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ABSTRACT: We have synthesized and structurally characterized three pyridylethylidene-
functionalized diphosphonate-containing polyoxomolybdates, [{Mo"'O3},{Mo",0,} {HO;PC-
(O)(CH2‘3'C5NH4)P03}2]67 (1), [{MOVIzos}z{M0V204}{Ospc(o)(CH2'3‘C5NH4)‘
PO3},]°" (2), and [{Mo",0,4(H,0)}4{0sPC(O)(CH,-3-CsNH,)PO3}4]"* ™ (3). Poly-
anions 1—3 were prepared in a one-pot reaction of the dinuclear, dicationic {Mo",-
0,4(H,0)6}>" with 1—hydroxo—Z—(3—pyridyl)ethylidenedipho\s}phonate (Risedronic acid) in
aqueous solution. Polyanions 1 and 2 are mixed-valent Mo""" species with open tetranuclear
and hexanuclear structures, respectively, containir&g two diphosphonate groups. Polyanion 3 is a
cyclic octanuclear structure based on four {Mo",04(H,0)} units and four diphosphonates.
Polyanions 1 and 2 crystallized as guanidinium salts [C(NH,);]sH[{Mo"'03},{Mo",0,}-
{HO3PC(O)(CH,-3-CsNH,)POs},]-13H,0 (1a) and [C(NHz)s]st[{MOVIzoé}z'
{Mo",0,}{05PC(0)(CH,-3-CsNH,4)PO;},] - 10H,0 (2a), whereas polyanion 3 crystallized
as a mixed sodium—guanidinium salt, Nag[ C(NH,);]4[{Mo",0,(H,0)}4{O5PC(O)(CH,-3-
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CsNH,)PO;},]-8H,0 (3a). The compounds were characterized in the solid state by single-crystal X-ray diffraction, IR
spectroscopy, and thermogravimetric and elemental analyses. The formation of polyanions 1 and 3 is very sensitive to the pH
value of the reaction solution, with exclusive formation of 1 above pH 7.4 and 3 below pH 6.6. Detailed solution studies by
multinuclear NMR spectrometry were performed to study the equilibrium between these two compounds. Polyanion 2 was
insoluble in all common solvents. Detailed computational studies on the solution phases of 1 and 3 indicated the stability of these

polyanions in solution, in complete agreement with the experimental findings.

B INTRODUCTION

Diphosphonic acids have been used for various potential
medical applications during the last decades, especially toward
the treatment of degenerative bone diseases with the first dipho-
sphonates having been developed in the 1960s." Intrinsically,
diphosphonates share a similar backbone with the pyrophosphate
ion (P,0,*"), but the central O atom is substituted by a C atom,
leading to a P—C—P backbone. This modification renders the
compound more robust toward hydrolysis and allows tuning of
steric and electronic properties by variation of the functional
groups on the central C atom. This approach has yielded a wide
variety of functionalized diphosphonates over a period of many
years with improved medicinal properties. The initial generations
of diphosphonates contained mainly aliphatic functional groups
on the central C atom, such as Etidronate, Chlorodronate, and
Alendronate.'® In recent years, the attention has been mostly on
aromatic functionalized diphosphonates, with the aromatic ring
containing one or more N atoms, such as Risedronate and
Zoledronate."**

In a similar sense, some discrete polyoxometalates (POMs)*
have also shown interesting antibacterial and antiviral properties,
indicating their potential as biologically active inorganic
compounds.” Thus, the incorporation of diphosphonates
into POMs offers possible synergistic effects, in particular with
respect to medicinal applications. An important step toward
the incorporation of such diphosphonates into POMs was

v ACS Publications ©2011 American chemical Society

11667

accomplished by Pope’s group with the synthesis and structural
characterization of the dodecameric, saddle-shaped [(O3;PCHS,-
PO;)aW15036]" (as well as its pyrophosphate analogue [(O3-
POPO;)4W1,036]'7).** Both compounds showed significant
potency toward inhibition of the reverse transcriptase enzyme of
the human immunodeficiency virus type 1 (HIV-1).*> Some
diphosphonate-containing polyoxomolybdates,*® as well as the
first substituted diphosphonate-containing polyoxotungstate,
were also structurally characterized.** In principal, the dipho-
sphonate moiety has advantages over pyrophosphate,**" mostly
because of the tendency of pyrophosphate to hydrolyze in an
acidic medium. The group of Mialane and Dolbecq was able to
incorporate the dinuclear {Mo",0,} moiety into diphospho-
nate-containing POMs.> Several structures were obtained based
on methylenediphosphonate and various templating groups such
as acetate, formate, sulfite, and carbonate. The same group also
prepared derivatives based on 1-hydroxoethylidenediphosphonate
(Btidronic acid).>

Very recently, we used diphosphonate units as scaffolds for the
easy and eflicient incorporation of fluorine into POMs. A simple,
one-pot reaction of {Mo",0,} with 1-hydroxy-2,2,2-trifluo-
roethylidenediphosphonate (F3-Etidronic acid) resulted in
[{Mo",0,4(H,0)}.4{O5PC(CF;)(0)PO3},4]"*".° The presence
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of fluorine in the polyanion had a marked influence on its
structure and led to improved solution stability. Since then,
several other structures based on Etidronic acid and 4-amino-1-
hydroxybutyldiphosphonate (Alendronic acid) have been re-
ported by the groups of Wang and of Mialane and Dolbecg,’
with a mixed-metal (Mo" and V') comfposition7a and interest-
ing pro‘?erties in optical isomerism,’* as well as medicinal
activity. d

We decided to further explore this area by trying to
incorporate aromatic functionalities into diphosphonate—
POM systems. Here we report on the reactivity of the pyr-
idine-based 1-hydroxyethylidenediphosphonate (Risedronate) with
molybdates.

