1.91 (s, 3H, CH3), 2.46 (s, 3H, CH3),
3.03 (s, 3H, CH3), 7.22–7.37 (m, 3H), 7.84 (dd, J¼ 8.5, 1.9 Hz,
1H), 7.97–8.04 (m, 2H).

N-(2-chloro-4-sulfamoylphenyl)-2-((4-(2,4-dimethylphenyl)-5-
methyl-)-4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 29. 1H
NMR (250 MHz, acetone-d6) d (ppm): 10.28 (s, 1H, NH), 8.39
(d, J¼ 8.7 Hz, 1H), 7.79 (d, J¼ 2.1 Hz, 1H), 7.69 (dd, J¼ 8.7,
2.1 Hz, 1H), 7.19 (s, 1H), 7.12 (m, 2H), 6.57 (br s, 2H, NH2), 4.01
(s, 1H, CH2), 2.27 (s, 3H, CH3), 2.04 (s, 3H, CH3), 1.88 (s, 3H,
CH3).

N-(4-carboxy-2-chlorophenyl)-2-((4-(2,4-dimethylphenyl)-
5-methyl-)-4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 30.
m.p.173–175 �C (potassium salt);1H NMR (250 MHz, CD3OD)
d (ppm): 8.02 (d, J¼ 8.5 Hz, 1H), 7.98 (d, J¼ 1.8 Hz, 1H), 7.84
(dd, J¼ 8.5, 1.8 Hz, 1H), 7.27 (s, 1H), 7.21–7.11 (m, 2H), 2.38 (s,
3H, CH3), 2.19 (s, 3H, CH3), 2.0 (s, 3H, CH3).

N-(4-carboxy-2-chlorophenyl)-2-((4-benzyl-5-(thiophen-2-yl)-4H-
1,2,4-triazol-3-yl)-sulfanyl)acetamide 31. m.p. 157–160 �C

(potassium salt);1H NMR (250 MHz, CD3OD) d (ppm): 4.17 (s,
2H, CH2), 5.5 (s, 2H, CH2), 7.0–7.38 (m, 7H), 7.65 (d, J¼ 5.2 Hz,
1H), 7.8–8.04 (m, 3H).

3-(benzylsulfanyl)-4-(2,4-dimethylphenyl)-5-methyl-4H-1,2,4-
triazole 34. m.p. – (oil). 1H NMR (250 MHz, acetone-d6)
d (ppm): 1.84 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.36 (s, 3H, CH3),
4.37 (ABq, DdAB¼ 0.05, J¼ 13 Hz, 2H, CH2), 6.99
(d, J¼ 8.0 Hz, 1H), 7.13–7.38 (m, 7H).

Synthesis of N-(4-carboxy-2-chlorophenyl)-2-((4-benzyl-5-methyl-
4H-1,2,4-triazol-3-yl)sulfanyl)acetamide 32

Seven milligrams of 4-benzyl-3-methyl-1,2,4-triazole-5-thione
and 1.7 mg of potassium iodide were dissolved in 2 ml of methanol.
5.2 mg of potassium carbonate was added and the mixture was
heated to 60 �C under reflux for 20 min. After cooling to �25 �C,
10 mg of 4-(2-bromoacetamido)-3-chlorobenzoic acid was added
and the reaction mixture was stirred for 60 min, monitored by TLC
(chloroform–methanol 29:1). The reaction mixture was filtered,
evaporated under reduced pressure, dissolved in water and
acidified with 0.5 M HCl. The solution was extracted several
times with methylene chloride. The extract was concentrated to 1–
2 ml and layered with several milliliters of n-heptane. Product
separated as a white precipitate or small crystals. Yield 60%.
A potassium salt of 32 was prepared by dissolving the product in
methanol, adding 0.5 equivalent of potassium carbonate and
stirring for 30 min; m.p. 165–167 �C (potassium salt); 1H NMR
(700 MHz, CD3OD) d (ppm): 2.38 (s, 3H, CH3), 4.11 (s, 2H, CH2),
5.27 (s, 2H, CH2), 7.14 (d, J¼ 7.4 Hz, 2H), 7.29–7.35 (m, 3H), 7.87
(dd, J¼ 8.5, 1.9 Hz, 1H), 7.99 (s, 1H), 8.00 (d, J¼ 1.8 Hz, 1H); 13C
NMR (175 MHz, CD3OD) d (ppm): 9.6, 37.1, 122.8, 124.6, 126.5,
128, 128.8, 130.1, 134.6, 134.7, 136.2, 150.3, 154, 167.3, 170.8;
HRMS (ESI): m/z 417.0882 [M+H]+ (Calculated for
C19H18N4O3SCl : 417.0788).

