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Abstract
Five new Schiff bases of isatin and its derivatives were prepared from monothiocar-
bohydrazides and 5-chloro isatin. The chemical structures of the synthesized com-
pounds were performed by 1H NMR, 13C NMR, and FT-IR spectroscopic techniques 
and elemental analysis. The in vitro antioxidant activities of all the products were 
determined by 1,1-Diphenyl-2-Picryl Hydrazyl free radical scavenging method. It 
also examined the antioxidant properties of the compounds based on quantum chem-
ical calculations as well as supporting experimental spectroscopic data. Theoreti-
cal calculations carried out at B3LYP correlation functional with 6-311++g(2d,2p) 
basis set. Some chemical reactivity descriptors obtained from AIM, NCI, and ELF 
analysis were used to reveal the relationship between the electronic and antioxi-
dant properties of the compounds. Furthermore, the bond lengths, charge densities, 
potential energy densities, inter-atomic dipole moments, and delocalization indices 
of the active phenolic hydrogen bonds of the compounds were shown to be param-
eters that can be used to determine the antioxidant properties of compounds.

Graphic Abstract
New β-isatin aldehyde-N,N′-thiocarbohydrazones were synthesized. Structures of 
synthesized molecules were clarified using spectroscopic methods. Antioxidant 
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activities of the compounds were tested by the DPPH method. AIM, NCI, and ELF 
analysis were performed to investigate the relationship between the electronic prop-
erties and antioxidant activity.

Keywords Schiff bases · Antioxidant assay · Spectroscopic techniques · AIM · NCI · 
ELF analysis

Introduction

Isatin and its derivatives are a significant class of hetero-compounds in organic 
chemistry. They have been reported to show several biological activities and appli-
cations in pharmaceutical chemistry [1–5]. They were reported as anti-bacterial [2], 
antiviral [3], antifungal [4], antioxidant [6, 7], anticonvulsant [8], anti-tubercular 
[9], and anti-HIV [10].

Schiff bases are compounds containing an azomethine group (–CH=N–) and can 
be easily synthesized via the condensation of primary amine with either an aldehyde 
or ketone. They are a significant class of compounds in the pharmaceutical and bio-
logical fields [11]. Isatin-based Schiff bases have a broad range of medicinal and 
pharmaceutical properties including anticonvulsant [8], antibacterial [12], anti-HIV, 
and antifungal activity [13]. Substituted isatin-thiocarbohydrazones based on Schiff 
bases are commonly called as β-isatin aldehyde-N,N′-thiocarbohydrazones. They 
display broad-spectrum pharmacological and biological properties such as antitu-
mor [14–16], antimicrobial and antioxidant [17], cytotoxicity, anti-influenza virus, 
and antiviral activity [18].

Reactive oxygen species are produced by biochemical reactions and are con-
trolled by antioxidant molecules in the body. Substances that delay or prevent oxida-
tion of a substrate, such as inactivating singlet oxygen or providing H, are referred to 
as antioxidants [19]. Nowadays, many studies have been carried out to develop sub-
stances that exhibit more potent antioxidant activity. Kiran et al. [20] carried out the 



5419

1 3

New β‑isatin aldehyde‑N,N′‑thiocarbohydrazones: p…

synthesis of microwave-assisted β-isatin aldehyde-N,N-thiocarbohydrazone deriva-
tives and reported that these molecules show antioxidant activities. Premanathan 
et al. [21] showed that isatin exhibits antioxidant activity in HL60 cells.

Understanding the mechanisms of antioxidant activity of the compounds requires 
a detailed determination and analysis of electronic and molecular properties 
[22–25]. One of the aims of this study is to provide a better understanding of the 
antioxidant activity mechanism by using DFT, non-covalent interaction (NCI), elec-
tron localization function (ELF), and atom in molecule (AIM) analyses. Moreover, 
the relationships between highest occupied molecular orbital (HOMO)–lowest unoc-
cupied molecular orbital (LUMO) energies, electron affinity (EA), electronegativity 
(χ), ionization potential (IP), and chemical hardness (η) and antioxidant characteris-
tics of the compounds were analyzed and the results used to explain the antioxidant 
activity.