B RESULTS AND DISCUSSION

Synthesis and Structure. Polyanions [{Mo"'0;},{Mo",0,}
{HO3PC(0)(CH,3-CNH,)PO3},]* ™ (1), [{Mo™",06}5{Mo-
V204} {O3PC(O)(CH,-3-CsNH,)P 03}2]8 (2), and [{M0V204'
(H,0)}4{05PC(O)(CH,-3-CsNH,)PO53},4] "~ (3) were synthe-
sized in aqueous solution 12}7 the reaction of Risedronic acid with the
dinuclear, dicationic {Mo",0,4(H,0)s}>" unit at various stoichio-
metric ratios and pH values. A common structural feature of 1—3 is
the presence of a C—O—Mo bond, resulting from deprotonation of
the OH group of Risedronate and subsequent bonding to a Mo
center. Polyanion 1 was synthesized by an equimolar reaction of
{Mo",04(H,0)}*" with Risedronic acid in aqueous medium at
pH 7.7, using a concentrated aqueous ammonia solution to adjust
the pH, and crystallized as a guanidinium salt, [C(NH,)3]sH-
[{M0W03}2{M0V204} {HO3PC(O)(CH,-3-CsNH,)PO3},] - 13
H,O (1a), which was insoluble in all common solvents. By using
NaOH for pH adjustment, we were able to isolate a mixed
sodium—guanidinium salt of polyanion 1, Na[C(NH,);]s[-
{MOVIO3}2{M0V204}‘{HO3P_C(O)(CH2'3'C5NH4)PO3}2] :
10H,0 (1b), which was soluble in water. However, no single
crystals of 1b suitable for X-ray diffracion (XRD) could be
obtained, and so the product was characterized by IR spectroscopy,
multinuclear NMR spectroscopy, and elemental analysis. Polyanion
1 consists of two crystallographically unique Mo atoms in the
asymmetric unit. Bond valence sum (BVS)® calculations showed
that the oxidation states of Mo1 and Mo2 are +6 and +5, respectively
(Table S1 in the Supporting Information, SI). The structure of
polyanion 1 comprises a dinuclear {Mo",0,} unit, being capped by
a Mo"'Og group on either side. This cationic [{Mo" Os},-
{Mo",04}]"" assembly is, in turn, stabilized by two tetra-deproto-
nated diphosphonate groups {HO;PC(O)(CH,-3-CsNH,)POs}
(Figure 1), resulting in an overall charge of 6— for polyanion 1.
The unsymmetrical deprotonation of the two P atoms in each
diphosphonate moiety, and their subsequent unequal bonding
(P1 connects to Mo""and Mov, whereas P2 connects to MoVI),
renders the two P atoms chemically and magnetically inequi-
valent. Interestingly, the pyridine rings in polyanion 1 interact in a
face-on fashion in the solid state, but somewhat offset, so that the spz—
hybridized N atoms are located roughly above the center of the
adjacent aromatic ring (Figure 1). The inter-ring distance of ca. 4 A
implies possible 77+ - - 7T interactions between the two rings, which are
apparently too weak to enforce an eclipsed conformation of the rings.

Polyanion 2 was synthesized using reaction conditions similar
to those for 1, but with a 2:1 stochiometric ratio of {Mo",0,-
(H,0)6}>" to Risedronic acid, and also crystallized as a guani-
dinium salt, [C(NH,)5]6H[{Mo",06},{Mo",0,}{OsPC(O)-
(CH,-3-CsNH,)PO3},] - 10H,O (2a). In analogy to 1a, 2a is

Figure 2. Combined ball-and-stick/polyhedral representation of 2.

not soluble in all common solvents. Efforts to obtain water-
soluble salts of polyanion 2 (including mixed alkali—guanidinium
salts) were not successful. The asymmetric unit of polyanion 2
consists of a total of six Mo atoms, with Mol, Mo2, Mo3, and
Mo4 in oxidation state +6 and MoS and Mo6 in oxidation state
+5, based on BVS calculations (Table S2 in the SI). The structure
of polyanion 2 consists of an edge-shared {Mo",0,} unit, which
is corner-sharing with a face-shared {Mo",04} unit on either
side (Figure 2). This assembly is stabilized by two fully depro-
tonated diphosphonate moieties, one on each side, forming two
P—O—Mo"", two P—O—Mo", and one C—O—Mo"" bridge for
each diphosphonate unit, resulting in an overall 8— charge for
polyanion 2. This type of structure has been previously reported by
the groups of Wang and Dolbecq with 1-hydroxyethylidenediphos-
phonate (Etidronate)”® and 4-amino-1-hydroxybutyldiphos-
phonate (Alendronate).”*" However, the alkyl groups of the
diphosphonates in their structures point outward in the solid
state, in contrast to the 3-pyridyl rings in 2, which point toward
each other.

