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Abstract: Given the importance of molecular structure in pharmacological activity and interaction
with biological receptors, we conducted a study on the 3,4-dihydroxybenzaldehyde hydrazone
derivative of 5-methoxy-indole carboxylic acid (5MICA) and a newly synthesised analogue bearing
a 2-methoxy-4-hydroxyphenyl ring using single-crystal X-ray diffraction. We studied the ability
of the two compounds to scavenge hypochlorite ions using luminol-enhanced chemiluminescence
and their potential to modulate oxidative damage induced by iron on the biologically significant
molecules lecithin and deoxyribose in order to evaluate possible antioxidant and prooxidant effects.
The X-ray study revealed highly conserved geometry and limited rotation and deformation freedom
of the respective indole and phenyl fragments. Interestingly, a conformational difference between
the two independent molecules in the asymmetric unit of 3b was found. The X-ray study revealed
a combination of hydrogen bonding interactions, short contacts, and π–π stacking stabilizing the
specific three-dimensional packing of the molecules of 3a and 3b in the crystal structures. The three-
dimensional packing of the molecules of 3b produced a zigzag layering projected along the c-axis. Both
compounds effectively decreased luminol-dependent chemiluminescence in model systems with KO2-
produced superoxide. They displayed opposite effects when applied in a xanthine/xanthine oxidase
system. The hydrazones of 5MICA do not trigger a prooxidant effect or subsequent toxicity under
conditions of iron-induced oxidative stress. The 3,4-dihydroxy-substituted derivative demonstrated
excellent radical scavenging properties in all model systems, making it the lead compound for the
development of compounds with combined neuroprotective and antioxidant properties.

Keywords: hydrazone derivatives of 5-methoxyindole carboxylic acid; single-crystal X-ray diffraction;
radical scavenging; superoxide anion radical; hypochlorite ions; iron-induced oxidative damage

1. Introduction

Indole core is a natural bioactive fragment present in the amino acid tryptophan, the
hormones melatonin and serotonin, the tryptophan-derived compounds indole-3-propionic
acid (IPA), indole-3-propionamide (IPAM), and indole-3-carbaldehyde (I3A), produced
biosynthetically in gut microbiota [1,2], and is present in various alkaloids from plants,
fungi, sponges, tunicates, and bryozoans [3–8]. The indolyl fragment is part of the structure
of some commercial drugs and controlled substances as well—the antiarrhythmic drug
ajmaline [9], physostigmine used for anticholinergic poisoning treatment [10] and the
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antimitotic agent vincristine [11], the psychoactive compounds ibogaine, psilocybin, and
LSD [12].

The indole molecules produced by gut microbiota have been shown to possess im-
portant biological activities, including neuroprotection and antioxidant properties, anti-
inflammatory, immunoregulatory, and amyloid anti-aggregation properties [13–17]. Fur-
ther research has attested to the beneficial effects of some of the bacteria-produced indole
compounds on the age of onset and the progression of Alzheimer’s disease [18]. It was
suggested that stimulating the microbiota to higher production of neuroprotective indoles
can promote brain health during ageing and lower the risk of dementia development [18].
In terms of neutralizing free radicals, IPA and IPAM are believed to be twice as potent as
melatonin [19]. They neutralise the highly reactive hydroxyl radicals via electron donation
and in contrast to antioxidants, such as ascorbic acid (vitamin C), tocopherol (vitamin E),
and other chain-breaking free-radical scavengers, do not generate prooxidant intermedi-
ates while neutralizing free radicals [19]. 5-Methoxyindole-2-carboxylic acid (5MICA) has
also shown beneficial neuroprotective action against ischemic stroke injury and functional
improvements after stroke in rats [20]. 5MICA has reduced infarct size, improved oxidative
stress status, and improved long-term potentiation [20]. 5MICA acts as an inhibitor of the
mitochondrial dihydrolipoamide dehydrogenase (DLDH), which also contributes to the
chemical preconditioning and neuroprotection against ischemic injury [21,22].

The great potential of indole core for the development of neuroprotective agents
prompted us recently to synthesise a series of benzaldehyde hydrazone derivatives of
5MICA that showed promising neuroprotective effects, a favourable safety profile in human
neuroblastoma SH-SY5Y, and mouse brain endothelial cell bEnd3 cell lines, in addition to
human recombinant monoamine oxidase-B (hMAO-B) enzyme inhibition and radical scav-
enging activity [23]. The dihydroxybenzaldehyde and 2-hydroxy-4-methoxybenzaldehyde
derivatives of 5MICA demonstrated some of the strongest neuroprotective effects in H2O2-
induced oxidative stress on SH-SY5Y cells and 6-hydroxydopamine (6-OHDA)-induced
neurotoxicity in rat brain synaptosomes. Furthermore, all compounds suppressed iron-
induced lipid peroxidation. The hydroxyl derivatives also exhibited the highest activity in
deoxyribose degradation inhibition and superoxide anion generation.

