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Abstract

In this study, synthesis, spectroscopic elucidation, and investigation of antioxidant
properties of new Schiff bases based on isatin and (thio)/carbohydrazone derivatives
have been reported for the first time. The structures of the synthesized compounds
were elucidated by FT-IR, '"H-NMR, and '3C-NMR spectroscopic methods and
elemental analysis. Their DPPH, ABTS, and CUPRAC activities were evaluated as
antioxidant properties. Electronic and spectral data of the compounds were obtained
by DFT calculations at the B3LYP/6-3114++4G(2d,2p) level of theory. Intramolecu-
lar interactions and charge densities on the bonds were analyzed by QTAIM and
IRI calculations. In addition to parameters such as frontier molecular orbital energy
eigenvalues, electronegativity, nucleophilicity index, and electrodonating power,
the changes in the enthalpy of the compounds for the reactions realized through
the SET mechanism were calculated to elucidate the antioxidant reactions of the
compounds. Most of synthesized compounds exhibited antioxidant activities with
the ICs, values ranging from 27.13 to 43.35 uM for DPPH, from 6.47 to 24.96 uM
for ABTS and with the A 5, values ranging from 9.04 to 47.52 uM for CUPRAC.
Among them, compound 3, containing two hydroxyl groups, showed the strong-
est antioxidant activity for each assay (IC5,=27.13 uM for DPPH, 6.47 uM for
ABTS, and A 50=9.04 uM for CUPRAC). The antioxidant activities of compound
3 were almost two or threefold weaker than that of BHA (IC5,=9.55 uM for DPPH,
3.42 uM for ABTS, and A, 5,=2.24 uM for CUPRAC), used as a standard. In addi-
tion, thiocarbohydrazone compounds exhibited higher antioxidant activity than car-
bohydrazones. Electron donating ability and single electron transfer enthalpy cal-
culations predicted that thiocarbohydrazone compounds can perform SET reactions
more easily than carbohydrazones.
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DFT
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Introduction

Schiff base (CH=N-) compounds have a significant class of organic chemistry
due to a wide range of medicinal, chemical, and biological activity. They have
enzyme inhibitor [1], anticancer [2], antiinflammatory [3], magnetic properties
[4], antioxidant [5-7], antimicrobial [8], antibacterial [9], and cytotoxic activity
[10]. Schiff bases are also used in industry as corrosion inhibitors [11, 12].

Thio/carbohydrazones are another important group of synthetic organic chem-
istry. They have been reported pharmaceutical and biological properties such as
antiviral [13], antitumor [14], antituberculosis [15], antileishmanial [16], antimi-
crobial [17], antibacterial [18], and antioxidant activity [19-22].

Preservation of the oxidant-antioxidant balance of the organism is necessary
for maintaining a healthy life [23, 24]. Free radicals are produced endogenously
during the normal metabolic process [25]. Moreover, exogenous factors such as
radiation, sun rays, environmental pollution, and cigarettes also cause the forma-
tion of free radicals [26]. Due to their reactivity, free radicals have the potential to
damage and interact with all cell components, especially lipids, nucleic acids, and
proteins [27]. Oxidative stress can develop in the organism due to the increase
in free radical formation and/or the deficiency in the antioxidant defense system
[28]. Oxidative stress, which is one of the factors that cause many common dis-
eases such as diabetes, cancer and aging, arises from the imbalance between reac-
tive oxygen species (ROS) and the antioxidant defense system of the cell [29,
30]. While low levels of ROS show biological effects such as a defense mecha-
nism against pathogenic microorganisms and intercellular communication, high
concentrations of ROS cause damage to DNA, lipids and proteins, and even cell
death [31, 32]. Therefore, the ROS level in the body should be kept at the right
rate. To maintain this ratio, the antioxidant system is activated to reduce free radi-
cal toxicity [33]. However, exceeding the antioxidant defense system capacity and
excessive presence of superoxide radical result in the formation of ROS [34]. In
these cases, the use of natural or synthetic antioxidants may be necessary. Anti-
oxidants have an important role in protecting people against many diseases by
scavenging free radicals [35, 36]. Therefore, the design and synthesis of effective
new antioxidants continue to be the focus of interest for scientists.

