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ABSTRACT

Reaction of ethylidenepyridyl-functionalized bisphosphonates with vanadium containing oxo
compounds has afforded three different bisphosphonate-polyoxovanadate derivatives, viz.
[(VVO2)(VV205)2{03P-C(0)(CH2-2-CsNH4)-PO3}** (1), [(VVO2)(VVY205){O3sP-C(O)(CH,-3-
CsNH4)-PO3}2]'% (2), [(V'VO)3(0){03P-C(OH)(CH2-4-CsNHa4)-PO3}s]® (3), obtained in aqueous
ammonium acetate buffer solutions (pH 4.7). Polyanions 1 and 2 were synthesized by the reaction
of V205 with 1-hydroxy-2-(2-pyridyl) ethylidene-1,1-bisphosphonic acid (L1) and 1-hydroxy-2-
(3-pyridyl) ethylidene-1,1-bisphosphonic acid (L2), respectively. Polyanion 3 was obtained by the
reaction of VOSO4 with 1-hydroxy-2-(4-pyridyl) ethylidene-1,1-bisphosphonic acid (L3), in the
presence of pyrazine. Single crystal X-ray diffraction and elemental analysis reveal that all the
polyanions are crystallized as ammonium salts, (NH4)a[He(VVO2)(V"Y205),{O3P-C(O)(CH»-2-
CsNHa)-PO3}2]*9H20 (1a), (NHa)a[He(VIVO2)(VV205)2{O03P-C(O)(CHz2-3-CsNH4)-PO;3}2]*8H.0
(22), (NHa)2[Hs(VVO)3(0){O3P-C(OH)(CH2-4-CsNH4)-PO3}3]26H,0  (3a), respectively.
Polyanions 1 and 2 crystallize in the non-centrosymmetric space group P2:2:2 and have an S-
shaped assembly containing two different sets of vanadium atoms, based upon their oxidation-
state and different coordination environments. Polyanion 3 crystallizes in the centrosymmetric
trigonal space group R3c and is observed to have a highly symmetric trinuclear structure. The
polyanions have been characterized in solution with *H and 3P NMR, and optical spectroscopy,
and in the solid state with detailed magnetic analysis. The magnetic studies under an external dc
field showed paramagnetic behavior in agreement with the presence of V(IV) ions for la-3a.
Furthermore, in vitro studies of the synthesized bisphosphonate-polyoxovanadate compounds
were observed to exhibit peroxidase like activity, and hence were employed to enhance the

antibacterial activity of H,O solution at very low concentrations thereby minimizing the



possibilities of other side effects. Isostructural derivatives of compounds 1a and 2a with L3, viz.
(NHa)a[Hs(V'VO2)(VV205)2{ O3P-C(0)(CH2-4-CsNH4)-PO3}2]* 1 1H,0 (4a), has been identified
using infrared spectroscopy, and characterized with NMR spectroscopy and elemental analysis.
Similarly, an isostructural derivative of 3a with L2, viz. (NH4)2[He(V'VO)3(0){O3P-C(OH)(CHa-
3-CsNH4)-PO3}3]*21H,0O (5a), has also been identified using infrared spectroscopy, and

characterized with elemental analysis.



1. INTRODUCTION

Polyoxometalates with their diverse structure and properties have emerged as one of the
predominant class of inorganic materials with a wide range of applications, especially in the fields
of catalysis, magnetism, medicine, among others.)* Majority of the conventional hetero-
polyoxometalate structures reported in the literature are built upon the Keggin and the Wells-
Dawson class of polyanions; involving the heteroatom in closely encapsulated assemblies, wherein
its role in such structures is predominantly structural.>® Recently, a new class of hetero-
polyoxometalate structures based upon the bisphosphonate moiety have been reported in the
literature.” In sharp contrast to the conventional polyoxometalate structures, such compounds
usually exhibit an open structure-type with the ditetrahedral hetero group(s) situated on the outside
of the polyanion structure.’®*! These structural features allow for the tuning of the properties of
the polyanions such as stability, solubility and polarity by modifying the nature or substituent of
the hetero groups within the bisphosphonate ligands.

Bisphosphonate molecules, with the general formula H2O3P-C(R1)(R2)-POsH>, are known
therapeutic drugs having potential medical applications mainly towards the treatment of bone
resorption disease and also exhibit antitumor activity.’>® Such molecules are involved in
stimulation of y0 T cells which is the first line of defense against many of the pathogenic
organisms, and are also active towards tumor cell arresting and surveillance.?’ The bisphosphonate
assembly is structurally analogous to pyrophosphate (P207)* wherein the central oxygen atom is
replaced by carbon atom, which becomes essential in providing resistance towards chemical and
enzymatic hydrolysis. Researchers have developed a variety of bisphosphonates with substitution
upon the methylene group to enhance their activity. The modification of the appendage R1 and R

groups have allowed for the tailoring of biological and physiological properties.?* Ry which is



predominantly a hydroxyl group has an affinity for Ca?* ions,>? and R is an aliphatic
hydrocarbon chain or aromatic ring. Bisphosphonates containing heteroatomic aromatic ring(s)
have been observed to be more potent than aliphatic hydrocarbon chains.?42?°

As mentioned earlier, bisphosphonate-polyoxometalates have found a niche among the
wider range of polyoxometalate literature with several interesting properties investigated,
including magnetism, activity against HIV reverse transcription, and anti-cancer studies.?®?” The
literature of bisphosphonate-polyoxometalates essentially began with the report of the
dodecameric polyoxotungstate [(OsP-CH2-PO3)sW12036]'®" with methylene diphosphonate, by
Kortz and Pope in 1994.28 Subsequent to this, the literature of such compounds grew rapidly with
the first reports of methylenediphosphonate-based molybdates?® and functionalized-
methylenediphosphonate  with tungstates.®® In many bisphosphonate-polyoxomolybdate
assemblies presence of the {Mo"'30g} unit is commonly observed, with derivatives reported of 1-
hydroxyethane-1,1-bisphosphonate,®:32,  4-amino-1-hyrdoxy-butane-1,1-bisphosphonate,®  1-
hyrdoxy-2-(pyridine-3-yl)ethane-1,1-bisphosphonate.>* Mialane and coworkers introduced the
{Mo"204} unit(s) into bisphosphonate-polyoxometalate assemblies, resulting in a range of
compounds with either fully reduced®" or mixed-valent molybdates containing a range of
bisphosphonates.®%® Derivatives of such polyoxomolybdate-bisphosphonates containing the
{M0"204} unit have also been reported with 2,2,2-trifloro-1-hydroxyethane-1,1-,%° 1-hyrdoxy-2-
(pyridine-3-yl)ethane-1,1-bisphosphonate.** Reports are also present of mixed-metal
bisphosphonate-polyoxometalates containing the dimeric {MoV204} unit with several 3d-block
transition metals, such as vanadium(1V),*> chromium(lIl),** manganese(l1),?” iron(I1),%*
cobalt(Il) and nickel(I1),¢*” containing 1-hydroxyethane-1,1-bisphosphonate,*-4¢ 4-amino-1-

hyrdoxy-butane-1,1-bisphosphonate,*? 1-hydroxy-4-((pyridin-2-ylmethyl)amino)butane-1,1-



bisphosphonic,*® 1-hyrdoxy-2-(imidazol-1-yl)ethane-1,1-bisphosphonate or its derivatives,?” 4
and  1-hyrdoxy-2-(pyridine-3-yl)ethane-1,1-bisphosphonate.*”  Recently, polyoxotungstate-
bisphosphonates containing lacunary keggin-assemblies and with 3d-transition metals have also
been reported. These include assemblies of {PWsO34}° with cobalt(I1) and 1-hydroxy-4-((pyridin-
2-ylmethyl)amino)butane-1,1-bisphosphonic acid,*8 4-(bis(pyrid-2-ylmethyl)amino)-1-
hydroxybutane-1,1-bisphosphonic acid,*® 1-hydroxy-4-((thiophen-3-ylmethyl)amino)butane-1,1-
bisphosphonic acid,*® or 4-amino-1-hyrdoxy-butane-1,1-bisphosphonate;>® of {PWyOs4}° or
{SiWy034}*% with nickel(l1) and 4-amino-1-hyrdoxy-butane-1,1-bisphosphonate®->2 or 1-hdroxy-
4-(naphthalen-1-ylmethyl)aminobutane-1,1-diphosphonic ~ acid;*®> and of  {SiWsO34}'",
{SbWs033}°> or {P:WisOs¢}'> with copper(ll) and 4-amino-1-hyrdoxy-butane-1,1-
bisphosphonate.> Mixed-metal lanthanide derivatives with {AsWsOs3}® and containing 1-
hydroxyethane-1,1-bisphosphonate have been reported with Ce, Nd, Sm and Eu.>®

