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Syntheses and Structures of the Tungstoborate Anions
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A new tungstoboric species, [BMD4sH3]®~, which was identified in solution, is an intermediate between
[BW1:036H]8~ and the so-called hexagonal acid. This heteropolyacid was obtained in high yield by a new synthetic
route. A single-crystal X-ray diffraction study showed that its formula is[BtW34013]:69H0. The
heteropolyanion is formed by three B¥D46 subunits linked together by sharing vertices leadinGdpsymmetry.

Each subunit is constituted by a undecatungstic anion derived from the Keggin structure, cappeakbditungstic

group, WO11. The BQ tetrahedron is significantly distorted, one of the-® bonds being longer (1.58 A) than

the three others (1.46 A). The conversions between the three speciesQBW|8~, [BW1:04H3]8~ and
[BsW3gO137%1 are rapid and reversible. On the contrary, the irreversible formation of the Keggin heteropolyanion,

o-[BW12040)%, is observed by heating of the

Introduction

The polycondensation of tungstate ions [} in the
presence of oxoanions [X{0~ has been studied for a long tirhe.
The role of X is to govern the polycondensation around it, so
X is generally at the center of the structure of the heteropoly-

oxotungstate and the overall symmetry of the species corre-

sponds to that of the XQpolyhedron. The most familiar
compounds are obtained with tetrahedral [XO assembling
anions (X= SiV, GeV, PY, As¥) and have the Keggin structure
[XM 12040]"~, where four trimetallic fragments are arranged
around X with aTy symmetry? Central transition metals with

an octahedral coordination sphere lead to compounds with the

Anderson structure, [XgMeO14"".2 Heteroatoms with lone
pairs of electrons (A%, SU", Bi'') lead to structures in which

solution of [BY@46H3]8~ at pH 1-5.

this conclusion and established the existence of the 11-
tungstoborate anion, which was written as [B\®s0]°~. It is
now well established that the anion corresponding to the
guadratic acid has the Keggin structure (natgdut its route
of formation and relations with the other species are not known.
It is tempting to think that the versatility of the trigoral
tetrahedral stereochemistry of the boron atom is responsible for
the particular behavior of its reaction with tungstate. The aim
of this work was to establish the true composition and the
structure of all the species present and to derive their mechanism
of formation. In this paper, we show that each species has a
different composition or degree of condensation and that its
formation can be explained on the basis of the stereochemical
properties of the boron atom.

several subunits are associated in order to accommodate thgexperimental Section

unshared electrorfs.
The chemistry of boron is characterized by its electron
deficiency. In the boric oxide and acids, the boron atom is at

the center of a triangle of three oxygen atoms, but tetrahedral

Preparation of the Compounds. Hi[B3W330137:69H,O. A 200
g sample of sodium tungstate (N#O,-2H,0) and a 10 g sample of
boric acid were dissolved in 200 mL of boiling water. A solution of
6 M hydrochloric acid was added with vigorous stirring in order to

[B(OH)4] ™ anions exist in alkaline solutions. In between them, gissolve the local precipitate of tungstic acid until the pH wa&s5—6

several polyborates have been characterized in which trigonal(~120 mL in 20 min). The pH was maintained at this value by addition
and tetrahedral boron atoms coexist in the same spedes. of hydrochloric acid, and the solution was kept boiling for 0.5 h, the
therefore interesting to study the stereochemistry of boron in final volume being 300 mL. The cooled solution was kept 24 h at 4
compounds resulting from polycondensation reactions with °C. The precipitate (mainly the sodium salt of paratungstate

scribed: in 1883 Kleifiobtained two tungstoboric acid isomers
which crystallized with tetragonal and hexagonal lattices. Later,
Copaux gave two different compositions for these compounds,
corresponding to W/B ratios of 12 and 14, respectively. But
Rosenheirh suggested that they had the same composition
corresponding to the ratio W/B- 12. Soucha¥yagreed with

® Abstract published idvance ACS Abstractdanuary 15, 1997.

(1) Pope, M. T.sopoly and Heteropoly Oxometalate Anipi&pringer-
Verlag: Berlin, 1983.

(2) Keggin, J. FProc. R. Soc. LondqgrSer. A1934 144, 75.

(3) Anderson, J. SNature (London)1937, 140, 850.