Polyanion 3 was formed under reaction conditions similar to
those of 1, but at pH 6.4, and by using an 8 M NaOH solution for
pH adjustment. Polyanion 3 was isolated as a mixed sodium—
guanidinium  salt, Nag[C(NH,);]4[{Mo",0,(H,0)},{OsPC-
(O)(CH,-3-CsNH,)POs} 4] -8H,O (3a). The asymmetric unit
of polyanion 3 comprises two Mo atoms, both in the +5 oxidation
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Figure 3. Combined ball-and-stick/polyhedral representation of 3.

state (see BVS calculations; Table S3 in the SI). The structure of 3
is a cyclic assembly of four {Mo0",04(H,0)} units connected by
four fully deprotonated Risedronate groups, forming a puckered
ring (Figure 3). Such a structure has also been observed in
our previously reported polyanion with F3-Etidronic acid® and
very recentl;r by the group of Mialane and Dolbecq with Alen-
dronic acid.”® The most interesting aspect of such an assembly
is the unique {Mo",0,4(H,0)} unit, unlike the more common
{Mo",0,} unit, in addition to the enhanced solution stability of
these cyclic compounds, compared to other cyclic polyanions
obtained with Etidronic acid. We observed that compound 3a was
always contaminated with 1b and/or Risedronic acid (see the
Multinuclear NMR Studies section), with the exact ratio of 3a
and 1b depending on the pH. At pH values lower than 6.6, 3a
crystallized along with some unknown compounds. When the
pH of the reaction mixture was gradually increased, more 1b was
isolated, until at pH 7.6 pure 1b was obtained. In spite of
considerable efforts, no pure sample of 3a could be isolated.

Weak Interactions and Crystal Packing. Extensive intra- and
intermolecular hydrogen-bonded networks are observed in the
solid state for 1a—3a not only between guanidinium cations and
polyanions but also between polyanions themselves. Such hydro-
gen bonding is prominent in these compounds because of the
presence of donor atoms (N and C) and acceptor atoms (O) in
both the cations and anions. Apart from the common weak
interactions such as N—H-+-+-O and O—H---0O, we also
observed C—H- - - O interactions for some of the compounds.
The latter types of weak hydrogen bonds are less frequently
observed in POM chemistry.”

In compound 1a, we can observe hydrogen bonding between
adjacent polyanions along the b axis (Figure Sla in the SI) and
also between the polyanions and guanidinium countercations in
the bc plane (Figure S1b in the SI). This leads to the formation of
an extensive two-dimensional array in the solid state. The
anion—anion hydrogen bonding occurs between the terminal
O atoms of the {Mo",0,} unit and the H atoms of the sp*
hybridized C atoms in the ortho position of the pyridine ring,
This results in a linear arrangement of the polyanions in the solid
state along the b axis (Figure Sla in the SI). On the other hand,
the cation—anion interactions are not so simple, and extensive
hydrogen bonding between the guanidinium cations and the
polyanions generates an ABAB type of packing in the solid state
as viewed along the bc plane (Figure S1b in the SI). A complete
list of hydrogen-bonding interactions in 1a is shown in Table S4
in the SL

i

32 30 28 26 24

8 (ppm)

Figure 4. Solution *'P{"H} NMR spectrum of 1b redissolved in D,O at
pH 7.4.

In the structure of compound 2a, each polyanion forms inter-
molecular C—H- - - O hydrogen bonds with three other polyan-
ions, two having an identical orientation with respect to the
parent polyanion and one with an opposite orientation in the
solid state (Figure S2a in the SI). This arrangement results in
molecular layers of 2, each formed by single rows of polyanions
with alternating up—down orientation (Figure S2a, inset, in the
SI). The guanidinium counterions occupy positions between the
void spaces, engaging in extensive N—H---O interactions
(Figure S2b in the SI). The absence of 7 -7 interactions
indicates that the packing is exclusively dominated by hydrogen
bonding. The unusual orientation of the polyanions was the
reason that no particular packing profile could be identified along
any particular axis of 2a. A complete list of hydrogen-bonding
interactions in 2a is given in Table S5 in the SIL

For compound 3a, a packing similar to that for the previously
reported isostructural polyanion based on F3-Etidronate is
observed.® However, unlike for the fluorinated compound, the
Na" countercations in 3 occupy the void spaces in addition to the
positions between adjacent polyanions (Figure S3a,b in the SI).
Such extensive Na- - - O interactions result in an AA-type pack-
ing mode along the ¢ axis. The guanidinium countercations are
located in the periphery of the polyanions and exhibit extensive
hydrogen bonding with O atoms of Mo as well as P atoms
(Figure S3c in the SI).

Multinuclear NMR Studies. We decided to perform multi-
nuclear NMR studies on our compounds in order to investigate
the solution stability of the respective polyanions. However, this
was not possible for 2a because of insufficient solubility. As 1a is
also insoluble in all common solvents, we worked with the
soluble analogue 1b (vide supra).