Despite the growing literature of bisphosphonate-polyoxometalates, reports of exclusive
bisphosphonate-polyoxovanadates are extremely few. So far the only reports of such compounds
contain the mixed-valent V(IV)/V(V) assemblies of [(VsOg(OH)2(H20){O3P-C(R)(O)-POs}.]*
with 4-amino-1-hyrdoxy-butane-1,1-bisphosphonate (R = CsHsNH3),%® 1-hyrdoxy-2-(imidazol-1-
yl)ethane-1,1-bisphosphonate (R = -CsNzHs);*® and [(V6010(H20)2{O3sP-C(C3HsNHS3)(O)-
POs}4]® with 4-amino-1-hyrdoxy-butane-1,1-bisphosphonate;® as well as the trimeric assembly
of V(IV) atoms only, [{V3(H20)O3}{03P-C(OH)(R)-POs}3]™ with 1-hydroxyethane-1,1-
bisphosphonate (R = -CHs, n = 6),%"- 1-hyrdoxy-2-(imidazol-1-yl)ethane-1,1-bisphosphonate (R
= -C4N2Hs, n = 3),%8 and 4-amino-1-hyrdoxy-butane-1,1-bisphosphonate (R = -(CH2)2CH2NHz, n

= 3),% respectively. This is surprising considering the tremendous potential of vanadium as



versatile redox species as well as its role as an essential element in several bio-inorganic catalytic
processes.

In order to further investigate upon this hitherto mainly unexplored area of bisphosphonate-
polyoxovandate chemistry and look for potentially newer applications of such compounds, we
studied the reaction of vanadium with the pyrdinyl-based aromatic bisphosphonate species, viz. 1-
hydroxy-2-(2-pyridyl)  ethylidene-1,1-bisphosphonic acid (L1), 1-hydroxy-2-(3-pyridyl)
ethylidene-1,1-bisphosphonic  acid (L2), and 1-hydroxy-2-(4-pyridyl) ethylidene-1,1-
bisphosphonic acid (L3), respectively. The presence of the heteroaromatic functional group upon
the bisphosphonate moiety provides us with an additional functionality to explore from, namely
the location of the heteroatom upon the aromatic ring. Herein we report our observations upon the
reactivity of such pyridine-based bisphosphonate molecules with different vanadium containing
oxo compounds, isolation of five new bisphosphonate-polyoxovanadate derivatives, their
thorough characterization in solution and solid-state. Apart from the structurally characterized
polyanions from single-crystal X-ray diffraction, analogous derivatives for which single crystals
were not obtained have been identified using Infrared Spectroscopy method and characterized with
elemental analysis. Spectroscopic and magnetic studies have been performed to study the
properties of the polyanionic structures. Furthermore, we have explored the peroxidase like
catalytic activity of prepared complexes. The observed peroxidase-like activity of the isolated
polyoxovanadate compounds were implemented for the in vitro antibacterial studies against
methicillin-resistant staphylococcus aureus (MRSA) bacterial strain. The result showed the
enhanced antibacterial activity in presence of the synthesized compounds with very low

concentration of H20> (0.5 mM); making it suitable for biological applications.



2. RESULTS AND DISCUSSION

2.1 SYNTHESIS AND STRUCTURE
Upon the successive reaction of several vanadium containing oxo compounds (vanadium
pentoxide and vanadium oxosulfate) with the three bisphosphonate ligands of interest (L1, L2 and
L3), under varying conditions, three sufficiently pure compounds in crystalline phase were
isolated. All three compounds were synthesized upon the reaction of vanadium precursor(s) with
the respective bisphosphonate ligand in ammonium acetate buffer (pH 4.7) and isolated as
ammonium  salts, (NHa)a[Hs(V'VO2)(VV205)2{O3P-C(O)(CH2-2-CsNHs)-POs}2]*9H.0  (1a),
(NHa)a[Hs(VVO2)(VV205)2{ O3P-C(O)(CH2-3-CsNHa)-PO3}2]*8H-0 (2a),
(NHa)2[Hs(V'V0)3(0){03P-C(OH)(CH.-4-CsNH4)-POs}3]*26H20 (3a), respectively. Compounds
la and 2a are synthesized by the reaction of vanadium pentoxide with 1-hydroxy-2-(2-pyridyl)
ethylidene-1,1-bisphosphonic acid (L1) and 1-hydroxy-2-(3-pyridyl) ethylidene-1,1-
bisphosphonic acid (L2), respectively. Interestingly, compound 3a was obtained upon the reaction
of vanadium oxysulfate with 1-hydroxy-2-(4-pyridyl) ethylidene-1,1-bisphosphonic acid (L3) in
the presence of pyrazine. Pyrazine itself was not observed to be present in the structure of the
isolated compound but is essential for the formation of 3a. The synthesized compounds were
structurally characterized using single-crystal X-ray diffraction and their phase purity determined
using powder X-ray diffraction method [Figure S1, S2 and S3 in Supporting Information], and
elemental analysis. 1la and 2a were observed to crystallize in the non-centrosymmetric
Orthorhombic space group of P212:2; while 3a crystallizes in the centrosymmetric Trigonal space
group of R3c.

Polyanions 1 and 2 were observed to be isostructural with each other differing only in the

orientation of the aromatic ring. Structural analysis using single-crystal X-ray diffraction reveals



that polyanions 1 and 2 have a twisted S-shaped structure wherein dimeric {VV20s} units are
connected with an octahedral {V'VOe} via two bisphosphonate linkages at opposite sides [see
Figure 1(a) and 1(b)]. The asymmetric unit of polyanion 1 and 2 consists of total five vanadium
atoms each, with V(1) in +4 oxidation state and V(2), V(3), V(4), V(5) in +5 oxidation state based
on bond valence sum calculations [see Supporting Information Table S1 and S2]. The
bisphosphonate units are connected via the P-O-V as well as C-O-V linkages. The two
bisphosphonate units in each polyanion structure are oriented in oppositely directing faces. For
these two polyanions, the idealized point-group symmetry can be considered to be Cz. The
orientation of the aromatic ring in the solid-state assembly is directed by the dipolar, z...z as well
as hydrogen-bonding interactions (vide-infra). With an inter-ring distance of 3.5 — 4.5 A, such
«...7r stacking interactions are expected to have significant effects upon the arrangement of the
polyanions as well as the functional group(s) on the bisphosphonate moiety, in the solid-state. Such
an S-shaped structure closely resembles the structure of the polyanions reported previously
obtained with 1-hydroxy-2-(imidazole-1-yl)ethane-1,1-diphosphonic acid, reported by Mialane
and coworkers.*

Polyanion 3 has a highly symmetrical triangular structure consisting of three alternately
connected {V'VOs} units with three bisphosphonate ligands [see Figure 2]. In keeping with the
high symmetry space group of 3a, the asymmetric unit of polyanion 3 was observed to consist of
only one vanadium atom, V(1), in +4 oxidation state, based on bond valence sum calculations [see
Supporting Information Table S3], and one bisphosphonate moiety. Unlike polyanions 1 and 2, in
polyanion 3 only P-O-V linkages are observed to be present with the hydroxyl group bonded to
the central carbon-atom of the bisphosphonate moiety remaining non-connected with any metal

center. Most interestingly, the asymmetric unit and in extension the polyanion structure is observed



to consist of a centrally-located oxygen-atom connected to every vanadium atom via an unusually
long V-O bond (bond distance 2.4598(4) A). This particular oxygen-atom is observed to be located
upon a three-fold axis of rotation and therefore has a 33.33% occupancy in the asymmetric unit.
The polyanion therefore can be attributed to have an idealized point-group symmetry of Dzn. Akin
to this centrally located oxygen-atom; three more atoms, assigned to as two counter-cations (one
above and another below the plane of the polyanion) and one water molecule, are also observed to
be located on the 3-fold axis of rotation and thus having a 33.33% occupancy in the asymmetric
unit as well. Such a polyanion structure has been observed previously with 1-hydroxyethylidene-
1,1-bisphosphonate,’”-3° with 1-hydroxy-2-(imidazole-1-yl)-1,1-bisphosphonic acid,*® and with 4-

amino-1-hyrdoxy-butane-1,1-bisphosphonate.®°

2.1.1 Infrared Spectroscopic studies on isolated products from the reaction of vanadium(1V)
and vanadium(V) containing oxo compounds with L1, L2 and L3

We have tried to assign vibrational peaks observed in the infrared spectra for compounds 1a, 2a
and 3a based upon literature references of vanadium oxo complexes and phosphonate groups [see
Figure 3]. For both compounds 1a and 2a, the strong vibrational peaks at 1168 cm™ and 1061 cm-
! can be associated with P=0 and P-O stretching.®® while the strong stretching vibrational peak(s)
in the region 955 - 930 cm™ can be attributed with V(1V)=0 stretching.5! Peaks at 819 and 776
cm™? can be attributed to the O-V-O vibration, whereas peaks at 741 cm™ and 441 cm™ are
characteristic of bent mono-oxo-bridge V-O-V connectivity asymmetric vibrational band and a
symmetric vibrational band, respectively. The P-C bond stretching vibration band is assigned at

635 cm™* for both compounds 1a and 2a.