(4) (a) Jeannin, Y.; Martin-Fre, J.J. Am. Chem. Sod 979 18, 3010.
(b) Robert, F.; Leyrie, M.; HerveG.; Tezg A.; Jeannin, Y.Inorg.
Chem 198Q 19, 1746. (c) Krebs, B.; Klein, R. lfPolyoxometalates:
From Platonic Solids to Anti-Retedral Activity; Pope, M. T., Mlier,
A., Eds.; Kluwer: Dordrecht, The Netherlands, 1994; p 41.

(5) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistryith ed.;
John Wiley & Sons: New York, 1980; p 296.

(6) Klein, D. Ann. Chim. Phys1883 28, 350.

(7) Copaux, HAnn. Chim. Phys1909 17, 217.

(8) Rosenheim, AZ. Anorg. Chem1911, 70, 418.

acidified by addition of 10 mL of concentrated sulfuric acid. At this
point two procedures can be performed: (i) to the cool solution, 180
mL of concentrated perchloric acid was added. The acid precipitated
slowly; (ii) or alternatively, in a separatory funnel, 20 mL of diethyl
oxide and 50 mL of a chilled mixture, A, made of equal volumes of
sulfuric acid and diethyl oxide, were added per 100 mL of the solution.
The preparation split into three phases (a small extra amount of diethyl
ether might be necessary). The heaviest phase was collected and
washed with a mixture made of 100 mL of water and 50 mL of A. The
diethyl ether of the heavy layer was removed under vacuum and left
the white sodium-free acid. In each case the yield wd§%.

The acid was recrystallized at room temperature after dissolution in
the minimum amount of water. Anal. Calcd for,#B3W3qO137)*
69H,0: B, 0.30; W, 67.78. Found: B, 0.30; W, 66.71.

Kg[BW 11039H] -13H,0. A 300 g sample of sodium tungstate and
a 20 g sample of boric acid were dissolved in 500 mL of boiling water.
A solution d 6 M hydrochloric acid was added-(L90 mL in 20 min)
with vigorous stirring in order to dissolve the local precipitate of tungstic

(9) (a) Souchay, PBull. Soc. Chim. Fr1951 5, 365. (b) Souchay, P.
Ann. Chim.1945 20, 96.
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Table 1. Crystallographic Data Collection

Téze et al.

