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The [(P4W34061)2{M04S,04(0OH,),}]'%" anion was obtained by
the stereospecific addition of the [Mo0,S,0,]?* oxothio cation
to the monovacant a,-[P,W;704,]'®" anion. The mixed salt
KgNa;[(P2W17061)2{M04S,04(0OH,),}]-50H,O was isolated as
single crystals and characterized by X-ray diffraction. The
analysis reveals that the anion adopts a “sandwich-like" di-
meric structure in which the two a,-[P;W1706:]'% subunits
are assembled in a transoid disposition with respect to the
central cluster {H,;Mo0,S,0¢}. In aqueous solution, an isomer-

ization process is evidenced by 3'P NMR spectroscopy and
interpreted as the formation of the related cisoid isomer. A
ratio of 30:70 of the transoid and cisoid isomers was found at
equilibrium. The kinetic constants and activation parameters
of the isomerization process were determined by variable-
temperature 3'P NMR experiments. At 303 K, the process
was slow (t;», = 160 min). The activation parameters are dis-
cussed with regard to a possible isomerization mechanism.

Introduction

Current research activity into the chemistry of polyoxo-
metalates (POMs) is largely driven by potential applications
in catalysis,' 3 medicine,*> magnetism,[®°! materials sci-
ences,'®!'"l and nanotechnology,!'?! which require a con-
tinuous improvement of efficient and adapted functional
molecular materials. POM compounds, often described as
soluble, discrete metal oxide frameworks, can be finely
tuned at the molecular level. The chemistry of metal sulfur
clusters has been investigated for a long time, especially for
their ability to mimic the active sites of several metalloen-
zymes.['314 For instance, some nitrogenase enzymes have
been found to contain {Fe,S,}-based clusters as the active
site with a Mo—Fe cofactor associate.!>! The effect of sulfur
donor ligands on the chemistry of molybdenum is therefore
of significant interest.l'® Mainly driven by hydrodesulfur-
ization (HDS) industrial processes, some important iron-
free systems such as molybdenum sulfide dimers and their
cationic derivatives used as models for MoS,-based surfaces
have been shown to constitute efficient electrocatalysts for
hydrogen production.l'’~'! In this field, we recently demon-
strated that cyclic molecular architectures obtained from
the condensation of the aqua ion [M0,0,S,(OH,)e]** in-
duce a catalytic functionality for the reduction of protons
into hydrogen in either organic or aqueous media.l?%-2!l
From this result, one of the basic ideas for the design of
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robust, inexpensive, and efficient electrocatalytic materials
involves combining the {M0,0,S,} binuclear fragment with
an electroactive polyoxometalate. Based on the fact that sul-
fur(IT) ions are generally invoked for stabilizing the lower
oxidation states (+V, +IV, and +I1I) of Mo or W atoms,?”]
the incorporation of S-Mo(W) clusters into the POM
framework is expected to modify its electronic properties.
A fruitful approach to the synthesis of sulfur-containing
polyoxometalates has been developed that involves treating
the electrophilic core {Mo0,0,S,}?* with vacant polyoxo-
tungstate ions.”> 71 With regard to the potential of the
method and the growth of interest in such compounds, this
field of investigation continues to be one of our main fo-
cuses. We present herein the synthesis and characterization
in the solid state and solution of the oxothio hetero-
polyanion obtained from the direct addition of the
dication {Mo0,0,S,}>" to the monovacant polyanion a,-
[P,W ;061"

Results and Discussion

Molecular Structure of [(P;W;7061)2{M04S,04(OH,),}|'%~
@

The molecular representation of the structure of 1 (Fig-
ure 1) reveals a dimeric association of two 0,-[PoW,0¢;]'*"
subunits sandwiching two {Mo0,0,S,} oxothio fragments.
Each Mo atom is symmetrically bonded to two oxygen
atoms delimiting the vacancy within the o,-[P,W;;0,]'*
subunit. In this arrangement, the POM subunits act as bis-
bidentate ligands, constraining the two {Mo0,0,S,} moieties
to interact through a quasi-linear double Mo-O-Mo

