Zuschriften

X DOI: 10.1002/ange.201103101
Polyazides fang

Preparation and Characterization of the Binary

Group 13 Azides M(N;); and M(N;);:CH;CN (M = Ga,
In, TI), [Ga(N;)s]*", and [M(N3)s]*~ (M =1In, Tl)**

Ralf Haiges,* Jerry A. Boatz, Jodi M. Williams, and Karl O. Christe*

G
il

Angewandte
Chemie

8990 %mLEBYRAIE © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2011, 123, 8990 -8995



There has been much interest in polyazido compounds during
the last two decades.™! In particular, the potential of
Group 13 azides as precursors for the synthesis of the
corresponding nitrides has been studied in great detail
owing to their usefulness for semiconductor and optoelec-
tronic applications. Although most of these efforts were
devoted to gallium azides,"**! aluminum and indium azides
were also explored.'>?!) For thallium, the monoazide is well-
known and is an impact- and highly friction-sensitive com-
pound, similar in properties to silver azide and lead diazide.””
However, little is known about the triazide. To our knowl-
edge, the only previous report deals with the formation of a
highly explosive yellow solid, formed by the reaction of
TI(OH); with HN,.*) Based on its elemental analysis, it had
the composition TI(N;), and was proposed to be the mixed
TIYTI™ salt TI[TI(N;),], but this interpretation was subse-
quently questioned.?

The syntheses and characterization of molecules with a
high number of azido groups is very challenging owing to the
high energy content of the azido group, which is responsible
for their frequently encountered explosive and shock-sensi-
tive nature. Herein, we communicate the syntheses of
Ga(N3);, In(N3);, and TI(N;); in SO, and CH;CN solutions,
their 1:1 adducts with CH;CN, and the first examples of
multiply charged Group 13 polyazido anions, [Ga(N;)s]*",
[In(N;)¢]*~, and [TI(N;)¢]*". We also report the crystal
structures of the tetraphenylphosphonium salts of the
[Ga(N,)s]*, [In(N5)]*~, and [TI(N;)¢]>~ anions and the vibra-
tional spectra and electronic structure calculations for all the
compounds.

In analogy to our reported syntheses of inorganic
polyazides,"¥ the trifluorides GaF;, InF;, and TIF; were
treated with an excess of trimethylsilyl azide in SO,. This
procedure resulted in rapid and complete fluoride—azide
exchange [Eq. (1), M =Ga, In, TI].

MF, + 3 Me;SiN; 392, M(N, ), + 3 Me,SiF (1)
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Removal of the volatile compounds (SO,, Me;SiF, and
excess Me;SiN;) under reduced pressure at —20°C produces
the neat triazides as colorless to orange solids. The azides
Ga(Nj3);, In(N3);, and T1(N,); are stable at room temperature
but are very shock-sensitive. While Ga(N;); is the least
sensitive of the three compounds, it is still dangerous, and we
encountered several explosions while handling small samples.
In(N3); and especially TI(N;); are more treacherous and tend
to explode violently upon the slightest provocation (agitation,
rapid change in temperature and/or pressure). The physical
properties of Ga(N;); and In(N3); are in excellent agreement
with previous literature reports.l'”)

When CH;CN instead of SO, was used as solvent for the
reactions of GaF;, InF;, and TIF; with excess Me;SiNj;,
colorless to orange solutions were obtained. Removal of all
volatile materials (Me;SiF, CH;CN, and excess Me;SiN;)
resulted in the isolation of the acetonitrile adducts of the
triazides as pale yellow to orange solids [Eq. (2), M =Ga, In,
T1].

MF, + 3 Me,SiN; SN, M(N, ), - CH,CN + 3 Me,SiF 2)

It was not possible to remove the acetonitrile in a vacuum
of 10~* Torr at ambient temperature. Even after exposure to
vacuum for 24 h, samples of M(N3);-CH;CN showed virtually
no mass loss.

