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Abstract Structural and energetic features of a series of 15
diarylhydrazone derivatives were studied via density function-
al theory (DFT) in order to identify the key features that most
likely contribute to their antioxidant effect. Theoretical calcu-
lations were carried out at the B3LYP/6-31G(d,p) level. The
calculated physicochemical parameters included the ioniza-
tion potential, N-H dissociation enthalpy, proton affinity,
HOMO/LUMO energies, and the band gaps of the most stable
conformation of the compounds. To assess the contribution of
these factors to the in vitro activity, the compounds were syn-
thesized and their antioxidant activity was also determined in
three commonly used assays. The hydrazones were evaluated
for their radical scavenging against the 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 2,2'-azino-bis(3-ethylbenzthiazoline-
6-sulphonic acid) (ABTS), and peroxyl (ORAC assay) radi-
cals. The experimental radical scavenging data of the com-
pounds have been then plotted against the physicochemical
characteristics and based on the obtained fits conclusions have
been drawn regarding the relative importance of the respective
factors.
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Introduction

Oxidative stress is known to contribute to aging and the de-
velopment and progression of various cancers and cardiovas-
cular and neurodegenerative diseases [ 1]. The accumulation of
excessive amounts of reactive oxygen and nitrogen species
(ROS and RNS, respectively), often the result of environmen-
tal factors, intensify oxidative stress and thus may aggravate
related disorders [2—4]. In addition to the body’s biochemical
defense mechanisms, dietary antioxidants are also important
in shielding against the harmful effect of free radicals [5].
While some well-known exogenous natural product antioxi-
dants contribute to cellular protection [1], poor pharmacoki-
netic properties often limit their therapeutic potential. Thus,
extensive efforts have been made to improve the drug-like
properties of natural antioxidants, through the chemical mod-
ification of their structures [5]. Several structure-activity rela-
tionship (SAR) and quantitative structure activity relationship
(QSAR) studies were described in which the synthetic efforts
were often coupled with biochemical, cell-based, and in silico
screening methods to identify the most potent synthetic deriv-
ative of a natural antioxidant compound [6—10].

The stilbene derivative, resveratrol (Fig. la), is a common
and potent dietary antioxidant; however, its ADME properties
are insufficient [11]. The bridge between the aromatic rings is
critical for its bioactivity [12] and increasing the bridge size
improves the antioxidant activity [8]. Earlier, we have synthe-
sized and applied several hydrazone derivatives as anti-
Alzheimer’s disease agents [13]. The compounds have a general
structure (Scheme 1b), that makes their core a resveratrol mimic;
however, the inclusion of the two nitrogen atoms improves the
solubility, while other substituents may increase the membrane
permeability. The molecules were found to be excellent inhibi-
tors of the formation of neurotoxic amyloid 3 (Af3) self-
assemblies and exhibited antioxidant properties as well [13].
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Fig. 1 Structure of three well-

known, commercial antioxidants HQO, OH
that were used as reference HO H, /—
compounds in the present study o

HO

L-ascorbic acid

(AA)

In this work, we continue to explore the antioxidant prop-
erties of the hydrazone derivatives, in order to identify key
elements that contribute to the potency of the compounds.
Density functional theory (DFT) methods are used to calculate
several of their important physicochemical properties, and
these data will be correlated to the experimental antioxidant
activity determined in three radical scavenging assays.

Experimental and theoretical methods

General information—synthesis The starting materials, the
NMR reference compounds, were purchased from Aldrich.
The NMR solvents (DMSO-ds and CDCl;, 99.8 %) were
Cambridge Isotope Laboratories products. Other solvents
were purchased from Fisher. The mass spectrometric identifi-
cation of the products was carried out by an Agilent 6850 gas
chromatograph—5973 mass spectrometer system (70 eV elec-
tron impact ionization) (30 m long DB-5 column—J&W
Scientific). The 'H4, 13C, and "F NMR spectra were obtained
on a 300-MHz Varian Gemini 300 and a 400-MHz Agilent

HO CH,
= ﬂlii OH HO
H,C

OH CHj

COOH
O “CH,

resveratrol trolox

(RES)

400MR NMR spectrometer, in DMSO-ds and CDCl; with
tetramethylsilane and CFCl; as internal standards.

General synthesis of the hydrazones In a 25-mL Erlenmeyer
flask, 1 mmol of benzaldehyde and 1 mmol of phenyl hydra-
zine were dissolved in 2 ml of dichloromethane. The reaction
mixture was stirred for 10 min at room temperature, then it
was cooled to —20 °C for 30 min to crystallize the product.
The crystalline product was filtered and air-dried for 12 h. The
purity was verified using GC-MS and NMR. Impurities were
removed by recrystallization or preparative TLC to yield at
least 98 % purity product.
Spectral data of the products:

(E)-1-(3-chlorobenzylidene)-2-phenylhydrazine (1)

"H NMR (300.12 MHz, CDCls), 5 (ppm) 7.66 (m,
4H), 7.29 (m, 2H), 7.13 (d, 2H, J = 6 Hz), 6.93 (t, 1H,
6 Hz). '>°C NMR (75.47 MHz, CDCls), (ppm) 134.7,
139.8, 134.3, 132.4, 129.4, 126.2, 121.0, 119.1, 112.0,
110.91. MS: C;5H,;N,Cl1 230 (M*, 100 %); 92 (63 %);
229 (M*-1, 31 %)