Considering the pivotal role of molecular structure in pharmacological activity and
interaction with biological receptors, a study on the 3,4-dihydroxybenzaldehyde hydra-
zone derivative of 5MICA and a newly synthesised analogue bearing a 2-methoxy-4-
hydroxyphenyl ring was conducted using single-crystal X-ray diffraction. The crystallo-
graphic study gave insight into the molecular structure, rotation and deformation freedom
of the respective indole, phenyl fragments, and adjacent functional groups, as well as spe-
cific interactions stabilizing the three-dimensional packing of the molecules in the crystal
structures, such as hydrogen bonding, short contacts, and π–π stacking. More insights into
the influence of the molecular structure of 3a and 3b on their biological properties were
gained via in vitro evaluation of the radical scavenging ability towards different reactive
oxygen species (ROS). The luminol-dependent chemiluminescence was monitored in model
systems of NaOCl, KO2-produced superoxide, and xanthine—xanthine oxidase-generated
superoxide radicals. In the next phase of this study, the potential for the two derivatives to
modulate oxidative damage induced by iron on biologically significant molecules, such
as lecithin and deoxyribose, and to exhibit antioxidant or prooxidant effects was assessed
and compared.

2. Materials and Methods
2.1. Materials

Melting points (mps) were determined utilizing a Büchi B-540 instrument (Büchi,
Flawil, Switzerland) and are reported without correction. ATR IR spectra were captured
on a Bruker Invenio R spectrometer equipped with a diamond ATR accessory, employing
64 scans at a resolution of 2 cm−1. The 1H and 13C NMR spectra were acquired on Bruker
Neo 600 MHz and Bruker Neo 400 MHz NMR instruments, respectively. The spectra
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were referenced to the solvent signal, with chemical shifts expressed in ppm and coupling
constants in Hz. The mass spectra are recorded using a Q Exactive Plus Hybrid Quadrupole-
Orbitrap Mass Spectrometer Thermo Scientific (HESI HRMS) (Thermo Fisher Scientific,
MA, USA) in negative mode. The spectra were processed using the Thermo Scientific
FreeStyle program version 1.8 SP1 (Thermo Fisher Scientific Inc., Waltham, MA, USA). The
progress of reactions was monitored via thin layer chromatography carried out on Merck
pre-coated plates (silica gel, 60 F254, 0.25 mm), visualised by fluorescence quenching under
UV light (254 nm). Melting points and spectral data are exclusively provided for the novel
target compounds 3a and 3b.

2.2. Synthesis

The synthesis of the hydrazide from the methyl esther of 5-methoxy-1H-indole-2-
carboxylic acid has been published elsewhere [23].

Either 2 0.5 mmol (1.0 equiv.) of 3,4-dihydroxybenzaldehyde (for compound 3a) or
0.5 mmol 4-hydroxy-2-methoxybenzaldehyde (for compound 3b) was added to a solution
of hydrazide 2 (0.5 mmol) in absolute ethanol. The reaction mixture was refluxed for
2 h. Progress of the reaction was monitored using TLC with a solvent system of ben-
zene:methanol (4:1). Upon completion, the mixture was concentrated under reduced pres-
sure. The resulting precipitate was filtered and washed with cool ethanol. The compounds
were further purified by recrystallisation with ethanol, and their purity was confirmed by
TLC, IR, and 1H NMR spectroscopy. Detailed ATR-IR and NMR spectra are provided in
the Supplementary Materials.

N’-(3,4-dihydroxybenzylidene)-5-methoxy-1H-indole-2-carbohydrazide (3a)

Yield 85%, Mp 252–253 ◦C, IR (νmax/cm−1) IR (νmax/cm−1) 3307 (νO-H); 3262 (νN-H);
2936 (νasCH2); 2840 (νsCH2); 1620 (νC=O) amide I; 1604 (νC=N); 1565 (δN-H); 1248 (νC-
O-C); 1H NMR (400 MHz, DMSO-d6) δ, ppm: 11.65 (s, 1H, NH), 11.57 (s, 1H, NH), 9.51 (s,
1H, OH), 9.36 (s, 1H, OH), 8.24 (s, 1H, CH), δ 7.37–7.35 (d, J = 8.9 Hz, 1H), Ar-H), 7.26–7.25
(d, J = 2.0 Hz, 1H, Ar-H), 7.18–7.11 (m, 2H, Ar-H), 6.99–6.96 (dd, J = 8.2, 2.0 Hz, 1H, Ar-H),
6.99–6.96 (dd, J = 8.9, 2.4 Hz, 1H, Ar-H), 6.81–6.79 (m, 1H, Ar-H), 3.77 (s, 3H, OCH3). 13C
NMR (151 MHz, DMSO-d6) 57.90, 154.34, 148.41, 148.11, 146.19, 132.52, 132.03, 130.96,
126.26, 121.06, 116.07, 115.50, 114.79, 113.70, 113.55, 113.16, 103.44, 102.46, 102.18, 55.73. m/z
M-H = 324.0989.

N’-(4-Hydroxy-2-methoxybenzylidene)-5-methoxy-1H-indole-2-carbohydrazide (3b)

Yield 90%, Mp 243–244 ◦C, IR (νmax/cm−1) 3304 (νO-H); 3246 (νN-H); 2920 (νasCH3);
2849, 2828 (νsCH3); 1600 (νC=O) amide I; 1608 (νC=N); 1560 (δN-H); 1255 (νC-O-C). 1H
NMR (400 MHz, DMSO-d6) δ, ppm: 11.66 (s, 1H, NH), 11.54 (s, 1H, NH), 10.10 (s, 1H, OH),
8.66 (s, 1H, CH), 7.74–7.72 (d, J = 8.9 Hz, 1H, Ar-H), 7.35–7.33 (d, J = 8.8 Hz, 1H, Ar-H),
7.19 (s, 1H, Ar-H), 7.10 (s, 1H, Ar-H), 6.87–6.84 (dd, J = 8.9, 2.4 Hz, 1H)., 6.47−6.45 (m, 2H,
Ar-H), 3.81 (s, 3H, CH3), 3.76 (s, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ, ppm: 161.45,
159.78, 157.77, 154.34, 143.38, 132.51, 131.04, 127.86, 127.32, 115.43, 114.03, 113.66, 108.81,
103.37, 102.52, 99.44, 55.97, 55.76. HRMS (ESI) m/z: M-H = 338.1146.