In case of compound 3a, the peaks at 1100 cm™ and 1061 cm™ can be attributed to P=0 and

P-O stretching vibrations, respectively, and the strong vibrational peak in the region ~990 cm can
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be associated with the mono-oxo V(1V)-O functional group stretching vibration. The peak at 821
cm™ can be attributed to the O-V-O bridge vibrational frequency vs(O-V-0) for 3a. The P-C bond

stretching vibration can also be assigned to 635 cm™.

Having obtained three different crystalline-phase compounds with three different
bisphosphonates, we embarked on further understanding the reactivity of different vanadium
compounds with all three ethylidenepyridinyl-functionalized bisphosphonate ligands. With
structural and spectroscopic data of la, 2a and 3a present, we tried to identify isostructural
derivatives of S-shaped and triangular polyoxovanadates with L1, L2 and L3; for which single
crystals for structure determination could not be obtained. We therefore relied on a thorough
infrared spectroscopic characterization upon all products isolated from the extensive reaction of
V205 with L3; as well as from the reaction of VOSO4 with L1 and L2, for our analysis. A
comparison of the infrared spectra of 1a, 2a and product obtained upon reaction of V20s with L3,
showed a complete peak by peak match of all three samples [Figure 3(a) shows the fingerprint
region of the infrared spectra for all three isolated products from the reaction of V.05 with L1
(1a), L2 (2a) and L3, respectively. For the complete spectra see Figure S4 in Supporting
Information]. This study confirmed the formation of an isostructural derivative of polyanions 1
and 2 with L3 as well. The formula for the isostructural polyanionic compound of 1a and 2a was
determined to be (NHa)a[Hs(V'V02)(VV205)2{O3P-C(O)(CH2-4-CsNH4)-PO3s}2]*11H,0 (4a) using
elemental analysis studies. Therefore, for 4a, in the infrared spectra, observed to be coincidental
with 1a and 2a, the characteristic peaks for P=0O and P-O stretching are at 1169 and 1060 cm™,
respectively; for V(IV)=0 stretching in the region of 950 — 930 cm; for O-V-O vibration at 832

cm*; and for bent mono-oxo-bridge V-O-V vibrations at 746 and 445 cm™™,
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A similar comparative infrared spectral data of products obtained upon the extensive
reaction of VOSO4 with L1 and L2, under varying conditions, and with 3a showed a reasonable
match of the spectra however between 3a and product isolated with L2 only [Figure 3(b) shows
the fingerprint region of the infrared spectra for all three isolated products from the reaction of
VOSO4 with L1, L2 and L3 (3a), respectively. For the complete spectra see Figure S5 in
Supporting Information]. The formula for the isostructural polyanionic compound of 3a with L2
was determined to be (NHa)2[Hs(V'V0)3(0){O3P-C(OH)(CH2-3-CsNHa4)-PO3}3]*21H.0 (5a)
using elemental analysis studies. Therefore, from the infrared spectra of compound 5a,
coincidental with 3a, the characteristic peaks are observed at 1115 and 1040 cm® for P=0 and P-
O stretching vibrations, respectively; at ~990 cm™ for mono-oxo V(IV)-O functional group
stretching vibration; at 818 cm™ to the O-V-O bridge vibrational frequency vs(O-V-0); and at 620
cm® for P-C bond stretching vibration. Thus, even with extensive screening, no isostructural
triangular assembly of V(IV) with the bisphosphonate ligand L1 was obtained.

All compounds show characteristic peaks due to the presence of crystal waters and
ammonium counterions. The broad vibrational peak at ~3400 cm™ and the sharp peak at ~1600
cm* are the characteristic of stretching vibration of (O-H) and bending vibration of (O-H) in the
lattice and coordinated water molecules, while the sharp peak at 1400 cm™ can be ascribed for the

H-N-H stretching from the ammonium counterions.%?

2.1.2 Weak Interactions and Crystal Packing

As is observed for most polyanionic assemblies, non-covalent interactions such as electrostatic
and hydrogen-bonding, play a predominant role in the arrangement of the polyanions leading to
the crystalline solid-state.®* The assemblies of the polyanions and the cations in 1a, 2a and 3a are

no exception to this. However, for 1a, 2a and 3a, in addition to the effect of electrostatic and
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hydrogen-bonding interactions, n-n stacking as well as dipolar interactions, due to the presence of
the aromatic pyridine rings, also play an important role towards determining the overall assemblies
of the polyanions in the solid-state.

The compounds la and 2a crystallize in the non-centrosymmetric Orthorhombic space
group P212:2 and 3a crystallizes in the highly symmetric Trigonal space group R3c, reflecting the
overall symmetry of the polyanions. For 1a and 2a the packing of the ions in the solid-state is also
observed to be very similar, except for the orientation of the aromatic rings.

The intermolecular hydrogen bonding present in these compounds is predominantly
because of the presence of donor C—H groups, from heteroaromatic ring sp>-hybridized C—H bond,
and the acceptor H-O groups, from the {VV2Os} unit, in the polyanions. The intermolecular
hydrogen-bond distances between the donor and the acceptor atoms for compounds 1a and 2a are
in the range of 3.090 A - 3.320 A [see Table S4 in Supporting Information] and 3.06 A - 3.93 A
[see Table S5 in Supporting Information], respectively. The n-n staking (side-wise m-n overlap
between two aromatic rings of two different polyanionic units) distance of separation between the
two pyridine rings is 4.3474 A and 3.4459 A, for polyanions 1 and 2, respectively. This range of
3.5 — 4.5 A is ideal for such interactions to exist.®>%® The arrangements of the rings are also
influenced by dipolar interactions between the C-N bonds, with the bonds being arranged exactly
anti to each other in both 1la and 2a [see Figure S6(a) and S7(a), respectively in Supporting
Information].

Overall, in compounds 1a and 2a, the assembly of the ions in the solid-state are along the
a-axis forming a one-dimensional chain [see Figure S6(a) and S7(a) for 1a and 2a, respectively
in Supporting Information]. Two such chains form a dimeric arrangement. The dimeric

arrangements of the one-dimensional chain are shown to form two distinct stacks which are
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arranged in alternate arrangement along the b-axis resulting in the overall arrangement of the
polyanions in the solid-state [see Figure S6(b) and S7(b) for 1a and 2a, respectively in Supporting

Information].

For compound 3a, apart from the symmetry of the crystal, hydrogen-bonding interactions
are also observed to determine the overall packing of the ions in the solid-state. Due to the presence
of a 3-fold axis, both in the crystal as well as in the polyanion, the polyanionic units are observed
to arrange themselves in hexagonal packing arrangements along the c-axis [see Figure S8 in
Supporting Information]. Akin to la and 2a, for 3a, inter-molecular hydrogen-bonds are also
observed to be present between the donor C—H groups, from heteroaromatic ring sp-hybridized
C-H bond, and the acceptor H-O groups, from the {V/V>0s} unit, in the polyanions. The hydrogen-
bond distances are in the order of 2.596 A, 3.403 A, 3.276 A, 3.052A for the 01C1-H1C1-03P1,
C4-H4--03P1 C6-HO1P2 and C6—H6---O2P2, respectively [see Table S6 in Supporting
Information]. Thus, the presence of significant voids is observed in the solid-state arrangement of
3a, occupied with water of crystallization and counter-cations. However, unlike 1a and 2a, wide
separation distance between the aromatic rings indicates no substantial no =z...z stacking

interactions for the compound 3a.

2.1.3 Comparative study of Polyoxovanadate structures obtained with bisphosphonate

ligands

As mentioned earlier and given that the number of reported structures of polyoxovanadate
derivatives containing bisphosphonate ligands is still very low, iso-structural derivatives of 1 & 2,
and of 3, respectively, with other bisphosponate ligands have been reported in the literature. A
comparison between such polyanionic assemblies reported earlier vs. the one reported in this
article reveal some interesting features for such structures.

