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The heteropolyanions [BiV2,074(OH),]*2~ (1) and [XoW20M2070(H20)e] 14720~ (X = SB**, Bi®™; M = Fe?t,

Co?", Zn?") (2—7) have been synthesized as alkali metal and ammonium salts, respectively, and characterized by
elemental analysis, infrared spectroscopy, and X-ray crystallography. These tungsto bismutates and antimonates
reveal one common feature: the trivacAr —XW 033 Keggin fragment as the structural building unit. Formally,

the unit can be derived from the Keggin structure by removing one trimetalate fragmgdis, \&hd a 60 rotation

of one of the remaining WD, 3 subunits around the XOw3sx bond vector (the subscript indicates the element(s)
bonded). The unshared pair of electrons of the respective central, pyramidally coordinated heterdatmm Sb
Bi'' prevents formation of the complete spherical structure. In the presented heteropolyanibrsio 3-B-

XW 033 units are connected by two W@roups. Further stabilization of this hitherto unknown bis-decatungsto

ion [X2Wo007¢]14~ is reached either by addition of two formfac-WO; anti-Lipscomb’s rule units to give the
bis-undecatungsto bismutate §Bi»,074OH);]*2~ (1) or by addition of two M*(H.0); groups (M = Fet,

Co?*, Zn?*) forming the large, transition-metal-substituted heteropolyanion clustevs41,07o(H20)s] 1420~

(X = Sb**, Bidt; M = Fe¥t, Ca?*, Zm?™) (2-7).

Introduction structures of heteropolytungstates with'Sind Bi" .6 Formerly,
N _ undecatungsto antimonates and bismutates, their electrochemical
Early transition metatoxygen anion clusters are a large and properties, and their reactions with transition-metal cations have
rapidly growing class of compoundg.They often have utility ~ peen described.As a completion of our latest work on the
in catalysis, medicine, and material science, owing to their systematic synthesis of large "Slcontaining heteropolyanions
unusual properties®4 At present, more than 70 different [SbWyOs3],% [NaxShsWaO132(H20)4]22, and [SbW22074
elements have been reported as constituents of heteropolyaniongOH),]12-,2° we herein report the structures of another seven
Polyoxometalates containing the subvalent main group atomscompounds composed of the structural building ysHB-
sp', Bil, and Ad' as heteroatoms reveal interesting structural XWgOss (X = SB", Bi'') as a common feature. A comparative
properties, and there are a growing number of publications description of the following fully characterized compounds is
concerning this field. Heteropolymetalates with'Alsave been ~ given in detail: the bis-undecatungsto bismutateBaW2,074
extensively investigated, and several compounds, e.g.{KAs (OH)]-44H,O (1) and the related transition-metal-substituted
Co01(H20)]2 and [ASW.:0s(H-0)]6~, have been re- bis-decatun_gsto bismutatesllb[Bi2W20C02070(H20)6]-41H20
ported In contrast, little is known about the compositions and  (2), KaN&y[Bi2W20Zn,07(H20)a] 23,0 (3), Nau(NH2)e[Bi 2Waor
ano70(H20)6]38H20 (4), and [N(CH;)4]5H3[BI2W20F62070-
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Heteropolymetalate Clusters

Experimental Section

Synthesis.All chemicals were used without further purification.
Nay[Bi2W2,074(OH)]-44H,0 (1). A 15.00 g (45.47 mmol) amount
of NaoWO,-2H,0 was dissolved in 50 mL water, and 20 mL of 4 M
NaOAc/HOACc buffer solution was added. The mixture was heated to
100°C, and 1.26 g (4.13 mmol) of BION§&H,O was dissolved in 5
mL of concentrated HN®(65%). After addition of 10 mL of KO,
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was suspended in 20 mL of ;8. After 2.7 mL of a 0.1 M
Co(NG;)2+6H,0 solution, was added, the mixture was heated t&@&0
The pH was adjusted to 7 with aqueous Nioncentrated) solution.
Within several hours, a pink precipitate was obtained and recrystallized
in 80 mL of water. The crystalline product was obtained as pink plates
after several days. Yield: 0.65 g (0.114 mmol, 72%). Atomic ratios
calcd for (NHy)1o[SbW20C0,070(H20)e] - 13H,0: Sbh,1; W, 10; Co, 1.
Found: Sb, 1.2; W, 10.3; Co, 1.2. Elemental anal. (%) calcd: 2.38 N;

