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Abstract

Two novel Dbicapped Keggin polyoxidovanadates  with  organic  cations,
(CeHsN)s[H4PV 1404,]-5H,0 (1) and (CgH;4N4)2(NH4)[H4PV 14045] 11H,0 (2), (PV 14045 =
PV14, C¢H;N = 3-picoline and C¢H;N; = methenamine) were synthesized. These
compounds were isolated and characterized in the solid state and in solution by elemental

analysis, powder X-Ray diffraction, FTIR, UV-Vis, 3V, 3P, BC and 'H NMR, and

Published on 03 May 2022. Downloaded by Universitat Roviral Vigili on 5/3/2022 3:49:51 PM.

fluorescence spectroscopies. Further confirmation of the PV14 structures was obtained by
single-crystal X-ray diffraction studies of 1 and 2. The Hirshfeld surface analysis was
evaluated to confirm that within the intermolecular interactions occurring in the two crystals
the O---H/H---O, O---O and H:--H interactions dominate. The protonation and one-electron
reduction of the PV14 moiety was also analysed by means of DFT calculations; besides
confirming the protonation sites and correctly predicting the pK, values, the DFT results
indicate that molecular reduction is energetically more favourable in protonated PV 14 anions.
Upon addition of PV14 anions to bovine serum albumin (BSA) up to 1:1 PV14:BSA ratio,
the fluorescence decreased by 45% for 1 and 45% for 2, indicating that interaction of
vanadium-containing species with this protein take place; log(Ksy) values of ca. 5.5 were

obtained in both systems. Upon addition of 1 or 2 to solutions of Calf-Thymus DNA (ctDNA)
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changes were observed in the UV-Vis absorption and circular dichroism spectra,;oTHE 5ocoon

significance of the changes observed are discussed considering the several V-containing

species that form in solution.

Keywords: Bi-capped Keggin polyoxidovanadate, X-ray Diffraction, Hirschfield surfaces,
DNA interaction, BSA binding, DFT calculations

Introduction

Polyoxidometalates (POMs) are transition metal oxides where metal atoms usually present their
highest oxidation states (usually group 5 or 6 in the periodic table, such as VY, NbY, TaV, MoV"!
and W) by their binding to oxygen atoms, forming clusters with well-defined structures with
the metal ion, and its nearest coordination sphere acting as a polyhedral building block.!> 2
POMSs3 have attracted increasing attention due to their potential applications in catalysis,*!!
electrochemical energy storage and conversion!?'4 and magnetism,'> ¢ as well as in several
areas of material, medicinal and environmental sciences.!”>® The size, structural shapes and
modifiable load densities of POMs often yield unexpected and interesting behaviours, allowing
them to display different physical and chemical properties compared to traditional metal

oxides.2% 27

Polyoxidovanadates (POVs) are a relevant subfamily of POMs. The diverse coordination
geometries and cluster sizes observed in such vanadium oxide polyhedral shapes and the
different oxidation states that vanadium centres can adopt give rise to a great variety of distinct
architectures®® that have attracted increasing attention. In contrast to molybdates and tungstates,
which are typically based on [MoO¢]/[WOg] octahedra as fundamental building units, POVs
show more structural flexibility, featuring tetrahedral [VO,], square pyramidal [VOs] and
octahedral [VOg] units.!* 2933 However, this versatility also facilitates structural
rearrangements which need to be considered when deploying POVs for prospective
applications.?? 24 2% 33, 34 In addition, POVs are often designated as being “less stable” than
tungstates and molybdates, which is most likely due to a combination of their structural

flexibility, complex protonation chemistry, possible hydrolysis and redox activity.? 31> 33

It is well known that vanadate ions and vanadium compounds inhibit or stimulate the activity of
many enzymes.>* 23 33-40 Namely, vanadate is well known to be an inhibitor of Na*/K"-
ATPase3”> 4143 and POVs have been discussed to have ion pumps such as Na*/K*-ATPase and
Ca?"-ATPase as one of the possible targets in their biological action.?* 4446 Vanadate(V) anions

2
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show many similarities with phosphate and are known to inhibit or stimulate sevgral e Co0n

namely phosphatases and kinases.?> ¥

Much attention has been paid to the design and synthesis of organic-inorganic hybrids, metal-
organic frameworks or associations through the modification of metal oxides by organic
molecules, or simply with organic molecules acting as counter-ions, leading to new materials.
Hybrid inorganic-organic materials are prepared by combining organic and inorganic building
blocks.*” The nature of the links between the organic and inorganic phases was used to divide
them into two distinct classes: in Class I, only electrostatic interactions, hydrogen bonds or van
der Waals interactions are involved in the binding of the organic and inorganic moieties; in
Class II, organic and inorganic groups are bound together by strong chemical covalent or iono-
covalent bonds,*® and POVs may be considered good candidates to produce both Class I and

Class II type materials.!!- 4% 30

In this work, we selected bicapped Keggin phosphotetradecavanadates (PV 4045 = PV14)
anions as inorganic building blocks and describe the synthesis, characterization and crystal
structure of two organic-inorganic hybrid compounds, namely (C¢HgN)s[H4PV1404,]-5H,0 (1)
and (CgH14N4),(NHy)[H4PV1404,]- 11H,0 (2), where C¢H;N = 3-picoline and C¢H,N; =
methenamine = HMTA. Additionally, Hirshfeld surface analysis of these POVs were obtained
to analyse and study the nature of contacts in the crystal packing, and DFT studies to evaluate
the relative stability of H,PV14 species and their propensity to reduction and interaction with
other molecules. Importantly, we also check the stability of the PV14 anions in aqueous

solution at pH~7 and find that these anions are kinetically less stable than decavanadates.
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Moreover, the lower is their concentration the faster they decompose. This is relevant in
evaluating biological data involving PV14 anions as at concentrations below ca. 50 uM these
become extensively hydrolysed as soon as dissolved in solutions at pH ~7. We also found that
PV14 interacts with bovine serum albumin (BSA); at low concentrations of the polyanions,
these decompose and the several vanadium containing species formed may also bind to the

protein.

Results and Discussion
Description of structures

To precipitate and isolate the phosphotetradecavanadate anions, the synthetic approach used in

this study consisted in a one-pot strategy in which a unit of POV assembles around a central

3
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phosphate molecule by acidifying an aqueous vanadate solution with dilute phgsphari€;acid 2oon

One of the objectives of the present work was to better understand supra-molecular interactions
in PV 14 anions; thus we introduced 3-picoline organic cations as counter-ions in 1 (Fig. 1) and
HMTA (hexamethylenetetraamine, methenamine) organic cations in 2 (Fig. 2), and were
successful in obtaining crystals suitable for single-crystal X-Ray diffraction (SC-XRD) studies.
To favour the formation of crystalline materials, organic cations were used in five-fold excess.
The synthetic procedure allowed us to isolate compounds 1 and 2 within crystallization times of
4 h and 7 h, respectively, in yields of more than 90% (based on V). Structural analysis of the
diffraction data (Table S1) showed that the main inorganic construction units in 1 and 2 are the

heteropolyoxidovanadate clusters [H,PV 404,]¢ "~

The main structural compensation results from the incorporation of two oxidovanadium(V)
fragments®!, [V=0]3", that are linked to vacant coordination sites formed by four O-oxido
atoms on the cluster surface, thus globally reducing the negative charge of the cluster.
Secondary charge compensation is obtained by the protonation of surface O-atoms, resulting in

the final cluster formula [H,PV 404,]¢ "

@r
$o
LH
@
@c

Fig. 1 Hydrogen bonding around water molecules, organic cations and terminal O-atoms of

polyanions of 1.