2.3. Single-Crystal X-ray Diffraction (SCXRD)

Suitable single crystals of compounds 3a and 3b with appropriate size (dimensions:
0.3 × 0.2 × 0.2 mm3) and without visible defects were mounted on nylon loops using
cryoprotective oil. Diffraction data were collected at 290 K on a Bruker D8 Venture diffrac-
tometer equipped with an IµS micro-focus sealed Mo X-ray source (λ = 0.71073 Å) and
PHOTON II CPAD detector using APEX4 ver. 2021.10.0 [24] as data acquisition and process-
ing software. Data reduction (integration and scaling) was performed with Bruker SAINT
ver. 8.40B [25], and the data were corrected for absorption effects using multi-scan method
(SADABS ver. 2016/2 [25]). The crystal structures of 3a and 3b were solved with Intrinsic
Phasing method and were refined with Least-Squares minimisation using ShelxT [26] and
ShelxL [27] programs, respectively, integrated in OLEX2-ver. 1.5 software [28]. All non-
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hydrogen atoms (C, N, O) were located successfully from Fourier map and were refined
anisotropically. Hydrogen atoms attached to carbon were placed on calculated positions
using the following scheme: Ueq = 1.2 for C–H aromatic groups (0.93 Å) and Ueq = 1.5
for C–H methyl groups (0.96 Å). Hydrogen atoms riding on O and N atoms were refined
from electron density maps. Ortep-3v2 software [29] was used to visualise the molecules
of 1 and 2 in the asymmetric unit (ASU). CCDC Mercury v4.0 [30] was used to prepare
the figures illustrating the detected hydrogen bonding interactions, π–π stacking, and
three-dimensional packing for 3a and 3b. Crystal data and structure refinement parameters
are given in Table S1. Values for bond lengths and angles are given in Tables S2–S5. The
detected hydrogen bonding interactions and short contacts are summarised in Table 1.
Complete crystallographic data for the reported structures 3a and 3b were deposited in
the CIF format with the Cambridge Crystallographic Data Centre, ref. codes 2342743 and
2342744. These data can be obtained free of charge via www.ccdc.cam.ac.uk/structures
(accessed on 24 March 2024).

Table 1. Detected hydrogen bonding interactions and short contacts for 3a and 3b.

Compound 3a

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/◦

N14 H14 O24 1 0.91(3) 2.08(3) 2.870(2) 145(2)
N1 H1 O10 2 0.91(3) 2.10(3) 2.996(2) 167(2)
O23 H23 O13 3 0.98(4) 1.82(4) 2.793(2) 168(3)
O24 H24 O13 3 0.98(2) 1.71(2) 2.684(2) 177(3)

Symmetry operations: 1 +X, 1/2−Y, −1/2+Z; 2 +X, 3/2−Y, 1/2+Z; 3 1−X, −1/2+Y, 3/2−Z

Compound 3b

D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/◦

C32 H32 O231 2 0.93 2.57 3.410(3) 150.3
C191 H191 O102 4 0.93 2.66 3.467(3) 146.1
C211 H211 N152 0.93 2.72 3.634(2) 166.4
O231 H231 O132 0.98(3) 1.67(3) 2.642(2) 170.0 (2)
O232 H232 O131 3 0.94(4) 1.88(4) 2.782(2) 158.0(3)
N141 H141 O232 1 0.91(2) 2.18(2) 3.031(2) 155.2(2)
N142 H142 O231 2 0.94(2) 2.04(2) 2.966(2) 165.0(2)
N12 H12 O132 5 0.89(2) 2.04(2) 2.879(2) 157.0(2)
N11 H11 O131 6 0.88(2) 2.08(2) 2.869(2) 148.1(2)

Symmetry operations: 1 +X, 1+Y, +Z; 2 1+X, +Y, +Z; 3 1+X, −1+Y, +Z; 4 1−X, 2−Y, 1−Z; 5 1−X,
1−Y, 1-Z; 6 −X, 2−Y, 2−Z

Hirshfeld surface analysis (HSA) for compounds 3a and 3b was performed with
CrystalExplorer 21.5 [31,32]. The computed surface properties in CrystalExplorer were
generated from the crystal structure file (CIF) using experimental crystal geometries (no
additional optimisation of the molecular geometries was performed). The corresponding
interaction energies were calculated for all unique molecular pairs observed in 3a and 3b
at CEB3LYP. B3LYP/6-31G(d,p) level using Tonto [33]. A molecular electrostatic potential
(MEP) map was plotted to detect the nucleophilic and electrophilic properties of 3a and
3b. The local reactivity of the complex containing nucleophilic and electrophilic attacking
sites was forecasted using Mulliken atomic charge distribution on atoms. Furthermore, the
HOMO-LUMO (highest occupied molecular orbital-lowest unoccupied molecular orbital)
surfaces were represented in order to assess the reactivity of the compounds.

