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During the last three decades, numerous investigations have been conducted on
polyoxidovanadates to treat several illnesses and inhibit enzymes. Numerous
decavanadate compounds have been proposed as potential therapies for
Diabetes mellitus, Cancer, and Alzheimer's disease. Only six relevant
functional proteins interacting with decavanadate, Vyo, have been deposited in
the PDB. These are acid phosphatase, tyrosine kinase, two ecto-nucleoside
triphosphate diphosphohydrolases (NTPDases), the human transient receptor
potential cation channel (TRPM4), and the human cell cycle protein CksHsl. The
interaction sites in these proteins mainly consist of Arginine and Lysine, side
chains binding to the decavanadate anion. To get further knowledge regarding
non-covalent interactions of decavanadate in protein environments, guanidinium
and spermidinium decavanadates were synthesized, crystallized, and subjected
to analysis utilizing various technigues, including FTIR, Raman, >*V-NMR, TGA, and
X-ray diffraction. The DFT calculations were employed to calculate the
interaction energy between the decavanadate anion and the organic
counterions. Furthermore, the Quantum Theory of Atoms in Molecules
(QTAIM) and Non-covalent Interaction-Reduced Density Gradient (NCI-RDG)
analyses were conducted to understand the non-covalent interactions present in
these adducts. Decavanadate can engage in electrostatic forces, van der Waals,
and hydrogen bond interactions with guanidinium and spermidinium, as shown
by their respective interaction energies. Both compounds were highly stabilized
by strong hydrogen bond interactions N-H.-O and weak non-covalent
interactions C—H--O. In addition, the interactions between guanidinium and
spermidinium cations and decavanadate anion form several stable rings. This
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study provides new information on non-covalent intermolecular interactions
between decavanadate and small biomimetic models of arginine and lysine
lateral chains in protein environments.
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1 Introduction

The initial discovery of Vanadium occurred in a mine located in
Hidalgo State, Mexico, and it is attributed to mineralogist Don Andres
Manuel del Rio (Caswell, 2003; Sanchéz-Lara et al., 2019; Sanchéz-Lara
et al., 2020; Trevifo et al., 2019). However, for historical reasons, Nils
Gabriel Sefstrom named Vanadium according to Vanadis, which
corresponds to the Scandinavian goddess of beauty and fertility
(Van Cleave and Crans, 2019; Singh and Singh 2021). Since then, it
has been studied, and nowadays, investigations have increased
exponentially. This block-d metal has many uses and applications,
to name a few, in the iron and steel industry (Barceloux and Bareceloux,
1999; Moskalyk and Alfantazi, 2003), and researchers in materials
described  its in the field of
electrochemistry as energy storage (Rao et al, 2011; Ghosh et al,

science have potential use
2023). In biology and medicine, Vanadium compounds have been
used to fight parasitic infections like American trypanosomiasis,
malaria, and leishmaniasis (Aureliano and Ohlin, 2014; Duan et al.,
2018; Del Carpio et al., 2018; Pessoa et al., 2015; Casarrubias-Tabarez
et al,, 2023). They have also been used as an active component of
pharmaceutical drugs in treating diabetes (Tsiani and Fantus, 1997;
Cuevas et al, 2012; Trevino et al, 2016). Also, in cancer therapy
(Evangelou, 2002; Barrio and Etcheverry, 2010; Hartung et al., 2015;
Pisano et al., 2019; Manganaro et al., 2022). In an industrialized world,
factors like stress are causing people to suffer from certain types of
diseases like obesity, diabetes mellitus, cancer, and neurodegenerative
diseases; in this sense, Vanadium compounds are a good strategy for
treating them (Contreras-Cadena et al., 2014; Trevino et al., 2016; Bijelic
et al,, 2018; Crans et al., 2018; Sanchez-Lara et al., 2018; Bijelic et al,,
2019; Crans et al., 2019; Ferretti and Leodn, 2022; Chen et al.,, 2023;
Gonzalez-Cano et al.,, 2023).

Polyoxidometalates (POMs, formerly known as polyoxometalates)
and polyoxidovanadates (POVs, formerly known as polyoxovanadates)
have been the subject of extensive research in the last 30 years (Gumerova
and Rompel, 2020; Pessoa et al., 2021). These chemicals have been linked
to blocking enzymes (Bougie and Bisaillon, 2006; Stephan et al., 2013;
Patel et al,, 2019; Zhao et al., 2020) and many diseases. For example, they
are used to make insulin work better in people with diabetes and stop the
buildup of amyloid B-peptides that are linked to Alzheimer’s disease
(Trevifio et al,, 2016; Trevifio et al., 2023; Garcia-Garcia et al,, 2023).
Polyoxidometalates (POMs) are gaining significant importance due to
their properties and striking structures (Gumerova and Rompel, 2018).
For example, the anion decavanadate is the most investigated because of
its ability to interact with proteins (Aureliano and Gandara, 2005;
Krivosudsky et al,, 2019; Patel et al,, 2019). It is important to mention
the pioneering work of Debbie Crans regarding small models for the
interaction of decavanadate and proteins. The article “X-ray Structure of
(NH,)s(Gly-Gly),V190,8-4H,0: Model Studies for Polyoxometalate-
Protein Interactions” started the quest to understand the role of non-
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covalent interactions in polyoxidometalates and proteins (Crans, 1994;
Crans et al.,, 1994). Also, researchers have been looking into decavanadate
and how it works with proteins in membrane receptors that make them
act like noradrenaline (Venkataraman et al.,, 1997). Recently, research has
focused on pharmacological uses such as antidiabetic, antibacterial,
antiviral, antiprotozoal, and anticancer (Crans et al., 2004; Aureliano
et al.,, 2022; Casarrubias-Tabarez et al., 2023; Dridi et al., 2024).
Decavanadate (V) is a simple anion compared to other POMs, but
it can show how highly charged and hydrated metal oxide clusters
interact with biomolecules (Aureliano and Crans, 2009). Its effects on
significant. Vio-induced  structural
modifications affect native proteins is crucial to understanding the

proteins  are How  specific
mechanism of Vj,-protein interaction. In the long term, it could help
reduce V,y’s adverse effects on proteins in Vanadium poisoning. Proteins
stabilize decavanadates in solution, mostly with arginine and lysine side
chains; thus, understanding the non-covalent interactions between
decavanadate and proteins is essential (Aureliano et al, 2022).
Although it is already known that decavanadate is implicated in
several cellular pathways, many details have yet to be discovered. For
that reason, it is necessary to make an effort to study protein-
decavanadate interactions in more detail. (Aureliano and Ohlin, 2014).