the bismuth-containing solution was added dropwise to the tungstate 5 47 HO. Found: 2.47 N; 5.73 #. IR (cnT?, KBr pellet, polyoxoan-

solution. The resulting mixture was heated 2ch (95°C). The product
crystallized within 48 h as colorless plates. Yield: 4.8 g (0.72 mmol,
35%). Atomic ratios calcd for NgBiW22074(OH);]-44H,0: Na, 6;
Bi, 1; W, 12. Found: Na, 6.4; Bi, 1; W, 11.8. Elemental anal. (%)
calcd: 12.01 HO. Found: 12.37 kD. IR (cnm?, KBr pellet, poly-
oxoanion region 1008700 cntl): 951 s, 863 s, 796 vs, 645 s.

Nalo[Bi2W20C02070(H20)6]‘41H20 (2, 2a).Na12[Bi2W22074(OH)2]-
44H,0 (1) (2.00 g, 0.29 mmol) was dissolved in 20 mL ot®l A
solution of 0.138 g (0.58 mmol) of Cog€H,O in 5 mL of H,O was
added dropwise. The reaction mixture was stirred for 30 min°@0
Pink crystals of Na[Bi,W20C0,070(H20)e]*41H,0 (2) were obtained
within 2 days. Yield: 1.39 g (0.22 mmol, 73%). Atomic ratios calcd
for NE\g,gg{COlszi2W20,2p7o(H20)6]‘41H20, i.e. the disordered BiV,,
and BbW,.Co,, vide infra: Na, 5.16; Bi, 1.16; W, 11.79; Co, 1.
Found: Na, 4.9; Bi, 1; W, 11.9; Co, 1.1. Elemental anal. (%) calcd:
13.19 HO. Found: 12.98 kD. IR (cnT?, KBr pellet, polyoxoanion
region 1006-700 cm?): 946 s, 822 vs, 797 vs, 748 s, 646 s.

K 3sNaz[Bi 2W 202N 207¢(H20)4]:23H,0 (3). A 4.40 g portion of Na
WO,-2H,0 (13.34 mmol) was dissolved in 20 mL o£@ and 0.7 mL
of HNO; (concentrated) and heated to 76 while stirring. After 5
min, a second solution that was heated to°Z5and containing 0.485
g (1.63 mmol) of BIONQ-H,O in 0.7 mL of HNG; (concentrated)
and 10 mL of HO was added dropwise. The yellow precipitate of
tungstic acid that occurred during the addition dissolved quickly. To
avoid lowering the pH, 0.3 g of NEO; were simultaneously added in
individual portions. Then a hot solution (7€) of 0.852 g (3.11 mmol)
of ZnSQ7H,0 in 5 mL of H,O was slowly added. The colorless
reaction mixture was stirred fd h at 75°C allowed to cool, and 0.06
g (0.8 mmol) of KCIl was added. After several days, colorless crystals
of K3sNay[Bi2W20Zn,07¢(H20)4]:23H,0 (3) suitable for X-ray analysis
were obtained. Yield: 1.7 g (0.42 mmol, 51%). Atomic ratios calcd
for KaNay[BiaW20Zn,070(H20)4] - 23H,0: Na, 3.5; K, 1.5; Zn, 1.0; Bi,
1.0; W, 10.0. Found: Na, 3.9; K, 1.3; Zn, 0.7; Bi, 0.8; W, 10. Elemental
anal. (%) calcd: 11.98,4#D. Found: 12.14, bO. IR (cnT?, KBr pellet,
polyoxoanion region 1006700 cnTl): 946 s, 822 s, 758 s, 645 m.

Na4(NH4)6[Bi2W202n2070(H20)6]-38H20 (4) Nalz[Bi2W22074-
(OH);]-44H:0 (1) (2.00 g, 0.29 mmol) was dissolved in 20 mL of®l
A solution of 0.167 g (0.58 mmol) of ZnSEYH,O in 5 mL of H,O
was added dropwise. The reaction mixture was stirred for 30 min (70
°C), and 0.06 g (1.1 mmol) of NA€I was added. Colorless needlelike
crystals of Na(NH.)s[Bi2W20Zn,070(H20)6] - 38HO (4) were obtained
within 2 days. Yield: 1.16 g (0.18 mmol, 62%). Atomic ratios calcd
for Nay(NH4)e[Bi 2W20Zn;070(H20)6]-38H,0: Na, 2; Bi, 1; W, 10; Zn,
1. Found: Na, 2.2; Bi, 1; W, 10.2, Zn, 1.3. Elemental anal. (%) calcd:
1.33 N; 10.80 HO. Found: 1.40 N; 10.99 40. IR (cn1?, KBr pellet,
polyoxoanion region 1008700 cnt?l): 946 s, 825 vs, 759 s, 643 s.

