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Abstract: The novel aromatic ring compound 2,4-diphospha-
3,5-diaza-thiole (cyclo-SNPNP) was synthesized via flash
pyrolysis of SP(N;); and characterized by IR spectroscopy
and PN isotope labeling. Quantum chemical computations
indicate its formation by head-to-tail dimerization of SNP and
subsequent elimination of a sulfur atom from the highly
unstable boatlike six-membered-ring compound cyclo-
SNPSNP.

l norganic main-group heterocycles have attracted strong
interest in computational and synthetic chemistry, as well as in
materials science.l) In the past few decades, more and more
heterocycles containing Group 15 (N, P) and Group 16 (O, S)
elements bearing novel structural and bonding properties
have been prepared.? In contrast, ligand-free neutral
heterocycles of these elements with 67 electrons are barely
known experimentally, due to either low dissociation barriers
or lack of synthetic approaches. Examples are the five-
membered rings ON,,”! SN, OP,,” and SP,,® and the six-
membered rings Ng,' P¢,® and P;N,.”) Their structures and
reactivities have been extensively explored using quantum
chemical computations. However, the cationic binary sulfur—
nitrogen 67 electron ring S;N,”* (1,2,4,3,5-trithiadiazole
dication) has been structurally characterized."!

Among these neutral planar 6 electron ring molecules,
only the C,-symmetric five-membered OP, ring (oxatetra-
phosphole) was tentatively identified by IR spectroscopy
(%0: 7=825.7cm™!, ¥O: #=790.2 cm™") from the products-
generated by the photolysis of phosphorus/ozone mixtures in
solid Ar or by laser ablation of P,0,,.'' Computationally, the
C,,-symmetric ring isomer was predicted to be the global
minimum on the potential energy surface (PES) of OP,.[*%
This is true also for the heavier C,,-symmetric five-membered
congener, SP,, which, however, remains experimentally
unknown.'” In contrast, the structurally related and isoelec-

tronic analogue SN,P,, having four isomeric ring structures
(Scheme 1), has been overlooked by both theory and experi-
ment.
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Scheme 1. Four five-membered-ring isomers of SN,P,.

Inspired by our contributions in inorganic main-group
ring systems like diazirinone (cyclo-N,CO),!'? thiazaphos-
phirine (cyclo-SNP),™ and isomers of disulfur dinitride," we
report on the formation of the novel 6 electron ring SN,P,
(I) through dimerization of SNP followed by sulfur elimina-
tion.

Recently, 1,3-dipolar SNP was found to be readily
produced either by photolysis of matrix-isolated SP(N;); or
by flash pyrolysis of the same precursor in the gas phase.l'’!
Through the latter approach it is possible to study its
dimerization. Dimerization of its congeners N,O, N,S, and
OPN has not yet been observed, although their formal dimers,
N,0,,91 N,S, ¥ and O,P,N,,® have been studied theoret-
ically.

Gaseous SNP was produced by flash pyrolysis of SP(N3),
diluted in Ar (about 1:1000) at ca. 1000°C. The products,
including the possible SNP dimer, were deposited as a matrix
at 16 K (for experimental details, see the Supporting Infor-
mation). Analysis of the IR spectra (Figure S1, Supporting
Information) shows the presence of SNP, PN, SN, SN, PS, and
HN;. In addition, one set of IR bands (marked I in Figure 1)
at 7=1045.4, 910.7, and 713.9 cm™! was found in the mid-IR
region, and their intensities increased with prolonged depo-
sition time. These bands were reproduced in Ne matrix, but
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Figure 1. Mid-IR spectra (#=1100-690 cm™', in absorbance) of Ar-
matrix-isolated pyrolysis products of SP(N;); (a) and of *N-labeled
SP(N3); (b). IR bands of I, diatomic PS, and an unknown species (*)
are indicated.

their positions shifted to #=1043.2, 908.5, and 715.9 cm™',
respectively. In contrast to the facile photoisomerization of
SNP to SPN, the carrier of these new bands is only weakly
depleted by UV irradiation (A=255nm or >280nm). It
should be noted that none of these bands was observed in
photolysis experiments of matrix-isolated SP(N;);."*! A *N-
labeled SP(N,); sample, prepared by using 1-"*N sodium azide
(98 atom % '“N), was also used for a pyrolysis experiment.
The mid-IR spectrum of the matrix-isolated decomposition
products are shown in Figure 1b. The IR bands of the known
nitrogen-containing species SNP, PN, SN,, SN, and HN;
display distinct doublet splittings. In contrast, the three new
IR bands clearly show quartet splittings upon '*N-labeling
(Figure 1b).

