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Abstract
New thiophene-based imine ((E)-N,N-dimethyl-4-((thiophen-2-yl-methylene)amino)aniline) (Y6), amine (N1,N1-dimethyl-
N4-(thiophen-2)-ylmethyl)benzene-1,4-diamine) (Y6a), and phosphoacomethine (diphenyl (((4-(dimethylamino)phenyl)
amino)(thiophen-2-yl)methyl)phosphate) (Y6b) compounds were synthesized, and their structures were thoroughly ana-
lyzed. The synthesized compounds were determined to have antioxidant effects and strong inhibitory effects against human 
carbonic anhydrases I and II (hCA I and hCA II) isoforms. All compounds exhibited significant antioxidant properties, with 
compound Y6a showing an IC50 value of 5.13 µg/mL, which was significantly lower than the IC50 of ascorbic acid (17.55 µg/
mL). The compounds also demonstrated potent inhibitory effects against hCA I and hCA II isoenzymes, with IC50 values 
of 1.96 µM (Y6), 8.25 µM (Y6a), and 0.46 µM (Y6b) for hCA I, and 1.89 µM (Y6), 0.56 µM (Y6a), and 1.02 µM (Y6b) for 
hCA II. In addition to the experimental findings, molecular docking studies of the synthesized compounds were performed. 
Antimicrobial tests of the synthesized compounds were performed, and it was determined that they have antibacterial activ-
ity against bacterial strains. Additionally, all three compounds exhibited promising antiproliferative activity in the MCF-7 
breast cancer cell line, with IC50 values of 56.58 µM (Y6), 51.30 µM (Y6a), and 40.01 µM (Y6b). Notably, the IC50 value 
of Y6b (40.01 µM) was found to be comparable to that of cisplatin, one of the effective chemotherapy drugs, and has the 
potential to be a drug or drug precursor.
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Introduction

In recent years, cancer has become one of the most impor-
tant public health problems worldwide. Rapid population 
growth and increased exposure to etiological factors with 
aging are leading to an increase in cancer incidence. This 
indicates that a large increase in the burden of cancer is pro-
jected in the future, with cancer-related deaths expected to 
reach 20.3 million in 2030 (Khan 2019). Breast cancer, one 
of the most common types of cancer, is responsible for 25% 
of cancer cases in women and 15% of cancer-related deaths 
(Shams-White et al. 2020). Despite extensive research and 
investment in the field of cancer, the management, diagno-
sis, and treatment of human malignancies remains a major 
challenge. Endeavors have been focused on chemotherapy as 
a primary chemotherapeutic strategy, although its effective-
ness is hindered by notable limitations stemming from the 
creation of free radicals and reactive oxidant species (ROS), 
consequently leading to severe side effects (Tuli et al. 2023). 
In physiological contexts, a modest ROS level assumes a 
protective role within cells. However, the excessive accu-
mulation of ROS within cellular environments can trigger 
oxidative stress, culminating in detrimental consequences 
such as genomic instability. ROS interacts with membrane 
lipids, nucleic acids, proteins, enzymes and other smaller 
molecules, thereby causing cellular damage (Aggarwal 
et al. 2019). Considering the context above, the focus has 

shifted toward the development of pharmaceutical agents 
that exhibit a dual capacity encompassing both antioxidant 
and anticancer effects. This approach aims to counteract the 
presence of free radicals and ROS, thereby mitigating and 
preventing the adverse effects associated with chemotherapy, 
while concurrently targeting and eliminating tumor cells 
(Cauli 2021).

A previous study has indicated that molecules possessing 
antioxidant properties can act as inhibitors of carbonic anhy-
drase (CA) enzymes (Huyut et al. 2016). CA enzymes are 
crucial zinc metalloenzymes present in all living organisms. 
They catalyze the reversible conversion of CO2 and H2O into 
HCO3

− and H+ ions. Within the human body, a total of 15 
distinct CA isoforms have been identified. These isoforms 
exhibit variations in terms of molecular characteristics, sub-
cellular localization, and distribution across different tissues. 
CA isoforms play pivotal roles in numerous physiological 
processes including respiration, pH regulation, sodium (Na+) 
retention, calcification, bone resorption, signal transduction, 
electrolyte secretion, gluconeogenesis, ureagenesis, and 
lipogenesis. Their diverse involvement in metabolic func-
tions has made CA enzymes valuable targets for therapeu-
tic interventions across various medical conditions such as 
glaucoma and epileptic seizures, altitude sickness, and more 
recently, their potential applications extend to the treatment 
of cancer, obesity, and pain management (Durmaz et al. 
2022; Haapasalo et al. 2020). Researchers have extensively 
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studied and recognized the cytosolic CA I and II isoforms. 
CA I is prominently expressed in red blood cells and the 
gastrointestinal tract, whereas CA II is present in all tissues 
(Yigit et al. 2022). The potential of CA I and II isoforms as 
a tumor-associated isoform have not been extensively inves-
tigated. However, according to the Cancer Genome Atlas 
(TCGA) database, moderate to high levels of CA I mRNA 
have been detected in patients with acute myeloid leuke-
mia, colorectal cancer, and renal carcinoma based on RNA 
sequencing (Uhlen et al. 2017). A recent study has shown 
that CA I contributes to breast microcalcification, tumori-
genesis and migration in breast cancer. A reported that CA 
I expression is increased in breast cancer, induces abnormal 
cell calcification, apoptosis, and migration, and may be a 
potential oncogene (Mboge et al. 2018; Zheng et al. 2015). 
CA II has been found in different brain tumors, with the most 
malignant type exhibiting the strongest expression. In addi-
tion, this isoform has been associated with poor prognosis in 
patients suffering from these tumor types (Haapasalo et al. 
2020). Furthermore, research has indicated that the inhibi-
tion of the CA II isoform contributes to a further reduction 
in angiogenesis, achieved through its capability to suppress 
the signaling of vascular endothelial growth factor receptors 
(Annan et al. 2019).

Cancer treatment methods such as chemotherapy, radio-
therapy, and immunotherapy have a negative effect on the 
patient's immune system. This makes the body more vulner-
able to microbial infections. In this context, the development 
of small molecules as anticancer and antimicrobial agents is 
of great importance and numerous drugs (Linezolid, GAR-
936, Daptomycin, Oritavancin, etc.) are already available 
for this purpose (Roy and Trinchieri 2017). However, the 
problem of multidrug resistance is widespread in the fight 
against both cancer and microbial infections. Therefore, it 
is necessary to synthesize and develop new precursor mole-
cules with different mechanisms of action that can overcome 
the problem of multidrug resistance.

