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[(PW11030)2(M04S404(0OH,),)]*~ anions were obtained through the stereospecific addition of the [M0,S,0,)*
oxothiocation to the monovacant o-[PWi103g)"~ anion. Kio[(PW11030)2(M04S404(0H,),)]-25H,0 has been isolated
as crystals and characterized by X-ray diffraction. The structure revealed a “sandwich-like” dimer of two o-[PW1;Og9]" ™
subunits assembled by the noteworthy central cluster { HyM0,S40s} . The crystallization of the crude product produces
an isomerically pure compound, which was characterized by P and '8W NMR. IR data were also supplied. In
solution, the compound isomerizes, giving a second diasterecisomer. A kinetic experiment, carried out by 3P
NMR, allowed the conditions of the thermodynamic equilibrium to be determined. A structural relationship between
the two isomers is proposed, fully consistent with NMR data. Cisoid and transoid isomers result in the relative
disposition of each [PW1;030]"~ subunit, either staggered or eclipsed. An investigation of the formation of the
[M0,0,S,]?* unit from the polycondensed cyclic precursor [Mo30S10010(0H)10(H,0)s] and the aggregation process
resulting in the oxothio [(PW11030)2(M04S404(0H,)2)]*~ compound has been undertaken. The studies were monitored
by 3P NMR and UV-vis spectroscopies. The reaction is quantitative in nearly stoichiometric conditions.

Introduction that sulfur-Il) ions are generally invoked for stabilizing
lower oxidation statesV, +1V, and +l1ll) of Mo or W
atoms? incorporation of S-Mo(W) clusters in the POM
medicine that require a continuous improvement of efficient framework is expe_cted to. .produce a new ger_1erat|on.of
polyoxometalates with modified electronic properties. Earlier

and adapted molecular materiél$o this end, such a class works demonstrated that oxvaen can be replaced by sulfur
of compounds offers the possibility to use polyvacant anions . Y9 P y

as primary building blocks to construct step-by-step, sophis- in POM architectures. In 1985, Klemperer and Schwartz

ticated, and well-designed multi-unit compounds. The me’[hodir]tromm:"CI the first sulfur atom in a Linquist anion and
, . ) . . s
proved to be fruitful for giving compounds which have obtained the mixed oxethio compound [WYNbS)Qig*".

. L - The reaction was conducted by the use of adequate sulfuring
reached now the nanoscopic domain with original structures S . .
o . reagent, the hexamethyldisilathiane (§4%i,S, which was
and unusual combinations of properties. Conversely, mo-

lybdenum-sulfur clusters are present in metallo-enzyrhes, revealed to be selective in the-@ substitution on the Nb

and the effect of sulfur-donor ligands on the chemistry of Zt?;nwlnNgOS w;ﬂa:](\;\::)r/(,)pv(\;iaerﬁts:dae: dthc;fla?;%i(;?iiletdo tt::g
. . H H = 11! 40
molybdenum is therefore of important interé€n the basis {Nb=S}-introduced group in the Keggin aniérthen, we

* Author to whom correspondence should be addressed. E-mail developed another route of synthesis for sulfur-containing

Current activity in the chemistry of polyoxometalates is
largely driven by potential applications in catalysis and

c?d)ot(@)cgimitfe.uvsq.fr. Il:axr:]+63) 1‘3|9‘ 25 43 81. | D polymetalates. In 1996, we isolated thgSiW oM ,S,034] ¢~
1) (a) See for example the special issues on polyoxometal m. ; ; (" 2+ i
Rev. 1998 988) andC. R. Acad. Sci. Paris, Ser. Id998 (b) by reacting the thiocationic core P®;S]*" with the
Polyoxometalates: From Platonic Solids to Anti-Retral Actizity; divacanty-[SiW,¢Osg]®~ anion? The key to the method was
Pope, M. T., Milier, A., Eds.; Kluwer: Dordrecht, The Netherlands,
1994. (4) Shibahara, TCoord. Chem. Re 1993 123 73-147.
(2) (a) Spiro, T. G., EdMolybdenum Enzymg¥/iley: New York, 1985. (5) Klemperer, W. G.; Schwartz, @norg. Chem 1985 24, 4459.
(b) Stiefel, E. 1., Coucouvanis, D., Newton, W. E., Etfolybdenum (6) Cadot, E.; Beeau, V.; Seheresse, Anorg. Chim. Actal995 239,
Enzymes, Cofactors and Model Systef3S Symposium Series 535; 39.
American Chemical Society: Washington, DC, 1993. (7) Cadot, E.; Beeau, V.; Halut, S.; Sgheresse, AHnorg. Chem.1996
(3) Coucouvanis, DAdv. Inorg. Chem 1997, 45, 1. 35, 551.
10.1021/ic026191j CCC: $25.00 © 2003 American Chemical Society Inorganic Chemistry, Vol. 42, No. 11, 2003 3609

