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ABSTRACT: Thiophosphoryl nitrenes, R,P(S)N, are
thiazirine-like intermediates that have been chemically
inferred from trapping products in early solution studies.
In this work, photolysis of the simplest thiophosphoryl
azide, F,P(S)N;, in solid noble-gas matrices enabled a first-
time spectroscopic (IR and UV—vis) identification of the
thiophosphoryl nitrene F,P(S)N in its singlet ground state.
Upon visible-light irradiation (495 nm), it converts into
the thionitroso isomer F,P—N=S, which can also be
produced in the gas phase from flash vacuum pyrolysis of
F,P(S)Nj;. Further irradiation of F,P—NS with 365 nm UV
light leads to the reformation of F,P(S)N and isomer-
ization to the thiazyl species F,P—S=N.

ovalent azides are broadly used in chemistry, biology, and

materials science.” Upon either heat or irradiation, this
class of energetic compounds can split off molecular nitrogen
and form highly reactive nitrene intermediates.” The decom-
position of covalent azides, in particular carbonyl,” phosphoryl,*
and sulfonyl azides,” has attracted enormous theoretical and
experimental interest since the discovery of the Curtius
rearrangement from carbonyl azides to isocyanates as early as
1890.° Generally, a stepwise decomposition via @-oxonitrenes
(RC(O)N, R,P(O)N, and RS(O),N, respectively) is energeti-
cally more favorable than the concerted pathway, and these a-
oxonitrenes in their singlet state coexist with an oxazirine-like
resonance structure as a result of an intramolecular N—O
stabilizing interaction.”> However, because of complex
reactions with solvents and the Curtius rearrangement, only
very few transient a-oxonitrenes have been detected usin
ultrafast spectroscopy’ > and matrix-isolation techniques.
Importantly, the decomposition of a-oxoazides has provided
unique access to N,O-containing species bearing novel
structural and bonding properties such as N,CO,* OPN,” and
0,SN,' in which the corresponding a-oxonitrenes were
suggested to be involved.

In regard to the heavier sulfur analogues, the structure in a-
thionitrenes could be quite different because bonding changes
dramatically in going from first-row to second-row elements in
the periodic table. For instance, the cyclic sulfur-containing
species SiS,"" and SNP'? are isolable, whereas the first-row
species SiO,"> and OPN’ prefer only open-chain structures.
Thus, singlet a-thionitrenes should be viable species by the
formation of a thiazirine ring structure. Indeed, the existence of
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the singlet thiocarbonyl nitrenes FC(S)N'* and PhC(S)N'
was inferred by characteristic IR vibration bands at 1784 and
1160 cm™ in a solid Ar matrix and 1740 cm™ in CH,CN,
respectively. In contrast, knowledge about the structurally
related thiophosphoryl nitrene is rather limited, even though its
existence has been chemically inferred by Bertrand and co-
workers'® from trapping products during the photolysis of
diphenylthiophosphoryl azide.

Herein we report the generation and characterization of the
simplest thiophosphoryl nitrene, F,P(S)N and its photo-
induced interconversion with two novel nitrogen—sulfur
multiple-bonded isomers, F,P—N=S and F,P—S=N. It
should be noted that theoretically predicted isomerizations
between thiazyl and thionitroso compounds, such as HNS/
HSN'” and FNS/ESN,"’“'® have not been experimentally
observed before.

The generation of difluorothiophosphoryl nitrene, F,P(S)N,
was accomplished by ArF laser photolysis (193 nm) of
F,P(S)N; in solid Ar at 16 K (see the Supporting Information
(SI) for details). To distinguish its IR bands (Figure SI in the
SI), subsequent visible-light irradiation (>495 nm) was applied.
The IR difference spectrum showing the corresponding changes
is presented as the bottom trace in Figure 1. The two IR bands
for the antisymmetric and symmetric F,P stretches in F,P(S)N
can be clearly identified at 925.5 and 873.2 cm™, which are
lower than those of the precursor (951.8 and 912.9 cm™,
respectively). Another species (b) showing the stretching
modes of the F,P(IIl) moiety with lower frequencies at 845.8
and 817.8 cm™' was partially consumed under this irradiation.
As a result, a third species (c) having similar vibrations at 842.9
and 825.6 cm™! was produced.

