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Abstract

Isatin-derived Schiff bases are the subject of many studies, finding wide applica-
tion areas in polymer technology, pharmaceutical industry, and medicine. In this
study, a series of new Schiff bases were prepared from monothiocarbohydrazones
based on isatins with different substituents (5-F, 5-Br, 5-1, and 5-MeO). The chemi-
cal structures of the synthesized compounds were determined using 'H NMR, *C
NMR, FTIR spectroscopic techniques, and elemental analysis. Antioxidant activity
determinations of 23 compounds were performed using the 1,1-diphenyl-2-picryl-
hydrazyl (DPPH) radical quenching method. The highest percent inhibition value
at 10 uM concentration was shown by compound number 22, 5-bromoisatin Schiff
base containing 3-methoxy-4-hydroxy group. Compound 17, a 5-iodoisatin Schiff
base containing 3-methoxy-4-hydroxy group, showed the highest antioxidant activ-
ity with an ICy, value of 9.76 +0.03 pM. In addition to the theoretical analysis of the
compounds, both their spectroscopic and antioxidant properties were investigated.
The ground-state geometries and some chemical reactivity parameters of the com-
pounds were calculated using the B3LYP/6-311+ +G(2d,2p) approach. Besides
intramolecular interactions, substituent effects, and some QTAIM parameters,
the calculations were also performed to study the electronic properties of reactive
N/O-H bonds and were used to interpret the experimental results. The effects of
the electronic parameters and intramolecular interactions of reactive N/O—H bonds
on the antioxidant properties of the compounds were investigated. Additionally, the
relationships of DPPH reactions with delocalization indices of N/O-H bonds and the
pattern of SET/HAT mechanisms with electronic variables were analyzed. Examina-
tion of electron and hydrogen atom transfer mechanisms has shown the dominance
of electron transfer, supported by the correlation coefficients between ICs, values
and SET reaction energies.
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Introduction

Schiff bases containing heterocyclic structures have a wide range of biological
and pharmacological activities [1]. Isatin-derived Schiff bases have been the
subject of various studies for their anticonvulsant, antibacterial, anti-HIV, and
antifungal activities, thus becoming an important class of compounds in phar-
maceutical chemistry [2]. Schiff bases, synthesized by the condensation reac-
tion of different amino compounds with aldehydes or ketones, are also known
as good nitrogen donor ligands. Schiff bases show a wide range of applications
not only in biological activities but also in coordination chemistry, industries,
food packaging, paints, and polymers [3]. The number of studies providing sys-
tematic information about antioxidant activity determinations of Schiff bases
remains limited.

It has been reported that steric hydrocarbon phenols and their complex compo-
nents are used as antioxidants in the polymer and food industry and as a preservative
that prevents oxidation processes in pharmacy [4]. These are compounds that vary
structurally from a simple phenolic molecule to complex high-molecular-weight
polymers and are thought to reduce health disorders due to their antioxidant activ-
ity [5]. When antioxidant substances are added to foods, they minimize rancidity,
delay the formation of toxic oxidation products, preserve food quality, and increase
shelf life [6]. Current studies on derivatives of thiosemicarbazone Schiff bases and
their complexes show the importance of examining the antioxidant, anticorrosive,
and anticancer properties of these compounds. To understand the antioxidant activ-
ity mechanisms of these compounds, their electronic and molecular properties must
be determined in detail [7-9].

In this study, in order to provide an important resource for current studies,
new isatin-derived Schiff bases with different substituents were synthesized and
their antioxidant behaviors were comparatively examined experimentally and
theoretically. The antioxidant activities of the synthesized compounds were elu-
cidated experimentally using the DPPH method and theoretically using the DFT
approach. The relationship between antioxidant properties and structural and
electronic properties of the compounds was also examined by Quantum Theory of
Atoms in Molecules (QTAIM) analysis, single electron transfer (SET), hydrogen
atom transfer (HAT), and delocalization index (DI) of active hydrogen bonds. It
was proved that the QTAIM data of active hydrogen bonds play an important role
in determining the antioxidant activities of the compounds.

Experimental section
Tools and chemicals

Sigma-Aldrich Co. LLC. brand 5-F, 5-MeO, 5-1 and 5-Br isatin and aldehydes
were purchased. FTIR analysis was performed using a Bruker Alpha Fourier
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Scheme 1 General synthesis of 5-substituted isatin-thiocarbohydrazones

brand IR spectrometer, and NMR spectra were performed with a Bruker Ultrash-
ield Plus Biospin spectrophotometer at 400 MHz in DMSO-d6. UV absorption
measurements were carried out with a SHIMADZU UVmini-1240 UV-Vis-
ible spectrophotometer. FTIR and C, H, and N elemental analysis of the synthe-
sized compounds were performed at Kastamonu University Central Research
Laboratory.