Experimental section

Measurement and reagents

All reagents and solvents were purchased from Aldrich, Sigma, or Merck Chemi-
cal Company and were used without further purification. The solvents were spec-
troscopic grade. Melting points were recorded using Stuart melting point 30 appa-
ratus and were uncorrected. The elemental analysis was measured on Eurovector 
EA3000-Single. Bruker Alpha FT-IR spectrometer was used for infrared spectra. 
1H and 13C NMR spectra were taken on JEOL ECX-400 (400 MHz) in DMSO-d6 
spectrophotometer. Absorption measurements were recorded with SHIMADZU UV 
Pharmaspec 1700 spectrophotometer (Shimadzu Corp., Kyoto, Japan manufactures) 
with a pair of identical quartz cuvette of 1 cm thickness.

Synthesis of monothiocarbohydrazides (I–V)

Substituting aldehydes (2.50 mmol) and thiocarbohydrazide (3.00 mmol) in 20 mL 
of absolute ethanol, two drops of acetic acid were added into a (100 mL) bottom 
flask and reaction mixture refluxed 2.5 h at 80 °C. The solids formed were filtered 
off, washed with ethanol (75%), and dried to give the products. The reaction is 
shown in Scheme 1. Two of the synthesized compounds were new in the first step.

Synthesis of β‑isatin aldehyde‑N,N′‑thiocarbohydrazones (VI–X)

An equimolar mixture of monothiocarbohydrazone and isatin in 20  mL of abso-
lute ethanol, a drop of sulfuric acid was added to into a (100  mL) bottom flask 
and reaction mixture refluxed 2.5 h at 80 °C. The solids formed were filtered off, 
washed with ethanol (75%), and dried to give the products. The reaction is shown in 
Scheme 2. All the synthesized compounds were new in this step.
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Antioxidant activity

For the determination of antioxidant activities of the compounds, a stock solution 
of 1,1-Diphenyl-2-Picryl Hydrazyl (DPPH) was first prepared at a concentration 
of 1.90 × 10−4 M. Then, solutions of compounds prepared in dimethyl sulfoxide 
(DMSO) (0.25 µM, 0.50 µM, 1.00 µM, 2.50 µM, and 5.00 µM) were determined. 
To this end, DPPH solutions prepared with ethanol were incubated in the dark for 
30 min at room temperature and measurements were taken at 517 nm [26]. The 
percentage of radical damping activity was calculated by the following formula:

Here A0 indicates the absorbance of the solution without synthesized compounds 
and A1 the absorbance of the sample solution containing synthesized compounds 
[27]. The  IC50 parameter commonly used to measure antioxidant activities of the 

%inhibition =
[(

A
0
− A

1

)

∕A
0

]

× 100

Scheme 1  General synthesis of monothiocarbohydrazones

Scheme 2  General synthesis of β-isatin aldehyde-N,N′-thiocarbohydrazones
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compounds was determined from the formula curve y = mx + c obtained from the 
inhibition (%)-concentration plot [28].

Computational details

All the DFT [29, 30] calculations were performed with Gaussian 09 software [31] 
using the B3LYP exchange-correlation functional without any geometric constraints 
on the compounds. As a first step, the compounds were scanned dihedrally, as given 
in Fig.  1, to determine the minimum energy conformation of the compounds by 
using B3LYP/6-31g(d) level of theory, performing 360 steps with a rotation of 20°. 
No imaginary frequencies were observed in the calculations, i.e., optimized state 
geometries correspond to the actual minimum points on the potential surface. Con-
formational geometries with minimum energy obtained from the dihedral scanning 
were used as input data for all other calculations at the level of 6-311++g(2d,2p) 
basis set.

