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Azidotris(trifluoromethyl)germane, (CF 3)3GeNs: Spectroscopic Characterization and
Density Functional Computations
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Azidotris(trifluoromethyl)germane, (GlzGeNs;, was prepared from activated silver azide and iodotris(trifluoro-
methyl)germane in a neat reaction or in dichloromethane or toluene solution, respectiveljsGéDBEis a colorless,

highly volatile liquid (mp ca—85 °C) which was identified from MS data. The new compound was characterized
by multinuclear solution NMRC, 1N, 19F) and gas-phase IR spectroscopy. The structure and the vibrational
spectrum of (CE)3sGeNs were computed employing density functional theory calculations (DFT) at the self-
consistent level with the nonlocal exchange functional of Becke (B) and the nonlocal correlation functional of
Lee, Yang, and Parr (B-LYP). The results of the DFT calculationeperimentally obtainedibrational spectra

are in good agreement. The DFT computation at the correlated level (B-LYP) predicts the vibrational modes
reasonably well, and no scaling was required.

Introduction bound germanium azide,s8eNs.1° In order to predict which
) . . . other RGe moiety would be predestined to give a stable

We have been studying the reactions of various nitrogen, compound of the type fGeNs, we applied theelement
phqsphorus, a_lrsenic_, and antimony halides with silver a_zide a”ddisplacement principlewhich provides a periodic system of
activated sodium azide3 In 1992/1994 Ang et al. published ¢ ,nctional groups (“paraelements®).[N.B. Theparaelement
structural studies on the trifluoromethyl-substituted arsenic principle was first introduced by Ha# (cf. the hydrogen
azides (CE)As(Ns), and (CF)2AsN,,* and there is also areport  gignjacement principlé ). A link between this concept and
on the preparation of ionic trimethylazidoarsonium compounds. {ansition metals was provided by Hoffmann in tiselobal
In 1995 we reported the synthesis of the first binary arsenic concepf4] Chlorine azide, CIN, is known to have a high
azide species As(s and [AS(N)] "> _ tendency for formatiol and to be one of the most stable

In contrast to the chemistry of halogen azides and group 15 halogen azides. Using the fluorine-like CF radical (group
azides, which has been explored in the last yéarfsstudies electronegativity 3.336 the first-order derivative paraelement
on heavier group 14 azide compounds (e.g. those of Ge, Sn,(CF;);Ge can be obtained which resembles chlorine (cf. (group)
Pb) are still very limited. The gas-phase structure of a carbon- glectronegativities: Cl, 2.8; (G:Ge, 2.75)6b Consequently,
bound azide, C#Ns, was reported in 198%and the chemistry  we here report on the reaction of (§§&el with freshly prepared
of trimethylsilyl and trimethylstannyl azides has been studied gnd activated silver azide. Reaction of @eBel and AgN
extensively: 92> There is also one report on a binary triazido-  results in the formation of the germanium azide speciesfcF
carbonium cation (Sbhgt salt)?¢ T_o our knowledge, there is  GeN; (1) (eq 1). Pure (CEsGeNs was obtained from the neat
only one report on a well-established example of covalently starting materials. Subsequently, {g5eN; was identified
from MS data and characterized by 1€, 14N, and'°F NMR

" Dedicated to Professor Dr. mult. Dr. h.c. Alois Haas on the occasion and gas-phase IR spectra.
of his 65th birthday.

* Some computations were performed at the TU Berlin. (CF3)3Ge| + AgN; — Agl + (CF3)3GeN3 (1)
® Abstract published i\dvance ACS Abstractsuly 15, 1996.
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Table 1. Multinuclear NMR Data: Chemical Shif8 (ppm) [Line Widths (Hz)], Coupling Constants(Hz)

solvent 3¢ N 9k Ge
resonance freq (MHz) 50.323 14.462 188.313 6.981
Me,Ge CDCl, —-0.4¢q 0.0 [2.0]
J=1245
(CR)sGel CD.Cl; 123.5q, sep —53.7s —219[100]
J=2336,31=5
(CR)sGel GDsCDs 127.7 q, sep —-52.3s n.o.
J=2333,3=5
(CR)3GeNs CD.Cl, 126.7 q, sep —148.9 [23] —57.1s n.o.
J=3143=5 —191.8 [35]
—330.4 [300]
(CR)sGeNs CsDsCDs 128.5q, sep —145.1 [28] —54.7s n.o.
J=3143=5 —186.8 [54]
—332.8 [350]

a g = quartet; sep= septet® n.o.= not observed.
containing molecules was tested. It has been established that "
usually the calculated vibrational frequencies are in excellent
agreement with the experimental valdés. Therefore, we
decided to theoretically compute the structural features and the
vibrational spectrum of (CffsGeNs employing density func-
tional theory.
N3

Experimental Section

Caution! Covalent and ionic azides are very toxic, and appropriate
safety precautions should be taken. Although no explosion was J
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observed in our studies, pure silver azide and all covalently bound
germanium azides should be handled with respect.