Synthesis of new isatin-schiff base derivatives

A mixture of aromatic aldehydes (5.0 mmol) and thiocarbohydrazide (5.0 mmol) in
ethanol (25 mL) and two drops of hydrochloric acid was refluxed for 3 h. and men-
tioned in parentheses the aldehydes (A1-A23). The reaction mixture was cooled.
The precipitate formed was filtered and washed with ethanol (96%) to give mono-
carbohydrazones (I1-123). A mixture of monocarbohydrazones (3.0 mmol), substi-
tuted isatins (3.0 mmol), and two drops of hydrochloric acid in ethanol (15 mL) was
refluxed for 5 h. The precipitate formed was filtered and washed with cold ethanol
(96%) to give a product. The reaction pathway is given in Scheme 1. They were
obtained with slight changes according to an earlier procedure [10].
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Antioxidant activity analysis

The DPPH radical shows a strong absorption band at 517 nm in the visible spec-
trum. Thanks to the electrons becoming paired with the addition of antioxidants,
this absorbance value decreases and as the antioxidant concentration increases,
the colors become lighter. This reaction can be monitored with a spectrophotom-
eter. Thus, in this study, calibration solutions of different concentrations of DPPH
(5-25% 107 M) were prepared, primarily prepared with ethanol. Then, the samples
prepared by adding new synthesized compounds were incubated for 15 min at room
temperature and in the dark. The absorbance of each sample was recorded at 517 nm
against a blank consisting only of ethanol. The ethanol-DPPH solution prepared as a
standard was used as a control in the absorbance measurements of the sample solu-
tions. The results are given as % inhibition for the synthesized molecules. Radical
quenching activity was calculated as percent inhibition by the following formula:

% inhibition = [(Ag — A;) /Ao| % 100 (1

Here A, is the control absorbance and A, is the absorbance in the presence of sam-
ples [11].

Computational procedure

The DFT calculations, as described in references [12, 13], were conducted utiliz-
ing the Gaussian 09 software [14] at the B3LYP/6-311 + + G(2d,2p) level of theory.
The optimized geometries of the states represent the minimum energy points on the
potential energy surface. Consequently, no imaginary frequencies were detected dur-
ing the IR calculations.

In consonance with the acquisition of experimental NMR data within the dime-
thyl sulfoxide (DMSO) solvent medium, calculations employing density functional
theory (DFT)/NMR were likewise executed within the DMSO phase through the
Gauge-independent atomic orbital (GIAO) method. Throughout these computational
procedures, the conductor-like polarizable continuum model (CPCM) was imple-
mented to account for solution—solvent interactions. The determination of relative
chemical shift values was ensued by subtracting the absolute chemical shielding
of tetramethylsilane (TMS), which was independently computed at the B3LYP/6-
311+ +G(2d,2p) level of theory, yielding values of 31.8149 and 183.737 ppm for
'H and °C NMR, respectively.

The electronic parameters of the compounds were acquired through gas-phase IR
calculations. Utilizing frontier molecular orbital (FMO) energy eigenvalues derived
from the IR calculations, global chemical reactivity parameters, including the
HOMO-LOMO energy gap (Eg), chemical hardness (1)), electronegativity (), elec-
trophilic index (w), nucleophilic index (g), electroaccepting power (o*), and elec-
trodonating power (®~) indices, were determined. Besides the single electron trans-
fer energy (SETE), electron delocalization indices (DIs) between N/O and H atoms
were also calculated. Furthermore, the electron density at both ring critical points
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(RCPs) and bond critical points (BCPs) was assessed using the QTAIM approach
[15, 16]. To visualize intramolecular interactions, interaction region indicator (IRT)
calculations were conducted through the Multiwfn software [17].

Results and discussion
Characterization of 5-isatin benzothiocarbohydrazone Schiff bases

In this study, FTIR, 'H-NMR, and '>*C-NMR analysis of 23 newly synthesized com-
pounds were performed. The molecular names of these compounds and some phys-
icochemical properties used in their spectroscopic analysis are given in Table 1.
Experimental and calculated elemental analysis results of the synthesized com-
pounds are given in Table 2.

FTIR analysis of 5-isatin benzothiocarbohydrazone Schiff bases

In all synthesized compounds, C=0 signals of the isatin ring were observed
between 1705 and 1684 cm™' and —NH stretching vibrations were observed between
3150 and 2975 cm™!. -C=S$ stretching vibrations were found between 1386 and
1304 cm™!. Characteristic -OH stretching vibrations were not observed in com-
pounds 1, 7, 8, 15, and 20. In the FTIR spectra of all compounds, the aldehyde
group signal of the starting material around 2750-2650 cm™! was not seen. In mol-
ecules containing 3-OCH;-4-OH group of Schiff bases of molecules containing
5-methoxy, 5-fluorine, 5-bromine, and 5-iodine isatin groups, ve_g (Ar) signals were
seen between 2987 and 2820 cm™!. In molecules containing 5-methoxy, 5-bromine,
and 5-iodine isatin group and 3,5-diOCH;-4-OH group, V¢ y (4, signals were seen
between 3153 and 3128 cm™!. The FTIR spectrum and analysis data of compound
3 are shown in Fig. 1 and Table 3. When these analysis data are examined, the fre-
quency values are quite compatible with the results of our previous study for 5-chlo-
roisathin compounds and similar synthesized compounds [18-20]. In addition, it
seems that the theoretical data are consistent with the experimental results. All FTIR
spectra of other synthesized compounds are given in the supplementary material,
Figs. S47-S69. Additionally, calculated data analysis for FTIR spectra is given in
Table S9 in the supplemental material.