Further irradiation of the matrix with 330 nm UV light leads
to complete conversion of b to ¢ (Figure 1, middle trace). The
reverse conversion from ¢ to a and b was observed upon
irradiation at 365 nm (Figure 1, top trace). For the nitrene a,
additional bands at 1189.6 and 631.4 cm™' corresponding to
the P—N and P—S stretching vibrations, respectively, can be
unambiguously identified. For species b, one more band
appears at 1175.5 cm™. Three bands at 1223.5, 649.7, and
626.7 cm™! belonging to ¢ can be confirmed, and the first one
shows two more site-splitting bands at 1268.7 and 1253.3 cm™,
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Figure 1. Ar-matrix mid-IR difference spectra (1300—600 cm™,
transmittance T): (bottom trace) conversion of F,P(S)N (a) and
F,PSN (b) to F,PNS (c) under irradiation at >495 nm (20 min);
(middle trace) conversion of F,PSN (b) to F,PNS (c) under
irradiation at 330 nm (1S min); (top trace) conversion of F,PNS (c)
to F,P(S)N (a) and F,PSN (b) under irradiation at 365 nm (20 min).

probably due to weak interactions with surrounding species in
the same solid matrix cages.

Independent photolysis experiments in the far-IR range
(700—200 cm™") were performed using a liquid-helium-cooled
bolometer detector. All of the aforementioned photointercon-
version reactions were reproduced (Figure 2). Experiments
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Figure 2. Ar-matrix far-IR difference spectra (670—-200 cm™,

transmittance T): (bottom trace) conversion of F,P(S)N (a) and
F,PSN (b) to F,PNS (c) under irradiation at >495 nm (20 min);
(middle trace) conversion of F,PSN (b) to F,PNS (c) under
irradiation at 330 nm (16 min); (top trace) conversion of F,PNS (c)
to F,P(S)N (a) and F,PSN (b) under irradiation at 365 nm (20 min).
Bands of unknown species are labeled with asterisks.

with *N-enriched azide (F,P(S)"*NNN:F,P(S)NN'*N = 1:1)
showed that all of the carriers (a—c) contain only one nitrogen
atom, as evidenced by the well-resolved doublet splitting of the
corresponding IR bands (Figures S2 and S3). The observed IR
data, including N isotopic shifts for species a—c, are
summarized in Table 1. For comparison, the CCSD(T)/aug-
cc-pVTZ calculated IR spectra of F,P(S)N and candidate
isomers F,PSN and F,PNS are listed.

The band for the PN stretching vibration in F,P(S)N (a) at
1189.6 cm™ exhibits a large *N isotopic shift of 17.3 cm™,
which is consistent with the prediction of 18.8 cm™. Such a
higher frequency compared with the PN stretching frequencies

for FP=NF (1116.8 cm™')" and F,P(O)N (766.7 cm™)’
suggests a P=N double bond in a. As a side proof of the
assignment, the calculated IR spectrum of triplet F,P(S)N
(Table S1 in the SI) deviates significantly from the
experimental observations. An "N isotopic shift of 8.2 cm™
was found for the symmetric F,P stretch at 873.2 cm™),
demonstrating its vibrational coupling with the PN stretch.
Because of spectral overlap, the expected isotopic shift of 7.6
cm™ for the PS stretch of the naturally abundant **S sample
was not observed.

On the basis of the two pairs of F,P stretching vibrations at
845.8/817.8 and 842.9/825.6 cm™?, the assignments for F,PSN
(b) and F,PNS (c) also become straightforward. In fact, these
frequencies are fairly close to the two F,P stretching vibrations
of free-radical F,P (852.1 and 831.4 cm™).”” For species b, the
highest vibration appears at 1175.5 cm™ with an "N isotopic
shift of 27.0 cm ™. A close inspection of the spectrum reveals an
isotopic shift of 104 cm™' due to naturally abundant *S.
Similar isotopic shifts (Av(**N) = 27.0 em™, Av(**S) = 6.2
cm™') were also observed for the highest vibration of ¢ at
1223.5 cm™' (Figure 1, top trace). These features are
comparable with the IR data for the unperturbed NS radical
at 1209.4 cm™! (Av(*N) = 28.1 em™, Av(**S) = 10.8 cm™).”!

