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Abstract 

Eight enantiomerically pure halogenated Schiff base compounds were synthesized by reaction of 

halogenated salicylaldehydes with 3-Amino-1,2-propanediol (R or S) in water as green solvent at 

ambient temperature. All compounds were characterized by elemental analyses, NMR (1H 

and 13C), circular dichroism (CD) and FT-IR spectroscopy. FS-DNA binding studies of these 

compounds carried out by fluorescence quenching and UV–vis spectroscopy. The obtained results 

revealed that the ligands bind to DNA as: (R ClBr) > (R Cl2) > (R Br2) > (R I2) 

and (S ClBr) > (S Cl2) > (S Br2) > (S I2), indicating the effect of halogen 

on binding constant. In addition, DNA-binding constant of the S  and R-enantiomers are 

different from each other. The ligands can form halogen bonds with DNA that were confirmed 

by molecular docking. This method was also measured the bond distances and bond angles. The 

study of obtained data can have concluded that binding affinity of the ligands to DNA depends on 

strength of halogen bonds. The potential anticancer activity of ligands were also evaluated on 

MCF-7 and HeLa cancer cell lines by using MTT assay. The results showed that the anticancer 

activity and FS-DNA interaction is significantly dependent on the stereoisomers of Schiff base 

compounds as R-enantiomers displayed significantly higher activity than S-enantiomers. The 

molecular docking was also used to illustrate the specific DNA-binding of synthesized compounds 

and groove binding mode of DNA interaction was proposed for them. In addition, molecular 

docking results indicated that there are three types of bonds (H  and X-bond and hX-bond) 

between synthesized compounds and base pairs of DNA. 
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DNA binding 

Halogen bonding 

In vitro assay 

1. Introduction 

Cancer is undoubtedly one of the world's major health issues and several million-people died from 

this disease every year. In this regard, cisplatin is a promising and well-known metal-based drug 

for cancer therapy [1]. However, side effects or toxicity of cisplatin and its second-generation 

analogs made it is an urgent need to develop new drugs with minimal side effects and maximal 

curative potential [2]. 

Schiff base ligands and complexes have gained much importance in medicinal chemistry in view 

of their biological, pharmacological, antitumor activity and their exceptional chelating ability 

[[3], [4], [5], [6]]. It should be noted that in comparison to Schiff base complexes, literature reports 

reveal that Schiff base ligands shows less or no cytotoxic activity [7,8]. 

On the other hand, Chirality is usually a significant factor in the field of pharmaceuticals due to 

chirality of nucleic acids and the other biomacromolecules such as proteins, enzymes, amino 

acids, carbohydrates and hormones. Furthermore, researches confirm that chirality improves the 

pharmacological behavior of compounds [9], and each of enantiomerically pure molecules may 

therefore lead to different diastereomeric interactions with DNA [10]. Cancer cells were 

preliminary cultured. 

Halogens have been classically incorporated into the development of pharmaceuticals to 

increase membrane permeability and decrease metabolic degradation [11]. There is now a greater 

appreciation that halogens play a direct role in the efficacy of certain drugs through a molecular 

interaction that is defined as the halogen bond or X-bonds (Fig. 1) [12]. 

 

Fig. 1. The X-bond is defined as a short, directional interaction between a halogen substituent (X) 

and an electron-rich acceptor atom (B). The approach of the acceptor to the halogen and halogen 

to the acceptor are labeled as θ1 and θ2, respectively. The interactions are characterized by a 

halogen-to-base distance RX … B that is shorter than the sum of their respective van der Waals radii. 

 

A halogen bond in biomolecules can be referred to a short C−X···B Y interaction, where B is 

a halogen bond donor, C−X is a carbon-bonded chlorine, bromine, or iodine; B Y is a 

carbonyl, hydroxyl, thiol, aromatic ring, charged carboxylate, phosphate group, or amine, and the 

X···B distance is less than or equal to the sums of the respective van der Waals radii. 
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X-bonding often provide several orders of magnitude in specificity and affinity of inhibitors 

toward their molecular targets. Although fluorine is the better substituent, the percent of 

fluorinated compounds decreases whereas those of the heavier halogens (Cl, Br, and I) that most 

commonly form X-bonds increase from 40% at the start to >60% of halogenated drugs at launch 

[13]. Thus, there is enormous potential to exploit X-bonding as a molecular tool in medicinal 

chemistry if the interaction can be accurately incorporated into drug design algorithms. 

As in the literature reported, the most common synthetic route for synthesis Schiff bases is the 

reaction of aldehydes and ketones with primary amines. The reaction is generally carried out by 

refluxing the carbonyl compounds and amines in organic solvents by separating water as formed 

with an azeotroping agent or by anhydrous Na2SO4 and MgSO4 [[14], [15], [16], [17], [18]]. The 

replacement of volatile organic solvents in organic reaction processes is an important green 

chemistry goal. Among the green solvents, use of water as a biodegradable, nonflammable and 

readily available resource is attractive [19,20]. However, due to lack of stability of imine bonds in 

water, less attention has been focused on the synthesis of Schiff base ligands and complexes in 

water as solvent. 

According to the above mentioned important factors in design and synthesis of anticancer 

compounds and also in embracing the principles of green chemistry, herein we reported synthesis 

of eight chiral halogenated Schiff base compounds, R Cl2, R Br2, R I2, R

ClBr, S Cl2, S Br2, S I2 and S ClBr, from condensation of 

halogenated salicylaldehydes with enantiomerically pure 3-Amino-1,2-propanediol (R or S) in 

water as green solvent at ambient temperature with high yield (more than 90%) and purity (Scheme 

1). The compounds were characterized by elemental analyses, NMR (1H and 13C) and FT-IR 

spectroscopies. During this study, a comparative study between biological activities of R- and S-

halogenated ligands have been carried out. In addition, the effect of halogens on biological 

activities of the ligands have been investigated. Therefore, their DNA-binding have been evaluated 

by means of both experimental (fluorescence quenching and UV–Vis spectroscopy methods) and 

computational methods (molecular docking). The synthesized ligands have been also screened for 

their in vitro anti-proliferative activities against human cell lines (MCF-7 and HeLa). 
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Scheme 1. Synthesis of chiral halogenated Schiff base compounds. 