In this context, many pharmacologically effective Schiff 
base compounds are used. Schiff bases are compounds 
formed by the nucleophilic addition reaction of carbonyl 
compounds with amines and contain a carbon–nitrogen 
double bond (–CH=N–) (Puchtler and Meloan 1981). These 
compounds, also known as imines, are an important class of 
ligands due to their structural diversity, ability to form stable 
complexes, ease of preparation, biological conversion, and 
recombination mechanism (Pathania et al. 2019). The use 
of Schiff base ligands with electron-donating atoms such 
as S, O, N, and their complexes is quite common in indus-
trial and clinical research (Kundu et al. 2016; Pathania et al. 
2019). S serves as a vital constituent in the regulation of 
normal physiological processes. It plays a fundamental role 
in the composition of amino acids, encompassing cysteine, 
methionine, taurine, and various other sulfur-containing 

compounds. Additionally, S is an indispensable component 
of numerous antioxidant molecules such as glutathione, 
thioredoxin, and glutaredoxin, contributing significantly to 
their efficacy in combating oxidative stress (Francioso et al. 
2020). Furthermore, several studies show that heterocyclic 
Schiff bases containing N, O, and S atoms possess a wide 
range of biological activities such as antimicrobial (Patha-
nia et al. 2019), analgesic (Afridi et al. 2022), antioxidant 
(Ambika et al. 2019) and enzyme inhibition activities (Bul-
durun et al. 2019).

Organophosphorus compounds are also an effective group 
of drugs (Mansoura Ali and El-Gendy 2022). Heterocyclic 
compounds that incorporate organophosphorus groups play 
a crucial role in various fields including natural product 
studies, environmental chemistry, organic chemistry, medici-
nal chemistry, and pharmacology (Finkbeiner et al. 2020). 
Some of these compounds are alkylating agents and cross-
link DNA (Ullah 2020). Oxazaphosphorines and cyclophos-
phamides are organophosphorus compounds that constitute 
an effective class of anticancer drugs (Mansoura Ali and 
El-Gendy 2022). In addition, phosphorus-containing com-
pounds have been reported to be included in the structure 
of substances used as CA inhibitors (Winum et al. 2005).

Schiff bases and their derivatives are found in natural, 
semi-synthetic and synthetic compounds and exhibit a wide 
range of biological activities (Aguilar-Llanos et al. 2022; 
Chen et al. 2023; Da Silva et al. 2011; Iwanejko et al. 2021). 
Figure 1 shows some bioactive imine-based molecules.

In light of this information, thiophene-based imine and 
phosphoazomethine compounds with high biological activ-
ity were synthesized in our study and it was aimed to con-
tribute to the studies in this field by investigating the bioac-
tivities of these compounds. Various analysis methods such 
as elemental, 13C-NMR, 1H-NMR, and FT-IR spectropho-
tometry were used for the characterization of the synthesized 
compounds. For the biological activity tests of the newly 
synthesized derivatives, antioxidant properties were inves-
tigated using ABTS·+ and DPPH· scavenging ability assays 
and inhibitory activities against hCA I and II by esterase 
activity assays. In addition, in vitro antitumor and antimi-
crobial properties were investigated using the MCF-7 cell 
line and various microbial strains.

Materials and methods

Chemicals

All materials were commercially purchased from Sigma-
Aldrich and used as received without further purification. 
The solvents used were of analytical grade and no drying 
or purification was required. The reactions were performed 
in a household microwave oven (Vestel MD 20 DB model, 
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230 V–50 Hz, 700 W) and were monitored using thin-layer 
chromatography (TLC, 60-mesh, Darmstadt, Germany). 1H 
NMR and 13C NMR spectra were obtained with Varian 400 
MHz and Bruker 400 MHz instruments, respectively, using 
deuterated chloroform (CDCl3) solvent. Elemental analysis 
results were obtained using a LECO CHNS-932 instrument. 
Melting points were measured using a Gallenkamp melt-
ing point apparatus, and IR spectra were obtained using a 
Perkin-Elmer Spectrum One FT-IR spectrometer.

Synthesis 
of N,N‑dimethyl‑4‑((thiophen‑2‑yl‑methylene)
amino) aniline (Y6)

Schiff base Y6 was synthesized by making some modi-
fications to the procedures given in the literature (Ayaz 
et al. 2022; AYTAÇ 2021). For the synthesis of compound 
Y6, N,N-dimethylbenzene-1,4-diamine (1 equiv., 300 mg) 

and thiophene-2-carboxyaldehyde compound (1 equiv., 
247 mg) were dissolved in 1 mL of DCM and exposed to 
microwave radiation at 900 W for 10 min. left (Scheme 1). 
The progress of the reaction was monitored by TLC. After 
the reaction was completed, the solvent was removed in 
the rotary evaporator and the compound was purified 
by crystallization in the DCM-Hexane solution system 
(4:1). It was obtained in 98% yield as a dark green solid. 
m.p. 132–134 °C. 1H NMR (400 MHz, CDCl3, δ, ppm): 
δ 8.64 (s, 1H), 7.47–7.42 (m, 2H), 7.29–7.26 (m, 2H), 
7.15–7.12 (m, 1H), 6.77 (d, J = 9.0 Hz, 2H), 3.01 (s, 6H). 
13C NMR (100 MHz, CDCl3, δ, ppm): 149.52, 148.78, 
143.77, 140.39, 130.64, 128.99, 127.59, 122.32, 112.84, 
40.72. FT-IR (KBr, cm−1, ν): Aromatic (CH) 3091, Ali-
phatic (CH) 2886, 2853, 2803, ν(C = N) 1613. Elemental 
analysis calcd. for C13H14N2S; C, 67.84; H, 6.26; N, 12. 
21; S, 13.69; found C, 67.79; H, 6.13; N, 12.16; S, 13,92. 
HRMS: (ESI), m/z: Calculated for [M + H]+ C13H14N2S; 
231.0878; Found: 231.0950.

