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Azido(difluoro)phosphane, F,PNj, is a colorless gas, which
freezes to a glassy solid at ca. -120 °C, and the boiling point
obtained by extrapolating the vapor-pressure curve is 8 °C. It
has been characterized by IR (gas phase, Ar matrix), Raman
(liquid, amorphous, and crystalline solid), and *°F, 3P, 14N, and
I5’N' NMR spectroscopy. The conformational properties of
F,PN3; have been studied by vibrational spectroscopy, gas
electron diffraction (GED), and quantum chemical calcula-
tions. An almost equimolar mixture of two conformers was
identified in the gas and neat liquid phases, as well as in Ar

matrix, for which the N3 group adopts a syn and anti orienta-
tion with respect to the bisector of the FPF angle. The syn
conformer was found to be slightly more stable than the anti
conformer by 2.4 +0.6 kJmol (AH°) determined by gas—
phase temperature-dependent IR spectroscopy, but in the
crystalline state at low-temperature only the anti form is ob-
served. The very different conformational properties of
F,PNj relative to that of the previously investigated F,PNCO
are discussed, guided by a natural bond orbital (NBO) analy-
sis of electron delocalizations and steric exchange repulsions.

Introduction

Although the synthesis of main group azides is a chal-
lenge because of their hazardous properties, their chemistry
is of general interest.[] Especially, phosphinoyl azides with
organic substituents, R,PN;, were shown to be versatile
building blocks in phosphorus chemistry and have widely
been used in the synthesis of oligomeric phosphazenes with
repeating units [-NPR,-], through thermal or photolytic
decomposition.l”) However, because of their low thermal
stability, only a few phosphinoyl azides, stabilized by bulky
electron-donating amino groups have been prepared and
structurally characterized so far.[’!

The knowledge about phosphorus(Ill) azides X,PN3 (X
= substituent more electronegative than phosphorus) is
even more scarce. Only very few examples have been pre-
pared and spectroscopically identified, but their confor-
mational and structural properties remain unknown.
Azido(difluoro)phosphane, F,PN;, which was reported to
be thermally and photolytically unstable and may occasion-
ally explode spontaneously at room temperature, has been
characterized by gas-phase IR and '°’F NMR spectroscopy
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and mass spectrometry.l>%l Recently, the photo-induced de-
composition of F,PNj3 to F,P=N and N, was studied in an
Ar matrix, the initially formed F,P=N further isomerizes
to FP=NFE["]

For alkoxy,®! amino,! and primary phosphanes,'”I sev-
eral different conformers with respect to the internal rota-
tion around the R,P-X (X = OR, CRj3, and NR,) bond
have been established by vibrational spectroscopy and gas-
phase electron diffraction (GED) studies. However, analo-
gous experiments on the pseudohalide derivatives F,PNCO,
F,PNCS,[''l and F,PNCSel!? revealed the existence of only
one conformer, in which the pseudohalogen groups are in
an antiperiplanar (anti) orientation with respect to the bi-
sector of the FPF angle. To the contrary, in the previously
reported gas-phase IR spectrum of F,PNj;, two strong IR
bands appear in the region of the symmetric N3 stretching
vibration (1230-1260 cm').[°] This feature may indicate a
different conformational behavior and the presence of two
different conformers for F,PNj; in the gas phase.

Recently, we investigated the conformational properties
of the related phosphoryl pseudohalides F,P(O)N; and
F,P(O)NCO.['3] Their most-stable conformers adopt a co-
planar syn orientation with respect to the P=0 bond, which
was rationalized by stereoelectronic as well as by dipole—
dipole interactions between the phosphoryl and the pseu-
dohalide moieties.!* In this work, the spectroscopic and
conformational properties of F,PN5 have been explored by
using vibrational spectroscopy, GED, and quantum chemi-
cal calculations. The conformational behavior of previously
investigated F,PNCO, was found to be surprisingly unre-
lated to that of the title compound.

HWILEY i

ONLINE LIBRARY 95



FULL PAPER

H. Beckers et al.

Results and Discussion

Vibrational Analysis

IR frequencies (2200-600 cm™') for F,PN; in the gas
phase have already been reported but have not been com-
pletely assigned.[® Our experimental IR (gas phase and ma-
trix) and Raman (liquid, amorphous, and crystalline solid)
spectroscopic data are collected in Table 1 and are com-
pared to the calculated fundamental frequencies [B3LY P/6-
311+G(3df)] for two different conformers of F>PNj;. Ob-
served bands are finally assigned to two different isomers,
in which the N3 group adopts either the syn or the anti
position with respect to the bisector of the FPF angle, as
shown in Figure 1.

The gas-phase IR spectrum of F,PNj3 is shown in Fig-
ure 2. The Nj; asymmetric stretch (v;) is observed at
2153 cm™! as the strongest band. Two overlapping bands
with almost equal intensities appear in the region of the N3
symmetric stretching vibration (v,) at 1268 and 1228 cm ™,
which indicates the presence of two different conformers.
According to the calculated frequencies (Table 1), these two
bands are assigned to the anti (veueq. = 1352 cm™!) and the
syn forms (Vegieq. = 1297 cm™"), respectively. Support for this
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Figure 1. syn and anti conformers of F,PNj.

assignment stems from the assignment of their overtones
2v, at 2523 cm™! (anti) and 2432 cm™! (syn).

The well-resolved two overtone bands associated with the
two conformers enable the study of their temperature-de-
pendent conformational equilibrium in the gas phase. The
IR spectra of gaseous F,PNj at three temperatures between
294 and 214 K are shown in Figure 3 (for the complete set
of the spectra recorded in this temperature range see Fig-
ure S1 in the Supporting Information). The relative inten-
sity of the band at 2432 cm™! increases at the expense of the
band at 2523 cm™! (which is normalized for comparison) as
the temperature of the IR cell is lowered, which indicates a
higher stability of the conformer (syn) associated with the
former band.

Table 1. Experimental® and calculated® vibrational frequencies of F,PNj.

