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Abstract: The dipolar oxathiazyne-like sulfinylnitrene RS-
(O)N, a highly reactive a-oxo nitrene, has been rarely
investigated. Upon flash vacuum pyrolysis of sulfinyl azide
CF3S(O)N3 at 350 88C, an elusive sulfinylnitrene CF3S(O)N was
generated in the gas phase in its singlet ground state and was
characterized by matrix-isolation IR spectroscopy. Further
fragmentation of CF3S(O)N at 600 88C produced CF3 and
a novel iminyl radical OSN, an SO2 analogue, which were
unambiguously identified by IR spectroscopy. Consistent with
the experimental observations, DFT calculations clearly sup-
port a stepwise decomposition mechanism of CF3S(O)N3.

Nitrenes are highly reactive intermediates featuring a neu-
tral monovalent nitrogen atom. As a result of their impor-
tance in chemistry and biology, the synthesis, reactivity, and
applications of nitrenes have been frequently reviewed in the
past few decades.[1] Generally, nitrene can be straightfor-
wardly generated from the decomposition of the correspond-
ing azide by N2 elimination upon photolysis or pyrolysis.
However, because of facile intramolecular or intermolecular
reactions, nitrenes are largely transient species and their
direct detection usually requires ultrafast spectroscopy or
cryogenic matrix-isolation techniques despite the fact that
their existence, in some cases, bas been established by in situ
chemical trapping reactions in solution.[1,2]

Singlet nitrenes can be rendered more stable by electron
donation to the electron-deficient nitrene center. The dona-
tion may come from the lone pair of the geminal atom such as
oxygen (in a-oxo nitrenes RC(O)N,[3] R2P(O)N,[4] and RS-
(O)2N

[5]) and sulfur (in the heavier analogues RC(S)N[6] and
R2P(S)N[7]). Another type of effective stabilizing interaction
is the delocalization of the lone pair from the atom which is
directly bonded to the nitrene center, such as in aminonitrene
(R2N-N),[8] sulfenylnitrene (RS-N),[9] and phosphinonitrene
(R2P-N).[10] These compounds are singlet nitrenes with
favorable Lewis resonance structures of diazene, thiazyne,
and phosphazene, respectively.[11]

Sulfinylnitrene RS(O)N was suggested in the 1980s by
Maricich et al. to be the key intermediate in the decompo-
sition of benzenesulfinyl azide.[12] They found it to be
completely different from the carbonyl nitrene, that is, it is
reluctant to undergo rearrangement and insertion reaction
towards C¢H bonds but combines with sulfoxide to form
sulfimides. This reactivity is rationalized by a dipolar oxa-
thiazyne structure of the nitrene formed by the delocalization
of the sulfur lone pair to the nitrene center (Scheme 1).

However, because of the unusually low stability of sulfinyl
azides, sulfinylnitrene remains experimentally unexplored.

In 2011, we showed that the decomposition of a-oxo
azides not only produces the corresponding nitrenes, but their
further fragmentation offers unique access to some funda-
mentally important small molecules like cyclo-N2CO[13] and
OPN.[14] Particularly, the generation of O2SN,[15] an analogue
of SO3, from the flash vacuum pyrolysis (FVP) of CF3S(O)2N3

by fragmentation of the weak F3C
d+¢Sd+ bond in CF3S(O)2N

inspired us to investigate the decomposition of the closely
related CF3S(O)N3. Since the F3C

d+¢Sd+ bond in CF3S(O)N is
also expected to be weak because of a dominant contribution
of the oxathiazyne resonance structure (Scheme 1), its
fragmentation would provide access to triatomic OSN,[16]

a fundamentally important species in sulfur–nitrogen chemis-
try.[17]

According to the recent ab initio calculations,[18] OSN is
lower in energy than SNO by about 3 kcal mol¢1. Experimen-
tally, SNO has been identified by IR spectroscopy during the
l = 121.6 nm photolysis of HNSO[19] and the reaction between
sulfur atoms with NO in solid noble-gas matrices.[20] In
contrast, for the more stable OSN, the generally recog-
nized[18,21] experimental evidence is the single IR band at
1195 cm¢1 which was detected during the 121.6 nm photolysis
of Ar-matrix-isolated HNSO.[19] Despite the IR frequency
being close to the predicted value of 1209.2 cm¢1,[18] the large
discrepancy of the 15N isotope shift between the measured
value (9.4 cm¢1) and the prediction (5.3 cm¢1) casts some
doubt on the identification. Moreover, little evidence was
obtained for conversion from OSN into SNO upon irradiation
at wavelengths greater than 200 nm.[19]

Scheme 1. Possible resonance structures of sulfinylnitrene.
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Herein, the thermal decomposition of gaseous CF3S-
(O)N3

[22] is studied and two novel sulfur–nitrogen-containing
intermediates, sulfinylnitrene CF3S(O)N and iminyl radical
OSN, are produced and unambiguously identified for the first
time.