In this work, small biomimetic models based on guanidinium and
spermidinium decavanadates were synthesized and crystallized to gain
further knowledge regarding the non-covalent interactions of
decavanadate in protein environments. PBE0/Def2SVP-LANL2DZ
calculations were employed to determine the interaction energy
between the decavanadate anion and the respective organic
compounds mimicking the amino acids. We also used the Quantum
Theory of Atoms in Molecules (QTAIM) and Non-covalent
Interaction-Reduced Density Gradient (NCI-RDG) analyses to learn
more about the non-covalent interactions in these adducts. The
interaction energies of guanidinium and spermidinium ions show
that decavanadate can interact with them through electrostatic
forces, van der Waals forces, and hydrogen bonds. To determine the
role electrostatic interactions, van der Waals forces, and hydrogen
bonds play in proteins that have crystallized with the decavanadate
anion, it is important to measure the non-covalent interactions in small
biomimetic models. This will help us understand how decavanadate
(V10) behaves differently than vanadate (V) (Aureliano et al., 2016).
Here, a contribution to this understanding is presented.

2 Materials and methods
2.1 Synthesis
2.1.1 Compound 1

All the reagents utilized were purchased from Sigma-Aldrich
(Merck-Mexico). No further purification was needed, and they were
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(D10G) was
synthesized in two steps. In the first one, 121 mg (I mmol) of
Sodium Metavanadate (NaVOj3) was dissolved in 20 mL of distilled
water and stirred with a magnetic bar. After that, four drops of

used as received. Guanidinium-Decavanadate

glacial acetic acid were added until pH = 4.5, and then 60 mg
(0.57 mmol) of guanidinium hydrochloride was dissolved in 20 mL
of distilled water. In the second step, both solutions were mixed, and
a yellow-orange powder immediately precipitated. The mother
liquor was allowed to stand at room temperature to get crystals
of the compound, and as soon as the crystals were formed, they were
filtered (64%).

2.1.2 Compound 2

The synthesis of Spermidinium-Decavanadate (D10SP) was
as follows: using 138 mg (1 mmol of Potassium Metavanadate)
(KVO3;) and 0.313 mL (0.290 mg = 0.2 mmol) of spermidine. To
get decavanadate, the KVO; was dissolved in 20 mL of distilled
water, and glacial acetic acid was added dropwise until pH = 4.2;
the final solution turned bright yellow-orange. Similarly, 313 uL
of spermidine were dissolved in 20 mL of distilled water. After
that, the Spermidine solution was dropped slowly over the
decavanadate solution. Then, a yellow-orange powder was
obtained. It was filtered, and the mother liquor was allowed to
stand at room temperature to obtain crystals of enough quality
for X-ray diffraction. (73% yield).

2.2 Experimental characterization

The infrared spectrum was recorded using an Attenuated Total
Reflectance Spectrometer (ATR) model ALPHA II Platinum Bruker,
ranging from 4,000 to 400 cm ™' (24 scan/sample) with a resolution
of 4 cm™. The RAMAN spectra were obtained with a Lab-RAM®-
HORIBA JOBIN YVON, placed in the range from 500 to 1,200 cm™*
at room temperature. The *'V-NMR spectrum was obtained using a
Bruker AVANCE III 500 MHz spectrometer. Samples were prepared
by dissolving ca. 5 mg/mL of the compounds in 10% D,O solutions
at pH = 5. For the X-ray diffraction, data were collected with an
Oxford Diffraction Gemini-Atlas diffractometer equipped with a
charge-coupled device area detector and graphite monochromated
Mo-Ka (\ = 071073 A) (Sheldrick, 2015).
Thermogravimetric analysis (TGA) with simultaneous differential

radiation

thermal analysis (DTA) was carried out under an N, inert
atmosphere on an STA 2500 Regulus (Netzsch Instruments, Selb,
Germany). Samples were weighed (~10 mg) and heated from 30°C to
700°C at a heating rate of 25°C/min in alumina pans. An empty pan
was used as a reference.

2.3 Software

The data were processed with the APEX3 suite, and SADABS-
2016/2 was used for absorption correction (CrysAlisPro, 2013). The
structure was solved by direct methods using the ShelXT program
and refined by full-matrix least-squares on F* with SHELXL-2019
(Sheldrick, 2015).
displacement parameters were refined for all non-hydrogen

The positional and anisotropic atomic

atoms. Hydrogen atoms were located in different Fourier maps
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and included as fixed contributions riding their parent atoms, with
isotropic thermal factors chosen as 1.2 times their carrier atoms. The
OLEX2 software (Dolomanov et al., 2009) was used as a graphical
interface. Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited in the
Cambridge Crystallographic Data Center. (CCDC numbers
2359514, 2359517). Mercury (Version 2022 3.0) was used to
represent the crystallographic data.

2.4 Theoretical methodology

The structural and electronic structures of Compounds 1 and
2 were calculated using the density functional theory, DFT (Parr and
Yang, 1989). The hybrid functional PBEO (Adamo and Barone,
1999) was used, using the Def2-SVP basis set for the atoms of C, H,
0, and N (Weigend and Ahlrichs, 2005) and the LANL2DZ basis set
for the atom of V with an effective core potential (ECP) (Hay and
Wadt, 1985). The PCM model used water as a solvent (Tomasi et al.,
2005). The molecular structures, frontier molecular orbitals (highest
occupied molecular orbital, HOMO, and lowest unoccupied
LUMO),
potential (MEP) map were analyzed. The calculations were

molecular orbital, and the molecular electrostatic
performed with the Gaussian programl6 (Frisch et al, 2016),
and the
6.0.16 program (Dennington et al., 2016). Additionally, the main

results were visualized with the Gaussian View
non-covalent interactions in Compounds 1 and 2 were characterized
using the atoms in molecules (AIM) approach with AIMAIl software
(Keith, 2019) and Non-covalent Interaction-Reduced Density
Gradient (NCI-RDG) analysis with Multiwfn software (Lu and
Chen, 2012) and VMD software (Humphrey et al., 1996).

3 Results
3.1 Structural descriptions

Decavanadate cluster anion [V;9O0,5]®" can form ionic
compounds with inorganic and organic cations. It is constructed
by ten edge-shared VOg octahedra with D,;, symmetry, eight
terminal oxygens (V=0,), fourteen doubly bridged oxygens (i1,),
four triply bridged oxygens (i3), and two hexa-bridged oxygen
atoms (pe) (Amanchi and Das, 2018).

The crystal structure of Compound 1, (CHgN3)g [V19Oas]-
6H,0, has been previously reported (Wang et al., 1993; Ghosh
et al., 2023), and all the crystallographic parameters are essentially
equal (Table 1). To summarize, the structure contains six
guanidinium (CHgN3)" per [V,00,5]® anion and six lattice water
molecules, which together form an extensive hydrogen bond
network (Figure 1A).