In this paper, new Schiff bases based on isatin and (thio)/carbohydrazone
derivatives were obtained by reaction of isatin-(thio)carbohydrazides with vari-
ous aromatic aldehydes. FT-IR, 'H NMR, and '*C NMR spectroscopic methods
and elemental analysis were used to confirm the structures of all compounds. The
DPPH, ABTS, and CUPRAC activities of the synthesized compounds were eval-
uated for antioxidant properties. Furthermore, DFT calculations were performed
for the theoretical analysis of both spectral and antioxidant experimental data
and to examine the consistency between them. The single electron transfer (SET)
mechanism in the reactions of the compounds with DPPH is discussed, and some
electronic parameters are calculated to analyze the relationship between SET
and the electronic parameters of the compounds. The calculation data were used
to determine the antioxidant properties of the compounds. Interaction reaction
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indicator (IRI) maps were used to examine the intramolecular interactions of the
compounds. The relationship of the charge densities of the bonds between the
QTAIM data and IRI maps was also examined. Our group continues to work on
the design, synthesis and various activities of carbohydrazone and isatin mole-
cules. In this study, these molecules were designed to investigate the antioxidant
effects of isatins containing different groups (H and CI), sulfur or oxygenated car-
bohydrazones (S or O), and different aldehydes with phenolic structure, and their
antioxidant effects were theoretically investigated using QTAIM and IRI analysis
methods.

Materials and methods
Instruments and chemicals

All chemical materials were purchased from Sigma-Aldrich, Acros Organics, or
Merck Chemical Company and were used without further purification. The sol-
vents were of spectroscopic grade. A Stuart SMP 30 melting point apparatus was
utilized for determining melting points °C. The elemental analysis was performed
on a Eurovector EA3000-Single. A Bruker Alpha Fourier transform IR (FT-IR)
spectrometer was used to record for infrared spectra. 'H and 'C NMR spectra
were taken on a Bruker Avance DPX-400 spectrophotometer (400 and 101 MHz)
in DMSO-d,. Antioxidant spectrophotometric measurements were performed with
BioTek Synergy H1 Hybrid Multi-Mode Reader.

Synthesis of new Schiff bases based on isatin and (thio)/carbohydrazone
derivatives

A mixture of isatin (5.0 mmol) and thiocarbohydrazide or carbohydrazide
(5.0 mmol) in ethanol (20 mL) and two drops hydrochloric acid was refluxed for 3 h.
The mixture was cooled, and the precipitate formed was filtered and washed with
ethanol (96%) to give isatin-f-(thio)carbohydrazides. A mixture of isatin-f-(thio)
carbohydrazides (2.0 mmol), various aromatic aldehydes (2.0 mmol), and two drops
hydrochloric acid in ethanol (20 mL) was refluxed for 3 h. The color precipitate
formed was filtered and washed with ethanol (96%) to give a product. The reaction
route is as given in Scheme 1. They were obtained with slight changes according to
an earlier procedure [14].

Antioxidant activity assay

DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging activity, ABTS (2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid diammonium salt)) scavenging activity and
CUPRAC (cupric reducing antioxidant capacities) activity of the synthesized com-
pounds were determined according to the literature methods [36-38]. The detailed
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Scheme 1 Synthetic pathway for new Schiff bases derivatives (1-7)

procedures of antioxidant assays are given in Supporting Materials, under the experi-
mental section.

Computational procedure

DFT [39, 40] calculations were performed at B3LYP/6-311++G(2d,2p) theory level
using Gaussian09 software [41]. In the calculations, no symmetry restrictions on the
compounds were used. Imaginary frequencies are not observed in the IR calculations,
so the optimized state geometries correspond to the global minimum energy points on
the potential energy surface. (Coordinates of optimized geometries of compounds are
given in Supplementary Table S1.)

Since the experimental NMR data were taken in dimethyl sulfoxide (DMSO) envi-
ronment, DFT/'H-'>C NMR calculations were accordingly performed using the Gauge-
independent atomic orbital (GIAO) method in the DMSO phase. Relative chemical
shift values were obtained by subtracting the absolute chemical shielding of tetra-
methylsilane (TMS), calculated at the same level of theory (31.8149 and 183.737 ppm
for 'H and '3C NMR, respectively).

The IR calculations were performed in the gas phase, and the electronic parameters
of the compounds were also obtained from the gas phase calculations. Global chemical
reactivity parameters such as HOMO-LOMO energy gap (AE), chemical hardness (7)),
electronegativity (y), electrophilic index (), nucleophilic index (¢), and electrodonat-
ing power indices (™) were obtained using frontier molecular orbital (FMO) energy
eigenvalues. Furthermore, using Multiwfn software [42], QTAIM analysis [43, 44] to
determine ring critical points (RCPs) of charge density distribution and bond critical
points (BCPs) of bonded atoms, IRI calculations to visualize intramolecular interac-
tions, and electron delocalization index (DI) calculations were performed.
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Table 2 Results for elemental analysis and solubility for the synthesized compounds

Calculated Experimental

Comp Solubility =~ Mol. weight g/mol Mol. formula C% H% N% C% H% N%

1 DMSO (+) 369.0 CHsNO,S 5528 4.09 1896 5540 4.03 19.05
2 DMSO (+) 399.0 CsHNO,S 5413 429 1753 5426 422 17.66
3 DMSO (+) 355.0 CiH:NsO,S 5408 3.69 1971 5392 3.75 19.82
4 DMSO (+) 383.0 CgHNO,S 5639 447 1827 5625 452 1833
5 DMSO (+) 387.5 CH,CINJO, 5266 3.64 1806 5254 370 18.11
6 DMSO (+) 4175 C,sH,CINSOs 5175 3.86 1676 51.87 3.90 16.60
7 DMSO (+) 3415 C,¢H,CIN;O, 5623 3.54 2049 56.10 3.60 20.55

Results and discussion
Physical properties

Physical appearances, melting points, yields, and elemental analysis data of the
compounds are summarized in Tables 1, 2.

