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Prolonged photolysis of aqueous solutions containing «-Ks[BW,,0,,]-9H,0 1 and MeOH at pH 0.1 led to the
formation of the diamagnetic six-electron-reduced species Ks[BW,,0;-(H,0);]-13.5H,0 2, via successive
disproportionations between the protonated two-electron reduced species [H,BW ,0,,]° . Single-crystal
X-ray diffraction analyses of colourless crystals of 1 and dark brown crystals of 2 showed that six electrons
contribute to the formation of a trigonal edge-shared W'V,0, ; group of «-Keggin framework and approximate
C,, symmetry. The edge-shared W', triad contains terminal aqua ligands with a mean bond length of

2.15(4) A on each W atom which is linked by W"Y-W'Y bonds [mean 2.543(3) A]. The aqua ligand is also
bound to lattice water and neighbouring anion oxygen atoms by hydrogen bonds. The magnitude of the
O(terminal)~W-O(u) bond angles for each WO, octahedron can be associated with the asymmetry of the axial
W-O bond distances, due to the electrostatic repulsive interaction of u-O atoms with terminal-O and p,-O
atoms. The contraction (=~0.77 A) of the W « . - W distances due to the W'Y—W'¥ bond formation in the W'V,
triad is concerted, pushing atom B down (=~ 0.4 A) toward the corner-shared W"', triad. As a result, an
expansion (~0.03 A) of the W¥!. .. W¥! distances in the corner-shared W"'; triad occurs with a shortening
(~0.4 A)in B .-+ WY distances, and is accompanied by slight elongations ( <0.07 A) in both the W¥T... W¥!
distances in the edge-shared WY'; triad and WY'. - - W'V distances between the corner-sharing WY'O¢ and

W'VO, octahedra.

It is well known that [H,W,,0,,]1°", [BW,,0,]° ",
[SiW,,0,0]*" and other «-Keggin structural heteropolyoxo-
tungstates can be reduced electrochemically or photochemically
to the brown six-electron reduction species which are different
from the usual heteropoly blues corresponding to one- or two-
electron reduction species.!™ In the brown species it has been
suggested that these electrons lead to the formation of the edge-
sharing octahedral W'Y,0, ; group, in which the WV atoms are
linked by W'Y-W' bonds and the terminal oxygens become
protonated to form water molecules. This assumption is
supported by the crystal structure of the brown species of
metatungstate formulated as Rb,H[H,W"Y;W",0,,]-
~ 18H,0, although the resolution obtained is limited by orien-
tational disorder:® the space group of the crystal (Z = 8) is
Fm3m which allows only one independent W atom in the anion.
The X-ray analysis of the brown metatungstate implies the
presence of two kinds of tungsten positions which were
attributed to W'Y and WV atoms, in which the W atoms are
disordered with occupancy factors of 3 and 2, respectively. The
configurations of the W'Y and W"! atoms were not determined
and the presence of the W'V;0,; group was only indirectly
suggested. In order to prove the existence of the W'Y ;0 ; group
in the brown species it is essential to find a compound in which
the crystallographic disorder is absent. Here, we report a
complete structure of the potassium salt of the six-electron-
reduced form of «-[BW,,0,,]°", which is formulated as
K[BW,,0;,(H,0);]-13.5H,0. This compound can be
obtained by the photoredox reaction of [BW,,0,,]°" and
alcohols in acidic media:® in highly acidic solutions (pH < 2)
protonation of the one-electron reduced species, [BW,,0,0]°~
(pK, =~ 1.5 for [HBW,,0,,]° ), formed in the redox reaction
between [BW,,0,,]°~ and MeOH, occurs, followed by
successive disproportionations to the six-electron-reduced
species. The '83W NMR spectrum of [BW,,0;,(H,0);]°~
consists of three simple lines at 6 1412.3, —109.8 and —128.3
with an intensity ratio of 1:1:2. Each of the lines is shifted
downfield relative to a simple resonance at 3 —129.5 for the

oxidized parent [BW,,0,,]° ~.*® The line at  1412.3, shifted
strongly downfield, has been assigned to three W'Y atoms in
the W'V,0,; group where six electrons will be localized
preferentially, probably due to bond strengthening as a result of
the formation of three W'V—W'Y bonds in the W'V;0,; group.
The crystal structural analysis of the six-electron brown species
Ks[BW,,0;-,(H,0);]-13.5H,0 should be also useful for the
confirmation of the W!'Y-W'¥ bonding.

Experimental
Preparation and chemical analysis

The salt Na,[SiW,0,,]-18H,0 was prepared as described
previously ” and Ks[BW,,0,,]-9H,0 1 was synthesized and
crystallized according to a published procedure.® All other
reagents were of at least analytical grade used without further
purification. Diamagnetic Ks[BW,,0;,(H,0),]-13.5H,0 2
was prepared according to the photochemical method* and
crystallized as follows: complex 1 (0.3 g, 0.09 mmol) was
dissolved in water (20 cm?) in a quartz tube (40 cm?®), HCl was
added to adjust the pH to 0.1, and then MeOH (5 cm?) was
added. The resulting solution was irradiated for 3 d under an
atmosphere of nitrogen using a 500 W superhigh-pressure
mercury lamp. Potassium chloride (0.5 g, 6.8 mmol) and «-
Na,o[SiW,0,,]-18H,0 (0.25 g, 0.1 mmol) were added to the
dark brown photolyte and kept at 4 °C. Dark brown single
parallelepiped crystals (0.13 g) of 2 were precipitated within 1 d.
The increase in the ionic strength of the photolyte by additional
electrolytes such as Na, ,[SiW,0,,]-18H,0, Eu(NO;),-6H,0,
and PhP(O)(OH), seems to be important for crystallization of
the brown reduced species. The six-electron reduction in 2 was
confirmed by potentiometric titration under an atmosphere of
nitrogen and the potential of a platinum indicator electrode vs.
Ag-AgCl reference electrode at open circuit was measured by a
TOA Electronics IM-5S ion meter: a known volume of
ammonium iron(i1) sulfate was added to 2 in 4 mol dm™ H,SO,
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to clarify the endpoint of the titration and the tungsten(iv)
content was determined using a standard solution of KMnO,.
The extent of reduction in 2 was 5.5 % 0.1. The IR and Raman
spectra were recorded on JASCO FT/IR-5000 and Jobin-Yvon
T6400 Raman spectrophotometers, respectively.

