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This study presents the synthesis and characterization of five Schiff bases derived from 
the reaction of 4-(2-aminoethyl)-benzenesulfonamide (compound 1) with corresponding 
aldehydes, (benzaldehyde, 2-pyridinecarboxaldehyde, 2-quinolinecarboxaldehyde, 8-hydroxy-
2-quinolinecarboxaldehyde and 4-imidazolecarboxaldehyde, for compounds 2-6, respectively). 
Characterization was performed by various spectroscopic techniques and supported by density 
functional theory (DFT) calculations. The crystal structures revealed how the substituent groups 
influenced the present supramolecular interactions. Compounds 1-4 and 6 showed no cytotoxicity 
to BHK-21 and VERO E6 cells at the highest concentration of 50 µmol L-1, while compound 5 
was cytotoxic at this concentration. Compound 5 was active against the Chikungunya virus at the 
concentration of 10 µmol L-1, highlighting the effect of the 8-hydroxyquinoline substituent for the 
antiviral activity. For Zika virus, compound 6 was the only one active at 50 µmol L-1. The results 
suggest the potential of combining sulfonamides with other chemotypes for further development 
of antiviral agents, especially in the treatment of arboviral diseases. 
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Introduction

Chikungunya and Zika viral infections have had a global 
impact, particularly in tropical and subtropical regions, 
being primarily transmitted by Aedes mosquitoes. Patients 
infected with the Chikungunya virus (CHIKV) usually 
experience a sudden onset of fever, often accompanied 
by joint pain. Severe joint pain typically lasts for a few 

days but can persist for months or even years, resulting in 
significant loads on the healthcare system and a profound 
impact on the quality of life of affected individuals.1 
Meanwhile, Zika virus (ZIKV) infection is characterized 
by symptoms such as fever, headache, nausea, myalgia, 
and arthralgia during the acute infection phase. However, 
one of the most concerning aspects of ZIKV infection is its 
potential to cause microcephaly in newborns when pregnant 
women are exposed to the virus.2 Regrettably, there are no 
specific antiviral treatments or approved vaccines available 
for either CHIKV or ZIKV, which makes controlling 
outbreaks and managing the long-term health consequences 
a challenging endeavor in affected regions. Therefore, 
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significant efforts in the field of medicinal chemistry have 
been directed towards discovering a promising chemotypes 
for the treatment of CHIKV and ZIKV.3-6

Sulfonamides are a chemical group containing the 
[R–SO2NH–R´] scaffold which have found clinical success 
as antiviral agents, despite being initially developed as 
antibacterial agents.7 Sulfonamides have found particular 
effectiveness in the treatment of HIV. As examples, 
darunavir, fosamprenavir and tipronavir are human 
immunodeficiency virus (HIV) protease inhibitors approved 
by the American Food and Drug Administration (FDA). 
Recently, sulfonamides have been gaining further attention 
as a promising chemotype for the treatment of other viral 
infections, including severe acute respiratory coronavirus 
(SARS-CoV-2), CHIKV and ZIKV.8-11

Among bioactive sulfonamides, 4-(2-aminoethyl)-
benzenesulfonamide (compound 1, Figure 1) has been 
explored as a promising scaffold for drug development. 
It has been reported as a highly selective human carbonic 
anhydrase (CA) IX inhibitor over the CA II isoform.12,13 The 
human CA IX isoform is overexpressed in several types 
of solid tumors and they may serve as potential targets 
of drug development.14 Schiff bases of compound 1 have 
been reported in the literature, achieving CA inhibition 
in the nanomolar range.12 Radioactive metal complexes 
containing the motif of compound 1 in the ligand have been 
designed for positron emission tomography (PET) imaging 
of tumor hypoxia due to their affinity towards CA IX.13

Schiff bases are formed by condensation of amines and 
carbonyl compounds. They are versatile molecules with 
applications spanning coordination chemistry, catalysis, 
and medicinal chemistry. The Schiff bases can serve as 
ligands for metal ions, contributing to the creation of unique 
coordination compounds. In organic synthesis, Schiff 
bases act as catalysts, enabling various transformations.15,16 
Recently, molecular docking studies suggested that 
Schiff bases may be considered as potential inhibitors of 
SARS‑CoV-2 proteins.17-19 In the same context, there are 
open opportunities on the development of Schiff bases with 

anti-CHIKV and anti-ZIKV activities.20 
Herein, we present the synthesis and characterization 

of a series of compounds obtained by the condensation 
of 4-(2-aminoethyl)-benzenesulfonamide with several 
aldehydes, i.e., benzaldehyde (for compound 2), 2-pyridine
carboxaldehyde (compound 3), 2-quinolinecarboxaldehyde 
(compound 4), 8-hydroxy-2-quinolinecarboxaldehyde 
(compound 5)  and 4-imidazolecarboxaldehyde 
(compound  6) (Figure 1). Compounds 2 and 3 were 
previously described in the literature, but no antiviral 
activities were reported so far, 12,21 while compounds 4-6, 
to the best of our knowledge, are new. A systematic study 
of the crystal structure of the synthesized compounds is 
presented. Additionally, the electronic structure of the 
compounds was studied by electronic spectroscopy and 
supported by density functional theory (DFT) calculations. 
Finally, the activity of the compounds over CHIKV and 
ZIKV was investigated.

