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ABSTRACT

Three new pyrazole-based azomethine isomers (2a-c) bearing a 2-, 3- or 4-nitrophenyl substituent were
prepared in almost quantitative yields using environmentally friendly techniques such as solvent-free and
microwave-assisted procedures. The compounds were fully characterized by standard analytical methods,
including single-crystal X-ray diffraction crystallography for two of the three synthesized compounds. The
calculated molecular orbitals distributions of the HOMO and LUMO show that the band gap energy can
be tuned by the addition of a nitrophenyl group on the pyrazole moiety and therefore the electrophilic
character and the reactivity of the Schiff bases. The relative position of the nitro group plays an important
role on the antifungal activity against C. albicans as compound bearing the 2-nitrophenyl substituent (2a)
was considerably more active than the other derivatives. In contrast, all three isomers presented a sim-
ilar, limited, activity against C. neoformans. Molecular docking simulations showed that the most active

Schiff bases

compound 2a presented the lowest binding energy with 3PVK model protein.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Pyrazole derivatives of Schiff bases containing a phenol ring in
their structure have been applied in a wide variety of biological
studies [1-3] and have exhibited valuable physicochemical proper-
ties such as photochromism [4-7], thermochromism [8], and solva-
tochromism [9-11]. On the other hand, pyrazoles and Schiff bases
are widely used as ligands in the formation of metal complexes,
which in turn have extensively been studied for potential applica-
tions in medicine [12-17]. The incidence of fungal infections (my-
coses) has showed a steady increase over the past two decades,
becoming a major cause of morbidity and mortality [2]. Unfortu-
nately, mycoses are often problematic to diagnose and treat. De-
spite the availability of antimycotic agents, critically ill and sus-
ceptible patients are commonly difficult to treat. The main rea-
sons for this include delayed diagnosis, drug toxicity, development
of drug resistance and bioavailability of the drug. Immunocompro-
mised patients, especially transplant recipients, are notably vulner-
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able as mycoses can grow rapidly and infection spreads quickly,
causing complications in treatments [18].

For several years, our research group has been involved in the
chemistry of pyrazole-based azomethine derivatives, with a spe-
cific interest in studying the influence of the substitution pattern
on the potential biological activities of the compounds [19-23]. Of
particular significance is the presence of the nitro group which, de-
spite concerns about the toxicity related to compounds containing
the nitro-moiety [3], has widely been studied in the development
of new therapeutic drugs [24]. In fact, many approved drugs con-
tain nitro groups, especially antibiotics which rely on the ability
of this type of compounds to impede the replication of microor-
ganisms [25,26]. The nitro group is a strong electron-withdrawing
moiety and as a consequence, sections of the molecules become
less polar, resulting in nonpolar interactions with important pro-
teins [24]. Additionally, it is known than nitro groups can undergo
reduction under physiological conditions [27]. However, the ease of
such redox processes depends on the regiochemistry, and in par-
ticular, on the position of the nitro group in aromatic rings, as
described for nitrobenzene derivatives [28]. These facts led us to
study the influence of nitro-substitution in pyrazole-based azome-
thines to optimize their potential pharmacological activity.
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Scheme 1. Synthesis of the 2-hydroxyphenol-based pyrazolic Schiff bases 2a-c and numbering used for NMR assignment.

In this communication, we present the synthesis of three new
azomethine isomers based on a pyrazole moiety bearing a nitro-
phenyl substituent in different positions and preliminary results on
their antifungal activity on C. albicans and C. neoformans. We also
carried out DFT calculations and molecular docking simulations to
explore their electronic behavior and draw a possible relationship
with their antifungal activity.

2. Experimental
2.1. Materials and reagents

All reagents were purchased from Sigma Aldrich and were
used as received. All microwave-assisted reactions were carried
out with a CEM focused microwave synthesizer system, model
CEM/DISCOVER SP-D working at 100 W. Microanalyses were per-
formed on an Agilent 2400 series Il CHNS elemental analyzer. The
mass spectra were recorded by the EI technique using a Shimadzu
GCMS DI-2010 spectrometer equipped with a direct input probe
operating at 70 eV. Infrared spectra were recorded on a Perkin-
Elmer FT series 2000 spectrometer using KBr disks. The NMR spec-
tra were recorded on a Bruker Avance spectrometer at 400 MHz
for proton and 100 MHz for carbon. All samples contained an in-
ternal standard of tetramethylsilane (TMS) in deuterated solvent.
NMR spectra splitting patterns were designated as s (singlet), d
(doublet), m (multiplet) or br s (broad singlet), as appropriate. All
chemical shifts (§) are quoted as parts per million and the coupling
constants (J) are in Hertz (Hz). For NMR assignment the atoms
were numbered according to Scheme 1.