Optimizations of the compounds were performed in the gas phase, using B3LYP 
functional with 6-311++g(2d,2p) basis set. The frontier molecular orbital (FMO) 
energy eigenvalues were used to calculate global chemical reactivity parameters 
such as chemical hardness and electronegativity. The charge distribution on the indi-
vidual atoms of the compounds was determined using the population analysis of nat-
ural bond orbitals (NBOs) [32–36]. Moreover, 1H and 13C NMR calculations were 
performed using optimized geometries. The NMR calculations were carried out 
using the Gauge-independent atomic orbital (GIAO) method in dimethyl sulfoxide 
(DMSO) phase in accordance with the experiments. Relative chemical shift values 
were calculated by subtracting the tetramethylsilane (TMS) shielding (31.8821 ppm 
for 1H NMR, 182.4656 for 13C NMR). The numbered form of the atoms of the com-
pounds is given in Fig. 1.

Fig. 1  Dihedral scanning of compounds VI–X by rotors  D1 and  D2; numbering of the atoms on the com-
pounds (∝ is the angle between the aryl ring and imine group)
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Bader’s theory of atoms in molecules (AIM) [37, 38] was also used to determine 
the intramolecular interactions, ring critical points (RCPs) of the charge density dis-
tribution, and bond critical points (BCPs) of the bonding atoms. The electron den-
sity (ρ), potential energy density (V), intra-atomic dipole moment ( �

intra
 ), and bond 

path length (BPL) of active phenolic hydrogen bonds were calculated and used for 
the analysis of antioxidant characteristics of the compounds. Furthermore, the ELF 
and NCI analyses were performed to determine electron localization and intramo-
lecular interactions.

Results and discussion

Physical data

The physical data, yields, melting points, and elemental analysis results of the syn-
thesized compounds are summarized in Tables 1 and 2, respectively.

Vibrational frequencies

In the FT-IR spectrum of the synthesized compounds, the aldehyde group (–CHO 
two bands) signal of the starting material was not observed near 2750–2650 cm−1. 
Furthermore, the asymmetric and symmetric stretching bands of the amino group 
(–NH2) were not shown at 3600–3200  cm−1. These results were indicated a suc-
cessful reaction as expected. In compounds VI–X, the –NH (isatin) stretching vibra-
tions were observed at between 3185 and 3125 cm−1. The C = O signals of isatin 
ring were observed at between 1702 and 1638 cm−1, for compounds VI–X. In the 
compounds VI–X, the –C=N stretching vibrations were observed at 1621 and 
1575  cm−1. For those compounds, the C–Cl signals of isatin ring were observed 
at between 953 and 872  cm−1. In compounds VI–X, the –C–O signals of phenyl 
ring were observed at between 1074 and 1059 cm−1 as shown in Fig. 2. For com-
pounds VI–X, the –C=S stretching vibrations were shown at 1388 and 1328 cm−1. 
The other remarkable absorption band, Ar-Br stretching vibration was appeared at 
around 674 cm−1 for compound X. These frequency values of the synthesized com-
pounds are highly agreement with similar compounds [3, 4, 42]. Furthermore, both 
experimental and theoretical IR peaks of the compounds are given in Table 3. It is 
seen that the theoretical data were consistent with the experimental results. (All the 
IR spectra of the compounds are given in supplementary material A, Figs. S1–S4.)

