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Abstract: Vanadium(V) oxoazide [VO(N3)3] was prepared
through a fluoride–azide exchange reaction between [VOF3]
and Me3SiN3 in acetonitrile solution. When the highly impact-
and friction-sensitive compound [VO(N3)3] was reacted with
2,2’-bipyridine, the adduct [(bipy)VO(N3)3] was isolated. The
reaction of [VO(N3)3] with [PPh4]N3 resulted in the formation
and isolation of the salt [PPh4]2[VO(N3)5]. The adduct
[(bipy)VO(N3)3] and the salt [PPh4]23[VO(N3)5] were charac-
terized by vibrational spectroscopy and single-crystal X-ray
structure determination, making these compounds the first
structurally characterized vanadium(V) azides.

The chemistry of azides and polyazides has attracted
considerable interest during the past decade because of
their potential use as high-energy-density materials
(HEDM).[1] Polyazido compounds are highly energetic com-
pounds because of the endothermic nature of the N3 group.
As a result, the synthesis of molecules with a high number of
azido groups is very challenging because of their explosive
nature and shock sensitivity. It has also been well established
that polyazido compounds of metals in higher oxidation states
are generally more sensitive and less stable than the ones of
the same metal in a lower oxidation state.[2] Neutral polyazido
compounds can be stabilized and made less sensitive by either
anion or adduct formation which increases the ionicity of the
azido ligands, making the breaking of an N¢N bond less
favorable and raising the activation energy barrier towards
catastrophic N2 elimination.[3] Another approach for the

stabilization of high-oxidation-state azides is the introduction
of oxygen atoms, as the oxidation potential of a metal
oxohalide is generally lower than that of the corresponding
oxygen-free metal halide with the metal in the same oxidation
state. While a significant number of azido compounds of the
heavier Group 5 elements Nb and Ta have been prepared and
characterized,[3,4] only a limited number of vanadium azides
are known. The binary vanadium(IV) azides [V(N3)4]

[5] and
[V(N3)6]

2¢,[5] the binary vanadium(V) azide [V(N3)6]
¢ ,[5] and

the species [VOCl2N3],[6] [VO(N3)4]
2¢,[7] and [V(N3)3-

(N3S2)]2¢[8] have been reported for the higher oxidation
states but no vanadium(V) polyazide has been structurally
characterized.

In agreement with previously reported syntheses of
inorganic azides,[1a] the reaction of vanadium(V) oxotri-
fluoride with an excess of trimethylsilyl azide in acetonitrile
solution at ¢20 88C resulted in a complete fluoride–azide
exchange and the formation of a dark-red to black solution of
the [VO(N3)3] complex [Eq. (1)].

½VOF3¤ þ 3 Me3SiN3
CH3 CN

3 Me3SiF
°°°°!½VOðN3Þ3¤ ð1Þ

Removal of the volatile compounds (CH3CN, Me3SiF, and
excess Me3SiN3) in vacuo, first at ¢20 88C and then at ambient
temperature, resulted in the isolation of the first vanadium(V)
oxoazide [VO(N3)3] as a dark-red to black solid. Neat
vanadium(V) oxotriazide is stable at ambient temperature
and can be stored indefinitely at this temperature. However,
the compound is impact and friction sensitive and explodes
violently upon heating. All attempts to grow single crystals of
[VO(N3)3] that are suitable for X-ray crystal structure
determination were unsuccessful. The composition of the
compound was established by the observed reaction stoichi-
ometry and its vibrational spectra (see the Supporting
Information).

The 1:1 adduct [(bipy)VO(N3)3] was formed quantita-
tively when [VO(N3)3] was reacted with 2,2’-bipyridine (bipy)
in acetonitrile solution [Eq. (2)].

½VOðN3Þ3¤ þ bipy CH3CN°°°°!½ðbipyÞVOðN3Þ3¤ ð2Þ

After the solvent had been pumped off at ambient
temperature, the bipyridine adduct was isolated as an
impact- and friction-sensitive, dark-red crystalline solid. The
compound was identified and characterized by vibrational
spectroscopy and by single-crystal X-ray structure determi-
nation. When [VO(N3)3] was reacted with two equivalents of
[PPh4]N3 in acetonitrile solution, [PPh4]2[VO(N3)5] was
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formed quantitatively [Eq. (3)].