Table 2. Fractional Atomic Coordinates and Thermal Parameters

formula H1(B3W39013)-69H,0 atom xla yib Zc B(eq) (4?2
2’;’ <t color 1C°05|Zﬁfs . W(1) -0.12420(9) 0.67330(9) 0.7500 3.82(7)
crzst habit needle W(2) —0.12573(5) 0.53926(6) 0.67246(5) 3.24(4)
calc density (g cm?) 4.04 W(3) 0.17945(5) 0.78208(5) 0.66524(5) 2.49(4)
meas density (g cr) 406 W(4) 0.03478(6) 0.80095(6) 0.66453(6) 3.72(5)
crvst face Y9 10000 (0.078) W(5) 0.03354(6) 0.66777(6) 0.58667(5) 2.96(4)
yst S W(6) 0.03384(5) 0.51995(5) 0.67061(4) 2.31(4)
(distance from center, mm) 0100@10.084)
110 110 (0.062) W(7) 0.22650(6) 0.63981(6) 0.66070(7) 4.64(5)
001 001(0.423) atom xa . 2
_ y/b zlc B(iso) (A?)
absorptn coefft (Mo Ka)) cm™ 263.83
cryst syst hexagonal B 0.027(3) 0.667(3) 0.7500 4.0(10)
space group P6s/m O*(77) 0.2726(8) 0.5897(8)  0.6430(7) 2.2(3)
a=b(A) 21.626(9) Oa(122) —0.052(1) 0.621(1) 0.7500 2.5(4)
c(A) 21.46(2) Oa(345) 0.0562(8)  0.7092(8)  0.6924(7) 2.2(3)
V (A3) 8692 Oa(66) 0.058(1) 0.613(1) 0.7500 1.9(4)
z 2 Ob(14) —0.0619(9) 0.7347(9)  0.6920(8) 3.4(3)
diffractometer Philips PW 1100 Ob(25) —0.0631(9) 0.6059(9) 0.6181(8) 3.6(4)
monochromator graphite Ob(26) —0.0567(8) 0.5056(9) 0.6764(7) 2.9(3)
radiation ¢, A) Mo Ko (0.710 69) Ob(33) 0.190(1) 0.809(1) 0.7500 3.3(5)
temperature°C) 21 Ob(37) 0.1905(8)  0.7045(8)  0.6812(7) 2.3(3)
scan type 6—26 Ob(44) 0.051(1) 0.825(1) 0.7500 3.7(5)
20 range (deg) 444 Ob(56) 0.0520(8)  0.5955(8)  0.6145(8) 2.9(3)
scan speed (degy 0.01 Ob(66) 0.027(1) 0.476(1) 0.7500 2.4(4)
scan width (deg) 0.96- 0.345 (tar) Ob(67) 0.1376(8) 0.5648(8) 0.6776(7) 2.5(3)
background half of scan time, in two parts, Ob(77) 0.2485(9)  0.6458(9)  0.7500 1.1(3)
before and after every scan, Oc(12) —0.1661(9) 0.5985(9) 0.6885(9) 3.8(4)
in fixed position Oc(22) —0.165(1) 0.491(1) 0.7500 3.8(5)
no. of standard reflections 3 measd every 2 h Oc(34) 0.1326(9)  0.8382(9)  0.6535(9) 3.9(4)
no. of reflections collected 4030 Oc(35) 0.1323(9) 0.7352(9)  0.5887(8) 3.6(4)
no. of reflections kept for 2830 Oc(45) 0.017(1) 0.746(1) 0.5902(9) 4.1(4)
refinement 0d(1) —0.194(2) 0.694(2) 0.7500 5.4(7)
final R (=3||Fol — [Fll/[TFol) ~ 0.049 0d(2)  —0.187(1)  0478(1)  0.6232(9)  4.3(4)
final Rw 0.053 0d(3) 0.2608(9) 0.8414(9) 0.6352(8) 3.6(4)
(=S W(IFo| — |Fd)ASWFRY) Od(4) 0.024(1) 0.868(1) 0.633(1) 5.0(4)
GOF 1.36 od(5) 0.0239(9) 0.6502(9)  0.5089(9) 3.9(4)
weight 1.8776(F)* + 0.0012F2 0Od(6) 0.0183(9)  0.4509(9)  0.6218(8) 3.2(3)
0d(7) 0.2021(8) 0.6418(8) 0.5736(7) 2.5(3)
acid until the pH was 6. The solution was kept boiling foh and ow(l) ~0.073(1) 0.468(1) 0.513(1) 8.4(7)
. . ow(2) 0.143(2) 0.475(2) 0.523(2) 11.9(10)
after. goollng to room tempgrature it was kept 24 h a‘tq The ow(3) ~0.157(2) 0.354(2) 0.595(2) 12.6(11)
precipitate was removed by filtration, and then the potassium salt was
precipitated from the solution by addition of potassium chlorig&q0 2B(eq) = Y333 Biaa.
g). The crude potassium salt was dissolved L of lukewarm water, bl | d . A
the insoluble part eliminated, and the potassium salt precipitated againTa e 3. Selected Interatomic Distances (A)
by addition of KCI (~100 g). The yield was-25%. Anal. Calcd for W(1)—0d(1) 1.74(4) W(5)-0d(5) 1.70(2)
Kg[BW11030H]-13H,0: K, 9.76; B, 0.34; W, 63.10; D, 0.07. W(1)—0Ob(14) 1.81(2) W(5)-Oc(35) 1.86(1)
Found: K, 9.87; B, 0.31; W, 62.91;4, 0.07. W(1)—0c(12) 1.91(2) W(5)Ob(56) 1.86(2)

X-ray Data Collection and Structure Determination. A crystal W(1)-0a(122) 2.29(3) WWS(S)SE%? ig;(g)
of Hz1[B3W340137:69H,0 was sealed in a thin-walled capillary tube. W(2)-0d(2) 1.68(2) V\(/(%;Oag34)5) 2' 39((1))
Preliminary Weissenberg photographs indicated a hexagonal lattice. W(2)—0b(25) 1.81(2) ’

The systematically absent reflections corresponded to the space groups W(2)—Oc(12) 1:88(2) W(6)-0d(6) 1.70(2)
P63, P6322, ancP_63/m. Tr_]e choice of the cent_rosymmgtrl_c space group W(2)—0c(22) 1.91(1) W(6)-Ob(26) 1.80(2)
P6s/m was consistent with the values of various statistical indications W(2)—0b(26) 1.93(2) W(6}Ob(56) 1.89(2)
using normalized factors and all stages of the subsequent structure \W(2)—0a(122) 2.35(1) W(6)Oh(66) 1.92(1)
determination refinement. W(6)—O0b(67) 1.92(2)