Fig. 1   Different bioactive Schiff 
base derivatives

Scheme 1   Synthesis of Schiff 
base derivatives
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Synthesis 
of N1,N1‑dimethyl‑N4‑(thiophen‑2‑ylmethyl)
benzene‑1,4‑diamine (Y6a)

N1,N1-dimethyl-N4-(thiophen-2-ylmethyl)benzene-1,4-di-
amine (Y6a) was synthesized by making some modifica-
tions to the procedures given in the literature (Ignatovich 
et  al. 2009; Oboňová et  al. 2023). After N,N-dimethyl-
4-((thiophen-2-yl-methylene)amino)aniline (Y6) (1 equiv., 
350 mg) was dissolved in THF/H2O (1:1, 20 mL), NaBH4 
(8 equiv., 328.50 mg) was added slowly at 0 °C (Scheme 1). 
The reaction mixture was agitated at room temperature for a 
duration of 6 h. The progress of the reaction was monitored 
by TLC and after completion of the reaction the solvent was 
removed on a rotary evaporator and the compound was puri-
fied by crystallization and obtained as a dark green solid in 
90% yield. M.p: 59–60 °C. 1H NMR (400 MHz, CDCl3, 
δ, ppm): δ 7.12 (dd, J = 5.0, 0.8 Hz, 1H), 6.94–6.86 (m, 
2H), 6.66 (d, J = 8.8 Hz, 2H), 6.59 (d, J = 8.8 Hz, 2H), 
4.39 (s, 2H), 2.75 (s, 6H). 13C NMR (100 MHz, CDCl3, 
δ, ppm): 144.62, 143.60, 140.02, 126.76, 124.81, 124.42, 
115.64, 114.87, 44.69, 42.11. FT-IR (KBr, cm−1, ʋ): (NH) 
3434. Elemental analysis calcd. for C13H16N2S; C, 66.88; 
H, 7.29; N, 12.04; S, 13.79; found C, 66.98; H, 7.35; N, 
12.02; S, 13.76 HRMS: (ESI), m/z: Calculated for [M + H]+ 
C13H16N2S; 232.1034; Found: 233.1070.

Synthesis of diphenyl (((4‑(dimethylamino)phenyl)
amino) (thiophen‑2‑yl)meth66.8yl)phosphate (Y6b)

Compound Y6 (1 equiv., 300 mg) was dissolved in 5 ml of 
ethanol and diphenylphosphite (1 equiv., 302.40 mg) was 
added (Scheme 1). The reaction was stirred at room tem-
perature for 2 days and a white solid formed (Rostamiza-
deh et al. 2011). This solid was filtered through filter paper, 
washed 3 times with ethanol, and dried. It was obtained in 
94% yield without any purification. M.p: 128–129 °C; 1H 
NMR (400 MHz, CDCl3, δ, ppm): 7.35–7.26 (m, 6H), 7.17 
(ddd, J = 12.6, 7.6, 0.8 Hz, 4H), 7.03 (ddd, J = 11.3, 5.5, 
2.7 Hz, 3H), 6.73 (s, 4H), 5.36 (dd, J = 23.7, 7.7 Hz, 1H), 
4.38 (brs, 1H), 2.86 (s, 6H). 13C NMR (100 MHz, CDCl3, 
δ, ppm): 150.40, 150.30, 145.36, 138.95, 137.42, 129.74, 
127.28, 126.89, 125.80, 125.35, 120.77, 120.49, 116.22 
(2 C), 115.05 (2 C), 54.13, 41.76. FT-IR (KBr, cm−1, ν): 
3426(NH), Alifatic (CH) 2853. Elemental analysis calcd. 
for C25H25N2O3PS; C, 64.51; H, 5.45; N, 6.07; found C, 
64.55; H, 5.43; N, 6.04. HRMS: (ESI), m/z: Calculated for 
[M + H]+ C25H25N2O3PS; 265.1323; Found: 465.1357.

Determination of radical scavenging capabilities

The DPPH scavenging activity of all the synthesized com-
pounds (Y6, Y6a, Y6b) was evaluated according to the 

Blois method, using the following procedure (Blois 1958). 
Briefly, different concentrations (2–25 µg/mL) of the test 
compound in 1 mL DMSO were added to 3 mL methanol-
DPPH· solution. The samples were incubated for 30 min at 
room temperature in the dark, and the absorbance values 
were measured at 517 nm and recorded.

In the ABTS assay method, an aqueous solution of 
ABTS·+ (7.0 mM) was oxidized to its radical cation form 
(ABTS·+) using oxidants such as K2S2O8 (2.5 mM) (Re et al. 
1999). The resulting ABTS·+ solution was then diluted with 
phosphate buffer (0.1 M, pH 7.4) to give a control absorb-
ance of 0.750 ± 0.025 at 734 nm. Subsequently, 1 mL of 
ABTS·+ solution was mixed with 3 mL of solutions contain-
ing compounds (Y6, Y6a, Y6b) at different concentrations 
(2–25 μg/mL). After an incubation period of 30 min, the 
residual absorbance of ABTS·+ was measured at 734 nm. All 
assays and analyses were performed in triplicate, and results 
were presented as mean ± standard deviation.

Determination of antibacterial and antifungal 
activity

The antimicrobial activities of the synthesized molecules 
were determined by the agar well method using different 
strains of bacteria and yeast (Berkow et al. 2020). The tested 
bacterial and yeast strains were obtained from Kırşehir Ahi 
Evran University Medical Biology Laboratory. In the study, 
Klebsiella pneumoniae (ATCC 10031), Escherichia coli 
(ATCC 25922), Yersinia pseudotuberculosis (ATCC 911), 
Listeria monocytogenes (ATCC 43251), B. subtilis subs. 
spizizenii (ATCC 6633), Staphylococcus aureus (ATCC 
25213), Staphylococcus aureus BT (ATCC 25923), Entero-
coccus faecalis (ATCC 29212), Bacillus cereus (709 Roma), 
Pseudomonas aeruginosa (ATCC 43288), Candida tropi-
calis (ATCC 13803) and Candida albicans (ATCC 60193).

Bacterial strains were inoculated onto MHA (Müller-
Hinton Agar) medium and incubated overnight at 37 °C. 
After streaking inoculation of cell suspensions adjusted to 
McFarland 0.5 on MHA medium, 4 mm diameter wells were 
made using a sterile cork borer. Stock solutions of each syn-
thesized compound were prepared at a concentration of 2.5 
mg/mL in %5 DMSO. Subsequently, 50 µl of these solutions 
were added to individual wells and then incubated at 37 °C 
for 24 h for bacteria or at 25 °C for 48 h for yeasts (MHA 
for bacteria and PDA media for yeast). The diameters of the 
inhibition zones formed around the wells due to the activity 
of each test compound against bacterial and yeast growth 
were measured using an antibiogram. Ampicillin at a con-
centration of 1 mg/mL was used as a positive control, while 
a 5% DMSO solution was used as a negative control. These 
experiments were performed in triplicate, and the results 
presented are the mean of three independent experiments.
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Determination of minimal inhibition concentrations 
(MIC)

The minimum inhibitory concentrations (MIC) of the com-
pounds against microorganisms were determined according 
to NCCLS guidelines (Lewis and James 2022). After the 
determination of the compounds by the agar well method, 
the MIC values were determined by the broth microdilution 
method using 96-well plates. Different concentrations of Y6, 
Y6a, Y6b molecules were prepared in the range of 2500 µg/
mL-19.81 µg/mL (2500, 1250, 625, 312.5, 156.25, 78.125, 
39.62, 19.81) using YPD broth (Yeast Peptone Dextrose) 
liquid media for fungi and MHB (Müller–Hinton Broth) liq-
uid media for bacteria. Appropriate media, test compounds, 
and McFarland 0.5 turbidity suspensions were added to each 
well of the plate. Plates were incubated at 37 °C for approxi-
mately 24 h for bacteria and at 25 °C for 48 h for fungi, and 
MICs were determined.