The FVP of CF3S(O)N3 diluted in neon (circa 1:1000) is
performed by passing the mixture through a heated Al2O3

furnace followed by immediate deposition onto the cryogenic
Au-plated copper matrix support (for experimental details,
see the Supporting Information). The matrix-solation IR
spectrum of the pyrolysis products at 350 88C is shown in the
middle trace in Figure 1 (the full spectrum is given in
Figure S1 in the Supporting Information). Comparing to the
spectrum of CF3S(O)N3 (Figure 1, lower trace), the azide
decomposes almost completely at this temperature. In
addition to CF3 (species c; 1252.7 and 1086.3 cm¢1) and SO2

(species d; 1358.6 cm¢1),[15] another species (b) exhibiting IR
bands at 1452.7, 1261.1, 1219.3, 1141.4, 1059.2, and 755.6 cm¢1

is produced (Figure 1, middle trace). When the pyrolysis
temperature increases to 450 88C, no azide is left and the yields
of SO2 and CF3 are significantly enhanced at the expense of
fragment b (Figure 1, top trace).

To aid the assignment, the same pyrolysis experiments are
carried out for a 1:1 mixture of CF3S(O)15NNN and CF3S-

(O)NN15N. In the corresponding IR spectrum, distinct
doublets are detected for the IR bands at 1452.7, 1141.4,
and 1059.2 cm¢1 (Figure S2), which strongly support their
assignment to the sulfinylnitrene CF3S(O)N. This assignment
is confirmed by the agreement of the detected IR frequencies
with theoretical calculations, carried out at the B3LYP/6-
311 + G(3df) level of theory, for the lowest-energy singlet
state (Table 1). According to the calculations, the singlet
nitrene has two dipolar oxathiazyne (Scheme 1, II) and
oxathiazirine resonance structures (III). Structure III is sig-
nificantly higher in energy than structure II (DE = 39.8 kcal
mol¢1) and is higher than the triplet state by 7.5 kcalmol¢1 at
the CBS-QB3 level (Figure S3).

The two bands at 1452.7 and 1141.4 cm¢1 are attributed to
the antisymmetric and symmetric stretches of the NSO group,
and the latter is strongly coupled with the in-phase symmetric
CF3 stretch (Table 1). The out-of-phase coupled stretching
vibration appears at 1059.2 cm¢1. The two antisymmetric CF3

stretches occur at 1261.1 and 1219.3 cm¢1. It is worth to note
that the almost equally large isotope shifts Dn(14/15N)
(18.1 cm¢1) and Dn(32/34S) (18.2 cm¢1) for the antisymmetric
NSO stretch agree with a formal N=S double bond in the
oxathiazyne-like sulfinylnitrene, and the frequency is much
higher than those of free SO (1138.7 cm¢1)[23] and NS
(1209.4 cm¢1).[24]

As is shown in Figure 1, the increase of the pyrolysis
temperature from 350 to 450 88C facilitates further dissociation
of CF3S(O)N. However, in addition to CF3 the IR bands for
the other pyrolysis products are fairly weak (Figure 1).
Therefore, the temperature was increased to about 600 88C.
The corresponding IR spectrum (Figure S4) shows the
survival of CF3S(O)N, together with CF3, SO2, F2CO (spe-
cies f; 1941.1, 1909.6, 1237.4, and 968.0 cm¢1),[25] and SO3

(band h; 1390.6 cm¢1).[26] Importantly, another nitrogen-con-
taining species (e) having two IR bands at 1199.3 and
995.3 cm¢1 becomes distinguishable, especially by the distinct
15N isotope shifts of 5.6 and 20.5 cm¢1, respectively.