Intensity measurements were carried out with Ma adiation on W(3)—0d(3) 1.68(1) W(6)-Oa(66) 2.46(2)
a Philips PW 1100 instrument (graphite monochromator and scintillation ~ W(3)—Ob(37) 1.81(2)
counter) at room temperature. The intensities of three standard W(3)—0h(33) 1.88(1) W(7‘}OE’(67) 1.80(1)
reflections were measured eyé& h and showed no significant variation. w(g):gc(gg) ig%(g) w(?gb(?;?) 11%13(22)
The data were corrected for Lorentz and polarization effects. The (3)-0c(35) 92(2) (7)yOb(37) .93(2)

. ! L . W(3)—0a(345) 2.36(1) W(HO*(77) 1.93(2)
absorption correction was performed by the Gaussian integration W(7)-0d(7) 1.95(2)
methoq. Information_conc_erning crystal data and conditions of the data W(4)—0d(4) 1.69(3) W(7-Ob(77) 1..96(1)
collection is summarized in Table 1. W(4)—Oc(34) 1.83(2)

The structure was solved by using a combination of direct methods  W(4)—0b(44) 1.89(1) B-Oa(122) 1.46(5)
(MULTAN), which lead to the positions of the tungsten atoms in the W(4)—0Oc(45) 1.90(2) B-Oa(345) 1.47(3)
asymmetric unit, and alternative difference Fourier syntheses and least- W(4)—Ob(14) 1.91(1) B-Oa(66) 1.58(7)
squares refinements for the location of oxygen and boron atoms of the  W(4)—0a(345) 2.29(2)

polyanion. Three water molecules have been found. The final cycle

of full-matrix least-squares refinements leadRe= 0.049 andRw = Characterization in Solution. The tungstoborates were character-
0.053 for 2830 reflections with> 3a(1). All calculations were carried ized in solution by polarographynil M CH;COOH-1 M NaCH;-

out on a Gould UTX/32 computer using SHELX programs. The atomic COO buffer (pH 4.7) on a dropping mercury electrodéB NMR
coordinates are reported in Table 2 and selected bond distances in Tablepectra were recorded on a Bruker AC 300 spectrometer operating at
3. 96.29 MHz. Concentrated solutions of [BMDsgH]®~ were obtained
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Figure 1. Polarograms of (a) [BWOsH]®~ 3 x 104 mol L™t in acetic
buffer pH 4.7; (b) and (c) after addition of one and two [\{jR per
heteropolyanion, respectively, in the same conditions.

-0.4

by dissolution of the potassium salt in lithium perchlorate solution and
filtration of potassium perchlorate. Solutions of [B¥@.H3]®~ were

Inorganic Chemistry, Vol. 36, No. 4, 1995607

should be easily obtained from [BMD3gH]®~. Both com-
pounds can be characterized by their electrochemical behavior
at pH 4.8: a-[BW1,040]>~ shows two monoelectronic wavés
at E;, = —0.48 and —0.72 V (SCE), respectively and
[BW11030H]®~ shows one bielectronic walfat E;, = —0.76
V (SCE). Polarography of mixtures of [BMOsgH]®~ and
tungstate at pH 4.8 did not show the characteristic waves of
0-[BW12040]%~, but instead two new bielectronic wavesmap,
—0.63 and—0.84 V (SCE), respectively, which cannot be
assigned to any known tungstoborate anion. Besides, polaro-
graphic study of the hydrolysis @f-[BW1,040]>~ at pH 7-10
showed that borate and tungstate ions are obtained directly
without formation of the 11-tungstoborate anion. This means
that there is not pH-dependent, direct interconversion between
[BW11039H]®~ and a-[BW12040]°".

A New Tungstoborate: [BW;3046H3]8~. The composition
of the species obtained in acid solution by addition of tungstate
to [BW1103H]®~ can be deduced from the polarographic
titration curve. Figure 1 shows polarograms of mixtures of
tungstate and [BWO3gH]8~ in different ratios. At a potential
of —0.70 V (SCE), the current intensity increases linearly up
to W/BW1; = 2 and then remains constant. At this potential,
the current is only due to the new polyanion. Clearly, the
[BW11036H]®" anion reacts with 2 tungstate ions leading to a
compound with 13 tungsten atoms. Its formula was obtained
by titration of the mixture [BWiOseH]®~ + 2WO,2~ with
hydrochloric acid. An equivalence point was observed after
addition of four H™ per polyanion and therefore the formation
of the new species can be written as

[BW,,05H]® 4+ 2WO,” + 4H" =
[BW,,0,H4® + H,0

prepared by addition of tungstate to the solutions of the 11-tungstoborate

in acetic buffer (pH 4.7).