Determination of minimal bactericidal 
concentrations (MBC)

Concentrations at or above the determined MIC values were 
selected to determine the MBC value. Then, inoculums were 
taken from the wells containing the concentrations deter-
mined to evaluate the bactericidal effects with the help of a 
core, and line cultures were made on Petri dishes containing 
medium. After overnight incubation, the lowest concentra-
tion without growth was determined as the MBC.

Determination of hCA I and hCA II activity

The activities of hCA I and hCA II isoenzymes were 
assessed by the esterase activity method, which is based on 
the hydrolysis of p-nitrophenylacetate, used as a substrate 
by hCA enzymes, to give p-nitrophenol or p-nitrophenolate 
(Verpoorte et al. 1967). In the inhibition studies, p-nitro-
phenylacetate (3 mM) was used as the substrate and the 
formation of p-nitrophenol from p-nitrophenylacetate was 
followed by measuring the absorbance at 348 nm at a tem-
perature of 25 °C using a spectrophotometer. The enzyme 
unit was determined using the absorption coefficient of 
p-nitrophenyl acetate at 348 nm (ε = 5.4 × 103 M−1 cm−1). 
To determine the IC50 value, activity measurements were 
performed using at least five different concentrations of each 
compound. In the absence of any molecules, the control 
activity of hCA I and hCA II isoenzymes was considered 
100%. The inhibitor concentrations were plotted against 
the percentage activity of both isoenzymes, and the IC50 
values for each molecule were calculated using equations 
derived from the slope. Acetazolamide (AZA) was used as 

a reference inhibitor for hCA I and hCA II isoenzymes. All 
assays and analyses were performed in triplicate, and results 
were presented as mean ± standard deviation.

Molecular docking studies

The molecular structures of the compounds were cre-
ated using ChemDraw 19.0 and then converted to PDB 
format using Avogadro. The resulting compounds were 
then inserted into the active sites of the hCA I and hCA II 
isozymes. The crystallographic structures of hCA I and hCA 
II were obtained from the Protein Data Bank server (PDB 
codes: 6G3V and 3PO6) (Camadan et al. 2022). Ligands 
and protein molecules were then converted to PDBQT files 
formats using AutoDock Tools 1.5.7. Protein–ligand com-
plex files were analyzed using Discovery Studio Software.

Anticancer activity studies

Preparation of samples

To prepare the samples, stock solutions were first created in 
DMSO and then further diluted using Dulbecco's modified 
Eagle's medium (DMEM). The final concentration of DMSO 
was below 1% in all assays.

Cell lines and cell culture

MCF-7 breast cancer cell line (ATCC® HTB −22™) was 
obtained from Department of Medical Biology, Faculty of 
Medicine, Başkent University.They were grown in RPMI 
(Roswell Park Memorial Institute) medium containing 10% 
fetal bovine serum (FBS), 100 U/mL Penicillin, 100 μg/mL 
Streptomycin and 5% CO2 at 37 °C under sterile conditions. 
The medium was changed twice a week.

Cytotoxicity test

The Real-Time Cell Analyzer (RTCA, iCELLigence) device 
(Roche Applied Science, Basel, Switzerland) was used to 
visualize the proliferation inhibitory effects of the synthe-
sized compounds on MCF-7 cell lines. iCELLigence system 
is an advanced cell analysis system that includes microe-
lectronic biosensors and enables real-time and continuous 
monitoring of the cytotoxic effects of the applied substances 
on the cell, cell proliferation, and death over a period of 
time. The cell surface coverage is determined so that the 
cell index (CI) value is not less than 0.5 and ideally 1 or 
higher (Türker Şener et al. 2017). A high CI value indicates 
how high the population of cells growing on the bottom is 
and how high the spread of cells is. RTCA allows research-
ers to analyze cell behavior in a cell-based assay without 
the need for labeling and provides a real-time profile of the 
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cells. To evaluate the antiproliferative effects of the syn-
thesized compounds, MCF-7 cells were first detached from 
the flask surface using a trypsin/ethylenediaminetetraacetic 
acid solution. Following detachment, an equivalent volume 
of medium was introduced to the cell suspension and mixed 
gently. This suspension was subsequently partitioned into 
Falcon tubes and subjected to centrifugation. Meanwhile, 
200 µl of the medium was added to each well of the e-Plate, 
and the e-Plates were placed in the iCELLingence system 
and background measurements were performed. After the 
background measurement, cell seeding was performed with 
15.000 cells/450 µl in each well. The e-plates were kept at 
room temperature for 30 min to allow the cells to settle to the 
bottom. At the end of 30 min, the e-plates were placed back 
in the system and the experiment was started to measure 
every 15 min for 96 h. During the exponential growth phase, 
at the end of approximately 24 h, the e-plates were removed 
from the system for the addition of substances and the study 
was stopped. The synthesized substances were added to the 
wells at different concentrations (25, 50, 75 μM), and the 
final volume of each well was adjusted to 450 μL with a 
culture medium. The control group was made up to 450 μL 
with medium without the addition of any drug, and DMSO 
was added to the negative control well at a final concentra-
tion of 1%. Measurements were made in duplicate.

Results and discussion

The target thiophene-based imine and phosphoazomethine 
compounds were obtained in excellent yields (90–98%) fol-
lowing the route shown in Scheme 1. The compounds (Y6, 
Y6a, Y6b) were characterized by elemental analysis, IR, 13C 
NMR and 1H NMR spectra.

In the IR spectra of compounds (Y6, Y6a, Y6b), when the 
specific ν(CN) vibrations for compound Y6 were examined, 
C=N imino stretching was observed at 1613 cm−1. However, 
an important peak belonging to the carbonyl (C=O) group 
belonging to the aldehyde was observed at 1700 cm−1. The 
separation between sp2 and sp3 C–H stretching modes at 
3000 cm−1 was clearly seen. These data support the realiza-
tion of the formation reaction of the targeted compound, and 
the results obtained are consistent with the literature data 
(Nasser et al. 2023).

