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The synthesis, isolation, and structural characterization of
high-energy compounds is an experimental challenge.!]
Binary azides of the main Group IV elements belong to this
class of compounds, however, very little is known about their
structure and reactivity.l”! To date only the ions [C(Nj);]*2
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been structurally characterized; in comparison there is no
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nium compounds. We recently reported the syntheses, struc-
tures, and oxidation reactions of Ge!' azides with HNj;P!
hypercoordinate triazidogermane compounds of the type
[L;Ge(N3)s] (L;=[CpCo{P(O)(OE),}], HB(pz*);; Cp=
CsHs; pz* =3,5-dimethylpyrazol-1-yl) could be prepared and
structurally characterized.[¥) As an extension to this work on
germanium compounds with a high nitrogen content?! we
report herein the formation, structure, and first reactions of
the hexaazidogermanate(lv) ion to give derivatives of
Ge(N3),.

The reaction of GeCl, with excess NaN; in boiling THF
leads selectively to disodium hexaazidogermanate(iv) 1,
which, after workup and crystallization, was isolated as
colorless, hydrolysis-sensitive, single crystals of composition
[Na,(thf);(Et,0)][Ge(N;)s] (1a; Scheme 1).1 The crystal

GeCly )N athf) JalGe(Na)e] — =2 [LsGe(Na)a]
e a e
= x12[Ge(N3)gl ot €(N3)4
1 3a,b
crystallization| THF/Et,O
(PPN)(GE(Ng)] $2EPNN; Nl Lo Ge(Na)]
a e
2 s . T OFt 3)3
2 4

L = bipy, ophen; Lag = (11°-CsMes)Col[P(O)(OE1).]

Scheme 1. Synthesis of Ge(N3), derivatives starting from GeCl,.

lattice of 1a is composed of distorted octahedral [Ge(N;)s]*~
ions of C; symmetry and two symmetry independent sodium
ions, of which one is solvated by two THF molecules (Nal—O1
2.327(4), Nal—02 2.287(5) A) and the other by one THF and
one Et,0 molecule (Na2—03 2.265(5), Na2—04 2.304(11) A;
Figure 1). The Na—O bond lengths are in the range reported
for other Na—THF/Et,O complexes.¥l Short Na—N contacts
exist between the Na* ions and the N, and N, atoms of the
azide groups of the [Ge(N;)]>~ ions. These contacts link each
[Ge(N;)¢J>~ ion with two Nal and Na2 cations and each
sodium cation with two [Ge(N;),] anions to give a layer
structure. This arrangement results in a strongly distorted
octahedral coordination geometry of the Nal cations and a
coordination polyhedron for the pentacoordinate Na2 cations
that can be rationalized using the Kepert model for chelate
complexes.”) The Na—N distances (2.410(5)-2.636(6) A) are
in the range found for Na—N coordinate bonds!'” and increase
as the coordination number of the Na* ions and of the azide
nitrogen atoms increases. The short interionic Na—N contacts
in 1a have only a slight influence on the average bonding
parameters of the [Ge(N;)s]>~ ion. This point is shown by a
comparison with the crystal structure of the salt
(PPN),[Ge(N3)s] 2 ((PPN)*"=[N(PPhs),]"), which contains
less-polarizing cations (Table 1). Compound 2 is formed in the
reaction of 1a with (PPN)N; in MeCN (Scheme 1) and was
fully characterized. It was isolated in 55 % yield as a colorless
microcrystalline powder that is very soluble in CH,Cl, but
insoluble in THF. In the solid state 2 is air stable for a short
time, whereas in solution it is rapidly hydrolyzed releasing
HN; and (PPN)N;. IR spectroscopy of 2 in MeCN at
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Figure 1. View of the crystal structure of 1a that shows the interionic
interactions between the [Ge(N;)¢]>~ ion and the solvated cations Nal and
Na2. For clarity, only the O atoms of the solvent molecules are shown.
Selected distances [A] and angles [°]: Ge-N1 1.984(5), Ge-N4 1.983(4), Ge-
N7 1.990(6), Ge-N10 1.985(5), Ge-N13 1.959(4), Ge-N16 1.985(6), Nal-N1
2.552(5), Nal-N1#2.636(6), Nal-N74# 2.487(6), Nal-N13 2.523(4), Na2-N4#
2.473(7), Na2-N9 2.410(5), Na2-N16# 2.450(5); N1-Ge-N10 173.3(2), N4-
Ge-N13 173.7(2), N7-Ge-N16 176.5(2).