1. Materials. The synthesis of silver azide has been previously
described® For activation prior to reaction, freshly prepared AgN
was dried (under vacuum, ovei®), loaded into the reaction vessel,
and suspended in 10 mL of R-11 (CECMerck). The suspension
was then treated in an ultrasonic bath to obtain very fine silver azide Figure 1. *N NMR spectrum of (CEsGeNs (connectivity RGe—
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(large surface). The R-11 was pumped off, and dloévated AgNs N1-N2-N3) (14.462 MHz, toluenels solution, 22°C).
(large surface area) was either used in a neat reaction (IR experiments) o
or suspended in CIZl, or GsDsCD3, respectively (see below). 3. Vibrational Spectroscopy. Infrared spectra were recorded at

2. Preparation of (CFs):GeNs. For the preparation of samples 20 °C by using a 10 cm gas cell equipped with NaCl windows on a
for NMR spectroscopy, a reaction vessel was used consisting of one Philips PU9800 FTIR spectrophotometer.
bulb and one 10 mm NMR tube which were separated by a°ffihe 4. NMR Spectroscopy. All NMR spectra {*C, “N, ', "*Ge) were
bulb was loaded with 0.36 g (2.46 mmol, 2-fold excess) of activated recorded in 10 mm NMR tubes in GDl; or CsDsCDs solution (see
AgNs (see above). The dry AgiNwas then suspended in 8 mL of  Table 1) at 20C using a Bruker SY 200 spectrometer operating at the
CD.Cl, (or CsDsCD3), and 0.5 g (1.23 mmol) of (GzGel was added frequencies as indicated in Table 1. All spectra are reported in ppm
to the suspension at®C. The reaction mixture was stirredrfa h at on thed scale and are referred to external TMS3), MeNG; (*N),
0 °C, and the solution was then directly filtered into the NMR tube CFCE (**F), or (CH;)«Ge (°Ge), respectively. Peak positions appearing
which was flame-sealed. The remaining precipitate was identified as downfield (high-frequency) of the reference are reporteglas and
a mixture of unreacted Aghand formed Agl. those upfield (low-frequency) of the reference are reportedhiasis

For the preparation of samples for IR spectroscopy, a 10 cm gas - Computational Methods. The structure and vibrational data
cell with a directly attached reaction vessel (15%mas used. Inthe ~ Were calculated by using the density functional théomyith the
reaction vessel, dry, activated Agias prepared (0.72 g, 4.92 mmol, ~Program package Gaussian94For all atoms a standard 6-31G(d,p)
4-fold excess) and reacted with 0.5 g (1.23 mmol) of {g@Bel. The basis set was used and the computations were done at the DFT level
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h and was carefully shaken several times. By variation of the
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Table 2. N NMR Data for (CR)sGeNs, As(Ns)s, and INs:
Chemical Shiftsd (ppm) Relative to MeN@[Line Widths Av (Hz)]
(Connectivity: X-~N1—N2—N3)

N1 N2 N3 ref
(CR3)sGeNs —332.8[350] —145.1[28] —186.8[54] this work
As(Ns)3 —318.0[150] —131.1[15] —165.2[30] 3b
IN3 —351.2[350] —121.9[20] —156.6[65] 3a

Table 3. Observed and Calculated Vibrational Wavenumbers
(cm™) for (CRs):GeNs

IR (gas) calcd int® assignt
2245w 2% Vsym(N3)
2145s 2164 496 Vasy{N3)
1625 w, br impurity
1351 m 2x 0(Ge—Ns)
1270 s 1286 136 Veyn(N3)
1197 sh 1142 152 »(CF,CR)
1175vs 1126 456 v(CF,CR)
1120 539
1163 sh 1110 183 v(CF,CR)
1105 293
1132 sh 1090 6 v(CF,CR)
1070 w 1080 9 »(CF,CR)
1032w 1080 1 zggﬁgg Figure 3. B-LYP/6-31G(d,p)-optimized structure of (QEGENs, Cs
735m impurity symmetry.
gg% ;nh ?356?1 12 v%ﬁe)—Ng) Table 4. Structural Parameters for (§&GeN; (Fully Optimized at
212 m 292 1 g(1)3 B-LYP Level of Theory, 6-31G(d,p) Basis Set)

a Ab initio B-LYP/6-31G(d,p); =500 cnt™. b Intensities in km bond value (A) angle value (deg)
mol. ¢ »(CF,CFR) indicates a predominantly -&F stretching mode N3—N2 1.157 NIN2N3 172.1
which involves one or more €F groups in one or more GRinits. N1—-N2 1.248 N2N1Ge 120.3

Ge—N1 1.874 N1GeC1 104.2

Y s = Ge-C1 1.994 N1GeC2 109.8

Y N UAY ] \m ™ Ge-C2 1.990 GeC1F1 112.3

| [mw RN | / | "\\ N Ge-C3 1.990 GeC1F2 110.0
I | \\ V J | \ C1-F1 1.358 GeC2F3 111.2
o | t o IR Cl-F2 1.368 GeC2F5 110.6
2 r \‘ ) j / “ I C1-F3 1.368 GeC2F6 109.9
. ) o \\ C2-F4 1.366 ClGeC2 1111
= | \ } ‘ C2-F5 1.364 C2GeC3 110.7
: \ | | ‘ \ C2-F6 1.368 GeN1N2N3 180.0
; || ‘\ C3—F7 1.366 N2N1GeC2 60.9
\ C3-F8 1.364 N1GeC1F1 0.0
f \ C3—-F9 1.368 ClGeC2C3 123.3
I X ‘