Crystallography

Crystals were sealed in Lindemann glass capillaries and
mounted on a Rigaku AFC-5 diffractometer equipped with
graphite-crystal-monochromatized Mo-Kua (A = 0.710 69 A)
radiation. The intensities were collected by »-20 scans at a 20
scan rate of 8° min™' at room temperature. The orientation
matrix and cell dimensions were obtained from the setting
angles of 25 centred reflections in the range 26 = 20.0-24.7 and
20.1-25.0° for complexes 1 and 2, respectively. No significant
decay in intensity of three standard reflections recorded after
every 100 was observed. The W atom positions for 1 and 2 were
determined by direct methods using MITHRIL® and SAPI
91,'° respectively. Atoms K, O and B were located from
difference syntheses. Lorentz and polarization factors were
applied and an absorption correction by use of DIFABS *! after
isotropic refinement for 1, and on the basis of ¥ scans of three
reflections 12 for 2. The correction factors applicable to |F,| were
0.80-1.46 and 0.15-1.00 for 1 and 2, respectively. Subsequently
in 1 the W, and in 2 the W and K atoms were refined with
anisotropic thermal parameters. Refinements for all non-H
atoms were carried out (on F) using the full-matrix least-
squares method. The quantity minimized was Tw(|F,| — |F.])%.
Attempts to refine potassium and crystal-water oxygen atoms,
with various combinations of site-occupancy factors, were
performed. A summary of crystal data for 1 and 2 is shown in
Table 1. The weighting scheme employed was w™! = 6*(F,),
where  6%(1,) = 6*(Luning) + (0.007 1)* and o2%(,) =
62(Ieouniing) + (0.042 1)*> for 1 and 2, respectively. The
maximum and minimum heights in the final difference synthesis
were 5.8 and —2.5 ¢ A= around K(1) and K(2) atoms at
distances of 1.0 and 1.2 A in 1, respectively [7.0 and —6.4¢ A2
around W(12) and W(6) at 1.1 and 0.9 A in 2, respectively]. All
calculations were carried out on a Micro VAX Il computer
using the TEXSAN software package.!?

Complete atomic coordinates, thermal parameters and bond

lengths and angles have been deposited at the Cambridge
Crystallographic Data Centre. See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1996, Issue 1.

Results and Discussion
Structure of K;[BW,,0,,]-9H,0 1

The unit cell of Ks[BW,,0,,] consists of crystallographically
distinct molecules (1a and 1b); two and four, respectively,
formulated as Ks[BW,,0,,]*9H,0 which occupy sites of
crystallographic symmetry 222 (D,) and 2 (C,), respectively.
Fig. 1 shows views of 1a and 1b and their crystal packing in
the cell. The [BW,,0,,]° " anions in 1 exhibit the «-Keggin
structure with 7, symmetry, in which the WY! atoms occupy
the vertices of a cuboctahedron. Tables 2 and 3 show atomic
coordinates and selected bond distances and angles, respec-
tively. The structures of molecules 1a and 1b were identical but
the location of K* or crystal water relative to the anion was
different between the two. Fig. 2 shows the dimensions of the
edge-shared W30, units in molecules 1a and 1b. Two kinds
of W .. W distances are observed; one [3.304(3)-3.324(3) A]
with an average of 3.313(3) A between W atoms of a W,0,,
unit and the other [3.633(3)-3.659(3) A] with an average of
3.645(3) A between W atoms of adjacent W30, ; units. The
W=0, W-O(u) and W-O(p,) bond distances are 1.66(3)-
1.79(5), 1.82(3)~1.96(4) and 2.33(3)-2.47(3) A, respectively,
indicating the expected trend of increasing W-O bond length
for one- < two- < four-co-ordinate oxygens. The W-O(u,)
distances are elongated as a consequence of the trans
influence of the terminal W=0O oxide ligands. The asymmetric
feature of the axial W-O bond distances provides a large
displacement of O=W-O(u) bond angles [96(1)-105(2),
average 100(2)°] from 90° due to the electrostatic repulsive
interaction among axial and equatorial O atoms, as
demonstrated by the fact that O(y) « « » O(terminal) distances
[2.67(5)-2.84(6), average 2.77(6) A] for every WO, octahedral
site are nearly equivalent to O(p) - « - O(p,) distances [2.60(5)-
2.95(4), average 2.80(5) A]. The central B atom is in a
tetrahedral position with mean B-O bond length of 1.49(6) A.
These geometrical parameters are in the range of those
observed in other Keggin polyoxoanions.’# The site occupancy