 

2. Experimental 

2.1. Chemicals and instrumentation 

RPMI-1640 medium, Fetal bovine serum (FBS), Dimethyl sulfoxide (DMSO), antibiotics 

(penicillin-streptomycin) solution, and 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

Bromide (MTT) were purchased from Sigma (Germany). 

Fish sperm DNA (FS-DNA), Tris(hydroxymethyl)-aminomethane (Tris), ethidium bromide (3,8-

diamino-5-ethyl-6-phenylphenanthridinium bromide, EthBr), 3,5-dibromosalicylaldehyde, 3,5-

diiodosalicylaldehyde, 3,5-dichlorosalicylaldehyde, 3-Bromo-5-chlorosalicylaldehyde, (R)-3-

Amino-1,2-propanediol and (S)-3-Amino-1,2-propanediol were purchased from Sigma-Aldrich 

and used without further purification. All salts used for buffer preparation were analytical grade 

and were dissolved in double distilled water. All of the solutions were used freshly after 

preparation. 

The FT-IR spectrum was recorded on a JASCO, FT/IR-6300 spectrometer (4000–400 cm−1) in 

KBr pellets. 1H and 13C NMR spectra were recorded on a Bruker Avance III 400 spectrometer 

using DMSO. The elemental analysis was performed on Leco, CHNS-932 and Perkin-Elmer 7300 

DV elemental analyzers. The UV-Vis spectra were recorded on a Perkin-Elmer LAMBDA 

265 spectrophotometer. Fluorescence measurements were carried out on Shimadzu RF-5000 

spectrofluorometer at room temperature. 
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2.2. Synthesis of Schiff base compounds 

All chiral Schiff base compounds were synthesized using identical reaction conditions, therefore 

only the synthesis of R Cl2 will be described in detail. The addition of 10 mmol of 3,5-

dichlorosalicylaldehyde to a distilled water solution (20 mL) of (R)-3-Amino-1,2-propanediol 

(10 mmol) at room temperature yielded a yellow precipitate almost immediately. The reaction 

mixture was stirred for overnight, then the yellow precipitate was collected by filtration, washed 

with 50 mL of distilled water, and dried in air. 

R Cl2: Yield 93%, M.p = 128 °C, Anal. Calc. for C10H11Cl2NO3: C, 45.48; H, 4.20; N, 5.30; 

Found: C, 45.53; H, 4.21; N, 5.34. FT-IR (KBr, cm−1): 3141–3327 (νO–H, br, vs), 1657 (νC

N). 1HNMR and 13CNMR (DMSO-d6, 400 MHz, 298 K): Table 1. 

 

Table 1. 1H NMR and13C NMR data of Schiff base compounds with tetramethylsilane, TMS, as 

internal standard (chemical shifts in ppm and J in Hz). 

 

1HNMR 

 

R I2 R Br2 R Cl2 R ClBr 

(X1:Br; X2:Cl) 

Ha 8.00 (d, 

1H, J = 2.2 Hz) 

7.77 (d, 1H, J = 2.6 Hz) 7.55 (d, 

1H, J = 2.7 Hz) 

7.70 (d, 

1H, J = 2.7 Hz) 

Hb 7.68 (d, 

1H, J = 2.2 Hz) 

7.56 (d, 1H, J = 2.6 Hz) 7.41 (d, 

1H, J = 2.7 Hz) 

7.46 (d, 

1H, J = 2.7 Hz) 

Hc 8.40 (d, 

1H, J = 8.4 Hz) 

8.48 (d, 1H, J = 8.5 Hz) 8.51 (d, 

1H, J = 4.6 Hz) 

8.49 (d, 

1H, J = 4.8 Hz) 

Hd 3.77 (t of d, 1H) 3.76 (t of d, 1H) 3.78 (d of d, 1H, 

J = 9.8 and 2.9 Hz) 

3.79 (d of d, 1H, 

J = 7.1 and 3.8 Hz) 
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Hd 3.54 (m, 1H) 3.54 (m, 1H) 3.54 (d of d, 1H, 

J = 6.8 and 5.7 Hz) 

3.54 (d of d, 1H, 

J = 6.8 and 5.7 Hz) 

He 3.71 (m, 1H) 3.70 (m, 1H) 3.70 (m, 1H) 3.70 (m, 1H) 

Hf 3.43 (m, 1H) 3.42 (m, 1H) 3.43 (m, 1H) 3.43 (m, 1H) 

Hf 3.32 (m, 1H) 3.31 (m, 1H) 3.31 (m, 1H) 3.31 (m, 1H) 

Hg 4.82 (t, 

1H, J = 5.5 Hz) 

4.82 (t, 1H, J = 5.5 Hz) 4.82 (t, 1H, J = 5.1 Hz) 4.82 (t, 

1H, J = 5.3 Hz) 

Hh 5.16 (d, 

1H, J = 4.5 Hz) 

5.17 (d, 1H, J = 5.0 Hz) 5.16 (d, 

1H, J = 4.9 Hz) 

5.16 (d, 

1H, J = 5.0 Hz) 

Hi 14.62 (s, 1H) 14.63 (s, 1H) 14.63 (s, 1H) 14.68 (s, 1H) 

 

S I2 S Br2 S Cl2 S ClBr 

(X1:Br; X2:Cl) 

Ha 8.04 (d, 

1H, J = 2.2 Hz) 

7.84 (d, 1H, J = 2.5 Hz) 7.63 (d, 

1H, J = 2.7 Hz) 

7.79 (d, 

1H, J = 2.7 Hz) 

Hb 7.72 (d, 

1H, J = 2.3 Hz) 

7.63 (d, 1H, J = 2.5 Hz) 7.49 (d, 

1H, J = 2.7 Hz) 

7.54 (d, 

1H, J = 2.7 Hz) 