14



The structures and the parameters of the polyanions 1 and 2 can be compared with the ones
obtained with  1-hydroxy-2-(imidazole-1-yl)ethane-1,1-bisphosphonate and  4-amino-1-
hydroxybutane-1,1-bisphosphonate.>® A comparative survey of all these polyanions, with respect
to structure, bond-lengths and crystal symmetry, is provided in Table 2. Although the connectivity
between the atoms within the polyanions [(VsOs(OH)2(H20){OsP-C(O)(R)-POs}.]* (R =
C3HeNH3, C4N2Hs), 1 and 2 are identical the orientation of the {VV20s} units and functional group
of the organic bisphosphonate moiety, in the solid state, is observed to depend upon the functional
group itself. As such the S-shaped assembly similar with 1 and 2, is observed with
[(Vs09(OH)2(H20){03P-C(0)(C3HsNH3)-POs}2]*, wherein the {VV20s} units and two functional
groups are oriented in opposite sides (anti-orientation). However, for [(VsO9(OH)2(H20){O3P-
C(0)(CsN2Hs)-POs}2]* the {VY,0s} units and functional groups are now observed to orient along
the same direction (syn-orientation), thereby forming a U-shaped structure. Since hydrogen-
bonding interactions are observed for all these polyanions, the orientation of the functional groups
within the polyanions is possibly influenced by other non-bonding interactions, such as the
presence and/or absence of z...z stacking interactions within the functional groups. With an inter-
planar distance in the range of 4.15 — 4.7 A, significant z...z stacking interactions between the
imidazole groups are expected to be present between two properly oriented polyanion assemblies
of [(V50g(OH)2(H20){03P-C(O)(C3HsNH3)-POs}2]* (see previous section for a discussion of
solid-state packing of polyanions 1 and 2). Such interactions are clearly absent in
[(V50g(OH)2(H20){03P-C(0)(C4N,Hs)-POs},]*, due to the absence of any aromatic functional
group in the bisphosphonate ligand. We can therefore possibly infer that non-bonded interactions
other than hydrogen-bonding, such as =...w interactions, do play a significant role in the overall

assembly of the structure of the polyanions in the solid-state.
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Isostructural derivatives of polyanion 3 have been reported with 1-hydroxyethane-1,1-
bisphosphonate,®*8 1-hydroxy-2-(imidazole-1-yl)ethane-1,1-bisphosphonate®® acid 4-amino-1-
hydroxybutane-1,1-bisphosphonate.®® A comparative survey of all these polyanions, with respect
to structure, bond-lengths and crystal symmetry, is provided in Table 3. However, unlike
polyanion 3, the centrally located oxygen-atom in such structures is either observed to not bond
equidistantly with the three vanadium-atoms®® %° or bond with only one vanadium atom%®
(vanadium-oxygen bond distances ranging from 1.63 — 2.88 A), thereby bringing asymmetry into
the overall structure and/or the crystal. These polyanions are therefore observed to crystallize in
the significantly low symmetry space-group(s) of P-1, P2i/c and P-1 for [{V3(H20)O3}{OsP-
C(OH)(CHz3)-PO3}s]°,%® [V303(H20){03P-C(OH)(CsHsN2)-PO3s}s]>,® 58 and
[V303(H20)(0sPC(CsHsNH3)(OH)PO3)3]*,° respectively. The symmetry or asymmetry within
the structures can once again be possibly attributed to the symmetry of the functional group present
within the bisphosphonate ligands. Unlike 3a, wherein the bisphosphonate ligand is functionalized
by the symmetrical 4-pyridinyl group, for the other reported polyanions such symmetry within the
bisphosphonate ligand(s) is absent. This in all likelihood creates asymmetry within the polyanionic
structure as well, leading to asymmetry in their three-dimensional arrangement within the crystal
also.

2.2 SOLUTION PHASE MEASUREMENTS

The solution properties of all the compounds were studied with NMR and optical spectroscopy.
2.2.1 NMR Spectroscopic Studies

Multinuclear NMR studies of 1a, 2a, 3a, 4a and 5a were performed in D20. The *H NMR peaks
for polyanion 1, 2 and 4 are observed to be extremely broad making the discerning of the coupling

constants very difficult and the 3'P NMR spectra containing a high degree of noise, ostensibly due
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to its strong paramagnetic nature (vide infra). As such no solution-phase NMR spectra were
observed for the strongly paramagnetic polyanions 3 and 5, respectively, and no >V NMR was
obtained for any of the polyanions.

The *H NMR of polyanion 1 shows the expected four peaks in the aromatic region and one
peak in the aliphatic region. The polyanion 1 shows the following signals for the aromatic protons
(values in parentheses for free bisphosphonate ligands): 8.62 (8.52), 7.68 (7.79), 8.42 (8.35) and
8.26 (7.90) ppm, for the positions 3, 4, 5, and 6 in the pyridine ring, respectively [see Figure S9(b)
in Supporting Information]. Thus, the aromatic protons of polyanion 1 exhibits both downfield
shifts of 0.1, 0.07, and 0.36 ppm for protons atom located at 3, 5, and 6 positions, respectively, and
an upfield shift of 0.11 ppm for proton at 4-position, as compared to the free bisphosphonate (L1);
which is predominantly due to the varying influence of the highly electronegative polyanion
framework upon such protons. Furthermore, the polyanion 1 also exhibits the triplet peak for the
aliphatic protons at 3.77 (3.57) ppm [see Figure S9(c) in Supporting Information], showing a
downfield shift of 0.22 ppm, indicating a strong deshielding effect of the polyanion framework
upon protons in close vicinity. Most interestingly, the 3Ju.p coupling constant is observed to
decrease from 12.5 Hz in the free bisphosphonate species L1 to 11 Hz for the polyanion 1. This
can be explained due to the extreme electronegative character of the polyanion framework leading
to an increase in the C-P bond distance from the free bisphosphonate ligand L1 to the polyanion
1. The *'P NMR for polyanion 1, shows a downfield shifted peak at 24.4 (15.8) ppm [see Figure
S9(d) in Supporting Information] which can also be attributed to the deshielding effect of the
electronegative polyanionic framework.

Unlike polyanion 1, the *H NMR of polyanion 2 in the aromatic region is very difficult to

assign. However, the aliphatic region shows better resolution in 2, with respect to 1, with the *H-
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31p coupling now clearly discernible. As per our analysis, for polyanion 2 the aromatic protons in
the 2, 4, 5, and 6 position (values in parentheses for free bisphosphonate ligands) are observed at
8.94 (8.38), 8.75 (8.22), 8.41 (7.22) and 7.97 (7.79) ppm, respectively [see Figure S10(b) in
Supporting Information]. These values clearly show that the all-aromatic protons of polyanion 2
exhibit downfield shifts of 0.558, 0.532, 1.186 and 0.183 ppm, for positions 2, 4, 5 and 6,
respectively, as compared to the free bisphosphonate (L2), once again ostensibly due to the highly
electronegative polyanionic framework. Interestingly, the proton at position 5 shows an extremely
high downfield shift of 1.186 ppm. The aliphatic protons are observed as a triplet at 3.58 (3.136)
ppm [see Figure S10(c) in Supporting Information], which shows downfield shift of 0.444 ppm.
Once again, we see a decrease in the 3Ju.p coupling constant to 11.5 Hz, from a value of 12.5 Hz
in the free bisphosphonate (L.2), which can also be attributed to the increase in the C-P bond length
from the bisphosphonate to the polyanion owing to the electronegative character of the polyanion
framework. Like polyanion 1, the 3'P NMR for polyanion 2, also shows a downfield shifted peak
at 24.0 (17.4) ppm [see Figure S10(d) in Supporting Information] which can also be attributed to
the deshielding effect of the electronegative polyanionic framework.

For polyanion 4, the 'H NMR is also well resolved in the aliphatic region only. The
spectrum shows the following signals for the aromatic region (values in parentheses are for free
bisphosphonate ligands) 8.29 (7.39), 8.52 (8.25) ppm, for protons at positions 2 & 6, and 3 & 5,
respectively [Figure S11(a) and (b)]. These values clearly show that the all-aromatic protons of
polyanion 4 exhibit downfield shifts of 0.9 and 0.27 ppm, respectively compared to the free ligand
(L3). The aliphatic protons are observed as a triplet at 3.64 (3.156) ppm [see Figure S11(c) in
Supporting Information], also showing a downfield shift of 0.484 ppm, corresponding to the free

ligand (L3). Similar to polyanions 1 and 2, a decrease in the 3Ju.p coupling constant to 12 Hz, from
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a value of 12.5 Hz in the free bisphosphonate (L.3), is also observed for polyanion 4. However, for
polyanion 4 such a reduction in the 3Ju.p coupling constant is less in comparison with polyanions
1 and 2. The *'P NMR for polyanion 4, analogous to the polyanion 1 and 2, also shows a downfield
shifted peak at 23.7 (17.2) ppm [see Figure S11(d) in Supporting Information] which can also be
attributed to the deshielding effect of the electronegative metal oxygen environment. However, the
deshielding effect is observed to be more pronounced in polyanion 1 (downfield shift of 8.6 ppm),

in comparison with polyanions 2 and 4 (downfield shifts of 6.6 and 6.5 ppm, respectively).