[N(CH 3)4]5H3[Bi2W20F€2070(H20)6]'17H20 (5) A 5.04 g portion
of 1 was suspended in 4.5 mL o&8. A solution of 0.59 g (1.7 mmol)
of Fe(NG)3*9H,O in 1.5 mL of water was added dropwise. The
resulting pH value of the slightly cloudy mixture was 1.2. The solution
was heated to 65C for 10 min and allowed to cool, and thd g of
N(CHj3)4ClI dissolved in 10 mL water was added. The pale green
precipitate obtained was dissolved by adding 90 mL of 0.05 M HCI
and heating the solution. The mixture was filtered, and the product
crystallized during cooling. Yield: 3.14 g (0.56 mmol, 73%). Atomic
ratios calcd for [N(CH)4]sH3[Bi 2W20F€,070(H20)e) - 17HO: Bi, 1; W,
10; Fe, 1. Found: Bi, 1.1; W, 10.8; Fe, 1.2. Elemental anal. (%) calcd:
3.94 C; 1.79 H; 1.30 N; 7.71 4. Found: 3.93 C; 1.78 H; 1.15 N;
7.68 HO. IR (cnT?, KBr pellet, polyoxoanion region 1066700 cnt?):

947 s, 870 s, 843 s, 790 vs, 735 vs.

(NH 4)10[SbaW 26C0,070(H20)6] - 13H,0 (6). One gram (0.159 mmol)

of (NHg)12H2[Sh,W2,07¢]-27H,0 prepared according to the literatlre

ion region 1006-700 cnTl): 940 s, 825 sh vs, 805 vs, 755 s.

KeNaH[Sb,W 2oFe;07¢(H20)6] - 29H,0 (7). The sodium salt of
[SbW,,07¢]*4 (5.1 g, 0.80 mmol) prepared according to the literature
was suspended in 5 mL of 8. A solution of 0.6 g (1.49 mmol) of
Fe(NG;)39H-0 in H,O (1.5 mL) was slowly added to the stirred
mixture. After the yellow-green colored solution was heated (10 min,
70°C), it was cooled in an ice bath. The potassium salt was precipitated
by adding 0.5 g of KCI dissolved in 2 mL of 8. Single crystals
suitable for X-ray structural analysis were obtained by adding 40 mL
of 0.05 M HCI and heating the reaction mixture to 0. The filtered
solution was allowed to cool slowly. The product crystallized within
24 h. Yield: 3.3 g (0.54 mmol, 68%). Atomic ratios calcd fosN@aH-
[ShWooFe070(H20)e] - 29H,0: Na, 1; K, 6; Sb, 2; W, 20; Fe, 2.
Found: Na, 1.0; K, 5.9 Sbh, 2.2; W, 20.0; Fe, 2.6. Elemental anal. (%)
calcd: 10.28 HO. Found: 10.37 kD. IR (cn?, KBr pellet, poly-
oxoanion region 1000700 cntl): 955 s, 875 sh vs, 805 vs, 745 s.

Instrumentation and Analytical Procedures. IR spectra were
performed on a Perkin-Elmer 683 spectrometer as KBr pellets. The
atomic ratios of the heavy elements were determined by energy-
dispersive X-ray fluorescence analysis (EDAX). The elemental C, H,
and N content was determined with an elemental analyzer Hewlett-
Packard Scientific model 185. The content of water was determined
thermogravimetically in Mikroanalytisches Labor Pascher, Remagen-
Bandorf, Germany.

