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Theoretical study of the mechanism of bond-switching of 5-(1-aminoethylimino)-3-methyl-1,2,4-thiadiazole and 5-
(2-aminovinyl)isothiazole was carried out by using simplified models of 1,6-dihydro-6a-thia-1,6-diazapentalene (10-S-3)
systems and corresponding oxygen analogs. Geometries and energetics were examined along unimolecular and
bimolecular reaction paths by hybrid density functional theory (DFT) calculations with triple-zeta class basis sets by
taking into account solvent effects which is estimated by the polarizable continuum model. It was clarified that the
unimolecular reactions cannot proceed due to the high energy barriers around 70 kcalmol™'. On the other hand, the
bimolecular processes in neutral and acidic conditions can be accomplished for the sulfur compounds, not for the oxygen
ones. The differences of the reactivities between the sulfur and oxygen compounds were found to be due to the difference
of the stability of the symmetric intermediates with the hypervalent three-center four-electron bonds.

Bond-switching equilibration, i.e., ring transformation equi-
librium, of a 5-(1-aminoethylimino)-3-methyl-1,2,4-thiadiazole
(1) system, as shown in Scheme 1, was first reported'? in
1979 and firmly established by the use of a '>NH, group.>*
Furthermore, it was found that the rate was extremely
accelerated by acid. An intermediate 1-B, which has 10-S-3
sulfurane (three coordinate hypervalent sulfurane bearing two
equatorial lone pair electrons) consisting of a three-center four-
electron (3c-4e) bond, was invoked to realize the equilibrium
between 1-A(c) and 1-A(f).

The same type of bond-switching equilibration was reported
for a 5-(2-aminovinyl)isothiazole (2) system,’ as shown in
Scheme 2, and detailed kinetic study was also carried out by
using a '"NH, group.®

Since the discovery of bond-switching equilibration, a
mechanism assuming consecutive 1,5-hydrogen shift (pathway
A) has been proposed, based on the fact that the rate of
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equilibration is faster in a non-polar benzene solvent than in a
polar dimethyl sulfoxide (DMSO) solvent. Pathway B was also
shown to take part based on the shift of deuterium [N-D to
C-D]. Such type of compounds 2-B, i.e., Sulfurane-II, were
synthesized as stable intermediates, in which two hydrogens are
substituted by methyl groups (3 and 4 in Chart 1).7-'

Attempts to estimate the hypervalent N-S-N bond energy
was carried out by employing the skeleton of 1 fused with two
pyrimidine rings (5), as shown in Scheme 3. The rotational
barrier of this process was experimentally determined to be
16.6 kcal mol ™! (1kcalmol™' = 4.184kImol~') by measuring
coalescence of the two methyl groups.!' The theoretical study'?
gave a close number, 15.7 kcalmol~'. However, this process
involves not only the bond change from the hypervalent N-S—
N bond to the normal N-S single-bond but also the aromaticity
change of the skeleton. Therefore, the hypervalent N-S—-N bond
energy itself could not been evaluated experimentally.

1-B

Scheme 1. Bond-switching equilibration of 5-(1-aminoethylimino)-3-methyl-1,2,4-thiadiazole (1) system.
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Scheme 2. Bond-switching equilibration of 5-(2-aminovinyl)isothiazole (2) system.
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Scheme 3. Rotation of pyrimidine ring in 5.
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Scheme 5. Bond-switching equilibration of 7-10 systems.

On the other hand, such phenomenon cannot be found for
the corresponding oxygen analogs, i.e., 1,2,4-oxadiazole and
isoxazole systems (6) in Scheme 4.° The difference between 2
and 6 is only the center atom.

However, no experimental studies have been performed
so far to detect or to scrutinize the 10-S-3 intermediate
(Sulfurane-I or Sulfurane-II) in bond-switching equilibration
between A(e) and A(B). The aim of this theoretical study is to

clarify the reaction mechanism for the bond-switching equili-
bration on sulfur (7 and 8) and oxygen (9 and 10), employing
simplified models as shown in Scheme 5.

In this model, the pathway from A(c) to B is the same as that
from A(B) to B, because B is symmetric. We consider two types
of pathways for each model. The first type is a unimolecular
reaction path as described in Scheme 2. The second type is a
bimolecular reaction path in neutral and acidic conditions.
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Figure 1. Geometries (in A) and energetics (in kcal mol™') for the C(5~Y ) rotation in 7-10.

