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ABSTRACT: Computational investigations of the thermo-
chemical stability and kinetic persistence of binary SN,
compounds, SN,, S,N,, S;N,, S,N,, SN, S,N,, S;N,, and
SiN,, explain why some S,N, stoichiometries exist but not
others. There is no direct link between the Hiickel 4n + 2 7-
electron count rule and the computed heats of formation (per
atom) of the lowest-energy neutral S,N, (n = 1—4) isomers,
but kinetic persistence often is paramount. Thus, the five
lowest-energy S,N, minima at the B3LYP/6-311+G(3df)
density functional theory level (A1—AS) all not only have
high computed heats of formation [AH®(0 K) > 131 kcal/mol
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or >22 kcal/mol/atom] but also have low dissociation barriers (less than 21.5 kcal/mol for the most favorable pathways). For
comparison, the persistent (but potentially explosive!) cyclic S,N,-c has about the same high heat of formation (per atom) as the
least unfavorable S,N, isomer, but its barrier to ring opening (51 kcal/mol) is much higher. Although aromatic, both SN, (67
electron) and S;N, (107 electron) have low dissociation barriers and, like S,N,, are also absent from the S—N binary family.

B INTRODUCTION

Binary S—N compounds have been known since 1835, when
Gregory discovered S,N, by reacting NH; with sulfur
dichloride." This family, which now includes S,N,>~* S,N;**
S;N7,° SN, S.N,*,7~? (also known as loosely bound 147-
electron dimers), $;N,~,'%"* §,N7,'* §,N, "} §,N,*,'* §,N, 2,5
S,N55,'0 SN, SING'®' and S{N¢*,* has been reviewed
comprehensively.”' ~>* Except for S,N, and S,N,, all have
essentially planar geometries. These cyclothiazenes are
considered to be “electron-rich” because their 7-electron counts
exceed the number of ring atoms (each N atom contributes one
and each S atom two 7 electrons). However, “extra” r electrons
can be accommodated in relatively low-lying 7* orbitals.

In view of the diversity of these cyclothiazenes, some
plausible stoichiometries are conspicuous by their absence.
Curiously, no SN, S,N,, or S;N, species, neutral or charged, is
known among the many members of the binary S—N family. Is
kinetic and/or energetic instability responsible? Answers are
explored in the present paper, within the larger context of
analyses of the energies, bonding, and decomposition reactions
of S—N compounds in general.

Banister>* was the first to relate the thermochemical stability
of S,N, (67 electrons), S,N;* (107 electrons), and S{N¢* (147
electrons) to their 4n + 2 z-electron counts. Gimarc and co-
workers® and Gleiter’® also noted later that most of these
planar heterocycles, although fully inorganic, followed the
Hiickel aromaticity rule and illustrated the relationship of
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delocalized 7 bonding with thermodynamic stability.””~>* Jung

et al’s study of the S,N, four-membered ring,*® DeProft et
al’s>" and Fowler et al. s> investigations of the ring currents of
these heterocyclothiazenes, and our recent paper on S,N;"**
are among the more recent theoretical developments.
Comparisons of the “aromaticity” or the overall thermodynamic
stability of such a diverse set of cations, anions, and neutral
species obviously are complicated and have not been
attempted. However, we note that kinetic persistence can be
even more important. Thus, magnetic criteria indicate that Dy,
N is just as aromatic as Dg, benzene,** but Ny is not viable
because it can dissociate readily (low barrier) into three much
more stable N, fragments.

On the basis of Hiickel considerations, the unknown
monocyclic SN, and S;N, species (67 and 10z electrons,
respectively) are expected to be aromatic (we consider them
below), but planar S,N, (87 electrons) should be antiaromatic.
However, many acyclic and cyclic S,N, isomers are possible;
are there any viable preparative candidates among them?
Although first- and second-row species are often quite different,
the O,N, congener is known experimentally to have an acyclic
(bent) structure.>>~3* Six-membered-ring S,N, isomers with
1,2-, 1,3-, and 1,4-sulfur placements are possible. Despite having
87 electrons, puckering might ameliorate their antiaromaticity.
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Figure 1. B3LYP/6-311+G(3df) geometries for S,N, isomers. The relative energies (in kcal/mol) of A2-A10, compared to Al, were computed at
CCSD(T)/6-311+G(3df)//MP2/6-311+G(3df). *The relative energies (in kcal/mol) of A1-TS1, A1-TS2, and A1-TS3 compared to Al, were

computed at B3LYP/6-311+G(3df).