As mentioned earlier, the PV 14 cluster is structurally closely linked to the Keggin archetypal
cluster. The centre of the cluster is occupied by a tetrahedral site, in this case a phosphate PO4*~

anion. Each O-atom of the phosphate anion acts as a central anchor for a triad [V30;3], where
4
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three vanadium(V) centres are connected in a symmetrical trigonal construction ynit, Cyy, S4CH 200
V center is connected to neighbouring groups by a p,-oxido ligand at distances: d(V-0) = 1.6—
2.3 A. In addition, each V-centre has an O-oxido terminal ligand with the typically short V-O

distances close to 1.6 A.

4% 2 41

Fig. 2 Hydrogen bonding around water molecules, organic cations, ammonium cation and

terminal O-atoms of polyanions of 2.

Selected bond distances and angles for 1 and 2 can be found in Tables S2-S5 (ESI). It should be
noted that the 12 vanadium centres that form the envelope of the Keggin-based cluster form six
octahedral [VOg] moieties, while the additional oxidovanadium(V) halves adopt a square-

pyramidal [VOs] coordination mode.5? 33 Theoretical analysis of the structure of the clusters

Published on 03 May 2022. Downloaded by Universitat Roviral Vigili on 5/3/2022 3:49:51 PM.

using Bond Valence Sum calculations (BVS) and UV-Vis spectroscopy confirms that all
vanadium centres are fully oxidized VV units. In addition, the BVS calculations allowed us to
locate the protonation sites and thoroughly analyse the metal-oxygen bond lengths based on the
SC-XRD analysis. Analysis of the crystal structure of 1 and 2 using a combination of Hirshfeld
analysis, manual structural analysis and BVS calculations allowed us to identify a range of
highly directed intermolecular interactions which are considered to contribute significantly to the
packaging of units in the crystalline network in both compounds. Using a combination of
structural analysis and theoretical BVS calculations, we were able to identify four protonation
sites on the PV14 clusters of 1 and 2. Four kinds of O-atoms exist in the PV 14 clusters according
to the manner of oxygen binding (Tables S2-S4, ESI): there are (i) 14 terminal O-atoms which
are only bonded to one V atom, with V-O distances in the range 1.594-1.614 A in 1 and 1.578-

5
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1.598 A in 2; (ii) 16 O-atoms which are shared by two V-atoms, with V-O distanges, §45¥ifg ;s
from 1.702 to 2.045 A in 1 and from 1.744 to 1.933 A in 2; (iii) 8 O-atoms which are combined
with three V-atoms with V-O distances varying from 1.822 to 2.075 A in 1 and from 1.822 to
2.036 A in 2; (iv) 4 O-atoms which are bound to one P-atom and three V-atoms, with V-O
distances varying from 2.323 and 2.43 A in 1 and from 2.376 and 2.470 A in 2.

Comparison of the two PV14 clusters of 1 and 2 of a-Keggin type shows that the central PO,
tetrahedron differs. In 1 the P-O distances vary from 1.532(4) to 1.543(4) A and the angles are
between 108.1(2)° and 110.7(2)° (Tables S2 and S3, ESI), indicating normal tetrahedral
phosphorus, while in 2 the central PO, tetrahedron has a type of disorder, with half-occupancy
of the O-atom sites, akin of that noted in some Keggin-type [XM;,04]" heteropolyanions,
indicated by Evans and Pope as being the result of a crystallographic disorder.’* The P-O
distances vary from 1.479(11) to 1.566 (10) A and the angles are between 105.9(6) and 113.0
(6) (Tables S4 and S5, ESI), corresponding to distorted phosphorus tetrahedrons.

The bond length and bond-angle distortion indices (ID) were calculated following the Baur
method.> The parameters obtained are in the ranges of 0.086-0.166 for ID (V-O) and 0.050—
0.333 for ID (O-V-0O) for 1, and in the ranges of 0.085-0.145 for ID (V-O) and 0.189-0.333 for
ID (O-V-0) for 2. The bond distances within the POV unit of these hybrid compounds are in

agreement with the values reported for Keggin-type compounds.?

BVS calculations using the Brown and Altermatt method>® revealed that all the vanadium
atoms have valence sums ranging from 4.370 to 5.139 (in 1) and from 4.941 to 5.183 (in 2),
with an average value of 5.02 for 1 and 2, close to the ideal value of 5 for V. The bond valences
of phosphorus atoms are 5.28 (1) and 5.12 (2). The bond valences of O-atoms in the polyanion
are in the range 1.654—1.754 valence units for terminal O-atoms and 1.805-2.056 valence units
for bridging O-atoms, except 1.25 for O(8), 1.264 for O(13), 1.224 for O(24) and 1.341 for
0(29) in 1, and also 1.496 for (O8) and 1.495 for O(3) in 2, indicating that in each compound
the clusters are protonated and the protonation O-atoms are O(8), O(13), O(24) and O(29) for 1
and O (11) and O(13) for 2.

In the packing structure for both compounds, the variety of hydrogen bonds O-H:--O, Oyw—H
O w, N-H---Ow, Ow—H:---N and Oyw—H---O enhance the stability of the crystalline building
blocks. The geometric characteristics of the hydrogen bonds are described in Tables S6 and S7
(ESI).
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The asymmetric unit of (CeHgN)s[HsPV404,]-SH,O is composed of one Keggin type oon
[HyPV404,]~, five 3-picoline cations [CsHgN]" and water molecules. The structure of 2 is
based on one Keggin cluster, two H,HMTA?" cations, ammonium cation and eleven water
molecules. The structural analysis revealed that the crystal packing in both compounds exhibits
a network of N-H---O, O-H---O and O-H---O hydrogen bonds involving water molecules and
organic molecules as well as van der Waals interactions for the connections between the
organic moieties. The IR spectra distinguished bands of organic cations, PV14 moieties and
water molecules. Spectroscopic studies of the interaction of these compounds with BSA (and

also with ctDNA) confirmed the interaction of 1 and 2 with these biomolecules (see below).

In compound 1, each anionic unit [H4PV404;]°~ is associated to five 3-picoline cations and five
molecules of water, the hydrogen bonds directly linking PV14 anions by water molecules in a
zigzag chain, which are then woven into a bi-dimensional network by hydrogen bonds bridged
by water molecules, and one of the H-atom bound to O(13) and another of O(24). The adjacent
inorganic-organic chains are also joined to produce a 3D-supramolecular architecture through
hydrogen bonds and Van der Waals interactions between the 3-picoline cations, water

molecules and polyoxido anions (Fig. 1).

In compound 2, each anionic unit [H4PV404,]° is associated to two H,HMTA?" cations, one
NH,4" cation and 11 molecules of water. Each polyanion PV14 is bound by short hydrogen
bonds to the ammonium cations and H,HMTA?" by O-atoms with distances N24---O13,
N24---08 1V, N24:--019 Y, N3---O16 and N4---O15’, respectively of 2.896, 3.135, 3.003, 3.036

and 3.211 A, which exhibits an interesting wavelike 2D network in the crystal structure. In

Published on 03 May 2022. Downloaded by Universitat Roviral Vigili on 5/3/2022 3:49:51 PM.

addition, the cation is connected to water molecules through hydrogen-bonding interactions
with N3---OW3 distance of 2.805 A, as well as a N4---OWS5 distance of 3.047 A (Fig. 2).
These hydrogen bonds hold the components together in a three-dimensional network and make

the crystalline structure of the compound stable enough for crystallization to take place.
Thermogravimetric analysis

The thermal stability of the compounds was studied and TGA profiles are presented in the ESI
section. The samples analysed are not the same as the ones used for SC-XRD studies. However,
for compound 1 the profile obtained is consistent with (i) the loss of five water molecules (ca.
4%), (i1) the loss of the organic moieties and the O atom in two steps (ca. 36%) and (iii) V,05
as the final product (ca. 65%); this residue corresponds to a %V of 36 in the initial sample,

coinciding with the expected %V (36.0%). For complex 2 the data is also globally consistent

7
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with the structure solved by SC-XRD: it indicates 9% mass loss between 30 — 175,°C, (cd: 10:8 250x
H,0 molecules) and three steps corresponding to an overall mass loss of 31% between 145 -
600°C. The final mass of the residue corresponds to 60% of the initial mass, which is lower

than the expected (67%), but as mentioned above, the solid used was from a different batch.