Hc 8.44 (d, 

1H, J = 8.4 Hz) 

8.55 (d, 1H, J = 7.4 Hz) 8.58 (s, 1H) 8.58 (d, 

1H, J = 7.6 Hz) 

Hd 3.81 (t of d, 1H) 3.85 (br d, 1H, J = 12.8 Hz) 3.85 (d of d, 1H, 

J = 9.8 and 2.9 Hz) 

3.87 (br d, 1H) 

Hd 3.57 (m, 1H) 3.61 (d of d, 1H, J = 6.8 and 

5.1 Hz) 

3.61 (d of d, 1H, 

J = 6.8 and 5.7 Hz) 

3.63 (d of d, 1H, 

J = 7.1 and 3.8 Hz) 

He 3.73 (m, 1H) 3.77 (m, 1H) 3.78 (m, 1H) 3.79 (m, 1H) 

Hf 3.45 (m, 1H) 3.50 (m, 1H) 3.48 (m, 1H) 3.52 (m, 1H) 

Hf 3.35 (m, 1H) 3.38 (m, 1H) 3.41 (m, 1H) 3.40 (m, 1H) 



Hg 4.87 (t, 

1H, J = 5.6 Hz) 

4.89 (t, 1H, J = 5.1 Hz) 4.90 (t, 1H, J = 5.5 Hz) 4.92 (t, 

1H, J = 5.5 Hz) 

Hh 5.21 (d, 

1H, J = 5.1 Hz) 

5.24 (d, 1H, J = 5.3 Hz) 5.24 (d, 

1H, J = 5.1 Hz) 

5.26 (d, 

1H, J = 5.1 Hz) 

Hi 14.65 (s, 1H) 14.70 (s, 1H) 14.70 (s, 1H) 14.76 (s, 1H) 

13CNMR 

 

R I2 R

Br2 

R Cl2 R

ClBr 

S I2 S

Br2 

S

Cl2 

S

ClBr 

C1 168.27 166.05 164.84 165.44 168.32 166.09 164.91 165.51 

C2 73.51 88.24 115.97 115.90 73.51 88.24 115.94 115.96 

C3 148.97 138.31 133.00 135.95 148.99 138.33 133.03 134.10 

C4 95.76 102.85 125.11 115.96 95.83 102.85 125.14 115.96 

C5 141.23 134.25 130.39 131.09 141.26 134.27 130.42 131.13 

C6 116.74 116.78 116.31 116.49 116.73 116.78 116.29 116.48 

C7 165.98 166.20 166.23 166.20 166.01 166.22 166.25 166.23 

C8 55.83 55.93 56.23 56.16 55.81 55.93 56.20 56.15 

C9 69.82 69.82 69.85 69.84 69.82 69.81 69.85 69.85 

C10 63.17 63.16 63.18 63.18 63.16 63.17 63.18 63.20 

R Br2: Yield 94%, M.p = 166 °C, Anal. Calc. for C10H11Br2NO3: C, 34.02; H, 3.14; N, 3.97; 

Found: C, 34.05; H, 3.15; N, 4.01. FT-IR (KBr, cm−1): 3163–3333 (νO–H, br, vs), 1656 (νC

N). 1HNMR and 13CNMR (DMSO-d6, 400 MHz, 298 K): Table 1. 
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R I2: Yield 95%, M.p = 172 °C, Anal. Calc. for C10H11I2NO3: C, 26.87; H, 2.48; N, 3.13; 

Found: C, 26.83; H, 2.51; N, 3.15. FT-IR (KBr, cm−1): 3216–3363 (νO–H, br, vs), 1651 (νC

N). 1HNMR and 13CNMR (DMSO-d6, 400 MHz, 298 K): Table 1. 

R ClBr: Yield 90%, M.p = 149 °C, Anal. Calc. for C10H11BrClNO3: C, 38.93; H, 3.59; N, 

4.54; Found: C, 38.90; H, 3.57; N, 4.51. FT-IR (KBr, cm−1): 3162–3338 (νO–H, br, vs), 1656 (νC

N). 1HNMR and 13CNMR (DMSO-d6, 400 MHz, 298 K): Table 1. 

S Cl2: Yield 93%, M.p = 141 °C, Anal. Calc. for C10H11Cl2NO3: C, 45.48; H, 4.20; N, 5.30; 

Found: C, 45.53; H, 4.21; N, 5.34. FT-IR (KBr, cm−1): 3140–3326 (νO–H, br, vs), 1658 (νC

N). 1HNMR and 13CNMR (DMSO-d6, 400 MHz, 298 K): Table 1. 

S Br2: Yield 94%, M.p = 168 °C, Anal. Calc. for C10H11Br2NO3: C, 34.02; H, 3.14; N, 3.97; 

Found: C, 34.05; H, 3.15; N, 4.01. FT-IR (KBr, cm−1): 3253–3332 (νO–H, br, vs), 1654 (νC

N). 1HNMR and 13CNMR (DMSO-d6, 400 MHz, 298 K): Table 1. 

S I2: Yield 95%, M.p = 175 °C, Anal. Calc. for C10H11I2NO3: C, 26.87; H, 2.48; N, 3.13; 

Found: C, 26.83; H, 2.51; N, 3.15. FT-IR (KBr, cm−1): 3217–3362 (νO–H, br, vs), 1652 (νC

N). 1HNMR and 13CNMR (DMSO-d6, 400 MHz, 298 K): Table 1. 

S ClBr: Yield 90%, M.p = 152 °C, Anal. Calc. for C10H11BrClNO3: C, 38.93; H, 3.59; N, 4.54; 

Found: C, 38.90; H, 3.57; N, 4.51. FT-IR (KBr, cm−1): 3337–3480 (νO–H, br, vs), 1656 (νC

N). 1HNMR and 13CNMR (DMSO-d6, 400 MHz, 298 K): Table 1. 

