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In memory of Robert Bau

During the last decade, there has been much interest in
inorganic polyazide chemistry.'"*! Because of the energetic
nature of the azido group, polyazides are highly endothermic
compounds, the energy content of which increases with an
increasing number of azido ligands. It is, therefore, not
surprising that the synthesis of molecules with a high number
of azido groups is very challenging owing to their explosive
nature and shock sensitivity.

A significant number of pentavalent binary azido com-
pounds of the heavier Group 5 elements have been prepared
and characterized, namely Nb(N,)s, Ta(N;)s, Nb(N;)s*CH;CN,
Ta(N;)sCH;CN,  [Nb(N3)e] ", [Ta(Ny)e]", [Nb(N3);]*" and
[Ta(N;),*".'"*"] However, the situation is different for
vanadium for which only trivalent binary azides were
known. Thus, the UV/Vis spectra of solutions containing the
ions [V(N;)J**, [V(N;),]~, and [V(N;)¢]~,l"! and also the
vibrational and electronic spectra of the [V(N;)s]>~ ion!"* have
been reported. For the higher oxidation states of vanadium,
only ternary or quatenary azides, such as VOCLN,M
[VO(N;), > 182020 and  [V(N,);(N3S.)JP ¥ have been
reported, and no binary vanadium(V) compounds are
known except for VFs, VF¢~, and V,0;.

By analogy with our previous syntheses of binary Group 5
azides,'"¥ vanadium fluorides were reacted with an excess of
Me;SiN; in acetonitrile solution. Contrary to the incomplete
halide/azide ligand exchange frequently encountered for
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chlorides, the use of fluorides as a starting material results
in rapid and quantitative fluoride/azide exchange. Thus, for
VF,, a dark red, almost black solution of V(N;), [Eq. (1)] was
obtained in quantitative yield.

VF, + 4 Me;SiN; "5 V(N,), + 4 Me,SiF 1

As expected for a covalently bonded polyazide,™ solid
V(N,), is very shock-sensitive. It can explode violently upon
the slightest provocation, for example when touched with a
metal spatula or by a rapid change in temperature (such as
freezing with liquid nitrogen or a fast warm-up). All attempts
to obtain single crystals of V(N;), by recrystallization were
unsuccessful. The identity of the vanadium tetraazide was
established by the observed weight, a low-temperature
Raman spectrum, and by quantitative conversion with
either Ph,P*N;~ or PNP*N;~ (PNP"=bis(triphenylphos-
phoranylidene)ammonium) into  the  corresponding
[V(N;)s]* salts. These salts were characterized by their
material balances, crystal structures, and vibrational spectra
of the crystals and the bulk material, which were identical.
The recording of the Raman spectrum of V(Nj), was very
challenging owing to the black color of the sample, its
amorphism, and its extreme shock sensitivity. In spite of these
difficulties, we succeeded to record several reproducible
Raman spectra of amorphous samples and one spectrum of a
crystalline sample before it exploded. In the Supporting
Information, Table S16, the vibrational frequencies and
intensities observed for the amorphous samples are compared
with those calculated for the free molecular species at the
MP2/MCP-TZP level of theory. The vibrational frequencies
calculated for V(N3), at the BBLYP/MCP-TZP level are given
in the Supporting Information, Table S1. There is a very good
agreement between the calculated and observed frequencies
(Supporting Information, Table S16), suggesting that amor-
phous V(N3), is only weakly associated and permits assign-
ments to the individual modes. In contrast, the Raman
spectrum obtained for the crystalline sample (Supporting
Information, Table S16, footnote [a]) deviated significantly
from that of the amorphous sample. It showed three intense
bands in the region of the V-N stretching modes, indicating
association.

