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Abstract: Semicarbazones and their transition metal complexes have been investigated as biologically
active compounds. This study explores the synthesis, X-ray crystallographic structure, and character-
ization of a novel Co(III) complex cation with a pyridoxal-isothiosemicarbazone (PLITSC) ligand,
[Co(PLITSC-2H)(NHj3)3]*. The structure of the complex was further elucidated by the elemental
analysis and spectroscopic techniques (IR and UV-VIS). Hirshfeld surface analysis was applied for the
investigation of intermolecular interactions governing crystal structure. Optimization was performed
at the B3LYP/6-31 + G(d,p)(H,C,N,O,S)/LanL2DZ(Co) level of theory without any geometrical con-
straints. The selected level of theory’s applicability was proven after comparing experimental and
theoretical bond lengths and angles. The antibacterial activity of the complex towards E. coli and
B. subtilis was determined and qualified as moderate compared to Streptomycin. The formation of
free radical species in the presence of the complex was further verified in the fluorescence microscopy
measurements. The molecular docking towards neural nitric-oxide synthase in the brain has shown
that the complex structure and relative distribution of ligands were responsible for the binding to
amino acids in the active pocket.

Keywords: DFT; Co complex; antimicrobial activity; methylene blue; QTAIM

1. Introduction

Today, there is considerable evidence that metal-based reagents are promising candi-
dates for treating various diseases, particularly cancer. The discovery of cisplatin in the
1960s marked the beginning of the use of metal complexes in medicine [1]. Complexes
based on transition metals are especially attractive due to their coordination geometry,
which, using variations of ligands, enables the formation of numerous complexes with
potential biological activity [2]. Despite the clinical success of cisplatin, many side effects
are apparent, such as myelosuppression, nephrotoxicity, alopecia, and ototoxicity [3]. There-
fore, there is a constant need for novel biologically active compounds with potential use as
anticancer agents [4,5].

The synthesis of semicarbazone derivatives from pyridoxal and pyridoxal phosphate
began with H. Cordes and P. Jencks in the early 1960s [6]. Later, in the 1980s, Italian chemists
in Prof. Pelizzi’s group introduced a group of ligands based on pyridoxal-carbazone [7,8].
From the beginning, these ligands seemed promising in terms of their ability to coordinate
transition metal ions and their practical application as complexes with biological and
catalytic activity [9].
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Thus far, many papers in this field have been published describing the biological
activities and catalytic abilities of numerous complexes with pyridoxal-semi-carbazone
(PLSC) and pyridoxal-S-methyl-iso-thiosemi-carbazone (PLITSC) ligands. PLITSC is a
tridentate ligand with the oxygen of phenolic hydroxyl, hydrazine nitrogen, and amino
nitrogen as coordination sites through which the ONN form of the coordinated ligand is
formed. It is formed by the synthesis of pyridoxal and S-methyl-isothiosemicarbazone
(ITSC). The dehydration of ITSC with pyridoxal moiety (3-hydroxy-5-hydroxymethyl-2-
methyl-pyridine-4-carbaldehyde) results in the formation of Schiff base ligands PLITSC
(Scheme 1).
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Scheme 1. Synthesis of pyridoxal-isothiosemicarbazone (PLITSC).

PLITSC can exist in three forms: neutral, monoanionic, and dianionic (Scheme 2). The
monoanionic form is obtained by removing hydrogen from hydrazine nitrogen, while the
doubly negative species is formed when pyridine nitrogen is deprotonated.

Scheme 2. Binding modes of differently protonated PLITSC (M is metal).

Complexes containing PLITSC and different transition metal ions have been de-
scribed in the literature. The most numerous group includes copper compounds such as
(Cu(NO3)(PLITSC)(H,0)INO3 [10]), [Cu(PLITSC-2H)NH;3]H,O x 0.5MeOH [11], [Cu(ITS
CPL-2H)(NH3)], x HyO [12], Cu(PLITSC)Br(CH3OH)]Br [13], Cu(PLITSC)Cl,, and Cu(PLI
TSC)Br, [14]. The complexes have shown promising antitumor, antiviral, and anti-inflammatory
activities, in some cases higher than that of cisplatin [15]. Their potential use as materials for
electrocatalytic hydrogen evolution has also been proven [16]. The second largest group
of PLITSC-containing compounds has iron as a central metal ion, as in Fe(PLITSC)Cl; x
H,O, Fe(PLITSC)(PLITSC-H)](NO3), x HyO, [Fe(PLITSC)(PLITSC-H)]SO4 x 2H,0 [14],
Fe(PLITSC)Cl3 x H,O, Fe(PLITSC)(PLITSC-H)](NOs); x HyO, and [Fe(PLITSC)(PLITSC-
H)]SO4 x 2H,0 [9]. Cobalt, nickel, and other metal ions also easily coordinate with
the mentioned ligand, some examples are Co(PLITSC-2H)(PLITSC-H)] x CH3O0H [17];
[Co(PLITSC-H),]BrNO; x CH30H [18], Co(PLITSC)Cl;]x2H,0, [Co(PLITSC)(PLITSC-
H)]Cl, x 4H,0, [Co(PLITSC-H),]Cl x 2H,0, [Co(PLITSC-H)(PLITSC-2H)]CH30H, [Co(P
LITSC)(NH3)3]NO3 x 3H,O [11], [VO(PLITSC-H)] x 2H,0O, [MoO,(PLITSC-2H)] [19],
and [Ni(PLITSC)(HO)3](NOs3); [20]. Over the past decade, the good catalytic properties of
transition metal complexes with derivatives of pyridoxal-carbazone as ligands have been
studied [16,21-25].

