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W N

Abstract: 2-Hydroxy-3-methoxybenzaldehyde semicarbazone (HMBS) is a multidentate
ligand with interesting coordination behavior that depends on the central metal ion and
the overall complex geometry. In this contribution, the structural characteristics of five
HMBS-containing complexes with different metal ions (Dy, Er, Ni, and V) were investigated.
Four binuclear and one mononuclear complex were selected from the Cambridge Structural
Database. The crystallographic structures and intermolecular interactions in the solid
state were analyzed, and the effect of central metal ions was elucidated. The different
contributions of the most numerous contacts were explained by examining additional
ligands in the structure. Density functional theory (DFT) optimizations were performed
for the selected complexes, and the applicability of different computational methods was
discussed. The Quantum Theory of Atoms in Molecules (QTAIMs) approach was employed
to identify and quantify interactions in nickel and vanadium complexes, highlighting the
role of weak intermolecular interactions between ligands in stabilizing the overall structure.
Molecular docking studies of the interaction between these complexes and Human Serum
Albumin (HSA) demonstrated that all compounds bind within the active pocket of the
protein. The overall size and presence of aromatic rings emerged as key factors in the
formation of stabilizing interactions.

Keywords: 2-Hydroxy-3-methoxybenzaldehyde semicarbazone; DFT; Cambridge Structural
Database; QTAIMs; molecular docking

1. Introduction

Semicarbazones, tridentate ONO Schiff bases, and derivatives of the general formula
R-CH=N-NH-C(=0)-NH; are an important class of compounds obtained through the
reaction of semicarbazides with aldehydes or ketones [1]. These compounds exhibit diverse
coordination behavior, functioning as unidentate, bidentate, or multidentate chelating
agents, depending on the structural characteristics of the parent aldehyde or ketone [2].
Semicarbazones’ stability, chelating properties, and structural versatility have facilitated
their extensive use in synthesizing transition metal complexes [3,4]. These complexes,
often characterized by vivid coloration, are not only of chemical interest but also have

Inorganics 2025, 13, 95

https://doi.org/10.3390/inorganics13030095


https://doi.org/10.3390/inorganics13030095
https://doi.org/10.3390/inorganics13030095
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0002-2180-8303
https://orcid.org/0000-0003-1489-6373
https://orcid.org/0009-0003-9232-1839
https://orcid.org/0000-0001-8888-3714
https://orcid.org/0000-0003-1176-7103
https://orcid.org/0000-0001-8127-5396
https://doi.org/10.3390/inorganics13030095
https://www.mdpi.com/article/10.3390/inorganics13030095?type=check_update&version=1

Inorganics 2025, 13, 95

20f19

applications in analytical chemistry, including the detection and quantification of specific
metal ions [5]. Beyond their chemical and analytical relevance, semicarbazones have gained
significant attention for their diverse pharmacological properties. They exhibit a wide range
of biological activities, including antitumoral, antibacterial, antiviral, antitrypanosomal,
and antimalarial effects [4,6,7]. Moreover, coordination with metal ions has been shown to
enhance their biological efficacy by improving lipophilicity, increasing activity, reducing
side effects, and mitigating drug resistance. Notable examples include the complexes of
Cu(l), Cr(Ill), Co(Ill), and dioxovanadium(V) [8-15]. The unique combination of chemical
versatility and pharmacological potential underscores the importance of semicarbazones in
fundamental research and applied sciences [16].

The ligand chosen for this contribution is 2-Hydroxy-3-methoxybenzaldehyde semi-
carbazone (HMBS) (Figure 1). This compound was prepared by the reaction between
2-hydroxy-3-methoxybenzaldehyde and semicarbazide hydrochloride, as described in the
paper by Binil and coworkers in 2012 [17]. The following year, a dinickel(Il) complex,
with HMBS and 2,2'-bipyridine ligands, was obtained, and its crystallographic structure
was solved by Vomisescu and coworkers [18]. Additionally, interesting structures with
dioxovanadium(V) and palladium ions were presented in the references [6,19]. Schiff
base ligands containing ONO multi-chelating systems have been incorporated into several
lanthanide-based compounds [20-22]. Two of the phenoxo oxygen atoms of the HMBS
ligand can act as a bridge between metal ions, leading to the conclusion that HMBS is a
tetradentate ligand [23,24]. Li and coworkers described the crystallographic structures
of three binuclear coordination compounds containing HMBS, dysprosium, and erbium
central metal ions [24].
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Figure 1. Chemical structure of 2-Hydroxy-3-methoxybenzaldehyde semicarbazone (HMBS).

The theoretical analysis of crystal structures often demands using a comprehensive
repository of crystallographic data for small molecules and organic compounds, such as
the Cambridge Structural Database (CSD) [25]. Tools within the CSD allow for statistical
analysis, comparison of structural motifs, and identification of trends in bond lengths,
angles, and non-covalent interactions [26-28]. This facilitates understanding structure—
function relationships and aids in materials design and drug discovery. An additional
useful method in the theoretical analysis of crystal structure is the Hirshfeld analysis [29].
This surface helps visualize and quantify interactions, such as hydrogen bonding, van der
Waals forces, and 7-7 stacking. The study provides insights into crystal packing, interaction
strengths, and contributions to overall stability, aiding in understanding material properties
and molecular behavior in solid-state chemistry.

This contribution aims to present the crystallographic, quantum-mechanical, and
Hirshfeld surface analysis of five transition metal complexes containing the 2-hydroxy-3-
methoxybenzaldehyde semicarbazone ligand and four different metal ions (Dy, Er, Ni, and
V), as shown in Figure 2. These structures were obtained from the Cambridge Structural
Database (CSD) by searching for structures limited to mono and binuclear complexes
containing HMBS ligands. Only those compounds with completely solved crystallographic
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structures were selected for this article. The choice of metal ions is particularly important
when structure, reactivity, and stability are concerned [30-32]. Special emphasis is given to
the overall geometry of complex species in these examinations. The intramolecular interac-
tions between donor atoms and central metal ions were assessed through the Quantum
Theory of Atoms in Molecules (QTAIMs) approach for the selected complexes. A molecular
docking study was used to investigate the potential binding affinities of complexes towards
Human Serum Albumin (HSA).