Experimental

Reagents and equipment

4-(2-Aminoethyl)-benzenesulfonamide (compound 1, 
99%), benzaldehyde (≥ 99%), 2-pyridinecarboxaldehyde 
(99%), 2-quinolinecarboxaldehyde (97%), 8-hydroxy- 
2-quinolinecarboxaldehyde (≥ 98.0%) and 4-imidazole
carboxaldehyde (98%) were acquired from Sigma-Aldrich 
laboratories (USA). All chemicals were of analytical grade 
and used without further purification.

Elemental analyses were performed on a PerkinElmer 
2400 CHNS/O Analyzer. Electronic spectra of ethanolic 
solutions of the compounds were acquired within the 
190-1100 nm range using a 1.0 cm (path length) quartz 
cuvette in a diode array HP8453 UV/Visible absorption 
spectrophotometer. Electrospray ionization quadrupole 
time-of-flight mass spectrometric (ESI-QTOF-MS) 
measurements were conducted in a Waters Synapt 
HDMS instrument. The samples were analyzed in a 1:1 
methanol:water solution with addition of 0.10%  (v/v) 
formic acid. Each sample was directly infused into 
the ESI source of the instrument and analyzed in the 
positive mode, with capillary potential of 3.50 kV, source 
temperature of 150 °C and nitrogen gas for desolvation. 
The 1H and 13C nuclear magnetic resonance (NMR) 
spectra were recorded in Bruker Avance III 400 or 
500 MHz spectrometers. The compounds were dissolved 
in deuterated dimethylsulfoxide (DMSO-d6) and the 1H 
and 13C signals from solvent residual peak were set to 
2.50 and 39.52 ppm, respectively.22 Thermogravimetric 
analyses were performed on a simultaneous TG/DTA DTG 

Figure 1. Structural formulas of compounds 1-6 studied in this work.
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60/60H (Shimadzu) thermoanalyzer, using the following 
conditions: temperature range from 25 to 800 °C, heating 
rate of 10 °C min-1 and synthetic air flow (20 mL min-1).

Data collections for the single crystals of compounds 2-6 
were performed with a Bruker Apex II CCD diffractometer 
with graphite monochromated Mo Kα (λ = 0.71073 Å) or 
Cu Kα (λ = 1.5418 Å) radiations. Unit cell dimensions 
and orientation matrices were determined by least squares 
refinement of the reflections. The data were indexed and 
scaled with the Apex II Suite.23 Bruker SAINT24 and 
SADABS25 were used to integrate and for absorption 
correction, respectively. The structures were solved with 
ShelXT using intrinsic phasing and refined with ShelXL26 
in Olex2 (v. 1.2.10).27 The nonhydrogen atoms were refined 
anisotropically. The hydrogen atoms were added to the 
structure in idealized positions and refined according to the 
riding model, except for those from –NH2 (compounds 2-6), 
–OH (compound 5) and –NH (imidazole, compound 6) 
groups involved in hydrogen bonding. Molecular graphics 
were obtained using Mercury (v. 3.10)28 and Olex2. 
Crystallographic information for compounds  2-6 can 
be found in Table S1 (Supplementary Information (SI) 
section).

Syntheses 

The Schiff bases were prepared using the same general 
method, unless stated otherwise. In summary, 2.0 mmol of 
the corresponding aldehydes (the solid aldehydes of 4 and 5 
were dissolved in ethanol) were added to a flask containing 
2.0 mmol of 4-(2-aminoethyl)-benzenesulfonamide, 
dissolved in warm ethanol and the final volumes were 
20 mL. The reaction mixtures were refluxed for 4 h under 
stirring. The solids (see details for each compound below) 
were isolated by filtration, washed with cold ethanol 
and dried under vacuum. Purification of the prepared 
compounds was performed by recrystallization in methanol 
or ethanol.

Compound 2
A white solid appeared after cooling the reaction 

system for 12 h, Yield: 73%, calcd. for C15H16N2O2S (%): 
C, 62.5; H, 5.59; N, 9.71; experimental (%): C, 61.4; H, 
5.03; N, 9.79; 1H NMR (400 MHz, DMSO-d6) d 8.62 (s, 
1H), 7.73 (m, 4H), 7.45 (m, 5H), 7.28 (s, 2H), 3.84 (t, 2H, 
J 7.2 Hz), 3.02 (t, 2H, J 7.2 Hz); 13C NMR (100 MHz, 
DMSO-d6) d 161.3, 144.2, 141.9, 136.0, 130.6, 129.3, 
128.6, 127.8, 125.6, 61.3, 36.5; HRMS (ESI+) m/z, calcd. 
for C15H17N2O2S+ [M + H]+: 289.1005, found: 289.1002. 
Single-crystals suitable for diffraction were obtained by 
recrystallization of the precipitate in methanol. 

