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Abstract. Two fluorine-substituted phosphoryl pseudohalides including the highly explosive
diazide FP(O)(Ns)2 and diisocyanate FP(O)(NCO)> have been synthesized and fully characterized
with IR (gas-phase and noble-gas matrices), Raman (liquid), and NMR ('°F and *'P) spectroscopy.
The vibrational spectra of FP(O)(N3)2 and FP(O)(NCO), were analyzed with the aid of the
B3LYP/6-311+G(3df) calculations, and the assignments were made in terms of a mixture of
syn-syn and anti-syn conformers, in which the two pseudohalogen groups (N3 and NCO) adopt
syn/anti configuration to the P=O bond with respect to the P-N bonds. The low-temperature
X-ray crystallographic structure of FP(O)(NCO): in the solid state reveals Cs molecular symmetry
with a syn-syn conformation (¢(OP-NC) = 54.80(15)°) and weak intermolecular O--C contacts
(2.901(2) A). In line with the experimental observation of dominant syn-syn conformers for
gaseous FP(O)(N3)2 and FP(O)(NCO)», calculations at the
CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(3df) level demonstrate that the anti-syn conformers are
higher in energy (AG) by 3.8 and 3.2 kJ mol™, respectively.
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Introduction

Covalent azides are versatile reagents in synthetic chemistry such as the construction of
heterocyles through click-reactions and the nitrogenation of C-H bonds via the intermediacy of
transient nitrenes.[1-3] Generally, azides are energetic and sometimes highly explosive due to
exothermic fragmentation by eliminating molecular nitrogen upon heating or irradiation. Hence,
the synthesis, isolation, and characterization of azides especially polyazides that contain more
than one azide ligand in the molecule are challenging. In the past two decades, a growing number
of polyazides of group 14 elements (C, Si),[]4-6] 15 (P, As, Sb, Bi),[7-10] and 16 (S, Se,
Te)[10—16] have been isolated and structurally characterized, although some of these explosive
compounds may have already been known in solutions for some time. Among these main-group
elements, phosphorus shows rich coordination chemistry, and hence a number of highly energetic
phosphorus-centered azides have been synthesized including binary compounds (e.g., P(N3)s,
P(N3)s, [P(N3)4]", and [P(N3)6])[17] and derivatives containing trivalent phosphorus P(III) such
as F2PN3,[18,19] CH30P(N3)2,[20] and PhoNP(N3)2.[21] Such compounds have been used as
molecular precursors for the generation of highly reactive low-valent phosphorus compounds

such as phosphinonitrenes[22,23] and phosphinidenes[20,24] through N»-elimination.

By analogy, the structures and reactivity of phosphoryl azides have also attracted interest in
phosphorus chemistry. For example, difluorophosphoryl azide (F2P(O)N3) adopts an approximate
Cs symmetry with cis-conformation between the P=0 bond and the N3 moiety in the gas phase
and solid state,[25,26] and its decomposition yields a thermally persistent triplet phosphoryl
nitrene (F2P(O)N) in the gas phase.[27] The formation of rigid phosphoryl nitrene has also been
observed in the photodecomposition of diphenylphosphoryl azide in solution.[28,29] In contrast
to the nitrene formation in the fragmentation of phosphoryl monoazide (R2P(O)N3), the complete
decomposition of phosphoryl diazides (RP(O)(N3)2, R = F,[30] CH3[20] and Ph[31]) provides an
unique access to phosphinidene oxides (RPO), which are not only useful ligands in coordination
chemistry[32] but also serve as key intermediates in the combustion and degradation of
phosphorus-based flame retardants in the atmosphere.[33] When compared to the monoazide, the
higher energy content in diazides renders their characterization more challenging. To the best of
our knowledge, none of the aforementioned phosphoryl diazides have been structurally
characterized. As for the triazide OP(N3)3, it acts as an ideal precursor for the linear triatomic
molecule OPN,[34] which is a heavy congener of nitrous oxide (N20) that can combine with CO
to form quasilinear OPNCO molecule.[35] Despite of being exceedingly explosive, OP(N3); and

its sulfur analog SP(N3)3; have already been fully characterized as a neat substances.[36]



