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Fungal infections, including those caused by Candida spp., are recognized in immunocompromised individuals for their high
rates of morbidity and mortality. Microorganism resistance to conventional drugs compromises treatment e�ectiveness and
yet also reveals the need to develop new drugs. In many compounds, nitro groups contribute to antimicrobial activity; thus, the
inhibitory activity of a collection of twenty esters and amides (derived from 3,5-dinitrobenzoic acid) against Candida spp. was
elucidated using microdilution methods to determine the Minimum Inhibitory Concentration (MIC) and Minimum Fungicide
Concentration (MFC), as well as probable mechanisms of action. e structures of the synthesized compounds were characterized
by FTIR spectroscopy, 1H-NMR, 13C NMR, and HRMS. Of the tested derivatives, ten presented fungicidal activity against at least
one of the tested strains. Ethyl 3,5-dinitrobenzoate (2) exhibited the most potent antifungal activity against Candida albicans
(MIC� 125 µg/mL; 0.52mM), Candida krusei (MIC� 100 µg/mL; 4.16mM), and Candida tropicalis (MIC� 500 µg/ml; 2.08mM).
 e structure of the second most potent derivative (propyl 3,5-dinitrobenzoate (3) reveals that esters with short alkyl side chains
exhibit better biological activity pro�les. Compounds 2 and 3 presented a mechanism of action involving the fungal cell
membrane.  ough compound 2 modeling against C. albicans revealed a multitarget antifungal mechanism of action, involving
various cellular processes, interference in the synthesis of ergosterol was observed. Our results demonstrate that certain ester
derivatives containing aromatic ring nitro groups may be useful in the search for new antifungal drugs.

1. Introduction

Fungal infections, due to their progressive increase and high
rates of morbidity and mortality, have assumed great im-
portance in recent years. Many such infections are acquired
endogenously; others are acquired exogenously, coming
from the hands of health professionals, instruments, and
biomaterials. Of these infections, those caused by Candida
yeast are the most frequent and depending on the a�ected
site, in various manifestations, whether being super�cial or
invasive is associated with immunosuppression [1–3].

Azoles, allylamines, polyenes, and echinocandins are pri-
mary treatments for systemic fungal infections and super-
�cial mycoses. However, these drug classes present a number
of disadvantages in terms of toxicity, safety, and pharma-
cokinetics [4–6].

Resistance to antifungal therapy continues to increase
and evolve, contributing to fungal disease and posing a
serious threat to public health. Fungi, to counteract the
fungicidal or fungistatic e�ects of drugs, develop many
resistance mechanisms and are based on either lowering the
e�ective concentration of the drug, altering the drug target
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itself, or on modifying their own metabolism to deflect the
toxic effects exerted by the drug [6–8]. Further, if compared
to the development of new antibacterial drugs, antifungal
drugs present more difficulties because fungi are eukaryotic
microorganisms, and many therapy targets are shared by
humans, increasing the risk of toxicity [6, 9].

Benzoic acid and its derivatives when substituted are
extremely important in medicine and in the chemical and
pharmaceutical industries. 3,5-Dinitrobenzoic acid is an
important intermediate for the pharmaceutical industry and
presents electron-withdrawing nitro groups. Nitro groups
are present in the structures of many bioactive substances
and possess various pharmacological activities [10–13]. In-
side the cells of parasites, bacteria, and fungi, −NO2 (a strong
electron acceptor) presents electron-withdrawing character,
with a reducing capacity that results in the formation of free
radicals causing damage by oxidative stress through inter-
actions with biomolecules that are essential to microor-
ganism survival [14]. Previous studies by Nascimento [15]
and Ferreira [16] have shown that certain nitro-compounds
derived from o-nitrocinnamic acid and 3-methyl-4-nitro-
benzoic acid present antifungal activity against strains of the
Candida genus [15, 16]. *e aim of the present study was to
prepare a series of esters and amides derived from 3,5-
dinitrobenzoic acid and to evaluate their antifungal activity
against strains of the genus Candida.

2. Materials and Methods

2.1. Chemistry

2.1.1. Materials. All reagents necessary for chemical syn-
thesis were obtained from Sigma-Aldrich. Adsorption col-
umn chromatography (CC) was performed using silica gel
60, ART 7734 fromMERCK as the stationary phase (particle
sizes between 0.063 and 0.200mm). TLC was obtained using
silica gel sheet chromatographs (Merck 60 F 254). *e 1H
NMR and 13C NMR spectra were recorded in Bruker Avance
III HD spectrometers operating at 400MHz (1H) and
100MHz (13C), and with a Varian NMR operating at
500MHz (1H) and 125MHz (13C). Chemical shifts were
expressed in parts per million (ppm), and the multiplicities
of the 1H NMR bands were indicated according to the
conventions: s (singlet), d (doublet), t (triplet), quint
(quintet), sext (sext), sept (septet), and m (multiplet). FTIR
spectra were obtained using an Agilent technologies Cary
630 FTIR instrument, in the 4000–400 cm−1 spectral range.
*e high-resolution mass spectrum was performed at the
Centro de Tecnologias Estratégicas do Nordeste (CETENE),
in an Ultraflex II TOF/TOF equipment with a high-per-
formance solid-state laser (λ� 355 nm) and a reflector, using
the MALDI technique—Matrix Assisted Laser Desorption
Ionization. *e sample was loaded onto a steel plate (MTP
384 steel base; Bruker Daltonics GmbH, Bremen, Germany).
Spectroscopic data for the compounds in this study are
available in the Supplementary Materials.

2.1.2. General Procedure: Preparation of Compounds 2–7.
3,5-Dinitrobenzoic acid (0.100 g, 0.47mmol) was dissolved
in 20mL of ROH. Subsequently, 0.025ml of sulfuric acid
H2SO4 (96% v/v) was added. *e reaction mixture was
stirred and heated under reflux for 3–24 hours and moni-
tored by TLC. After completion of the reaction, the solvent
was partially removed under reduced pressure, and the
solution was diluted in 20ml of water. *e product obtained
was extracted with ethyl acetate (3×15ml), and the organic
phase was treated successively with a 5% NaHCO3 solution,
water, dried with Na2SO4, filtered, and roto-evaporated
yielding the ester derivative. *e products were purified
using silica gel 60 column chromatography and hexane and
ethyl acetate as eluents in an increasing polarity gradient
[17].

2.1.3. General Procedure: Obtaining Derivatives 8 and 9.
3,5-Dinitrobenzoic acid (0.1 g, 0.47mmol) was dissolved in
15mL of acetone. Subsequently, 0.25mL of triethylamine
(1.89mmol) and the halide (0.49mmol) were added. *e
reaction mixture was heated under reflux for 48 hours and
monitored by TLC. *e solvent was then partially evapo-
rated under reduced pressure. *e product obtained was
extracted with ethyl acetate (3× 20ml), and the organic
phase was washed successively with distilled water, dried
over Na2SO4, filtered, and evaporated under reduced
pressure. *e residues were purified using a silica gel 60
chromatography column, and a mixture of hexane and ethyl
acetate (eluent) in an increasing polarity gradient [18, 19].

2.1.4. General Procedure: Obtaining Derivatives 10–12.
3,5-Dinitrobenzoic acid (0.1 g, 0.47mmol) and alcohol
(0.47mmol) were dissolved in 1.57mL of tetrahydrofuran
(THF). *e contents were kept under magnetic stirring at
0°C for 30 minutes. Esterification agents di-isopropyl azo-
dicarboxylate (0.09mL; 0.47mmol) and triphenylphosphi-
ne—PPh3 (0.12 g; 0.47mmol) were then added, and stirring
was continued at room temperature for 72 hours, being
monitored by TLC. To start the extraction, the solvent was
partially roto-evaporated under reduced pressure. *e
product obtained was extracted with ethyl acetate
(3×10ml), and the organic phase was then neutralized with
5% NaHCO3 washed with distilled water and dried with
anhydrous Na2SO4 and filtered, and the solvent removed
under reduced pressure. *e residues were purified using
silica gel 60 column chromatography, with a mixture of
hexane and ethyl acetate in differing proportions as eluent
[20].

2.1.5. General Procedure: Synthesis of Derivatives 13–14.
3,5-Dinitrobenzoic acid (0.1 g, 0.47mmol) was reacted with
3.17mL of SOCl2 (43.51mmol) under reflux for 3 hours.
Upon completion, the excess SOCl2 was removed under
reduced pressure. *e acid chloride formed was dissolved in
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CH2Cl2 (1mL) and used without further purification. In
another flask, 0.08 g (0.57mmol) of alcohol dissolved in
4mL of CH2Cl2 was added. An acid chloride solution (1mL)
was added dropwise to the solution at 0°C. *e resulting
mixture was kept at room temperature and stirred for 1
hour. *e reaction was monitored by TLC. *e products
were purified using silica gel 60 column chromatography
with hexane and ethyl acetate as eluents in an increasing
polarity gradient [21].

