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ABSTRACT

Two mixed-valence octadecavanadates, (NH4)2(Meg Nal v'V1,VV60421]-MesNI1-5H,0 (Vigl) and
[{Ks(OH2)12V"V11 VY7041 (PO4)-4H,0},] (V1sP), Weie synthesized and characterized by single-
crystal X-ray diffraction analysis and FTIR, Riman, >’V NMR, EPR and UV/Vis/INIR
spectroscopies. The chemoprotective actirity of Vgl and VigP towards the alkylating agent
diethyl sulfate was assessed in E. coli cu’<ures. The complex Vigl was nontoxic in concentrations
up to 5.0 mmol L%, while V1P presented n.oderate toxicity in the concentration range 0.10 - 10
mmol L%, Conversely, a ca. 35% enha,~ement in culture growth as compared to cells treated
only with diethyl sulfate was obser 4 pon addition of Vgl (0.10 to 2.5 mmol L ™), while the
combination of diethyl sulfate w'cth * /1gP increased the cytotoxicity presented by diethyl sulfate
alone. ®*V NMR and EPR spe iati.n studies showed that Vgl is stable in solution, while V:gP
suffers partial breakage to y've low nuclearity oxidometalates of vanadium(V) and (IV).
According to the results, the ~k:moprotective effect depends strongly on the direct reactivity of
the polyoxidovanadatas \PO\ ') towards the alkylating agent. The reaction of diethyl sulfate with
Vgl apparently produce. a new, rearranged POV instead of poorly-reactive breakage products,
while Vi1gP shows the iurmation and subsequent consumption of low-nuclearity species. The
correlation of this chemistry with that of other mixed-valence polyoxidovanadates,
[HeV'VoVV1,035P0> (Vie) and [VVeVV7036CI° (Vis), suggests a relationship between
stability in solution and chemoprotective performance.
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Graphical Abstract (synopsis)

The chemoprotective activi y of the mixed-valence octadecavanadates
[{Ks(OH2)12V"V11 VY7041 (POs)-4Fi20Y ) (VasP) and (NH4)2(MesN)s[V'V 12V V60421]-MesN1-5H,0
(V1sl) against diethyl sulfate \vas assessed in E. coli cultures. Vgl counteracts the alkylating
agent more efficiently than \'_-F. Speciation studies suggest that chemoprotection relates to the
ability of polyoxidovanadate: to rearrange in solution following reaction with diethyl sulfate.

Keywords: polyoxidovanadates; alkylation; diethyl sulfate; chemoprotection; speciation

1. Introduction

Vanadium compounds have attracted attention in cardioprotection [1], as insulin-mimetics

[2] and in their antihypertensive [3], antibacterial [4] [5], antiprotozoal [6, 7], antitumor [8-10]

and antiviral [3, 5, 11] activities. They are also involved in DNA repair systems, acting as
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antioxidant agents [12] and in the prevention of genomic instability [13, 14]. In these studies,

vanadium is usually employed in the physiologically-relevant oxidation states +IV and +V.

Vanady!l sulfate (VOSOQO,) [15] and simple vanadates, such as NH,VVO3; and NazVVO, [16-18],
were effective against the deleterious effect of the DNA alkylating agents diethylnitrosamine
(den) [17] and 1,2-dimethylhydrazine (1,2-dmh) [16] in mice models. A large number of
vanadium compounds has been evaluated for this purpose both in vitro and in vivo, including a
vanadium(l11)-L-cysteine complex that exerted efficient prote_tion against hepatotoxicity and
genotoxicity induced by cyclophosphamide [19]. Another re.~n* study on the chemoprotective
activity of vanadium compounds includes the attenuat*n u: cisplatin-induced damage in bone
marrow cells of Swiss albino mice [19, 20]. In that . stem, the vanadium complexes increased
cell proliferation; this action was attributed to tt 2 restoration of oxidized and reduced glutathione
levels, decrease in free radical generation (reactive oxygen species), and enhancement of

antioxidant and detoxifying enzyme I~vels [2J].

It was additionally shown ti.ct aqueous solutions of NasVO, [21] and [V1503CI]®™ (Vis)
[22] inhibit plasmid DNA ¢'kylaiion caused by diethyl sulfate, (C,Hs0),SO, by up to 40% and
70%, respectively. V.- \as also effective against dimethyl sulfate, a more potent alkylating
agent, showing a 48% protective effect on pUC19 DNA. The mechanism of chemoprotection
remains elusive, but the most accepted proposal suggests that the oxidometalates act as
nucleophiles and compete with the DNA for the alkylation agent [21-24]. Recently, E. coli
cultures exposed to diethyl sulfate were applied as whole-cell models to evaluate the
chemoprotective ability of oxidovanadium compounds. The activities of [HgV1403sPO4]>™ (V1)
and V35 were antagonistic [25], and seem to depend on both the stability of the
polyoxidovanadate in solution and its capability to rearrange or form new aggregates after

reaction with the alkylating agent [22, 23, 25]. These systems exemplify the remarkable
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complexity of the chemoprotective effect exerted by the polyoxidovanadates, and further
investigation of the relationship between stability in solution and activity in E. coli cells, as a

pre-established biological model to allow comparison, appeared essential.

Compounds with structurally equivalent V150,X shells (n = 36-44; X = encapsulated species
such as CI', Br-, I, PO,*", SO/, SOs*, VO,*, NO*, NO;3~, SH™, HCOO", COs* and H.0)
show a more variable host-guest chemistry as compared to other polyoxidovanadates [26-30].
Additionally, a study reported by Muller and co-authors [2.] revealed that high-nuclearity
aggregates such as Vig04X present different V'V:VVV ratins, *kis variability led to interesting
structural, spectroscopic, magnetic [26], electronic [27 31; and catalytic properties [32, 33].
Recently, the compounds [V1g04(H20)]"*" [34] anu ™ 15044(N3)]**" [35] demonstrated good
antitumoral and anti-proliferative efficacy aga n,t wuman melanoma and breast, cervical and
lung cancer [36]; however, the two mixeJ-vi lence polyoxidovanadates encapsulating phosphate
and azide were less explored. Becau~e of tneir high compositional and structural variability,
octadecavanadates constitute an inter:siing platform to study the effect of anion encapsulation

and metal oxidation states (+1V an. +V) on the chemoprotection effect.

Herein, a methor.. oy’ tu synthesize two mixed-valence polyoxidovanadates (MV-POV),
(NH2)2(MesN)s[V'V12V* 60421]-MesN1-5H,0 (Vagl) and [{Ks(OH2)12V'V11VY7041(PO4)-4H,0} ]
(V1sP), is presented; the complexes are variations of the classical core-shell octadecavanadates
described by Miller [26]. Both products were characterized in the solid-state and aqueous
solutions. V1P crystallizes as a one-dimensional chain of oxido-bridged PO,@V1504, units; to
the best of our knowledge, such a polymeric framework for octadecavanadates is unprecedented
in the literature. As far as Vig units are concerned, although {V'"V1,VV60sl}~ and
{VV11VY7042(PO4) Y have already been reported, the products here described differ from them

in the proportion of V'Y to V¥, combination with the counterions and number of water molecules
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in the unit cell. The present work aimed to contribute both to the establishment of structural and
reactivity patterns for polyoxidovanadates, and to the prevention of the damage caused by
alkylating agents to living organisms. In this context, the chemoprotective capability of Vigl,
VigP, and [V1002]°™ (V1) towards whole cells was evaluated in E. coli cultures. The results
were correlated with those given by the direct reaction of the polynuclear complexes with diethyl
sulfate, monitored by >V NMR and EPR spectroscopies, and with our previous findings with

V14 and Vs in similar experimental and biological conditions.