Cobalt is a transition metal of great biological relevance. It is an integral part of several
cobalt-containing proteins, indirectly involved in DNA synthesis by acting as a B12 vitamin
active center and vitamin supplement. All of this and the fact that it is less toxic than other
non-essential metals led to the synthesis of many cobalt complexes with potential biological
activity [26-31].
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This study presents results on the synthesis and determination of the crystallographic
structure of [Co(PLITSC-2H)(NH3)3](NO3)0.491Clo509) (1). The structural analysis also
included elemental composition and IR and UV-VIS techniques. The theoretical methods
based on Density Functional Theory were further employed to optimize structure. An-
tibacterial activity and reactive oxygen species formation were used to assess the biological
activity of 1. Molecular docking was used to analyze the possible interactions between
compound 1 and proteins of interest.

2. Results
2.1. Crystallographic Structure

The synthesis of the Co(III) complex with PLITSC ligand is presented in Scheme 3.
A 1:1 molar ratio of ligand and metal salt was used, and a mono-ligand complex was
obtained. As already mentioned, the synthesis was conducted in an aqueous solution. The
outer sphere comprises nitrate and chloride anions, and their molar fraction in the gross
formula is particularly interesting. The complex [Co(PLITSC-2H)(NH3)3]((NO3)0.491 Clg 509)
is a compound with pseudo-octahedral geometry, and it includes an ONN ligand and three
molecules of ammonia in coordination with Co(Ill) (Figure 1a). The coordinated PLITSC
ligand is in the dianionic form, L2~. The absence of hydrogen atoms on the pyridine and
azomethine nitrogen (N9 and N5) is proof of the dianionic nature of the coordinated ligand.
Anions (chloride and nitrate) are in the outer sphere. Considering the formula of the
complex (one ligand in the dianionic form L2~) and the level of participation of the anionic
part of the outer sphere (Cl 0.509 and NOj3 0.491) (Figure 1), the charge on the cobalt ion
is +3.

CH CH
3 y 3 HeN NH,
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NN S - NN~
NS KNO, |
CH CH
HO ’ HO °

Scheme 3. Synthesis of [Co(PLITSC-2H)(NH3)31(NO3)0.491Clg 509)-

Pons

(@) (b)

Figure 1. (a) Crystal structure and (b) crystal package of [Co(PLITSC-2H)(NH3)3](NO3)g.491 Clo 509)-
(Hydrogen—white, carbon—gray, nitrogen—Dblue, oxygen—red, chlorine—green, cobalt—cyan).

A new structure of cobalt with pyridoxal-S-methylisothiosemicarbazone is similar to
the structure already published in 2022 [18]. The structure [Co(PLITSC-H), |BrNO;-CH3;0OH
is a bis-ligand complex; two PLITSC ligands are in monoanionic form in the inner sphere.
Anions, NO;~ and Br~, and ammonia ligands are absent because CoCl, dissolved in
methanol was used for synthesis.

Tables S1 and S2 show bond lengths and angles around the central cobalt atom. Based
on the angles, it can be concluded that it is an almost regular octahedron with minimal
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deviations from the ideal (Figure 1). Four cobalt complex molecules are packed in a single
cell, as shown in Figure 1b.