TH NMR results of 5-isatin benzothiocarbohydrazone Schiff bases

The experimental "H-NMR spectra of the compounds were detected in DMSO-d,,
and the chemical shifts are given in Table 4. As an example of "H NMR results, the
spectrum of compound 3 is given in Fig. 2.

For compound 3, the aromatic proton (H1-H2-H3) signals of isatin ring were
observed between 7.09 and 6.87 ppm. The H1 proton coupled to the H2 proton
and detected a doublet peak at 7.09-7.08 (d, /J=2.4 Hz) ppm. The H2 proton
coupled to the H1 and H3 protons and observed a doublet of doublets peak at
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Table.2 Calculated and Compounds  Calculated (%) Experimental (%)
experimental elemental results
of the synthesized molecules C H N C H N
1 5778 428 19.82 5564 396 19.01
2 5528 4.09 1896 5233 4.08 18.39
3 54.13 429 1753 5170 422 17.26
4 53.14 446 1631 5279 401 14.14
5 5520 4.63 1694 5214 428 16.73
6 5413 429 1753 52.85 428 17.26
7 5756  5.08 2120 54.18 487 2039
8 5630 354 2052 53.04 345 19.89
9 5378 338 19.60 52.84 3.19 18.21
10 5271  3.64 18.08 5043 344 1750
11 5386 4.02 1745 50.88 401 1691
12 5271  3.64 18.08 5049 322 16.14
13 5378 338 19.60 51.79 337 19.34
14 5147 324 1876 4840 320 18.28
15 4277 269 1558 4139 223 15.16
16 4130 259 1505 40.17 253 1490
17 4122 284 1414  40.13 279 14.10
18 41.87 136 1356 40.17 1.13 11.20
19 4244 316 13775 41.13 2.88 1530
20 4777 300 1740 46.02 277 16.57
21 4594 289 1674 4397 256 1654
22 4554  3.14 1562 4397 296 15.04
23 46.07 150 1492 4420 141 14.59
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Fig. 1 Experimental FTIR spectrum of compound 3
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Table 3 Experimental FTIR values of compounds (cm™")

Comp VIN—H VZN—H VCH (Ar) Ve=s Ve=N VeN Vou UNH (ist) Ve=0 (ist)
1 3182 3420 2839 1337 1604 1189 - 2980 1692
2 3736 3836 2839 1381 1572 1177 3130 2975 1697
3 3270 3687 2833 1373 1584 1199 3152 2977 1697
4 3323 3610 2841 1384 1584 1199 3128 2989 1692
5 3322 3480 2821 1363 1602 1177 3119 2975 1698
6 3387 3428 2950 1380 1603 1198 3194 3095 1685
7 3277 3632 2965 1364 1593 1169 - 3150 1705
8 3101 3239 2891 1374 1584 1197 - 2941 1694
9 3125 3262 2850 1380 1593 1197 3070 2985 1695
10 3291 3450 2820 1365 1583 1198 3130 2979 1702
11 3216 3302 2942 1369 1584 1200 3069 2981 1702
12 3207 3450 2840 1306 1614 1130 3180 2980 1693
13 3296 3687 2920 1357 1572 1193 3205 3047 1696
14 3280 3360 2890 1357 1584 1192 3226 3047 1688
15 3446 3553 2990 1381 1610 1159 - 3117 1691
16 3341 3614 2850 1312 1600 1155 3131 2987 1684
17 3262 3553 2890 1376 1602 1151 3121 2978 1694
18 3296 3450 2840 1385 1593 1157 3153 3005 1692
19 34381 3598 2980 1372 1607 1180 3303 3117 1702
20 3438 3726 2988 1304 1614 1162 - 3122 1694
21 3470 3636 2984 1307 1606 1152 3210 3133 1701
22 3550 3630 2987 1374 1598 1151 3247 3146 1702
23 3292 3450 2852 1386 1588 1158 3152 3004 1693

6.97-6.95 (dd, J=8.4, 2.4 Hz) ppm. The H3 proton coupled to the H2 proton and
detected a doublet peak at 6.89-6.87 (d, J=8.5 Hz) ppm. The N-H4 signal of
isatin region was observed as a singlet at around 11.09 ppm. The proton signals
of thiocarbohydrazone region were occurred from N-HS and N-H6. These amino
peaks were observed as a singlet at 14.66 and 12.49 ppm, respectively. The sig-
nal of imine (-CH=N, H7) was observed as a singlet at 9.68 ppm. The methoxy
proton signal (5-OCH,) of isatin region was detected as a singlet in 3.79 ppm.
The methoxy proton signal (H9, 3-OCHj;) of aldehydic region was detected as a
singlet in 3.93 ppm. The OH (H10) signal was detected as a singlet at 8.08 ppm.
The aromatic protons (H8-H12) of the aldehydic region were observed at
7.70-6.83 ppm. The H8 proton coupled to the H11 proton and detected a doublet
peak at 6.85-6.83 (d, J=8.1 Hz) ppm. The H11 proton coupled to the H8 and
H12 protons and observed a doublet of doublets peak at 7.16-7.14 (dd, J=8.1.
1.5 Hz) ppm. The H12 proton coupled to the H11 proton and detected a doublet
peak at 7.70-7.69 (d, J=1.4 Hz) ppm (see Figs. S1-S23).