The structure of polyanion 1, as described above, reveals that
the two P atoms in each diphosphonate group are chemically
and magnetically inequivalent (Figures 1 and S4 in the SI). We
measured *>'P{'"H} NMR on 1b redissolved in D,O (15 mM
solution), resulting in a pair of doublets at 30.1 and 26.2 ppm
(Figure 4), in complete agreement with the solid-state structure.
The "H NMR spectrum of 1 exhibits the following signals for
the aromatic H atoms in the 2, 3, 4, and 6 positions (values in
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Figure S. (a) Solution '"H NMR spectrum of 1b redissolved in D,O: (b) aromatic region; (c) aliphatic region.

parentheses are for the corresponding H atoms of free Risedronate):
8.15 (8.26),7.13 (7.26), 7.94 (7.86), and 8.71 (8.44), respectively
(Figure Sb). These values show that the aromatic H atoms of 1
exhibit either upfield or downfield shifts, compared to free
Risedronate, depending on the proximity or remoteness to the
polyanion framework (Figure S4 in the SI). The H atoms located
in the 4 and 6 positions show downfield shifts of 0.08 and
0.27 ppm, respectively, compared to those of the free diphos-
phonate. The H atoms in the 2 and 3 positions experience a small
upfield shift of 0.13 ppm. An even larger effect in the "H NMR
spectrum of polyanion 1 is observed for the two aliphatic H atoms
of the diphosphonate moieties, which appear magnetically inequi-
valent in comparison to the ones of free Risedronic acid, exhibiting
a triplet at 3.19 ppm. In 1, these H atoms exhibit two doublets of
triplets at 3.56 and 3.38 ppm, representing downfield shifts of
0.37 and 0.19 ppm, respectively, compared to free Risedronate
(Figure Sc). The magnetic inequivalence of the methylene H
atoms can be explained by the presence of a pseudochiral center at
the adjacent aliphatic C atom (P—C—P) because of the structural
and, hence, magnetic inequivalence of the P atoms in the dipho-
sphonate groups of 1 (Figure S4 in the SI), which renders these
two H atoms diasterotopic. A further explanation of this situation
is provided in the Computational Studies on the Solution Behavior
section.

The *'P{"H} NMR spectrum of 3a redissolved in D,O shows a
pair of doublets at 19.3 and 30.5 ppm, which are similar to related
polyanion structures based on other diphosphonates.é’%l The two
P atoms in each diphosphonate moiety of 3 are magnetically

inequivalent because of the different bonding patterns of the PO,
groups to the Mo centers. While P1 has an equatorial —equatorial
bonding mode, P2 has an axial —equatorial bonding mode.

As stated above, the synthesis of 3a was complicated by the fact
that impurities were always present. We observed the formation
of mixtures of 3a and 1b, with the relative amount of impurities
depending on the pH of the reaction solution. In order to study
this equilibrium in solution, we decided to use *'P{'H} NMR for
reactions performed between pH 6.0 and 7.6, modified in 0.2
units. We observed that in the range pH 6.0—6.4 the product
mixture contained several compounds including polyanion 3 and
free Risedronate. Upon increasing the pH to 6.6, the presence of
only polyanion 3 and Risedronate was observed. A further
increase to pH 6.8 resulted also in polyanion 1 in the product
mixture. When the pH was increased to 7.0, a decrease in the
amount of 3 and Risedronate in the product mixture was observed
(Figure 6). This trend continued until pH 7.4, and the pure
polyanion 1 could be isolated as a mixed sodium—guanidinium
saltat pH 7.6. No pure crystalline sample of 3a could be obtained at
pH 6.6 because of the continuous coprecipitation of Risedronate.

Computational Studies on the Solution Behavior. Further
insight into the structure of polyanions 1 and 3 in solution was
provided by means of density functional theory (DFT) calcula-
tions employing the Amsterdam density functional code (ADF
2010'%), with relativistic corrections (ZORA formalism'' and
spin—orbit coupling) and the solvent medium (COSMO method'?)
taken into account. Full geometry optimizations (using the GGA
BP86 functional **" for 1 and the BP86-D3 functional"* for 3) were
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carried out, followed by 'H and *'P NMR chemical shift calculations
employing the model SAOP potential.**!* Chemical shifts have
been computed with respect to tetramethylsilane (TMS; "H NMR)
and phosphoric acid (*'P NMR).

Considering the experimental fact that the "H and *'P NMR
spectra of 1 were obtained for its soluble sodium—guanidinium
salt 1b, as well as the recently reported'* finding that the
counterion shell can play a significant role in the POM solution
state and composition, we simulated the bare polyanion, as well
as derivatives comprising two, four, or six Na" counterions. Here
we discuss two of the species modeled in solution: the bare
polyanion, which we denote as [1]*~, and an ion-pair assembly
involving four Na atoms, denoted as [Na,1]*", in terms of their

pH 6.6
pH 6.8
pH 7.0
[ T T T T T T T T T T T T T 1
32 30 28 26 24 22 20 18

8 (ppm)

Figure 6. Solution *'P{'"H} NMR spectra showing the pH-dependent
formation of polyanions 1 and 3 (see the text for details).

comparison to the crystal structure of 1 and to the solution NMR
data measured for 1b. More detailed comparisons including all
simulated structures can be found in the SI.

Our calculations confirm that polyanion 1 stays intact in
solution. Its characteristic basketlike shape is well preserved in
both [1]*~ and [Na,1]*" model species, but is calculated to be
slightly more open than that in the solid state (e.g, the distance
between the two Mo"” centers is 8.35 A in [1]*°~ and 8.49 A in
[Na,1]*" versus 8.12 A in the crystal structure of 1). Interest-
ingly, during geometry optimization of [1]®", significant rotation
of the two pyridine groups takes place and is associated with a
change of the dihedral angle between the pyridine plane and the
plane defined by the two adjacent aliphatic C atoms (Figure 7)
from 274.6°, reflecting the crystal structure, to 218.6° in the
minimized solution structure (movie S1 in the SI). The pincer-
like stacking pattern of the pyridine moieties is preserved in
general, but the orientation of the aromatic rings with respect to
the rest of the molecule is alternated in such a way that the
distance of the two N atoms in [1]% is almost twice as large as
that in 1, whereas that of the aromatic C atoms in the para
position is ~1.5 times shorter (cf. Figures 1 and 7a). In contrast,
the inclusion of Na" ions in the vicinity of polyanion 1 when
modeling its solution state stabilizes almost the same orientation
of the pyridine rings as the one characterizing the crystal
structure (Figures 1 and 7b). For instance, the calculations
predict 274.2° for the above-mentioned dihedral angle, 3.97 A
for the distances of the N centers, and 7.44 A for the p-C atoms in
[Na,1]*", versus 274.6°, 3.19 A, and 6.03 A, as determined
respectively in the solid state. The slightly increased distance
between the pincerlike oriented organic parts in [Na,1]* is due
to the electrostatically enhanced penetration of two Na* ions
between the aromatic rings and the nearest-lying phosphonate
and Mo""'O4 moieties of the polyanion.