Enzymatic assay

Nevirapine (498%) was purchased from Tokyo Chemical
Industry, Japan. Reverse transcriptase assay kits were purchased
from Roche (Warsaw, Poland) and Innovagen (Lund, Sweden).

The enzymatic assay using Roche kit was performed according
to the manufacturer’s instruction with the only modification that
2 ng (instead of suggested 4–6 ng which caused the reaction to run
too fast) of supplied enzyme was used for each reaction. The
compounds were prepared in concentrations ranging from 0.1 to
100 lM using a stock solution containing 5% DMSO. IC50 values
was obtained from an interpolation of the inhibition curve and
averaged from three separate measurements.

Surface plasmon resonance

Surface plasmon resonance (SPR) measurements were performed
using Biacore3000 according to the published method29. Wild-type
HIV-RT (Worthington) was immobilized on CM5 sensor chip via
amine group coupling. Examined compounds were used in
concentrations from 0.315 to 10mM or 1.875 to 60mM (for
nevirapine). Sample injection time was 60 s. After 180 s of
dissociation, the sensor surface was washed with HBS-EP buffer
with 20% of DMSO. Obtained data was analyzed with
BIAevaluation program assuming three possible binding models:
single-step binding [Langmuir binding, Equation (1)], heterogen-
ous binding [Equation (2)] and induced-fit [Equation (3)]29,30.
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Molecular modeling

The docking study was performed using Glide SP and XP
protocols using the same methodology as described earlier31–33.
Receptor grids were prepared from 2RKI and 3DLG crystallo-
graphic structures. Grid size was assigned automatically, van der
Waals radii of atoms with the absolute value of partial charge less
than 0.2 were scaled by 0.9. The docking was performed using
default settings, three best poses were saved. All the returned
ligand poses were inspected manually and those with unlikely
binding mode were removed. Only for 2RKI-based receptor, Glide
SP and XP returned at least one plausible pose for all (or almost
all) of the compounds.

Results and discussion

Initially, the molecular docking study was performed to identify
which of the available building blocks should be used for the
synthesis of triazole NNRTIs. Our previous docking study of
triazole/azole NNRTIs and HIV reverse transcriptase allowed us
to choose the most reliable docking protocols for both pose
prediction and scoring31. From many available crystallographic
structures of RT, the best results were achieved for 3DLG and
2RKI. The latter structure is the only 1,2,4-triazole-RT complex
deposited in PDB to date, and receptors based on this structure
give the most consistent ligand poses for majority of different
azole NNRTIs. Another conclusion from our previous study was
that combination of molecular docking with appropriate scoring
functions can be used to select a smaller group of compounds
from a larger ensemble of potential inhibitors31. In this study,
Glide SP gave more reproducible and consistent ligand poses
while Glide XP failed to return a valid pose in some cases. The
first batch of nine compounds was selected from triazoles
available in our laboratory based on their docking scores obtained

for Glide SP protocol in 2RKI receptor. Their structure and
docking scores are shown in Table 1.

Subsequently, triazoles 1–9 were tested for their inhibitory
activity against HIV-1 reverse transcriptase using RetroSys� RT
Activity Kit (Innovagen). This screening gave the results shown in
Table 2. As can be seen, the highest inhibitory activity was shown
by 1, 2, 3 and 4 with IC50 in the range of 6–15mM. Another
compound 5 was active at much higher concentration (IC50 at
43.5 mM) while remaining compounds did not show any signifi-
cant inhibitory activity (IC504100mM).