At '"H-NMR spectra of all compounds (1-23), the aromatic protons (H1-H3)
signals of the isatin ring were observed at between 7.93 and 6.81 ppm. While the
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Fig.2 'H NMR spectrum of compound 3

N-H4 signals of the isatin region were detected as a singlet at 11.48-11.03 ppm,
the N-H5 and N-H6 signals of thiocarbohydrazone region were shown as a sin-
glet at 14.95-12.38 ppm. The methoxy proton signals (5-OCH;) of isatin region
were detected as a singlet in the range of 3.80 and 3.77 ppm. The signals of imine
(-CH=N) (H7) were observed as a singlet at 11.08-8.07 ppm. The OH signal
was detected as a singlet at 10.09-8.06 ppm. The aromatic protons (H8-H12) of
the aldehydic region were observed at 7.91-6.32 ppm. These results are in agree-
ment with the data that reported similar compounds [21-23]. DMSO-d¢ and water
in DMSO (HOD, H,0) signals are shown at around 2.00, 2.50 (quintet), and 3.30
(variable, based on the solvent and its concentration) ppm, respectively [24]. The
theoretical "H-NMR spectra of the compounds were detected in DMSO, and the
chemical shifts are given in supplementary material, Tables S1a—S4a.

13C NMR results of 5-isatin benzothiocarbohydrazone Schiff bases

The experimental 3C-NMR spectra of the compounds were detected in DMSO-dg
and the chemical shifts are given in Table 5. As an example of '>*C NMR results, the
spectrum of compound 3 is given in Fig. 3.

At 3C-NMR spectra of all compounds (1-23), the —C=S (C9) peaks of the thi-
ocarbohydrazone region were observed at 175.77-174.68 ppm. The —C=0 (C7)
and —C=N (C8) peaks of the isatin region were observed at 163.39-162.50 and
152.59-132.51 ppm, respectively. The characteristic -C=N (C10) peaks of imine
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Fig.3 !*C NMR spectrum of compound 3

were detected at 157.57 and 140.78 ppm. The methoxy carbon (-OCHj;) reso-
nated at 65.06-56.02 ppm. The aromatic carbon atom signals of the isatin region
(C1-C6) were resonated between 160.52 and 83.93 ppm, and those from the phe-
nyl ring (C11-C16) were detected 160.54—105.59 ppm (see Figs. S24-S26). The
C1 atoms of the compounds (1-14) shifted downfield relative to the signal of ben-
zene (128.5 ppm). These carbon atoms shifted downfield (high values of §), which
was caused by the presence of the methoxy and fluoro group. On the contrary, the
C1 atoms of the compounds (15-23) shifted upfield relative to the signal of ben-
zene (128.5 ppm). These carbon atoms shifted upfield (low values of ), which was
caused by the presence of the iodo and bromo group. Moreover, the carbon atoms
(for C1-C6) were also split into doublets caused by interacting with the atomic
nucleus of F for compounds 8-14. The C4 atoms of the compounds shifted down-
field (140.22-136.22 ppm) relative to the signal of benzene (128.5 ppm). These car-
bon atoms shifted downfield (high values of &), which was caused by the presence
of the nitrogen atom. The electronic effects of groups/substituents in structures play
a significant role to assignment those from the phenyl ring (C11-C16). The carbon
atoms of the compounds shifted downfield or upfield relative to the signal of ben-
zene (128.5 ppm).

When we examine the '>*C NMR spectrum of compound 3, there are 18 differ-
ent resonated carbon atoms consistent with the target structure (Fig. 3). In com-
pound 3, the —C=S (C9) peaks of the thiocarbohydrazone region were observed
at 175.20 ppm. The -C=0 (C7) and —C=N (C8) peaks of the isatin region were
observed at 163.24 and 138.23 ppm, respectively. The characteristic -C=N (C10)
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peaks of imine were detected at 145.13 ppm. The methoxy carbons (—-OCH;) of
isatin and phenyl ring resonated at 56.17 and 56.10 ppm, respectively. The C1 atom
was resonated at 155.79 ppm. This carbon atom shifted downfield (high values of
9). Due to in the presence of the methoxy group, the carbons (C1-C6) of isatin
region were detected at 155.79, 112.42, 121.31, 136.27, 118.18, and 105.84 ppm,
respectively. The aromatic C signals of the phenyl ring (C11-C16) were observed
at 150.06 and 109.40 ppm. The C13 (148.80 ppm) and C14 (150.06 ppm) carbon
atoms shifted downfield (high values of 8) caused by the presence of -OCH; and
—OH groups, respectively. These results are in agreement with the data that reported
similar compounds [11, 21-23]. The theoretical '>*C-NMR spectra of the compounds
were detected in DMSO, and the chemical shifts are given in supplementary mate-
rial, Tables S5a—S8a.

Examination of antioxidant activities

The compounds synthesized in this project were compared against gallic acid as a
standard antioxidant using the DPPH radical scavenging method. The antioxidant
activities of the Schiff base compounds we obtained using aldehyde derivatives are
given in Fig. 4, with concentration changes versus calculated inhibition percentages.
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All compounds showed a steady increase in direct proportion to the increase in
concentration.