Scheme 1 Synthesis and H By
st;;l;tl;res of the hydrazones | N0 L 0N N “NH, ; N \N,N | N
§ 1€ // // CH2C|2 // _—
{ RT, 10 min 1 5
R ° . R R
-20 C, 30 min
Compound R’ R2 . = N
N
1 3-Cl H
2 4-CF, H 0
3 2-Br 4-NO, CF,
4 3,4-di(OMe) 2-CF,
5 2-Br 2-CF3
6 4-CF,4 2-CF, " NH
7 2-OH-4-OMe 2-CF,4 NI
8 2-COOH* 3-CF3*
9 2-OH-4-OMe 3-CF; O O
10 3-OH H Q
1 4-N(Me), 3-CF3
12 4-NO, 3-CF, N-NH
- - 4
13 4-N(Me), 2-CF4 HN-N < >
14 di(Ph)** H**
15 4-CHO*** H*
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(E)-1-phenyl-2-(4-(trifluoromethyl)-
benzylidene)hydrazine (2)

"H NMR (300.12 MHz, CDCl3), & (ppm) 7.67 (d, 1H,
J =9 Hz), 7.56 (m, 3H), 7.28 (t, 2H, J = 9 Hz), 7.09 (d,
2H, J = 9 Hz), 6.90 (t, 1H, J = 6 Hz). >°C NMR
(75.47 MHz, CDCl;), (ppm) 144.0, 135.1, 1294, 126.1,
125.6, 125.5, 125.4, 120.7, 112.9. '"F NMR
(30012 MHz, CDC13), ) (ppm) -62.5. MS: C14H11F3N2
264 (M*, 100 %); 92 (58 %).
(E)-1-(2-bromobenzylidene)-2-(4-nitrophenyl)hydrazine (3)

"H NMR (300.12 MHz, DMSO-d6), 5 (ppm) 11.50
(br, 1H), 8.23 (s, 1H), 8.04 (d, 2H, J = 9 Hz), 7.94 (d,
1H, J = 6 Hz), 7.56 (d, 1H, J = 6 Hz), 7.34 (t, 1H,
J =6 Hz), 7.20 (t, 1H, J = 6 Hz), 7.09 (d, 2H,
J =9 Hz). >C NMR (75.47 MHz, DMSO-d6), (ppm)
150.8, 140.3, 139.4, 133.9, 133.7, 131.4, 128.7, 1274,
126.8, 123.2, 112.2. MS: C;3H;(BrO,N3: 91 (100 %);
207 (23 %)
(E)-1-(3,4-dimethoxybenzylidene)-2-(2-(trifluoro-
methyl)phenyl)hydrazine (4)

"H NMR (300.12 MHz, CDCls), & (ppm) 7.94 (br,
1H), 7.77 (m, 2H), 7.48 (m, 2H), 7.38 (s, 1H), 7.08
(m, 1H), 6.88(m, 1H), 3.97 (s, 3H), 3.92, (s, 3H). "°C
NMR (75.47 MHz, CDCls), (ppm) 150.2, 149.3,
140.3, 133.1, 127.7, 126.2, 126.1, 120.8, 118.7,
114.5, 110.7, 107.7, 55.9, 55.8. '"F NMR
(300.12 MHz, CDCls), 6 (ppm) -61.8. MS: Cyq
H,sF;0,N5: 324 (M, 100 %); 138 (23 %).
(E)-1-(2-bromobenzylidene)-2-(2-(trifluoro-
methyl)phenyl)hydrazine (5)

"H NMR (300.12 MHz, CDCly), & (ppm) 8.26 (br,
1H), 8.18 (s, 1H), 8.06 (d, 1H, J = 6 Hz), 7.81 (d, 1H,
J =6 Hz), 7.55 (m, 3H), 7.37 (m, 1H), 7.19 (t, 1H,
J =6 Hz) 6.94 (t, 1H, J = 6 Hz). '*C NMR
(75.47 MHz, CDCly), (ppm) 137.1,38.6, 133.2, 133.1,
130.1, 127.5, 127.2, 126.2, 119.4, 114.8. "F NMR
(300.12 MHz, CDCl3), 6 (ppm) -60.9. MS:
C4HoF;B1N,: 342 (M*-1, 98 %); 243 (100 %).
(E)-1-(4-(trifluoromethyl) benzylidene)-2-(3-(trifluoro-
methyl)phenyl)hydrazine (6)

"H NMR (300.12 MHz, CDCls),  (ppm) 8.17 (br,
1H), 7.80 (m, 4H), 7.63 (d, 2H, J = 6 Hz), 7.50 (m,
2H), 6.95 (t, 1H, J = 6 Hz). '*C NMR (75.47 MHz,
CDCl3), (ppm) 138.4, 133.7, 126.9, 126.7, 126.7,
126.1, 126.0, 125.9, 120.1, 115.3. 'F NMR
(300.12 MHz, CDCl3), & (ppm) -60.9, —62.7. MS:
C1sH oFgN»: 332 (M*, 100 %); 160 (15 %).
(E)-5-methoxy-2-((2-(4-(trifluoromethyl)phenyl)-
hydrazono)methyl)phenol (7)

"H NMR (399.822 MHz, DMSO-dy), 5 (ppm): 10.51
(s, 1H), 8.10 (s, 1H), 7.49 (m, 2H), 7.15 (m, 2H), 7.01 (d,
IH), 6.46 (m, 2H), 3.85 (S, 3H) MS: C14H13F302N2: 310
(M*, 100 %);161 (43 %)

2-(3-(trifluoromethyl)phenyl)phthalazin-1(2H)-one (8)