IRy, Raman,, IR 1ea ™ Assignment/model]
Vapor (298 K) Ar matrix (15 K) Liquid 298 K)  Amorphous solid (77K)  Crystalline solid (143 K)
3411 vw anti, v; + v,
3346 vw syn, v + v,
2895 vw vty
2523 w anti, 2 v,,
2432 w syn, 2 vy
2153 vs 2148.1 vs 2279 (524)  syn, vy, v(N3)
2148 s, br. 2167 s, br. 2165 s 2278 (752)  anti, vy, v,(N3)
1484 w 1483.0 vw anti, 2 vy
1476.9 vw syn, 2 vy
1268 s 1282.1 s 1270 m 1273 m 1272 m 1352 (235)  anti, v,, vs(N3)
1228 s 1228.6 s 1231 w, sh. 1297 (334)  syn, v,, vs(N3)
1206 sh. 1205.3 m syn, 2 vs
1150 w 1150.8 w anti, 2 vs
857 s 861.8 s 849 m, sh. 848 w 839 (197) anti, vz, vs(PF)
831 s, br. 8374 s 830 m 834 m, 807 m 821 s, 802 w 813 (163) anti, vy, v,{(PF)
8314 s 808 (111) syn, v3, vs(PF)
803.8 s 779 (167) SY1, Vo, Vas(PF)
743 s 7429 s 732s 735 m, br. 745 s, 751 m 727 (134) anti, v4, V(PN)
739.9 s 729 (79) syn, v4, W(PN)
611s 606.8 s 601 m 613 (163) syn, vs, 1p. d(N3)
5718 w 602 (9) syn, vig, 0.p. d(N3)
560.6 vw 588 (3) anti, vy, 0.p. o(N3)
561 w 551.7 m 551 vs 547 vs 554 vs, 568 w 566 (67) anti, vs, 1.p. d(N3)
447 w 4477 w 439 (12) syn, vg, (PF,)
446.0 w 446 s 446 s 443 s 430 (11) anti, vg, o(PF»)
350.3 w 337 (10) syn, vy, o(PF,)
326.0 w 350 w, sh. 33l m 330s 311 (7) anti, v7, w(PF5)
313.8 vw 314 (2) SYM, V1
327 m 318 w, sh. 318w 296 (2) anti, vy
175s 190 vs 204 s, 188 s 169 (2) anti, vg
143 m sh. 130 (1) Syn, vg
57 (<1) Syn, vip
82 s, br. 105 s, br. 104 m, 84 m 30 (<1) anti, vy,

[a] Experimental band positions and intensities: vs very strong, s strong, m medium strong, w weak, vw very weak, sh. shoulder, and br.
broad. [b] B3LYP/6-311+G(3df) level; infrared intensities (kmmol ') in parenthesis. [c] Most-intensive matrix site. [d] Approximate mode

descriptions were made according to a Cg symmetry.
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Figure 2. IR spectra of gaseous F,PNj; recorded at two different
pressures of 1.0 and 13.0 mbar (optical path length 20 cm, 298 K).
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Figure 3. Temperature dependence of the IR bands at 2523 (nor-
malized) and 2432 cm™! assigned to anti and syn F,PNj, respec-
tively.

The van’t Hoff plot, In (Zyni/lsyn) = —Aconef°/RT + con-
stant, obtained from the temperature dependence of the in-
tegrated intensities /oni/lsyn of 2v, for the two conformers is
shown in Figure 4. From this graph, the standard enthalpy
difference (AH°) for the syn—anti interconversion [Equa-
tion (1)] is determined to be 2.4 kJmol™'.

syn FoPN; = anti Fo.PN; AHg = 2.4+ 0.6 kImol™! (1)

By assuming an uncertainty of =2 °C in the IR gas cell
temperatures and =2% in the integrated band areas, the
uncertainty in the enthalpy difference AHy is estimated to
be +0.6 kJmol '. At room temperature, the Gibbs free en-
ergy difference AG® =0.8 = 0.6 kJ mol !, estimated from the
experimental enthalpy difference AHr and a calculated
entropy difference of AS°® = 5.4 Jmol! K-! [B3LYP/6-
311+G(3df)], corresponds to a concentration of 44 * 6%
anti F,PN3 in the gas phase.
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Figure 4. Van’t Hoff plot obtained in the temperature range 294
214 K from the ratios of the integrated areas I,u/lyy, of the 2v,
bands at 2523 and 2432 cm™! (Figure 3) for anti and syn F,PNj,
respectively.

The Raman spectra obtained from liquid (300 K) and
solid (77 K) F,PNj are very similar, although the bands ob-
served from the amorphous solid (Figure S2) appear to be
slightly sharper. A slow increase in the temperature of the
solid from 77 to ca. 143 K causes a further sharpening of
the bands, and finally a very well-resolved Raman spectrum
of a crystalline solid was obtained (Figure 5, lower trace).
Only one conformer contributes to the spectrum in the so-
lid, which by comparison with the spectrum of Ar-matrix
isolated F>,PNj; (Figure 5, upper trace), and with the pre-
dicted band positions (Table 1) can be assigned to the anti
conformer. The presence of the less-stable anti form in the
solid state is surprising and can probably be explained by
(i) the very small enthalpy difference between the two con-
formers and (ii) the larger calculated dipole moment of the
anti form [B3LYP/6-311+G(3df): anti 1.10 D, syn 0.90 D;
MP2/TZVPP: anti 1.51 D, syn 0.53 D], which might stabi-
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Figure 5. IR spectrum of F,PNj isolated in solid argon at 15 K
(upper trace) and Raman spectrum of crystalline F,PN; at 143 K
(lower trace).
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lize anti F,PN; through stronger intermolecular interac-
tions. Such intermolecular interactions also account for the
factor-group splitting of some of the major bands observed
in the solid-state Raman spectra (Table 1 and Figure 5,
lower trace).

All the Raman-active fundamental modes (I", = 84’ + 4
a'") are observed in the Raman spectrum of crystalline
F,PNj;, with the exception of the N5 out-of-plane bending
mode (vy), for which only a very low Raman activity is
predicted. Relative to the solid-state spectra, the Raman
spectra of the neat liquid reveal only three additional rela-
tively weak and broad bands at 1231 (w), 601 (m), and
143 cm™!' (m), which can be attributed to the syn conformer.
From their relative intensities, we conclude that the anti
form also prevails in the liquid state.