2.1.6. General Procedure: Synthesis of Derivatives 15–21.
3,5-Dinitrobenzoic acid (0.1 g, 0.47mmol) was reacted with
3.17mL of SOCl2 (43.51mmol) under reflux for 3 hours.
After the reaction, excess SOCl2 was removed with the aid of
a rotary evaporator. *e acid chloride formed was dissolved
in dichloromethane (1mL) and added dropwise to a solution
of the amine (0.57mmol, 1.2 eq.) in CH2Cl2 (4mL) and Et3N
(0.07 g, 0.70mmol) at 0°C. *e resulting mixture was kept at
room temperature and magnetically stirred for 1 hour,
monitored by TLC. *e products were purified using silica
gel 60 column chromatography with hexane and ethyl ac-
etate as eluents in an increasing polarity gradient [21].

Ethyl 3,5-dinitrobenzoate (2) amber amorphous solid;
81.61% yield; TLC (9:1hexane/EtOAc); Rf � 0.39; m.p.:
90.1–90.5°C (lit. 92–93°C [22]); IR ʋmax (KBr, cm−1): 3093,
2984, 1731, 1627 and 1467, 1544 and 1347, 1277 and 1180;
1H NMR (400MHz, CDCl3): δH 9.21 (t; J� 2.1Hz; 1H), 9.15
(d; J� 2.1Hz; 2H), 4.52 (q; J� 7.2Hz; 2H); 1.47 (t; J� 7.2Hz;
3H); 13C NMR (101MHz, CDCl3): δC: 162.62, 148.78, 134.27,
129.55, 122.42, 63.14, 14.35 [22].

Propyl 3,5-dinitrobenzoate (3) amber amorphous solid;
78.02% yield; TLC (9:1hexane/EtOAc); Rf � 0.48; m.p.:
69.8–70.4°C (lit. 72.8–73.8°C, [23]); IR ʋmax (KBr, cm−1):
3114, 2969, 1723, 1633 and 1461, 1546 and 1347, 1295 and
1117; 1H NMR (400MHz, CDCl3): δH 9.23 (t; J� 2.2Hz;
1H), 9.17 (d; J� 2.2Hz; 2H), 4.43 (t; J� 6.8Hz; 2H),
1.92–1.83 (sext; J� 7.5Hz; 2H), 1.07 (t; J� 7.4Hz; 3H); 13C
NMR (100MHz, CDCl3): δC 162.69, 148.81, 134.30, 129.54,
122.40, 68.62, 22.10, 10.52 [24].

Isopropyl 3,5-dinitrobenzoate (4) amber amorphous
solid; 82.36% yield; TLC (9:1hexane/EtOAc); Rf � 0.51; m.p.:
114.5–114.8°C (lit. 118–119°C, [25]); IR ʋmax (KBr, cm−1):
3118, 2989, 1718, 1631 and 1461, 1548 and 1347, 1292 and
1178; 1HNMR (400MHz, CDCl3): δH 9.21 (t; J� 2.2Hz; 1H),
9.15 (d; J� 2.2Hz; 2H), 5.38(sept; J� 6.3Hz; 1H), 1.46 (d;
J� 6.3Hz; 6H); 13C NMR (100MHz, CDCl3): δC 162.10,
148.76, 134.70, 129.52, 122.31, 71.31, 21.95 [24].

Butyl 3,5-dinitrobenzoate (5) amber crystal solid; 78.53%
yield; TLC (9:1hexane/EtOAc); Rf � 0.55; m.p.: 62.7–63.1°C
(lit. 63°C [26]); IR ʋmax (KBr, cm−1): 3113, 2963, 1721, 1631
and 1465, 1548 and 1346, 1286 and 1176; 1H NMR
(400MHz, CDCl3): δH 9.21 (t; J� 2.2Hz; 1H), 9.15 (d;
J� 2.1Hz; 2H), 4.46 (t; J� 6.7Hz; 2H), 1.82 (quint; J� 6.7Hz;
2H), 1.50 (sext; J� 7.5Hz; 2H), 1.01 (t; J� 7.4Hz; 3H); 13C
NMR (100MHz, CDCl3): δC 162.69, 148.80, 134.30, 129.53,
122.41, 66.97, 30.66,19.23, 13.82 [26].

Pentyl 3,5-dinitrobenzoate (6) brown amorphous solid;
72.52% yield; TLC (9:1hexane/EtOAc); Rf � 0.69; m.p.:

43.7–43.8°C (lit. 46.4°C [27]); IR ʋmax (KBr, cm−1): 3097,
2962, 1729, 1629 and 1461, 1543 and 1346, 1286 and 1172;
1H NMR (400MHz, CDCl3): δH 9.21 (t; J� 2.2Hz; 1H), 9.15
(d; J� 2.2Hz; 2H), 4.44 (t; J� 6.8Hz; 2H); 1.83 (quint;
J� 7.0Hz; 2H); 1.45–1.39 (m; 4H), 0.94 (t; J� 7.1Hz; 3H);
13C NMR (100MHz, CDCl3): δC 162.71, 148.82, 134.32,
129.55, 122.43, 67.29, 28.39, 28.15, 22.43, 14.06 [28].

Isopentyl 3,5-dinitrobenzoate (7) yellow crystal solid;
68.84% yield; TLC (9:1hexane/EtOAc)); Rf � 0.74; m.p.:
59.9–60.2°C (lit. 61–62°C [29]); IR ʋmax (KBr, cm−1): 3111,
2964, 1721, 1631 and 1463, 1547 and 1348, 1293 and 1174; 1H
NMR (400MHz, CDCl3): δH 9.22 (t; J� 2.2Hz; 1H), 9.15 (d;
J� 2.1Hz; 2H), 4.49 (t; J� 6.8Hz; 2H), 1.83–1.70 (m; 3H),
1.00 (d; J� 6.4Hz; 6H); 13C NMR (100MHz, CDCl3): δC
162.769 148.78, 134.28, 129.54, 122.44, 65.82, 37.31, 25.28,
22.59 [30].

Decyl 3,5-dinitrobenzoate (8) yellow amorphous solid;
44.79% yield; TLC (9:1hexane/EtOAc); Rf � 0.74; m.p.:
53.2–53.7°C (lit. 44.6°C, [31]); IR ʋmax (KBr, cm−1): 3095,
2922, 1728, 1627 and 1461, 1542 and 1346, 1288 and 1171; 1H
NMR (400MHz, CDCl3): δH 9.22 (t; J� 2.2Hz; 1H), 9.15 (d;
J� 2.2Hz; 2H), 4.45 (t; J� 6.8Hz; 2H), 1.83 ( quint;
J� 6.8Hz; 2H), 1.46–1.27 (m; 14H), 0.87 (t; J� 6.8Hz; 3H);
13C NMR (100MHz, CDCl3): δ 162.70, 148.81,
134.33,129.54, 122.37, 67.30, 32.00, 29.64, 29.61, 29.42, 29.35,
28.68, 26.02, 22.80, 14.23 [31].

4-Chlorobenzyl 3,5-dinitrobenzoate (9) yellow crystal
solid; Yield: 33.42%; Rf (9:1Hexane/EtOAc); Rf � 0.41; m.p.:
123.7–123.9°C; IR ʋmax (KBr, cm−1): 3101, 2885, 1720, 1629
and 1493, 1545 and 1347, 1277 and 1167, 1014; 1H NMR
(400MHz, CDCl3): δ: 9.22 (t; J� 2.2Hz; 1H), 9.15 (d;
J� 2.1Hz; 2H), 7.44–7.38 (m; 4H), 5.44 (s; 2H); 13C NMR
(100MHz, CDCl3) δ: 162.46, 148.83, 135.24, 133.76, 133.11,
130.42, 129.64, 129.25, 122.74, 67.90; HRMS (MALDI)
calculated for C14H9ClN2O6 [M+H]+: 337.023, found
337.026.