In the 1H NMR spectrum of compounds (Y6, Y6a, Y6b), 
the single peak of an imine proton at 8.64 observed indi-
cates the formation of the Schiff base. Besides the aldehyde 
groups, other signals related to 2-aminothiophene were 
observed as expected and the protons belonging to the thio-
phene ring were observed at 7.47–7.42 and 7.15–7.12 ppm. 
Another important peak belonging to the structure was the 
aromatic -CH protons belonging to the benzene ring at 7.44 
and 6.77 ppm, and the methyl -CH3 protons belonging to 

the dimethyl amino group were observed as singlet at 3.01 
ppm. NH-CH2 methylene protons, which are the character-
istic peak of the structure of the reduction compound, are 
seen as a singlet peak at 4.39 ppm. The presence of this peak 
is the most important evidence that the double bond is con-
verted into a single bond. The presence of dimethyl amino 
peaks and aromatic protons was found to be compatible with 
the structure. The P–CH proton added to the structure was 
observed at 4.38 ppm, the methyls of the dimethyl amino 
moiety at 2.86 ppm, and the NH proton at 5.36 ppm. In addi-
tion, the total number of aromatic protons is compatible with 
the structure and the results obtained are consistent with the 
literature data (Satapathy et al. 2019).

When the 13C NMR spectra of the compounds (Y6, Y6a, 
Y6b) were examined, the aliphatic methyl (-CH3) carbon 
was clearly seen at 40.72 ppm, the carbons belonging to 
the aromatic ring at 112.84 and 122.32 ppm, respectively, 
the –C=N carbon at 149.52 ppm, the ipso carbon to which 
the dimethyl amino group is attached at 148.78 ppm. The 
presence of two aliphatic peaks and the peak at 44.69 ppm, 
which proves that the –CH=N bond is transformed into 
-CH2-NH bond, is the biggest evidence of the transformation 
of the structure. In addition, aromatic –CH carbons belong-
ing to the benzene ring were observed at 114.87 and 115.64 
ppm, respectively. The ipso carbon to which the dimethyl 
amino group is attached resonated at 144.62. The appear-
ance of the –P–CH carbon peak at 54.13 ppm in compound 
Y6b in addition to the previous compound, clearly indicates 
the formation of the compound, and the disappearance of 
the -NH-CH2 carbon peak at 44.69 ppm in compound Y6a, 
and the presence of aromatic -CH carbons from two extra 
phenyls are evidence that the structure is formed. Chemical 
shifts and peak numbers are consistent with the literature 
(Shanty et al. 2017).

Antioxidant activity

Researchers often prefer in vitro methods for assessing anti-
oxidant activity due to their ease of application and the rapid 
results they provide (Liu et al. 2021). In this study, ABTS·+ 
and DPPH‧ scavenging activities were preferred to deter-
mine radical scavenging activity.

The synthesized compounds caused a significant change 
in both the color and absorption spectrum of DPPH‧. It 
was found that the antioxidant activities of the compounds 
increased parallel to the concentration. IC50 values were 
obtained from % inhibition vs. concentration graphs plotted 
against concentration. As shown in Table 1, IC50 values of 
Y6, Y6a, and Y6b compounds were determined as 45.73 
± 3.50, 5.13 ± 0.40 and 31.53 ± 2.00 µg/mL, respectively. 
When the results were analyzed, it was observed that the 
Y6 compound showed the lowest DPPH· scavenging activ-
ity, the Y6a compound showed the highest DPPH· radical 
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scavenging activity, and this value was higher than ascor-
bic acid and Butylated hydroxyanisole (BHA). As shown in 
Table 1, the results exhibited compounds (Y6, Y6a, Y6b) 
with high ABTS·+ scavenging ability. IC50 values of Y6, 
Y6a, and Y6b compounds were determined as 18.45 ± 1.25, 
3.98 ± 0.30 and 10.89 ± 0.75 µg/ml, respectively. When the 
results were analyzed, similar to DPPH· scavenging activ-
ity, the Y6 compound showed the lowest ABTS·+ scaveng-
ing activity, whereas the Y6a compound showed the high-
est ABTS·+ radical scavenging activity and this value was 
higher than ascorbic acid and BHA. The presence of the 
N–H group in the Y6a molecule, as reported by Nguyen 
et al., provides hydrogen atom to DPPH radicals (Nguyen 
et al. 2013), which makes the compound itself a radical and 
increases the total antiradical capacity by reacting with other 
DPPH· · radicals. Vukovic et al. found that amines (IC50: 
25.9–138 μM) have higher radical trapping capacity than 
imines (IC50: 304.1–446.9 μM) (Vukovic et al. 2010). The 
aromatic ring structures of some commonly used antioxidant 
substances (e.g. ascorbic acid) facilitate the displacement of 
unpaired electrons (Marchi et al. 2022). It has been shown 
in other studies that Schiff bases and their electron-donating 

groups such as oxygen, sulfur, and nitrogen exhibit impor-
tant biological activities (Savcı et al. 2022; Venkateswarlu 
et al. 2018). Tlidjane et al. successfully synthesized four 
novel α-aminophosphonate compounds incorporating thio-
phene ring. Their research demonstrated that these com-
pounds exhibit significant antioxidant potential, even at low 
concentrations ranging from 16.04 to 26.15 µg/mL. Nota-
bly, these compounds displayed greater antioxidant activity 
compared to established standards like Butylated Hydroxy-
toluene (BHT) and Butylated hydroxyanisole (BHA). They 
reported that the high activity of the compounds may be due 
to the presence of nitro group and heterocyclic ring (Tlid-
jane et al. 2022). In addition to the aromatic ring, the syn-
thesized molecules also contain azomethine and phosphate 
groups which affect the radical scavenging activity. The 
compound's low IC50 values are indicative of their effective 
ability to scavenge radicals. These synthesized compounds 
have demonstrated the potential to be utilized as promis-
ing antioxidant agents, effectively scavenging ROS that can 
cause damage in humans.