2.2. Synthesis

2.2.1. Synthesis of aminopyrazoles

Compounds 3-tert-butyl-1-(2-nitrophenyl)—1H-pyrazol-5-
amine 1a, 3-tert-butyl-1-(3-nitrophenyl)—1H-pyrazol-5-amine 1b
and 3-tert-butyl-1-(4-nitrophenyl)—1H-pyrazol-5-amine 1c were
synthesized following reported methodologies [22,23,29].

2.2.2. Synthesis of Schiff bases

Compounds (E)—2-(((3-(tert-butyl)—1-(2-nitrophenyl)—1H-
pyrazol-5-yl)imino)methyl)phenol 2a, (E)—2-(((3-(tert-butyl)—1-
(3-nitrophenyl)—1H-pyrazol-5-yl)imino)methyl)phenol 2b  and
(E)—2-(((3-(tert-butyl)—1-(4-nitrophenyl)—1H-pyrazol-5-yl)imino)-
methyl)phenol} 2¢ were prepared using the following synthetic
methodologies: conventional heating, fusion, microwave-assisted
synthesis and mechanochemistry. The synthetic procedure for
compounds 2a-c is shown in Scheme 1. In a typical experiment,
200 mg (0.77 mmol) of the respective aminopyrazole 1a-c and
93.85 mg (0.77 mmol) of 2-hydrozybenzaldehyde were used.

All reactions were monitored by TLC and once the reaction was
completed, the obtained solid is added to a beaker and stirred at
room temperature in 10 mL of a water:ethanol (5:1) solution for
15 min. The solid was filtered off, washed with cold distilled water
(4 x 15 mL) and air-dried.

2.2.2.1. Conventional synthesis. the respective aminopyrazole, 2-
hydroxybenzaldehyde, 10 drops of acetic acid and 10 mL of ethanol
were refluxed for 24 h. After evaporation of the solvent, com-
pounds 2a-c were purified and isolated as described above. Yield:
2a, 68%; 2b, 86%; 2c, 72%.

2.2.2.2. Fusion. in a test tube, a mixture of the respective aminopy-
razole, 2-hydroxybenzaldehyde and 5 drops of acetic acid was
slowly heated to 160 °C for 1 h. After cooling to room temperature,
compounds 2a-c were purified and isolated as described above.
Yield: 2a, 95%; 2b, 98%; 2c, 98%.

2.2.2.3. Microwave-assisted synthesis. a solution of the respective
aminopyrazole, 2-hydroxybenzaldehyde and acetic acid (5 drops)
in EtOH (2 mL) was placed in a sealed tube and was irradiated
using a CEM microwave synthesizer system at 100 W, three times
for 5 min. After cooling in a stream of compressed air, the solution
was evaporated in vacuum and purified as described above. Yield:
2a, 96%; 2b, 98%; 2c, 98%.

2.2.2.4. Mechanochemistry. the respective aminopyrazole, 2-
hydrozybenzaldehyde and glacial acetic acid (5 drops) were placed
in a round-bottom flask and stirred with a spatula for 20 min at
room temperature. Compounds 2a-c were purified and isolated as
described above. Yield: 2a, 84%; 2b, 94%; 2c, 94%.

(E)—2-(((3-(tert-butyl)—1-(2-nitrophenyl)—1H-pyrazol-5-
yl)imino )methyl)phenol 2a

Beige solid. M.p. 102-103 °C. Anal. calcd. %C 65.92; %H 5.53;
%N 15.38, found: %C 65.86; %H 5.47; %N 15.17 for CoqHpqN403. MS
(70 eV) m/z (%) 364 [M]™ (100), 349 [M —15]" (51.95), 318 [M
—46]* (16.11), 307 [M —57]* (0.37), 122 (1.66), 57 (5.3). IR (KBr,
cm~1): v O-H 3450 (broad), 3419 and 3450 cm~!, v C-H 3136
(CH=N), v C-H 3087 (aromatic), vas -CH3 2955, vs -CH3 2863, v
—C=N 1623, vas -NO; 1535, vs -NO, 1342. 'TH NMR (400 MHz)
(CDCl3, 6, ppm): 1.40 (s, 9H, tBu-H); 6.41 (s, 1H, H-9); 6.93-6.99
(m, 2H, H-28 and H-32); 7.38-7.42 (m, 2H, H-34 and H-30); 7.61
(t, 1H, 3 J = 7.8 Hz, H-16); 7.72 (d, 1H, 3 ] = 7.6 Hz, H-13), 7.79
(t, 1H, 3 J = 7.4 Hz, H-20); 8.04 (d, 1H, 3 J = 8.0 Hz, H-18); 8.75
(s, 1H, H-22); 11.68 (bs, 1H, OH). 13C NMR (100 MHz) (CDCls, §,
ppm) 30.28 (tBu-C); 32.77 (C-35); 90.30 (C-8); 117.33 (C-27), 118.75
(C-23); 119.69 (C-31); 125.29 (C-17); 129.22 (C-12); 129.23 (C-15);
132.13 (C-11); 132.96 (C-33); 133.21 (C-19); 134.18 (C-29); 146.08
(C-14); 148.82 (C-10); 160.69 (C-24); 163.24 (C-21); 164.34 (C-7).
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(E)-2-(((3-(tert-butyl)—1-(3-nitrophenyl)—1H-pyrazol-5-
yl)imino )methyl)phenol 2b