The neat acetonitrile adducts of the triazides
M(N;);;CH;CN are less dangerous than the donor-free
triazides but are still shock-sensitive and can explode
violently upon provocation (e.g., agitation). The stabilization
of these triazides by adduct formation with CH;CN is in
accord with previous reports that Ga(N;); is a strong Lewis
acid and can form stable, structurally characterized adducts
with either one molecule of trialkyl amine!™ or three
molecules of pyridine,"”?) yielding pseudo-tetrahedral or
pseudo-octahedral mer-configuration adducts, respectively.

All attempts to grow single crystals of the triazides or their
acetonitrile adducts by recrystallization were unsuccessful.
The identity of the compounds M(N;); and M(N;);-CH;CN
was established by the observed material balances, vibrational
spectra, and by their conversions with tetraphenylphospho-
nium azide into salts of the previously unknown anions
[Ga(N;)s]*~, [In(N5)¢]*~, and [TI(N,)¢]*~ which were charac-
terized by their crystal structures.

The recording of the vibrational spectrum of the neat
triazides was very challenging owing to their extreme shock-
sensitivity. In spite of these difficulties, we succeeded in
recording Raman spectra of microcrystalline samples of all
three neat triazides as well as an IR spectrum of Ga(Nj3)s.

The vibrational frequencies and intensities observed for
microcrystalline M(N;); and M(N;);-CH;CN (M = Ga, In, T1)
are compared with those calculated for the free molecular
species at the MP2/SBKIJ + (d) and B3LYP/SBKJ + (d) levels
of theory in Tables S6-S7 of the Supporting Information.

The MP2 and B3LYP calculations result in minimum-
energy structures of C;, symmetry for all three neat planar
triazides M(N;);. However, another isomer of C; symmetry
and only slightly higher energy is also found for the three
compounds. At the B3SLYP/SBKIJ + (d) level, the C; isomer of
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Ga(Ns,); is only 1.3 kcalmol ™! (MP2: 2.5 kcalmol ') higher in
energy, the one of In(N;); is only 0.7 kcalmol™' (MP2:
1.1 kcalmol ") higher in energy, and the one of TI(N,); was
found to be only 0.7 kcalmol ' (MP2: 0.6 kcalmol ') higher in
energy. The two structures are very similar (see Table S1
Supplementary Material) and deviate from each other only in
the orientation of one azido group. The small energy differ-
ences of less than 3 kcalmol™! between the C;, and C,
structures demonstrate the structural flexibility of the azido
ligands. The agreement between the predicted and observed
vibrational spectra is only fair and indicates that the neat
triazides are strongly associated in the solid state, in accord
with their low solubilities and volatilities.

For Ga(N;);*CH;CN and In(N;);*CH;CN (Figure 1), the
MP2/SBKIJ + (d) and B3LYP/SBKJ + (d) calculations result
in minimum-energy structures of C; symmetry, resembling the
crystal structure known for the Ga(N,);NR; adducts.'”) The
predicted minimum-energy structure of TI(N;);-CH;CN is of
C, symmetry at the B3LYP/SBKJ+ (d) level and of C,
symmetry at the MP2/SBKJ + (d) level of theory (see the
Supporting Information).

Figure 1. Calculated G; structure of the acetonitrile adducts
M(N;);-CH;CN (M =Ga, In). Bond lengths and angles are listed in the
Supporting Information.

As found for other binary polyazides,*'>1°! the neutral
polyazides can be stabilized either by the formation of donor—
acceptor adducts with Lewis bases or by anion formation,
which increases the ionicity of the azido groups. Because an
ionic azide group possesses two double bonds while a covalent
azido group has a single and a triple bond, increasing the
ionicity of the existing azido ligands by further azide addition
makes the breaking of an N—N bond more difficult and
enhances the activation energy barrier toward catastrophic N,
elimination. The Group 13 M(N;); molecules are all strong
Lewis acids and, in principle, could add one, two, or three
azide ions to form the [M(N;),]~, [M(N;)s]*", and [M(N;)]*~
anions, respectively. In the case of boron, the maximum
coordination number (CN) is four and, therefore, only the
[B(N,),] anion is formed."'~?!l In contrast, Al, Ga, In, and Tl
prefer CNs larger than four, preferably six, and cases of CN =
4 are only known for [AI(N;),] ! and [Ga(N3),]"."" Since
the azido ligand, unlike the nitrato ligand,” is only mono-
dentate, in [M(N;),]” an increase of CN=4 to CN=6
requires the addition of two extra donor molecules. Two
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well-characterized examples for the latter case are [Al(Nj)4-
(thf),]” and [In(N3),(pyr),]~ (pyr = pyridine).")