Compound 3
A yellow crystalline solid appeared after cooling 

the reaction system for 12 h. Yield: 75%; calcd. for 
C14H15N3O2S (%): C, 58.1; H, 5.23; N, 14.5; experimental 
(%): C, 57.8; H, 5.17; N, 14.3; 1H  NMR (500  MHz, 
DMSO-d6) d 8.62 (ddd, 1H, 0.8, 1.6, 4.8 Hz), 8.29 (s, 1H), 
7.94 (1H, dt, J 8.0, 1.2 Hz), 7.87 (td, 1H, J 8.0, 1.6 Hz), 7.73 
(d, 2H, J 8.4 Hz), 7.46 (d, 2H, J 8.4 Hz), 7.45 (overlapped, 
1H), 7.27 (br, 2H), 3.91 (td, 2H, J 7.2, 1.2 Hz), 3.04 (t, 2H, 
J 7.2 Hz); 13C NMR (125 MHz, DMSO-d6) d 162.4, 154.0, 
149.4, 144.0, 142.0, 136.9, 129.3, 125.6, 125.2, 120.4, 61.1, 
36.3; HRMS (ESI+) m/z, calcd. for C14H16N3O2S+ [M + H]+: 
290.0963, found: 290.0912. Single-crystals suitable for 
diffraction studies were obtained by slow evaporation of 
the filtrate of the synthesis.

Compound 4
A yellow powder precipitated after cooling the reaction 

system for 12 h. Yield: 90%; calcd. for C18H17N3O2S (%): 
C, 63.7; H, 5.05; N, 12.4; experimental (%): C, 63.0; H, 
4.90; N, 12.2; 1H NMR (500 MHz, DMSO-d6) d 8.47 (s, 
1H), 8.43 (d, 1H, J 8.4 Hz), 8.05 (m, 3H), 7.82 (m, 1H), 
7.76 (d, 2H, J 8.0 Hz), 7.67 (ddd, 1H, m), 7.49 (d, 2H, 
J 8.0 Hz), 7.28 (br, 2H), 4.00 (td, 2H, J 7.2, 0.8 Hz), 3.10 
(t, 2H, J 7.2 Hz); 13C NMR (125 MHz, DMSO-d6) d 162.7, 
154.3, 147.2, 144.01, 142.0, 136.9, 130.1, 129.4, 129.1, 
128.3, 128.0, 127.6, 125.6, 117.8, 61.2, 36.2; HRMS 
(ESI+) m/z, calcd. for C18H18N3O2S+ [M + H]+: 340.1120, 
found: 340.1019. Single-crystals suitable for diffraction 
studies were obtained by slow evaporation of the filtrate 
of the synthesis.

Compound 5
This compound was synthesized by the same method 

described before, but with the use of 1.0 mmol of each 
reactant and total volume of 10 mL of ethanol. A yellow 
solid precipitated during the synthesis. Yield: 65%; 
calcd. for C18H17N3O3S (%): C, 60.8; H, 4.82; N, 11.8; 
experimental (%): C, 60.3; H, 4.29; N, 11.9; 1H  NMR 
(400 MHz, DMSO-d6) d 9.72 (br, 1H), 8.46 (s, 1H), 8.34 
(d, 1H, J  8.4  Hz), 8.05 (d, 1H, J  8.4  Hz), 7.74 (d, 2H, 
J 8.4 Hz), 7.48 (d, 2H, J 8.4 Hz), 7.48 (overlapped, 1H), 
7.42 (dd, 1H, J 7.6, 1.2 Hz), 7.27 (br, 2H), 7.13 (dd, 1H, 
J 7.6, 1.2 Hz), 3.99 (t, 2H, J 7.2 Hz), 3.10 (t, 2H, J 7.2 Hz); 

13C NMR (100 MHz, DMSO-d6) d 162.5, 153.6, 152.2, 
144.0, 142.0, 137.9, 136.8, 129.4, 129.3, 128.7, 125.6, 
118.0, 117.8, 112.1, 61.4, 36.3; HRMS (ESI+) m/z, calcd. 
for C18H18N3O3S+ [M + H]+: 356.1069, found: 356.1013. 
Single-crystals suitable for diffraction were obtained by 
recrystallization of the precipitate in ethanol. 
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Compound 6
A light-yellow powder precipitated after cooling the 

reaction system for 12 h. Yield 51%; calcd. for C12H14N4O2S 
(%): C, 51.8; H, 5.01; N, 20.1; experimental (%): C, 51.8; 
H, 5.28; N, 20.0; 1H NMR (400 MHz, DMSO-d6) d 12.42 (s, 
1H), 8.14 (s, 1H), 7.73 (d, 2H, J 8.4 Hz), 7.69 (s, 1H), 7.43 
(d, 2H, J 8.4 Hz), 7.28 (s, 2H), 3.76 (t, 2H, J 7.2 Hz), 2.97 
(t, 2H, J 7.2 Hz); 13C NMR (100 MHz, DMSO-d6) d 144.26, 
141.88, 129.28, 125.57, 61.44, 36.69; HRMS (ESI+) 
m/z, calcd. for C12H15N4O2S+ [M + H]+: 279.0916, found: 
279.1414. Single-crystals suitable for diffraction studies 
were obtained by slow evaporation of the supernatant of 
the synthesis after one week of stand.