Published on Web 05/09/2003



Marrot et al.

found from a work of Coucouvanis et.alvho reported on solution. The isomerically pure compount-K;[(PW110s30),-

an elegant way to produce selectively and quantitatively the (M04S:04(OH;))]-20H,0 selectively crystallized from the isomer

[M0,0,S;]2* oxothiocatiorf We extended the Coucouvanis Mixture. The resulting filtrate was allowed to stand at room

reaction scheme to the tungsten analogued¥®]2".” Thus temperature. A week was required for the growth of well-shaped

we characterized the “sandwich-type” compound [¢24) _’ parallelepiped crystals suitable for the X-ray diffraction experiment.
o . . vz A, compound was obtained (8.0 g), with 80% yield based on

(M20,S,(H20),)3]*% in which the three oxothiometallic cores 10

{M>S,0,} act as linkers between the trivacanfPWeOsq® [(PW11039)2(M04S404(0OH,)2)]1%. Crystals were strongly unstable

; i in ambient air and rapidly lost five water molecules of crystalliza-
subunits; whereas Miler et al. gave an example of the 5. 25 water molecules were located by the X-ray diffraction study

conversion of [M@Sy(H20)]*" into the nanosized cluster i the glass tube-stabilized crystal and 20 by the TGA experiment
complexes [[(SIW1039)M03zSy(H20)s(u-OH)]]** and [[(P- on the air-stable hydrate.

W17061)M03Sa(H20)3(u-OH) 2]~ by reaction with [SiW:- 3P NMR in DO—H,0O (1:1) showed a main peak &(A;) =
03¢® and [RW1/061]'%", respectively’® Regarding the —10.95 ppm, but as the isomerization reaction took place, the profile
potentialities of the method and the growth of interest for of the second peak, grew from the background (less 5% after 5
such compounds, this field of investigations continues to be min at room temperature).

one of our main focuses. We present herein the synthesis Elemental analysis was performed by the Service Central
and characterization of the oxthio heteropolyanions, d’Analyses du CNRS. The water content was determined by thermal
obtained from direct addition of the dication [M2,S;]2* gravimetric analysis (TGA experiments) with a TGA7-Perkin-Elmer

on the monovacant polyanian-[PW1,0sg 7. apparatus. _
Infrared spectra were recorded on an IRFT Magna 550 Nicolet
Experimental Section spectrophotometer using the technique of pressed KBr pellets.

183V NMR spectra were recorded at 2C from a saturated
solution in polyanion (Li salt) on a Bruker AC-300 spectrometer
operating at 12.5 MHz in 10-mm tubes. Chemical shifts were
referenced to an external 2 miot'! Na,WO;, solution in alkaline

Synthesis.All chemicals were commercially available reagent-
grade quality and used as received. The cyclic precut§owés
prepared by the synthetic procedure described in ref 11. The

previous characterizatiéh'® of this crude compound led to the b 5 a1 to then-dodecatungstosilicic acid as secondary standard
composition Klz[M016510010(OH)1o(H20)s] - 15H,0-eNMe:N ac- (5 — _103.8 ppm). The saturated aqueous solution ofyLi

cording to the elemental analysis: calcd (found) K, 3.50 (3.55); I, [(PW11030)2(M04S,04(OHy)2)] was obtained by cationic exchange
10.87 (11.03); Mo, 40.77 (40.80); S, 13.59 (13.71). The monovacant u¢ i corresponding potassium salt through a Dowex 50W-X2 resin
heteropolytungstate-K7PW1:0sq 14H,0 was prepared according (| j+ form). The eluate was evaporated until dry and dissolved in a
to the procedure described by Contét. mixture of HLO—D,0 (v/v) to obtain a concentration of about 0.8
A1 7K 1[(PW11039)2(M04S104(OH>),)] - 20H,0. Kol 3[M016S16010- M
(OH)10(H20)s]- 15H,0-eNMey (1) (3.15 g; 1.28 mmol) was sus-
pended in 100 mL of water with 4 mL of 4 mal~t HCI. Then
K7PW;1039014H,0 (19.0 g; 5.93 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 (22 g; 295.1 mmol) was added, provoking the precipitation
of the brown potassium sak ;o[(PW11039)2(M04S;04(0OH>)2)]
20H,0. After 12 h under slow stirring, the solid was collected by
filtration, washed, and dried with ethanol and diethyl ether to give

19.7 g of a brown powder (95% yield based on W). The crude concentration.
product was a mixture of two isomers, notgandA,. Anal. Calcd X-ray Crystallography. A well-shaped red-brown crystal (0.40