Table 1 Crystal and refinement data for complexes 1 and 2

1 2
Formula H,sBK;0,,W,, H;;BK 053 sW,,
M 3215 3302
Crystal symmetry Orthorhombic Triclinic
Space group C222 P1
alA 19.055(3) 11.803(4)
bjA 33.004(6) 12.064(4)
c/A 12.439(2) 18.790(6)
af° 86.55(3)
B/° 80.55(3)
v/° 63.42(3)
U/A3 7823(2) 2360(2)
Z 6 2
D /gcm™ 4.094 4.646
p/em™ 268.796 297.124
F(000) 8388 2898
Crystal size/mm 0.15 x 0.15 x 1.8, plate 0.3 x 0.2 x 0.1, plate
Data collection range/® 5<20 <55 5<20<55
h.k,l Ranges 0-25,0-43,0-17 —13to 15,0-15, +24
No. data measured 4897 11 383
No. unique data 4895 10 869
No. observed data [|F| > 3.00(F)] 3491 5700
No. variables 249 371
R 0.058 0.081
R 0.062 0.090
Goodness of fit, S 1.88 2.09
Maximum shift/error 0.117 0.021
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Fig. 1 Anion stackings of the crystallographically distinct molecules 1a (@) and 1b (b) and the crystal packing (c) of complex 1 with atom labelling.
The black circles are lattice-water oxygen atoms

of atom K(6) is fixed at 0.5 throughout the structure Structure of Ks[BW,,05(H,0),]-13.5H,0 2

refinements, since the short distance [1.12(9) A] of K(6):-- The structure of complex 2 consists of discrete cations and
K(6™) (symmetry code III: x, —y, —z) may be brought about [(BW,,0,,(H,0),]°" anions, with water molecules of
by the disordered structure of the two K atoms. crystallization occupying the void volumes. The anion in 2 lies
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Table 2 Atomic coordinates for complex 1 with estimated standard deviations (e.s.d.s) in parentheses

Atom x y z Atom X y z
W(l) 0.370 4(1) 0.003 73(6) —0.302 7(2) O(14) 0.445(2) —0.032(1) —0.252(3)
W(2) 0.371 6(1) —0.075 21(5) —0.509 2(2) O(15) 0.444(2) —0.089(1) —0.409(3)
W(3) 0.506 1(1) —0.074 01(5) —0.301 8(2) O(16) 0.456(1) 0.025 0(8) —0.430(3)
W(4) 0.857 9(1) 0.290 01(6) 0.031 3(2) Oo(17) 0.865(2) 0.341 1(9) —0.045(3)
W(5) 0.798 5(1) 0.351 85(6) —0.1573(2) 0O(18) 0.728(2) 0.362(1) —0.046(3)
W(6) 0.690 6(1) 0.316 75(6) 0.030 4(2) 0o(19) 0.778(2) 0.312(1) 0.102(3)
W(7) 0.573 0(1) 0.276 64(6) —0.175 6(2) 0(20) 0.670(2) 0.263(1) 0.076(3)
W) 0.864 0(1) 0.283 96(6) —0.364 4(2) 0O(21) 0.588(2) 0.233(1) —0.074(3)
W) 0.679 5(1) 0.31303(7) —0.363 8(2) 0(22) 0.855(2) 0.322 8(8) —0.254(3)
0(23) 0.720(2) 0.344(1) —0.253(3)
K(1) 0.75 0.25 0.297(4) 0(24) 0.623(2) 0.309 8(9) —0.078(3)
K(2) 1.0 0.132(2) 1.0 0(25) 0.944(2) 0.261(1) —0.289(3)
K(3) 0.551 6(6) 0.183 6(4) 0.333(1) 0O(26) 0.771(2) 0.297(1) —0.406(3)
K(4) 0.5 0.132 3(5) 1.0 027 0.591(2) 0.316(1) —0.285(3)
K(5) 0.197(2) 0.069(1) 0.340(4) 0(28) 0.855(2) 0.233(1) —0.439(3)
K(6) 0.5 0 0.045(3) 0(29) 0.767(2) 0.284(1) —0.093(3)
0(30) 0.811(2) 0.241 3(8) —0.239(2)
(1) 0.308(2) —0.006(1) —0.208(3)
0Q2) 0.312(2) —0.111(1) —0.486(4) o3 0.890(2) 0.234(1) 0.321(4)
0(3) 0.491(2) —0.110 8(8) —0.206(3) 0(32) 1.0 0.196(2) 0.5
0O(4) 0.922(2) 0.300 6(8) 0.122(3) 0O(33) 0.933(4) 0.149(2) 0.332(9)
O(5) 0.820(2) 0.402(1) —0.184(3) 0(34) 0.704(2) 0.173(1) 0.335(5)
0O(6) 0.646(2) 0.344(1) 0.128(3) 0O(35) 0.710(3) 0.098(2) 0.161(7)
Oo(7) 0.488(2) 0.288(1) —0.154(4) 0O(36) 0.407(2) 0.061(1) 0.007(5)
O(8) 0.910(2) 0.311(1) -—0.458(3) 037 1.067(7) 0.111(4) 1.24(1)
0(9) 0.662(2) 0.351(1) —0.462(4) 0O(38) 0.265(6) 0 1.0
0(10) 0.579(2) —0.044(1) —0.228(3)
o(11) 0.580(2) —0.101 7(8) —0.376(3) B(1) 0.5 0 -0.5
0(12) 0.320(2) 0.045(1) —0.384(3) B(2) 0.750 0.250 —0.13(1)
O(13) 0.343(2) —0.033 4(9) —0.409(3)
Table 3 Selected bond distances (A) and angles for complex 1
W(1)-0(1) 1.71(3) W(2)-0(2) 1.66(3) W(3)-0(3) 1.73(3) W(4)-0(4) 1.70(3)
W(1)-0(10") 1.90(3) W(2)-0(11") 1.91(3) W(3)-0O(10) 1.93(3) W(4)»-0(17) 1.94(3)
W(1)-0(12) 1.95(3) W(2)-0(12') 1.93(3) W(3)-O(11) 1.92(3) W(4)-0(19) 1.89(3)
W(1)-0(13) 1.88(3) W(2)-0(13) 1.94(3) W(3)-0(14) 1.90(4) W(4)-0(20"") 1.90(4)
W(1)-0O(14) 1.96(4) W(2)-0O(15) 1.91(4) W(3)-0(15) 1.86(4) W(4)-021"" 1.82(3)
W(1)-0O(16) 2.38(3) W(2)-0(16™) 2.43(3) W(3)-0(16") 2.38(3) W(4)-0(29) 2.33(3)
W(5)-0(5) 1.72(3) W(6)-0O(6) 1.74(3) W(7»-O(7) 1.69(4) W(8)-O(8) 1.72(3)
W(5)-0(17) 1.92(3) W(6)-O(18) 1.92(3) W(7)-0(21) 1.95(3) W(8)-0(22) 1.89(3)
W(5)-0O(18) 1.96(3) W(6)-0(19) 1.90(3) W(7)-0(24) 1.89(3) W(8)-0(25) 1.95(3)
W(5)-0(22) 1.88(3) W(6)-0(20) 1.92(4) W(7)-0(25"h 1.91(3) W(8)-0(26) 1.90(3)
W(5)-0(23) 1.93(3) W(6)-0(24) 1.88(3) W(7)-0(27) 1.91(4) W(8)-0O(28) 1.94(3)
W(5)-0(29) 2.47(3) W(6)-0(29) 2.38(3) W(7)-0(30"" 2.42(3) W(8)-0(30) 2.34(3)
W()-0(9) 1.79(5) W(9)-0(27) 1.95(3) B(1)-0O(16) 1.46(3)
W(9)-0(23) 1.88(3) W(9)-0(28Y") 1.89(3) B(2)-0(29) 1.25(6)
W(9)-0O(26) 1.90(3) W(9)-0(30"") 2.38(3) B(2)-0(30) 1.79(9)
O(1)-W(1)-O(10") 99(2) O(10")-W(1)-0(16) 77(1) O(4y-W(4)-0(17) 96(1) O(17)-W(4)-0(29) 79(1)
O(1)»-W(1)-0(12) 99(2) O(12)-W(1)-0(16) 78(1) O(4)-W(4)-021"" 99(1) O(19-W(4)-0(29) 75(1)
O(1)»-W(1)-0(13) 100(1) O(13)-W(1)-0(16) 85(1) O(4)-W(4)-0(19) 101(1) 0O(20¥)-W(4)-0(29) 85(1)
O(1)»W(1)-0(14) 100(2) O(14)-W(1)-0O(16) 84(1) O(4)-W(4)-0(20"h 101(1) OR1Y)-W(4)-0(29) 85(1)
O(1)-W(1)-0(16) 174(1) O(16)-B(1)-0O(16") 110(2) O(4)-W(4)-0(29) 173(1)
O(16)-B(1)-0(16") 107(2) O(16)-B(1)-0O(16") 111(2) 0(29)-B(2)-0(29"") 134(11) 0(29)-B(2)-0(30")) 108(4)
O(29)-B(2)-0(30) 106(4) 0(30)-B(2)-0(30"") 84(6)