Antimicrobial activity

The antimicrobial activity of the synthesized compounds 
(Y6, Y6a, Y6b) was determined against eleven different 
microorganisms. Inhibition zone diameters, MIC, and MBC 
results are given in Tables 2 and 3. DMSO was used as a 
solvent and found to have no antimicrobial activity against 
any of the tested organisms. Inhibition test results showed 
that the compounds did not have antifungal activity against 
C. albicans and C. tropicalis strains but had antibacterial 
activity against all bacterial strains used (inhibition zones 
ranging from 8 to 18 mm). All test compounds showed the 
highest activity against P. aeruginosa (inhibition zone of 
14–18 mm) among Gram-negative bacteria. P. aeruginosa 

Table 1   IC50 (μg/mL) values for DPPH· and ABTS·+ scavenging abil-
ities of Y6, Y6a and Y6b compounds and standards

Molecules DPPH· ABTS·+

IC50 (µg/mL) R2 IC50 (µg/mL) R2

Y6 45.73 ± 3.50 0.9957 18.45 ± 1.25 0.9843
Y6a 5.13 ± 0.40 0.9903 3.98 ± 0.30 0.9895
Y6b 31.53 ± 2.00 0.9890 10.89 ± 0.75 0.9787
Ascorbic Acid 17.55 ± 1.50 0.9604 15.24 ± 1.20 0.9537
BHA 15.75 ± 1.00 0.9780 6.27 ± 0.50 0.9802

Table 2   Zone diameters values 
of the compounds against the 
tested microorganisms

Microorganisms Zone diameters

Y6 Y6a Y6b Ampicillin

Gram-negative bacteria
 E. coli (ATCC 25922) 8 ± 0.40 – – 19 ± 0.87
 P. aeruginosa (ATCC 43288) 15 ± 0.89 14 ± 0.68 18 ± 1.30 22 ± 1.12
 A. baumannii (ATCC 02026) 12 ± 0.63 – 11 ± 0.43 21 ± 0.93
 K. pneumoniae (ATCC 10031) – 11 ± 0.46 11 ± 0.40 21 ± 0.96
 Y. pseudotuberculosis (ATCC 911) – – 14 ± 0.63 22 ± 1.11

Gram-positive bacteria
 L. monocytogenes (ATCC 43251) –  - 11 ± 0.40 20 ± 1.07
 B. subtilis (ATCC 6633) – – 17 ± 1.10 22 ± 1.17
 S. aureus (ATCC 25213) 11 ± 0.44 – 9 ± 0.30 19 ± 0.92
 S. aureus BT (ATCC 25923) 10 ± 0.40 – 12 ± 0.48 20 ± 0.96
 E. faecalis (ATCC 29212) 13 ± 0.60 13 ± 0.42 15 ± 0.75 22 ± 1.05
 B. cereus (709 Roma) – – 13 ± 0.50 21 ± 0.98
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is a pathogen that causes burn injuries, urinary tract infec-
tions, wounds, and corneal ulcers (Spagnolo et al. 2021). 
All compounds exhibited the highest antibacterial activity 
against E. faecalis, a Gram-positive bacterium (inhibition 
zone of 13–15 mm). E. faecalis is the most frequently iso-
lated Gram-positive bacterium in hospital environments. It is 
commonly associated with urinary tract infections and endo-
carditis outbreaks (Ayobami et al. 2020). The results showed 
that compound Y6 had similar antibacterial activity against 
A. baumannii, S. aureus, S. aureus BT, E. faecalis bacteria, 
and MIC values were determined as 78.13 µg/mL. Com-
pound Y6b was effective against E. Coli, P. aeruginosa, A. 
baumannii, K. pneumoniae, Y. pseudotuberculosis, L. mono-
cytogenes, B. subtilis, S. aureus, S. aureus BT, E. faecalis, B. 
cereus strains. MIC values were determined between 39.62 
and 78.13 µg/mL. Compound Y6a was found to be effective 
against three bacterial strains (P. aeruginosa, A. bauman-
nii, E. faecalis) and MIC values were determined as 39.62, 
78.13, and 78.13 µg/mL, respectively. It is thought that the 
relative differences in the activity of the compounds against 
different microorganism species may be due to the differ-
ence in the ribosomes of microbial cells or the permeability 
of their cells. In the literature, there are studies support-
ing our results, showing that compounds containing Schiff 
base, thiophene, and phosphate group in their structure have 
antibacterial and antifungal properties (Eleamen et al. 2017; 
Gholivand et al. 2022; Venkateswarlu et al. 2018).

Carbonic anhydrase inhibition

hCA isoenzymes have been closely associated with many 
physiological and pathological processes. Therefore, inhibi-
tors of these isoenzymes are of great importance as target 
molecules in drug design studies. Since existing hCA inhibi-
tors have some side effects and insufficient specificity, new 
hCA inhibitors need to be discovered (Köksal et al. 2019). 
In this study, the inhibition effects of new thiophene-based 

imine and phosphoazomethine (Y6, Y6a, Y6b) compounds 
on hCA I and hCA II activities were investigated.

Inhibition data of hCA I and hCA II isozymes are given 
in Table 4. IC50 values for hCA I were found to be 1.96 
± 0.15, 8.25 ± 0.50, and 0.46 ± 0.05 µM for compounds Y6, 
Y6a, and Y6b, respectively. IC50 values for hCA II isoen-
zyme were determined as 21.89 ± 0.12, 0.56 ± 0.05 and 1.02 
± 0.08 µM, respectively. It was observed that all compounds 
had an inhibitory effect on hCA I and hCA II at micromo-
lar concentrations. When these values were compared with 
the reference inhibitor AZA, it was observed that Y6, Y6a, 
and Y6b molecules had an inhibitory effect close to AZA 
on hCA I and hCA II activity. Compound Y6b, which con-
tains phosphate groups in its structure, showed the strongest 
inhibitory effect for hCA I, while compound Y6a showed a 
significant inhibitory activity for hCA II. The variance in 
the inhibition rates of the compounds against hCA I and 
hCA II isoenzymes can be attributed to the distinct cata-
lytic activities and inhibitor sensitivities exhibited by these 
hCA isoenzymes. When the literature data were examined, 
it was observed that Schiff bases have high inhibition prop-
erties against important metabolic enzymes such as hCA, 
AChE, and BChE, which are associated with many diseases 
(Aytac et al. 2023). In a study by Yiğit et al. (2018), three 

Table 3   MIC/MBK values 
of the compounds against the 
tested microorganisms

Microorganisms MIC Values (µg/mL) MBK Values (µg/mL)

Y6 Y6a Y6b Y6 Y6a Y6b

E. coli (ATCC 25922) – – 78.13 – – 312.50
P. aeruginosa (ATCC 43288) 78.13 39.62 78.13 78.13 78.13 156.30
A. baumannii (ATCC 02026) 78.13 – 39.62 312.50 – –
K. pneumoniae (ATCC 10031) – 78.13 78.13 – 312.50 312.50
Y. pseudotuberculosis (ATCC 911) – – 78.13  -  - 312.50
L. monocytogenes (ATCC 43251) – – 78.13 – – 156.30
B. subtilis (ATCC 6633) – – 39.62 – – –
S. aureus (ATCC 25213) 78.13 – 39.62 156.30 – 156.30
S. aureus BT (ATCC 25923) 78.13 – 78.13 312.50 – 156.30
E. faecalis (ATCC 29212) 78.13 78.13 78.13 312.50 312.50 312.50
B. cereus (709 Roma) – – 78.13 – – 312.50