Among the synthesized 23 compounds, compound 22 showed the highest anti-
oxidant activity at 10 uM concentration. Then, compounds 11, 14, 18, 19, and 17
followed this order. Compounds 1 and 8 exhibited the lowest antioxidant activity.
Gallic acid, used as standard, showed the highest activity at all concentrations.

In order to regularly compare the antioxidant activities of all compounds, ICs,
values were calculated. The amount of antioxidant required to reduce the initial
DPPH concentration by 50% expresses its antiradical activity and is called ICs, (mg/
mL) [25]. ICs, value is a widely used parameter to measure antioxidant activity. In
this study, the R? values and ICs, values of the linear regression equations of gallic
acid using the DPPH method are summarized in Table 6.

The ICs, value calculated from the inhibition values of different concentrations
was found to be 6.48+0.01 uM for gallic acid. Considering the ICs, values, it can
be said that the lower the value, the greater the antioxidant activity. This means that
substances that can scavenge the same amount of free radicals at the lowest concen-
tration show stronger antioxidant activity. Accordingly, among the ICs, values, com-
pound 17 was the compound closest to gallic acid and with the highest antioxidant
activity, with 9.76 +0.03 uM. Compound 8 showed the lowest antioxidant activity
with an ICs, value of 282.18 +0.25 pM.

Graphs were presented separately in order to examine in more detail the changes
in the antioxidant properties of the synthesized compounds according to the groups
to which they are systematically affiliated. Accordingly, methoxy, fluorine, bromine,
and iodine groups attached to the isatin group could be compared among them. It
was found that the aldehyde structures of the synthesized Schiff bases containing
3-0OC,Hs—4-0OH, 3,5-diOCH;—4-OH, and 4-OH groups showed a higher antioxidant
effect in the halogen-bonded isatin groups than in the methoxy isatin structure. Sim-
ilarly, Kiran et al., in their study with new bis-isatin carbohydrazone derivatives,

Table 6 ICj, values of synthesized compounds calculated using the DPPH method

Compound ICs, (UM)* R? Compound ICsy (UM)* R?

1 139.31+0.18 0.913 13 63.58+0.11 0.953
2 30.80+0.08 0.942 14 10.91+0.04 0.984
3 13.62+0.04 0.989 15 117.33+0.15 0.919
4 22.75+0.07 0.984 16 18.82+0.06 0.930
5 20.09+0.07 0.958 17 9.76+0.03 0.994
6 113.32+0.16 0.865 18 11.74+0.04 0.987
7 19.78+0.06 0.992 19 12.56+0.04 0.957
8 282.18+0.25 0.965 20 85.15+0.12 0.974
9 17.51+0.05 0.955 21 22.54+0.07 0.951
10 15.63+0.05 0.973 22 12.63+0.04 0.969
1 10.91+£0.04 0.986 23 14.89+0.05 0.980
12 48.01+0.10 0.963 Gallic Acid 6.48+0.01 0.942

*Each value is expressed as mean+SD (n=3)
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reported that the halogen groups attached to the aromatic ring were responsible for
the antioxidant activity [23]. Many previous studies have reported that halogen-con-
taining systems significantly increase the antioxidant effect [26].

Molecules containing 3-OCH;—4-OH groups were the structures showing the
highest antioxidant activity in all compounds with both halide and methoxy groups
attached. Nagaraja Naik and colleagues reported that aniline structures attached to
isatin significantly increased antioxidant effectiveness and compounds containing
the electron-donating methoxy substituent showed higher antioxidant activity com-
pared to butylated hydroxyanisole (BHA) [27]. The ICs, value (34.61 uM) we found
for the compound containing the 3-OH-4-OCHj; group, which we synthesized pre-
viously with 5 chlorides of isatin, showed that the antioxidant power of molecules
containing halogens attached to isatin is higher than the compounds containing
methoxy groups attached to isatin. [23, 26].

The inhibition percentages we observed in our study varied depending on the
position of the phenolic structures attached to the ring and the number of hydroxy
groups they contained. This change was previously reported to be affected by the
presence of electron-withdrawing groups on the ring. [28-30]. In this study, com-
pounds 14, 2, 9, 21, and 16, which have 2,4-diOH and 4-OH positions attached
to the ring, enabled us to compare the antioxidant activity of compounds against
the bonding type and amount of phenolic structures. In particular, it was observed
that the 2,4-diOL and 3-OC,Hs—4-OH linked aldehyde groups in the 5-fluoroisatin
compound exhibited higher antioxidant activity than the others. Likewise, percent-
age inhibition increases varied in direct proportion to the abundance of phenolic
structures. This result showed that antioxidant activity depends on the position of
phenolic structures relative to the meta- or meta-promoters [11]. In our study with
5-chloroisathin, the Schiff base molecule containing a 3-OCH;-4-OH group in the
ring showed the highest antioxidant activity compared to other molecules (2,4 di
OH; 2-OH; 2-OH; 3-OH—4-OCHj;) [21]. Likewise, in this study, for all 5-methox-
yisatin, 5-fluoroisatin, 5-bromoisatin, and 5-iodoisatin structures, methoxy groups
exhibited the highest antioxidant effect when added to the structure in the meta posi-
tion. The data we obtained from these studies showed that the position of -OMe
groups significantly affects antioxidant activity [20]. In this study, compounds 1, 6,
8, and 15 showed the lowest antioxidant effect. The common feature of these com-
pounds is that all isatin molecules (5-methoxyisatin, 5-fluoroisatin, 5-bromoisatin,
5-iodoisatin) are molecules that do not have a structure attached to the aldehyde

group.