2. Experimental

2.1. Chemicals and solutions

Ultrapure water (MilliQ, Millipore tyse ., 1.2 MQ-cm resistivity at 25 °C) was used in the
syntheses. MesNI (99.0%), diethyl su!fate (95.0%) and deuterium oxide (99.9%) were purchased
from Aldrich; NH,V O3 (99.0%) froia Veec; mannitol (99.2%) from USB. Sodium decavanadate
[{Nag(OH2)20V10028-4H,0}%}] 'vas synthesized as described elsewhere [37] and its aqueous

solution (14.3 mmol L™, pt' = 4, was prepared immediately before use.

2.2. Analytical methods

Elemental analyzes were run by MEDAC Laboratories Ltd. (Chobham, Surrey, UK).
Carbon, hydrogen, and nitrogen contents were determined by combustion on a Perkin Elmer
CHN 2400 Elemental Analyzer; V and K contents were obtained by Inductively Coupled
Plasma-Atomic Emission Spectroscopy (ICP-OES) with a Varian Vista MPX ICP-OES system.
Infrared spectra (4000 — 400 cm™) were measured from KBr pellets on an FTIR MB-BOMEN

spectrophotometer. Raman spectra were obtained using Ar® (514 nm) and He-Ne (632.8 nm)
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laser excitation in the range of 200 to 4000 cm™, with incident power of 0.20 mW; the
equipment was a Renishaw Image spectrophotometer with an optical microscope that focuses the
incident radiation on a 1 mm? area. Magnetic susceptibilities were measured in the solid-state at
296 K with a modified Gouy method [38, 39] using a Johnson-Matthey MKII magnetic
susceptibility balance. Ultra-pure water and (NH,4)2Fe(SO4),-12H,0 were used as calibration
standards, and corrections for the diamagnetism of the ligands employed Pascal constants [40]
(xpia for CasHoolaNgO47Vig = —1020.2x10°° ecm® mol™, and for HsKgOe1PVig = —925.6x107°
cm® mol™). UV/Vis/NIR spectra (250 — 2500 nm) were acquited on a PerkinElmer LAMBDA
1050 UV/Vis/INIR spectrophotometer equipped with a PN " n..saAs/PbS three-detector setup.
The aqueous samples were prepared at room tempera'ire with concentrations from 0.01 to
2.0 mmol L™, X-band EPR spectra (9.5 GHz) were rec.-ded at room temperature and 77 K from
pulverized solid and solutions in water and L ®+Fertani medium using a Bruker EMX-Micro
spectrometer. Spectral simulations were cun with the EasySpin software [41] and intensities of
signals were normalized with a ch.~mium(I1l) (Cr**@MgO) standard. Thermogravimetric
(TGA) data were collected on a Net.'srh STA449 F3 Jupiter analyzer equipped with a silicon
carbide furnace and dinitroger. as u.e carrier gas. Samples (ca. 4 mg) were heated in aluminum
pans from 25—800°C at 10 °. min™t. ®'V NMR spectra were acquired at 295 K in aqueous
solutions containing 1L w,0, prepared approximately 10 to 30 min before analysis. Spectra
were recorded on a Bruker 400 MHz Avance Il spectrometer (9.4 T) equipped with a
multinuclear direct detection probe (5 mm), using calibrated 90° pulses, 2048 scans, a recycling
delay of 0.100 s, acquisition times of 0.16 s and a spectral width of 990 ppm (+44 to —946 ppm).
>/ was detected at 105.2 MHz using VOCl; (neat, capillary, 0.00 ppm) as a reference. Spectral

intensities were normalized on each experiment by comparison with the reference signal.

2.3. Preparation of [{Ks(OH2)12V'"V11V"7041(PO4)-4H,0}s] (phosphate@octadecavanadate,

V15P)



The reaction was carried out with 0.836 g of NH,VVO; (7.20 mmol), 0.660 g of mannitol
(3.60 mmol), and 0.490 g of KH,PO, (3.60 mmol) dissolved with heating in 50 mL of water. The
dark green resulting solution was left to cool down to the room temperature, and the pH was
adjusted to 9.40 with KOH. The mixture was then stirred under reflux for 48 hours, resulting in a
bluish-green solution. After two days at 4 °C, 0.277 g of deep green crystals (V1sP) were isolated
and washed with cold water and ethanol, giving a 30% yield based on NH,VOs. Alternatively,
mannitol was replaced by DL-malic acid (0.482 g, 3.60 mmc.) in the same route, producing
0.546 g of the deep green crystals of VigP (62% yield base.' o NH,VVOs3). Product VigP was
soluble in water and insoluble in polar and nonpolc: oryanic solvents. Elemental analysis
contents calculated for H3;KeOs1PV1g were H 1.47; K 10 71; P: 1.41; V 41.89%. Found: H 1.21;
K 10.48; P 1.17; V 41.78. Taken together anc vvithin experimental error, all characterization
results presented in this ad the following sections indicate
[{Ks(OH2)12V"V11VY7041(PO4)-4H203 -1 as ule best total formulation for the product. FTIR
(cm™, s = strong, m = medium, a.ic v/ = weak): 3390(s), 1618(m), 1054(w), 980(s), 932(s),

797(w), 673(w), 582(w).

2.3.1. Single-crysta! .’-r.:’ wiffraction analysis of VigP

A suitable dark green crystal of V1P (ca 0.352 x 0.085 x 0.046 mm) was mounted on a
Bruker D8 Venture diffractometer equipped with a Photon 100 CMOS detector, Mo-Ka
radiation and graphite monochromator. From a sample under oil, one crystal was taken, mounted
on a MicroMount/micromesh assembly™ (MiTeGen), and fixed on the goniometer head. Data
were processed using the APEX3 program [42]. The structure was determined by the intrinsic
phasing routines in SHELXT [43] and refined by full-matrix least-squares methods, on F?s, in

SHELXL. Computer programs were run through WinGX [44]. The non-hydrogen atoms were
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refined with anisotropic thermal parameters. The structure diagrams were drawn with ORTEP3
and Diamond 4 software [45]. After convergence of the refinement of the Vg aggregate
including the potassium counterions, the main residual electron density peaks were assigned to
isolated oxygen atoms from the extensively disordered water molecules. Hydrogen atoms were
not located in the Fourier difference map due to this high degree of crystallographic disorder,
which can also explain the holes of electron density.

Crystal data and crystallographic details for VP are collated in Table S1.