2.3. DNA binding studies 

2.3.1. Preparation of compounds and DNA stock solutions 

The stock solution of FS-DNA was prepared in 50 mM Tris buffer at pH 7.5 using double-distilled 

deionized water and stored at 4 °C. The FS-DNA concentration per nucleotide was determined 

using absorption intensity at 260 nm after adequate dilution with the buffer and using the 

reported molar absorptivity of 6600 M−1 cm−1. Purity of FS-DNA solution was confirmed by ratio 

of UV absorbance at 260 and 280 nm (A260/A280 = 1.9), indicating that FS-DNA is free from 

protein impurity [21]. The solutions of the compounds were first prepared in ethanol as co-solvent, 

and then diluted with corresponding buffer to the required concentration for all experiments. The 

volume of co-solvent never exceeded 0.5% (v/v), so the effect of ethanol is negligible. All the 

solutions were used freshly after preparation. 
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2.3.2. UV-Vis spectroscopy measurements 

Absorption titration experiment as an operational and very easy method was carried out to 

investigation of DNA-binding of the compounds at room temperature. Absorption 

spectral titration experiments were performed by addition of various amounts of DNA (0-

5 × 10−4 M) to the compounds (1 × 10−4 M). All compounds–DNA solutions were allowed to 

incubate for 2 min before recording the related spectra. Absorption curves of compounds–DNA 

mixtures were corrected by subtracting the spectra of DNA and all intensities were corrected for 

the dilution effect. 

2.3.3. Fluorescence spectroscopic measurements 

In order to carry out fluorescence quenching experiments the FS-DNA solution was stirred with 

EtBr with molar ratio of DNA-EtBr 10:1 for 1 h at 4 °C. Then, various amounts of ligands (0–

250 μM) were added to this mixture. The fluorescence spectra were measured in the range of 500–

700 nm with exciting wavelength at 520 nm. In each measurement after addition of FS-DNA, the 

mixture was allowed to stand for 2 min. Moreover, the measured fluorescence intensities were 

corrected for the dilution and the inner-filter effect. 

2.3.4. Molecular Docking simulation 

In this work, molecular docking study was carried out to indicate DNA binding site for the 

synthesized compounds. The optimized structure of the ligands was calculated using Gaussian 09 

[22] at the level of B3LYP/6-311G**. The known crystal structure of DNA (PDB ID: 423D) with 

sequence d(ACCGACGTCGGT)2 was taken from the Brookhaven Protein Data 

Bank (http://www.rcsb.org/pdb) at resolution of 1.60. The water molecules of the .pdb files were 

removed and missing hydrogen atoms were added. Flexible-ligand docking was performed 

by AutoDock 4.2.5.1 molecular-docking program using the implemented empirical free energy 

function and the Lamarckian Genetic Algorithm [23]. The Gasteiger charges were added to 

prepare the macromolecule input file for docking and the Auto Grid was used to calculate Grids. 

For the docking of the ligands with DNA, a docking with 84, 66 and 50 lattice points along X, Y, 

and Z axes respectively, was performed to find the binding site of the ligands on DNA with a grid 

point spacing of 0.492 Å. 250 docking runs with 25,000,000 energy evaluations for each run were 

performed. 

2.4. In vitro studies of anticancer activity 

MTT assay was used to elucidate the anticancer potential of the compounds on human breast 

(MCF-7) and cervical (HeLa) cancer cell lines according to the previously reported procedures 

[24,25]. To this aim, the cancer cells were preliminary cultured in RPMI-1640 medium 

supplemented with 10% FBS and 1% antibiotics solution and maintained in a humidified 5% 

CO2 incubator at 37 °C for two weeks. The cells at a density of 104 cells per well were subsequently 

seeded on 96-well plates containing 200 μL medium and cultured overnight at the same conditions. 

After 48 h incubation of the cells with different concentrations (20, 50 and 100 μM) of each 

compound, the medium was removed and 100 μL MTT solution (0.5 mg mL−1 in media) was 

added into each well and the plates were incubated again at 37 °C for 4 h. Subsequently, the 

medium was discarded while the formazan crystals were dissolved in 150 μL DMSO and the 

absorbance was measured at 570 nm. Three independent experiments were conducted for each 

toxicity endpoint and the results were presented as the mean values obtained from three 
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independent experiments. The cell viability was determined as ratio of absorbance values from 

each treatment and the control. The changes in cell morphology following exposure to the 

corresponding concentrations of the compounds were also monitored by optical microscope to 

further investigate the anticancer effects of the compounds. 

3. Results and discussion 

3.1. Synthesis and general characterization 

Halogenated chiral Schiff base compounds, R Cl2, R Br2, R I2, R ClBr, S

Cl2, S Br2, S I2 and S ClBr, were obtained by the self-condensation reaction between 

halogenated salicylaldehydes (3,5-dichlorosalicylaldehyde, 3,5-dibromosalicylaldehyde, 3,5-

diiodosalicylaldehyde and 3-bromo-5-chlorosalicylaldehyde) with enantiomerically pure 3-

amino-1,2-propanediol (R or S), in distilled water as solvent at ambient temperature (Scheme 1). 

All compounds were yellow powders, stable in air and moderately soluble in the most 

common organic solvents such as MeOH, EtOH, CHCl3, CH2Cl2, DMF, DMSO and acetone. The 

purity and identity of the synthesized ligands were established with the help of elemental analysis, 

NMR (1H and 13C) and FT-IR spectroscopies. Their spectral and analytical data were in full 

agreement with the proposed structures. 

The formation of Schiff base compounds was evidenced by the presence of strong IR absorption 

bands at 1657 cm−1 for R Cl2 and 1658 cm−1 for S Cl2, 1655 cm−1 for R Br2 and 

1654 cm−1 for S Br2, 1651 cm−1 for R I2 and 1652 cm−1 for S I2 and 1656 cm−1 for R

ClBr and 1656 cm−1 for S ClBr, due to ν(C N), while no bands attributable to C

O or NH2 were detected. The FT-IR spectra of all Schiff base compounds are shown in figs S1-

S8. The presence of several medium intensity bands in the range 2650–3250 cm−1 suggests the 

existence of C H stretching vibrations of aliphatic and aromatic protons. The IR spectra of 

compounds also exhibit two broad absorption bands in ∼3140 and ∼3480 cm−1, characteristic of 

the stretching vibration of the phenolic and alcoholic OH groups [26]. 