Ni-HMBS V-HMBS

Figure 2. Crystallographic structures of the five complexes containing various metal ions and the
HMBS ligand. The nitrogen atoms (N) are blue, the oxygen atoms (O) are red, the metal ions are
green, the carbon atoms (C) are gray, and the hydrogen atoms (H) are white.

2. Results and Discussion
2.1. Crystallographic Structure of Selected Compounds

To analyze how different metal ions influence the coordination of the HMBS ligand,
five complexes with varying metals and charges were selected from the Cambridge Struc-
tural Database (CSD) (Table 1). The leading search criteria included the presence of the
HMBS ligand, and the results were limited to mono- and binuclear complexes. The crystal
structures 1-4 belong to binuclear complexes with dysprosium, erbium, and nickel central
metal ions, while structure 5 contains only vanadium(V) ions (Table 1). Although all com-
plexes contain HMBS, other ligands and anions are present in the structure. The hydrogen
atoms were placed within these structures in geometrically calculated positions, as outlined
in the original references reporting examined complexes. In the structure of the Dy-HMBS-
1 complex, there are two dysprosium ions, surrounded by two HMBS ligands, three water
molecules, and two nitrate ions (bidentate nitrato ligand). Each of the Dy(IlI) ions forms
eight bonds in the coordination sphere. On the other side, structure Dy-HMBS-2 contains
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four bidentate nitrato ligands, although the rest of the structural features are the same.
Coordinated nitrato ligands were also present in other lanthanide complexes, such as those
described in reference [33]. The structure of the Er-HMBS is identical to the Dy-HMBS-2;
only the central metal ion is changed. The tetradentate behavior of HMBS was observed
for these three structures, as mentioned in the Introduction. In the structure containing
nickel(Il) ions, Ni-HMBS, one of the nickel ions, forms interactions with two HMBS ligands.
However, these interactions are positioned between carbonyl oxygen, hydrazine nitrogen,
and deprotonated phenyl oxygen atoms, as expected for this type of compound [34]. The
simplest structure included in this study is denoted as V-HMBS and consists of the dioxo-
vanadium(V) group and one HMBS ligand. Some of the fundamental properties of metal
ions, geometry, and distances between characteristic atoms are presented in Table 1. The
distances between central metal ions and oxygen/nitrogen atoms (dy.o and dy.N) are
shown in Figure 3. The crystal packaging of complexes is given in Figures 54-S8.

Table 1. The REFCODE and other analyzed parameters for the different crystal structures with the
HMBS ligand.

REFCODE  Notations 1\;1;;1 O";f::;” C(‘:’}‘:;fglzx dvo A dwn (A) éf:fl;
BAKTOZ [24]  Dy-HMBS-1 Dy 3 2+ 22782293 2506 P21/n
BAKTUF [24]  Dy-HMBS-2 Dy +3 0 23032325 2460 P-1
BAKVAN [24]  Er-HMBS Er +3 0 22842316 2442 P-1

BEGSEO03[18]  Ni-HMBS Ni 2 2+ 2032-2.000 2015 Pben

GILQAV [6] V-HMBS v 45 0 1888-2.000 2173 P21/c

Figure 3. The dj1.0 and dy;.N distances were analyzed in the metal complexes within the five crystal
structures.

The triple-charged Dy(IlI) complex (Dy-HMBS-1) has a dy.n distance (2.506 A)
slightly longer than the dy.o distance (2.27-2.293 A). In the neutral Dy(III) com-
plex (Dy-HMBS-2), the dyp.n distance (2.460 A) is also longer than the dy.o distance
(2.303-2.325 A). The Dy-HMBS-1 charged complex has slightly shorter dyr.o distances
and a somewhat longer dy;.n distance than the neutral complex with the same metal ion.
These values are similar, probably due to the repulsion between nitrato/aqua ligands
and HMBS. The distance between the oxygen atom of the methoxy group and the Dy(III)
ions is 2.405 A, which is significantly higher than previously discussed. This atom
participates in the formation of complex spheres, although it can be assumed that much
stronger interactions are formed between phenyl oxygen and central metal ions. When
the metal ion changes from Dy(III) to Ex(Ill), as in the Er-HMBS crystal structure, the
dm-n and dyo distances decrease. In this neutral Er(III) complex, the dy.n distance
is 2.442 A, while the dyi.o distances range from 2.032 to 2.090 A. The same applies to
interactions between the central metal ion and a methoxy oxygen atom (2.391 A). This
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reduction in bond lengths reflects the smaller ionic radius of Er(IlI) compared to Dy(III),
as later discussed. Despite this, the trend of dysn distances being longer than dy.o
distances persists, similar to the Dy(III) complexes.

The doubly charged octahedral Ni(II) complex (Ni-HMBS) exhibits the shortest dy1.o
and dyn distances among the analyzed binuclear complexes. In this structure, it is
important to mention that the two HMBS ligands attached to one of the nickel(II) atoms are
symmetrical. The second nickel atom is surrounded by two bipyridine ligands. The bond
lengths between Ni(II) and the nitrogen atoms of this ligand are between 2.069 and 2.080 A,
similar to the same type of interactions between Ni(Il) and HMBS. It can be proposed
that these distances were shorter due to the absence of repulsive interactions between
nitrato/aqua complexes and HMBS. Unlike the Dy(Ill) and Er(III) complexes, the Ni(II)
complex shows a reversed trend, with the dyyn distance (2.015 A) being shorter than the
dm.o distance (2.032-2.090 A). The neutral square pyramidal V(V) complex (V-HMBS)
stands out, with the shortest dy1.o distances among all analyzed complexes, ranging from
1.888 t0 2.000 A. Its dpN distance, at 2.173 A, is longer than the dys.o distances, consistent
with the observed trends in the Dy(Ill) and Er(IIl) complexes. The exceptionally short d.o
distances in the V(V) complex are likely due to the high oxidation state of the vanadium
ion, as well as the square pyramidal geometry of the mononuclear complex.

2.2. Hirshfeld Surface Analysis of Selected Compounds

Hirsfeld surface analysis is important in examining the intermolecular interactions
within the crystallographic structures. Figure 4 presents the Hirshfeld surfaces of the
investigated compounds, and the selected fingerprint plots for the most numerous contacts
are presented in Figures S1-53. Table 2 represents the percentages of the most numerous
contacts. It is crucial to outline that only complex ions or neutral compounds are included
in examining the formed interactions to determine structural effects.