Symmetry codes: II — x, —y, z; Il x, —y, —z; IV —x, p, —z; VI3 — x, 3 — y, z.

at a general position in space group PT and has retained the
original «-Keggin structure of the parent oxidized form of 1
with the exception that the every terminal oxo group of the
W,0,, moiety in 1 is replaced by three aqua ligands in 2 (as
discussed below). To our knowledge, this is the first example
of a complete crystallographic study of six-electron-reduced
polyoxometalates. Atomic coordinates and selected bond
distances and angles for 2 are shown in Tables 4 and $5,
respectively. The «-Keggin structure of the approximately Cj,,
symmetrical arrangement of four W,0,; groups of W(1-3),
W(4,9,10), W(5,6,11) and W(7,8,12) sites is found, each group
resulting from the association of three edge-sharing WOy
octahedra. The relative values of the tungsten—terminal oxygen
bond strengths, sw o = (dw_o 1.904)%-°, where d is the bond
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length in A, were estimated.!® The valence sums of all the W—O
bond strengths for atoms W(1-3) and W(4-12) were 3.9(3)-
4.2(4) and 5.7(5)-6.7(7), respectively, consistent with oxidation
states of 1v and vi. Fig. 3 shows the anion structure and the
dimensions of three kinds of W,0,; edge-shared units in 2.
As indicated by the 83W NMR spectrum of 2,%° three types
of metal sites are clear: three W(1-3) sites of type 1, six W(4-9)
sites of type 2, and three W(10-12) sites of type 3. Each tungsten
for types 1, 2 and 3 would be present as W'Y, WY and WY,
respectively. Six WO, octahedra of type 2 are linked by
alternate corner and edge sharing, and also share corners and
edges with the type 1 and 3 site octahedra, respectively. In type 3
sites the tungsten co-ordination is almost identical with that
observed in the parent oxidized anion 1: the W=0O bond lengths
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Fig. 2 Schematic views of the edge-shared W,0,; groups in complex 1. Symmetry codes II, III, IV and VI indicate (—x, —y, 2), (x, —y, —2),
(~x,y, —z)and (} — x,} — y, z), respectively