Based on these results, it was possible to draw the following
conclusions, which were utilized in the design of the next series
of inhibitors: (i) addition of the 2-methyl group into the
4-methylphenyl substituent at the 4-position of triazole resulted
in an improved inhibitory activity. This effect may result from
increased van der Waals interactions, as predicted by the docking
protocol where the 2-methyl substituted analogs scored on
average 1.45 lower evdw value (van der Waals interaction
component of the scoring function); (ii) the 2-chloro-4-sulfa-
moylphenyl group at the thioglycolamide linker is better than the
2-nitrophenyl. This observation is also in agreement with docking
results; compounds with the 2-chloro-4-sulfamoylphenyl substitu-
ent had the gscore and emodel on average 1.35 and 13.11 lower,
respectively, than 2-nitrophenyl substituted analogs. Another
important observation during the enzymatic study was that the
compounds with the 2-nitrophenyl substitution exhibited poor
solubility under experimental protocol. Also, there are indications
that o-nitroaniline derivatives are metabolically unstable
and show extremely rapid serum clearance13. Changing the
2-nitrophenyl group into the 2-chloro-4-sulfamoylphenyl resulted
in the more active compounds. In addition, introducing the
4-carboxy-2-chlorophenyl allowed to form water-soluble salts of
the inhibitors, hence compounds with the 2-nitrophenyl substitu-
ent were excluded from our further studies. Thus, the remaining

Table 1. Considered R1, R2 and R3 substituents for triazole NNRTIs and selected results for Glide SP protocol in 2RKI receptor.

Compounds R1 R2 R3
Glide SP

gscore
Glide SP
emodel

1 Thiophen-2-yl 2,4-Dimethylphenyl 2-Nitrophenyl �10.63 �70.33
2 Thiophen-2-yl 3-(Trifluoromethyl)phenyl 2-Nitrophenyl �10.36 �85.13
3 4-Methyl-1,2,3-thiadiazol-5-yl 4-Methylphenyl 2-Nitrophenyl �9.46 �85.28
4 Thiophen-2-yl 4-Methoxyphenyl 2-Chloro-4-sulfamoylphenyl �10.46 �85.35
5 4-Methylimidazol-5-yl 2,4-Dichlorophenyl 2-Nitrophenyl �9.56 �73.17
6 4-Methylimidazol-5-yl 3-(Trifluoromethyl)phenyl 2-Nitrophenyl �10.46 �90.50
7 Thiophen-2-yl 4-Methoxyphenyl 2-Nitrophenyl �8.63 �77.05
8 Thiophen-2-yl 4-Methylphenyl 2-Nitrophenyl �9.94 �87.27
9 2-Methylfuran-3-yl 4-Methylphenyl 2-Nitrophenyl �9.68 �84.16
Ref* �10.75 �88.38

*4-Benzyl-3-(((2-chlorophenyl)methyl)sulfanyl)-5-(thiophen-2-yl)-4H-1,2,4-triazole – reference ligand from 2RKI crystallographic structure.

Table 2. Inhibitory activity (in mM) of triazoles 1–9 against HIV-1 RT
(wild type, Innovagen kit).

1 2 3 4 5 6 7 8 9 nvp*

IC50 6 9 7.5 15 43.5 4100 4100 4100 4100 51

*Nevirapine.
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substituent to be optimized is the one in the position 5 of the
triazole core. We, therefore, repeated the docking protocol and the
results for 5-position substituted variants are shown in Table 3
(compounds 10–28). For comparison 5-methyl substituted tri-
azoles 29 and 30 were also included, however these compounds
do not present any novelty as they were already included in a
patent34 as potential antiviral agents.

