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Abstract: The interest in decavanadate anions has increased in recent decades, since these clusters
show interesting applications as varied as sensors, batteries, catalysts, or new drugs in medicine.
Due to the capacity of the interaction of decavanadate with a variety of biological molecules because
of its high negative charge and oxygen-rich surface, this cluster is being widely studied both in vitro
and in vivo as a treatment for several global health problems such as diabetes mellitus, cancer,
and Alzheimer’s disease. Here, we report a new decavanadate compound with organic molecules
synthesized in an aqueous solution and structurally characterized by elemental analysis, infrared
spectroscopy, thermogravimetric analysis, and single-crystal X-ray diffraction. The decavanadate
anion was combined with 2-aminopyrimidine to form the compound [2-ampymH]6[V10028]-5H20
(1). In the crystal lattice, organic molecules are stacked by m—m interactions, with a centroid-to-
centroid distance similar to that shown in DNA or RNA molecules. Furthermore, computational
DFT calculations of Compound 1 corroborate the hydrogen bond interaction between pyrimidine
molecules and decavanadate anions, as well as the 7 stacking interactions between the central
pyrimidine molecules. Finally, docking studies with test RNA molecules indicate that they could
serve as other potential targets for the anticancer activity of decavanadate anion.

Keywords: decavanadate; 2-aminopyrimidinium; experimental and theoretical characterization;
DFT; docking RNA/DNA

1. Introduction

Polyoxidometalates (POMs) are defined as clusters made from early transition-metals,
typically d° species V(V), Nb(V), Ta(V), Mo(VI), and W(VI), bridged by oxide anions.
This class of compounds is highly interesting in molecular structural variety, reactivity,
and applications in analytical chemistry, catalysis, medicine, and materials research [1].
POMs have great potential in biological applications, since every aspect that involves the
interaction of POM with biological target macromolecules could be modified to improve
their beneficial effects on a biological system. Thus, interesting POMs with anticancer [2]
and antibiotic activities [3], among others, have been obtained to date.
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In this context, the colorless aqueous solution of vanadate(V) turns orange as it
acidifies. This phenomenon is associated with condensation reactions carried out by
vanadate ions depending on the acidity range of the solution. Thus, at pH ~ 6, the
orange solution indicates that the decavanadate anion, [H,V19005]©~"~ with n = 04,
has been formed [4,5]. These clusters have attracted much interest due to their potential
applications in a wide range of uses such as sensors [6], batteries [7-9], catalysts [10-12], or
metallodrugs [13-15].

In particular, decavanadates have recently attracted attention due to their medicinal
and biochemical behavior, since they have an important role in biological systems by
having the ability to interact with proteins, enzymes, and cell membranes [16].

More than forty years ago, vanadate was first found as an impurity in commercial ATP
obtained from horse skeletal muscle and was initially identified as a muscle inhibition factor
by inhibiting the activity of the sodium pump [17]. Subsequently, the first enzyme that
decavanadate was able to inhibit, the rabbit skeletal muscle adenylate kinase, was reported.
After that, many enzymes have been found that can be inhibited by this decameric species,
such as hexokinase, phosphofructokinase, inositol phosphate metabolism enzymes, or
nicotinamide adenine dinucleotide (NADH)-vanadate reductase [18].

Due to the high negative charge of decavanadate, this species can interact with a
multitude of molecules such as proteins, counterions, or lipid structures, affecting many
biological processes such as muscle contraction, calcium homeostasis, necrosis, actin poly-
merization, oxidative stress markers, or glucose uptake, among others [19]. As a result,
different compounds based on decavanadate and cationic organic ligands have been pub-
lished in recent years, which can decrease glycemia [20-22], induce neuronal and cognitive
restoration mechanisms to treat metabolic syndrome [13], affect the growth of protozoan
parasites and bacteria [23-26], or show antitumor activity [27,28]. For example, the com-
pound Mg(H;O0)(C4N2H7)4V190Os8-4H,0 demonstrated dose-dependent antiproliferative
activity on human cancer cells U87, IGR39, and MDA-MB-231 [29].

Previous works with Adenine and Cytosine have shown a hydrogen bond interaction
with the decavanadate anion [6,30,31]. Thus, to obtain new bioactive compounds based
on the decavanadate cluster, one organic ligand with potential biological activity was
chosen. Here, we report the deployment of 2-aminopyrimidine, which is susceptible to
protonation and can interact with the decavanadate anion. Recently, structures formed
by decavanadate and ligands with nitrogenous groups with promising antidiabetic and
anticancer properties have been published [22,29,32-34]. In addition, within the family of
N-heterocyclic compounds, pyrimidines and their derivatives are an important class of
compounds in medicinal chemistry [35-37].

In this way, a new member of a family of compounds based on decavanadate was
obtained. Decavanadate anion interacts with a 2-aminopyrimidine ligand to afford a
crystalline compound with the formula [2-ampymH]s[V19O25]-5H,0 (1). The structural
characterization of the compound was carried out by elemental analysis, infrared spec-
troscopy, thermogravimetric analysis, and single-crystal X-ray diffraction. In addition, the
compound was studied using Density Functional Theory (DFT) computational methods.
The frontier molecular orbitals and global reactivity indexes were analyzed for showing
interesting characteristics of the donor-acceptor interactions. The insights about the com-
pounds’ reactivity were corroborated by analyzing the non-covalent interactions using the
AIM approach.