2.2. Spectral Analysis

The IR spectrum in the range between 4000 and 400 cm ™! of the obtained complex
is shown in Figure S1. In the range between 2200 and 3700 cm ™!, there is a broad peak
that includes specific X—H (X=C, N, O) stretching vibrations. The most intense peak
at 3133 cm~! is assigned to the O—H and N—H stretching vibrations [32,33]. Due to
the multitude of ammonia ligands, this peak is very intense and shifts towards lower
wavenumbers. The N—H stretching vibration of the ligand’s amino group is also located in
this area. These bands are shifted towards lower wavenumbers due to the formation of
intermolecular hydrogen bonds within the crystal structure. It is important to observe that a
complex network of interactions is formed, as presented in Figure 1b. The expected location
of C—H stretching vibrations in the methyl groups is below 3000 cm~!, while the C—H
vibrations of aromatic hydrogen atoms are above 3000 cm~!. These bands are probably
covered by the other bands, mainly because their intensity is very low. The absence of
the peak at 2850 cm ™!, characteristic of the neutral form of ligand, is additional proof
that deprotonation of ligand occurred [34]. A strong peak at 1499 cm ! is assigned to the
C—N stretching vibrations [34]. The presence of oxygen atoms in the structure leads to two
peaks depending on the bond’s strength between carbon and oxygen atoms, presumably
at 1167((C—O)aliphatic) and 1237 cm ™! ((C—O)aromatic)- The rocking vibrations of ammonia
ligands are located as a complex band with a peak at around 1255 cm~!. The presence of
nitrate anions is proven through the intense band at 1378 cm ™! [35].

A UV-VIS spectrum of 1 was recorded between 200 and 800 nm (Figure S2). It consists
of two doublet-like structures at around 250 and 380, characteristic of pyridoxal and S-
methyl-isothiosemicarbazone moieties. These maxima are assigned as m—7* and n—*
transitions for similar compounds [36]. Due to the complexation and charge transfer,
these bands are very wide. The d-d bands were not present in spectra because of very
low concentrations and the masking effect of other bands, as elaborated in references
investigating similar complexes [37,38].

2.3. Hirshfeld Surface Analysis

The intermolecular interactions governing the crystal stability were assessed using the
Hirshfeld surface analysis. It is beneficial to determine the contact atoms and percentages
of different contacts since a multitude of species are found in the crystal structure. The
Hirshfeld surface of the obtained complex is presented in Figure 2a, while fingerprint plots
are shown in the Supplementary Materials (Figure S3).

Due to the presence of PLITSC and ammonia in the inner sphere and various an-
ions in the outer sphere, the central metal ion is completely surrounded, and there are
no interactions, including those involving Co(IlI). The most numerous interactions are
denoted as H---H (48.1%), which is higher than the percentage obtained for [Co(PLITSC-
H),]BrNO3-CH30H [18]. The hydrogen-containing ligands are responsible for these sta-
bilization interactions. The nitrate ions and groups with oxygen are included in H---O
contacts, with 23.1%. The other significant group of contacts is denoted as H---N (11.3%).
These interactions are formed between pyridine-, amino-, hydrazine-, and ammonia-group
nitrogen and hydrogen atoms. The number of interactions is similar to those previously
described in the Co(Ill) complex, which proves that the interactions between complex
cation units are greater than those with the surrounding anions. The red areas on the
Hirshfeld surface represent close contacts, mainly hydrogen bonds. For example, the
hydroxymethyl group is a hydrogen atom donor, while pyridine nitrogen is a hydrogen
bond acceptor. Contacts between carbon and hydrogen atoms account for 5.5%, and weak
hydrogen bonds between positively charged hydrogen atoms and 7-electron clouds of
aromatic parts are included in these percentages [39]. The sulfur atom is contained in the
H---S (7.6) contacts. Other interactions that include oxygen atoms and C and N atoms
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account for 1.1 and 0.6%. A similar trend was observed for the compounds containing
other pyridoxal-semicarbazone ligands [40]. The contributions of the remaining contacts
are negligible.

@) (b)

Figure 2. (a) Hirshfeld surface and (b) optimized structure (at B3LYP/6-31 + G(d,p)(H,C,N,5,0)/
LanL.2DZ)(Co) of [Co(PLITSC-2H)(NHj3)3](NO3),Cl) (carbon—gray, oxygen-red, nitrogen—blue,
cobalt—cyan; hydrogen atoms are omitted for clarity).

2.4. Theoretical Analysis, NBO and QTAIM Studies

The crystallographic structure of 1 was used for the optimization at the B3LYP/6-31 + G
(d,p)(H,C,N,O,S)/LanL2DZ(Co) level of theory without any geometrical constraints. This
theory level was previously applied to describe similar ligand systems regarding first-row
transition metal complexes [18,40-42]. The applicability of this theoretical model was
investigated by comparing the experimental and theoretical bond lengths and angles by
calculating the correlation coefficient (R) and mean absolute error (MAE). The second
parameter determines the average value of the difference between crystallographic and
optimized structural parameters. Tables S1 and S2 present calculated values, while the
optimized structure is shown in Figure 2b.