The 1H NMR and 13C NMR spectra of the title ligands are shown in figs S9-S24. As can be seen, 

in 1H NMR spectra a typical signal for the imine functionality Hc were observed between 8 and 

9 ppm for all the synthesized compounds. Surprisingly, except compound S Cl2 in all other 

compounds this characteristic signal was appeared as a doublet peak. It is more likely due to the 

long range 4J coupling of imine proton with two diastereotopic protons (Hd). As it is predictable, 

a doublet of doublets signal must be observed for the imine proton, but because of proton exchange 

a broaden doublet was observed in 1H NMR spectrum. Beside formation of a Schiff base 

compound, the possibility of formation of five and/or six-component ring tautomeric mixtures was 

also reported before [27]. However, as it is explicitly show in 1H NMR spectrum, appearance of 

two distinct signals for the both alcoholic OH (a triplet signal at ∼4.8 ppm and a doublet at 

∼5.2 ppm) imply that, the synthesized compounds are only in the form of pure Schiff base. This 
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is also further demonstrated through comparison of the spectrum with a reported similar structure 

[28]. As expected, there are also two different multiplets for the vicinal methylenes (diastereotopic) 

at narrow chemical shifts and between 3.3 and 3.6 ppm regions. In 1H NMR spectra of all Schiff 

base ligands, there is also other characteristic singlet signal resonating at 14–15 ppm region for 

phenolic (OH, Hi) functional group. The very high chemical shift for the phenolic (OH) proton in 

the prepared Schiff bases can be ascribed to the intramolecular hydrogen-bonding interaction of 

this functional group with nitrogen heteroatom of imine functionality. In 13C NMR spectra of all 

compounds, there is an intense signal around 164–168 ppm region which is belong to C N 

(C7) of imine functional group. Very close to this signal there is a weak peak which is related to C

O of aromatic ring (C1). 

Electronic circular dichroism (CD) is one of the widely practiced method for determine absolute 

configurations of chiral molecules [29]. CD is often referred to as the Cotton effect. The Cotton 

effect is the characteristic change in CD in the vicinity of an absorption band of a substance. In a 

wavelength region where the light is absorbed, the absolute amplitude of the optical rotation at 

first varies rapidly with wavelength, crosses zero at absorption maxima and then again varies 

rapidly with wavelength but in opposite direction. The CD of a chiral molecule is frequency-

dependent; measurement of CD over a range of frequencies gives CD spectra. The CD spectra of 

the two enantiomers of a chiral molecule are of equal magnitude and opposite sign: i.e., mirror-

image enantiomers give mirror-image CD spectra [30]. 

Although it is expected that the CD spectrum of the two enantiomers must be equal magnitude and 

opposite sign, sometimes factors such as solvent variation, inter- and intramolecular interaction or 

the presence of a particular substituent in the compounds does not allow the expected spectrum to 

occur and causes some changes in the CD spectrum [31,32]. 

CD spectra of the synthesized chiral compounds are shown in Fig. 2. As shown in this figure, 

enantiomers don't have mirror-image CD spectra. This difference in CD spectra of enantiomers 

may be due to the possible intramolecular hydrogen bonds in the studied compounds. With 

intramolecular hydrogen bonds between nitrogen atom of Schiff base group (C N) and 

terminal OH group, a pseudo-cyclohexane ring can be formed (Fig. 3). With formation of 

such ring, the OH group of chiral center in S-enantiomers is in equatorial position, while in R-

enantiomers, is in axial position. This two different position for OH group of chiral center in 

two enantiomers cause to creation of other different inter and intramolecular hydrogen bounds in 

molecule. As shown in Fig. 3, in S-enantiomers, terminal OH group can participate in 

intramolecular hydrogen bonding, while two other OH groups ( OH of chiral center 

and OH of salicylaldehyde) can participate in intermolecular hydrogen bonding. In other 

hand, in R-enantiomers, terminal OH group and OH of salicylaldehyde group can 

participate in intramolecular hydrogen bonding. It should be noted that the terminal OH group 
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also can participate in intermolecular hydrogen bonding in R-enantiomers (Fig. 3). With these 

proposed structures, we should expect that the melting point of S-enantiomers should be more 

than R-enantiomers, because of more intermolecular hydrogen bonding in S-enantiomers (two 

intermolecular hydrogen bonds in S-enantiomers and only one intermolecular hydrogen bond in R-

enantiomers). The results of melting points for R- and S-enantiomers are in perfect agreement with 

our proposed structure (see the experimental part). All of S-enantiomers have more melting points 

than R-enantiomers. For example, the melting point for R Cl2 is 128 °C, while for S Cl2 is 

141 °C. It should also be noted that the purposed structures for enantiomers are in perfect 

agreement with our NMR data (Table 1 and electronic supplementary information). As a 

conclusion, we can say that intermolecular and intramolecular hydrogen bonds cause that the 

enantiomers have different melting point and CD spectrum. 

 

Fig. 2. CD spectra of ligands in ethanol. R, S Cl2 (4 mM); R, S Br2 (20 mM); R, S

ClBr (20 mM); R I2 (9 mM), S I2 (15 mM). 
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Fig. 3. Formation of intramolecular hydrogen bonding in S and R enantiomers. 

 

3.2. DNA binding properties 

3.2.1. Absorption spectral studies 

Monitoring changes in the absorption spectra of the ligands upon addition of various amounts of 

DNA is a powerful technique for determining their overall DNA-binding characteristics [33]. 

Hypochromic and red shift in the UV-Vis spectrum of a drug upon its DNA-binding is indicative 

of intercalation mode, involving an interaction between π* orbital of the drug with π orbital of 

DNA base pairs. Therefore, the probability of electron transition decreases due to the filling of 

coupled π*-orbital and so, hypochromic is observed. While a groove binding or electrostatic 

interaction leads to hyperchromic effect along with blue shift [34,35]. 