On the other hand, since Sciortino et al. [38] recently published the interaction of
decavanadate with G-actin protein with docking calculations, in this work, docking studies
using small RNA and DNA molecules were used to test the hypothesis that the attributed
anticancer activity of decavanadate could be due to interaction with these critical molecules.
Structurally, the compound has a set of hydrogen bonds and 7—m interactions resembling
those found in DNA/RNA molecules, opening the field of POM to RNA interactions as
potential target molecules for cancer treatment.
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2. Results
2.1. Structural Description of [2-ampymH]s[V19025]-5H,0 (1)

The decavanadate anion is a very useful cluster in coordination chemistry as a building
block for various structures. Since they have a high negative charge and oxygen-rich
surfaces, interactions between this anion and metals or organic ligands are easily formed by
coordination or hydrogen bonds [39]. Based on this cluster, the crystal structure of a new
compound with a cationic ligand was determined in the present study. Table 1 presents
the corresponding crystal data, and Tables S1-57 in the supplementary section contain
additional crystallographic information.

Table 1. Crystal data and structure refinement for Compound 1.

Compound 1
Empirical formula C24H46N28033V10
Formula mass (g~mol‘1) 1764.20
CCDC 2099300
Crystal system Triclinic
Space group P1
a(A) 9.783(5)
b (A) 11.309(5)
c(A) 12.853(5)
a (°) 110.166(5)
B(°) 95.645(5)
A (%) 97.551(5)
Volume (A3%) 1307.4(10)
Z 2
Density (caled) (g-cm*3) 2.063
uw(Mo/CuKa) (mm~1) 1.815
Temperature (K) 300(2)
GoF on F22 1.065
Ry [1>20()]P 0.0386
R; [all data] P 0.0621
wRy [1>20(I)] € 0.0821
wR, [all data] € 0.0958

3 S = [Zw(Fo? — F?)?/(Nops — Nparam)1/% P Ry = X||Fo | — IF||/ZIF,1;
¢ WRy = {Z[w(Fo? — F2)2]/Z[W(Fo22 112 w = 1/[0%(Fo?) + (aP)? + bP] where P = (max(F,2,0) + 2F:2)/3.

Compound 1 crystallizes in the P1 space group of the triclinic system and consists of
a three-dimensional supramolecular structure, where units of [V10025]°~ interact with the
cationic ligand 2-aminopyrimidinium, [2-ampymH]* and crystallization water molecules
through hydrogen bonds. The asymmetric unit contains half of a decavanadate anion
arranged in an inversion center, three independent molecules of [2-ampymH]* (named as A,
B, and C) protonated in the N3 position, and two and a half crystallization water molecules
(two of them with 100% occupancy and one with occupancy set at 50%). Therefore, the
(6-) charge of the decavanadate cluster is stabilized by six [2-ampymH]™ cations, which are
arranged on both sides of the cluster interacting by hydrogen bonds. Thus, the formula
established by monocrystal X-ray diffraction was [2-ampymH]s[V10028]-5H,O (Figure 1).

The protonation effect of the 2-ampym ligand mainly results in a variation in the
internal angles N2-C1-N3 and, to a lesser extent, in the angles C1-N2-C2 and C1-N3-C4.
Table 2 shows these angles compared with the values given by ]. Scheinbeim et al. for a
non-protonated 2-ampym molecule [40]. Protonation also affects the distances between
the atoms within the cation. Specifically, there is a shortening of the N1-C1 bond, from
1.342 A for the ligand to 1.317 A on average for the cation. In addition, in the 2-ampym
ligand, the N2-C2 and N3-C4 bonds are symmetrical, with a value of 1.331 A, while, N3-C4
bond is greater for the protonated form than the N2-C2 one (1.351 A versus 1.323 A on
average, respectively).
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Figure 1. Structure of [2-ampymH][V19Op8]-5H,0 (1). The hydrogen bonds among [2-ampymH]*
cations and decavanadate anion are shown (blue dashed line). Water molecules have been omitted
for clarity. Vanadium atoms are represented in green.

Table 2. Difference between the angles (A°) of the neutral 2-ampym molecule and the cations A, B,
and C of the protonated ligand in Compound 1.

Angle [2-AmpymH]* (°) 2-Ampym (°) A°
N2A-C1A-N3A 121.3 125.2 3.9
N2B-C1B-N3B 120.9 43
N2C-C1C-N3C 123.2 2
C1A-N2A-C2A 117.3 115.7 1.6
C1B-N2B-C2B 117.3 1.6
C1C-N2C-C2C 116.6 0.9
C1A-NBA-C4A 120.7 116.2 45
C1B-N3B-C4B 120.9 47
C1C-N3C-C4C 118.4 22

The decavanadate cluster comprises ten edge-sharing VOg octahedra, containing ten
vanadium atoms and twenty-eight oxygen atoms. In total, the cluster possesses sixty V-O
bonds which can be differentiated by their bond distances. First, two oxygen atoms are
located inside the polyanion (O.) bonded to six vanadium atoms, each one with the largest
bond distance in the range of 2.106-2.340 A. Four other oxygen atoms are arranged on the
surface (Op1) and coordinate to three vanadium atoms each, with bond lengths of V-Oy,
in the range of 1.900-2.084 A. Fourteen oxygen atoms at the corners (Op;) coordinate to
two vanadium atoms each, where V-Oy; bond length distances are ranged from 1.684 to
2.069 A. Lastly, eight terminal oxygen atoms (O) are coordinated to only one vanadium
each, and the V = Oy distance is the smallest one with values in the range of 1.595-1.611 A.
These bond distances agree with other [V10O25]6~ anions reported in the literature [41-44].
Bond lengths are listed in Table S3.