½VOðN3Þ3¤ þ 2 ½PPh4¤N3
CH3CN°°°°!½PPh4¤2½VOðN3Þ5¤ ð3Þ

The oxopentaazidovanadate(V) salt was isolated as
a dark-red, crystalline solid and characterized by means of
vibrational spectroscopy and X-ray crystallography. It is
interesting to note that the reaction of [VO(N3)3] with one
equivalent of [PPh4]N3 did not result in the formation of
a [VO(N3)4]

¢ salt. Instead, a mixture of [PPh4]2[VO(N3)5] and
[VO(N3)3] was obtained. The intense red to almost black color
of the vanadium oxoazides in this study is in good agreement
with the dark maroon to black colors that have been
described for the binary vanadium azides [V(N3)4],
[V(N3)6]

¢ , and [V(N3)6]
2¢.[5] The color can be attributed to

the fact that many vanadium compounds are deeply colored
and that the presence of multiple chromophores, such as azido
groups, can further enhance the color intensity.

Details of the crystallographic data collection and refine-
ment parameters for the structurally characterized com-
pounds [(bipy)VO(N3)3] and [PPh4]2[VO(N3)5] are given in
the Supporting Information. The vanadium oxoazide [(bipy)-
VO(N3)3] crystallizes in the triclinic space group P�1
(Figure 1). The solid-state structure contains isolated and
well-separated molecules. The closest intermolecular N¢N
and M¢N distances involving azido groups are 3.106(2) è and
4.194(2) è, respectively. The asymmetric unit of the structure
consist of two individual [(bipy)VO(N3)3] molecules with
distinct, different geometries. The two different molecules are
depicted in Figure 1.

In both molecules, the coordination geometry around the
central vanadium atom is derived from a distorted octahedron
with the three azido ligands as well as one bipyridine nitrogen
atom occupying the equatorial positions. The oxygen atom
and the second bipyridine nitrogen atom occupy the axial
positions. In both molecules, the central vanadium atom is
located 0.27(2) è above the plane containing the four
equatorial nitrogen atoms. This distortion from the octahedral
arrangement is in good agreement with valence-shell electron

repulsion theory (VSEPR) and can be attributed to increased
repulsion from the sterically more demanding oxygen
ligand.[9] The major differences between the two individual
molecules of the asymmetric unit are the orientations of the
N3 groups. It has been shown previously that azido ligands are
quite floppy in a molecule and that they can take on different
orientations and arrangements with only a small energy
penalty.[10] In one of the symmetry-independent [(bipy)-
VO(N3)3] molecules (Figure 1, right), two azido ligands are
pointing below the plane of the four equatorial N atoms and
away from the O atom. The O2-V2-N-N dihedral angles of
these ligands are 154.1(1)88 and 166.8(1)88, respectively. The
third azido ligand is pointing upward, in the general direction
of the O atom with an O2-V2-N15-N16 angle of 4.6(2)88. In the
second symmetry-independent molecule (Figure 1, left), one
of the N3 ligands is pointing down and away from the O atom
(O1-V1-N7-N8 155.8(1)88), whereas a second N3 ligand is
clearly pointing up and towards the O atom (O1-V1-N4-N5
22.3(1)88). The third N3 ligand is oriented only slightly towards
the O atom with an O1-V1-N1-N2 dihedral angle of 65.0(1)88.
The average V¢Nazido distance of 1.970(2) è is significantly
shorter than the one found for [V(N3)6]

2¢ (1.994(3) è) in
[PPN]2[V(N3)6).[8a] The N¢N distances in the azido ligands are
found to 1.219(2) è for the internal N¢N bond and 1.142(2) è
for the external azide bond, and are typical for covalent
azides.

The salt [PPh4]2[VO(N3)5] crystallizes in the triclinic space
group P�1 with two symmetry-related formula units in the unit
cell (Figure 2). The crystal structure consists of well-separated
cations and anions. The closest cation–anion distances
between nonhydrogen atoms are 3.153(3) è (C46···O1) and
3.225(3) è (C48···N6). The closest V···N and N···N distances
between individual anions were found to 6.694(3) è and
4.515(3) è.