Table 4 Atomic coordinates for complex 2 with e.s.d.s in parentheses

Atom

Ww(l)
W(Q2)
&)
W)
W(5)
W(6)
W)
W)
W)

W(10)
Ww(ll)
W(12)

K(1)
K(2)
K(3)
K(4)
K(%)

o(l)
0(2)
0(3)
0O(4)
o(5)
0(6)
o(7)
0(8)
0(9)
0(10)
o(11)
o(12)
o(13)
o(14)
o(15)
0(16)
o(17)
0(18)
o(19)

x ¥
—~0.1751(2) 0.0281(2)
~0.1317(2) 0.1863(2)
-0.3591(2) 0.2347(2)
—0.2485(2) 0.0441(2)
0.0759(2)  —0.0305(2)
0.1303(2) 0.1779(2)
—0.1325(2) 0.4733(2)
—0.4302(2) 0.5373(2)
—0.4917(2) 0.3157(2)
—0.2777(2) 0.3025(2)
0.0507(2) 0.2275(2)
—0.2153(2) 0.5288(2)
0.194(1) —0.1432)
—~0.501(1) 0.037(2)
—0.568(1) 0.641(2)
—0.396(1) 0.865(1)
—0.014(2) 0.262(2)
~0.141(3) —0.158(4)
—0.041(3) 0.190(3)
—0.534(3) 0.281(4)
—0.249(3) —0.092(3)
0.172(3) —0.180(3)
0.269(3) 0.160(3)
—0.095(3) 0.562(3)
~0.573(3) 0.666(4)
~0.655(3) 0.367(3)
—0.291(3) 0.335(4)
0.135(3) 0.242(4)
—0.216(3) 0.643(3)
—0.080(3) 0.011(3)
—0.287(3) 0.241(4)
—0.343(3) 0.066(2)
—0.248(3) 0.014(3)
—0.007(3) —0.045(3)
0.045(3) 0.143(3)
—0.142(3) 0.358(3)

z Atom X

—0.1458(1) 0(20) —-0.423(3)
—0.0857(1) OoQ21) —0.465(3)
—0.1011(1) 0(22) —0.069(3) —
—0.3299(1) 0(23) 0.191(3)
—0.3042(1) 0(24) 0.038(3)
—0.2255(1) 0O(25) —0.316(3)
—0.1641(1) 0O(26) —0.495(3)
—0.1858(1) 0Q27) —0.429(3)
—0.2729(1) 0O(28) —0.256(3)
—0.4178(1) 0(29) 0.120(3)
—0.3911(1) 0(30) 0.166(3)
—0.3295(1) O@31) —-0.137(3)

0(32) —0.378(3)
—0.1269(7) 0(@33) —0.452(3)
—0.170(1) 0(34) —0.094(3)
—0.3829(7) 0(35) —0.047(3)
—0.4495(6) 0(36) —0.288(3)
—0.5837(7) O@37) —0.201(2)

0O(38) —-0.260(3)
—0.129(2) 0(39) —0.039(3)

0.004(1) 0(40) —0.223(3)

—0.025(2)
—0.358(2) O®41) 0.380(5) —
—0.325(2) 042) —0.655(4)
—0.198(2) 0(43) —0.682(3)
—0.113(2) 0O(44) 0.093(4)
—0.154(2) 0(45) 0.199(4)
—0.272(2) 0O(46) —0.303(4) —
—0.507(2) 047) 0.109(4) -
—0.470(2) 0O(48) 0.115(5)
—0.388(1) 0(49) 0.463(5) —
—0.066(2) 0O(50) 0.417(3)
—0.016(2) O(s1) 0.361(4) -
—0.085(2) 0O(52) 0.592(4) -
—0.232(2) O(53) 0.115(4)
—0.212(1) O(54) 1.0
—0.143(2)
—0.098(1) B —0.172(6)

y z
0421(3)  —0.119(1)
0.2673)  —0.183(1)
0.008(3)  —0.347(2)
0.008(3)  —0.260(1)
0.341(3)  —0.205(1)
0.576(3)  —0.144(2)
0465(3)  —0.252(2)
0.1523)  —0.307(2)
0.136(3)  —0.422(1)
0.054(3)  —0.392(2)
0.214(3)  —0.328(2)
0.558(4)  —0.253(3)
0.6133)  —0.273(2)
0.357(3)  —0.376(1)
0.240(3)  —0.429(1)
0.3933)  —0.365(2)
0451(3)  —0.387(1)
0.204(3)  —0.182(1)
0.241(3)  —0.303(2)
0.186(3)  —0.283(1)
0.393(3)  —0.243(1)
0.092(5)  —0.091(2)
0.139(4)  —0.0142)
0.518(4)  —0.030(2)
0.3234)  -0.012(2)
0.433(5)  —0.120(2)
0.199(5)  —0.188(2)
0.318(4)  —0.172(2)
0.553(6)  —0.304(3)
0.134(5)  —0.306(3)
0.127(4)  —0.404(2)
0.082(4)  —0.471(2)
0.362(5)  —0.502(2)
0.502(4)  —0.467(2)
0 -0.5
0.2733)  —0.270(3)
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Table 5 Selected bond distances (A) and angles (°) for complex 2