The supramolecular structure is dominated by hydrogen bonds of type N-H::-N,
N-H:--O, and O-H---O, in addition to 7-stacking interactions between pyrimidine rings. On
the one hand, as shown in Figure 2, the decavanadate anion interacts by hydrogen bonds
of type N-H---O with six [2-ampymH]* cations: two hydrogen bonds are formed thanks to
N1 and N3 atoms of molecules A and C, giving rise to a R3(8) ring motif, according to the
nomenclature of Etter et al. [45], while molecule B only forms one hydrogen bond through
the N3 atom. Furthermore, [2-ampymH]* cations interact with each other by hydrogen
bonds, where N2 atoms of the rings act as acceptors and N1 atoms of the amino groups are
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the donors, forming a R3(8) ring motif. The distances and angles of the hydrogen bonds
are shown in Table 3.

Figure 2. Partial supramolecular structure of Compound 1 based on hydrogen bonds (blue dashed line) among the [2-
ampymH]* cations and decavanadate anions. The structure is colored by symmetric equivalence. C cations (in red) form
hydrogen bonds with each other, while A and B cations (in green and blue, respectively) interact between them.

Table 3. Distances (A) and angles (°) of the hydrogen bonds of Compound 1.

D-H--AP? D-H H-A D-H---A Angle (°)
C2A-H2A.---012 0.93 2.57 3.176(4) 122.9
C3A-H3A---05(}) 0.93 2.28 3.133(4) 152.6
N1A-H1AA.--N2B(H) 0.83 2.17 2.997(4) 171.8
N1A-H1AB---O4() 0.79 2.15 2.933(4) 171.2
N3A-H3AA.--O3(iil) 0.85 1.80 2.650(3) 174.1
N1B-H1BA---N2A(H) 0.93 2.14 3.043(4) 165.6
N1B-H1BB:--O1W 0.70 2.34 3.024(6) 168.1
N3B-H3BA---09 0.78 1.87 2.625(3) 163.2
N1C-HICA.---N2C() 0.81 2.14 2.954(4) 179.6
N1C-HICB---011(") 0.81 2.10 2.896(3) 168.8
N3C-H3CA.--010 1.09 1.49 2.585(3) 174.9
O1W-H1WA---O3W (1) 0.85 2.36 3.162(13) 157.2
O1W-H1WB---O1 0.85 2.29 3.083(4) 154.4
O2W-H2WA.--011(*}) 0.85 2.79 3.352(7) 125.5
O2W-H2WB-.--011(i) 0.85 2.09 2.729(8) 131.2
O3W-H3WA.---06 0.85 2.30 3.049(9) 147.7
O3W-H3WA.--O1W/() 0.85 2.64 3.162(13) 121.3
O3W-H3WB---04(}) 0.85 2.30 3.143(11) 174.7

Symmetry operations: (i) =x, —y, 1 — 7 (ii)) =2 —x,1 —y,2 —z (i) =1 —-x, -y, 1 =z (iv)=1 - x, -y, —z;
V)=2—-x1-y,1 -z Vi) =+x, —1+y, +z b D: donor; H: hydrogen; A: acceptor.

On the other hand, due to the arrangement of [2-ampymH]* cations, 7— stacking
interactions are formed between pyrimidine rings, by forming a chain of six rings that
repeats infinitely in space (Figure 3), with an average distance between centroids of 3.617 A,
which falls within the range of a 7—m interaction. Some of the rings are stacked in an
aligned way, while others form a 7—m stacking shifted parallel about 22°, also producing
a shorter distance between centroids because n-o attraction forces predominate in this
arrangement [46]. A similar structure has been published by S. Sedghiniya et al. [6], in
which decavanadate anion interacts by hydrogen bonds with cations of Adenine, one
of the five nitrogenous bases that form DNA and RNA. Similarly, in this structure, the
cations interact with each other by hydrogen bonds and 7—mt stacking interactions, with a
centroid-to-centroid distance of 3.5 A and a displacement angle of approximately 24°.
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"‘
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Figure 3. Partial supramolecular structure of Compound 1 where 7-7 stacking interactions between
the aromatic rings of pyrimidine and the distance between centroids are shown (black dashed line).
Vanadium atoms are represented in green.

This arrangement is clearly reminiscent of DNA structure, a polymer formed by base
pairs that interact with hydrogen bonds and are stacked by 7 stacking interactions with
a distance between centroids of 3.4 A. Similarly, in Compound 1, [2-ampymH]* molecules
interact by hydrogen bonds and are stacked by 7—m stacking interactions with a distance
between centroids of approximately 3.6 A (Figure 4).

Figure 4. (a) Small fragment of DNA (1BNA) and (b) Compound 1 show a similar structure, with
distances between centroids in the same range. Vanadium atoms are represented in green.
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Lastly, this structure contains water molecules of crystallization (Figure 5). Two of the
water molecules of the unit cell (O1W and O3W) are arranged between the decavanadate
and the cations in general positions, while the third one (O2W) is located at the apex,
making its contribution to the unit cell 50%. These water molecules form hydrogen bonds
within the structure, helping to stabilize it. All distances of hydrogen bonds along with
their angles are found in Table 3.

Figure 5. View of the supramolecular structure along the crystallographic a-axis, where all hydrogen
bonds forming in Compound 1 can be observed (blue dashed line). Vanadium atoms are represented

in green.