— -

s (a) (b) (c)

&
(d) (e)

Figure 4. Hirshfeld surfaces of five examined complexes: (a) Dy-HMBS-1, (b) Dy-HMBS-2,
(c) E-HMBS, (d) Ni-HMBS, and (e) V-HMBS.
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Table 2. The percentages of the most important contacts in the crystallographic structures were
determined by Hirshfeld surface analysis.

Notation

% I . Dy-HMBS-1 Dy-HMBS-2 Er-HMBS Ni-HMBS V-HMBS

o Interactions
H---H 25.1 22.9 21.3 435 30.5
H---O 30.6 16.3 17.3 24.2 17.3
O---H 17.2 25.0 26.4 4.2 28.0
O---N 0.6 2.3 1.5 / 0.1
O---C 0.7 1.9 1.5 / 1.0
O---0 1.9 4.8 3.9 / 0.8
N---N 0.3 1.0 2.5 / /
N---C 0.3 1.8 0.7 0.7 1.6
C---C 0.2 1.4 0.9 1.6 49

As previously discussed, the crystal structures Dy-HMBS-1 and Dy-HMBS-2 contain
Dy(III) as the central metal ion but differ in their coordination environments and over-
all charge. In the Dy-HMBS-1 structure, the Dy(IlI) complex cation is doubly positively
charged, whereas in the Dy-HMBS-2 crystal structure, the complex is neutral. This dif-
ference arises from additional coordinated three water molecules in the double-charged
complex, along with the two nitrato and two HMBS ligands, compared to the neutral
Dy(III) complex, which is coordinated by four nitrato groups and two HMBS ligands. These
structural variations influence the types and percentages of intermolecular interactions in
the two complexes. In the doubly charged Dy(Ill) complex, the proportion of H---O interac-
tions is significantly higher, at 30.6%, compared to 16.3% in the neutral Dy(III) complex, as
shown in Table 2 and Figure S2. This increase can be attributed to the coordinated water
molecules, which provide additional hydrogen-bond donors, enhancing the formation
of H.--O interactions, as shown by dark red circles close to the electronegative groups.
Conversely, the neutral Dy(IlI) complex exhibits a higher percentage of O---H interactions
at 25.0% compared to 17.2% in the doubly charged complex. This discrepancy reflects the
absence of coordinated water molecules in the neutral complex. Beyond hydrogen bonding,
both Dy(IlI) complexes display substantial H:--H interactions, indicative of van der Waals
forces or packing effects. The doubly charged complex shows a slightly higher percentage
of H---H contacts (25.1%) compared to the neutral complex (22.9%), suggesting that the
charge and the presence of coordinated water molecules influence closer crystal packing.

Interestingly, the E-HMBS crystal structure, which contains Er(Ill) as the central
metal ion, has a similar coordination environment to the neutral Dy(IlI) complex in the
Dy-HMBS-2 crystal structure (Table 1). As a result, the percentages of various intermolec-
ular interactions in Er-HMBS are nearly identical to those observed in Dy-HMBS-2, as
noted in Table 2. This reinforces the idea that the coordination environment is pivotal in
determining the interaction profile, irrespective of the specific metal ion involved. This
result is consistent with findings from the study conducted by Harraf and coworkers, in
which Pr(III), Sm(III), GA(III), Dy(IlI), and Ho(III) complexes with ligands derived from
4-aminoantipyrine were examined. The relative percentages of the most numerous contacts
were the same across this series of complexes with similar structures [35]. The Ni-HMBS
crystal structure, containing Ni(II) as the central metal ion, exhibits the highest percent-
age of H---H interactions among the analyzed structures (Table 2). This is attributed to
aromatic bipyridine and two HBMS ligands that enclose the central metal ion and point
outward with hydrogen-rich groups. The number of polar groups in the ligands around
nickel(Il) is much lower than that of the other examined complexes. The units in crystal
packaging of the Ni-HMBS complex are closer compared to other complexes (Figure S6).
This arrangement introduces more extensive van der Waals interactions than the ligands in
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the Dy(IlI) and Er(III) complexes. Additionally, the Ni(II) complex shows a relatively high
percentage of H---O interactions (24.2%) due to the specific arrangement of its ligands, as
shown in Figure 4, in the vicinity of the nitrate counterion. Finally, the V-HMBS crystal
structure, which features a V(V) complex, demonstrates the high percentage of H.--H
interactions (30.5%) (Table 2). This is probably a result of its compact packing. Notably, the
two oxygen atoms directly coordinated to the V(V) ion contribute to a larger percentage of
O---H interactions compared to the other complexes.

Other interactions involving electronegative O and N atoms, such as O--:N, O---C,
O---O, N-:N, and N---C, generally occur at levels below 2% in most of the analyzed crystal
structures. However, there are some exceptions. In the Dy-HMBS and Er-HMBS crystal
structures, O---O interactions are more pronounced, reaching 4.8% and 3.9%, respectively,
due to the coordination of four nitrato groups to two metal ions. Another significant
exception is found in the V-HMBS crystal structure, where C---C interactions account
for 4.9%, indicating a close crystal packing. Additionally, the influence of co-crystalized
solvent molecules cannot be neglected, as it is important for the stabilization interactions
and solid-state assembly of molecules, as discussed in reference [36].