W(1)-O(1) 2114 W(2)-0(2) 2.16(3) W(6)-O(6) 1.71(3) W(7)-0(7) 1.7203)
W(1)-0(13) 1.96(3) W(2)-0(13) 1.95(4) W(6)-0O(18) 1.83(3) W(7}-0(19) 1.84(3)
W(1)-0(15) 1.99(3) W(2)-0(14) 1.94(3) W(6)-0(23) 1.96(3) W(7}-0(24) 1.99(3)
W(1)-0(16) 2.01(3) W(2)-0O(18) 2.04(3) W(6)-0(24) 1.80(3) W(7)-0(25) 1.94(3)
W()-oa7) 20120 W(2)-0(19) 2023)  W(6)-0(30) 1.973)  W(1)-0(31) 1.90(3)
W(1)-0(37) 2.09(3) W(2)-0(37) 2.06(3) W(6)-0(39) 2.38(3) W(7)-0(40) 2.42(3)
W(12)-0(12) 1L713)  W(12)-0(35) 197(3)  B-0(37) 1.858)  B-0(39) 1.44(7)
W(12)-0(31) 1.96(3) W(12)-0(36) 1.99(3) B~0O(38) 1.49(7) B-0(40) 1.39(7)
W(12)-0(32) 1.88(3)  W(12)-0O(40) 2.26(3)
O(1)-W(1)-O(13) 88(1)  OB7-W(1)-0(13)  100(1)  O(4)-W(4)-0(16) 1002)  O(38)-W(4)-0(16) 86(1)
O(1)»-W(1)-0(15) 84(1) OB7)-W(1)-0(15) 102(1) O(4)-W(4)-0(22) 99(1) 0O(38)-W(4)-0(22) 84(1)
O(1)-W(1)-O(16) 84(1) O(37)-W(1)-0O(16) 88(1) O(4)-W(4)-0(27) 102(1) 0(38)-W(4)-0(27) 75(1)
O(1)-W(1)-0(37) 170(1) O(39)-W(6)-0(18) 85(1) O(4)-W(4)-0(38) 173(1) O(38)-W(10)-O(28) 7701)
O(6)-W(6)-O(18) 102(2) 0(39)-W(6)-0(23) 76(1) O(10)-W(10}-0(28) 97(1) 0(38)-W(10)-0(33) 78(1)
O(6)-W(6)-0(23) 98(1) 0(39)-W(6)-0(24) 89(1) O(10)-W(10-0(33)  101(1) O(38)-W(10)-O(34) 84(1)
O(6)-W(6)-0(30) 99(1) O(14-W(2)-W(1) 94.2(9)  O(10)-W(10)-0O(36) 99(2) O(37)-B-0(38) 94(4)
O(6)-W(6)-0(39) 170(1) O(14)-W(2)-W(3) 50(1) O(10)-W(10)-0O(38) 174(1) 0O(37)-B-0(39) 93(5)
O(13)-W(1)-W(2) 49(1) O(14)-W(3)-W(1) 94(1) O(15)-W(1)-W(2) 96.4(9)  O(37)-B-O(40) 95(3)
O(13)-W(1)-W(3) 94.6(9)  O(14-W(3)-W(2) 49.009)  O(15)-W(1)-W(3) 50(1) O(38)-B-0(39) 115(4)
OU3-W-W(l) — 49.50) O(15)-W(3)-W(1) 50.5(9)  O(38)-B-O(40) 116(5)
O(13)-W2)y-W3) 94809 O(15-W(3)-W(2) 97(1)  O(39)-B-O(40) 127(5)
(@) ()
0(421;.\ 150 | 0(43)
G W
7o 0(3,,)1(3&
0(21)\ I; 0(20)
w(@3
-~
O(15) & I 2, O(14)
%) >,
0(16) ~/ 0(@7) @' 0(19)
5.
0(46)--".;613@ “ (1) WW?] ,Lsﬁ& o(13%)
O@30) oa ny i O‘-.(Z) 11002)
1142 \J@ 'é
g oa) o8 T
0(47) 0(44)
(d) 0(9)
0(35) 0(36) 0(21) I / 0(26)
w(12 W(e
{\: 100 o RN
0@31) & "5,0(32) (27) & W 2,0(33)
r\?",' "-‘G n.,"'. o 38) ._‘:.%]
0(24) l ™ O(40) 0(26) o(16) m O 2 0(36)
~ - \w . - \W@.) ;,N“ 0)/
W(T) 535437 \ LD
N L~ NG
0(7)/ I 0(25) o(@8) 0(4) e l 0(28) ™~ 0(10)
0(22) 0(34)

0(20)

Fig. 3 Schematic representation (a) of the structure of the [BW,,0;,(H,0)3]°~ anion with atom labelling and views (b)—(d) of the edge-shared

W,;0,, groups for complex 2

1.69(3)-1.70(4) A [average 1.71(3) A] reflect the presence of
strong W=0 n bonds and the W-O(u,) bond trans to W=0
bond is long [2.24(3)-2.27(3), average 2.26(3) A]. In type 2 sites
the former is 1.67(3)-1.76(3) [average 1.73(3)] and the latter
2.36(3)-2.44(3) [average 2.40(3) A]. By contrast, in type 1 sites
the bond lengths [2.11(4)-2.17(3), average 2.15(4) A] between
tungsten and terminal aqua oxygen atoms are lengthened and