2.2.2 Optical Spectroscopy

Saturated solution of 1a (8.8 uM), 2a (8.4 uM), 3a (7.6 uM), 4a (8.2 uM) and 5a (8.0 uM) were
prepared for optical spectroscopic studies. UV-Visible spectrum for compounds 1a, 2a, 3a, 4a and
5a were monitored in the range of 200 - 800 nm in aqueous solution. Being isostructural,
polyanions 1, 2 and 4 display close to similar optical spectra and exhibit a strong absorption peak
at 263, 261 and 256 nm, respectively, in the ultra-violet region [see Figure S12(a), (b) and (c),

respectively]. These strong peak(s) in the UV region can be attributed to the pr—dn charge-transfer

transition of the O; — V bonds.*’ Jahn-Teller distorted transitions from 2T»q — 2E4 for V(1V) d-d

transitions, are observed in the visible region. For polyanion 1 the spectra shows two less intense
peaks, at 551 and 600 nm [see Figure S12(a) inset].%” Similarly, polyanion 2 also shows two less
intense peaks in the visible region, at 532 and 616 nm [see Figure S12(b) inset],%” and polyanion
4 shows peaks at 610 and 650 nm [see Figure S12(c) inset].

The UV-Visible spectrum in aqueous solution of isostructural compounds 3a and 5a also

show a characteristic peak at 254 and 263 nm, respectively, in the ultraviolet region, which can be

assigned to O; — V charge transfer transition [see Figure S13(a) and (b), respectively].
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Additionally, compound 5a displays another peak in the ultraviolet region at 315 nm,
corresponding to the bridging O.—V bond [see Figure S13(b)]. In the visible region, polyanion 3
shows three low intense absorption peaks at 564, 609 and 636 nm, and polyanion 5 at 520, 615

and 750 nm [see Figure S13(a) and (b) inset, respectively], which can be attributed to the z-out

type Jahn-Teller distorted 2T.g — 2Eg V(IV) d-d transitions.®®

Time-dependent UV-Visible analysis confirmed compounds 1a, 2a and 3a to be stable in
solution for sufficient periods of time, owing to no visible change in absorbance intensity with

time [Figure S12-13].

2.3 MAGNETIC STUDIES

Magnetic measurements were performed on polycrystalline samples of 1a, 2a and 3a in the
temperature range of 5-300 K, using an external dc field of 1000 Oe. Temperature dependence of
2T [y represents magnetic susceptibility per vanadium (1V) ion] for 1a, 2a and 3a in cooling
modes are shown (in Figure 4). The measured 4T product for 1a at 300 K is 0.37 cm® mol? K,
which is in agreement with the expected value per V'V ion (3d, S = %, ?D312). On lowering the
temperature, the 4T value remains constant down to 60 K and further lowering of temperature
causes a decrease in the »T with the value reaching 0.28 cm® mol K at 5 K. For 2a, the measured
2T product at 300 K is 0.39 cm® mol™ K, which is also in agreement with the expected value per
VVion (3d%, S =%, 2Dsp) and VV (3d°%). When the temperature is lowered, the T product at 1000
Oe gradually decreases reaching 0.25 cm® mol™ K at 5 K. For 3a, the measured 4T product is 1.08
cm?® mol™ K, which lies close to the expected value for three V!V ion (3d?, S = %, 2Dsy) ions (4T =
1.05 cm® mol* K for g = 1.930). When the temperature is lowered, the 4T product at 1000 Oe

remains almost constant till 50 K and then decreases down reaching 0.9 cm® mol?* K at 5 K,
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indicating weak anti-ferromagnetic interactions between the three V'V atoms within the structure.
It is worth to mention that the decrease in 4T value at temperature below 50 K in 1a—3a is probably

due to the spin orbit coupling operational at low temperatures.

The field dependence of magnetization measurements was studied on 1a, 2a and 3a from
0-5Tath,8and 10 K [Figures S15, S16 and S17 (left) for 1a, 2a and 3a, respectively]. At5 K
and 5 T, the magnetization values are 0.49, 0.49 and 1.54 x4 for 1a, 2a and 3a respectively, which
are slightly lower than the expected values for S = % (1a), S = %2 (2a), and three independent S =
Y, systems for (3a) respectively. The unsaturation character of the magnetization curve describes
the lower magnetization value. Furthermore, the superimposition of M vs H/T curve onto a single
master curve [Figure S15, S16, S17 (right) for 1a, 2a and 3a, respectively] indicates the absence

of magnetic anisotropy in these complexes.

Magnetic data reported for isostructural derivatives of 3a with hydroxyethylidene-1,1-
bisphosphonate,® and 1-hydroxy-2-(imidazole-1-yl)-1,1-bisphosphonic acid,*® matches well with
the 4T values of 1.10 and 1.05 cm® mol! K at 300K for the polyanions [{V3(H20)O3}{OsP-
C(OH)(CH3)-P0O3}3]*,*® [V303(H20){03P-C(OH)(C4HsN2)-PO343]*,°8 %8 respectively. For the
polyanion [{V3(H20)03}HOsP-C(OH)(CHs)-POs}s]* the measured 4T value was also observed to
decrease down to 0.920 cm® mol™* K upon lowering the temperature to 12 K, indicating similar
physical properties of 3a. However for the polyanion [V303(H20){O3sP-C(OH)(CsHsN2)-POs}s]*
the 4T value was observed to increase to 1.15 cm® mol* K upon lowering the temperature down

to 2 K, indicating weak ferromagnetic interactions between the V'V ion for this polyanion.

2.4 ANTI-BACTERIAL STUDIES
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Vanadium is an essential element in bioinorganic chemistry.®® As such, bisphosphonate-
polyoxovanadates, with their flexible assembly, potential synergistic effects of the organic moiety
with the metals, and a versatile vanadium redox chemistry; are extremely interesting candidates
for the study of biological activity of such compounds. Recently, artificial enzymes with oxidase
and peroxidase-like activity have emerged as the intriguing alternatives of the natural enzymes
with their unique properties.”®"? Peroxidase-like artificial enzyme were used to enhance the
bactericidal ability of the traditional disinfectant agent; H-O, solution.”"* Conventional use of the
higher concentration of H2O- restrain its various application because of its potential side effects,
such as harsh bleaching effect, corrosion etc.” "’ Artificial enzymes with peroxidase-like activity
can catalyze the decomposition of H20> into ‘OH radical, that generate very high oxidative stress
under milder condition. The high oxidative stress at low concentration of H>O, impairs the
bacterial cell membrane integrity to show elevated bactericidal effect.”®"° Furthermore, it has been
reported that nanosized V20s can exhibit glutathione peroxidase (GPx)-like activity and CeVOq

superoxide dismutase like activity.8%-8!

In order to explore the anti-bacterial properties of our synthesized bisphosphonate-
polyoxovanadates, we explored the peroxidase-like activity of these compounds, that catalyze the
decomposition of H>O into [*OH] radical at benign condition. The compounds are observed to
exhibit very high antibacterial activity against methicillin-resistant staphylococcus aureus
(MRSA) bacterial strain. Several reports are present in the literature of anti-bacterial studies with
polyoxometalates;®>84 however, none so with bisphosphonate-polyoxometalate compounds. We
have been able to quantitatively assess the anti-bacterial activity of compounds 1la and 2a only,

owing to the extremely low solubility of compound 3a.
2.4.1 Estimation of Peroxidase-like Activity.
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The peroxidase activity of the compounds 1a and 2a were determined using colorimetric method,
wherein 3,3',5,5'-tetramethylbenzidine (TMB) was used as a substrate, that upon oxidation showed
a distinct color change. The activity was monitored by measuring absorbance at 652 nm. From
figure 5, in presence of both the compounds 1a and 2a significant activity was obtained in acetate
buffer medium (pH 4.2). In contrary with only H202 as a control, there was no such activity
observed. This clearly indicates the catalytic activity of the compounds. The dose-dependent
activity assays were performed in presence of H20. (2.5 mM) with various concentration of the
compounds ranging from 20 to 100 ug/mL [see Figure S18 in Supporting Information]. The

activity was observed to increase with increasing concentrations of the compounds.

The kinetic study for the peroxidase-like activity of the compounds la and 2a were
performed to estimate the Michaelis-Menten constant (Km) that represents the affinity of the
substrate molecules to the enzyme [see Figure S19 in Supporting Information]. The smaller Km
value indicates higher affinity and vice versa. The Kn values for the compounds 1a and 2a were
obtained as 0.0243 mM and 0.0279 mM, respectively, which is comparable to many other reported

systems.

