
Citation: Fontana, L.A.; Martins, F.M.;

Siqueira, J.D.; Serpa, C.; Chaves, O.A.;

Back, D.F. Synthesis of Cobalt(III)

Complexes Derived from Pyridoxal:

Structural Cleavage Evaluations and

In Silico Calculations for Biological

Targets. Inorganics 2024, 12, 171.

https://doi.org/10.3390/

inorganics12060171

Academic Editors: Snežana
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Abstract: This study sought to investigate the synthesis of eight complexes constituted by a cobalt(III)
(CoIII) metallic center coordinated to two units of iminic ligands LnC (n = 1–4, L1C–L4C), which
are derivatives of pyridoxal hydrochloride and anilines with thioether function containing one
to four carbons. Depending on the source of the cobalt ion and the addition (or not) of a non-
coordinating counterion, complexes with distinct structures may form, being categorized into two
series: [CoIII(LnC)(L0C)] (n = 1–4, C1’–C4’) with a LnC ligand and a ligand that has a thiolate function
which cleaves the C-S(thioether) bond (L0C) and [CoIII(LnC)2]PF6 (n = 1–4, C1–C4) with two similar
units of the same LnC ligand. The occurrence (or not) of cleavage in the eight complexes was observed
by elucidating the solid-state structures by single crystal X-ray diffraction. This exciting method
allows the synthesis of CoIII complexes without cleaving the C-S bonds from the ligands, thereby not
requiring an inert atmosphere in the reaction systems. The synthesized complexes were evaluated by
in silico calculations on viable biological targets such as deoxyribonucleic acid, superoxide dismutase
enzyme, human serum albumin, and the structural spike glycoprotein of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) with the receptor binding domain (RBD) in both up and down
conformations without and in complex with the cellular receptor angiotensin-converting enzyme 2
(ACE2). Overall, in silico results suggested that all the inorganic complexes under study are potential
anticancer/antiviral agents; however, C4 and C4’ are the best candidates for future in vitro assays.

Keywords: pyridoxal; cleavage; CoIII complexes; C-S(thioether); in silico calculations; anticancer;
antiviral

1. Introduction

Carbon–sulfur bonds of specific organosulfur compounds, such as C(alkyl)-S and
C(aryl)-S [1], can be catalytically activated by thiophilic metal ions and undergo cleavage
and subsequent transformation [2]. This process can be led by transition metal centers and
their compounds forming new sulfur molecules or sulfide-containing complexes [1]. These
metal ion-mediated cleavages and transformation processes of C-S bonds are important
in the oil and fuel industries [3], synthetic chemistry [4], and biological mechanisms [4],
including the functioning of the enzyme methyl-coenzyme M reductase [5].
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Recent reports have described the cleavage of C-S bonds by the action of different
transition metal ions, such as palladium [6,7], iron [8], rhodium [1,9], copper [10], nickel [4],
and cobalt [11–15]—a trace element essential for human life [16]. The catalytic action of
cobalt as a constituent of cobalamin (vitamin B12) stands out [17], as it is a crucial part
of DNA synthesis and cellular energy production [18]. In mammals, its forms containing
methyl and adenosyl ligands are present as a cofactor of two enzymes: methionine syn-
thase and methylmalonyl-CoA mutase [17–19]. Cobalt(II) (CoII) forms labile high-spin
complexes with different possible coordination numbers. In contrast, cobalt(III) (CoIII) has
octahedral coordination with high or low spin configurations, the latter being inert for
ligand substitution and diamagnetic due to the d6 configuration [20].

To improve processes involving C-S bond activation, the rational design and synthesis
of ligands are fundamental since their characteristics (e.g., size and coordinating capacities
of these molecules) influence the properties of metallic centers [9]. Among the possibilities,
there are Schiff base ligands—organic compounds with C=N (imine) bonds [21]. Thus,
to coordinate with octahedral metallic centers (e.g., CoIII), an interesting iminic ligand
can be obtained by condensing derivatized anilines and aldehydes [22,23], most notably
pyridoxal. This vitamin B6 derivative has structural diversity [24,25] and groups that form
possible intermolecular interactions [26] including coordination with different charges and
Pearson’s absolute hardnesses, e.g., phenol/phenolate oxygen and imine nitrogen [27].

The design and development of drugs containing metal ions (metallodrugs) have
gained significant attention in recent years for their potential applications in cancer and
viral treatments [28,29]. One of the most well-known metallodrugs used in cancer therapy is
cisplatin and its derivatives, carboplatin and oxaliplatin. These complexes have the capacity
to bind to deoxyribonucleic acid (DNA), causing structural changes that inhibit cell division
and promote apoptosis [30,31]. However, novel metallodrugs have been designed to also
inhibit specific enzymes crucial for cancer cell survival and generate reactive oxygen
species (ROS) to induce oxidative stress and apoptosis selectively, e.g., platinum- and
palladium-based compounds [32–37]. Interestingly, some reports correlated the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection with increasing probability
of cancer development in different organs [38–40] and due to the unique mechanisms
of action and the versatility of metallodrugs in interacting with biological molecules,
e.g., targeting specific crucial steps for cancer cells and also interfering with the viral
replication process, either by directly targeting viral components or by modulating host
cellular mechanisms, metallodrugs might represent a promising frontier in both cancer
and antiviral therapies [41,42]. In this sense, cobalt Schiff base complexes have gained
attention, mainly due to their ability to induce apoptosis in cancer cells [43,44] and inhibit
viral replication by targeting different viral enzymes [45,46], which offers a promising
avenue for the development new therapies.

Thus, the present work reports the synthesis of a series of Schiff bases derived from
pyridoxal and S-alkylated anilines containing different substituents, e.g., methyl, ethyl,
propyl, and butyl, resulting in monomers containing CoIII cations. Depending on the condi-
tions employed during the synthesis, bond cleavages between carbon and thioether atoms
(C-sulfur) were observed. Additionally, molecular docking calculations were performed
for [CoIII(LnC)2]PF6 (n = 1–4, C1–C4) and [CoIII(LnC)(L0C)] (n = 1–4, C1’–C4’) series com-
plexes concerning their interactive profile with deoxyribonucleic acid (DNA), human serum
albumin (HSA), and superoxide ions to preliminarily evaluate their anticancer profiles.
Finally, the CoIII complexes were also in silico evaluated with the structural spike protein
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with receptor binding
domain (RBD) in both up and down conformations without and in complex with the
cellular receptor angiotensin-converting enzyme 2 (ACE2) due to the correlation between
SARS-CoV-2 infection and oncogenesis [47]. The in silico results and their corresponding
trends were compared with experimental data from the literature for other cobalt com-
plexes. The novelty of this study lies in the relationship between the calculated in silico
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activity and the differentiation of the complexes that showed C-S(thioether) bond cleavage
and those that did not.

2. Results and Discussion

2.1. [CoIII(LnC)(L0C)] Series Complexes (C1’–C4’)

The iminic ligands (L1C–L4C) were synthesized in an inert argon atmosphere using
dry methanol, as summarized in the synthetic pathways in Scheme 1. On the other hand,
the complexation reactions between ligands L1C–L4C and CoII acetate were done by bub-
bling atmospheric air every hour in the reactive medium, as summarized in the synthetic
pathways in Scheme 2. In this case, a series of mononuclear complexes [CoIII(LnC)(L0C)]
(n = 1–4, C1’–C4’) was obtained. The ORTEP-3.1 diagrams of the molecular structures of
the [CoIII(LnC)(L0C)] series complexes (C1’–C4’) in the solid state are illustrated in Figure 1.
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Figure 1. ORTEP-3.1 projection of the molecular structures of the [CoIII(LnC)(L0C)] series complexes
(C1’–C4’) in the solid state. Ellipsoids were calculated at 50% probability, and hydrogens and
crystallization solvate are omitted for better visualization. In the case of the C1’ complex, solvates
from the starting material are not represented.