(found) for Kio[(PWi11030)2(M04S404(OH;),)]-20H,0: K, 5.82 x 0.40 x 0.3 mn?) of Kid(PW11039)2(M04S404(OH,)2)]-25H,0

(5.55); W, 60.02 (60.05); Mo, 5.71 (5.76); S 1.91(1.93p NMR was mounted in a Lindemann tube for indexing and intensity data
in D20,—H,20 (1:1) showéd twlo peaks é(A,l) — ~10.95 ppm and collection at room temperature on a Siemens SMART-CCD area

3P NMR spectra were recorded at the nominal frequency of
121.5 MHz. Spectra were referenced to external 8598@ in
5-mm tubes.

UV—vis spectra were recorded at room temperature with a
Perkin-Elmer Lambda 19 spectrophotometer using 0.1-cm quartz
crystal cells. The formation of the aqua ion KB)sM0,0,S;]%"
from the polycondensed ring [Mg§5:6010o(OH)10o(H20)s] was studied
at constant ionic strength, imposed by a 0.05 <mol NaCl

8(A2) = —10.86 ppm with a 25:75 intensity ratio. FTIR{cm-1: detector syste_m equippe'g with a nprmal—focus, molybdenl_Jm-target
1096(m), 1035(sh), 973(sh), 950(s), 891(m), 853(s), 775(s), 690- X-ray tube_ @ = 0.71Q73 ). I_ntensny data were coIIected_ln 1271
(vw), 597(vw), 579(vw), 515(w), 469(vw), 367(m), 328(m). frames with increasingy (width of 0.3 per frame). Unit cell

dimensions were refined by a least-squares fit on reflections. Of
Al-K10[(PW11039)2(M04S404(OH2)2)]’20H20. The crude prod- X . . -
uct Az Kaof(PW11050)2(M0SiO4(OH,)»)]-20H,0 (10.0 g; 1.48 the 19 197 reflectlor)s, 13 275 unique refle_ctloﬁﬁt(— O.(_)53_1)
mmol) was dissolved in 300 mLfa 1 motL— KCl aqueous and 9695 were considereldx 20(1)). Corrections for polarization
and Lorentz effects were applied. An absorption correction was
(8) Coucouvanis, D.: Toupadakis, A.; Hadjikyriacou, Worg. Chem performed using the SADABS prograhbased on the methods of
1988 27, 3272. Blessing!® Direct methods were used to locate the heaviest atoms,

(9) Bereau, V.; Cadot, E.; Bgge H.; Muler A.; Skcheresse, Flnorg. and then sulfur, potassium phosphorus, and oxygen atoms were
Chem.1996 38, 551.

(10) Midler. A Fedin. V. P.; Khulmann, C.; Fenske, H. D.; Baum, G.; found from successive regnemer)ts by fqll-matrlx Ieast-sguare§ using
Bogge, H.; Hauptfleisch, BChem. Commurl999 1189. the SHELX-TL packagé’ The final refinement cycle including
(11) Cadot, E.; Salignac, B.; Halut, S.:®®resse, FAngew. Chem., Int. the atomic coordinates, anisotropic thermal parameters (atoms of

Ed. 1998 37, 611-612. the heteropolyanion), and isotropic thermal parameters (for the K

(12) Cadot, E.; Salignac, B.; Marrot, J.; Dolbecq, A.cBeresse, FChem.
Commun 200Q 261—-262.

(13) Cadot, E.; Salignac, B.; Dolbecq, A.;cBeresse]. Phys. Chem. Solids (15) Sheldrick, G. MSADABSProgram for scaling and correction of area
2001, 62, 1533. detector data; University of Gtingen, Germany, 1997.

(14) Contant, RCan. J. Chem1987, 65, 568. (16) Blessing, RActa Crystallogr 1995 A51, 33.
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Table 1. Crystallographic Data for k[(PW11039)2(M04S404(OHy)2)]* Table 2. Selected Bond Lengths [A] for [(PWOs39)2(M04S404-
25H,0 (OHp)2)] 20
formula K1o[(PW11039)2(M04S404(0OHy)2)] - 25H,0 bond lengths [A] average [A]
M, [g mol™1] 6753.64 {PWi4} subunit
color brown W=0 1.674(14)-1.709(15) 1.697
cryst dimension [mm] 0.4 0.40x 0.30 W—-0(W) 1.806(12)-2.041(12) 1.915
cryst syst triclinic W—0(Mo) 1.761(9)-1.773(10) 1.757
space group P1 W-0O(P) 2.327(11y2.496(9) 2.406
TIK] 298 P-O 1.527(10)-1.540(11) 1.534
o i1erea (a0 coe
[/:\] 19-9173(3) MoA=0 1.685(15)-1.696(16) 1.690
c[A] -9173(3) MoA—O(MoB) 2.201(15) 2.204(14) 2.202
al’l 84.302(1) MoB=0O(MoA) 1.701(14)-1.687(14) 1.694
BLI g}l-iéj(i) MoB—OH, 2.176(15)-2.204(16) 2.196
C[[ Aﬂ S 78 Mo—S 2.290(6)-2.317(6) 2.294
7 1 : Mo—0O(W) 2.025(14y-2.147(12) 2.075
_ 3.993 Mo—Mo