2.4. Preparation of (NH4)2(MesN)s[V'V 12V V60421]-MeyNI-5H, D

(iodide@octadecavanadate,Vigl)

The reaction was carried out with 0.836 ¢ rf NH4VO3 (7.20 mmol), 0.656 g of mannitol
(3.60 mmol), and 0.668 g of MesNI (4.8 mi o1, dissolved in 50 mL of water. The mixture was
boiled under reflux for 24 hours, res:'lting 111 a deep green solution that was cooled down and
kept at 4 °C. After three weeks, ca:p yreen crystals of Vigl were filtered off, exhaustively
washed with cold water and ethai.~l, and dried under vacuum to give 0.611 g of product (69%
yield based on NH4VO3). */1gl 15 soluble in water and insoluble in polar and nonpolar organic
solvents. Elemental 2.°aly~is contents calculated for CysHgoloNgO47Vis: C 11.94; H 3.76; N 4.64;
V 37.99%; | 10.52%. Fuund: C 11.85; H 3.47; N 4.27; VV 37.73%: 1 10.24%. This elemental
composition was reproducibly obtained for distinct batches of the product isolated from
independent preparations. It differs from the results of single crystal X-ray diffraction analysis
by the presence of additional (Me);NI, and is also supported by thermogravimetric analysis, as
discussed below. FTIR (KBr, cm™): 3461(s), 1635(w), 1483(s), 1398(w), 986(s), 738(w),

627(w). Raman (cm™): 155(s), 267(w), 415(w), 516(w), 669(w), 1021(w).
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Crystal data for Vigl. A dark green crystal of Vgl (ca 0.207 x 0.198 x 0.152 mm) was selected
and mounted on a Bruker D8 Venture diffractometer equipped with a Photon 100 CMOS
detector, Mo—Ka radiation and graphite monochromator. Data collection was carried out at
100(2) K, and data processing, structure resolution, and refinement were performed as described
for V1gP. In the case of Vigl, the refinement of the counterions was not possible due to the poor
quality of the crystals, leading, in consequence, to high residual electron density and high values
of the statistical parameters R;, WR», and goodness-of-fit (R;(all data) = 0.2091; wR»(all data) =
0.6213; goodness-of-fit = 3.614). Atoms Olw and O2w were ua.}igned to water molecules that
crystallized together with the polynuclear aggregate; their hyvJ*=gen atoms were not located in
the Fourier difference map due to the high degree of ¢ soruer in the system. The Vgl product
crystallized in the cubic space group Fm-3m, with uni. ~<(l parameters a = b = ¢ = 19.4906(8) A,
o =P =y=090°V =7404.2(9) A% Z = 4, d = 1.068 mg m, F(000) = 3500, T = 100(2) K,

u(Mo-Ka) = 2.646 mm ™, M(Mo-Ka) = 0710 3 A.

2.5. Biological assays

The effect of the V15 polveoxidovanadates on the alkylation caused by diethyl sulfate was
evaluated in E. coli (+ran.> OH5a) using a protocol described in our previous work [25]. The
optical densities of all cultures were read at 595 nm (ODsgs) to avoid the absorption bands
typical of the culture media and those observed in the electronic spectra of the POV. The
solutions of the Vgl and V1P, in the same concentrations applied in the assays, were used as
blanks. Cells were kept in glycerol 50% at —20 °C before seeding in Luria agar plates containing
10 ug mL™ of nalidixic acid at 37 °C. The freshly-grown colonies were subsequently inoculated
in liquid Luria-Bertani (LB) broth for the experiments that are described as follows.

Firstly, bacteria were grown at 37 °C and 120 rpm in 10 mL of LB medium containing

10 ug mL™" of nalidixic acid until the ODsgs of the cultures reached 1.0. Cells were then
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collected by centrifugation (4900xg, 10 min), resuspended, and incubated for 15 min at 37 °C in
1.0 mL of saline solution (0.90% NacCl), diethyl sulfate or POV solution depending on the
specific experiment. These samples were then transferred to 5 mL of LB and incubated at 37 °C
and 120 rpm for 3 h. ODsgs measurements assessed growth.

In the case of the chemoprotection assays, the bacterial pellets were resuspended in saline
solution immediately after centrifugation, and different amounts of POV (0.10, 0.50, 1.0, 2.5, 5.0
10 mmol L") were added. Approximately one minute later, the cell suspensions received the
addition of a fixed amount of diethyl sulfate (6.0 mmol L™). Thu. concentration of the alkylating
agent corresponds to Glso (concentration that inhibits th= growth of bacteria by 50%) as
determined in our previous work [25]. All samples we2 then incubated for 15 min at 37 °C,
transferred to 5 mL of LB, and then incubated again a. 27 °C and 120 rpm. Growth was assessed
after 3 h by ODsgs measurements. The resul s w2re expressed as arithmetic averages with
standard deviation of three independent :xp riments. Differences between multiple groups and
the controls, with and without diethy. sulfate, were assessed by one-way ANOVA followed by
the Tukey’s multiple comparisons st |46]. A value of P <0.05 was considered statistically

significant.

3. Results and disr.ussicn

3.1. Syntheses

As described in our previous work, the partial reduction of metavanadate (VO3’) by
mannitol in aqueous medium under reflux proved to be an efficient methodology for the
preparation of (MesN)s[V'VsVY7036ClI] (V1s) in good yield [22]. We describe here the synthesis

of (NH.)2(MesN)s[V'V12VV60421]-MesNI-5H,0 (Vigl) by the same route, replacing the source of
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the guest anion, Me4sNCI, by the analogous MesNI. As expected, in this case the nuclearity of the
resulting mixed-valence polyoxidovanadate was determined by the size of the guest halide.

The structural framework obtained with phosphate, in turn, proved to be more susceptible to
the reaction conditions. The use of KH,PO, in slightly acidic medium (pH = 6) produced
K(NH,)s[HsV"V2VV12035(PO4)]-11H,0 (V14) [25],  while in  this  work
[{Ks(OH2)12V"V11 VY7041 (PO4)-4H,0},] (V1sP) was obtained by adjusting the initial pH of the
reaction mixture to 9. The influence of the reducing agent became evident by the nearly two-fold
increase in VigP yield when mannitol was replaced by malic ~cid. Indeed, the oxidation of
organic molecules by vanadium(V) compounds is well '4.c.vn, with the Kinetic rate and
reduction degree depending on the acidity of the medi.m and nature of the organic molecules

[47].

3.2. Solid-state characterization of VigP

The 3D polymeric structure of V3¢~ is composed of interconnected MV-POV aggregates,
each decorated with six potassium aqua complexes (Fig.1b and Fig. S2). Lattice water
molecules are also presen. in e repeating unit. The polyoxidoanion structure shows three
structural types of ve..>dic™, two apical, eight outer ring, and eight inner ring atoms arranged as
(1xV):(4xV):(8xV):(4xV):(1xV) (Fig. S1). Details on data collection, structure refinement, and
selected bonds and angles are presented in Tables 1 and S1. The bond lengths in the VigP
polyoxidoanion are in the same ranges described for other octadecavanadate(IVV/V) aggregates

[27, 33].

The phosphorus atom at the center of each POV is found in a fourfold, tetragonal site.
Consequently, the two crystallographically independent oxygen atoms of the phosphate anion,

O(1p) and O(2p), generate, by symmetry, a total of eight oxygen atoms in a cube; these comprise
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two overlapping tetrahedral PO, units related by a center of symmetry at the phosphorus atom.
The bond lengths of P-O(1P) and P—O(2P) are 1.553(11) and 1.530(12) A, respectively. Each
oxygen of the phosphate anion also contacts three vanadium atoms with Opnosphate:--V distances in

the range of 2.370 — 2.489 A.

The structure of VigP also includes three crystallographically independent potassium
cations; they coordinate the oxygen atoms of the polyoxidoanions (Table S2) with bond lengths
ranging from 2.624 to 3.062 A. These values are similar to thc.> reported in the literature [48].
Their coordination sphere is completed by water molecules . :i~!i are assumed to be involved in
an extensive hydrogen bonding network with the oxidc Jroups of the MV-POV and other water
molecules in the lattice (Fig. S2); the hydrogen aton.. \.ere not located due to crystallographic

disorder.