In this series of CoIII complexes, two distinct ligands coordinate with the cobalt cation
were obtained. In the LnC form, coordination occurs by phenolate oxygen, imine nitrogen,
and thioether sulfur atoms, being monoanionic species by the deprotonation of phenol. In
the second form, L0C, the coordination occurs between a phenolate oxygen, imine nitrogen,
and thiolate sulfur atom. The last highlighted organic function was formed in situ by the
scission of the bond between carbon and thioether sulfur, which lost the aliphatic carbon
chain. Thus, this thiolate anionic function with the charge of the phenolate oxygen makes
L0C a dianionic ligand.

In the C1’–C4’ compounds, the coordination of the ligands LnC in the monoanionic
form and L0C in the dianionic form led to the formation of a neutral complex, and the
cobalt metallic centers presented a trivalent oxidation state of the O2N2S2 type. The bond
length and angle values related to the coordination spheres of the C1’–C4’ complexes
and their respective comparisons with values in the literature are summarized in Table 1.
It was noted that the bond length values converged with each other for CoIII-N(imine),
CoIII-O(phenolate), CoIII-S(thioether), and CoIII-S(thiolate) bonds.
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Table 1. The bonds’ length and angle values related to the coordination spheres of the
[CoIII(LnC)(L0C)] (C1’–C4’) complex series and their respective comparisons with values found
in the literature.

Parameter CoIII-Donor Atom C1’ C2’ C3’ C4’ Literature

Bo
nd

s
le

ng
th

s
(Å

) CoIII-N(iminic)
1.911 (3)
1.919 (3)

1.915 (4)
1.918 (4)

1.924 (2)
1.936 (2)

1.897 (5)
1.904 (5)

1.913 (3) [14]
1.926 (2) [14]
1.903 (2) [48]
1.910 (2) [48]

CoIII-O(phenolate)
1.900 (3)
1.920 (3)

1.916 (3)
1.917 (3)

1.9187 (19)
1.9311 (19)

1.903 (3)
1.927 (3)

1.894 (2) [14]
1.914 (2) [14]

CoIII-S(thioether) 2.2193 (12) 2.2444 (14) 2.2485 (10) 2.2379 (15) 2.2274 (9) [14]

CoIII-S(thiolate) 2.2345 (13) 2.2330 (14) 2.2504 (10) 2.2377 (16)
2.2384 (9) [14]
2.237 (2) [48]
2.243 (1) [48]

Parameter Donor Atom-CoIII-Donor Atom C1’ C2’ C3’ C4’

Bo
nd

s
an

gl
es

(◦
)

O(phenolate)-CoIII-N(imine)

86.83 (13) 86.77 (13) 88.26 (9) 88.33 (15)
87.89 (13) 87.44 (14) 89.53 (9) 88.35 (17)
92.60 (14) 94.05 (14) 92.40 (9) 92.00 (17)
93.09 (13) 94.10 (14) 93.24 (9) 93.37 (17)

O(phenolate)-CoIII-O(phenolate) 89.07 (13) 87.65 (12) 86.45 (8) 88.22 (14)

N(imine)-CoIII-N(imine) 178.86 (15) 178.31 (14) 177.19 (9) 178.27 (17)

O(phenolate)-CoIII-S(thioether)
94.27 (9) 93.72 (10) 93.11 (7) 93.40 (11)

176.35 (10) 177.68 (10) 178.00 (6) 178.36 (11)

N(imine)-CoIII-S(thioether)
88.57 (10) 87.83 (10) 85.64 (7) 86.45 (14)
90.48 (11) 91.26 (10) 93.72 (8) 91.83 (13)

O(phenolate)-CoIII-S(thiolate)
92.13 (10) 94.64 (10) 93.11 (7) 93.12 (11)
178.76 (9) 176.92 (10) 179.42 (6) 178.49 (12)

N(imine)-CoIII-S(thiolate)
87.74 (12) 88.15 (10) 87.12 (8) 87.34 (14)
92.81 (11) 90.34 (10) 90.11 (7) 92.27 (14)

S(thioether)-CoIII-S(thiolate) 84.53 (5) 84.06 (6) 87.31 (4) 85.26 (6)

The cleavage of C-S(thioether) bonds by cobalt ion was studied in hexadentate lig-
ands derived from S-alkylated anilines containing two or three methylenes by different
authors [11–15]. To obtain the C1’–C4’ complexes, a similar method as previously reported
was employed [13–15], in which CoII acetate was used in the presence of dioxygen in the
medium of the complexation reactions. An oxidative cleavage occurs in these cases, in
which the carbon from methylene bonded to sulfur thioether is base-induced to activate,
leading to its deprotonation and cleavage of the carbon–sulfur bond [15]. Recent evidence
has suggested that oxygen is necessary in the reaction medium for the in situ oxidation of
CoII to CoIII and cleavage of the C-S bond [13,14].

In these studies, the authors reported that the cleavage requires the formation of a
stable five-membered metallacycle between cobalt and thioether sulfurs (-S-Co-S-). Thus,
the cleavage occurs to avoid forming an unfavorable four-membered ring [14,15]. In
the present work, we extended the study of these cleavages to S-alkylated anilines with
monohaloalkanes in initially tridentate ligands that, in turn, do not form such -S-Co-S-
metallacycles (Scheme 3).
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Interestingly, under favorable synthesis conditions, the cleavage of the bond between
carbon and sulfur thioether occurs mainly by electronic factors. With the formation and
coordination of an anionic sulfur thiolate, a better σ-donor, there is a better stabilization
of the CoIII center, probably with a low spin. Furthermore, in the ligand-to-metal charge
transfer (LMCT), sulfur in the form of thiolate is favored when cobalt is trivalent [13]. As
the cleavage occurs in only one of the two ligands in the monoanionic form coordinated to
the same metallic center, this phenomenon leads to the formation of a third anionic charge
to stabilize the CoIII ion in the form of a neutral hexacoordinated complex.

Furthermore, Rajsekhar and coworkers [13,14] showed that cleavage of the C-S bond
of hexadentate imine ligands derived from salicylaldehydes and S-alkylated aniline with
two methylenes also occurs using other CoII salts (i.e., hydrated chloride and sulfate).
However, the authors found that the coordination reactions of the same ligands, although
with NiII and ZnII acetates, divalent metal ions with restricted redox behavior, do not
lead the cleavage of the C-S bond and the formation of coordinated sulfur thiolate. In
these two later cases, the formation of neutral complexes occurs by the coordination of the
hexadentate ligand in the dianionic form to the NiII and ZnII centers by sulfur thioether
donor atoms [13,14].

2.2. [CoIII(LnC)(L0C)] Series Complexes (C1–C4)

A mononuclear [CoIII(LnC)2]PF6 (n = 1–4, C1–C4) complex series was obtained af-
ter the reactions between the same ligands L1C–L4C (Scheme 1) but with the dichloro-
bis(triphenylphosphine)cobalt(II) (CoIICl2(PPh3)2) complex as a source of cobalt cations
and with the addition of potassium(I) hexafluorophosphate (KPF6) in methanol in an
open atmosphere (Scheme 2). The ORTEP-3.1 diagrams of the molecular structures of the
[CoIII(LnC)2]PF6 series complexes (C1–C4) in the solid state are shown in Figure 2.
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In these four synthesized compounds, it was observed that two similar LnC ligands
coordinated to the same metallic center via a phenolate oxygen atom, an imine nitrogen
atom, and a thioether sulfur atom. Since thioether sulfur and imine nitrogen are neutral
donor atoms and phenolic oxygen is deprotonated with (1-) charge, such LnC ligands are
considered monoanionic.

Once the C1–C4 complexes are isolated in the form of KPF6 salt, a non-coordinating
counterion with intense use in coordination chemistry, all complexes in this series can
be denominated as monocationic complex ions. Thus, by the sum of the charges and
coordination profile, it can be concluded that C1–C4 also present trivalent cobalt species
and the O2N2S2 type.

Hence, in these cases, it is plausible that the air-stable phosphine–cobalt(II) com-
plex [49] oxidizes from 2+ to 3+ in the reaction medium previously oxidized in the co-
ordination to ligands L1C–L4C, preventing the cleavage of the carbon–sulfur bond and,
consequently, without the formation of another anionic charge of the sulfur thiolate. The
bond length and angle values related to the coordination spheres of the C1–C4 complexes
and their respective comparisons with values in the literature are summarized in Table 2.
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It was noted that the bond length values converge with each other for CoIII-N(imine),
CoIII-O(phenolate), CoIII-S(thioether), and CoIII-S(thiolate) bonds.