Interpretation of vibrational frequencies

In the FTIR spectra of the synthesized compounds, both stretching peaks the alde-
hyde group (-CHO, two bands) and of the amino group (-NH,) of the starting mate-
rials did not observed at 2780-2650 and 3570-3250 cm™, respectively. Instead, new
peaks were observed at 1623—1585 cm™, resulting from the —C=N stretching vibra-
tions of the azomethine (imine) group. At 1670-1607 cm™!, theoretical values of
these peaks were observed.

For all compounds 1-7, amine group (-NH) vibration signals of isatin ring and
thio/carbohydrazide moiety were detected at 3363-3197 and 3239-3128 cm™!,
respectively. Theoretical values of these amine peaks were observed at
3282-3281 and 3214-3093 cm™!. For compounds 1-7, -C=0 signals of the isatin
ring were observed at 1735-1685 cm™! (theoretical values: 1711-1702 cm™"),
the —C—N stretching vibrations were detected at 1313-1205 cm™! (theoretical val-
ues: 1671-1607 cm™!). For compounds 1-6, the —OH stretching vibrations were
observed at 3521-3320 cm™! (theoretical values: 3490-3310 cm™"). For compounds
5-7, -C=0 signals of the carbohydrazide moiety were detected 1710-1688 cm™!
(theoretical value: 1787 cm™'). For compounds 1-4, the —C=S signals of the
thiocarbohydrazide moiety were observed at 1388-1370 cm™' (theoretical val-
ues: 1399-1390 cm™"). For compounds 1-6, the -C—O stretching vibrations were
observed at 11861111 cm™! (theoretical values: 1183-1050 cm™). For compounds
5-7, —-C—Cl signals were detected 1034—1001 cm™! (all IR spectra are given in
Figs. S1-S7). The experimental and theoretical IR peaks of the compounds are pre-
sented in Table 3. (Harmonic frequencies are calculated larger due to neglect of the
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Fig. 1 Experimental and calculated IR peaks of compound 1. Calculated IR values were scaled with a
factor of 0.975 below the aromatic zone (for values <3000 cm™") and with a factor of 0.90 for values
above it

anharmonicity effects and therefore are given in Table 3 multiplied by scale factors
of 0.91 for O-H, 0.90-0.91 for N-H, 0.96 for aromatic region, and 0.98 for C=0. In
addition, since the deviation between the experimental and theoretical values in the
low frequency region is very small, no scaling was carried out in this region.)

A comparison of experimental FTIR values of compound 1 with calculations is
given in Fig. 1. The corresponding comparative figures for compounds 2—-7 are pro-
vided in Supplementary Figure S22. To fix the experimental and theoretical results,
the calculations were scaled with 0.975 below the aromatic region and 0.9 above it.
The frequency data for all of the compounds were consistent with those reported for
similar compounds in the literature [6, 22, 45, 46].

Interpretation of "H NMR spectra

The "H NMR spectra of all compounds were attained in DMSO-d; solution, and
the chemical shifts, experimentally and theoretically, are summarized in Table 4,
5. In all spectra, the DMSO-d, were seen at around 2.00 and 2.55 ppm (quin-
tet) and 3.40 ppm (variable, depending on the solvent and concentration), respec-
tively [47]. For compounds 1-7, the proton signals of the imine (—-CH=N) were
observed as singlets in the ranges 7.83-8.44 ppm. The —NH proton signals of the
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isatin ring were detected as singlets in the ranges 11.22-11.33 ppm. The -N'H
and —N?H proton signals of the thio/carbohydrazone moiety were detected as sin-
glets in the ranges > 14.00-13.62 and 11.28-12.56 ppm, respectively. The aro-
matic proton (H1-H3) of the isatin ring was observed at 6.93-7.81 ppm. The
aldehydic aromatic proton (H5-H9) was detected at between 6.32 and 7.94 ppm
for all compounds. (All '"H NMR spectra are given in Figs. $8-S14.) For com-
pounds 1-6, the —OH proton peaks were appeared as singlets in the ranges
8.87-10.03 ppm. For compounds 1, 2, § and 6, the proton signals of the methoxy
group (—OCHj;) appeared as a singlet at 3.91, 3.87, 3.80, and 3.87 ppm, respec-
tively. For compound 4, the proton signal of the methylene group (-OCH,) was
observed as a quartet at 4.17-4.24 ppm (2H, q); the —CH; proton signal was
detected as a triplet at 1.41-1.46 ppm (3H, t). These results are consistent with
values reported for similar compounds in the literature [5, 22, 45, 48].