1H NMR spectra

The 1H NMR spectra of the synthesized compounds were detected in DMSO-d6 as 
the solvent. To evaluate the spectra, proton numbers of the compounds are shown 
in Fig.  1. In the compound IX, the aromatic proton signals of the aryl ring (H1, 
H4, and H5) were observed between 7.30 and 6.95  ppm (Fig.  3). The H1 proton 
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showed a singlet peak at 7.30–7.29 ppm. The H4 proton was coupled to the H5 pro-
ton and observed as doublet peaks at 7.24–7.22 ppm. The H5 proton was coupled 
to the H4 proton and detected as doublet peaks at 6.97–6.95  ppm. The signal of 
imin (–CH = N) was observed as a singlet peak at 8.04 ppm. The proton signals of 
thiocarbohydrazide regions occurred from –N1H and –N2H. These amino peaks 
were observed as a singlet at 11.26 and 12.34 ppm, respectively. The hydroxyl group 
(–OH) proton signal was detected as a singlet at 8.95 ppm. The methoxy (–OCH3) 
proton signal was detected as a singlet at 3.81 ppm. The amino (–NH) proton signal 
of isatin region was detected as a singlet in the range of 14.40 ppm. The aromatic 
proton signals of isatin ring (H1, H2, and H3) were observed between 7.49 and 
6.91 ppm. The H1 proton was shown as a singlet peak at 7.49 ppm. The H2 proton 
was coupled to the H3 and H1 protons and observed as doublet of doublets peaks at 
7.37–7.34 ppm. The H3 proton was coupled to the H2 proton and detected doublet 
peaks at 6.93–6.91 ppm. DMSO-d6 and water in DMSO (HOD,  H2O) signals are 
shown around at 2.00, 2.50 (pentet), and 3.30 ppm (variable, depend on the solvent 

Table 2  Results for elemental 
analysis for the synthesized 
compounds

Comp. Calculated % Experimental %

C H N C H N

VI 51.358 3.236 18.724 51.049 3.183 18.783
VII 49.249 3.103 17.956 49.066 3.074 17.668
VIII 50.510 3.494 17.332 50.681 3.385 16.936
IX 50.510 3.494 17.332 49.970 3.437 17.217
X 42.408 2.449 15.461 42.240 2.418 15.389

Fig. 2  Experimental FT-IR spectrum of compound IX 
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and its concentration), respectively [43]. These data are conformable with the values 
of those reported previously for similar compounds [3, 4, 42]. Both experimental 
and theoretical proton chemical shift values of the synthesized compounds are given 
in Table 4. (All the 1H NMR spectra of the other compounds are given in supple-
mentary material A, Figs. S5–S8.) 

13C NMR spectra

The 13C NMR spectra of all compounds were obtained in DMSO-d6. To evaluate 
the spectra, each carbon atom number of the compounds is shown in Fig. 1. The 13C 
NMR spectrum of the compound IX showed 17 different resonances in good agree-
ment with the proposed structure in Fig.  4. In compound IX, methyl-substituted 
aromatic carbon (–OCH3) was observed at 56.1 ppm, and –C=S signal of thiocar-
bohydrazide region was detected at 175.6 ppm. The characteristic –CH=N (imin) 
peak was observed at 147.4 ppm. The carbonyl atom (–C=O) of isatin region was 
observed at 163.0 ppm. The –C=N atom of isatin ring were appeared at 131.1 ppm. 
The aromatic carbons (C1–C6) of the aryl region were also observed at 127.0, 126.8, 
145.8, 150.9, 113.0, and 112.6 ppm, respectively. The resonances of the C3 and C4 
carbon atoms shifted downfield due to the presence of –OH and –OCH3 groups, 
respectively. The aromatic carbons (C1–C6) of isatin region were also observed at 
137.1, 121.1, 122.5, 141.5, 114.5, and 132.0 ppm, respectively. The resonances of 
the C1 and C4 carbon atoms shifted downfield due to the presence of –Cl and –NH 

Fig. 3  Experimental 1H NMR spectrum of compound IX 
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groups, respectively. These spectroscopic data are consistent with the values of 
reported formerly similar compounds in the literature [3, 4, 42]. Both experimental 
and theoretical proton chemical shift values of the compounds are given in Table 5. 
(All the 13C NMR spectra of the other compounds are given in supplementary mate-
rial A, Figs. S9–S12.)

Antioxidant activity assays

It was used trolox as a standard to compare antioxidant activities of the compounds. 
The percentage inhibition changes due to the concentration of the trolox and synthe-
sized compounds are given in Fig. 5.