To distinguish the complex pyrolysis products, the matri-
ces are subsequently irradiated using a l = 193 nm ArF
excimer laser. The resulting IR difference spectra reflecting
the changes are shown in Figure 2. Upon irradiation, the IR
bands of CF3S(O)N (b) and OSN (e) are completely
destroyed, and those of CF3 (c), SO2 (d), and SO3 (h) are
partially depleted. As a result, F2CO (f), SNO (i), and
unidentified species with weaker IR bands are produced.

Figure 1. Matrix IR spectra of CF3S(O)N3 (lower trace), the FVP
products of CF3S(O)N3 at 350 88C (middle trace), and the FVP products
of CF3S(O)N3 at 450 88C (upper trace). The IR bands of a) CF3S(O)N3,
b) CF3S(O)N, c) CF3, d) SO2, and e) OSN are labelled.

Table 1: Calculated and experimental IR frequencies (n ; cm¢1) and isotopic shifts (Dn ; cm¢1) for the fundamental vibrations of CF3S(O)N.

ncalc
[a] nexp

[b] Dn (14/15N)[c] Dn (32/34S)[d] assignment[e]

singlet II singlet III triplet Ar matrix Ne matrix calc exp calc exp

1486 (75) 1240 (211) 1222 (274) 1445.7 1452.7 20.0 18.1 19.2 18.2 n1 nasym(NSO)
1244 (235) 1160 (258) 1203 (272) 1257.7 1261.1 0.1 <0.5 0.1 <0.5 n11 nasym(CF3)
1204 (292) 1109 (270) 1153 (20) 1218.1 1219.3 0 <0.5 0 <0.5 n2 nasym(CF3)
1145 (82) 1023 (58) 1061 (370) 1137.2 1141.4 8.0 4.5 4.3 3.1 n3 nsym(CF3) + nsym(NSO)
1055 (312) 823 (7) 738 (19) 1055.0 1059.2 4.0 7.1 0.9 <0.5 n4 nsym(CF3) + n(CS)
753 (19) 743 (4) 656 (26) 750.1 755.6 0.2 <0.5 0.4 <0.5 n5 dsym(CF3)

[a] Harmonic frequencies calculated at the DFT B3LYP/6-311+ G(3df) level of theory, calculated IR intensities (kmmol¢1) are given in parenthesis. The
calculated molecular structures are given in Figure S3. [b] Band positions of the most intense matrix sites in neon and argon at 2.7 K. [c] 15N isotope
shifts. [d] 34S isotope shifts. [e] Tentative assignments based on the calculated vibrational displacement vectors.
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The identification of SNO (i)[20] is confirmed by the IR
frequencies 1603.6 (n1), 1530.5 (2n3), and 792.3 cm¢1 (n3) with
15N isotope shifts of 28.7, 24.6, and 12.5 cm¢1, respectively. As
the most likely precursor of SNO, its isomer OSN is predicted
to have two stretching vibrations at 1209.2 (n1) and
1010.7 cm¢1 (n2) with 15N isotope shifts of 5.3 and 21.0 cm¢1,
respectively.[18] The excellent agreement of these data with the
values measured for species e (Table 2) casts no doubt on its
assignment to OSN. The remaining fundamental IR band for
the OSN bending mode, predicted to be 302.1 cm¢1,[18] was not
detected within the experimental spectral range (4000–
650 cm¢1) available in this study. As aided by the calcula-
tions,[18] the 34S isotope shifts derived from the naturally
abundant 34S are obtained (Table 2).

According to the theoretical study,[18] the first two IR
fundamentals can be best described as symmetric (n1) and
antisymmetric (n2) stretching modes of OSN. Their difference
is 203.9 cm¢1, which is very close to that of SO2 (205.4 cm¢1),
an analogue with one additional electron. The frequency of
1199.3 cm¢1 measured in solid neon for n1 coincides with the
previously detected band (1195 cm¢1) during the photolysis of
HNSO in solid argon.[19] However, the unexpectedly large 15N
isotope shift of 9.4 cm¢1 reported previously renders this early
assignment[19] to OSN questionable. To check the influence of

noble gas matrices on the band position, the FVP of CF3S-
(O)N3 is repeated by using argon as the host gas. Under these
conditions, the IR band for n1 changes into a doublet at 1197.1
and 1193.6 cm¢1, with the splitting probably caused by
different matrix surroundings. Therefore, the band at
1195 cm¢1 detected in the earlier study[19] seems unlikely to
be associated with OSN.

