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Interaction of the lacunary [o-XWqOg]°~ (X = As'", Sh'") with Fe®* ions in acidic, aqueous medium leads to the
formation of dimeric polyoxoanions, [Fes(H20)10(8-XWgO33),]°~ (X = As", Sh") in high yield. X-ray single-crystal
analyses were carried out on Nag[Fes(H20)10(3-AsWg033)2]-32H,0, which crystallizes in the monoclinic system,
space group C2/m, with a = 20.2493(18) A, b = 15.2678(13) A, ¢ = 16.0689(14) A, B = 95.766(2)°, and Z =
2; Nag[Feq(H;0)10(B-SbWg033),]-32H,0 is isomorphous with a = 20.1542(18) A, b = 15.2204(13) A, ¢ = 16.1469-
(14) A, and B = 95.795(2)°. The selenium and tellurium analogues are also reported, [Fes(Hz0)10(3-XWgOa3)2]*~
(X = SeV, Te"). They are synthesized from sodium tungstate and a source of the heteroatom as precursors. X-ray
single-crystal analysis was carried out on Csy[Fes(H,0)10(3-SeWg033):]-21H,0, which crystallizes in the triclinic
system, space group P1, with a = 12.6648(10) A, b = 12.8247(10) A, ¢ = 16.1588(13) A, a. = 75.6540(10)°,
S = 87.9550(10)°, v = 64.3610(10)°, and Z = 1. Al title polyanions consist of two (5-XWg0s3) units joined by
a central pair and a peripheral pair of Fe®* ions leading to a structure with idealized C,, symmetry. It was also
possible to synthesize the Cr(lll) derivatives [Cry(H20)10(8-XWg033)2]8~ (X = As', Sh"), the tungstoselenates(IV)
[M4(H20)10(8-SeW033),] 140~ (M™ = Cr3*, Mn%*, Co?*, Ni%*, Zn%*, Cd%*, and Hg?*), and the tungstotellurates(IV)
[M4(H20)10(B-TeWgO33),]16~40= (M = Cr3*, Mn?*, Co%, Ni2*, Cu?*, Zn%", Cd?*, and Hg%), as determined by
FTIR. The electrochemical properties of the iron-containing species were also studied. Cyclic voltammetry and
controlled potential coulometry aided in distinguishing between Fe®* and W&* waves. By variation of pH and scan
rate, it was possible to observe the stepwise reduction of the Fe®* centers.

Introduction However, the mechanism of formation of polyoxometalates

The class of polyoxometalates has generated substantial® "t well understood and is _commonly described as self-
interest in recent years because of a unique structural varietyasser_nbly‘ Therefore, the de5|gr_1 of novgl polyoxometalates
and exciting properties including catalysis, medicine, and remains a chgllenge for synthetic 'chemlsts..
materials scienck:® Polyoxoanions are usually synthesized 10 Synthesize novel polyoxoanions, a widely used ap-

in aqueous, acidic medium through condensation reactions Proach has been to interact lacunary heteropolyanion precur-
sors with transition metal ions. This approach usually leads

* Author to whom correspondence should be addressed. E-mail: t0 monomeric or dimeric polyoxoanions with expected

uIrich.kort_z@aub.'edu._Ib. Faxﬂ-_%l 1 744461. structures, for exampIeA[a-SiWQOM]W + 3CQt+t — [Cu3-
T American University of Beirut. . 10— 9 .
# Universite Paris-Sud. (H20)3(A-0-SiWe037)]**~ and 2B-a-PWgO3]° + 4Co*" —

(1) Chem. Re. 1998 98, 1-390. Thematic issue on polyoxometalates.  [Co(H20)(B-0-PWgO34)2]1%". However, Kortz et al. reported
(2) Polyoxometalate Chemistry: From Topologia Self-Assembly to

Applications Pope, M. T., Miler, A., Eds.; Kluwer: Dordrecht, The

Netherlands, 2001. (4) Pope, M. T.; Mller, A. Angew. Chem., Int. Ed. Engl991, 30, 34—
(3) Polyoxometalates: from Platonic Solids to Anti-Retral Activity; 48.

Pope, M. T., Miller, A., Eds.; Kluwer: Dordrecht, The Netherlands, (5) Pope, M. T Heteropoly and Isopoly Oxometalafe3pringer-Verlag:

1994. Berlin, 1983.
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recently that using a metastable, lacunary precursor (e.g.,V1¢Os7]".*? At a recent polyoxometalate symposium, Prof.
[y-SiW1003¢®") can lead to products with completely Krebs presented some novel structures of Se(IV) and Te-
unexpected geometriés. (IV) substituted heteropolytungstatés.

