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Early transition metal oxide fluoride anions such as [NbOF5]2-,1-4

[TaOF5]2-,4 and [MoO2F4]2- 5 interest researchers because their
inherent distortions mimic those in the [NbO6/2]- octahedra in
LiNbO3,6 an excellent solid state nonlinear optical material. The
distortions reduce the point symmetry from octahedral,Oh, to
approximatelyC4 for [NbOF5]2- and [TaOF5]2-, and C2 for
[MoO2F4]2- (see Figure 1). The focus of this work is to understand
the crystallization behavior of d0 metal oxide fluoride anions in
order to form molecular nonlinear optical materials.4 The relative
nucleophilicity of the oxide and fluoride ligands of early transition
metal oxide fluoride anions is the most important factor that
determines their solid state structures.7 Bond valence calculations
were performed to quantify the residual negative charge on each
ligand. In all cases, the ligands with greater negative charge are
more nucleophilic and coordination is preferential to those sites.
The difference in structure-directing properties of [VOF5]2- with
respect to its Group 5 analogues ([NbOF5]2-, [TaOF5]2-) is
reported in this communication. Surprisingly, the solid state
structure of [VOF5]2- in [pyH]2[Cu(py)4(VOF5)2]8,9 is identical
with that of the Group 6 dioxo anion [MoO2F4]2- in [pyH]2[Cu-
(py)4(MoO2F4)2].5

In the family of anions [MOF5]2- (M ) V, Nb, Ta) the metal
cation forms a short bond to the oxygen, which leaves a long
trans metal fluoride bond, resulting in a distortion of the cation
from the center to a corner of the octahedron. In all cases, the

long metal trans fluoride bond is weak; this ligand retains
significant negative charge and is highly nucleophilic. As one
descends Group 5 from V to Ta, the electronegativity decreases
from 1.63 to 1.60 and 1.5 for V, Nb, and Ta, respectively. As a
result the metal oxide bond lengthens, decreasing the valence of
the bond, which leaves a higher negative charge on the oxide
ligand. Bond lengths and bond valence calculations10 for [VOF5]2-,
[NbOF5]2-, and [TaOF5]2- are listed in Table 1. In the [VOF5]2-

anion a strong vanadium oxide bond leaves little residual negative
charge on the oxide.11 The four equatorial fluorides, F(2)-F(5),
retain equivalent or slightly greater negative charges. Coordination
is then directed through the fluoride trans to the oxide, F(1), and
an equatorial fluoride, F(3), the two most nucleophilic sites. The
metal oxide bonds are longer in [NbOF5]2- and [TaOF5]2- and
the oxide ligands retain much more negative charge than the four
equatorial ligands on each anion. Consequently, coordination is
directed through the oxide ligand and trans fluoride ligand.

Unlike the Group 5 [MOF5]2- (M ) V, Nb, Ta) species, [Mo-
O2F4]2- is strongly distorted with the Mo6+ cation displaced from
the center of the [MoO2F4]2- octahedron in the direction of the
cis oxide ligands or toward an edge of the octahedron. However,
as in [VOF5]2-, [NbOF5]2-, and [TaOF5]2-, the metal oxide bonds
are short, and the bonds to the two trans fluorides are long. The
oxide ligands retain little negative charge with respect to the other
ligands, especially the trans fluorides, F(1) and F(2), which are
highly charged (see Table 1). As a result, coordination is directed
in a cis fashion through the trans fluorides. Therefore, despite
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Figure 1. Thermal ellipsoid plots (50% probability) of [MoO2F4]2-,
[VOF5]2-, [NbOF5]2-, and [TaOF5]2-. Selected bond lengths are included
(Å).
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the structural differences between the [MoO2F4]2- and [VOF5]2-

anions, they both direct coordination through cis ligands.
The similar structure-directing properties of [MoO2F4]2- and

[VOF5]2- anions are demonstrated by the fact that two compounds
[pyH]2[Cu(py)4(MX6)2] (MX 6 ) [VOF5]2-, [MoO2F4]2-) com-
posed of anionic [Cu(py)4(MX6)2]2- clusters and pyridinium
cations, are isostructural. The cluster is constructed by the
coordination of two [MX6]2- anions to a central [Cu(py)4]2+

cation. Each [MX6]2- anion directs coordination through cis
ligands; that is, a fluoride ligand trans to an oxide ligand accepts
a hydrogen bond from pyridinium, while another fluoride ligand,
cis to the hydrogen bond acceptor, coordinates to the [Cu(py)4]2+

cation. The oxide ligand(s) on both anions neither coordinate to
the copper center nor accept a hydrogen bond. The hydrogen bond
angle in [pyH]2[Cu(py)4(VOF5)2], N(3)-H(16)-F(1), is 174(3)°,
which is within the reported calculated range of 140-180° typical
for N-H-F bonds.12 The [Cu(py)4]2+ cation consists of four
pyridine rings coordinated to a central Cu2+ cation in a square
planar arrangement. The Jahn Teller Cu2+ (d9) binds to the four
pyridine molecules with an average Cu-N bond length of
2.035(3) Å, while the Cu-F bonds are 2.460(2) Å. The anionic
clusters in each plane (-1 0 1) pack in a “herringbone” pattern
with pyridinium and coordinated pyridine occupying the space
between sheets (see Figure 2). Each successive sheet is shifted
(a + b)/2, resulting in the C centering of the cell.