bridge. In the resulting compound, the two «»-
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[P.W;704]'% subunits are equivalent and display a 180°
staggered arrangement (Figure 1). According to the termi-
nology proposed by Termes and Pope for uranyl-containing
complexes,?®! the anion 1 is a transoid isomer. The two Mo
atoms of the asymmetric unit are symmetrically placed over,
rather than in, the vacancy site in each 0,-[P,W;70¢]'%". A
similar situation has previously been reported by Finke and
co-workers for the structure of the “{P,W ;Ru},-O” di-
mer.?°! In the latter, the two monovacant heteropolyanions
[P, W1706;]'% are connected to a central [Cl-Ru—O—Ru—
CIJ** cluster (instead of {H4;M04S404}%") in a transoid fash-
ion. The cisoid disposition has also been observed. For ex-
ample, in the sandwich-like compound “[(P,W;O¢;)>-
{Mo03S4(OH>);(OH)},]'*”, the two POM subunits are an-
chored to the central dimeric cationic {Mo03;S4(OH),-
Mo5S,}%* cluster in an “eclipsed” fashion to give the cisoid
isomer.3% However, the structure of 1 reveals a slight disor-
der that consists of the equal distribution of the Mol atom
over two positions, labeled A and B (see Figure S1 in the
Supporting Information). Such disorder induces some am-
biguity for the complete description of the structure be-
cause two distinct distances are generated for the terminal
Mo-O bonds. The long Mol1B-O distance [2.16(15) A] re-
flects the presence of a terminal aqua ligand, whereas the
shortest Mol1A—O distance [1.73(15) A] is characteristic of
a terminal oxo group. The presence of either an oxo group
or aqua ligand attached to MolA or MolB, respectively,
fully confirms the bond valence sum (BVS) calcula-
tions®1-321 (for an unprotonated oxygen atom, the BVS val-
ues fall between —2.2 and —1.8, whereas the diprotonated
041 and 042 have values of —0.41 and —0.48, respectively).
A similar disordered distribution was found in the closely
related compound [(PW;03),(HsM04S,0¢)]'*, leading to
two possible arrangements for the central cluster.’*] Be-
cause the stereochemistries of both Keggin and Dawson
monovacant anions are known to be similar, the structural
disorder in 1 should be solved in the same way. One pos-
sibility is a syn isomer in which the two water molecules are
attached to two nearby Mo atoms belonging to the same
dimer (C, symmetry), and the other is the anti isomer with
two water molecules each linked to two separate Mo atoms
related by an inversion center (C; symmetry). Both arrange-
ments are depicted in Figure 2. DFT calculations were car-
ried out on both conformations. Unfortunately, these did
not permit the two isomers to be discriminated energeti-
cally. The p-disulfido-bridged dinuclear molybdenum(V)
moiety has been observed for both syn and anti stereochem-
istries,?334 and in the present case, the geometrical data,
bond lengths, and angles are compatible with both geome-
tries. The bonding schemes in the syn and anti isomers of
the [Mo,S4]*" core were studied theoretically and calcula-
tions using the extended Hiickel and Fenske-Hall ap-
proaches indicated that the syn isomer is the most stable.[
Note that the anti isomer has been exclusively obtained in
anhydrous solvent as CH;CN.3¥ In this case, the starting
material used was the [M0,0,So]> anion, which permits
free rotation of the two Mo=0 moieties along the Mo-S—
Mo bridges, producing in CH;CN solution the two syn and
3524
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anti isomers.’® The conversion of the anti into the syn con-
formation is H;O%-catalyzed and thus the presence of the
anti conformation in water containing solvent is likely not
expected.?¥ These features rather argue for a syn—syn inter-
action, depicted in Figure 2a, without any change in the
original syn conformation of the dinuclear precursor
through the assembling process.

Figure 1. Polyhedron perspective views of the transoid anion
[(PoW7061)21M04S,04(OH,), }]'6". The central cluster
{H4M04S,0¢} is represented by dark-grey polyhedra.
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Figure 2. Ball-and-stick labeled models of the two possible arrange-
ments of the central cluster {H4;Mo04S404}. (a) syn—syn conforma-
tion of the {H4M04S,0¢} central core; (b) anti-anti conformation
of the {H4;Mo0,4S,0¢} central core.