When the experimental and theoretical bond lengths and angles were compared, the
following correlation coefficients were obtained: 0.99 and 0.98, respectively. The MAE
value for bond lengths was 0.06 A, while for bond angles, it was 1.6°. These differences
are expected due to the relaxation of the system upon optimization [18]. The distance
between phenolic oxygen and Co(III) is 1.89 A in both structures. A difference of 0.05 A
was found for the bond distance between hydrazine nitrogen and central metal ions, which
can be attributed to the partial relaxation of the system. The amino group of PLITSC
forms an interaction with Co(III) with a distance of 1.89/1.93 A in experimental /theoretical
structure. Three ammonia ligands are distributed around central metal ions, with the
two above the PLITSC plane being equal (N—Co bond length 1.993 A in the optimized
structure). This bond distance is elongated in the case of an ammonia molecule coplanar
with PLITSC (2.05 A). Due to the elongated delocalization of the electron cloud within the
PLITSC structure, the bond lengths within the ligand are not significantly influenced by
the complexation. Even before optimization, the crystallographic structure was almost a
regular octahedron, which was limited because three donor atoms are part of the same
ligand system. The angles O—Co—Npyq4r and O—Co—Namino are 96.1 and 82.1° in the
optimized structure. On average, 1-2° were the discrepancies between experimental and
theoretical bond angles, including amino groups. It is important to mention that the
presence of ammonia ligands does not influence the bonding pattern between PLITSC and
Co(III) when the structure of 1 is compared to literature data [18].
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2.5. Antibacterial Activity

The emergence of bacterial resistance to antibiotics represents a significant global
health concern [43-45]. There is a pressing necessity to explore novel, cost-effective thera-
peutic agents that have enhanced efficacy in addressing microbial illnesses and combating
bacterial resistance. The antimicrobial effectiveness of compound 1 was assessed against
two pathogenic bacterial species, E. coli and B. subtilis. The concentration ranges were
adjusted from 0.25 to 2 mg mL ™!, and the zones of inhibition are presented in Table 1. The
zone of inhibition increased in a concentration-dependent manner, between 8 and 23 mm
for E. coli and 9 and 25 mm for B. subtilis. For the positive control, Streptomycin, the zone
of inhibition was 14 mm for E. coli and 17 mm for B. subtilis when the lowest concentration
was considered.

Table 1. Zone of inhibition of compound 1 and standard drug against tested bacteria.

Zone of Inhibition (mm)

. . Concentration IR .
Microorganisms (mg mL-1) Compound 1 Positive Negative
Control Control
0.25 8+0.2 14 +£ 0.3 Zero inhibition
. 0.5 13+0.2
E. coli 1 18 402
2 23+ 0.3
0.25 9+0.2 17+ 0.2 Zero inhibition
. 0.5 14 +£0.2
B. subtilis 1 19 + 0.3
2 25+ 0.4

The activity of this compound was found to be greater than those of other Co(IlI),
Zn(II), Ni(II), and Cu(Il) complexes with analogous ligands, as reported in previous re-
search [18,40,46]. This study demonstrated that complexes comprising thiosemicarbazone
and semicarbazone ligands have a moderately high activity against E. coli and B. subtilis.
The observed difference in antibacterial activity can be ascribed to the disparity in the com-
position of the bacterial cell walls. E. coli, classified as a Gram-negative bacterium, possesses
a relatively thin peptidoglycan layer and an outer lipopolysaccharide membrane (LPS)
with a layered structure. In contrast, B. subtilis, classified as a Gram-positive bacterium,
solely possesses a thick peptidoglycan layer without any other layers [47]. A cell wall in a
bacterial cell facilitates the establishment of a distinct form and structure. Additionally, the
cell wall serves a crucial function for bacteria by acting as a protective barrier against some
particles and cells and as a potential target for certain antibiotics. Therefore, the findings
of this study confirm that ROS were generated intracellularly due to the presence of the
substances mentioned earlier. Furthermore, these ROS were found to be crucial in the
suppression of detrimental activities exhibited by diverse microorganisms.