On the other hand, the combination of spermidinium and
decavanadate is first observed in this work, resulting in
Compound 2. Thus, a more detailed description is given. Good-
quality orange prism crystals of Compound 2 were obtained slowly
from solvent evaporation at room temperature. This material
crystallizes in the triclinic space group P 17, and its asymmetric
unit consists of one triple protonated spermidinium (C,;H;oN3)*?,
one-half of a [V(0,3]® anion located in an inversion center, and
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TABLE 1 Crystallographic data and structure refinement details.

Compound 1 (CH6N3)6 [V100281'6H20 CompoundZ (C7H19N3)2 [V10028]~4H20

10.3389/fchbi.2024.1451167

Formula CeHysN 15034V 1o C14Hs5oNgO3, Vi
CCDC 2359514 2359517
M, (gmol™) 1426.02 1326.01
T (K) 293 (2) 293 (2)
Crystal system Monoclinic Triclinic
Space group P2,/n P-1
a (A) 9.22230 (10) 9.9696 (3)
b (A) 21.9392 (2) 10.5261 (2)
c(A) 11.1906 (2) 11.5573 (3)
a () 90 96.544 (2)
B ) 103.9410 (10) 105.536 (2)
y () 90 115.897 (2)
vV (A% 2197.50 (5) 1013.17 (5)
Z 2 1
7 calc(grem™) 2.155 2.173
p (mm™) 2.144 2.305
Rint 0.0591 0.0472
GoF on F 1.077 1.033
Final R indexes [I>20(I)] R, = 0.0292, wR, = 0.0612 R, = 0.0311, wR, = 0.0722
Final R indexes [all data] R; = 0.0502, wR, = 0.0701 R; = 0.0516, wR, = 0.0813

FIGURE 1
Details of (A) Compound 1, (CHgN3)e [V10O2g]-6H,0, and (B) Compound 2, (C;H19N3), [V10O28]-4H,0O. Color code: carbon, gray; nitrogen, blue;
oxygen, red; Vanadium, purple; hydrogen, white.

two crystallization water molecules, giving the global formula

(C;H oN3), [V190,5]-4H,0. Since the decavanadate anion is
completely deprotonated, two (C;H;oN3)*> molecules balance the
six negative charges in the unit cell (Figure 1B). Table 1 compiles the
experimental details of the single-crystal experiment. The checkcif

Frontiers in Chemical Biology

for both compounds is presented in the Supplementary
Material Section.

In Compound 2, the terminal V=0 bond lengths fall between 1.599
(1) and 1.624 (1) A. In the case of p,-O atoms, the V-O bond distances
increase and vary from 1.690 (1) to 2.078 (1), whereas the V-O bond
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TABLE 2 Distances (A) and angles (') of the main hydrogen bonds of Compound 1 and 2.

Compound 1
d (D-H)/A d (H--A)/A d (D--A)/A

N1-HAL--O8 0.86 2.12 2.9457 (19) 161.3
N3-H3A--020 0.86 2.04 2.9007 (19) 179.6
N4-H4B--016 0.86 2.18 2.9419 (19) 147.7
N7-H7B--0221 0.86 2.17 2.887 (3) 140.6
N8-H8B--023% 0.86 2.16 2919 (3) 146.4
N9-H9A---0159 0.86 2.11 2.8491 (19) 143.7
N9-H9B---023® 0.86 2.08 2.857 (2) 149.4
022-H22A--0241 0.85 1.91 2.750 (2) 171.6
022-H22B--09 0.85 2.10 2.9378 (19) 170.4
023-H23A--09 0.85 1.93 2.7614 (18) 164.9
023-H23B--010% 0.85 2.04 2.8731 (19) 168.7
024-H24A.-0139 0.93 2.00 2.8812 (19) 159.3
024-H24B--017 0.85 2.06 2.887 (7) 162.8

Compound 2
d(D-H)/A d(H--A)/A d(D--A)/A
N1-H1A--O13 0.89 1.87 2.7431 (18) 167.7
N1-H1B--018" 0.89 2.10 2.8732 (18) 144.6
N2-H2A--020 0.89 1.90 2.7732 (19) 164.9
N2-H2B--021 0.89 1.97 2.770 (2) 148.9
N3-H3A--09") 0.89 1.94 2.7658 (18) 153.5
N3-H3B--016"" 0.89 1.99 2.8078 (19) 151.5
N3-H3C--014%% 0.89 2.01 2.8921 (19) 170.1
021- H21A--022 0.85 1.90 2.740 (2) 171.9
022-H22A--07%1 0.85 1.89 2.7358 (17) 170.3
022-H22B.-07%™ 0.85 2.10 29363 (19) 168.5

Symmetry codes: (i) —%2+X, Y2-y, —Y2+z; (ii) Y2+x, Y-y, —Ya+z; (iii) X, y, 142 (iv) 1-X, 1-y, 2-z; (V) =14%, =14y, 2 (Vi) 2-X, 2-y, 1-z; (vii) 1-X, 2-y, 1-z; (viii) 1-x, 1-y, 1-z; (ix) —=14%, y, =14z

distances for p;-O atoms are in the interval of 1.899 (1) to 2.035 (1) A.
Lastly, the hexacoordinated oxygen atom’s V-O bond lengths range
from 2.111 (1) to 2.339 (1) A. All distances are in normal ranges,
consistent with other polyoxovanadate-based structures (Evans Jr, 1966;
Correia et al., 2004; Bosnjakovic-Pavlovic et al., 2011).

In both complexes, the organic linkers and the lattice water
molecules create an intricate network of hydrogen bonds with
the decavanadate anions that stabilize the three-dimensional
solid state. Table 2 lists the most important non-covalent
interactions.

Compound 1 has three symmetrically independent guanidinium
cations (CH¢N3)* containing three -NH, groups, which can form six
hydrogen interactions with water molecules and decavanadate
anions (Figure 2). Some of these non-covalent interactions are

Frontiers in Chemical Biology

not shown in Table 2 because their D--A distances are larger
than 3.0 A.

Within the structure, the guanidinium cations and lattice water
molecules encircle the [V40,5] ™ clusters, creating an extensive
hydrogen bond network (Figure 3A). However, interestingly, if all
organic cations were eliminated, the water molecules would retain
the robust three-dimensional structure with decavanadate
anions (Figure 3B).

Similarly, the supramolecular structure of Compound 2 is
dominated by N-H--O and O-H--O interactions involving all
spermidinium, water molecules, and decavanadate anions. In this
structure, spermidinium cations are triply protonated at N1, N2, and
N3 atoms, resulting in a (+3)-positive charge and eight available
donor H atoms present for hydrogen bonding (Figure 4).
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FIGURE 2

A single guanidinium molecule surrounded by three decavanadate anions in Compound 1.