Yellow solid. M.p. 147-148 °C. Anal. calcd. %C 65.92; %H 5.53;
%N 15.38, found: %C 65.98; %H 5.64; %N 15.42, for CyoHyoN403
MS (70 eV) m/z (%) 364 [M]* (100), 349 [M -15]* (51.95), 318
[M —46]* (16), 307 [M —57]* (1.37) 122 (1.64), 57 (5.29). IR (KBr,
cm~1): v 0-H 3419 (broad), v C-H 3126 (CH=N), v C-H 3095 (aro-
matic), vas ~CH3 2968, vs —-CH3z 2863, -C=N, 1623, v;s -NO, 1526,
vs -NO, 1347. 'TH NMR (400 MHz) (CDCl3, §, ppm): 1.44 (s, 9H,
tBu-H); 6.41 (s, 1H, H-9); 6.99-7.02 (m, 2H, H-28 and H-32); 7.42-
746 (m, 2H, H-30 and H-34); 7.69 (t, 1H, 3 ] = 8.1 Hz, H-18);
8.01 (d, 1H, 3 J = 7.8 Hz, H-20); 8.24 (d, 1H, 3 J = 8.1 Hz, H-16);
8.58 (s, 1H, H-13); 8.80 (s, 1H, H-22); 11.85 (bs, 1H, OH). 13C NMR
(100 MHz) (CDCl3, §, ppm) 30.30 (tBu-C); 32.73 (C-35); 91.36 (C-8);
117.50 (C-27); 118.73 (C-23); 119.58 (C-31); 119.77 (C-12); 121.77
(C-15); 129.82 (C-17); 129.84 (C-19); 132.97 (C-33); 134.41 (C-29);
140.03 (C-11); 148.18 (C-10); 148.71 (C-14); 160.81 (C-24); 163.46
(C-21); 163.75 (C-7).

(E)-2-(((3-(tert-butyl)—1-(4-nitrophenyl)—1H-pyrazol-5-
yl)imino )methyl) 2¢

Yellow solid. M.p. 204-205 °C. Anal. calcd. %C 65.92; %H 5.53;
%N 15.38, found: %C 66.03; %H 5.57; %N 15.27 for CoHoN403. MS
(70 eV) m/z (%) 364 [M]* (100), 349 [M 15]* (71.7), 318 [M —46]*
(1.4), 307 [M —=57]* (2.13), 122 (1.84), 57 (12.97). IR (KBr, cm~'):
v O-H 3450 (extremely broad), v C-H 3135 (CH=N), v C-H 3087
(aromatic), va,s —CHs 2954.56, vs —CH3 2862, v -C=N 1623, vy
-NO, 1519, vs -NO, 1342. 'H NMR (400 MHz) (CDCl3, §, ppm):
1.43(s, 9H, tBu-H); 6.41 (s, 1H, H-9); 7.01-7.04 (m, 2H, H-28 and
H-32); 7.44-7.48 (m, 2H, H-34 and H-30); 7.90 (d, 2H, 3 ] = 9.1 Hz,
H-16 and H-13); 8.39 (d, 2H, 3 J = 9.1 Hz, H-20 and H-18); 8.80 (s,
1H, H-22); 11.92 (bs, 1H, OH). 13C NMR (100 MHz) (CDCl3, 8, ppm)
30.22 (tBu-C); 32.77 (C-35); 92.17 (C-8); 117.51 (C-27); 118.70 (C-
23); 119.87 (C-31); 123.95 (C-15 and C-12); 124.71 (C-19 and C-17);
133.05 (C-29); 134.58 (C-33); 144.13 (C-11); 145.87 (C-14); 148.51
(C-10); 160.79 (C-24); 163.67 (C-21); 164.10 (C-7).

2.3. Computational study

Density Functional Theory (DFT) computational methods B3LYP
[30] with the basis set 6-311++G** and Gaussian packet 09
[31] were used. Vibration frequencies were interpreted by means
of potential energy distributions (PEDs), using the VEDA 4 program
[32] and the percentage contribution of the frontier orbitals at each
transition of electronic absorption spectrum using GaussSum soft-
ware [33].