2.4. Radical Scavenging Assays

Chemiluminescent determination of the radical scavenging activity against different
types of ROS and estimation of the antioxidant properties in spectrophotometric model
systems containing biologically important molecules were performed.

www.ccdc.cam.ac.uk/structures
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2.4.1. Chemiluminescent Radical Scavenging Assays

The application of chemiluminescent studies is widespread in biochemical labora-
tories and clinical research. These methods have been acknowledged for their reliability
and sensitive methodologies, with a 10−19 M detection threshold and a wide linear range
extending over approximately two decades [34–37]. Our study used luminol-dependent
chemiluminescence to determine the scavenging activity against the superoxide anion radi-
cal (O2

•−) and the hypochlorite ion (OCl−). The experiments were performed using an LKB
1251 chemiluminometer (Bioorbit, Turku, Finland) connected to an IBM-PC-compatible
computer via serial port. Data collection and analysis were carried out using the Mul-
tyUse program Version 1.08 (Bioorbit), with measurements conducted at 37 ◦C in three
different model systems. For each assay, “Control” measurement compositions that did
not contain the investigated derivatives and “Sample” compositions containing different
concentrations of the hydrazone were prepared. Each run of samples included a blank
sample representing a negative control. This background signal was subtracted from both
“Control” and “Samples”. The chemiluminescent response was evaluated by calculating
the area under the generated chemiluminescent curve. The chemiluminescence (CL) ratio
in the presence/absence of the investigated compound expressed as a percentage was
termed the chemiluminescent scavenging index (CL-SI). This index was used to determine
and compare the scavenging properties of the derivatives.

Assay I involved luminol-dependent chemiluminescence in a system of sodium
hypochlorite-derived hypochlorite. Samples of 1mL phosphate-buffered saline (PBS),
containing 0.1 mM luminol, 0.06 NaOCl, and the tested derivatives at the desired con-
centration were prepared. Control samples were prepared without the inclusion of the
studied compounds. The chemiluminescent signal was registered for 1 min at intervals of
50 milliseconds after the addition of NaOCl.

Assay II involved luminol-dependent chemiluminescence in a system of potassium
superoxide-derived superoxide anion radicals (O2

•−). Samples of 1 mL containing 50 mM
PBS at pH 7.4, 0.1 mM luminol, and the studied compounds were prepared. In the control
samples, hydrazones were omitted. The chemiluminescence response was instantly mea-
sured after adding 20 µL KO2 (dissolved in DMSO) and registered for 1 min at intervals of
50 milliseconds.

Assay III involved luminol-dependent chemiluminescence in a system of xanthine—
xanthine oxidase-generated superoxide radicals. Samples of 1 mL PBS, containing 0.1 mM
luminol, 1 mM xanthine, and the investigated compounds at the concentrations indicated
in the figures were prepared. In the control measurements, the derivatives were omitted.
Xanthine oxidase (20 µL–100 IU/L in PBS) was added to each sample and control, and
subsequently, the CL signal was measured for 5 min.

2.4.2. Thiobarbituric Acid Reactive Substances (TBA-RS)

We employed ferrous irons to investigate the peroxidation of biologically relevant
molecules [34]. The effects of the tested hydrazone derivatives on in vitro Fe(II)-induced
oxidative damage in lecithin containing system were investigated at a concentration of
90 µM, while in the deoxyribose degradation assay, an 80 µM concentration was used in
accordance with our prior studies [23,38]. For this purpose, 1 mL samples of phosphate
buffer (PB, 7.4), comprising 1 mg of lecithin per mL or 2-Deoxyribose [0.5 mM], were
prepared [39–41]. FeCl2 at a concentration of 0.1 mM was applied to initiate oxidative
damage. Subsequently, all measurement compositions underwent incubation at 37 ◦C for
30 min. In the next step, 0.5 mL of 2.8% trichloroacetic acid and 0.5 mL of thiobarbituric acid
were added. All measurement compositions were heated in a boiling water bath at 100 ◦C
for 20 min and then centrifuged at 3000 rpm for 20 min. Determination of the absorbance
at 532 nm was performed.
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3. Results and Discussion
3.1. Synthesis

The synthesis of the two arylhydrazone 5-methoxyindole-2-carboxylates was con-
ducted following the procedure outlined in Scheme 1. The methyl ester of 5-methoxyindole
carboxylic acid 1 was subjected to hydrazinolysis with hydrazine hydrate in ethanol, afford-
ing hydrazide 2. Subsequent condensation with the respectively substituted benzaldehydes
led to the formation of the two target compounds, 3a and 3b. Structural elucidation of
the products was confirmed with comprehensive analyses utilizing IR and NMR spec-
troscopy techniques.
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Scheme 1. Synthesis of arylhydrazone 5-methoxyindole-2-carboxylates.