The [VO(N3)5]
2¢ anion has a pseudo-octahedral ligand

arrangement around the central vanadium atom (Figure 2).
The five azido groups occupy all four equatorial and one axial
position, while the second axial position is occupied by the
oxygen atom. Only one of the four equatorial N3 groups is
pointing in the general direction of the oxygen atom (O-V-N-
N dihedral angle 11.3(2)88); the three other groups are

Figure 1. The two independent molecules in the crystal structure of
[(bipy)VO(N3)3] . Thermal ellipsoids are set at 50% probability. Hydro-
gen atoms have been omitted for clarity. Selected bond lengths [ç]:
V1¢O1 1.601(1), V1¢N1 1.974(2), V1¢N4 1.988(1), V1¢N7 1.957(2),
V1¢N10 2.158(1), V1¢N11 2.251(1), V2¢O2 1.596(1), V2¢N12
1.970(1), V2¢N15 1.954(1), V2¢N18 1.977(1), V2¢N21 2.145(1),
V2¢N22 2.254(1). Figure 2. The anion in the crystal structure of [PPh4]2[VO(N3)5] . Ther-

mal ellipsoids are set at 50% probability. Selected bond lengths [ç]:
V1¢O1 1.600(2), V1¢N1 2.001(2), V1¢N4 1.997(2), V1¢N7 2.020(2),
V1¢N10 2.008(2), V1¢N13 2.159(2).
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pointing towards the axial azido ligand (O-V-N-N dihedral
angles 157.1(2)–160.2(2)88). Similar to [(bipy)VO(N3)3], the
vanadium atom of the anion is located above (0.15 è) the
equatorial plane containing the a-N atoms of the four
equatorial azide groups. The detected V¢O distance of
1.600(2) è in the anion is essentially identical to the one
measured for the two independent molecules in the crystal
structure of [(bipy)VO(N3)3] (1.596(1) and 1.601(1) è). The
average V¢Nazido distance of 2.007(2) è for the equatorial
ligands and V¢Nazido distance of 2.159(2) è for the axial
ligand are considerably longer than the average V¢Nazido

distance found for [(bipy)VO(N3)3] (1.970(2) è). This elon-
gation of the V¢N bonds can be attributed to the doubly
negative charge of the dianion, resulting in more ionic azido
ligands. As a result of the increased ionicity of the N3 groups,
their average internal N¢N distance (1.199(3) è) is more
similar to the terminal N¢N distance (1.145(3) è) than in
those measured for ([bipy)VO(N3)3].

Quantum mechanical calculations were carried at the
B3LYP//DZVP2/cc-pVDZ-PP and SVWN5//DZVP2/cc-
pVDZ-PP density functional theory (DFT) levels of theory
for all the vanadium(V) oxoazide species [VO(N3)3], [(bipy)-
VO(N3)3], and [VO(N3)5]

2¢, as well as for the anion
[VO(N3)4]

¢ . The obtained structures and calculated vibra-
tional frequencies and intensities are given in the Supporting
Information. The local DFT functional was included as it
often gives better geometries for transition metal compounds
than do hybrid functionals such as B3LYP.

For [VO(N3)3], the B3LYP and SVWN5 functionals
predict a minimum-energy structure of C3v symmetry
(Figure 3). The calculated V¢O distances are 1.565 è
(B3LYP) and 1.566 è (SVWN5), and the V¢N distances are
calculated to be 1.856 è (B3LYP) and 1.829 è (SVWN5). For
[(bipy)VO(N3)3] and [VO(N3)5]

2¢, the two levels of theory
found different minimum-energy structures, which differ in
the orientation of the various azido ligands. This is in good
agreement with previous results that there are only subtle
energy differences of less than 5 kcalmol¢1 between various
orientations of the azido ligands in metal polyazides. As
a result, polyazido compounds may adopt several structures
with only very little energy difference among them.[10]

Two different minimum-energy structures (structures A
and B in Figure 3) with C1 symmetry were found for the
bipyridine adduct [(bipy)VO(N3)3]. The minimum structure
A, found at the SVWN5 level, closely resembles one of the
two independent molecules found in the crystal structure of
[(bipy)VO(N3)3] with one N3 group pointing in the direction
of the O atom and two N3 groups away from it. At the B3LYP
level, this structure is 0.3 kcalmol¢1 higher in energy than
structure B in which two N3 groups point in the direction of
the O atom and the third one away from it. This arrangement
was not detected in the crystal structure of [(bipy)VO(N3)3]
and lies 1.1 kcal mol¢1 above the lowest-energy structure A at
the SVWN5 level.