FTIR characterization of 1 and 2

The FTIR spectra of the two compounds in KBr pressed pellets are depicted in (Fig. S1, ESI).

The spectra of 1 and 2 display the stretching of the terminal V=0, bonds (Table 1) and bands in
the range 500-1000 cm™! are partly due to several types of V-O vibrations. Those at about 879
and 743 cm™! are assigned to the asymmetric stretching vibration of V-Oy,—V. The bands
between 596 and 594 cm™! can be assigned to the (V-O-V) remaining stretchings, but 3-
picoline has also bands in this region.’” The stretching bands of the P-O bond are assigned at
1063 cm™! and 1060 cm™! respectively for 1 and 2.°% 3% The lattice water absorption bands
centered at 3429 cm™! and 3405 cm™! are more intense in 2 than in 1, in agreement with their

relative water content.

The peaks at 3059, 1672, 1560, 1471 and 1426 cm™! in 1 may be regarded as characteristic of
the 3-picoline moieties,% ¢! and the bands at 3400, 3196, 2268, 1615, 1450 and 1263 cm™! in 2
are assigned to the various vibrational modes of the HMTA cations.®? 63, These results are

consistent with the SC-XRD data.

Table 1 Infrared absorptions and tentative assignments for compounds 1 and 2

Compound 1
Frequency / cm™! Assignment Frequency / cm™! Assignment
3429 v(O-H) 1426 O(N-H)
3059 v(N-H) 1063 v(P-O)
1672 v(C=C) 938 v(V=0y)
1560 v(N=C) 761; 798 Vas(V-Opre)
1471 d(C-H) 596 Vi(V-Ovyc)
Compound 2
Frequency / cm™! Assignment Frequency / cm™! Assignment
3404 v(O-H) 1263 d(N-C)
3400; 3196 v(N-H) 1060 v(P-O)
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2268 v(N-C) 936; 860 V(V=0g),, 10.1033/63/2/%8%1)60238/-8\
1615 6(0O-H) 752; 797 Vas(V-Opye)
1450 S(N-H) 594 Vs(V-Opyc)

X-Ray Powder Diffraction Pattern of compounds 1 and 2

The purity and crystalline nature of powders of 1 and 2 were confirmed by comparison using
the Origin software,®* of the experimental diffractograms (A, (Kal) = 0.71073A) with the
calculated diffractograms from SC-XRD data (see below), obtained using the VESTA
program.® The superposition of the two diffractograms (Fig. S3, ESI) and their very good
correspondence confirms that the two synthesized powders in fact correspond to compounds 1

and 2, without any significant presence of other phases.

Nuclear Magnetic Resonance (NMR)

Compounds 1 and 2 were characterized in aqueous solution by 'V NMR spectroscopy and
some of the spectra measured with samples of compound 2 are depicted in Fig. 3.Several other
IV NMR, 'H NMR, 3C NMR and 3'P NMR spectra are depicted in Figs. S24 to S38.

In the 3'V NMR spectrum of compound 2 recorded at pH 2.3, three peaks at —530, —584 and —
596 ppm correspond to the 'V NMR chemical shifts (8y) of the partially protonated anions
[H4PV404,]° and [HsPV14,04,]%,% while one band at 6y = —542 ppm is due to some amount of
VVO," (V), monovanadate) possibly formed during dissolution of 2; similar spectra were
measured for PV14 anions by Friedl et al. at the same pH®’ in a solution also containing 0.05 M
H;PO,. Noteworthy, after 24 h the 'V NMR spectra measured did not change significantly,
confirming the stability of the PV14 cluster in these conditions (pH = 2.3) for at least 24 h.
Similar results were obtained for compound 1 at pH = 2.75 (Fig. S24). In contrast, in the
spectra measured with compound 2 at higher pH with freshly prepared solutions, new peaks
were observed due to partial hydrolysis of the PV14 anions. At pH 5.6 peaks were observed at
Sy values of =520, —570 and —588 ppm, mainly due to [H3PV404,]%, and a small sharp peak at
—559 ppm due to V. At pH 7.2 peaks were observed at oy values of —=512, =563 and —582 due
to PV14 anions, and in some experiments at —558, —571 and —575 ppm due to V;, V,
(divanadate) and V, (tetravanadate), respectively,®® which increase intensity after 24 h.

Although in true equilibrium conditions PV14 anions should not exist at pH > 4.5 (see Figs.

9
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S11-S16, ESI), these POVs are kinetically stable for relatively short periods and may, persist for, oon

several hours depending on pH and total V and P concentrations.

-584
-558
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A B ©
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Fig. 3 °'V NMR spectra recorded for 2 mM of compound 2 in water (A) at pH = 2.3, shortly
after solution preparation (bottom, reddish curve) and after ca. 24 h (top, green curve); (B) 1
mM solutions of compound 2 in Hepes buffer at pH = 5.6 (bottom line) and at pH = 7.2 (top
line). The pH was adjusted with a NaOH (4 M) solution and the spectra were recorded a few

minutes after preparation of each solution.

Several studies have addressed 3'P NMR spectra of POMs.?? 66 68 69 The 3P NMR spectrum of
compounds 1 and 2 at pH = 2.75 are depicted in Figs. S27 and S35, respectively. In the case of
1 two peaks are detected at -0.05 ppm (major) and -0.16 ppm (minor), dp values being given
relatively to the reference used (see experimental). In the case of 2 only one peak is detected at
t = 0 h (at -0.62 ppm) immediately after preparation, and after 24 h the 3'P NMR spectrum
shows a peak at -0.68 ppm, indicating a change in the environment of the phosphorous atom.
The peaks at ca. -0.6 — -0.7 agree with those reported for PV14 compounds by Selling et al.
The '"H NMR (Figs S30 and S37) and '3C NMR (Figs S31 and S38) spectra of compounds 1
and 2 at pH = 2.75 present the pattern expected for the organic cations present in the

corresponding solutions.

The 3'P NMR spectra of compounds 1 and 2 at pH = 7.1 in Hepes buffer are depicted in Figs.
S28 and S36, respectively, up to 24 h of preparation of the solutions. In all spectra only one
peak is detected. At t= 0 h in both cases the chemical shift is -0.75 ppm; while with compound
1 this is maintained up to 24 h, in the case of 2 the chemical shift progressively shifts to -0.85

ppm att=24h.
10
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To confirm that PV14 compounds may interact with BSA, several 'V NMR and | PSNMR 220x
spectra were recorded with solutions of compounds 1 and 2 at pH = 7.1 in Hepes buffer up to

24 h (40 h in some cases) of preparation of the samples. These contained a BSA:PV14 molar
ratio of 0.3. In both cases the 'V NMR spectra, Fig. S26a (case of 1) and S34a (case of 2),
depict very broad bands suggesting interaction of both compounds with BSA. Att= 0 h a peak
corresponding to V; is detected. With time, up to 24 h peaks corresponding to V, and V, show

up, these being more intense in the case of compound 2. The >'V NMR spectra recorded with
samples of 1 and 2 with a BSA:PV14] molar ratio of 1.6 (Fig. S26b, compound 1) or 1.3 (Fig.
S34b, compound 2), yielded similar results but the NMR bands are broader and only V; is
clearly detected.