The MP2/MCP-TZP calculations resulted in a minimum
energy structure of S, symmetry, with a V-N bond length of
1.841 A. At this level, the D,, isomer is not a local minimum,
has four imaginary frequencies, and is 6.2 kcalmol ' higher in
energy than the S, isomer. At the BALYP/MCP-TZP level, the
D,, structure, with a longer V-N bond length of 1.870 A
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(Supporting Information, Tables S2,S3, and S17), is slightly
favored by 0.3 kcalmol ™! over the S, isomer. Both structures
are similar and can be derived from tetrahedral VN, skeletons
in which two of the bond angles are slightly compressed whilst
the other four are widened. However, there is a difference in
the arrangement of the floppy azido ligands. In the S, isomer,
the two compressed angles are opposite to each other,
whereas in the D,, isomer they are neighboring. Generally,
in S,-type structures (the C; structure of V(N;),>~; Supporting
Information, Table S17) is also a slightly distorted Sy struc-
ture), the azido ligands are arranged in a propeller-type
fashion, whilst in D, type structures the presence of an
additional mirror plane along the n-fold inversion axes forces
the azido ligands into arrangements that are symmetric to this
plane. In view of the complexity of the spectra, their low
sensitivity to minor rearrangements of the ligands, the
expected fluxionality of the structures, and experimental
difficulties in recording them with sufficient resolution at low
temperatures in the solid state to freeze out ligand rotation, a
clear distinction between these two geometries is very
difficult. However, it appears that for these polyazides the
propeller-type ligand arrangements of S, symmetry are
generally favored over the D, structures, and therefore the
S, structure is also preferred by us for V(N;),.

As found for other neutral binary polyazides,®™ V(N;),
can also be stabilized by anion formation, which increases the
ionicity of the azido group. Because an ionic azide group
possesses two double bonds whereas a covalent azide group
has a single and a triple bond, increasing the ionicity of an
azido ligand makes the breaking of an N—N bond more
difficult and enhances the activation energy barrier toward N,
elimination. To verify these predictions, the hexaazidovana-
date(+IV) anion [V(N;)s]*~ was prepared as its tetraphenyl-
phosphonium [PPh,]" and bis(triphenylphosphoranylide-
ne)ammonium salts [PNP]" by the reactions of V(Nj;), with
two equivalents of AN; (A=PPh, PNP) in acetonitrile
solution [Eq. (2)].

CH;CN

V(N;), +2AN; "=V [AL[V(N;)] A = PPh,, PNP )

[PPh,],[V(N;)s] and [PNP],[V(N;),] were isolated as
room-temperature-stable, crystalline solids of dark maroon
to nearly black color that melt with gas evolution and
decomposition at 175-177 and 169-172°C, respectively.
Because of the increased ionicity of their azido ligands and
the presence of two large counterions per anion, which
diminishes shock propagation, both compounds are less
sensitive and explosive than the parent compound, V(N;),,
and could be manipulated in our studies at room temperature
without explosions. Scraping with a metal spatula or heating
in an open flame did not result in detonations.