"H NMR (300.128 MHz, CDCl;), & (ppm): 8.53—
8.50 (d, 1H, J = 7.5 Hz), 8.32 (s, 1 H, —CH), 8.02—
7.76 (m, 5H), 7.64-7.61 (m, 2H); '*C NMR
(75.466 MHz, CDCl;), 6 (ppm): 157.0, 139.0,
134.4, 133.8, 132.2, 130.8, 129.3, 129.1, 128.8,
128.3, 127.2, 126.3, 125.4, 124.2, 123.4, 122.6;
MS C15H9F3N20: 289 (M+—1)
(E)-5-methoxy-2-((2-(3-(trifluoromethyl)phenyl)-
hydrazono)methyl)phenol (9)

"H NMR (300.128 MHz, CDCl5), & (ppm): 10.85 (s,
1H), 7.87 (s, 1H), 7.45-7.26 (m, 2H), 7.14-7.12 (m, 3H),
7.08-7.06 (d, 1H, J= 8.4 Hz), 6.55 (s, 1H), 6.51-6.48 (d,
1H, J = 8.4 Hz), 3.83 (s, 3H); MS C,sH;3F3;N,0,: 310
M")

(E)-1-(3-hydroxylbenzylidene)-2-phenylhydrazine (10)

"H NMR (399.822 MHz, DMSO-d6), & (ppm) 10.25
(s, 1H), 9.51 (br, s, 1H), 7.73 (s, 1H), 7.35-7.15 (m, 6H),
6.90-6.65 (m, 3H). MS: C,3H;;N>Cl 230 (M", 100 %);
92 (63 %); 229 (M*-1, 31 %); MS: C;3H;,0N,: 212 (M*-
1, 100 %); 92 (33 %)
(E)-N,N-dimethyl-4-((2-(3-(trifluoromethyl)-
phenyl)hydrazono)methyl)aniline (11)

"H NMR (300.128 MHz, CDCly), & (ppm): 7.64 (s,
1H), 7.57-7.54 (m, 3H), 7.32-7.30 (m, 2H), 7.19-7.16
(d, 1H, J= 8.1 Hz), 7.13 (m, 1H), 6.71 (m, 2H), 3.00 (s,
6H). MS: C;¢H;¢F3N3: 308 (M*+1)
(E)-1-(4-nitrobenzylidene)-2-(3-(trifluoro-
methyl)phenyl)hydrazine (12)

"H NMR (300.12 MHz, DMSO-d6), & (ppm) 10.62
(br, 1H), 8.19 (d, 2H, J = 9 Hz), 7.90 (s, 1H), 7.79 (d,
2H, J = 9 Hz), 7.38 (m, 3H), 7.07 (d, 1H, J = 3 Hz). °C
NMR (75.47 MHz, DMSO-d6), (ppm) 145.8, 144.2,
141.4, 134.1, 128.9, 125.3, 123.1, 115.3, 115.2, 115.1,
108.3, 108.2. 'F NMR (300.12 MHz, DMSO-d6), &
(ppm) -62.5. MS: C14H]0F302N3: 309 (M+, 100 %)
(E)-N,N-dimethyl-4-((2-(2-(trifluoromethyl)-
phenyl)hydrazono)methyl)aniline (13)

"H NMR (300.128 MHz, CDCl5), & (ppm): 7.80—
7.74 (m, 2H, Ar -H, 1H, —CH)), 7.58-7.55 (2H,
J = 8.7 Hz), 7.47-7.45 (m, 2H), 7.82 (m, 1H),
6.73-6.70 (d, J = 8.4 Hz), 3.01 (s, 6H); MS
C16H16F3N3: 307 (M+)
1-(diphenylmethylene)-2-phenylhydrazine (14)

"H NMR (399.822 MHz, DMSO-d6), 5 (ppm): 8.75
(s, 1H), 7.61-7.57 (m, 2H), 7.41-7.25 (m, 5H), 7.22—
7.08 (m, 7H), 6.72 (m, 1H); MS C,yoH;gN»: 272 (M+,
100 %); 77 (30 %)
1,4-bis((E)-(2-phenylhydrazono)methyl)benzene (15)

"H NMR (399.822 MHz, DMSO-d6), & (ppm): 10.37
(s, 2H), 7.82 (s, 2H), 7.61 (s, 4H), 7.23-7.06 (m, 8H),
6.73 (m, 2H); MS C,oH;gNy: 196 (100 %), 92 (37 %), 77
(15 %).

@ Springer



Struct Chem

Antioxidant assays

ABTS assay [14] The assay was carried out as described by
Zou et al. [14] with minor modifications. Briefly, 0.015 g of
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)
(ABTS) and 0.002 g of K,S,05 were dissolved in 4-mL water
and diluted with 50 mM phosphate buffer (75 mM NaCl,
pH = 7.4) until the observed absorbance at the wavelength
of 734 nm was within 0.7-0.75. Stock solutions were prepared
by dissolving trolox and resveratrol in ethanol (10 mM),
ascorbic acid in water (10 mM), and diarylhydrazones in
DMSO (50 mM), and then further diluted to 500 uM with
ethanol before use. The test compounds were assayed at
10 uM final concentration. The absorbance values at a wave-
length of 734 nm were recorded at 37 °C after 12 min using a
VersaMax microplate reader equipped with SoftMax Pro 5
software (Molecular Devices). The reported percent radical
scavenging activity (in percentile) was calculated using the
[(A. — Ap/A.] x 100 %, formula where A. is absorption of
the control that contained no antioxidant and A; is the absorp-
tion obtained in the presence of the test/reference compounds.