U ‘ S J , R N individual resonances to N1, N2, and N3 (connectivity: -Ge

2500 20001800 1600 1600 1200 1000 800 600 100 N1—-N2—N3) was made on the basis of the arguments given in

Freavency tem D) earlier work by WitanowsKf and three reports oHN data of

Figure 2. Gas-phase IR spectra of (§5GeNs (10 cm gas cell, NaCl covalent azides by (#&8 The individual chemical shifts as well
windows): top, low pressure (ca. 1 Torr); bottom, high pressure (ca. 3 55 |ine widths found forl nicely compare to those of the

Tor). structurally closely related As@) and also IN (cf. electro-

exchange functional of Becke (B). Correlation was taken into ~ negativities, Allred/Rochow: Ge, 2.0; As, 2.2; 1, 2.2) (Table
consideration by using the nonlocal correlation functional of Lee, Yang, 2)- Presumably, as a result of the large quadrupole moment of

and Parr (B-LYP}? 14N, spin—spin splitting which has been estimated to be less
. ) than 30 Hz was not observed (cf. line widths, Tablé@%2)The
Results and Discussion relatively small difference in théF chemical shifts between

The new compound azidotris(trifluoromethyl)germane ggF ~ (CFs)sGel and (CE)sGeNs (cf. Table 1) is in agreement with
GeN; (1), was prepared according to eq 1 and undoubtedly the azide unit t_)emg considered as aps_eudohalogen Wlth a group
identified from mass spectrometry by a peak corresponding to €lectronegativity close to that of bromiriel.e. EN(Mulliken)
the molecular iorfé (EV): Cl, 8.3; N, 7.7; Br, 7.5 eVa [Cf 6(19F): (CF3)2P|, 55.4

Azidotris(trifluoromethyl)germane was fully characterized by PPM; (CR)2PBr, 59.5 ppmf® Despite several attempts, we
multinuclear NMR spectroscopy (Table 1). For the covalently Were not able to obtain #Ge NMR spectrum of. However,
bound species, three well-resolved resonances were found inthis is not very surprising since the very low frequency nucleus

the 19N NMR spectrum (Figure 1) and assignment of the '“Ge generally presents a problem owing to the quadrupole
moment which has severely limited the range of molecules

(24) (a) Becke, A. DJ. Chem. Physl986 84, 4524. (b) Becke, A. Dint.

J. Quantum Chenl983 23, 1915. (c) Becke, A. DPhys. Re., Part (27) Witanowski, M.J. Am. Chem. S0d.968 90, 5683.
A 1988 38, 3098. (28) Holfter, H.; Klapake, T. M.; Schulz, APolyhedron1996 15, 1405.
(25) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785. (29) Herbison-Evans, D.; Richards, R. Hol. Phys.1964 7, 515.

(26) MS of M* (EI, 70 eV, 20°C), m/e (relative intensity): 319 (20), (30) (a) Packer, K. JJ. Chem. Soc1963 960. (b) Grobe, JZ. Anorg.
321(25), 322 (5), 323 (40), 325 (10). Allg. Chem.1964 331, 63. (c) Nixon, J. FJ. Chem. Socl965 777.
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studied®1:32 (N.B. Under the same conditions, we obtained a  Table 4 summarizes the computed structural parameters of

very good’3Ge NMR spectrum of the highly symmetric (G (CR3)3GeNs. The molecular structure dfwas fully optimized

Ge, Table 1.) at the B-LYP/6-31G(d,p) level and is shown in Figure 3. As
Table 3 summarizes the computed and experimentally expected for a covalently bound azidedisplays a bentrans

observed (Figure 2) frequencies of @i&5eNs. The frequencies configuration with a N-N—N bond angle of 172and two

(and irl‘lte_”SitieSé obtained fro_n;] :]he DFT comp?utaltion aL‘? significantly different N-N bond lengths. In an earlier study,
gﬁgﬁra iy I:l]igolo ir?greremrimnvtw\t/vit% € eﬁipe;rereJ}ta va;es.r?;] 'S we could establish that uncorrelated ab initio (HF) and DFT
g Is nicely in agreeme carhier studies comparing (B) calculations are of similar qualities. The density functional

the quality of ab initio and density functional computations . .
predicting the vibrational data for main group compouhifs. computation usually gives better bond angles, but the HF method

It may be of interest to mention that théGe—Ns) stretching results in better dis_ta_n_ces and vice versa. At corr_elated levels,
mode which can lead to dissoziation appears at 672.cifihere both methods, ab initio (MP2) and density functional theory
are two other modes which to some extent also involve & Ge  (B-LYP), compare nicely with the experimental data. This gives
N3 vibration; these were computed to appear at 349 and 280credence to the computed structure of {g6eN; which was
cm™1, respectively. calculated at the electron correlated density functional B-LYP
level of theory.
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