Five-membered-ring S,N, isomers based on parent SN, rings
have 67 electrons and could be aromatic. Can the family of
known S—N compounds be enlarged with S,N, members?
Our extensive exploration of the potential energy surface
(PES) of S,N, using stochastic searches (see below) located
numerous minima whose structures, energies, and aromaticities
were characterized computationally. Examinations of the kinetic
stabilities of the lower-energy S,N, isomers were based on the
exploration of various possible dissociation channels. Nucleus-
independent chemical shifts (NICSs) computations®***~*
characterized the magnetic aromaticity of the cyclic S,N,
isomers. More broadly, we compare for the first time the
relative thermodynamic stabilities of neutral S,N, (n = 1—4)
species, including the known lowest-energy isomers of SN,,
S,N,, S3N,, S4N,, and SN, as well as the unknown SN, S,N,,
and S;N, species. The results are surprising because they do
not support the long assumed relationship between the 7-
electron count (aromaticity) and experimental viability.

B COMPUTATIONAL SECTION

All computations were performed at the B3LYP/6-311+G(3df)
level,¥*® as implemented in Gaussian 03.* Harmonic vibration
frequencies computed at the same level established the nature of the
stationary points. The performance of this level of theory was
compared with the total energies of all S,N, isomers computed at
MP2/6-311+G(3df) (including corrections for the zero-point energies
scaled by 0.9748°°) and at CCSD(T)/6-311+G(3df)//MP2/6-
311+G(3df). Intrinsic-reaction-coordinate (IRC) scans’“** confirmed
the identity of the S,N, dissociation products and the isomerization
channels. Dissected canonical molecular orbital (CMO)
NICS(0),,,>**'™* computations at the PW91%*/IGLO-III**//
B3LYP/6-311+G(3df) level employed NBO 5.0.°° The most refined
NICS index, NICS(0),,,, is based on the out-of-plane tensor
components of the isotropic NICS(0), including only the z-orbital
contributlons The S,N, isomers located by stochastic “kick”
searches®® at the HF/STO-3G level were reoptimized at B3LYP/6-
311+G(3df). The heats of formation for several S,N, (n = 1—4)
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compounds were computed, at both the B3LYP/6-311+G(3df) and
G3B3 levels.*”

B RESULTS AND DISCUSSION

PES Search and Geometries of S;N, Isomers. A total of
10 minima were located on the S,N, PES (see Figure 1). The
five thermodynamically most stable species include a six-
membered boat-form ring Al (1,4-S,N,), two five-membered
rings (A2 and A3), and two acyclic isomers (A4 and AS; Figure
1). The 8z-electron HCN;S,, isoelectronic to A4, has a cyclic
singlet (C,) global minimum with a low lying triplet state.
Although dithiatriazine dimers, cyclic-(RCN;S,),, have been
synthesized, the singlet A4 adopts and opened form
(NNNSNS), and the cyclic triplet C, minimum is 30.6 kcal/
mol higher in energy [at B3LYP/6-311+G(3df)]. Unlike other
S—N compounds that favor planar geometries, planar 1,4-S,N,
(D,,) A1-TS3 is only a transition state (barrier 11.0 kcal/mol)
for the interconversion of the boat-form (C,,) minima. This is
like the O,N, ring, which favors a boat-shaped six-membered
ring, instead of a planar D,;, high-energy local minimum. % The
six-membered 1,2- and 1,3-S,N, rings were not viable; 1,2-S,N,,
undergoes [2 + 2 + 2] cycloreversion upon optimization and
dissociates into S, and two N, fragments. Planar 1,3-S,N, (C,,)
has two imaginary frequencies. Optimization without symmetry
constraints led to an acyclic SNSNNN minimum. The other
S,N, minima, including one acyclic isomer (A6), two three-
membered-ring species (A7 and A8), and two four-membered-
ring isomers (A9 and A10), are all more than 20 kcal/mol
higher in energy (see Table S1 in the Supporting Information)
and are not competitive.

The computed energy differences among the five lowest-
energy isomers (A1—AS) are modest [less than 3 kcal/mol with
B3LYP and less than 8 kcal/mol for both MP2 and
CCSD(T)//MP2], but the stability order varies with the
theoretical level. The global minimum of S,N, has not been
identified with certainty because different levels of computation

dx.doi.org/10.1021/ic3020095 | Inorg. Chem. 2012, 51, 1332113327
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Table 1. Computed AH® (at 298 K, in kcal/mol) of S,N, (n = 1—4) Isomers at the B3LYP/6-311+G(3df) (the Total Energies

Include Thermal Corrections to Enthalpy, in au) and G3B3

point no. of total energies (B3LYP,
group electrons corrected) in au
Se Dy —3185.82821
N, Doy —109.558494
I-SN, Co —507.72662
S,N, -b o 6m —905.88118
S,N, ¢ Dy, 6 —905.88558
SN, (B) G, 8x ~1304.10915
SN, (C) C 107 —1702.34990
SN, (D) G, 61 —617.18891
S,N, G, 87 ~1015.37378
(1)
S;N, Gy, 107 —1413.61297
(E1)
S:N, Cy, 107 —1413.59684
(E2)
S.N, (F) Dy 127 —1811.79873