3P NMR in Solution

The 3'P NMR spectrum of the transoid-[(PaW70¢;)>-
{Mo04S404(OH,),}]'¢ is given in Figure 3a. It consists of
two single lines located at —7.53 and —13.38 ppm with 1:1
integration evidencing that (i) the {P,W,7} subunits are co-
ordinated to {Mo0,0,S,} fragments (the 3'P NMR of the
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{P,W7} monovacant POM gives two lines at —7.10 and
—13.60 ppm under the same experimental conditions) and
(1) the two {P,W;} subunits of the dimer are equivalent,
in agreement with the single-crystal X-ray diffraction study.
In accord with the report on the dimer [(PW;;0s39)>-
(H4Mo04S404)]'%,24 the 3'P NMR spectrum of 1 is time-
dependent and two additional lines at -7.31 and
—13.32 ppm gradually grow in intensity to reach a constant
value characteristic of the equilibrium state (see Figure 3b).
Taking into account the large distance between the two
{P,W,,} polyanions, which prevents any mutual steric in-
fluence and the lability of the Mo—O bonds involved in the
Mo-O-W junctions, which has been established in previous
studies,>-2337] the very similar 3'P NMR features argue for
an isomeric system. The transoid arrangement, which has
been structurally characterized by single-crystal X-ray crys-
tallography, can give the cisoid isomer simply by the rota-
tion of one {P,W,;} subunit through 180° with respect to
the other, as depicted in Scheme 1, in agreement with the
previous study of the dimeric compound [(PW;;039),-
(H4Mo04S40¢)]'% 2% In the transoid and cisoid compounds,
the two “eclipsed” {P,W;,} subunits exhibit the same mode
of connection within the central tetranuclear core and thus
appear equivalent in both isomers. The two additional sig-
nals at —7.31 and —13.32 ppm are then assigned to the cisoid
isomer of the [(P;W70¢1)2{M04S404(OH,),}]'" com-

(a)
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(ppm)
(b)
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ppm)

Figure 3. 3'P NMR spectra of (a) pure transoid-[(PoW70¢:)>-
{Mo0,S,04(OH,),}]'* in D,O and (b)a mixture of transoid-
[(P2W17061)2{M04S4O4(0H2)2}]167 and cisoid-[(P,W170¢1)>-

{Mo0,4S,0,4(OH,),}]'¢ isomers in D,O at equilibrium.

transoid cisoid

Scheme 1. Schematic representation of the isomerization process.
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Figure 4. Kinetic plots for the isomerization of the transoid-
[(P2W17061)2{M04S404(OH,),}]'*" and the cisoid-[(P,W706)2-
{Mo0,4S,04(OH,),}]'¢ isomers at 293 (<), 303 (0), 313 (A), and
323 K (O). Dotted lines correspond to the calculated values deter-
mined from Equation (2) and from the data in Table 1.

pound. The former signal at —7.31 ppm is attributed to the
phosphate group close to the vacancy site and the coordi-
nated {Mo0,0,S,} moieties, whereas the signal at
—13.32 ppm, less affected by the isomerization process
(-13.38 ppm for the transoid isomer), corresponds to the
opposite phosphate, encapsulated within the {PWyOs4}
moiety. The kinetics of the isomerization process was
studied in the temperature range 293-323 K. The fractions
of cisoid isomer versus time are graphically shown in Fig-
ure 4. A simple kinetic model for the isomerization of the
cisoid and transoid arrangements [equilibrium (1)] is de-
scribed by the rate constants k; and k_; and the equilibrium
constant K = [cisoid]/[transoid).

k

1

“‘"_“')‘.Ek cisoid-[ (EM,,), (M0,S,0,) 115
-1

transoid-[ (PW,,) ;(Mo,5,0,) ] 1%

M

Supposing a first-order process for equilibrium (1), the
rate constants k| can be determined for each temperature
by taking into account the initial rates. The rate constants
k_; are deduced from k; and K by using the expression K
= ki/k_;, with K remaining nearly constant in the 293-—
323 K range (see Table 1). The proportions of the cisoid iso-
mer with time can be calculated by introducing the values
of these parameters into Equation (2), deduced from equi-
librium (1).