Table 2. The bonds’ length and angle values related to the coordination spheres of the [CoIII(LnC)2]PF6

(C1–C4) complex series and their respective comparisons with values found in the literature.

Parameter CoIII-Donor Atom C1 C2 C3 C4 Literature

Bo
nd

le
ng

th
s

(Å
)

CoIII-N(iminic)
1.925 (3) 1.916 (3) 1.9164 (13) 1.913 (3) 1.9224 (18) [50]
1.927 (3) 1.923 (3) 1.9187 (13) 1.913 (4) 1.9248 (18) [50]

CoIII-O(phenolate)
1.878 (3) 1.883 (3) 1.8793 (11) 1.873 (3) 1.8809 (15) [50]
1.880 (3) 1.883 (3) 1.8893 (10) 1.876 (3) 1.8870 (15) [50]

CoIII-S(thioether)
2.2423 (14) 2.2780 (15) 2.2684 (4) 2.2253 (13) 2.2494 (7) [50]
2.2472 (14) 2.2840 (14) 2.2698 (4) 2.2456 (12) 2.2630 (6) [50]

Parameter Donor Atom-CoIII-Donor Atom C1 C2 C3 C4

Bo
nd

s
an

gl
es

(◦
)

O(phenolate)-CoIII-N(imine)

86.23 (13) 89.61 (12) 90.49 (5) 86.10 (13)
86.97 (13) 89.82 (12) 90.79 (5) 86.85 (14)
93.89 (13) 91.35 (13) 91.95 (5) 93.83 (13)
94.40 (13) 91.81 (12) 92.41 (5) 94.20 (14)

O(phenolate)-CoIII-O(phenolate) 88.92 (13) 89.28 (12) 87.83 (5) 89.03 (13)

N(imine)-CoIII-N(imine) 178.62 (14) 178.12 (13) 176.08 (5) 179.26 (15)

O(phenolate)-CoIII-S(thioether)

92.03 (10) 90.94 (9) 91.32 (3) 91.44 (10)
92.59 (10) 91.99 (9) 92.92 (4) 92.82 (10)
177.41 (9) 176.82 (9) 177.15 (4) 177.35 (9)
178.40 (9) 177.45 (9) 177.65 (4) 178.12 (10)

N(imine)-CoIII-S(thioether)

87.45 (11) 85.48 (11) 84.88 (4) 87.64 (11)
87.79 (11) 85.98 (9) 85.83 (4) 88.19 (11)
90.83 (11) 92.36 (10) 91.39 (4) 91.12 (12)
92.42 (10) 93.55 (10) 92.26 (4) 92.06 (10)

S(thioether)-CoIII-S(thiolate) 86.50 (6) 87.92 (4) 88.026 (15) 86.77 (5)

2.3. In Silico Calculations on Feasible Biological Targets for CoIII Complexes

In silico calculations by molecular docking approach have become one of the most
used tools in hit finding and hit-to-lead optimization at evaluating the drug targets via
an atomic point of view of the binding capacity [51,52]. In this sense, molecular docking
calculations for C1–C4 and C1’–C4’ were performed with deoxyribonucleic acid (DNA),
human serum albumin (HSA), and superoxide ions (O2

−) to suggest feasible biological
targets (as anticancer agents), comparing the obtained in silico trend with experimental
data previously reported in the literature for other cobalt complexes.

Genetic changes can lead to cancer if they alter the way that cells grow and spread.
Some compounds, e.g., platinum complexes, can bind covalently between two strands
of DNA (interstrand crosslinking agents) and thereby prevent vital processes such as
replication or transcription in dividing cancer cells, and for this reason these are the
first-line chemotherapy treatment for many solid human cancers [53,54]. Since platinum
resistance in the treatment of malignant diseases has already been reported [55], there is
still a necessity to identify novel inorganic complexes that might interact with DNA.

Table 3 summarizes the docking score values for the interactions of DNA: C1–C4/C1’–C4’.
The highest docking score values were obtained in the minor groove of DNA, suggesting
that the CoIII complexes might interact with DNA strands via the minor groove. Inter-
estingly, the increase of carbon in the S-alkyl moieties of CoIII complexes improved their
interactive profile with DNA. The main intermolecular forces responsible for this inter-
action are the van der Waals force and hydrogen bonding. The number of connecting
points is higher for C1’–C4’ than for C1–C4 with the corresponding lowest intermolecular
distance (Table 4 and Figure 3). Thus, it is probable that C1’–C3’ interact more strongly than



Inorganics 2024, 12, 171 9 of 23

C1–C3 with DNA; however, the opposite trend was evidenced for C4 and C4’, probably
due to the lack of additional stabilization in C4’ caused by the presence of just one S-alkyl
group. Based on the reported literature [56], the CoIII complexes under study showed
docking score values comparable with the experimental capacity of other cobalt complexes
in interactions with DNA. In addition, the compounds C4 and C4’ showed better interactive
profiles with DNA than the two reported water-soluble CoII double-stranded helicates,
[CoII

2L2
2][CoII(NCS)4]•9H2O and [CoII

2 L4
2]Cl2•11H2O, where L2 and L4 are also derived

from pyridoxal [56].

Table 3. Molecular docking score values (dimensionless) for the interactions between the inorganic
complexes C1–C4/C1’–C4’ and DNA/HSA/spike and distances between O2

.− and C1–C4/C1’–C4’.

DNA HSA SOD Mimetic Spike Glycoprotein

Sample Major
Groove

Minor
Groove

Site
I

Site
II

Site
III

Distance
Complex: O2− (Å)

Down
Conformation

Up
Conformation

Complex
ACE2

C1 36.8 38.3 20.1 ----- 24.6 1.70 47.8 37.3 36.0
C2 37.6 41.5 ----- ----- 24.9 1.80 43.6 41.8 37.5
C3 40.6 44.5 10.3 ----- 17.2 2.00 46.6 42.8 42.1
C4 41.1 47.1 ----- ----- 29.8 1.80 54.1 51.1 44.6
C1’ 36.3 43.1 42.5 ----- 59.4 2.10 46.8 44.0 40.5
C2’ 36.2 44.4 25.3 ----- 53.5 2.50 45.4 42.7 38.5
C3’ 40.4 45.2 28.9 ----- 51.0 2.10 49.4 46.4 39.9
C4’ 41.5 45.7 23.4 ----- 54.6 2.00 53.4 49.5 45.9

Table 4. Molecular docking results for the interactions between the inorganic complexes C1–C4/C1’–
C4’ and DNA/HSA.

Sample Connected Points Interactions Distance (Å)

DG-04 Hydrogen bonding 2.80
DNA: C1–C4 DC-21 Hydrogen bonding 3.10

DG-22 Van der Waals 3.30

DC-03 Van der Waals 3.60

DNA: C1’–C4’
DG-04 Hydrogen bonding 2.00
DA-05 Van der Waals 2.50
DG-22 Van der Waals 1.70

Arg-117 Hydrogen bonding 1.70
Pro-118 Van der Waals 2.60
Tyr-138 Van der Waals 1.30

HSA: C1–C4 Pro-146 Van der Waals 3.00
Phe-165 Van der Waals 2.10
Leu-182 Van der Waals 3.00
Arg-186 Van der Waals 3.70

Pro-118 Van der Waals 2.40
Tyr-138 Van der Waals 3.60
Ile-142 Van der Waals 1.00

HSA: C1’–C4’ Tyr-161 Hydrogen bonding 2.00
Phe-165 Van der Waals 2.80
Leu-182 Van der Waals 2.70
Arg-186 Hydrogen bonding 2.20
Lys-190 Van der Waals 2.40
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between the superoxide ion and each CoIII complex. Best docking pose and the corresponding zoom
representation for the interactions of (D) HSA: C1–C4 and (E) HSA: C1’–C4’ with subdomain IB (site
III). Elements’ color: hydrogen, nitrogen, oxygen, sulfur, and CoIII are in white, dark blue, red, yellow,
and beige, respectively. In the case of SOD mimetics, the ion CoIII is represented in green.