Levels

AH° (B3LYP)“ (per atom) in

total energies (G3B3

AHC°(G3B3)” (per atom) in

kcal/mol enthalpy) in au kcal/mol
—3184.476973
—109.484727
409 (13.6) —507.47576 46.0 (15.3)
87.6 (21.9) —905.47079 90.8 (22.7)
90.3 (22.6) —905.46882 89.6 (22.4)
93.7 (18.7) —1303.52639 95.1 (19.0)
89.0 (14.8) —1701.59822 90.4 (15.0)
101.3 (20.3) —616.86397 106.6 (21.3)
131.7 (22.0) —1014.87657 139.1 (232)
138.1 (19.7) —1412.94664 151.5 (21.6)
128.0 (18.3) —1412.92119 135.6 (19.4)
157.8 (19.7) —1810.98409 152.5 (19.1)

“The heats of formation for each SN, (n = 1—4) species were computed based on x[Ss/8] + yN, (x = number of S’s, y = number of N,’s) and the
experimental AH® for N, and Sg (24.02 kcal/mol at 298 K data from the Computational Chemistry Comparison and Benchmark Database, http://

cccbdb.nist.gov/ ).

lead to different conclusions [A4 is the global minimum based
on B3LYP/6-311+G(3df), but A2 is most stable based on the
MP2 results].

On the basis of CCSD(T)/6-311+G(3df)//MP2/6-311+G-
(3df) single-point energies, Al is the global minimum, closely
followed by A2 (0.4 kcal/mol higher in energy) and A3 (2.2
kcal/mol higher in energy); the highest occupied molecular
orbital (HOMO)—lowest unoccupied molecular orbital
(LUMO) gaps of Al (4.37 eV), A2 (2.04 eV), and A3 (1.80
eV) follow the same order. The B3LYP energy order agrees
better than MP2, with the more definitive CCSD(T)//MP2
computations. Unlike S,N,, the global minimum for O,N, is
unambiguous; the best structure is acyclic (bent) and 10—12
kecal/mol (depending on the computational level) more stable
than the next preferred five-membered-ring isomer (a ON, ring
with an exocyclic O—N bond).*”

Like planar Dy, cyclooctatetraene,61 planar D,, 1,4-S,N, Al-
TS3 is destabilized (by 11.0 kcal/mol, relative to its C,, boat
form) both by angle strain and by its 8z-electron
antiaromaticity. Thus, the 87-electron Al (two from each of
the N=N double bonds and two from each of the S lone pairs)
prefers a puckered geometry. Note the very short N—N bond
lengths [1.220 A, computed at B3LYP/6-311+G(3df); Figure
1] compared to the experimental N=N distance of trans-
HN=NH (experimental, 1.250 A; computed, 1.246 A, at
B3LYP/6-311+G**).°> Divalent sulfur compounds, like their
heavier group 16 congeners, prefer bond angles approaching
90°. While the planar D,, S,N, transition state A1-TS3 (see
Figure 1) has 110° N—S—N angles, ring puckering relieves the
angle strain somewhat; the boat-form minimum has 98.9° N—
S—N angles. In contrast, A2 and A3 have much longer N=N
double bonds, shorter S—N single bonds, and smaller N—S—N
angles (94.0° and 91.3°; see Figure 1).

Thermochemical Stabilities of the S,N, (n = 1-4)
Species. The thermochemical stability of S,N, relative to other
neutral S,N, (n = 1—4) species can be evaluated on a common
footing by first computing their heats of formation (none
appear to have been determined experimentally; see Table 1
and Figure 2) and then comparing their values on a per atom
basis. The standard state of elemental sulfur is solid Sg (the

./NIIIISQ.L"

1.654

./4:.

1372
D-SN;

1 ﬁ9S

0.2
13]0 ]__:1 1.622
@ @

116.8 /1.613 1.621

N

1.266

2266

E1-S;N,(0.0)* E2-S;N,(9.6)°

F—S,N,

Figure 2. Optimized geometries [at the B3LYP/6-311+G(3df) level]
of the S,N, (n = 1—4) species. Bond lengths are in angstroms; bond
angles are in degrees. “The relative energies (in kcal/mol) computed at
B3LYP/6-311+G(3df) compare two isomers of S;N,.

lowest-energy molecular form). The NIST tables give
AH°(gas, 298 K) = +24.02 keal/mol®® and nitrogen (N,) for
gas-phase Sg (Table 1). The computed heats of formation at
298 K, employing the B3LYP/6-311+G(3df) data, are more or
less consistent with the G3B3 results listed in Table 1 ]all data
discussed below refer to the B3LYP/6-311+G(3df) AH°(298
K) results, unless stated otherwise].