Of particular interest are polyoxoanions containing a hetero  The dimeric structural type [(WE(OH)(3-XW¢Oz3)2]*2~
group with a lone pair of electrons (e.g.,"AsSH"), because (X = SB", Bi") was first reported by Krebs et.&" The
this feature does not allow the closed Keggin unit to fdrm. authors were also able to substitute the two equivalent,
Some polyoxotungstates of this type have been structurally external tungsten atoms (with three terminal oxygen ligands)
characterized, and most of them consist of dimeric adductsby low-valent, first-row transition metals. This study has led
of incomplete Keggin units joined together by extra W or to a large family of compounds, [(WBM(H,O0)e(3-

X(I) (X = As, Sh) atoms, for example, [AsyW;0ASOH]'~,
[H2ASW1060] ", [ASaW20072(H20)2)127, [ASWo106e(H2-
0)15, [NH4AS:W400140C0x(H20)2]2%", [NaW,1ShyOsg] 28,
[Sb2W22074(OH)2] 12_, and [NQSb;W;;GOlgz(HzO)A,] 22-8 A few

XWgOs9),] @420~ (X = SH', M™ = Mn2*t, Fét, C?*, Ni2*;
X =Bi"", M = Fe*", Co*", Ni?t, Cli#T, Zn#h).89hRecently,
Krebs et al. also reported on a Sn(ll) derivative with the
same structure, [(Ws(WO(OH))o sSn; s(5-XW gOz3),] 105

years ago, Pope et al. reported the largest compound of thigX = Sb", Bi'").14

class, [Ad'1,Ceg(H20)36W1460s524 6.2 This gigantic structure
is composed of 12d-As"WgOs3]°~ and 4 [WsO1¢]®~ units.

Rogai et al. reported on some arsenic(lll) derivatives of
the Krebs structure, [A8V2,074(OH),]*?~ and [ASM W,0Ogg-

Very recently, Kortz et al. reported the largest arsenotungstate(QH),(H,0)s]8~ (M = Mn?*, Ce*", CL2+).15 However, very

known to date, [AYsWesO214H20)7]%6".1° This polyanion
consists of 4 innerd-As""WyO33) and 2 outer @-As'"' WoOss)

recently, we have shown that their proposed structures are
wrong!? Therefore, we were interested to see if we could

fragments that are linked together by a total of 11 corner- actually synthesize and structurally characterize some transi-

sharing WQ octahedra.

tion metal substituted tungstoarsenates(lll) with the Krebs

The first examples of polyoxoanions containing selenium- structure.

(IV) and tellurium(lV) were reported many years ago.

However, only during the last 15 years were some speciesExperimental Section

structurally characterized, for example, [B®0g],2"",
[PhSeMQaO:sH]?, [SeM0s021]4", [SeM0,Ve0,¢ %, [SeXs-
M05033]8_ (X = SVl, Séll), [SéVSQVIMOGOzg(OH)z]S_,
[TeM06022]4_, [Te2M06024]4‘, [CU3(H20)3((1-XW9033)2] 10-
(X = SéV, Tév), [Fe3(H20)3((1—XW9033)2]1°‘ (X = Sév,
TeV), [XoW2106o(H-0)]*~ (X = SeY, TeVY), [Mn4(H:20)10-
(,B-Te'VW9033)2]8*, [SQVzolo]zf, [SeV3011 37, and [HSQ—

(6) (a) Kortz, U.; Jeannin, Y. P.; "Ee A.; Herve G.; Isber, S.Inorg.
Chem.1999 38, 3670. (b) Kortz, U.; Isber, S.; Dickman, M. H.; Ravot,
D. Inorg. Chem200Q 39, 2915. (c) Kortz, U.; Matta, Snorg. Chem.
2001, 40, 815.

(7) (a) Gibbs, W.J. Am. Chem. Sod.885 7, 317. (b) Rosenheim, A;
Wolff, A. Z. Anorg. Allg. Chem193Q 64, 193.

(8) (a) Robert, F.; Leyrie, M.; HefveG.; Tezg A.; Jeannin, Y.Inorg.
Chem.198Q 19, 1746. (b) Jeannin, Y.; Martin-Fre, J.J. Am. Chem.
So0c.1981 103 1664. (c) Jeannin, YC. R. Acad. Sci., Ser. llc: Chim.
200Q 3, 295. (d) Jeannin, Y.; Martin-Fre, J.Inorg. Chem1979 18,
3010. (e) Leyrie, M.; Tege, A.; Herve G. Inorg. Chem.1985 24,
1275. (f) Fischer, J.; Ricard, L.; Weiss, R.Am. Chem. S0d.976
98, 3050. (g) Bwsing, M.; Loose, I.; Pohlmann, H.; Krebs, Bhem-—
Eur. J.1997, 3, 1232. (h) Loose, |.; Droste, E.; Bmg, M.; Pohimann,
H.; Dickman, M. H.; Rags, C.; Pope, M. T.; Krebs, Bnorg. Chem.
1999 38, 2688.

(9) Wassermann, K.; Dickman, M. H.; Pope, M.Angew. Cheml1997,
109, 1513;Angew. Chem., Int. Ed. Endl997, 36, 1445.

(10) Kortz, U.; Savelieff, M. G.; Bassil, B. S.; Dickman, M. Angew.
Chem.2001, 113 3488;Angew. Chem., Int. EQ001, 40, 3384.