DPPH assay [13] 2,2-diphenyl-picryl-hydrazyl (DPPH) stock
solution was prepared in 50 % aqueous ethanol and the assay
was carried out as described earlier [13]. Stock solutions at
10 mM concentrations were prepared by dissolving trolox and
resveratrol in ethanol, ascorbic acid in water, and
diarylhydrazones in DMSO then were further diluted to
200 uM with ethanol before use. The final concentrations of
DPPH and test compounds in the assays were 100 and 10 pM,
respectively. The absorbance values at a wavelength of
519 nm were recorded at 37 °C after 30 min using a
VersaMax microplate reader equipped with SoftMax Pro 5
software (Molecular Devices). The reported percent radical
scavenging activity was calculated by [(A. — A,)/
A.] x 100 %, where A, is absorption of the control sample
that contained no antioxidant and A, is the absorption mea-
sured in the presence of the test/reference compounds.

ORAC assay [15] The ORAC assay followed the protocol
developed by Huang et al. [15]. In short, fluorescein stock
solution at the concentration of 4.19 uM was prepared in
75 mM phosphate (pH = 7.4) buffer, freshly diluted with the
same buffer to a concentration of 0.0816 1M, and incubated at
37 °C for 15 min before the experiment. 2,2-azobis(2-
amidinopropane) dihydrochloride (AAPH) was dissolved in
the above buffer to a concentration of 153 mM. Stock solu-
tions at 10 mM concentrations were prepared by dissolving
trolox and resveratrol in ethanol, ascorbic acid in water, and
diarylhydrazones in DMSO then were further diluted to
80 uM with ethanol before use. The final concentrations of
fluorescein and AAPH in the assays were 0.0612 uM and
19.125 mM, respectively, while all test compounds were
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assayed at 10 uM final concentration. The maximum fluores-
cence intensity was recorded in every 2 min for a 60-min
interval at 520-nm emission wavelength (with 485-nm excita-
tion) at 37 °C using a SpectraMax i3x microplate reader
equipped with SoftMax Pro 6.5.1 (Molecular Devices) soft-
ware. The reported percent radical scavenging activity was
calculated by [(AUC, — AUC)/AUC ,4¢] % 100 %, where
AUC, is the net area under the fluorescence curve obtained
in the presence of the test/reference compounds, AUC, is the
net area under the fluorescence curve obtained for the control
sample that contained no antioxidant (no test/reference com-
pound), and AUCy ,,,, is the net area under the fluorescence
curve obtained for the maximum fluorescence control sample
that contained no radical, thus had the maximum amount of
fluorescein dye. The net area (AUC) under the fluorescence
curves was determined by the following equation:

Net AUC =0.5+ 3 L + (0.5*@> , where f is the mea-
029/ 0 fo

sured fluorescence intensity at time 0 and f; is the measured
fluorescence intensity at time i.

Computational methods

Density functional theory has been employed to understand the
electronic structure of hydrazones. All calculations were carried
out at B3LYP/6-31G(d,p) [16] level of theory using Gaussian 09
program suite [17]. Frequency calculations for all compounds
were performed to confirm the minima on potential energy sur-
faces. The effect of solvent (water) has also been studied for
selected compounds to confirm their stability. "H NMR chemi-
cal shifts (8H) in DMSO for hydrazone and its azo tautomer
were modeled by self-consistent reaction field (SCRF) calcula-
tions [18] by incorporating the polarizable continuum model
(PCM). The chemical shifts were calculated by subtracting the
nuclear magnetic shielding tensors of protons in the hydrazone
and its tautomer from those of the tetramethylsilane (reference)
using the gauge-independent atomic orbital (GIAO) method
[19]. The N-H bond dissociation enthalpy (BDE) for all 15
compounds was obtained by subtracting the sum of enthalpy
of the N-radical and hydrogen atom from that of the starting
neutral compound. In addition to that, the N—H distance, dipole
moment, logP value, ionization potential (IP), proton affinity
(PA), the energy of the HOMO and LUMO orbitals, and the
band gap were also calculated for all hydrazones to identify the
possible correlation with experimental antioxidant activity.

Results and discussion

Based on our earlier data, we have reported the 1,3-
diarylhydrazone core structure as a potential lead for multi-
functional therapeutic agents against Alzheimer’s disease
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(AD) [13]. As a part of the study, it was observed that the
compounds showed substantial antioxidant effect. Such an
effect is thought to be a significant part of the neuroprotective
mechanisms against both the development and the progres-
sion of the disease [20]. In addition to AD, these properties
could be beneficial in treating other disorders as well.
Therefore, it is important to understand the impact of structur-
al elements on the driving forces of antioxidant characteristics.
Fifteen compounds have been selected and synthesized from
the original group of hydrazones [13] and a few similar, novel
structures have also been added. The compounds were sub-
jected to three different antioxidant assays and structural anal-
ysis by density functional theory (DFT) methods. The synthe-
ses of the compounds were carried out according to our pre-
viously described environmentally friendly method using a
simple catalyst-free condensation of substituted benzalde-
hydes with aryl hydrazine derivatives (Scheme 1) [13]. The
group of hydrazones included three related compounds that do
not share the exact same core structure. The structures of these
compounds (8, 14, and 15) are also shown in Scheme 1.
Compounds 14 and 15 were synthesized using structurally
different substrates (benzophenone and terephthaldehyde, re-
spectively) and in case of 8, the starting material was 2-
formyl-benzoic acid. However, after the condensation reaction
that occurred between the formyl and NH,-groups, the inter-
mediate product underwent immediate cyclization when the
NH-group of the hydrazone attacked the carbonyl carbon of
the carboxylic acid in a nucleophilic reaction and the corre-
sponding phthalazinone derivative was isolated.