Compounds VII and VIII showed an increased free radical scavenging activity 
depending on concentration. On the other hand, compounds VI, IX, and X exhib-
ited a regular percent inhibition increase after 0.5 µM concentration. These inhibi-
tion increases vary with the excess and location of the phenolic structures. Accord-
ingly, compounds VII and VIII showed the greatest increase in inhibition. Similar 
to our study, Naik et  al. reported that although isatin exhibited negligible antioxi-
dant activity, the binding of substituted anilines is significantly increased efficacy. 
In particular, among the compounds they synthesized, compounds containing an 

Fig. 4  Experimental 13C NMR spectrum of compound IX 
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electron-donating methoxy substituent, they have had higher antioxidant activity 
compared to butylated hydroxyanisole (BHA) [44].

In order to compare the free radical scavenging effects of the trolox and the 
synthesized compounds, concentration equations were obtained and are shown in 
Table 6 together with  IC50 values. According to  IC50 values, antioxidant activities 
of synthesized compounds were found to be trolox > ���� > ��� > � > �� > ��.

The electronic effects of substituent groups on thiocarbohydrazone play an impor-
tant role in antioxidant activity [45]. Previously, it has been reported that halogen-
containing systems effectively increase antioxidant potency [17, 46].

Similarly, in our study, the halogen-containing molecule (compound X) on alde-
hyde showed more antioxidant effects than the halogen-free molecule (compound 
VI). However, this is quite low compared to methoxy-containing molecules. In par-
ticular, as shown in compound VIII, the methoxy groups exhibited the highest anti-
oxidant effect when attached to the structure at the meta position.
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Fig. 5  Inhibition (%) calculated by the DPPH method for compounds VI–X and trolox at different con-
centrations

Table 6  Concentration equation 
and  IC50 values of compounds 
VI–X by DPPH method

Compounds Concentration 
Eq. (0.25–5.0) × 10−6 M

R2 IC50 (µM)

Trolox y = 3.688x + 11.181 0.890 10.525
VI y = 1.553x + 0.945 0.940 31.593
VII y = 2.692x + 1.587 0.964 17.983
VIII y = 2.893x + 1.724 0.998 16.690
IX y = 1.409x + 1.229 0.957 34.614
X y = 1.768x + 0.022 0.812 28.268
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Andreani et al. examined the interaction of phenolic and –CH3 groups in the ortho 
position relative to each other in the benzene ring and found that the –CH3 group 
reduced antioxidant activity. In another molecule synthesized in the same study, it 
was found that –OMe group bound structures known to have weak free radical scav-
enging power exhibit surprisingly good antioxidant activity [47]. Similarly, in this 
study, the effectiveness of –OMe groups bound to benzene rings for compound VIII 
can be mentioned. However, as in example compounds VIII and IX, it is one of the 
important conclusions drawn in this study that the location of the –OMe groups sig-
nificantly affected the antioxidant activity.

Theoretical analysis

In phenolic compounds that are widely studied and useful as antioxidants, the chem-
ical structure and position of –OH groups affect the antioxidant activity of the com-
pounds. Structures containing methoxy groups also play an important role in deter-
mining antioxidant characteristics of a compound. In this context, the compounds 
were structurally analyzed in two groups: The first group was compounds VI, VII, 
and X containing ortho OH, in which the effects of p-OH and m-Br substituents on 
antioxidant characteristics were investigated. The second group consisted of com-
pounds VIII and IX, and their antioxidant characteristics were analyzed according 
to the sequential change of the positions of phenolic –OH and methoxy substituents.