Results

The 11-Tungstoborate Anion. Attempts to obtain any
tungstoborate species at pH-8 failed. This is the first
difference between'Band SV, PY (tetrahedral atoms), as well
as Ad', sp'" (pyramidal atoms) which, under these conditions,
lead to A- or B-9-tungstoheteropolyanions, respectivély-he
first species isolated by acidification of mixtures of tungstate
and boric acid was the 11-tungstoborate anion at pH,6as
previously reported by Souch8yAnalysis of its potassium salt
gave the composition [BWOsgH]8~, which is analogous to the
corresponding anions [X¥¥O3¢] "~ containing tetrahedral central

The number of oxygen atoms (46) was derived from the
structure of the parent hexagonal acid (see later). Addition of
base to a solution of [BWO4H3]®~ gave again the 11-
tungstoborate anion at pH 7, showing the reversibility of the
transformation between [BWOsgH]®~ and [BWi304eH3]8".
Attempts to isolate a salt of the new anion (e.g., a potassium
salt) failed because of its very high solubility. In fact, the only
salt obtained was always that of the sparingly soluble 11-
tungstoborate, the equilibrium being shifted by its insolubility.

Strictly speaking, only the formula ([BWWO4eH3]87), can be
derived from the above experiments but it will be proved later
thatn = 1 for this compound.

The Hexagonal Tungstoboric Acid: Hy[BsW3¢O13]. The

atoms. Because of its high negative charge, owing to the lower hexagonal acid had been obtained by Kieamd Copaukin

oxidation state of the boron atom, the polyanion is protonated.

low yield, as a byproduct in the synthesis of quadratic

This proton cannot be neutralized at high pH without destruction tungstoboric acidp-Hs[BW1,04q]. It was separated as long

of the polyanion.

needles by fractional crystallization, but the characterization was

It was expected that boron would have a tetrahedral symmetry poor, probably because of small quantities. In the course of

in this compound, thereby identifying it as arisomer. In favor
of this hypothesis is the formation of 1/1 complexes with
transition metal cations such asd! Mn?*, or Fé". These

the quest for a better method of preparation of the hexagonal
acid, it was observed that if a solution of [B¥D4eH3]8~ was
quickly acidified to a pH close to 0 at room temperature, then

complexes have been shown to be isostructural with the the Keggin anioro-[BW1:040]°~ was not formed, even if the

a-isomers of the [XW;039M(H20)]"~ complexes which contain
tetrahedral central atoms. However, this point of view is not

solution was kept boiling for several hours. If extraction by
diethyl ether was performed and the heavy phase was dissolved

in agreement with another property of the monovacant in water, pure hexagonal acid was obtained in good yields by

[XW 11039~ species: in acid solution, addition of tungstate
leads to formation of the complete [X\D4]™ Keggin anion

in a very facile and rapid reaction at room temperature. Since

the Keggin anion-[BW1,040]%" is very stable at pH<6, it

crystallization. Crystals of good quality were obtained and the
structure could be solved by X-ray diffraction.

The anion [BW3¢0137%1 illustrated in Figure 2 ha€s,
symmetry and is formed by three subunits of 13 ¥y\¥0tahedra

(10) Herve G.; Tezg A. Inorg. Chem 1977, 16, 2115.
(11) Weakley, T. J. RActa Crystallogr.1984 C40, 16.
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(13) Herve G.; Tezg A. C.R. Acad. Sci. Pari§974 278 1417.
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Figure 2. Polyhedral and ball and stick representations of the structure
of the tungstoboric acid H[B3W3¢0;37].

linked together by sharing vertices. Its formation can be
described as a condensation of three [B®4sHs3]®~ units:

3[BW,,0,HJ® + 3H" = [B,W,40,5]% + 6H,0

Due to the symmetry of the cell, only one-sixth of the
polyanion had to be determined. Different types of oxygen

atoms are distinguished in the polyanion as usual. Oa oxygen
atoms are linked to the central boron atom, Ob and Oc oxygen

atoms link WQ octahedra, respectively, by vertices and by

edges, and Od are terminal oxygen atoms linked to only one b
tungsten atom. O* is a particular oxygen atom which is shared

by the subunits defined previously. The name given of the
oxygen atoms in Table 2 includes both this latter classification

and, in parentheses, the numbering of the tungsten atoms the

are linked to.