To examine the stabilization of the very explosive
triazides M(N;); (M =Ga, In, Tl) by azide addition, these
compounds were treated with one equivalent of tetraphenyl-
phosphonium azide in acetonitrile. Under these conditions,
no evidence for the formation of tetraazido anions [M(N3),]”
was found. Instead, a 1:1 mixture of [PPh,],[Ga(N;);s] and the
unreacted triazide was obtained for Ga(N;);. In the case of
In(N3); and TI(N;);, 1:2 mixtures of the corresponding
hexaazido compounds [PPhy]5s[M(N;)s] and the triazides
were obtained.

The triazides were then treated with three equivalents of
[PPh,][N;] in acetonitrile. While for In(N3); and TI(N;); the
pure hexaazido salts [PPhy];[M(N;)e] were formed [Eq. (3)
(M =1In, TI)], in the case of Ga(N;); only 1:1 mixtures of the
pentaazide [PPh,],[Ga(N;)s] and unreacted [PPh,N;] were
obtained [Eq. (4)].

M(N;); + 3 [PPh,][N;] S5, [PPh, 5 [M(N;)e] 3)
Ga(N;); + 2 [PPh,][N;] LN, [PPh,], [Ga(N; )] 4)

[PPh,J5[In(N3)s] and [PPh,]5[TI(N;)s] were isolated as
room-temperature-stable, crystalline solids of yellow and
orange color, respectively. [PPh,],[Ga(Ns)s] was isolated as
colorless crystals that are stable at room temperature.
Because of the increased ionicity of their azido ligands and
the presence of two or even three large counterions per anion,
which diminishes shock propagation, all three compounds are
much less sensitive and explosive than their parent com-
pounds M(N3); (M = Ga, In, Tl) and could be manipulated in
our study at room temperature without explosion. The
[PPh,],[Ga(N;)s], [PPh,]s[In(N3)], and [PPh,J5[TI(N;)] salts
were characterized by the observed material balances, their
IR and Raman spectra (see the Supporting Information), and
their crystal structures.The structures of [PPh,],[Ga(N3)s],
[PPh,]5[In(N3)¢], and [PPh,];[TI(N;)s] were established by
single-crystal X-ray diffraction studies (Figure 2, Figure 3,
and the Supporting Information). The crystal structure of
[PPh,],[Ga(N;)s]?! revealed the presence of well-separated
[PPh,]* and [Ga(N;)s]*~ ions. The smallest Ga-~N and N--N
separations between neighboring anions are 7.9 and 5.6 A,
respectively. The observed geometry of the [Ga(N;)s]*~ anion
(Figure 2) is derived from a trigonal-bipyramidal GaNj
skeleton and is in good general agreement with the propel-
ler-type C, structure predicted by our calculations. This
structure is in good agreement with the ones calculated for
As(N;)5, " Sb(N;)s,1* " and [Fe(N;)s]> ! but contrary to the
structure observed for [Bi(N;)s]* " or the one calculated for
[Se(N3)s]~,F! for which the free valence electron pair on its
central atom becomes sterically active, and also in contrast to
the theoretically predicted structures of Nb(N;)' and
Ta(N;)s.'" While the axial M-N-N bonds in Nb(N;)s and
Ta(N;)s; are almost linear and the M—N distances are
essentially the same, the five Ga-N-N bonds in [Ga(N;)s]*~
are strongly bent with angles of about 120° and, as expected
from VSEPR arguments® the axial Ga—N bonds are
significantly longer than the equatorial ones.
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Figure 2. The anion in [PPh,];[Ga(N;)s]. The two azido groups at N7
and N7A show positional disorder and have site occupancy factors of
0.5. Thermal ellipsoids are shown at the 50% probability level.
Selected bond lengths [A] and angles [°]: Ga1-N1 2.049(2), Gal-N4
1.937(2), Gal-N7 1.948(4), N1-N2 1.191(2), N2-N3 1.152(2); N1-
Gal-NTA 173.42(17), N1-Ga1-N4 89.70(8), N1-Ga1-N4A 87.31(8), N1-
Gal-N7 85.14(14), N1-Ga1-N7A 101.34(14), N4-Ga1-N4A 125.88(13),
N4-Gal-N7 107.11(17), N4-Ga1-N7A 126.38(18).