Because their computed heats of formation are all positive,
the S,N, (n = 1—4) species listed in Table 1 are unstable
relative to Sg and N,. Even the most promising S,N,
preparative candidates (Al and A2) are at least 131.7 kcal/
mol higher in energy than 2(Sg/8) + 2N, (see Table 1).
Notably, the first experimentally realized S—N compound,
S,N,, has the highest heat of formation, 157.8 kcal/mol
[relative to 4(Sg/8) + 2N,; see Table 1]. If it were a planar ring,
SiN, would have 127 electrons, but even its puckered
minimum is unstable thermodynamically. The energy of the
strain-relieving dimerization of the explosive S,N,-c to give
S,N, is only slightly favorable (+22.8 kcal/mol).

Note that all polycyclic aromatic hydrocarbons also have
positive heats of formation and thus are thermodynamically

dx.doi.org/10.1021/ic3020095 | Inorg. Chem. 2012, 51, 1332113327
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Figure 4. Optimized geometries [at the B3LYP/6-311+G(3df) level] of possible dissociated fragments. Bond lengths are in angstroms; bond angles
are in degrees. The energies [at B3LYP/6-311+G(3df), in kcal/mol] of isomers are relative to the corresponding lowest-energy (i.e., the “0.0”)
structures.

unstable relative to H, and graphite. However, the C—C bond existence of many of these thermodynamically unstable S—N

T . 3
energies,64 e.g, 120.5 kcal/mol for benzene,** are much compounds depends on their kinetic persistence.
On a per atom basis, the heat of formation of the 87-electron

stronger (and less prone to dissociation) than the N—S and ) )

S—S bonds in the S,N, (n = 1—4) species. On the basis of their S:N, (AL; 22.0 kc.al/mol) is essentially the same as the 67-
o i electron (but strained) S,N,-b (21.9 kcal/mol) and S,N,-c

computed atomization energies (G3B3, at 298 K), the S—S (22.6 keal/mol); the per atom S,N, value (19.7 kcal/mol) is

bond energy of Sy (62.5 keal/mol) and the S—N bond energies only slightly lower. The 107-electron S,N, has the lowest heat

of $,N, (70.0 keal/mol) and S,N,-¢ (66.7 keal/mol) are only of formation per atom (14.8 kcal/mol), but otherwise there is

about half as strong as the C—C bonds in arenes. Hence, the no apparent relationship between the aromatic or antiaromatic
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Figure S. Computed dissected CMO NICS (PW91/IGLOIII) results for cyclic S,N, isomers (A1—A3), A1-TS3, and D (SN,). NICS(0) are
isotropic NICS values computed at the ring center. NICS(0),., are the extracted out-of-plane tensor components of NICS(0), including only the z-

orbital contributions.

m-electron counts and the thermodynamic stabilities of the
neutral SN, (n = 1-4) rings. Despite having per atom
AH°(298 K) values close to those of S,N,, the 10z-electron
S;N,, both E1 (18.3 kcal/mol) and E2 (19.7 kcal/mol), and the
6m-electron SN, (20.3 kcal/mol) have not been realized
experimentally because their dissociation barriers are too low
(see below).

Dissociation/Isomerization and Kinetic Stability. All
cyclic S,N, isomers, other than A4, have computed dissociation
barriers lower than 13 kcal/mol and thus are not expected to be
persistent kinetically except at low temperatures. Both
exothermic dissociation pathways of Al proceed through
cleavage of the long S—N bonds and have small barrier
heights: (1) into two I-SNN’s (6.4 kcal/mol via A1-TSI; see
Figure 3) and (2) into N, + S,N,-a (7.6 kcal/mol via A1-TS2;
see Figures 1 and 4). A2 also dissociates into two -SNN
fragments through a low barrier (6.2 keal/mol, via A2-TS1 in
Figure S1 in the Supporting Information), and the dissociation
into N, + S,N,-a through A2-TS2 is essentially barrierless
[—0.4, or +0.9 kcal/mol based on CCSD(T)/6-311+G(3df)//
B3LYP/6-311+G(3df) single-point energies; see Table S2 in
the Supporting Information and Figure 3]. In contrast to A2,
whose rather long N—N bond (1.507 A; see Figure 1) is
responsible for its facile dissociation into N, + S,N,-a, the
shorter N—N bond of A3 (1.316 A; see Figure 1) results in a
somewhat larger (11.5 kcal/mol) activation energy for
dissociation of A3 into two I-SNN fragments (via A3-TS1 in
Figure S1 in the Supporting Information; see Figure 3). The [3
+ 2] cycloreversion of A3 via A3-TS2 has a 19.3 kcal/mol
barrier connecting A6. The barrier for isomerization in the
reverse direction (A6 to A3) is only 1.3 kcal/mol.

The most persistent SN, isomer, A4, is the most likely
candidate for experimental observation. Its lowest-energy
dissociation into N, + S,N,-c (see Figure 3), via A4-TSl
(see Figure S1), is only 21 .5 kcal/mol. However, A4 is a
“floppy” molecule; the A4-TS2 (29.7 kecal/mol) and A4-TS3
(1.4 kcal/mol) transition states lead to enantiomerization.
Other dissociation channels of A4 are endothermic by 23.8 and
143.9 kcal/mol for 'NNN + b-SNS and I-NNN~ + 1-SNS*,
respectively. The dissociation of AS into N, + S,N,-c through a
rather low activation barrier (12.7 kcal/mol, via AS-TS in
Figure SI in the Supporting Information; see Figure 3). The

dissociation into -NNN + b-SNS is endothermic by 23.0 kcal/
mol.