FIGURE 3
(A) Supramolecular structure of Compound 1 along a crystallographic axis; (B) if guanidinium molecules were removed, lattice water molecules
would retain the 3D structure. Hydrogen bonds are drawn as dotted light blue lines.

The resulting crystal structures are densely packed systems in
which hydrogen bonds are crucial for holding both compounds.
Theoretical studies have been carried out to analyze these non-
covalent interactions.

3.2 Infrared spectroscopy

The anion decavanadate is a rigid cluster of atoms with only a
few principal vibrations; however, it is nontrivial to assign them,

Frontiers in Chemical Biology

even more so if the vibrational modes are coupled with those of the
amino acids. The experimental and theoretical spectra of
Compounds 1 and 2 (Figure 5) are presented in the region
1,200-400 cm™'. The complete spectra of the two compounds are
presented in the Supplementary Material (Supplementary Figure
S1). The IR spectra of ammonium and potassium decavanadates
(Supplementary Figure S2) are also presented in the Supplementary
Material ~Section as a reference for band assignments
(Supplementary Table S1). Bands resulting from the stretching
vibrations of terminal V=0, commonly occur between 1,000 and
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FIGURE 4

Non-covalent interactions dominate the supramolecular structure of Compound 2. Hydrogen bonds are drawn as dotted light blue lines.

910 cm™, while v, (V-Op-V) occurs between 820 and 700 cm™. On
the other hand, bands below 700 cm™ could be assigned to the
symmetric vibrations of the bridging (V-O,-V). For Compound 1
(guanidinium-decavanadate, D10G), the bands at 981 and 948 cm™
are caused by the terminal V=0, bonds; the bands at 828, 804, and
734 cm™" are caused by the (V-O,-V) antisymmetric vibrations; and
the bands 586, 536, and 514 cm™' correspond to the symmetric
vibrations (V-Oy-V). Finally, the band at 460 cm™ is assigned to
out-of-plane deformation. The splitting of the bands indicates
different  environments bonds of
different strengths.

In the spectrum of Compound 2 (spermidinium-decavanadate,
D10SP), the band at 944 cm™ corresponds to the stretching V=0,
while the bands at 808 cm™ and 726 cm™ are due to the bridging
antisymmetric vibration of (V-Oy-V). Finally, the bands at 582, 542,
and 514 are assigned to the (V-O,-V) symmetric vibrations. The
band at 445 cm™' is assigned to out-of-plane deformation.

related to hydrogen

Additionally, shoulders flank the strongest peak (Rakovsky et al.,
2002; Bicer et al., 2017; Avila et al,, 2019).

The theoretical IR spectra were performed to complement the
assignment of the main vibrational modes. Leters a-g were used to
distinguish the different types of oxygen atoms, according to Bartosova
etal., 2012. For Compound 1, in the region of 970-921 cm™* three main
bands corresponding to the pure asymmetric stretching v,s (V=0,) at
952 cm™, and two coupled modes of v,y (V=0,) with asymmetric
stretching v,s (C=N) and in-plane bending §(C=N-H) of guanidinium
at 970 and cm™' were found, respectively. At the region of
827-664 cm™, several coupled modes with v,y (V=0,) are observed,
mainly in-plane bending 8(V-O,-V), wagging w(C=N-H), and
®(N=C-N), and out-plane bending y(N=C-N) of guanidinium. At
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the 588-451 cm™ coupled in-plane bending modes, 8(V-O,-V),
S8(V-0O.-V), and §(V-O.-V) are observed, involving several types of
oxygen atoms, contributing to internal deformations of decavanadate
anion. In addition, in-plane bending modes §(C=N-H) of guanidinium
are observed. For Compound 2, in the region of 960-909 cm™, it is
assigned to v, (V=0,) coupled with §(C-C-H) and 8(C-N-H) of
spermidinium. At the region at 812-787 cm™', coupled §(V-Op-V)
with v, (V-0,) and v,; (C-N) of spermidinium are observed. Several
bands at 722-508 cm™' are assigned to different in-plane bending
involving different types of oxygen atoms, as §(V-0,-V), §(V-Op-V),
8(V-O.~V) and 8(V-O,-V). Finally, in the region, 482-447 cm™" in-
plane bending internal deformations of decavanadate are coupled with
the rocking mode of spermidinium p(N-Hj). These findings align with
previous experimental and theoretical FT-IR spectra reported for
similar compounds (Guilherme et al, 2010; Sénchez-Lombardo
et al., 2014; Sanchez-Lara et al, 2015; Sdnchez-Lara et al., 2018;
Sanchez-Lara et al, 2019; Garcia-Garcia et al, 2021; Corona-
Motolinia et al., 2022). Shifts of the main bands with respect to the
ammonijum decavanadate are presented in Supplementary Table S2. It
is seen that the strong hydrogen bonds in the guanidinium
decavanadate mainly impact the V=0, stretching frequencies,
although there are slight shifts in the other bands. The behavior of
the spermidinium decavanadate is very similar to the ammonium
decavanadate.

3.3 Raman spectroscopy

The experimental and theoretical spectra of Compounds 1-2
(Figure 6) are presented in the region 1,150-500 cm™. The
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FIGURE 5
Experimental (left) and theoretical (right) FT-IR spectra of Compounds 1

complete spectra are presented in the Supplementary Material section
(Supplementary Figure S3). The experimental Raman spectrum for
Compound 1 has three prominent peaks at 1,016, 996, and 969 cm™,
which correspond to V=0 stretching, and one more in the region of
832 cm™', which corresponds to an antisymmetric vibration. For
Compound 2, the Raman spectrum also shows three prominent peaks
at 989, 966, and 928 cm™’, which can be assigned to the stretching
vibration V=0, and one more at 835 cm', which is a coupled mode
of in-plane bending vibrations. A complete list of assignments is
presented in Supplementary Table S3. Due to the significant
symmetry of the decavanadate anion, a simple spectrum is
expected. However, due to the hydrogen bond interactions of
different magnitudes, it is challenging to simplify the assignment
of each vibrational mode. Nevertheless, modes with high frequencies
(900 cm™ and above) are predominantly characterized by V=0,
stretching. The Vyqm (O-V,—0O) movement exhibits significant
intensity at slightly lower frequencies. (Todorovi¢ et al., 2005; Frost
and Palmer, 2011; Omri et al,, 2015; Aureliano, 2016; Sanchez-Lara
etal,, 2016; Baran, 2024). Shifts of the main bands with respect to the
ammonium decavanadate are presented in Supplementary Table S3.
The shifts are less pronounced in the Raman spectra than in the IR
spectra. However, the V=0, signals are better defined than in the
IR spectra.
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and 2 in the region of VO vibrations.