The IR spectrum of Ar-matrix isolated F,PN; (15 K)
shown in Figure 5 (upper trace) displays only one strong
band at 2148.1 cm™!. This feature is consistent with the pre-
dicted close band positions for both conformers of the anti-
symmetric N3 stretching band v, (Table 1). The strong v,
band is often accompanied by several weaker bands, which
might be assigned to combination bands or different matrix
sites.[13!

The existence of two different conformers in the matrix-
isolated sample is ascertained by the appearance of four
strong PF, stretching bands in the region 900-800 cm!,
while only two bands at 858.1 [vy(PF,)] and 839.4 cm™!
[v.s(PF,)] are observed for F,PNCO (which exists exclu-
sively in the anti form, Figure S3). In addition, the N5 sym-
metric stretching bands located at 1282.1 (anti) and
1228.6 cm ! (syn) and the P-N stretch at about 740 cm ™! are
split into doublets because of the presence of two different
conformers. To distinguish between the IR spectra of the
two conformers, matrix deposition of gaseous F,PNs/Ar
(1:500) mixtures was performed by passing them through a
heated spray-on nozzle. The azide diluted in Ar shows no
decomposition even at nozzle temperatures of up to 410 °C.
The spectral changes obtained in the mid-infrared region at
two different nozzle temperatures of 25 °C and 200 °C are
displayed in Figure 6. These experiments provide an inde-
pendent assignment of the two sets of bands associated with
the two different conformers. As shown in Figure 6, upon
heating the mixture, the v, band observed at 1282.1 cm™!
increases in intensity at the expense of the corresponding
band at 1228.6cm™!, and the observed frequency shift
(53.5cm ') between them agrees with the calculated differ-
ence (55 cm™') between the anti and syn conformers. Thus,
the relative greater stability of the syn conformer vs. the anti
conformer is further proven by a sudden trapping of the
gas-phase equilibrium mixture, and the portion of the ener-
getically less stable anti conformer is increased by heating
the gaseous mixture prior to matrix isolation. Although the
internal rotational barrier about the P-N bond is calculated
to be less than 9 kImol ! at the B3LYP/6-311+G(3df) level
of theory, attempts to interconvert the conformers by an-
nealing the matrix in the temperature range 10-33 K failed,
and only the less-stable matrix sites decrease in intensity
upon annealing.
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Figure 6. Expanded view of the Ar-matrix IR spectra (1320-
1100 cm ! and 920-540 cm ™!, transmittance 7) of F,PN;3 (F>PNs/
Ar = 1:500) recorded at two different nozzle temperatures of 25 °C
(upper trace) and 200 °C (lower trace). Downward and upward ar-
rows indicate increasing and decreasing intensities, respectively, of
the associated bands upon heating.

From the integrated intensities of the well-separated
components of vy, v3, v4, Vs, V9, and v for the syn and anti
conformers, the relative amounts of the two conformers of
F,PNj in solid Ar are estimated by using calculated absorp-
tion cross sections. This method yields an average content
of 43% anti conformer in the Ar-matrix isolated sample
(Table S1), which is very close to the concentration of
44 £ 6% at room temperature as determined by tempera-
ture-dependent gas-phase IR measurements. This observa-
tion indicates that the relative composition of the two con-
formers remains nearly unchanged during matrix deposi-
tion.

Further proof for the assignments of the IR bands to the
two conformers came from '’N-isotopic labeling experi-
ments. The SN isotopic shifts of the bands in the region
1320-540 cm™! show distinct conformational dependence
(Figure S4), and the observed shifts Av'¥'>’N for
F>PNN'ISN"" and F,P!>NN’N’’ are in good agreement
with the calculated data for the syn and anti conformers
collected in Tables 2 and 3, respectively. The very small
IWI5N isotopic shifts for the PF, stretches (v; and vo)

Table 2. Calculated® and experimental® isotopic shifts of syn
F,PN..

Assignment  Av'¥/1SN'’l Ay!#1ISNH

calcd. exp. caled. exp.
Vs 11.3 8.5 29.7 29.6
V3 0.2 0.0 0.1 0.1
V4 1.6 1.4 14.3 15.2
Vs 2.5 2.4 0.5 0.6
Vo 0.0 0.0 0.0 0.0
V1o 34 3.1 3.8 3.8

[a] B3LYP/6-311+G(3df) method. [b] Ar matrix. [c] Isotopic shifts
of F,PNN'>N’’ relative to F,PN;. [d] Isotopic shifts of
F,PP°NN'N'’ relative to F,PNj.

Eur. J. Inorg. Chem. 2011, 895-905
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indicate their negligible coupling to the P-N stretching vi-
bration, while a weak coupling between vy(N3) (v,) and
W(PN) (v4) can be deduced from the substantial shift of v,
upon SN substitution of the terminal N’’ atom. An ex-
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feature in the radial distribution curve between 4 and 5 A
(Figure 8), which can be assigned to the F---N'’" distances
from the anti conformer.

panded view of the matrix IR spectrum of mono-!>N lab- i
eled F,PNj; in the range 760-540 cm™! is shown in Figure 7. {\
The close-lying in-plane (i.p., vs) and out-of-plane (0.p., vi() o
bending modes of the azide group at about 600 cm ! are a :"—' <
casily distinguished by their '#!>N isotopic shifts, particu- > zo 5
larly with >N labeling at the a-nitrogen position. s z i f z
L _ I8

Table 3. Calculated™ and experimental®™ isotopic shifts of anti Q = /\ 5 :E::Z-
F,PN;. £ z4 "
Assignment  Ay!#¥1SN/I€ Ay #ISNI] ‘ \ /u'ﬂ\ z

caled. exp. calcd. exp. / )s' ‘ TR
vy 13.2 10.6 30.7 28.0
V3 0.0 0.4 0.6 0.5
V4 1.2 1.0 13.1 136 Liviiaes Levuven, Livsinnins Liouiiii, Leviviin, [ |
Vs 2.7 2.6 0.5 0.2 0 1 2 3 4 5 6
v 0.0 0.1 0.0 0.1 ri/A
V1o 3.9 3.7 2.1 1.9

[a] B3LYP/6-311+G(3df) method. [b] Ar matrix. [c] Isotopic shifts
of F,PNN''’N’' relative to F,PNj. [d] Isotopic shifts of
F,PNN'N"’ relative to F,PNj.
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Figure 7. Expanded view of the Ar-matrix IR spectra (760-
540 cm!, transmittance 7) of F,PNj; (lower trace) and of a 1:1
mixture of F,P'>NNN and F,PNN!’N (upper trace). Bands lab-
eled with s/a, s'/la’, and s''la’’ belong to symlanti F,PNj,
F>PNNN, and F,PNN!N, respectively.