Crystal Structure Determination. Diffraction experiments were
performed on a STOE IPDS (fdr—4), a Syntex P2diffractometer
(for 5—7), and a Siemens SMART CCD (f@a) with MoK a radiation
(0.710 73 A) and with corrections for absorption (numericalffend
2, empirical for2a and 3—7), Lorentz, and polarization effects. The
structures ofl, 2, 2a, and4 were solved by direct methods with the
program SHELXS97) and refined (df?) with SHELXL97 by full-
matrix least squares (solution and refinement 8 of 3 and 5—7
with the programs SHELXS86 and SHELXL93, respectively). Almost
all of the eight crystal structures exhibit the appearance, typical for
polyoxometalates, of disorder in the range of counterions and water
molecules. Especially in the cases3ef5 and7, the poor crystal quality,
extreme deterioration by easy loss of crystal water, and a pronounced
degree of disorder in the cationic part of crystal lattice prevent a more
precise structural analysis. This also refers to some rather high residual
electron densities. However, it should be stated that none of these
deficiencies affects the structural details and reliability of the anionic
structures. The exact formulas were determined by elemental analysis.
Details of data collection, processing, structure analysis, and refinement
of 1—7 are summarized in Table 1.

Results and Discussion

Common Structural Feature: -B-XW . The fundamental
common feature of the sandwich-like tungstate clusterg is
represented by the trivacaptB—XWgOs3 unit (Figure 1).
Formally, the unit can be derived from the Keggin structure by
removing one WO 3 fragment. The unshared pair of electrons
of the respective heteroatoms'Shnd Bi" prevents formation
of the complete spherical structure. The trivacant unit consists
of three edge-sharing ¥®:3 groups with central Sh and Bi'"
and can be derived from thieform by a 60 rotation of one of
the remaining WO;3 subunits around the XOwsx bond vector
(The subscripted letters indicate the elements bonded.) The X
atom in the center is surrounded pyramidally by three oxygen
atoms; the top of the pyramid is formed by the lone pair of the
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Table 1. Crystallographic Data for NgBiW2,074(OH),]-44H,0 (1), Nauo[Bi2W20C0,070(H20)s]-41H,0 (2, 2a),
K3Na7[B| 2W202n2070(H20)4] ‘23H20 (3), Na4(N H4)6[B| 2W202n2070(H20)6] '38H20 (4), [N(CH3)4] 5H3[B| 2W20F92070(H20)5] ‘17'420 (5),
(NH4)10[SbW20C0,070(H20)g] - 13H,0 (6), KeNaH[SBW 20Fe:070(H20)6]-29H,0 (7)2

1 2 2a 3 4 5 6 7
M, g mof™? 6749.28 6418.48 6417.32 6074.33 ~ 6338.62 6114.77 5681.08 6042.37
space group P2:/n P2i/n P2i/n P2i/n P1 P2:/n C2lc P2i/n
a, 12.999(3) 12.903(3) 12.583(1) 12.852(3) 12.757(3) 13.592(5) 20.744(3) 17.995(9)
b, A 25.389(5) 25.142(5) 26.497(1) 17.512(4) 15.002(3) 19.286(5) 15.474(2) 11.976(5)
c, A 16.279(3) 16.230(3) 12.811(1) 18.908(4) 16.139(3) 21.237(5) 26.158(5) 22.080(12)
o, deg 68.43(3)
p, deg 98.36(3) 94.53(3) 93.01(1) 91.99(3) 89.85(3) 93.09(3) 90.60(1) 112.57(3)
y, deg 66.86(3)
v, A3 5316(2) 5249(2) 4265(1) 4253(2) 2605(2) 5559(3) 8396(2) 4394(4)
z 2 2 2 2 4 2 4
deatcs Mg M3 4.22 4.03 4.97 4.72 4.04 3.64 4.49 4.60
w, mmt 27.17 25.89 31.92 31.91 25.94 24.104 28.413 27.405
T, K 213(2) 293(2) 173(2) 293 213(2) 293(2) 293(2) 293(2)
R1 (>20(1)) 0.0596 0.0549 0.0530 0.0855 0.0878 0.0776 0.0504 0.0962
wR2 0.1665 0.1335 0.1080 0.2087 0.2122 0.1600 0.1209 0.2521
R1 (all data) 0.0748 0.0639 0.0750 0.1196 0.1245 0.1242 0.0765 0.1109
wWR2 0.1740 0.1389 0.1160 0.2383 0.2465 0.1803 0.1343 0.2644
weighting factors
g 0.1026 0.0554 0.1110 0.1361 0.0493 0.0724 0.2104
h 287.60 214.27 261.35 0.0 68.38 264.23 0.0

AR = S||Fo| = |Fell/3|Fol. WR2={S[W(F® — FAA/3 [W(FA)?} 2 GOF= {3 [W(Fo? — FA)3/(n — p)} V2 > Weighting scheme: &= [0(F.?)

=+ (gP)? + hP] with P = ((max.{.,0)? + 2F»)/3.