The theoretical Raman spectrum of Compound 1 shows
coupled modes of vy (V=0,) with stretching v, (C-N) at
1,011 cm™ and with in-plane bending &8(H-N-H) and
8(C-N-H) of guanidinium, at 995 c¢cm™ and 959 cm’,
respectively. The band at 819 cm™ is assigned to coupled
modes of in-plane bending of §(V-O.-V) and §(V-04-V) of
decavanadate with wagging w(C-N-H) of guanidinium. At the
regions of 612-563 cm™" and 544-519 cm™" are observed several
in-plane bending involving the different types of oxygen atoms
in decavanadate §(V-0,-V), 8§(V-0p-V), 8(V-O.~V), and
8(V-04-V), coupled with rocking p(N-H,) or in-plane
bending §(N-C-N) of guanidinium. For Compound 2, the
spectrum shows the pure symmetric stretching vy (V=0,) at
984 cm™', and two coupled modes of v, (V=0,) with symmetric
stretching vy (C-C) and v, (C-N), and in-plane bending
§(C-C-N) of 960 and 946 cm’,
respectively. The bands in the region of 846-828 cm™ are
assigned to coupled modes of v, (V-O,) with several in-plane
bending §(V-0O.-V), &(V-04-V), and O&(V-0O.-V) of
decavanadate. Finally, at the region of 611-540 cm™' are
observed several in-plane bending §(V-0,-V), §(V-0,-V),
8(V-0.-V), and 8(V-O.-V), coupled with the symmetric
torsion T(SP) of spermidinium as a whole.

spermidinium, at
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Experimental (left) and theoretical (right) Raman spectra of Compounds 1 and 2 in the region of VO vibrations.

3.4 >V nuclear magnetic resonance

Figure 7 presents the 'V NMR spectrum of Compound
1 obtained at room temperature at a pH near 5. Three principal
peaks at § —422.04, § —497.71, and § -513.22 ppm due to the
different types of V atoms. The peak at § —422 corresponds to V10C,
the peak at § —497.71 to V10B, and V10A occurs at § =513.22. The
other peaks are due to the decomposition of the anion decavanadate
into vanadate V,, divanadate V,, and tetravanadate ions V,
(Rehder, 2008; Rehder, 2015a; Omri et al,, 2015). The weight of
Compound 1, used to perform the experiment, was 5 mg, diluted in
1 mL of D,0. The resonance tube was filled with 500 uL of this
dissolution.

Figure 8 presents the >'V NMR spectrum of Compound 2 at
a pH near 5, taken immediately after the compound’s synthesis.
As described previously in Figure 7, the spectrum has three
principal peaks. The peak observed at § —558 ppm, labeled as
V1, is associated with the decomposition of the decavanadate
into its monomer. For Compound 2, the experiment was
performed similarly to Compound 1, which used 5 mg and
500 pL of dissolution. In Table 3, a comparison of *'V NMR
bands with the ones obtained for potassium decavanadate
is presented.

The spectrum of potassium decavanadate was determined under
the same conditions to serve as a control for small shifts in the
vanadium bands.
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3.5 TGA and DTA studies

The thermal behavior of (CHgN3)g [V100,5]-6H,0
(Compound 1) and (C;H;9N3), [V;0025]-4H,0 (Compound 2)
were determined by TGA/DTA analysis (Figures 9, 10). For
Compound 1 (Figure 9), the thermogram shows an exothermic
mass loss of around 7.5%. This corresponds with the loss of six
water molecules from the crystal lattice from 50°C to 100°C [%
mass, calc. (found): 7.6% (7.5%)]. The following thermal event
happens around 241°C, close to guanidinium’s melting point. An
endothermic process follows this in the range of 250°C-300°C,
which may be caused by the thermal breakdown of six
guanidinium cation units (mass loss of about 26.5%; calculated
to be 25.3%). These results agree with previous reports for similar
systems (Wery et al.,, 1996; Siva et al., 2017). The last thermal
events detected occurred in the 345°C-455°C range, which is
attributed to the the
cluster into V,Os.

decomposition  of decavanadate

For Compound 2 (Figure 10), the thermogram shows an
exothermic event with a mass loss of about 10.5% before 100°C.
This is because solvent molecules that were stuck in the crystal lattice
evaporate. After this, two consecutive thermal events occur between
150°C and 350°C. This can be related to the step-by-step exothermic
elimination of the two spermidinium cations, with a total mass loss
of 17%. Above 350°C, the exothermic thermal decomposition of the
decavanadate cluster into V,Os5 occurred.
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FIGURE 8
%IV NMR Spectra of decavanadate anion of Compound 2. Crystals were dissolved in 10% D,O at pH=5.

TABLE 3 5V NMR Values of potassium decavanadate, Compound 1 and Compound 2.

Potassium decavanadate Guanidinium decavanadate Spermidinium decavanadate

V¢, Vb, Va 424, 501, 515 422, 500, 515 425, 504, 521

It is seen that the *'V signals are equal within the experimental error.

Frontiers in Chemical Biology 10 frontiersin.org


https://www.frontiersin.org/journals/chemical-biology
https://www.frontiersin.org
https://doi.org/10.3389/fchbi.2024.1451167

Paredes-Pérez et al.

10.3389/fchbi.2024.1451167

T 1 1
100 -
90
R
® 80-
[0}
=
70
60

T z T T 2.0
75% ¢ 15
______________________________________ \
i Lo 5
i £
] >
: =
P Fos 3
; =
: [a)
: |oo
________________________ Y
--0.5

I I
100 200

I
300

I I I
400 500 600

Temperature (°C)

FIGURE 9
TGA/DTA of Compound 1 (CHeN3)g V10O 251 @6H,0.

105 T T T T T T T 15
100
1.0
95
90 + —
R Los 2
% S
§ 85+ 3
= 504 E
0.0 a
754
70 - ro5
65
T T T T T T T -1.0
0 100 200 300 400 500 600
Temperature (°C)
FIGURE 10

TGA/DTA of Compound 2 (C7H19N3), [V10025]@4H,0.