Benzyl 3,5-dinitrobenzoate (10) yellow amorphous solid;
23.86% yield; TLC (9:1hexane/EtOAc); Rf � 0.48; m.p.:
106.4–106.9°C (lit. 117–118°C, [32]); IR ʋmax (KBr, cm−1):
3103, 2877, 1740, 1629 and 1498, 1540 and 1347, 1278 and
1168; 1H NMR (400MHz, CDCl3): δH 9.21(t; J� 2.2Hz; 1H),
9.17 (d; J� 2.1Hz; 2H), 7.49–7.46 (m; 2H), 7.45–7.39 (m;
3H), 5.48 (s; 2H); 13C NMR (100MHz, CDCl3): δC 162.54,
148.84, 134.67, 134.02, 129.64, 129.18, 129.02, 128.95, 122.57,
68.77 [30, 32, 33].

4-Methoxy-benzyl 3,5-dinitrobenzoate (11) yellow
amorphous solid; 18.67% yield; TLC (9 :1 hexane/EtOAc); Rf
0.39; m.p.: 89.2–89.6°C (lit. 101−102°C [34]); IR ʋmax (KBr,
cm−1): 3092, 2963, 1719 1629 and 1461, 1543 and 1348, 1282
and 1163; 1H NMR (400MHz, CDCl3): δH 9.20 (t; J� 2.1Hz;
1H), 9.15 (d; J� 2.1Hz; 2H), 7.41 (d; J� 8.8Hz; 2H), 6.93 (d;
J� 8.8Hz; 2H), 5.41 (s; 2H), 3.82 (s; 3H); 13C NMR
(100MHz, CDCl3): δC 162.58, 160.31, 148.73, 134.11, 130.92,
129.62, 126.55, 122.25, 114.32, 68.63, 55.46 [34].

4-Isopropyl-benzyl 3,5-dinitrobenzoate (12) white crystal
solid; 48.05% yield; TLC (9 :1 hexane/EtOAc); Rf � 0.62;
m.p.: 92.8–93.2°C; IR ʋmax (KBr, cm−1): 3076, 2962, 1729,
1627 and 1461, 1542 and 1349, 1275 and 1167; 1H NMR
(400MHz, CDCl3): δH 9.22 (t; J� 2.2Hz; 1H), 9.17 (d;
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J� 2.1Hz; 2H), 7.41 (d; J� 8.2Hz; 2H), 7.29 (d; J� 8.0Hz;
2H), 5.44 (s; 2H), 2.94 (sept; J� 6.8Hz; 1H), 1.27 (d;
J� 6.9Hz; 6H); 13C NMR (100MHz, CDCl3): δC 162.59,
150.16, 148.78, 134.11, 131.98, 129.68, 129.23, 127.10, 122.55,
68.76, 34.10, 24.06 [35].

4-Nitro-benzyl 3,5-dinitrobenzoate (13) yellow crystal
solid; 12.46% yield; TLC (9 :1 hexane/EtOAc)); Rf � 0.30;
m.p. 151.8–152.4°C; IR ʋmax (KBr, cm−1): 3097, 2921, 1722,
1627 and 1452, 1543 and 1349, 1275 and 1160); 1H NMR
(500MHz, DMSO-d6): δH 9.06 ( t; J� 2.1Hz; 1H), 8.96 (d;
J� 2.1Hz; 2H), 8.28 (d; J� 8.8Hz; 2H), 7.81 (d; J� 8.8Hz;
2H), 5.61 (s; 2H); 13C NMR (125MHz, DMSO-d6): δC
162.45, 148.45, 147.43, 142.96, 132.30, 129.09, 129.05,
123.72, 122.79, 66.51 [33].

3-Methoxy-benzyl 3,5-dinitrobenzoate (14) yellow crystal
solid; 25.60% yield; TLC (9 :1 hexane/EtOAc); Rf � 0.42;
m.p.: 123.1–123.3°C (lit. 124°C [36]); IR ʋmax (KBr, cm−1):
3090 2963, 1728, 1631 and 1457, 1545 and 1349, 1282 and
1159; 1HNMR (400MHz, CDCl3): δH 9.22 (t; J� 2.1Hz; 1H),
9.17 (d; J� 2.1Hz; 2H), 7.34 (t; J� 7.9Hz; 1H), 7.04 (d;
J� 7.6Hz; 1H), 7.00–6.99 (m; 1H), 6.93 (dd; J� 8.1Hz;
J� 2.2Hz; 1H), 5.44 (s; 2H), 3.84 (s; 3H); 13C NMR
(101MHz, CDCl3): δC 162.52, 160.04, 148.81, 136.10, 133.97,
130.12, 129.66, 122.59, 121.06, 114.56, 114.46, 68.60, 55.46
[33].

N-Benzyl-3,5-dinitrobenzamide (15) amber crystal solid;
47.17% yield; TLC (7 : 3 hexane/EtOAc); Rf � 0,57; m.p:
198.8–199.1°C, (lit. 202–203°C [37]); IR ʋmax (KBr, cm−1):
3316, 3093, 2931, 1639, 1543 and 1343; 1H NMR (400MHz,
DMSO-d6): δH 9.76 (t; J� 5.7Hz; 1H), 9.11 (d; J� 2.1Hz;
2H), 8.96 (t; J� 2.1Hz; 1H), 7.36–7.33 (m; 5H), 4,56 (d;
J� 5,8Hz; 2H); 13C RMN (100MHz, DMSO-d6): δC 162.19,
148.27, 138.75, 136.80, 128.45, 127.65, 127.58, 127.12, 120.96,
43.21 [37].

N,N-Diethyl-3,5-dinitrobenzamide (16) amber crystal
solid; 62.07% yield; TLC (7 : 3 hexane/EtOAc); Rf � 0.42;
m.p.: 88.6–88.8°C (lit. 89–90°C, [38]); IR ʋmax (KBr, cm−1):
3089, 2970, 1641, 1592, 1546 and 1343; 1H NMR (500MHz,
CDCl3): δH 9.05(s; 1H), 8.56 (s; 2H) 3.59 (s; 2H), 3.27(s; 2H),
1.29 (s; 3H), 1.20 (s; 3H); 13C NMR (125MHz, CDCl3): δC
166.26, 148.63, 140.51, 126.96, 119.37, 43.779, 40.22, 14.38,
12.88 [39].

3,5-Dinitro-N-phenylbenzamide (17) amber crystal solid;
59.08% yield; TLC (7 : 3 hexane/EtOAc); Rf � 0.64; m.p.:
233.1–233.6°C (lit. 226°C, [40]); IR ʋmax (KBr, cm−1): 3284,
3105, 1659, 1545 and 1334; 1H NMR (500MHz, DMSO-d6):
δH 10.83 (s; 1H), 9.17 ( d; J� 2.1Hz; 2H), 9.00 (t; J� 2.1Hz;
1H), 7.78 (d; J� 7.6Hz; 2H), 7.41 (t; J� 7.6Hz; 2H), 7.17 (t;
J� 7.4Hz; 1H); 13C NMR (125MHz, DMSO-d6): δC 161.24,
148.11, 138.25, 137.43, 128.75, 127.99, 124.54, 121.06, 120.72
[40].

N-(4-Chlorobenzyl)-3,5-dinitrobenzamide (18) amber
crystal solid; 46.12% yield; TLC (7 : 3 hexane/EtOAc);
Rf � 0.48; m.p.: 190.4–190.7°C; IR ʋmax (KBr, cm−1): 3303,
3099, 2926 1644, 1535 and 1344; 1H NMR (400MHz,
DMSO-d6): δH 9.77 (t; J� 5.8Hz; 1H), 9.09 (d; J� 2.1Hz;
2H), 8.96 (t; J� 2.1Hz; 1H), 7.42–7.37 (m; 4H), 4.54 (d;

J� 5.8Hz; 2H); 13C NMR (100MHz, DMSO-d6): δC 162.24,
148.26, 137.81, 136.68, 131.70, 129.47, 128.38, 127.63, 121.00,
42.56 [41].

N-(4-Fluorobenzyl)-3,5-dinitrobenzamide (19) amber
amorphous solid; 63.38% yield; TLC (7 : 3 hexane/EtOAc);
Rf � 0.48; m.p.: 197.3–198.0°C (lit. 204–206°C, [42]); IR ʋmax
(KBr, cm−1): 3302, 3099, 2939, 1642, 1534 and 1342; 1H
NMR (500MHz, DMSO-d6): δH 9.72 (t; J� 5.7Hz; 1H), 9.09
(d; J� 2.1Hz; 2H), 8.96 (t; J� 2.1Hz; 1H), 7.42–7.39(m; 2H);
7.17 (t; J� 8.9Hz; 2H), 4.53 (d; J� 5.8Hz; 2H); 19F
NMR(500MHz, DMSO-d6): −115.76 (s; 1F); 13C NMR
(125MHz, DMSO-d6): δC 162.19 (d, JC-F � 20Hz, C-4′-F),
160.34, 148.19, 136.73, 134.87, 129.61, 129.54, 127.55, 120.87,
115.16, 114.99, 42.48 [42].