DFT analysis

The 23 compounds were divided into two different groups for detailed examination,
and both inter- and intra-group analysis was performed. The first group includes
compounds with the same substituent (methoxy-substituted compounds 1-7, fluo-
rine-substituted compounds 8-14, iodine-substituted compounds 15-19, and bro-
mine-substituted compounds 20-23). In the second group, compounds 1, 8, 15, 20;
2,9,16,21;3,10,17, 22; 4, 18, 23; 5, 19, 11, 6, 12; 14, 13 were examined in order
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to analyze the effects of compounds with different substituents (methoxy, fluorine,
iodine, and bromine) at the same position on their antioxidant properties.

HOMO and LUMO energies, Eyopo and Ep o, are indicators of a molecule’s
tendency to donate and accept electrons, respectively. (Calculated electronic param-
eters are given in Supplementary Table S10.) Additionally, chemical reactivity is
directly related to the interaction between the HOMO-LUMO:s of the reacting com-
pounds (Fig. 5; the HOMO and LUMO surfaces of all the compounds are given in
Supplementary Figs. S70-S73). As the HOMO-LUMO energy gap, E,, decreases,
the reactivity of the molecule increases, i.e., the lower energy gap suggests higher
reaction expectations since the energy required to remove an electron from the last
occupied orbital is lower. Conversely, a larger HOMO-LUMO gap means higher
kinetic stability and lower chemical reactivity, such that it is energetically unfavora-
ble to form an activated complex of any potential by adding electrons to a higher
LUMO and removing electrons from a lower HOMO. Furthermore, the analysis of
FMO energies obtained from DFT calculations performed by considering the bare/
non-environment-interactive states of molecules and other electronic parameters
derived from these energy eigenvalues is difficult due to the fact that these param-
eters are directly affected by the conformational freedom of compounds, as well as
by dynamic variables such as intramolecular/intermolecular interactions, solvent
effects, and temperature. In other words, due to the dynamic nature of reactions,
which include both environmental interactions and internal properties of com-
pounds, care must be taken when trying to elucidate a reaction mechanism through
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Fig.5 HOMO and LUMO surface of the compounds 1 and 15 (E,=E, 0 — Eyomo)

@ Springer



Synthesis, structure elucidation, antioxidant properties,... 3957

these parameters. Based on this point, some approaches/predictions regarding the
antioxidant properties of compounds can be made based on calculated electronic
parameters.

Calculations reveal that there is a correlation between the E, and ICs, values of
the compounds. (see Table S11 for data in Supplementary file). Pearson correlation
coefficients between the Eg and ICs,, values of compounds 1-7, 8-14, 15-19, and
20-23 were calculated as 0.649, 0.762, 0.871, and 0.890, respectively. (Note: While
the Eg values of the compounds were generally calculated close to each other, a
decrease in correlation was seen due to the presence of large ICs, values in each
group, i.e., large ICs,, values deviating from the mean within the group reduced the
correlation.) Although the data reveal a partial correlation between E, and ICs, val-
ues, they are insufficient to explain the source of the presence of considerably larger
ICs, values within each group relative to other compounds of the group. (All calcu-
lated electronic parameters are given in Supplementary Table S10.) Another inter-
esting high correlation was observed between the HOMO energy eigenvalues of the
compounds and their 1/IC, values. The Pearson correlation coefficients between the
HOMO energies and 1/ICs, values of compounds 1-7, 8-14, 15-19, and 20-23 have
been calculated as 0.556, 0.858, 0.954, and 0.976, respectively, indicating that the
data demonstrate an inverse relationship between the HOMO energy of the com-
pounds and their ICy, values (see Table S12 for data in Supplementary file). Lower
correlations are especially noticeable for methoxy group compounds 1-7.