For F,PSN (b), calculations at the CCSD(T) level of theory
overestimate the P—S stretching vibration (calcd, 444 cm™;
exptl, 376.9 cm™!), whereas the P—N stretching vibration is
underestimated in F,PNS (c) (caled, 610 cm™; exptl, 626.7
cm™'). These differences may suggest weak but complex
bonding interactions between the F,P and NS fragments in
these two electron-rich molecules. An additional band at 649.4
cm™! with an PN isotopic shift of 9.1 cm™! was found for ¢,
corresponding to the overtone of 4 (323.6 cm™, Av("*N) =
4.5 cm™"). This overtone gains its intensity from the strong P—
N stretching mode (v, 626.7 cm™") through Fermi resonance.

Flash vacaum pyrolysis of F,P(S)Nj in Ar dilution (1:500) at
about 800 °C results in complete decomposition, with F,PNS
(c) being the main product (Figure S4). The UV—vis spectrum
of the pyrolysis products in Ne dilution (1:500) is shown in
Figure 3A. Three broad absorption bands at A, = 370, 285,
and 240 nm are observed. They vanish upon irradiation at 365
nm with the occurrence of bands at 4., = 310 and 275 nm
(Figure 3B). Thus, the first three bands belong to ¢, and the
assignment is assured by the reappearance of these bands upon
visible-light irradiation at >4SS nm (Figure 3D). The
absorption at 370 nm is significantly blue-shifted in comparison
with the visible absorption bands of Me,N—NS (587 nm in
cyclohexane)*” and Ar—NS (456 and 483 nm in an Ar
matrix).”* Upon further irradiation at 330 nm (Figure 3C), the
band of ¢ at 370 nm appears at the expense of the band at 310
nm, and the intensity of the band at 275 nm increases. These
changes support the tentative assignment of the bands at 310
and 275 nm to F,PSN (b) and F,P(S)N (a), respectively.

The molecular structures of a—c (Figure 4) were fully
optimized with different density functional theory and ab initio
methods (Tables S1—S4). All of the methods conclusively
predict that F,PNS (c) is the global minimum on the potential
energy surface (Figure SS). The two isomers a and b are 13.8
and 24.9 kcal mol™" higher in energy, and the nitrene a in the
triplet state lies 4.7 kcal mol™" above the singlet at the
CCSD(T)/aug-cc-pVTZ level. This is consistent with the
observation that c is the final pyrolysis product of F,P(S)Nj.
Even though a stepwise decomposition mechanism for the
azide via the intermediacy of a (Figure S6) and also a moderate
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Table 1. Observed and Calculated IR Frequencies and "N Isotopic Shifts (in cm™') for the Fundamental Vibrations of Isomers

a—cC
F,P(S)N (a) F,PSN (b) F,PNS (c)

caled” exptl caled” exptl caled” exptl
Y v Ay assignmentd 2 v Ay assignmentd 2 v Ay assignmentd
1182 1189.6 (s) 173 vy, u(PN) 1141 11755 (m) 270 v, v(SN) 1068 12235 (m) 270 vy, u(SN)
927 925.5 (s) 0 Uy, v, (PF,) 835 845.8 (s) 0 vy, v,(PF,) 859 842.9 (s) 0 vy, v(PE)
868 8732 (s) 82 vy v (PF,) 828 817.8 (s) 0 Uy, Uy (PE,) 840 8256 (s) 0 vy, v(PF')
626 6314 (w) 0 vy, 1(PS) 444 3769 (w) 08 s, 6(PSN) 610 6267 (s) 69 v, v(PN)
407 4185 (m) 16 v, 8(SPN) 359 3589 (w) 15 v, 8(PE,) 425 4307 (m) 0 v, 5(F'PN)
393 405.6 (m) 69 vy 8(PF,) 214 2704 (vw) <05 g u(PS) 357 323.6 (w) 45  vg 6(PE,)
317 3319 (w) 38 gy 6(FPN) 190 v, S(EPS) 312 309.4 (w) 05 v, 6(FPN)