The far-IR spectrum of the pyrolysis products of SP(N;);
was recorded using a liquid-helium-cooled Bolometer detec-
tor. In addition to the IR bands of SNP at #=358.1 and
354.4 cm™ (different matrix sites)!"” three new bands at 7=
520.9, 459.1, and 389.8 cm™' were observed (Figure 2a). In
“N-labeling experiments, the bands at #=520.9 and
389.8 cm! display quartet *N-isotope splitting patterns (Fig-
ure 2b) similar to those in the mid-IR spectrum (Figure 1b).
However, the band at #=459.1 cm ™' splits into a doublet at
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Figure 2. Far-IR spectra (#=550-340 cm™', in absorbance) of Ar-
matrix-isolated pyrolysis products of SP(N;); (a) and of "*N-labeled
SP(N3); (b). IR bands of I, triatomic SNP, and an unknown species (*)
are indicated.
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7=458.8 and 456.9cm™! (Figure 2b). Both components
revealed a full-width at half-maximum (FWHM) of Ai=
1.1 cm™', and they are broadened compared to the band of
the natural sample, indicating an unresolved "N quartet
pattern. The quartet °N isotopic pattern of these new bands
corresponds to a carrier containing two structurally non-
equivalent nitrogen atoms. Since the main pyrolysis product
of SP(N,); is SNP, its dimer would be expected to be the
predominant secondary product when a highly diluted
precursor is applied in a noble gas (Ar or Ne, estimated
ratio of 1:1000). Indeed, the IR band intensities of the
unknown carrier relative to those of SNP are clearly lower at
higher pyrolysis temperatures (Figure S2, Supporting Infor-
mation).

To aid the assignment, theoretical computations on SNP
dimers were performed (Figure S3, Supporting Information).
Among these structures, only the boatlike six-membered ring
cyclo-SNPSNP (Figure 3) with C, symmetry can be consid-

G (kJ mol) N1.5064 p

1§§,0—“K
s 169.6 S,

-182 (-153)

Reaction coordinate

Figure 3. Formation pathway of | from SNP obtained at the CBS-QB3
level of theory. Relative energies, AG(298 K), are given in kJmol ™
(B3LYP/6-311 + G(3df) values in parentheses). Computed bond
lengths [A] and angles [°] at the B3LYP/6-311 4 G (3df) level are
indicated.

ered to be a true dimer of SNP formed by head-to-tail
dimerization (Tables S1 and S2, Supporting Information). All
other isomers are deemed to be products formed from the
reactions SNP + SPN or SPN + SPN. However, it should be
pointed out that triatomic SPN was not found among the
pyrolysis products of SP(N3);. Isomerization from SNP to the
higher-energy isomer SPN via cyclo-SNP is unlikely under the
pyrolysis conditions due to an activation barrier of more than
AG =200 kJmol™" (B3LYP/6-311+ G(3df)).'® A boatlike
six-membered ring compound cyclo-ONPONP was also
proposed based on theory as the most likely product formed
by the dimerization of closely related OPN.'®) However, the
occurrence of two structurally equivalent nitrogen atoms in
cyclo-SNPSNP rules out this species as the carrier for the new
IR bands. In addition, theoretically predicted IR spectra for
the S,P,N, isomers (Tables S3-S7, Supporting Information)
do not agree with the observation.