Ye(cisoid) = 100 X [k/(k; + k )] X exp[-(ky + k 1)1] )

Table 1. Kinetic parameters of equilibrium (1).

T [K] ky [min '] k_; [min1] K

293 0.12 0.047 2.54
303 0.35 0.137 2.54
313 0.75 0.295 2.54
323 1.90 0.748 2.54
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As depicted in the full lines in Figure 4, the calculated
values for the proportion of the cisoid as a function of time
at various temperatures are in good agreement with the ex-
perimental data, thus supporting the proposed kinetic
model. Finally, starting from the values of k; and k_,, the
activation energy of the isomerization process can be deter-
mined from an Arrhenius plot (Figure S2, Supporting In-
formation), derived from Equations (3) and (3").

ki= A * exp[{-E(D}/{RT}] (3

In(k;) = [{=ED}/ART}] + In(4) (31

Equation (3') gives two lines from which the activation
energies for the isomerization of the two isomers E,(1) and
E,(-1) are both found to be 71.2 kImol~'. The Eyring plots
for the isomerization processes are given in Figure 5 and
the values of AG*, AH™, and AS™ are listed in Table 2.
These data reveal that the activation enthalpy is equal for
both reactions [AH™(1) = AH™(-1) = 68.6 kJmol'] and
that the main difference is observed for the activation
entropy [AS#(1) = -27.7JK'moll, AS*(-1) =
-35.5JK "mol !]. These results show that the kinetic sta-
bility of the isomers is mainly entropic in origin, a probable
consequence of the nature of the activated species issuing
from either the transoid or cisoid isomer. Note that the AH™
value determined in this study is significantly lower than
the activation energy determined by Anderson and HillB®]
for the isomerization of B to o of the Dawson polyanion
[PaW 5061 (AH” = 83 kJmol!), which corresponds for-
mally to the rotation of a trimetallic tungstate group
[W50,5] through a concerted mechanism involving the
breaking and re-formation of six W-O bonds. In the
B — a isomerization process, the determining step was iden-
tified as the OH™ hydrolytic attack, breaking a W-O-W
corner junction to give a pseudo-lacunary intermediate. The
lower value of AH™ = 68.6 kIJmol™' observed in our study
could be related to the weakness of the Mo—O bond within
Mo-O-W bridge compared with the W-O-W junctions in
the Dawson polyanion [P,W;30¢]®. From a thermo-

O y=-8.2695x+20419:R? = 09971

@ y=-8.2505x+19.486; R =0.9071

In(k/T)

3.05 341 315 3.2 3.25 33 3.35 34 345

1000x1/T

Figure 5. Temperature dependence of the isomerization process
(Eyring plot). (O) Reaction (1) (transoid — cisoid); (@) reaction
(-1) (cisoid — transoid).
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dynamic point of view, the nondependent behavior of the
equilibrium constant K on temperature is consistent with a
standard enthalpy close to zero (A.H° = 0), which means
that the isomerization process is mainly entropy-driven. The
thermodynamic parameters A,G°, A H°, and A.S° at T =
293 K are given in Table 2.

Table 2. Activation and thermodynamic parameters at 293 K for
equilibrium (1).

Activation parameters

AH™ AS™ AG™
[kJ mol™] [J K mol™] [kJmol™]
Reaction (1) 68.6 =277 76.7
Reaction (-1) 68.6 -35.5 79.0
Thermodynamic parameters
A.H° A,S° AG°
[kJ mol™] [J K mol™] [kJmol™]
=0 7.75 -2.27

UVI/Vis Studies in Solution

The batch spectrophotometric titration of a solution of
{Mo0,0,5,}>* by {P,W,;} was performed in aqueous me-
dium using a constant concentration of oxothio cation
{M0,0,S,}%* (1.74 X 103 M) and variable amounts of
{P,W,,} in aqueous solution to obtain ratios of {P,W;}/
{Mo0,0,S,}2* in the range 0 to 3.4. The resulting electronic
spectra were recorded in quartz cells between 250 and
750 nm and are presented in Figure 6a. By mixing the two
components, the solution rapidly turns red-brown. Absorp-
tions in the 400-500 nm range are characteristic of the red-
brown thio derivatives of POMs,?427-37] a5 the used precur-
sors {Mo0,0,S5(OH,)¢}>" and {P,W;;} do not exhibit sig-
nificant absorptions in this region. The gradual addition of
{P,W,5} to a constant quantity of {Mo0,0,S,}?* translates