2.2. Infrared (IR) Spectroscopy

At the top of the 2-ampym ligand spectrum (Figure 6) were the characteristic bands
at 3331 and 3165 cm ™! that belong to the stretching vibration modes of the N-H and
C-H bonds, respectively. In addition, the bending vibration modes appeared at 1645 and
1128 cm ™!, respectively. Lower wavenumbers show the characteristic bands of the aromatic
pyrimidine ring with peaks at 1556, 1469, 1356, 794, and 555 cm !, belonging to the C-N,
C=C, C-C, and CCC bonds, respectively [47-49]. As for the spectrum of Compound 1, it
was possible to see both characteristic bands of the ligand 2-aminopyrimidine and the
bands belonging to the different vibration modes of the V-O bond of decavanadate anion.
Although the band belonging to the vibration of the O-H bond was not distinguished
precisely, there was a wideband between 3400 and 2900 cm ™!, which could be assigned to
water molecules in the structure. In addition, there was a slight displacement of the bands
belonging to the V=0 and N-H groups, so the interaction between both molecules was
weak, mainly due to hydrogen bonds. Main IR bands are collected in Table 4.
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—— [NH,]([V,,0,5]-6H,0
—— 2-Aminopyrimidine
[2-ampymH][V,,0,5]-5H,0 (1)

Transmittance (a.u.)

V(ETH)ammalic

5(CCC)

P T S S S SR TR S TR T VA SN ST S ST S R S S S S N S
1 t T t T

4000 3600 3200 2800 2400 2000
Wavenumber (cm-)

1200

800 400

Figure 6. IR spectra of ammonium decavanadate, 2-aminopyrimidine ligand, and Compound 1 in the range 4000-400 cm !

at room temperature.

Table 4. IR bands (cm~!) of ammonium decavanadate, 2-aminopyrimidine ligand (2-ampym), and

Compound 1 in the range of 4000-400 cm .

Vibrational Mode (NHy)gV10025-6H,O 2-Ampym Compound 1
v(N-H) - 3331 3290
V(C'H)aromatic - 3165 3082
8(0O-H) 1622 i, _
S(N-H) 1394 1645 1670
v(C-N) - 1556 1610
v(C=C) - 1469 1462
v(C-C) - 1356 1346
8(C-H) - 1128 1132
v(V=0) 927 - 941
Vasym(V-O-V) 825 - 814
802 711
731
v(CCCQ) - 794
Vsym(V-O-V) 580 - 580
505 511
3(C-C-C) - 555

459
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2.3. Thermal Study

The thermal decomposition behavior of [2-ampymH]¢[V10O23]-5H,0 (1) in solid-state
was studied by TG analysis in the range of 35-950 °C (Figure S1). The thermogram of Com-
pound 1 revealed a mass loss of around 5% in the range of 35-180°C, which corresponded
to five water molecules of crystallization (% mass, calc. (found) for 5 x HyO: 5.5% (5.4%)).
Then, a continuous mass loss occurred in the range from 180 to 450 °C, which may corre-
spond to the thermal degradation of six 2-aminopyridinium cations (% mass, calc. (found)
for 6 x C4HgN3: 35.5% (36.3%)). The total mass loss of Compound 1 was 41.85%, which
was in good agreement with the calculated value of 41%. No further losses in mass were
observed above 460 °C, which can be attributed to the remaining [V10023]~ fragment that
may be thermally stable up to 600 °C, as previously reported [50,51]. Nevertheless, some
authors point out that further thermal treatment of decavanadate anion could result in the
formation of other vanadium oxides, such as V,0Os5 or other mixed-valence oxides [52-54].

2.4. Theoretical Calculations

Figure 7 shows the molecular structure and isosurfaces of the Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) molecular
orbitals of Compound 1 plotted with an isovalue of 0.02 a.u. The frontier orbitals HOMO
and LUMO can be related to donating or accepting electrons, respectively. The higher
energy of the HOMO orbital indicates a more pronounced behavior as an electron donor,
while the lower energy of the LUMO orbital indicates a higher electron affinity. The HOMO
orbital, with energy of —7.4671 eV, is located on the decavanadate anion, mainly on the O-
bridge atoms, as shown in Figure 7b, while the LUMO orbital, with energy of —5.7381 eV,
is located on the organic counterions of pyrimidine, mainly on the C and N atoms of the
rings, as shown in Figure 7c.

Figure 7. (a) Molecular structure, (b) HOMO isosurface, and (¢) LUMO isosurface of Compound 1 calculated at the
B3LYP/Def2SVP-LANL2DZ theory level using ECP = LANL2DZ for the V atom.

Figure 8 shows the molecular electrostatic potential (MEP) map of Compound 1. The
MEP map was mapped with an isovalue of 0.04 x 10~2 a.u. in the range of —3.45 x 102
to 3.45 x 1072 and a.u.~3. The red zones indicate areas with high charge density (nucle-
ophilic zone), while the blue zones indicate the presence of positive charge (electrophilic
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zones). It was observed that the areas with the highest charge density were located on the
decavanadate anion, while the positively charged areas were located in the pyrimidine
molecules. The non-covalent interactions between the O atoms of decavanadate anion and
the H atoms of pyrimidine molecules were found in intermediate electron density zones,
represented in yellow-green colors.

Figure 8. Molecular electrostatic potential map of Compound 1, calculated at the theory level
B3LYP/Def2SVP-LANL2DZ using ECP = LANL2DZ for the V atom. Vanadium atoms are represented
in green. The red zones indicate areas with high charge density (nucleophilic zone), while the blue
zones indicate the presence of positive charge (electrophilic zones).