2.4.2 Hydroxy Radical [*OH] Detection Assay.

To evaluate the mechanism for the catalytic decomposition of H2O- in presence of the peroxidase-
like bisphosphonate-polyoxovanadate compounds, we have performed terephthalic acid (TA)
assay, where terephthalic acid was used as a fluorescence probe. Oxidation of terephthalic acid
with [+OH] radical is a selective reaction and gives 2-hydroxy terephthalic acid (TAOH) that shows
a specific fluorescence emission peak at 435 nm. In case of the assay (TA + vanadate compound

+ H20,), the observance of fluorescence peak with enhanced intensity compared to the other
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composition assays suggested the generation of [«OH] radical from the catalytic decomposition of

H20..

2.4.3 Artificial Enzyme Assisted Enhanced Antibacterial Activity of H20:.

The estimation of the enhanced antibacterial activity of H>O in presence of compounds 1a and 2a
were performed using a pathogenic bacteria MRSA. The peroxidase-like activity of the compounds
catalyzed the decomposition of H20- to reactive [«OH] radicals, that generates very high oxidative
stress. Thus, it can impair the cell membrane integrity, causing the bactericidal effect. The plate
count method was used to determine the antibacterial activity. In figure 7, the result revealed that
the bacterial survival ability conspicuously reduced up to 99.9% in presence compound 2a and
complete reduction happened for compound 1a along with only 0.5 mM H,O2, whereas H.O; alone
was not able to inhibit the bacterial growth. This manifested the amplification of antibacterial
activity of H20> in presence of the polyoxovanadate compounds. Moreover, only the vanadate
compounds showed no antibacterial activity [see Figure S20 in Supporting Information] which

implies that the overall complex plays the crucial role in enzymatic and antibacterial activity.
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3. EXPERIMENTAL

MATERIALS AND METHODS

Vanadium compounds {V20s from Merck-Sigma-Aldrich (>98%), VOSO4 from Alfa Aesar
(99.9%)}, precursors used for bisphosphonate synthesis (2, 3, 4-Pyridylacetic acid hydrochloride
from Merck-Sigma-Aldrich with 99% purity), 3,3°,5,5’-Tetramethylbenzidine (TMB),
terephthalic acid and H>O> (30%) were obtained from commercial sources.

PXRD data was collected on Bruker DSECO with Cu-Ka source radiation (A = 1.54056 A) from
angular range 5 to 50 ° at 298 K. The Infrared spectra were recorded on ThermoFisher Scientific
iS50 spectrometer (4000 — 400 cm™). Thermogravimetric analysis (TG/DTA) was performed on
thermal analyzer TG-DTA7200 (HITACHI, Japan) over a temperature range of 40 to 900 °C at a
heating rate of 10 °C min' under the nitrogen gas atmosphere. Elemental analysis for C, H, N and
O was performed on Thermo Scientific Flash 2000 Organic Elemental Analyzer (CHNS/O Mode).
Elemental analysis for V and P was performed using ICP-AES method with XxxXx

NMR spectra was measured with Varian Inova 500 MHz. UV-Visible was conducted on JASCO
UV (V-630) in the range of 200-800 nm. For the time-dependent UV-Visible spectra, the aqueous
solution of the compounds were kept standing in the cuvette and spectra measured at period time-
intervals.

The peroxidase-like activity assay was performed with a ThermoFisher Scientific plate reader and
Milli-Q water was used throughout our study.

Magnetism data for 1a—3a was collected on a Quantum Design MPMS—-XL EverCool SQUID
Magnetometer in temperature ranging from 5 — 300 K, under an applied external dc field in the
range of -5 T to 5 T. Polycrystalline sample of 1a—3a, (17.12, 14.20 and 13.28 mg, respectively),

sealed inside polypropylene bag (2.8 x 0.75 x 0.02 cm) were subjected to measurement. M vs H
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data was recorded for all three at 100 K to check for the presence of any ferromagnetic impurity
which was found to be absent. Magnetization as a function of temperature was measured under
1000 Oe external dc field. The isothermal magnetization was studied at 5, 8, and 10 K. The
magnetic data was corrected for the sample holder and the diamagnetic contribution.
Single-Crystal X-ray Diffraction. Single crystals of 1a, 2a and 3a were mounted on a Hampton
on a BRUKER AXS (D8 Quest System) X-ray diffractometer equipped with PHOTON 100 CMOS
detector using Mo Ka radiation (A =0.710 73 A), at 293(2) K. Direct methods were used to solve
the structures and to locate the heavy atoms (SHELXS97), and the remaining atoms were found
from successive difference maps (SHELXL97).85 Routine Lorentz and polarization corrections
were applied, and an absorption correction was performed using the SADABS program.®® For 1a,
2a and 3a the hydrogens of all the C, O and N atoms were added in calculated positions and refined
using a riding model. Crystallographic data are summarized in Table 1.

Synthesis: Bisphosphonic acid precursors. The bisphosphonic acid precursors, L1, L2, L3, were
synthesized according to literature®” and characterized using NMR spectroscopy. L1 *H NMR (500
MHz, D20/NH3): § (ppm) 3.567 (t, 3Ju.p = 12.5 Hz, 2H), 7.785 (t, 2Ju.n = 7 Hz, 1H), 7.897 (d, 2Jn.
H = 8 Hz, 1H), 8.350 (t, 2Ju.n = 8 Hz, 1H), 8.522 (d, 2Ju.n = 5.5 Hz, 1H). 3P NMR (500 MHz,
D20/NH3): & (ppm) 15.8. L2 *H NMR (500 MHz, D2O/NHs): & (ppm) 3.136 (t, 3Jnp = 12.5 Hz,
2H), 7.224 (dt, 2Jn-+ = 5 and 8 Hz, 1H), 7.791 (dt, 2Ju-1 = 1.5 and 8 Hz, 1H), 8.218 (dd,2Js-n= 1.5
and 5 Hz, 1H), 8.382 (d, 2Ju.+= 2 Hz, 1H). 3P NMR (500 MHz, D20/NH3): & (ppm) 17.4. L3 'H
NMR (500 MHz, D20/NH3): § (ppm) 3.156 (t, 3Jn-p = 12.5 Hz, 2H), 7.391 (d, 2Jnuni = 6 Hz, 2H),

8.259 (d, 231 = 6 Hz, 2H). 3P NMR (500 MHz, D20/NHs): & (ppm) 17.2.

(NH2)a[Hs(VVO2)(VV205)2{O3P-C(O)(CH2-2-CsNH4)-POs}2] *9H20 (1a): In a typical synthesis, to

10 ml of 2M ammonium acetate buffer (pH 4.7) V20s (0.1003 g, 0.5 mmol) and 1-hydroxy-2-(2-
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pyridyl) ethylidene-1,1-bisphosphonic acid (L1) (0.1390 g, 0.5 mmol) were added. The solution
was stirred for a further 30 minutes at 80 °C and left to evaporate at room temperature. Green
colored crystals were collected after 20 days. Yield: 0.1021 g (20 % based on V). Elemental
analysis (%) Calcd. for 1a: V, 20.49; P, 9.97; C, 13.53; H, 4.22; N, 6.76; O, 45.04. Found: V,
20.27; P, 9.85; C, 13.83; H, 3.72; N, 6.65; O, 45.56. 'H NMR (500 MHz, D20): 5 (ppm) 3.774 (t,
8Jn-p = 11 Hz, 2H), 7.72 (1H), 8.26 (1H), 8.424 (1H), 8.60 (1H). 3P NMR (500 MHz, D20): §
(ppm) 24.4. Thermogravimetric analysis shows a weight loss of approximate 13% for crystal water

from compound la (Figure S22).

(NH4)a[Hs(VVO2)(VV205)2{O3P-C(O)(CH2-3-CsNH4)-POs},] *8H20 (2a): The synthesis of 2a was
identical with respect to 1a, except for the use of L2 instead of L1. V205 (0.1003 g, 0.5 mmol) and
1-hydroxy-2-(3-pyridyl) ethylidene-1,1-bisphosphonic acid (L.2) (0.1390 g, 0.5 mmol) were added
to 10 ml of 2M ammonium acetate buffer (pH 4.7) solution. The solution was stirred for a further
30 minutes at 80°C and left to evaporate at room temperature. Green colored crystals were
collected after 6 days. Yield: 0.1526 g (50 % based on V). Elemental analysis (%) Calcd. for 2a:
V, 20.79; P, 10.11; C, 13.72; H, 4.11; N, 6.86; O, 44.40. Found: V, 20.61; P, 9.90; C, 13.66; H,
3.48; N, 6.34; O, 44.50. 'H NMR (500 MHz, D20): & (ppm) 3.58 (t, 3Ju-p = 11.5 Hz, 2H), 7.974
(1H), 8.41 (1H), 8.75 (1H), 8.94 (1H). 3P NMR (500 MHz, D20): & (ppm) 24.0.
Thermogravimetric analysis shows a weight loss of approximate 11.5% for crystal water from

compound 2a (Figure S22).