2.3. DFT Optimization of Structure

A comparative analysis was conducted between the crystallographic structures and
their corresponding optimized geometries to assess the reliability of the optimized struc-
tures. Due to the differences in the electronic structure of central metal ions, different
basis sets were applied in conjunction with the B3LYP method. The non-metallic atoms
were optimized using the 6-31+G(d,p) basis set, while the basis sets for vanadium /nickel
(def2-TZVP) and erbium (Stuttgart 1997 ECP) were obtained from the Basis Set Exchange.
Due to their complexity, the compounds containing dysprosium ions were omitted from
this study. The comparison was performed using two statistical parameters: the correla-
tion coefficient (R) and the mean absolute error (MAE). The MAE represents the average
absolute difference between the crystallographic and optimized structural parameters,
providing a quantitative measure of deviation. The comparison of bond distances and bond
angles was carried out for three representative complexes: Er-HMBS (Tables S1 and S2), Ni-
HMBS (Tables S3 and S4), and V-HMBS (Tables S5 and S6), with the atomic enumeration
of atoms shown in Figures S9-5S11. For the experimental errors for the bond lengths and
angles, see references [6,18,24]. When bond lengths are considered, the R values are 0.997
(Er-HMBS), 0.959 (Ni-HMBS), and 0.994 (V-HMBS), with the MAE values range from 0.028
to 0.037 A. On the other side, the R values for the bond angles are 0.993 (Er-HMBS), 0.931
(Ni-HMBS), and 0.978 (V-HMBS), while the MAE values are approximately 2°. The lowest
R and highest MAE values were calculated for Ni-HMBS, as this complex’s octahedral
geometry around the central metal ion involved the interaction of one oxygen atom and two
nickel(II) ions. Due to the optimization in a vacuum, the geometry was slightly disordered.
Notably, after optimization in a vacuum, significant elongation of the Ni2-O3 and Ni2-N12
bond distances in Ni-HMBS was observed (Table S3) compared to the experimental crystal
structure, which was determined in a polar solvent environment. To prevent bias in the
statistical analysis, these bond distances were excluded from the calculations of the R and
the MAE. The results indicate a strong correlation between theoretical and crystallographic
structures, as reflected by the correlation coefficient values (R ~ 1), signifying that the
optimized geometries closely resemble their experimental counterparts. The MAE values
for bond distances and angles were comparable across all three complexes. However, the
MAE for bond angles was proportionally higher than the bond distances, likely due to the
inherent flexibility of angular parameters in the absence of solvent effects or intermolecular
interactions present in the crystal lattice.
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Given the high structural agreement between the experimental and optimized ge-
ometries, further molecular docking studies were conducted using the crystallographic
structures without additional geometry optimization. This decision was based on the
observation that, despite its computational cost, geometry optimization did not intro-
duce significant structural differences that would impact docking results. By preserving
the experimental structures, computational resources were allocated efficiently without
compromising the accuracy of docking simulations.

2.4. QTAIMs Analysis

QTAIMs analysis is a valuable technique to access the type and strength of intramolec-
ular interactions within the optimized structures of transition metal complexes [37,38].
The complexes Ni-HMBS and V-HMBS were selected for this analysis as they do not
contain additional species that could influence the geometry and stability of the interac-
tions between the central metal ion and the ligand. This analysis examines Bond Critical
Points (BCPs) between interacting atoms. Bader and Essen proposed a classification of
interactions, which includes the values of electron density and the Laplacian. The first type
of interaction includes covalent interactions with a high electron density value. The second
type of interactions are ionic bonds, van der Waals interactions, and hydrogen bonds with
electron density lower than 0.001 a.u. [39,40]. These parameters, together with Lagrangian
kinetic electron energy (G(r)), potential electron energy (V(r)), the density of total electron
energy (H(r) = G(r) + H(r)), and the interatomic bond energy (Epong = V(r)/2) [41], for the
metal-donor atoms in the complexes, are given in Table S7.

These intramolecular interactions were first followed for the simplest complex com-
pound with vanadium(V), as seen in Table S7. The highest electron density value was
found for V=0 bonds (0.273 and 0.276 a.u.), followed by the highest value of the Laplacian
(0.924 and 0.933 a.u.). This result was expected, as these were the shortest bonds and the
core of the optimized molecule. The interaction strength between donor atoms of HMBS
and V(V) depends on their positions, as evident in V—O bonds. The bond between the
phenolic oxygen atom and central metal ion has an electron density of 0.106 a.u. In contrast,
the carbonyl oxygen and vanadium(V) bond has an electron density of 0.059 a.u. This result
also proves the importance of the phenolic group and extended delocalization in the forma-
tion of interactions between the donor atom and central metal ion. The hydrazine nitrogen
also interacts with vanadium through interactions with an electron density of 0.049 a.u.
A more detailed classification of interactions can be found in the research by Bianchi and
coworkers, and it depends on the relative ratio of G(r) and V(r). Based on this classification,
covalent bonds have a -G(r)/V(r) ratio lower than 1 and the intermediate (transit) region
exists between the values of 1 and 2, while ionic bonds and van der Waals interactions have
a value for this parameter higher than 2. According to these values, interactions between
oxygen atoms in V=0 and phenolic oxygen have the highest covalent contribution, while the
other two bonds lay in the transient region. Additional proof for this statement is obtained
when values of the total electron density are observed. Bonds with negative H(r) value can be
classified as partially covalent (V=0 and V—Oppen) [41]. The interaction energy, calculated as
the half value of V(r), as proposed by Espinosa, is also shown for the interactions. These values
nicely follow the previous discussion. The interatomic bond energies for dioxovanadium(V)
species are —818.0 and —805.4 k] mol~!. Much lower energies were calculated for V—Oppen
(—203.4 k] mol ™), V—Ocyp, (—89.3 k] mol ™), and V—Npyqr (—65.0 k] mol ™).

As previously explained in detail, the structure of the Ni-HMBS complex contains two
nickel ions in different environments. The first nickel(II) ion is surrounded by two HMBS
ligands. In this structure, the highest electron densities were found between hydrazine
nitrogen atoms and Ni(II) (0.106 and 0.089 a.u.). The bonds are characterized by a partial
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covalent character, as evident from the negative values of the total electron density and the
—-G(r)/ V(1) ratio. The asymmetric positioning of the two HMBS ligands leads to different
values for the interatomic energies of —279.3 and —193.1 k] mol~!. The optimization of
the structures results in the elongation of certain bonds due to the absence of counterions
in the crystallographic structure. This can be seen in Ni—Oppen bonds, with electron
densities of 0.020 and 0.106 a.u and interatomic bond energies of —22.7 and —251.3 a.u.
Nevertheless, the partial covalent character of these bonds is preserved (-G(r)/V(r) = 0.9).
The interactions between the central metal ion and the carbonyl oxygen atoms are generally
the weakest when donor atoms within one HMBS ligand are compared. These bonds are
characterized by interatomic bond energies of —31.4 and —194.4 k] mol~!. Additional
stabilization of the nickel(II)-HMBS structure is formed through a bridging interaction
between carbonyl oxygen atoms of HMBS and two nickel ions. One of these interactions,
denoted as Ni2—Oppen,1, has an electron density of 0.092 a.u., a partial covalent character
(negative H(r)) value, and an interatomic bond energy of —202.4 k] mol~!. The second
interaction of this type was not observed in the QTAIMs analysis due to the system’s
relaxation. The second nickel(II) ion is surrounded by four nitrogen atoms from biphenyl
ligands. These interactions, denoted as Ni—N, have electron densities between 0.31 and
0.099 a.u. Again, a wide range of values was obtained due to slight distortion of the system,
which led to interatomic bond energies of —36.7 a.u. for one of the interactions and around
—200.0 k] mol~! for the other three. In general, the interaction energies formed between
donor atoms and vanadium(V) were lower compared to nickel(Il), probably due to the
presence of two oxygen atoms coordinated directly to this central metal ion. Differences
in interaction strengths were observed in the Mn(Il), Co(Il), and Cu(Il) complexes with
2-furaldehyde semicarbazone [42].