Molecular modeling

All calculations were performed using the Gaussian 09 
program29 and the structures were generated and analyzed 
by GaussView software.30 Optimization and vibrational 
frequency calculations were performed using density 
functional theory with the hybrid functional B3LYP31-34 and 
basis set 6-311++G(3df,3pd).35-37 No imaginary frequencies 
were found, showing that the structures were at minimum 
energy.

The energy values of highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) were generated and the energy gap for the 
chemical species was calculated according to equation 1:

∆EGAP = ELUMO – EHOMO	 (1)

The energies of the HOMO and LUMO were used 
to obtain chemical hardness (η), chemical softness 
(S), chemical potential (μ), electronegativity (χ) and 
electrophilicity index (ω),38,39 equations 2-5:

η = (EHOMO – ELUMO)	 (2)

	 (3)

	 (4)

	 (5)

For the UV-Vis calculations, the structural data 
of the crystals (compounds 2-6) were used together 
with the matrix optimized for compound 1. The time-
dependent density functional theory (TD-DFT) with the 

CAM‑B3LYP40 functional and basis set 6-311++G(3df,3pd) 
were used and 10 excited states evaluated. The ethanol 
solvent effect was employed using the solvation model 
based on density (SMD) implicit solvent model41 and the 
scaling factor 0.96642 was used in the TD-DFT calculations.

Cell viability by MTT assay

Cel l  v iab i l i ty  was  measured  by  the  MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide) assay. BHK-21 cells (fibroblasts derived from 
Syrian golden hamster kidney; ATCC CCL-10) or Vero E6 
cells (kidney tissue derived from a normal adult African 
green monkey, ATCC E6) were cultured in 48-well plate 
and treated with different concentrations of each compound 
for 16 h at 37 °C with 5% of CO2. After treatment, media 
containing compound was removed from and MTT at 
1 mg mL-1 solution was added to each well, incubated for 
30 min and replaced with 100 μL of DMSO to solubilize the 
formazan crystals. The absorbance was measured at 490 nm 
on Glomax microplate reader (Promega). Cell viability was 
calculated according to the equation (T/C) × 100%, which 
T and C represented the optical density of the treated well 
and control groups, respectively. DMSO was used as non-
treated control. 

Anti-CHIKV activity 

The CHIKV expressing nanoluciferase reporter 
(CHIKV-nanoluc) used for the antiviral assays is based on the 
CHIKV isolate LR2006OPY1 (East/Central/South African 
genotype). The cDNA of CHIKV-nanoluc was placed under 
the control of a cytomegalovirus (CMV) promoter.43,44 To 
determine viral titers, 1 × 105 BHK-21 cells were seeded in 
each of 24 wells plate 24 h prior to the infection. Then, the 
cells were infected with ten-fold serial dilutions of CHIKV-
nanoluc for 1 h at 37 °C. The inoculums were removed, cells 
were washed with phosphate buffer saline (PBS) to remove 
the unbound virus, and added of fresh medium supplemented 
with 1% penicillin, 1% streptomycin, 2% fetal bovine 
serum (FBS) and 1% carboxymethyl cellulose (CMC). 
Infected cells were incubated for 2 days in a humidified 
5% CO2 incubator at 37 °C, followed by fixation with 4% 
formaldehyde and stained with 0.5% violet crystal. The 
viral foci were counted to determine viral titer, which was 
presented in plaque-forming units per milliliter (PFU mL-1).

BHK-21 cells were seeded at density of 5 × 104 cells 
per well into 48-well plates 24 h prior to the infection. 
CHIKV‑nanoluc at a multiplicity of infection (MOI) of 
0.1 and the compound were simultaneously added to cells. 
Samples were harvested in Renilla-luciferase lysis buffer 
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(Promega) at 16 h post-infection (h.p.i.) and virus replication 
was quantified by measuring nanoluciferase activity using 
the Renilla-luciferase Assay System (Promega). Data were 
analyzed for normal distribution, in order to demonstrated 
if a parametric or nonparametric test should be applied. 
Then, the one-way analysis of variance (ANOVA) or Mann-
Whitney test was used to compare the treatment with each 
compound with the DMSO control, using p < 0.05. 