N-Cyclohexyl-3,5-dinitrobenzamide (20) white amor-
phous solid; 54.22% yield; TLC (7 : 3 hexane/EtOAc);
Rf � 0.66; m.p.: 205.1–205.8°C (lit. 212–213°C [43]); IR ʋmax
(KBr, cm−1): 3297, 3109, 2941, 1646, 1542 and 1345; 1H
NMR (500MHz, DMSO-d6): δH 9.05 (d; J� 2.1Hz; 2H), 8.94
(t; J� 2.1Hz; 1H), 3.81 (quint; J� 3.6Hz; 1H), 1.87–1.61 (m;
6H), 1.39–1.31 (m; 4H); 13C NMR (125MHz, DMSO-d6): δC
161.18, 148.17, 137.31, 127.59, 120.71, 49.18, 32.25, 25.25,
24.91 [44].

N-(4-Methoxybenzyl)-3,5-dinitrobenzamide (21) yellow
crystal solid; 63.58% yield; TLC (7 : 3 hexane/EtOAc);
Rf � 0.46; m.p.: 142.4–143.1°C (lit. 155–157°C, [42]); IR ʋmax
(KBr, cm−1): 3303, 3095, 2934, 1643, 1541 and 1344; 1H
NMR (400MHz, DMSO-d6): δH 9,66 (t; J� 5.7Hz; 1H) 9.08
(d; J� 2.1Hz; 2H), 8.95 (t; J� 2.1Hz; 1H), 7.29 (d; J� 8.7Hz;
2H), 6.90 (d; J� 8.7Hz; 2H), 4.47 (d; J� 5.8Hz; 2H), 3.73 (s;
3H); 13C NMR (101MHz, DMSO-d6): δC 162.03, 158.46,
148.24, 136.91, 130.67, 129.02, 127.59, 120.87, 113.82, 55.12,
42.71 [42].

2.2. Microbiological Assay. *e reference strains of Candida
spp. used in this study were obtained from the Central
Bureau voor Schimmelcultures (CBS): Candida albicans
CBS 562, Candida krusei CBS 573, and Candida tropicalis
CBS 94. Nystatin, tween 80%, DMSO, caspofungin diacetate,
and ergosterol were obtained from Sigma-Aldrich®Chemical Co. (St. Louis, MO, USA), and sorbitol (D-sorbitol
anhydrous) from INLAB® (São Paulo, Brazil). All assays
were performed in triplicate in three independent
experiments.

2.2.1. Minimum Inhibitory Concentration (MIC).
Minimum Inhibitory Concentration tests were performed
using microdilution technique in 96-well plates, as specified
by the Clinical and Laboratory Standards Institute (CLSI)
[45]. *rough serial dilutions, concentrations of the eval-
uated products were obtained, ranging from 1000 μg/mL to
7.8 μg/mL. *e products were solubilized in 5% DMSO in
distilled and sterilized water. 100 µL of the fungal strain
inoculum was then added to all wells, resulting in a final cell
concentration of 2.5×103 CFU/mL. Controls were per-
formed for culture medium sterility and fungal growth
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viability. *e 5% DMSO solution was tested to evaluate
potential interference in microbial growth inhibition.
Nystatin was used as a positive control [46]. *e plates were
incubated at 35± 2°C for 24 hours, and to confirm cell vi-
ability after the incubation period, 2,3,5-triphenylte-
trazolium chloride (1%) (Sigma-Aldrich®) (TTC) was added[47]. *e MIC was defined as the lowest concentration
capable of inhibiting fungal growth (absence of turbidity of
the culture medium) [45]. Considering that the pharma-
cological potency of the synthesized molecules can be am-
plified using chemical modifications in their structures, the
bioactivity of the compounds was determined from the MIC
values and then classified according to the following cate-
gories: a) very strong bioactivity (MIC <10 µg/ml); b) strong
bioactivity (MIC between 10 and 25 µg/mL); c) good bio-
activity (MIC between 26 and 125 µg/mL); d) moderate
bioactivity (MIC from 126 to 500 µg/mL); e) mild bioactivity
(MIC in the range of 501–1000 µg/mL); and f) absence of
bioactivity (MIC >1000 µg/mL) [48].

2.2.2. Minimum Fungistatic Concentration (MFC). MFC
was determined using subculture aliquots (30 µL), from the
wells corresponding to the MIC (and higher concentrations)
on Sabouraud Dextrose agar (KASVI1, Kasv Imp and Dist.
Prod/Laboratórios LTDA, Curitiba, Brazil). *e plates were
incubated for 48 hours at 35°C± 2°C, and reading was
performed by visual observation of fungal growth based on
counting of Colony-Forming Units (CFU). *e MFC/MIC
ratio was calculated to determine whether the substance
presented fungistatic (MFC/MIC ≥4) or fungicidal (MFC/
MIC <4) activity [49].

2.2.3. Mechanism of Action: Ester Antifungal Activity

(1) Sorbitol Assay. To define the possible mechanism of
action of esters 1 and 2 on the Candida albicans cell wall, the
microdilution test was performed in the presence of Sorbitol
(D-sorbitol—anhydrous) INLAB Laboratory. An inoculum
was prepared with sorbitol at a final concentration of 0.8M.
*e plates were aseptically sealed and incubated at 35± 2°C
for 48 hours. Caspofungin was used as a positive control at
an initial concentration of 1 µg/mL [50–52].

(2) Ergosterol Assay. *e ergosterol assay was conducted to
evaluate the possible effect of the products on the fungal cell
membrane and used the microdilution method, as described
above. *e inoculum was prepared with ergosterol at a
concentration of 400 µg/ml (1008.44 µM). *e plates were
incubated at a temperature of 35± 2°C for 48 hours. Nystatin
was used as a positive control at an initial concentration of
120 µg/mL [50–54].

2.3. Molecular Modeling

2.3.1. Targets Selection. *e potential molecular targets of
compound 2 were selected following two approaches. Based on
the experimental results, the first of these consisted in the

selection of the proteins involved in ergosterol synthesis. *ese
receptors were defined from the information available at the
Candida Genome Database (Pathway PWY3B3-3) [55]. *e
second set of potential targets of compound 2 was selected from
a homology-based computational target fishing approach. For
the latter, the compound was used as input to the Similarity
Ensemble Approach (SEA) web server [56] to predict its
possible targets. Given that target fishing approaches are biased
against ligand-receptor interactions in humans, the homology
of the predicted targets in C. albicans was identified through a
Blast search [57]. *is search took as input the sequences of the
SEA predicted targets andwas performed against theC. albicans
(taxid 5476) proteins present in the Reference proteins database
(refseq_protein) through the NCBI Blast server implementation
(https://blast.ncbi.nlm.nih.gov/). Any C. albicans protein
identical in at least 35% to any of the query sequences and
covered by the Blast alignment in more than 85% of its length
was selected as a potential target of compound 2.

2.3.2. Molecular Docking. Molecular docking calculations
were performed as previously described in our previous
publications [58–60]. Shortly, the lowest energy 3D con-
former of the compound was generated, and am1-bcc partial
atomic charges were added to it with OpenEye’s software
Omega [61] and MolCharge [62], respectively. *e Merck
Molecular Force Field (MMFF94), as implemented in
Omega, was used to obtain the compound conformer using
default parameters. *e crystal structures of the HSP90
(code 6CJR), MEP2 (code 5AF1), and ERG11 (code 5TZ1)
molecular targets were retrieved from the Protein Data Bank
database [63]. For the rest of the explored receptors that lack
experimental 3D structures, homology models were ob-
tained through the SWISS-MODEL server [64]. All water
molecules were removed from the receptors for molecular
docking, and only functionally relevant cofactor and metal
atoms were retained in them.

All docking calculations were performed with the Gold
software [65]. *e ligand binding sites were defined as any
residue within 6 Å from the cocrystalized ligand or the ligands
present in the template structures used to build the homology
models. In case that no reference ligand was present, a ref-
erence point wasmanually defined withing the binding cavity,
and any amino acid at a distance lower than 10 Å from it was
selected for the binding cavity. Primary orientation and
scoring were performed with the CHEMPLP scoring func-
tion, and 30 different binding poses were predicted for each
receptor. *ese predicted orientations of compound 2 in each
receptor were rescored with the GoldScore, ChemScore, and
ASP scoring functions. *e residues side chains pointing
toward the binding cavity were regarded as flexible for
molecular docking. Furthermore, the search efficiency pa-
rameter of gold is set to 200% (very flexible), and the ligand
was considered as flexible for docking studies.