Given the nonequivalence of the nitrogen atoms in the
carrier and also the involvement of cyclo-SNPSNP, the most
likely carrier is the five-membered ring cyclo-SNPNP (I,
Scheme 1). It can be regarded as the decomposition product

Angew. Chem. Int. Ed. 2015, 54, 13271330
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Table 1: Observed and calculated IR band positions and >N isotopic shifts (cm™) of cyclo-SNPNP (C,) relative to the natural compound.

2 Av,(SNP"*NP) Av,(S°NPNP) Av,(S®NP"NP) Assignment,”
B3LYPH Mp2®! obsd. caled  obsd® caled¥  obsd® caled?  obsd™ description of modes
1066 (76) 1054 (52)  1045.4 (100) 193 186 7.0 6.8 28.1 27.0 2, v, ¥(NP), in phase
927 (13) 918 (32)  910.7 (9) 80 72 17.7 15.7 240 209 @, ,, ¥(NP), 0.0.phase
754 (4) 751 (2) 43 8.9 17.2 a’, v;, breathing
729 (62) 707 (33) 713.9 (37) 100 8.4 7.4 6.1 13.4 13.9 @, v, v, (NPN)
532(12) 520 (11)  520.9 (20) 2.1 1.9 33 3.2 5.5 5.2 a, vs, 5(NPN)
463 (9) 456 (10) 4591 (17) 29 22 11 <05 3.9 22 a, v, O(NPS)
430 (3) 451 (<) 0.1 0.2 03 2, v;, v(SP)
401 (19) 401 (18)  389.8 (32) 36 32 5.4 5.4 9.6 9.3 a”, vy, y(NPN)
349 (<1) 356 (<1) 47 3.1 7 a”, vy, 0.0.p.(NSPN)

[a] Calculated IR frequencies (cm™') and IR intensities (in parentheses, kmmol™") at the B3LYP/6-311+ G (3df) level. [b] Calculated IR frequencies

1

(cm™) and IR intensities (in parentheses, kmmol™') at the MP2/6-311 + G (3df) level. [c] Observed IR band positions in Ar matrix at 16 K with relative
intensities (in parentheses) based on integrated areas of all matrix sites. [d] Calculated */"*N isotopic shifts at the B3LYP/6-311 4 G (3df) level.

[e] Observed "*/*N isotopic shifts in Ar matrix. [f] Tentative assignment for the vibrational modes according to calculated displacement vectors (0.0.p.:
out of plane, 0.0.phase=out of phase; see Table S12, Supporting Information).

of a SNP dimer through sulfur-atom elimination. This
assumption is supported by the good agreement between
the observed and computed IR spectra and “N-isotopic shifts
for I, which are collected in Table 1. For comparison, the
spectra and relative energies of all isomers of SP,N, were
calculated (Figure S4 and Tables S8-13, Supporting Informa-
tion). Compared to I, the other isomers are higher in energy
and their computed IR spectra are quite different to the
observed spectra.