Table 6 Experimental and calculated '*C NMR values of the compounds (5, ppm)

X C8 C9
N—HJLH—Nzc@cm
R Ao H
X:0,8 ciz cu
C3 o
5 cs N
Comp.1 Comp.2 Comp.3 Comp.4 Comp.5 Comp.6 Comp.7

Ist C=0 163.32 163.30 163.36 163.26 163.25 163.25 163.29
Ist C=N 145.30 142.79 142.69 145.34 143.73 148.80 141.66
Cc=X 175.37 175.39 174.94 175.37 151.84 151.81 151.20
-CH=N 142.77 139.02 142.40 142.79 141.63 140.93 140.94
Cl 123.91 124.42 123.19 123.79 122.77 124.96 129.46
C2 123.21 123.21 121.35 123.20 127.19 127.17 130.66
C3 131.93 131.94 128.05 131.93 130.72 130.68 130.81
C4 120.81 120.81 120.84 120.83 120.40 120.36 113.16
C5 138.13 138.18 137.77 138.09 140.98 138.26 134.66
C6 115.98 111.76 112.12 116.01 113.96 113.07 113.37
Cc7 125.63 121.43 111.76 125.59 127.53 122.81 131.53
C8 109.52 105.74 161.95 110.41 112.47 105.00 127.46
Cc9 148.99 148.87 102.93 148.16 150.24 151.85 127.23
C10 150.25 145.25 159.48 150.41 147.34 158.42 120.43
Cl11 111.77 148.87 108.90 111.77 113.13 151.85 127.23
C12 121.41 105.74 131.85 121.41 120.17 105.00 127.46
CH,;/OCH4/ CH,  56.36 56.77 - 64.52,1543  56.32 56.66 -
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Table 7 Calculated '3C NMR values of the compounds (8, ppm)

Comp.1 Comp. 2 Comp.3 Comp. 4 Comp. 5 Comp. 6 Comp. 7

Ist C=0 168.78  168.59 168.67  168.43 168.64  168.67 168.42
Ist C=N 14348  144.14 143.63  143.04 139.61  139.66 139.70
C=X 185.92  184.09 182.30  185.84 15892  158.87 158.47
—-CH=N 14948  151.78 155.74  150.03 148.19  147.90 147.57
Cl 126.99  127.08 127.33  127.04 125.86  125.84 126.06
Cc2 128.51 128.41 128.70  128.45 141.96  141.94 142.13
C3 138.19  138.25 138.59  138.10 136.39  136.30 136.62
C4 11585  115.46 11573 115.96 116.94  116.88 116.85
(6] 14941  148.59 148.85  149.18 146.92  146.89 147.00
Co6 127.16 12745 126.99  127.13 129.39  129.51 129.43
Cc7 127.81 130.80 115.88  128.06 128.51 127.64 136.92
C8 112.64  127.28 14248  112.66 112.64  107.80 131.61
9 153.80  153.60 112.18  153.45 153.50  155.15 134.90
C10 157.25  151.64 169.39  156.65 156.19  150.31 136.70
Cl1 119.83  156.54 106.85  120.00 119.63  154.62 135.99
C12 131.24  106.43 169.10  131.66 130.37  125.84 137.03
CH,/OCH,/CH, 58.01  63.63,58.80 - 69.14,15.90 5791  63.40,58.12 -

Interpretation of 3C NMR spectra

The '*C NMR spectra of the compounds were taken in DMSO-d,, and the chem-
ical shifts, experimentally and theoretically, are summarized in Table 6, 7. For
compounds 1-7, the -C=N and —C=0 carbon signals of the isatin ring were
detected in the ranges 141.66-148.80 and 163.25-163.36 ppm, respectively.
The —C=N of the imines unit were observed in the ranges 139.02-142.79 ppm.
For compounds 1-7, the -C=S and -C=0 carbon signals (—C=X) of the
thio/carbohydrazone moiety were detected in the ranges 174.94-175.39 and
151.20-151.84 ppm, respectively. For all compounds, the aromatic carbon atoms
(C1-C6) of the isatin ring were observed at 111.76-140.98 ppm. The aldehy-
dic aromatic proton (C7—C12) was detected at between 102.93 and 161.95 ppm
(all "TH NMR spectra are given in Figs. S15-S21).