*e most probable binding modes of the ligand to each
receptor were determined from a consensus scoring method
that considers the scores values provided by the four scoring
functions employed. *is consensus score is computed as
follows:
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Zi �
jSi,j − Sj/st d Sj 

4
, (1)

where Si,j is the score of ligand pose i according to scoring
function j, st d(Sj) is the standard deviation of the Si,j

values, and Sj is their average.

2.3.3. Molecular Dynamics Simulations and Estimation of the
Free Energies of Binding. Molecular dynamics (MD) sim-
ulations and the estimation of the free energies of binding
were performed with Amber 18 [66] as described in our
previous publication [60]. Briefly, the Amber force fields
ff14SB and gaff were used to parametrize proteins and
compound 2, respectively. All the complexes, except those
containing MEP2 that is a membrane protein, underwent
the same preparation protocol that included energy mini-
mization, heating, and equilibration.

*e systems containing soluble proteins were enclosed in
truncated octahedron boxes and solvated with TIP3P water
molecules, and the excess charge was neutralized by the
addition of either Na+ (for systems with negative formal
charge) or Cl− (for systems with positive formal charge)
counterions. *e prepared systems were energy minimized
in two steps at constant volume and with long-range elec-
trostatic interactions treated with the Particle Mesh Ewald
(PME)method.*e first of these consisted in 500 steps of the
steepest descent method followed by 500 cycles of conjugate
gradient. During the second energy minimization stage, 500
steps of the steepest descent algorithm followed by 1000
cycles of conjugate gradient were applied. All atoms except
the solvent and the counterions were constrained with a
force constant of 500 kcal/mol·Å2 during the first energy
minimization step, while no constraint was applied during
the second one.

*e energy minimized systems were heated from 0K to
300K during 20 ps, keeping the solute constrained with a
force constant of 10 kcal/mol·Å2. From this step on, tem-
perature was controlled by a Langevin thermostat with a
collision frequency of 1.0 ps−1, and the bonds involving
hydrogen atoms were constrained with the SHAKE algo-
rithm. Next, the systems were equilibrated for 100 ps at
constant temperature (300 K) and constant pressure (1 bar).
Pressure was controlled with isotropic position scaling
setting a relaxation time of 2 ps during equilibration. Pro-
duction runs were set to 2 ns using the same parameters as
during the equilibration stage. In total, 20 of these short 2 ns
MD simulations were run for each system taking as input the
last snapshot of the equilibration process and with different
random initial velocities per simulation.

On the other hand, the complexes of compound 2 with
MEP2 were prepared with the CHARMM-GUI server [67,
68]. *ese systems were integrated in a bilayer membrane
containing, on each side, 25 cholesterol (CHL), 50 1-Pal-
mitoyl-2-oleoylphosphatidylethanolamine (POPE), and 50
1-Palmitoyl-2-oleoylphosphatidylcholine (POPC) mole-
cules. *e systems containing the complex and the mem-
brane were enclosed in a rectangular box and solvated with
TIP3P water molecules, and any excess charge was

neutralized by the addition of K+ and Cl− ions. *e con-
figuration files provided by the CHARMM-GUI server were
used for the energy minimization, heating, and equilibration
of these systems. As for the soluble proteins, the complexes
with MEP2 were subject to 20 MD simulations of 2 ns length
each one.

*e free energies of binding of compound 2 to all targets
were estimated with the MM-PBSA method implemented in
Amber [69]. *ese calculations were performed over 200
MD snapshots that were selected one every 200 ps from the
40 ns MD simulations performed for each complex. *e
ionic strength for MM-PBSA calculations was set to
0.100mM. For the complexes with MEP2, the implicit
membrane model available in Amber was employed, and the
membrane dielectric factor set to 4.

3. Results and Discussion

For the present study, a series of twenty 3,5-dinitrobenzoic
acid (1) derivatives (Scheme 1) was prepared: ethyl 3,5-
dinitrobenzoate (2), n-propyl 3,5-dinitrobenzoate (3), iso-
propyl 3,5-dinitrobenzoate (4), butyl 3,5-dinitrobenzoate
(5), pentyl 3,5-dinitrobenzoate (6), isopentyl 3,5-dini-
trobenzoate (7), decyl 3,5-dinitrobenzoate (8), 4-Chloro-
benzyl 3,5-dinitrobenzoate (9), benzyl 3,5-dinitrobenzoate
(10), 4-methoxy-benzyl 3,5-dinitrobenzoate (11), 4-iso-
propyl-benzyl 3,5-dinitrobenzoate (12), 4-nitro-benzyl 3,5-
dinitrobenzoate (13), 3-methoxy-benzyl 3,5-dinitrobenzoate
(14), N-benzyl-3,5-dinitrobenzamide (15), N,N-diethyl-3,5-
dinitrobenzamide (16), 3,5-dinitrobenzamide N-phenyl-
benzamide (17), N-(4-chlorobenzyl)-3,5-dinitrobenzamide
(18), N-(4-fluorobenzyl)-3,5-dinitrobenzamide (19), N-
cyclohexyl-3,5-dinitrobenzamide (20) and N-(4-methox-
ybenzyl)-3,5-dinitrobenzamide (21).

*e esters and amides synthesized are structurally re-
lated, and the benzoyl structure disubstituted with NO2
(nitro group) in positions 3 and 5 was maintained, varying
only the oxygen attached substituent in the ester function,
and nitrogen attached substituent in the amide function.*e
1H and 13C NMR spectra of the synthesized products
demonstrated the presence of 3 hydrogens (H-2, H-4, and
H-6) attached to the aromatic ring; and 7 carbons in
common (C-1, C-2, C-3, C-4, C-5, C-6, and C�O), being 6
(six) on the aromatic ring, and 1 (one) referring to either the
ester or amide carbonyl.

All of the synthesized esters and amides were evaluated
for in vitro antifungal activity against strains of Candida
albicans, Candida krusei, and Candida tropicalis (Table 1).
Of the twenty derivatives tested, fungicidal activity against at
least one of the tested strains was observed for ten (50%),
with emphasis on four compounds (2, 3, 9, and 16), which
presented activity against all of the tested strains and greater
antifungal potency than the starting compound 3,5-dini-
trobenzoic acid (1).

*e effect of the alkyl-substituted ester group (R) on
activity against Candida strains is evident. In the series
studied, short linear alkyl chains potentiated biological ac-
tivity, while larger alkyl groups resulted in a lower activity.
*us, ethyl 3,5-dinitrobenzoate ester (compound 2: ethyl
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group) was the most bioactive compound for the Candida
albicans (MIC� 0.52mM), Candida krusei
(MIC� 4.16mM), and Candida tropicalis (MIC� 2.08mM)
strains, followed by compound 3: propyl group, which also
showed excellent activity against Candida strains. *e
presence of an isopropyl group in ester 4 contributed to its
bioactivity against Candida krusei (MIC� 3.92mM).

*e comparison of compound 2 with compound 5 (n-
butane group) suggests that the increase in the carbon chain
in the ester compound 5 resulted in inactivity against
Candida tropicalis and reduced potency against other
strains. Within the series studied, medium-sized linear alkyl
chains demonstrated antifungal activity, while branched
alkyl groups showed no activity. *us, compound 6 pre-
sented activity against Candida albicans (MIC� 3.54mM),
while its analogue, compound 7 (isopentyl group), presented
no antifungal activity. Compound 8, with a long linear alkyl
chain (10 carbon atoms), only presented activity against
Candida albicans (MIC� 2.83mM).

Compounds presenting aryl radicals demonstrated ei-
ther reductions or an absence of antifungal activity. Spe-
cifically, insertion of a benzyl group (compounds 10 and 15)
led to a total loss of antifungal activity. However, in the ester
9, the presence of an electron-withdrawing group, such as
chlorine, contributed to antifungal activity against all strains
tested. Lima et al., [70] observed that the presence of a

chlorosubstituent resulted in an increase in the antifungal
activity in esters derived from cinnamic and benzoic acids.
Interestingly, the presence of chlorine in the para position of
its analogue, amide 18, did not favor antifungal activity.

*e comparison of amide 18 with amide 19 revealed that
switching the chlorosubstituent (18) with fluorine (19) in the
para position of the aromatic ring did not yield bioactivity.
However, Oliveira et al. [71] used vanillic acid as a starting
material to prepare an amide containing a fluorine sub-
stituent in the para position, and the substituent favored
activity against the tested Candida strains.