Table 1. Experimentally determined average bond lengths [A] and an-
gles [°] of the azide groups in compounds 1a—4 (standard deviations in
parentheses) and calculated values for the Se-symmetric minimum struc-
ture of [Ge(N;)q]*~ with various DFT methods/basis sets.

Compound Ge-N, N,-Ng Ng-N, Ge-N,-Ng  N-Ng-N,
la 1.981(5) 1.204(7) 1.132(8)  119.3(4) 176.9(6)
2 1.9742) 1.212(3) 1.147(3) 119.8(2) 175.9(2)
3a 1.955(2) 1.216(2) 1.140(3) 117.7(1) 176.8(2)
3pl 1.949(2) 1.221(2) 1.136(3) 117.1(1) 176.1(2)
4ia] 1.92(1) 1.20(2) 1.17(2) 117(1) 174(1)
[Ge(N3)el*~

BP86/dzp 2.022 1.213 1.168 123.7 174.5
BP86/svp 2.016 1.211 1.168 124.9 174.8
BLYP/dzp 2.044 1.218 1.172 1234 174.5
BLYP/svp 2.036 1.216 1.171 124.6 174.8

[a] A. C. Filippou, P. Portius, unpublished results.

different concentrations gave no evidence of a dissociation of
2 into Ge(N;), and (PPN)N;. Compound 2 is not impact
sensitive, as demonstrated in experiments with the drop
hammer of the Bundesanstalt fiir Materialforschung und
-priifung (BAM Fallhammer),'!l and is thermally astound-
ingly stable. Thus it melts in vacuum, without decomposition,
at 211 °C. In addition, a thermal analysis of 2 by differential
scanning calorimetry (DSC) showed that the melting of 2
(extrapolated onset temperature T,=194 °C, peak temper-
ature 7,=213°C, AH;=+46Jg™") follows a strongly exo-
thermic decomposition, which takes place in two steps (7, =
256 °C, AH=—-503Jg™'; T,=312°C, AH=—344Jg™"). The
crystal structure of 201 reveals the presence of separated
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[Ge(N;)]*~ ions of S, symmetry (roughly S, symmetry;
Figure 2) enclosed by the voluminous (PPN)* ions.'” This
encapsulation makes the [Ge(N;)¢]*"ions “phlegmatic” (inert)
and offers an explanation for the thermal and mechanical

(5 N9

)

Figure 2. ZORTEP drawing of the molecular structure of the [Ge(N;)q]*~
ion in the crystal lattice of 2. The thermal ellipsoids are set at the 50 %
probability level. Selected bond lengths [A] and angles [°]: Ge-N1 1.980(2),
Ge-N4 1.969(2), Ge-N7 1.974(2), N1-N2 1.213(3), N2-N3 1.152(4), N4-N5
1.214(3), N5-N6 1.143(3), N7-N8 1.210(3), N8-N9 1.146(3); N1-Ge-N4
89.2(1), N1-Ge-N7 90.4(1), N4-Ge-N7 90.9(1), Ge-N1-N2 118.4(2), Ge-N4-
N5 122.7(2), Ge-N7-N8 118.4(2), N1-N2-N3 176.6(3), N4-N5-N6 175.0(2),
N7-N8-N9 176.1(2).

stability of 2. Density functional theory (DFT) calculations
using various methods predict a Sg-symmetric minimum
structure for the [Ge(N;)¢]*"ion and show a very good
agreement between the calculated and experimentally deter-
mined bond lengths and angles (Table 1).I] These results
suggest a reduction of symmetry of the anion in the crystal
through packing effects. The solution IR and Raman spectra
(including the polarization measurements) of 2 are also
consistent with Ss-symmetric anion, and allow in combination
with the calculated IR and Raman spectra an assignment of
the individual fundamental vibrations of the [Ge(N;)¢]*~ ion
(see Experimental Section). In addition, the *Ge NMR
spectrum of 2 displays a sharp signal at 6 = —290.6 (Av,,=
15 Hz), which suggests a highly symmetrical environment for
the germanium atom.!' The bond lengths and angles of the
[Ge(N3)¢]* ion in 2 are in good agreement with those of other
hexa-coordinate Ge'Y azide compounds (Table 1) and indicate
the presence of polar, covalent Ge—N bonds.[! Correspond-
ingly two well-resolved singlets at 0 = —288.9 and —208.0 are
found in the N NMR spectrum of 2 in MeCN, which, by
comparison with the data of other covalent azide com-
pounds,”! can be assigned to the N,, and N, atoms of the azide
groups (the Ny signal of 2 is masked by the solvent signal at
0=-136.3).