(11) (a) Prandtl, W.; Lustig, FBer. Dtsch. Chem. Ge4905 38, 1305.
(b) Prandtl, W.Z. Anorg. Chem1913 93, 45. (c) Rosenheim, A.;
Drause, L.Z. Anorg. Chem1921, 118 184. (d) Ganelina, E. &Zh.
Neorg. Khim.1962 7, 1570. (e) Ganelina, E. S.; Nerevyatkina, N. I.
Russ. J. Inorg. Chenl965 10, 483. (f) Ripan, R.; Calu, NStud.
Univ. Babes-Bolyai, Chemi965 10, 135. (g) Petrini, G.; Pilanti, O.;
Giordano, N.Chim. Ind. (Milan)1968 50, 1002. (h) Shakhova, Z.
F.; Morosanova, S. A.; Zakharova, V. F.; Kurenkova, O Russ. J.
Inorg. Chem.1969 14, 1609. (i) Ganelina, E. S.; Krasnopolskaya,
M. B. Zh. Neorg. Khim197Q 15, 1055. (j) Nikitina, T. K.; Ganelina,
E. S.Zh. Neorg. Khim1978 23, 81. (k) Rusu, M.; Botar, A.; Ridi, S.
Stud. Uni. Babes-Bolyai, Chen1984 29, 45. (I) Nabi, S. A.; Siddiqi,
Z. M. Bull. Chem. Soc. Jpri.985 58, 724. (m) Gutsul, T. D.; Zheru,
P. I.; Botsan, I. G.; Nantoi, O. &h. Neorg. Khim199Q 35, 540. (n)
Himeno, S.; Sano, K.; Niiyya, H.; Yamazaki, Y.; Ueda, T.; Hori, T.
Inorg. Chim. Actal998 281, 214.
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Synthesis.Nag[a-AsWgyOs3] and Nafo-SbWeOs3] were synthe-
sized according to published procedures, and their purity was
confirmed by infrared spectroscof¥:® All other reagents were
used as purchased without further purification.

NaG[Fe4(H20)10(ﬂ-ASW9033)2]-32H20. A 0.97 g (36 mmol)
sample of FeGI6H,0 was dissolved in 40 mL of }D, and then
4.0 g (1.6 mmol) of Nga-AsWyO33] was added. The pH of the
solution was adjusted to 3.0 by additiofi 4 M HCI. Then, the
solution was heated to 90C for 1 h and filtered after cooling.
Slow evaporation at room temperature led to yellow crystals suitable
for X-ray diffraction within 1-2 weeks. The bulk mixed cesium/
sodium salt of the polyanion was isolated by precipitation of the

(12) (a) Robl, C.; Haake, KI. Chem. Soc., Chem. Commuad892 1786.
(b) Krebs, B.; Lettmann, B.; Pohimann, H.; lRiich, R.Z. Kristallogr.
1991, 196 231. (c) Krebs, B.; Lettmann, B.; Pohlmann, H.
Kristallogr. 1989 186, 233. (d) Ozeki, T.; Yagasaki, A.; Ichida, H.;
Sasaki, Y.Polyhedron1988 7, 1131. (e) Ichida, H.; Fukushima, H.;
Sasaki, Y.Nippon Kagalu Kaishil986 1521. (f) Derkach, L. V.;
Arkhipova, E. V.; Gutsul, B. B.; Bulgakova, A. BRuss. J. Inorg.
Chem. 1989 34, 1812. (g) Derkach, L. V.; Marques Rios, A,
Maksimovskaya, R. I.; Muzychenko, A. YRuss. J. Inorg. Chemri989
34, 1767. (h) Robl, C.; Haake, KI. Chem. Soc., Chem. Commun.
1993 397. (i) Robl, C.Chemistry at the Beginning of the Third
Millennium; Fabbrizzi, L., Poggi, A., Eds.; Springer: Berlin, Heidel-
berg, Germany, 2000. (j) Kortz, U.; Al-Kassem, N. K.; Savelieff, M.
G.; Al Kadi, N. A.; Sadakane, Minorg. Chem.2001, 40, 4742. (k)
Yurchenko, E. N.; Gutsul, T. D.; Kuznetsova, LKloord. Khim.1992
18, 939. (I) Gutsul, T. D.; Yurchenko, E. NKoord. Khim.1992 18,
944. (m) Bming, M.; Nth, A.; Loose, |.; Krebs, BJ. Am. Chem. Soc.
1998 120 7252. (n) Nakano, H.; Ozeki, T.; Yagasaki,lAorg. Chem.
2001 40, 1816. (0) Ozeki, T.; Ichida, H.; Sasaki, Xcta Crystallogr.
1987 C43 1662.

(13) Krebs, B. Oral presentation at a symposium entiffedlyoxometa-
lates: From Topology to Industrial ApplicationBielefeld, Germany,
1999. Organizers: M. T. Pope and A."Nar.

(14) Krebs, B.; Droste, E.; Piepenbrink, M.; Vollmer, G. R. Acad. Sci.,
Ser. llc: Chim.200Q 3, 205.