Reactive oxygen species (ROS) are critical determinants of cellular signaling and a
strict balance of ROS levels must be maintained to ensure proper cellular function and
survival. Notably, ROS are increased in cancer cells, and the essential physiological role
that the enzyme superoxide dismutase (SOD) plays in mitigating deleterious effects of ROS
during oxidative stress caused by cancer cells has been reported on for this reason [57].
SOD has this capacity due to its redox-active metal ions in the active site (Fe-, Mn- or Cu,
and Zn-SODs) which can react with superoxide ions (O2

−) [58].
Thus, since the CoIII complexes showed good in silico interactive profiles with DNA,

molecular docking calculations were also explored to suggest the capacity of these com-
plexes to also interact with O2

− and probably act as SOD mimetics. Table 3 summarizes
the distance between O2

.− and the inorganic core of C1–C4/C1’–C4’, showing a distance in
the 1.70–2.50 Å range that is inside the previously reported theoretical distance correlated
with in silico and biological data for SOD-mimetic compounds [27,59]. Overall, beyond the
good interactive profile of DNA: C1–C4/C1’–C4’, an inorganic core based on CoIII might
interact with superoxide ions, also acting as a SOD mimetic. In this case, no trend based on
the structural differences in the ligand structure was identified.

The most abundant globular protein in the human bloodstream is HSA (35–50 g/L),
which is responsible for the delivery of both endogenous and exogenous compounds, e.g.,
fatty acids, hormones, metabolites, and commercial drugs, to their target [60,61]. Thus,
since C1–C4 and C1’–C4’ are potential DNA binders and SOD mimetics, it is interesting
to evaluate, even only by in silico calculations, the capacity of these CoIII complexes to
interact with HSA to offer preliminary insights into their pharmacokinetic profiles.

The HSA structure has three main binding sites: subdomain IIA (site I), located in a
hydrophobic binding pocket, where the main fluorophore Trp-214 residue can be found;
subdomain IIIA (site II), also located in a hydrophobic binding pocket; and subdomain
IB (site III), located on the surface of the albumin [62]. As summarized in Table 3, site
II was not identified as a feasible binding pocket for CoIII complexes; however, despite
the compounds possibly interacting with sites I and III, the highest docking score values
were obtained in subdomain IB, suggesting site III as the main binding pocket for the
evaluated compounds. Differently to DNA binding, a trend based on the number of carbon
atoms in the S-alkyl moieties was not identified for HSA; however, it was suggested that
C1’–C4’ have better interactive profiles than C1–C4 with HSA. Hydrogen bonding and
van der Waals interactions are the main binding forces responsible for the stability of the
interactions of HSA: C1–C4/C1’–C4’ (Table 4 and Figure 3).

Comparing the obtained docking score values with those previously reported of
other inorganic complexes that also bind into subdomain IB [63–65], it is probable that
CoIII complexes might present low metabolization and high residence time in the human
bloodstream (moderate binding affinity). Additionally, the evaluated compounds showed
better interactive profiles with HSA than the in silico data reported on the CoII double-
stranded helicates [CoII

2L2
2][CoII(NCS)4]•9H2O and [CoII

2 L4
2]Cl2•11H2O, where L2 and

L4 are also derived from pyridoxal [56], reinforcing C1–C4 and C1’–C4’ as interesting
compounds for future in vitro assays as anticancer agents.
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During the pandemic scenario of coronavirus disease 2019 (COVID-19), different re-
ports showed diverse life-threatening effects due to severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection. Like many oncogenic viruses, it has been hypothesized
that SARS-CoV-2 employs various strategies to cause cancer in different organs [38–40].
Thus, since C1–C4 and C1’–C4’ showed in silico capacity to act as anticancer agents and
SARS-CoV-2 infection might increase the probability of causing cancer, molecular docking
calculations were also carried out on the spike glycoprotein of SARS-CoV-2 (wild type) with
the receptor binding domain (RBD) in both up and down conformations without and in
complex with the cellular receptor ACE2 to explore all feasible possibilities of interactions.
This target was chosen due to the reports of other CoIII complexes in interactions with the
spike glycoprotein of SARS-CoV-2 [66–68] and this multi-approach is important to identify
the possibility of CoIII complexes to act as anticancer/antiviral metallodrugs.

The spike glycoprotein of SARS-CoV-2 contains RBD, which is a critical target for
antiviral compounds due to its capacity in recognizing the cellular receptor ACE2. Fun-
damentally, RBD includes two structural domains: the core (highly conserved) and the
external subdomains arranged into three homologous chains (A, B, and C, Figure 4). There
is conformational equilibrium between the down and up conformations of RBD in the spike
glycoprotein, i.e., the active conformation to interact with ACE2 is the up form [69]. Since
there are not any experimental data available for CoIII complexes that identify the main
mechanisms of interaction between these inorganic complexes and the spike glycoprotein,
this work evaluated all the possibilities in silico. As summarized in Table 3, there is an
increase in the molecular docking score values from the spike glycoprotein complexed with
ACE2 to the spike glycoprotein with the three RBD in down conformations, e.g., 36.0, 37.3,
and 47.8 dimensionless to C1, suggesting that all CoIII complexes might interact preferen-
tially via a competitive mechanism. Interestingly, as depicted in Figure 4, C1–C4 or C1’–C4’
interact with the three RBD chains that are in the down conformation; however, when chain
B is in the up conformation, the CoIII complexes are dislocated, indicating that chain B
might be the main structural motif that interacts with the inorganic complexes under study.
Additionally, the electrostatic potential map of the spike glycoprotein (Figure 4) suggests
that this might occur due to the capacity of CoIII complexes to interact with positive binding
pockets. Overall, all the inorganic complexes under study are potential anticancer/antiviral
agents; however, C4 and C4’ are the best candidates for in vitro evaluations.
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Figure 4. Superposition of the best docking pose for the compounds (A) C1–C4 and (B) C1’–C4’ into
the RBD (all in down conformations) of the spike glycoprotein from SARS-CoV-2. Superposition of
the best docking pose for the compounds (C) C1–C4 and (D) C1’–C4’ into the RBD (two in down
and one in up conformation) of the spike glycoprotein from SARS-CoV-2. Superposition of the best
docking pose for the compounds (E) C1–C4 and (F) C1’–C4’ into the RBD (two in down and one in up
conformation in complex with ACE2) of the spike glycoprotein from SARS-CoV-2. The corresponding
electrostatic potential map for the protein is represented below the zoom representation of each
superposition. Elements’ color: nitrogen, oxygen, sulfur, and CoIII are in dark blue, red, yellow, and
beige, respectively. Hydrogen atoms are omitted for better interpretation.
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3. Materials and Methods
3.1. Materials and General Instrumentation

All reagents were of commercial grade and used as received. The synthetic procedures
of the S-alkylated anilines and imine ligands have already been reported elsewhere (except
for the L1C ligand, described herein) and were performed in dry methanol in an inert
argon atmosphere system [23]. The complexation reactions were carried out with methanol
without purification in an open atmosphere system.

Infrared spectra (FT-IR) were recorded using a Bruker Tensor 27 spectrometer (Bruker
Corporation, Billerica, MA, USA) with dry KBr pellets in the 4000–400 cm−1 range with
band intensities expressed as w (weak), m (medium), s (strong), and br (broad). UV-
Vis absorption spectra were recorded on a Shimadzu UV-2600 spectrometer (Shimadzu
Scientific Instruments, Inc., Columbia, MD, USA) using a quartz cuvette (1.0 cm) in N,N-
dimethylformamide (DMF) solutions. The 1H- and 13C-nuclear magnetic resonance spectra
(1H- and 13C-NMR) were recorded on a Bruker DPX-400 spectrometer (Bruker Corporation,
Billerica, MA, USA). Deuterated dimethyl sulfoxide (DMSO-d6) and deuterated chloroform
(CDCl3) were used as solvents, and tetramethylsilane (TMS) was used as the internal
reference. The chemical shifts were expressed in δ (ppm), and the coupling constants (J) in
Hz. Multiplicities were expressed as s (singlet), t (triplet), q (quartet, quintet, or sextet), m
(multiplet), and br (broad).