Whereas 2 has proved so far to be relatively unreactive, 1
and 1a react readily with nucleophiles. Thus the reactions of 1
with 2,2"-bipyridine (bipy) and 1,10-phenanthroline (ophen)
leads to the Lewis-base adducts of Ge(Ns),, 3a and 3b,
respectively, and the reaction of 1a with NaLgg, gives the
hexacoordinate triazidogermane 4 (Scheme 1). The com-
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pounds were isolated in good yields as surprisingly thermally
stable colorless crystals (3a, 3b-0.5MeCN) or as a yellow
powder (4); these compounds were fully characterized and
their molecular structures determined by single-crystal X-ray
diffraction (Table 1, Figure 3).["

Figure 3. ZORTEP drawing of the molecular structure of 3a. The thermal
ellipsoids are set at the 50% probability level. The hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and angles []: Ge-N1
2.057(2), Ge-N2 2.046(2), Ge-N3 1.958(2), Ge-N6 1.925(2), Ge-N9
1.972(2), Ge-N12 1.966(2), N3-N4 1.218(2), N4-N5 1.139(3), N9-N10
1.208(2), N10-N11 1.142(3); N1-Ge-N6 170.02(6), N2-Ge-N3 170.22(6),
N9-Ge-N12 176.55(6), Ge-N3-N4 116.9(1), Ge-N9-N10 119.2(1), N3-N4-N5
176.7(2), N9-N10-N11 177.6(2).

The complexes 1a—3b are not just examples of a very rare
class of hypercoordinate compounds containing a GeNjg
framework, ¥ but are also the first structurally characterized
derivatives of the long sought after species Ge(N;), and are
thus promising starting materials for the preparation of new
binary germanium nitride compounds.!'

Experimental Section

The experiments were performed using appropriate safety procedures
(conditions see ref [4]) because of the risk of explosion in handling azides
(armored glass, face shield, metal gauntlets, protective clothing). GeCl,[!"]
and (PPN)N,I'8l were prepared by literature methods. The solution IR
spectra were recorded in a NaCl cell under rigorous exclusion of moisture.
(Bruker-IFS 55 Spectrometer). Raman spectra: Bruker-RFS-100 FT Ram-
an Spectrometer, Nd:YAG Laser, power 500 mW. The NMR spectra were
recorded at room temperature; 'H, *C{'H}, and *'P{'H} NMR: Bruker-
AM-300 Spectrometer; “N and ?Ge NMR: Bruker-DRX-500 Spectrom-
eter; 3P, N and *Ge NMR signals relative to 6(H;PO,)ey, 0(CH3NO,)
and 0(GeMe,). =0, respectively; coupling constants [Hz] of the ring
protons of 3a: 3/(H3,H4)=8.0, */(H3H5)=11 >/(H3,H6)=0.,
3J(H4,H5) =177, “J(H4,H6) =15, *J(H5H6)=5.6; 3b: *J(H2,H3)=5.1,
4J(H2,H4)=1.3, 3J(H3,H4)=8.2. Mass spectrometry: Hewlett-Packard
5995A Spectrometer, m/z values relative to the “Ge isotope. The DSC
measurement was carried out in a high-pressure stainless-steel vessel with a
gold coated copper sealing disk (7 mg weight of sample, heating rate
5 Kmin™') using a Perkin-Elmer differential scanning calorimeter “Pyris
17; T, = extrapolated onset temperature, 7, = peak temperature.

la: Into a reflux apparatus, which had been thoroughly baked-out, was
placed NaNj; (5.30 g, 81.5 mmol) suspended in THF (41 mL). The mixture
was treated with GeCl, (1.16 mL, 2.14 g, 9.98 mmol). The suspension was
stirred vigorously and heated under reflux for 140 h. After cooling an IR
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spectrum of a diluted sample of the supernatant solution was recorded and
showed the selective formation of 1 [#=2123 (vw), 2089 cm™' (vs),
(vos(N3))].11 The colorless solution was separated from the white precip-
itate by filtration; the precipitate weighed 4.47 g after drying. The filtrate
was used directly in the synthesis of 3a, b or worked up as follows for the
isolation of 1a: the volume of the solution was reduced under vacuum, until
a clear oil remained from which, after the addition of Et,O (10 mL) a solid
(1a) started to slowly crystallize radially. The supernatant solution was
decanted, the residue was dissolved in THF (10 mL) and separated from
the white insoluble material by filtration. The filtrate was crystallized again
as above. The resulting crystal mass of 1a was washed with a little Et,O and
dried for a few minutes under fine vacuum. The resulting powder did not
contain chlorine;!® yield 2.93 ¢ (approximately 44 % from GeCl,). Single
crystals of 1a were obtained from this powder by crystallization from THF/
Et,0.