(15) Rogl, C.; Freniu, T.; Rusu, A.-M.; Anghel, S.; Cordo£.; Marcu,
G. Synth. React. Inorg. Met.-Org. CheD98 28, 1665.

(16) TourrieC.; Revel, A.; TourhgG.; Vendrell, M.C. R. Acad. Sci. Paris,
Ser. C1973 277, 643.
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solution with solid CsCl (4 g). This resulted in a light yellow
product, which was isolated and dried in an oven at®@vernight

(vield 2.1 g, 57%). IR: 967, 883, 817, 783, 741, 694, 656, 565
cm~L. Anal. Calcd (Found) for GgKo JFes(H20)10(3-TeWgOss)2]:

(vield 4.4 g, 92%). IR: 959, 901, 823, 782, 723, 694, 642, 504, K 0.1 (0.6), Cs 9.1 (9.7), W 59.8 (61.0), Fe 4.0 (4.1), Te 4.6 (4.7).

474, 429 cm'. Anal. Calcd (Found) for Gda[Fe(H20)10(5-
AsWgOs33)7]*19H,0: Cs 11.2 (11.9), Na 0.4 (0.3), W 55.6 (55.5),

Following the preceding procedure, we were also able to synthesize
derivatives incorporating @, Mn", Cd', Ni", Cu', zn", Cd', and

Fe 3.8 (4.2), As 2.5 (2.5). On the basis of IR data, we were also Hg" as shown by IR. The IR spectra of f8rs(H,0)10(5-

able to synthesize the &rsubstituted derivative, [GiH>0)10(5-

TeW9033)2], CS;[Mn;;(Hzo)lo(ﬁ-TeWgC)gg)z], C%[CO4(H20)10(ﬁ-Te'

AsWy033),]6". The preceding procedure was followed, but 0.96 g WgOs3)5], CSs[Ni4(H20)10(5-TeWgO33)2], Cs[Cua(H20)10(5-TeWe-

(3.6 mmol) of CrC}-6H,0 was used instead of FeH,0, and
the pH was adjusted to 1.0. The IR spectrum of[Cs(H20)10-
(p-AsWy0z33)] is shown in Figure S1 (Supporting Information).
NaG[Fe4(H20)1o(ﬂ-SbWQO33)2]‘32H20. A 0.97 g (36 mmol)
sample of FeGI6H,O was dissolved in 40 mL of }D, and then
4 g (1.6 mmol) of Nglo-SbWeOz3] was added. The pH of the
solution was adjusted to 3.0 by additioh 4 M HCI. Then, the
solution was heated to 9TC for 1 h and filtered after cooling.

Slow evaporation at room temperature led to yellow crystals suitable

for X-ray diffraction within 1—2 weeks. The bulk mixed cesium/

O33)2], Cs[ZN4(H20)10(3-T€WoOs3)2], CH[Ca(H20)10(3-T€W6O33)2],
and Cg[Hg4(H20)10(8-TeWyOs3),] are shown in Figures SH517
(Supporting Information). Instead of Fe&dH,0, we used CrGt
6H,0, MnCkL+4H,0, CoCh-6H,0, NiCl,*6H,O, CuCh-2H,0, ZnCh,
CdCh, and HgC}, respectively.

Elemental analyses were performed by Kanti Technologies, Inc.,
Tonawanda, NY. Infrared spectra were recorded on KBr pellets
using a Nicolet Avatar spectrophotometer.

X-ray Crystallography. Crystals were mounted on a glass fiber
for indexing and intensity data collection on a Siemens SMART-

sodium salt of the polyanion was isolated by precipitation of the ccp single-crystal diffractometer using MocoKradiation ¢ =

solution with solid CsCl (4 g). This resulted in a light yellow
product, which was isolated and dried in an oven at®@vernight

0.710 73 A). Direct methods were used to solve the structure and
to locate the tungsten atomSHELXS8K Then, the remaining

(vield 4.1 g, 87%). IR: 948, 883, 807, 773, 678, 628, 512, 473, atoms were found from successive difference ma&#$ELXL93.

425 cnt. Anal. Calcd (Found) for Gbla[Fe,(H2O)10(3-SbWeOs3)2] -

9H,0: Cs 11.3 (12.7), Na 0.4 (0.5), W 56.5 (55.8), Fe 3.8 (3.9),

Routine Lorentz and polarization corrections were applied to all
structures, and an absorption correction was performed using the

Sb 4.2 (41) On the basis Of IR data, we were also able to SyntheleeSADABS program]lj Crysta"ographic data are Summarized in

the CB* substituted derivative, [GiH20)1o(3-SbWeO33)2]¢~. The
preceding procedure was followed, but 0.96 g (3.6 mmol) of £rCl
6H,0O were used instead of FedH,0, and the pH was adjusted
to 1.0. The IR spectrum of GE€rs(H20)10(3-SbWeO33)] is shown
in Figure S2 (Supporting Information).
Csy[Fes(H20)10(8-SeWyO33)7] - 21H,0. A 4.4 g (13.4 mmol)
sample of NaWO,-2H,0 was dissolved in 40 mL of # and
heated to about 50C. Then, 0.82 g (3.0 mmol) of Fe£6H,0
and 0.17 g (1.34 mmol) of $$eQ were added. The pH of the
solution was adjusted to 1.0 by additioh 4 M HCI. Then, the
solution was heated to 9TC for 1 h and filtered after cooling.