3.2. Crystal Structure Description

Colourless crystal blocks of compounds 3a and 3b were obtained by slow evaporation
from an ethanol solution. Compounds 3a and 3b crystallised in the monoclinic P21/c and
the triclinic P-1 space groups with one or two independent molecules in the ASU (Z′ = 1 or
2), respectively, and a total of four molecules in the unit cell (Z = 4). The ORTEP view [29]
of the molecules of 3a and 3b present in the ASU, with an appropriate atom-numbering
scheme, is given in Figure 1.
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The molecules of 3a and 3b feature common 5-methoxy-1H-indole and correspond-
ing 3,4-dihydroxybenzene (for 3a) and 4-hydroxy-2-methoxy benzene (for 3b) moieties
connected by a shared –C(=O)–NH–N=CH– bridge. The conjugated indole fragment in
both 3a and 3b is relatively planar with root mean square deviation (RMSD) values of
0.012 Å for 1 and 0.009/0.010 Å for the two independent molecules in 3b, respectively. The
same is valid for the phenyl rings in the respective 3,4-dihydroxybenzene (0.011 Å) and 4-
hydroxy-2-methoxy benzene—0.004/0.006 Å. Considering the methoxy groups, noticeable
deviation from planarity is observed, e.g., RMSD of 0.171 Å for the 5-methoxy-1H-indole
fragment in 3a and 0.035/0.053 Å for the 4-hydroxy-2-methoxy benzene fragment in both
independent molecules of 3b. It is expected that the presence of –C(=O)–NH–N=CH–
bridge will increase the overall flexibility of the molecules of 3a and 3b. However, 3a has
highly conserved geometry and limited rotation and deformation freedom of the respective
indole and phenyl fragments with values for the twist and fold angles between their mean
planes of 7.33◦ and 3.91◦. The same is valid for the conjugated indole/phenyl rings in one of
the independent molecules in 3b (namely N12-C22-C32-C42-C52-C62-C72-C82-C92/C172-
C182-C192-C202-C212-C222), with twist and fold angles of 9.47◦ and 5.07◦. Interestingly,
the other independent molecule in the ASU of 3b deviates from this trend with twist and
fold angles of 125.97◦ and 164.10◦. Those conformational differences between the two
independent molecules in 3b and the molecule of 3a vs. 3b are clearly visible from the
overlay by their common indole fragment (Figure 2).
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Figure 2. Overlay of the molecules of (a) 3a (in blue) and 3b (in green) and (b) the two independent
molecules in the ASU of 3b by their common indole fragment, emphasizing their conformational
differences; the RMSDs are 0.721 and 0.627 Å, respectively. Hydrogen atoms are omitted for clarity.

Compounds 3a and 3b feature strong hydrogen bond donors like indole and amide
N–H and O–H groups and also strong or moderately strong hydrogen acceptors like C=O,
imine N, and –O–CH3 groups. Thus, the formation of strong hydrogen bonding interactions
is highly possible. Indeed, strong hydrogen bonding interactions of N–Hamide . . .O=C,
O–H. . .O=C, and N–Hindole . . .O–CH3 types are detected for 3a with H. . .A distances
varying between 1.71–2.10 Å and D-H. . .A angles between 145–177◦ (Figure 3a, Table 1).

For compound 3b, a very strong hydrogen bonding interaction of O-H. . .O=C type
(d(H. . .A) = 1.66 Å, D-H-A = 170◦) is observed. Furthermore, weak C–H. . .O and C–H. . .Nimine
contacts between the two independent molecules in 3b are also detected (Figure 3b). The
presence of aromatic rings in 3a and 3b contributes to the increased chance of π–π stacking
interactions. However, staggering (parallel-displaced) π–π stacking interactions are only de-
tected between the 3,4-dihydroxybenzene and indole rings of 3a (Figure 3c) with a mean plane
angle of 8.746◦, centroid-to-centroid distance of 3.624 Å, and shift distances of the centroids
of −1.989 Å. In summary, the combination of hydrogen bonding interactions, short contacts,
and π-π stacking contributes to the stabilisation and specific three-dimensional packing of the
molecules of 3a and 3b in the crystal structures. Interestingly, the three-dimensional packing
of the molecules of 3b produces a zigzag layering projected along the c-axis (Figure 3d).
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Figure 3. Combined representation of the detected hydrogen bonding interactions and short contacts
in 3a (a) and 3b (b), staggering π–π stacking interactions between the 3,4-dihydroxybenzene and
indole rings of 3a (c), and (d) specific three-dimensional packing of the molecules of 3b, producing
zigzag layering along the c-axis. Distances are given in Å and hydrogen atoms in light green for clarity.

Nowadays, molecular features and the arrangement of molecules in crystals are ex-
tensively studied due to possible applications in crystal engineering and as a tool for
explaining molecular and crystalline state characteristics. In the present work, we con-
ducted a Hirshfeld surface analysis (HSA) [42,43] using CrystalExplorer version 21.5 [32],
intending to provide valuable insights into the molecular and crystal arrangement of 3a
and 3b. The HSA produces detailed information about non-covalent interactions (short
and long contacts, based on the sum of Van der Waals (VdW) radii, detailed 2D interac-
tion fingerprint plot analysis, shape index, curvedness, interaction energies between the
molecular entities, energies frameworks, etc. [31,32]).

For compound 3a, the Hirshfeld surface (HS) for non-covalent interactions plotted over
dnorm reveals five sites with interatomic contacts shorter than the sum of VdW (Figure 4a,
red regions). Those contacts are due to O. . .H and N. . .H interactions and are also responsi-
ble for the four hydrogen bonds listed in Table 1. The π· · ·π staggered stacking, already
disclosed in Figure 3c, can be foreseen by plotting HS over the shape index (Figure 4b).
The specific contribution of the individual interatomic interactions related to the overall
stabilisation of the crystal structure is disclosed by the 2D fingerprint plot analysis in
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Figure 5. The individual 2D fingerprints disclose that for the stabilisation of 3a, H. . .H inter-
actions (36.1%) are the dominant ones. The hydrogen bonding and C-H · · ·π interactions
(O. . .H (24.2%) and N. . .H (6.2%) and C. . .H (22.5%)) also have a significant contribution
(e.g., 52.9%).
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Figure 4. Depiction of (a) Hirshfeld surface plotted over dnorm. Red-coloured regions disclose distance
between interacting atoms shorter than sum of VdW radii, blue regions longer than VdW, (b) shape index
(from −1 to 1 a.u.) disclosing π· · ·π staggered stacking interaction dashed circles, and (c) MEP map of 3a.
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The interaction energies (kJ/mol) and energy frameworks in 3a were calculated in the
B3LYP/6-31G(d,p) electron density model with the TONTO program of CrystalExplorer
version 21.5, see Figure 6 and Table S6. The electrostatic, polarisation, dispersive, and
total energies (Eele, Epol, Edis, Erep, Etot, respectively) are typical for most molecular pairs
of molecules in 3a and can be directly related to hydrogen bonding interactions. The
calculation results along with the energy frameworks disclose that the stabilisation of the
molecular network is achieved through electrostatic interaction (Figure 6a).
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Figure 6. Energy framework diagrams for a cluster of nearest-neighbour molecules in 3a viewed
along c-axis: (a) electrostatic energy, (b) repulsive energy, and (c) total energy; the cylinder energy
scale is identical in all diagrams.