In these >'V NMR spectra of solutions containing PV14 compounds and BSA, because the
bands are very broad, no clear peaks corresponding to the polyanions bound to BSA could be
detected, and only relatively sharp bands of probably non-bound V;, V, and V, could be
identified (some vanadate-phosphate species may also be detected in the 6V range -520 to -600
ppm?®). Therefore no conclusion clarifying which vanadium containing species are bound to
BSA, or if the integrity of the PV14 anions is maintained or not, cannot be taken. At much
lower concentrations of the polyanions the driving force for their decomposition is greater, as
may be inferred from the species distribution diagrams of Figs. S11-S16. We therefore expect
quite extensive hydrolysis at concentrations lower than ca. 100 uM, yielding V, V, (and V,).
Monovanadate is known to bind BSA,”® and at very low concentrations and high BSA:PV14
molar ratios we would predict mainly V; to be bound to the protein. However, the available

techniques do not allow to confirm this.

Published on 03 May 2022. Downloaded by Universitat Roviral Vigili on 5/3/2022 3:49:51 PM.

Because PV14 anions are not stable for pH > 4.5,2% 6 particularly for low vanadium
concentrations, any effects detected in biologically relevant conditions, namely low total V
concentration and in the presence of potential binders of vanadium, cannot be simply attributed
to PV 14 anions. We did several experiments (see below and ESI section) testing the binding of
compound 2 to DNA and BSA. Our data indicate that the PV14 anions may bind to these
macromolecules, but several species may be responsible for the effects detected in biologically
relevant conditions, namely low total V concentration and in the presence of potential binders
of vanadium; these effects cannot be simply attributed to PV14 anions (see also Figs. S16a-f,

ESI section).

Hirshfeld Surface Analysis
11
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Hirshfeld surfaces and 2D fingerprint plots’! were generated in order to .isyalizg thé oox
intermolecular interactions and access quantitatively their relative contributions. The Hirshfeld
surface enclosing a molecule is defined by a set of points in 3D space where the contribution to
the electron density from the molecule of interest is equal to the contribution from all other
molecules. Hirshfeld surfaces are constructed based on electron distribution calculated as the
sum of spherical atom electron densities. The Hirshfeld surface was carried out and the 2D
Finger Print plots were plotted using Crystal Explorer 3.0.7> This method was created for the
two compounds with normalized contact distance (dnorm) calculated using the following

equation:”?

di — rivdw de — revdW
rivdW + revdW

dnorm =

Where “de” is the distance from the point to the nearest nucleus external to the surface, “di” is
the distance to the nearest nucleus internal to the surface and “vdW” is the van der Waals radii
of the atom. The dnorm surface is mapped on the Hirshfeld surface with blue, white or red
colors. The dnorm value is negative (red) when intermolecular contacts are shorter than the van
der Waals radii, and the dnorm value is positive (blue) when longer. The dnorm value of the
white zones is zero and represents contacts equal to the van der Waals radius. In Fig. S4 (ESI),
these Hirshfeld surfaces are mapped over the ranges —0.717 (red) to 1.467 (blue) for 1 and —
1.091 (red) to 2.088 (blue) for 2.

The analysis of the Hirshfeld data reveals the electrostatic complementarity between the
electro-negative (red) patches around the O-atoms of the cations and polyoxovanadate
molecules; also the electropositive (blue) regions around the nitrogen and carbon atoms of the

cations and polyoxovanadate moieties.

Quantitative analysis (fingerprint plots) of the relative contribution of the variable forces
responsible for the solid-state structure reveals that the contribution of hydrogen bonds (O---H/
H:--O close contacts) for 1 and 2 are 54.8% and 41.8%, respectively, and appears to be a major
attractive contributor in the crystal packing (Figs. S4-S6, ESI). The major input of the repulsion
forces (H---H and O---O) for compound 1 and (O---O) for compound 2 between the water and
polyoxovanadate are 17.5% and 13.8% and 45.7%, respectively (Figs. S4-S6, ESI). The
individual intermolecular interactions and the quantitative contributions are displayed by the

dynorm surfaces shown in (Fig. S4, ESI). Globally the Hirshfeld surface analysis gives a quite

12


https://doi.org/10.1039/d2dt00690a

Page 13 of 33

Published on 03 May 2022. Downloaded by Universitat Roviral Vigili on 5/3/2022 3:49:51 PM.

Dalton Transactions

e Online

complete understanding of the intermolecular interactions in the crystal. The Q- ; H/EL 2505 250%
O---O and H---H interactions are dominant, but both hydrogen bonding and van der Waals

interactions play the main roles in the crystal packing of the two compounds.

UV-Vis spectra

Several UV-Vis spectra were recorded with time for solutions of compound 2 in Hepes buffer
at pH ~7.0 and Figs. S7a-d (ESI) depict spectra for total concentrations of 5, 12, 20 and 100
uM. It may be noticed that all spectra significantly change with time, confirming that
compound 2, as other PV14 polyanions, is not stable at this pH. It should also be highlighted
that, as expected, the lower the total concentration of 2, the faster the changes take place, due to

hydrolysis of the PV14 polyanion.

Each possible decomposition species of PV14 anions contributes differently to the UV spectra,
some with opposite trends in absorbance values. In our systems at pH = 7, in what we consider
time = 0 h, the PV14 anions have already decomposed significantly, and it is not easily feasible
to quantify kinetics of decomposition as the several processes occurring are yielding opposite
trends in the change of UV absorption. The maximum concentrations studied were 100 uM, and
decomposition is about twice faster at 50 uM; globally absorption increases in both cases. The
trend of change of absorption changes for lower concentrations (absorption decreases), at 5 uM

being around twice faster than at 20 pM.

Fig. S8 (ESI) depicts changes observed in the UV spectra of BSA (49.1 uM) in Hepes buffer at
pH = 7; the minor changes noticed with time up to 24 h show no clear trend and probably are
not due to any modification of BSA. Fig. S9 (ESI) depicts changes observed in the UV spectra
of compound 2 (49.1 uM) in similar conditions at pH = 7; quite significant changes take place
with time up to 24 h, the increase of absorption up to 6 h being 0.199. Fig. S10 (ESI) depicts
changes observed in the UV spectra of a solution containing compound 2 (49.1 uM) and BSA
(100 uM) in Hepes buffer at pH = 7; some changes also take place with time up to 24 h, and the
increase of absorption up to 6 h was 0.125 (Fig. S10, ESI), mostly due to hydrolysis of the
PV14 polyanion. Noteworthy, this change in absorption is much lower when BSA was present
in solution (0.125 vs. 0.199), suggesting that PV14 binds to BSA, delaying its hydrolysis at pH
= 7. Notwithstanding, clear changes are observed with time in Fig. S10 (ESI), indicating
progressive hydrolysis of the PV14 polyanion. At lower concentrations of PV14 (< 49 uM),
even in the presence of BSA, hydrolysis probably proceeds faster.