Z[r'nﬁfl’]" y 3%, syn 2.824(8)2.772(8) 2.798
o tange I 58,00 anti 2.841(8)-2.847(8) 2.844
reflns measured 19197 |
unique refins Ru) 13 275(0.0531) angles ] average ]
observedI(> 20(1)) 9695 Mo—S—Mo
refined params 677 syn 74.6(3)77.0(3) 75.2
Ru(F)? 0.0599 anti 76.3(3)-76.9(3) 76.6
WRo(F2)P 0.1524
Ap(max/min) [e A3 4.224/-2.349

ARy = (3|Fol — IFc))/TIFcl. PWRe =(FW(Fe? — FAA)/Y W(FeA)?, with
1w = 0%Fs2 + (aP)? + bP, P = (F2 + 2F2)/3, a = 0.0801, anc = 0.

Figure 2. Highlighted transoid arrangement: The two equivalent hatched
octahedra clearly show the 186taggered conformation of the tf&W;1}
subunits.

the two{ M0,0,S;} moieties to interact through a quasi-linear
double Mo-O—Mo bridge. An inversion center generates
the dimeric anion from the asymmetric unit. In the resulting
Figure 1. Perspective view of the transoid anial(somer) [(PW10so)z- compound, the twoa-{PWi} subunits have no local
(M04S404(0OH,)2)]%". The central clustefHsM04S4O¢} is represented in -~ symmetry and have relative 188taggered conformations

the ball-and-stick model, whereas a coordination polyhedra representation /: ; ;
is used for the twqPWy4}. The two distinct Mol and Mo2 atoms are (Flgure 2)' Accordlng to the termmomgy proposed by Pope

disordered over two positions labeled A (outer) and B (inner). et al. for uranyl-containing complexes, tig compound
corresponds to a transoid isonté&iThe two Mo atoms of
cations and oxygen atoms of crystallization water molecules) the asymmetric unit are symmetrically placecer, rather
converged toward?, = 0.0599, WR, = 0.1524. Crystallographic  than in the vacancy site in eack-[PWq]. A similar
data are gi\{en in Table 1. The anion with selected Iabgled gtoms iSassociation has been previously reported by Finke et al. in
shown in Figure 1. Selected bonds and angles are given in Tablethe structure of the “(BV.7Ru),—0” dimer® In the former
2. compound, the two monovacant heteropolyanmifiB,W,7]%
Results and Discussion are attached to a centrdlCI—Ru—O—Ru—Cl}** cluster
(instead of H4M04S,0¢} **), in a transoid fashion. Another
example is the “sandwich-like” compound [SiWI03S;-
(OH,)3(0OH)]..1° The central cationic cluster results from the
bridging of two { M03Ss} 4" clusters by a double hydroxo

Molecular Structure of A3-[(PW11039)2(M04S,04-
(OH)2)]*". In the Solid State.The molecular representation
of the structure given in Figure 1 reveals a dimeric associa-

]E|0n of two o PEPW11039] unrts sa_n_dwwhmgéltwi %Xf’th';’ junction, whereas the two hanging[SiW14]® units are in
ragments. The w@Mo.0.S;} entities are blocked in the 5 wopjinsed” arrangement to give a cisoid isomer. In the

center of the molecule and are directly and symmetrically A+ compound, the two molybdenum atoms Mol and Mo2
bonded to the four terminal oxygen atoms, delimiting the .0 oqually distributed over two positions, labeled A and B

vacancy of eacl-[PWi,] subunit. In this arrangement, the ¢, o ter and inner Mo, respectively. Such a disorder induces
a-[PW] subunits act as bis-bidentate ligands, constraining gq e ampiguity in the complete description of the structure,