Table 1 Selected bond lengths (A) a4 angles (°) for [{Ke(OH2)12V'V11VV7041(PO4)-2.6H,0} ]
(V1sP) with estimated standard deviat’~ns ‘n parentheses

~ Bond lengths / A

V(1)-0(1) 1.597(6) v (3)-0(10) 1.948(9) 0O(5)-K(1) 2.736(11)
V(1)-0(11) 1.877(7) \/(6)-O(10)#3 1.948(9) 0O(6)-K(1)#2 3.027(9)
V(1)-0(10) 1.896(7) V(7)-0(5) 1.616(9) O(7)-K(1)#2 3.399(4)
V(1)-0(12) 1.934(7) v(7)-0(8) 1.916(7) O(7)-K(1)#6 3.399(4)
V(1)-0(8) 1.952(7) V(7)-0(8)#1 1.916(7) 0(10)-K(1)#2 2.771(11)
V(1)-O(1P)#1 2.453(.) V(7)-0(9) 1.965(7) K(1)-O(2W)#10  2.866(15)
V(2)-0(6) 1.596(6) V(7)-0(9)#1 1.965(7) K(2)-0(3W) 2.831(14)
V(2)-0(10) 1.875(7) P(1)-0O(2P) 1.531(10) K(3)-O(BW)#12  2.74(4)
V(2)-O(11)#3  1.918(7) P(1)-O(1P) 1.549(10) K(3)-O(2W)#10  3.201(17)
V(2)-0(9) 1.941(7) O(1P)-O(2P)#5  1.775(14) V(1)-V(6) 2.828(2)
V(2)-0(13) 1.949(7) O(1P)-O(1P)#1  1.78(2) V(1)-V(3) 2.8951(19)
V(2)-0O(1P) 2.441(12) O(2P)-O(2P)#1  1.74(2) V(1)-K(2) 3.735(4)
V(6)-0(7) 1.624(4) O(1)-K(3)#2 2.840(8) V(1)-K(1)#2 3.916(3)
V(6)-O(11)#3  1.919(9) 0(1)-K(2) 3.059(9)
V(6)-0(11) 1.919(9) O(1)-K(1)#2 3.408(9)

Angles /°
O(1)-Vv(@1)- 100.4(4) O(7)-V(6)- 110.3(3) O(2P)-P(1)- 69.4(8)
0(11) 0(11) O(2P)#1
0(11)-v(1)- 85.8(4) O(11)#3-V(6)-  139.4(7) O(2P)-P(1)- 110.6(8)
0(10) 0(11) O(2P)#3
0(1)-Vv(1)- 101.8(4) O(7)-V(6)- 109.7(3) O(2P)#1-P(1)- 180.0(6)
0(12) 0(10) O(2P)#3
0(11)-Vv(1)- 93.7(4) 0(11)-V(6)- 83.2(3) O(2P)#5-O(1P)-  69.4(5)
0(12) 0(10) V(1)#1

0(10)-V(1)-  157.6(4) 0(10)-V(6)- 140.6(6) O(1IP)#1-O(1P)-  131.9(2)




0(12)
O(1)-V(1)-
0(8)
O(11)-V(1)-
0(8)
0(10)-V(1)-
0(8)
0(12)-V(1)-
0(8)
0(1)-V(1)-
O(1P)#1
0(11)-V(1)-
O(1P)#1
0(10)-V(1)-
O(1P)#1
0(1)-V(1)-V(6)

0(11)-V(1)-
V(6)
0(12)-V(1)-
V(6)

102.1(4)
157.5(4)
90.2(3)
81.8(3)
158.4(4)
64.7(4)
94.2(4)
105.2(3)
42.4(3)

131.5(2)

O(10)#3
O(7)-V(6)-V(1)

0(11)-V(6)-
V(1)
V(1)-V(6)-
V(1)#3
O(7)-V(6)-V(2)

0(7)-V(6)-
K(L)#2
O(11)#3-V(6)-
K(L)#2
0(11)-V(6)-
K(L)#2
0(10)-V(6)-
K(L)#2
O(10)#3-V(6)-
K(L)#2
K(L)#2-V(6)-
K(2)

118.06(8)
41.3(2)
123.88(16)
117.85(8)
64.46(6)
95.6(2)
101.6(2)
45.4(3)
173.3(3)

79.52(12)

V(D)#L
V(1)-0(1)-
K(3)#2
V(1)-0(1)-K(2)

K(3)#2-0(1)-
K(2)
V(1)-0(1)-
K(L)#2
K(3)#2-0(1)-
K(L)#2
K(2)-0(1)-
K(L)#2
V(6)#4-0(7)-
V(6)
V(6)#4-0(7)-
K(L)#2
\/(2)-0(10)-V/(6)

*(1)-0(10)-V(6)

161.8(4)
102.1(3)
94.7(2)
96.2(3)
74.6(2)
97.1(2)
180.0
90.0
95.8(4)

94.7(4)

Symmetry transformations used to generate equivalent atoms: #. —x--1,y,—z+1; #2 —x+3/2,~y+1/2,—z+2;
#3 —X+1,-y,~z+1; #4 X,~y+1,z; #5 —x+1,~y+1,—z+1; #6 x-1/2,, -1/2,2-1; #7 —x+3/2,~y+1/2,—z+1; #8 —
X+3/2,y-1/2,—z+2; #9 —x+3/2,~y+3/2,—z+2; #10 X,—y,z; #1.L —x 3/2,y+1/2,—z+1; #12 —x+3/2,~y-1/2,~z+1
#13 x,y—1,z; #14 xX,y+1,z; #15 —x+3/2,y+1/2,—z+2; #16 x+L. 2 y+1/2,z+1.



Fig. 1. (a) ORTEP representation of the octadecavanadate (VigP) anion encapsulating a
disordered phosphate. The potassium cations and the oxygen atoms from the water molecules
were omitted for clarity. Thermal ellipsoids are drawn at the 30% probability level; (b)
Coordination of potassium cations by the VigP clusters; (c) Packing of the polyoxidoanion
chains in [{Ks(OH2)12V'V11VY7041(PO4)-2.6H20},] (V1sP), viewed in the ab plane. Each five-
coordinate vanadium ion is represented by a purple polyhedron; one apical and four inner ring
polyhedra are partially or totally hidden in this perspective view but can be implied by
symmetry. The lattice counterions and water molecules were omitted for clarity.

All the vanadium centers of V1P have approximately square pyramidal coordination, with
the structural parameter (t) [49] close to zero. The metal ions in the cage are bridged by ps-O

atoms with an average bond length of 1.922(8) A (Fig. 1a); the vanadyl bond lengths (average
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value of 1.611(9) A) fall in the same range reported for other {V15042X} aggregates [50]. A
particular feature of the VigP structure is the presence of oxido bridges (u2-O) connecting the
polynuclear aggregates through linear V/(6)-O(7)-V(6)' bonds; this produces one-dimensional
chains of {V15042(PO4)} units that run parallel to the b direction (Fig. 1c). The V(6)-O(7) bond
(1.624(4) A, Fig. 1b) is shorter than the 1.714(6) A value described for a similar bond in the 3-D
network of Nag[V18039(PO4)]2-H3PO4-31H,0 [50]. Discrete {V15042(PO4)}* anions reported in
the literature [30, 51] present more distorted geometries for the vanadium centers, with t values
varying from 0.0 to 0.5 in the same anion. As a consequence, t1.> V1P shell described in the
present work is closer to the spherical shape; accordirgi, the distances between opposite
vanadium centers in the cage are more similar to one 2no.her than those observed in the discrete

analogs.