The absorption spectra of the synthesized ligands in the absence and presence of different 

concentrations of FS-DNA were given in Fig. 4. As shown in this figure, with the addition of FS-

DNA a hypochromism in absorption of the ligands was observed. Although, this observation 

reveals an intercalative mode, some studies reported that this is not a correct conclusion 

necessarily. The hypochromic effect can be observed as a result of other binding mode such as 

groove binding due to the changes in the solvent distribution and the orientation effect in moving 

into the more hydrophobic environment of groove. The structures of the title ligands (Scheme 1) 

show that they are not planner and therefore, probability of their intercalation is very low. This 

spectral characteristic suggests that the ligands interact with FS-DNA through the partial insertion 

of the aromatic rings to the FS-DNA groove [[36], [37], [38]]. 
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Fig. 4. UV absorption spectra of synthesized R,S-enantiomers in the presence of various amounts 

of DNA. 

 

To quantitatively evaluate the affinity of the ligands with FS-DNA, the intrinsic binding 

constant Kb was determined by monitoring the changes in absorbance using the following equation 

[39]: 

 

Here, [DNA] is the concentration of DNA in base pairs. εa, εf and εb are the apparent extinction 

coefficient, the extinction coefficient for free compounds and the extinction coefficient for the 

compounds in fully bound form, respectively. εf was determined by calibration curve and εa is the 

ratio of Aobs to [compound]. A plot of [DNA]/(εa – εf) vs. [DNA] gives Kb as ratio of slope to y-

intercept [39]. 

The binding constants of FS-DNA and the synthesized ligands are given in Table 2. The 

higher Kb values for R ClBr and S ClBr compared to others, shows that the binding of 

these 2 compounds are stronger. 

Table 2. DNA-binding constant (Kb), Stern-Volmer constant (KSV) of the compounds and 

quenching rate constant of DNA (kq). 

Type of compounds Kb/M−1 (Fluorescence) Kb/M−1 (UV-Vis) Ksv/M−1 kq/M−1S−1 

R Cl2 
7.66 × 104 1.57 × 103 4.1 × 103 4.1 × 1011 

R Br2 
4.25 × 104 1.50 × 103 3.8 × 103 3.8 × 1011 

R ClBr 
7.77 × 104 1.74 × 103 4.2 × 103 4.2 × 1011 

R I2 
3.89 × 104 9.22 × 102 3.0 × 103 3.0 × 1011 

S Cl2 
2.75 × 104 2.39 × 103 2.2 × 103 2.2 × 1011 

S Br2 
1.98 × 104 2.37 × 103 2.5 × 103 2.5 × 1011 

S ClBr 
2.85 × 104 2.77 × 103 2.0 × 103 2.0 × 1011 
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Type of compounds Kb/M−1 (Fluorescence) Kb/M−1 (UV-Vis) Ksv/M−1 kq/M−1S−1 

S I2 
1.96 × 104 2.14 × 103 2.5 × 103 2.5 × 1011 

Although the electronic absorption studies have confirmed that these eight ligands can bind to 

DNA, it is necessary to carry out other experiments to prove the binding mode. 

3.2.2. Competitive studies with ethidium bromide 

Ethidium bromide (EtBr) fluorescence displacement experiments were used to further investigate 

the interaction mode between the ligands and DNA. EtBr does not show any appreciable emission 

in solution, which is due to fluorescence quenching of free EtBr by solvent molecules. However, 

in the presence of DNA, it exhibits intense fluorescence because of the intercalation to base pairs 

in DNA [7,40]. Addition of a second molecule to DNA can quench the DNA-induced EtBr 

emission, at least partially, which can prove the binding of ligands to DNA [39,41]. 

The competitive DNA binding of the ligands was studied by monitoring changes in the emission 

intensity of DNA- EtBr as a function of the ligands concentration. The emission spectra of EtBr 

bound to DNA in the absence and presence of these ligands are shown in Fig. 5. Upon addition of 

ligands to DNA pretreated with EtBr, an appreciable reduction in the DNA-induced emission 

intensity of EtBr is caused, indicating the interaction of the ligands with DNA. Dynamic quenching 

and static quenching are two different mechanisms of fluorescence 

quenching. Diffusion phenomenon caused dynamic quenching and formation of non-fluorescent 

ground state ligand caused static quenching [42]. The fluorescence quenching of DNA is described 

by Stern-Volmer relation [43]: 

 

Where F0 and F represent the relative fluorescence intensities in the absence and the presence of 

the ligands, respectively. KSV is Stern–Volmer constant and [Q] is the concentration of the 

quencher that quencher is the synthesized ligands here. kq is quenching rate constant and τ0 is 

the fluorescence lifetime of the bio macromolecules in the absence of quencher [9]. In 

consequence of fluorescence quenching of DNA, KSV value calculated from the slope of plot of 

F0/F versus [Q]. 
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Fig. 5. Fluorescence emission spectra of ethidium bromide-DNA system in the presence of various 

amounts of R,S-enantiomers. 

 

As a result, Ksv and kq are calculated for these ligands. The values of kq are larger than collision 

quenching constant (2 × 1010 M−1S−1) of various quenchers with the bio macromolecules. This 

observation supports that quenching fluorescence of DNA occurs by static mechanism. 

Moreover, binding constant (Kb) of the ligands and FS-DNA can be calculated by this experiment 

using following equation [44]: 

 

“Kb” is obtained from the plot of Ln ((F0 − F)/F) versus Ln [Q] as a y-intercept. Furthermore, “n” 

which is the number of binding site per nucleic acid is slope of the plot. The kq, Ksv and Kb values 

for all synthesized compounds are shown in Table 2. As can be seen UV-Vis and fluorescence 

techniques show the same trend for Kb between all compounds and DNA. 

3.2.3. Molecular docking with DNA 

To gain further insight into the nature of DNA binding of the synthesized ligands, Molecular 

docking studies were carried out. The docked model results suggest that all ligands bind in the 

minor groove of DNA. The binding mode and the nucleotides around each of synthesized ligands, 

docking poses of ligands DNA and participant nucleotides in H-bond are presented in Table 3. 