3.2. X-ray Crystallography

Data were collected on a Bruker D8 Venture diffractometer (Bruker Corporation,
Billerica, MA, USA) equipped with an Incoatec IµS high brilliance Mo-Kα X-ray tube with
two-dimensional Montel micro-focusing optics and a Photon 100 detector. Measurements
(C2’, C3’, C1, C3, and C4) were made at low temperature (100 K–120K) using a Cryostream
800 unit from Oxford Cryosystems (Hanborough Business Park, Long Hanborough, UK).
The structures were solved by direct methods using SHELXS [70]. Fourier-difference map
analyses yielded the positions of the non-hydrogen atoms. Refinements were carried out
with the SHELXL package version 2018/3 [71]. All refinements were made by full-matrix
least squares on F2 with anisotropic displacement parameters for all non-hydrogen atoms.
Hydrogen atoms were included in the refinement in calculated positions according to the
molecular skeletons. Drawings were done using the software ORTEP-3.1 for Windows [72].
Crystal data and more details of the data collection and refinements of complexes C1’–C4’
and C1–C4 are contained in Tables S1 and S2 in the Supplementary Materials, respectively.

3.3. S-Alkylated Aniline Synthesis

S-alkylated anilines were synthesized using dry methanol in an inert argon atmo-
sphere. 2-Aminothiophenol (2.0 mmol, 0.250 g) was dissolved in 15 mL of methanol in
a 50 mL round bottom flask, followed by the addition of potassium hydroxide (KOH,
2.0 mmol, 0.112 g). The resulting mixture was heated at 50 ◦C and kept under constant
magnetic stirring for 30 min. Afterward, a methanolic solution (10 mL) containing the
respective haloalkane (2.0 mmol) (iodomethane, ethyl bromide, propyl bromide, or butyl
bromide) was added dropwise and the resulting reaction mixture was stirred at room
temperature for 3 h. Methanol was then evaporated and the reaction was extracted with
dichloromethane, which was evaporated. The resulting oil was dissolved in 10 mL of
methanol and treated with concentrated hydrochloric acid (Scheme 1). The solvent was
evaporated and the resulting solid was washed several times with diethyl ether and re-
crystallized from methanol. The compounds 2-(ethylthio)benzenamine hydrochloride,
2-(propylthio)benzenamine hydrochloride, and 2-(butylthio)benzenamine hydrochloride
have been already published in our previous work [23]. The NMR, FT-IR, and UV-Vis
spectra of S-alkylated anilines are presented in the Supplementary Material.

2-(Methylthio)benzenamine hydrochloride. Yield: 57%. Anal. Calcd for C7H10NSCl(%):
C 47.86; H 5.74; N 7.97. Found (%): C 47.79; H 5.72; N 7.91. M.p. 160–162 ◦C. FT-IR (KBr pel-
lets, cm−1): 756 [m, ν(C-S)], 2865 [s, ν(C-NH3

+)], 1512 [m, ν (C-NH3
+)], 1566 [m, ν(C=Car)].
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1H NMR (400 MHz, DMSO-d6, δ in ppm): 2.47 (s, CH3, 3H), 7.30 (m, C-Har, 2H), 7.53
(m, C-Har, 2H). 13C NMR (400 MHz, DMSO-d6, δ in ppm): 17.0, 122.9, 127.2, 127.5, 130.6,
131.0, 132.9.

2-(Ethylthio)benzenamine hydrochloride. Yield: 68%. Anal. Calcd for C8H12NSCl
(%): C 50.65; H 6.38; N 7.38. Found (%): C 50.66; H 6.35; N 7.34. M.p. 157–158 ◦C. FT-IR
(KBr pellets, cm−1): 751 [m, ν(C-S)], 2846 [s, ν(C-NH3

+)], 1507 [m, ν (C-NH3
+)], 1558 [m,

ν(C=Car)]. 1H NMR (400 MHz, DMSO-d6, δ in ppm): 1.17 (t, CH3, 3H), 2.91 (q, CH2, 2H),
5.53 (br, C-NH3

+, 3H), 7.21 (m, C-Har, 1H), 7.31 (m, C-Har, 1H), 7.43 (m, C-Har, 1H), 7.50
(m, C-Har, 1H). 13C NMR (400 MHz, DMSO-d6, δ in ppm): 14.0, 28.3, 121.9, 125.9, 126.9,
128.1, 133.2, 136.0.

2-(Propylthio)benzenamine hydrochloride. Yield: 83%. Anal. Calcd for C9H14NSCl
(%): C 53.06; H 6.93; N 6.88. Found (%): C 53.00; H 6.92; N 6.82. M.p. 150–153 ◦C. FT-IR
(KBr pellets, cm−1): 748 [s, ν(C-S)], 2846 [s, ν(C-NH3

+)], 1473 [m, ν(C-NH3
+)], 1572 [m,

ν(C=Car)]. 1H NMR (400 MHz, DMSO-d6, δ in ppm): 0.93 (t, CH3, 3H), 1.54 (sextet, CH2,
2H), 2.87 (t, CH2-S, 2H), 5.25 (br, C-NH3

+), 7.18 (m, C-Har, 1H,), 7.26 (m, C-Har, 1H), 7.41
(m, C-Har, 1H), 7.49 (m, C-Har, 1H). 13C NMR (400 MHz, DMSO-d6, δ in ppm): 12.9, 22.0,
36.2, 122.0, 126.0, 127.4, 128.0, 133.0, 135.8.

2-(Butylthio)benzenamine hydrochloride. Yield: 94%. Anal. Calcd for C10H16NSCl
(%): C 55.16; H 7.41; N 6.43. Found (%): C 55.15; H 7.42; N 6.42. M.p. 141–143 ◦C. FT-IR
(KBr pellets, cm−1): 761 [m, ν(C-S)], 2854 [s, ν(C-NH3

+)], 1473 [m, ν(C-NH3
+)], 1557 [m,

ν(C=Car)]. 1H NMR (400 MHz, DMSO-d6, δ in ppm): 0.84 (t, CH3, 3H), 1.36 (sextet, CH2,
2H), 1.50 (quintet, CH2, 2H), 2.91 (t, CH2-S, 2H), 5.31 (br, C-NH3

+, 3H), 7.23 (m, C-Har,
1H), 7.28 (m, C-Har, 1H), 7.43 (m, C-Har, 1H), 7.51 (m, C-Har, 1H). 13C NMR (400 MHz,
DMSO-d6, δ in ppm): 13.4, 21.2, 30.7, 33.8, 122.4, 126.5, 128.0, 132.8, 135.1.

3.4. Synthesis of Iminic Ligands L1C–L4C

Iminic ligands were synthesized in an inert argon atmosphere using dry methanol.
Methanolic solutions (10 mL each) of pyridoxal hydrochloride (1.1 mmol, 0.224 g) and the
respective S-alkylated aniline (1.0 mmol) were mixed in a 50 mL round bottom flask. The
resulting mixture was refluxed for 2 h under magnetic stirring. Afterward, the reaction
mixture was cooled to room temperature and a methanolic solution (10 mL) of potassium
hydroxide (KOH, 2.1 mmol, 0.118 g) was added; the reaction was stirred at room tempera-
ture for another 15 min (Scheme 1). The methanol was then evaporated and the product
was washed several times with water and then with ethyl ether and hexane. The resulting
solid was filtered, recrystallized from methanol, and dried in a desiccator with calcium
chloride (CaCl2). The ligands L2C, L3C, and L4C have been already published in our
previous work [23]. The NMR, FT-IR, and UV-Vis spectra of the iminic ligands L1C–L4C
are provided in the Supplementary Material.