In addition to its high heat of formation, S,N, is elusive,
experimentally, because of the low kinetic persistence of its
various isomer. Likewise, the low dissociation barriers of SN, to
N, + N,S (7.0 keal/mol),** as well as those of the S;N, isomers
E1 to N,S + SNNS [14.4 keal/mol, at B3LYP/6-311+G(3df)]
and E2 to N, + SNSNS [10.6 kcal/mol, at B3LYP/6-
311+G(3df); see Figures 2 and 3], preclude their experimental
realization.

Dissociation Fragments. All of the S—N fragments that
are likely to result from S,N, dissociation are summarized in
Figure 4 (see also Table S3 in the Supporting Information). N,
and S, are the simplest two-atom products. Three-atom
products include N;, SN,, S,N, and their ionic forms. Both
neutral (I-NNN) and charged (-NNN~) N—N—N fragments
prefer linear structures; their cyclic (c-NNN, with a 49.7° N—
N-—N angle) and bent (b-NNN~, 84.8° bending angle) isomers
are 37.2 and 73.5 kcal/mol higher in energy (see Figure 4).
Linear N—S—N (I-NSN) is 86.2 kcal/mol higher in energy than
S—N—N (I-SNN) because the N—N bond is stronger than S—
N bonds. SNS* (I-SNS*) has a linear global minimum and is
52.3 kecal/mol lower in energy than the cyclic form (c-SNS*)
and 69.3 kecal/mol lower in energy than 1-NSS* (see Figure 4).
Neutral S—N—S has a bent global minimum (b-SNS, 153.5°
bending angle); the cyclic S—N—S (c-SNS, 75.3° bending
angle) is 22.8 kcal/mol higher in energy (see Figure 4).

The four-atom S,N, product has five minima: linear SNNS
and cyclic SSNN as well as SNSN, bent SNSN, and “butterfly-
shaped” SNSN (see Figure 4). The best known of these, cyclic
S,N,-c, has singlet diradical character®® (the two N’s have
negative charges and the positively charged S’s each have one 7
electron with opposite spins) and is 6z aromatic>"**%’ but is
not the thermodynamically most stable S,N, isomer. Instead,
S;N,-a is the S,N, global minimum followed by S,N,-b and
S,N,-c, which are 7.8 and 10.8 kcal/mol higher in energy,
respectively (see Figure 4). The activation energy for the
conversion of S,N,-b into S,N,-a via S,N,-b(TS) is 67.8 kcal/
mol. Despite its explosive nature, the dissociation of S,N,-c into
two SN molecules, via S,N,-c(TS), is effectively prohibited by a
50.8 kcal/mol barrier. Neither S,N,-d nor S,N,-e is viable; their
energies are 42.8 and 57.1 kcal/mol higher than that of S,N,-a.
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Moreover, the activation energy for dissociation of S,N,-d into
two NS molecules, via S,N,-d(TS), is only 1.6 kcal/mol, and
the isomerizarion barrier of S,N,-e into S,N,-a, via S,N,-e(TS),
is 4.1 kcal/mol. Both S,N,-f(TS) and S,N,-g(TS) are transition
states; IRC computations confirm that the reverse and forward
products of both are the same. The two mirror-image pathways
from C,, transition state S,N,-f(TS) involve wagging motions
and lead to N, + S, while S,N,-g(TS) (C,,) follows
enantiomeric C, pathways, both of which terminate in S,N,-a
(D ooh)'

Aromaticity and Antiaromaticity. The magnetic aroma-
ticity of A1—A3, A1-TS3, and D (SN,) are evaluated based on
their computed dissected nucleus independent chemical shifts,
NICS(0),,,, at the ring centers (see Figure S). NICS(0),,, are
the out-of-plane tensor components of the isotropic NICS(0)
but include only the s-orbital contributions and are the most
refined NICS index.