Each BW 3046 subunit can be considered as an undecatungstic

anion derived from the Keggin structure capped hy@xodi-
tungstic group WO;; formed by two octahedra (W(7)). An
alternative description of the structure is to consider three
BW11039 subunits joined together by a d,; central group.
Each BW 039 subunit has the global geometry observed in the
Keggin structure, but some differences in-WV distances can

be reported. The distances between the metal atoms of edge
shared octahedra in the triplets are 3.30 A. This is somewhat
shorter than for the Keggin structures of tungstophosphate (3.41

A) and tungstosilicate (3.42 A), respectivélyThe distance

between the W(6) atoms in the group of two octahedra is 3.41
A. The average distance between the W atoms belonging to
corner-shared octahedra is 3.62 A, which is also lower than for

12-tungstophosphate and 12-tungstosilicate anions.

Each W(7)Q octahedron is sharing corners with the W(6)-
Oe, W(3)0Os, and three equivalent W(7}Qctahedra, respec-
tively. The distances between W(7) and W(6), W(3), &xd

Téze et al.

91
Ob141.81 w1

Figure 3. Schematic representation of the successive long and short
W—0O bonds along the WO—W chain. Bond lengths are in angstroms.

Table 4. Molecular Weight and Hydrodynamic Radius Determined
by Ultracentrifugation and Viscosity Measurements, Respectively

heteropolyanion mol wt hydrodynamic radius (A)
[BW13046H3]%~ 2930 75
[B3W3g01372% 11100 10

the other hand, the W(#W(7) distance between atoms related
by the mirror plane is significantly longer (3.83 A). This
difference is due to the relatively large W7Qb(77) bond
length (1.96 A) trans to the Od(7) terminal oxygen (W{D)d-
(7), 1.60 A).

As is often observed for molybdic compounds but less for
tungtic ones, the distances between tungsten atoms and oxygen
atoms Ob or Oc which are bound to them, are alternatively long
and short. This is illustrated in Figure 3.

Characterization of the Species in Solution.The molecular
weight and the hydrodynamic radius of the three tungstoborates
in solution have been determined by ultracentrifugation (Archibal
method) and viscosity measurements, respectively (Table 4).
The values obtained for HB3W340:3] suggest that the
structure of the heteropolyanion is conserved in solution. The
hydrodynamic radius matches well with the crystallographic one,
which is 10.30 A. The values obtained for the 13-tungstoborate
correspond well to species containing one boron atom.

The environment of the boron atom in the tungstoborates can
e characterized by the nuclear magnetic resonance of the most
abundant isotop&'B. In particular, this quadrupolar nucleus
is sensitive to the arrangement of the oxygen ligands around it.
The regulaiTy symmetry ino-[BW1,040]°~ leads to a very sharp

Yesonance line in the NMR spectrumy < 1 Hz). On the

contrary, the very broad signals (between 140 and 250 Hz) for
the three other compounds have to be attributed to a less
symmetric environment of boron.

Conditions of Formation of o-[BW1,04°". This het-
eropolyanion is stable in acid solution up to a pH~d and is
obtained by boiling a solution containing tungstate and boric
acid at pH 3-5. On the other hand, [BWOz¢H]8~ is stable at
pH 7—8 and transforms into [BWO4eH3]®~ at pH <6. Since
the [BsW390137%% anion is stable at pH 0 (even with boiling),
the a-[BW12040]°~ anion must be formed at pH-5, where
[BW13046H3]8" is stable at room temperature. Increasing the
temperature of such solutions leads effectively to the formation
of a-[BW1:040]%~, as characterized by its polarographic be-
havior. A rough polarographic study of the formation of the
Keggin type anion showed that the rate was maximal at a pH
near 2.