2.4. X-ray diffraction crystallography

Single-crystals suitable for X-ray diffraction were obtained for
Schiff bases 2b (slow evaporation of acetone solution) and 2c
(slow evaporation of dichloromethane solution). Data for com-
pound 2b were collected at room temperature (298 K) on a Bruker
Apex-Il CCD diffractometer using monochromatic graphite MoK«
(0.71073A) radiation. Cell determination and final cell parameters
were obtained on all reflections using the Bruker SAINT software
included in APEX2 software suite. The integration and scaling of
the data were carried out using the Bruker SAINT software. Data
collection for compound 2c¢ was performed at room temperature
on a Bruker APEX-II CCD diffractometer with CCD detector sys-
tem equipped with a Mo source (A = 0.71073 A). Data integra-
tion, Lorentz-polarization effects, and absorption corrections were
performed with CrysAlisPro [34]. Using the Olex2 program [35],
the structures were solved by direct methods and the models ob-
tained were refined by full-matrix least squares on F2 (SHELXTL-
97) [36]. All the hydrogen atoms were placed in calculated posi-
tions and refined with fixed individual displacement parameters
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|Uiso(H) = 1.2Ueq or 1.5Ueq] according to the riding model (C-H
bond lengths of 0.93 A and 0.96 A, for methyl and aromatic hy-
drogen, respectively). To the exception of the hydrogen atom of
the hydroxyl group, this was located from the electronic density.
Molecular representations were generated by Diamond [37] and
MERCURY 3.9 [38]. The CIF files have been deposited in the Cam-
bridge Structural Data Base [39] under the codes CCDC 1864392 for
2b and 1864393 for 2c. Copies of the data can be obtained, free of
charge, at www.ccdc.cam.ac.uk.

2.5. Antifungal activity

The antifungal activity was determined using the standard-
ized microbroth dilution method M-27A3 of Clinical and Labora-
tory Standards Institute (CLSI) [40]. Compounds 2a-c were tested
against two clinically important fungal species, C. albicans ATCC
10231 and C. neoformans ATCC 32264, from the American Type Cul-
ture Collection, (ATCC, Rockville, MD, USA). Inocula of cells were
adjusted to 1 - 5 x 103 cells with colony forming units (CFU)/mL
according to CLSI [40].

2.5.1. Fungal growth inhibition percentage determination

Broth microdilution techniques were performed in 96-well mi-
croplates according to the CLSI Reference Method for Broth Dilu-
tion Antifungal Susceptibility Testing of Yeasts, Approved Standard
M27-A3 [40]. Compound test wells (CTWs) were prepared with
stock solutions of each compound in DMSO (maximum concen-
tration < 1%), diluted with RPMI-1640, to final concentrations of
250-3.4 ug/mL. An inoculum suspension (100 mL) was added to
each well (final volume in the well = 200 uL). A growth control
well (GCW) containing medium, inoculum, and the same amount
of DMSO used in a CTW, but compound-free and a sterility con-
trol well (SCW) (sample, medium, and sterile water instead of
inoculum) were included for each tested fungus. Microtiter trays
were incubated in a moist, dark chamber at 30 °C for 48 h. Mi-
croplates were read in a VERSA Max microplate reader (Molecular
Devices, Sunnyvale, CA, EE: UU). Amphotericin B (Sigma-Aldrich)
was used as a positive control. Tests were performed in triplicate.
Reduction of growth for each compound concentration was calcu-
lated as follows: % of inhibition = 100 - (OD 405 CTW - OD 405
SCW)/(0OD 405 GCW - OD 405 SCW). The means + SEM were used
for constructing the dose-response curves representing % inhibition
vs concentration of each compound using SigmaPlot 11.0 software.

2.5.2. Determination of minimum inhibitory concentration (MIC)

Three endpoints were defined from the dose-response curves.
The concentration resulting in total fungal growth inhibition was
named MIC;q9, while MICgy and MICsq were defined as the mini-
mum concentration that inhibits 80% or 50% of the fungal growth,
respectively.

2.6. Molecular docking calculations

The study was developed in the software AutoDock Vina 1.1.2
[41] and ADT 1.5.6 [42]. To determine the dimensions of the box in
the active site of the protein, studies based on the literature were
taken as reference [43]. The dimension of the mesh box was 1 A,
with an exhaustiveness value of 15 and the binder-macromolecule
interactions were visualized using BIOVIA Discovery Studio [44].
The crystal structures of the Saps and Hsp90 proteins were down-
loaded from the protein data bank (PDB ID: 3PVK and 2XJX respec-
tively). In both cases, water molecules were removed from the pro-
tein and the polar hydrogens were added along with the Gasteiger
charges. Structures of compounds 2a-c previously optimized by
DFT were saved in PDB format using the Avogadro software [45].
Polar hydrogen atoms and Gasteiger charges were added.


http://www.ccdc.cam.ac.uk

A. Restrepo-Acevedo, N. Osorio, L.E. Giraldo-Lépez et al.

Table 1
Yields (%) obtained for compounds 2a-c using different reaction conditions.
Compound Conventional Fusion® Microwave Mechano
synthesis? assisted® chemistry?
2a 68 95 96 84
2b 86 98 98 94
2c 72 98 98 94

2 Ethanol reflux, stirring for 24 h.

b Neat, 160 °C for 1 h.

¢ Ethanol, 100 W, 3 x 5 min.

d Neat, room temperature, grinding for 20 min.