It is difficult to definitively state that the reactions of compounds with DPPH
occur via electron or hydrogen atom transfer, generally speaking, as often these
reactions occur concurrently. The correlation coefficients between ICs, values and
possible SET reaction energies were calculated as 0.516, 0.715, 0.914, and 0.924
for compounds 1-7, 8-14, 15-19, and 20-23, respectively (see Table S13 for data in
Supplementary file), which parallel the correlation obtained between HOMO energy
and 1/ICs, values. On the other hand, since compounds have more than one reactive
H atom (there are many N—H and O—H bonds), it is difficult to make predictions
to determine which active hydrogens a possible HAT reaction takes place. At this
point, electron delocalization on N—H and O—H bonds can be used as an indica-
tor for the reactivity of the bonds, and one of the most appropriate approximations
can be to examine the effects of hydroxyl and N—H groups separately and make a
general analysis on the relationship between them. For this purpose, the correlation
between the average electron delocalization of N—H bonds and ICs, values, due to
the presence of more than one N—H in the compounds, was discussed, while the
effect of the O—H bond within the group was taken into account. For the possi-
ble HAT reaction, the correlation coefficients between ICs, values and the average
electron delocalization index of N-H bonds were calculated as —0.840, —0.692, —
0.851, and —0.873 for compounds 1-7, 8-14, 15-19, and 20-23, respectively (see
Table S14 for data in Supplementary file). The positive and negative correlations
calculated for the SET and HAT mechanisms, respectively, strengthen the idea that
the reactions with DPPH occur more predominantly through the SET mechanism.
In addition, considering groups containing methoxy, fluorine, iodine, and bromine
among themselves will produce stronger interpretations in determining the anti-
oxidant properties of the compounds. For example, considering that the inhibition
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effects are partially linear with the concentrations of the compounds on average,
the correlations of the inhibition values of compounds 1-7 with the SETE and DI
data at 1.25 pM concentrations were calculated as —0.473 and 0.785, respectively,
while it was calculated as —0.251 and 0.422 for 8-14, —0.951 and 0.992 for 15-19,
and —0.739 and 0.730 for 20-23 (see Tables S15 and S16 for data in Supplementary
file). These data predict that the DPPH reactions predominantly occur via the HAT
mechanism for compounds 1-7, especially, while for compounds 8-14 containing
the fluorine group, they partially occur via the HAT mechanism, but for compounds
15-23 containing iodine and bromine, both mechanisms are predicted to have simi-
lar effectiveness on average. These data support the assumption that the DPPH reac-
tions of compounds 1-7 predominantly occur via the HAT mechanism, while for
compounds 8-14 with the fluorine group, it occurs partially via the HAT mecha-
nism. However, for compounds 15-23 containing iodine and bromine, it strengthens
the assumption that both mechanisms are closely dominant. (DIs of active hydro-
gens and SETE values of the compounds are given in Supplementary Table S17.)

Another investigation was performed on compounds 1-3, 8-10, 15-17, and 20-22
containing p-OH and p-OH/m-MeO substituents to observe the effect of halogen and
methoxy substituents on the antioxidant properties of the compounds. Inhibition
data reveal that compounds 3, 10, 17, and 22, containing p-OH and m-MeO, show
high antioxidant inhibition effects compared to other compounds in their group,
while the lowest inhibition effect is exhibited by compounds 1, 8, 15, and 20, which
do not contain any substituents on the phenyl ring. Additionally, it was observed that
electron-donating hydroxyl and methoxy substituents increased the HOMO energies
of the compounds in these groups, while also decreasing their E, values. Similar
effects are not limited to this; it was calculated that hydroxyl and methoxy substit-
uents decrease the electronegativity value of the compounds while increasing the
polarizability and nucleophilic index values. All these effects occurred similarly for
the compounds in this group and were experimentally observed to be proportional to
the increase in inhibition (Supplementary Figs. S74 and S75).

In order to analyze the effects of methoxy, fluorine, iodine, and bromine substitu-
ents on the electronic and antioxidant properties of the compounds, the compounds
were grouped as 1, 8, 15, 20; 2, 9, 16, 21; 3, 10, 17, 22. For compounds 1, 8, 15, and
20, methoxy and bromine were generally found to produce lower inhibitory effects
than fluorine and iodine, such that methoxy’s contribution to the antioxidant inhibi-
tion effect of the compounds was weakest. On the other hand, at low concentrations,
it was observed that iodine atom caused a more effective inhibition effect than fluo-
rine. Compounds 1, 8, 15, and 20 are not hydroxyl-substituted and are not favorable
for the HAT reaction because, although they have active hydrogens via N—H, we
can say that these compounds are likely to be subject to steric effect. In this con-
text, a SET-type mechanism is expected in the DPPH reactions of these compounds,
such that the nucleophilic indices in the halogen group were generally found to be
proportional to the inhibition effects of fluorine-, iodine-, and bromine-substituted
compounds 8, 15, and 20, respectively. In this context, a SET-type mechanism is
expected in the DPPH reactions of these compounds, such that the nucleophilic indi-
ces (6.155, 6.262, 6.266; 6.397, 6.503, 6.512) of two groups of halogens-substituted
compounds 9, 16, 21 and 10, 17, 22 were found to be generally proportional to their
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inhibition effects (11.520, 11.713, 12.778; 11.713, 16.941, 13.553 at 1.25 uM con-
centration). Except for the strong inhibitory effect exhibited by fluorine-containing
compound 9 at high concentrations, methoxy, bromine, and iodine (iodine being
the most effective and methoxy the weakest) increased the inhibition effects of the
p-OH-substituted compounds 2, 9, 16, and 21 at concentrations above 2.50 uM. A
partially similar situation was observed for p-OH- and m-MeO-substituted com-
pounds 3, 10, 17, and 22. At concentrations above 2.50 uM, fluorine, methoxy, bro-
mine, and iodine structures were observed to increase the inhibition, respectively.
(Todine is the most effective.) Although the steric effect of adjacent methoxy reduces
the contribution of O—H to the HAT mechanism in the DPPH reaction of the com-
pounds, it is predicted that the probability of collision increases at high concentra-
tions above 5 uM and therefore the contribution of SET reactions becomes stronger
(Supplementary Fig. S76). Furthermore, it can be said that the exchange of p-OH
and m-MeO or halogen groups in the compounds of the three groups considered (1,
8, 15, 20; 2, 9, 16, 21; 3, 10, 17, 22) resulted in parallel changes in electronic data,
with one of the most important reasons being the neglect of intermolecular interac-
tions in the calculations.