2: A solution of (PPN)N; (1.01 g, 1.74 mmol) in acetonitrile (11 mL) was
added dropwise to a stirred solution of 1a (661 mg, 1.00 mmol) in
acetonitrile (20 mL) at room temperature. A suspension was formed
immediately and became more cloudy during the course of the reaction.
After 0.5 h the IR spectrum of the reaction solution showed that the v,((N;)
absorption band of (PPN)N; at 2005 cm~! had vanished and only the v,(N;)
absorption band of 2 could be identified. The white suspension was filtered,
the clear, colorless filtrate collected and the solvent removed by vacuum.
The resulting crude product (1.06 g) was dissolved in acetonitrile (20 mL),
the cloudy solution was filtered to remove insoluble material, and the
filtrate concentrated to a few mL and left to stand for 2 d at —30 °C. The
colorless crystals thus obtained were washed with pentane (10 mL) and
dried for 0.5 h under high vacuum; yield 771 mg (55 % from 1a); elemental
analysis calcd (%) for C,,HgGeNy P, (1401.91): C 61.69, H 4.31, N 19.98, P
8.84; found: C 61.84, H 4.60, N 20.04, P 8.39; the substance did not contain
chlorine; IR (MeCN): #([Ge(N;3)e]*") =2083 (vs) (v,(N3), E, and A,),
1297 em~! (w) (v{(N3), E, and A,); Raman (MeCN, RT; p = polarized, dp =
depolarized): #([Ge(N;)s]*")=2113 (m, p) (v,(N;), A,), 2082 (w, dp)
(vos(N3), Ey), 1307 (m, p) (v{(N3), A,), 1085 (m, dp), 414 cm~" (vs, p) (v(Ge-
N), A,); 'H NMR (CD;CN): 6 ="744-750 (m, 24H, m-H, Ph), 7.54-7.68
(m, 36 H, o- and p-H, Ph); BC{'H} NMR (CD;CN): 6 =128.2,130.4, 133.3,
134.6 (each m, Ph); 3'P{'H} NMR (CD;CN): =223 (s); *Ge NMR
(CH;CN): 6 = —290.6 (s, Avy, =15 Hz); “N NMR (CH;CN): 6 = —208.0 (s,
N,), —288.9 (s, N,).

3a: Yield 50% (from GeCly), colorless crystals, m.p. 197°C; 273°C
(detonation); elemental analysis caled (%) for C,(HsGeN,, (396.88): C
30.26, H 2.03, N 49.41; found: C 30.22, H 2.61, N 49.14; the substance did
not contain chlorine; selected spectroscopic data: IR (MeCN): 7 =2120 (s),
2097 (s, sh), 2091 (vs) (v,(N3)), 1607 cm~" (W) (V,ing(bipy)); 'H NMR
([Dg]THF): 6 =8.06 (ddd, 2H, H5), 8.52 (ddd, 2H, H4), 8.81 (ddd, 2H,
H3), 9.35 (ddd, 2H, H6); BC{'H} NMR ([D]THF): 6 =124.2, 128.9, 142.7,
144.4, 146.0 (each s, bipy); EI-MS (70 eV): m/z (%): 242 (1) [M* — bipy],
200 (22) [M* — bipy — N,], 156 (100) [bipy*], 116 (20) [M* — bipy — 3N,],
88 (8) [M* —bipy —3N; —N,], 74 (11) [Ge].

3b-0.5MeCN: Yield 45% (from GeCl,), colorless needles, 125-130 °C
(crepitation), m.p. 205 °C (decomp); elemental analysis caled (%) for
C3HosGeNyy5 (441.41): C 35.37, H 2.17, N 46.01; found C 35.55, H 2.41, N
45.67; the substance did not contain chlorine; selected spectroscopic data:
IR (MeCN): 7=2120 (vs), 2093 (vs, br) (v,(N3)), 1523 cm™! (W) (Vyin,-
(ophen)); 'H NMR ([Dy]THE): 6 =8.34 (dd, 2 H, H3/H8), 8.41 (s, 2H, H5/
H6), 9.08 (dd, 2H, H4/H7), 9.59 (dd, 2H, H2/H9); “C{'H} NMR
([Dg]THF): 0 =126.9, 128.5, 130.7, 134.3, 142.9, 146.6 (each s, ophen); EI-
MS (70 eV): miz (%): 242 (1) [M* — ophen], 200 (25) [M* — ophen — N,
180 (100) [ophen®], 116 (21) [M* — ophen — 3N;], 838 (9) [M* — ophen —
3N;—N,], 74 (16) [Ge*].