1624 J. Chem. Soc., Dalton Trans., 1996, Pages 1619—1627

the W-O(p,) bond trans to the tungsten—terminal aqua oxygen
bond is shortened [2.06(3)-2.11(2), average 2.09(3) A]. The
approximately symmetric feature of the W-O (aqua) and
W-O(u,) bond lengths at the WO, site leads to the
O(aqua)-W-O(u) bond angles {81(1)-88(1)°] being close to 90°
due to the electrostatic repulsive interaction of the equatorial p-
O atoms with two axial O atoms, as indicated by approximately
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equidistant separations [2.71(5)-2.94(4) and 2.84(4)-3.17(4) A]
of the p-O atoms from terminal O and p,-O atoms. On the other
hand, as also indicated for 1, the asymmetric bond lengths for
the W—O(terminal) and W-O(y,) bonds at any WOy in type 2
and 3 sites are reflected by the O(terminal)-W-O(u) bond
angles [95(1)-105(1)°] of about 100°, resulting in approximately
equidistant separations [2.65(5)-2.92(4) and 2.55(5)-2.96(4) A}
of u-O atoms from the axial terminal O and p,-O atoms,
respectively. The tungsten-aqua oxygen bond strengths are
0.45(4)-0.55(6) for O(1-3), while the W=0O bond strengths are
1.6(2)-2.2(3) for O(4-12). These imply a considerable negative
charge on the aqua O atoms if they are not protonated. Since
the bond orders of atoms O(1-3) are close to the value
(0.2 x 2 = 0.4) predicted for the three-co-ordinate water O
atom in the crystal,'® two protons can be located with a high
degree of confidence on each of these atoms. The separations
O(1).--0(46), O(1)---0(47), O(2)---0(44), OQ2)---
013", 0(3)---0(42) and O(3)---0O(43) (symmetry code
I: —x, —y, —z) of 2.60(5), 2.72(5), 2.68(5), 2.53(5),
2.65(6) and 2.61(6) A respectively are in the range of O--- O
distances (2.5-2.8 A) for hydrogen-bonded water molecules.'’
The O(46)-0(1)-0(47), O(44)-0(2)-O(13") and O(42)-0(3)-
O(43) angles are 114(2), 110(2) and 115(2)° which are close to
the H-O-H bond angle (118.7°) of the lattice water.'® Such a
structural environment of atoms O(1-3) reveals that each of
the aqua ligands is bound either to lattice water oxygen or
neighbouring anion oxygen by hydrogen bonding [Fig. 3(b)].
If a maximum K -+« « O distance of 3.2 A is assumed, K +++ O
distances for the potassium-oxygen polyhedra are 2.58(4)-
3.21(3) A. The K * cations occupy positions between the anions
in irregular seven- to nine-co-ordination with oxygen: the co-
ordination to K(1) and K(4) is nine-fold, eight-fold to K(2) and
K(5), and seven-fold to K(3). Cations and water molecules serve
to bind the anions together by a complex system of ionic and
hydrogen bonds. Of the fourteen lattice water O atoms, O(54)
showed a large displacement parameter. Therefore, its site
occupancy was fixed at 0.5 and refined until it converged.

Structural comparison between complexes 1 and 2

Fig. 4 compares simplified tungsten-atom frameworks of
complexes 1 and 2. The framework consists of three parallel
planes, one central hexagonal plane (with neighbouring
W-W-W angles of almost 120°) and two different-sized

trianglular planes (neighbouring W-W-W angles almost 60°)
above and below at approximately equal distances of about 2.8 A.
The B atom at the centre of the hexagonal plane is located at a
mean distance of 0.1(1) A from this plane toward the large-sized
triangle plane for 1. In 2 it is more distantly located, 0.4(1) A
toward the large-sized W(10-12) triangle plane. In 2 the edge-
sharing octahedra within type 1 sites show short W... W
distances [2.538(3)-2.550(2), average 2.543(3) A], within type 2
sites intermediate distances [3.334(3)-3.336(3), average 3.335(3)
A), and between type 2 and 3 sites long distances [3.341(3)-
3.359(3),average 3.348(3) A]. The short WV « . . W'V distancesin
type 1 sites reveal the formation of the W—W bonding in the
W!,0,, group, as such bond lengths for W clusters with six-
electron configurations, in which the co-ordination shell of each
W atom is an octahedron, are in the range 2.514-2.609 A.'°
A similar distance [2.50(2) A] was reported for Rb,H,-
[H,W,,0,,}-~18H,0.° The W¥'... W"' distances in the
WYL O, , group in 2 are 0.010(3)-0.055(3) A longer than the
3.304(3)-3.324(3) A [average 3.313(3) A]in 1.

In complex 2 the W .. W distances for the corner-sharing
octahedra within type 2 and 3 sites are 3.606(3)--3.630(3)
[average 3.618(3) A]and 3.673(3)-3.679(3) A [average 3.676(3)
A7, respectively. The W+« W distances between type 1 and 2
sites are 3.675(3)-3.706(3) A [average 3.686(3) A]. Thus, any
W ... W distances between types 1 and 2 and within type 3 for
the corner-sharing octahedra in 2 are 0.014(3)-0.073(3) A longer
than the 3.633(3)-3.659(3) A [average 3.645(3) A] in 1, while
the W ... W distances within type 2 are 0.003(3)-0.053(3) A
shorter.