According to the scoring function values, piperidine, thio-
phene, imidazole, triazole and thiadiazole groups at the 5-position
of triazole core were selected as the most promising substituents.
It should be noted that thiophen-2-yl, 4-methyl-1,2,3-thiadiazol-5-
yl and 4-methylimidazol-5-yl groups obtained better scores than a
methyl substituent (compounds 10–12 versus 29), which is most
likely a result of larger hydrophobic surface area. The 1,2,4-
triazol-3-yl, pyrrol-2-yl and pyrazin-2-yl substituents received
similar docking scores, however the latter two groups showed
much worse van der Waals interactions (evdw �43.45 and �45.76
for pyrrol-2-yl and pyrazin-2-yl, respectively, versus �50.15 for
the 1,2,4-triazol-3-yl), thus the 1,2,4-triazol-3-yl substituent was
suspected to be a better option. Based on these docking results,
the compounds designed in Table 3 as 10, 11, 12, 14 and 28 were
selected for synthesis. General synthetic route is showed in
Scheme 1. As the graph indicates, an appropriate five-membered
heteroaryl carboxylic acid hydrazide was reacted with aryl
isothiocyanate to form a thiosemicarbazide intermediate, which
was cyclized by an action of a base. After an acidification,
3,4-disubstituted-4,5-dihydro-1H-1,2,4-triazole-5-thione was
obtained. In turn, an appropriate aniline derivative was acylated
by an action of 2-bromoacetyl bromide in the presence of a base.
The obtained 2-bromo-N-aryl acetamide was reacted with the

3,4-disubstituted-4,5-dihydro-1H-1,2,4-triazole-5-thione to form
final compounds 10, 11, 12 and 28. Unfortunately, compound 14
could not be obtained under the synthetic protocol due to the
formation of an unidentified derivative with dimethylphenyl
attached to the second triazole ring in position 5.

Subsequently, compounds 10, 11, 12 and 28 were submitted for
an enzymatic assay. The HIV-1 RT inhibitory activity was
measured using the more convenient colorimetric Reverse
Transcriptase Assay Kit from Roche. The compounds were used
in concentrations ranging from 0.1 to 100 lM. As mentioned
before, the modeling study indicated that heterocyclic substituents
at the 5-position of triazole should increase favorable van der
Waals interactions and result in compounds that bind stronger to
the enzyme than 5-methyl analogues 29 and 30. Results from the
enzymatic experiments, however, show that large substituents at
this position are detrimental to the activity. As Table 4 indicates
that the IC50 values of 10, 11 and 28 were estimated at 76, 53 and
45.8 lM, respectively, while 12 did not show any significant
inhibitory activity against HIV-1 RT (IC504100 lM).

To explain the discrepancy between experimental and compu-
tational results several possibilities were considered. The simplest
explanation would be an inaccuracy of the employed computa-
tional methodology, for example inadequate modeling of protein
flexibility. HIV reverse transcriptase is known to be a flexible
protein and movements of its domains are crucial for its
enzymatic activity and NNRTIs act by locking the so-called
thumb domain in an inactive position35. Modeling protein
flexibility is a complex problem and can be done with molecular
docking only to a limited extent. Another explanation is the fact
that NNRTIs act as allosteric inhibitors of the reverse

Table 3. Structures of the 5-position substitution variants used for docking experiments and selected results for Glide SP protocol in 2RKI receptor.