“Calculated IR frequencies (in cm™) for the first seven fundamentals at the CCSD(T)/aug-cc-pVIZ level. A full list of the calculated IR
fundamentals and symmetries is given in Table S2. bObserved IR band positions with relative intensities in parentheses (s, strong; m, medium-
strong; w, weak; vw, very weak). “Observed '*/'>N isotopic shifts. “Tentative assignments based on calculated vibrational displacement vectors.
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Figure 3. Ne-matrix UV—vis spectra of (A) flash vacuum pyrolysis
products of F,P(S)N;, (B) after irradiation at 365 nm (40 min), (C)
after further irradiation at 330 nm (20 min), and (D) after further
irradiation at >455 nm (20 min).

F,P(SN (13.8)

F,PSN (24.9)

F,PNS (0.0)

Figure 4. Calculated structures (bond lengths in A, angles in deg in
italics) and relative energies (kcal mol™, in parentheses) of a—c at the
CCSD(T)/aug-cc-pVTZ level.

activation barrier for its rearrangement to ¢ (Figure SS) were
theoretically predicted, the nitrene a can be trapped only in
low-temperature matrices from the photolysis of the matrix-
isolated azide. The thermal conversion reaction from c to a or b
is blocked by large activation barriers (>30 kcal mol™!, CBS-
QB3), whereas such barriers can be surmounted by using
irradiations at different wavelengths.

The O(SPN) angle in F,P(S)N is 72.6°, which is much
narrower than that in the triplet state (112.8°). The S—N bond
length (2.121 A) is longer than that in cyclic PSN (1.934 A)."”
Therefore, its structure can be illustrated by nitrene and
thiazirine-like forms (Scheme 1), with the latter being more
favorable, as indicated by the S—N bonding interactions in the
highest occupied molecular orbitals (Figure S7) and the Wiberg
bond index of 0.9 with significant negative charge on the
nitrogen atom (—1.0¢) given by natural bond orbital analysis
(Figure S8). The thionitroso compound R—NS can also be
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Scheme 1. Lewis Resonance Structures of a—c
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stabilized by two resonance structures (Scheme 1). The
preference for a formal N=S$ double bond** in F,P—NS is
evidenced by the calculated bond length of 1.586 A and the
accompanying IR frequency of 1175.5 cm™'. However, the
preference for a formal N—S single bond was found in the
thionitrosoamine Me,N—NS, as proved by a bond length of
1.635(2) A in the pentacarbonylchromium complex via the
sulfur atom.” The bonding situation in F,PSN is more
complicated by several possible canonical forms (Scheme 1).
Previous studies concluded that decreasing the electronegativity
of R in thiazyl compounds R—SN stabilizes the polar or
nitrene-type structures and vice versa.”® Thus, a formal sulfur
triple bond was found in F=SN (rgy = 1.448 A, vgy = 1361
em™1),”® and a nitrene intermediate structure was proposed for
Ar—SN on the basis of its reactivity.”” The long S—N bond in
F,P—SN (rgy = 1516 A, vgy = 1223.5 cm™') indicates a
favorable polar structure with a formal double bond.

In summary, the three novel isomeric species F,P(S)N, F,P-
SN, and F,P-NS were generated through stepwise photolysis of
F,P(S)N;. Their structures, energies, and bonding properties
have been analyzed on the basis of spectroscopic data and
quantum-chemical calculations. The nitrene F,P(S)N has
singlet ground state that is stabilized by the formation of a
rare thiazirine-like ring structure containing ¢*4°>-phosphorus.
The other two isomers F,P—SN and F,P—NS, bearing sulfur—
nitrogen multiple bonds, represent the first couple of
experimentally established thiazyl and thionitroso compounds
that can be reversibly interconverted. In particular, the facile
production of F,P—NS in the gas phase will stimulate future
studies of the structure and reactivity of unstable thionitroso
compounds.
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