As expected, the puckered 1,4-S,N,, Al [NICS(0),,, = +2.3
ppm], exhibits substantially reduced antiaromaticity compared
to the planar A1-TS3 [NICS(0),, = +39.6 ppm] and is
essentially nonaromatic (see Figure S5). Note that the
NICS(0),, value for the highest 7 molecular orbital of Al-
TS3 is highly paratropic (+64.5 ppm), but the corresponding
value for Al is only +22.8 ppm. Charged 1,4-S,N, isomers, like
1,4-S,N,** and S,N,*, could become 4n + 2 7 aromatic.
However, 1,4-S,N,*" has two imaginary frequencies and, like
1,4-S,N,, has 8 (instead of 6) 7 electrons because the HOMO
isao (4blg) orbital rather than 7z (4b,,). The two imaginary
frequencies, b3g and b,,, are dissociation modes, which lead to
two SNN and N, + SNNS?*, respectively. Although S,N,** has
67 electrons, it has an unrealistic charge and two imaginary
frequencies leading to dissociation. Both five-membered-ring
S,N, isomers, A2 [NICS(0),, = —10.5 ppm] and A3
[NICS(0),,, = —13.0 ppm], have 6z electrons and are
aromatic. The exocyclic S atom reduces the ring aromaticity
of both moderately; the parent SN, ring has a more negative
NICS(0),,, value (—33.0 ppm). Note also that the individual
NICS(0),, contributions of the three lower 7 molecular orbitals
of A2 and A3 correspond to those of A1-TS3 and SN,.

Although both A2 and A3 are moderately aromatic and Al is
nonaromatic magnetically, this is not in line with the A1 > A2 >
A3 order of their computed total energies at both the
CCSD(T)/6-311+G(3df)//MP2/6-311+G(3df) and B3LYP/
6-311+G(3df) levels. Clearly, the more aromatic isomers are
not always thermodynamically more stable.

B CONCLUSIONS

Both the energetic instability and the lack of kinetic persistence
contribute to the absence of SN,, S;N,, and S;N, species from
the binary S—N family. The thermochemical stabilities of the
five lowest-energy S,N, isomers (A1—AS) are quite similar, but
the global energy minimum has not been established
conclusively because the order is different at the various
computational levels. Nevertheless, A1—AS all have high
positive heats of formation (greater than 131 kcal/mol). Like
the cyclic 4n z-electron D,; cyclooctatetraene, 1,4-S,N, (Al)
prefers a puckered geometry and is essentially nonaromatic.
Kinetically, Al, as well as the moderately aromatic A1, have low
dissociation barriers and thus are likely to be persistent. A3 and
AS have dissociation barriers of less than 13 kcal/mol and are
only expected to have fleeting lifetimes. A4 appears to be the
best possible S,N, preparative candidate, but its dissociation
barrier (resulting in N, + S,N,-c) is only 21.6 kcal/mol. Both

cyclic S,N, forms (S,N,-b and S,N,-c) have essentially the
same heats of formation per atom as that of S,N, but have high
barriers (more 50 kcal/mol) to ring opening. The experimental
realization of binary S—N compounds often depends more on
their kinetic persistence rather than their thermodynamic
stability. The computed heats of formation of these binary S,N,
(n = 1-4) compounds also do not follow the expected
thermodynamic stabilities based on the Hiickel 4n + 2 7-
electron aromaticity rule.

B ASSOCIATED CONTENT

© Supporting Information

Total energies, unscaled zero-point energies, relative energies,
computed AH°(0 K), and optimized transition structures of
A2—AS. This material is available free of charge via the Internet
at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: xgjing@hitedu.cn (Y.-F.Z), schleyer@chem.uga.edu
(Pv.R.S.).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Support by the National Science Foundation (Grant CHE-105-
7466) in Georgia, China Postdoctoral Science Foundation
(Grant 20110491298), Foundation of Heilongjiang Educational
Committee (Grants 12511115 and 12521090), and Youth
Foundation of Harbin University of Science and Technology
(Grant 2011YF00S) is appreciated. We thank Prof. Yi-Hong
Ding for his advice and permission to carry out computations at
the National Laboratory of Theoretical and Computational
Chemistry, Jilin University, China.

B REFERENCES

(1) Gregory, W. J. Pharm. 1835, 21, 315.

(2) Mikluski, C. M.; Russo, P. J.; Saran, M. S.; MacDiarmid, A. G.;
Garito, A. F,; Heeger, A. J. J. Am. Chem. Soc. 1975, 97, 6358.

(3) Cohen, M. J; Garito, A. F.; Heeger, A. J.; MacDiarmid, A. G;
Mikluski, C. M.; Saran, M. S.; Kleppinger, J. J. Am. Chem. Soc. 1976,
98, 3844.

(4) Tuononen, H. M,; Suontamo, R; Valkonen, J.; Laitinen, R. J.
Phys. Chem. A 2004, 108, 5670.

(5) Herler, S.; Mayer, P.; Néth, H.; Schulz, A.; Suter, M.; Vogt, M.
Angew. Chem.,, Int. Ed. 2001, 40, 3173.

(6) Bojes, J.; Chivers, T.; Laidlaw, W. G.; Trsic, M. J. Am. Chem. Soc.
1982, 104, 4837.

(7) Gimarc, B. M; Warren, D. S. Inorg. Chem. 1991, 30, 3276.

(8) Roesky, H. W.; Hamza, A. Angew. Chem., Int. Ed. Engl. 1976, 1S,
226.

(9) Passmore, J.; Schriver, M. J. Inorg. Chem. 1988, 27, 2749.