Compounds R1 R2 R3 X
Glide SP

gscore
Glide SP
emodel

10 Thiophen-2-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �11.75 �90.11
11 4-Methyl-1,2,3-thiadiazol-5-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �11.27 �92.65
12 4-Methylimidazol-5-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �11.00 �87.20
13 Pyrazin-2-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �10.76 �85.16
14 1,2,4-Triazol-3-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �10.66 �87.08
15 Pyrrol-2-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �10.55 �83.63
16 Piperidin-4-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �10.46 �82.02
17 t-Butyl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �10.01 �79.87
18 Pyrrol-2-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �9.97 �85.67
19 3-trifluoromethyl-phenyl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �9.96 �54.32
20 1,3-oxazol-2-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �9.71 �80.84
21 imidazol-2-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �9.57 �79.81
22 4-Trifluoromethyl-phenyl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �9.40 �69.44
23 4-Nitrophenyl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �9.14 �70.60
24 Isoquinolin-3-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �9.04 �48.88
25 Indol-2-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �8.92* �47.14*
26 1H-Tetrazol-5-yl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �8.86 �78.10
27 Thiophen-2-yl 2,4-Dimethylphenyl 4-Carboxy-2-chlorophenyl -CH2CONH- �10.04 �86.64
28 4-Methyl-1,2,3-thiadiazol-5-yl 2,4-Dimethylphenyl 4-Carboxy-2-chlorophenyl -CH2CONH- �10.15 �79.34
29 Methyl 2,4-Dimethylphenyl 2-Chloro-4-sulfamoylphenyl -CH2CONH- �10.84 �89.58
30 Methyl 2,4-Dimethylphenyl 4-Carboxy-2-chlorophenyl -CH2CONH- �10.20 �82.71
31 Thiophen-2-yl Benzyl 4-Carboxy-2-chlorophenyl -CH2CONH- �10.23 �89.02
32 Methyl Benzyl 4-Carboxy-2-chlorophenyl -CH2CONH- �10.41 �84.90
33 Methyl Benzyl Phenyl -CH2- �10.38 �82.37
34 Methyl 2,4-Dimethylphenyl Phenyl -CH2- �9.48 �59.62

*No valid poses consistent with other compounds found.
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transcriptase, therefore binding with the enzyme is not necessarily
correlated with its inhibition. We might be able to observe
correlation between inhibitory activity and binding free energy for
a series of compounds provided that they bind to the same
conformation of the enzyme. In our case, the analyzed compounds
had significant differences in substituents size therefore it is
unlikely that all of the compounds bound to the same conform-
ation of the enzyme. Unfortunately, to the best of our knowledge,
there is no model that can quantitatively correlate enzymatic
activity of HIV reverse transcriptase with its conformation. We
also suspected that the negative effect on the inhibitory activity of
a large, five-membered heterocyclic substituent in the 5-position
of a triazole results from an increased rigidity of the core aromatic
ring system. The phenyl ring in the 4-position and a heteroaryl
ring in the 5-position of the triazole affect each other’s rotations.
The rigidity of the compounds is especially visible for compounds
with the 2,4-dimethylphenyl substitution. This group prevents a
full rotation of the phenyl ring which possibly results in formation
of two atropisomers. The existence of atropisomers is suggested
by 1H-NMR spectra, where the signal for methylene group of
thioglycolamide linker changes from a singlet to an AB pattern
when the 2,4-dimethylphenyl is present (Figure 2).

To test whether the core rigidity was responsible for the
decreased activity, two compounds with the benzyl group at the
4-position and the thiophene ring (31) or the methyl group (32) at
the 5-position were prepared and tested. Compound 31 with IC50

of 18.5mM was found to be more active than any other compound
with a heteroaryl ring at the 5-position and the thioglycolamide
linker (10, 11, 12, 28, IC50 at 45.8 mM or higher), but less active
than the known inhibitor 3311 (Scheme 1) which has the thiophene
ring at the 5-position but also has a shorter sulfanylmethyl linker

(IC50¼ 3.3mM). In turn, substituting the thiophene ring in 31 with
the methyl group resulted in somewhat more active compound 32
(IC50¼ 7.1mM). This compound, however, was still less active
than its analogue 30 with the 2,4-dimethylphenyl group at the
4-position (IC50¼ 0.3mM). Finally, both compound 34 (IC50

�100 mM) and 4-benzyl-3-benzylsulfanyl-5-methyl-4H-1,2,4-tri-
azole described earlier in literature11 (EC50 23.5 mM) which are
5-methyl substituted and have the sulfanylmethyl linker, exhibited
weaker activity. All these observations are consistent and lead to
the following conclusions. Increasing the size of a substituent at
the 5-position is beneficial for the activity only if a short linker
such as the sulfanylmethyl is present, and there are no steric
clashes with the substituent at the 4-position. For triazoles with
longer linker such as the thioglycolamide linker, small substitu-
ents at the 5-position, like a methyl, seem to be optimal. Larger
substituents are incompatible with the thioglycolamide linker and
such combinations should be avoided when designing novel
inhibitors.