2.6. Minimum Inhibitory Concentration

The MIC of compound 1 was also evaluated against the mentioned microorganisms.
Solutions with concentrations of compound 1 ranging from 20 to 60 jtg mL~! were prepared.
Table 2 demonstrates that the MIC values for E. coli and B. subtilis were 40 and 30 pg mL 1,
respectively. On the other side, chloramphenicol was active towards both strains, even at
the lowest concentration. These results also prove the moderate activity of 1 towards the
investigated microorganisms. The observed outcomes are consistent with the findings of
other experiments and can be ascribed to the generation of ROS. The results obtained in
this study are comparable to analogous substances reported in the existing literature.
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Table 2. Zone of inhibition of compounds 1 and 2 and standard drug against tested bacteria.
Concentration (ug mL—1)

Compound Bacteri

P acterium 60 50 40 30 20

E. coli - - - + +

Compound 1 B. subtilis — — - - +

. E. coli - - - - -

Chloramphenicol B. subtilis B _ _ _ _

— represents strong inhibition of bacteria, + represents partial inhibition of bacteria.

2.7. ROS Generation

The formation of ROS within the bacterial cell was examined to understand a potential
mechanism of antibacterial activity. Figure 3a,b illustrate the presence of intracellular ROS
both before and after treatment with compound 1. Figure 3a shows the absence of green
fluorescence when irradiated with 488 nm in the case of untreated E. coli. The appearance
of green fluorescence is evident in Figure 3b, where E. coli is represented as 1. These
results prove the assumption that ROS can be formed in the presence of compound 1.
These ROS include hydroxyl (OH:), superoxide anion radicals (O;-7), and hydrogen
peroxide (HyO3). The 2,7-dichlorodihydrofluorescein diacetate undergoes oxidation in the
presence of ROS, forming dichlorofluorescein. As a result, the ROS increased oxidative
stress within the bacterial cells. The increasing oxidative stress leads to the elimination
of intracellular species at the molecular level. The demise of bacteria occurs through the
breakdown of macromolecules and cellular components, including the cell membrane,
RNA, mitochondria, DNA, and different proteins within the cell [48,49].

Figure 3. Determination of ROS in (a) absence and (b) presence of compound 1.

2.8. Molecular Docking Studies

As no suitable target matches were found for the compounds, molecular docking
studies involving proteins suggested by the Swiss Target Prediction web server as po-
tential targets for the PLITSC molecule were performed. These proteins included matrix
metalloproteinase 2 (PDB ID: 512Z [50]), cyclooxygenase-2 (PDB ID: 6BL4 [51]), protein far-
nesyltransferase (PDB ID: 2F0Y [52]), and neural nitric-oxide synthase in the brain (PDB ID:
4UHS6 [53]). The docking calculations were performed on refined protein crystal structures
extracted from the Protein Data Bank (PDB) with water and small molecules removed. The
most promising results were obtained with the neural nitric-oxide synthase (brain nNOS
or NOS-1), where all ligands exhibited successful binding within the active sites of the
nNOS enzyme.

nNOS, or Nitric Oxide Synthase 1, is a pivotal signaling protein within the nervous
system. It operates in an active state as a homodimer, with the transfer of electrical signals
occurring from one dimer to another monomer. The monomeric structure of neuronal
NOS (nNOS) reveals a bidomain architecture comprising an oxygenase domain located
at the N-terminal and a reductase domain positioned at the C-terminal, separated by a
calmodulin-binding motif. The oxygenase domain, responsible for binding the substrate
L-arginine, encompasses essential functional sites, including a tetrahydrobiopterin (BH4)
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binding site and a cytochrome P-450-type heme active site. Furthermore, a dedicated
binding site for zinc (Zn) plays a crucial role in facilitating the dimerization of nNOS.
Neuronal NOS’s multifaceted functions encompass its involvement in synaptic plasticity
within the central nervous system (CNS), which contributes to the relaxation of smooth
muscles, regulates central blood pressure, and promotes vasodilation through peripheral
nerves [54,55].

All ligands exhibit the capacity to bind within the active sites of the nNOS enzyme.
However, their binding energies are notably lower compared to naturally bound ligands. In
molecular docking simulations on the nNOS dimer, complex 1 binds to distinct active sites
within the nNOS molecule. Specifically, this compound binds proximate to the hemoglobin
(HEM) molecule binding site in chains A and B, as shown in Figure 4. The binding energies
for 1 are notably lower in both nNOS monomers, registering at —32.2 and —28.5 k] mol !,
as opposed to the HEM molecule with significantly higher binding energies of —43.1 and
—42.2 k] mol~!. Notably, these active sites are not the primary choice for binding HEM;
they rank fifth in preference.

nNOS
4UH6 dimer

Figure 4. Depiction of the nNOS dimer (PDB ID: 4UH6) composed of two monomers, Chain A
and Chain B. Hemoglobin (HEM), functioning as a prosthetic group, is presented as a light brown
structure, occupying the heme binding pockets within both chains. The computationally docked
complex is rendered in CPK style, visualized as spherical balls, and color coded in yellow.