Gas-Phase Structure

According to the spectroscopic and quantum chemical
results, a model with two C; symmetric conformers, syn and
anti, was used for the structure-refinement procedure. As
the calculated vibrational normal modes and frequencies
show (at the MP2/TZVPP level of theory, a frequency of
20 cm ! is obtained for v;, of anti F,PNj3), a large amplitude
motion for the N-N'-N"" moiety in the anti conformer is
expected. This expectation is confirmed by the broad

Eur. J. Inorg. Chem. 2011, 895-905
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Figure 8. Radial distribution curve, difference (experimental minus
theoretical) curve, and model from the GED structure refinement
of F,PNj; the vertical sticks represent the interatomic distances
(selected important ones are labeled).

Twelve degrees of freedom would have to be considered,
for the description of the molecular geometry of each of the
two conformers (3X6-6 = 12). However, the C,; symmetry
reduces the number of degrees of freedom to nine, and the
torsion angle 7(PN-N'N"’) to either 0 or 180° (this torsion
angle is defined as an orientation of the N3 unit relative to
the “lone pair of electrons” at phosphorus in the plane of
symmetry. Note that linearity was not assumed for the N—
N'-N’"" moiety). The remaining eight molecular parameters
estimated for the two conformers are listed in Table 4.

The large torsional motion of the azide group in the anti
conformer, associated with the normal mode v;, and 7, in
Figure S5, was modeled by using nine equally weighted
pseudoconformers anti(i) (i = 1,...,9) with different angles,
Ty = Tomax (2 — 1)/(80) ranging from 0° to a maximum angle
Tomax and with increasing incremental angle differences.
The maximum angle 7, ,,x Was refined as an independent
parameter. In this way, a monotonically decreasing popula-
tion density of 7, is modeled without further assumptions
on the underlying potential or state population.

A total of 17 parameters are fitted in the least-squares
refinement (a full list of independent and dependent param-
eters as well as amplitudes of vibration is provided in
Tables S2-S8). Instead of refining two independent sets of
eight structure parameters for both conformers, averages of
the anti-syn differences were defined and used for each of
the corresponding parameters. Flexible restraints in the
sense of the established SARACENI! procedure were ap-
plied to these differences listed in Table 4. The interatomic
amplitudes of vibration were partitioned into 9 groups ac-
cording to the atom-pair distances involved. The relative
ratio of the amplitudes of each of these groups were kept
constant at the values calculated by the program
SHRINK,'* on the basis of a harmonic force field analysis

www.eurjic.org 899
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Table 4. Selected GED™ and ab initio calculated™ structural parameters of syn and anti F,PNj.

syn FoPN3 anti F,PN3 GED restraints
Parameters! GED HF MP2 CASU GED HF MP2 anti — syn
r(P-F) 1.579(1)  1.561 1.586 1.563 1.572(2) 1.546 1.575 -0.013(5)
r(P-N) 1.710(3)  1.679 1.709 1.670 1.716(3) 1.693 1.720 0.012(5)
r(N-N") 1.250(3)  1.240 1.234 1.254 1.247(3) 1.230 1.230 0.002(5)
r(N'-N"") 1.125(3)  1.080 1.150 1.102 1.127(3) 1.083 1.151 -0.007(5)
/(FPF) 95.9(3) 95.2 96.5 94.9 96.4(2) 96.4 96.9 1.0(5)
/(PNN') 11834 119.3 119.8 118.6 117.7(5) 117.2 120.3 ~1.3(5)
LZ(NN'N)  178(1) 1761 174.7 175.2 177(1) 176.3 174.7 0.5(5)
(FP-NN")  48.4(1) 48.8 48.6 48.7 131.5(2) 132.2 130.8

[a] The GED results were determined by using the rj,; structure model. Restraint anti — syn differences and their uncertainties (in

parentheses) applied in the refinement of the two-conformer model

are listed in the last column. [b] The TZVPP basis set was used

throughout. [c¢] Bond lengths (A) and angles (°). [d] 4 electrons in 4 active orbitals (t — *).

at the B3LYP/6-311G(3df) level of theory. In this calcula-
tion, the v;; mode of the anti conformer was excluded from
the Hessian since this mode is modeled by using the pseu-
doconformers. The nine independent amplitudes were re-
strained to the calculated ones, by assuming an uncertainty
of 10% of the calculated values. Some of the determined
parameter differences are strongly correlated to interatomic
vibrational amplitudes (see correlation matrix elements in
Table S8). Hence, there is a comparably large uncertainty in
some of the refined amplitudes and in the difference param-
eters.

The relative weights of the syn conformer and the set of
nine anti(i) pseudoconformers were used as unrefined pa-
rameters, which were optimized with respect to the fit to
the experimental scattering data in a separate step prior to
the final structure—parameter refinement and were fixed in
the refinement to those values that led to a minimum in the
R factor Rg. This evaluation of the GED data results in a
ratio of 48(5)% of the syn conformer, which corresponds to
AG® =-0.2(5) kJmol! at room temperature. This is in good
agreement with the estimation of 0.8 = 0.6 kJmol™!, which
results from combined spectroscopic and quantum chemical
results, bearing in mind that the accuracy of the total en-
ergy arising from first principles calculations is usually in
the range of 5 kJmol!' at most.