Structurally, the thermally more robust isocyanates are close analogues of azides. As important
reagents for the synthesis of biologically active heterocycles[37,38] and polyurethane materials in
industry,[39] covalent isocyanates display similar structural and conformational properties as
azides.[25] For instance, both carbonyl diisocyanate (OC(NCO),)[40,41] and diazide
(OC(N3)2)[5,42] are planar and exist as mixtures of syn-syn and syn-anti conformers in the gas
phase, whereas only the lower-energy syn-syn conformer was found for both compounds in the
solid state. Similar to the stepwise decomposition of OC(N3)> (— OC(N3)N — OCN-N3 — CO +
2 N2),[43] the photolysis of OC(NCO): in a cryogenic Ar-matrix results in CO-elimination and
yields the carbonyl nitrene OC(NCO)N followed by rearrangement to diisocyanate
OCNNCO.[44,45] The latter undergoes further fragmentation to CO and N via the intermediacy
of the putative nitrene intermediate NNCO.[46] The similar decomposition reactions for azides
and isocyanates also stimulate the recent study on the parent alkynyl isocyanate HCCNCO,[37]
whose decomposition provides an alternative method for the generation of cyanocarbene
HCCN,[47] an important intermediate in the interstellar medium that was previously generated
from the decomposition of the highly explosive diazoacetonitrile (HC(N2)CN)[48] or alkynyl
azide (HCCN3).[49] In addition to the decomposition reactions, the structures of binary
isocyanates (B(NCO)3,[50] Si(NCO)4,[51] and S(NCO)2[52]) and various derivatives including
phosphorus(IIl) isocyanates such as P(NCO)3,[53] F2PNCO,[54] CL1,PNCO [55] have also been
reported. For phosphorus(V) isocyanates, the structures of both F,P(O)NCO[25] and
F2P(S)NCO[56] have been determined. The triisocyanate OP(NCO)3 has also been characterized
in solution,[57] however, phosphoryl diisocyanates including FP(O)(NCO), remain yet

undocumented.

Continuing the increasing interest in the structures and reactivity of phosphorus-containing
azides,[5,10-12,18,21,25,36] herein, we report the synthesis and characterization of phosphoryl
diazide FP(O)(N3)2 and the closely related diisocyanate FP(O)(NCO), from both aspects of
experiment and theory. Prior to this study, only the diazide FP(O)(N3)> has been previously
characterized by '°F and 3'P NMR spectroscopy in solution.[58]

Experimental Section

Caution! Covalent azides are in general explosive. Although no explosions were encountered with
FP(O)(N3): during this work, it should be handled with care in small quantities (< 5 mmol) and
appropriate safety precautions should be taken.

General Procedure and Reagents: Volatile materials were manipulated in a glass vacuum line
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equipped with three U-traps and valves with PTFE stems (Young, London, UK). The vacuum line
was connected to an IR gas cell (optical path length 20 ¢cm, Si windows, 0.6 cm thick) contained
in the sample compartment of the FT-IR instrument (Bruker, Tensor 27), which was used for IR
spectroscopic characterization of volatile products. The final products were stored in flame-sealed
glass ampoules in liquid nitrogen. The starting material FP(O)Cl2[59] was synthesized according
to the literature protocol. NMR spectra were measured in CD2Cl, solutions at room temperature
on a Bruker Avance 400 spectrometer: '°F NMR (376.5 MHz), *'P NMR (242.9 MHz), and '“N
NMR (43.4 MHz). The chemical shifts are referenced to external CFCl; (*°F), H;PO4 (*'P), and
CD:3;NO: (N).

Synthesis of FP(O)(N3)2: Fluorophosphoryl diazide was prepared by reacting FP(O)Cl> (70 mg,
0.5 mmol) with NaN3 (0.2 g, 3 mmol) in CH3CN (1 mL) at room temperature.[30] Traces of
byproduct OP(N3)3 can be removed by passing the volatile products through a cold trap at —20 °C.
The more volatile FP(O)(N3)2 (45 mg, 0.3 mmol) is retained in a cold trap —60 °C. The purity was
ascertained by NMR spectroscopy: '’F NMR: § = —59.7 ppm (d, 'JC'P-'°F) = 1032 Hz); *'P
NMR: §=—4.6 ppm (d). ""N NMR:&N,) = —297.5 ppm (s, Avy, = 413.0 Hz), &Np) = —152.2 ppm
(s, Avy, = 16.2 Hz), &N,) =—-163.0 ppm (s, Avy, = 54.5 Hz).

Synthesis of FP(O)(NCO)2: Fluorophosphoryl diisocyanate was prepared by reacting FP(O)Cl
(1.4 g, 10 mmol) with dried AgOCN (4.0 g, 27 mmol) in CH3CN (3 mL) at room temperature (24
hours). The volatile products were separated by fractional condensation. After passing through a
=5 °C trap, FP(O)(NCO) (1.05 g, 7.0 mmol) was retained in a trap at —45 °C as white solid, traces
of F3PO were identified in the —196 °C trap. The purity was ascertained by NMR spectroscopy:
YF NMR: §=-53.9 ppm (d, 'JC'P-F) = 949 Hz); *'P NMR: §=-32.8 ppm (d).