The solid-state EPR spectrum of 74+ at 77 K (Fig. S3) presents a broad line with Ay, =
36.7mT and g = 1.974, typical of po:,muclear species containing vanadium(lV) centers. The
titrimetric analysis [52] of V1gP sk.2we a mean metal valence of 4.44, close to the average value
(4.39) for 11 vanadium(IV):7 vanadium(V) centers. This proportion is compatible with the
charge balance indicated k'’ s.~yle-crystal X-ray diffraction analysis (XRD). A similar result was
given by the bond valei.ce sum calculations [53] based on the XRD data and V-O bond lengths
(Table S3), allowing for a degree of valence delocalization involving the metal sites (see infra).
Magnetic susceptibility measurements carried out in the solid-state at 300 K (ywT = 1.53 cm® K
mol ™) are compatible with the presence of antiferromagnetic exchange among the unpaired spins

in the polyoxidoanion, concurring with the described for similar V15 aggregates [26].

3.3. Solid-state characterization of Vgl
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Dark green crystals of Vgl were suitable for single-crystal XRD; however, the high level of
disorder involving the water molecules and the ammonium cations in the lattice made the
localization of hydrogen atoms in the Fourier map difficult. The structure of the polyoxidoanion
is well defined and composed of 18 vanadyl groups, with 42 oxido groups bridging the vanadium
centers (Fig. S4). This framework encapsulates one iodide ion, which lies on a center of
symmetry. This topology is analogous to the superKeggin-type {V1g04I1}" clusters (n = 5, 11,
13) described with a D4g arrangement by Miiller and co-authors [26]. Titrimetric determination
of vanadium(lV and V) in Vgl crystals gave a mean valence v.'ue of 4.28, which corroborates
our proposed (NHy)2(MesN)s[V'V12VV60421]-MesNI-5H,0 forimilation (calculated average 4.33).
The mixed-valence nature of the polymetallic aggregate ‘s aiso supported by the broad line of the
Vgl solid state EPR spectrum at 77 K (g = 1.96< 2ad App =24.7 mT, Fig. S5). Magnetic
susceptibility measurements carried out for Vi, 7 t1e solid state at 292.5 K (ymT = 1.87 cm® K
mol™) again suggest antiferromagnetic couling of the unpaired electrons in the polynuclear
cage, as in the case of VigP. This re_!lt is intermediate between the ymT values reported for
(EtsN)s[VV1oVVe0ml] (xmT = COocm®*Kmol™) and Kio[HV"Vi6VY20421]-16H,0 (2.2

cm® K mol™) [26].

3.4. Vibrational spectr.~cupies

The infrared spectra of Vgl and V1gP (Fig. S6 and Table S4) showed bands in the range of
580 to 985 cm *, characteristic of polyoxidovanadates, attributed to v(V-0), v(V-0-V), §(V—
0-V) and v(V=0), and also at ca. 3400 and 1600 cm* for v(O—H) of water molecules. The
spectrum of Vgl also presented the tetramethylammonium cation bands at 1486 and 1407 cm *,
assigned to 8, and 8s(CHs) vibrations. VigP, in turn, showed a band at 980 cm™ attributed to
v(P=0), confirming the presence of the phosphate anion in the structure. The Raman spectra of

both compounds present bands from 400 to 550 cm™* referred to §(V—O-V) vibration modes
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(Fig. S7), while the bands in the range of 660 to 1020 cm* were assigned to v(V—O-V) and

v(V=0) [54].

3.5. Thermogravimetric analyses (TGA)

The thermogram and derivative thermogram of VigP show one step up to 200 °C that
corresponds to the loss of 11 water molecules (Fig. S8a). This assignment is supported by the
good agreement between the experimental and calculated n.~ss values (8.9% and 9.0%,
respectively). The loss of the five remaining water molez'ncs can be observed up to 600°C
corresponding to 4.1% of the total mass (experin.”ntal value of 4.4%). The thermal
decomposition of the polyoxidovanadate framework oonurs above this temperature. For Vigl, in
turn, the thermogram shows three decompositior. si2ps (Fig. S8b), the first from 20 to 200 °C
corresponding to the loss of the five water molecules of crystallization and two ammonium
cations (determined value = 5.4%; (. lculated value = 5.2%). The second step, up to 400 °C,
refers to the loss of five tetramethylur ir onium cations and the additional tetramethylammonium
iodide (calculated value of 23.€%, -etermined value = 24.0%). Such assignment agrees with the
elemental analysis results a1 is supported by literature on the thermal decomposition of tertiary
ammonium halides, . Yic: ~ccurs in the same temperature range [55]. In the present case, the
thermal decomposition uf the polyoxidoanion is more complicated to rationalize than those of
simple ammonium salts, and continues up to 610 °C. In summary, the TGA data, added to the
results of X-ray diffraction and elemental analyses, support the formulations
(NH2)2(MesN)s[V'V12VV60421]-MesNI1-5H,0 (Vagl) and [{Ks(OH2)12V'V11VY7041(PO4)-4H,0} ]

(V1sP) used in the biological experiments.

3.6. Aqueous solution stability of polyoxidovanadates with the {V1504,} shell
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The analysis of V1P and Vgl by **V NMR spectroscopy gave different results (Fig. 2). The
spectra registered for Vgl up to 1.0 mmol L™ in water/D,0 (9:1) showed only one low-intensity
signal at 6=-560 ppm assigned to “V;” (H2VO4) [56, 57], and no signal when higher
concentrations were employed (5.0 and 10 mmol L™Y). Conversely, the spectra of V1P evidenced
the breakdown of the polynuclear structure to produce a mixture of vanadium(V) species whose
composition varied with sample concentration. In the most diluted solution (0.1 mmol L), only
a signal at 6= —560 ppm assigned to “V;” was observed. The spectral profile changed when the
concentration was increased to 1.0 mmol L™, providing sigi~ls at & =—556, —572, and
—576 ppm that correspond respectively to the rapid intercs..7eis10n between “Vy’ ” (VO,") and
“V,” (broadest line at —556 ppm), “V,” (H2V207>) ana “V,” (V4012"") [56, 57]. At the highest
concentrations (5.0 and 10 mmol L™), the signal prorucod by the “Vi’ ” < “V,” interconversion
disappeared, revealing pure “VO," at —548 rp1. 2.0ng with an increase in the intensity of the
“V,”, “V4” and “Vs” (V5015°") signals &~ & = =569, —576, and —584 ppm respectively [56, 57].
This profile evidences that V1gP has a 1oss stable structure in aqueous solution than Vigl, with a
spectral pattern comparable to thr2= c“served in our previous work for the polyoxidovanadates

[VVeVV7036CI° (Vis) [22] anc THeV'V2VV1,035(PO4)]T° ™ (V1s) [25].
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Fig. 2. °'V NMR spectra recorded a* 0.2 temperature for (a) V1sP and (b) Vigl in water/D,0O
(9:1) solution at concentrations of J 1( to 10 mmol L™ . The measured pH was 5.0 for VigP
solutions and 6.0 for Vgl. The iise.* In (a) shows a 10-fold amplification of the region from —
390 to -525 ppm, to evide.ce the lack of any Vie-related signal. The low nuclearity
vanadium(V) species identifi~d .2 the spectra were “Vi’ 7 = VO, “Vi” = HVO, ; “V,” =
HoV2077 " “Vy” = V401" 5 ond “Vs” = VsOu5° .