N16
N17
N18

N15 =
V%

Figure 3. The hexaazido anion in [PPh,J;[M(N;)¢] (M=In, Tl). Thermal
ellipsoids are shown at the 50% probability level. Selected bond
lengths [A] and angles [°] for M=In [M=TI}: M=N1 2.217(2)
[2.322(3)], M—N4 2.193(2) [2.278(3)], M-N13 2.238(2) [2.328(3)], N1-
N2 1.183(3) [1.182(5)], N2-N3 1.160(3) [1.156(5)]; N1-M-N4 90.14(8)
[89.61(13)], N1-M-N7 86.27(8) [91.92(14)], N1-M-N10 177.44(8)
[176.57(13)], N1-M-N13 93.38(8) [94.51(13)], N1-M-N16 90.27(8)
[90.71(13)], N7-M-N16 175.44(8) [174.90(14)].

\F

[PPh,]5[In(N;),] crystallizes in the monoclinic space group
P2,/n. The X-ray crystal structure®®”! showed the presence of
well-separated [PPh,]" cations and [In(N,)e]*~ anions without
significant cation-anion interaction. Between neighboring
anions, the smallest In--N and N---N separations were found
to be 8.4 and 6.4 A, respectively. [PPh,]5[TI(N;),] crystallizes
in the monoclinic space group P2,/n and is isostructural to
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[PPh,Js[In(N3)]. Again, well-separated cations and anions
without significant cation—anion interaction were observed in
the X-ray crystal structure.”® Between neighboring anions,
the smallest T1-*N and N--N interactions were found to be 8.4
and 6.4 A, respectively. The observed structures of the
[In(N3)¢]>~ and [TI(N;)s]*~ anions (Figure 3) are only slightly
distorted from perfect S; symmetry and are analogous to
other hexaazido species such as [As(N;)e] ™, [Si(N;)],
[Ge(N;)s],®! W(N;)e,'¥ and [Ti(N;)¢]*~,'¥ and contrary to
that of [Te(Nj)s]* .

Theoretical calculations were carried out for all the
different polyazide species of this study. For the tetraazido
anions [M(N3),]” (M = Ga, In, T1) (Figure 4 and the Support-
ing Information), the B3LYP/SBKJ+ (d) level of theory

Figure 4. Calculated D,, structure of the tetraazido anions [M(N3),]~
(M=Ga, In, Tl). Bond lengths and angles are given in the Supporting
Information.

predicts a minimum-energy structure of D,, symmetry. At the
MP2/SBKIJ + (d) level of theory, the structures of [Ga(N3),]”
and [In(N;),]” are predicted to be of D,, symmetry, while the
one of [TI(N;),]” is calculated to be of C, symmetry. For the
pentaazido anions [M(N;)s]*” (M =Ga, In, Tl), minimum-
energy structures of C; symmetry were found (see the
Supporting Information).

In summary, the extremely shock-sensitive Group 13
triazides Ga(N3);, In(N3);, and TI(N;); have been prepared
in SO, and CH;CN solutions. The use of the corresponding
fluoride starting materials and SO, as a solvent provides a
convenient synthesis for the neat free triazides and firmly
established the existence of thallium triazide. In CH;CN, the
new M(N;);-CH;CN donor—acceptor adducts were obtained.
Reactions of the triazides with either stoichiometric amounts
or an excess of tetraphenylphosphonium azide in CH;CN
yield exclusively the novel [Ga(N)s]*, [In(N;)]>~, and
[TI(N;)]>~ anions, the first examples of multiply charged
Group 13 polyazido anions. Furthermore, the series M(Nj5)s,
M(N;); CH,CN, [M(N3),] ™, [M(N3)s]", and [M(N;)¢]*” (M=
Ga, In, T1) has been studied by theoretical calculations.