In addition to the depletion of OSN (species e), the
nitrene CF3S(O)N (species b) is also destroyed upon irradi-
ation with the l = 193 nm laser (Figure 2). However, neither
its Curtius-like rearrangement product CF3NSO[27] nor iso-
meric CF3SNO[28] could be identified among the photolysis
products. Interestingly, traces of NO are identifiable by the
presence of the IR band at 1875.2 cm¢1 (Dn(14/15N) =

33.2 cm¢1),[29] which might be produced from the photolysis
of SNO. The study on the complex photochemistry of
CF3S(O)N in noble-gas matrices is currently underway.

To account for the formation of CF3S(O)N and OSN from
the thermal decomposition of CF3S(O)N3, quantum chemical
calculations on the decomposition pathways were carried out
and the results are depicted in Figure 3. Both syn and
anti conformers of CF3S(O)N3 (Figure S5) undergo stepwise
decomposition via the nitrene CF3S(O)N. This decomposition
pathway is in sharp contrast to carbonyl azides, for which
usually the syn and anti conformers prefer concerted and
stepwise decomposition pathways, respectively.[30] The acti-
vation barrier for the decomposition of syn-CF3S(O)N3

(22.3 kcal mol¢1; CBS-QB3 level of theory) is comparable to
that for the favorable concerted decomposition of syn-HC-
(O)N3 (22.3 kcal mol¢1; CCSD(F12)(T) level of theory) to
HNCO and N2,

[30] with both compounds quickly liberating N2

at room temperature.
For the initially generated sulfinylnitrene CF3S(O)N, the

barrier of the Curtius-like rearrangement[31] to CF3NSO is
32.7 kcal mol¢1, greater than the C¢S bond dissociation
energy (24.6 kcal mol¢1). This is consistent with the observa-
tion that CF3S(O)N is thermally more stable than the azide
precursor, and its dissociation furnishes CF3 and OSN

Figure 2. IR difference spectra showing the photoinduced (l = 193 nm)
changes of matrix-isolated FVP products of CF3S(O)N3 at about 600 88C
(lower trace) and the photoinduced (l =193 nm) changes of matrix-
isolated FVP products of 1:1 mixture of CF3S(O)15NNN and CF3S-
(O)NN15N (upper trace). The IR bands of b) CF3S(O)N, c) CF3, d) SO2,
e) OSN, f) F2CO, g) H2O, h) SO3, and i) SNO are labelled. The bands
attributable to unknown species are labelled with asterisks.

Table 2: Calculated and experimental IR frequencies and isotopic shifts
(cm¢1) for the OSN species.

n Dn(14/15N) Dn(32/34S)
calc[a] Ne (exp)[b] Ar (exp)[c] calc[a] exp[b] calc[a] exp[b]

1209.2 1199.3 1197.1/1193.6 5.3 5.6 14.6 14.2
1010.7 995.4 995.1/990.9 21.0 20.5 4.0 3.7

[a] Anharmonic frequencies and isotope shifts calculated by the reported
CcCR QFF method.[18] [b] Band positions and isotope shifts detected in
a neon matrix at 2.7 K. [c] Band positions detected in an argon matrix at
2.7 K.

Figure 3. Calculated energy profile (kcalmol¢1) for the decomposition
of CF3S(O)N3 at the CBS-QB3 and B3LYP/6-311+ G(3df) (in parenthe-
ses) levels.
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radicals. The absence of isomeric SNO under the pyrolysis
conditions is also consistent with the predicted extremely
large activation barrier (62 kcalmol¢1, B3LYP/6-311 + G*)[32]

from OSN to SNO.
In conclusion, we have presented the first experimental

evidence for the generation of a sulfinylnitrene CF3S(O)N
and the sulfinyliminyl radical OSN during the flash vacuum
pyrolysis of CF3S(O)N3. Initially, the azide eliminates N2 and
forms CF3S(O)N at 350 88C. This nitrene prefers an oxathia-
zyne rather than oxathiazirine-like structure, as indicated by
the measured IR spectrum. Further fragmentation of this
nitrene at about 600 88C offers unique access to OSN. The
unambiguous identification of OSN in the present study
renders the previous assignment of the IR band at 1209.4 cm¢1

to this species questionable. The facile gas-phase production
of these two novel small sulfur–nitrogen compounds should
stimulate further studies on their structure and reactivity.
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