Ligand L1C: 4-(2-(methylthio)phenylimino)methyl-5-(hydroxymethyl)-2-methylpyri-
din-3-ol. Yield: 52%. Anal. Calcd. for C15H16N2O2S (%): C 62.48; H 5.59; N 9.71. Found (%):
C 62.46; H 5.60; N 9.73. M.p. 184–185 ◦C. FT-IR (KBr pellets, cm−1): 755 [m, ν(C-S)], 1606
[m, ν(C=N)], 1581 [w, ν(C=Car)], 1201 [s, ν(C-O)]. 1H NMR (400 MHz, CDCl3, δ in ppm):
2.52 (s, CH3, 3H), 2.60 (s, CH3, 3H), 4.89 (s, 2H, CH2-O), 7.21–7.36 (m, C-Har, 4H), 7.98 (s,
C-Har, 1H), 9.19 (s, C(imine)-H, 1H). UV–Visible (DMF, λmax in nm; εmax in M−1.cm−1): 272
(15,150). The structure of the L1C ligand can be evaluated in the Supporting Information,
Figure S27 and Table S3.

Ligand L2C: 4-(2-(ethylthio)phenylimino)methyl-5- (hydroxymethyl)-2-methylpyridin-
3-ol. Yield: 87%. Anal. Calcd. for C16H18N2O2S (%): C 63.55; H 6.00; N 9.26. Found (%):
C 63.52; H 6.02; N 9.25. M.p. 133–134 ◦C. FT-IR (KBr pellets, cm−1): 750 [m, ν(C-S)], 1606
[m, ν(C=N)], 1581 [m, ν(C=Car)], 1282 [s, ν(C-O)]. 1H NMR (400 MHz, CDCl3, δ in ppm):
1.39 (t, CH3, 3H), 2.60 (s, CH3, 3H), 2.99 (q, S-CH2, 2H), 4.88 (s, CH2-O, 2H), 7.21–7.41 (m,
C-Har, 4H), 7.95 (s, C-Har, 1H), 9.16 (s, C(imine)-H, 1H). UV–Visible (DMF, λmax in nm; εmax
in M−1.cm−1): 276 (11,390).
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Ligand L3C: 4-(2-(propylthio)phenylimino)methyl-5- (hydroxymethyl)-2-methylpy-
ridin-3-ol. Yield: 74%. Anal. Calcd. for C17H20N2O2S (%): C 64.53; H 6.37; N 8.85. Found
(%): C 64.58; H 6.44; N 8.77. M.p. 131–132 ◦C. FT- IR (KBr pellets, cm−1): 754 [m, ν (C-S)],
1607 [m, ν(C=N)], 1582 [w, ν(C=Car)], 1286 [m, ν(C-O)]. 1H NMR (400 MHz, CDCl3, δ
in ppm): 1.09 (t, CH3, 3H), 1.78 (sextet, CH2, 2H), 2.61 (s, CH3, 3H), 2.96 (t, CH2-S, 2H),
4.88 (s, O-CH2, 2H), 7.23–7.42 (m, C-Har, 4H), 7.94 (s, C-Har, 1H), 9.19 (s, C(imine)-H, 1H).
UV–Visible (DMF, λmax in nm; εmax in M−1.cm−1): 276 (13,370).

Ligand L4C: 4-(2-(butylthio)phenylimino)methyl-5- (hydroxymethyl)-2-methylpyridin-3-
ol. Yield: 63%. Anal. Calcd. for C18H22N2O2S (%): C 65.42; H 6.71; N 8.48. Found (%): C
65.44; H 6.77; N 8.40. M.p. 124–125 ◦C. FT- IR (KBr pellets, cm−1): 754 [m, ν(C-S)], 1607
[m, ν(C=N)], 1582 [m, ν(C=Car)], 1287 [m, ν(C-O)]. 1H NMR (400 MHz, CDCl3, δ in ppm):
0.97 (t, CH3, 3H), 1.52 (sextet, CH2, 2H), 1.73 (quintet, CH2, 2H), 2.62 (s, CH3, 3H), 2.98
(t, CH2-S, 2H), 4.88 (s, O-CH2, 2H), 7.23–7.41 (m, C-Har, 4H), 7.96 (s, C-Har, 1H), 9.18 (s,
C(imine)-H, 1H). UV–visible (DMF, λmax in nm; εmax in M−1.cm−1): 274 (16,770).

3.5. Synthesis of [CoIII(LnC)(L0C)] Series Complexes (C1’–C4’)
3.5.1. Conventional Method

The complexation reactions were carried out in an open atmosphere using methanol
without purification. Then, 0.10 mmol of the ligand (L1C, 0.029 g; L2C, 0.030 g; L3C, 0.032 g;
L4C, 0.033 g) was dissolved in 15 mL of methanol in a 50 mL round bottom flask, and
triethylamine (0.10 mmol, 0.010 g, 14 µL) was added to the solution. Cobalt(II) acetate
(CoII(CH3COO)2), 0.05 mmol, 0.009 g) was then added and the resulting solution was kept
under magnetic stirring at 60 ◦C for 3 h. During this period, air was bubbled into the
reaction mixture every hour using an electric pump (Scheme 2). Subsequently, the resulting
solution was filtered by simple filtration using filter paper; tetrahydrofuran and acetonitrile
(5 mL each) were added to the solution in the C2’ and C4’ complexes, respectively.

After slow evaporation of the solvents at room temperature, dark red single crystals
suitable for X-ray diffraction were obtained. The crystals were washed with small portions
of water and chloroform and then dried in a desiccator with CaCl2. The FT-IR and UV-Vis
spectra of the iminic complexes C1’–C4’ are demonstrated in the Supplementary Material.
Similar results were obtained in a one-pot version of these reactions (Section 3.5.2).

3.5.2. Alternative One-Pot Synthesis

In a round bottom flask containing methanol (15 mL), pyridoxal (0.10 mmol) and
the corresponding amine (0.10 mmol) were added. The resulting mixture was heated to
60 ◦C and kept under magnetic stirring for 30 min. After this period, upon the addition
of triethylamine (0.30 mmol, 0.030 g, 42 µL) an intense yellow coloration appeared, which
changed to dark brown upon addition of cobalt(II) acetate (CoII(CH3COO)2, 0.05 mmol,
0.009 g). The resulting solution was kept under magnetic stirring at 60 ◦C for 3 h. During
this period, air was bubbled into the reaction mixture every hour (during 5 min) by an
electric pump. Subsequently, the resulting solution was filtered by simple filtration through
filter paper. Specifically, in the C2’ and C4’ complexes, 5 mL of tetrahydrofuran and 5 mL of
acetonitrile, respectively, were added to the solution. After slow evaporation of the solvents
at room temperature, dark red single crystals suitable for X-ray diffraction were obtained.
The crystals were washed with small portions of water and chloroform, and then dried in a
desiccator with CaCl2.

Complex [CoIII(L1C)(L0C)]·4H2O (C1’): Crystalline material yield: 25%. MP > 350 ◦C
(decomposition). Elem. Anal. for C29H27CoN4O4S2·4H2O (690.66 g mol−1): Calc. (%):
C, 50.43; H, 5.11; N, 8.11. Found (%): C, 50.33; H, 5.03; N, 8.07. FT-IR (KBr, cm−1): 3245
[br, ν(O–H)alcohol], 3002 [w, ν(C–H)aromatic], 2915 [w, ν(C–H)aliphatic], 1602 [s, ν(C=N)imine],
1573 [w, ν(C=C)aromatic], 1266 [m, ν(C-O)aromatic], and 764 [m, ν(C-S)]. UV-Vis, λmax (DMF,
ε in M−1 cm−1): 272 nm (ε = 38,900).