Moreover, the standard binding free energies (ΔG°), describing the affinity of the ligands for 

binding to DNA with the best scores, are given in Table 3. The ligand R ClBr is found to have 

higher binding affinity than its analog and the order of binding efficiency is as follows: (R

ClBr) > (R Cl2) > (R Br2) > (R l2). It is interesting to note that the binding energy of 

ligand S ClBr is more than that of its analog and the order of binding efficiency is as follows: 

(S ClBr) > (S Cl2) > (S Br2) > (S l2). These results are the same as the obtained 

results from experimental methods. Thus, our molecular modeling studies throw light on the 

binding modes by which these compounds interact with DNA and complement the experimental 

observations. 
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Table 3. Molecular docking Results for the interaction of ligands with DNA. 

Type of 

compounds 

Bases 

around 

ligand 

Number of 

Hydrogen 

bond 

Binding 

Energy/kcal.mol−1 

Binding site Zoom out 

(Conformation of 

complex in binding 

site) 

R Cl2 
DG10 

DG11 

DG16 

DA17 

DT12 

7 −6.3 

 

 

R Br2 
DG10 

DG11 

DG16 

DA17 

DT12 

6 −6.08 

 

 

R ClBr 
DG10 

DG11 

DG16 

DA17 

DT12 

6 −6.34 

 

 



Type of 

compounds 

Bases 

around 

ligand 

Number of 

Hydrogen 

bond 

Binding 

Energy/kcal.mol−1 

Binding site Zoom out 

(Conformation of 

complex in binding 

site) 

R I2 
DG11 

DG16 

DA17 

DT12 

4 −5.45 

  

S Cl2 
DG10 

DG11 

DG16 

DA17 

DT12 

6 −5.51 

 

 

S Br2 
DG10 

DG11 

DG16 

DA17 

DT12 

6 −5.26 

 

 

S  ClBr 
DG16 

DA17 

DC18 

6 −5.99 

 

 



Type of 

compounds 

Bases 

around 

ligand 

Number of 

Hydrogen 

bond 

Binding 

Energy/kcal.mol−1 

Binding site Zoom out 

(Conformation of 

complex in binding 

site) 

S I2 
DG10 

DG11 

DG16 

DA17 

DT12 

6 −5.19 

 

 

In this study, Molecular docking was used to investigate existence halogen bond in the ligand-

DNA complexes. Also the angles and distances of bonds have been measured by this program. 

Results for geometry of each halogen bond are shown in Table 4. Halogen bonds can be formed 

between a halogenated ligand and any accessible Lewis base in the binding pocket. This bond is 

observed in cysteine, methionine, serine, glutamate, tryptophan etc. [45]. Therefore, the existence 

of halogen bond between the synthesized compounds and DNA is possible and molecular docking 

also confirms it. It is noteworthy that inserting bulk groups like halogens into organic molecules 

can lead to increase binding affinity, membrane permeability and therefore, improve the oral 

absorption. Since bulk groups tend to occupy all the active site of molecular targets, including the 

deeper pockets [46]. 

Table 4. Molecular docking results for the halogen bond between the ligands and DNA. 

Type of compounds C–X … Y base pair X···Y distance (Å) C−X···Y angle (deg) 

R ClBr C Cl⋯O 
DG-11 3.410 129.48 

C Br⋯N 
DA17 3.369 132.818 

R Cl2 C Cl(5) … O 
DG10 3.486 120.038 

C Cl(3) … O 
DA17 3.806 87.459 

C Cl(3) … N 
DA17 3.373 150.031 

https://www.sciencedirect.com/science/article/pii/S0022286018301881#tbl4
https://www.sciencedirect.com/topics/chemistry/methionine
https://www.sciencedirect.com/topics/chemistry/serine
https://www.sciencedirect.com/topics/chemistry/tryptophan
https://www.sciencedirect.com/science/article/pii/S0022286018301881#bib45
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/membrane-permeability
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oral-absorption
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oral-absorption
https://www.sciencedirect.com/science/article/pii/S0022286018301881#bib46


Type of compounds C–X … Y base pair X···Y distance (Å) C−X···Y angle (deg) 

R Br2 C Br(5) … O 
DG11 3.426 123.636 

C Br(3) … O 
DA17 3.611 86.155 

C Br(3) … N 
DA17 3.311 144.936 

R I2 C I(5) … O 
DG10 3.370 109.731 

C I(3) … N 
DA17 3.573 134.360 

S ClBr C Cl⋯O 
DC9 2.949 113.660 

C Br⋯O 
DC18 3.073 127.717 

C Br⋯O 
DA17 3.428 98.644 

S Cl2 C Cl(5) … O 
DG10 2.827 106.926 

C Cl(3) … O 
DA17 3.537 87.282 

C Cl(3) … N 
DA17 3.098 147.819 

S Br2 C Br(3) … N 
DA17 3.474 141.821 

S I2 C I(3) … O 
DA17 3.878 75.381 

C I(3) … N 
DA17 3.489 133.100 



For example, Fig. 6 shows halogen bonding interaction between S Cl2 and DNA. Three types 

of bonds between this ligand and DNA is clearly observed (H  bond, X-bond and hX-bond). 