Anti-ZIKV activity

A wild type ZIKV isolate from a clinical sample of a 
patient in Brazil (ZIKVPE243)45 was amplified employing 
infected Vero E6 cells in 75 cm2 flask for 3 days. Then, the 
viral supernatant was collected and stored at −80 °C. To 
determine viral titers, 5 × 103 Vero E6 cells were seeded 
in each of 96 wells plate 24 h prior to the infection. Cells 
were infected with 10-fold serially dilution of ZIKVPE243 
and incubated for 72 h in a humidified 5% CO2 incubator 
at 37  °C. Then, cells were fixed with 4% formaldehyde, 
washed with PBS followed by the addition of blocking 
buffer (BB) containing 0.1% Triton X-100 (Vetec Labs), 
0.2% bovine albumin (BSA) and PBS for 30 min, to perform 
immunofluorescence assay.46 Images were analyzed at EVOs 
Cell Imaging Systems Fluorescence Microscopy (Thermo 
Fisher Scientific) and focus of infection were counted and 
measured as focus forming unit per milliliter (FFU mL-1). 

To assess the antiviral activity of each compound, Vero E6 
cells were seeded at a density of 5 × 103 cells per well into 
96 well plates for 24 h and infected with ZIKVPE243 at a MOI 
of 0.01 FFU cell-1 in the presence of each compound at the 
established non-cytotoxic concentration. Cells were fixed 
with 4% formaldehyde, washed with PBS and BB added 
for immunofluorescence assay and FFU were counted. Data 
were analyzed for normal distribution to demonstrate the 
applicability of the parametric or the nonparametric test. 
Then, two-way ANOVA test was employed to compare the 
treatment of each compound with the DMSO as control, 
with a p < 0.05.

CHIKV and ZIKV infections for antiviral assays 
were performed at a BSL-2 laboratory under the 
authorization number CBQ: 163/02 and process SEI: 
01,245.006267/2022-14 from the National Technical 
Commission for Biosecurity from Brazil (CTNBio).

Results and Discussion

Synthesis and characterization

The compounds 2-6 were synthesized via reaction of 
compound 1 with the appropriate aldehyde, in ethanol under 

reflux. Elemental analysis of all compounds was consistent 
with the proposed formulae, without any solvent adducts. 
TG/DTA analysis showed no mass loss below 200 °C for 
any of the compounds (Figures S1 and S2, SI section), 
while melting occurred between 153 °C (compound 1) 
and 186  °C (compound 5). The differences in melting 
temperature could be directly related to hydrogen bonding 
patterns and other supramolecular interactions present for 
each compound, as observed in the crystal structures.

1H  NMR spectra of the Schiff bases also revealed 
formation of the imine due to the presence of a -CH- proton 
in the 8.0-8.3 ppm range (see Figure 2). Depending on 
the nature of the substituent aromatic ring, the chemical 
shift of the -CH- proton and of the -CH2- protons 
varied accordingly. The phenyl and pyridyl substituents 
led to similar chemical shifts (8.29 ppm for the -CH- 
proton), and the same occurred for the quinolynyl and 
8-hydroxyquinolinyl ones (8.46 ppm). The 4-imidazolyl 
substitution led to the most distinct electronic effects, 
leading to the most shielded protons (8.14 ppm for the 
-CH- proton). Full 1H and 13C NMR spectra and signal 
attribution are provided in the SI section (Figures S3-S12).

Crystal structures

Single-crystals suitable for X-ray diffraction analysis 
were obtained for all synthesized Schiff bases. The 
asymmetric units of the compounds 2-6, shown in 
Figure 3, are consistent with the proposed condensation 
reaction of 4-(2-aminoethyl)-benzenesulfonamide with 
the corresponding aldehydes, which led to the formation 
of imines. The N(2)–C(9) bond length is a probe for the 
formation of the imine, since its value should be within 
the C=N average double bond range of 1.279(8) Å.47 
For compounds 2-6, the values were 1.265(2), 1.266(2), 
1.264(2), 1.270(2) Å and 1.267(2), respectively. The bond 
lengths of the five compounds are consistent with those 
previously reported for similar structures based on the 
4-(2-aminoethyl)benzenesulfonamide motif.48-50

The main supramolecular interactions identified for the 
crystal structures are presented in Table 1. Compound 2 
was previously reported in the literature,12 but its crystal 
structure was not provided. It was used here as the prototype 
in the structural analysis of intermolecular interactions 
of the aromatic derivatives. The main intermolecular 
interaction seen for 2 were hydrogen bonds, where the 
-NH2 from the sulfonamide acts as hydrogen bond donor to 
a nitrogen of an imine, N(2), and one oxygen atom from the 
sulfonamide group, O(2). Additionally, only one significant 
C–H···π interaction was observed, with no relevant π···π 
interactions (with Cg···Cg distances ≤ 4.0 Å) identified. 
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Meanwhile, compounds 3 and 4 have a N-heterocyclic 
substituent in the form the pyridyl and quinolinyl rings that 
acted as hydrogen bond acceptors. Therefore, in these two 
crystal structures, only nitrogen atoms acted as hydrogen 

bond acceptors to the –NH2 group, in contrast to what was 
observed for compound 2. 