The main non-covalent bonds between the decavanadate cluster and pyrimidine
rings were characterized by topological electron density parameters, p(r), the Laplacian
of density, V2p(r), the energy of interaction, Ey...y, and the interatomic distance, Djy;.
The results are shown in Table 5. In addition, Figure 9 shows the molecular graphs of
Compound 1.

Table 5. Topological parameters (in a.u.), interaction energies Epy...y (in kcal mol~1), and interatomic
distances Dj,; (in A).

BCP p(r) V2p(r) Eq.v Dint
O3---H3AA 0.0377 0.1440 11.26 1.8016
O4---H1AB 0.0166 0.0636 4.51 2.1456
09.---H3BA 0.0322 0.1345 9.88 1.8737

010---H3CA 0.0788 0.1830 23.02 1.4946
O11---H1CB 0.0185 0.0705 5.11 2.0981
N2A---H1BA 0.0205 0.0684 4.80 2.1356
N2B---H1AA 0.0188 0.0691 4.54 2.1746
N2C---H1CA 0.0203 0.0758 5.05 2.9542

From the results, it can be seen that the positive values of V?p(r) indicates that
non-covalent interactions are hydrogen bonds. The interaction energy is calculated us-
ing the equation Ey..y = 3|V(r)|. The maximum value was found for the interac-
tion O10--- H3CA with a value of 0.0788 a.u. and the highest interaction energy of
23.02 kcal mol~!. In addition, the interaction O3--- H3AA is strong with an energy of
11.26 kcal mol 1. The interaction energies between pyrimidine molecules are in the range
of 4.54-5.05 kcal mol ! (N2A---H1BA, N2B- - - H1AA, and N2C. - - H1CA). Figure 7a,b
shows the m—m stacking interactions between pyrimidine molecules. Many rings and
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cage critical points were also observed, which indicate the formation of a stable ring and
cage-like structures that form between pyrimidine molecules and decavanadate, as well as
between the central pyrimidine rings.

Lastly, the Hirshfeld surface of Compound 1, as shown in Figure 10a, was mapped
with the normalized contact distance, dporm. It was observed that the red spots on the
Hirshfeld surface were due to close intermolecular interactions of O- - - H, between oxygen
atoms of [V19O,5]°~ ion and hydrogen atoms of 2-aminopyrimidine. In Figure 10b, in the
fingerprint plot, d; indicates the distance from the surface to the nearest nucleus inside
the surface, and d. is the distance from the surface to the nearest nucleus outside the
surface. The interaction O- - - H had the most significant contribution to the overall surface
with 96.5%, blue-green region of the surface. Other interactions with minor contributions
were O- - - N (1.4%) and O- - - O (1.3%), which corresponded to the small grey zone of the
whole surface.

(b)

Figure 9. Molecular graphs of Compound 1: (a) showing the main H-bridge bonds between the decavanadate anion and
pyrimidine molecules, (b) the interactions and the m-stacking arrangement between the pyrimidine rings as seen from

a perpendicular orientation. Vanadium atoms are represented in green. Blue dots represent bond critical points (BCPs),

yellow dots represent ring critical points (RCPs), and orange dots represent cage critical points (CCPs).
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e

o-H
(96.5%)

di

() 0.60.81.01.21.41.61.82.02.22.42.62.8

Figure 10. (a) Hirshfeld surface mapped with dnorm parameter for Compound 1 and (b) fingerprint

plot of non-covalent interactions. In (a) red spots represent close intermolecular interactions and
green dash lines represent hydrogen bonds. In (b) blue-green region represent the contribution to the
total area of the surface.

2.5. Docking Analysis

Molecular docking analysis was performed to test DNA/RNA interactions with
Compound 1 using DNA and several microRNAs (miRNA), such as IncRNA, miR-21, and
let-7 miRNA (Figure 11). The docked binding energies and interactions with the miRNAs
structures were between —8.91 and —8.39 Kcal/mol (Table 6). The interactions involve
different positions between decavanadate and miRNAs that comprise hydrogen bonds and
hydrophobic interactions mainly with the nitrogen bases Guanine and Adenine followed
by Cytosine and Uracil (Figure 11a—c).
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Figure 11. Docked structures of top molecular poses for: (A) decavanadate-pre-miRNA,
(B) decavanadate-let-7 miRNA, (C) decavanadate-IncRNA, and (D) decavanadate-DNA. Vanadium
atoms are represented as grey spheres. Red spheres represent oxygen atoms. Blue bars represent
purine bases and red bars pyrimidine bases.

Table 6. Docking results. Binding energies for the decavanadate anion best molecular poses with miRNAs and DNA.

Binding Energies

Compound Target (Kcal/mol) H Bonds Interactions

2MNC (pre-miR-21) —891 2 C8, G10, C9, C21, A20
—8.67 3 G13, A14, C21, G13, A14, C17

2JXV (let-7 miRNA) —8.66 1 G8, U24, U25, U9, C26, A716
—8.58 5 G11, G12, G19, A20, G15

Decavanadate —8.51 3 A3, G4, G5, U27,C29, C30
6PK9 (IncRNA) —8.48 1 A3,G1,G2,C17,U1l6
—8.39 3 G4, Go, C15, G5
1BNA (DNA) —10.79 4 G4, A5, G22, A6,C23

-9.17 5 A6, Al17, A18, A5, G16

The results obtained when docking was carried out considering DNA as a macro-
molecule showed binding energies of —10.79 kcal/mol and the interaction involved hydro-
gen bonds with Guanine and Adenine (Figure 11d).
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3. Discussion

Every year, the global prevalence of cancer rises, as does the resistance to current
chemotherapeutic agents like cisplatin; nowadays, one of the main goals of the pharmaceu-
tical industry is the development of more effective drugs for the treatment of cancer [55,56].