The preferred binding location for 1 in chain A is the space above the active site for
HEM, where it interacts with amino acids Arg704, Phe709, Glu710, Ser416, and Ser418
(Figure 5). Most of these interactions involve classical hydrogen bonds established via
ammonia molecules within the structure of 1. Additionally, there are cation— interactions
and some hydrophobic interactions. In chain B, the obtained complex binds to the HEM
active site and interacts with Cys420, Val572, Phe589, Trp592, and Glu592. Only one
ammonia molecule is involved in establishing three hydrogen bonds. Furthermore, 7-
sulfur and m—m T—shaped interactions are observed.

Interestingly, the PLITSC ligand appears to dictate the binding positions within the
nNOS molecule, occupying the same sites as the complexes mentioned earlier. However,
the presence of other ligands in complexes with cobalt (ammonia molecules) intensifies
and increases the number of favorable interactions. The binding energies are the lowest
for PLITSC, amounting to —29.3 k] mol~1 in chain A and even lower at —28.0 kJ mol~1in
chain B. The PLITSC molecule interacts with amino acids Thr329, Ser418, Arg419, Asn702,
Glu710, Cys331, and Cys336, with hydrogen bonds being the primary mode of interaction.
Hydrophobic interactions are also evident. In isolated PLITSC molecules, the formation
of the complex formation occurs, but interactions with the 7t system of the aromatic ring
are not observed. Nonetheless, interactions involving amino groups, nitrogen, and oxygen
atoms are prominent. In chain B, interactions are limited, established only with amino
acids Arg419, Cys420, and Asp680, including hydrophobic interactions, classic hydrogen
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bonds, and carbon-hydrogen bonds. The bound PLITSC molecule coincides with the HEM
active site.

Arg 704 Phe 709 | TyrJlly
Glu 710 W
* Arg 419 ] P S 8
Y & A # Y\ Gly710

Chain A

4UHG6 dimer,
&
- |
S

N Thr 329

Cys 336‘\’_@ 331
Figure 5. Visualization of intermolecular interactions of the complex (1) and PLITSC above the heme
binding site of chain A in the nNOS molecule (PDB ID: 4UHS6).

nNQOS,

3. Materials and Methods
3.1. Chemicals and Instruments

All commercially obtained reagent-grade chemicals were used without further pu-
rification. The ligand, pyridoxal-isothio-semicarbazone, was prepared according to the
described procedures [14]. The elemental analyses (C, H, N, and S) of air-dried samples
were conducted on an Elementar Vario El III (Elementar Analysensysteme GmbH, Lan-
genselbold, Germany). The measurements were repeated three times and analyzed through
oxidation at 1200 °C. The gaseous oxides were then separated in a column using a carrier
gas (helium). The mass percentages were calculated based on the intensity correspond-
ing to different oxides. The infrared spectra were recorded on a Thermo Nicolet-Avatar
370 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) between 4000 and
400 cm~ 1. The KBr pellet technique was used with the 1:KBr = 3 mg:150 mg mass ratio. The
UV-VIS spectrum between 200 and 800 nm was obtained on a Thermo Scientific UV-VIS
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) with a resolution of
1 nm and integration time of 0.20 s.

3.2. Synthesis of [Co(PLITSC-2H)(NH3)31((NO3)0.491Clo.509) Crystal

In 15 cm? of water 0.01 mol of PLITSC ligand was heated and dissolved. An aqueous
solution of 0.01 mol of [Co(NH3)¢]Cl3 and 0.005 mol of KNOj in 15 cm?® was also prepared
and added to the ligand solution, as presented below. KNO3 was included to increase the
solubility of the complex cobalt(III) salt, and nitrate ions were necessary for the competitive
binding with cobalt(IIl). A clear purple solution was obtained and left at room temperature
to crystallize using the slow evaporation method. After a few hours, purple crystals appear.
Yield: 0.16 g (65%). Anal. Calcd for C1oHy1CoN7O;S, 0.509(Cl) 0.491(NOs) (410.83): C,
29.21; H, 5.11; N, 25.28; S, 7.79. Found: C, 29,19; H, 5.118; N, 25.33; S, 7.70. IR: v (cm ™ !)
3133 (s), 2850 (s), 1499 (m), 1378 (s), 1307 (m), 1255 (w), 1237 (w), 1167 (s), 1036 (w), 903 (w),
746 (w). UV-VIS: 218, 250, 344, 413 nm.