The organization of the present paper is as follows. The
second section presents the computational methods adopted
in this study. The third section describes the results and
discussion, which involves the geometric structures of reac-
tants, unimolecular reactions, bimolecular reactions in neutral
and acidic conditions, and electronic structures and bond
energies for the hypervalent intermediates. Concluding remarks
are summarized in the last section.

Computational Details

This study theoretically examined both unimolecular and
bimolecular reaction mechanisms for the bond-switching equi-
librations of sulfur (7 and 8) and oxygen (9 and 10) compounds
in Scheme 5, which involve two proton transfers from the right
to the left nitrogen atoms. The bimolecular reactions were
considered in neutral and acidic conditions for 7.
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Figure 2. Geometries (in A) and energetics (in kcalmol~") for the unimolecular bond-switching in 7.

The geometries of expected intermediates as well as
reactants and products were optimized by density functional
theory (DFT) calculations with the B3LYP hybrid functional,'®
which consists of the Hartree-Fock exchange, the Slater
exchange,'* the Becke (B88) exchange," the Vosko-Wilk—
Nusair (VWNS) correlation,'® and the Lee—Yang—Parr (LYP)
correlation!” functionals. The correlation consistent polari-
zation plus valence triple zeta (cc-pVTZ) basis sets of
Dunning'®!® were adopted. In the geometry optimizations,
solvent effects were not taken into account. Namely, the
calculations correspond to a gas phase, or in other words, to an
ideally non-polar solvent with the dielectric constant & = 1.

The transition states (TSs) were also obtained at the same
level of theory. Frequency analyses were performed to confirm
the stable geometries without imaginary frequencies and the
TSs with one imaginary one. Furthermore, to confirm that the
obtained TSs connect with the adjacent intermediates, the
intrinsic reaction coordinate (IRC) calculations were performed
with the correlation consistent polarization plus valence double
zeta (cc-pVDZ) basis sets.?2* The IRC results are presented in
Supporting Information (Table 1S and Figures 1S-9S5).

The solvent effects were calculated by using the integral
equation formalism for the polarizable continuum model
(PCM).>?7 Single-point energy calculations fixing at the
gas-phase geometries were performed with the solvent effects
corresponding to benzene and DMSO: i.e., & = 2.247 and 46.7
in the PCM, respectively. The above first-principle calculations
were carried out in the Gaussian 03 suite of programs.?®

Results and Discussion

Structure of Reactants. Starting compounds, 7-10, are
expected to have stable geometries of A(x) or A'(x). A'(x)
forms are obtained by rotation of the C(s~Y ) single-bond
of A(x) forms. Figure 1 shows the optimized geometries of
A(x), A'(@), and the TSs in between, which were obtained
at the B3LYP/cc-pVTZ level of theory. Here, only the A’(x)
form was obtained for 8, while the others gave both structures.
8-A(x) was obtained as a TS with the relative energy of
9.1 kcal mol .

For 7 and 9 with Y4y = Y = CH, the A(«) form is more
stable than A’(c), because of repulsion between hydrogen on
C@ and H, on Nz, in the A’(cr) form. On the other hand, A’(c)
is more stable in 8 and 10 with Y4 = Y = N, in which the
hydrogen-bonding interaction between Ny and H, is consid-
ered to stabilize the A’(c) form. The energy barriers with
respect to the stable structures were estimated to be 4.2, 8.2,
and 8.2kcalmol~! in 7, 9, and 10, respectively. These small
barriers suggest that the equilibrations between A(c) and A’(x)
can be easily accomplished.

Unimolecular Reaction Path. We investigated a unimo-
lecular reaction path from A(w)/A’(c) to A(B)/A’(B), which
involves two hydrogen transfers. Geometries of intermediates
for the stepwise hydrogen transfer and their corresponding TSs
were obtained at the B3LYP/cc-pVTZ level of theory.