4-Methoxy-benzyl 3,5-dinitrobenzoate (11) presents an
aromatic ring with an electron-donating group, methoxy in
the para position displayed activity against Candida krusei
(MIC� 3.01mM), while the derivative 14 (with an MeO
group in themeta position) presented no antifungal activity.
*is demonstrates the importance for antifungal activity of a
substituent in the para position. In contrast, when com-
paring compound 11 with its analogue, the amide 21, the
inserted substituent (MeO group in the para position) did
not promote antifungal activity.

Ester 12, which possesses an aromatic ring with an
isopropyl substituent, also presented activity against Can-
dida krusei (MIC� 2.90mM). However, the introduction of
a nitro group at the para position resulted in a loss of activity
for 4-nitro-benzyl 3,5-dinitrobenzoate (13). When

Table 1: Minimal inhibitory and fungicidal concentrations (MFC/MIC) of 3,5-dinitrobenzoic acid and its derivatives expressed in µg/mL
and mM.

Compounds
Candida albicans (CBS 562) Candida krusei (CBS 573) Candida tropicalis (CBS 94)

MIC (µg/
mL)/(mM)

MFC (µg/
mL)/(mM)

MFC/
MIC

MIC(µg/
mL)/(mM)

MFC(µg/
mL)/(mM)

MFC/
MIC

MIC(µg/
mL)/(mM)

MFC(µg/
mL)/(mM)

MFC/
MIC

1 1000/4.71 1000/4.71 1 1000/4.71 1000/4.71 1 1000/4.71 1000/4.71 1
2 125/0.52 250/1.04 2 1000/4.16 1000/4.16 1 500/2.08 500/2.08 1
3 250/0.98 500/1.96 2 1000/3.92 1000/3.92 1 500/1.96 500/1.96 1
4 >1000/3.92 >1000/3.92 1000/3.92 1000/3.92 1 >1000/3.92 >1000/3.92
5 1000/3.73 1000/3.73 1 1000/3.73 1000/3.73 1 >1000/3.73 >1000/3.73
6 1000/3.54 1000/3.54 1 >1000/3.54 >1000/3.54 >1000/3.54 >1000/3.54
7 >1000/3.54 >1000/3.54 >1000/3.54 >1000/3.54 >1000/3.54 >1000/3.54
8 1000/2.83 1000/2.83 1 >1000/2.83 >1000/2.83 >1000/2.83 >1000/2.83
9 1000/2.97 1000/2.97 1 250/0.74 250/0.74 1 1000/2.97 1000/2.97 1
10 >1000/3.30 >1000/3.30 >1000/3.30 >1000/3.30 >1000/3.30 >1000/3.30
11 >1000/3.01 >1000/3.01 1000/3.01 1000/3.01 1 >1000/3.01 >1000/3.01
12 >1000/2.90 >1000/2.90 1000/2.90 1000/2.90 1 >1000/2.90 >1000/2.90
13 >1000/2.88 >1000/2.88 >1000/2.88 >1000/2.88 >1000/2.88 >1000/2.88
14 >1000/3.01 >1000/3.01 >1000/3.01 >1000/3.01 >1000/3.01 >1000/3.01
15 >1000/3.32 >1000/3.32 >1000/3.32 >1000/3.32 >1000/3.32 >1000/3.32
16 1000/3.74 1000/3.74 1 1000/3.74 1000/3.74 1 1000/3.74 1000/3.74 1
17 >1000/3.48 >1000/3.48 >1000/3.48 >1000/3.48 >1000/3.48 >1000/3.48
18 >1000/2.98 >1000/2.98 >1000/2.98 >1000/2.98 >1000/2.98 >1000/2.98
19 >1000/3.13 >1000/3.13 >1000/3.13 >1000/3.13 >1000/3.13 >1000/3.13
20 >1000/3.41 >1000/3.41 >1000/3.41 >1000/3.41 >1000/3.41 >1000/3.41
21 >1000/3.02 >1000/3.02 >1000/3.02 >1000/3.02 >1000/3.02 >1000/3.02
Nystatin 3.75/0.0040 3.75/0.0040 1 3.75/0.0040 3.75/0.0040 1 3.75/0.0040 3.75/0.0040 1
Control medium − − −

Fungal growth
control + + +

5% DMSO
solution + + +

(+) indicates growth of the microorganism. (−): no growth of the microorganism.
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comparing esters 9, 10, 11, 12, 13, and 14, we verified that
changes in aromatic ring substitutions promote changes in
antifungal activity.

Amide 16 presented activity against Candida albicans
(MIC� 3.74mM), Candida krusei (MIC� 3.74mM), and
Candida tropicalis (MIC� 3.74mM). *e data indicate that
the presence of less bulky groups in the R side chain of this
amide contributes to its bioactivity.

Despite the literature reporting biological activity for
various amides against Candida species [71, 72], most of the
amides evaluated (15, 17, 18, 19, 20, and 21) presented no
antifungal activity. *is data suggests that the 3,5-dini-
trobenzoyl substructure is not promising for amide
derivatives.

*e results also revealed that the compounds were more
active against strains of Candida albicans. However, prod-
ucts 4, 11, and 12were bioactive only againstCandida krusei.
*e MFC/MIC ratio of the compounds revealed that all
present fungicidal biological activity [69]. In general, against
strains of the Candida genus, the esters presented a better
antifungal activity profile than the amides.

*e compounds presenting the greatest biological ac-
tivity (compounds 2 and 3) were submitted to tests to
elucidate possible mechanisms of action against Candida
albicans strains, using ergosterol and sorbitol to determine
their likely pharmacological targets (Table 2).

Ergosterol is a component of the fungal cell membrane
that is important for membrane fluidity and integrity. It is a
target for drugs that directly bind to ergosterol or inhibit its
biosynthesis, such as polyenes and azoles, respectively [50].
Our results demonstrated that when ergosterol was added to
the medium containing the microorganism and compound
3, a significant increase in MIC (3.92mM) occurred, indi-
cating that the compound possibly acts by altering the
physiological functions that involve the presence of ergos-
terol in the cell membrane. Compound 2 also presented an
increase in MIC (1.04mM) in the presence of ergosterol,
indicating that its mechanism of action may also involve
ergosterol in the fungal membrane.

Sorbitol is recognized as an osmotic protector of fungal
cell walls, and when added to the culture medium in in vitro
tests, it protects the cell from damage caused by drugs that
act by inhibiting cell wall synthesis, being formed by chitin
and glycan [73]. In this study, in the presence of sorbitol, no
change was observed in the MIC values of either compound
2 or 3, indicating that their probable mechanism of action is
not related to changes in cell wall function.

To the best of our knowledge, there is no previous in-
formation about the molecular targets of 3,5-dini-
trobenzoate derivatives in C. albicans. A literature survey for
the antifungal mechanism of action of this type of com-
pound returned no results. In addition, the experimental

Table 2: MIC values in (µg/mL) and (mM) of esters 2 and 3 in the absence and presence of sorbitol (0.8M) and ergosterol against Candida
albicans.

Compound Concentration
(µg/mL)/(mM)

Candida albicans (CBS 562) Candida albicans (CBS 562)
Without sorbitol
(µg/mL)/(mM)

With sorbitol
(µg/mL)/(mM)

Without ergosterol
(µg/mL)/(mM)

With ergosterol
(µg/mL)/(mM)

2

1000/4.16 − − − −

500/2.08 − − − −

250/1.04 − − − −

125/0.52 − − − +
62.5/0.26 + + + +
31.25/0.13 + + + +

3

1000/3.92 − − − −

500/1.96 − − − +
250/0.98 − − − +
125/0.49 + + + +
62.5/0.24 + + + +
31.25/0.12 + + + +

Nystatin

120/0.128 − −

60/0.064 − −

30/0.032 − +
15/0.016 − +
7.5/0.008 − +
3.75/0.0040 − +
1.87/0.002 + +
0.93/0.001 + +

Caspofungin

1/0.000896 − −

0.5/0.000448 − −

0.25/0.000224 − +
0.125/0.000112 − +
0.0625/0.000056 − +
0.031/0.000028 − +
0.015/0.000014 + +

(+) indicates growth of the microorganism. (−): no growth of the microorganism.
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results reported here confirm that compound 2 interferes
with the synthesis of ergosterol in C. albicans. For this
reason, computational modeling was performed with the
objective of identifying probable targets of compound 2 that
could explain its antifungal activity. Instead of focusing only
on the proteins involved in the synthesis of ergosterol in the
fungus, we also included other potential molecular targets
that were selected following the homology-based target
fishing approach described in the Methods section.