Table 2

Crystallographic data and refinement parameters for Schiff bases 2b and 2c.
Compound 2b 2c
Emp. Formula Cy0 Hyp Ny O3 Cy0 Hyo N4 O3
FW (gemol-') 364.40 364.40
Temp. (K) 293 (2) 293 (2)
A (A) 0.71073 0.71073
Crystal system Orthorhombic Monoclinic
Space Group Pna2, C2/c
a (A) 8.7683(4) 10.2224(5)
b (A) 22.7334(10) 20.6591(9)
c (A) 9.5633(5) 18.6509(10)
B () 90 104.246(5)
Volume (A3) 1906.28(16) 3817.7(3)
z 4 8
Pealc (Mgem?3) 1.270 1.268
Abs. Coeff. (mm~-1) 0.088 0.088
F(000) 768 1536
0 range (°) 1.8 to 26.4 3.5 to 27.5
Reflections collected / Unique 57,163/3901 24,006/4345
[R(int)] [0.051] [0.027]
Completeness (%) 100 99.3
Data | restraints /| parameters 3901/0/273 4345/0/252
GoF on F? 1.05 1.04
R1 [I>20(1)] 0.0488 0.0672
wR2[I>20(1)] 0.1303 0.1820

3. Results and discussion
3.1. Synthesis and characterization

Compounds 2a, 2b, and 2c bearing a 2-, 3- or 4-nitrophenyl
substituent were synthesized by condensation of amines 1a, 1b
and 1c and 2-hydroxybenzaldehyde through various methods such
as fusion, conventional heating in solution, microwave-assisted
synthesis and mechanochemistry (Scheme 1). The best results
were obtained through the solvent-free approach or using a mi-
crowave reactor, obtaining almost quantitative yields in both cases.
Yields obtained through the different techniques are summarized
in Table 1. The structure of the compounds was confirmed by FT-
IR, 'H and 3C NMR, MS and X-ray diffraction crystallography and
their purity assessed by elemental analysis.

3.2. Crystallography

The crystallographic data and refinement details are presented
in Table 2, and ORTEP representations of 2b and 2c¢ are displayed
in Fig. 1.

The two compounds crystallized in different systems. Schiff
base 2b crystallized in the non-centrosymmetric Pna2; orthorhom-
bic space group with one molecule in the asymmetric unit. On the
other hand, Schiff base 2c crystallized in C2/c monoclinic space
group with one molecule in the asymmetric unit. Interestingly,
these two compounds present marked differences associated with
the torsion angles in the connection of the phenol and nitrophenyl
rings to the pyrazolic structure. In the first case, torsion angles for
N4-N3-C11-C16 of 33.82 and 39.64° are observed, for 2b and 2c,
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respectively. In the case of the torsion angle associated with the
imine and phenol ring N1-C7-C6-C1, values of 0.48° and —0.13° are
observed for 2b and 2c, respectively (Fig. 2). These differences are
related to the position of the nitro group, and the crystal packing
produced by those particular interactions. In both structures, a po-
sitional disorder around the tert-butyl group is observed.

The supramolecular crystal packing for compounds 2b and 2c is
based in weak C-HeeeO and C-HeeeC interactions. For compound
2b, a C9-H9ee¢02 interaction with a distance of 3.507 A is ob-
served, forming chains along [001] direction (Fig. 3a). The chains
are stacked along [010] direction by C16-H16eeeC12 interactions
with a distance of 3.726 A (Fig. 3b). The crystal packing is based in
C-HeeeC and HeeeH interactions along of [100] (Fig. 3c).

Compound 2c¢ presents C9-H9eee02 and C7-H7ee¢02 interac-
tions with distance values of 3.427 and 3.545 A, which give rise
to chains along [010] direction (Fig. 4a). The chains are joined
by C19-H19eee03 interaction with a distance of 3.321 A along
[001] direction (Fig. 4b). As observed for 2b, the 3D supramolec-
ular structure is formed by weak C-HeeeC and HeeeH interactions
(Fig. 4c).

3.3. Vibrational analysis

Experimental and theoretical IR spectra of compounds 2a-c are
presented in Figure S1 and the vibration frequencies are summa-
rized in Table S1. The theoretical frequencies and intensities were
calculated via the B3LYP method. The scale factor for the method
was 0.960461 DFT-B3LYP/6-311++G** [19,46-48]. The correlation
coefficients R? (0.9993 for 2a, 0.9982 for 2b and 0.9989 for 2c),
were obtained from the linear correlation curves between the cal-
culated and experimental data (Figure S2). The experimental vibra-
tion of the hydroxyl group is observed as a broad band of a very
low intensity at 3450, 3419 and 3450 cm~! for compounds 2a,
2b and 2c respectively, which is attributed to the formation of a
strong intramolecular bond between the hydrogen of the hydroxyl
group and the nitrogen of the azomethine functionality [19,49-
51]. Calculated values are obtained at 3206, 3202 and 3212 cm™!
for 2a, 2b and 2c, respectively, with significant increased intensi-
ties, indicating that the strong intramolecular OHeeeN=C hydrogen
bonding was not considered in the calculations. Interestingly, the
experimental vibrational frequencies for the C=N bonds are ob-
served at 1623 cm~! for the three Schiff bases 2a-c. This phe-
nomenon is also observed for the theoretical C21-N5 bond dis-
tances, in agreement with the experimental data obtained from the
resolved crystalline structures for 2b and 2c (Table 1). This prop-
erty is associated with the interaction between the phenolic hy-
drogen and the azomethinic nitrogen forming the same stable hy-
drogen bonds in all three structures [19,52,53]. Moreover, no effect
of the position of the nitro group is observed because it is too far
from the C21-N5 azomethine bond.