The [PPh,],[V(N;)s] and [PNP],[V(N;),] salts were char-
acterized by the observed weights, their IR and Raman
spectra (see the Supporting Information), and their crystal
structures.?! The Raman spectra of the crystals used for the
X-ray investigation and of the bulk material were identical,
demonstrating the absence of detectable amounts of impur-
ities in our samples.
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The theoretical calculations predict two possible struc-
tures of very similar energy, having C; and D;, symmetry,
respectively (Supporting Information, Table S17). The C;
structure has a slightly distorted, propeller-type S, structure.
At the B3LYP/MCP-TZP level, it is favored by 4.2 kcalmol
over a D, structure. However, at the MP2/MCP-TZP level of
theory, a D;; structure is slightly lower in energy by
0.9 kcalmol ™. In view of their small energy differences and
sensitivity to the level of theory used, the theoretical
predictions do not allow the reliable prediction of a preferred
structure, even for the free gaseous species at 0 K. For
molecules of this size, the use of more definitive higher-level
calculations, such as CCSD(T), is prohibitive from a computa-
tional point of view. Although the theoretical calculations
predict for the C, and D,, structures of [V(N;)s]*~ different
numbers of fundamental vibrations for the antisymmetric N;
stretching vibrations, namely, 6 for C; and only 4 for D;,
(Supporting Information, Tables S4,S5), four of the C; modes
fall within a narrow range of only 7cm™' and would be
extremely difficult to resolve. Furthermore, the small energy
difference between the two isomers and the fluxionality of the
azido ligands, combined with very shallow energy minima and
minimal barriers, should result for the free ion in the
experimental observation of a single band in this region. As
several shoulders, weak bands, and violations of the selection
rules were observed in the solid-state spectra of
[PPh,],[V(N;)e] and [PNP],[V(N;)e], the infrared spectra of
the salts in CH;CN solution were recorded in this region and
showed, as expected, a collapse into a single band at
2040 cm™! with a large linewidth of 35 cm™'. Therefore, the
splittings in the solid-state spectra are attributed to packing
effects and the influence of different counterions. The
solution spectra also allowed the decomposition of
[V(N;)e]*~ in CH;CN solution to be observed when exposed
to air. The 2040 cm™ band would gradually decrease in
intensity, while the dark purple vanadium(IV) color changed
to the green color that is characteristic for vanadium(IIT). At
the same time, an intense band at 2004 cm™' grew in, which
was subsequently replaced by bands at 2060(vs), 2093(mw),
and 2138(m), with the band at 2138 cm™' being attributed to
HN;. As the crystal structure analysis established C; structures
for both the PPh,* and the PNP" salts,* assignments of the
observed vibrational spectra to individual modes were made
for this isomer by comparison with the calculated spectra and
resulted in very good agreement (Supporting Information,
Table S4; for the calculated vibrational spectra of the D,
isomer, see the Supporting Information, Table S5).

The structures of [PPh,],[V(N;)s] and [PNP],[V(N3)4]
were established by single-crystal X-ray diffraction studies
(Figure 1; Supporting Information, Figures S5, S6, Tables S6—
S15). Although the refined structure of [PPh,],[V(N;)e] had a
low R, factor of 6.66%, it suffered from some disorder
resulting in a high wR, factor of 17.57 % and variations in the
individual bond lengths and angles that are much larger than
those found for the PNP™ salt. As the vibrational spectra of
the anions were identical for all practical purposes in both
salts, the increased distortion from S4 symmetry of the anion
in the PPh," salt is not real and is an artifact of the disorder.
Consequently, only the structure of the PNP' salt will be
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Figure 1. ORTEP drawing of the [V(Ns)¢]>~ anion in [PNPJ,[V(N;)].
Thermal ellipsoids are set at 50% probability. Selected bond lengths
[A] and angles [°]: V=-N1 1.991(3), V-N4 1.992(3), V-N7 1.990(3),
V-N10 2.002(3), V-N13 1.988(3), V-N16 2.001(3), N1-N2 1.178(4),
N2-N3 1.153(4), N4-N5 1.181(4), N5-N6 1.136(4), N7-N8 1.211(4),
N8-N9 1.148(4); V-N1-N2 128.1(3), V-N4-N5 127.5(3), V-N7-N8
125.6(2), V-N10-N11 128.3(2), V-N13-N14 123.5(3), V-N16-N17
130.3(2), N1-V-N4 177.50(13), N1-V-N7 90.69(12), N1-V-N10
90.77(14), N1-V-N13 91.25(12), N1-V-N16 87.991(15), N1-N2-N3
176.8(4), N4-N5-N6 177.0(4), N7-N8-N9 176.9(3).