The structure of the second complex is stabilized by several weak interactions that are
important for the overall stability of the complex. They originate from several electroneg-
ative atoms in the structures of HMBS and bipyridine ligands. As presented in Table S7,
the most numerous interactions are formed between bipyridine and HMBS moieties. The
strongest interactions were found between oxygen atoms attached to HMBS’s phenyl
ring and bipyridine hydrogen atoms, with interaction energies of —17.4, —13.7, —9.1, and
—8.1 k] mol~!. These interactions belong to the transient region with a -G(r)/V(r) ratio
equal to or higher than 1 and a positive total electron density. The hydrazine nitrogen
atom of HMBS interacts with the hydrogen atom of bipyridine with an interaction energy
of —3.6 k] mol~!. An additional type of interaction exists between the oxygen atom of
HMBS and the nitrogen atom of pyridine, although it is much weaker than the previ-
ously mentioned classical hydrogen bonds. A similar interaction energy was calculated
for the N---C interaction between the two ligands (—3.6 k] mol~!). A weak hydrogen
bond between the carbon atom of bipyridine and HMBS is an example of another type
of interaction, although much weaker than those that include electronegative atoms.
Intramolecular interactions between hydrogen atoms within bipyridine also contribute
to the overall stability (—7.9 k] mol~?!). This analysis proved that interactions within the
crystallographic structures were important for stabilizing the structure, and they explain
why the overall geometry of the complex is significant for the activity towards proteins,
as described in the following section.

2.5. Molecular Docking Analysis of HSA Binding Properties
2.5.1. Docking Calculations and Binding Site Determination

In the initial docking iteration, the complexes were examined across the entire volume
of the HSA protein. The results indicated a preferential binding site near the amino acid
Trp214 (Figure S12), suggesting that all the complexes could quench HSA fluorescence in
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spectrofluorimetric measurements. To improve computational efficiency while maintaining
accuracy, subsequent docking calculations were refined by restricting the search space
to a smaller region, using the same level of theory. The docking box was constructed to
encompass binding sites surrounding Trp214, specifically FA7, FA8, and FA9. Figure S7
illustrates these binding domains and subdomains. Among the investigated complexes, the
square pyramidal vanadium complex exhibited the closest proximity to Trp214. However,
due to steric effects, all four voluminous binuclear complexes were localized to the same
binding region, which was not in the immediate vicinity of Trp214 (Figure 5a).

Glu (292)

Pro (339)

(b)

~ 7 b
Asn (295) 57 Arg (222) _ Asn (295)

e e G

Pro (339) ¥

Ala (291)

ﬁ ) o ‘ 3 Lys (195) |
. =L =
7 Lys (444) ; -

%s (448) lys (48)

(c) (d)
”
Lys (195) ‘ \/\
prey . Trp (214)
J ( Phe (211)
. . <5|u(292)n e ilh=t

Arg (218)

Lys (195) //

(f)

Figure 5. (a) The positions of the complexes inside the HSA structure. The interactions of the
complexes with the amino acids in the FA8 binding site, (b) Dy-HMBS-1, (c) Dy-HMBS-2, (d) Er-
HMBS, (e) Ni-HMBS, and (f) V-HMBS. The dashed lines indicate the different types of intermolecular
interactions, with colors representing the following: orange—attractive charge, salt bridge, or 7-cation
interaction; green—conventional hydrogen bond; light green—carbon-hydrogen bond; pink—r-mt
stacking; baby pink—m-alkyl; red—unfavorable positive—positive interaction.
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2.5.2. Binding Energies and Structural Considerations

Table 3 summarizes the data concerning the details of the complexes without counte-
rions, including structural information and changes in the Gibbs free energy of binding
(AGy,) values. The smallest complex, V-HMBS, which features a single aromatic ring
in its HMBS structure, exhibited the lowest change in the Gibbs free energy of binding
(—29.54 k] mol~!). Its simple square pyramidal geometry allows access to sterically
hindered regions of HSA, while simultaneously limiting interaction possibilities. The
most voluminous complex, Ni-HMBS, which contains ligands with six aromatic rings,
displayed a binding energy nearly equivalent to V-HMBS (—29.37 k] mol—!). While these
values are lower than those of the other three complexes, they remain in the higher part
of the range, between 18 and 34 k] mol ! [34,43-45], obtained from the literature values
for similar pyridoxal semicarbazone-based complexes.

Interestingly, neither the size, type, nor valence of the central metal ion significantly
influenced the binding energy. Instead, the presence of NO3 ™ ligands appeared to play
a decisive role. The complexes containing nitrato ligands exhibited significantly higher
absolute binding energies, exceeding 37 k] mol~!. Notably, the binding free energy showed
a strong dependence on the presence of these ligands, suggesting that NO3; ™~ anions con-
tribute substantially to the strength of the interactions. In the experimental study by
Papadopoulos and coworkers, copper(Il) complexes with 5-fluoro—salicylaldehyde con-
taining nitrato ligands had higher binding constants towards BSA than complexes with
chlorido ligands [46].

Table 3. Structural information and changes in Gibbs free binding energies.