Addition of a dilute CsCl solution and slow evaporation at room

temperature led to yellow crystals suitable for X-ray diffraction

within 1—2 weeks. The bulk mixed cesium/sodium salt of the
polyanion was isolated by precipitation of the solution with solid

CsCl (4 g). This resulted in a light yellow product, which was
isolated and dried in an oven at 80 overnight (yield 2.5 g, 68%).
IR: 970, 895, 819, 779, 717, 659, 493, 430 ¢mAnal. Calcd
(Found) for CgsNaygFe (H20)10(3-SeWs033)7]-4H,0: Na 0.2

(0.2), Cs 8.5 (8.9), W 60.4 (60.1), Fe 4.1 (4.2), Se 2.9 (2.9).
Following the preceding procedure, we were also able to synthesize

derivatives incorporating @, Mn'", Cd', Ni", zn", Cd', and Hd

as shown by IR. The IR spectra of fi&8r4(H;0)10(3-SeWsOs3)4],

Csg[Mn4(H20)10(3-SeW033)2], C[Co4(H20)1o(B-SeWeO33)2], Cse-

[Ni4(H20)10(8-SeW033)2], Csg[ZN4(H20)10(3-SeW033)2], Cs[Clly-

(H20)10(3-SeW033)2], and Cg[HYa(H:20)1o(3-SeW0s3)7] are shown
in Figures S3-S9 (Supporting Information). Instead of Fe®H,0,

we used Cl’(%l'GHzo, MnC|2'4H20, COCb'GHzO, NiC|2‘6H20,

ZnCl,, CdCh, and HgC}, respectively.

Css Ko dFes(H20)10(-TeWsOs33)2]. A 4.4 g (13.4 mmol) sample
of NayWO,:2H,0 was dissolved in 40 mL of 0 and heated to
about 50°C. Then, 0.82 g (3.0 mmol) of Fe£bH,O and 0.41 g
(2.34 mmol) of KTeO; were added. The pH of the solution was
adjusted to 1.0 by additionf@t M HCI. Then, the solution was
heated to 90C for 1 h and filtered after cooling. The bulk mixed

cesium/potassium salt of the polyanion was isolated by precipitation an

of the solution with solid CsCI (4 g). This resulted in a light yellow
product, which was isolated and dried in an oven at®@vernight

Table 1.

All the sodium counterions in NEFey(H20)10(8-XWgOs3),] -
32H,0 (X = As'', SB") are associated with terminal (Nal, Na2)
and bridging (Na3) oxygens of the polyoxoanion as well as with
water molecules of the lattice. It was not unexpected that two (Na2,
Na3) of the three sodium ions in the asymmetric unit as well as
almost all water molecules are disordered requiring partial oc-
cupancies. Nevertheless, chemical sense allowed unequivocal
assignment of all cations. The cesium ions of[Esy(H,0),0(5-
SeWy0s3),]-21H,0 are coordinated to bridging and terminal oxy-
gens of the polyoxoanion as well as to water molecules of the lattice.
Some cesium ions (Cs2, Cs3, Cs4) as well as the majority of water
molecules are disordered, but all required cations for charge balance
could be accounted for.

Electrochemistry. Pure water from a Milli-RQ unit followed
by a Millipore Q purification set was used throughout. All the
chemicals were of high-purity grade and were used as received.
H,SOy, NaSO;, CH;COONa, and CKHCOOH were commercial
products (Prolabo Normapur). The pH 3 medium was made up with
0.2 M N&SQO, + H,SOq, and the pH 5 medium, with 0.4 M GH
COONa+ CH3COOH. The solutions were deaereated thoroughly
for a least 30 min with pure argon and kept under a positive pressure
of this gas during the experiments.

Equipment and Apparatus. The source, mounting, and polish-
ing of the glassy carbon (GC, Le Carbone Lorraine, France, 3 mm
diameter) have been describ€dlhe electrochemical setup was
an EG&G 273 A driven by a PC with the 270 software. Potentials
are quoted against a saturated calomel electrode (SCE), in a
compartment separated from the test solution by a fine porosity
glass frit. The counter electrode was a platinum gauze of large
surface area in a separated compartment with a medium porosity
glass frit. The U\~vis spectra were recorded with a Perkin-Elmer
Lambda 19 spectrophotometer. Experiments were performed at

Sheldrick, G. M.SADABS Siemens Analytical X-ray Instrument
Division: Madison, WI, 1995.