Compound 5 presented the most complex array of 
supramolecular interactions, especially due to its hydrogen 

Figure 2. 1H NMR spectra of compounds 2-6 with the aromatic and aliphatic regions, highlighting diagnostic signals common for all structures. Spectra 
were acquired in DMSO-d6 at 400 MHz (for compounds 2, 5 and 6) or 500 MHz (for compounds 3 and 4).

Figure 3. Molecular view of compounds 2-6. Displacement ellipsoids are drawn at the 50% probability level. The hydrogen atoms were not labeled, for 
clarity. The red and blue aromatic rings were highlighted with centroids corresponding to Cg1 and Cg2 (Table 1), respectively, for each crystal structure.
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bond donor (-OH group) in the 8-hydroxyquinoline ring. 
The shortest π···π interaction was observed for this crystal 
structure, where two 8-hydroxyquinoline rings stacked in 
an offset manner (Cg···Cg distance of 3.6870(7) Å). Finally, 
compound 6 has an imidazole group, which acted as a 
hydrogen bond acceptor (of the -NH2 group) and donor 
(to one oxygen atom of the sulfonamide group). 

Molecular modeling

To gain further insights into the electronic properties of 
the compounds, DFT calculations were performed. To verify 
the accuracy of the method used and simulate the structure 
of compound 1, the structures of compounds  2-6 were 

optimized at B3LYP/6-311++G(3df,3pd) level and the results 
were compared with crystal data (Table S2, SI section). From 
the results presented in Table S2, it is possible to infer that 
the calculated structures resulted in geometrical parameters 
that are consistent with experimental data and, therefore, the 
level of theory could be used to simulate compound 1. To 
further understand the electronic structure of compounds 1-6, 
their frontier molecular orbitals and the energy gap have been 
calculated and the results are represented in Figure 4. The 
HOMO and LUMO are the most important molecular orbitals 
because they explain the chemical behavior, bioactivity and 
physical properties of a molecule.51 Well-defined π orbitals 
were observed in all cases, highlighted by the absence of 
electronic probability density in the sulfonamide group in 

Table 1. Geometrical parameters of the supramolecular interactions present in the crystal structures of 2-6

D-H···A D-H / Å H···A / Å D···A / Å D-H···A / degree Symmetry code

Compound 2
N(1)–H(1A)···N(2) 0.82(3) 2.12(3) 2.918(2) 164(3) 1/2+x, –1/2+y, z
N(1)–H(1B)···O(2) 0.84(3) 2.04(3) 2.843(2) 160(3) x, 1–y, 1/2+z
C(7)–H(7A)···O(1) 0.99 2.59 3.550(2) 163 –1/2+x, 3/2–y, –1/2+z
π-Interaction Distance / Å γa / degree
C(5)–H(5)···π(Cg2) 2.72 11.04 1/2+x, 3/2–y, 1/2+z

Compound 3
N(1)–H(1A)···N(2) 0.865(16) 2.084(17) 2.9426(17) 171.8(17) 1/2–x, –1/2+y, 1/2–z
N(1)–H(1B)···N(3) 0.86(2) 2.07(2) 2.9029(17) 164.5(17) 1–x, 1–y, 1–z
C(3)–H(3)···O(1) 0.95 2.50 3.2242(17) 133 –1/2+x, 1/2–y, –1/2+z
C(12)–H(12)···O(2) 0.95 2.51 3.2290(18) 132 1–x, 1–y, –z
C(13)–H(13)···O(2) 0.95 2.50 3.3076(17) 143 x, 1+y, z
π-Interaction Distance / Å βb / degree
π(Cg1)···π(Cg2) 3.8771(8) 19.2 1/2-x, 1/2+y, 1/2-z

Compound 4
N(1)–H(1A)···N(3) 0.847(17) 2.116(16) 2.9495(18) 167.8(16) –1+x, 3/2–y, 1/2+z
N(1)–H(1B)···N(2) 0.87(2) 2.19(2) 3.0179(18) 160.4(18) x, 3/2–y, 1/2+z
C(8)–H(8A)···O(1) 0.99 2.57 3.3947(18) 141 x, 3/2–y, –1/2+z
C(14)–H(14)···O(1) 0.95 2.51 3.1817(18) 128 x, y, –1+z
C(16)–H(16)···O(1) 0.95 2.51 3.4154(19) 160 1+x, y, –1+z
π-Interaction Distance / Å β / degree
π(Cg1)···π(Cg1) 3.9138(9) 20.9 –x, 1–y, 2–z