IRI calculations were performed for an analysis of intramolecular interactions
(Figure IRI for compound 17, see Supplementary Figs. S77 and S78 for all). Cal-
culations revealed that the isatin structure performs intramolecular interactions with
the —OH and MeO substituents of the benzene ring via the oxygen atom. A lin-
ear decrease in the RCP values of the isatin (benzene) ring of compounds 1, 8, 15,
and 20 was observed with the electronegativity of the halogen and methoxy sub-
stituents, with the presence of iodine calculated as 0.023150 e/bohr?, while for bro-
mine, fluorine, and MeO, it was obtained as 0.023124, 0.022949, and 0.022779 e/
bohr?, respectively. Except for iodine-substituted compound 15, a linear proportion
is observed between electronegativity and inhibition values. Although some partial
correlations can be established between electronic data and antioxidant inhibition
values, the uncertainty surrounding the interactions of compounds with the solvent,
DPPH, and among themselves, as well as the manner in which they affect their con-
formations and consequently their charge distributions, makes it quite challenging
to make generalized predictions about the antioxidant properties of the compounds.
However, it can be said that iodine and bromine atoms, while difficult to elucidate
their mechanisms of action on inhibition, create strong inhibitory effects (Fig. 6).

It was observed that compounds 4, 18, and 23 containing MeO, I, and Br, respec-
tively, iodine atom had a higher inhibitory effect compared to others at all concen-
trations. The only electronic parameter compatible with the inhibition data of these
compounds is the polarizability of the compounds, which alone is not sufficient to
comment on the general inhibition effects of the compounds. Although the effect of
the presence of the iodine atom on the inhibition was partially noticeable for com-
pounds 5, 11, and 19, it was seen from the inhibition data of compounds 6 and 12
that the effect of the fluorine atom on the inhibition was greater than MeQO, so that,
in these compounds, the presence of the fluorine atom instead of MeO reduced the
E, value and nucleophilic index (E, and nucleophilic values for compounds 6 and
12 are 3.154 eV and 3.069 eV; 3.588 eV and 3.498 eV, respectively) while increas-
ing the electronegativity and electroaccepting power values. (Electronegativity and
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Fig.6 IRI surface of intramolecular interaction and QTAIM critical points of compound 17 (e/bohr?)

electroaccepting power values for compounds 6 and 12 are 4.330 eV, 4.462 eV,
1.202 eV, 1.396 eV, respectively.) Furthermore, looking at compounds 13 and 14,
it appears that the hydroxyl substituent has a direct contribution to the inhibition
effects of the compounds.

Conclusions

In this study, 23 Schiff bases were synthesized using different substituents (5-F, 5-Br,
5-I1 and 5-MeO). After the molecules were characterized and confirmed by NMR
and spectroscopic methods, the antioxidant properties of the compounds were exam-
ined by experimental and theoretical studies. Experimental studies showed that the
differentiation of substitution groups attached to isatin groups is effective in chang-
ing antioxidant activities, but the main effect occurs with the change of aldehyde
groups attached to thiocarbohydrazide. Accordingly, 2,4 diOH, 3-OCH,—4-OH,
3-OC,Hs—4-OH and 3,5-diOCH;—4-OH groups enabled the compounds to show
higher antioxidant activity.

Calculations reveal specific correlations between the energy levels, reactivity, and
antioxidant activities of the compounds. An increase in the reactivity of the mol-
ecule has been detected as the HOMO-LUMO energy gap decreases. Additionally,
an inverse relationship was detected between HOMO energy and ICs, values. Analy-
sis of the reaction mechanisms of the compounds with DPPH shows that the single
electron transfer (SET) mechanism is dominant. In addition, the effects of meth-
oxy-, fluorine-, iodine-, and bromine-containing groups on inhibition were investi-
gated and it was concluded that different reaction mechanisms play a role in halo-
gen groups with lower electronegativity compared to others. Studies on the change
of antioxidant effects according to p-OH and p-OH/m-MeQO substituents show that
compounds containing p-OH/m-MeO generally exhibit higher inhibition effects. The
study also revealed that due to single-state calculations, the electronic properties
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showed similar changes with the change of p-OH/m-MeO and halogen groups. Our
study, which aims to elucidate the complex relationships between the electronic and
antioxidant properties of compounds, underlines the sensitivity of antioxidant activ-
ity to molecular structural changes and reveals important clues for the molecular
design of antioxidants. Overall, the study provides insight into the complex interplay
between molecular structure, electronic properties, and antioxidant behavior; how-
ever, difficulties remain in accurately predicting antioxidant properties due to the
dynamic nature of the reactions and the influence of various factors such as solvent
effects, conformational changes, and intra- and intermolecular interactions.
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