(18) Keita, B.; Lu, Y. W.; Nadjo, L.; Contant, R.; Abbessi, M.; Canny, J.;
Richet, M.J. Electroanal. Chem1999 477, 146.
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Table 1. Crystal Data and Structure Refinement forg[¥fas(H20)10(5-AsWgO33)7] -32H,0, Nas[Fes(H20)10(5-SbWeO33)2]-32H,0, and

Csy[Fey(H20)10(8-SeWb033)2] - 21H0

emp formula: AsFgH:NagOs4Wg Fe:Ha:Nas0s.SbWe CoFeH31048 5SeW
fw 2816.7 2863.5 2918.4
space group (No.) C2/m(12) C2/m(12) P1(2)
a(A) 20.2493(18) 20.1542(18) 12.6648(10)
b (A) 15.2678(13) 15.2204(13) 12.8247(10)
c(A) 16.0689(14) 16.1469(14) 16.1588(13)
o (deg) 75.6540(10)
p (deg) 95.766(2) 95.795(2) 87.9550(10)
y (deg) 64.3610(10)
V (A3) 4942.8(7) 4927.8(7) 2284.6(3)
z 2 2 1
T(°C) —106 —106 —106
wavelength (A) 0.71073 0.71073 0.71073
Jeatca(Mg m~3) 3.728 3.802 4.197
abs coeff (mm?) 22.231 22.168 25.652
R[I > 20(1)]? 0.058 0.046 0.049
Ry (all data¥ 0.144 0.116 0.111

AR = 3 |[IFol — IFdll/3|Fol. ® Ry = [ZW(Fo? — FAZTW(Fe?)7 2

Figure 1. Ball and stick representation of [&l20)10(3-AsWoOs3)2]¢~

(1). The shading code of the spheres is as follows: W (black), Fe

(horizontally hatched), As (crosshatched), O (empty with shadow), aéd H
(empty).

Figure 2. Polyhedral representation of [f&l,0)10(3-AsWg0z3)2]®~ (1).

These features seem to justify a detailed study of the catalytic
redox properties of the title compounds. The paramagnetic

room temperature. The numbers of electrons consumed per moleculgron centers are separated by four bonds—Be-W—0—

were obtained usually by controlled potential coulometry.

Results and Discussion

Structural Characterization. The four polyoxoanions
[Fes(Ho0)10(3-AsWg033)5]°~ (1), [Fes(H20)10(8-SbWeOs3)2] &
(2), [Fes(H20)10(8-SeWsOs3)2]*~ (3), and [Fe(H20)1o(8-
TeWy033)2]* (4) have the same molecular structure. They
consist of two p-XWgOz3]"™ (n=9, X =Ag", SH"; n=8,
X = SéY, TeV) moieties linked by four F& ions resulting
in a structure with idealize®€,, symmetry (see Figures 1
and 2). The four F& ions consist of two inequivalent pairs,
the inner two F&" ions have two terminal kD ligands, and
the outer two F& ions have three terminal J ligands.
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Fe) so that their magnetic exchange interaction is expected
to be weak.

Polyanionsl and 2 were synthesized in aqueous acidic
medium (pH 3) from an interaction of Feions with the
lacunary Keggin precursorst{AsWqOs3]°~ and fo-SbhWs-
033]°", respectively. Therefore, the mechanism of formation
of 1 and 2 involves insertion, isomerizatioro(— j), and
dimerization. This is of particular interest because interaction
of CW?** and Zi#* ions with [a-AsWeO33°~ and fo-SbWe-
033]°" in neutral agueous medium resulted in trisubstituted,
sandwich-type polyoxoanions, B{H>0)s(c-XWgOs3),]*2~
(X =As", SP"; M = Cuw#t, Zrn™).12 It was shown by Krebs
et al. that fi-SbWeO33]9 and [B-SbWO33]°~ are in equi-
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Table 2. Selected Bond Distances (A) for
[F&(HzO)w(ﬂ-ASWgOgg)g]G_ (l), [F&(HgO)]_o(ﬂ-SbV\bOgg)z]G_ (2), and
[Fes(H20)10(8-SeWs033)2]*~ (3)

1 2 3
Fel-O 1.929-1.931(10) 1.9431.945(9) 1.9431.965(10)
Fe2-O 1.93+1.971(12) 1.9752.017(11) 1.9262.011(10)
Fel-OH, 2.146(13) 2.131(10) 2.0912.096(12)
Fe2-OH, 2.045-2.161(14) 2.0722.195(15) 2.0182.098(11)
X-0 (X= 1.797-1.804(11) 1.9952.003(10) 1.70#1.719(10)

As, Sb, Se)

W—0Orminar~ 1.696-1.718 (14) 1.6991.728 (11) 1.6921.723 (11)
W-0O(Fe) 1.7871.827 (11) 1.7631.813 (10) 1.7631.840 (10)
W-0O(W) 1.879-2.046 (11) 1.8862.039(9) 1.8632.050 (10)
W-0(X) 2.307-2.383 (11) 2.2232.349 (10) 2.3732.508 (10)
XeeeX 6.03(3) 5.68(3) 6.09(3)
X---Fel 4.03(2) 3.90(2) 4.044.08(2)
X---Fe2 4.10(2) 3.98(2) 4.17(2)
Xee W1’ 4.42(2) 4.20(2) 4.39(2)
Fel--Fel 5.36(3) 5.34(3) 5.37(3)
Fel--Fe2 5.60(3) 5.64(3) 5.695.70(3)
Fe2--Fe2 9.84(4) 9.93(4) 10.04(4)

librium in agueous solutiof? The former dominates in

T )
EVWsSE

Figure 3. Cyclic voltammogram of [F£H20)10(3-AsWg033)2]¢~ (1) in
aqueous solution at pH 3 and pH 5.