Compound 5
N(1)–H(1A)···N(2) 0.87(2) 2.393(19) 3.2141(18) 157.0(15) 1–x, 1–y, 1–z
N(1)–H(1B)···N(2) 0.874(18) 2.289(18) 3.0863(16) 151.8(16) x, y, –1+z
O(3)–H(3)···N(1) 0.83(2) 2.26(2) 3.0179(15) 151(2) 1–x, 1–y, 1–z
C(8)–H(8A)···O(1) 0.99 2.47 3.3030(18) 142 2–x, 1–y, 1–z
C(9)–H(9)···O(1) 0.95 2.59 3.4413(17) 150 2–x, 1–y, 1–z
C(12)–H(12)···O(2) 0.95 2.47 3.3559(17) 156 x, –1+y, 1+z
π-Interaction Distance / Å β or γ / degree
C(7)–H(7B)···π(Cg1) 2.62 12.42 (γ) 1–x, 1–y, 1–z

π(Cg2)···π(Cg2) 3.6870(7) 25.7 (β) 1–x, –y, 2–z

Compound 6
N(1)–H(1A)···N(3) 0.857(19) 2.111(19) 2.9487(16) 165.5(15) 1–x, 1–y, 1–z
N(1)–H(1B)···N(2) 0.835(19) 2.210(19) 2.9810(16) 153.5(17) 1+x, y, z
N(4)–H(4)···O(2) 0.843(19) 2.117(19) 2.9130(15) 157.2(18) –3/2+x, 1/2–y, –1/2+z
C(5)–H(5)···O(2) 0.95 2.41 3.3152(17) 160 3/2–x, –1/2+y, 3/2–z
C(12)–H(12)···O(1) 0.95 2.44 3.3122(16) 152 1–x, –y, 1–z
aγ is the Cg-H vector and ring normal; b β is the angle between the centroid vector Cg(I)···Cg(J) and the normal to plane I.
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compounds 4 and 5, which indicates, for these compounds, 
a reduced reactivity in this region. For compound 1, the free 
amino group contributes greatly to the HOMO, which is 
consistent with it being the Lewis base in the formation of 
the Schiff bases. Additionally, the frontier molecular orbitals 
indicate contribution of the imine nitrogen atom and of the 
N-heterocyclic nitrogen atoms (for compounds 3-6), which 
indicate the reactive sites.

The obtained HOMO and LUMO energies were used to 
calculate reactivity indices, such as ionization potential (IP), 
electron affinity (EA), hardness (η), softness (S), chemical 

potential (μ), electronegativity (χ), and electrophilicity 
index (ω) referring to sulfonamides are shown in Table S3 
(SI section). Chemical hardness is an important parameter 
in investigating the behavior of chemical systems, which 
indicates the stability of a group of nuclei and electrons in 
the face of variations in their electronic distribution.52,53 As 
described in Table S3, the chemical hardness determined 
for the compounds is considerably low, with values below 
-6.0 eV. The ΔE (energy gap) values can indicate the 
reactivity/bioreactivity of the molecules, where the lower 
ΔE value, the more reactive the molecule. The ΔE results 

Figure 4. Representation of frontier molecular orbitals (HOMO and LUMO) for compounds 1-6.
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show that compound 5 is the most reactive with a value 
of ΔE = 6.187 eV, compounds 2, 3,4 and 6 have moderate 
reactivity and compound 1 is the least reactive for the class 
studied (compound 1-6).

The parameters χ and μ measure the power of attracting 
electrons in addition to highlighting the tendency to 
lose electrons from a system in equilibrium.54-56 The 
values obtained for μ and χ for sulfonamides show 
that the compounds are reactive and present significant 
electronegativity. The ω showed that sulfonamide 6 
(-1.067 eV) is the most electrophilic compound among 
the others. 

The electronic structure of the compounds was further 
evaluated by recording their UV-Vis spectra in ethanol and 
using TD-DFT to elucidate the nature of the transitions (see 
Figure S13, SI section). Comparing the spectra, the trend of 
the most intense bands is close to the experimental one, but 
the wavelength range is slightly different due to the error 
associated with the method. The maximum wavelengths are:  
λmax,compound 1 = 187.25 nm, λmax,compound 2 = 192.76 nm, 
λmax,compound 3 = 188.99 nm, λmax,compound 4 = 236.94 nm, 
λmax,compound 5 = 251.35 nm, λmax,compound 6 = 232.84 nm, which 
differ from the experimental ones by a maximum of 17 nm. 

To explain UV-Vis spectra, 10 excited states were 
generated and the results of wavelength (nm), oscillator 
strength, excitation energy (eV), and the highest 
contributions of molecular orbitals to electronic transitions 
are presented in Table S4 (SI section). Each transition 
presented different contributions between the frontier 
molecular orbitals and the main contributions to each 
transition are represented by those of the type π → π*.

It is important to highlight that the first transition for 
compound 5 has a HOMO → LUMO contribution of 
96%, Table S4 (π → π*), and by analyzing the frontier 
molecular orbitals it is possible to assess that HOMO and 
LUMO are located in the same part of the molecule (the 
8-hydroxyquinoline ring). The location of the orbitals allows 
for a lower energy gap value and therefore a higher λmax. 
These data indicate the relevance of the 8-hydroxyquinoline 
motif to the overall reactivity of compound 5, which could 
be reflected in its biological properties (see “Biological 
assays” sub-section).