Figure 2 shows the obtained geometries for the reactant,
product, intermediates, and corresponding TSs and their
relative energies with respect to the reactant, 7-A(c). The first
intermediate 7-C(«) bearing an S(;-H, bond was obtained
with relative energies of 49.4, 49.8, and 50.5kcalmol™' in
the gas phase, benzene, and DMSO, respectively; hereafter, the
energies in the three conditions are described as 49.4/49.8/
50.5 kcal mol~!. Relative energies of TS between 7-A(cx) and 7-
C(x) are 51.9/52.6/53.5 kcalmol~'. As seen here, the solvent
effect is comparatively small in this process: i.e., less than
ca. 2kcal mol~'. The process is formally a 1,5-hydrogen shift
which proceeds via pseudo six-member ring (S(;)~Cs)~Cs)—
C7~Ng-H,). 7-C() corresponds to Sulfurane-I in Scheme 2,
in which the S(;-H, bond is out-of-plane and S(;y~N(2) and S;y—
N(g) distances are 1.690 and 2.507 A, respectively. H, further
shifts to N from S;), yielding a symmetric intermediate
7-B(sym) through the TS at 72.0/72.8/73.9 kcalmol~'. This
process is assigned to 1,5-hydrogen shift (or to 1,2-hydrogen
shift). 7-B(sym), which corresponds to Sulfurane Il in
Scheme 2, is relatively stable because of the hypervalent
N-S—-N bond as well as the 7-electron delocalization.

A second hydrogen Hy, transfers from N to S(;) in the
process between 7-B(sym) and 7-C(fB). Due to the symmetry,
the relative energies of the intermediates and TSs from
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Figure 3. Geometries (in A) and energetics (in kcal mol™") for the unimolecular bond-switching in 8.
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Figure 4. Geometries (in A) and energetics (in kcal mol™") for the unimolecular bond-switching in 9.

7-B(sym) to 7-A(B) are equal to those of the corresponding  intermediates having the O-H bond could not be obtained in
states from 7-A(®) to 7-B(sym). The existence of the high  the process from 9-A(®) to 9-A(f). As a result, the hydrogen
barriers suggests that the unimolecular reactions from 7-A(a)  transfer occurs directly from Ny to Ny through a sterically
to 7-A(p) are energetically unfavorable both with and without ~ congested TS, of which energies however are 70.5/71.2/
solvent effects. 72.0 kcal mol~! higher than those of the reactants. The process

Figure 3 describes the results for 8. The pathway is similar  is formally a 1,7-hydrogen shift. It should be notable that
to 7, as shown in Figure 2. The main difference appears in the  the intermediate 9-B(cr) with the N—H, and N-Hy, bonds
stable structure of the reactant as well as the product. The  possesses an asymmetric structure, in which the N(;-O(; and
highest energy barriers of 74.7/74.4/73.7kcalmol™" suggest Ng)-O() distances are 1.428 and 2.856 A, respectively, and
that the unimolecular processes are unfavorable both in the gas  the opposite is true for 9-B(f). Furthermore, the symmetric
phase and in the benzene and DMSO solvents. structure of 9-B(sym) is not a stable intermediate but a TS. It

Figure 4 shows the results for 9. The reactant and the suggests that it is more difficult for oxygen to form hypervalent
product are described in the 9-A(x) and 9-A(B) forms, bonding than sulfur. The relative energies of 70.8/71.1/
respectively. Contrary to the existence of the 7-C(«) and 8- 71.3kcalmol~! with respect to the reactant are comparable
C() intermediates with the S—H bond in Figures 2 and 3, such ~ with those of the TS between 9-A() and 9-B(«). Because the
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Figure 7. Geometries (in A) and energetics (in kcal mol~') for the bimolecular bond-switching reaction of 7 in neutral conditions.
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Figure 8. Energy diagrams (in kcalmol™') for the bimo-
lecular bond-switching reaction of 7 in neutral conditions.

[7-A() + 7-A()], of which relative energies are —4.3/—1.8/
1.3kcalmol~!. The stabilization energy by dimerizaiton is
slightly larger in the non-polar solvent, benzene, than in the
polar solvent, DMSO. In particular, the dimerizaiton in DMSO
is an endothermic process. The geometry of [7-A(x) 4+ 7-A(w)]
dimer is symmetric. Next, both H. and H, shifts to N in
the upper and lower molecules, respectively, forming two
7-B(sym). The relative energies of the TS and [7-B(sym) +
7-B(sym)] intermediate are 35.2/38.5/42.4 and 22.0/23.7/
25.5kcal mol ™!, respectively. A symmetric structure could not
be obtained for the TS. The asymmetric geometry of TS, in
which R(H-Np)) = 1.240A and R(H,N)) = 1.096 A, indi-
cates that hydrogen shifts of H, and H, take place concertedly,
but with a timing gap. Two 7-B(sym) change to two 7-A(B)
with the same reaction mechanism between two 7-A() and
two 7-B(sym).