2.0
9 (a)
g 15 Addition
£ 1.0 of {P.W,7}
8
< 0.5 4

0.0

250 350 450 550 650 750
Wavelength/ nm

0.6
E (o)
(=]
u
q n
® :
o :
= i
@ ;
2 1
<] i
= 0 1 2 [

Ratio {P,W 1;}/[Mo,0,S,]2*

Figure 6. (a) Spectroscopic titration of [Mo0,0,S,]** against
[PoW 061" in aqueous solution. (b) Variation of the absorbance
measured at 450 nm as a function of the ratio [P,W,;0¢]'*/
[M020282]2+ .
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into an increase in the absorbance in this region (see Fig-
ure 6a). In particular, the variation of the absorbance at
450 nm as a function of the ratio {P,W,;}/{M0,0,S,}>*
(Figure 6b) displays two linear portions with a break point
at a ratio {P,W,7}/{Mo0,0,S,}>* of 1, which confirms the
stoichiometry of the complex [(PaW7,061)2{M04S404-
(OH,),}]'¢" and the quantitative formation of Dawson thio
derivatives, distributed as cisoid and transoid isomers.

Conclusion

The reaction of the monovacant o,-[P,W;;0¢]'*" anion
with the acidic oxothio cation [M0,0,S,]** leads to a new
“sandwich-like” compound, enclosing an unusual central
cluster {H4;Mo04S40¢4}. Although a transoid arrangement is
characterized in the solid state, an isomerization process be-
tween cisoid and transoid isomers was evidenced by *'P
NMR spectroscopy and the kinetics of this process were
studied by variable-temperature NMR spectroscopy. This
process highlights the high versatility of the association be-
tween POMs and the [M0,0,S,]*>* fragment and prompts
us to develop further this kind of association to produce
original dynamic supramolecular compounds.

Experimental Section

Physical Methods: Water content was determined by thermal gravi-
metric analysis (tga7, Perkin-Elmer). Infrared spectra were re-
corded with a Magna 550 Nicolet spectrophotometer using KBr
pellets. Elemental analysis was performed by the Service Central
d’Analyses du CNRS. 3'P NMR spectra were recorded for solu-
tions of 10-2-10"" molL! of the polyanion with a Bruker Avance-
300 spectrometer operating at a nominal frequency of 121.5 MHz.
Spectra were referenced to external 85% H;PO, in 5 mm tubes. For
the kinetic study, 3'P NMR samples were prepared by dissolving
0.35g of 2 in 500 uL of 1.6 molL"' NaClO, in H,O/D,O at 0 °C.
The solutions were then concentrated to allow acquisitions of each
spectrum within 2 min (240 scans) at temperatures ranging between
T = 293 and 323 K. UV/Vis spectra were recorded at room tem-
perature with a Perkin—Elmer Lambda 19 spectrophotometer using
0.1 cm quartz cells.

X-ray Crystallography: A  well-shaped red-brown crystal
(0.04 % 0.02 % 0.02 mm?) of KgNa,[(P,W;70¢1)>{M04S,04(OH,),}]
+50H,0 was mounted in a Lindemann tube for indexing and inten-
sity data collection at room temperature using a Smart CCD dif-
fractometer with graphite-monochromated Mo-K,, radiation (4 =
0.71073 A) at room temperature. Unit cell dimensions were refined
by a least-squares fit of reflections. Of the 31381 reflections, 6463
unique reflections (Ri,; = 0.1412) and 9695 were considered
[/>2a(1)]. Corrections for polarization and Lorentzian effects were
applied. An absorption correction was performed by using the SA-
DABS programl®! based on the methods of Blessing.*l Direct
methods were used to locate the heaviest atoms and then sulfur,
potassium, phosphorus, and oxygen atoms were found from suc-
cessive refinements by full-matrix least-squares methods using the
SHELX-TL package.[*!"*?1 The final refinement cycle, including the
atomic coordinates, anisotropic thermal parameters (atoms of the
heteropolyanion), and isotropic thermal parameters (for the K*/
Na* cations and oxygen atoms of crystallization water molecules)
converged towards R; = 0.0573 and wR, = 0.1264. Crystallographic
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data are given in Table 3. Note that some water molecules and so-
dium and potassium cations were found disordered, whereas the
molybdenum atoms of the central [Mo04S;04(OH,),] cluster were
found statistically distributed over two positions (SOF = 0.5). Fur-
ther details on the crystal structure investigation may be obtained
from the Fachinformationszentrum Karlsruhe , 76344 Eggenstein-
Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdat-
a@fiz-karlsruhe.de), on quoting the depository number CSD-
422723.