It is generally repc.ced that aqueous vanadium(V) systems [58] present an equilibrium
involving the fully-oxidized V1o species, [V1002s]°", and simple vanadates of lower nuclearity,
while pure vanadium(lV) systems [58] show an equilibrium between cationic and anionic
species, usually in a low pH range. Mixed-valence polyoxidovanadates, in turn, present even
more complex equilibria in aqueous solution [59], as shown earlier for V15 and V14 [22, 25], and
here for VigP, containing mixtures of diamagnetic and paramagnetic species whose nature

requires investigation by both **V NMR and EPR spectroscopies.
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The solution EPR spectra of V1gP and Vigl were obtained in water at 77 K with increasing
concentration of the products (0.10 to 10 mmol L™). For Vgl (Fig. 3), the presence of a broad
signal in all concentrations evaluated, with a g value of 1.9674 and A,., of 33.13 mT, is
characteristic of polynuclear species with magnetic interaction between the vanadium(lV)
centers [60]. For V1P, on the other hand, an analogous broad line (g = 1.9663 and A,., of 36.07
mT) overlaps a poorly resolved hyperfine signal of mononuclear vanadium(lV) species that
likely results from a partial aggregate breakage (Fig. S9). This observation agrees with the
results of the ®*V NMR analyses, which showed that VigP 1. more susceptible than Vgl to

decomposition in aqueous media.

2000000- P ——0.10 mmol L
15000004 ,!r/, ‘I"\ —— 1.0 mmol L™
] AN —— 5.0 mmol L
1000000- ////\\ "‘a, —— 10 mmol L
2 500000-
> 0.
‘n
@ ]
2 -5000004
L= i
-10000004
-15000004
-2000000+
! I ! I ! 1 ! I ! I ! I ! 1
250 275 300 325 350 375 400 425
Magnetic field / mT

Fig. 3. X-band EPR spectra recorded at 77 K for aqueous solutions of Vgl in the concentration
range of 0.10 to 10 mmol L ™.

Recently, it was recognized that the charge, size, and shape of polyoxidovanadates have a
fundamental role in the self-assembly, redox properties, and in the interaction of these
polynuclear aggregates with biological targets [61, 62]. To the best of our knowledge, our

current results with Vgl and VigP, added to our previous findings [22, 25] with V5 and V14
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demonstrate, for the first time, that POVs containing encapsulated halides are more stable in
aqueous solution than those containing the phosphate anion. The stability in aqueous medium
seems to be a consequence not only of the size of the encapsulated anion but also of its charge,
CI/I” vs PO,*, to be accommodated by the spherical anionic “cage”. The maintenance of the
polynuclear structure, as observed for Vgl and Vis, is rarely found in the literature; it has been
reported for [Vs0s(OCHs)11] [63] and [HV1203,CI]*" [64] but in both these cases the compounds

are insoluble in water.

The mixed-valence character of Vgl and V1P was alsn 1 *zstigated in aqueous solution by
UV/Vis/NIR spectroscopy (Fig. S10 and S11). Both a:sorpuon spectra showed a band with a
maximum at 9900 cm™* (¢ = 440 L mol™* cm™) attni>'*ed to an intervalence (V'V/VVY) charge-
transfer transition. The charge distribution in th> orc ducts was classified as type Il according to
Robin-Day’s criteria [65-67], which cc.res)onus to partial delocalization of electrons in the
polynuclear structure. Such classif.-ation was based on the analysis of theoretical and
experimental values of the half-heihn bandwidth (Table S5). A similar classification was
reported previously by oui «~d other research groups for [V'VgV¥703CI°® [22],

[HeV'"V2VV15,035(POL)T° 25 anu [V16033(CN)]° [68].

3.7. The ability of polyoxidovanadates to act as chemoprotective agents against diethyl sulfate

The biological studies carried out in this work with VigP and Vigl involved first the
investigation of their toxicity towards E. coli cultures (Fig. 4a), and then the in vitro evaluation
of their chemoprotective activity against the deleterious effect of diethyl sulfate (Fig. 4b)
employing the same bacterial model. The chemoprotection results were compared with those
obtained for decavanadate, [{Nas(OH2)20V10025-4H,0}n] (V10), which is the most common POV

in acidic media, and for V5 [22].
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The treatment of cultures with Vgl (0.10 to 5.0 mmol L) showed no significant difference
in cell growth as compared with the control, indicating non-toxicity within these limits (Fig. 4a).
At the lowest concentrations, this result was similar to the observed for V1o, but decavanadate
was already toxic to E. coli DH5a cultures at 5.0 mmol L. On the other hand, both Vgl and V1o
were lethal to cells at 10 mmol L. Fig. 4a also shows that V1P is moderately cytotoxic to the
cells in all concentrations accessed in this work. These results may be attributed to the nature of
the chemical species formed by VigP in the aqueous medium (..~avious section) contrasted with

the relatively higher stability of Vgl in the same conditions.

Specifically for VigP, because of the noticeakie .''lture growth observed at the highest
concentration (10 mmol L™), the experimen’ v.~ repeated once more, and the results again
confirmed the data. The only moderate ¢ to*oxicity of VigP at 10 mmol L™ is truly noteworthy,
compared, at this point, to the results gi.en by Vgl and V1. However, we have observed similar
results for other polyoxidovanada*~s, . which there is a range of concentrations where a minor
cytotoxicity is observed, and, ~bove a certain threshold, an abrupt increase in cytotoxicity is

seen. For instance, V14 shrwe 2 such a steep toxicity increase above 5.0 mmol L™, while V5 was

not toxic even at the niy:est concentration evaluated (10 mmol L) [25].
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Fig. 4. Cell culture growth assays in E. coli suspensions treated with Vgl (blue), V1gP (green)
and V1 (red) in concentrations from 0.10 to 10 mmol L ™. (a) Toxicity assay, in which the ODsgs
value for the control (0.878+0.044) was considered 100% of growth. (b) Chemoprotection assay
in the presence of 6.0 mmol L™* of the alkylating agent diethyl sulfate. The ODsgs value for the
controls (0.878+0.044, 1.068+0.024, 0.742+0.043 for Vigl, V1P and V1o, respectively, without
the addition of diethyl sulfate) were considered 100% of growth. Data were obtained in three
independent experiments and results are given as average values with standard deviations. P-
values, ANOVA corrected by Tukey, *P<0.01, ***P<0.0001, ****P<0.0001, ns = non-
significant when compared with the control in (a) and with the diethyl sulfate control in (b). A
value of P < 0.05 was considered statistically significant.
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V1o was recently described as a potential antibacterial agent, presenting Glso values from
0.58 to 1.8 mmol L™ for different bacterial strains grown in similar conditions [69]. According
to our previous research, this effect relates to a disbalance in the E. coli membrane potential that
makes the cells permeable to toxic agents such as propidium iodide [6]. Additionally, Vi, and the
mixed-valence Vis were responsible for a decrease in membrane lipid packing in Chinese
Hamster Ovary cells, initiating the signal transduction by the luteinizing hormone receptor
(LHR) [70]. These findings point to a variety of effects of POVs on the cell membrane of
different biological models and suggest that each POV, eithc. intact or after breakage, acts