Prereaction and postreaction energies of the compounds with DPPH• and dif-
ferences between these energies (ΔE), FMO energies, HOMO–LUMO energy gap 
(∆Eg), electronegativity ( � ) values, and chemical hardness (η) values are given in 
Table 7. The stability of a molecule is directly dependent on the energy gap (∆Eg), 
difference between HOMO and LUMO energies. In the first group, the ∆Eg values 
of the compounds were the smallest for compound VII (2.859 eV) and the largest 
for compound VI (2.980  eV). Similarly, for the compounds in the second group, 
∆Eg of the compound VIII (2.828  eV) was lower than that of the compound IX 
(2.855 eV). Compounds having a lower ∆Eg value were found to have a higher ten-
dency to react with  DPPH∙, i.e., a direct proportion between the antioxidant proper-
ties of the compounds and ∆Eg was observed. Besides, concentrating on the active 
phenolic hydrogen bonds and electronic properties of these bonds, which play a key 
role in the reaction of the compounds with  DPPH∙, is more useful for analyzing the 
reaction mechanism.

Systems are easier to react that require low threshold energy or require lower 
energy. The ΔE values between the energies of the compounds in the neutral and 
oxidized state were calculated to be approximately 416.93, 405.75, 415.93  kcal/
mol for the first group and 403.02, 404.52 kcal/mol for the second group, respec-
tively (Table  7). The calculations showed that the compounds with higher anti-
oxidant properties had lower ∆E. In other words, consistent with the experimen-
tal results, the compounds that required more energy for reaction with  DPPH∙ had 
weaker antioxidant activity. Moreover, a similar relationship was observed for the 
chemical hardness of the compounds. Chemical hardness has an important effect 
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on determining (or controlling) chemical reactivity of compounds. Accordingly, the 
compounds with lower chemical hardness were observed to exhibit higher antioxi-
dant properties.

HOMO-ESP maps of the compounds are given in Fig. 6 (isovalue of MOs was 
taken as 0.003 for better examination of HOMO).

In the first group compounds, the HOMO distribution of o-OH substituent 
showed an overlapping spread with that of the sulfur atom, which is due to the 
intramolecular interaction of the phenolic o-OH and sulfur-imine group. (This 
situation will be further investigated in AIM analysis.) The probability of expo-
sure to steric effect due to the location of the p-OH substituent was lower than the 

Fig. 6  HOMO with ESP maps of compounds
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others as well as its electron donor behavior made compound VII more reactive 
to  DPPH∙, in the first group. Besides, the electronegative effect of the bromine 
atom on the electron distribution of the O–H bond in compound X caused it to 
exhibit more antioxidant property than compound VI.

In the second group of compounds, the o- and p- positions of the –OH and meth-
oxy substituents had a major effect on the reactivity of the compounds. Phenolic 
–OH substituent is more electronegative than methoxy. In both compounds, the 
para-substituents give electrons to the benzene ring with resonance effect, whereas 
meta substituents exhibit inductively electron-withdrawing behavior. In the p-OH 
substituted compound VIII, both the electronegativity and the positional effect of 
the substituted group caused the O–H bond to be weaker and therefore caused it to 
be more reactive to  DPPH∙ than compound IX.

Concentrating on the active phenolic hydrogen bonds and electronic properties of 
these bonds will provide much more detailed information in the analysis of the anti-
oxidant properties of the compounds. For this purpose, AIM, NCI, and ELF analysis 
were performed. AIM analysis was performed to determine intramolecular interac-
tions and their electronic properties, the RCPs of the charge density distribution, 
and the BCPs of the bonding atoms. The AIM calculations revealed a significant 
correlation between the antioxidant properties of the compounds and the electron 
charge density (ρ), delocalization index (DI), potential energy density (V), ellipticity, 
bond length (L), and bond path length (BPL) of the phenolic hydrogen bonds on the 
substitute groups.

AIM and NIC visualization of compound VI is given Fig. 7. (AIM and NIC visu-
alizations of the compounds are given supplementary material B.) There is a very 
strong interaction between o-OH and imine group compared to other intramolecular 
interactions.