Figure 8 describes the energy diagram for the bimolecular
bond-switching reaction of 7 in neutral conditions, as shown
in Figure 7. The relative energies of intermediates and TSs
in DMSO are higher than in benzene. The energy barriers
are 39.5 [35.21 — (—4.25)], 40.2 [38.45 — (—1.76)], and 41.2
[42.43 — 1.27]kcalmol™! in the gas phase, benzene, and
DMSO, respectively. These barriers are remarkably smaller
than those for the unimolecular reaction path, as discussed
in the above section. Consequently, the present calculations
suggest that the bimolecular reaction path can proceed
thermally. Furthermore, the bimolecular bond-switching reac-
tion in the benzene solvent is expected to be slightly faster than
in the DMSO solvent, which is consistent with the exper-
imental results.® By the same token, the bimolecular bond-

H H H H +
I ’ 5 (|;/>¢ \.Nl &
I W N e T e
N<2!| S| H/Il\I\H—> H;ILQ,1 il lﬁE ‘;7/1L1H
+ +
H,0 H,0

2
[7-A(e) + H] + H,0
-61.53/-42.68/-28.13

7-A(0) + HO"
0.00 / 0.00 / 0.00

[ in gas / benzene / DMSO ]

Figure 9. Geometries (in A) and energetics (in kcal mol ™)
for the reaction of 7-A(c) and H;0™.

switching reaction of 8 could occur. However, the bimolecular
reactions of 9 and 10 cannot take place because of the existence
of high barriers at 9-B(sym) and 10-B(sym).

Bimolecular Reaction Path in Acidic Conditions. In
this subsection, we investigated a bimolecular reaction of
7 in acidic conditions, namely with a proton source H;O™.
Although the previous experimental studies® used benzene and
DMSO as solvents, a small amount of acid and/or water can
be a contaminant even under carefully dried conditions. Thus,
the model adopting H;O™ is thought to be reasonable in acidic
conditions.

Figure 9 describes a product structure in a reaction between
7-A(x) and H;OF. HY is transferred from H;O" to Ny,
generating [7-A(a) + H]™ cation and H,O. The heats of
reaction are —61.5/—42.7/—28.1kcalmol~! in the gas phase,
benzene, and DMSO, respectively. The exothermic behavior
suggests that the [7-A(c) + H]™ cation can be produced easily
and quickly in acidic conditions. It should be noted that the
process is considerably affected by the polarity of the solvent.

Next, we examined a bimolecular reaction with neutral
7-A(@) and cationic [7-A(c) + H]*, shown in Figure 10. The
TSs could not be obtained in this case. H, on N in the
[7-A(c) + H]™ cation shifts to N in the neutral 7-A(ct)
through [7-A(a) +H + 7-A(@)]* cation dimer, which has
an asymmetric N(g-H;—N() bond [1.028 and 1.914 A]. The
solvent effect is also of significance: namely, —78.4/—51.9/
—30.6kcal mol~!. The decomposition of the cation dimer gives
7-B(sym) and [7-A(«) + H]". By the same reaction mecha-
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Figure 10. Geometries (in A) and energetics (in kcal mol~") for the bimolecular bond-switching reaction of 7 in acidic conditions.
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Figure 11. Energy diagrams (in kcal mol™!) for the bimo-
lecular bond-switching reaction of 7 in acidic conditions.

nism, 7-A(B) and [7-A(x) + H]™, of which relative energies
are —50.5/—30.8/—15.4kcalmol™!, are produced.

Figure 11 summarizes the energy diagram for the bimolec-
ular bond-switching reaction of 7 in acidic conditions, as
shown in Figures 9 and 10. The three energy diagrams
corresponding to the gas phase, benzene, and DMSO are apart
from each other, in comparison with the neutral conditions in
Figures 6 and 8. It indicates that the solvent effect is essential
for the process. The first step, in which a proton transfers from
H;0" to 7-A(w), is a considerably exothermic process. The
second step giving the [7-A(a) + H + 7-A(e)]" cation dimer
is also exothermic. Although the third step is endothermic, the
barrier heights are estimated to be 27.8 [—50.53 — (—78.36)],
21.0 [-30.84 — (—51.87)], and 152 [—15.36 — (—30.56)]
kcal mol~! in the gas phase, benzene, and DMSO, respectively.
The barriers are significantly smaller than the bimolecular
reaction in the neutral conditions shown in Figure 8: i.e., 39.5/
40.2/41.2 kcal mol~!. Therefore, it is concluded that the acid
can greatly catalyze the bond-switching reaction, which agrees
with the experimental study concerning 8.>* In a similar
mechanism, the bimolecular bond-switching reaction of 8 is
theoretically expected. On the contrary, it is speculated that the
reaction of 9 and 10 cannot proceed easily because of the high
barriers at 9-B(sym) and 10-B(sym). As a result, the stability of
B(sym) plays a key role for the bond-switching reaction.