The outlined differences between the model structures of
[1]% and [Na,1]*" are reflected in the considerably different "H

(a)

(b)

Figure 7. Ball-and-stick representations of (a) [1]®” and (b) [Na,1]*", as modeled by DFT calculations in aqueous solution (geometries optimized at
the BP86/ZORA/TZ2P/COSMO level), with annotation for the inequivalent H and P atoms. Side (up) and top (down) views of the model structures.
Color legend: Mo, light blue; P, pink; O, red; N, dark blue; C, gray; H, white; Na, yellow.
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Table 1. 'H and *'P NMR Chemical Shifts, d, As Calculated for [1]*~ and [Na,1]*~ Model Structures and As Measured

Experimentally for 1b*

nucleus type nucleus notation

aliphatic H H8 3.38
H7 3.56
aromatic H H3 7.13
H4 7.94
H2 8.15
H6 8.71
MoV‘VI-capping P P1 30.1
Mow—capping P P2 26.2

MAD" for "H NMR [ppm]
MAD" for *'P NMR [ppm]

experimental O [ppm]

calculated O [ppm] deviation [ppm]

[11* Nay[1]* (1] Na,[1]*
2.63 3.08 —0.75 —0.3
422 3.84 0.66 0.28
6.61 7.12 —0.52 —0.01

11.51 8.03 3.57 0.09
8.07 8.08 —0.08 —0.07
9.07 9.53 0.36 0.82

32.12 31.92 2.02 1.82

25.86 25.8 —0.34 —0.4

0.99 0.26
1.18 1.11

“ NMR calculations on optimized geometries in water (SAOP/ZORA + spin orbit/AE-TZP/COSMO//BP86/ZORA/AE-TZ2P/COSMO). TMS and
85% phosphoric acid were used as 'H and 3'P NMR reference samples, respectively. The deviation, Ocarc — Opxp, is also given. ® Mean absolute
deviation (MAD) defined as the mean absolute value of the deviation calculated from the experimental chemical shifts, Ocarc — Opxp-

and *>'P NMR spectra derived from the calculations (Table 1).
The computed chemical shifts, dcarc, for the magnetically
inequivalent aliphatic protons, H7 and H8, show good agree-
ment with the experimental data, Ogxp, when the ion pair model
[Na41]47 is considered. In this case, Ocayc is overestimated for
H7 and underestimated for H8 by only 0.3 ppm. In the case of the
bare anion [1]®7, the deviation from Opyp increases more than
twice following the same trend (downfield shift for H7 and
upfield shift for H8). The stronger deshielding of H7 in [1]*~ can
be explained by the proximity of these protons to the O atoms
bridging the two Mo" centers [H7- - -Ob(MoV’V) =249 A,
close enough for the formation of intramolecular hydrogen
bonds. In [Na,1]*", this distance is increased to 2.84 A and,
therefore, H7 experiences the deshielding effect of 0p(Mo"Y) to
a much smaller extent.

The experimental chemical shifts of the aromatic protons
denoted as H2, H3, and H4 are nicely reproduced by the
calculations considering the ion-pair model [Na,1]*", with the
deviation being less than 0.1 ppm (Table 1). In contrast, when
the bare polyanion [1]%” is subjected to NMR calculations, a
very strong deshielding by 3.6 ppm is computed for H4 because
of enhanced intramolecular hydrogen bonding to a terminal
O atom of the nearest-lying phosphonate group (H4---O, =
1.88 A), arising from the staggered orientation of the pyridine
rings (Figure 7). As for [Na,1]*", the H4- - - O, distance is more
than 1 A larger because of the presence of a competing electro-
static interaction between the terminal O center and a Na* ion
(Na™--O = 234 A). As a result of charge redistribution
(Table S13 in the SI), the NMR shielding of H3 in [17% is
increased, which, in turn, leads to an underestimation of Ocarc
by more than 0.5 ppm relative to the respective Jgxp value
(Table 1). The only protons for which the [1]*~ model outper-
forms the [Na,1]*" model in terms of correlation between
OcaLc and Ogxp are those denoted as H6, whose resonance
appears most downfield in the experimental spectrum (Jgxp =
8.71 ppm) because of the adjacency of the electronegative N
atoms and the {Mo",0,} moiety. Our calculations predict larger
chemical shifts for both model species, with a deviation of 0.36
and 0.82 ppm for the bare anion and the ion pair, respectively.
We attribute the stronger deshielding of H6 in the models for 1b
to the proximity of these protons to the Op(Mo"") centers,

allowing for weak intramolecular interactions. The shorter
H6- - - O,(Mo""Y) distance (cf. 2.59 A in [Nay1]*" vs 3.1 A in
[1]%7), as well as the proper mutual orientation of these H and O
atoms in [Na,1]*~ (Figure 7b), explains the larger chemical shift
of H6 in the case of the ion-pair model species.