The antioxidant property of a compound is proportional to the amount of DPPH 
that reacts with the compound. The reaction DPPH∙ + RH→DPPH + R∙ shows that 
a compound with weak active hydrogen bonds exhibits a higher antioxidant charac-
teristic. In the application of this method, the proton transfer reaction to DPPH free 
radical by the antioxidant causes a decrease in absorbance at 517 nm. Antioxidants 
can be classified as primary antioxidants (chain breaker) and secondary antioxidants 

Fig. 7  AIM and NIC visualizations of compound VI; Brown points: bond critical points, Red points: ring 
critical points, Dashed lines: interactions of respective atoms
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(preventive) according to their mechanism of action. Primary antioxidants break 
the oxidation chain reaction by giving hydrogen and generate more stable radicals. 
Secondary antioxidants slow the oxidation reaction rate by many mechanisms such 
as chelating metals, regenerating primary antioxidants, degrading hydroperoxides, 
and absorbing oxygen and other species [48, 49]. According to these classifications, 
some antioxidants may show more than one mechanism of action. In this article, 
the antioxidant mechanisms of the synthesized compounds (VI–X) are tried to be 
elucidated based on the primary antioxidant mechanisms. Phenolic structures in 
synthesized compounds are generally considered as proton provider basic groups to 
explain the antioxidant mechanism.

Although the active hydrogen bonds in the reaction are influenced by factors such 
as intramolecular interactions and temperature, the bond strength is proportional to 
the electron density (ρ) of the bond. It can be said that as the charge density of the 
O–H bond decreases, the bond strength decreases and it is easier to break off the 
hydrogen from the compounds, and hence, these compounds exhibit high antioxi-
dant properties [50, 51]. The data obtained by the AIM analysis are given in Table 8.

The o- and p-hydroxyl group exhibits an electron donor behavior by resonance 
effect on the phenyl ring in conjugation with the benzene π system. The strong intra-
molecular interaction between the imine group and o-OH allowed electron delocali-
zation. In compound VII, the electron donor effect of p-OH caused an increase in 
BCP charge density between imine group and o-OH (0.038479 au for compound 
VI and 0.039714 au for compound VII). Besides, this interaction caused the angle 
between the imine group and the phenyl ring to decrease ( � is 122.209 degree 
for compound VI, 122.193 degree for compound VII). In the two groups, it was 
observed that the angle ∝ varied according to the degree of intramolecular interac-
tions (∝ values are given in Table 7). As a result of strong intramolecular interaction 
and electron delocalization, the electron density of the o-(O–H) bond of compound 
VII (0.346878 au) decreased compared to compound VI (0.349482 au), which 
caused the bond to weaken (Table 8). This weaker O–H bond facilitated the reac-
tion of the compound with  DPPH∙, thereby contributing to its antioxidant proper-
ties. Also, the presence of both o- and p-OH in compound VII increased its reaction 
possibility with the  DPPH∙ compared to compound VI. In Compound X, the m-Br 

Table 8  AIM data of phenolic hydrogen bonds

*Values for o-(O–H) bond, ρ: electron charge density, DI: delocalization index, �
intra

 : magnitude of Intra-
atomic dipole moment of phenolic H, V: potential energy density, K: kinetic energy density, L: bond 
length, BPL: bond path length

Comp. ρ (au) DI �intra V (au) K (au) Ellipticity BPL (Å) L (Å)

VI 0.349482 0.500370 0.2191 − 0.800384 0.730924 0.015244 1.802381 0.98039
VII 0.374222 0.656726 0.1625 − 0.838785 0.763841 0.019844 1.769760 0.96226

0.346878* 0.493734* 0.1219* − 0.794387* 0.725253* 0.015044* 1.806483* 0.98250*
VIII 0.368970 0.604483 0.1466 − 0.833768 0.761776 0.019032 1.775860 0.96610
IX 0.370073 0.611293 0.1484 − 0.835761 0.762916 0.019965 1.774148 0.96513
X 0.348897 0.498284 0.1234 − 0.799238 0.730067 0.015141 1.802984 0.98074
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substituent exerted electron-withdrawing inductive effect, resulting in a decrease in 
the BCP electron density of the o-(O–H) bond (0.348897 au). The AIM data of the 
first group of compounds revealed that there was an inverse relationship between the 
BCP electron density of the o-(O–H) bond and the antioxidant property.