Raman Spectroscopy. Raman spectra of liquids were recorded with a Bruker-Equinox 55 FRA
106/S FT-Raman spectrometer using an Nd:YAG laser (200 mW), 200 scans were averaged at a
resolution of 2 cm™'. Liquid samples were flame-sealed in 4-mm glass capillaries for the
measurement.

Matrix-isolation IR spectroscopy. Gaseous FP(O)(N3)2 was mixed with argon (1:1000) ina 1 L
stainless-steel storage container and then small amounts (ca. 1 mmol) of the mixture were
deposited in 30 minutes onto the cold matrix support (16 K, Rh plated Cu block) in high vacuum.
Matrix IR spectra were recorded on a FT-IR spectrometer (Bruker 70V) in reflectance mode using
a transfer optic. A KBr beam splitter and an MCT detector were used in the region of 4000 to 550

cm™'. For each spectrum, 200 scans at a resolution of 0.5 cm™' were co-added.

Crystal Growth of FP(O)(NCO)2: Crystals of FP(O)(NCO), were grown in an L-shaped glass
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tube (0.d. 0.6 cm, length 20 cm). Small amounts (ca. 20 mg) of the compound were condensed
into the upper part of the L-tube at —196 °C, which was connected to the vacuum line and
subsequently flame-sealed. For crystallization, the end without sample was immersed into an
ethanol cold bath at —20 °C, while the end with sample was kept in an ice-water bath. Under these
conditions, needles grew at the colder end of the tube after 4 h. Then, the tube containing the
crystals was cut in a cold nitrogen stream (ca. —70 °C), and the crystals were quickly transferred
into a trough cooled by a flow of cold nitrogen and mounted. A crystal of FP(O)(NCO); having
the dimensions 0.374 x 0.064 x 0.038 mm® was selected at ca. <70 °C under the microscope.
Attempts to grow crystals of FP(O)(N3)2 in a similar manner failed, only a supercooled liquid was

observed even at —78 °C.

X-ray Crystallography Diffraction: Crystals were centered on an Oxford Diffraction Gemini E
Ultra diffractometer, equipped with a 2K x 2K EOS CCD area detector, a four-circle kappa
goniometer, an Oxford Instruments Cryojet, and sealed-tube Enhanced (Mo) and the Enhanced
Ultra (Cu) sources. For the data collection the Mo source emitting graphite-monochromated
Mo-Ka radiation (4 = 0.71073 A) was used. The diffractometer was controlled by the CrysAlis™
Graphical User Interface (GUI) software.[60] The diffraction data collection strategy was
optimized with respect to complete coverage and consisted of two ® scans with a width of 1°. The
data collection for FP(O)(NCO), was carried out at —123 °C in a 1024 x 1024 pixel mode using 2
x 2 pixel binning. Processing of the raw data, scaling of diffraction data and the application of an

empirical absorption correction was completed by using the CrysAlis™™

program.[61] Atom
positions were determined using the intrinsic phasing method (ShelXT) [62] and were refined
using least-squares refinement (ShelXL).[63] The final refinement was obtained by introducing
anisotropic thermal parameters and the recommended weightings for all of the atoms (Table 1).
Structure solution and refinement were performed with the aid of Olex2 (version 1.2). [64] CCDC
2039718 contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data Centre (CCDC) via

http://www.ccdc. cam.ac.uk/data_request/cif.



Table 1. Summary of crystallographic data for FP(O)(NCO)s.

chemical formula CoFN2O2P
M, 150.01
crystal system orthorhombic
space group Prnma

a(A) 5.3036(4)

b (A) 11.6941(11)
c(A) 8.1033(7)

a (deg) 90

/3 (deg) 90

y (deg) 90

V(A3) 502.57(7)

Z (molecules/unit cell) 4

mol wt 150.01
calculated density (g cm™) 1.985

T (K) 150

u (mm™) 0.494

R 0.0331

WR2" 0.0820

¢ Ry is defined as X||Fo| — |Fe||/Z|Fo| for I > 2a(l). ® wR; is defined as [Ew(Fo> — Fo2)*/Zw(F,2)*]"?
for 1> 20(1).

Computational Details: Geometry optimizations with the DFT (B3LYP,[65] BP86,[66]
mPWI1PWO91[67]) methods were performed and the 6-311+G(3df) basis set using the Gaussian 09
software package.[68] Single point energies at CCSD(T)/aug-cc-pVTZ[69] level were carried out
based on the B3LYP/6-311+G(3df) optimized structures with the MOLPRO 2015 program.[70]
Relaxed potential energy scans were performed at the B3LYP/6-311+G(d) level by optimizing the

structures while rotating the dihedral angles around the two P—N bonds.