(17) (a) Sheldrick, G. MActa Crystallogr 199Q A46, 467. (b) Sheldrick,
G. M. SHELX-TL, version 5.03; Software Package for the Crystal (18) Termes, S. C.; Pope, M. Transition Met. Chem1978 3, 103.
Structure Determination; Siemens Analytical X-ray Instrument Divi- (19) Randall, W. T.; Weakley T. J. R.; Finke, R. (Borg. Chem 1993
sion: Madison, WI, 1994. 32, 1068.
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Figure 4. 3P NMR spectra: (a) purA; isomer (transoid) after 5 min in
solution at 25°C; (b) mixture ofA; (transoid) and\, (cisoid) at equilibrium

(the multiplet patterns are due to tR&_o-w coupling expected in the
1-2 Hz range).

be formulated upon the geometry of the central cdte-
M04S4:06}#t. The u-disulfido-bridged dinuclear molybde-
num(V) has been observed in both syn and anti stereochem-
istries??223and here, the geometrical data, bond lengths, and
angles are compatible with both the geometries (Table 2).
The bonding scheme in the syn and anti isomers of the
{M0,S,} %" core was theoretically studied, and calculations
Figure_d3- Perspective vieV¥ v(\)/;‘tghﬁ’\;IVF\EOdF;?;Sigisag?:gt?mgt?hscgethe using extended Hikel and FenskeHall approaches indi-
::rc?rr:tseii);\ingnéogyg]s;a/grsgrrw?c?rnmation in th¢H4M64S406)}/ centra)tll core; (b) cated that the Syn_ !Somer is the most Stébl_E'ShOUId pe .
C, symmetry structure exhibiting an antanti conformation for the Hy- noted that the anti isomer has been exclusively obtained in
Mo04S4Og} central core. anhydrous solvent as GEBN. A rational synthesis of the

) ] ] _anti core has been previously reported by Coucouvanis et
which requires the location of four protons, necessarily g 23 The starting material used was the [MBSs)2~ anion,
distributed over the six oxygen atoms of the central \hich permits a free rotation of the tWdo=0} moieties
{Mo04S,0¢} cluster. Bond valence sum (BVS) calculations along the Me-S—Mo bridges?® producing in CHCN
clearly agree with two unprotonated Keggin units. Con- gqytion the two syn and anti isomers. The conversion of
versely, the presence of two aquo ligands, each bonded Qe anij into the syn conformation iss&*-catalyzed, and
Mo1B and Mo2B, fully confirms the BVS calculatiod3! ;s the presence of the anti conformation in water-containing
In fact, the disorder of the Mo atoms generates two distinct ¢ vent is likely not expecte®®. These features rather argue

distances for terminal MeO bonds: the long MoBO for a syn-syn interaction, depicted in Figure 3a, without
distances [2.176(15)2.204(16) A] reflect the presence of  any change in the syn conformation of the dinuclear cores
terminal aquo ligands, whereas the shortest M@Adis- during the assembling process. Ultimately, the definitive

tances [1.685(15)1.696(16) A] are characteristic of terminal conclusion for this unusual clustéHsMo.S:Og}** should

0x0 groups. At this point, the location of the two terminal - aquire theoretical calculations to deduce the most stable
aquo ligands is ambiguous because several possibilities exist.onformation.

to distribute the Me-OH, groups within the central NMR Characterizations in Solution. The 3P NMR
{M0_484OG} cll_Jster. Therefqre, only the two possibilif[ies spectrum of theh1-[(PWi110s6)2(M04S:04(OHy)2)] 10, given
depicted in F!gulre 3, 5?80""'”@2 andC; symmetry are in i Figure 4, consists of a single line-£0.95 ppm) showing
agreement wit#'P and'®3W NMR characterizations (se€  that the two{PW4y} subunits of the dimer are equivalent
below). TheC, symmetry involves two syn dimers (Figure  anq in agreement with the single-crystal X-ray diffraction
3a), whereas for th€; possibility, the two[M0,S,02} cores  gydy. Therefore, th&P NMR spectrum is time dependent
have the anti stereochemistry (Figure 3b). In@esolution, because the-10.95 ppm line, assigned to the compound,
the disorder results in the statistical distribution of two gradually decreases to give a second line-40.86 ppm
_enantiomers over a single p_osition to give a ra_cemic mixture sitributed to theA, compound (Figure 4). The kinetic of the
in the crystal. In theC; option, the disorder is due to a onversion process was monitored B NMR at 60°C

statistical stacking of the anioAt this stage, the data agree 5.4 is graphically shown in Figure 5. The chemical system
with the two possibilities, and no definitive conclusion can

(22) Bunzey G.; Henemark, J. H.; Howie, J. K.; Sawyer, DJ.TAm. Chem.
(20) The BVS are calculated according to ref 21. For an unprotonated Soc.1977 99, 4168.

oxygen atom, the BVS results fall between a range 2 and—1.8, (23) Coucouvanis, D.; Hadjikyriacou, A. |.; Toupadakis, A.; Koo, S.-M.;
whereas the diprotonated 041 and O42 have values®#5 and lleperuma, O.; Draganjac, M.; Salifoglou, Aorg. Chem1991 30,
—0.48, respectively. 754.