Complex [CoIII(L2C)(L0C)]·THF·CH3CN (C2’): Crystalline material yield: 17%. MP ≈
315 ◦C (decomposition). Elem. Anal. for C30H29CoN4O4S2·THF·CH3CN (745.78 g mol−1):
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Calc. (%): C, 57.98; H, 5.41; N, 9.39. Found (%): C, 57.35; H, 5.30; N, 9.35. FT-IR (KBr,
cm−1): 3185 [br, ν(O–H)alcohol], 3056 [w, ν(C–H)aromatic], 1604 [m, ν(C=N)imine], 1574 [w,
ν(C=C)aromatic], 1265 [m, ν(C-O)aromatic], and 756 [m, ν(C-S)]. UV-Vis, λmax (DMF, ε in M−1

cm−1): 272 nm (ε = 43,350).
Complex [CoIII(L3C)(L0C)]·MeOH (C3’): Crystalline material yield: 15%. MP ≈ 240 ◦C

(decomposition). Elem. Anal. for C31H31CoN4O4S2·MeOH (678.69 g mol−1): Calc. (%):
C, 56.63; H, 5.20; N, 8.25. Found (%): C, 56.69; H, 5.21; N, 8.20. FT-IR (KBr, cm−1): 3202
[br, ν(O–H)alcohol], 2960 [w, ν(C–H)aliphatic], 1604 [m, ν(C=N)imine], 1574 [w, ν(C=C)aromatic],
1267 [w, ν(C–O)aromatic], and 754 [m, ν(C-S)]. UV-Vis, λmax (DMF, ε in M−1 cm−1): 266 nm
(ε = 47,540).

Complex [CoIII(L4C)(L0C)] (C4’): Crystalline material yield: 15%. MP > 350 ◦C. Elem.
Anal. for C32H33CoN4O4S2·4H2O(660.67 g mol−1): Calc. (%): C, 58.17; H, 5.03; N, 8.48.
Found (%): C, 58.16; H, 4.95; N, 8.45. FT-IR (KBr, cm−1): 3218 [br, ν(O–H)alcohol], 2955 [w,
ν(C–H)aliphatic], 1604 [s, ν(C=N)imine], 1574 [w, ν(C=C)aromatic], 1267 [m, ν(C-O)aromatic],
and 755 [m, ν(C-S)]. UV-Vis, λmax (DMF, ε in M−1 cm−1): 266 nm (ε = 44,120).

3.6. Synthesis of [CoIII(LnC)2]PF6 Series Complexes (C1–C4)
3.6.1. Conventional Method

The complexation reactions were conducted in an open atmosphere using methanol
without purification. Then, 0.10 mmol of the ligand (L1C, 0.029 g; L2C, 0.030 g; L3C,
0.032 g; L4C, 0.033 g) was dissolved in 15 mL of methanol in a 50 mL round bottom flask,
and triethylamine (0.10 mmol, 0.010 g, 14 µL) was added to the solution. The precursor
complex dichlorobis(triphenylphosphane)cobalt(II) (CoIICl2(PPh3)2, 0.05 mmol, 0.033 g)
and potassium(I) hexafluorophosphate (KPF6, 0.10 mmol, 0.018 g) were then added. The
resulting solution was kept under magnetic stirring at 60 ◦C for 2 h (Scheme 2). After the
reaction, the resulting solution was filtered by simple filtration using filter paper.

In the C4 complex, ethanol and acetonitrile (2 and 5 mL, respectively) were added to
the solution. After slow evaporation of the solvents at room temperature, dark red single
crystals suitable for X-ray diffraction were acquired. The crystals were washed with small
portions of water and dichloromethane and dried in a desiccator with CaCl2. The FT-IR and
UV/Vis spectra of the iminic complexes C1’–C4’ are demonstrated in the Supplementary
Material. Similar results were obtained in a one-pot version of these reactions (Section 3.6.2).

3.6.2. Alternative One-Pot Synthesis

In a round bottom flask containing methanol (15 mL), pyridoxal (0.10 mmol) and
the corresponding amine (0.10 mmol) were added. The resulting mixture was heated
to 60 ◦C and kept under magnetic stirring for 30 min. After this period, triethylamine
(0.30 mmol, 0.030 g, 42 µL) was added, followed by addition of the precursor complex
dichlorobis(triphenylphosphane)cobalt(II) (CoIICl2(PPh3)2, 0.05 mmol, 0.033 g) and potas-
sium(I) hexafluorophosphate (KPF6, 0.10 mmol, 0.018 g). The resulting solution was kept
under magnetic stirring at 60 ◦C for 2 h. After the reaction, the resulting solution was
filtered by simple filtration through filter paper. Specifically, in the C4 complex, 2 mL of
ethanol and 5 mL of acetonitrile were added to the solution. After slow evaporation of the
solvents at room temperature, dark red single crystals suitable for X-ray diffraction were
obtained. The crystals were washed with small portions of water and dichloromethane,
and then dried in a desiccator with calcium(II) chloride.

Complex [CoIII(L1C)2]PF6·H2O·MeOH·2(C7H9NS) (C1): Crystalline material yield:
71%. MP > 350 ◦C. Elem. Anal. for C30H30CoF6N4O4PS2·H2O·MeOH·2(C7H9NS)
(1107.08 g mol−1): Calc. (%): C, 48.87; H, 4.92; N, 7.59. Found (%): C, 48.88; H, 4.95;
N, 7.45. FT-IR (KBr, cm−1): 2980 [w, ν(C–H)aliphatic], 1604 [m, ν(C=N)imine], 1574 [w,
ν(C=C)aromatic], 1273 [m, ν(C-O)aromatic], 842 [s, ν(PF6

−)], and 770 [w, ν(C-S)]. UV-Vis, λmax
(DMF, ε in M−1 cm−1): 274 nm (ε = 37,910).

Complex [CoIII(L2C)2]PF6 (C2): Crystalline material yield: 78%. MP ≈ 287 ◦C (de-
composition). Elem. Anal. for C32H34CoF6N4O4PS2 (806.65 g mol−1): Calc. (%): C, 47.65;
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H, 4.25; N, 6.95 Found (%): C, 47.61; H, 4.22; N, 6.95. FT-IR (KBr, cm−1): 2929 [w, ν(C–
H)aliphatic], 1605 [s, ν(C=N)imine], 1573 [w, ν(C=C)aromatic], 1266 [m, ν(C-O)aromatic], 845 [s,
ν(PF6

−)], and 771 [m, ν(C-S)]. UV-Vis, λmax (DMF, ε in M−1 cm−1): 266 nm (ε = 37,830).
Complex [CoIII(L3C)2]PF6 (C3): Crystalline material yield: 86%. MP > 350 ◦C. Elem.

Anal. for C34H38CoF6N4O4PS2 (834.70 g mol−1): Calc. (%): C, 48.92; H, 4.59; N, 6.71
Found (%): C, 48.89.; H, 4.05; N, 6.66. FT-IR (KBr, cm−1): 2965 [w, ν(C–H)aliphatic], 1605 [s,
ν(C=N)imine], 1574 [w, ν(C=C)aromatic], 1266 [m, ν(C-O)aromatic], 840 [s, ν(PF6

−)], and 771
[w, ν(C-S)]. UV-Vis, λmax (DMF, ε in M−1 cm−1): 274 nm (ε = 35,560).

Complex [CoIII(L4C)2]PF6·EtOH·CH3CN (C4): Crystalline material yield: 90%.
MP ≈ 250 ◦C (decomposition). Elem. Anal. for C38H43CoF6N4O4PS2·CH3CN·EtOH
(948.87 g mol−1): Calc. (%): C, 50.58; H, 5.41; N, 7.37 Found (%): C, 50.59; H, 5.40; N, 7.39.
FT-IR (KBr, cm−1): 2960 [w, ν(C–H)aliphatic], 1604 [s, ν(C=N)imine], 1574 [m, ν(C=C)aromatic],
1267 [m, ν(C-O)aromatic], 841 [s, ν(PF6

−)], and 770 [w, ν(C-S)]. UV-Vis, λmax (DMF, ε in
M−1 cm−1): 276 nm (ε = 43,850).

3.7. In Silico Calculations

The crystallographic structure of DNA and HSA were obtained from Protein Data
Bank (PDB) with access codes 1BNA and 1N5U, respectively [73,74]. The three-dimensional
structural spike glycoprotein of SARS-CoV-2 (wild type) with the three RBD in down
conformation, one in up conformation, and in complex with the cellular ACE2 were also
obtained from the PDB with the access codes 6VXX, 6VYB, and 7KJ2, respectively. The
chemical structure of C1’–C4’ and C1–C4 were obtained from the experimental X-ray
data, while the superoxide ions (O2

−) were built and energy minimized with the Density
Functional Theory (DFT) method with Becke-3-Lee Yang Parr (B3LYP) and standard 6–31G*
basis set, available in the Spartan’18 software (Wavefunction, Inc., Irvine, CA, USA).