Experimental Section

Caution! The polyazides of this work are extremely shock-sensitive
and can explode violently upon the slightest provocation. They should
be handled only on a scale of less than 1 mmol using appropriate
safety precautions.””! In addition, thallium and its compounds are
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very poisonous. 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.
Raman spectra were recorded in the Teflon reactors in the range
4000-80 cm™' on a Bruker Equinox 55 FT-RA spectrophotometer
using a Nd-YAG laser at 1064 nm with power levels less than 50 mW.
Infrared spectra were recorded in the range 4000—400cm™' on a
Midac, M Series FTIR spectrometer using KBr pellets. The pellets
were carefully prepared inside the glove box using an Econo
minipress (Barnes Engineering Co.). The starting materials GaF,,
InF; (both Aldrich), and TIF; (Ozark Mahoning) were used without
further purification. Me;SiN; (Aldrich) was purified by fractional
condensation prior to use. Solvents were dried by standard methods
and freshly distilled prior to use. PPh,N; was prepared by a literature
method.™!

Preparation of M(N3); (M=Ga, In, Tl): A sample of MF;
(0.2 mmol) was loaded into a Teflon-FEP ampule. SO, (40 mmol)
and Me;SiN; (1.0 mmol) were added in vacuo at —196 °C. The mixture
was allowed to warm to ambient temperature. After 10 h at ambient
temperature, white to orange precipitates were obtained. The
temperature was lowered to —20°C and all volatile material was
removed under vacuum. After additional exposure to vacuum for 4 h
at ambient temperature, off-white to orange solids were obtained.

Preparation of M(N;);:CH;CN (M = Ga, In Tl): A sample of MF;
(0.40 mmol) was loaded into a Teflon-FEP ampule, and acetonitrile
(60 mmol) and Me;SiN; (2.0 mmol) were added in vacuo at —196°C.
The mixture was allowed to warm to ambient temperature. After 6 h
at ambient temperature, colorless to orange solutions were obtained.
The temperature was lowered to —20°C, and all volatile material was
removed under vacuum. After additional exposure to vacuum for 4 h
at ambient temperature, off-white to orange solids were obtained.
Masses expected for 0.40 mmol of Ga(N3);*CH;CN, In(N;);CH;CN,
and TI(N;);*CH;CN: 0.094, 0.113, and 0.148 g; masses found: 0.085,
0.120, and 0.135 g, respectively.

Preparation of [Ga(N;)s]>” and [M(N3)¢]’” (M=In, TI) salts:
Under a stream of dry nitrogen, a stoichiometric amount of PPh,N;
(0.60 mmol for [Ga(N;)s]*~ and 0.9 mmol for [M(N;)e]>") was added
to a frozen solution of the corresponding triazide (0.30 mmol) in
CH;CN (40 mmol) at —64°C. The reaction mixture was kept at
—25°C for 30 min, occasionally agitated, and then warmed to ambient
temperature. After 30 min, all volatile materials were removed at
—20°Cin a dynamic vacuum, leaving behind crystalline solids; masses
expected for 0.30 mmol of [PPh,],[Ga(Ns)s], [PPhy]5[In(N;)], and
[PPh,J5[TI(N;)4]: 0.288, 0.416, and 0.442 g; masses found: 0.280, 0.430,
and 0.453 g, respectively.

Theoretical methods: The molecular structures, harmonic vibra-
tional frequencies, and IR and Raman vibrational intensities were
calculated using second-order perturbation theory (MP2, also known
as MBPT(2))P and also at the DFT level using the B3LYP hybrid
functional,®* which included the VWNS correlation functional ¥l
The Stevens, Basch, Krauss, and Jasien (SBKJ) effective core
potentials and the corresponding valence-only basis sets were
used.’® The SBKIJ valence basis sets were augmented with a d-
polarization function®”! and a diffuse s+p shell®™ on each heavy
atom, denoted as SBKJ + (d). Hessians (energy second derivatives)
were calculated for the final equilibrium structures to verify them as
local minima, that is, having a positive definite Hessian. All
calculations were performed by using the electronic structure code
GAMESS.™
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