3.4. NMR studies

TH and 3C NMR spectra of compounds 2a-c are shown in Fig-
ure S3-S5 and Figure S6-S8 respectively. The singlet located at 1.40,
144 and 143 ppm is assigned to the nine protons of the tert-
butyl group in 2a, 2b and 2c. The singlet located at 6.41 ppm
(in all three compounds) is assigned to the pyrazole proton (H-
4). The singlet signal assigned to the proton of the imine group
(H-15) is observed at 8.75, 8.80 and 8.80 ppm for 2a, 2b and 2c
respectively. Additionally, as expected the azomethine proton (H-
15) in 2b and 2c is displaced to lower field in comparison with
the azomethine hydrogen in 2a due to the deactivating effect of
the nitro group [19-21]. Finally, the singlet signal located at 11.68,
11.85 and 11.92 ppm is assigned to the hydroxyl proton for 2a, 2b
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Fig. 1. ORTEP diagram of the asymmetric unit of compounds 2b (a) and 2c¢ (b) at 50% of probability. Hydrogen atoms are omitted for clarity.

and 2c. In the 13C NMR, the different chemical shifts of the aro-
matic carbons are due to the deactivating effect of the nitro group,
where the carbon atoms in ortho and para to the nitro group are
displaced at lower field. The signal observed at 160.62, 160.81 and
160.79 ppm is assigned to imine group (C-15) in 2a, 2b and 2c.
Again, these differences are caused by the electron-withdrawing
effect of the nitro group.

3.5. DFT optimization and frontier molecular orbitals

The optimization of the geometries for the three Schiff bases
2a-c in their ground states was carried out using the B3LYP level
with the basis set 6-311++G**. Optimized structures are presented
in Figure S13. Table S2 shows values for the calculated bond an-
gles, bond lengths and dihedral angles, in addition to the exper-
imental data for compounds 2b and 2c. Only limited differences
can be observed between the calculated dihedral angles, bond an-
gles and lengths and those determined experimentally. Notewor-
thy, the intermolecular interactions NOeeeH and CHeeeO and the
intra-molecular interactions OHeeeN that arise during the crystal
packing and the nitro-substitution in the aromatic ring affect the
crystal structure of compounds 2a, 2b and 2c, and therefore are
likely to be responsible for the small differences noted between
the theoretical and experimental data [46]. The calculated data for
the C21-N5 imine bonds show that they are not affected by the
position of the nitro group, displaying a bond length of 1.294 A
in all three cases. However, the experimental data show that the
C21-N5 bond is longer in 2¢ than in 2b. This discrepancy is pos-
sibly caused by intramolecular NeeeH interactions not considered
in the theoretical calculations. Fig. 5 shows the molecular orbitals
(MOs) distributions of the HOMO and LUMO for compounds 2a-c.
The HOMO to LUMO band gap energy is 3.302, 3.188 and 3.279 eV
for 2a, 2b and 2c, indicating that 2b is the most reactive, implying
lower kinetic stability and higher chemical reactivity [54]. Note-
worthy, in all three compounds, the HOMO orbital is delocalized
over the azomethine moiety, pyrazole ring and phenol. The LUMO
orbital for 2a and 2b is located in the nitrophenyl moiety, while
for 2c it is mainly localized on the nitrophenyl moiety with a con-
tribution of the pyrazole ring [55,56].

3.6. Molecular electrostatic potential (MEP) and global reactivity
descriptors

MEP map has been used to visualize the different charged re-
gions of a molecule and has proven to be a useful tool to study

Fig. 2. Superimposed structures of Schiff base 2b (blue) and Schiff base 2¢ (red).

the structure-activity relationship [57,58]. Calculations show that
in 2a-c the negative electrostatic potential is mainly located on the
oxygen atoms of the nitro and hydroxyl group and on the nitrogen
of the pyrazole moiety, these being the reactive sites for an elec-
trophilic attack, while the positive electrostatic potential (blue re-
gions) is localized over the C-H bonds of the compounds, thereby
these electron-poor sites have affinity towards nucleophiles (Fig. 6)
[59].