(NHa)2[Hs(V"VO)3(0){O3sP-C(OH)(CH2-4-CsNH4)-POs}3] ©26H20 (3a): VOSO4 (0.0889 g, 0.5
mmol), 1-hydroxy-2-(4-pyridyl) ethylidene-1,1-bisphosphonic acid (0.1390 g, 0.5 mmol) (L.3) and
pyrazine (0.0402 g, 0.5 mmol) were added to 10 ml of 2M ammonium acetate buffer (pH 4.7)
solution. The solution was stirred for a further 15 minutes at 60 °C and left to evaporate at room
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temperature. Green colored crystals were collected after 2 days. Yield: 0.1350 g (20.40 % based
on V). Elemental analysis (%) Calcd. for 3a: V, 9.77; P, 11.88; C, 16.12; H, 5.60; N, 4.48; O,
52.15. Found: V 9.60, P 11.72, C, 16.96; H, 5.09; N, 5.13; O, 50.17. Thermogravimetric analysis

shows a weight loss of approximate 21% for crystal water from compound 3a (Figure S22).

(NH4)a[Hs(V"VO2)(V"205)2{O3P-C(O)(CH2-4-C5NH4)-POs},/<11H,0 (4a): The synthesis of 4a
was identical with respect to 1a, except for the use of L3 instead of L1. V.05 (0.1003 g, 0.5 mmol)
and 1-hydroxy-2-(4-pyridyl) ethylidene-1,1-bisphosphonic acid (L3) (0.1390 g, 0.5 mmol) were
added to 10 ml of 2M ammonium acetate buffer (pH 4.7) solution. The solution was stirred for a
further 30 minutes at 80°C and left to evaporate at room temperature. Green colored powder was
collected after 6 days. Yield: 0.1005 g (20 % based on V). Elemental analysis (%) Calcd. for 4a:
V, 19.91; P, 9.69; C, 13.14; H, 4.41; N, 6.57; O, 46.28. Found: V, 19.1; P, 8.92; C, 14.42; H, 5.08;
N, 7.16; O, 47.52. *H NMR (400 MHz, D20): & (ppm) 3.64 (t, 3Ju-p = 12 Hz, 2H), 8.29 (2H), 8.52
(2H). 3'P NMR (400 MHz, D;0): § (ppm) 23.7. Thermogravimetric analysis shows a weight loss

of approximate 17% for crystal water from compound 4a (Figure S22).

(NHa)2[Hs(V'VO)3(0){03P-C(OH)(CH2-3-CsNH4)-POs}s/<21H,0 (5a): The synthesis of 4a was
identical with respect to 3a, except for the use of L2 instead of L3. VOSO4 (0.0889 g, 0.5 mmol),
1-hydroxy-2-(3-pyridyl) ethylidene-1,1-bisphosphonic acid (0.1390 g, 0.5 mmol) (L2) and
pyrazine (0.0402 g, 0.5 mmol) were added to 10 ml of 2M ammonium acetate buffer (pH 4.7)
solution. The solution was stirred for a further 15 minutes at 60 °C and left to evaporate at room
temperature. Green colored powder was collected after 2 days. Yield: 0.0791 g (8.8 % based on
V). Elemental analysis (%) Calcd. for 5a: V, 10.36; P, 12.60; C, 17.11; H, 5.26; N, 4.75; O, 49.91.
Found: V, 9.84; P, 11.51; C, 17.55; H, 5.95; N, 4.93; O, 51.1. Thermogravimetric analysis shows

a weight loss of approximate 28.2% for crystal water from compound 5a (Figure S22).

28



Peroxidase-like Activity Assay. Peroxidase-like catalytic activity were estimated using
colorimetric assays, where TMB was used as a substrate molecule. The progress of the reaction
was monitored by measuring the absorbance of oxidized TMB at 652 nm using a plate reader.
Different compounds (50 ug/mL) and TMB (0.5 mM) were added into a 96-well plate containing
acetate buffer (0.1 M, pH = 4.2), then H20 (2.5 mM) solution was added and the plate was placed
inside the plate reader. The values of the kinetic parameters were obtained by analyzing the kinetic
plot using Michaelis-Menten equation, v = vmax X [S] / (Km + [S]), where v is the initial

reaction velocity, [S] is the substrate concentration and vmax is the maximal velocity.

Assay for the Detection of Hydroxy Radical. Terephthalic acid (TA) assay was used to detect
the formation of hydroxyl radical.® The [«OH] radical react with terephthalic acid to form 2-
hydroxy terephthalic acid, that showed a fluorescence peak at 435 nm upon excitation at 315 nm.
In detail, a series of solutions with TA (0.5 mM), H202 (5 mM) and the compounds 1a or 2a (100
ng/mL) were mixed in acetate buffer (0.1 M, pH = 4.2). The final solutions were kept at 37 'C
under dark for 6 h, then their fluorescence emissions were analyzed. All the concentrations

mentioned above were the final concentrations.

Antibacterial Activity. The antibacterial activities were carried out against MRSA bacteria using
a plate counting method. In short, the bacteria solution was cultured up to the mid phase growth,
then the bacteria solution was centrifuged, washed and redispersed in phosphate buffer saline
(PBS, 10 mM, pH = 7.4). The bacterial solution was further diluted to adjust the final optical
density, Asoo = 0.01 (108 —107 bacteria per ml). Then the several aliquots of the bacterial solution
were inoculated with H20. (0.5 mM) and the compounds 1a or 2a (50 pg/mL) in acetate buffer
medium (0.1 M, pH = 4.2). Finally, it was incubated at 37 °C for 2h, then a small portion of each

solution was uniformly dispersed on nutrient agar plate.
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In vitro antibacterial activity. The in vitro antibacterial activity was performed in acetate buffer
medium of pH 4.2 as a primary medium. After the secondary culture of MRSA bacteria in LB
medium, the bacteria were collected by centrifugation and dispersed in PBS buffer. This we have
used as bacterial stock solution. From this main bacterial stock solution only a small amount of
bacterial solution (around 10 pL in 200 pL of acetate buffer to maintain the final OD=0.01) was
transferred to the final reaction medium of acetate buffer containing the compounds and H20:
solutions. There was no significant change observed in the pH of the final acetate buffer reaction

medium. Hence, the pH of the final reaction mixture remains 4.2.
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4. CONCLUSIONS

We have successfully synthesized five new bisphosphonate-polyoxovandate compounds,

(NHa)a[Hs(V"VO2)(V"205)2{ O3P-C(0)(CH2-2-CsNHa)-PO3}]*9H,0 (1a),
(NHa)a[Hs(V"VO2)(V"205)2{ O3P-C(0)(CH2-3-CsNHa)-PO3}]*8H.0 (2a),
(NHa)2[Hs(V"V0)3(0){03P-C(OH)(CHz-4-CsNHa)-POs}3]+26H,0 (3a),
(NHa)a[Hs(V"VO2)(V"205)2{ O3P-C(0)(CHz2-4-CsNHa4)-POs}]*11H,0 (4a),

(NHa)2[Hs(V'V0)3(0){03P-C(OH)(CH2-3-CsNH4)-PO3}3]*21H,0 (5a), by the one-pot reactions
of vanadium containing oxo compounds with 1-hydroxy-2-(2-pyridyl) ethylidene-1,1-
bisphosphonic acid (L1), 1-hydroxy-2-(3-pyridyl) ethylidene-1,1-bisphosphonic acid (L2), 1-
hydroxy-2-(4-pyridyl) ethylidene-1,1-bisphosphonic acid (L.3), respectively, in ammonium acetate
buffer solution (pH 4.7). Formation of an isostructural derivative of 1a & 2a with L3, compound
4a; and of 3a with L2, compound 5a, respectively; were confirmed with thorough infrared
spectroscopic studies of the products obtained. Polyanions [(V'VO2)(VV20s)2{OsP-C(O)(CHz-2-
CsNH4)-POs3:]" (1),  [(VVO2)(VV205)2{0sP-C(O)(CH2-3-CsNH4)-PO3}]>  (2) and
[(VVO2)(VV205)2{03P-C(O)(CH2-4-CsNH4)-PO3}2]** (4) are a mixed-valent V(IV-V) assembly
having a S-shaped structure of a centrally located {V'VO.} connected alternatively with two
dimeric {VV20s} units by two bisphosphonate groups. Polyanions [(V'VO)3(0){OsP-C(OH)(CH.-
4-CsNH4)-POs}s]® (3) and [(V'VO)3(0){OsP-C(OH)(CH2-3-CsNH4)-POs}s]® (5) form a
triangular assembly of three units connected by three bisphosphonate groups, alternatively, and
having a centrally located oxygen-atom upon a 3-fold axis of symmetry for polyanion 3. Packing
arrangement of compounds 1a, 2a and 3a are observed to be influence by significant non-bonding
interactions. Owing to its extremely symmetric structure as well as arrangement along three-