Results and Discussion
Physical Properties of FP(0)X: (X = N3, NCO)

Both phosphoryl compounds FP(O)X> (X = N3, NCO) can be stored in CH3CN without noticeable
decomposition for weeks at room temperature. As for the pure substances, slow ligand exchange
happens with the formation of OPF3 and less volatile OP(N3)3 and OP(NCO)3, respectively. The
diazide FP(O)(N3)2 is a colorless liquid that has a vapor pressure of ca. 3 mbar at 25 °C, allowing
the transfer of the substance on the vacuum line. When slowly freezing the liquid azide to —196 °C,
it becomes glassy solid that changes to a supercooled liquid at around —78 °C. In contrast,
FP(O)(NCO); is a white solid at —78 °C and it has a sharp melting point of 19.8 °C with a vapor

pressure of ca. 2 mbar at room temperature.



Quantum Chemical Calculations
The molecular structures of FP(O)X> (X = N3, NCO) were optimized with different DFT methods

(B3LYP, BP86, and mPW1PW91) using the 6-311+G(3df) basis set. For both species, two
conformers (anti-syn and syn-syn), differing in the configuration (syn and anti) of the two
pseudohalogen ligands X with respect to the P=0O bond, are true minima on the potential energy
surface (Figure 1). However, a third conformer containing the sole anti-conformations between X
and the P=0 bond (anti-anti) is unstable and relaxes to the anti-syn conformation by spontaneous
rotation around the P—N bond. The calculated conformational properties of FP(O)X2 (X = N3,
NCO) are quite similar to those of the triazide OP(N3)3, for which only two conformers of
syn-syn-syn and syn-anti-syn with C3 and Cs symmetries are stable.[36] In contrast, the
replacement of the phosphoryl oxygen atom by lone-pair electrons leads to three minima for
P(N3)3, and the calculated global minimum is the syn-anti-syn conformer in which only one N3
group adopts the anti-conformation with respect to the lone-pair electrons at the phosphorus
atom.[71] For the heavy congener As(N3)s, the anti-syn-anti conformer is most stable in the gas
phase, however, its X-ray crystal structure in the solid state reveals a distorted Cs structure with
all the three N3 ligands in an anti-configuration to the lone-pair electrons at the central As

atom.[72]

() N5/01

N3/C1 () N5/01
P C{ C? d N3/C1
N1
Q i <ﬁX{{N']
O Neio2

N4/C2 N4/C2

N2
N6/02

anti-syn syn-syn
Figure 1. Two stable conformers of FP(0)X; (X = N3, NCO).

For both FP(O)(N3)2 and FP(O)(NCO)., all the applied theoretical methods conclusively suggest
that the syn-syn conformer is more stable than the anti-syn conformer (Table 2). Specifically, the
syn-syn  conformer of FP(O)(N3), is lower by 3.8 kJ mol!' at the
CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(3df) level of theory, corresponding to an equilibrium
abundance of 17.7% for the less stable anti-syn conformer at 298K. By analogy, an abundance of
21.6% at equilibrium for the anti-syn conformer of FP(O)(NCO), should render its observation

possible under ambient conditions. The preference of a syn-conformation between the



pseudohalogen ligand and the P=O bond has also been computationally predicted for F2P(O)Nj3
and F2P(O)NCO and also experimentally verified with their crystal structures, and the bonding
analysis results indicated the dominance of electronic stabilizing hyperconjugation (anomeric
effect) of the lone-pair electrons at the bridging nitrogen atom (N,) to the anti-bonding P=0O
orbital (ns(Ny) — o*(P=0)).[25] Similar intramolecular donor-acceptor interaction has also been

found for other phosphates,[ 73] sulfates,[74] and sulfinates.[75]

Table 2. Calculated relative total energies (AE, k] mol™), Gibbs free energies (AG, kJ mol™"), and
the predicted equilibrium abundances ratios for the anti-syn conformers of FP(0)X> (X = N3 and
NCO) at 298 K.

methods FP(O)(N3)2 FP(O)(NCO):
AE AG % AE AG %
anti-syn anti-syn
B3LYP @ 23 3.6 19.0 52 29 237
BP86 [ 1.7 3.7 18.3 51 3.6 19.0
mPWI1PWO1 &l 24 38 17.7 52 33 20.9
CCSD(T)! 25 3.8 17.7 55 32 21.6

[a] At the 6-311+G(3df) basis set. [b] Single-point energies at the aug-cc-pVTZ basis set based on
the B3LYP/6-311+G(3df) calculated structures.