3.3. X-ray Analysis

A single crystal of size 0.12 x 0.09 x 0.17 mm was obtained and submitted for the
X-ray diffraction analysis. This crystal was mounted on a glass fiber and examined at
296 K on a Bruker D8 Venture APEX diffractometer (Bruker, Billerica, MA, USA) equipped
with a Photon 100 CCD area detector using graphite-monochromate Mo-Ka radiation
[A =0.71073 A]. The absorption corrections were carried out with the SCALE3 ABSPACK
algorithm implemented in the CrysAlisPro software (Rigaku, Cedar Park, TC, USA) [56].
Direct methods were used for solving the structure with SHELXS-2013. Positions of
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non-hydrogen atoms (including chlorine and nitrate ions) were refined with anisotropic
parameters using weighted full-matrix least squares on F2. The presence of chlorine and
nitrate ion constitutes substitutional disorder. PART instruction within SHELXL program
was used to find the position and population for each atom within the anion structures. Re-
straints on nitrogen—oxygen bond length were applied. On the other hand, hydrogen atoms
bonded to carbon atoms were placed in the calculated positions, according to the riding
model. The positions of oxygen- and nitrogen-bonded hydrogen atoms were obtained from
different Fourier maps and refined with appropriate constraints. Hydrogen positions were
checked for feasibility by examining the hydrogen-bonding network. Crystallographic
data were deposited in the Cambridge Crystallographic Data Centre (CCDC, 12 Union
Road, Cambridge CB2 IEZ, UK; e-mail: depos-it@ccdc.cam.ac.uk), CCDC number 2277681.
Crystal data collection and structure refinement are provided in Table 3.

Table 3. Crystal data and structure refinement details of compound 1.

Empirical Formula C10H21CoN70O,S, 0.509(C1) 0.491(NO3)
Formula weight [g mol—1] 410.83
Temperature [K] 123 K
Wavelength [A] 1.54184
Crystal system monoclinic
Space group P2y /n
Volume [A3] 2018.70(6)

a=11.1588(7)

b =12.5163(5)

c=15.1557(2)
=90

[ =107.505(1)
v =90

Z 4

Unit cell dimension [A, deg]

3.4. Hirshfeld Surface Analysis

The intermolecular interactions that are important for the stability of crystal structure
were investigated using the Hirshfeld surface analysis. CrystalExplorer program [57] was
employed to analyze contacts between atoms within the crystallographic structure. This
surface analysis is presented in a graph connecting two distances, one between the two
nearest nuclei (de) and the other between the nuclei and external surface (di) [41,58,59]. The
distances are normalized and colored depending on the van der Waals radii separation. Red,
white, and blue colors are applied if the separation is shorter, equal, or longer than these
radii. The normalized distances are between —0.9901 (red) and 2.8692 (blue). Fingerprint
plots present the specific contact points between atoms and the relative percentages of
these contacts in the total number of interactions. Fingerprint plots are shown in the
Supplementary Materials.

3.5. Theoretical Analysis

The crystallographic structure was optimized in the Gaussian 09 [60] Program Package
(Gaussian 09, Revision C 01) without any geometrical constraints. The following levels
of theory were applied: B3LYP/6-31 + G(d,p) non-metallic atoms (H, C, N, O, S) [61,62]
and B3LYP/LanL2DZ for Co [63,64]. This level of theory was previously applied for the
transition metal complexes containing similar ligand systems [18,40-42] and allowed the
assignation of the spectra and reactivity assessment. The minimum on the potential energy
surface was obtained, as shown by the absence of imaginary frequencies. Several spin
states were optimized, and the one that resembled the crystallographic structure the most
was later used throughout the paper.
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3.6. Antibacterial Activity

The agar well diffusion method is widely recognized for assessing compounds” an-
tibacterial efficacy [65-67]. The procedure entails cultivating bacterial cells, Escherichia coli,
and Bacillus subtilis, in an LB (Luria—Bertani) medium for approximately 24 h in the incu-
bator set at 37 °C. Aseptic swabs were utilized to streak the inoculum of the mentioned
bacterium onto the Muller-Hinton agar plate. A sterilized cork borer was employed to
create wells measuring 6 mm in diameter on the nutrient agar (Merck, Darmstadt, Ger-
many) plates. Subsequently, a 50 uL aqueous solution containing different concentrations
of compound 1 (0.25, 0.5, 1, and 2 mg mL~1) was inserted into the wells. The nutritional
agar dishes were carefully shifted to an incubator set at 37 °C, where they were allowed to
incubate for 24 h. In this study, Streptomycin was employed as the standard.