Global reactivity parameters were also calculated and data in
Table 3 confirm that compound 2b is the most reactive of the se-
ries [60,61]. In order to evaluate the effect of the nitro-group on

Table 3
Calculated HOMO-LUMO energies and global reactivity parameters for compounds
PhPzSal and 2a-c.

Parameters PhPzSal [21] 2a 2b 2c
Enomo —-6.155 —6.360 —6.303 —6.375
ErLumo -2.375 —3.058 -3.115 —3.096
AEnomo -AEiumo 3.780 3.302 3.188 3.279
Electronegativity () 4.265 4.709 4.709 4.736
Chemical hardness () 1.890 1.651 1.594 1.640
Global softness (o) 0.529 0.606 0.627 0.610
Chemical potential (1) —4.265 —4.709 —4.709 —4.736
Electrophilicity index (w) 4.812 6.716 6.956 6.839
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Fig. 4. Interactions along [010] direction (a), C-HeeeO interactions (b) and crystal packing (c) for compound 2c.

the different parameters, data for the previously reported unsub-
stituted PhPzSal compound (see structure in Figure S14) have been
included [21]. Schiff base PhPzSal presents the lowest ionization
potential (IP) value, which makes it a good electron donor. Com-
pound 2b presents the highest values for the electronic affinity
(EA) and electrophilicity (w) which makes it a better electrophile
than PhPzSal, 2a and 2c. Another parameter of great importance is
the softness (o) and the hardness (n). Derivative 2b presents the
highest value of softness and the lowest value of hardness, corrob-
orating that this compound has the highest electrophilic character,

and as such the most reactive compound in this series of Schiff
bases.

3.7. Antifungal activity

The next step of our study was to evaluate the antifungal ac-
tivity of the compounds. C. albicans and C. neoformans fungi were
chosen due to the importance of these species in the epidemiol-
ogy of fungal infections. C. albicans is among the leading causes
of bloodstream infections worldwide [62,63], and C. neoformans
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Fig. 6. Electrostatic potential surface for the Schiff bases at DFT/B3LYP level. The red and blue regions represent the most negative and most positive potentials while the
green one represents the zero potential.
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Fig. 7. Dose-response curves of compounds 2a-c C. albicans ATCC 10231 (left) and C. neoformans ATCC 32264 (right). Compounds test wells were prepared with stock
solutions of each compound in DMSO. Microtiter trays were incubated in a moist, dark chamber at 30 °C for 48 h.

remains a life-threatening complication for immunocompromised
hosts. C. neoformans is considered as the leading cause of crypto-
coccal meningoencephalitis generating a high mortality rate among
patients with profoundly altered infections, particularly patients
suffering from HIV [64,65]. Table S3 shows the antifungal results
expressed as a percentage of inhibition of each fungal growth in
the range of 250-3.4 ug/mL, together with the minimum concen-
tration of the 2a-c compounds that inhibited 100, 80 or 50% of
the growth of both fungi (MIC;qg, MICgg and MICsg). Fig. 7 shows
the dose-response curves against each fungus. Compound 2a dis-
played a much higher activity that 2b and 2c against C. albicans
with a 50% inhibition of growth at a concentration of 125 pg/mL
at 48 h incubation time. In contrast, all three derivatives showed
a comparable activity against C. neoformans with 2c¢ being slightly
more active, with a 61% of inhibition of growth at a concentration
of 250 pug/mL at 48 h incubation time.

In an attempt to rationalize such results, the calculated reactiv-
ity parameters (Table 2) were compared for the 2a-c series. Com-
pound 2a presents the highest values of chemical hardness, indi-
cating a slightly higher electrophilicity than 2b and 2c. This may
indicate that the specific proteins of C. albicans tend to interact
with electrophilic compounds.

3.8. Molecular docking studies and LigPlot analysis

To gain a better understanding on the differences observed in
the antifungal activity and the influence of the position of the nitro
group, molecular docking calculations were performed. Considering
the importance of the metabolic functions of the Saps and Hsp90
proteins in fungal microorganisms, these were chosen as targets.
The secreted aspartic protein (Saps) was selected as it plays an im-
portant role in the infection process and is responsible for viru-
lence. Adhesion and tissue damage are attributed to the Saps pro-
tein, and therefore, can be considered a valuable inhibition target
for C. albicans [66]. The Hsp90 protein or chaperone protein was
selected as it is present in the cell transduction and signaling. The
main function of Hsp90 is observed in the process of virulence and
drug resistance. Hence, the inhibition of the Hps90 protein is an at-
tractive target for the treatment of fungal diseases caused by C. ne-
oformans [67]. To generate a valid procedure, the optimized ligand
is self-docking in triplicate in the active site of the protein [PDB ID:
3PVK] for C. albicans and [PDB ID 2X]JX] for C. neoformans. Calcu-
lations using the optimized structures for compounds 2a-c reveal
that they present interactions in the active site of the proteins in
the —6.33 + 0.047 to —7.47 + 0.120 kcal/mol range (Table 4).