No. Ligand CMI CN R(CMI) (pm) The Structure Used for Docking AGy, (k] mol—1)
1 Dy-HMBS-1  2Dy(+3) 9 122.3 CR [Dy,(HMBS),(NO3),(H,0)3]%* —37.07
2 Dy-HMBS-2  2Dy(+3) 9 122.3 CR [Dy>(HMBSs),(NO3)4] —44.35
3 Er-HMBS 2Er(+3) 9 106.2 IR [Ery (HMBS),(NO3)4] —43.60
4 Ni-HMBS 2Ni(+2) 6 83.0CR [Niz (HMBS), (bpy).] 2 —29.37
5 V-HMBS V(+5) 5 46.0 IR [VO,(HMBS)] —29.54

The coefficient 2 in front of the central metal ion (CMI) indicates that the complex is binuclear. CN represents
the coordination number, R(CMI) denotes the ionic radius of the central metal ion in the low-spin (Is) state [47],
CR refers to the crystal radius when the crystal structure is used for docking calculations, and IR corresponds to
the effective ionic radius when the optimized structures are employed for docking studies. bpy stands for the
bipyridine ligand, while HMBS represents the hydroxy-3-methoxybenzaldehyde semicarbazone ligand. AGb
refers to the theoretically calculated change in the Gibbs free energy of binding.

2.5.3. Interaction Patterns and Binding Site Specificity

Previous studies have demonstrated that metal complexes containing HMBS preferen-
tially bind to the FAS8 site. The steric effect confines bulky complexes to the periphery of the
FAS8 binding region. In complexes incorporating NO3;~ ions, the HMBS ligand positions
the central metal ion in a planar arrangement, while the nitrato ligands extend above and
below this plane. This orientation exposes ions to the surrounding polar and charged
amino acids at the FA8 binding site’s edge. Each NO3; ™ ion participates in an average of
eight strong electrostatic and hydrogen bond interactions.

Repulsive interactions were also identified, averaging one or two per NO3;~ ion.
Specifically, NO3;~ ions exhibited repulsive interactions with positively charged amino acid
groups, including -NHj (Lys195) and -C(NH;), (Arg218, Arg222). However, Arg218 also
demonstrated electrostatic attraction to the benzene 7-electron system of the HMBS ligand.
Additionally, the NH, and NH groups of HMBS occasionally formed hydrogen bonds with
the carboxyl and carbonyl groups of Glu292 and Pro339, respectively. Notably, a single
repulsive interaction involving an NH group of the chelating ligand occurred exclusively
in the Er-HMBS complex when it approached the -C(NH,;), group of Arg218.
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In the Dy-HMBS-1, Dy-HMBS-2, and Er-HMBS complexes, nitrato ligands formed
an extensive network of strong electrostatic attractions among themselves and with the sur-
rounding amino acids, effectively neutralizing the influence of a few repulsive interactions.
The amino acids Lys195, Arg218, and Arg222 are characterized by their strong tendency
to form electrostatic interactions with NO3;~ ions due to the presence of the -C(NH;),*
and -NHs* charged groups. The NH and CH groups allow them to participate in hydro-
gen bonding with NO3 ™, however, hydrogen bonding is more characteristic of Asn295,
Glu294, and Glu292. NO;3;~ ions acted as electrostatic shields for the remainder of the
complexes. This shielding effect was so pronounced that only the N-H group of the ligand
in Dy-HMBS-1 successfully engaged in an attractive electrostatic interaction with the car-
boxyl group of Glu292, facilitated by the simultaneous hydrogen bonding of Glu292 with
a neighboring NH; group. Hydrogen bonding interactions were also observed between
heteroatoms in the HMBS ligand and amino acid residues, including Asn295 (amine N-H
group), Pro339 (C=0 group), Lys295 (NH; group), Arg218 (NH, group), and Glu292 (C=0
group). Weaker carbon-hydrogen bonding interactions involved Glu292, Glu294, Glu221,
and Cys448. Notably, the presence of NO3~ ions suppressed hydrophobic interactions,
which dominated in complexes lacking NO3~, such as Ni-HMBS and V-HMBS.

2.5.4. Hydrophobic Interactions in Non-Nitrate Complexes

Hydrophobic interactions were predominantly observed in the Ni-HMBS and V-
HMBS complexes, where the benzene n-system played a key role in -7t stacking and 7-
alkyl interactions. Lys444 and Lys448 were identified as key residues for these interactions.
In the Dy-HMBS-2 and Ni-HMBS complexes, only a prominent CHj3 group successfully
formed an alkyl-alkyl interaction with Lys444.

V-HMBS exhibited distinct behavior due to its unique structural features. While
its benzene and methyl groups contributed to hydrophobic interactions, the presence of
two polar groups with heteroatoms introduced additional interaction possibilities. The
hydrophobic region formed 7-7t stacking, r-alkyl, and alkyl-alkyl interactions with Phe211,
Trp214, and Lys199. Aqueous ligands participated in hydrogen bonding with Lys195, while
the N-H group engaged in hydrogen bonding and electrostatic attractions with Asp451.

2.5.5. Intramolecular Interactions and Structural Stability

In addition to intermolecular interactions, numerous intramolecular interactions were
identified, playing a crucial role in complex stability. In the Dy-HMBS-2 and Ni-HMBS
complexes, repulsive interactions between neighboring NO3 ™ ions were counterbalanced
by a predominant number of attractive interactions, stabilizing the complex structure. In
contrast, intramolecular interactions between NO3 ~ ions in Dy-HMBS-1 were not observed
due to the presence of a water molecule between them. The primary stabilizing factor in
Dy-HMBS-1 was the coordination bonding between ligands and two Dy(IlI) ions.

Electrostatic intramolecular interactions, hydrogen bonds, and hydrophobic inter-
actions varied depending on the ionic radius of the central metal ion, the number and
type of ligands, and their spatial orientation. The Dy>* ion, with a high crystal radius
(122.3 pm [1]), prevented intramolecular interactions between axially oriented NO3 ™~ ions
and two equatorial HMBS ligands in the Dy-HMBS-1 and Dy-HMBS-2 complexes. In
contrast, Er®*, with a significantly lower effective ionic radius (106.2 pm), engaged in
electrostatic interactions between NO3 ™~ ions and the N-H* groups of the chelating ring
in E-HMBS.