The carbon atoms of the methoxy groups (-OCH;) of compounds 1, 2, 5,
and 6 were resonated at 56.36, 56.77, 56.32, and 56.66 ppm, respectively. For
compound 4, the carbon atoms of the ~-OCH, and —CH; group were detected at
64.52 and 15.43 ppm. The some carbon signals were downfield shifted due to
the presence of the hydroxide (-OH), methoxy (—OCH;), and ethoxy (-OC,Hs)
group. These data are in agreement with '3C NMR spectral results of similar
compounds [5, 22, 45, 48].
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Table 8 Results of DPPH, ABTS, and CUPRAC activity of the synthesized compounds

Comp R DPPH?* (ICs, uM) ABTS** (ICs;, uM) CUPRAC (A 50, UM)
1 3-OMe, 4-OH 37.20+1.18 9.36+0.33 9.68+0.02
2 3,5-di-OMe, 4-OH 38.17+0.44 9.68+£0.40 9.83+0.01
3 2,4-di-OH 27.13+0.35 6.47+1.33 9.04+0.02
4 3-OEt, 4-OH 38.00+0.93 9.43+1.42 9.64+0.02
5 3-OMe, 4-OH 43.14+0.87 24.96+0.80 11.03+0.04
6 3,5-di-OMe, 4-OH 43.35+0.76 24.41+0.51 10.16+0.02
7 H na na 47.52+0.05
BHA - 9.55+0.36 3.42+0.04 2.24+0.05

na not activated

Antioxidant activity

The results of DPPH, ABTS, and CUPRAC activity of the synthesized com-
pounds are given in Table 8. The antioxidant activity results displayed six of
seven compounds (except 7, having no substituent) exhibited antioxidant prop-
erties for each assay. These compounds (1-6) showed DPPH and ABTS activi-
ties with the IC;, values ranging from 27.13 to 43.35 uM and 6.47 to 24.96 uM,
respectively, whereas all compounds (1-7) exhibited CUPRAC activity with the
Aq 50 values ranging from 9.04 to 47.52 uM. All antioxidant activities of them
were lower than that of BHA (IC5,=9.55 uM for DPPH, 3.42 uM for ABTS and
Ag50=2.24 uM for CUPRAC), used as a standard (Table 8).

The synthesized isatin-carbohydrazone derivatives, in this study, exhibited
stronger DPPH activity than bis-carbohydrazones (ICs, values of them ranging
from 51.82 uM to not active), whereas isatin-thiocarbohydrazones showed almost
similar DPPH activity to bis-thiocarbohydrazones (ICs, values of them average
approx. 30 uM), synthesized in our previous work [45]. The isatin-carbohydra-
zones, synthesized in this study, exhibited similar or lower ABTS activity than
bis-carbohydrazones (ICs, values of them ranging from 7.4 to 164.16 uM) [45],
while better ABTS activity than bis-isatin urea derivatives (ICs, values of them
not active), synthesized in our previous work [6]. On the other hand, isatin-thi-
ocarbohydrazones, in this study, showed stronger ABTS activity than bis-isatin
thiourea derivatives (IC5,=18.44-27.38 uM) [6], whereas weaker ABTS activ-
ity than bis-thiocarbohydrazones (ICs5;=2.69-5.32 uM) [45]. Furthermore, all
synthesized isatin-(thio)/carbohydrazones have similar CUPRAC activity to bis-
(thio)/carbohydrazones (A(s,=3.18 uM-na) [45], while lower than bis-isatin
urea/ thiourea derivatives (A 5, =0.60-0.81 uM) [6].

From Table 8, the structure—activity relationship (SAR) can be observed as
follows:

(i) Generally, all synthesized compounds (except 7 for ABTS assay) showed
better CUPRAC and ABTS than DPPH activity. Additionally, thiocarbohydra-
zones (1-4) exhibited higher antioxidant activity than carbohydrazones (5-7) for
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each assay. It is considered that this effect is due to the high polarizability and
electron accepting ability of the S atom.

(il) Among the synthesized compounds, as expected, compound 3, having two
hydroxyl groups as substituent, was found to be the best antioxidant agent for each
assay (IC5y=27.13 uM for DPPH, 6.47 uM for ABTS and A;5,=9.04 uM for
CUPRAC). On the other hand, compound 7, containing no substituent on the phenyl
ring, has only CUPRAC property (A, 50=47.52 uM), while not active for DPPH and
ABTS assays.

(iii) The binding of the second methoxy group to the phenyl ring did not have a
remarkable effect on the antioxidant activities (compare compound 1 (R=3-OMe,
4-OH; 1C5,=37.20 uM for DPPH, 9.36 uM for ABTS and A 5,=9.68 uM for
CUPRAC) with compound 2 (R=3,5-di-OMe, 4-OH; IC5,=38.17 uM for DPPH,
9.68 uM for ABTS and A, 50=9.83 uM for CUPRAC), and compound 5 (R=3-OMe,
4-OH; 1C5,=43.14 uM for DPPH, 24.96 uM for ABTS and A, 5,=11.03 uM for
CUPRAC) with compound 6 (R=3,5-di-OMe, 4-OH; IC5,=43.35 uM for DPPH,
24.41 uM for ABTS and A, 50=10.16 uM for CUPRAC)).