It was seen in theoretical calculations that the methoxyl group forms intramo-
lecular hydrogen bonding with phenolic hydrogen and facilitates phenolic H-atom 
abstraction. There are also studies that the methoxyl group increases the antioxidant 
activity of the related compound as a result of intramolecular interaction with phe-
nolic p-OH [52–55]. Besides, the position of phenolic –OH and methoxy groups is 
also one of the important variables affecting the antioxidant properties [56]. The 
o-OH substituent of compound VII exhibits electron donor behavior with resonance 
effect, while the m-OCH3 substituent of compound VIII inductively exhibits elec-
tron-withdrawing behavior. Although the inductive effect is weaker than the reso-
nance effect, in compound VII both –OH substituents pump electrons into the ring 
as an electron donor, while the m-methoxy substituent of compound VIII exhibits 
an electron-withdrawing effect. Although more electron delocalization is expected 
on p-OH in compound VIII due to the opposite behavior of the substituted groups, 
electron delocalization in compound VIII is lower due to the overlapping of the 
molecular orbitals of m-OCH3 and p-OH. Electron localization is an important tool 
in understanding the behavior of compounds (see Fig. 8, all the ELF isosurfaces of 
the compounds are given supplementary material B), and the delocalization index 
is influenced by both bond-forming atoms and the environment. The increase in the 
number of localized electrons naturally causes a decrease in the number of delo-
calized electrons, and thus, the resulting polarity reduces the DI. When the groups 
examined, it was observed that the compounds having lower DI values showed high 
antioxidant properties.

The BCP charge density of the p-(O–H) bond (0.368970 au) of compound VIII 
was lower than that of the compound IX compared to the m-(O–H) bond (0.370073 
au), which caused it to exhibit higher antioxidant properties compared to compound 
IX.

Fig. 8  ELF isosurface of compound VI 
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Furthermore, o-(O–H) bond length (L) and BPL are inversely proportional to 
potential energy, and compounds with larger bond length exhibit higher antioxidant 
properties, resulting in a correlation between the potential energy density of O–H 
bond and the antioxidant property of the compound. The calculations showed that 
the similar correlations between the electronic data of the relevant groups and the 
antioxidant properties were also valid for V, K, μintra, and ellipticity values (Table 8).

Conclusion

Substituted isatin-thiocarbohydrazones based on Schiff bases are commonly called 
as β-isatin aldehyde-N,N′-thiocarbohydrazones. They were synthesized with yields 
of 63–85%. All the products were characterized by FT-IR, 1H NMR, and 13C NMR 
spectroscopic techniques and elemental analyses. The in vitro antioxidant properties 
of the compounds were measured by DPPH free radical scavenging method. Among 
the synthesized compounds, the highest antioxidant activity showed the compound 
VIII, which exhibits an  IC50 value close to the trolox used as the standard antioxi-
dant. It was observed that the positions of methoxy and hydroxyl groups relative to 
each other were effective on antioxidant activity. It was concluded that the meth-
oxy group forms an intramolecular hydrogen bond with phenolic OH, thus facilitat-
ing H-atom abstraction by reducing the bond dissociation enthalpy of the phenolic 
hydroxyl group. DFT/B3LYP/6-311++g(2d,2p) method was used for the quantum 
chemical calculations. BPL and L, which depend on the electron charge density and 
potential density on the phenolic O–H bonds, were also parameters that are easily 
calculated for determining the degree of antioxidant activity of the compounds. It 
was shown that there was a correlation between the inter-atomic dipole moments 
and ellipticity of the phenolic hydrogens and the antioxidant properties of the 
compounds. The interaction of the phenolic O–H bond with the surrounding atom 
groups determines DI, and calculations revealed that the compounds with smaller 
electron delocalization index showed higher antioxidant properties.
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