3.6 Theoretical description

Table 4 shows the interaction energies, E;y, obtained for two
fragments using the equation Ejs = Eopr—complex = (E fragt + E frag2)s
where E,pt—complex is the optimized energy of Compounds 1 and
2 calculated at the level of theory PBEQ/Def2SVP-LANL2DZ using
ECP = LANL2DZ for the V atom, E f,, is the energy obtained in a
single-point calculation of the decavanadate anion at the same level
of theory and Ef,4, is the energy obtained also in a single-point
calculation of the fragment formed by six guanidinium and two
spermidinium cations at the same level of theory for Compounds
1 and 2, respectively. It is observed that Compound 1 has the best
interaction energy by 23 kcal/mol. It could be because, in Compound
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1, the decavanadate anion is surrounded by more cations through
twelve strong hydrogen bonds, while only four strong hydrogen
bonds are found in Compound 2. Non-covalent interactions of type
N-H--O and van der Waals interactions stabilize the structures, as
can be explained by the QTAIM and NCI-RDG analyses.

Figure 11A shows the optimized geometry of Compound 1, whose
decavanadate anion [V;oO,3]® was surrounded by six guanidinium
cations to obtain a neutral and singlet multiplicity model.
Supplementary Figure S5 shows the isosurfaces of frontier molecular
orbitals, HOMO and LUMO, and the molecular electrostatic potential
(MEP) map, plotted with an isovalue of 2 x 10 and 4 x 10™* a.u,,
respectively. Both HOMO and LUMO are mainly located on
decavanadate anion, HOMO on oxygen atoms, indicating their
electron donor behavior, and LUMO on vanadium atoms, indicating
their electron acceptor behavior, to form non-covalent interactions with
the guanidinium cations. The MEP, mapped in the range of 1.5 x 10"
to 1.5 x 107, indicates high electronic density concentrated on
decavanadate anion (red regions). In contrast, the zones with
electronic density depletion are located on the guanidinium cations
(blue areas). The non-covalent interactions between the O atoms of
decavanadate anion and H atoms of guanidinium molecules are located
in intermediate electronic density zones (yellow regions), as shown in
Supplementary Figure S3.

Figure 11B shows the molecular graph of Compound 1. Green dots
represent bond critical points (BCP), blue dots represent ring critical
points (RCP), and orange dots represent cage critical points (CCP).
Figure 11B labels the main BCP as CP1-CP6, indicating strong
hydrogen bonds between O atoms of decavanadate anion and H
atoms linked to donor N atoms of guanidinium cations, N-H. The
topological electron density parameters, p(r), the Laplacian of density,
V?p(r), the energy of interaction, Eyy..y, the potential energy, V(r), the
interatomic distance, D;,, and the interatomic angle, A;,,, are shown in
Table 5. Critical points CP1-CP6 show p(r) values from 0.0352 to
0.0518 a.u. All V*p(r) values are positive, indicating that the non-
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TABLE 4 Interaction energies, E;, (in kcal mol™), calculated at the level of theory PBEO/Def2SVP-LANL2DZ using ECP=LANL2DZ for the V atom.

Eopt-complex (u.a.) Efrag1 (u.a.) Efragz (u.a.) Eint (u.a.) Eint (kcal/mol)
Compound 1 —4051.8913 —2818.8697 —1232.7964 -0.2211 -138.77
Compound 2 ‘ —3704.7757 —2818.8697 —885.7218 —0.1842 -115.58

FIGURE 11
(A) Optimized structure of Compound 1 formed by one anion of [V;00,3]°" linked by six guanidinium cations; (B) Molecular graph showing the main

H bonds between the decavanadate anion and guanidinium cations; (C) Non-covalent Interaction (NCI) graph; and (D) Reduced Density Gradient
(RDG) graph.

covalent interactions are hydrogen bonds. The values of interaction
energy for the BCPs, obtained from V(r) values with the equation
Ep.y =1|V(r)| , are in the range of 7.81-13.68 kcal/mol, with the
highest values for CP2 and CP6, indicating the most strong N-H---O
hydrogen bond interactions (see Table 5). Stable rings are formed by the
interactions between guanidinium cations and decavanadate anion with
RCPs with p(r) of 0.0040-0.0045 a.u. (see Figure 11B).

Figures 11C, D show the Non-covalent Interactions (NCI) and the
Reduced Density Gradient (RDG) graphs, respectively. The N-H---O
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hydrogen bonds between N-H of the guanidinium cations with the O
atoms of the decavanadate anion are shown in blue regions labeled as
CP1-CP6, observed at the range —0.05 to —0.03 a.u. In addition, some
van der Waals interactions are observed as small green surfaces,
mainly within the rings formed by the interactions between
guanidinium and decavanadate ions, in the range of —0.02 to
0.01 a.u. Finally, strong repulsive interactions are observed in red
regions of 0.015-0.05 a.u., corresponding to the atoms in the
decavanadate anion.
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TABLE 5 Topological parameters (in a.u.), interaction energies of BCPs, Ey,..y
(in kcal mol™), interatomic distances, D (in A), and interatomic angles, Aj.;
(in degrees).

Compound 1

BCP p(r)  V?p(r)  VI(r
CPl NI-HI...Ol 00379 01230 -0.0280 1769 177.37 | 879
CP2 N2-H2...02 00478  0.1479  —-0.0387 1.680 177.48 12.14
CP3 N3-H3...03 00453 0.1440  -0.0359 1698 17674 11.26
CP4 N4-H4...04 00352 01157 -0.0249 1791 17849 = 7.81
CP5 N5-H5...05 00450 01410  -0.0354 1704 177.52 | 1111
CP6 N6-H6...06 00518 01535  -0.0436 1653 177.89  13.68

Compound 2

p(r)  V2p(r) V()
CP1 NI-HI...Ol 00281 00849 00202 1936 137.07  6.34
CP2 NI-H2...02 00656 01633 -0.0609 1567  159.25 19.11
CP3  C3-H3...03 00118 00319  —-0.0082 2407 15216 @ 2.57
CP4 N4-H4...04 00726 01836 -0.0743 1530 17320 & 2331
CP5  C5-H5...05 00112 00351  —-0.0079 2425 127.87 | 248
CP6 C6-H6...04 00087 00314  -0.0061 2.581 12879 & 191
CP7  C7-H7...05 00052 00198 00033 2771 12572  1.04

Figure 12A shows the optimized geometry of Compound 2. In this
case, the decavanadate [VqO]® surrounded by two
spermidinium cations to obtain a neutral and singlet multiplicity
model. Supplementary Figure S5 shows the isosurfaces of HOMO
and LUMO orbitals and the MEP map, plotted with an isovalue of 2 x
10 and 4 x 10™* a.u., respectively. Both HOMO and LUMO are also
mainly located on the decavanadate anion. HOMO is located on the

was

oxygen atoms of decavanadate, indicating its electron donor behavior to
form non-covalent interactions with the spermidinium cations. LUMO
is situated mainly on vanadium atoms, indicating its electron acceptor
behavior. The MEP, mapped in the range of —1.5 x 107" to 1.5 x 1077,
indicates a high electronic density concentrated on the decavanadate
anion (red regions). The zones with electronic density depletion are
located on the spermidinium cations (blue areas), especially in the
ammonium terminal group. The non-covalent interactions between the
O atoms of the decavanadate anion and the H atoms of spermidinium
molecules are located in intermediate electronic density zones (yellow
regions), as shown in Supplementary Figure S5.