Following synthesis, the compounds were subjected to
three broadly accepted antioxidant assays such as the DPPH,
[13] ABTS [14, 21], and ORAC [15, 22] assays. In order to
put the observed effects into context, the activity of three well-
known antioxidants, including ascorbic acid (AA) [23], res-
veratrol (RES) [13, 24], and trolox [25] (Fig. 1) were also
assessed in the same assays. The data are shown in Fig. 2.
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The data indicate that the antioxidants clearly interact with
the radicals. They undergo reactions when they scavenge the
radicals. Depending on the mechanism, different products can
form (vide infra). The different activities observed in the as-
says were due to the (i) different radicals used and (ii) the
different assay conditions. For this reason, it is customary to
run several different assays to obtain a more general picture
about the antioxidants. The error bars on Fig. 2 are well within
5-10 % indicating that the experiments for the individual as-
says were sufficiently reproducible.

The data reveal that the compounds showed a broad range
of activity in the DPPH assay. Compound 8 exhibited no ef-
fect; several compounds appear to possess higher activities
than those of the reference compounds (7, 9, 15) and the rest
of the compounds showed moderate effect, similar to resver-
atrol; however, their radical scavenging effect is still higher
than that of ascorbic acid and trolox. The data are somewhat
similar in the ABTS assay; here, resveratrol is a very strong
radical scavenger; however, according to the literature, this
assay often reports false high radical scavenging for this com-
pound due to several issues such as oxidation of the phenol or
the generation of secondary products [26]. It was observed
that only compound 10 is better than resveratrol, while the
rest of the compounds showed varying effect (from 10 to
50 %) and most are yet more effective than ascorbic acid
and trolox. The ORAC data diverges from the previous two
sets. In this assay, the hydrazones appeared to be highly active,
and although their radical scavenging is still somewhat lower
than those of resveratrol and trolox, the activity values range
from 50 to 88 % (except 8, which remained inactive in the
latter two assays as well). As a first observation, one can say
that the compounds exhibit a strong structure-activity relation-
ship in the DPPH and ABTS assays, while the studied limited
variations of the substituents of the hydrazone core structure
affect the antioxidant activity only in a moderate extent in the
ORAC assay. It is important to note that compound 8

NN\

=
N

Compound

Fig. 2 Antioxidant effect of the studied hydrazone derivatives (1-15)
and three reference compounds (AA ascorbic acid, RES resveratrol, and
Trolox) determined as their radical scavenging in the DPPH (pattern),
ABTS (gray), and ORAC (black) assays at 10 pM compound

concentration. Data are expressed as mean of % radical
scavenging + standard deviation, where the number of independent
repeats is 3
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possessing a structure with no N—H bond uniformly did not
exhibit any measurable effect.

In regard to the contribution of the structural features, it is
believed that the antioxidant activity of resveratrol is partially
due to its phenolic OH groups as well as its conjugated struc-
ture. As the hydrazones possess a similar structure to RES, the
possible contribution of the NH group as well as the partial
conjugation was considered. The extended conjugation is a
common characteristic in many natural antioxidants, such as
lycopene (tomato), (-carotene (carrot), or curcumin
(turmeric) [27]. It is proposed that the partial conjugation is
achieved by the rapid equilibrium of the two potential tauto-
mers of the hydrazones [28] as illustrated in Scheme 2.

First, the potential tautomeric forms of benzylidene-phenyl
hydrazine (Scheme 2) have been investigated to reveal the
stable form of the molecule, which would be the candidate
for further calculations. The optimized geometry, electronic
energy, and relative stabilization energy of the two tautomeric
forms were calculated by Gaussian at the B3LYP/6-31G(d,p)
level (Fig. 3).

The calculated relative stabilization energy data of the two
resonance forms show that Form I with the -C=N-NH- unit is
more stable than Form II with the -CH,—N=N- unit by
9.9 kcal/mol. This energy difference between the tautomers
is significant. Calculations revealed that the activation energy
barrier between the From I and Form II is E, = 62.26 kcal/
mol, which is relatively high and supports the stabilization of
hydrazone (Form I) over its azo tautomer (Form_II). The
structure of the transition state (Fig. 4a) and the intrinsic reac-
tion coordinate diagram (Fig. 4b) are shown in Fig. 4.

Since the overall electron delocalization may also play a
role in the antioxidant effect the electrostatic potential map of
the tautomers has also been determined at isovalue 0.0004
(Fig. 5) in order to identify potential electron-rich or
electron-deficient areas in the tautomers.

The electron density distribution appears to be significantly
different in the case of the two tautomeric forms. Form I has
more even electron distribution on the aromatic rings, and the
vicinity of the N—H bond shows an electron-poor character. In
contrast, Form II has an electron-rich area in the vicinity of the
N=N bond due to the presence of the double bond as well as

oo — IO

Form | Form Il

Ho M

I\I‘- :l\N
©)\N \© delocalized form

4 e- 4 atom system

Scheme 2 Tautomers and the potential delocalized form of
diarylhydrazones
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E=-611.883075
Hydrazone Form I ( AEre=0.0)

1
;i
E=-611.867196
Azo Form II (AErer= 9.9 kcal/mol)
Fig. 3 B3LYP/6-31G(d,p) optimized geometries of hydrazone Form I
and azo Form_II of benzylidene-phenyl hydrazine. Electronic energy (E)

is given in hartrees. Relative stabilization energies (AEgq ), expressed in
kcal/mol, are given in parenthesis

the lone pairs of the N atoms. As a result, however, both
aromatic rings exhibit a partially electron-poor character.