The P-N bond length (r,; value) obtained for the syn
form of F,PNj5 [1.710(3) A] is shorter than that of the anti
form [1.716(3) A] by 0.006 A. However, both bond lengths
are much longer than the corresponding values of the
related molecules F,PNCO [1.683(6) A], F,PNCS
[1.687(7) A], and F.PNCSe [1.649(12) A] as determined by
GED.[':121' These pseudohalides also show substantial
shorter P-F bond lengths, F,PNCO [1.563(3) A], F,PNCS
[1.566(3) A], and F,PNCSe [1.530(4) A],['"-12] than those in
F,PN; [syn: 1.579(1) A, anti: 1.572(2) A]. The later ones are
similar to that of F,PCl [1.571(3) A, microwave spec-
troscopy],I'® but significantly shorter than those in F,PNH,
[1.587(4) A].07]

Quantum Chemical Calculations

Structural parameters for the two C,; symmetric conform-
ers of F,PN; determined with ab initio HF and MP2 calcu-

lations are listed in Table 4 together with the results of the
GED analysis; the calculated structures obtained by using
DFT (B3LYP, BP86, MPW1PWO91) and CBS-QB3 methods
are given in Table S9. In general, there is good agreement
between the GED structure parameters and the respective
computational values. With the exception of the angle of
the azide group, Z(NN'N"’), the experimental parameters
are within the expected range predicted at the HF and the
MP2 levels (slightly closer to MP2).

Since the significant bond-length difference between the
HF and MP2 values for the formally triple bonded N'-N"’
atoms (Table 4) might be a hint for a formal multiconfigu-
ration character of the ground state wave function, a com-
plete active space (CAS) multiconfigurationally self-consis-
tent field (MCSCF) calculation was carried out for syn
F,PNj;. Formal excitation of 4 electrons from the two occu-
pied n-type HF orbitals of the azido group into the corre-
sponding unoccupied n*-type orbitals was allowed (4 elec-
trons in 4 orbitals), which resulted in a total of 36 configu-
ration state functions in the CAS calculation. Relative to
the single reference HF configuration, the total energy
dropped by 215.8 kJmol™!. The contribution of the latter
one to the total CAS-MCSCF wave function is 89.5%,
while a second configuration contributes about 2.6%. Obvi-
ously, the CAS-MCSCF calculation improves the N'-N"’
distance in question from 1.080 (HF) to 1.102 A (CAS),
relative to the experimental value of 1.125(3) A (GED, vide
infra). On the other hand, the MP2 calculation overesti-
mates the N'-N"" distance (1.150 A), which indicates a cer-
tain (small) contribution of static correlation. However, the
effects are small and the CAS calculation affects the other
structural parameters only negligibly. We conclude that
F,PN; is a borderline case of a multireference ground state
wave function, which is also in agreement with the good
performance of the DFT methods in predicting the molecu-
lar structure.

The presence of an almost 1:1 mixture of two different
conformers of F,PNj; in the gas phase at room temperature
contrasts the known behavior of the related pseudohalides
F,PNCO, F,PNCS, and F,PNCSe, which exclusively exist
in their anti forms.['!-'?] These experimental results are fully
verified at the DFT B3LYP/6-311+G(3df) level of theory. A
potential energy scan over the 7(FP-NN) dihedral angle of
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F>PNj; performed at this level reveals two minima, which
correspond to the experimentally observed syn and anti
conformers (Figure 9). These two conformers were con-
firmed to be true minima by using various ab initio (HF,
MP2), DFT (B3LYP, BP86, MPWI1PW91), and CBS-QB3
methods. Although their relative energy varies slightly with
different applied methods, calculated energy differences are
generally lower than 2.0 kJmol ' (Table S10). The transi-
tion state connecting the syn and anti conformers has been
fully optimized at the B3LYP/6-311+G(3df) level and veri-
fied by an intrinsic reaction path calculation (IRC). It lies
4.6 kJmol™! in energy above the anti conformer and adopts
a torsion angle 7(FP-NN) of 26.5°. An analogous energy
scan performed for the related F,PNCO yields only one
minimum, namely the Cy symmetric anti conformer (Fig-
ure 9), which is consistent with the previous GED study on
F,PNCO.['!I The structures of the syn and anti conformers
of F,PNCO have been optimized by using different DFT
methods (Table S11), and for all of the methods considered,
the syn is always found to have an imaginary frequency.

]
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Figure 9. Potential energy scan over the dihedral angles 7(FP-NX)
of F,PN3 (X = N, full circles line) and F,PNCO (X = C, open
circles) calculated at the B3LYP/6-311+G(3df) level of theory.

The competitive stability of syn F>,PNj is unexpected, as
this conformer is expected to be disfavored by steric de-
mand and repulsive phosphorus—nitrogen lone pair interac-
tion. To provide insight into the origin of the syn-stabilizing
interactions, we performed a comparative natural bond or-
bital (NBO) energetic and steric analysis!'®! for the two re-
lated molecules F>,PN; and F,PNCO. The default NBO
Lewis-type structures obtained for the related molecules
F>PN; and F,PNCO are very similar, which can be de-
scribed for the azide by structure A in Scheme 1. According
to the NBO description, in addition to the phosphorus c-
type lone pair ng(P), there are two lone pairs located on
the a-nitrogen atom [denoted below by ng(N) and n (N)].
Because of symmetry restrictions, the out-of-plane lone
pairs n (N) are composed of an almost pure nitrogen p-type
atomic orbital, but substantial differences exist between the
in-plane ny(N) lone pair NBOs of F,PN; and F,PNCO, as
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these correspond to sp-type (53.4 and 56.2% s-character in
syn and anti F,PN3) and almost pure p-type nitrogen lone
pairs (F>,PNCO), respectively. The different sp-hybridiza-
tion of ng(IN) accounts for the major structural differences
of the two molecules, such as large variations between the
angles at their o-N atoms and their P-N bond lengths (see
Tables 4 and S11). These structural differences arise because
the p-type nitrogen lone pairs are stronger donors than the
sp-type lone pairs. The strongest lone pair—antibonding or-
bital (6*) interactions for F,PN; and F,PNCO are ob-
served between the nitrogen p-type lone pairs and the vici-
nal N=N and C=O0 triple bonds, respectively. Thus, with
two nearly equally strong p-type n(N) — o*(CO) interac-
tions, the P-NCO moiety can be regarded as a “pseudo-
linear” unit. To the contrary, the single p-type n (N) —
o*(N'N"") delocalization in F,PN; corresponds to the A <
B resonance description in Scheme 1.