As can be seen in Table 1, the positions of the six strongest
bands of I are reasonably well predicted by DFT/B3LYP and
ab initio MP2 calculations. According to the “N-isotopic
shifts and calculated vibrational displacement vectors
(B3LYP/6-311 + G(3df)), the most intense feature, 7=
1045.4 cm™ (Av(**"N)=18.6, 6.8, and 27.0 cm™'), is mainly
attributed to the N-P stretching vibrations. Its frequency is
lower than those found in trans-FP=NF (#=1116.8 cm™!,
Av(*N) =253 cm™, matrix IR)"” and P;N; (¥ = 1137 cm™},
Av(*¥N) =10, 20, and 30 cm™!, matrix IR).” The out-of-
phase N—P vibration occurs at # =910.7 cm ', which is close to
the average of those observed for the five-membered ring of
4-bis(trimethylsilyl)amino-1,2,4,3,5-triazadiphosphole RN;P,
(7= (PN)=996 and 843 cm™!, solid Raman).”*! The descrip-
tion of the modes in Table 1 is somewhat tentative, because
discrimination between bond-stretching and ring-deforma-
tion modes is difficult. In-plane and out-of-plane NPN
deformations appear at # = 520.9 and 389.8 cm™', respectively.
The former band exhibits a very weak feature at 7=
518.7 cm™', corresponding to the naturally abundant *S
isotopologue (4.2%), and the shift (2.2 cm™) agrees with
the prediction of A7=2.0cm™'. The NPS deformation (8-
(NPS)) occurs at #=459.1cm™', and the associated ****S
isotopic shift is A7 =2.3 cm ™" (calculated: 3.0 cm ™). The ring-
breathing mode and the S-P stretching vibration, predicted at
#=754 and 430 cm™' (B3LYP/6-311 + G(3df)), respectively,
were not observed in the spectrum probably due to their very
low IR intensity. The IR band positions of I (¥ =1045.4,910.7,
713.9,520.9,459.1, and 389.8 cm ') are comparable to those of
the isoelectronic 6 ring S;N,*" (IR: 7= 1051, 968, 668, 483,
and 438 cm™'; Raman: # = 1060, 972, 780, 490, and 395 cm ")
as observed in solid [S;N,][ AsFel,."”!
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To account for the gas-phase formation of I from SNP,
computations on the reaction pathway using the CBS-QB3
and B3LYP/6-311 + G(3df) methods were carried out
(Figure 3). The transition states for the dimerization of SNP
(TS1) and the subsequent sulfur elimination (TS2) were
located, and confirmed by an intrinsic reaction coordinate
(IRC) analysis (Figure S5 and Table S14, Supporting Infor-
mation).

Similar to cycloaddition reactions of most 1,3-dipoles,!'®!
a concerted approach for the dimerization of SNP was found.
The transition state (TS1) can be regarded as a weakly bound
head-to-tail SNP complex with C, symmetry. Compared to
the linear reactant, the two SNP units in TS1 are slightly bent
(/SNP=169.6°) and face each other, with rather long S—P
bond lengths of 2.904 A. The weak interaction also alters the
S—N and N—P bond lengths; the former elongated from
1.569 A in SNP to 1.599 A in TS1, while the latter shortened
from 1.515 A to 1.506 A. These changes are consistent with
the suggestion of an increased diradical character and an
enhanced reactivity by distortion of an 1,3-dipole from its
equilibrium linear structure.!'”)

The low-lying bending vibration of SNP (V=
358.1 cm ™) and the small bond distortion of the SNP
moieties in TS1 are consistent with a rather low CBS-QB3
activation barrier of AG =23 kJmol™ for the dimerization.
As suggested by recent theoretical studies, mainly the
distortion energy and the interaction energy of the distorted
fragments in the TS structure contributes to the activation
barrier of cycloaddition reactions involving 1,3-dipoles.”” The
low activation energy for the cycloaddition of SNP is in
contrast to the predicted much higher barrier of about AE =
110 kJmol ™! for the 1,3-dipolar cycloaddition of its lighter
congener N,O to alkynes,'®! which was observed only very
recently.['%

In the subsequent decomposition of cyclo-SNPSNP, one
sulfur atom is expelled from the near-planar NPSNP frame-
work in the transition state (TS2), which corresponds to
a CBS-OB3 activation barrier of AG=45kJmol™'. Such
a low barrier indicates a facile thermal fragmentation of six-
membered cyclo-SNPSNP at the pyrolysis conditions into
cyclo-SNPNP (I) and atomic sulfur with an energy release of
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AG =117 kImol . The sulfur atoms dimerise to disulfur (S,)
during matrix deposition as detected by UV spectroscopy.'”!
In contrast, I is thermally persistent in the gas phase since its
potential fragmentation products SPN + PN, SNP + PN, and
P,N,+1/S, are considerably higher in energy (CBS-QB3:
AG =272, 201, and 248 kJmol !, respectively).

In conclusion, a novel neutral inorganic sulfur-pnictogen-
(III) five-membered ring, cyclo-SNPNP, bearing 6 7 electrons,
was produced in the gas phase. Its identification was
established by IR spectroscopy, °N labeling, and computa-
tions. Its formation is computationally rationalized by a facile
concerted head-to-tail dimerization of 1,3-dipolar SNP to
a six-membered-ring intermediate cyclo-SNPSNP, followed
by sulfur elimination.
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