Figure 1. Polyhedral plot of the structural builduing ung-B-
[XW ¢Osgl.

respective X' atom. The X-Owsx bond lengths and angles
within the Bi and the Sb containing compountis7 are very
similar and shown in Table 2. THac-WOj3; group of thes-B-

XW 033 with the three strongly basic oxygen atoms offers sites
for further polymerizatiof or direct protonation to obey
Lipscomb’s rule. In1—7, two 5-B-XWgO33 units are formally
connected by two W@ groups to the dimeric structures,
resulting in the hitherto unknown bis-decatungstataf¥Orq 14~
Further stabilization can be reached either by the addition of
two fac-WO3 anti-Lipscomb’s rule units at pH 4.5 to give the

(OH);]*2™ anion, thefac-WO;3 groups have been exchanged for
transition-metal ions with three aquo ligands.

Nay2[BiosW2,074(OH)2]-44H,0 (1) The sodium bis-undeca-
tungsto bismutate Na(WO2(OH))o(WO,)2(BiW¢Os3)2] -44H,0
was obtained by reaction of M&/O,4-2H,0 and BiIONQ-H,0
in stoichiometric amounts at pH 4.5. Compouhdrystallizes
in the space group2;/n with two formula units per unit cell.
For details of structural analysis, refer to the Experimental
Section and Table 1.

The [Bi;W22074(OH),]*2~ anion consists of two identical
B-B—BiW¢Os3 units, which are connected by two W@nd two
WO,0OH groups. Figure 2 shows a ball-and-stick diagram of
the anion; the unit cell is given in Figure 5. During the
refinement five of the six Na atoms could be located. The sixth
Na atom found in the elemental analysis is probably disordered.
For electroneutrality and according to the chemical analysis,
there must be another two protons. The bond lengths within
the anion do not indicate any hydroxo group, except within the
WO;3 groups bridging the dimer, each with three facial terminal
oxygen atoms. The WO, bond lengths are 1.74, 1.81, and 1.92
A, which are rather long for WO double bonds. Therefore, it
is suggested that the bond length of 1.92 A corresponds to a
protonated W-OH group with some disorder of the proton
between the other two oxygen atoms. Additionally, these results
are supported by the analogous 8b;074OH),]*?~ anion that
reveals the same bonding conditidisor relevant bond lengths
and angles ofl, see Table 2. Recently, Jeannin and Rodewald
published the quite similiar compound NiW2,07¢(OH)g]
31H,0.1t In contrast tol, the anion shows two units of each
three facial W-OH groups. The authors favor this six times

bis-undecatungsto bismutate and antimonate/JgiO;4OH),] 12~

(1) and [SBW2,074(0OH),]*?~,7 respectively, or by addition of
two M"(H,0); groups (M* = Fe¥t, Ca?™, Zn?™) (2—7). The
octahedral coordination sphere of each transition metal is
completed by two oxygen atoms of one and one oxygen atom
of the second XWOs3 unit. In comparison with the [XV2,074-

(10) Schreiber, P.; Wieghardt, K.; Nuber, B.; WeissPdlyhedron1989
8, 1675.

(11) Rodewald, D.; Jeannin, XC. R. Acad. Sci., Pari$998 t.1; Seie Il
c, 175.

(12) In equivalent two-step reactions, we recently have isolated the Bi
containing anions [BW,oM;070(H20)e] 44-20~ (M2+ = Cu, Ni). (Na-
NH4)7[Bi2W20Ni2070(H20)6]'31H202 a= 12.787(3) A,b = 15.050(3)

, ¢ = 16.155(3) A,a = 68.42(3}, B = 89.40(3}, y = 66.47(3}.

KaNagH[Bi ;\WooClpO7o(H20)g] :34H,0: a = 12.943(4) A, b =
13.447(4) A,c = 16.948(4) A,a. = 83.45(2), B = 72.91(2}, y =
64.25(2).)

(13) Btsing, M.; Nth, A.; Loose, |.; Krebs, BJ. Am. Chem. S0d.998
120, 7252.