discussed in more detail, as it does not suffer from any
disorder. The X-ray crystal structure of the [PNP],[V(N;)]
salt?*®! revealed the presence of well-separated [PNP]* and
[V(N;)]*~ ions (Supporting Information, Figure S6). The
closest V---N and N--N contacts between neighboring anions
are 7.9 A and 4.2 A, respectively. The observed geometry of
the [V(N;)s]*” anion (Figure 1) is in good general agreement
with the propeller-type C; structure predicted by our theo-
retical calculations (Supporting Information, Table S17) and
those previously found for the similar hexaazides
[As(N;)g] = [Sb(Na)e] [ [Si(N3)e* 1 [Ge(N3)e] !
[NB(N3)g] ™ [Ta(N3)g] M W(Ny)e, "™ [Ti(N3)e)*," and
[Se(N;)s]>~,* but contrary to that of [Te(N;)]*~,"®! for which
the free valence electron pair on its central atom becomes
sterically active.

The VN skeleton of the [V(N;)]>” anion has almost
perfect S symmetry. Selected bond lengths and angles are
listed in Figure 1 and the Supporting Information, Table S13.
The observed average V—N distance of 1.994 A is shorter than
the calculated values (B3LYP 2.027 A, MP2 2.005 A) and the
observed average V—N distances in (n’-CsHs),V(N3),
(2.080 A),2 [V(N,)3(N;S,)],> (2.02 A),?”) and the terminal
azido group in [(7’-CsMes)VCI(N;)(1-N3)], (2.058 A),? and
similar to the observed V—N distance for the terminal azido
groups in  [(1>-CsMes)V(N;),(u-N3)],  (1.981 A).28) The
observed V-N distances of the [V(N;)]*” anion are more
than 0.12 A longer than those calculated for the neutral
parent compound V(N;), (Supporting Information,
Table S17). This increase in bond length can be explained
by the higher ionicity of the V=N bonds in [V(N;)s]*~ caused
by the two formal negative charges. The observed and
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calculated N—N bond lengths serve as further evidence for
the increased ionicity of the azide ligands in [V(N;)¢]*". The
two N—N distances of the N; groups in V(Nj3), are calculated
by B3LYP to differ by 0.098 A (MP2 0.053 A), indicating the
presence of predominantly covalent azido groups with strong
Ng—N, triple-bond character. In the [V(N;)s]>" anion, the
differences in the N—N distances of the azido groups are
predicted to be smaller (B3LYP C; 0.049, D;,0.044 A;MP2 C,
0.023, D3, 0.021 A) and were experimentally found to range
from 0.023 to 0.063 A, with an average value of 0.043 A.
These smaller differences in the N—N bond distances support
our conclusion that the azido ligands in the anion are more
ionic in character.

Our attempts to prepare V(N;)s were unsuccessful. Even
at a temperature of —35°C, the reaction of VF; with an excess
of Me;SiN; in acetonitrile solution resulted in the release of
elemental nitrogen and the reduction of V¥ to V", yielding a
dark red, almost black solution of V(N;), [Eq. (3)].

2 VF; + 10Me;SiN; "= 2 V(N,), + 10 Me,SiF + 3N, 3)

Pumping off the volatile compounds at ambient temper-
ature resulted in the isolation of the neat tetraazide as an
amorphous black solid.

The preparation of a binary vanadium(V) azide was
however possible by taking advantage of the fact that the
oxidation potential of an anion is lower than that of its neutral
parent compound, thus avoiding the reduction of vana-
dium(V) to vanadium(IV) by azide. Using [NMe,]|[VF] as a
starting material and reacting it with an excess of Me;SiNj; in
acetonitrile solution resulted in the isolation of the corre-
sponding hexaazidovanadate(V) compound [Eq. (4)].

[NMe,][VF;] + 6 Me;SiN; "5 [NMe,][V(N;)s] + 6 Me; SiF 4)

[NMe,][V(N3)e] was isolated as a black amorphous solid
that is thermally stable at room temperature but is highly
shock-sensitive and explodes violently upon the slightest
provocation. The intense maroon, almost black color of all the
vanadium azides isolated in the course of our study is
attributed to the fact that many vanadium compounds, and
particularly those of vanadium(IV), are deeply colored and
that this color can be enhanced by the presence of multiple
azido ligands, which can act as chromophores.