13
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Fluorescence spectra

Assessing BSA binding by steady-state fluorescence spectroscopy

Human serum albumin (HSA) is one of the major carrier proteins in human plasma,
and BSA the most abundant in bovine plasma. The capacity of albumin to bind and
transport a large variety of compounds results in its prevailing role in drug
pharmacokinetics and pharmacodynamics, and drug bioavailability in vivo. BSA is
composed by a single chain of 583 residues and a molecular weight of about 66430 g
mol~1,74% 75 having a multi-domain structure that may account for its remarkable
ligand binding properties.’* 7678 The intrinsic fluorescence of albumins is due to their
tryptophan (Trp), phenyl-alanine and tyrosine residues, of which Trp emission is
predominant and can be selectively excited at 295 nm. BSA has two Trp residues: Trp-
134 located on the surface of sub-domain IB and Trp-212 located within a hydrophobic binding
pocket in sub-domain IIA. Emission from Trp-212 is very sensitive to changes in the
environment around this residue, due to drug binding or to structural alterations of the
protein. Trp-212 emission can thus be used as an intrinsic structural probe for drug
binding and its quenching is a good indicator of binding of molecules to BSA,

particularly those near the hydrophobic pocket of sub-domain I1A.7°

The binding of 1 and 2 to BSA was studied by steady-state fluorescence spectroscopy.
Both compounds are not emissive in Hepes buffer solution (Aexe = 295 nm), so BSA
fluorescence emission was measured in the absence and in the presence of increasing
amounts of 1 and 2. Figs. 4 and S17 (ESI) depict the results, and the Stern—Volmer

quenching constants (K,) calculated®® are included in Table 2.

Compounds 1 and 2 exert a moderate quenching effect on Trp-212 fluorescence, with
a decrease of ca. 45% for the higher molar ratio of 1:BSA used (0.94), Fig. 4) and a
decrease of ca. 52% for the higher molar ratio of 1:BSA used (2.02, Fig. S17), with no
shift of the emission maximum. The Stern—Volmer plot for both compounds is
approximately linear, consistent with either a purely static or a purely dynamic
fluorescence quenching process. Considering that, in average, the molecular lifetime
of BSA in the absence of quencher is ca. 5 ns,3% 8! a bimolecular rate constant of
5.97x101 M !s7! is obtained for 1 and 5.20x10'3 M~!s™! for 2. These values are well

above the 2x10'© M !'s7! maximum value of the scattering collision quenching
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constant for dynamic quenching,®® which indicates mostly a static proggess,foi,

quenching resulting from the interaction of the compounds with BSA.
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Fig. 4 Fluorescence emission spectra recorded at room temperature for solutions
containing BSA (1.7 uM) and increasing amounts of1 (0.3—1.6 uM) with A = 295 nm,
in Hepes buffer 10 mM, pH 7.1. (B) Stern Volmer plot at A, = 342 nm (R? = 0.974). Note
that in these dilute solutions, where the PV 14 anions yield several distinct species whose
relative concentrations change as they are progressively added, we do not expect good

linearity in Stern Volmer plots.

Table 2 Steady-state fluorescence emission data for BSA-compound systems: quenching
extent (%), Stern—Volmer constants (Kgy) and bimolecular rate constant (kq) calculated for

each compound.

Compound | Quenching (%) | log (Ksv)/M ~1 ADX /nm ko/M~1s—1
1 37 5.62 342 5.97x1013
2 39 5.53 340 3.38x1013

Interactions with ctDNA

Figures 5 and S21 (ESI) depict CD spectra of solutions containing ctDNA and compounds 2

and 1, respectively.

15
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Fig. 5 CD spectra of solutions containing ctDNA in Hepes buffer (10 mM, pH = 7.1) and
compound 2 (A) measured with a 5 mm optical path cell in the range 220-300 nm; (B)
measured with a 20 mm optical path cell in the range 300-450 nm. The initial concentration of
ctDNA was 61.2 uM nuc™! and a solution of 2 with a concentration of 70.5 uM was
progressively added.

In both cases some changes are seen in the CD spectra mainly for A > 300 nm, particularly for
higher relative amounts of PV14 compounds. CD spectra were similarly measured with
solutions of methenamine and ctDNA (Fig. S22a) and 3-picoline and ctDNA (Fig. S22b). No
significant changes could be seen in these cases, meaning that the changes observed in the CD
spectra of Figs. 5 and S21 (ESI) are not due to the cations of compounds 1 and 2. CD spectra
were similarly measured with solutions of sodium vanadate (Fig. S23); besides an initial
increase of molar ellipticity upon the first addition of NaVO; in the wavelength range of 230—
300 nm ([V]:[ctDNA] = 0.22), no other changes are observed in the CD spectra of these
solutions. This means that the changes observed in the CD spectra of Figs. 5 and S21 (ESI) are
also not due to the formation of monovanadate (V;, the most probable vanadate form at this pH
and concentration), in the solutions used. Formation of vanadate-phosphate species cannot be

ruled out.

Computational studies
Computational information allows us to have a deeper insight into the physicochemical
properties of the systems, in combination with the experimental measurements. Since a few

decades ago, Computational Transition Metal Chemistry has gained major influence among the
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chemical community largely due to the wide acceptance of density functional theqry, (DET): 250x
based methods.?? The theoretical modelling of POMs is vast but still growing,® yet it has been
shown that it is suitable for the understanding of a variety of questions such as the basicity of
external oxygen sites,?8% the localization or delocalization of metal electrons in reduced
species,?” % the identification of host and guest subunits in a cage complex®! and, more
recently, questions as complex as their electrical conductivity,””> and interaction of
polyoxovanadates with proteins.?’> The DFT results herein presented describe the electronic
structure of PV14, provide quantitative data about some of its fundamental properties, and

somewhat predict how it may interact with other molecules.

For this purpose, we calculated structural parameters for the oxidized and one-electron reduced
forms of [PV1404;]° and [H4PV404,]°", namely some of their relevant interatomic distances,
that can be found in Table 2. The values obtained are in general good agreement with the
experimental characterization of the anions of 1 and 2. It stands out the evolution of some
distances with varying oxidation state (ox, red) or with the protonation state. In general,
interatomic distance variations are minimal after reduction, as a consequence of the
delocalization of the extra electron among practically all the V framework (see Fig. 6B). Some
V-0, distances suffer a maximal increase of 0.26 A upon reduction but, in contrast, the rest of
the tabulated values are nearly unaltered. Such a V-Oy distance change is attributed to the
occupation of the Lowest Unoccupied Molecular Orbital (LUMO), which presents some d(V)-
p(O) antibonding character. The effect of protonation on the tabulated distances can be
considered also modest, as can be seen by comparison of the 15t and 4™ numerical columns of

Table 3.

Published on 03 May 2022. Downloaded by Universitat Roviral Vigili on 5/3/2022 3:49:51 PM.

Table 3 Computed structural parameters for the oxidized and one-electron reduced forms of

[PV1404,]° and [H4PV 1404,]%. All values are in A.

PV 1404, PV 1404,-1¢ H4PV 14,04, H4PV14,04-1e
P-Oyer 1.540 1.552 1.555-1.562 1.556-1.558
V-—Orerm 1.624-1.636 1.648—-1.662 1.618-1.631 1.624-1.637
Veap—Op 1.779-1.942 1.824-1.921 1.848-1.931 1.850-1.981
V-0, 1.750-2.103 1.783-2.375 1.735-2.138 1.721-2.120
V—Oqi 2.373-2.383 2.375-2.406 2.389-2.443 2.378-2.458
Veap—Oeq 3.209 3.207 3.246 3.222-3.226
V-V 3.003 3.033 2.993-3.014 2.947-3.067
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Fig. 6 Electronic properties of [PV 404,]°~. A) Frontier molecular orbital energies and 3D
representation of the HOMO and LUMO. B) 3D view of the spin density for the one-electron
reduced system, [PV 404, -1€]7!°. Blue and red lobes represent excess spin o and excess spin 3,
respectively. C) MEP representation (two views) coloured by the potential value, with proton-
attractor (nucleophilic) regions in red. Blue regions are less nucleophilic although, given the

high negative charge of the molecule, it is expected that they still might attract cations.