There are six hydrogen bonds in the ligand and DNA complex and we can see three halogen bonds 

with identified and admissible geometric parameters. Interaction between Cl at position 5 and 

oxygen of DG10 is one of the bonds, (d(Cl⋯O)) = 2.82 A°, (C Cl⋯O) = 106.9°. Remarkably, 

in some cases, there are multiple halogen bonding interaction. For instance, in this ligand, the Cl 

atom at position 3 is involved in two halogen bond with N and O of DA17 (d(Cl⋯N)) = 3.098 A°, 

(C Cl⋯N) = 147.8°; (d(Cl⋯O)) = 3.537 A°, (C Cl⋯O) = 87.2° respectively. Latter case is 

hX-bond. In this type of bonding, H  and X-bonds can compete or complement each other and 

geometrically are perpendicular to each other. So Θ1 = 87.2° is reasonable for this case but about 

other cases Θ1 value should be close to 160°. We can see strength of a halogen bond depends on 

X … Y distance (Table 4). The obtained data from molecular docking for X-bonds in the ligand-

DNA complexes which are presented in Table 4, show that X … Y distances are followed as: (R

ClBr) ≈ (R Cl2) > (R Br2) > (R l2) and (S ClBr) ≈ (S Cl2) > (R

Br2) ≈ (S l2). Interestingly, calculated DNA-binding constants of these ligands using 

experimental methods are in the same order. In other words, this can be concluded that binding 

affinity of the ligands to DNA depends on strength of halogen bonds. Fig. S25 shows halogen and 

hydrogen bonding interaction between other ligands and DNA. 

 

Fig. 6. Illustration of a halogen bond in a DNA− S Cl2. Chlorine forms a halogen bond with 

oxygen and nitrogen of the DNA. The ligand is shown as a pink stick model and DNA is shown 

as both a cartoon and stick model. Small green spheres show H-bond interaction. The image was 

https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig6
https://www.sciencedirect.com/science/article/pii/S0022286018301881#tbl4
https://www.sciencedirect.com/science/article/pii/S0022286018301881#tbl4
https://www.sciencedirect.com/science/article/pii/S0022286018301881#appsec1


prepared using AutoDock. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the Web version of this article.) 

 

3.3. Anticancer activity of compounds 

Investigation of anticancer effects of the Schiff base compounds on MCF-7 and Hela cancer cell 

lines (as two major and prevalent cancer types) using MTT assay clearly showed their dose- and 

cell line-dependent anticancer activity. The compounds displayed higher anticancer activity on 

HeLa cells than MCF-7 cells and the effects significantly increased in higher concentrations of the 

compounds (Fig. 7, Fig. 8). Moreover, the results interestingly indicated that the anticancer 

activity is significantly dependent on the chirality of Schiff base compounds as R compounds 

displayed significantly higher anticancer activity than S compounds. 

 

 

Fig. 7. The viability percentage of HeLa cancer cells after 48 h incubation with different 

concentrations of the Schiff base compounds. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/autodock
https://www.sciencedirect.com/topics/chemistry/mtt-assay
https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig7
https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig8
https://www.sciencedirect.com/topics/chemistry/chirality


  
Fig. 8. The viability percentage of MCF-7 cancer cells after 48 h incubation with different 

concentrations of the Schiff base compounds. 

 

Based on the results, more than 75% mortality obtained after 48 h exposure of HeLa cancer cells 

to 100 μM concentration of R enantiomers (Fig. 7). It would be mentioned that up to 65% mortality 

was also observed at the same conditions with addition of lower concentration (20 μM) of these 

enantiomers. At the same conditions, the maximum mortality of HeLa cancer cells in the presence 

of S enantiomers was (64.42%) that obtained after 48 h exposure to 100 μM  S I2 compound 

(Fig. 7). 

MCF-7 cells showed less sensitivity to these compounds than HeLa cell line as maximum mortality 

of 35.15% obtained at the same conditions by using 100 μM R ClBr. The anticancer effects 

of S enantiomers on MCF-7 cells was relatively less than R enantiomers (Fig. 8). 

The microscopic monitoring of cell morphology, in accordance with the results of MTT assays, 

showed different levels of cytotoxicity based on the cell line and chirality of Schiff base 

compounds (Fig. 9, Fig. 10). The significant differences regarding to cell morphology could be 

clearly seen between the cells exposed to different compounds. The cell shrinkage and rounding, 

as primary signs of cell death, could be clearly observed in the treated cells. The significantly 

reduced cell density after 48 h treatment in comparison with the control cells may be attributed to 

the inhibition of cell growth or cell death due to the exposure to compounds. The afore mentioned 

changes were considerably less in MCF-7 cells (Fig. 9) than HeLa cells (Fig. 10) which confirmed 

the results of MTT assays. The overall results indicate that these Schiff base compounds 

especially R enantiomers have great potential for development of anticancer agents. 

https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig7
https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig7
https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig8
https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig9
https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig10
https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig9
https://www.sciencedirect.com/science/article/pii/S0022286018301881#fig10


 

Fig. 9. Morphological changes of MCF-7 cancer cells after 48 h incubation with the Schiff base 

compounds. The middle figure represents the control cells without treatment. 

 



 

Fig. 10. Morphological changes of HeLa cancer cells after 48 h incubation with the Schiff base 

compounds. The middle figure represents the control cells without treatment. 

 

4. Conclusion 

In summary, we have synthesized eight novel chiral halogenated Schiff base ligands. They were 

characterized by FT-IR, circular dichroism (CD), elemental analysis (CHN), 1H NMR and 13C 

NMR spectroscopies. Herein, we compared biological activities of two enantiomers, R-L and S-

L. In addition, the effect of halogen atoms on their activities was evaluated. The experimental 

(fluorescence quenching and UV–vis spectroscopy) and computational methods (molecular 

docking) were used to study DNA-binding of the ligands. The obtained results indicate that the 

ligands bind to DNA as: (R ClBr) > (R Cl2) > (R Br2) > (R l2) and (S

ClBr) > (S Cl2) > (S Br2) > (S l2). The ligands can form halogen bonds with DNA 

that were confirmed by molecular docking. This method was also measured the bond distances 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/circular-dichroism
https://www.sciencedirect.com/topics/chemistry/enantiomer


and bond angles. The study of obtained data have concluded that binding affinity of the ligands to 

DNA depends on strength of halogen bonds. 

The anticancer activity of the ligands on HeLa and MCF-7 was investigated and the results indicate 

that these ligands especially R enantiomers have great potential for development of anticancer 

agents. 

Appendix A. Supplementary data 

Supplementary data related to this article can be found at 

https://doi.org/10.1016/j.molstruc.2018.02.042. 
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