To probe the underlying mechanism for the conformational interconversion, the potential energy
profile for the rotation of the two P—N bonds in FP(O)(N3)» was calculated at the
B3LYP/6-311+G(d) level by scanning the corresponding two dihedral angles (Figure 2). The
anti-anti conformer is higher than the anti-syn conformer by more than 30 kJ mol™'. The syn-syn
— anti-syn conversion by rotating the P-N bond needs to overcome a small barrier of 6 kJ mol™,
which is comparable with the same conformational transformation in FP(O)(NCO), (5 kJ mol™,
Figure S1 in the Supporting Information). For both species, the barriers for the reverse
conformational conversion are even lower (3.8 kJ mol™ for FP(O)(N3), and 0.02 kJ mol™" for
FP(O)(NCO)2). The similarity in energies and the associated small barriers for the two stable
conformers of the azide and isocyanate imply the facile conformational conversion at ambient

conditions.
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Figure 2. Calculated potential energy profile for the rotation of the P-N bonds in FP(O)(N3); at
the B3LYP/6-311+G(d) level.

Vibrational Spectra of FP(O)(N3)2
The IR (gas-phase and Ar-matrix) and Raman (liquid) spectra of FP(O)(N3)2 are shown in Figure

3. The vibrational frequencies are listed in Table 3 together with the B3LYP/6-311+G(3df)

calculated frequencies of the anti-syn and syn-syn conformers.

matrix 1 J | A s ‘
OO 600 300

-~ >

e D

|

Raman j\\‘ /\/\ J_L‘/\_j\,
2400 2100 1800 1500 1200 9
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Figure 3. Ar-matrix IR (upper trace, absorbance A4, resolution 0.25 cm™', 16 K), gas-phase IR
(middle trace, transmission 7, resolution 2 cm™', 300 K), and liquid Raman (lower trace, Raman
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intensity Z, resolution 2 cm™, 300 K) spectra of FP(O)(N3)..

The strongest broad band in the gas-phase IR spectrum of FP(O)(N3), (Figure 3, middle trace) at
2178 cm™! belongs to the N3 asymmetric stretches. It splits into two well-resolved bands at 2199.5
and 2178.3 cm™' in the Ar-matrix IR spectrum (Figure 2, upper trace), corresponding to the
in-phase and out-of-phase combinations of the asymmetric stretches of the two azide groups. The
band positions (2199.5/2178.3 cm™') are right between the frequencies for the N3 asymmetric
stretches in F.P(O)N; (2206.2 c¢cm™, Ar-matrix)[25] and OP(N3); (2190.0/2172.4 cm™,
Ar-matrix).[36] The P=O stretching mode in the Raman spectrum of liquid FP(O)(N3): is located
at 1323 cm™!, which is red-sifted comparing with those observed in the gas phase (1341 cm™') and
the Ar-matrix (1338.7 cm™), implying the possible intermolecular interactions in the condense
phase. A similar red-shift in the P=0 stretching frequencies was observed for OP(N3)3, in which
the oxygen atoms interact with the central nitrogen atom (Np) through a distance of 2.875 A in the
solid-state. The observed P=0 stretching frequency in FP(O)(N3)2 (1341 cm™) is lower than those
in F2P(O)N; (1377 cm™) and F3PO (1415 cm™), but it is higher than that in OP(N3); (1301
cm™'),[36] which is fully consistent with the relationship between the P=0 stretching frequency
and the eclectronegativity of the substituent in these phosphoryl compounds. The consecutive
substitution of fluoride with azide results in a decrease of the P=O stretching frequency by 36 to

40 cm™! per azide group.

Table 3. Experimental and calculated vibrational frequencies (cm™) of FP(O)(N3)2

experimental calculated (IR) [Raman]¥] assignment(®’
IR Raman anti-syn SYn-syn Syn-syn
gas-phasel® Ar-matrix®!  liquid(®
2198 sh 219955 2198vs 2313 (336)[127] 2317 (352) [109]  va(Ns), in-phase
2178 vs 21783vs  2179sh 2292 (860) [52] 2299 (853)[65]  vas(N3), out-of-phase
1341's 1338.7 s 1323s  1372(253)[21] 1374 (133)[16]  v(PO)
1264 vs 1274.9 vs 1279 w 1340 (205) [3] 1342 (480) [2] vs(N3), in-phase
1338 (392) [2]  1325(178)[S]  vy(Ns), out-of-phase
924 5 9293 s 911.4 vw 900 (230) [2] v(PF)
901 sh 910.7 m 878 (210) [1] VPF)anti-sm
807 s 79765 796w 791 (253) [1] 788 (300) [1] Vas(NPN)
762 m 758.9 m 758 s 731 (20) [11] 747 (42) [11] v(NPN)
621's 617.0 m 608w 623 (131)[2] 632 (121) [3] 8ip.(N3), out-of-phase
590 3) [1] 585 (8) [< 1] 800p(N3), in-phase
564 w 565.9 w 569's 583 (26) [13] 579 (9) [3] 8ip.(N3), in-phase
552.0 vw 580 (9) [1] 575 (13) [11] 80.0p.(N3), out-of-phase
432'm 4322m 432 (37) [1] 429 (52) [1]
429 m 4279 m 429m 418 (33)[1] 428 (28) [1]
405 w 398.6 w 405m 399 (16)[2] 393 (8) 2]
3133vw  313m 304 (<1)[2] 304 (1) [2]
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288 w 288 (<1)[2] 276 (<1)[1]
[a] Observed frequencies in the gas phase (300 K) with relative band intensities: vs very strong, s strong, m