We now examine some energetics of the oxidized system and the one-electron reduced
counterpart. The fully deprotonated oxidized form, [PV14,04,]°, obtained in conditions of
aqueous solution, presents a Highest Occupied Molecular Orbital (HOMO) at —5.30 eV and a
LUMO at —3.35 eV. Their energy difference, close to 2.00 eV, is typical of vanadium-based
oxo clusters with d° metal centres. In comparison, tungsten-based classical POMs typically
present much deeper HOMOs (as stable as —7.0 eV) and larger gaps, of the order of 2.5-2.8
eV.” In the present case, in line with most classical POM compounds, the HOMO is a
combination of p(oxido) contributions of all the system, and the LUMO is a nonbonding
combination of d(vanadium) contributions.’* In the oxidized state, the molecular electrostatic
potential (MEP), represented as a 3D-coloured surface, presents regions of higher

nucleophilicity (red) at the bridging oxido sites. As usual in vanadium- and tungsten-based
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POM:s, terminal oxido positions present the lowest nucleophility (blue). Not all, oxide’ Sites oox
present the same values of the electrostatic potential, therefore we infer that some are more
easily protonated than others if the solution is a proton source. Fig. 7 collects the main facts

presented above.

Following the experimental evidences about the possible protonation states of the system,>? 38
we explored computationally the different protonated forms [H,PV404,]¢"-, with n = 1-4.

The protonation energies (PEs) of the different processes considered, formally expressed as
[H,PV1404]0"-+ H;0* — [H11PV1404]0"D+ H,0

must vary with the degree of protonation of the reactant species. We used a value of —0.9807
eV for the proton release from the hydronium cation with the water cluster reaction H;O" +
(H,0),.1 &> (H,0),. We started by comparing the first PEs, namely from the deprotonated to
the mono- protonated species, at different oxygen sites of the framework. We considered as
suitable for protonation bridging O-atoms only, since it is well known that terminal O-atoms of
oxidovanadates are poorly basic.%% % There are three main types of oxido sites (represented in
Fig. 7) being site 1 the most basic, with PEs at sites 2 and 3 less exothermic by 2.04 and 6.10
kcal mol~!, respectively. These energy differences correspond to larger pK, values in site 2 by
more than 1.2 units, and in site 3 by more than 4 units. With these results, we considered only
protonation at site 1 as the dominant one. So, taking the oxidized species only, the first PE is —
32.9 kcal mol~'. The 27, 3™ and 4 protonations give smaller values, being the latter PE the

smallest in the series, —21.4 kcal mol~!. Interestingly, the differences in pK, values reported by

Published on 03 May 2022. Downloaded by Universitat Roviral Vigili on 5/3/2022 3:49:51 PM.

Selling et al.,¢ of 1.57 and 4.1, agree quite well with those obtained here.
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Fig. 7 Three types of bridging protonation sites considered for comparing the basjgities-fof the 25

PV 1404, system. PEs relative to position 1 are shown in kcal mol~! (BP86 energies).

We also found important differences between the members of the series in terms of orbital
energies and overall stability. In Fig. 8, a representation of the frontier orbital energies reveals
that, as the degree of protonation increases, the orbitals are shifted down to lower energies by
approximately 0.2 eV per proton. Particularly relevant are the LUMO energies, that go from —
3.35 eV for the deprotonated form, to —4.53 eV for the H4PV 14 form. This is in line with the
expected stabilization of the system due to the molecular charge reduction by one unit per
added proton. The HOMO-LUMO gaps are all 0.3-0.4 eV smaller than that of the fully
deprotonated form (1.55-1.68 vs 1.95 eV). These results clearly indicate that molecular

reduction is energetically more favoured for protonated species.
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Fig. 8 Effect of protonation in orbital energies and overall stability. Schematic representation of
the frontier molecular orbitals for the [H,PV404,]®"- species. All the values are in eV.

Horizontal lines stand for molecular orbital energies, and small arrows are electrons. The
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HOMO-LUMO gap remains nearly unaltered. All the orbitals decrease monotonigally asitotons:

are added, in line with the total molecular charge decrease (from —8 to —5 from left to right).

The one-electron (1e) reduced species, in the absence of protonation, leads to the system with
charge —10. This situation may be regarded as improbable due to the very high charge of the
molecule. Despite that, the reduction energy is —3.34 eV. The extra electron is delocalized over
the majority of the vanadium centres, four of them keeping a major fraction of it, and eight of
them the rest of the electron (Fig. 6B). The two centres appearing as fully electron-depopulated
are the capping ones which, in turn, do not contribute to the LUMO of the fully oxidized form.
When reduction takes place on protonated forms, the computed REs are — 3.67, —3.83, —4.21
and —4.35 eV for the HPV 14, H,PV14, H;PV14 and H,PV 14, respectively. In other words, if
the le-reduction wave for the deprotonated form is arbitrarily located at 0.0 V, the
corresponding waves for the mono-, di-, tri- and tetraprotonated derivatives are found at more
positive potentials by ca. 0.33, 0.49, 0.87 and 1.02 V. Therefore, reduction of H,PV14 will
occur more easily (at less negative potentials) in acidic media approximately following this
series of values. If there is more than one protonated species in equilibrium at a given pH, we
will observe the reduction of the species in equilibrium with more protons. Calculations suggest
that the degree of electron delocalization of the 1e-reduced system changes with the protonated

state with, in general, a less delocalized electron than in the fully deprotonated form.
Combining protonation and reduction as a single process for each species, in general:

[H,PVi4 04]0 ™+ e + H;0" — [Hpu1yPVis Os 1]+ H,0

Published on 03 May 2022. Downloaded by Universitat Roviral Vigili on 5/3/2022 3:49:51 PM.

we find values of the order of —114 kcal mol™! (-4.94 V) for n = 0 to —122 kcal mol™! (-5.28

eV) for n =2 and 3. The main energy values related to the present study are listed in Table 4.

Table 4 Computed energies obtained from BP86 optimizations and OPBE single point runs.

q° Protonation Energy H-L gap®
(eV) (kcal mol') (eV)
PV -9 1.95
HPV,, -8 —1.4283 -32.94 1.68
H,PVy4 -7 —1.0564 —24.36 1.62
H;PVy4 -6 —-1.0669 —24.60 1.55
H/PV4 =5 —0.9295 -21.43 1.63
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SO aeh
Reduction Energy Protonation Energy Prot. + Red. Energy
(eV) (kcal mol) (eV) (kcal mol-1) (eV) (keal

mol)

PV le -10 -3.3369 —76.95

HPV 1e | -9 -3.5092 —-80.92 —-1.601 -36.91 —4.937 -113.9

H,PV le | -8 -3.8251 —88.21 -1.372 -31.65 —4.882 -112.6

H;PV,le | -7 —4.2107 -97.10 —1.452 -33.50 -5.278 -121.7

H,PV, 1e | -6 —4.3548 -100.4 -1.074 —24.76 —5.284 -121.9

a Total molecular charge. ® HOMO-LUMO energy gap.