The electrostatic potential map (MEP) of compound 3a (Figure 4c) discloses two (and
possibly up to four) nucleophilic sites and two electrophilic reactive sites in red, electron-
rich, negative, and in blue, electron-deficient, positive. The hydrogen near the N14 atom
is in an electron-deficient zone (blue colour); thus, it will probably act as an electrophile
(HN14 net atomic charge of +0.321). The situation is similar for the hydrogen atoms near
O23 and O24 (net atomic charge of +0.336 and +0.334, respectively). They will have the
tendency to absorb electrons from electron-rich species. On the other hand, O13 and O10 are
supposedly electron-rich and thus will act as nucleophiles, providing electrons in chemical
reactions (net atomic charge of –0.586 and –0.503, respectively). The MEP discloses a few
faint red-coloured regions near O23 and O24 and one faint blue-coloured region near N11.
The remaining part of 3a is neutral, i.e., in a stable state. The energy gap between the
HOMO and LUMO orbitals (Figure S3) in 3a is quite low at –0.1567 eV, suggesting that 3a
will be quite reactive.

In 3b, the HSA has to account for the presence of two molecules in the ASU. The major
difference in the two molecules is the orientation of methoxy moiety O101-C111 in molecule
1 (3b1) and O102-C112 in molecule 2 (3b2), see Figure 2b. Additionally, the 4-hydroxy-2-
methoxy benzyl moiety discloses rotational flexibility, i.e., rotamers may be additionally
expected. These conformational differences between the two molecules produce a slightly
different arrangement of the hydrogen bonding centres, clearly visualised in Figure 7.
Similar to compound 3a, the HS for non-covalent interactions plotted over dnorm reveals
four sites with interatomic contacts shorter than the sum of VdW for 3b (Figure 7a, red
regions). The fifth expected contact (related to the 5-methoxy group from the indole moiety)
is not detected. This can be perhaps explained by the “mobility” of the methoxy group,
existing in dissimilar orientations in the two molecules, and thus preventing the interaction
with the “O” acceptor. Also, the N–H and C=O related contacts in the two molecules seem
to occur from different sides of the indole mean plane (Figure 7a). Further, the computed
shape index of 3b1 and 3b2 does not detect possible sites for C-H· · ·π or π· · ·π interactions.
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The major difference in the shape index of 3b1 and 3b2 is linked to the different orientations
of the methoxy group and the “rotation” of the 4-hydroxy-2-methoxy benzyl (Figure 7b).
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Figure 7. Depiction of molecular features of (a) Hirshfeld surface plotted over dnorm, 3b molecule 1;
red-coloured regions disclose distance between interacting atoms shorter than sum of VdW radii, blue
regions longer than VdW, (b) Hirshfeld surface plotted over dnorm, 3b molecule 1 and 3b molecule
2, (c) shape index of 3b molecule 1 (from −1 to 1 a.u.), and (d) shape index of 3b molecule 1; the
most distinct differences between the HSA of the two molecules are pointed out and highlighted by
the rectangles.

The specific contribution of the individual interatomic interactions related to the
overall stabilisation of the crystal structure of 3b is disclosed by the 2D fingerprints, see
Figure 8. The 2D fingerprints disclose that the stabilisation of 3b is dominated by H. . .H
interactions (40.3%). The hydrogen bonding interactions O. . .H and N. . .H participate with
23.1% and 6.5%, while the C. . .H contribution is 24.0%. These four types of interactions
account for 93.9% of the total interactions in 3b. The results related to the specific individual
contribution are very similar to those obtained for compound 3a. The interaction energies
(kJ/mol) and energy frameworks in 3b were calculated with the B3LYP/6-31G(d,p) electron
density model, see Figure 9. In contrast to compound 3a, in compound 3b, the repulsion
energy seems to be the major one involved in the stabilisation of the crystal structure
(Table S7).

The MEPs for 3b (Figure 10) disclose almost identical features for the two molecules
present in the ASU. In both cases, there are two distinct centres: one nucleophilic and one
electrophilic in nature. The hydrogen near the O231 and O232 atoms is in an electron-
deficient zone (blue colour); thus, it will probably act as an electrophile (HO231 and HO231
net atomic charge of +0.424 and +0.430). On the other hand, O131 and O132 are supposedly
electron-rich and thus will act as nucleophiles, providing electrons in chemical reactions
(net atomic charge of –0.526 and –0.531, respectively). The energy gap between the HOMO
and LUMO orbitals (Figure 10) in 3b is quite low at –0.1458 and –0.1587 eV, suggesting that
like 3a, compound 3b will be quite reactive.
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Figure 8. Two-dimensional fingerprint plots of major individual interactions (in blue) observed in 3b:
(a) O-H. . .O interaction, (b) C. . .H interaction, (c) H. . .H interaction, and (d) N-H. . .O interaction; the
overall interaction plot is portrayed in grayish.
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3.3. Evaluation of the Radical Scavenging Activity