The distinct difference in coordination preference between
[VOF5]2- and [NbOF5]2- can be observed by comparing [pyH]2-
[Cu(py)4(VOF5)2] to [pyH]2[Cu(py)4(NbOF5)2],2 both of which
contain similar anionic clusters. However, the [NbOF5]2- anions
direct coordination in a much different fashion. As previously
discussed, the most nucleophilic sites on the [NbOF5]2- anion
are the oxide and the trans fluoride ligands. Coordination is
preferential to these ligands; accordingly, the oxide ligand
coordinates to the copper center and the trans fluoride accepts a
hydrogen bond from pyridinium. The trans coordination of the
[NbOF5]2- anion changes the three-dimensional structure of
[pyH]2[Cu(py)4(NbOF5)2] with respect to [pyH]2[Cu(py)4(VOF5)2].
[pyH]2[Cu(py)4(NbOF5)2] contains planes, (0 0 1), of parallel, end
to end clusters. Each layer is rotated 90° everyc/4 creating a 41
screw axis.

Despite the structural differences between [VOF5]2- and
[MoO2F4]2-, each anion directs coordination through cis ligands.
In contrast, [NbOF5]2- and [TaOF5]2-, which are structurally
similar to [VOF5]2-, direct coordination through trans ligands.
Bond valence calculations have proven valuable in explaining
their varied coordination preferences and how these structure-
directing properties affect the solid state structure to a greater
extent than the type of out of center distortion which occurs in
the anions [MX6]2- (MX6 ) [VOF5]2-, [NbOF5]2-, [TaOF5]2-,
[MoO2F4]2-) of Groups 5 and 6.
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Table 1. Bond Valence Sumsa for [VOF5]2-, [NbOF5]2-,
[MoO2F4]2-, and [TaOF5]2-

Ri, Å Si V - Si Ri, Å Si V - Si

[VOF5]2- [MoO2F4]2-

VdO(1) 1.596(2) 1.75 0.25 ModO(1) 1.709(2) 1.71 0.29
V-F(1) 2.084(2) 0.36 0.64c ModO(2) 1.697(2) 1.76 0.24
V-F(2) 1.819(2) 0.74 0.26 Mo-F(1) 2.059(1) 0.51 0.49b

V-F(3) 1.883(2) 0.63 0.37b Mo-F(2) 2.114(1) 0.44 0.56c

V-F(4) 1.811(2) 0.76 0.24 Mo-F(3) 1.939(1) 0.70 0.30
V-F(5) 1.836(2) 0.71 0.29 Mo-F(4) 1.918(2) 0.74 0.26

ΣSV 4.95 ΣSMo 5.86

[NbOF5]2- [TaOF5]2-

NbdO(1) 1.760(1) 1.54 0.46b TadO(1) 1.782(2) 1.45 0.55b

Nb-F(1) 1.953(1) 0.70 0.30 Ta-F(1) 1.946(2) 0.68 0.32
Nb-F(2) 1.923(1) 0.76 0.24 Ta-F(2) 1.923(2) 0.72 0.28
Nb-F(3) 1.928(1) 0.75 0.25 Ta-F(3) 1.920(2) 0.73 0.27
Nb-F(4) 1.928(1) 0.75 0.25 Ta-F(4) 1.925(2) 0.72 0.28
Nb-F(5) 2.072(1) 0.51 0.49c Ta-F(5) 2.063(2) 0.50 0.50c

ΣSNb 5.01 ΣSTa 4.80

a Valence sums calculated with the formulaSi ) exp[(R0 - Ri)/B]
whereSi ) bond valence of bond “i”, R0 ) constant dependent on the
bonded elements,Ri ) bond length of bond “i”, and B ) 0.370.ΣSm

) bond valence sum for the metal.V ) predicted valence for a site.
R0(Mo-O) ) 1.907 Å,R0(Mo-F) ) 1.808 Å,R0(V-O) ) 1.803 Å,
R0(V-F) ) 1.710 Å, R0(Nb-O) ) 1.911 Å, R0(Nb-F) ) 1.822 Å,
R0(Ta-O) ) 1.920 Å,R0(Ta-F) ) 1.803 Å.13 b Bound to Cu2+. c H-
bond acceptor.

Figure 2. Thermal ellipsoid plot (50% probability) of [pyH]2[Cu(py)4-
(VOF5)2]. Hydrogen atoms have been omitted for clarity. Dashed lines
represent hydrogen bonds.
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