This work presents a new structure based on the decavanadate cluster and the organic
ligand, 2-aminopyrimidine. In general, pyrimidines are one of the most bioactive classes of
compounds, with a wide range of biological activities, including in vitro antiviral, diuretic,
antitumor, anti-HIV, and cardiovascular effects. Furthermore, pyrimidine moiety is present
in the nucleobases that act as building blocks of nucleic acid, DNA or RNA, thymine,
cytosine, and uracil, which might be one possible reason for the vast medicinal applications
of pyrimidine-derived compounds [57]. Within the pyrimidines, the aminopyrimidine
scaffold is present in the structure of a wide variety of natural and synthetic products, such
as Thiamine (vitamin B1), Meridianins (a class of marine alkaloids), or Imatinib, a drug used
against leukemia, which displays biological activities such as neuroprotection, antibiotic,
antidiabetic, anti-Alzheimer, and anticancer. Among the large family of aminopyrimidines,
the 2-aminopyrimidine isomer is the most studied, mainly because of its versatility as a
starting material for synthesizing many other bioactive compounds [55].

Vanadium is an essential element, and it is important to keep the average vanadium
concentration in the human body at around 0.3 uM by supplementation via food and
drinking water. In the organism, vanadium is found primarily in the form of vanadate
H,VO,~ that, due to the structural and chemical similarity with phosphate, is most likely
involved in the regulation of phosphate-dependent processes, such as metabolic pathways
involving phosphatases and kinases, as well as phosphate metabolism in general. In addi-
tion, organic ligands could aid in the modulation of vanadium’s bioavailability, transport,
and targeting mechanism, so, nowadays, coordination compounds containing vanadium
are gaining in popularity because of their potential in the treatment of diabetes and cancer,
leishmaniasis, and HIV [58]. In light of this, among vanadate compounds, some researchers
have pointed out decavanadates as alternative antitumor agents with promising findings in
tumor growth inhibition. Although the anticancer activity of decavanadate is more recent
and not yet fully understood, it is probably due to the inhibition of different enzymes
such as alkaline phosphatases, ectonucleotidases, and P-type ATPases [56]. One of the first
articles published about decavanadate compounds with potential antitumor activity was
NasCo(H0)6V10028-18H,0 reported by Zhai et al. [15]. This compound in vitro displays
higher inhibitory activity to human liver cancer (SMMC-7721) and ovary cancer (SK-OV-3)
cell lines than 5-fluorouracil, the antitumoral drug clinically used, while in vivo, it can
decrease liver tumor mass in rats. Shortly after, in 2010, Li et al. synthesized two deca-
vanadates compounds with organic ligands that can inhibit proliferation of human lung
(A549) and murine leukemia (P388) tumor cell lines in vitro: (Hotmen);V190»g-6H>O and
(Hpen)3V19Oy8-2H,0O [27]. It is important to highlight that the first compound contains four
methyl (-<CH3) substituents in the cation moiety. Their presence may enhance the lipophilic
effect of this compound, which increases its penetration through the lipid bilayer of the cell
membrane, thus showing higher inhibitory activity than the second compound. After that,
a few more articles based on decavanadates compounds with potential antitumor activity
have been published up to the present [29,53,59-61].

Since hydrogen bonds naturally occur between nucleobases and are of great biological
importance for DNA and RNA structures, we chose the 2-aminopyrimidine molecule to
obtain a new decavanadate compound with potential anticancer activity. Similar to this
organic molecule, some structures with cytosine and decavanadate have been published.
In the first compound published by Bosnjakovié¢-Pavlovic et al. [36], cytosine forms dimeric
cytosine-cytosinium cations that stabilize the charge of the decavanadate anion. A few years
later, the second material of decavanadate with cytosine in the literature was published [37].
In this compound, all cytosine (C) molecules are protonated, and the supramolecular struc-
ture is dominated by C—C and C-Decavanadate hydrogen bonds, as well as m-stacking
interaction among heterocyclic rings with a centroid-to-centroid distance similar to that
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found in DNA and RNA structures. The fact that in both structures, cytosines interact with
one another by hydrogen bonds and 7—7 stacking similarly as in DNA and RNA polymers
lead to two hypotheses: (i) polyoxidometalates could be employed as templates or catalysts
for base-base linkages, and (ii) base-base pairing was crucial in the early stages of life [37].
Why nucleobases tend to form this arrangement in DNA and RNA has been studied by
Francés-Monerris et al. [62]. The intra- and inter-strand interactions in Watson—Crick base
pairs are of great importance for the thermal stability of the double-helix structure. In fact,
in their experiments, upon UV light exposure at a B-DNA arrangement, C—-C dimers twist
towards a face-to-face arrangement to increase the m-stacking interaction and further pro-
mote the photostability of the genomic material. On the other hand, structures containing
purine-based ligands show the same fact, as in the (NH4)2(CgH19N1O2)4[H4V19O28]-2H,0
compound, -7 stacking interactions with an interplanar distance of 3.38 A exist in the
purine rings of caffeine [63], and in [AdH]¢[V19O35]-4H,0O, Adeninium cations form simul-
taneous hydrogen bond interactions in a ribbon-like geometry as well as 7— interaction
between cationic ribbons [6].

All these facts support the structure of Compound 1 in this paper, since 2-aminopyrimidinium
cations are disposed of in the form that they interact with each other by hydrogen bonds
and 7 stacking interactions with a centroid-to centroid distance of around 3.6 A.