Conclusions

In this work, we report the synthesis and structure of two new bicapped Keggin
phosphotetradecavanadate compounds (CgHgN)s[H;PV404,].5H,O0 (1) and (CgHi4Ny),
(NH4)[H4PV1404,]- 11H,0 (2). These new polyoxometalate hybrid materials were characterized
by elemental analysis, powder and single-crystal X-Ray diffraction, FT-IR, UV-Vis and 5!V,
3P, 3C and 'H NMR spectroscopic methods.

Hirshfeld surface analyses, especially d,om surface and fingerprint plots were used for decoding
the intermolecular interactions topology in each crystal packing. Globally, although both
hydrogen bonding and van der Waals interactions play relevant roles in the crystal packing of
the two compounds, the O---H/H:--O, O---O and H:--H interactions are dominant. The results
were supplemented with DFT calculations on the protonation and one electron reduction
processes for PV14°- and H,PV14> polyanions. The molecular electrostatic potential
representations indicating that the proton-attracting (nucleophilic) regions are consistent with
the results from the Hirshfeld surface data. We also found that reduction of the PV14 anions
will occur more easily in acidic media. Interestingly, the estimates of differences in pK, values

of PV14 anions also agree quite well with those obtained experimentally.

We showed by circular dichroism and/or UV-Vis and/or fluorescence spectroscopy that the
PV 14 anions may interact with BSA and ctDNA. In biological experiments the pH is typically
close to 7, and these media may contain several components that may bind POVs and/or the
products of their decomposition. It is often reported that decavanadate POVs hydrolyse slowly
at pH 7 and our data with PV 14 anions suggest that these decompose faster than decavanadates;

comparing equivalent media used in this work ~3-4 faster.
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We must highlight that in biological experiments carried out with aqueous solutigns of;PYiI4 250x
compounds, biological effects observed cannot be simply attributed to these POVs at the uM
concentrations relevant in biological media. In fact, as evaluated by UV-Vis, the PV14 anions
are not stable in aqueous solution at pH ~7, the hydrolysis proceeding faster as the total
vanadium concentration decreases. At very low concentration of PV 14 anions their hydrolysis
yield several vanadium containing species, namely V; and V,. In biologically relevant media,
containing phosphate anions and other vanadium binders, the presence of vanadate-phosphate
species as well as several types of complexes must be taken into account. Namely vanadium
may bind to albumin and the types of species present also depend on the albumin:POV molar
ratio. Therefore, when discussing the potential biological action of POVs all of potentially

formed vanadium containing species must be considered.

Experimental section

Apparatus and reagents

3-picoline (Sigma), methenamine (Sigma), acetic acid, phosphoric acid (Sigma), sodium
metavanadate (Sigma), ammonium vanadate and CuSO,4-5H,0 (Sigma) were used as provided.
Millipore® water was used in all experiments with biological macromolecules. Calf-Thymus
DNA and fatty acid free bovine serum albumin were purchased from Sigma-Aldrich. Other

materials were of p.a. grade or equivalent.

Powder X-ray Diffraction pattern and CHN analyses support the compositions also determined

from single-Crystal X-ray Diffraction crystal structure determinations. Elemental C, H and N
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analyses were done on a FISONS EA 1108 CHNS-O apparatus at Laboratorio de Analises of
Instituto Superior Tecnico. The NMR spectra shown in Fig. 3 were recorded at ambient
temperature on a Bruker Avance Il + 500 (Ultra Shield TM Magnet) spectrometer operating at
500.13 MHz; most other experiments were carried out with a Bruker 400 MHz Avance I NMR
spectrometer, 5 mm BBO probe. This equipment is permanently outfitted with a 5 mm two-
channel Broad Band probe, allowing the observation of the following nuclei at the respective
frequencies: 'H, 400.0 MHz; '3C, 100.58 MHz; 3'P, 161.924 MHz; °'V, 105.152 MHz. Quartz
tubes were used throughout the procedures. The >'V NMR chemical shifts are reported in ppm
using neat VVOC]I; in a capillary tube as reference. A glass capillary with 1 % H3;PO, in D,O
was used to standard the 3'P NMR signal. A drop of CD;0D was used as '*C NMR internal
reference. The infrared spectra were recorded on an Alpha RT-DLaTGS HR 0.8 FTIR

spectrometer and the UV-Visible absorption spectra were recorded on a Perkin Elmer Lambda
23
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35 UV-Vis spectrophotometer with 10.0 or 2.0 mm optical path cuyetteso Co0n
thermogravimetric properties of the complexes (ca. 10-15 mg) were analyzed with a Perkin—
Elmer simultaneous thermal analyser STA 6000 at a heating rate of 10 °C min™!, between 30 —
800 °C, under a dinitrogen atmosphere (flow rate: 30 ml min~!). Circular dichroism (CD)
spectra were recorded on a Jasco J-720 spectropolarimeter. Fluorescence measurements were
carried out on a SPEX® Fluorolog spectrofluorimeter (Horiba Jobin Yvon) in a FL3-11
configuration, equipped with a Xenon lamp using 10.0 mm quartz cuvettes. The instrumental
response was corrected by means of a correction function provided by the manufacturer. The
experiments were carried out at room temperature under gentle constant stirring and are all

steady-state measurements.

Synthesis compound 1. To a solution of NH,;VVO;3 (0.12 g, 1 mmol) in water (30 mL),
CuSO4-6H,0 (0.48 mg, 3 mmol) was added dropwise with constant stirring at room
temperature in presence of five drops of H;PO, (85%). At pH = 1.8, the solution turned deep
maroon with time and the stirring was continued for ca. 5 h. Then 3-picoline (CsH;N) (0.03
mL, 0.3 mmol) was added slowly with stirring at room temperature. The reddish red maroon
filtrate was allowed to evaporate at room temperature. The block, brown crystals of 1 suitable
for X-ray diffraction were obtained within a few days. The yield is ca. 90% (based on V).
Elemental analysis for C30H44NsPV404,-5H,0 (M, = 1981 g.mol™): Calc (%): C, 18.17; H,
2.72; N, 3.53; Found (%): C, 18.01; H, 2.59; N, 3.94.

Synthesis compound 2. The synthetic procedure for compound 2 was similar to that of 1,
except that 1,3,5,7-Tetraazatricyclo[3.3.1.13,7]decane (Hexamethylenetetramine, metheamine,
HMTA) (0.042 g, 0.3 mmol) was used instead of 3-picoline. Besides this, the evaporation time
to obtain 2 was much shorter than that for 1. Only one day later, red maroon block crystals
were obtained. Yield: 80% (based on V). Elemental analysis for C;;H3NoPV404,-11H,O (M,
=1920.8 g.mol™): Calc: C,7.99; H, 1.83; N, 6.21 (%) Found: C,7.72; H, 2.07; N, 6.53 (%).

Spectroscopic studies
DNA Interaction studies by Circular Dichroism Spectroscopy.

The CD experiments were done using ctDNA dissolved in aqueous Hepes buffer (10 mM, 150
mM NacCl and pH = 7.1). The measurements were done at ~22 °C in a room with a controlled
temperature using quartz Suprasil cells of 5.0, 10.0 or 20.0 mm optical path. The solutions of
DNA, with concentrations varying in the range 55 to 85 uM, were prepared and left under
24
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gentle stirring for ~1 h. Their exact concentrations were established by mgasuring the oo
absorbance at 260 nm and taking &€ = 6600 cm 'M~1.7> Normally, accurately measured volumes
of these solutions were transferred to a 5 and 20 nm optical path quartz cell, and accurately
known volumes of solutions of compound 1 or 2 (with known concentrations) were added.
After each addition, the sample was left with very gentle stirring inside the cell compartment of

the CD apparatus for about 5-10 min, before the measurement of the spectrum.