type of hetero group has very little effect on the-\® and
Fe—0O bond lengths i1, 2, and3. These observations allow
the conclusion that id, 2, and3 there is no significant lone-
pair/lone-pair repulsion involving the lone pairs of the two

neutral medium whereas the latter is present in acidic heteroatoms. This is not unexpected considering that the

solution. Our observations are in full agreement with this,

and we propose that the behavior ef-AsWyO33°~ and
[8-AsWyO33]°~ is very similar to that of their antimony
analogues.

We were unable to synthesize the?Cand Zri#" deriva-
tives of 1 and2 in acidic medium, but we were also unable
to synthesize the Fé derivative of the trisubstituted

distance between heteroatomdji2, and3 (6.03, 5.68, 6.09
A) is significantly larger than in the related sandwich-type
polyoxoanions [Cy(H20)s(0-AsWgO33)o] >~ (As+++As = 5.34
A), [CU3(H20)3((1-SbVV9033)2]127 (Sb‘"Sb = 4.85 A), and
[Cus(H:0)s(a-SeWs0s3),] 1%~ (Se+-Se= 5.38 A) 12 For these
polyanions withDz, symmetry, no significant lone-pair/lone-
pair interaction was observed.

suggest that the coordination requirements of the transition check the stability of the title polyanioris-4 between pH

metal ions play an important role in the formation of the
two structural types. The coordination geometry of th&'Fe
ions in1 and?2 is octahedral, whereas the structure o&{M
(HzO)g(O.-XWgOgg)z]lZﬁ (X = AS”', SU”; M= CU2+, Zn2+)
requires a square pyramidal coordination geometry férCu
and Zrf". Out of all first-row transition metals, we were only
able to synthesize the €rderivatives ofl and2 as shown

3 and 5, which is the domain usually explored for electro-
chemical characterization and studies of electrocatalytic
processes. The analytical tool used for these experiments was
UV —vis spectroscopy. The spectra of all titte compounds
were completely reproducible with respect to absorbances
and wavelengths over a period of at least 24 h.

The electrochemical studies were performed by cyclic

by FTIR. Attempts to crystallize these compounds were voltammetry. The evolution of the cyclic voltammogram of

unsuccessful.
To prepare the Se(IV) and Te(lV) derivativesloand?2,

1 at pH 3 and pH 5 is presented in Figure 3. The pattern at
pH 3 shows a large current for the first reduction wave, which

the synthetic procedure had to be modified, because therepresents the combined series of one-electron reduction

selenium and tellurium analogues @f-KWqOs3)° (X =
As'"', SP") are not known yet. Reaction of FeCNaWQO,,
and HSeQ in very acidic medium (pH 1) resulted in the
formation of3. The same approach and usinglKQ; instead
of H,SeQ resulted in4 as shown by FTIR and elemental

processes of the four Fecenters. At the scan rate of 10

mV s ! used to run this voltammogram, the cathodic wave
appears clearly composite. Controlled potential coulometry
confirmed the uptake of four electrons per molecule. Such
electrolysis gave a pale pink solution, which constitutes good

analysis. A few years ago, Krebs et al. reported on the evidence that the tungstexo framework was not reduced.

synthesis (reaction of TeONa&WO,, and MnC}), structure,
and catalytic activity of [Ma(H,0)1o(3-T€VWgOgz3),]8~.12m

Reversal of the potential scan (scheme not shown) just before
the beginning of the second wave system (see Figure 3)

This was the first example of a tetrasubstituted derivative indicates unambiguously two oxidation waves corresponding

of the Krebs structure.

It is of interest to find out what impact the different hetero
groups X (X= As'', SB", S&V) have on the structures af
2, and3. This is of particular importance considering that
the sodium salts of and2 are isomorphous. As expected,
the X—O (X = As'", Si", Sév) bond lengths increase in
the sequence SO < As—O < Sb—0O. The observed
heteroatom separations: XX within 1, 2, and3 are fully

to the four-electron reduction wave, thus reinforcing the idea
that discrete but very close reduction potentials should exist
for the Fé* centers.

The behavior of the iron centers in the title polyanions is
very different from that of the iron-monosubstituted Dawson
species §u-Fe(H:0)(P2W17061)] "~ and fo-Fe(H:0)(PWa1 -
Os1)]7~.2° Hill et al. observed, at least partially, stepwise
reduction of the F& centers in the sandwich-type tungsto-

consistent with this (see Table 2). On the other hand, the phosphates [R€H,0)(PWOz4)2]®~ and [Fa(H20)(PW s
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Os6)2]*?7.29 This structural family is closer td—4 with

Kortz et al.

Conclusions

respect to stoichiometry and shape than the monosubstituted

Dawson species.