The composition of [NMe,][V(N;)s] was established by
the observed weight and its low-temperature Raman spec-
trum (Figure 2). The Raman spectrum of [V(N;)]™ is
distinctively different from that of [V(N;)s]>". Not only are
the antisymmetric N3 and skeletal V—N stretching vibrations
shifted to higher frequencies, as expected for an increased
covalency of the azido ligands owing to the decreased formal
negative charge of the anion, but also the band splittings and
relative intensities differ significantly. The shift of the bands
to higher frequencies with decreasing formal negative charges
has previously been demonstrated for the VF;~, VF¢", and
VF{*~ series.”’]

The predicted structures of free [V(N;)s]*~ and [V(N;)e]~
(Supporting Information, Table S17) show significant differ-
ences. In [V(N;)s]*", the VN; skeleton is almost perfectly
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Figure 2. Low-temperature Raman spectrum of [NMe,][V(N;)]. Bands
belonging to the NMe, cation are marked with an asterisk (*). Bands
marked with a dagger () are due to a residual amount of CH;CN
solvent, and bands due to the FEP sample container are marked with a
double dagger ().

octahedral and the azido ligands exhibit a propeller-type
arrangement, resulting in approximate S; symmetry. In
contrast, the VNg skeleton of [V(Nj)s]™ is significantly
distorted from octahedral symmetry, with three shorter and
three longer V-N bonds in mer positions (A(V-N) ~0.035 A
at the B3LYP level). The structure can be visualized as being
composed of two T-shaped halves, one possessing the shorter
bonds and the other the longer bonds, with the crossbars of
the two Ts being orthogonal to each other, forming the
equatorial plane of a distorted octahedron. Furthermore, the
azido ligands of [V(N;)s]~ are more covalent than those in
[V(N;)s]>~, with an average N—N bond difference of 0.065 A,
and do not vary much in their ionic character. The pro-
nounced splittings of the antisymmetric N; stretching modes
in [V(N;)¢]~ can readily be accounted for by the increased
distortion of its VN, skeleton and the greater variations in its
V—N bond lengths, and this interpretation is further sup-
ported by the calculated vibrational spectra (Supporting
Information, Table S18). The difference in the counterions,
PPh,* or PNP* versus N(CHj;),", the change in the anion to
cation ratios, and the presence of some residual CH;CN in the
[N(CH,;),][V(N3)s] sample are probably only minor contrib-
utors to these differences. The vibrational frequencies
observed for the residual CH;CN in the sample are similar
to those of the free molecule in the gas phase® and strongly
differ from those observed for bound CH;CN in Nb(Nj;)s-
(CH,CN) and Ta(N;)s(CH,CN),'" thus demonstrating that
the acetonitrile in our [N(CHs;),][V(N;)s] sample does not act
as a ligand. The calculated and observed vibrational spectra
and assignments of [V(N;)¢]~ are summarized in the Support-
ing Information, Table S18.

The fact that free [V(N;)s]~ with d° vanadium(V) and no
possibility for Jahn-Teller distortion is predicted to possess a
much lower symmetry than [V(N;),]*~ with d'V(+1V) and
possible Jahn-Teller distortion obviously cannot be explained
by the Jahn-Teller effect. The strong influence of the
oxidation state of vanadium on the structure of its VX,
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anions has previously been discussed by Becker and Sawodny
for the [VF]*~, [VF4]*~ and [VF,]" series.”’)

In summary, the first binary vanadium(IV) azides V(N;),
and [V(N;)¢]*", and vanadium(V) azide V(N;),~, have been
prepared and characterized. At ambient temperature, the
neutral tetraazide and V(N;)s~ are very sensitive and highly
explosive but the [V(N;)]*~ anion, particularly when com-
bined with a large inert counterion, is more manageable.
Furthermore, the V(N;),~ anion is the first binary vana-
dium(V) species containing a ligand other than fluorine or
oxygen.
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