Figure 12B shows the molecular graph of Compound 2. The
main BCPs are labeled as CP1-CP7. The topological electron density
parameters shown in Table 5 indicate that critical points CP1, CP2,
and CP4, with values of p(r) at the range of 0.0281-0.0726 a.u.,
correspond to hydrogen bonds between O atoms of decavanadate
anion with H atoms linked to donor N atoms of spermidinium
cations, "N-H. The highest positive values of V?>p(r) indicate that
the non-covalent interactions are hydrogen bonds: 0.0849, 0.1633,
and 0.1836 u.a. for CP1, CP2, and CP4, respectively. Critical points
CP2, CP5-CP7 with values of p(r) of 0.0052-0.0118 a.u. and of
V2p(r) of 0.0198-0.0351 a.u. are weak non-covalent interactions
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C-H--O. The values of interaction energy of BCPs for strong
hydrogen bonds are 19.11 and 23.31 kcal/mol for CP2 and CP4,
respectively (see Table 5). Stable rings are formed by the interactions
between spermidinium cations and decavanadate anion with RCPs
with p(r) of 0.0041-0.0112 a.u. (see Figure 12B).

Figures 12C, D show the NCI and RDG graphs. The N-H--O
hydrogen bonds between "N—H of the spermidinium cations with the O
atoms of the decavanadate anion are shown in CP1 in a blue region. In
contrast, for CP2 and CP4, these hydrogen bonds are represented by
surfaces blue-red, indicating the formation of hydrogen bonds with a
repulsive contribution due to the smaller D;,, in these critical points (see
Table 5). These hydrogen bonds are observed at —0.05 to —0.025 a.u. in
the RDG graph. Several green surfaces are observed around critical
points CP2 and CP5-CP7, indicating van der Waals interactions related
to the weak non-covalent interactions C~H---O. These van der Waals
interactions are observed from —0.02 to 0.005 a.u. of the RDG graph.
Strong repulsive interactions are observed in red regions in the range of
0.015-0.05 a.u., corresponding to the atoms in the decavanadate anion.

4 Discussion

Research on polyoxidometalates (POMs, formerly known as
polyoxometalates) has grown exponentially in the last 30 years. In
particular, polyoxidovanadates (POVs) (Pope and Miiller, 1991;
Aureliano et al,, 2021). This has extended to various basic and
applied fields. Numerous studies have been published on different
aspects and applications of POVs, including industrial chemistry,
catalysis, environmental chemistry, materials science, biochemistry,
biology, pharmacology, and medicine (Mizuno and Kamata, 2011;
Rehder, 2017; Missina et al., 2018; Bijelic et al., 2019; Missina et al.,
2020; Aureliano et al., 2021; Diaz et al., 2021; Aureliano et al., 2022;
Aureliano et al., 2023; Budych et al., 2023; Carvalho and Aureliano,
2023; Diaz et al., 2023; Rehder, 2023; Aureliano et al., 2024; Scibior
et al, 2024). A report in 1973 that introduced Vi, as a
micromolecular inhibitor of rabbit muscle adenylate kinase
(DeMaster and Mitchell, 1973) is a landmark that started an
exponential trend in the research of vanadium compounds in
biological systems (Rehder, 2013a; Rehder, 2013b; Rehder,
2015b). Among the
decavanadate, which is a charge-6 anion that has been found in
6 proteins of great biological relevance (acid phosphatase, tyrosine
kinase, two ecto-nucleoside triphosphate diphosphohydrolases
(NTPDases), the human transient receptor potential cation
channel (TRPM4), and the human cell cycle protein CksHsl
(Aureliano et al., 2022). Interactions with positively charged

most studied polioxidovanadates is

amino acids such as lysine and arginine and hydrogen-binding
formers such as histidine and serine are represented in the
binding sites of such proteins. However, arginine and lysine
comprise the majority of side chains that interact with
decavanadate (Aureliano et al., 2022). Due to the large size of the
proteins, studying non-covalent interactions with the decavanadate
anion is a significant challenge. To learn more about their non-
covalent interactions, guanidinium and spermidinium, two small
decavanadates with organic cations, were made, crystallized, and
studied experimentally and theoretically in this work.

Hydrogen bonds and electrostatic interactions involving the
arginine side chains of proteins are very important in biological
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FIGURE 12
(A) Optimized structure of Compound 2 formed by one anion of [V1005g]° linked by two spermidinium cations; (B) Molecular graph showing the

main hydrogen bonds between the decavanadate anion and spermidinium cations; (C) Non-covalent Interaction (NCI) graph; and (D) Reduced Density
Gradient (RDG) graph.

systems. The guanidinium cation at the end of the side chain of
arginine is a versatile, functional group with unique properties
(Arakawa and Timasheff, 1984). Examples of artificial receptors
for carboxylates, phosphates, and other oxoanions, such as sulfate or
nitrate, have been described (Blondeau et al., 2007). Thus, the
guanidinium cation is a small and convenient cation to model
the non-covalent interactions of arginine side chains
(Makhatadze and Privalov, 1992; Mayr and Schmid, 1993;
Makhatadze, 1999; Mason et al., 2004; Schug and Lindner, 2005;
Mason et al., 2007; Negi et al., 2023) As for spermidinium, it is also a
small polyamine that could serve as a biomimetic model of the lysine
side chain. It is a naturally occurring molecule that may be found in
plants and semen. It has benefits such as neuroprotection, antiaging,
anti-inflammatory, and prevention of tumor cell proliferation. Also,
many studies have been related to polyamines and their interaction
with other proteins that cause cellular damage (Krasnoslobodtsev
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et al., 2012). Their role in enzymes (Mishra et al., 2015), beneficial
uses in lifespan, helping against aging (Madeo et al., 2018;
Nampoothiri et al.,, 2023), antioxidant effects (Jiang et al., 2023),
and ameliorating acute pancreatitis have been described (Shen et al.,
2023). All the data about spermidine and other polyamines is
health diseases,

Alzheimer’s, longevity, antiaging, nutritional, and cognitive

directed towards most cancers, receptors,
function (Jiménez-Gutiérrez et al., 2023; Zimmermann et al., 2023).