differently towards cells when placed in physiological media

For the chemoprotection assay, bacterial cells ware first treated with Vigl, VigP, and Vi
(0.10 to 5.0 mmol L) followed by addition of {i~ch I sulfate (6.0 mmol L™*) and incubation for
3 h in LB medium. Vgl showed a sign’icent positive effect of ca. 35% on bacterial growth,
which was not concentration-depend.nt up tu 2.5 mmol L™ compared to the cells exposed only
to diethyl sulfate (Fig. 4b). These resuits ror Vgl were significantly different from both controls,
without and with diethyl sulfa’e \~ig. S12), and confirm that the addition of diethyl sulfate is
counteracted by the preser-~e ¢. Vigl, although not completely, because the culture does not
reach full growth in #>= L-ese.nce of the alkylating agent. It is clear, though, that at 5.0 mmol L™
the protective activity or Vgl is not only lost, but the deleterious effect of diethyl sulfate is even
enhanced by the presence of the POV. In a related work, V15 presented a similar result (30-40%
protection), and this again indicates that polynuclear frameworks that resist better to breakage in
aqueous solution are also those more active towards diethyl sulfate to prevent an attack to the
bacterial cells. The mechanism of such protective action by the (apparently) intact {V,On}"

aggregates is still under investigation.
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Additionally, electrostatic potential studies reported in the literature showed that the surface
properties of Vg shells can change with the V'V/VV ratio; more negative electrostatic potentials
at the surface, and therefore higher nucleophilicity, were registered for aggregates with higher
negative charges [61]. In our case, considering that [V'V1,VVs0421]"" (V1gl) has a higher charge
density than [V'V1:VY7041(PO4)]® (V1sP), this could increment its surface nucleophilicity and
therefore its potential to act as a chemoprotective agent as opposed to VigP. This agrees with
both the mechanism proposed by Wilker and co-authors [23] and the results presented in this
work. Moreover, the different growth levels shown in Fig. 4« and 4b reveal an increase in
cytotoxicity when VigP or Vi are mixed with diethyl sulfat2 ccripared to cells treated only with
the alkylating agent. This effect is more pronounceu for Vi at and above 1.0 mmol L.
Additional essays should be performed to clarify if thi. ~nhanced toxic effect of Vo and VigP in
combination with diethyl sulfate is simply adct’ve or synergistic, and if it could be explored

further for antibacterial purposes.

3.8. Spectroscopic studies in POV scir tinns upon addition of diethyl sulfate

We also carried out spe~iation studies of Vgl and VigP in LB broth to investigate the fate of
the polymetallic aggr:2ate- 1 culture media after interaction with the alkylating agent and obtain
additional insights on how the chemical nature of the vanadate could dictate its chemoprotective
action. In these studies, we chose vanadium and diethyl sulfate proportions in the range of
1V:0(diethyl sulfate) to 1V:5(diethyl sulfate), to be comparable with the concentrations

employed in our biological essays.

In the literature, the "carcinogen interception” mechanism, proposed from studies with
pUC19 plasmid DNA as a model, suggests that the chemoprotective activity of

polyoxidometalates involves the preferential transfer of alkyl groups from the alkylating agent to
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the metal-containing aggregate, rather than to the DNA [22, 23]. This reaction eventually
produces a new oxidometalate, deficient in one or more oxygen atoms, and alcohol molecules
(ROH, with R depending on the alkylating agent) that are less toxic to the cells. The following
equations apply this proposal to the mixed valence polynuclear systems described in this work.
The vanadium-containing species in each equation are based on the results of our **V NMR and
EPR studies in solution, both aqueous (already discussed) and in LB (see below), and therefore
involve both diamagnetic and paramagnetic compounds.

Vil

LB
MV-POV + V0%t + [C,Hs]* - MV-POV + VIVO(L) + C,HsOH
V5P

MV-POV + VVO** +V; + V, + V, + [C,H,'*
LB , .
— MV-POV' +V; + °% --V,+ V, + VVO(L) + C,H;OH

VVO(L) = product formed from the V'V speciss released from the breakage of the POV and potential
ligands in LB buffer; V; = H,VO,4; “Vy ” = VO, ; PV = HVPO;>; V, = H,V,0:%; “V,” ” = HV,07°; V, =
V,01,*; [CoHs]': alkyl group provided by dic:hyl sulphate.

Interestingly, the °**V NMP sp.~ctra of Vgl in LB medium with increasing concentrations of
diethyl sulfate did not sho an. signal of low-nuclearity vanadium(V) species (Fig. 5); this is
consistent with the behav ar ,bserved in pure aqueous solutions. For V1P, on the other hand, the
1/ NMR results are close to those reported for V14 and Vis (Table 2) [22, 25]. The spectra of
V1gP up to the 1V:0.10(diethyl sulfate) proportion show the formation and consecutive
consumption of low nuclearity species: “V1+PV” [71], which is the signal generated by the rapid
equilibrium between “V1” (H,VOy4) and a vanadium complex with phosphate (PV = HVPO;%)
[57], “V2” (HV20,%) and “V4” (V4012"). However, there is no evidence of additional breakage
of the polynuclear structure when a high concentration of diethyl sulfate is employed. Our
observations agree with reactivity studies described in the literature for acetonitrile solutions, in

which oligovanadates such as [V30s]>", [HV4O1,]*", and [VsO1]’ were shown to react with
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diethyl sulfate to form rearranged products [23]. In this context, it was reported that any oxygen-

deficient POM derivative formed by an oxide reaction with the alkyl group of diethyl sulfate can

further rearrange in one or more new polynuclear aggregates [23, 24].
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Fig. 5. 'V NMR spectra recorded for (a) VigP and (b) Vigl in LB medium pH 6.0
(5.0 mmol L™Y) with increasing concentrations of the alkylating agent (diethyl sulfate). The
V:diethyl sulfate proportions are indicated in the figure. For comparison, the spectra recorded for
both polyoxidovanadates (5.0 mmol L ™) in water / D,O (9:1) are also presented at the bottom of
each set of spectra. The solution pH varied with the addition of diethyl sulfate from 6.0 to 4.5 for
V1gP and 6.0 to 5.0 with Vigl. The inserts in (a) and (b) show a 10-fold amplification of the
region from —390 to —525 ppm, to evidence the lack of any Vio-related signal. The low nuclearity

vanadium(V) species identified in the spectra were “V;’ 7 =
H2V2072_; “Vy7° = V40124_; and “PV” = HVPO73_.

V02+; “V]_” — szo4—; “VZ” —



Table 2 The proposed composition of the Vigl, VisP, V14 [25], and V35 [22] aqueous and LB
solutions starting from a concentration of 5.0 mmol L ™* of the MV-POV (*)

Product  pH®@ V" species® V" species® VY species® V" species®
Agqueous solution LB solution
Vil 6.0 None MV-POV® None MV-POV, VO(L)
VgP 5.0 V1’ Vo, V, MV-POV, VO** PV, V.’ V,, V, MV-POV, VO(L)
Vis 6.3 V1, Vo, V4, Vs MV-POV, VO** PV, V,; MV-POV, VO(L)
Vi 4.2 V14, Vo MV-POV V1o MV-POV, VO(L)
NaVy 4.0 V1o None V1o, PV, V, None

(*) This table summarizes the NMR and EPR results presented in this and the following sections of this work.
Please see the text for discussion.

(@) pH obtained after solubilization in water except for NaVi,, in which -olution the pH was adjusted. (b)

Determined by *V NMR. (c) Determined by X-band EPR. (d) MV-PJV - mixed-valence polyoxidovanadate.