Table 4   Inhibition results of Y6, Y6a and Y6b compounds on hCA I 
and hCA II isoenzymes

*Acetazolamide (AZA): an inhibitor used as a standard for hCA I and 
hCA II isoenzymes

Compounds hCA I hCA II

IC50 (µM) R2 IC50 (µM) R2

Y6 1.96 ± 0.15 0.958 1.89 ± 0.12 0.945
Y6a 8.25 ± 0.50 0.984 0.56 ± 0.05 0.996
Y6b 0.46 ± 0.05 0.922 1.02 ± 0.08 0.977
AZA* 0.54 ± 0.06 0.984 0.28 ± 0.03 0.988
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series of symmetric Schiff bases and their amine derivatives 
were tested against AChE, hCA I, and II isoenzymes and 
reported to show an inhibition effect at nanomolar concen-
trations (Yiğit et al. 2018). In another study by Gülcin et al. 
(2020), they synthesized heterocyclic compounds contain-
ing nitrogen, phosphorus, selenium, and sulfur and deter-
mined that they have an inhibition effect against hCA I in 
the range of 33.32–60.79 nM and against hCA II in the range 
of 37.05–66.64 nM (Gülçin et al. 2020). When the studies 
were examined, it was observed that studies on phospho-
nates as CA inhibitors were limited. However, there are a 
few studies showing that compounds containing phospho-
nate groups are also strong hCA inhibitors (Nocentini et al. 
2019; Sobati et al. 2023). Zareei et al. added phosphonate 
groups to sulfonamide compounds with proven inhibition 
activity on hCAs. They found that most of the series of sul-
fonamide-phosphonate hybrid compounds they synthesized 
had stronger inhibitory activity than the standard inhibitor 
AZA (Zareei et al. 2023). In agreement with the literature, 
our results revealed that Schiff base, amine, and phosphoa-
zomethine compounds containing thiophene in their struc-
ture have high inhibitory properties against hCA I and hCA 
II. It is thought that the results obtained may be useful in 
the synthesis of new hCA isoenzyme inhibitors and in the 
development of drugs for the treatment of some diseases.

Anticancer activity

To determine the antiproliferative effects of the compounds, 
3 different compound doses (25–75 μM), 1% DMSO, and 
control were studied. The results were compared with the 
standard cancer drug Cisplatin. Substance addition was per-
formed at approximately 24 h after cell seeding. Approxi-
mately 24 h after the addition of the substance, IC50 values 
were calculated by the nonlinear regression using the sig-
moidal dose response (variable slope) method. IC50 values 
of Y6, Y6a, and Y6b compounds were determined as 56.58 
± 5.40, 51.30 ± 4.98, and 43.76 ± 3.57 μM, respectively. 
From the results obtained, it was observed that the treatment 
with the Y6 compound was ineffective at a dose of 25 μM, 
at 50 μM, the proliferation initially passed to the stationary 
phase, and then, although some proliferation was observed, 
it passed to the stationary phase again, but the cells did not 
pass to the death phase. At 75 μM, it was observed that the 
cells passed to the death phase after the stationary phase 
after incubation (Fig. 2a). When the growth curves of cells 
treated with Y6a compound were analyzed, although a clas-
sical growth curve with lag, exponential, stationary, and 
death phases was observed, it showed a decreased exponen-
tial phase compared to control cells with low index num-
bers compared to control cells. At 75 μM concentration, 
an abrupt decrease in cell proliferation was observed after 
the exponential phase (Fig. 2b). When Y6b was applied at 

doses of 25 μM and above, the cell index decreased and 
the cytotoxic effect increased (Fig. 2c). It was observed 
that all three compounds exhibited good antiproliferative 
activity in the MCF-7 cell line by causing a decrease in the 
growth curve rate on CI basis with the increase in concen-
tration compared to control cells. Compounds Y6 and Y6a 
(56.58 µM, 51.30 µM) exhibited higher IC50 values com-
pared to cisplatin (40.01 µM) in the MCF-7 human breast 
cancer cells, while compound Y6b (43.76 µM) showed 
almost the same IC50 value as cisplatin. These differences 
between the cell growth curves are thought to be due to dif-
ferences in the mechanisms of action of the active groups. 
The results obtained show that the addition of phosphonate 
to thiophene-substituted Schiff bases increases the antipro-
liferative effect. When recent studies were examined, it was 
observed that Schiff-based ligands containing thiophene 
terminals caused growth inhibition in the MCF-7 cell lines 
(Uluçam et al. 2021), while compounds containing phospho-
nic acid and phosphonate moieties showed low cytotoxicity 
against normal cell lines (mouse fibroblasts-BALB/3 T3) 
and showed a strong antiproliferative effect against leuke-
mia cell line (MV-4–11) (Iwanejko et al. 2020). In the study 
by Abd Elghany El-Samahy et al. (2023), a series of ami-
nophosphonate derivatives were synthesized by the reaction 
of imines with dialkyl phosphites by Pudovik reaction. They 
investigated the cytotoxic activity of the synthesized com-
pounds in the MCF-7 cell line and reported that they showed 
higher cytotoxicity against the MCF-7 cell line than the ref-
erence drug doxorubicin (Abd Elghany El‐Samahy et al. 
2023). In another recent study, they synthesized a series of 
compounds containing α-aminophosphonate and Schiff base 
and reported that they showed an extremely strong inhibi-
tory activity against the MCF-7 cell line with 94.32% and 
92.45% inhibition, respectively (Omar M Ali et al. 2022). 
In another study, it was observed that the addition of an 
aminophosphonate group to a pharmacophore core increased 
antitumor activity (Ye et al. 2014). In the literature, there 
are studies showing the antitumor effect of Schiff base and 
aminophosphonate derivatives containing thiophene analog 
supporting our results. Considering all these, it is predicted 
that the obtained compounds exhibit high activities and may 
serve as promising antitumor candidates for chemotherapeu-
tic drug studies.