*e potential targets of compound 2 in C. albicans are
provided as Supplementary Materials in Table S1. From the
32 initially selected proteins, 12 were excluded from the
modeling process due to diverse reasons. *ese were related
to the poor quality of the predicted homology models, the
lack of information about the mechanisms of the proteins,
and hence regarding their potential inhibition, and the
obtaining of homology models for only a small fragment of
the target sequence. *e list of the 20 receptors selected for
modeling studies is given in Table 3. Among these, eight
covering different biological processes were identified by the
computational target fishing approach. On the other hand,
the remaining 12 proteins belong to the ergosterol bio-
synthesis pathway in C. albicans. Also, ERG1 that belongs to
the ergosterol synthetic pathway was also retrieved from
target fishing predictions.

*e protocol described in the Methods section was
applied to dock compound 2 into the binding sites of the
proteins listed in Table 3. *e full results of the molecular
docking studies are provided as Supplementary Materials in
Table S2. *e visual inspection of the predicted complexes
listed in Table S2 reveals meaningful interactions between
the ligand and the receptors, with the ligand inside the
respective binding cavities. If the same consensus scoring
scheme used for the selection of the most probable ligand
poses is applied to those listed in Table S2, it can be

concluded that the top scored targets are HSP90, ERG11,
ERG20, ERG9, and ERG1. On the other hand, the list of
receptors with the worst predictions include GLR1, HMG1,
atsA, MEP2, and MVD. Overall, 40 different ligand-receptor
complexes were identified through molecular docking cal-
culations with an average of 2 possible orientations of
compound 2 in the binding site of each studied receptor.

It has been shown that the refinement of molecular
docking models with MD simulations and the estimation of
their free energies of binding is a valuable approach to
further refine the list of potential targets of bioactive
compounds [58–60]. Taking this into account, the free
energies of binding of compound 2 to the proteins listed in
Table 3 were computed as described in the Methods section.
*e detailed results of the MM-PBSA calculations are
provided as Supplementary Materials in Table S3 and these
are summarized in Figure 1. *e figure represents the ligand
pose with the lowest predicted value of ΔG of binding for
each molecular target used for modeling.

*e predictions of the free energies of binding show that
the complexes formed by compound 2 with most of the
evaluated targets are feasible (ΔG< 0). Only the GLR1, SPE1,
MVD, ERG2, HSP60, and IDI1 proteins are predicted to
form unstable complexes with the ligand. On the other hand,
the lowest values of the ΔG of binding are obtained for the
MEP2, HSP90, BNA4, ERG20, and ERG1 targets. It is in-
teresting to note that the three top ranked targets (MEP2,
HSP90, and BNA4) were predicted through the target fishing
approach and are not part of the ergosterol biosynthesis
pathway in C. albicans. Furthermore, among the 13 mo-
lecular targets for which the predicted free energies of
binding are lower than -3 kcal/mol, 10 are directly linked to
the ergosterol synthesis. Overall, the modeling results agree
with the experimental observations that compound 2 re-
duces ergosterol levels in the fungus but also points to

Table 3: Potential targets of compound 2 in C. albicans selected for modeling studies.

C. albicans target(a) Description ID
Q59NQ5_CANAL(b) Glutathione reductase GLR1
HSP60_CANAL(b) Heat shock protein 60 HSP60
Q59UP8_CANAL(b) Ammonium transporter MEP2
DCOR_CANAL(b) Ornithine decarboxylase SPE1
ERG1_CANAL(b),(c) Squalene monooxygenase ERG1
KMO_CANAL(b) Kynurenine 3-monooxygenase BNA4
A0A1D8PJI5_CANAL(b) Arylsulfatase atsA
HSP90_CANAL(b) Heat shock protein 90 HSP90
A0A1D8PCB9_CANAL(c) C-8 sterol isomerase ERG2
ERG6_CANAL(c) Sterol 24-C-methyltransferase ERG6
ERG7_CANAL(c) Lanosterol synthase ERG7
A0A1D8PI71_CANAL(c) Bifunctional farnesyl-diphosphate farnesyltransferase/squalene synthase ERG9
A0A1D8PH52_CANAL(c) Acetyl-CoA C-acetyltransferase ERG10
CP51_CANAL(c) Lanosterol 14-alpha demethylase ERG11
A0A1D8PEL1_CANAL(c) Mevalonate kinase ERG12
A0A1D8PTW6_CANAL(c) 3-Hydroxy-3-methylglutaryl coenzyme a synthase ERG13
A0A1D8PH78_CANAL(c) Bifunctional (2E,6 E)-farnesyl diphosphate synthase/dimethylallyltranstransferase ERG20
A0A1D8PD39_CANAL(c) 3-Hydroxy-3-methylglutaryl coenzyme a reductase HMG1
A0A1D8PLI2_CANAL(c) Isopentenyl-diphosphate delta-isomerase IDI1
A0A1D8PC43_CANAL(c) Diphosphomevalonate decarboxylase MVD
(a) UniProt entry name. (b) Predicted from the computational target fishing approach. (c) Part of the ergosterol synthesis pathway.
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possible alternative mechanism of actions. Based on the
modeling results, we decided to further investigate the
predicted complexes of the compound with the MEP2,
HSP90, ERG20, ERG1, ERG12, and ERG7 targets. *e first

two are not directly related to the ergosterol synthesis
pathway, while the rest of them are part of it.

*e predicted binding modes of compound 2 to the
MEP2 and HSP90 targets are shown in Figure 2. *e
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Figure 1: Predicted free energies of binding of compound 2 to its potential targets ranked from best ΔG of binding (green) to worst (red).

10 Journal of Chemistry



structures represented in the figures were selected as the
centroids of the most populated clusters obtained from
grouping the conformers of the ligand along the 200 MD
snapshots used for MM-PBSA calculations. All images
containing molecular structures were produced with UCSF
Chimera [74]. *e predicted ligand-receptor networks of
interactions are provided as Supplementary Materials in
Figure S7 and were obtained with Cytoscape [75].

Compound 2 is predicted to interact with both MEP2
and HSP90 mainly through Van derWaals and hydrophobic
interactions. For MEP2, no hydrogen bond is predicted to
form in the complex, while for HSP90, the ligand hydrogen
bonds to Y128 in a small fraction (17%) of the analyzed MD
snapshots. A common feature to both complexes is that the
phenyl ring of the ligand stacks in front of aromatic amino
acids, W167 of MEP2 and F127 of HSP90. We hypothesize
that these π−π stacking interactions serve as anchor for
binding and have a determinant contribution to the stabi-
lization of the complexes.

In MEP2, compound 2 is predicted to orientate with one
of its nitro groups pointing to the entrance of the cavity,
while the other one, as well as the ester moiety, orientates
toward the bottom of the ammonium binding channel. In
addition to the stacking with W167, the compound also
interacts in more than 50% of the analyzed MD snapshots
with T166, L173, V174, A178, D180, A182, and G183. In the
predicted model of binding to HSP90, compound 2 is
orientated with the two nitro groups occupying the entrance
of the binding cavity and the ester substituent facingW151 at
the bottom of the receptor pocket. *e rest of the most
frequent interactions of the chemical with HSP90 include
N40, M87, L92, N95, L96, A100, K101, and Y128.

*e complexes predicted for compound 2 with the
ERG20, ERG1 ERG12, and ERG7 targets, which are part of
the ergosterol synthesis pathway in C. albicans, are shown in
Figure 3. Something common to these complexes, as pre-
viously observed for MEP2 and HSP90 too, is the stacking of

the ligand’s phenyl ring in front of aromatic residues of the
receptors: F202 of ERG20; F402 and Y77 of ERG1; F54 of
ERG12; and F695 and H226 of ERG7. Although more
frequent than with the previously discussed targets, little
presence of hydrogen bonds with the receptors belonging to
the ergosterol pathway is observed. *e higher frequency of
hydrogen bond interactions among these targets is obtained
for ERG1 through the side chains of Q50 and Y77 in 41% of
59% of the analyzed MD snapshots, respectively. Likewise,
this type of interaction is observed in 10% and 25% of the
analyzed snapshots with the backbone of A114 in ERG12
and with the side chain of K4 in ERG20, respectively. Finally,
compound 2 accepts hydrogen bonds from the side chains of
Y504 and W224 of ERG7 with low frequency (less than
15%).