For the [VO(N3)4]
¢ ion, both methods predict a

C2-symmetric minimum-energy structure with V¢N distances
of 1.967 è and 1.968 è at the B3LYP level, and 1.925 è and
1.927 è at the SVWN5 level. The V¢O distance is calculated
to 1.571 è (B3LYP) and 1.576 è (SVWN5). For the

[VO(N3)5]
2¢ ion, the predicted minimum-energy structure

with both functionals has two equatorial N3
¢ groups rotated

up (structure D in Figure 3). This prediction is in contrast to
the anion geometry found in the crystal structure of
[PPh4]2[VO(N3)5], exhibiting one equatorial N3 ligand point-
ing towards the O atom. The crystal-structure arrangement
(structure C in Figure 3) is predicted to only be 0.7 kcalmol¢1

and 1.1 kcal mol¢1 higher in energy than the minimum at the
SWVN5 and B3LYP levels, respectively. This small energy
difference can easily be accounted for by crystal packing
forces and further demonstrates the flexibility of the different
conformations. A third structure with all equatorial ligands
pointed up is also very close in energy to the other two
structures (structure E in Figure 3).

The infrared and Raman spectra of [VO(N3)3] are shown
in Figure 4. The detected and calculated vibrational bands of
the three vanadium oxoazides are listed in the Supporting
Information. The mid-wavelength infrared spectra of the
vanadium(V) oxazides are primarily dominated by bands
attributable to antisymmetric nas(N3) vibration modes at
about 2000–2150 cm¢1 and to a lesser extent by the n(V-O)
mode at about 1000 cm¢1.

As can be expected for covalent azides, the Raman
spectra of the investigated azides exhibit the strong bands for
the nas(N3) vibration modes in the region 2000–2150 cm¢1 and
the much weaker bands of the symmetric ns(N3) modes at
about 1200–1300 cm¢1. The V¢O stretching vibrational modes
are evident at about 1000 cm¢1 and the n(V¢N3) vibration
modes are found in the 480–400 cm¢1 region. The nas(N3) and

Figure 3. Optimized structures of the vanadium(V) oxoazide species
[VO(N3)3] , [(bipy)VO(N3)3] , [VO(N3)4]

¢ , and [VO(N3)5]
2¢ calculated at

the B3LYP//DZVP2/cc-pVDZ-PP and SVWN5//DZVP2/cc-pVDZ-PP
level of theory. Relative energies are given for species with multiple
minimum-energy structures.
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n(V-N3) vibration modes give rise to the strongest bands in the
Raman spectrum of [VO(N3)3] whereas the spectra of
[(bipy)VO(N3)3] and [PPh4]2[VO(N3)5] are dominated by
bands attributable to the organic moieties bipy and [PPh4]

+.
It should be noted that the vibrational spectra of several
[VO(N3)3] samples from different batches never exhibited the
characteristic features of coordinated CH3CN (two bands of
almost equal intensity at about 2320 and 2290 cm¢1),[1a]

confirming that the compound is indeed free of acetonitrile.
The assignments are supported by the DFT calculations.

The impact and friction sensitivities of the vanadium(V)
oxoazides of this study were determined using a BAM fall
hammer and BAM friction tester. The obtained sensitivity
and stability data are summarized in Table 1. As can be
expected for a neutral polyazide, [VO(N3)3] is highly sensitive
with an impact sensitivity of less than 0.5 J and a friction
sensitivity of under 5 N. It is somewhat surprising that the 2,2’-
bipyridine adduct [(bipy)VO(N3)3] is considerably less sensi-
tive to friction (96 N) while the impact sensitivity (< 0.5 J)
remains virtually unchanged. Therefore, both compounds
have to be considered explosion hazards. The thermal
stabilities of the studied azides were determined through

differential thermal analysis (DTA) scans with heating rates
of 5 88C min¢1. The resulting decomposition temperatures are
included in Table 1. Among the three studied vanadium(V)
oxoazides, only [VO(N3)3] exploded upon heating (120 88C
explosion temperature). The adduct [(bipy)VO(N3)3] and the
salt [PPh4]2[VO(N3)5] showed smooth decompositions and no
explosions upon heating at a rate of 5 88C min¢1.