The Ni?* ion, with a low crystal radius (83 pm), facilitated intramolecular 7t-7t stacking
interactions within the Ni-HMBS complex due to parallel ligand orientation. Conversely,
the V°* ion, possessing the smallest effective ionic radius (48 pm), did not form intramolec-
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ular interactions due to ligand positioning. The experimental and theoretical coordination
bond lengths (Tables S8-511) correlated well with the ionic radii. The Dy3+—NO3* coordi-
nation bonds in Dy-HMBS-1 and Dy-HMBS-2 measured approximately ~2.5 A, whereas
the Er**-NOj3~ distances averaged 2.4 A. The Ni** coordination distances in Ni-HMBS
were around 2.1 A, while the V5*-O2~ bond lengths were even shorter, averaging 1.6 A.

3. Materials and Methods
3.1. Cambridge Structural Database (CSD) Search

To select complexes for analysis, a search in the Cambridge Structural Database (CSD
(November 2020 release, version 5.42)) [48] was conducted for various metal complexes
with the 2-Hydroxy-3-methoxybenzaldehyde semicarbazone ligand. A CSD search was
performed using the ConQuest 2021.2.0 program [49], satisfying the following criteria:
(a) a crystallographic R factor below 10%, (b) error-free coordinates, and (c) no polymer
structures. The structures were visualized by using Mercury v 3.0 [50]. For further analysis,
five structures with different metals and charges were selected.

3.2. Hirshfeld Surface Analysis

The intermolecular interactions in the crystallographic structure are crucial in deter-
mining its properties. In this study, the CrystalExplorer program [51] was employed for
Hirshfeld surface analysis. The interactions were visualized using a graphical representa-
tion of two distances: de, the distance to the nearest nucleus outside the surface, and d;,
the distance to the nearest nucleus inside the surface [29,52]. These points were colored
by comparing the van der Waals separation between nuclei. The normalized distances for
BAKTOZ, BAKTUF, BAKVAN, BEGSEOQ3, and the GILQAV crystal structures were between
—0.7099 (red) and 1.4918 (blue), —0.3852 (red) and 1.3848 (blue), —0.2003 (red) and 1.3830
(blue), —0.6970 (red) and 1.6551 (blue), and —0.6034 (red) and 1.7615 (blue), respectively.
The fingerprint plots for the selected interactions are given as the Supplementary Material.

3.3. Optimization of Structures and QTAIMs Analysis

The crystallographic structures of the selected complexes were optimized in the Gaus-
sian 09 Program package [53]. The two complexes containing dysprosium ions were
omitted from the quantum chemical calculations due to the size of the metal ion and
surrounding ligand system. For the remaining complexes, the B3LYP functional was used.
The non-metallic atoms were optimized using a 6-311++G(d,p) basis set [54]. On the other
hand, two different basis sets were applied for the vanadium/nickel (def2-TZVP) [55,56]
and erbium (Stuttgart 1997 ECP) [57], as found on the Basis Set Exchange [58,59]. The latter
basis set, with relativistic effective core potential (ECP), was selected due to the size of
the erbium ion. The optimizations were performed without any geometrical constraints
for the separated complex species, and the absence of imaginary frequencies proved that
minima on the potential energy surface were obtained. The chosen theoretical framework
ensures a reliable description of molecular interactions, coordination environments, and
electronic properties, which are essential in understanding binding affinities and reaction
mechanisms. The optimized and crystallographic structures were compared using the
correlation coefficient (R) and the mean absolute error (MAE). The stabilization interactions
between the central metal ions and surrounding ligands were examined and discussed
through the Quantum Theory of Atoms in Molecules (QTAIMs) approach, as proposed
by Bader [60,61]. These calculations were performed in the AIMAIl [62] program package,
starting from the .wfx file obtained in the Gaussian 09.
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3.4. Molecular Docking

Molecular docking plays a crucial role in understanding the binding mechanisms
of small molecules to biomacromolecules, providing insights into the key interactions
that govern stability and affinity. This study investigated the binding interactions of five
structurally diverse metal complexes with human serum albumin (HSA, PIB ID:2bxd [63]).
The selected complexes differ in the type and oxidation state of the central metal ion,
with at least one HMBS ligand present in each system. In contrast, the remaining ligands
vary in size, charge, and chemical nature. These variations result in distinct molecular
architectures, ranging from the square pyramidal V-HMBS complex [6], which contains a
single aromatic ring, to the bulky three-dimensional Ni-HMBS complex [18], which features
six aromatic rings. Other complexes include Dy-HMBS-1, Dy-HMBS-2, and Er-HMBS [24].
The primary objective of this study is to elucidate how molecular size, spatial arrangement,
metal coordination environment, ligand diversity, and overall charge influence the binding
affinity and interaction pattern with HSA. To achieve this, docking calculations were
performed to assess three key aspects of molecular recognition: the Gibbs free energy
of binding, preferred binding sites, and intermolecular interactions. Molecular docking
simulations were conducted using AutoDock 4.2.6 [64], as implemented in the AMDock
software package (version 1.5.2) [65]. Two sets of docking calculations were performed. The
first set explored the entire HSA protein to identify potential binding sites, while the second
set focused on a localized region surrounding the Trp214 residue, specifically investigating
the FA7, FAS8, and FA9 binding sites. The docking protocol employed the AMBER force
field, with an exhaustiveness parameter set to enhance conformational sampling. Each
simulation generated ten poses per complex, with 250,000 energy evaluations and ten
independent runs. The clustering tolerance was set to 2 A to ensure a rigorous analysis of
the binding modes. This computational approach enables a comprehensive assessment of
the factors governing the interaction of metal complexes with HSA, providing valuable
insights into their potential bioavailability, transport, and pharmacological relevance.