Biological assays

Finally, compounds 1-6 were screened for their antiviral 
activity by using a recombinant CHIKV designed for 
expression of nanoluciferase reporter (CHIKV-nanoluc). 
This construct was used to evaluate the anti-CHIKV 
activity of the compounds and possesses similar replication 
rates to the wildtype virus.57-60 First, naive BHK-21 cells 

were treated with compounds at 50, 10, and 2 µmol L-1 
and cell viability was assessed by MTT assay. The results 
demonstrated that only compound 5 was cytotoxic at 
50 µmol L-1 (Figures S14, S15, SI section). The highest 
non-cytotoxic concentration was selected to assess the 
anti-CHIKV activity of all compounds. Cells were infected 
with CHIKV-nanoluc at a MOI of 0.1 in the presence or 
absence of each compound and nanoluciferase activity 
levels, which is proportional to viral replication, were 
assessed 16 h post-infection.

As observed in Figure 5, all 6 compounds had 
approximately 50% of viral replication inhibition. Given that 
compounds 1-4 and 6 had the same activity at 50 µmol L-1, 
it could be related to the initial chemical backbone 
of the sulfonamide 1. The only difference was that of 
compound 5, which showed the same inhibitory activity, 
but at 10 µmol L-1. This can be related to the effect of the 
8-hydroxyquinoline substitution, so that the combination 
of the sulfonamide and 8-hydroxyquinoline scaffolds could 
be further investigated for the development of anti-CHIKV 
compounds. Compound 5 presented activity comparable to 
other molecules tested against CHIKV, which include the 
antimalarial drug chloroquine (with half maximal effective 
concentration (EC50) of 5-11 µmol L-1) and the drug used 
to treat trypanosomiasis suramin (8.8-62.1  µmol  L-1).61 
8-Hydroxyquinoline derivatives have been reported as potent 
inhibitors of dengue virus and West Nile virus proteases,62,63 
which are validated targets for CHIKV and ZIKV as well.64,65 

A similar approach was used to evaluate the anti-ZIKV 
activity of the compounds, but here employing Vero E6 cells 
infected with ZIKVPE243 at a MOI of 0.01 in the presence 
or absence of each compound at the highest non-cytotoxic 

Figure 5. Effect of compounds on BHK-21 viability and CHIKV infection. 
BHK 21 cells were infected with CHIKV-nanoluc and simultaneously 
treated with compounds at 50 or 10 µmol L-1. After 16 h post infection, 
cells were lysed, and a Renilla-luciferase assay was performed to assess 
CHIKV replication. Mean values of three independent experiments, each 
measured in triplicate including the standard deviation are shown. DMSO 
was used as untreated control. ****P < 0.0001.
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concentration. Again, only compound 5 was cytotoxic at 
50 µmol L-1 to Vero E6 cells. Results of anti-ZIKV activity 
(Figure 6) were in great contrast to those of anti-CHIKV 
activity. The compound 6 showed a modest anti-ZIKV 
activity at 50 µmol L-1, indicating that the 4-imidazole 
scaffold might have a role in this antiviral activity. For 
comparison to other compounds reported in the literature, 
chloroquine showed an EC50 of 10 µmol L-1 when tested for 
anti-ZIKV activity in Vero cells, while suramin had an EC50 
at around 40 µmol L-1.66 Additional studies are envisaged to 
further evaluate the mechanism by which the compounds 
present the antiviral activity.

Conclusions

Synthesis and a comprehensive characterization of 
five Schiff bases featuring the sulfonamide group were 
reported in this work. The use of spectroscopic techniques 
supported by DFT calculations allowed for a detailed 
analysis of the molecular structures, and the determination 
of crystal structures provided valuable insights into the 
supramolecular interactions influenced by the substituent 
groups of the Schiff bases. The findings underscore the 
importance of the sulfonamide moiety, with compound 5 
demonstrating notable activity against the Chikungunya 
virus. Contrastingly, only compound 6 displayed (modest) 
activity against Zika virus. The results not only expand 
on the structural intricacies of Schiff bases, but also 
highlight the potential of specific sulfonamide/Schiff bases 
derivatives as promising chemotypes for further exploration 
in the development of antiviral agents. Studies to further 

explore the potential mechanisms that lead to the biological 
activity of the compounds are envisaged.

Supplementary Information

Crystallographic data for the structures in this work 
were deposited in the Cambridge Crystallographic Data 
Centre as supplementary publication numbers CCDC 
2305461-2305465. Copies of the data can be obtained, 
free of charge, via https://www.ccdc.cam.ac.uk/structures/.

Supplementary information (Figures S1-S15, 
Tables S1‑S4) is available free of charge at http://jbcs.sbq.org.br  
as PDF file.
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