[ N:e N:e
F\ Ng/ R Né/ F\ :N/
P—N/ - — / - ® P=!\!/
F/ E F F
A B c

Scheme 1. Lewis resonance structures for F,PNs.

The conformational properties of the two pseudohalides
are expected to be determined by a subtle balance between
lone pair hyperconjugation effects, steric exchange repul-
sion, and probably other forces, such as dipole-dipole and
electrostatic interactions. Contributions to the relative en-
ergy of a certain conformer from either stabilizing lone pair
delocalization or various repulsive steric exchange bond or-
bital interactions can be adequately assessed by NBO sec-
ond-order perturbation theory energies or natural steric
analyses, respectively. These were carried out as single-point
energy calculations at the fully optimized B3LYP/6-
311+G(3df) geometry. A comprehensive account of the
computational results for the two isomers of F,PN; and
F,PNCO is given in the Tables S12 and S13 (second-order
perturbation analysis) and Tables S14 and S15 (natural
steric analysis), respectively.

As expected, the large stabilization energies observed for
n.(N) delocalization within the pseudohalide moieties by
far exceed the contributions from n. (N) — ¢*(PF) hyper-
conjugation (Table 5). As shown in Table 5, the former in-
teraction reveals a quite unexpected conformational depen-
dence, as it strongly contributes to the relative stabilization
of the anti conformation. As an additional consequence of
the unequal hybridization of the o-type ny(N) lone pairs
at the g-nitrogen atom, its delocalization contributes very
different to the conformational equilibrium of the studied
compounds, e.g.: nygN) — o*(PF) hyperconjugation
strongly favors the syn conformation of F,PNCO by
45.9 kJmol™!, while this interaction stabilizes the anti form
of F,PN; by 29 kImol! (Table 5).

We note that for F,PNCO, steric exchange repulsion fa-
vors the less stable syn conformer (Table S15), while the to-
tal NLMO steric exchange energies for the two rotamers of
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Table 5. Main NBO delocalization interaction energies E(2) and steric exchange repulsion energies E(i,j) for the syn and anti conformers

of F,PN; and F,PNCO.1!

E(2) / kJmol P!

E(i,j) I kImol 'l

syn anti syn — anti syn anti syn — anti
F,PN;
n(N) - o*(N'N"") 433.5 462.5 -29.1 n(P)/ng(N) 38.6 2.3 40.9
n(N) = o*(PF) 64.2 559 8.3 ng(N)/ng(F)ld! <2.0 19.1 ca. — 19.1
ng(N) — o*(PF)ll 7.3 36.2 -29.0 ng(P)/c(N'N"")  <2.0 9.5 ca.— 9.5
ng(P) — o*(NN') 21.1 <20 ca. 21.1 o(PN)/c(N'N"")  46.9 56.4 -95
o(PF) — o*(PN")ld] 28.3 9.8 18.5
F,PNCO
n(N) - o*(CO) 555.7 574.8 -19.0 n(P)/ng(N) —4.9 56.2 -61.1
n(N) = o*(PF) 62.3 58.2 4.0 ng(N)/ng(F)ldl 22.3 <2.0 ca. 22.3
ng(N) — o*(CO) 343.0 376.2 -33.2 ng(N)/c(PF) 51.8 <2.0 ca. 51.8
ng(N) — o*(PF)il 60.1 14.1 459 ng(F)/c(PN)M 30.0 48.5 - 18.5
ng(N) — o*(PN) 63.5 91.3 -27.8
ns(P) - ¢*(NC) 323 6.5 259

[a] Energies = 2.0 kI mol™! obtained at the B3LYP/6-311+G(3df) optimized geometry. [b] Second-order perturbative estimates of hyper-
conjugative interaction (stabilization energy). [c] Steric exchange repulsion interaction (destabilization energy) of individual orbital pairs
(i)). [d] Values are doubled because two sets of the same interactions exist.

F,PNj; are well balanced (Table S14). These results suggest
that steric repulsion might not be the essential factor of the
syn—anti energetic differences in the two studied com-
pounds. A converse behavior is, however, found for the re-
pulsive ng(P)/ngs(N) exchange interaction, which stabilizes
the syn conformation of F,PNCO, but is anti-stabilizing in
F,PNj; (Table 5).

For F,PN3, the major syn-stabilizing interaction is the
phosphorus lone pair delocalization ng(P) — ¢*(NN"). This
interaction increases the electron density in the P-N bond
at the expense of the strength of the adjacent N-N’ bond,
as indicated by the Lewis representation C shown in
Scheme 1. The corresponding stabilization energy for anti-
F,PNj is lower than the threshold printing (2 kJmol™'). The
large conformational asymmetry of the ny(P) — o*(INN)
delocalizations is depicted in Figure 10, where the overlap
of the involved lone pair/antibonding NBOs for syn and
anti F,PN3 are shown in the P-N-N’ plane. The plotted
orbitals are pre-orthogonal PNBOs, and the overlap of the
orbitals reflects the strength of the associated NBO Fock
matrix elements. It should be noted that for anti-F,PNj; the
like-phase overlap is nearly cancelled by an opposite-phase

= N"

n, (P) — o"(NN)
anti F,PN,

n (P) — G*(NN)
synF,PN,

Figure 10. Orbital contour plots of the vicinal ny(P) — o*(NN)
interactions in syn- and anti-F,PNj; obtained on the basis of the
B3LYP/6-311+G(3df)-calculated structure. Plotted orbitals are pre-
orthogonal PNBOs. Projections on the plane are defined by the
various atoms shown in the plots.
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overlap (Figure 10). Further orbital contour plots for vari-
ous vicinal lone pair—antibonding interactions discussed in
Table 5 are shown in Figure S6.

Conclusions

The conformational equilibrium of syn and anti FoPN;
has been studied by gas-phase and Ar-matrix isolation vi-
brational spectroscopy, as well as by gas electron diffraction
(GED). At room temperature these studies reveal an almost
equimolar mixture of both conformers, where the syn con-
former is found to be slightly more stable than the anti form
by 2.4 = 0.6 kImol™' (AH®) determined by gas-phase tem-
perature-dependent IR spectroscopy. The experimental re-
sults are fully verified by theoretical calculations, but
strongly contrast the known behavior of the related pseu-
dohalide F,PNCO, which exclusively exists in its anti
form.[!