(iv) The attaching of the ethoxy group instead of methoxy to the phenyl ring did
not significantly affect the antioxidant activity (compare compound 1 (R=3-OMe,
4-OH; 1C5,=37.20 uM for DPPH, 9.36 uM for ABTS and A 5,=9.68 uM for
CUPRAC) with compound 4 (R=3-OEt, 4-OH; 1C5,=38.00 uM for DPPH,
9.43 uM for ABTS and A 5,=9.64 uM for CUPRAC)).

The presence of the phenolic moiety is important for the antioxidant agent, as
phenols can be easily oxidized to quinones by accepting electron from radicals [6,
49, 50]. The SAR results support that the antioxidant properties of the synthesized
compounds are realized by the electron capture of the hydroxyl group on the phenyl
ring. This oxidation is important for antioxidant agents, because quinones, having
antitumor properties, can hinder to occur oxygen radicals that cause DNA damage.
The predicted oxidation mechanism of compound 3, which is the best antioxidant
agent in this study, is given in Scheme 2.

It is well known that the hydroxyl group as a substituent is important for the
antioxidant agent because of its oxidation ability. On the other hand, while the
isatin-thiocarbohydrazones, synthesized in this study, are compared with bis-thio-
carbohydrazones and bis-isatin thiourea, synthesized our previous work [6, 45],
bis-thiocarbohydrazones have the strongest DPPH and ABTS activities. It is con-
sidered that the increased phenolic groups may rise the antioxidant properties due to
enhancing electron carrying capacity.

Theoretical analysis

Among the reaction types that occur between antioxidant compounds and free radi-
cals, hydrogen atom transfer (HAT) and single electron transfer (SET) mechanisms,
both of which can occur simultaneously, appear as primary reaction mechanism
types. In the reaction mechanism of HAT given as DPPHe+ RH — DPPH +R, the
antioxidant activity of a compound is determined by the oxidation of DPPHe in the
test sample. The higher antioxidant activity of the compound is proportional to the
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Scheme 2 Predicted oxidation mechanism of compound 3 to quinone

presence of its weak hydrogen bonds. The effectiveness of the HAT mechanism is
evaluated by the ability of the free radical to remove a hydrogen atom of the anti-
oxidant, so that, in addition to the electronic properties of the reactants such as NH,
OH, bond dissociation enthalpy, bond strength, electron density on the bond, the
magnitude of the collision probability of the compound with DPPHe in appropri-
ate coordination (i.e., the volumetric sizes of the substituents and bonded groups
to minimize the steric effect) and their conformational orientations also have an
important role in the evaluation of the antioxidant effect. In this context, since the
probability of the occurrence of HAT depends on the instantaneous appropriate val-
ues of many parameters, the most probable estimates of the HAT mechanism of the
antioxidant characteristic of a compound have difficulties due to limitations in both
experimental observations and calculations.

SET is a mechanism that describes electron transfer from nucleophile to sub-
strate, and can be defined by DPPH - + R — DPPH™ + R*: In most cases, HAT
and SET reactions occur simultaneously in a reaction and it is difficult to distinguish
these mechanisms. Ionization energy is the amount of energy required to remove an

@ Springer



1478 H. Muglu et al.

electron from a molecule’s HOMO, and low ionization potential (IP) values of an
antioxidant result in easier electron abstraction and, accordingly, higher antioxidant
activity, and therefore, the IP of the antioxidant is an important parameter in deter-
mining antioxidant activity in SET reactions. Negative values of HOMO energy give
information about the ionization potential and are expressed as IP = —Eyq\o- Cal-
culations revealed that the ionization potentials of the sulfur-centered compounds
1-4 are lower than that of the oxygen-centered compounds 5-7 (Supplementary
Table S2). Moreover, electronegativity is defined as the tendency of an atom (or
functional group) to attract electrons toward itself, and the electronegativity values of
compounds 1-4 are smaller (except comp. 3) than those of compounds 5-7 (Fig. 3b),
indicating that they are more favored as electron donors. Although these reactivity
parameters are not conclusive in determining the pathway of an antioxidant reaction
mechanism, they can be helpful in understanding the type of reaction. In a rough
approximation, the energy gap (AE) between HOMO and LUMO energies is directly
proportional to the reactivity of a compound, that is, small AE means that the chemi-
cal hardness of the compound is low and its reactivity is high (see Fig. 2 for comp. 1
and 5; see Supplementary Figure S23 for all of the compounds). In this regard, com-
pounds 1-4 are expected to be more reactive than the others (see Fig. 3a).