medium strong, w weak, vw very weak, and sh shoulder. [b] The band positions of the most intense matrix sites
(16 K). [c] Observed frequencies in the liquid state (300 K). [d] B3LYP/6-311+G(3df) level of theory; IR
intensities (km mol™) in parentheses and Raman intensities (A* u™') in square brackets, calculated frequencies
below 250 cm! are not listed. [e] Assignments were made according to the calculated vibration displacement

vectors of the syn-syn conformer.

According to the calculations at the B3LYP/6-311+G(3df) level (Table 3), the IR spectra for the
two conformers of FP(O)(N3), are predicted to be very similar, including the two P=0 stretching
vibrations at 1372 and 1374 cm™! for the anti-syn and syn-syn conformers, respectively. However,
the P—F stretching frequencies in the two conformers (anti-syn: 878 cm™; syn-syn: 900 cm™)
differ by 22 cm™ (Table 3). Indeed, the strong band at 924 cm™ in the IR spectrum of gaseous
FP(O)(N3), displays a shoulder at 901 cm™" (Figure 3, middle trace), which very likely belongs to
the less stable anti-syn conformer. According to the observed and calculated IR intensities of these
two bands, a ratio of 16.6% for the anti-syn conformer at room temperature (300 K) was
estimated, it is in good agreement with the calculated ratio of 18% at the
CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(3df) level of theory (Table 2). In the Ar-matrix IR
spectrum (Figure 3, upper trace), two main bands at 929.3 and 910.7 cm™! with additional satellite
bands due to different matrix sites were observed, and similar splittings were also found for the

bands of the NPN stretching and N3 deformation modes.

Vibrational Spectra of FP(O)(NCO):

The IR (gas-phase and Ne-matrix) and Raman (liquid) spectra of FP(O)(NCO), are shown in
Figure 4. The experimental and the B3LYP/6-311+G(3df) calculated vibrational frequencies are
listed in Table 4.
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Figure 4. Ne-matrix IR (upper trace, absorbance 4, resolution 0.25 cm™, 2.8 K), gas-phase IR
(middle trace, transmission 7, resolution 2 cm™!, 300 K), and liquid Raman (lower trace, Raman
intensity /, resolution 2 cm™, 300 K) spectra of FP(O)(NCO),. The band for H,O is labeled with
an asterisk.

Two well-resolved strong bands at 2316 and 2282 cm™' in the gas-phase IR spectrum (Figure 4,
middle trace) occur for the in-phase and out-of-phase combinations of the NCO asymmetric
stretches, and the band positions slight shift to 2319.8 and 2283.3 cm™ in the Ne-matrix (Figure 3,
upper trace). In the liquid state, they appear as two very weak bands at 2320 and 2266 cm™ in the
complementary Raman spectrum (Figure 4, lower trace). The two NCO symmetric stretches
appear at 1456/1432 and 1441.8/1430.3 cm™ in the IR spectra for the gaseous and Ne-matrix
isolated FP(O)(NCO),. The P=0 stretching frequency (gas-phase IR: 1344 ¢m™', Raman: 1313
cm™!) is very close to that of FP(O)(N3): (gas-phase IR: 1341 cm™!, Raman 1323 cm™), and the
noticeable shift of 31 cm™ for the band positions observed in the gas phase and liquid suggests
the presence of weak intermolecular interactions of the P=O moiety. According to the calculated
IR spectra for FP(O)(NCO),, the P=0 stretching mode in the less stable anti-syn conformer (1353
cm™') is higher in frequency than the syn-syn conformer (1338 cm™) by 15 cm™. In line with the
theoretical prediction, there are two bands at 1341.2 and 1332.7 cm™! in the IR spectrum of
Ne-matrix isolated FP(O)(NCO); (Figure 4, inset), corresponding to the anti-syn and syn-syn
conformers, respectively. As a further proof, two sets of bands centered at 925.1 and 916.9 cm™

appear in the spectrum for the anti-syn and syn-syn conformers with calculated frequencies of 889

13



and 880 cm™! (Table 4). Based on the intensities of the two IR bands for the P=0O stretching

vibrations, an abundance of 29.1% for the higher-energy anti-syn conformer in Ne-matrix was

estimated. The presence of two conformers in Ne-matrix indicates their existence also in the gas

phase at room temperature; however, their bands in the corresponding gas-phase IR spectrum

strongly overlap (Figure 4, middle trace).