Nau(NH2)e[Bi 2W20Zn:070(H20)s) -38H:0 (4), [N(CHs)a]sH3[Bi 2W20F&:076(H20)e] - 17H:0 (5), (NHa) 1o SbaW20C0:070(H20)6] - 13H:0 (6), KeNaH[SWooFe:07o(H20)s]-29H:0 (7) with Standard Deviations

Table 2. Selected Bond Lengths (A) and Angles (deg) ofuf&i ;W2:074(OH);]-44H:0 (1), Nay[BiW20C0,07(H20)6] :41H:0 (2, 28a), KaNay[BioW20Zn2070(H20)4]-21H:0 (3),

2a
1.70(131.74(1)

1.70(2¥1.74(2)

1.70(131.74(2)

1.63(3)1.76(3)

1.68(3)1.76(3)
1.91(2)

1.65(2)1.84(3)

1.67(21.74(2) 1.70(131.74(1)

W-02
W—0y
W—0wz°

W—Omw

1.81(2)-1.92(2)

Heteropolymetalate Clusters

1.76(2)2.18(2)
1.78(2)1.84(2)
2.20(2)2.37(2)
2.00(2)-2.02(3)

1.80(132.15(1)
1.75(131.83(2)
2.24(132.34(1)
1.99(2)2.02(2)

1.77(3y2.19(3)
1.78(2)1.94(3)
2.19(2)2.34(2)
2.08(2)2.12(2)

1.74(3y2.21(3)
1.75(3)1.78(3)
2.18(2)2.32(2)
2.13(2)2.16(2)

1.81(2¥2.11(2)
1.73(2¥1.81(2)
2.19(2¥2.32(2)
2.07(2)2.16(2)

1.83(132.14(1)
1.76(131.80(1)
2.20(1)2.31(1)
2.13(12.17(1)

1.80(12.15(1)
1.76(1)-1.79(1)
2.19(1)-2.30(1)
2.13(1)2.15(1)

1.75(2)-2.22(2)
2.18(2)-2.31(2)
2.12(2)-2.14(2)

W—Owsx®
X—OwaxP
M —OwmP
M—-0we
O_W_Ocis

2.05(1)-2.15(1) 1.99(3)2.20(2) 2.05(2)-2.07(2) 1.96(3)-2.00(3) 2.04(1)2.11(2) 1.92(2)1.95(2)

2.06(1)-2.09(1)

2.04(3)2.08(2)
72(13-104(1)

153(2)174(2)
89(1)-92(2)

2.06(22.11(2)

72(1}-105(1)
155(1)176(1)
85(1)-92(1)

2.04(3)2.08(3)
72(13107(2)

2.06(2)-2.08(2)

69(1}-106(1)
153(13-174(1)
84(1)-88(1)

2.06(3)2.20(2)
71(13-104(1)

1.97(132.03(1)
72(13-104(1)

2.04(2)-2.11(1)

73(1)-105(1)
155(13-173(1)

156(2)-179(1)
85(1)-87(2)

156(13-175(1)
83(1)-87(1)

155(13-173(1)
84(1)-88(1)

84(1)-88(1)

85(1)-88(1)
at = terminal.® The subscripted letters indicate the element(s) bonded ®lo, Fe; X

72(1)-105(1)
155(2)-172(1)

O_W_Otrans
O0—X-0

water.
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Figure 2. Structure of the bis-undecatungsto bismutate\BiO;4
(OH),)*?~ (W = light gray, Bi = black, O = white, OH = white,
stripped).

protonated anion because of the unusual lengths of the relevant
terminal W-0 bonds (1.93, 1.94, and 1.99 A). It should be
noted that protonation of terminally bonded oxygen atoms is
quite unusual, especially the protonation of three facial bonded
oxygen atoms. Just as in the structurelahe coordination of
water molecules and disorder between water and protons cannot
be completely excluded as the reason for the rather lorgdW
bonds. In these cases, electroneutrality could also be reached
by hydronium ions in the network of crystal water and
counterions.

Nay o Bi )W 20C0,070(H20)e]-41H,0 (2, 2a).Crystalline cobalt-
substituted sodium bis-decatungsto bismutate JJB&\Wo-
C0,070(H20)6]-41H,0 (2, 2a) was obtained by addition of €o
salts to [BpW22,074(OH),]*%~ solutions. The sodium salt crystal-
lizes in the space group2;/n with two formula units per unit
cell. Details of the structural analysis are in the Experimental
Section and Table 1.