Previous combined experimental and theoretical studies dealing
with decavanadate decorated with organic ions by our research group
(Sanchez-Lara et al., 2018; Sinchez-Lara et al., 2019; Garcia-Garcia et al.,
2021; Corona-Motolinia et al., 2022) and another group (Msaadi et al.,
2022), indicated the formation of non-covalent interactions of the type
hydrogen bonds N-H:--O and O-H---O. Complexes of decavanadate
with cytosinium and metforminium with a 6:1 ratio of cation-anion
were characterized, establishing that the compound with cytosinium
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was mainly stabilized by m—n stacking interactions and N-H--O
hydrogen bonds. In contrast, the compound with metforminium
was stabilized by both hydrogen bonds N-H--O and O-H--O
(Sanchez-Lara et al, 2018). The study of the complex of
diprotonated decavanadate with 4-dimethylaminopyridinium, with a
4:1 ratio of cation-anion, indicated that hydrogen bonds N-H---O and
O-H---O played an essential role in the formation of the supramolecular
network highly stabilized by stable rings between anions (Sanchez-Lara
etal, 2019). The complex of decavanadate with 2-aminopyrimidinium
with a 6:1 ratio of cation-anion showed m-m stacking interactions
between 2-aminopyrimidinium cations forming stable rings and
cage-like structures stabilizing the complex. The hydrogen bonds
N-H--O between decavanadate and 2-aminopyrimidinium were
characterized by high interaction energies of 23.02 and 11.26 kcal/
mol (Garcia-Garcia et al., 2021), which are similar to the values obtained
in this work for guanidinium and spermidinium cations (see Table 6).
The complex formed by diprotonated decavanadate anion with
VOy(tris (2-pyridylmethyl)aminium) (VO,(tpma*)) with a 4:1 ratio
of cation-anion showed hydrogen bonds O-H--O with interaction
energy of 11.92 kcal/mol, contributing significantly in the formation of
the supramolecular structure (Corona-Motolinia et al, 2022). In
addition, these complexes have been used to test DNA/RNA
interactions using molecular docking analysis, showing good affinity
energies (Garcfa-Garcia et al,, 2021; Corona-Motolinia et al., 2022).
Complexes formed by diprotonated decavanadate anion with 3-
picolylammonium and 4-fluorobenzyl ammonium with 4:1 ratio of
cation-anion showed strong hydrogen bonds N-H:--O and O-H--O,
and weak non-covalent interactions C—H---O and C—H---F, which were
corroborated by NCI-RDG analysis observing the characteristics
surfaces for hydrogen bonds for N-H--O interactions between
cations with decavanadate, for van der Waals interactions for weak
non-covalent interactions, and repulsive interactions between atoms of
decavanadate anion (Msaadi et al., 2022), as similarly observed in our
Compounds 1 and 2 (see Figures 10C, 11C).

Concerning decavanates as potential anticancer metallodrugs, Zhai
et al. published one of the initial reports on decavanadate compounds
exhibiting anticancer properties. The molecule Na,Co(H,0)s [V10Oas]-
18H,0 demonstrates a more remarkable ability to inhibit the growth of
human liver cancer (SMMC-7721) and ovarian cancer (SK-OV-3) cell
lines in a laboratory setting compared to the currently utilized
antitumoral drug 5-fluorouracil. This substance has shown promising
results in reducing the weight of liver tumors in rats in live animal
experiments (Zhai et al, 2009). In 2010, Li et al. synthesized two
ligands that
inhibitory effects on human lung development (A549) and murine

decavanadates  containing  organic demonstrated
leukemia (Li et al,, 2010). Several other articles discussing the possible
anticancer properties of decavanadate compounds have been published
(Kioseoglou et al., 2015; Cheng et al., 2018; Gu et al., 2020; Amante et al,,
2021; Ksiksi et al., 2021; Louati et al., 2021; Ksiksi et al., 2022a; Aureliano,
2022; Ksiksi et al., 2022b; De Sousa-Coelho et al., 2023; Dridi et al., 2024;
Ksiksi et al, 2024). All recent studies point out potential anticancer
agents against some cancer cell lines. One of the compounds synthesized
in our laboratory has been successfully tested in vitro in melanoma cells.
(De Sousa-Coelho et al, 2022). The hybrid POV metformin-
decavanadate (Metf-V10) showed antiproliferative action at much
lower concentrations than metformin alone in UACC62 melanoma
cells. It had been previously suggested that Vo and V; could act through
different pathways, and Metf-V10 had increased stability and potentially
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lower intracellular biotransformation. Recently, guanidinium derivatives
have been synthesized with similar purposes (Dumitrescu et al., 2023).
Therefore, the compounds reported here will be tested for their
anticancer potential.

5 Conclusion

Two decavanadate compounds were synthesized and
characterized by different experimental techniques: FTIR, Raman,
'V NMR, thermogravimetric analysis, and monocrystalline X-ray
diffraction. Vibrational techniques, especially Raman spectroscopy,
are very sensitive and give us helpful information about how the
decavanadate cluster interacts with similar side chain terminal
groups of the amino acids found in proteins. The absorption
band positions in the region of V=0, bond stretching vibrations
(1,200-900 cm™") will make it possible to determine whether a
compound’s structure comprises a free anion or is involved in
several hydrogen bond interactions. It was found that the cations
guanidinium and spermidinium can mostly interact with the
decavanadate anion through hydrogen bonds and electrostatic
interactions. According to what can be observed in the TGA of
the compounds, water molecules act as bridges through hydrogen-
bonding interactions with the cluster decavanadate itself or with the
organic counterions.

We learned more about the molecular structures, electronic
properties, theoretical spectra, and non-covalent interactions
between decavanadate ions and their counterions through
theoretical DFT calculations. The non-covalent interactions of
decavanadate with its organic counterions were also analyzed
through the Quantum Theory of Atoms in Molecules (QTAIM),
Non-covalent Interaction (NCI), and Reduced Density Gradient
(RDG) analyses. Both compounds were highly stabilized by strong
hydrogen bond interactions N-H--O and weak non-covalent
In addition, the

guanidinium and spermidinium cations and decavanadate anion

interactions C-H.:--O. interactions between
form several stable rings. This study provides new information on
non-covalent intermolecular interactions between decavanadate and
lateral chains of arginine and lysine in protein environments. Also, it
points out significant differences between V; and V4 since Vg
doubles the charge and has a high capacity to form strong hydrogen
bonds with amino acid cations. Considering that we could have one
pair of electrons in the (p;) oxygen and two pairs in the O and (u,)
oxygens, the maximum capacity to form hydrogen bonds is 48 for
V10, compared with only 11 for V;. Therefore, a rich set of
possibilities for Vi, interactions with many proteins could be
discovered in the near future.

A better understanding of how V-species interact with proteins,
along with the data that has been presented, may serve as the
foundation for future research, design, and development of novel,
potentially active anticancer agents.
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