As the conformational preferences of F,PN; and
F>PNCO are difficult to predict, a NBO analysis has en-
lightened major contributions to the syn—anti energetic dif-
ferences in these two compounds. It is not expected that
estimates of the delocalization energies on a perturbative
level and of steric exchange energies derived from pre-
NLMO overlaps at the HF level might quantitatively ac-
count for the complicated conformational balance of these
two compounds; however, in view of the NBO analysis,
their different behavior can be attributed to the largely dif-
ferent hybridization of the o-type lone pairs at the oa-nitro-
gen atoms. This is found to be of almost pure p-type char-
acter in F,PNCO, but of the sp-type in F,PN;. The signifi-
cant differences in the gas-phase structures of F,PN; and
F>,PNCO, namely much longer P-N bond lengths and
smaller bond angles at the a-nitrogen atom in F,PNj; [syn:
1.7103) A, 118.3(4)°; anti: 1.716(3) A, 117.7(5)°] than the
corresponding values in F,PNCO [1.683(6) A, 130.6(8)°],['!!
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support this view. With two p-type lone pairs at a two-co-
ordinate nitrogen atom, the PNCO skeleton in F,PNCO
might be viewed as “pseudolinear”. The different delocali-
zation behavior of ng(N) in the two compounds appears
to be crucial for understanding the different structural and
conformational properties of the two compounds.

The most interesting and contrasting result of the NBO
analysis is probably the large contribution from the ng (N)
— 0*(CO) delocalization to the conformational equilibrium
in F,PNCO, which strongly disfavors the unobserved syn
conformation by 33.2 kImol~! (Table 5). To the contrary, in
F>PNj; the corresponding ng(N) — o*(N'N'’) interaction
is slightly syn-stabilizing (2.5 kJmol™!, Table S12). The im-
portance of dipolar interactions, at least, of the intermo-
lecular type was verified by solid-state Raman spectroscopy,
which shows that in crystalline F,PNj3, only the less-stable
anti conformer exists.

Experimental Section

Caution! Covalent azides are, in general, explosive. Although we ex-
perienced no explosions with F>PN; during this work, it should be
prepared in less than millimolar quantities, and appropriate safety
precautions should be taken especially when working with liquid
F,PN;.

General Procedure and Reagents: Volatile materials were manipu-
lated in a glass vacuum line equipped with a capacitance pressure
gauge (221 AHS-1000, MKS Baratron, Burlington, MA) and three
U-traps with PTFE valves (Young, London, U.K.). The vacuum
line was connected to an IR cell (optical path length 20 cm, 0.5-
mm thick Si windows), contained in the sample compartment of a
Bruker Vector 25 FTIR spectrometer. The samples were purified
by trap-to-trap condensation and stored in flame-sealed glass am-
poules under liquid nitrogen in a long-term Dewar vessel. An am-
poule was opened with an ampoule key!'”! attached to the vacuum
line, an appropriate amount was taken out, and then the ampoule
was flame sealed again. F,PCIP% was prepared by the reaction of
HCI with Et,NPF,,?!l F,PNCOP? from F,PCl and AgOCN, and
F>PN;® from F,PCl and NaNj in toluene and was purified by
vacuum trap-to-trap condensation. For the preparation of 'N-
labeled F>PN;, 1-'N sodium azide (98 atom-% !N, EURISO-
TOP GmbH) was used as received. The purity of the products was
checked by IR and NMR spectroscopy.

Instrumentation

Vibrational Spectroscopy: Temperature-dependent IR spectra of
gaseous samples in the range —59 to 21 °C were recorded on the
Bruker IFS 66v FTIR spectrometer employing a resolution of
2cm™!, by using a KBr beam splitter and a MCT detector. A
double-walled gas cell with an optical path length of 20 cm was
used, equipped with silicon windows (0.5 mm thick) and a pressure
gauge (221 AHS-100, MKS Baratron, Burlington, MA). A Pt-100
temperature sensor was placed at the cell inside the evacuated sam-
ple chamber of the spectrometer. The temperature was controlled
by adjusting the flow rate and temperature of a cold stream of
nitrogen gas. For each temperature, a new background was mea-
sured, and the cell was filled with a new sample (ca. 10 mbar) from
the F,PNj; reservoir.

Raman spectra were recorded on a Bruker-Equinox 55 FRA 106/
S FT-Raman spectrometer by using a 1064 nm Nd:YAG laser
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(200 mW). A liquid sample was flame-sealed in a glass tube (o.d.
4.0 mm, i.d. 3.0 mm, length ca. 50 mm), and 100 scans were re-
corded at a resolution of 1 cm™!. For low-temperature Raman mea-
surements of solid samples, F-PN; was condensed under high vac-
uum onto a copper finger cooled with liquid nitrogen. An amorph-
ous/glassy solid was first obtained, and the Raman bands were sim-
ilar to those of the liquid. Upon annealing to ca. —130 °C, all bands
became very sharp and some bands disappeared. Attempts to grow
single crystals by in situ crystallization on an X-ray diffractometer
failed.

Gas Electron Diffraction: The electron diffraction patterns were re-
corded with a modified KD-G2 gas diffractometer at the Univer-
sity of Bielefeld!>23 at two camera (nozzle-to-plate) distances (25
and 50 cm) with an accelerating voltage of about 60 kV. The sample
used for the GED study was kept at —10 °C during the GED experi-
ment, and the inlet system and nozzle were at room temperature.
The main conditions of the GED experiment are presented in
Table 6. The wavelength of electrons was determined from diffrac-
tion patterns of a benzene standard measurement under the same
conditions. The molecular intensities /,,,)(s) were obtained in the s
ranges 5.6-35.6 A~! and 1.9-15.5 A~ for the short and long nozzle-
to-plate distance, respectively [s = (4n/A)sinf/2; / is the electron
wavelength and 6 is the scattering angle]. The experimental [and
difference (experimental — theoretical)] intensities s*1,,.,(s) are given
in Figure 11. The final R-factors are: Rg = 10.93% and Rp =
6.73%. Technical details, data reduction procedure, structure re-
finement programs and strategies are described in detail elsewhere
(detailed information on the refinement prerequisites and results
are listed in the Supporting Information: Tables S2-S8).123

Table 6. Conditions of the GED experiment.