Table 4
Binding energy of compounds 2a-c on molecular targets in C. albicans and C. neo-
formans after molecular docking calculations.

Protein
3PVK 2X]X
Energy AE (kcal/mol) Energy AE (kcal/mol)
Compound X + SD X + SD
2a —6.33 £ 0.047 —6.63 £ 0.047
2b —6.97 £ 0.047 -7.47 £0.120
2c —7.03 + 0.009 —6.60 + 0.210

According to the data shown in Table 3, the 3PVK protein
presents a higher affinity towards the 2c¢ binder, with an energy
value of —7.03 + 0.009 kcal/mol, while the 2X]JX protein shows
a higher affinity towards compound 2b with an energy value of
—7.47 + 0.120 kcal/mol. This agrees with the data obtained for the
reactivity parameters shown in Table 2, where compounds 2c and
2b display the lowest values of chemical hardness, indicating that
these compounds tend to easily donate electronic density and thus
improving binding to proteins. Interestingly, the most active com-
pound (2a) against C. albicans presents the lowest binding energy
with 3PVK protein. Fig. 8 and S15 show the binding modes be-
tween compounds 2a-c and the 3PVK and 2XJX proteins respec-
tively.

Table S4 summarizes the different interactions and binding
affinities between 2a-c and 3PVK and 2X]JX. Hydrophobic interac-
tions and hydrogen bonds between the 2a-c binders and the 3PVK
and 2XJX proteins are highlighted in the LigPlot diagrams in Fig. 9
and S16 respectively. Compound 2c¢ presents nine hydrophobic in-
teractions with the 3PVK protein and four hydrogen bonding in-
teractions of which, two interactions of oxygen 1 (01) with amino
acids Thr222 and Tyr225, one interaction of oxygen 3 (03) with
amino acid Gly220 and one interaction of nitrogen 3 (N3) with the
amino acid Thr221 as can be seen in Table S4. On the other hand,
compound 2b presents two hydrogen bonding interactions of oxy-
gen 1 (01) with amino acid Thr222 and of oxygen 3 (03) with
amino acid Gly220. According to the calculated bonding energies
interactions of compounds 2a-c with the 2X]JX protein, compound
2c¢ shows stronger interaction than compounds 2a and 2b (Table
S4). LigPlot analysis showed that hydrogen binding with the ni-
tro group takes place in all cases, providing a stable position near
key residues of 3PVK protein (Fig. 9). Notably, compound 2c dis-
plays four hydrogen bonds with residues Gly220, Thr221, Thr222
and Ile223. The nitro group in this case is involved in two hydro-
gen bonds with residues 222 and 223. The nitro group is in para
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Fig. 8. Binding modes of co-crystalized compounds 2a-c with 3PVK protein.
position in compound 2¢, which should allow it to be more ex- by hydrophobic C-H 7 interactions with the phenyl rings in the

posed to these residues. In case of 2a, only a single hydrogen bond molecule. The ability of a nitro group to delocalize positive charge
is involved, this is most likely because the phenyl ring is ortho in aromatic rings showed no important effect in the protein-ligand
substituted with the nitro group and therefore is more hindered. interactions. However, torsion can explain how a conformation is
These three different positions for compounds 2a-c are stabilized preferred among others [68]. For the nitro group in ortho posi-
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tion (2a), the torsion angle between the phenyl ring and one of culations show that 2b displays the smallest HOMO-LUMO energy
the oxygen atoms is —41.52° which indicates that the nitro group gap and the highest value of softness, corroborating that this com-
is hindered, while meta substitution (2b) shows a torsion angle of pound has the highest electrophilic character and is the most re-
179.46° and for para substitution (2c¢) a torsion angle of —179.50° active within this series of Schiff bases. Antifungal studies on C
is observed. Both compounds with meta and para are close in en- albicans clearly show that the position of the nitro group has a
ergy but compound 2c¢ with the nitro group in para position shows considerable impact on the activity, while on C. neoformans, the in-
a slightly better affinity to the 3PVK protein due to more hydrogen fluence is much less important. Molecular docking studies showed

bonds, possibly because the negative torsion angle directs the oxy- that the most biologically active compound (2a) against C. albicans
gen atom towards Thr222 and Ile223 residues. presents the lowest affinity with model 3PVK protein, and the dif-

ferences in antifungal activity observed between the 3 isomers, are
4. Conclusions more likely be a consequence of steric considerations rather than

electronic effects caused by the nitrophenyl substituent. However,

In summary, the synthesis of three azomethine isomers (2a-c) no definite explanation on the exact role of the nitro group on the

based on a pyrazole moiety substituted by a nitrophenyl group was antifungal activity can be drawn at this stage of the work, and fur-

studied using different methodologies, obtaining the best yields ther investigation is needed to establish the possible mechanisms
through environmentally friendly techniques. Theoretical DFT cal- of action.

10
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