In order to investigate the tautomeric equilibrium both ex-
perimentally and theoretically, the "H NMR spectrum of the
benzylidene-phenyl hydrazine has been determined in
DMSO-dj and calculated for both tautomeric forms. The data
are shown in Fig. 6.

The experimental spectrum is very similar to the calculated
chemical shifts of the hydrazone form. The azo tautomer is
only visible to a strongly limited extent; a small singlet ap-
pears at 5.750 ppm that represents the CH, protons of the azo
form. Therefore, the comparison of the theoretical and exper-
imental "H NMR data suggests that while the presence of the
azo form is supported by the experimental spectrum, the con-
tribution of this form appears to be negligible (less than 1 %).
Thus, while the tautomeric equilibrium may contribute to a
partially delocalized electron distribution, it likely is not a
significant species in the radical scavenging processes that
are related to the traditional mechanisms [29].

Based on the above studies, the hydrazone form was se-
lected for further investigations in the case of the synthesized
compounds. As these molecules (Scheme 1) contain a variety
of substituents in altering positions, a conformational analysis
was carried out to determine the lowest energy conformers
that would be used to calculate the physicochemical parame-
ters of the compounds for the structure-activity relationship
studies. The optimized geometries and electronic energies of
selected conformers are shown in Table 1.

The comparison of the electronic energies allowed the se-
lection of the most stable conformers that were used to calcu-
late the parameters of the compounds that we applied in the
structure activity relationship studies. In several cases, the
identification was a rather simple task, when the symmetry
of the compound strongly favored a particular conformer.
An interesting observation was made, however, when com-
pounds with an OH substituent were investigated. The mini-
mum energy structure of hydrazones 7 and 9 (Table 1, entries
7,9, conformer 3) exposed an intramolecular hydrogen bond-
ing interaction between the hydroxyl group and the sp>-hybrid
nitrogen from the hydrazone. As the phenolic OH group also
participates in radical scavenging activity, this hydrogen bond
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(a)

==

= - 1.341

/ 1,519,.')"-..

Fig. 4 a Transition state structure of the tautomeric process of
benzylidene-phenyl hydrazine from hydrazone to azo form optimized at
B3LYP/6-31G(d,p) level. Selected bond lengths are shown in angstrom. b

might affect its ability to perform that function. The calcula-
tions revealed a similar trend in conformational stability both
in aqueous solution as well as in the gas phase indicating that
the interaction with the water molecules does not disrupt the
hydrogen bonding.

Finally, based on the data in Table 1, the lowest energy
structures for each compound were selected for calculating
the different parameters of the compounds to be used in the
structure activity relationship studies. Several parameters such
as N-H distance, dipole moment, logP value, HOMO-LUMO
energies, band gap, bond dissociation enthalpy, proton affini-
ty, and ionization potential were calculated. The data are tab-
ulated in Table 2.

In order to uncover the potential contribution of the above-
calculated parameters to the antioxidant activity, the relation
of the parameters to the experimental data has been assessed.
The activity of the compounds determined in the three assays
was plotted versus each parameter. A few representative func-
tions are shown in Fig. 7.

The analysis of the activity vs. property plots revealed that
several parameters appear to influence the antioxidant activity
while others seem to have no or only non-characteristic ef-
fects. Foremost, the N-H bond dissociation energies (BDE)
showed a correlation with the antioxidant activity. Based on

Fig. 5 Electrostatic potential map
shown for hydrazone Form I and
azo Form II of benzylidene-phenyl
hydrazine at isovalue 0.0004. The
blue region shows electron-poor
areas and the red region shows
electron-rich surfaces

Hydrazone Form I

(b)

Total Energy along IRC

TS

Total Energy (KCal/Mol)

-384100
J

-384110 -}

(BASABARARARNRERASRARS Rane nans ]l
8 6 4 2 0 2 4 -6
Intrinsic Reaction Coordinate

The intrinsic reaction coordinate vs. total energy diagram of the
hydrazone to azo tautomeric transition

the plots, obtained for the ORAC and DPPH assays (Fig. 7a,
b, respectively), a parabolic relationship describes the effect of
N-H BDE on the antioxidant activity, suggesting that from a
central point, decreasing and increasing BDE values result in
increasing activity. The BDE effect is a clear indication that
the hydrazones, at least partially, act via the hydrogen atom
transfer (HAT) mechanism as described in Eq. 1. The HAT
mechanism is the most common mechanism considered for
the natural antioxidant polyphenols [30]. However, the expo-
nential correlation also indicates that while BDE is a strong
contributing factor to the activity, it likely is not the only
important characteristic.