VO(L) = product formed from the V'V species released from the breakaqg. ~f the POV and potential ligands in the

LB buffer. The low nuclearity vanadium(V) species mentioned a e “\,’” = VO, “Vy” = H,VO,; “V,” =

H2V20727; “PV” = HVPO737; “V14’ ” = H4V14O42P57.

Our results also indicate that, if a direct reaction dcu.rs between the polyoxidovanadates and
the alkylating agent, it does not produce (in th2 v.mzscale of the NMR analysis) small-nuclearity
vanadium(V) species as final products. Thi’, is because such diamagnetic molecules would be
detectable by >*VV NMR, differently frum paramagnetic, mixed-valence polynuclear species. By
contrast, we have shown that, in s*mi.>r conditions, V14 [25] and V15 [22] undergo breakage and
form the more stable decavari.ate\V), V1o, anion. Interestingly, the formation of Vi, was not
observed in either VigP nr "/ 1 solutions. We also made attempts to react Vip with diethyl
sulfate in the same e~nenimental conditions employed for VigP and Vgl (Fig. S13). The
spectrum presents signals assigned to H,V1002* and V, up to the 1V:0.10(diethyl sulfate)
proportion. Our results also show changes in the protonation degree of V1o, which goes from
H2V1002" to HaV10026”". In the highest concentration of diethyl sulfate, H,V100.¢> suffers a
partial hydrolysis (forming a small amount of V;”) usually observed in acidic solutions of

decavanadate (Fig. S13) [57]. These results agree with earlier reports that describe decavanadate

as a relatively poor reactant in contact with diethyl sulfate in acetonitrile [23].



The EPR spectra of Vgl and VigP in LB medium, registered in the same conditions of the
Y/ NMR analyses, present a quite different pattern compared to the spectra recorded from
aqueous solutions. As seen in Fig. 6, they present a typical hyperfine pattern of a mononuclear
species superimposed to the broad line of the polynuclear components. For both MV-POV, the g
values and the Ap.p are the same in aqueous and LB media, indicating that the chemical nature of
the polynuclear species is maintained in LB. On the other hand, the spectral simulation of the
mononuclear components provide EPR parameters (Table S6) that are mostly the same for Vgl
and VigP and differ from the parameters reported for [V''O(OH.)s1%, “VO?*”, the usual
vanadyl(1V) species formed in aqueous solution. This sugr2<ts tiat a new mononuclear species,
VVO(L), might be formed by the interaction of the vai.»dium ions with components of the LB

medium (Fig. 6a and 6c¢).
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Fig. 6. X-band EPR spectra recorded at 77 K, in the presence of a MgO/Cr** marker, for
5.0 mmol L* solutions of (a) Vsl and (c) V1P in water and LB with increasing proportions of
diethyl sulfate. The contribution of the mononuclear and polynuclear components for the total
magnetization of the systems (estimated by simulation and integration of the signals given by the
different species for a fixed amount of vanadium) are shown in (b) and (d) for increasing
concentrations of diethyl sulfate. Please note that both the plots (b) and (d) show the results
obtained in pure aqueous solutions (as the first entry in each graphic) for comparison.

The relative contributions of the mononuclear and polynuclear species to the total
magnetization of Vgl and VigP in aqueous and LB solutions were estimated by spectral
simulation/integration and are presented in Fig. 6b and 6d. Suhtle differences were observed for
Vgl with increasing concentration of diethyl sulfate, suggeswn.>. unce more, a higher solution
stability of this aggregate. This finding agrees with the re wults of theoretical calculations carried

out for an analogous [V1g0421]°~ anion, which sugrects an association of POVs in solution,

assisted by the counterions [72], contributing to the raimicnance of the polynuclear structure.

V1P, in turn, revealed once again to == a more dynamic system, with a varying contribution
of the polynuclear component followiny addition of different amounts of diethyl sulfate. This
variation possibly comes from *in. 1urmation of a rearranged polynuclear species from the
original V1P after reaction wi.~ diethyl sulfate, which can also explain the lack of >V NMR
signals above the 1V:0.174:~ti.y( sulfate) proportion in Fig. 6a. All these results, taken together,
suggest that the chemop otective effect (or its absence) is not only related to the maintenance of
the original polynuclear structure in the culture medium, but also to a delicate equilibrium

involving non-toxic species.

In summary, the effect of the encapsulated anion on the POV-stability in aqueous and LB
media was studied in this work and correlated with our previous results on other polynuclear
aggregates (Fig. 7). Vgl proved to be more stable than Vs, followed by V1gP and V14, and this
stability appears to be decisive in their interaction with cells and their chemoprotective action

against the deleterious effect of diethyl sulfate [73-77]. Both >*VV NMR and EPR results evidence
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maintenance of the MV-POV structure in the same chemical systems where the highest
chemoprotection activity was detected (Fig. 7), that is, the halide-containing polyoxidoanions

Vgl and Vis.

POV MV-POV (containing PO,*) MV-POV (containing halides)

Vil

Toxic effect increases upon association with diethyl sulfate Chemoprotective effect

Fig. 7. Ball-and-stick representations of thz nolyoxidoanions [VV10026]°" (V1o),
[VV1VY7041(POs)]T (VisP), [HeV'V2VV12055(POa)}> (Via), [V'V12VV60s2l]” (Vigl) and
[VVeVV7036CI°™ (Vis). The hydrogen atoms ard councerions were omitted for clarity. The
polyoxidoanions were grouped according to the r oir logical effect and associated stability in the
LB media. Vanadium atoms are shown in pur; 'e, oxygen in red, phosphorus in orange, iodine in
green, and chlorine in light green.

4. Conclusions

The methodology adopte n. this work was efficient for the preparation of two variants of
pseudospherical mixed va.”nce octadecavanadates, {V1s042X}, containing encapsulated
phosphate (V1gP) and ioa de (V1gl) anions, and rationally expanded the accessible route that we
described earlier for the preparation of this class of polymetallic aggregates [22, 25]. The choice
of anion to be encapsulated, the nature of the organic reducing agent, the pH, and the reaction

temperature were crucial variables in the rational synthesis of each POV.

This work brings new insights into the reactivity of polyoxidovanadates towards diethyl
sulfate and investigates further the chemoprotective activity of Vigl, VigP, and decavanadate
(V10) anions using E. coli as a biological model. The results can be interpreted in the light of the

hypothesis raised by Wilker and co-workers [23, 24] of a DNA-protection mechanism involving
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the preferential transfer of the alkyl group from the alkylating agent to the vanadium-containing
species, rather than to the DNA. The chemoprotective activity of each POV apparently correlates
to its stability in the biological medium and to the generation of other vanadium species that are
less toxic and/or more nucleophilic towards diethyl sulfate. Regarding these two key features,
Vgl and the previously described Vis [22] seem to be the most promising polyanions because
they provide the best structural stability-activity relationship, and therefore deserve in-depth
studies aiming at the design of more effective and selective candidates for the therapeutic use of

vanadium compounds.
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Highlights:
e Two mixed-valence octadecavanadates were synthesized and characterized.

o VP is [{Ks(OH2)12V'"V 11V Y7041 (PO4)-4H 0] and Vsl is
(NH2)2(MesN)s[V'V12VV60421]-MesN1-5H,0.

e The chemoprotective activity of V1P and Vgl aga’is. Tiethyl sulfate was assessed.
e Vgl counteracts the alkylating agent and provide. 35% enhancement in culture growth.

e Halide-encapsulated POVs offer higher chemc hro?action than phosphate analogs.