Nozzle-to-plate distance / mm 500.00 250.00
Electron beam current / nA 230 180
Electron wavelength / A 0.04830(1) 0.04839(1)
Exposure time / s 30-61 60-61
Residual gas pressure / mbar 8 X107 7Xx10°¢
\AA A
IRV
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Figure 11. Experimental and difference (experimental minus theo-
retical) molecular scattering intensity curves for F,PNj.

Matrix Isolation: Gaseous F,PN; was mixed with argon (1:500) in
a I-L stainless-steel storage container, and small amounts (ca.
1 mmol) of the mixture were then deposited within 30 min onto the
cold matrix support (15 K, Rh plated Cu block) under high vac-
uum. Heating of the gaseous mixture prior to deposition was per-
formed by forcing the gas stream through a quartz tube (i.d.
4.0 mm, at the end with a pinhole of 1 mm), which was heated at
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the end over a length of ca. 15 mm with a Kantal wire (o.d.
0.25 mm). Infrared spectra of the matrix-isolated species were re-
corded through a Csl window on a FTIR spectrometer (IFS 66v/S
Bruker) in reflectance mode by using a transfer optic. A KBr beam
splitter and a MCT detector were used in the region 5000-
530cm !, and a Ge-coated 6-um Mylar beam splitter combined
with a He(l)-cooled Si bolometer in the region of 700 to 180 cm™.
For each spectrum 200 scans at a resolution of 0.25 cm™!' were re-
corded. Details of the matrix-isolation apparatus are described else-
where.[24

NMR Spectroscopy: NMR spectra were measured on a Bruker
Avance 400 spectrometer at room temperature in flame-sealed glass
tubes (0.d. 4.0 mm, i.d. 3.0 mm, length 15cm) placed in thin—
walled, 5-mm NMR tubes with some CD,Cl, as a lock: '’F NMR
(376.5 MHz), 3'P NMR (242.9 MHz), N NMR (43.4 MHz), and
15N NMR (60.8 MHz). The chemical shifts are referenced to exter-
nal CFCl; ('°F), H3PO4 (3'P), and CD3;NO, (N and '°N).
F,PN3: F NMR: 6 = -57.8 ppm (d), 'JG'P-°F) = 1309 Hz. 3'P
NMR: § = 149.1 ppm (t). *N NMR: §(F,PNNN) = -279.2 ppm
(s), Avyp = 247.7Hz; o(F,PNNN) = -148.9 ppm (s), Avyp =
16.2 Hz; 6(F,PNNAN) = —163.8 ppm (s), Avy;, = 26.6 Hz.
F,PISNNN/F,PNNN: N NMR: §(F,P>NNN) = -279.2 ppm
(m); J(F,PNNN) = -163.8 ppm (s), 'J('*N-3'P) = 954 Hz,
2J(’N-F) = 13.8 Hz, 3J(’N-3!P) = 8.8 Hz.

F,PNCO: F NMR: § = -53.4 ppm (d), 'J('P-'°F) = 1314 Hz.
3IP NMR: § = 131.3 ppm (t). '3C NMR: 6 = 128.8 ppm (s).
Low-temperature NMR spectra: '°’F NMR spectra of the F,PN;
sample were also measured at low temperatures down to 183 K.
These spectra did not reveal spectral changes such as line broaden-
ing relative to that recorded at 300 K or the presence of different
conformers.

Vapor Pressure: The vapor pressure measurements were performed
with a small sample in a container connected to a small vacuum
line (total volume ca. 20 mL), equipped with a calibrated capaci-
tance manometer (MKS Baratron, Burlington, MA, 1000 mbar ab-
solute). In the temperature range —120 to —40 °C, the obtained
vapor—pressure curve is shown in Figure S7. Pure F,PNj is a color-
less gas, which freezes to a glassy solid at ca. —120 °C, and the
boiling point is 8 °C obtained by extrapolating the vapor—pressure
curve [Equation (2)].

logp = —1536.0/T + 8.343 (p in mbar, 7 in K) 2)

Computational Details: Structural and force field calculations were
performed by using the Gaussian 03 software packagel®’ at dif-
ferent DFT (B3LYP,?®! BP86,1>77 MPW1PWO91[28]) levels with the
6-311+G(3df) basis set, as well as the complete basis set CBS-QB3
method.”’! Local minima were confirmed by vibrational frequency
analysis and transition states by intrinsic reaction coordinate (IRC)
calculations.l*] Additional ab initio calculations (HF,?1 MP2,[3?]
CAS-MCSCF33) with the TZVPPI34 basis set were conducted for
comparison. Natural bond orbital (NBO) analysisi*! was per-
formed as implemented in the Gaussian 03 software package for
the evaluation of donor-acceptor (bond and lone pair — antibond-
ing) interactions in the NBO basis. Perturbative estimates of the
stabilization energy FE, associated with these NBO delocaliza-
tions['®! are expressed by [Equation (3)].

Fi )y
5 & (3)

Ey=AE;=g;

where ¢, is the occupancy of the ith donor orbital, ¢; and ¢; are the
energies of the ith donor and the jth acceptor orbitals, and F(i,j) is
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the (i,j) off-diagonal NBO Fock matrix element. Estimates of steric
exchange repulsion energies E(i,j) of individual orbital pairs (i)
were calculated by using the $SSTERICS$ keyword?®! with the pro-
gram GENNBO 5.0 WB7 at the B3LYP/6-311+G(3df) optimized
structures. 2-D contour plots of vicinal interactions between preor-
thogonal PNBOs are displayed by using the program NBOView.?®]

Supporting Information (see footnote on the first page of this arti-
cle): Vapor—pressure curve, spectra showing the temperature depen-
dence of the gas-phase IR overtone bands, Raman (solid) spectra,
and Ar-matrix IR spectra of F,PN;, Ar-matrix IR spectrum of
F,PNCO, orbital contour plots of lone pair-antibonding orbital
interactions, calculated structural parameters and energies of
F,PNj; and F,PNCO, details of the GED structure refinement, and
NBO second-order perturbation and natural steric analyses are
presented.
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