Following the four-electron reduction wave forat pH 3
is a system of two closely spaced two-electron waves,
featuring the first redox processes of the W centers (see
Figure 3). Upon potential reversal, a single oxidation wave
is obtained. At pH 5, the entire voltammetric pattern is shifted
in the negative potential direction, and the composite aspect
of the four-electron iron wave is no longer visible. The single
peak potential at pH 5 is0.406 V versus SCE, and at pH
3, the well-behaved peak is at0.126 V versus SCE,
indicating a shift of about 0.140 V/pH. More modest potential
shifts versus pH have been observed for th& Reaves of
the above-mentioned monosubstituted Dawson 1&sAt
pH 5, the W waves also mix up, and the system of two two-
electron waves is replaced by a single four-electron wave.
The aforementioned behavior is roughly valid for all title
compoundsl—4.

Small differences in the electrochemical properties of the
titte polyanions must be attributed to the different hetero-
atoms X (X = As'", sy, s&V, T€V), and this will be
described in detail elsewhere. However, it is worth noting
that it is possible to group the four species in two classes:
1, 2 and 3, 4 (see Figure S18 of Supporting Information).
This reflects the main groups of the periodic table to which

A family of four dimeric, iron(lll)-substituted heteropoly-
anions, [FdeO)lo(ﬂ-XWgO;:,g)g]n_ (n =6, X= AS“I, Sb”;

n =4, X =S&v, TéV) with the Krebs structure has been
synthesized and characterized. The two arsenic and antimony
derivatives, [FgH20)10(3-XWg033)7]®~ (X = As!', S@'"),

were synthesized by interaction of ¥eions with the
lacunary f-XWgOg3®~ (X = As'", SH"). Therefore, the
reaction mechanism must involve metal insertion, isomer-
ization (@ — /3), and dimerization. The selenium and
tellurium derivatives [FgH,0)10(3-XWO33)7]*~ (X = SeV,

TeV) were synthesized from sodium tungstate and a source
of the heteroatom as precursors.

The fact that in all four cases the same structural type is
obtained, no matter what the precursors are, indicates that
the boundary conditions present during the reaction determine
which product is formed. Apparently, the steric impact of
the central hetero group with respect to the resulting
heteropolyanion structure is very limited. On the other hand,
the acidity of the reaction medium and the preferred
coordination geometry of the incorporated transition metal
seem to be significantly more important.

The same observations apply to the recently reported
family of copper-substituted heteropolyanions §E40)s-
((I-XW9033)2]n7 (n =12, X= AS'”, SU”; n=10, X= Sév,
TeV). Interestingly, this structural type¢) was not formed

the heteroatoms belong, and it means that the charge of the, i, a3+ ions. whereas the structural type of the title

title polyanions (6- for 1, 2; 4— for 3, 4) has more influence

polyanions §3) was not formed with C&f ions (except for

than structural parameters on their electrochemical properties.y = TeY).

More specifically, the cyclic voltammograms dfand 2
show a merging of the Fé waves at pH 3 and a scan rate
of 10 mV s% On the other hand, fo8 and 4, the four-
electron iron wave is clearly composite whatever the scan
rate. At pH 5 and a scan rate of 2 mV1!sit was even
possible to distinguish the four steps offFeeduction. For

In addition to the iron-containing title compounds, we also
report on a large number of isostructural derivatives contain-
ing first-, second-, and third-row transition metals. Most
derivatives were synthesized at exactly the same experimental
conditions as the corresponding iron-containing species. Our
results show that substitution of the four iron centers by other

3, the approximate reduction peak potentials measured areyansition metal ions is significantly easier f8rand4 than

(in V vs SCE): —0.150, —0.310, —0.415, and—0.550.
Tentatively, the separation of the reduction potentials might
be attributed to electronic interactions involving the central
heteroatoms. Apparently, this interaction generates or rein-
forces inequivalence among the3Feenters.

Polyaniond exhibits a special feature: when the potential
excursion is extended to include the first W redox processes,
a small reduction wave is observed. This wave is located
just positive of these W waves, and upon potential reversal,
it has associated with it a characteristic pattern of stripping
oxidation waves (see Figure S19 of Supporting Information).

for 1 and2. This means that the polyanion charge must play
an important role. Interestingly, the results of our electro-
chemical studies lead to the same conclusion.

Cyclic voltammetry and controlled potential coulometry
aided in distinguishing between ¥Feand W™ waves. By
variation of pH and scan rate, it was possible to observe the
stepwise reduction of the Fecenters. Small differences in
the electrochemical properties df-4 were observed, and
on the basis of our preliminary results, the four species can
be grouped in two classes, 2 and3, 4), which reflect the
respective polyanion charges.

This deposition process was observed at both pH values The 4 title compounds and their 17 isostructural derivatives
studied. Its actual nature and properties are currently undercompose one of the largest polyoxometalate families known

investigation.
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to date. This together with some interesting structural features
warrants a detailed investigation of the catalytic properties
(electrocatalysis and redox catalysis) of all compounds
reported here. This work is in progress and will be reported
elsewhere.
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