The molecular docking calculations were performed with GOLD 2020.2 software
(Cambridge Crystallographic Data Center Software Ltd., Cambridge, UK). Hydrogen
atoms were added to the biomacromolecules following tautomeric states and ionization
data inferred by the software. The DNA structure has two possible binding sites (major
and minor groove), which were explored in the docking calculation (8.0 Å spherical cavity
around each region) [56,75]. On the other hand, the HSA structure presents three main
binding pockets, which were also explored by in silico calculations (8.0 Å spherical cavity
around subdomains IIA, IIIA, and IB) [76], while for the superoxide dismutase mimetic
activity (complexes C1’–C4’ and C1–C4), a 5.0 Å spherical cavity around CoIII was defined,
and for RBD of SARS-CoV-2 a 10 Å spherical cavity was delimitated around the three
domains. The number of genetic operations (crossing, migration, and mutation) during the
search procedure was set as 100,000. For the scoring function, ChemPLP was used, which
is a default function of the GOLD 2020.2 software. The figures of the docking poses for
the largest docking score values were generated with the PyMOL Delano Scientific LLC
software (DeLano Scientific LLC: San Carlos, CA, USA).

4. Conclusions

Derivatizations of the thiol functions of 2-aminothiophenol through alkylation re-
actions using different haloalkanes (iodomethane, bromoethane, 1-bromopropane, and
1-bromobutane) in an alkaline medium were done to obtain S-alkylated anilines with the
thioether function bonded to aliphatic chains with one to four carbons. Afterward, these
compounds had their amine functions condensed with pyridoxal hydrochloride to obtain
four iminic organic ligands (L1C–L4C). The ligands L1C–L4C showed tridentate chelating
behavior due to the presence of phenolate oxygen (after deprotonation), imine nitrogen,
and thioether sulfur atoms that acted as donor atoms. Thus, when reacting such ligands
with cobalt cations in a 2:1 ratio (ligand/cobalt), octahedral complexes were formed by the
coordination of two units of the tridentate ligands to the CoIII metallic center.

By using CoII acetate, the formation of a series [CoIII(LnC)(L0C)] (n = 1–4, C1’–C4’) was
observed, with the coordination of a ligand unit presenting scission of the C-S bond and,
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consequently, a thiolate function (L0C) resulting in neutral CoIII complexes. Nevertheless,
when the reaction was carried out using the CoCl2(PPh3)2 complex and adding KPF6, no
scission of the C-S bonds occurred, forming a series [CoIII(LnC)2]PF6 (n = 1–4, C1–C4)
composed of ionic CoIII complexes in the form of a KPF6 salt. Overall, this exciting method
allows the synthesis of CoIII complexes without cleavage of the C-S bonds from the ligands,
thereby not requiring an inert atmosphere in the reaction systems. Given our findings, it is
highly suggested to extend this study to iminic ligands derived from 2-aminothiophenol
derivatized with branched aliphatic chains, including tert-butyl, to observe the possible
occurrence of C-S cleavage in these derivatives and evaluate the effectiveness of using
CoCl2(PPh3)2 to avoid this possible cleavage behavior in these cases.

The best docking score values for DNA were obtained into the minor groove, suggest-
ing that CoIII complexes can interact with DNA not via intercalative behavior. Unexpectedly,
the increase in carbon in the S-alkyl portions of the CoIII complexes improved their DNA
interaction profile (C4 and C4’). However, based on the literature, the CoIII complexes
under study showed docking score values comparable with the experimental capacity of
other cobalt complexes to interact with DNA. Additionally, there was a good correlation
between the binding capacity of the inorganic complexes with DNA and their SOD-mimetic
capability (interaction with O2

.−). Finally, all CoIII complexes might be biodistributed in the
human bloodstream by has, and mainly C4 and C4’ showed a feasible trend of interaction
with the spike glycoprotein of SARS-CoV-2 with RBD in a down conformation, suggesting
the possibility of CoIII complexes to act as anticancer/antiviral metallodrugs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics12060171/s1, Table S1. Crystal data and data collection
and refinements of complexes C1’–C4’; Table S2. Crystal data and data collection and refinements of
complexes C1–C4; Figure S1. 1H NMR spectra of the 2-(Methylthio)aniline hydrochloride (DMSO-d6,
400 MHz, 25 ◦C). Figure S2. 13C NMR spectra of the 2-(Methylthio)aniline hydrochloride (DMSO-d6,
100 MHz, 25 ◦C). Figure S3. 1H NMR spectra of the 2-(Ethylthio)benzenamine hydrochloride (DMSO-d6,
400 MHz, 25 ◦C). Figure S4. 13C NMR spectra of the 2-(Ethylthio)benzenamine hydrochloride (DMSO-d6,
100 MHz, 25 ◦C). Figure S5. 1H NMR spectra of the 2-(Propylthio)benzenamine hydrochloride (DMSO-d6,
400 MHz, 25 ◦C). Figure S6. 13C NMR spectra of the 2-(Propylthio)benzenamine hydrochloride (DMSO-
d6, 100 MHz, 25 ◦C). Figure S7. 1H NMR spectra of the 2-(Butylthio)benzenamine hydrochloride (DMSO-
d6, 400 MHz, 25 ◦C). Figure S8. 13C NMR spectra of the 2-(Butylthio)benzenamine hydrochloride
(DMSO-d6, 100 MHz, 25 ◦C). Figure S9. 1H NMR spectra of the ligand L1C (CDCl3, 400 MHz, 25 ◦C).
Impurities: 5.30 (dichloromethane); 3.46 (methanol) and 1.61 (residual water). Figure S10. 1H NMR
spectra of the ligand L2C (CDCl3, 400 MHz, 25 ◦C). Impurities: 5.30 (dichloromethane) and 1.64
(residual water). Figure S11. 1H NMR spectra of the ligand L3C (CDCl3, 400 MHz, 25 ◦C). Figure S12.
1H NMR spectra of the ligand L4C (CDCl3, 400 MHz, 25 ◦C). Figure S13. Steady state UV-Vis spectra
of ligand L1C, complex C1’ and complex C1 (Experimental conditions: DMF, room temperature,
10−5 M range). Figure S14. Steady state UV-Vis spectra of ligand L2C, complex C2’ and complex
C2 (Experimental conditions: DMF, room temperature, 10−5 M range). Figure S15. Steady state
UV-Vis spectra of ligand L3C, complex C3’ and complex C3 (Experimental conditions: DMF, room
temperature, 10−5 M range). Figure S16. Steady state UV-Vis spectra of ligand L4C, complex C4’
and complex C4 (Experimental conditions: DMF, room temperature, 10−5 M range). Figure S17.
Infrared spectra (FTIR) of the S-alkylated aniline 2-(methylthio)aniline hydrochloride. Figure S18.
Infrared spectra (FTIR) of the ligand L1C. Figure S19. Infrared spectra (FTIR) of the complex C1’.
Figure S20. Infrared spectra (FTIR) of the complex C2’. Figure S21. Infrared spectra (FTIR) of the
complex C3’. Figure S22. Infrared spectra (FTIR) of the complex C4’. Figure S23. Infrared spectra
(FTIR) of the complex C1. Figure S24. Infrared spectra (FTIR) of the complex C2. Figure S25. Infrared
spectra (FTIR) of the complex C3. Figure S26. Infrared spectra (FTIR) of the complex C4. Figure S27.
ORTEP-3.1 projection of the molecular structures of the ligand L1C in the solid state. Ellipsoids were
calculated at 50% probability. Table S3. Crystal data and data collection and refinements of ligand L1C.
Supplementary data: CCDC 2245356–2245359, 2245360–2245362, 2245364, and 2245365 contain the
supplementary crystallographic data for complexes C1’–C4’, C1–C3, C4 and, LC1 respectively. These
data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, accessed
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