(10) Bojes, J.; Chivers, T.; Laidlaw, W. G.; Trsic, M. J. Am. Chem. Soc.
1979, 101, 4517.

(11) Chivers, T.; Hojo, M. Inorg. Chem. 1984, 23, 1526.

(12) Chivers, T.; Laidlaw, W. G.; Oakley, R. T.; Trsic, M. J. Am.
Chem. Soc. 1980, 102, 5773.

(13) Chandler, G. S.; Jayatilaka, D.; Wajrak, M. Chem. Phys. 1995,
198, 169. Chivers, T.; Codding, P. W.; Laidlaw, W. G.; Liblong, S. W,;
Oakley, R. T.; Trsic, M. J. Am. Chem. Soc. 1983, 105, 1186.

(14) Trsic, M.; Laidlaw, W. G. Inorg. Chem. 1984, 23, 1981.

(15) Miiller, U; Conradi, E.; Demant, U.,; Dehnicke, K. Angew.
Chem,, Int. Ed. Engl. 1984, 23, 37.

(16) Chivers, T.; Fielding, L.; Laidlaw, W. G.; Trsic, M. Inorg. Chem.
1979, 18, 3379.

dx.doi.org/10.1021/ic3020095 | Inorg. Chem. 2012, 51, 1332113327


http://pubs.acs.org
mailto:xgjing@hit.edu.cn
mailto:schleyer@chem.uga.edu

Inorganic Chemistry

(17) Flues, W.; Scherer, O. J.; Weiss, J.; Wolmershauser, G. Angew.
Chem.,, Int. Ed. 1976, 15, 379. Bojes, J.; Chivers, T. Inorg. Chem. 1978,
17, 318.

(18) Gillespie, R. J.; Sawyer, J. F; Slim, D. R;; Tvrer, J. D. Inorg.
Chem. 1982, 21, 1296.

(19) Hazell, A. C.; Hazell, R. G. Acta Chem. Scand. 1972, 26, 1987.

(20) Chivers, T.; Proctor, J. J. Chem. Soc.,, Chem. Commun. 1978, 642.
Chivers, T.; Proctor, J. Can. J. Chem. 1979, 57, 1286.

(21) Chivers, T. Acc. Chem. Res. 1984, 17, 166.

(22) Chivers, T. Chem. Rev. 1985, 85, 341.

(23) Oakley, R. T. Prog. Inorg. Chem. 1988, 36, 299.

(24) Banister, A. J. Nat. Phys. Sci. 1972, 237, 92. Banister, A. J. Nat.
Phys. Sci. 1972, 239, 69.

(25) Gimarc, B. M.; Trinajstic, N. Pure Appl. Chem. 1980, 52, 1443.
Gimarc, B. M. Pure Appl. Chem. 1990, 62, 423.

(26) Gleiter, R. Angew. Chem., Int. Ed. Engl. 1981, 20, 444.

(27) Hiickel, E. Z. Phys. 1937, 76, 628.

(28) Breslow, R.; Mohacsi, E. . Am. Chem. Soc . 1963, 85, 431.

(29) Klein, D. J.; Trinajstic, N. J. Am. Chem. Soc. 1984, 106, 8050.

(30) Jung, Y.; Heine, T.; Schleyer, P. v. R.; Head-Gordon, M. J. Am.
Chem. Soc. 2004, 126, 3132.

(31) De Proft, F.; Fowler, P. W.; Havenith, R. W. A; Schleyer, P. v.
R,; Lier, G. V.; Geerlings, P. Chem.—Eur. ]. 2004, 10, 940.

(32) Fowler, P. W.; Rees, C. W.; Soncini, A. J. Am. Chem. Soc. 2004,
126, 11202.

(33) Zhang, G. H; Zhao, Y. F.,; W, J. L; Schleyer, P. v. R. Inorg.
Chem. 2009, 48, 6773.

(34) Chen, Z. F; Wannere, C. S; Corminboeuf, C.; Puchta, R;
Schleyer, P. v. R. Chem. Rev. 2008, 105, 3842.

(35) Doyle, M. P.; Maciejko, J. J.; Busman, S. C. J. Am. Chem. Soc.
1973, 95, 952.

(36) Klapstke, T. M.; Schulz, A; Tornieporth-Oetting, I. C. Chem.
Ber. 1994, 127, 2181.

(37) Zeng, X.; Ge, M; Sun, Z; Bian, J.; Wang, D. J. Mol. Struct. 2007,
840, 6.

(38) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N.J. R v. E. J. Am. Chem. Soc. 1996, 118, 6317.

(39) Schleyer, P. v. R; Jiao, H.; Hommes, N. J. R. v. E; Malkin, V. G;
Malkina, O. L. J. Am. Chem. Soc. 1997, 119, 12669.

(40) Cyranski, M. K; Krygowski, T. M.; Katritzky, A. R.; Schleyer, P.
v. R J. Org. Chem. 2002, 67, 1333.