Ar-NH-N = CH-Ar + R >Ar-N-N = CH-Ar+ R-H (1)

The underlying principle of the HAT mechanism is that low
BDE indicates weak X—H bonds (X=N, O) which facilitate ho-
molytic bond cleavage, thus providing H atoms to scavenge the
target radical. Such a relationship is often observed for phenol
derivatives, although the type of correlation varies [31]. It is im-
portant to note that compound 8, which does not possess an N-H
bond, did not show any activity in either assay, a clear indication
that the presence of the N—H bond is a necessary feature in these
compounds. When comparing the calculated BDE with the

-

Azo Form II

@ Springer
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Fig. 6. Ca1c1.11ated 'H NMR Hydrazone Form I Azo Form II
chemical shifts of the
hydrazone form I and azo H-atom | Omn.carc | H-atom | Ou-caLc Structures
form II of benzylidene-phenyl number | (ppm) | number | (ppm)
hydrazine in DMSO
8 7.4 8 8.2
7 7.6 7 7.8
11 7.5 11 7.6
10 7.6 10 7.6
9 8.3 9 7.5
21 6.8 22 7.8
25 7.5 25 7.7
27 7.0 26 7.8
26 7.5 24 |79 )
23 7.6 20 |83 PR
13 75 13 |59 9 ’:J °
16 7.9 17 |49 ' J
S e

experimentally observed antioxidant activity, it was found that
compounds 7, 9, 10, and 13 show high experimental activities
and have a low BDE; however, there are compounds, such as 11,
which have high BDE but also high activity in the assays. It must
be noted that as the target radicals vary in the three assays, so does
the correlation. Compounds 7,9, and 10 represent a specific group
in which the compounds also possess a phenolic OH group in
addition to the NH group of the hydrazone linkage. Similarly, in
three-ring, hydrazone-like compounds, the phenolic OH group
was claimed to be primary antioxidant, despite obtaining lower
BDE values for the NH bond than for the OH bond [32]. Thus, to
evaluate the reactivity of the NH— and OH groups in these com-
pounds, BDE of the OH bond was calculated. The obtained BDE
values for the -O—H bonds are 77.5 (7), 77.1 (9), and 73.8 (10)
kcal/mol. These values are comparatively higher than those cal-
culated for the N-H bond in the same compounds: 64.75 (7),
64.02 (9), and 66.18 (10) kcal/mol. In addition, several com-
pounds (e.g., 2, 11, 13, 14) that do not have phenolic OH substit-
uent exhibit similar or better antioxidant activities than those with
it. Thus, our data provide further support to the earlier observa-
tions regarding the relative N—H vs O—H BDE values; however, in
contrast to the earlier suggestion [32], we found that the NH group
is more efficient in the hydrogen atom transfer than the OH in
these compounds.

It is worth noting that just like molecules 7, 9 and 10, com-
pound 15 also contains multiple X—H bonds (two N-H) that
may contribute positively to the antioxidant effect. The BDE
of 15 (89.85 kcal/mol) is one of the highest in the studied groups
despite that 15 exhibits one of the best activities. It is in line with
the obtained exponential correlation; however, it also highlights
that the number of active groups plays an important role.

Another important feature appears to be the ionization po-
tential (IP). A representative plot is shown in Fig. 7c for the
ORAC assay; however, similar correlation was observed in
the other assays as well. The data indicate a linear relationship
between IP and the antioxidant activity, namely, the activity

@ Springer

decreases with increasing IP. This finding suggests that the
radical scavenging by hydrazones is partially due to their par-
ticipation in the single electron transfer (SET) mechanism
[33]. This pathway occurs in three steps as shown in Egs. 2—4.

Ar-NH-N = CH-Ar + R —Ar-NH"-N = CH-Ar + R~ (2)
Ar-NH"-N = CH-Ar—Ar-N-N = CH-Ar + H*  (3)
R™ +H">R-H (4)

According to the data and Eq. 2, the increasing IP value
will decrease the extent of the formation of the Ar-NH*—
N=CH-Ar radical cation and thus result in diminishing anti-
oxidant activity. Compounds with low IP values, such as 11,
13, 14, and 15, cither having no additional substituents or the
presence of electron withdrawing and electron donating sub-
stituents is balanced, appear to have high activities. In con-
trast, the exclusive presence of electron withdrawing groups
on both rings of the hydrazones in 3 (Br, NO»), 5 (Br, CF;), 6
(CF3, CF;), and 12 (NO,, CF3) decreases the possibility of
electron transfer from the parent compound, hence decreases
the antioxidant activity.

In addition to the above-discussed molecular features,
the logP value that describes the partition of the com-
pounds in aqueous and organic media is a common fac-
tor to consider in structure-activity relationship studies.
As an example, the effect of logP on the antioxidant
activity is shown in Fig. 7d. The diagram indicates that
increasing lipophilicity (or logP) results in decreasing
antioxidant effect. This effect can be explained by the
assay conditions; all assays are carried out in hydrophilic
medium, either in aqueous buffers or 50 % aq. ethanol
solution. Thus, compound 10 with a hydrophilic OH sub-
stituent showed the highest activity in the ABTS assay.
However, when considering the logP factor, one must
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Table 1 B3LYP/6-31G(d.,p) optimized geometries of hydrazone conformers

Compound Conformer 1 Conformer 2 Conformer 3 Selected
conformer
aQ_ N
1 (( (( 2
E=-1071.487170 E=-1071.487178
(AEge=0.005 ) (AEge=0.0)
o ;
2 L (( 1
=-948.914773
% .
. (("’*f((( & !
—-3387.496664 —-3387.492026
(AER=0.0) (AEge=2.910)
4 N Y [ 1 .
: ' =-1177.893017 ‘ -
E:-l 177893 122 (AER61:0060) 2—1 177892232
(AERe=0.0) (AERe=0.492)
5 ;f ?
> N
~ (\
/(T;f% X "Y(gtgé !
E=-3520.02675 (AEgq=0.0)  E=-3520.018558
(AEge=5.140)
6 ((:(M ((
N
N aQ : :
\ ((k)\ é' 4 1
) E=-1285.937467
E=-1285.945827 (AEg=5.245)
(AER:=0.0)
7 N N
OO L XK
, ¢ 4 £ 3
E=-1138.620439 1138635412
E=-1138.625669 (AER=9.395) I
(AERel 00)
(AEge=6.113)
8
eSS0l e eV
{ NS 2