Molecular docking studies

Molecular docking studies were performed to predict the 
binding conformations and non-covalent interactions 
between the synthesized ligands and hCA I and hCA II 
enzymes. Molecular docking calculations were performed 
using the AutoDock Tools 1.5.7 program. In addition, 
two-dimensional interaction diagrams and three-dimen-
sional interaction diagrams were visualized with BIOVIA 
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Fig. 2   Effects of compound Y6 
(a), Y6a (b), Y6b (c) (Tur-
quoise: Control, Pink: DMSO, 
Red: 25 uM, Blue: 50 uM, 
Green: 75 uM) and cisplatin (d) 
(Red: Control, Green: 25 uM, 
Blue: 50 uM, Pink: 75 uM) on 
MCF-7 cell proliferation in real 
time using the iCELLigence 
cellular analysis system
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Discovery Studio software. The crystal structures of the tar-
get proteins (hCA I and hCA II, PDB ID:6G3 V and 3PO6, 
respectively) were obtained from the RCSB database (www.​
pdb.​org). From the experimentally obtained 6G3V (hCA I) 
and 3PO6 (hCA II) coded structures, the active sites of hCA 
I and hCA II enzymes were determined and docking pro-
cedure was applied to analyze the interactions of Y6, Y6a, 
and Y6b ligands at these active sites (Camadan et al. 2022). 
The grid parameters were selected as 60 × 60 × 60, Å x, y, 
z dimensions, 0.553 Å space and 20.50, 36.18, 58.96 x, y, 
z centers for hCA I (PDB ID: 6G3 V) and – 0.36, − 2.19, 
11.91 x, y, z centers for hCA II (PDB ID: 3PO6).

The energetically optimal poses of the ligands in the bind-
ing site of hCA I and hCA II enzymes, a two-dimensional 
interaction diagram and a three-dimensional representation 
of the binding site for Y6, Y6a, and Y6b ligands are shown 
in Figs. 3 and 4.

In the molecular docking calculations to the hCA I 
enzyme, binding energy values of − 5.34, − 5.22, and 
−  6.45 kcal/mol were obtained for Y6, Y6a, and Y6b 
ligands, respectively. According to the binding energy val-
ues obtained for Y6, Y6a, and Y6b ligands, the strongest 
docking ligand to the hCA I enzyme was the Y6b ligand, 
while the weakest docking ligand was the Y6a ligand. It 
was observed that the Y6 ligand formed carbon–hydrogen 
bonds with the Trp5 and VAL62, π-π T-shaped interac-
tion with Trp5, Amide-Pi stacked interaction with Gly63, 
π-alkyl interactions with His64 and Val62. Y6a ligand was 
observed to have conventional hydrogen bonding with Tyr7 
and Hıs243, carbon–hydrogen bonds with Pro240 and Hıs64, 
π-donor interactions with Tyr7 and Hıs243, π-anion interac-
tion with Asp8, π-π T-shaped interaction with Hıs243, alkyl 
interaction with Val239, π-alkyl interaction with Hıs243, 
π-sulfur interaction with Tyr7. Y6b ligand was observed 
to have conventional hydrogen bonding with Hıs67 and 
Gln92, carbon–hydrogen bond with Thr195, π-donor inter-
action with Hıs67, π-cation interactions with Hıs200 and 
Hıs94, π-π T-shaped interactions with His200, His94 and 
Hıs67, alkyl interactions with Leu198, Val207 and Val143, 
π-sigma interaction with Leu198, π-alkyl interactions with 
Ala135, Hıs119, Trp209 and Ala121, π-sulfur interaction 
with Phe91.

In the molecular docking calculations, binding energy 
values of − 5.76, − 5.55, and 6.28 kcal/mol were obtained 
for Y6, Y6a, and Y6b ligands, respectively. According to 
the binding energy values obtained for Y6, Y6a, and Y6b 
ligands, the strongest docking ligand to the CA II enzyme 
was the Y6b ligand, while the weakest docking ligand was 
the Y6a ligand.

Y6 ligand was observed to dock by carbon–hydrogen 
bond with Trp5 and Gly63, π-π type interaction with Phe231, 
amide-π stacked interaction with Tyr7, π-sulfur interaction 
with Tyr7, alkyl type interaction with Lys170, π-alkyl type 
interactions with Hıs64 and Hıs62. Y6a ligand was observed 
to make carbon–hydrogen bond with Asn11 and Val242, 
conventional hydrogen bond Glu239, π-donor hydrogen 
bonding with Thr7 amino acid, π-sulfur type interactions 
with His64, Thr7 and Phe231amino acids in the binding site 
of the target protein and alkyl type interaction with Val242 
amino acid. On the other hand, Y6b ligand docked to the 
target protein through π-cation interactions with Hıs94 and 
Hıs64, π-π type interaction with Hıs 94, π-alkyl interactions 
with the amino acids Leu198, Pro202, Val135, Val143, 
Val121 and Ala65 and alkyl interaction with Val135. All 
these three ligands showed slightly different inhibition activ-
ities experimentally, but meaningful differences were not 
observed through binding energies for them.

Conclusions

As a result, thiophene-based imine and phosphoazomethine 
compounds (Y6, Y6a, Y6b) were synthesized in high yields 
and the structures of the compounds were confirmed by 
characterization studies. The synthesis of imine compounds 
was carried out in a short time of 10 min and in high yield 
(98%) using the microwave method. The compounds (Y6, 
Y6a, Y6b) were evaluated for their in vitro antioxidant, anti-
microbial, enzyme inhibition, and antiproliferative activi-
ties and their potential therapeutic effects were revealed. 
Among the compounds obtained; the highest antioxidant 
activity (IC50: 5.13 µg/mL (DPPH); 3.98 µg/mL (ABTS) 
was observed in the Y6a compound, the highest inhibitory 
effect was observed in the Y6b compound (IC50: 0.46 μM) 
for hCA I, and in Y6a compound (IC50: 0.56 μM) for hCA 
II. Antibacterial test results showed that the compounds did 
not possess antifungal activity but had antibacterial activity 
against all bacterial strains used (inhibition zones ranged 
from 8 ± 0.40 to 18 ± 1.30 mm). The results of the antiprolif-
erative assay showed promising results, all three compounds 
caused a decrease in the growth curve rate in the MCF-7 cell 
line on a CI basis with an increase in concentration com-
pared to control cells. Compounds Y6 and Y6a (56.58, 51.30 
μM) had higher IC50 values than cisplatin (40.01 μM) used 
as the positive control, while compound Y6b (43.76 μM) 
was found to have almost the same effect. These results pro-
vided important preliminary information for further detailed 

http://www.pdb.org
http://www.pdb.org
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Fig. 3   2-D and 3-D interaction diagrams of hCA I & Y6-Y6a-Y6b complexes
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studies and can be presented as candidates for further bio-
logical scientific studies.
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