dimensions in the crystal, compound 3a is observed to contain significant voids in between the
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molecules, in the solid-state. NMR spectroscopic studies of 1a, 2a and 4a show downfield and
upfield shift(s) of the aromatic proton(s), and the expected downfield shift(s) of the aliphatic
proton(s) and the phosphorous nuclei. A decrease in the *Ju-p coupling constant(s) for the aliphatic
protons coupling with phosphorous nuclei (from free ligand to the polyanion) is indicative of the
electronegative nature of the polyanion framework thereby resulting in an increase of P-C bond-
length due to complex formation. Additional solution phase studies, using optical spectroscopy
and multi-nuclear NMR spectroscopy, indicate the prolonged stability of the polyanion structures
in solution. Further solid-state characterization of the compounds using magnetism measurements
reveals 4T values expected for isolated V'V ion (3d?, S = ¥, 2D3y2) in compounds 1a, 2a and 3a.
However, for the compound 3a the 4T product of 1.08 cm® mol™ K is slightly higher than the
expected value per V!V ion (3d!, S = %, 2Dsp) and VV (3d°). The synthesized compounds 1a and
2a show significant anti-bacterial properties with respect to peroxidase-like activity, which is
attributed to the enhancement of the antibacterial activity in the presence of H20,. With such
investigations, we can conclude that the artificial enzyme potentiated amplified antibacterial
activity of H>O of such hybrid compounds would be an extremely effective tool to combat with

the spread of infectious diseases.
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Table 1. Crystal Data and Structure Refinement Parameters for compounds 1a, 2a, and 3a

Compound la 2a 3a
Empirical formula V5P4035C14NeHs2 V5P4034C14NeHs0 V3P6C21051N5Hs7
Molar mass (gmol™) | 1243.19 1225.18 1564.59
Crystal System Orthorhombic Orthorhombic Trigonal
Space Group P21212 P21212 R3c

a(A) 14.973(4) 14.943(3) 18.076(4)
b (A) 30.151(9) 30.701(6) 18.076(4)
c (A) 9.472(3) 9.554(2) 67.226(15)
a (%) 90 90 90

B () 90 90 90

v () 90 90 120
Volume (A3) 4276(2) 4383.0(14) 19023(7)
Z 2 2 6

Temp (K) 298 298 298

Fealcd (g cm™) 1.931 1.857 1.639

Abs coeff 1.318 1.283 0.701

GoF 1.077 1.096 1.057

R12 [1>20(D)] 0.0492 0.0807 0.0975
WR2? 0.1371 0.1894 0.1965

aR1 = X|[Fo| - [Fc|[/Z[Fo|. wR2 = {Z[w(Fo? - Fc?))/Z[w(Fo?)?]}s'2.
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Table 2. Comparison between the mixed-valent polyoxovanadate open structures with bisphosphonate ligands

SI. No. | Formula Bisphosphonate ligand Structure Range of V-O bond Crystal symmetry | Reference
distances (A)

1. [(VVO2)(VV205){0sP- 4-amino-1-hydroxybutane-1,1- U-shaped 1.590 — 2.290 Pna2; 56
C(0)(C3HsNH3)-PO3}-1* bisphosphonate

2. [(VVO2)(VV205){O3P- 1-hydroxy-2-(imidazole-1-yl)ethane- | S-shaped 1.575 - 2.348 P2:2,2 56
C(0O)(C4HsN2)-PO3},]* 1,1-bisphosphonate

3. [(VVO2)(VV205){O3P-C(0)(CH2-2- | 1-hydroxy-(2-pyridyl)ethane-1,1- S-shaped 1.5840 — 2.3631 P2:2,2 This Article
CsNH,)-PO3}*™ bisphosphonate

4, [(VVO2)(VV205){O3P-C(0)(CH2-3- | 1-hydroxy-(3-pyridyl)ethane-1,1- S-shaped 1.5672 — 2.3860 P2:2,2 This Article
CsNH,)-PO3}, ] bisphosphonate

Table 3. Comparison between the polyoxovanadate(1V) trimeric structures with bisphosphonate ligands
SI. No. | Formula Bisphosphonate ligand Structure Range of V-O bond Crystal symmetry | Reference
distances (A)

1. [(VVO)3{O3sP-C(OH)(CH3)- 1-hydroxyethane-1,1-bisphosphonate | Triangular 1.514 -2.289 P-1 58
POs}s]™ 1.504 - 2.71 P63/m 57

2. [(VVO)3{O3sP-C(OH)(CsHgN2)- 1-hydroxy-2-(imidazole-1-yl)ethane- Triangular 1.628 - 2.881 P2./c 56
POs}s]* 1,1-bisphosphonate

3. [(VVO)3{O3sP-C(OH)(CsHgNH3)- 4-amino-1-hydroxybutane-1,1- Triangular 1.634 - 2.242 P-1 60
POs}s]* bisphosphonate

4. [(V'V0O)3(0){O3P-C(OH)(CH.-4- 1-hydroxy-(4-pyridyl)ethane-1,1- Triangular 1.7939 — 2.4457 R3c This Article
CsNH4)-POs}s]® bisphosphonate
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2a (20-100 pg/mL) in presence of TMB (0.5 mM) and H202 (2.5 mM) in acetate buffer medium.

Figure S19. (a) Kinetic plot of the compound 1a (50 ug/mL) and (b) compound 2a (50 ug/mL) in
presence of TMB (0.5 mM) and H,0O> (0.025 -2.5 mM) in acetate buffer medium.
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Figure 7.
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FIGURE CAPTIONS:

Figure 1. Ball-and-stick representation of (a) polyanion 1, [(V'VO2)(V"20s)2{O3P-C(O)(CH2-2-
CsNH4)-POs}2]'%, and (b) polyanion 2, [(V'VO2)(VVY205)2{03P-C(0)(CH2-3-CsNHa4)-PO3},]**.
Color code, Vanadium(V): Teal, Vanadium(IV): Green, Phosphorous: Magenta, Oxygen: Red,
Nitrogen: Blue, Carbon: Grey, Hydrogen: white. Hydrogen atoms on carbon have been omitted

for clarity.

Figure 2. Ball-and-stick representation of polyanion 3, [(V'V0)3(0){O3sPC(OH)(CH2-4-CsNHa)-
POs}s]®. Color code, Vanadium(IV): Green, Phosphorous: Magenta, Oxygen: Red, Nitrogen:

Blue, Carbon: Grey, Hydrogen: white. Hydrogen atoms on carbon have been omitted for clarity.

Figure 3. Comparative IR spectrum (fingerprint region only) for (a) compounds 1a, 2a and 4a;

and for (b) product obtained upon reaction of VOSO4 with L1, and compounds 5a and 3a.
Figure 4. Temperature dependence of 4T product for 1a, 2a and 3a at 1000 Oe.

Figure 5. UV absorption plot of TMB (0.5 mM) in presence and absence of the compound 1a and

compound 2a (50 pg/mL) with H.O2 (2.5 mM) after 1 hour.

Figure 6. Hydroxy radical (¢OH) detection assay using terephthalic acid (0.5 mM), H2O2 (5 mM)
in presence of compounds 1a and 2a (100 ug/mL). The fluorescence spectra were recorded with

the excitation wavelength 315 nm.

Figure 7. Images of bacterial colonies formed by MRSA bacteria after exposure of H202 (0.5 mM)
in presence of compound 1a (50 pg/mL) and compound 2a (50 pg/mL) in acetate buffer medium

(0.1 M, pH =4.2) for 2h.
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Polyoxovanadates with ethylidene-pyridine functionalized bisphosphonate ligands:
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TOC text and graphic

We have prepared five new polyoxovanate — bisphosphonate derivatives with ethylidene-pyridine
functionalized bisphosphonate ligands. Reaction of V*° compounds with bisphosphonate ligands
gave a mixed-valent V'V/\VVV assembly of polyoxovanadate, while the reaction of V**4 compound
with bisphosphonate ligands gave a reduced V'V assembly of polyoxovanadate. The obtained
compounds were characterized in the solid-state by single-crystal X-ray diffraction and magnetic
studies, and in solution by NMR and UV-Vis spectroscopy. Anti-bacterial studies showed

peroxidase-like activity for the compounds.
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