(21) (a) Brown, I. D.; Altermatt DActa Crystallogr 1985 B41, 244~ (24) Chandler, T.; Lichtenberger, D. L.; Enemark, Jlirrg. Chem 1981,
247. (b) Brese, N. E.; O'Keefe, Micta Crystallogr 1991, B47, 192— 20, 75.
197. (25) Hadijikyriacou, A. I.; Coucouvanis, Dnorg. Chem 1989 28, 2169.
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Figure 5. Kinetic plots of the isomerization process of theinto theA;
isomer at 60°C.

Yy

-100 -110 -120 -130 -140 -150 -160 d/ppm

Figure 6. 183V NMR spectrum of the\; isomer (0.4 moL 1 at 23°C)
after 2 h of acquisition.
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Figure 7. 183W NMR spectra of the\; isomer (a) afte2 h and (b) after
48 h. Arrows highlight the 11 additional lines of te compound.

reaches an equilibrium state after abdu h at 60 °C,
characterized by a 2:1 intensity ratio for the and A;

180° rotated group

A,- trans-oid A4~ cis-oid

Figure 8. Relationship between the transoid and cisoid arrangements in
[(PW11030)2(M04S404(0OHy)2)] 1%

and exhibit no local symmetry in th&; (transoid) as well
as in theA, arrangement$8W NMR data of theA; andA,
isomers are reported in Table 3.

Relationship between theA; and A, Arrangements. The
very close’'P and®3W NMR features and the possibility to
convert reversibly and reciprocallf; into A, argue for an
isomeric system. Actually, thA; arrangement, which has
been structurally characterized by single-crystal X-ray crys-
tallography, can provide naturally one isomer through the
rotation of one{PW,,} subunit of 180 with respect to the
other two, to give the cisoid isomer, as depicted in Figure 8.
In the two isomersA, and A;, the two {PWi} subunits
exhibit exactly the same mode of connection within the
central tetranuclear core. In the (cisoid) isomer, the two
{PW,,} are equivalent and exhibit no local symmetry,
according to the observed singl¥ line and the 128W
resonances. At this point, the determination of the symmetry
of the anion remains ambiguous and depends on the location
of the two aquo ligands to give a sysyn or anti-anti
interaction within the central core. Despite the long distance
observed between the twd®W;5} (about 12 A), making
them nearly independent, a slight but significant contribution
of the relative orientations of th€PW;3} subunit to the
stability of the isomer is observed. At the equilibrium, the

(transoid) resonance lines, respectively. The close chemicaldistribution corresponds to/&/A; ratio equal to 2, signifying
shifts related to the two resonanc@(% 0.1 ppm) and the an increasing Stabl'lty for the cisoid arrangement. The Iong
possibility to regeneratd; from the 2:1 mixture in quantita- ~ distance between the tdW.} polyanions, which can be
tive yield by crystallization are good arguments to state that Viewed as spherical bulks, prevents any mutual steric
bothA, andA; are related through an isomerization process. influence but rather argues for an electronic effect such as a
The 183W NMR spectrum of theA; isomer, shown in  trans influence, spread along the M8 bonds. The origin
Figure 6, consists of 11 equal resonances attributed to theof such an effect likely arises from the difference of the
11 tungsten atoms involved in the[PW;10547~ subunit basicity of the oxygen atoms s_urroun_dmg the vacancy of Fhe
with no symmetry. Eight peaks are well-resolved, whereas { PWii} polyanion. The facile isomerization of the transoid
three resonances Over|ap at aboeut50 ppm, g|V|ng an SpeCieS is due to the Iablllty of the M@® bonds involved
asymmetric pattern. This result confirms that the lack of in the Mo—O—W junctions. The Me-O bond lengths
symmetry, yet observed in the solid state for the {1} [2.025(14)-2.147(12) A] are substantially longer than the
moieties, is maintained even in solution. These 11 reso- W—O bonds [1.761(9)}1.773(10) A], which have partly
nances, observed betweeri00 and—160 ppm, have the retained the double bond character as in the parent
usual values reported for octahedral tungsten(VI) atoms in ®-[PW110s] "~ (see Table 2). Thus, the dimeric association
an oxide-ions environment. As previously evidenced®y can be viewed as a labile complex where the two bulky
NMR, the 183V NMR spectrum changes with time to show -[PWx1] units have the possibility to wheel around an axis
11 additional lines, characteristic of the compound (Figure ~ Passing through the centr§HsMo,S,0c}*" cluster (see
7). Finally, the resulting®W NMR spectrum exhibits two ~ Figure 8).