According to the calculations on [1]*~ and [Na,1]*", the >'P
NMR spectrum of polyanion 1 seems to be affected more by the
presence and number of Na* counterions than by the changes in
the orientation of the or%anic moieties. This concerns especially
the atom P1 capping Mo" and Mo"” centers (Figure 7), for which
the calculated chemical shift in the case of [1]® is overestimated
by 2 ppm (Ocarc = 32.12 ppm) relative to the corresponding
experimental value of 30.1 ppm. The presence of four Na" ions in
the vicinity of the polyanion leads to a slight increase of the
shielding of P1 and eventually to a slightly improved agreement
with Ogxp (Ocarc = 31.92 ppm). Concerning the atom P2
capping a Mo"" center (Figure 7), Ocarc for both [Na,1]*
and [1]%" is virtually the same and only ~0.4 ppm smaller than
the respective experimental data (cf. dcarc = 25.8 ppm vs Opxp =
26.2 ppm; Table 1).

It is worth noting that the inclusion of two more Na ions (six
Na” ions in total; Figure S7b in the SI) in our model leads to
further deshielding of P1 and further shielding of P2 and,
consequently, to larger deviations (2.9 and —4.1 ppm, re-
spectively) from the experimental >'P NMR spectrum of 1b
(Table S6 in the SI).

In conclusion, the comparison between calculated and experi-
mental data for the 'H and *'P NMR spectra of 1b clearly shows
that the solvated polyanion exists in the form of an ion pair
involving four Na ions rather than a bare anion with a dynamic
solvent shell. The [Na,1]*~ model proposed by the calculations
represents very well the composition and structure of 1b in
solution because it reproduces the experimental chemical shifts
with only a minor difference (mean absolute deviation of ~0.3
ppm for 'HNMR and ~1 ppm for *'P NMR). As a general trend,
our calculations show that, on the one hand, the presence of
counterions surrounding 1 affects the orientation of the organic
moieties with respect to the rest of the polyanion, which, in turn,
is associated with stronger or weaker intramolecular hydrogen
bonding and, hence, is crucial for the 'H NMR properties. On the
other hand, the exact number and position of the Na" ions
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Figure 8. Ball-and-stick representation (top view) of the cyclic tetra-
nuclear assembly of polyanion 3, as modeled by DFT calculations in
aqueous solution (geometry optimized at the BP86-D3/ZORA/TZ2P/
COSMO level). The color legend is the same as that in Figure 7.

influences considerably the shielding of the phosphorus nuclei
and, accordingly, the 3'p NMR spectrum of 1b.

Our calculations regarding polyanion 3 show that its char-
acteristic structure, a cyclic tetramer comprising four {M0V204-
(H,O)} units, is well-preserved in aqueous solution (Figure 8).
In comparison to the crystal structure, however, the optimized
geometry in water (movie S2 in the SI) is contracted and slightly
distorted in the plane defined by the crystallographic axes a and b.
In the solid state, as shown by XRD, the opposite Mo"—Mo"
pairs are equidistant from each other (Figure 3). In solution,
according to the calculations, the distance between opposite
Mo"—Mo" pairs for one of the two mutually perpendicular sets
has shortened by 0.3 A and for the other by 0.22 A. This result is
in agreement with previously reported'® computational findings
that polyanions contract upon hydration. In the simulated
solution structure of 3, each of the four H,O molecules remains
in close proximity to its corresponding Mo center within the four
MoV —Mo" pairs (calculated distance Mo"—OH, ~2.35 A).
Seven of all eight hydroxylic protons form hydrogen bonds with
four terminal O atoms, each belonging to a different PO; group
capping a single Mo" center (four hydrogen bonds in the range
of 1.73—1.79 A and the remaining three in the range of 1.82—
1.86 A).

The computed NMR chemical shifts for the two inequivalent
P nuclei in the model structure, as depicted in Figure 8, match
well the experimental >'P NMR spectrum of polyanion 3. For the
P nuclei capping a single Mo" center, we obtained Ocarc = 19.38
ppm, which differs by only 0.11 ppm from the measured Ogxp =
19.27 ppm. For the P nuclei bridging two Mo" centers from two
adjacent {Mo",0,(H,0)} units, we expected to exhibit a downfield
shift (i.e,, larger O value) because it is connected via two bridging O
atoms (with a deshielding effect) to the respective Mo atoms. For
these P nuclei, the computed chemical shift was underestimated by

~1.9 ppm relative to the experimental value (cf. dcarc = 28.61
ppm vs Ogxp = 3049 ppm). On the basis of this comparison, we
conclude that in solution polyanion 3 is present as a cyclic,
tetrameric assembly and four H,O molecules that engage in
hydrogen bonding with the phosphonate groups capping a single
Mo" center.