In order to shed more light on the influence of the substitution pattern in the arylhy-
drazone fragments of 3a and 3b (3,4-dihydrohyphenyl vs. 2-methoxy-4-hydroxyphenyl
moiety) on the pharmacological and, more particularly, the radical scavenging properties
of the compounds, we assessed their ability to scavenge superoxide anion radical and
hypochlorite ions using luminol-enhances chemiluminescence. The compounds exhibited a
concentration-dependent influence on the chemiluminescent scavenging index in all model
systems. Specifically, the compounds’ effect was evaluated within a concentration range
of 1 to 10 µM in the hypochlorite system. The two derivatives under study demonstrated
differing effects on the chemiluminescent signal. In the presence of the mono-hydroxy
mono-methoxy derivative 3b, even at the lowest concentration tested (1 µM), a minimal but
statistically significant increase in the chemiluminescent scavenging index was observed
compared to the control samples, with a CL-SI of 105% (Figure 11). At the highest test
concentration (10 µM), this increase exceeded 25%. Conversely, the dihydroxy-substituted
hydrazone 3a significantly decreased the chemiluminescent signal to 64% at the lowest con-
centration tested (1 µM). At the maximal tested concentration of 10 µM, complete inhibition
of the chemiluminescent signal was observed, indicating potent scavenging properties of
this compound against the hypochlorite ions.

In the system containing the superoxide anion radical, experiments were conducted
at concentrations ranging from 1 to 100 µM. The higher maximal concentration in this
model system compared to the previous one was necessitated by the lower reactivity of the
superoxide anion radicals compared to hypochlorite ions. Both compounds exhibited the
ability to decrease the chemiluminescent scavenging index in a concentration-dependent
manner; however, they had varying potency. At concentrations below 5 µM, the deter-
mined system parameter for the mono-hydroxy mono-methoxy indole 3b was not different
from the control sample, indicating a lack of scavenging potential. The scavenging index
decreased to 53% for the catechol derivative at a concentration of 5 µM, indicating a potent
ability to reduce the concentration of the superoxide anions.
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Figure 11. Hydrazone derivatives induced modulation of luminol-dependent chemiluminescence in
model systems with different ROS: System of NaOCl [0.06mM] generated hypochlorite (a). System
of KO2 produced superoxide (b). System of xanthine—xanthine oxidase generated superoxide (c).
The assays were carried out using 1 mL samples of 50 mM PBS containing 0.1 mM luminol. Data are
presented from three independent experiments ± SEM. With ◦ and *, significant decreases and increases
in the chemiluminescent signal have been marked. */◦ p < 0.05, **/◦◦ p < 0.01, ***/◦◦◦ p < 0.001, and
****/◦◦◦◦ p < 0.0001 vs. control.

Although both compounds effectively decreased the amount of superoxide anion radi-
cals within the KO2-containing system, they displayed opposite effects on the chemilumi-
nescent signal when applied in the xanthine/xanthine oxidase. Notably, the mono-hydroxy
mono-methoxy indole 3b increased the chemiluminescent response at concentrations equal
to or exceeding 5 µM. Factors such as secondary reactions, alterations in reaction kinetics,
or interactions with other components can lead to this outcome, i.e., the apparent increase
in the chemiluminescent signal despite the scavenging capability against the superoxide
anions. Conversely, the catechol derivative 3a suppressed the chemiluminescent signal,
reducing the CL ratio to approximately 50% at the same concentration as in the enzyme-free
model system of superoxide anion generation. At the maximal tested concentration, the
estimated parameter was around 25%, which is in accordance with the previously ob-
tained results in the spectrophotometric alternative systems and demonstrates its excellent
scavenging activity against the superoxide anion radical [23].

In the second phase of our study, we assessed the potential of the tested derivatives to
modulate oxidative damage induced by iron on biologically significant molecules, namely
lecithin and deoxyribose. The main advantage of these systems is that they allow for
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the evaluation of possible antioxidant and prooxidant effects. Our findings indicate that
the tested hydrazones did not exhibit the potential to exacerbate the oxidative damage
induced by ferrous iron ions. However, the efficacy of their inhibition on the oxidative
damage process depended on both the specific oxidisable substrate utilised and the unique
structural features of the derivatives under investigation.

In the system containing lecithin, both compounds demonstrated a statistically signifi-
cant inhibitory effect on the peroxidation process (Figure 12a). Specifically, the dihydroxy-
bearing derivative 3a exhibited a 66.66% inhibition, while the mono-hydroxy mono-
methoxy derivative 3b showed a 54.73% inhibition. The observed values markedly ex-
ceeded those of the reference melatonin (25.94%), indicating a pronounced antioxidant
effect. However, while the compounds exhibited potency comparable to the established
references Trolox and quercetin, their effect was statistically lower.
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statistically equivalent impact to the control samples.

Both compounds demonstrated diminished inhibitory activity in the deoxyribose
degradation assay (Figure 12b). Notably, the observed antioxidant activity was negligi-
ble in the mono-hydroxy mono-methoxy derivative 3b samples. The absorbance values
observed were identical to those of the controls, thereby resulting in an inhibition of de-
oxyribose degradation that approached zero. The catechol derivative 3a exhibited superior
antioxidant properties compared to both melatonin and the potent antioxidant Trolox. Its
inhibitory effect on deoxyribose degradation was approximately 25%, which is half the
magnitude observed with quercetin.