Within the [Bi;W20C0,070(H20)e] 1%~ anion, further stabiliza-
tion of the hypothetical [XW,qO7q]**" is effected by coordina-
tion of two Co(H0O)3 groups. As summarized in Table 2, there
are no unusual bond lengths in the structure 2of The
[Bi 2W20M ,07¢(H20)s] 442" ~anion is shown in Figure 3. During
refinement, disorder involving the metal atoms became evident.
The correct formula of2 is Naug-ax[Bi2W 20+ C02-xO70-
(H20)e]-41H,0 with x = 0.28. The original (nondisorder model)
displacement parametddsof the Co atom were unusually small
apparently from a small amount of W in the Co site. Refinement
of a disorder model resulted in occupancies of 86% Co and
14% W. Likewise, the occupation parameters of the Na sites
were refined resulting in 4.44 Na per asymmetric unit agreeing
with electroneutrality. The structure @fconsists of disordered
[Bi2W20C02070(H20)5] 10- and [B|2W22075] 12= units. These
results were essentially confirmed with only a slight variation
in the amount of disorder found by a separate X-ray structural
measurement oRa at Georgetown University. This type of
disorder was not detected in the other structures reported herein.

K3Na7[Bi2W202n2070(H20)4]'23H20 (3) and Na4(NH4)6—
[BioW20ZNn207¢(H20)6]-38H,O (4). The mixed sodium and
potassium salt of the zinc-substituted bis-decatungsto bismutate
[Bi 2W20Znp070(H20)4] 1%~ was crystallized by reacting Ma/Oye
2H,0, BIiONOs-H-0, and ZnS@7H,0 in an acidified solution.

In analogy to the preparation &, the mixed sodium and
ammonia salt was synthesized by direct reaction oMBbO;4
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Figure 3. (a) Structure of the transition-metal-substituted bis-deca-
tungsto bismutates and antimonatesXyW,Oz¢(H20)s]*2". (b) Ther-
mal vibrational ellipsoids drawn at 40% probability level (#/light
gray, X= black, M= dark gray, O= white, OH, = white, stripped).

(OH);]*?~ and ZnSQ@-7H,0. Compound3 crystallizes in the
space grou®2:/n; 4in P1 The unit cell of3is shown in Figure

Figure 4. Polyhedral plot of the two-dimensional polymeric {BlxZn,-
O70(H20)4]%% anion.

[N(CH3)4]5H3[BI2W20F62070(H20)6]17H20 (5) may be obtained
by reacting stoichiometric amounts of Fe(§y¢9H,O and1
in an acidified aqueous solution (pH 1.3) followed by addition
of MesNCI. Compoundb crystallizes in the space grol2i/n.
For details of the crystal structure determinations, see the
Experimental Section and Table 1. The structure of the
[Bi 2W2oF&:06s(OH)2(H20)6] 6 is closely related to the above-
described Co- and Zn-containing compounds, except that two
of the terminal oxygen atoms are protonated. Apart from the
five tetramethyl cations, there is evidence for another three
protons. Chemical analysis and potentiometric titrations support
this result. Two protons are probably in terminally bonded
hydroxo groups localized at the VW@roup, connecting the two
B-B—BiW 4033 units of the anion. This is suggested by the rather
long bond length of the relevant YAO bond (1.92 A). As i,
the presence of terminal hydroxo groups is unusual. The third
proton might be disordered or present as a hydronium ion since
there are no clear indications in the structure for a third localized
hydroxo group. Relevant bond length and angles in the structure
of 5 are listed in Table 2.

(NH4)10[SboW 20C0,070(H20)e]:13H,O (6) and KgNaH-
[SbaW 20Fe,070(H20)6] - 29H,0 (7). Single crystals of the cobalt
and iron derivatives of the bis-decatungsto antimonates)fyH

5. For details of the crystal structure determinations, see the [Sb,W20C0,070(H20)6]:13H,0 (6) andKgNaH[SW 0FeO7¢-
Experimental Section and Table 1. Both anionic structures (H2O)s]:29H,0 (7) can be obtained by reaction of stoichiometric

consist of each two identicgl-B—BiW¢O33 units connected
by two WG; units and two octahedrally coordinated®Zrnions.
The structure oft is rather similar to that of the Co-containing
compound2 with two Zn(H,O); groups stabilizing the mono-
meric [Bi;W2007¢]*4~ fragments. In contrast to thi8,reveals a
two-dimensional polymeric structure in which the monomeric
[Bi2W20Zn07¢(H20)4)1%~ anions are connected to layers by-Zn

amounts of [SPNV,:074(OH),] 12~ with Fe(NQ)3-9H,0 and Co-
(NOs),, respectively. Details of the crystal structural analysis
are given in the Experimental Section and Table 1. The unit
cell of 6 is shown in Figure 5, omitting crystal water and
counterions. Both anionic structures consist of each two identical
B-B—SbWyO33 units with the SB atom located in the centers.
The two subunits are linked together by corner-sharingsWO