sets of 11 lines as expected for the isomerization pinto
A,. At the equilibrium, the relative intensities of tR&W
signals are in agreement with a 3/2/3 proportion forA;

andA,, respectively. The tw§PWi,} subunits are equivalent

Synthesis. Hydrolysis of the Thioprecursor.We report
here on a straightforward procedure to generate readily a
solution of oxothiocation. The method consists of an acidic
hydrolysis of the cyclic precursof Ko(N(CHs)s)o7d2.75
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Figure 9. (a) UV—vis spectra of{ M020,S;}-containing solutions at

various pH. (b) Graphical treatment of the data according to the proposed

equilibrium: [Moyg] + 10H" = 5[Mo]?*.
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Figure 10. UV-vis spectrum of (a) the monovacant precursor

[PW1103¢]~ and (b) the red-brown products o [(PW11039)2(M04S404-
(OH)z] %0~

[M010S10010(0OH)10(H20)s]} - 15H,0 (1) to give the reactive
[Mo0,S,0,]?" thiofragment. The precursot)(was synthesized

Marrot et al.

expressed by eq 2, wheeg (5163 mot-L-cm™) and ¢,
(7370 mott-L-cm™t) are the molar extinction coefficients
per dimer of [M@?"] and [Moy], respectively (see Table
4).
e=Xe€,—€) T e (2)
The concentrations in [Mé"] and [Moy] at the equilib-
rium are deduced from threvalues and the global concen-

tration in dimer and then used for the calculation of the
equilibrium constant (eq 3).

K = [MoqJ[H i

Mo 25 )
The various experimental absorptions obtained from the
€ values at 280 nm give a set of reliable data in agreement
with the linear expression deduced from the logarithmic
conversion of (3). A graphical treatment (Figure 9b) gives
pK = 8.9.
Formation of Al,z-[(Pwlloag)z(M048404(OH 2)2)] 10- The
UV —vis spectra of the parent[PW;0sg " (notedo-[PWi4])
and the thiOdel'ivatiV@lvz[(PW]_]_Ow)z(MO4S404(OH2)2)] 10-
(noted [PW;Mo;]) are shown in Figure 10. The first
experiment studies solutions with a fixed [Ri¥{dimer] ratio
of 1 by varying the pH. The concentration in [RMo0;] is
determined by measuring the absorbance at 440 eim (
2222 mof*-L-cm™! per dimer). Absorptions in the 420
500 nm range are characteristic of the red-brown thioderiva-
tiveSAlvz-[(PWnO:;g)z(MO4S404(OH2)2)] 10- pecause [MQ)],

through a selective oxidation process of the dianionic primary [M02]**, and [PW] do not exhibit significant absorptions

precursor [M@0,Ss])%~, followed by a basic treatment which
isolates the{ M0,0,S;} fragment under a polycondensed
form. The neutral [M@S10010(OH)10(H20)s] molecule, noted
[Mo1g], was extracted from solution as a bis-iodide complex,
{1,Mo10)?~, which has been structurally characterized by
single-crystal X-ray diffraction through recrystallization of
1 in DMF medium. The behavior of the [Mg ring in
varying acidity was followed by UWvis spectrometry;
selected spectra of solutions of 0.00182 rhot in [Mo,]
dimer are shown in Figure 9, and W\Wis spectroscopic data
are presented in Table 4. The acidification of a Mo
solution, from pH 3.5 to 1.70, brings significant changes in
the UV—vis features. In the 2606450 nm region, the

in this region. The formation of [P¥WMo,] versus the H
quantity per dimer is graphically shown in Figure 11a. The
results reveal that at pH 2.9 (3.5 H per dimer), about
80% of the monovacant [P\ is converted into [PWWMo,]
thioderivatives. At lower pH, decomposition of [RW®sg] "~

into [PWy5]®~ is observed, which decreases the yield of the
expected compound [(PW11039)2(M04S404(0OH,),)] 0.
The second experiment (Figure 11b) confirms the 1:1
stoichiometry of the complex and reveals that a quasi-
stoichiometric ratio Hi/dimer leads to a total conversion of
the precursors into th&; »[(PW11036)2(M04S,04(OH,)2)]1%
product. The spectral titrations of a [IMpsolution contain-
ing 4 H per dimer by [PW;0s¢]”~ are graphically shown

presence of two isosbestic points for three main absorptionsin Figureilt_). A break point is observed in the curve at
(maxima and shoulder) seems to be in agreement with an[PW110s¢]/dimer= 1, confirming the complete conversion

equilibrium involving only two absorbing compounds. At
pH below 1.80, the UV-vis spectrum exhibits the charac-
teristics of the aqua ion [(#D)sM0,0,S;]?" in good agree-
ment with those reported in the literat#fe’ Then, the
equilibrium related to the changes of the YVis absorptions
can be expressed as eq 1.
[Mo,J + 10H" =5 [Mo,]*" (1)
The fraction of dimer under cationic form)(is extracted
from the molar extinction coefficient of the mixture,