E=-1061.073094
(AER=0.1)

E=-1061.073402
(AEgq=0.0)
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A B

E=-1138.618971 E=-1138.63412
E=-1138.624073 (AEga=9.506) (AEe=0.0)
(AER61=6.304)

s eqpe@eqpe: |

E=-687.099116 (AEg:=0.0)  E=-687.098919
(AER51=O. 123)

T ARG X 1

E=-1082.817095 )
(AEe=0.0) E=-1082.816944

(AEg=0.094)

e 1

=1153.412616
(AEe=0.0) E=-1153.412329
(AEge=0.180)

T A AR 1

E=-1082.817245 E=-1082.807854
(AERe=0.0) (AER=5.892)

12

14

E=-882.140343

b e qpede |

E=-991.609857

Electronic energy (E) are given in hartree while the relative stabilization energies (AEgg)) are in parenthesis in kcal/mol units.

remember that for compounds to be considered as drug The above results highlight clear and firm relation-
candidates, they must also possess a reasonable lipophi-  ships between the structural and energetic features and
licity as well. their contribution to antioxidant activity for the studied

The analysis of the other calculated physicochemical char-  group of hydrazones. However, it must be noted that an
acteristics did not reveal significant correlation with the anti-  extended study with a broader group of hydrazones bear-
oxidant activity. ing more diverse substituents is needed to propose a

@ Springer
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Table 2 Calculated molecular descriptors for hydrazone derivatives

Compound N-H Dipole LogP/w HOMO LUMO Band BDE PA P

distance moment (hartree) (hartree) gap (kcal/mol) (kcal/mol) _—

A) (Debye) eV) eV keal/

mol

1 1.017 3.570 3.62 —0.19413 —-0.05095 3.89 66.85 209.4 6.76 155.97
2 1.017 3.402 4.44 —-0.19775 —-0.05814 3.79 67.25 2104 6.85 158.06
3 1.017 8.315 3.10 —0.2165 —0.08302 3.63 69.27 199.4 7.24 167.00
4 1.016 4.658 4.44 —0.18963 —0.04327 398 66.29 214.8 6.44 148.58
5 1.014 1.748 4.77 —0.20307 —0.05814 3.94 69.90 210.8 6.92 159.70
6 1.015 2.054 5.24 —0.20854 —0.06511 3.90 70.19 207.3 7.08 163.47
7 1.014 3.580 3.68 —0.19371 —0.04857 3.94 64.75 211.5 6.58 151.85
8 N/A 5.449 4.08 —-0.22997 —-0.06666 4.44 87.4 193.84 7.65 176.43
9 1.014 3.053 3.68 —-0.19202 —0.04656 3.95 64.02 212.5 6.54 150.9
10 1.016 0.804 2.48 —-0.18701 —0.04027 3.99 66.68 213.3 6.56 151.45
11 1.016 5.728 475 —-0.17504 —0.03387 3.84 98.60 218.0 6.07 140.13
12 1.017 5.812 3.51 -0.21777 —-0.09755 32 68.59 198.0 7.32 168.97
13 1.014 3.891 477 —0.17452 —-0.033 3.85 67.86 221.05 6.05 139.55
14 1.020 2276 5.51 -0.19515 —-0.03277 441 92.02 232.6 6.44 148.59
15 1.017 0.197 437 -0.17781 —-0.05797 3.26 89.86 218.0 5.99 138.16

Bond distance (in A); dipole moment in Debye, logPo/w; HOMO and LUMO energies in hartrees; band gap in eV; bond dissociation enthalpy (BDE, in
kcal/mol); proton affinity (PA, in kcal/mol); ionization potential (IP, in eV and kcal/mol)

quantitative description of the effect of these features that  experimental radical scavenging assays firmly established that
would make possible the rational design of antioxidants  the 1,3-diarylhydrazones are effective antioxidants. While

for potential therapeutic use.

their potency varies from assay to assay due to the nature of
the radical used, they exhibited excellent activities in the
ORAC assay which applies the peroxyl radical, a well-known,

Conclusions biologically relevant ROS species. Furthermore, DFT studies
were performed to provide answers for a series of structural
Based on the above experimental and computational findings,  questions regarding the hydrazones, such as the nature of the

several important conclusions can be drawn. Primarily, the  active species or the potential contribution of the structural

Fig. 7 Selected radical
scavenging activity vs. calculated
parameter plots to illustrate the
effect of the physicochemical
parameters on the antioxidant
activity of the hydrazones
depicted on Scheme 1
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and energetic factors to the antioxidant effect. The calculations
as well as NMR and GC-MS studies revealed that while the
tautomeric equilibrium may play a role, the potential concen-
tration of the azo-tautomer in equilibrium and hence its con-
tribution to the effect appear to be negligible. After the several
molecular characteristics have been calculated and their effect
on the experimental activity has been studied, factors such as
bond dissociation energy, and ionization potential have
emerged as universal contributors to the activity. Other fea-
tures such as hydrophilicity or lipophilicity (characterized
with logP values) appeared to contribute in certain assays
but not in all. Features such as HOMO-LUMO energies or
the band gap were found to be irrelevant to the antioxidant
activity.
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