4. Conclusions

Five complex compounds containing 1-(2-hydroxy-3-methoxybenzylidene)-semicarbazide
ligand and dysprosium, erbium, nickel, and vanadium central metal ions were examined.
The differences in the coordination abilities, especially in terms of the coordination bond
number of central metal ions, are crucial in determining the geometry and stability. The
analysis of crystallographic parameters in the first line showed the bond lengths between
the oxygen/nitrogen atoms of HBMS and metal ions and the importance of the ionic
radius and overall charge of the complex species. The variation in the metal-ligand
distances across these complexes underscores the influence of the metal ion’s size, charge,
and oxidation state on the coordination geometry. For the same metal ion (Dy(IIl)), the
charge had a significant effect, with the doubly charged Dy-HMBS-1 complex showing
stronger oxygen coordination than the neutral Dy-HMBS-2 complex. Bond distances
generally decrease when transitioning to smaller metal ions, such as Er(Ill), or to higher
oxidation states, such as V(V). The Ni(Il) complex deviated from this pattern, reflecting the
influence of the coordination environment. These findings highlight the intricate balance
between electronic and steric factors in determining coordination behavior and provide
some insights for designing metal-ligand systems. Additionally, auxiliary ligands, such
as nitrato, aqua, and bipyridil, were essential in determining the overall geometry and
the predominant intermolecular contacts of the complexes within the crystal structures.
The nitrato ligands increased the amount of O-:-H to 25%, similar to the contribution of
oxygen atoms in the dioxovanadium(V) moiety. Computational studies demonstrated
that the selected theory has sufficient accuracy in reproducing experimental bond lengths
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and angles, yielding high correlation coefficients and low mean absolute errors when
comparing crystallographic and optimized parameters. The QTAIMs analysis further
revealed that interaction strength depended on the positioning of donor atoms, while
weak intramolecular interactions significantly contributed to the overall stability of the
complex. The interaction energies were higher in the case of Ni-HMBS than V-HMBS, due
to the presence of oxygen atoms in the dioxovanadium(V) moiety. Molecular docking
studies elucidated the key role of intermolecular interactions in binding metal complexes
to human serum albumin (HSA). The spatial dimensions of the complexes dictated their
binding preferences. Large 3D complexes were associated with the edge of the FA8 region,
whereas the vanadium complex with planar HBMS and tiny oxygen ligands, benefiting
from reduced steric hindrance, accesses the confined space above Trp214. The changes
in Gibbs free binding energy ranged from —30 to —45 k] mol~!. These anions played a
fundamental role in stabilizing the complexes through strong electrostatic interactions,
which prevailed over the hydrogen bonding and hydrophobic effects. Additionally, nitrato
ligands act as electrostatic shields, mitigating repulsive interactions and enhancing the
structural integrity of the complexes within HSA. In contrast, complexes devoid of NO3; ™~
ligands rely predominantly on hydrophobic interactions for stabilization. These findings
highlight the significance of electrostatic forces in dictating the stability and positioning
of the metal complexes in biological macromolecules. The insights gained from this study
contribute to the rational design of metal-based drugs and biomolecular probes, providing
a foundation for future developments in medicinal and bioinorganic chemistry.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics13030095/s1. Figure S1: the fingerprint plots for H---H
contacts within the structures: (a) Dy-HMBS-1, (b) Dy-HMBS-2, (c) Er-HMBS, (d) Ni-HMBS, and (e)
V-HMBS; Figure S2: the fingerprint plots for H---O contacts within the structures: (a) Dy-HMBS-1, (b)
Dy-HMBS-2, (c) Er-HMBS, (d) Ni-HMBS, and (e) V-HMBS; Figure S3: the fingerprint plots for O---H
contacts within the structures: (a) Dy-HMBS-1, (b) Dy-HMBS-2, (c) Er-HMBS, (d) Ni-HMBS, and (e)
V-HMBS; Figure S4: the crystal packaging of Dy-HMBS-1; Figure S5: the crystal packaging of Dy-
HMBS-2; Figure S6: the crystal packaging of Er-HMBS; Figure S7: the crystal packaging of Ni-HMBS;
Figure S8: the crystal packaging of V-HMBS; Table S1: the experimental and theoretical (ub3lyp/6-
31+G(d,p)(H,C,N,O)/SDD(Er) level of theory) bond lengths (in A) of tetrakis(nitrato)-bis(u-2-[(2-
carbamoylhydrazinylidene)methyl]-6-methoxyphenolato)-di-erbium acetonitrile solvate (CSD Ref-
code: BAKVAN); Table S2: the experimental and theoretical (ub3lyp/6-31+G(d,p)(H,C,N,O)/SDD(Er)
level of theory) bond angles (in °) of tetrakis(nitrato)-bis(u-2[(2-carbamoylhydrazinylidene)methyl]-
6-methoxyphenolato)-di-erbium acetonitrile solvate (CSD Refcode: BAKVAN); Table S3: the ex-
perimental and theoretical (ub3lyp/6-31+G(d,p)(H,C,N,0)/def2-TZVP(Ni) level of theory) bond
lengths (in A) of bis(u-2- ((2-oxido-3-methoxyphenyl)methylidene)hydrazine-1-carboxamidato)-
bis(2,2/-bipyridine)-di-nickel(Il) dinitrate (CSD Refcode: BEGSEO03); Table S4: the experimental
and theoretical (ub3lyp/6-31+G(d,p)(H,C,N,O)/def2-TZVP(Ni) level of theory) bond angles (in °)
of bis(p-2-((2-oxido-3-methoxyphenyl)methylidene)hydrazine-1-carboxamidato)-bis(2,2’-bipyridine)-
di-nickel(I) dinitrate (CSD Refcode: BEGSEOO03); Table S5: the experimental and theoretical
(ub3lyp/6-31+G(d,p)(H,C,N,O)/def2-TZVP(V) level of theory) bond lengths (in A) of (2-(2-Oxido-3-
methoxybenzylidene)hydrazinecarboxamidato)-dioxo-vanadium(v) ethanol solvate (CSD Refcode:
GILQAV); Table Sé: the experimental and theoretical (ub3lyp/6-31+G(d,p)(H,C,N,0)/def2-TZVP(V)
level of theory) bond angles (in °) of (2-(2-Oxido-3-methoxybenzylidene)hydrazinecarboxamidato)-
dioxo-vanadium(V) ethanol solvate (CSD Refcode: GILQAYV); Figure S9: the optimized structure of
Er-HMBS in a ball-and-stick representation, with the assigned atom symbols and corresponding serial
numbers; Figure S10: the optimized structure of Ni-HMBS in a ball-and-stick representation, with
the assigned atom symbols and corresponding serial numbers; Figure S11: the optimized structure
of V-HMBS in a ball-and-stick representation, with the assigned atom symbols and corresponding
serial numbers; Table S7: the calculated Bond Critical Points (BCPs) properties: the electron density
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energy density; the interatomic bond energy, Eyn4; Figure S12: the 3D structure of HSA divided
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