Finally, to shed some light on the interaction between the most
potent inhibitor found in our studies 32 and HIV-1 reverse
transcriptase, we set up an SPR biosensor assay. For comparison,
two other inhibitors 10 (highest docking score) and 28 (highest
inhibitory activity from the compounds with a heterocycle in
5-position and the thioglycolamide linker) were also included in
the assay. It was reported that SPR biosensor screening method-
ology provides an efficient way to examine binding kinetics for
small molecules binding to HIV-1 RT29. Examined compounds
were used in concentrations from 0.315 to 10 mM and 1.875 to
60 mM for nevirapine. As can be seen from results collected in
Table 5, the binding of examined compounds is best described by
the simplest one-step model. KD values for all compounds

Scheme 1. General synthetic route and structures of examined compoundsa. R1, R2 and R3 substituents are presented in Tables 1 and 3. aReagents
and conditions: (a) diethyl ether, 48 h, rt. (b) 2% NaOH, reflux, 2h. (c) 3M HCl, rt. (d) BrCH2COBr, K2CO3, acetonitrile, 0 �C. (e) K2CO3, KI,
methanol, 1–2 h, rt. (f) PhCH2Br, K2CO3, KI, methanol, 1–2 h, rt.

Table 4. Inhibitory activity (in mM) of triazoles 10–12, 28–34 against HIV-1 RT (wild type, Roche kit).

Compound 3 10 11 12 28 29 30 31 32 33 34 nvp*
IC50 46 76 ± 3.5 53 ± 5.1 4100 45.8 ± 22.1 0.7 ± 0.5 0.3 ± 0.1 18.5 ± 7.5 7.1 ± 5.5 3.3 ± 0.6 �100 0.7 ± 0.3

*Nevirapine.
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including nevirapine are of the similar order, but there is no
correlation with RT inhibition activity. However, 10 which
showed the lowest KD had also the best docking score. As both
the molecular modeling and SPR measurements indicate that 10
binds well to the enzyme, it suggests that the reverse transcriptase
is able to retain most of its activity even after binding with the
inhibitor. This is consistent with the anticipated allosteric
inhibition mechanism of the examined triazoles, where binding
of a ligand to the NNRTI site does not necessarily lead to a
complete inactivation of the enzyme. It was shown by other
authors that the resistance mechanism of some of the RT mutants
is not a result of decreased binding of inhibitors but of the
restored enzyme’s natural flexibility36,37. It is therefore theoret-
ically possible that an appropriate structural modification of
described compounds can increase their inhibitory potency by
altering their allosteric effect on the enzyme without changing
their binding strength.

Conclusion

In this study, molecular docking approach combined with
enzymatic studies was used to explore the 5-position substitution
pattern of triazole NNRTIs. We found that heterocyclic substitu-
ents in the 5-position of the triazole ring are detrimental to the
inhibitory activity of compounds with four-membered thioglyco-
lamide linker and this substitution seems to be viable only for
compounds with shorter two-membered linker. Our results also
suggest that some of the analyzed compounds can bind to the
reverse transcriptase without inactivating it completely due to the
allosteric character of RT–NNRTIs interactions. A promising
compound, N-(4-carboxy-2-chlorophenyl)-2-((4-benzyl-5-methyl-
4H-1,2,4-triazol-3-yl)sulfanyl)acetamide potassium salt, with

good inhibitory activity and aqueous solubility has been
identified, and can serve as a lead scaffold for the development
of novel water-soluble salts of triazole NNRTIs. Our next step
will be the synthesis and modeling of various substitution variants
of the identified scaffold.
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