Table 3.  Crystallographic  data  for

{Mo045,04(0OH>),}]-50H,0.

KoNa;[(P,W704))2-

Formula H104K9M04Na70173P4S4W34
M, 10351.8
Color brown
Crystal dimensions [mm?] 0.04X0.02 x0.02
Crystal system orthorhombic
Space group Tpam

T [K] 296(2)

a[A] 38.0443(4)
b[A] 20.6186(3)

¢ [A] 21.8730(3)

v [A3] 17157.6(4)

zZ 4

Pealcd. [ng73] 4.014

u [mm] 23.435

0 range [°] 1.07-23.53
Reflections measured 31381

Unique reflections (R;,¢) 6463 (0.1412)
Observed [I>2a(1)] 9695

Refined parameters 563

Ry (P& 0.0573
WR,(F?)MP] ) 0.1264
Ap(max/min) [e A] 2.163/-1.705

[a] Ry = [Z|F| — [FJVEIF]. [b] wRy = {[Ew(F,® — F2))[Zw-
(FAW V2 with 1/w = 62F2 + (aP)*> + bP, P = [F,2 + 2F2)/3, a =
0.0801, and b = 0.

Syntheses: All chemicals were commercially available and of rea-
gent-grade quality and used as received. The cyclic precursor
(NMey), Ks ([1,M0;¢S1009(OH);o(H>0)5]20H,O was prepared as
described previously.*3] The monovacant heteropolytungstate o,-
K0P, W1704:-20H,0 was prepared according to the procedure de-
scribed by Contant.*4!

KoNas[(P2W7061)2{M04S,04(0OH,),}|-50H,0 (1): (NMey). K, -
[1,M01¢S10019(OH);o(H,0)5]:20H,O (2.8 g; 1.17 mmol) was hy-
drolyzed in 0.3molL ' HCI (85mL). Then K,o[a-PoW,;0¢]
*20H,0 (20.0 g, 4.07 mmol) was poured into the solution under
vigorous stirring. The color of the solution quickly turned from
yellow to deep red-brown. After 30 min, potassium chloride (7 g,
93.9 mmol) was added, provoking the precipitation of the brown
potassium salt. After 1h of slow stirring, the solid was collected
by filtration, washed with ethanol and diethyl ether, and dried in
air to give 18.8 g of a brown powder. The crude product (10 g) was
dissolved in a 0.5 mol L' NaCl solution (100 mL) and allowed to
stand to crystallize at room temperature. A week after, needle-
shaped brown crystals were collected. Yield: =50%). 3'P NMR
[D,O/H,O (1:1)]: 6 = -7.53, —13.38 ppm (1:1 intensity ratio of
peaks). FTIR: ¥ = 1081 (m), 1052 (w), 1019 (w), 938 (s), 840 (m),
760  (m), 526 (m), 466 (w)cm . KoNay[(P,W;O¢),-
{M04S40,4(OH,),}]-50H,O: caled. K 3.40, Na 1.55, P 1.20, W
60.38, Mo 3.71, S 1.24; found K 3.44, Na 1.46, P 1.30, W 58.41,
Mo 3.72, S 1.25.
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Supporting Information (see footnote on the first page of this arti-
cle): Representation of the crystallographic disorder within the cen-
tral [H4Mo04S,40¢] cluster and Arrhenius plots are presented.
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