With the assumption that each WY'O, octahedron has
approximately C,, symmetry with the z axis defined by the
W=O(terminal) bond, the unpaired electron induced by one-
electron reduction occupies a d,, orbital with an accompanying
protonation of the terminal oxygen atom. This protonation
results in elongation of the W-O(terminal) bond due to the
breaking of the W=0 r bond. In the W'V,0,; group in 2,
the bond angles O(13)-W(1)}-W(2), O(13)-W(2)-W(l),
0(14-W(2)-W(3), O(14)-W(3)-W(2), O(15)-W(1)-W(3) and
O(15)-W(3)}-W(1) [49.0(9)-50.5(9)°] are close to 45°, while
O(13)-W(1)-W(3), O(13)-W(2)-W(3), O(14)-W(2)-W(1),
O(14)-W(3)-W(1), O(15)-W(3)-W(2) and O(15)-W(1)-W(2)
lie in the range 94.2(9)-97.0° (Table 5). Such a structural feature
of the W'Y, triad reveals that the six electrons for the W'V-W
bonding will occupy both d,, and d,, orbitals which would

1 2

‘\‘.\. ............................. ) R ‘ \

5 ; 4 &
E 6 L
;T A B \ n a/ [ g

s 7 il =

N'" 11 10 'i T

A?.ﬂﬁ(J

\¥
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é,c?
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", %, »
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1
1 A3.676{3) 10
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o
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23,
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12 -..:f_f.?

7 3.3383) 8

Fig. 4 Tungsten flrameworks of the anions in complexes 1 and 2. Numbers at vertices indicate W atoms, thick lines imply that the WO, octahedra
share edges, and thin lines that they share corners. Italic distances (A) indicate mean values
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Fig. 5 Environments of the central BO, tetrahedra for complexes 1
and 2. Numbers in italics for distances (A) and bond angles (°) are mean
values. The upper and lower triangles indicate the edge- and corner-
shared W triads, respectively
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Fig. 6 Selected regions of the IR and Raman spectra of complexes
1and 2

constitute the bonding molecular orbitals, probably with the
ground-state electronic configuration of (1a,)?(le)* according
to simplified molecular orbital calculations.'® Thus, it is
understandable that this triad should be diamagnetic. The
six-electron reduction with simultaneous protonation of the

1626 J. Chem. Soc., Dalton Trans., 1996, Pages 1619-1627

terminal oxo atoms (to give aqua ligands) leads to lengthening
of the distances between W(1-3) and the aqua oxygen atoms,
resulting in approximately symmetric bond lengths for WV—O
(aqua) and W'V-O(,). The mean distance of 5.7(1) A between
the two triangular planes is not significantly altered upon
six-electron reduction [5.6(1) A], while the B-O(p,) distance
[1.85(8) A]associated with the W'Y ,0, , group is longer than the
mean distance [1.49(6) A] in 1. Fig. 5 shows the change in the
environment of the central BO, tetrahedron upon six-electron
reduction. The mean B-O bond length [1.49(6)A] and the mean
O-B-O bond angle [109(5)°]in 1 change to 1.85(8) A and 93(5)—
95(3)° with an average of 94(5)° in 2. It should be noted that the
B-+- W(1-3) distances are slightly longer for 2 [3.59(7)-
3.68(8), average 3.64(8) A], the B+ -« W¥'distances in 1aand 1b
being 3.473(2)-3.488(2) [average 3.482(3) A]and 3.4(1)-3.6(1) A
[average 3.5(1) A], respectively. In 2 the B+ s+ WY distances are
3.45(6)-3.58(6) A[average3.51(7) A]forthe W(4-9) hexagonand
3.05(6)-3.17(7) A [average 3.10(7) A] for the W(10-12) triangle.
Thus, the formation of the W'V-W'V bonds with an accom-
panying elongation [0.016(3)-0.073(3) A] in the corner-shared
W!We.. WY distances between types 1 and 2 forces the
B- .- WVldistances for W(10-12) in type 3 sites to be shortened
with a resultant lengthening [0.014(3)-0.046(3) A] of the
W ... W distances in these sites, as implied by a short distance
[2.3(1) A] between B and the W(10-12) triangle planc (Fig. 4).
The contraction [0.754(3)-0.786(3) A] of the W + « « W distances
due to the W"Y-W' bond formation in the W'Y, triad (with a
slight lengthening of B - « « WV distances) is concerted, pushing
B down (~0.4 A) toward the corner-shared WV, triad in which
the expansion (~0.03 A) in the W ++ . W distances occurs with
shortening (~0.4 A) of the B + - - W¥! distances. This feature is
reflected in both a lengthening (~0.4 A) of the B(1-O(37) bond
and a decrease (~ 15°) in the O(37)-B(1)-O(38-40) bond angles
upon six-electron reduction.

The difference in the molecular structure between complexes
1 and 2 is also reflected in the IR and Raman spectra, as shown
in Fig. 6. A systematic vibrational study of the oxidized «-
Keggin structural complexes has indicated that 980 (Raman),
961 (Raman) and 959 (IR}, 912 (Raman) and 910 (IR), and 812
cm ! (IR) can be assigned to v, ,(W=0), v, (W=0), mixing of
Vasym(B—O) with W-O(1)-W corner stretching and W-O(p)-W
edge stretching modes, respectively.?®?! The formation of
WY-W!" bonds in the C;,-symmetrical W'V,0,; group in the
anion causes the two broad peaks centred at about 910 and 810
cm! to split into several lines. The peak around 960 cm!
remains unchanged. The change in the vibrational patterns is
consistent with the fact that the six-electron reduction of 1
induces a significant change in both B-O and W... W
distances, as mentioned above. It may be noted that the IR
spectrum of 2 is similar to that of lacunary derivatives of 1,
such as [BW,,0,,]1° ~ and [BW,,0;,Co(H,0)]°~ 22
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