3.7. Reactive Oxygen Species (ROS) Generation

The production of ROS was facilitated through the utilization of 2,7-dichlorodihydroflu
orescein diacetate (DCFH-DA) [68]. This dye is highly effective for evaluating the reactive
oxygen species (ROS) levels in bacterial cells due to the oxidative stress caused by external
substances. The E. coli bacterial strain was incubated for approximately three hours with a
specified amount of compound 1. The E. coli cell culture was centrifuged at 1000 rpm for
15 min and washed with phosphate-buffered saline (PBS) solution. Subsequently, 1 mL of
solution containing 20 mM of 2,7-dichlorofluorescein diacetate was mixed with the suspen-
sion for 60 min. Finally, the cells were subjected to an ethanol rinse to remove the excess
dye. Excitation and emission fluorescence were followed by a fluorescence microscope,
with an excitation wavelength set to 488 nm and emission recorded at 535 nm [69,70].

3.8. Minimum Inhibition Concentration (MIC)

A serial dilution technique was applied to determine the minimum inhibitory con-
centration (MIC) of compound 1 against the selected microorganisms [71,72]. Solutions of
various concentrations (ranging from 20 to 120 pg mL~!) of compound 1 were prepared.
A volume of 1 mL was taken from each standard solution and transferred into a sterile
test tube. This portion was combined with 1 mL of a bacterial solution, including E. coli
and B. subtilis, with a turbidity standard of 0.5 McFarland. The tubes were placed in a
shaking incubator for 24 h at 37 °C. The MIC was determined by employing the Beckman
DU-70 UV-VIS Spectrophotometer (Beckman Coulter, Brea, CA, USA) utilizing the minimal
concentration tube that exhibited the highest level of reduction in bacterial growth. The
test tube without compound 1 was considered as a negative control. All measurements
were repeated three times.

3.9. Molecular Docking Analysis

The optimized structure of 1 was used for the protein binding studies. The PLITSC
ligand was extracted from the original Co-complex and independently optimized at the
B3LYP/6-31 + G(d,p) level of theory. The Swiss Target Prediction web server [73,74] was
employed to identify potential target proteins for these compounds. Notably, only a few
matches were found for PLITSC, while this platform failed to locate suitable targets for
complexes. Molecular docking calculations were performed on all suggested targets for
the PLITSC ligand to determine the most relevant target protein. Small molecules and
target proteins were prepared for docking calculations using AutoDockTools4 [75] software.
The actual docking calculations were executed employing AutoDockVina [76] software.
Finally, BIOVIA Discovery Studio [77] was employed for the visualization and in-depth
data analysis of the docking results.

4. Conclusions

A novel Co(Ill) with pyridoxal-isothiosemicarbazone (PLITSC) was synthesized and
characterized using an elemental analysis, IR and UV-VIS spectroscopies, and X-ray crystal-
lography. PLITSC is in a dianionic form and, together with three ammonium molecules, forms
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an octahedral geometry around a central metal ion. In the outer sphere, nitrate and chloride
anions are present. The highest number of interactions are formed between hydrogen atoms
and electronegative elements, as shown in the Hirshfeld surface analysis. The crystallographic
structure was optimized at the B3LYP/6-31 + G(d,p)(H,C,N,O,S)/LanL.2DZ(Co) level of
theory. High correlation coefficients (>0.98) and low MAE values proved the applicability
of the chosen level of theory. Compared to Streptomycin, the title compound was moder-
ately active toward E. coli and B. subtilis. The minimum inhibitory concentrations of the
complex against E. coli and B. subtilis were 40 and 30 ug mL~!, respectively. The underlying
mechanism of antibacterial activity could be the production of the reactive oxygen species,
as shown in the experiment with 2,7-dichlorodihydrofluorescein. Complex 1 interacted
with the amino acids of the active pocket of Nitric Oxide Synthase 1 in the same position as
hemoglobin. The most important interactions originated from the PLITSC ligand, which
showed that this ligand dictated the binding position. The strength of interactions between
other ligands was negligible. These promising results should be further examined for the
possible applications of the obtained complex.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11120466/s1, Table S1: Crystallographic and optimized
(at BBLYP/6-31 + G(H,C,N,S,0)/LanL2DZ(Co)) bond lengths (in A) of [Co(PLITSC-2H)(NH3)3]*;
Table S2: Crystallographic and optimized (at B3LYP/6-31 + G(H,C,N,5,0)/LanL2DZ(Co)) bond
angles (in °) of [Co(PLITSC-2H)(NHj3)3]*; Figure S1: IR spectrum of 1; Figure S2: UV-VIS spectrum
of 1; Figure S3: The fingerprint plots for the most important interactions within crystal structure of 1.
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