Bl CONCLUSIONS

We have successfully incorporated Risedronic acid into poly-
oxomolybdates by one-pot reactions of the dinuclear dication
{Mo0",0,4(H,0)4}*" with the free acid. Employing a simple
synthetic approach and by systematically varying the reaction para-
meters such as the pH and ratio of reagents, we isolated the first
three examples of risedronate-containing polyoxomolybdates,
[{Mo"05}5{Mo",0,} {HO;PC(O)(CH,-3-CsNH,)PO3},]°
(1), [{Mo",0¢}:{Mo0",0,4}{0;PC(0)(CH,-3-CsNH,)-
POs},]" (2), and [{Mo",04(H,0)}4{05PC(O)(CH,-3-
CsNH,)PO3}4]"* (3). Polyanion 1 is structurally unprece-
dented, whereas the structures of 2 and 3 are known for other
diphosphonates. This work revealed that a subtle modification of
the pH of the reaction solution can result in completely different
polyanion structures. A detailed solution NMR speciation study
shed further light on the formation equilibria of this class of
polyanions. Additional computational studies performed on 1
and 3 indicated the stability of the structures in solution, but with
slight rearrangements of the aromatic rings compared to the solid
state. Also, the formation of an ion pair in solution is proposed for
polyanion 1, resulting in a better correlation with experimental
NMR data. For 3 in solution, the bare polyanion itself was
observed to give a satisfactorily close match with experimentally
observed NMR chemical shifts.

In essence, our experimental work suggests that in dipho-
sphonate-containing polyoxomolybdate chemistry pH changes
have more dramatic effects on the polyanion structure than
changes in the diphosphonate hetero groups. In addition, our
computational studies suggest that the role of countercations
must not be underestimated because of the formation of ion pairs
in solution. The above implies that most likely some more novel
structural types of diphosphonate-containing polyoxomolyb-
dates will be discovered in the near future. We have also
demonstrated that computational studies are nowadays at such
an advanced level that they should be more routinely used, especially
for a better understanding of the solution behavior of polyanions.
Such studies are even more important in cases where solution NMR
is not possible, for example, because of the lack of solubility and/or
the paramagnetic nature of the target compound.

Currently, we are investigating the reactivity of other isomers
of pyridine-based 1-hydroxyethylidenediphosphonates with mo-
lybdates, in order to explore a possible influence of the position of
the N atom on the resulting polyanion structure and the orien-
tation of the pyridyl rings to each other.

B EXPERIMENTAL SECTION

Single-Crystal X-ray Diffraction. Single crystals of 1a and 3a
were mounted on a Hampton cryoloop, whereas 2a was mounted on a
glass fiber for indexing and intensity data collection at 173 K (1a and 3a)
and 296 K (2a) on a Bruker SMART APEX II CCD single-crystal
diffractometer using Mo Ko radiation (A = 0.710 73 A). 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).'® Routine Lorentz and polarization
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Table 2. Crystal Data and Structure Refinement Parameters for Compounds 1a, 2a, and 3a

la
empirical formula Mo,P,C9N,,03,H7;
molar mass (g mol ") 1637.57
cryst syst monoclinic
space group C2/c
a(A) 18.216(3)
b (A) 10.638(3)
¢ (A) 28.070(6)
a (deg) 90
P (deg) 90.605(14)
v (deg) 90
volume (A%) 5439(2)
Z 4
temp (K) 173(2)
Pestea (g cm ™) 2.000
abs coeft 1.13§
GOF 1.034
RI“[I > 20(D)] 0.0238
wR2* 0.0668

“Rl1 = 3||Fo| — |E||/Z|F,|- wR2 = {Z[w(E,> — EX)]/2[w(F,>)* ]}

2a 3a
MogP4C;0N50040H70 MogPgC3,N;6056HseNag
1930.48 2776.26
triclinic tetragonal
P1 P4/n
11.2994(4) 25.3368(11)
12.5679(4) 25.3368(11)
19.8205(6) 8.0896(4)
81.723(2) 90
79.307(2) 90
78.468(2) 90
2693.25(15) 5193.1(4)
2 2
296(2) 173(2)
2.380 1.775
1.604 1.184
1.025 1.010
0.0543 0.0499
0.1579 0.1771

corrections were applied, and an absorption correction was performed
using the SADABS program.'” For 1a and 3a, all non-H atoms were
refined anisotropically, whereas for 2a, only the Mo and P atoms were
refined anisotropically. For 1la—3a the hydrogens of all the C and N
atoms were added in calculated positions and refined using a riding
model, and in 1la the crystal water hydrogens were found directly by
XRD. Crystallographic data are summarized in Table 2.

Synthesis. Risedronic acid. We have slightly modified the pub-
lished synthesis procedure of Risedronic acid.'® To 2.0 g (11.5 mmol) of
3-pyridyl acetic acid hydrochloride, taken in a 100-mL two-necked flask
equipped with a reflux condenser, was added 3.6 g (43.8 mmol) of
phosphorus acid and 12.0 g (86.3 mmol) of p-nitrophenol. The mixture
was heated to 90 °C for a period of approximately 2 h until all of the
solids had melted, forming a thick suspension. Then 7.0 g of phosphorus
trichloride was added to this suspension, and the resulting mixture was
kept at 90 °C for an additional period of 6 h, after which a yellow, gel-like
material was formed. This mixture was allowed to cool to room
temperature; 20 mL of water was then added dropwise, and the mixture
was kept refluxing for 12 h (overnight). Then the mixture was again
allowed to cool to room temperature, 15 mL of methanol was then
added, and the precipitated product was kept stirring at 0—S °C for an
additional period of 2 h. The white, amorphous product obtained was
filtered under suction and washed with methanol (yield 2.62 g, 81.4%).
"H NMR (400 MHz, D,O/NH,): 8 3.19 (t, *Jyp = 12.1 Hz, 2H), 7.20
(dd, Yo = 8.2 and 5.5 Hz, 1H), 7.78 (d, Y = 5.5 Hz, 1H), 8.19 (dd,
*Juu = 4.0 and 1.6 Hz, 1H), 8.37 (s, 1H). *'P NMR (400 MHz, D,O/
NH;): 0 18.1.