The nucleophilicity indices of compounds 5-7 obtained using the
N = Enomonu — Enomocrcr) approach [51] were found to be lower than those
of compounds 1-4 (where TCE is tetracyanoethylene and its HOMO energy was cal-
culated as—9.495 eV), indicating that compounds 14 are stronger electron donors

@@% : (@@Q’@ 6
Sio 4 Sl

oy g

> )

3 J

> LUMO -2.63 eV LUMO -2.59 eV

g A /

w AEg=3.08 eV AEg=3.31 eV
HOMO J-L -5.71 eV HOMO —/LL -5.90 eV

Comp. 1 Comp. 5

Fig.2 HOMO-ESP and LUMO maps for compounds 1 and §
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Fig.3 Energy gap (AE), electronegativity (y), nucleophilic index (¢), and electrodonating power (")
data of the compounds

(Fig. 3c). Electrodonating power parameters (@~ = I?/2(I — A)) [52] were calculated
to support the reactions of the compounds via the SET mechanism (I: ionisation poten-
tial (—Eyxopmo), A: electron affinity (—Ej o). Calculations revealed that compounds
2, 3 and 6, 7 have higher electron donating capacity than other compounds (Fig. 3d).
o- and p—OH-substituted compound 3 stands out as the compound with the highest both
nucleophilic and electrodonating power parameters. Although the @™ is considered as
a measure of a compound’s ability to donate electrons more easily, the displacement
of an electron from HOMO to LUMO is directly related to AE. In this context, it can
be said that sulfur-centered compounds can donate electrons more easily than oxygen-
centered compounds, and thus, they can perform SET reactions more easily.

Single electron transfer enthalpy (SETE) calculations were carried out to exam-
ine the tendency of the compounds to SET reactions. With SETE calculations, the
change in enthalpy of compounds when they lose an electron, that is, the energies
required for them to donate an electron, was calculated. Antioxidant test results and
SETE data for compounds 1-6 are given in Fig. 4. Experimental results revealed
that compounds 1-4 showed higher antioxidant properties than other compounds.
SETE calculations also showed that in parallel with the experimental data, com-
pounds 1-4 would require lower energies for SET reactions. Both the experimen-
tal results (A so=47.52 uM for CUPRAC) and SETE calculations (173 kcal/mol)
of compound 7 reveal its low antioxidant property. The SETE calculation value
for compound 3 has a noticeable deviation, which can be expected to be the lowest
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Fig.4 Calculated single electron transfer enthalpy, SETE (kcal/mol), data, and experimental antioxidant
results

value since it exhibits the highest antioxidant property, but the AE, y, N, param-
eters obtained from FMO eigenvalues and SETE values showed similar behavior. In
other words, in terms of the SET reaction, compound 3 has calculation results that
are not considered the most active among compounds 1-4. At this point, considering
that the SET and HAT reactions occur together, it can be concluded that compound
3 shows a dominant HAT reaction. The presence of o-, p-hydroxyl groups on com-
pound 3 supports this assumption. It is possible that the reactivity of the p-hydroxyl
groups in other compounds occurred at a lower level due to the possible steric effect
of the adjacent methoxy and ethoxy structures.

QTAIM calculations provide insight into the interatomic interactions in a chemi-
cal system. IRI analysis, on the other hand, is an effective tool for examining chemi-
cal bonds and weak interaction regions. Thus, IRl and QTAIM calculations were

Rho DI

Y. [\
\

> . b/ (3 B15 0.283876 1.126831
B6 ) B17 y%@ B16 0.299695 1.211181
Strong intramolecular B18 B17 0.316709 1.309599

oBs nteraction ? %’Bé]j B18 0.318719 1.319771
B19 0.309936 1.270289
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e ) Bl 0311168 1384142

o <@ B B2 0311084 1384777
e aolacular 0 o B3 0317513 1.355403
L : Bi3 B4 0288941 1.013040

""" 9 B5 0.347868 0.799240

v N / B6 0.317881 1.045852

o 9 B7 0.261893 0.923826

b;;;d B15 6 B8 0.277813 1.062951

® ‘ o) B9 0371672 1.454975

9 0.023700 10 B20 B10 0.370330 1.353376

20028221 - v A\ B11 0.310498 0.660613

N i \ 315(/ %9 B12 0215193 1.590522

0.003417_ % ; ' » BI3 0.346404 0.761693

\// B19 B14 0.371104 1.463115

Fig.5 IRI and QTAIM data for compound 3 (The unit of electron densities, Rho, calculated in BCP and
RCP is e/bohr?). Regions with higher electron density are red, and regions with less electron density are
green, such as B2 and B7

@ Springer



New Schiff bases based on isatin and (thio)/carbohydrazone:... 1481

performed to analyze the bond properties of the compounds in more detail and to
examine the effects of intramolecular interactions on the compounds. IRI function is
defined as follows [53];

[Vp(r)l
[p(n]*

where a is an adjustable parameter p and r represent electron density and coordi-
nate vector, respectively. The IRI map of Compound 3 (Fig. 5; see Supplementary
Figure S24 for all of the compounds) reveals strong intermolecular interactions for
—C=0--"-HN (0.028221 e/bohr3) and —N---HO- (0.025700 e/bohr3), while weaker
interactions for —-C=0---HO- (0.005417 e/bohr?).