3614 Inorganic Chemistry, Vol. 42, No. 11, 2003

of the precursors in stoichiometric conditions. Such a result
is supported by th&P NMR titration of a solution of [P\M]

by an acidified solution of [Mg)] (Figure 11c). Overalf'P
NMR spectra show that-[PW1,03] "~ (0 = —10.6 ppm) is
selectively converted into the two expected isom&is-
[(PW11039)2(M04S404(0OH,)2)]1% (6(A1) = —10.95 ppm and
0(Az) = —10.86 ppm). The addition of the oxothiocation to
the monovacant polyoxoanion is rapid and generates spon-

(26) Armstrong, F. A.; Shibahara, T.; Sykes, A. [Borg. Chem 1978
17, 189.
(27) Spivack, B.; Dori, ZJ. Chem. Soc., Chem. Commad®973 909.



Synthesis of a Heteropolytungstate Thiodeative

Table 3. 8W NMR Data for LiioAs- and Lito Az-[(PW11030)2(M04S404(OH)] in Water
isomer chemical shift/ppnidp-w/Hz)

Li10A1-[(PW11039)2(M04S404(OH),] 10~ —101.08; —103.6®, —118.60 (0.91)—122.2; —123.90 (2.0);-132.4®; —137.7G; —148.60; —148. 95
—159.20 (0.8)

Li10A2-[(PW11030)2(M04S404(OH)J] 1% —101.08;—105.85; —118.10 (0.95)—120.9@; —126.60 (1.0);—130.85; —137.4@; —143.05 (0.85):—149.48;
—149.5%; —150.6G

aThe P-W coupling constant is not observed.

; 0,5
2 90 T
. . __.___l_’———.—’
3 80 Lo m Ol " 100
o) g o 0,4
», 70 . b .
g 60 {6 (a) ® (b) L 80
= 3] F4
N 50 {9 s 03 c
= 2 T 60
N 40 B <) =
> 8 02 e
z 30 | g < 40
= 20 3
2 10 <|5 0,1 20
o .
0 10 ., 20 30 0 0 .
]-lﬁ—l-]- 0 05 1 15 2 25 3 0 0.5 1 1.5
. 7— dimer
[PW;,030] -
dimer [PW; 0591

Figure 11. Spectroscopic titrations in water: (a) Hitration of { Mo}/[PW11] = 1 solution monitored by UV-vis spectroscopy; (b) [P¥Os¢ "~ titration
of [M020,$,]2" with fixed ratio [H]/[M020,S;]%" = 4, monitored by UV-vis; (c) [M00,S;]2* titration of [PWi1030]”~ monitored by3!P NMR with
[H+]/{ MOQOzSQ} =4.

Table 4. UV—Vis Data for 0.00182 meL~! [M0,0,S;] Solutions (OH,)2)]*%, is general and could be extrapolated to other
peak/nm polyvacant polyoxoanions. Among the parameters of syn-
medium pH  (¢/mol™tL.cm™) thesis, the control of the pH appears crucial to obtain a high
[Moyq] [NaCIl]0.05motL™t 3.5 340 (1785) yield. The reaction of the monovacai{PW,;039]"~ anion
%gg gg7156)0) toward the acidic oxothiocation leads to a “sandwich-like”
[M0,0,S]2*  [NaClj0.05 molL-t  1.77 370 (1825) compound, enclosing a central unusual clustaMBiSsOg} -
300sh (4340) The isomerization process between cisoid and transoid was
280 (5480) evidenced by3'P and®W NMR, but these techniques,
225 (17 700) Ithough d by the singl | X-ray diffracti
[HCIOZ 2 mokL -1 370 (1770) although supporte .yt.e sing e-crystal X-ray diffraction
300sh (4165) method, do not allow discrimination between the arrangement
280 (5165) of the syn-syn (C, symmetry) and anttanti conformations

225 (16 600) (Cs symmetry). At this level, theoretical calculations should

supply additional information to determine the most probable

taneously the two isomers cisoid and transoid under equi-
arrangement.

librium conditions.
. Supporting Information Available: Crystallographic data in
Conclusions CIF format. This material is available free of charge via the Internet

The reliable synthetic procedure we developed for the & Nttp://pubs.acs.org.

formation of the title compoundys [(PW11030)2(M04S404- 1C026191J
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