The differential absorption values (AA values) measured correspond to AA = Ag x b x C,
where b is the optical path, C is the total concentration of DNA, and Ae is (Ae = g —¢R) the
differential absorptivity per mole of DNA. Each CD spectrum is the result of 2 or 3
accumulations with a scan speed of 100 nm/min and a resolution of 0.5 nm. Once obtained it
was processed with the Jasco 32 software available with the CD instrument and converted into
Delta Epsilon (Ag) values expressed in M~'em™!, taking the total concentration of DNA in the

solution under consideration.

Stability studies by UV-Vis spectroscopy

The stability of compound 2 was evaluated by UV—Vis absorption spectroscopy in different
concentrations in the absence and the presence of BSA. First, a stock solution of 2 was
prepared in water with ca. 2 mM. Solutions were also prepared in Hepes buffer (pH ~7.0),
having a final compound concentration of ca. 2, 5, 12, 20 and 100 uM (Fig S7a-d, ESI) and
49.1 uM (Fig S9, ESI). Also, a sample solution of BSA was prepared in the Hepes buffer (pH
~7) with a final concentration of 49.1 uM (Fig S8, ESI). Finally, a sample solution of
compound 2 (49.1 uM) in the presence of BSA (99.8 uM) was prepared in Hepes buffer at pH
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= 7.0 (Fig S9, ESI). The UV—Visible spectra for all the solutions were recorded for a few hours

and another was recorded after 24 h.

BSA binding by steady-state fluorescence spectroscopy

The interaction of BSA with the compounds was accessed by fluorescence emission
spectroscopy using a 10x10 mm cell. Stock solutions of the compounds were prepared in water
and used within a few hours. A solution of BSA with 1.7 uM for 1 and 1.5 uM for 2
concentrations was prepared directly in the quartz cuvette. Aliquots of the compounds’ stock
solutions were then added to the cuvette to obtain the compound: protein ratios ranging from
0.19 to 0.94 for 1 and from 0.22 to 1.34 for 2. In the experiments with 3-picoline and
methenamine, the solutions inside the cell contained ca. 1.5 uM of BSA and additions of small

amounts of each amine were done increasing its concentration in small steps up to final
25
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amine/BSA ratios of 4.0 (methenamine) and 10.0 (3-picoline). All measurements, yere doie it oon
aqueous buffer 10 mM Hepes, 150 mM NaCl and pH 7.1. Part of the data obtained are in Figs.
S17-S20 (ESI).

The fluorescence emission spectrum of each sample was measured by using the excitation
wavelength at 295 nm and recording the emission spectrum in the 305-500 nm range.
Baselines were recorded and subtracted from each sample fluorescence emission spectrum.
Fluorescence emission intensity was corrected for the absorption and emission inner filter
effects using the recorded UV-Vis absorption data of each sample.®? The evaluation of the
quenching of fluorescence emission of BSA by addition of solutions of 1 and 2 was done in
steady-state conditions. The Stern—Volmer constant Kgy, a measure of the efficiency of the

whole quenching process, is estimated for each system using the Stern—Volmer equation.’®
To/I =1 + kqro[Q] = 1 + Ksv[Q]

Where [ and I are the fluorescence intensities in the absence and presence of quencher,
respectively, corrected for reabsorption and inner filter effects,®® k, is the bimolecular
quenching constant, 1, is the fluorophore average fluorescence lifetime, [Q] is the total

quencher concentration and Kgy is the Stern-Volmer quenching constant.

Single-crystal X-ray crystallography. Crystallographic data for compounds 1 and 2 are
summarized in Table S1 (ESI). Intensity data were collected at 100(2) K on an Agilent
Technologies SuperNova diffractometer equipped with monochromated Mo Ka radiation (A =
0.71073 A) and an Eos CCD detector. Data frames were processed (unit cell determination,
multiscan absorption correction, intensity data integration and correction for Lorentz and
polarization effects) with CrysAlis Pro software package.®” The structures were solved using
OLEX2% program and refined by full-matrix least-squares using SHELXL-2018/9.%°

Thermal vibrations for heavy (non-hydrogen) atoms were treated anisotropically. Some of the
anisotropic thermal ellipsoids from POV oxygen atoms in 2 were normalized using ISOR-type
restraints from SHELXL. Protonation sites from POV O-atoms in 1 were located in the Fourier
map, in good agreement with BVS calculations. However, the worse quality of the data in 2
prevented us from locating these hydrogen atoms in the structural model. Hydrogen atoms of
organic ligands were placed in calculated positions using standard SHELXL parameters.
Compound 2 displays a significant disorder between lattice water molecules. Five positions
suitable for hydration water molecules and half of ammonium molecule were located in the

Fourier map. Their occupancies were initially refined without restrictions and fixed to the first
26
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decimal in the last cycle, which result in a total number of 10 out of the expected, 11, and 6tig 25 %
ammonium molecule. Hydrogen atoms belonging to hydration water molecules were placed in
Fourier difference maps and O—H bond lengths were restrained to 0.87(2) A. Crystal
parameters and details of the data collection and refinement for the structures of 1 and 2 are
listed in Table S1 (ESI). Molecular graphics are made with Diamond 3.2. CCDC 2145016
(compound 1) and 2145017 (compound 2) contain the supplementary crystallographic data for
the structure reported in this paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223 336 033; or e-mail:

deposit@ccdc.cam.ac.uk. Supplementary data associated with this article may be found, in the

online version, at doi: $$$$$.

Density Functional Theory calculations. Density functional theory (DFT) calculations were
carried out on the series of [H,PV404,] " derivatives, with n = 0—4. Within this series, the
fully oxidized and one-electron reduced forms were also computed for every protonation state.
For each derivative, a geometry optimization run was performed, and their energies, molecular
orbitals and associated properties obtained. The calculations were carried out with the ADF
2019 program,'® using triple-§ + double polarization (TZ2P) basis sets for all atoms in
combination with the frozen core approximation to the internal electrons of O (1s) , P (1s-2p)
and V (1s-3p). The COSMO method was applied to mimic the effects of solvation of an
aqueous solution (relative permittivity € = 78). We applied the following density functionals of

the generalized gradient approximation (GGA) family: BP86!°1-193 for geometry optimizations
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and OPBE!* for final energy single point runs. For open shell electronic configurations we
applied the unrestricted formalism. It must be pointed out that optimization of the protonated
forms can be especially intricate and the results presented here must be taken with moderate
care. The possible orientations of hydrogen atoms attached to oxygen sites can lead to several
local minima close in energy and, thus, the energetic analysis can suffer from slight

inconsistencies. However, we think that the general conclusions presented are correct.

Abbreviations

BSA Bovine serum albumin

BVS Bond Valence Sum calculations
CD Circular Dichroism
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ctDNA Calf Thymus DNA DO 10.1039/02DT00650A
de distance from the point to the nearest nucleus external to the surface
di distance to the nearest nucleus internal to the surface
DFT Density Functional Theory

dnorm normalized contact distance

Sy 31V NMR chemical shift

Hepes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HTMA methenamine, hexamethylenetetraamine

ID distortion index

kq bimolecular rate constant

MEP molecular electrostatic potential

PE protonation energy

POM Polyoxidometalate

POM Polyoxidovanadate

PV phosphotetradecavanadate

SC-XRD single-crystal X-Ray diffraction

Kgy Stern—Volmer constant

V, monovanadate

V, divanadate

V4 tetravanadate

vdW van der Waals radii
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