Table 4. Experimental and calculated vibrational frequencies (cm™) of FP(O)(NCO),

experimental calculated (IR) [Raman]™ assignmentlf]
IR Raman anti-syn Syn-syn Syn-syn
gas-phasel® Ne-matrix® liquid®l  solidl!
2316's 2319.8 s 2320w 2301 vw 2394 (700) [3] 2394 (426) [5]  vas(NCO), in-phase
2282 vs 2283.3 vs 2266 w 2261 vw 2353 (2248) [4] 2354 (2632) [4] v.(NCO), out-of-phase
1456 w 1441.8 w 1466 vs  1472vs 1502 (123) [42] 1497 (51)[55]  vs(NCO), in-phase
1432's 1430.3 s 1477 (157)[19] 1479 (220) [6]  v{(NCO), out-of-phase
1341.2 s 1353 (207) [11] V(PO)anti-syn
1344 s 1332.7 s 1313 s 1301 s 1338 (178) [10] v(PO)
919s 925.1s 91l m 929 m 889 (228) [3] v(PF)
9169 s 880 (221) [3] V(PF)anti-syn
783 s 786.0 s 776 sh 765 (385) [1] Vas(NPN)
7819 s 760 (357) [1] Vas(NPN) asi-syn
742 w 736.8 w 725s 711s 718 (96) [10] vs(NPN)
726.0 w 699 (78) [9] Vs(NPN) ani-syn
640 m 639.4 m 643 (101) [1] 3ip.(NCO), out-of-phase
632.9 m 636 (88) [1] 8i.p.(NCO)unsi-syn, out-of-phase
618 m 614.7 m 606 w 625 (38) [< 1] 623 (45) [<1]  80.0p(NCO), in-phase
602 s 593 s 620 (13) [< 1] 619 (5) [<1] 80.0p.(NCO), out-in-phase
605 (20) [9] 604 (10) [10] 3ip.(NCO), in-phase
441 m 450 m 450 s 443 (53) [1] 440 (29) [1]
414 s 419 423 (36) [2] 436 (72) [1]
319s 321 m 403 (19) [2] 389 (9) [3]

306 (0.2) [2]
302 (0.7) [1]

307 (0.1) [< 1]
296 (0.8) [1]

[a] Observed frequencies in the gas phase (300 K) with relative band intensities: vs very strong, s strong, m

medium strong, w weak, vw very weak, and sh shoulder. [b] The band positions of the most intense matrix sites
(2.8 K). [c] Observed frequencies in the liquid state (300 K). [d] Observed frequencies in the solid state (77 K).
[e] B3LYP/6-311+G(3df) level of theory; IR intensities (km mol™) in parentheses and Raman intensities (A* u™)

in square brackets, calculated frequencies below 250 cm™ are not listed. [f] Assignments were made according

to the calculated vibration displacement vectors of the syn-syn conformer.

Crystal Structure of FP(O)(NCO):2
Colorless needle crystals of FP(O)(NCO), can be grown by slow sublimation of the solid

compound (0 °C) in one end of a flame-sealed glass tube to another end of the tube at —20 °C. The

diisocyanate crystallizes in the Pnma space group with four molecules in the unit cell. The crystal
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structure of FP(O)(NCO): is shown in Figure 5, and the refined structural parameters are given in

Table 5 together with the B3LYP/6-311+G(3df) calculated data.

N(1A) C(1A)

O(1A)

Figure 5. Molecular structure of FP(O)(NCO), with thermal ellipsoids at the 50% probability
level.

Comparing to the two optimized conformers in Figure 1, the crystal structure of solid
FP(O)(NCO): represents the energetically more stable syn-syn conformer with Cs symmetry. In
general, the experimental bond lengths and angles show good agreement with the calculations
(Table 5), but the two isocyanate groups are strongly distorted from the OPN plane with dihedral
angles of OP-N1C1) = 54.80(15)°, which are significantly larger than the calculated value of

—5.8°. This discrepancy is probably due to intermolecular interactions in the solid state (Figure 6).