O—W bridges. The corresponding bond lengths are 2.20(2) A ocahedra. Further stabilization is effected by the two cobalt

(Zn—0) and 1.73(2) A (W-0). The Zn-O—W angle is 138(1)
The octahedral coordination sphere of both?Zrions is

(iron) atoms bonded to one oxygen atom of one and two oxygen
atoms of the other unit. Again, the coordination sphere of the

completed by each two water molecules, two oxygen of one transition metals is completed by three aquo ligands. In analogy

and one oxygen atom of the oth&B—BiW 033 unit. Figure
4 shows a part of one layer lying parallel to tag-plane of
the unit cell.

[N(CH 3)4]5H 3[Bi2W20F€2070(H20)6]'17H20 (5) Crystalline

to the Bi-containing homologues , the [$%,007¢'*~ anion
formally functions as a ligand for W in the course of which
the latter can be replaced by transition-metal ions due to their
similar ionic radii. As expected, there are no significant

iron-substituted tetramethyl ammonia bis-decatungsto bismutatedifferences between the antimony- and bismuth-containing
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Figure 5. Selected examples of packing diagrams: (a8, W2,07,(OH);]-44H,0 (1); (b) KsNay[BiW20Zn,070(H20)4]-23H,0 (3); (c) (NH4)10-
[Sb,W20C0,070(H20)6] - 13HO (6). Counterions and water molecules are omitted for better clarity.

[SbW20M 2070(H20)e] and [BixW2oM 2070(H20)g] @anionic struc- medium. The resultinac-WOg3 group offers sites for further
tures. Relevant bond lengths and angles are summarized in Tablgolymerization because of the more strongly basic oxygen
2. atoms. After direct protonation and condensation reactions with
further tungstate, the hypothetical f¥/,00,0]*4~ intermediate
probably stabilizes in situ by addition of twlac-WO3; groups
forming the bis-undecatungsto bismutdter by addition of
two Zn(H,0); fragments to gives. In contrast, the remaining
transition-metal-substituted cluste2sand 4—7 reveal exam-

Strategy of Preparation. Complex and largely unknown
reaction mechanisms make a straightforward reaction route of
heterpolyanion syntheses difficult. The present sandwich-like
clustersl—7 were synthesized by means of a strategy based on

a genergl idea described in deta_ul by our 9'%"’!“0' can be ples of a second conceivable route, which consists of two-step
summarized as follows: The suitable method is founded on yeaction containing first the preparation of the bis-undecatungsto
production of highly negatively charged intermediates joined pismutate1 or antimonate, respectively, and afterward the
to further the stabilization by electrophilic protection groups or exchange reaction of both outer tungsten atoms by transition-
polycondensation reactions. The preparation of the bis-unde-metal centers executed separately. Although different routes of
catungsto antimonateand bismutatel) succeeded by in situ  reaction were used, the common goal of dimerization of the
formation and stabilization of thg-B—XWgOs3 subunit. In B-B—XW 033 lacunar fragments by a belt of four metal centers
aqueous solution, the equilibrium betweenand-species of is achieved. Beyond, the polymeric sandwich cluStetearly

the B—XWg anion can be shifted toward tlfetype in acidic displays the strong effects of lowering the pH, the way of
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establishing the acid intensity, and the order of adding the turally interesting compounds but also open up possibilities for
reactants on the degree of condensation. This structural consecatalytic oxidation reaction's. At present, the possibilities of
quence reveals the sensitiveness of the equilibrium present inthese applications are under intensive investigation by our group.

aqueous solution of heteropolytungstates. Certainly, one should Acknowledgment. This work was supported by the Deutsche

not forget additional concentration effects. It has to be noted Forschungsgemeinschaft, the Fonds der Chemischen Industrie,
that the herein presented use of the straightforward strategy Cannd the Hoechst AG (AVENTIS)

of course be applied for incorporation of other 3d transition
metals!? Supporting Information Available: X-ray crystallographic files,
Outlook. The Bi-containina heteronolvtunastates _ in CIF format, are available. This material is available free of charge
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(OH),]*4~ and especially the transition-metal-substitutegV/[Mo-
M,07¢(H20)6] 24"~ presented herein not only constitute struc- 1C981313M