The findings do not suggest a propensity for triggering a prooxidant effect or ensuing
toxicity under the condition of iron-induced oxidative stress, a characteristic feature of
neurodegenerative disorders linked to disturbances in iron homeostasis. Nevertheless, in
two of the used chemiluminescent systems—the one containing hypochlorite ion and the
xanthine–xanthine oxidase—the mono-hydroxy mono-methoxy benzaldehyde derivative
stimulated the chemiluminescent response. Hypochlorite ions play a crucial role in the
body’s defence against pathogenesis. Nevertheless, they are powerful oxidizing agents,
and in chronic inflammation or inflammatory disease, the production of hypochlorite
ions may be dysregulated [44,45]. The xanthine/xanthine oxidase system is implicated
in the natural physiological process involved in purine metabolism, and it is essential for
normal physiological functions. Compounds exerting effects such as deregulations or over-
activation can lead to oxidative stress. The dihydroxy substituted derivative demonstrated
excellent radical scavenging properties in all model systems. The CL-index was below 50%
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at concentrations higher than 10 µM. Comparing these data with the results of Oosthuizen
et al., we can see that the C-50 values of melatonin were, respectively, for the superoxide
and hypochlorite-containing systems, 350 µM and 2500 µM—values much higher than the
pharmacological range of serum melatonin and the concentration range tested by us.

Superior radical scavenging properties of dihydroxyphenyl-substituted hydrazones in
comparison to other derivatives with hydroxy/methoxy substitution in the phenyl ring
were demonstrated previously for hydrazone derivatives of benzimidazole as well [46,47].
Their advantages are related to lower reaction enthalpies for hydrogen atom transfer
and proton affinities established by density functional theory (DFT) calculations [47].
Another important aspect that favours the radical scavenging properties of ortho-dihydroxy
compounds over mono-hydroxy is the different influence of hydrogen bonding with a
solvent [48]. Kinetic studies emphasised that while the ability of mono-hydroxy compounds
to transfer a hydrogen atom to a free radical would be strongly reduced by the formation
of a hydrogen bond with a solvent, the ortho-dihydroxy compounds would be still able to
react with the second hydroxy group even though it is intramolecularly bonded with the
first one [48].

In conclusion, the catechol-containing hydrazone exhibits better radical scavenging
and antioxidant properties, making it more suitable for the development of compounds
with combined neuroprotective and antioxidant properties.

4. Conclusions

We have carried out a study on the 3,4-dihydroxybenzaldehyde hydrazone derivative
of 5MICA and a newly synthesised analogue bearing a 2-methoxy-4-hydroxyphenyl ring
using single-crystal X-ray diffraction. It was found that compounds 3a and 3b crystallised
in the monoclinic P21/c and the triclinic P-1 space groups with one or two independent
molecules in the asymmetric unit and a total of four molecules in the unit cell. Despite
the presence of a –C(=O)–NH–N=CH– bridge, both compounds have highly conserved
geometry and limited rotation and deformation freedom of the respective indole and
phenyl fragments. Interestingly, a conformational difference between the two independent
molecules in the asymmetric unit of 3b was found. The X-ray study revealed that the
specific three-dimensional packing of the molecules of 3a and 3b in the crystal structures
is stabilised by a combination of hydrogen bonding interactions, short contacts, and π–π
stacking. The three-dimensional packing of the molecules of 3b is characterised by a zigzag
layering projected along the c-axis.

The assessment of the ability of the two compounds to scavenge ROS using luminol-
enhanced chemiluminescence demonstrated that both compounds effectively decreased
luminol-dependent chemiluminescence in model systems with KO2-produced superoxide.
However, they displayed opposite effects when applied in a xanthine/xanthine oxidase or
hypochlorite system. Notably, in the xanthine/xanthine oxidase system, the 4-hydroxy-
2-methoxybenzaldehyde derivative increased the chemiluminescent response at concen-
trations equal to or exceeding 5 µM, while the 3,4-dihydroxybenzaldehyde derivative
suppressed the chemiluminescent signal, reducing the CL ratio to approximately 50% at the
same concentration. The potential of the tested derivatives to modulate oxidative damage
induced by iron on biologically significant molecules such as lecithin and deoxyribose
was evaluated in order to clarify the possible antioxidant and prooxidant effects of the
compounds. Our findings do not suggest a propensity of the hydrazones of 5MICA to
trigger a prooxidant effect or subsequent toxicity under conditions of iron-induced oxida-
tive stress, a characteristic feature of neurodegenerative disorders linked to disturbances
in iron homeostasis. The 3,4-dihydroxy-substituted derivative demonstrated excellent
radical scavenging properties in all model systems, making it the lead compound for the
development of compounds with combined neuroprotective and antioxidant properties.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst14050396/s1, Figure S1: ATR-FTIR spectrum of compound 3b;
Figure S2: 1H NMR spectrum of compound 3b in DMSO-d6; Figure S3. HOMO/LUMO representation
for 3a; Table S1: Most important crystallographic parameters for the crystal structures of 3a and 3b;
Table S2: Bond lengths for the crystal structure of 3a; Table S3: Bond angles for the crystal structure of
3a; Table S4: Selected bond lengths, angles, and torsion angles for the crystal structure of 3b; Table S5:
Bond angles for the crystal structure of 3b; Table S6: Interaction energies (kJ/mol) of molecule 3a
computed using single-crystal geometries; Table S7: Interaction energies (kJ/mol) of molecules from
3b computed using single-crystal geometries.
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