(41) Corminboeuf, C.; Heine, T.; Weber, J. Phys. Chem. Chem. Phys.
2003, S, 246.

(42) Fallah-Bagher-Shaidaei, H.; Wannere, C. S.; Corminboeuf, C.;
Puchta, R.; Schleyer, P. v. R. Org. Lett. 2006, 8, 863.

(43) Corminboeuf, C.; Heine, T.; Weber, J. Org. Lett. 2003, S, 1127.

(44) Moran, D.; Manoharan, M; Heine, T.; Schleyer, P. v. R. Org.
Lett. 2003, S, 23.

(45) Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. v. R. Phys.
Chem. Chem. Phys. 2004, 6, 273.

(46) Heine, T.; Schleyer, P. v. R; Corminboeuf, C.; Seifert, G;
Reviakine, R.; Weber, J. J. Phys. Chem. 2003, 107, 6470.

(47) Becke, A. D. J. Chem. Phys. 1993, 98, 1372.

(48) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(49) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A; Cheeseman, J. R; Montgomery, J. A, Jr; Vreven, T,
Kudin, K. N.; Burant, J. C; Millam, J. M.; Iyengar, S. S.; Tomasi, J.;
Barone, V.,; Mennucci, B,; Cossi, M,; Scalmani, G.; Rega, N,;
Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K;
Fukuda, R,; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
O.; Nakai, H.; Klene, M.; Li, X;; Knox, J. E.; Hratchian, H. P.; Cross, J.
B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W,;
Ayala, P. Y,; Morokuma, K.; Voth, G. A,; Salvador, P.; Dannenberg, J.
J; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C;
Farkas, O.; Malick, D. K; Rabuck, A. D.; Raghavachari, K.; Foresman,
J. B,; Ortiz, J. V,; Cui, Q.; Baboul, A. G; Clifford, S.; Cioslowski, J.;
Stefanov, B. B,; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, L;
Martin, R. L;; Fox, D. J; Keith, T.; Al-Laham, M. A,; Peng, C. Y,;

13327

Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W,; Gonzalez, C.; Pople, J. A. Gaussian 03, revisions
C.02 and D.01; Gaussian, Inc.: Wallingford, CT, 2004.

(50) Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502.

(51) Gonzalez, C.; Schlegel, H. B. J. Chem. Phys. 1989, 90, 2154.

(52) Gonzalez, C.; Schlegel, H. B. J. Phys. Chem. 1990, 94, 5523.

(53) Perdew, J. P.; Wang, Y. Phys. Rev. B 1992, 45, 13244.

(54) Kutzelnigg, W.; Fleischer, U.; Schindler, M. The IGLO-Method:
Ab Initio Calculation and Interpretation of NMR Chemical Shifts and
Magnetic Susceptibilities; Springer-Verlag: Heidelberg, Germany, 1990;
Vol. 23.

(55) Reed, A. E.; Curtiss, L. A.,; Weinhold, F. Chem. Rev. 1988, 88,
899.

(56) Saunders, M. J. Comput. Chem. 2004, 25, 621.

(57) Baboul, A. G.; Curtiss, L. A.; Redfern, P. C.; Raghavachari, K. J.
Chem. Phys. 1999, 110, 7650.

(58) Hoffmeyer, R. E.; Chan, W. T.; Goddard, J. D.; Oakley, R. T.
Can. J. Chem. 1988, 66, 2279.

(59) Boeré, R. T.; French, C. L; Oakley, R. T.; Cordes, A. W.;
Privett, J. A. J.; Craig, S. L.; Graham, J. B. J. Am. Chem. Soc. 1985, 107,
7710.

(60) Mana, M. R.; Chabalowski, C. F. J. Phys. Chem. 1996, 100, 611.

(61) Wy, J. L; Fernandez, 1; Mo, Y.; Schleyer, P. v. R. J. Chem. Theor.
Comput. 2012, 8, 1280. Nevins, N.; Lii, . H.; Allinger, N. L. J. Comput.
Chem. 1996, 17, 695.

(62) Carlotti, N; Johns, J. W. C.; Tromeetti, A. Can. J. Phys. 1974,
52, 340.

(63) Chase, M. W., Jr.; Davies, C. A; Downey, J. R,, Jr.; Frurip, D. J.;
McDonald, R. A;; Syverud, A. N. NIST Standard Reference Database
101, release 15b, August 2011.

(64) Exner, K; Schleyer, P. v. R. J. Phys. Chem. 2001, 105, 3407.

(65) Harcourt, R. D.; Klapstke, T. M.; Schulz, A.; Wolynec, P. J. Phys.
Chem. 1998, 102, 1850.

(66) Jiménez-Halla, J. O. C.; Matito, E.; Robles, J.; Soli, M. J.
Organomet. Chem. 2006, 691, 4359.

(67) Seal, P. THEOCHEM 2009, 893, 31.

dx.doi.org/10.1021/ic3020095 | Inorg. Chem. 2012, 51, 1332113327