Discussion

symmetry-related W(7)s are respectively 3.59, 3.63, and 3.55 The routes of formation of the tungstoborate anions are

A, which are in the usual range of Y\O—W bond lengths. On

indicated in Figure 4. This scheme is very different from the
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B(OH), + WO, atoms in a regular tetrahedron. It can be concluded, therefore,
that the boron atom in [BV39013]%%" is intermediate between
T _ the trigonal BQ and the tetrahedral BQroordination. It can

be presumed that the coordination polyhedron of the boron atom

is the same for the three compounds [B¥VsgH]%™,
[BW13046H3]%~, and [BsW3¢0137)21, since these species trans-

BW;;05H™ form reversibly into each other by fast reactions and thi&r
NMR signals are also very similar. An important consequence
of this geometry is that the reaction of tungstate ions with
_ [BW11034]%~ does not lead to the Keggin ian-[BW15040]°~
by fixation of one WG* group in the vacant site. Instead, if
the structural features of the hexagonal acid are extended to
BW20," BW,;0,H,*> [BW13046H3]8~, two tungsten octahedra are symmetrically
Z placed over the vacant site leading to the original [B®gH3]®~
1 species. The [BWO3gH]®~ anion acts as a tetradentate ligand
for the u-oxoditungstic WWO11 group, in which two tungsten

octahedra share a corner, the Oa(66) atom not being involved
in this mode of binding. This feature is clearly connected to
the distorted geometry of the BQ@etrahedron.

The oxotungstic geometry of the BMDsg subunit in the
hexagonal acid is the same as for structure-§8iw;103¢]%".
Isomerism of vacant heteropolyanions has been defined by
reference to the complete structure, which is formed in acid
solution!® For example,a- and 8-[SiW1103]®~ react with
tungstate in acid solution to forna- and B-[SiW12040]%,
respectively. According to this definition, [B¥OsgH]8~, which
does not lead straight to-[BW1,040]°> (and conversely alkaline
hydrolysis of the latter does not lead to the undecatungtic
species), cannot be considered @isomer. This could be
explained by the difference in the geometry of the central
heteroatom. In the structure of BfBCo(H,0)W1103¢]-26H,0
reported by Weakley the observed regular BQetrahedron
results from the crystallographic treatment and is not in
contradiction with our results.

B3Wa3043,H*"
Figure 4. Routes of formation of the tungstoboric heteropolyanions.

scheme previously established for polyanions with tetrahedral
or pyramidal central atoms. For tetrahedral heteroatoms, the
species obtained at pH 9 is th&isomer of the trivacant
A-[XW gO34"~ anion. Inthese compounds, X is in a tetrahedral
environment of oxygen atoms and this symmetry is kept in any
compound derived from further condensation reactions with
tungstate ions even after isomerizatidnFor the pyramidal
heteroatoms with three oxygen atoms and a lone pair of
electrons, the first species obtained at pH1® is the trivacant
B-[XW ¢O33H]®~ anion and the pyramidal environment of X is
kept in all the compounds derived from further reactibns.
Differences in the behavior of boric compounds are evidently
due to the particular structural chemistry of boron, which shows
a great diversity in the binding oxygen atoms and in its

) o o : .
acceptance of electrons from donor atoms in order to decrease The instability of [BWisOseH3]* at high temperature Is
its electron deficiency. In borates, the B atom can bind to either probably related to the presence of three terminal oxygen atoms

e oxygen atoms forming a riangl o fouroygen stoms C1 S6 LD ST D o e e g L
forming a tetrahedron. The very large signals observedBn prop P P y

_ _ _ localized on this group in order to decreasesthonor character
8 8 21
?%Rggrg\s{;ilr? géH]by, [EI;BV[\gléfSGTr?] ahagg\gﬁjvr:/ﬁﬁgrﬁ?] of low ©f the terminal oxygen atoms bound to the W(7) atoms. In

i 21—
symmetry. The X-ray structure of the hexagonal acid gives contrast, all the tungsten atoms ingl8sO137* have only
more details about this environment: B is 1.46 A from the three °"° t'ermlnal oxygen atom and this anion is very stable in acid
Oa oxygen atoms of the three tritungstic groups and 1.58 A solution.
from the fourth oxygen Oa(66) of the ditungstic group belonging  Acknowledgment. The authors thank Mr. Francis Robert
to the BWi1039 subunit. The boron atom is0.36 A above for help during the X-ray determination.
the triangle of the three Oa atoms. If a mean value of 1.48 A Supporting Information Available: Listing of anisotropic tem-

is assumed for the BO bond length in tetrahedral BE® the perature factors of the tungsten atoms (1 page). Ordering information
boron atom would be 0.49 A above a plane of three oxygen g given on any current masthead page.
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