[M0"50,4(H>0)g*". The synthesis was also performed according to
the literature procedure.> To a suspension of MoOs (2.3 g 16 mmol) in
4 M HCI (80 mL) was added N,H,-H,0 (210 uL, 4.29 mmol). The
solution changed color slowly from deep yellow to dark red during
heating at 80 °C for 3 h. The solution was then left to cool to room
temperature and used subsequently for further reactions.

[C(NH5)3]sHI {M0"'03} 5{M0"50,} {HO;PC(O)(CH-3-CsNH4)PO3} 5] -
13H,0 (1a). To 5 mL of a [M0,0,4(H,0)]*" solution in 4 M HCI
(0.5 mmol) was added 0.15 g (0.5 mmol) of Risedronic acid. The pH of
the solution was then adjusted to 7.7 with a 33% aqueous ammonia
solution, and then guanidinium chloride (1.0 g, 10.4 mmol) was added

to the above mixture, which was kept stirring at room temperature for
15 min. The precipitate formed was filtered off, and the resulting red
filtrate was left for slow evaporation in an open vial. After 3 days, red
block-shaped crystals of 1a were formed. Yield: 0.19 g (46% based on
Mo). Elem anal. Calcd for 1a: Mo, 23.44; P, 7.57; C, 13.94; N, 14.54; H,
4.37. Found: Mo, 23.14; P, 7.48; C, 13.58; N, 14.98; H, 3.96. IR:
1658(s), 1581(w), 1569(w), 1444(sh), 1406(m), 1162(sh), 1131(s),
1070(s), 1051(s), 1032(w), 991(s), 921(s), 803(w), 746(m).

Nal[C(NH>)5]s[{M0"50.4} ,{M0"" 03} ,{HO;P—C(O)(CH5-3-CsNH,)
POs} 5]+ 10H>0 (1b). 1b was synthesized using the same procedure as
that for 1a, but the pH was adjusted with 8 M NaOH instead. Yield: 0.16
g (40% based on Mo). Elem anal. Calcd for 1a: Mo, 23.06; P, 7.45; C,
13.72; N, 14.31; H, 3.88, Na 2.76. Found: Mo, 22.52; P, 7.33; C, 14.39;
N, 15.08; H, 3.60; Na, 2.87. IR: 1665(s), 1587(sh), 1581(w), 1482(w),
1429(m), 1143(sh), 1116(s), 1055(s), 1024(s), 960(s), 921(sh),
849(w), 795(w), 742(m). "H NMR (400 MHz, D,0): & 3.38, 3.56
(dt, ¥ = 29.3 Hz, *Jyyp = 11.9 Hz, 1H), 7.94 (d, >y = 8 Hz, 1H), 7.13
(dd, *Jyup; = 2.8 and 8 Hz, 1H), 8.15 (d, *Jiyq = 8 Hz, 1H), 8.71 (s, 1H).
3Ip{IH} NMR: 6 30.1, 262 (d, >Jpp = 29.7 Hz).

[C(NH:)3]sHo[ {M0" 50} {M0"50.1} {OsPC(O)(CH-3-CsNH)PO3} 5] «
10H,0 (2a). To 5 mL of a [Mo0,0,(H,0)s]** solution in 4 M HCI (0.5
mmol) was added 0.075 g (0.25 mmol) of Risedronic acid. The pH of the
solution was then adjusted to 7.4 with a 33% aqueous ammonia solution,
and then guanidinium chloride (1.0 g, 10.4 mmol) was added to the above
mixture, which was kept stirring at room temperature for 15 min. The
precipitate formed was filtered off, and the resulting pale-yellowish-red
filtrate was left for slow evaporation in an open vial. After S days, red block-
shaped crystals of 2a were formed. Yield: 0.02 g (5.8% based on Mo). Elem
anal. Calcd for 2a: Mo, 29.82; P, 6.42; C, 12.44; N, 14.51; H, 3.65. Found:
Mo, 30.04; P, 6.03; C, 11.95; N, 14.37; H, 3.21. IR: 1647(s), 1577(w),
1554(w), 1540(sh), 1466(w), 1439(m), 1405(sh), 1363(w), 1146(s),
1114(s), 1068(s), 1035(s), 957(w), 924(s), 869(m), 823(m), 707(m),
670(m).

Nag[C(NH)314[ {M0"50.4(H,0)} s{OsPC(O)(CH»-3-CsNH4)PO5} 4]«
8H,0 (3a). To a solution of 0.1 M [Mo,04(H,0)s]*" in 4 M HCI
(S mL, 0.5 mmol) was added 0.15 g of Risedronic acid (0.5 mmol). The
pH of the solution was then adjusted to 6.7 with a 8 M NaOH solution.
Guanidinium chloride (1.0 g, 10.4 mmol) was added to the above
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mixture, which was stirred at room temperature for 15 min, and then the
precipitate was filtered off. The resulting filtrate was left for 3 days in an
open vial for slow evaporation, leading to yellowish-red needle-shaped
crystals of 3a together with deep-red blocks of 1b. *'P{"H} NMR (400
MHz, D,0): 6 30.5, 19.3 (d, ¥Jpp = 19.2 Hz).
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