Molecular Orbitals for Hypervalent N-S-N Bond. The
key compounds in the bond-switching equilibrations are
B(sym) possessing the hypervalent 3c-4e bondings, in which
four electrons enter bonding and non-bonding orbitals, and

anti-bonding orbitals are unoccupied.?®*! To confirm the 3c-4e
interactions in 7-B(sym) and 8-B(sym), we examined the MOs
corresponding to the bonding, non-bonding, and anti-bonding
orbitals. Since the 3c-4e MOs further interact with other o
orbitals of two five-member rings, the three 3c-4e MOs are
delocalized, as shown in Figure 12. The delocalization seems
large in the bonding MOs: HOMO—-6 in 7-B(sym) and
HOMO-7 in 8-B(sym). It should be noted that the s orbital
of S is mixing in the non-bonding MOs. The anti-bonding
MOs, which are LUMO+-2 in 7-B(sym) and 8-B(sym), are
comparatively localized at the 3c-4e bond.

Bond Energy for Hypervalent N-S-N Bond. Finally,
we estimated the strengths of hypervalent N-S—-N bonds
in 7-B(sym) and 8-B(sym). We examined two processes,
namely, rotations of C5~Y ) double-bond and Y 5—C7) single-
bond. In addition to the double-/single-bond rotation, these
processes involve the cleavage of S(;)-N() bond, and the
changing of S(;y-N() bond from a hypervalent-type interaction
to a normal single-bond. Figure 13 shows the geometries of the
compounds in these reactions and their relative energies with
respect to 7-A(w)/8-A(x) at the B3LYP/cc-pVTZ level of
theory. These calculations do not include a solvent effect,
which is expected not to be of importance for these neutral
compounds. The relative energies of the TSs are also described
in the figure.

In both cases, the barriers for the double-bond rotations are
higher than those for the single-bond rotations as expected.
It should be noted that the energies of the products, namely,
B’ and B”, are sufficiently close to each other: namely,
(22.5, 22.5) for (7-B’, 7-B”") and (30.4, 28.8) for (8-B’, 8-B")
in kcalmol™!, respectively. This indicates that the skeleton
differences between B’ and B” demonstrated sufficiently small
changes in energy. As a result, the energy difference between
B(sym) and B’/B’’ mainly comes from the hypervalent N-S-N
bond and the N-S single-bond. Since the N-S single-bond
energy was observed to be 33.2kcalmol™! in HSNO,* the
hypervalent N-S-N bond energy is approximately estimated
to be 44.7 and 50.1kcalmol~! in 7-B(sym) and 8-B(sym),
respectively.®?

Conclusion

The bond-switching equilibrations between A(x) and A(f)
of 5-(1-aminoethylimino)-3-methyl-1,2 4-thiadiazole (1) and
5-(2-aminovinyl)isothiazole (2) systems were investigated
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Figure 12. Bonding, non-bonding, and anti-bonding orbitals for the hypervalent N-S—N bond.
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Figure 13. Geometries (in A) and energetics (in kcal mol™") for the C5-Y(6) and Y -C(7) rotations in 7-B(sym) and 8-B(sym).

theoretically using model compounds of 7 (X)=S, Yu) =
Y(6) = CH), 8 (X(l) = S, Y(4) = Y(6) = N), 9 (X(l) = O, Y(4) =
Y(6) = CH), and 10 (X(l) = O, Y(4) = Y(ﬁ) = N) in Scheme 5.
Due to the hydrogen bonding, the stable geometries of the
reactants in 8 and 10 are different from those in 7 and 9. The
present results confirm that the unimolecular reactions cannot
proceed due to the high energy barriers with/without solvent

effects. On the contrary, the bimolecular processes with two
molecules of 7 as well as 8 can be accomplished in neutral and
acidic conditions, while they cannot in 9 and 10 with the O
center. These differences originate from the stability of the
hypervalent N-S-N bond. The existences of the hypervalent
3c-4e N-S-N bonds were confirmed by the MO analysis.
Furthermore, the strengths of the N-S—N bonds were evaluated.
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