Overall, the complexes with ERG20, ERG1, ERG12, and
ERG7 are mainly stabilized through Van der Waals and
hydrophobic interactions, aside the anchor that we postulate
from the π−π stacking interactions between the ligand’s
phenyl ring and the receptors’ aromatic residues. One in-
teresting observation is that compound 2 does not directly
interact with the FAD cofactor of ERG1 and instead occupies
a hydrophobic subpocket on the other side of the binding
cavity. Still, this localization of the ligand interferes with the
binding of the substrate to the enzyme. In addition to the
previously listed residues, those in contact with compound 2
in the targets involved in ergosterol synthesis are as follows:
N53, R54, S57, S201, V206, F235, F342, K345, V346 in
ERG20; Q50, I79, V240, L242, L249, L340, T341, F420, L434
in ERG1; D56, I57, Y112, A114, V137, R138, S139, I143,
S149, T153, F201 in ERG12; and Y91, M97, W186, W224,
T227, G377, F522, I525, N696 in ERG7.

In summary, the modeling results point to a multitarget
antifungal mechanism of action for compound 2 in
C. albicans related to different cellular processes. *ey are
also in agreement with the experimental interference of this
compound with the synthesis of ergosterol. Ergosterol
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MEP2 HSP90
M87
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Figure 2:*e predicted binding modes of compound 2 to the MEP2 (left) and HSP90 (right) targets. Receptors are depicted in gray and the
ligand in cyan. *e non-carbon atoms are colored as red for oxygen, blue for nitrogen, and yellow for sulfur. Only residues interacting with
compound 2 in more than 50% of the analyzed MD snapshots are labelled in the figure.
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synthesis has been shown to be a critical process in
C. albicans, with ERG20, ERG1, ERG12, and ERG7 previ-
ously identified as essential for its growth and virulence and
proposed as targets for the development of antifungal drugs
[76–80]. Furthermore, MEP2 is an important regulatory
component in the development of the fungi, thus making it a
potential drug target [81]. Finally, HSP90 has also been
validated as a molecular target for antifungal compounds
against C. albicans [82, 83]. Interestingly, the impairment
HSP90 in this fungus results in reduced ergosterol levels
through a mechanism that remains to be determined [84].

To further investigate the influence of the substituents on
the antifungal activity of the series of compounds, we ex-
amined the steric environment of the region where the ethyl

group of compound 2 is predicted to bind in each receptor.
*is is illustrated in Figure 4, where the molecular surfaces of
the proteins’ regions interacting with the ethyl group of
compound 2 are presented. *is analysis reveals that this
region is sterically constrained in HSP90, ERG7, and ERG20.
*us, large and bulky substituents are not allowed in these
subcavities formed in HSP90, ERG7, and ERG20. On the
other hand, the regions accommodating the ethyl group can
accept larger substituents in ERG1, ERG12, and MEP2. In the
case of ERG12, the alkyl chain locates at the entrance of the
binding cavity, which provides flexibility on the type of
substituents capable of retaining ammonium transport in-
hibition. *e steric limitations observed in the binding cav-
ities of HSP90, ERG7, and ERG20 could explain the better
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Figure 3: Predicted binding modes of compound 2 to the ERG20 (top left), ERG1 (top right), ERG12 (bottom left), and ERG7 (bottom
right) targets. Non-carbon atoms are colored following the scheme: red for oxygen, blue for nitrogen, and yellow for sulfur. Only residues
interacting with the compound in more than 50% of the analyzed MD snapshots are labelled in the figure.
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antifungal activity of compounds 2 and 3 presenting short
linear alkyl chains. *at is, short alkyl groups are required to
retain the simultaneous binding to the six receptors. In
contrast, compounds with bulkier substituents will be unable
to bind HSP90, ERG7, and ERG20 but could interact with
ERG1, ERG12, and MEP2. In consequence, the observed
structure-activity relationships for the series of compounds

cannot be explained from only one of its proposed targets.
*ese observations support the proposed multitarget anti-
fungal mechanism of action for compound 2.

*e prediction of the physicochemical properties and
toxicity of compound 2 and the reference antifungal nystatin
were obtained with the SwissADME and pkCSM web
servers, respectively [85,86]. According to the results of these

HSP90 ERG7 ERG20

ERG1 ERG12 MEP2

Figure 4: Surface representation of the region of the potential targets of compound 2 interacting with its ethyl group.

Table 4: Physicochemical and ADMET predictions for compound 2 and nystatin.

Parameters Compound 2 Nystatin
Physicochemical properties
Molecular weight (g/mol) 240.17 926.09
Rotatable bonds 5 3
H-bond acceptors 6 18
H-bond donors 0 12
Fraction Csp3 0.22 0.7
TPSA (A3) 117.94 319.61
Toxicity
AMES toxicity Yes No
Max. Tolerated dose (human, log(mg/kg/day)) 0.003 0.281
hERG I inhibitor No No
hERG II inhibitor No No
Oral rat acute toxicity (LD50, mol/kg) 2.721 2.518
Oral rat chronic toxicity (LOAEL, log(mg/kg_bw/day)) 1.439 2.035
Hepatotoxicity No No
Skin sensitization No No
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predictions presented in Table 4, nystatin exceeds the mo-
lecular weight and topological polar surface area (TPSA)
considered suitable for oral bioavailability. On the other
hand, compound 2 is within the advisable region of phys-
icochemical properties and provides room for its optimi-
zation without affecting oral bioavailability. *e
SwissADME server predicts both compounds with 0 PAINS
alerts. In terms of toxicity, compound 2 and nystatin are
predicted as noninhibitors of hERG I and hERG II as well as
nonhepatotoxic and not inducing skin sensitization. One
major difference in terms of toxicity is the predicted tol-
erated doses, with compound 2 having a tolerated dose 100-
fold lower than nystatin. Finally, compound 2 is predicted as
carcinogenic in contrast to nystatin, possibly linked to the
presence of the nitro groups. Overall, the analysis of the
physicochemical properties and predicted toxicity of com-
pound 2 indicate that there are opportunities for modifying
its physicochemical properties without affecting its oral
bioavailability. Furthermore, the experimental evaluation of
the mutagenic potential of the compound is required before
proceeding to its optimization. Considering that compound
2 is a hit compound, its heat to lead optimization will require
considering the improvement of its toxicological profile
together with its bioactivity.

Further experimentation is required to fully understand
the antifungal mechanism of action of the compounds
proposed here. In this sense, our models are valuable tools
for guiding and optimizing these forthcoming experiments
by providing hypotheses regarding their potential mecha-
nisms of action. In addition, the developed models are useful
for the optimization of the potency and selectivity of novel
antifungal compounds based on the chemical scaffold herein
studied. Along with the improvements in the antifungal
activity of 3,5-dinitrobenzoic acid derivatives, their physi-
cochemical and toxicological properties must also be
optimized.

4. Conclusions

Using various synthesis methodologies, a collection of 20
esters and amides derived from 3,5-dinitrobenzoic acid was
prepared. Antifungal activity tests revealed that derivative 2
presented the best antifungal activity (lower MICs) against
Candida albicans, Candida krusei, and Candida tropicalis.
*is suggests that the insertion of a side chain ethyl group
potentiates biological activity. Further, the presence of a
propyl group appears to be important for bioactivity since
compound 3 also presented strong antifungal activity. Of the
series of amides evaluated, only compound 16 presented
antifungal activity against the strains tested. Testing for
mechanisms of action against C. albicans suggests that
compounds 2 and 3 interfere with and act by altering
physiological functions involving the presence of ergosterol
in the cell membrane. *e experimental interference ob-
served for compound 2 in ergosterol synthesis suggests a
multitarget mechanism of action. *e molecular modeling
results agreed with this assessment. *is study thus presents
certain promising prototypes for new antifungal drug
development.
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for the mechanism of action of the antifungal phytolaccoside
B isolated from Phytolacca tetramera Hauman,” Journal of
Natural Products, vol. 71, no. 10, pp. 1720–1725, 2008.

[51] I. d A. Freires, R. M. Murata, V. F. Furletti et al., “Coriandrum
sativum L. (Coriander) essential oil: antifungal activity and
mode of action on Candida spp., and molecular targets af-
fected in human whole-genome expression,” PLoS One, vol. 9,
no. 6, Article ID e99086, 2014.

[52] I. O. Lima, F. D. O. Pereira, W. A. D. Oliveira et al., “An-
tifungal activity and mode of action of carvacrol against
Candida albicans strains,” Journal of Essential Oil Research,
vol. 25, no. 2, pp. 138–142, 2013.

[53] D. S. Perlin, “Current perspectives on echinocandin class
drugs,” Future Microbiology, vol. 6, no. 4, pp. 441–457, 2011.

[54] C. G. Pierce, A. Srinivasan, P. Uppuluri,
A. K. Ramasubramanian, and J. L. López-Ribot, “Antifungal
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