IRI calculations provide great convenience especially for visual analysis of charge
concentrations on carbon—carbon bonds. For example, it can be clearly seen in the IRI
maps that the electron densities of B7 and B8 bonds (0.261893 e/bohr> and 0.277813 e/
bohr?) on the isatin are lower than those of BI, B2 and B3 (0.311168 e/bohr?, 0.311084
e/bohr’, and 0.317513 e/bohr®, respectively), and this visual information is also sup-
ported by QTAIM data. In this respect, it can be seen directly on the IRI surfaces that
the charge density on B7 is higher than on B8. For carbon—nitrogen bonds, for example
—N=C- (B9 or Bi4) and -C-N- (B4 or B6), there are noticeable differences among
themselves. B9 with n-bond has the highest charge density (0.371672 e/bohr’), fol-
lowed by B6 (0.317881 e/bohr’) and B4 (0.288941 e/bohr) bonds, respectively.

The charge densities on N-H (B5, BI1 or BI3) and O-H (B2] or B22) have the
order pgy; > Ppon > Pps > P13 > Pei and the IRI surfaces support the idea that the
charge density on B11 is weakened by -C=0---HN and -C=N-N---HN interactions. In
addition, electron delocalization between atoms can be related to the electron density
on the BCP. The delocalization index relates to the number of electron pairs shared by
two atoms [54] and is therefore a parameter that somewhat reflects the covalentness of
the bond, i.e., it has lower values in polar bonds. In this context, O—H is more polar than
N-H and has a lower DI. The charge density on B22 decreased due to the OH:-*N=and
OH:--O=C interactions, thus making the bond more polar. Accordingly, the DI value
of B22 was calculated to be smaller compared to B2/. Although it is assumed that
this may cause B22 to behave more reactively in HAT reactions, the orientation of the
B22(H) atom for the reaction can be restricted by intramolecular effects and it should
not be ignored that it is highly likely to be exposed to steric effects due to its location.

IRI(r) =

Conclusion

New Schiff bases based on isatin and (thio)/carbohydrazone derivatives have been
synthesized and isolated with good yields of 60-90% yields. The chemical struc-
tures of the compounds have been elucidated by FTIR, 'H, and '*C NMR spectro-
scopic approaches, and elemental analysis.

All synthesized compounds (1-7) exhibited CUPRAC activity with the A,
values ranging from 9.04 to 47.52 pM, while compounds 1-6 exhibited DPPH
and ABTS activities with the ICs, values ranging from 27.13 to 43.35 uM and
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6.47 to 24.96 uM, respectively. Compound 3, having two hydroxyl groups,
showed the strongest antioxidant activity for each assay. Sulfur-centered struc-
tures (1-4) were found to have higher antioxidant activity than oxygen-centered
structures (5-7) for each assay (DPPH, ABTS and CUPRAC).

HAT and SET reactions usually occur at the same time, and each mechanism
is controlled by its own variables. While parameters such as bond strength, con-
formational orientation, and the probability of collision with DPPHe of reactive
bonds are effective in HAT reactions, electronic parameters such as ionization
potential, electronegativity, energy gap between HOMO and LUMO energies,
nucleophilicity, electrodonating power, and single electron transfer enthalpy are
important for SET reactions. The calculations revealed that the ionization poten-
tials, electronegativity, and energy gap between HOMO and LUMO energies in
general of the sulfur-centered compounds were lower than that of the oxygen-
centered compounds and showed that the sulfur-centered compounds were more
preferred as electron donors. In addition, compounds with larger nucleophilic-
ity indices exhibited higher antioxidant behavior as strong electron donors. Elec-
trodonating power parameters were also used to estimate the probabilities of the
compounds to perform the SET reaction, and results were partially consistent
with the experiment. In addition, the analysis of the electron donating ability of a
compound over different parameters revealed that sulfur-centered compounds can
donate electrons more easily than oxygen-centered compounds, and thus, they
can perform SET reactions more easily. Consistent with the experimental results,
single electron transfer enthalpy calculations also showed that sulfur-centered
compounds would require lower energies than oxygen-centered compounds for
SET reactions.

The compounds are structurally not very suitable for HAT reactions, but the pres-
ence of o-, p-hydroxyl groups, especially on compound 3, strengthened the assump-
tion that it showed a more dominant HAT reaction than other compounds. It is a
strong assumption that the steric effect of methoxy and ethoxy structures reduced
the reactivity of p-hydroxyl groups, and therefore, findings supporting SET reac-
tions gained weight in the calculations. It has also emerged that a combination of
QTAIM and IRI analyses can be an effective tool to analyze the bond properties of
compounds in more detail and to examine both interatomic and intermolecular inter-
action sites.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11164-022-04908-1.
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