Furthermore, to study the potential anticarcinogenic activity of Compound 1, docking
tests were performed to analyze the interaction of the decavanadate anion with some
types of microRNAs (miRNAs) and DNA molecules. MiRNAs are small, non-coding
RNA molecules with a length of 19-25 nucleotides that regulate various target genes.
MiRNAs play a role in the cell cycle, differentiation, proliferation, energy metabolism,
and immunological response, among other biological activities, regulating around 30% of
human genes, with half of these genes being tumor-related. Recent studies have found
that miRNAs play an important role in cancer progression, including tumor growth,
differentiation, adhesion, apoptosis, invasion, and metastasis [64,65]. Within the miRNA
family, the upregulations of miR-21, as well as IncRNA (long non-coding RNA), are
linked to several types of cancer such as malignant B-cell lymphoma or breast cancer,
respectively [66,67]. On the other hand, let-7 miRNA (member of the family of let-7 RNA)
is known as the keeper of differentiation and has also emerged as a promising therapeutic
agent to treat cancer and immune responses [68,69]. Thus, it is interesting to carry out
experiments to prove this hypothesis, since our preliminary analyses show great affinity of
decavanadate for miRNA fragments.

In addition to the possible antitumoral activity that Compound 1 could exhibit, the
interesting structure that it shows, along with all the above examples about structures with
decavanadate clusters and organic ligands that arrange remembering the DNA or RNA
structures, highlights the idea that these polyoxidovanadates could act as templates or
catalysts for base-base pairing. Bernal, in 1949, was the first who proposed the important
role of clay minerals in the origin of life [70]. The advantage of these clays could include
ordered arrangement, substantial adsorption capacity, UV protection, ability to concen-
trate organic compounds, and potential to serve as polymerization templates so that clay
minerals could have played a key role in chemical evolution and the origin of life [71].
Intercalation of decavanadate into laminar minerals has already been achieved [72], so
it is possible to concentrate organic compounds with a high capacity for hydrogen bond
formation and catalyze their polymerization. Therefore, it will be worthwhile to explore
this idea.

Additionally, it is important to mention that recent work from Aureliano’s group about
melanoma anticancer activity of a variety of vanadium compounds [73] and potential anti-
SARS-CoV-2 activity of vanadium compounds by Scior et al. [74], present a promising
future for vanadium compounds as metallodrugs.
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4. Materials and Methods

All starting reagents were purchased from Sigma-Aldrich (Merck, Naucalpan de
Juarez, Mexico) and were used as received, without additional purification.

4.1. Synthesis of [2-ampymH]s[V190025]-5H,0 (1)

A total of 0.4 mmol (0.047 gr) of ammonium metavanadate (NH;VO3), in situ precursor
of decavanadate anion, was dissolved in 10 mL of distilled water at 80 °C and stirred. After
cooling to room temperature, the pH was lowered with a dissolution of concentrated HCl
(37%) to reach pH = 3. In a separate glass vessel, 0.2 mmol (0.019 gr) of 2-aminopyrimidine
ligand was dissolved in 4 mL of distilled water. This solution was gradually added to the
orange solution of decavanadate, resulting in a pH close to 4.3. The reaction mixture was
then allowed to evaporate slowly at room temperature. After a week, orange crystals of
Compound 1 for single-crystal X-ray diffraction were obtained, filtered, and dried in air.
Anal. Calcd. for C1oHy3N9O145Vs: C, 17.75; H, 2.85; N, 15.52%. Found: C, 16.83; H, 2.98;
N, 14.91%.

4.2. Characterization Methods
4.2.1. Physicochemical Characterization

Elemental analyses (C, H, and N) were carried out on a THERMO SCIENTIFIC an-
alyzer model Flash 2000 (Thermo Fisher Scientific S.p.A., Milan, Italy), while thermal
analyses were examined with a Shimadzu TGA-50H thermogravimetric analyzer (Shi-
madzu Corporation, Kyoto, Japan), with a heating rate of 10 °C/min under air atmosphere
in the range of 35-950 °C, both of them at the “Centro de Instrumentacion Cientifica” (Uni-
versity of Granada, Granada, Spain). The IR spectra of powdered samples were recorded
in the 4000400 cm ! region with a BRUKER TENSOR 27 FT-IR, using the OPUS program
as a data collector (Bruker Corporation, Billerica, MA, USA).

4.2.2. Single-Crystal X-ray Diffraction

X-ray quality orange crystals of Compound 1 were obtained.

The crystals were prepared under inert conditions immersed in perfluoropolyether
as protecting oil for manipulation. Then, a suitable crystal was mounted on a MiTeGen
Micromount™ (MiTeGen, Ithaca, NY, USA) for data collection at 300(2) K. For Com-
pound 1, diffraction intensities were collected with a Bruker D8 Venture diffractometer
(Bruker Corporation, Billerica, MA, USA), using a photon detector equipped with graphite
monochromated MoK radiation (A = 0.71073 A). Data reduction was performed with
the APEX3 software [75] and corrected for absorption using SADABS [76]. The struc-
ture was solved by direct methods using the SHELXS-2013 program [77] and refined by
full-matrix least-squares on F? with SHELXL-2018 [78]. The positional and anisotropic
atomic displacement parameters were refined for all non-hydrogen atoms. Hydrogen
atoms were located in difference Fourier maps and included as fixed contributions riding
their parent atoms with isotropic thermal factors chosen as 1.2 times or 1.5 times those
of their carrier atoms. One water molecule (O2W) is disordered into two dispositions, so
it was refined with occupancy of 50% and anisotropic displacement parameters. OLEX2
software [79] was used as a graphical interface. The Addsym routine implemented in
the program PLATON [80] supported a P1 symmetry. Crystallographic data (excluding
structure factors) for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no. 2099300 for
Compound 1. Copies of the data can be obtained free of charge on application to the
Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, U K. (Fax: +44-1223-335033; e-mail:
deposit@ccdc.cam.ac.uk or http:/ /www.ccdc.cam.ac.uk, accessed on 15 August 2021).