4: Yield 66% (from 1a), light yellow powder, m.p. 229 °C (decomp);
elemental analysis calcd (%) for C,Hy;sCoGeNyOoP; (804.12): C 32.86, H
5.64, N 15.68; found: C 32.83, H 5.50, N 15.14; IR (CH,Cl,): # =2112 (m),
2093 cm! (vs) (vei(N3)); 'H NMR (CD,CL): 6 =131 (t, J(H,H) =71 Hz,
18H, 6 x CH;), 1.71 (q, */(PH) =2.4 Hz, 15H, CsMes), 422 (m, 12H, 6 x
CH,); 3'P{!H} NMR (CD,Cl,): 6 =116.7 (s); BC{!H} NMR (CD,CL,): 6 =
10.1 (s, CsMes), 16.2 (pseudo-q, 3J(P,C) = 6.5 Hz, CH,CHs), 63.3 (pseudo-q,
2J(P,C) =10.6 Hz, CH,CH,), 102.5 (q, */(P,C) = 1.5 Hz, C;Mes).
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The reaction of GeCl, with NaN; and the workup of the reaction
solution was carried out many times following the method described
for the preparation of Ge(N;),.??/ In none of the experiments could we
detect Ge(N;),. The solvate 1a rapidly looses solvent at room
temperature in an argon stream or under fine vacuum and is thereby
transformed into an amorphous white powder of varying composition.
On one occasion a violent explosion occured upon grinding a sample
of 1a, which had been dried under vacuum at room temperature for
several hours, with a stainless-steel spatula. We assume that on
prolonged drying under vacuum 1a decomposes through loss of the
solvent to give NaN; and inherent Ge(N3),, which is probably very
sensitive to friction. Therefore it is recommended that the crystal mass
of 1a obtained from the reaction of GeCl, and NaNj; should be dried
only briefly under vacuum and, that for all syntheses involving 1a
plastic spatulas should be used.

Crystal structure determination of la: C;H;GeN;Na,O,, M,=
661.20; colorless rectangular parallelepipeds (1.2 x 1.1 x 0.5 mm),
from THF/Et,0 upon diffusion at room temperature; monoclinic,
space group P2/c, a=14.356(14), b=15.686(13), c=15.542(13) A,
a=y=90, =116.63(7)°, V=3129(5) A3, Z=4, peyeq = 1.404 gcm3,
T=180(2) K, A(Moy,)=0.71073 A, x=1.020 mm~!, F(000)=1360,
3891 reflections, 3891 unique reflections, 370 parameters, R; =0.0611
[I>20(I)], wR,=0.1541, GOF =1.088, min./max. residual electron
density —0.774/0.879 e A-3. Crystal structure determination of 2:
C,,HgGeN,P,, M,=1401.89; colorless prisms (0.76 x 0.43 x
0.23 mm) from MeCN/Et,0 upon diffusion at —28°C; triclinic, space
group P—1, a=11.569(4), b=12790(4), c¢=13.452(5) A, a=
65.04(4), B=71.33(4), y =75.59(4)°, V=1694.6(11) A3, Z=1, poea=
1374 gem™3, T=160(2) K, A(Moy,)=0.71073 A, 1 =0.589 mm~,
F(000) =724, 18588 reflections, 6250 unique reflections, 439 param-
eters, R, =0.0474 [I>20(I)], wR,=0.1296, GOF =1.070, min./max.
residual electron density —0.964/0.512 ¢ A-3. Crystal structure deter-
mination of 3a: C,(HiGeN,,, M,=396.89; colorless crystals (0.64 x
0.40 x 0.28 mm) from MeCN upon cooling from room temperature to
—28°C; triclinic, space group P—1, a=8.025(2), b=10.254(5), c=
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10.856(4) A, a=6539(4), B=7524(4), y=68.70(4)°, V=
751.0(5) A3, Z=2, peaca=1.755gem™3, T=180(2) K, A(Mog,)=
0.71073 A, ©#=2.070 mm~!, F(000)=396, 8634 reflections, 3333
unique reflections, 226 parameters, R, =0.0255 [I>20(])], wR,=
0.0670, GOF =1.059, min./max. residual electron density —0.508/
0.416 ¢ A3, Instruments: STOE-STADI4 four-circle diffractometer
with scintillation counter (1a) and STOE-IPDS diffractometer with
area detector (2, 3a). Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-147160 (1a), -147159 (2), and -147161 (3a).
Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-
336-033; e-mail: deposit@ccdc.cam.ac.uk).
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