In conclusion, the first vanadium(V) oxoazides have been
prepared and characterized. [VO(N3)3] has been obtained
from [VOF3] by fluoride–azide exchange with Me3SiN3 in
CH3CN solution. The reaction of [VO(N3)] with 2,2-
bipyridine resulted in the formation of [(bipy)VO(N3)3].
[PPh4]2[VO(N3)5] has been obtained from the reaction of
[VO(N3)3] with two equivalents of [PPh4]N3. All vanadium
oxoazides were characterized by vibrational spectroscopy
and, in the case of [(bipy)VO(N3)3] and [PPh4]2[VO(N3)5], by
single-crystal X-ray diffraction.

Experimental Section
Caution! Polyazides are extremely shock-sensitive and can explode
violently upon the slightest provocation. Because of the high-energy
content and the high detonation velocity of these azides, their
explosions are particularly violent and can cause, even on a one mmol
scale, significant damage. The use of appropriate safety precautions
(safety shields, face shields, leather gloves, protective clothing, such as
heavy leather welding suits, and ear plugs) is mandatory. Ignoring
safety precautions can lead to serious injuries!

Materials and Apparatus: All reactions were carried out in
Teflon–FEP ampules that were closed by stainless steel valves.
Volatile materials were handled in a Pyrex glass vacuum line.
Nonvolatile materials were handled in the dry nitrogen atmosphere
of a glove box. [VOF3] and 2,2’-bipyridine (bipy) (both Aldrich) were
used without further purification. Trimethylsilyl azide (Aldrich) was
purified by fractional condensation. [PPh4]N3 was prepared according
to a literature procedure.[12] Solvents were dried by standard methods
and freshly distilled prior to use.

Crystal structure determinations : The single-crystal X-ray diffrac-
tion data of [(bipy)VO(N3)3] were collected on a Bruker SMART
APEX DUO 3-circle platform diffractometer, equipped with an
APEX II CCD, using Mo Ka radiation (TRIUMPH curved-crystal
monochromator) from a fine-focus tube. The diffractometer was
equipped with an Oxford Cryosystems Cryostream 700 apparatus for
low-temperature data collection. The single-crystal X-ray diffraction
data of [PPh4]2[VO(N3)5] were collected on a Bruker SMART 3-circle
platform diffractometer, equipped with an APEX CCD detector,
using Mo Ka radiation (graphite monochromator) from a fine-focus
tube. The diffractometer was equipped with an LT-3 low-temperature
device. The frames were integrated using the SAINTalgorithm to give
the hkl files corrected for Lp/decay.[13] The absorption correction was
performed using the SADABS program.[14] The structures were
solved by the direct method and refined on F2 using the Bruker
SHELXTL Software Package and ShelXle.[15] All nonhydrogen atoms
were refined anisotropically. ORTEP drawings were prepared using
the ORTEP-3 for Windows V2.02 program.[16] CCDC-1059908 and
1059909 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Computational Methods : The structures were optimized at the
density-functional-theory (DFT)[17] level with the LSDA (local spin
density approximation) SVWN5[18] and hybrid B3LYP[19] exchange-
correlation functionals with the DFT-optimized DZVP2 basis set[20]

for H, C, N, and O atoms and the cc-pVDZ-PP[21] basis set for V using

Figure 4. IR (upper trace) and Raman spectra (lower trace) of
[VO(N3)3] . Bands marked by asterisks (*) are attributable to the FEP
sample container.

Table 1: Sensitivity data for the vanadium(V) oxoazides.

Compound Tdecomp [88C] FS [N][a] IS [J][a]

RDX[b] 220 120 7.5
[Pb(N3)2]

[11] 300 0.1 2.5
[VO(N3)3] 120[c] <5 <0.5
[(bipy)VO(N3)3] 150[d] 96 <0.5
[PPh4]2[VO(N3)5] 150 >360 20

[a] FS = friction sensitivity, IS = impact sensitivity. [b] RDX =1,3,5-tri-
nitroperhydro-1,3,5-triazine (hexogen). [c] Explosion. [d] Endotherm at
120 88C.
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Gaussian09 program system.[22] Vibrational frequencies were calcu-
lated to show that the structures were minima.

Further experimental details are given in the Supporting Infor-
mation.
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