4.2.3. Theoretical Methodology

The structural and electronic structure of Compound 1 were calculated using the
density functional theory, DFT [81]. The hybrid functional B3LYP [82] was used, using
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the Def2SVP basis set [83] for the atoms of C, H, O, and N; and LANL2DZ [84] for vana-
dium atom with an effective core potential (ECP). The frontier molecular orbitals (highest
occupied molecular orbital, HOMO, and lowest unoccupied molecular orbital, LUMO)
and the molecular electrostatic potential (MEP) map were analyzed. The calculations were
performed with the Gaussian program16 [85], and the visualization of the results was per-
formed with the Gaussian View 6.0.16 program [86]. Additionally, the main non-covalent
interactions in Compound 1 were characterized using the atoms in molecules (AIM) ap-
proach with AIMAII software [87] and Hirshfeld surface analysis with CrystalExplorer 17.5
software [88].

4.2.4. Docking Analysis

Molecular docking analysis was performed with the semi-flexible methodology, where
the RNAs fragments were considered as a rigid entity, while flexibility was allowed for
the decavanadate. The preparation of the macromolecule and the ligand was performed
through the Autodock Tools 1.5.6 software [89], which includes polar hydrogens and
empirical particles of atomic charges (Gasteiger—-Marsili method). Different grid box sizes
were used for each RNA molecule that encloses the entire fragment: for 6PK9, 60, 106,
and 60 A were used; 70, 126, and 70 A for 2JXV fragment; and 94, 76, and 66 A were
used for 2MNC. In addjition to those fragments, one DNA structure was considered in the
docking study: 1BNA, with sizes of 70, 70, and 120 A. The grid spacing for all the docking
calculations was set to the default 0.375 A value, using the Lamarckian genetic algorithm
(LGA) searching methods. The parameters for the vanadium atom were the sum of VDW
radii of two similar atoms (3.14 A), plus the VDW well depth (0.016 kcal/mol), plus the
atomic solvation volume (12.0 A3 ), plus the atomic solvation parameter (—0.00110). The
H-bond radius of the heteroatom in contact with hydrogen (0.0 A), the well depth of the
H-bond (0.0 kcal/mol) and different integers indicate the type of H-bonding atom and
indexes for the generation of the autogrid map (0, -1, -1, 1, respectively).

5. Conclusions

A new decavanadate compound containing 2-aminopyrimidine was synthesized and
characterized experimentally through elemental analysis, infrared spectroscopy, thermo-
gravimetric analyses, and single-crystal X-ray diffraction. Using theoretical studies based
on DFT calculations and AIM, the non-covalent interactions present in the compound were
also studied. Frontier molecular orbital, molecular electrostatic potential, and non-covalent
interactions were completely characterized. The hydrogen bond patterns of this molecule,
although similar to the already reported Adenine-decavanadate compound, has the inter-
esting feature of resembling the ladder-like structure of DNA and RNA molecules, even
with similar distances from the centroid-to-centroid and 7—7t interactions, it also occurs in
triads, which could remind codon an anticodon interactions. A docking study was set to
explore more of the resemblance with DNA and RNA to see the possibility of decavanadate
interacting with RNA molecules. Thus, a set of test miRNA was considered for docking.
The latest development in understanding the roles of non-coding RNAs and microRNAs is
worthwhile to try some fitting. Although the negative charge of these molecules could pre-
vent interactions with the anionic decavanadate, the formation of several hydrogen bonds
with the nucleobases appears to counteract the charge problem, and relatively good inter-
action energies were observed. At the moment, this only suggests that experiments should
be designed to test whether these interactions are worthwhile to pursue. The catalytic
properties to build blocks with the correct orientation and similar types of interactions
could also be explored since it could shed some light on the nature of the first replicator.
On the other hand, since cancer cells exhibit increased levels of mRNA translation to
meet tumor growth requirements [90], it will be interesting to explore the interactions of
polyoxidovanadates with mRNA. Therefore, new and fascinating decavanadate chemistry
is around the corner.



Inorganics 2021, 9, 67 18 of 21

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/inorganics9090067 /s1, Table S1: Fractional Atomic Coordinates (x10%) and Equivalent
Isotropic Displacement Parameters (A2 x 103) for Compound 1. Ueq is defined as 1/3 of the trace
of the orthogonalized Uy tensor, Table S2: Anisotropic Displacement Parameters (Az x 103) for
Compound 1. The Anisotropic displacement factor exponent takes the form: —2m2[h%a*?Uy; +
2hka*b*Uy, + ... ], Table S3: Bond Lengths for Compound 1, Table S4: Bond Angles for Compound
1, Table S5: Torsion Angles for Compound 1, Table S6: Hydrogen Atom Coordinates (A x 10%) and
Isotropic Displacement Parameters (A2 x 10%) for Compound 1, Table S7: Atomic Occupancy for
Compound 1, Figure S1: TG spectrum of Compound 1 in the range of 35-950 °C.
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