Table 5. Calculated and experimental structural parameters of FP(O)(N3), and FP(O)(NCO)»

parameters!®! FP(O)(N3)2 FP(O)(NCO)
calculated™ calculated!® XRD!!
anti-syn Syn-syn anti-syn Syn-syn
r(P-0) 1.448 1.454 1.447 1.451 1.4465(18)
r(P-F) 1.557 1.549 1.556 1.553 1.5286(15)
r(P-N1) 1.679 1.671 1.650 1.644 1.6251(17)
r(P-N2) 1.671 1.678 1.639 1.644 1.6250(17)
r(N1-N3/C1) 1.234 1.233 1.211 1.209 1.210(2)
r(N2-N4/C2) 1.234 1.234 1.206 1.209 1.210(2)

r(N3-N5/C1-01)  1.119 1.119 1.154 1.155 1.148(2)
r(N4-N6/C2-02) 1.120 1.119 1.156 1.155 1.148(2)

Z(FPO) 116.6 1163 1150 1148  112.44(10)
Z(OPNT1) 117.8 1184 1172 1174  117.22(7)
Z(OPN2) 1129 1165 1150 1174  117.22(7)
Z(N1PN2) 106.5  103.7 1047  102.7  107.38(12)
Z(PNIN3/C1) 119.8 1202 137.1 1381  139.59(14)
Z(PN2N4/C2) 121.8 1197 1444  138.1  139.59(14)

Z(NIN3N5/C1O1) 1741 1737 1752 1752 173.06(19)
Z(N2N4N6/C202) 1737 1739 1755 1752 173.06(19)
HOP-NIN3/CI) 183 326 3.0 5.8  54.8Q2)
HOP-N2N4/C2) 1783 101 1767 5.8 ~54.8(2)
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[a] Bond lengths and angles are given in [A] and [deg], respectively. For labeling of atoms, see Figure 1. [b]
Calculated results at the B3LYP/6-311+G(3df) level of theory. [c] Experimental results of FP(O)(NCO),
determined by X-ray crystallography (XRD).

Computationally, the main differences between the azide and isocyanate are the angles at the
bridging nitrogen atoms. Much smaller angles were predicted for the azide (anti-syn: Z(PNIN3)
= 119.8°, Z(PN2N4) = 121.8° syn-syn: Z(PNIN3) = 120.2°) than those for the isocyanates
(anti-syn: Z(PN1C1) = 137.1°, Z(PN2C2) = 144.4°, syn-syn: Z(PN1C1) = 138.1°). Interestingly,
for both molecules, the P=0O bonds are longer while the P-F bonds are shorter in the syn-syn
conformers than those in the anti-syn ones. Similar conformation-dependent changes in bond
length have been theoretically explored for the closely related molecules F,P(O)N3 and
F2P(O)NCO,[25] for which the nsN,) — o*(P=0) hyperconjugation interactions have been
suggested. The diisocyantate displays a highly distorted tetrahedral geometry at the central
phosphorus atom, with bond angles varying from 99.96(7)° (Z(FIPIN1)) to 117.22(7)°
(£(0O2P1N1)). The P=0 bond length in FP(O)(NCO): is 1.4465(18) A, which is longer than that
in F2P(O)NCO (1.4377(19) A),[25] consistent with a less positive phosphorus atom in the former
molecule. Similarly, the P-F bond is weakened and its length in FP(O)(NCO), (1.5286(15) A) is
much longer than those in FoP(O)NCO (1.5166(17) and 1.5195(18) A).[25] The angles at the
bridging nitrogen atom in the diisocyanate is 139.59(14)°, wider than that in F>P(O)NCO
(132.5(2)°), this is probably due to the repulsive interactions between the two NCO moieties.
Consistent with the red-shift for the P=O stretching vibration frequencies from the gas phase
(1344 cm™, IR) to the solid state (1301 cm™, Raman), the packing diagram for FP(O)(NCO),
(Figure 6) exhibits intermolecular interactions with short O(2):-C(1) distance of 2.901(2) A,
which is comparable with the similar intermolecular O(2)---C(1) contact through a distance of
2.875 A.[36] Both distances are much shorter than the sum of the van der Waals radii of oxygen
(1.52 A) and carbon (1.70 A).[76]
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@ .
Figure 6. View along the a-axis of the unit cell of FP(O)(NCO), showing the intermolecular
0O(2)--C(1) bridges.

Conclusions

Two structurally related fluorophosphoryl pseudohalides FP(O)(N3), and FP(O)(NCO): have been
synthesized and fully characterized with IR, Raman, and NMR spectroscopy. In line with the
CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(3df) computed energy differences of 3.8 and 3.2 kJ
mol™! between the syn-syn and syn-anti conformers for FP(O)(N3), and FP(O)(NCO),, the
vibrational spectra of the two monofluorinated compounds demonstrate the dominant composition
of the lower-energy syn-syn conformers for both compounds, and the higher-energy syn-anti
conformers have estimated abundances of 16.6% and 29.1% for the azide and isocyanate,
respectively. In the solid state, the X-ray crystallographic structure of diisocyanate FP(O)(NCO).
shows a Cs symmetry with the two NCO ligands in syn-conformation to the P=O bonds with a
dihedral angle of 54.80(15)°.
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