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Abstract: Episulfidation of alkenes by dinitrogen sulfide,
generated from thermolysis of 5-aryloxy-1,2,3,4-thiatriazoles,
was found to be an SN2-like reaction involving simultaneous
sulfur addition and dinitrogen extrusion. The preference for
the one-step SN2 mechanism instead of the two-step (2+3)
dipolar cycloaddition and denitrogenation is attributed to
the higher geometry distortion penalty in the (2+3) transi-
tion state than that in the SN2-like transition state.

The synthesis of epoxides and aziridines has received
intense investigation during the last two decades due to
the high synthetic value of these three-membered active
species as building blocks in organic chemistry.1 Synthe-
sis of their sulfur analogues, episulfides or thiiranes, is
also receiving considerable attention since episulfides are
highly reactive species which can be found in natural
products and have potential pharmaceutical applica-
tions.2 Several methods have been discovered by Adam
and co-workers to synthesize episulfides.3,4 Among them,
the episulfidation of alkenes by using 5-phenyloxy-
1,2,3,4-thiatriazole as a sulfur atom donor merits further
attention since the detailed mechanism of this transfor-
mation is not well understood (Scheme 1).3g

Adam and Bargon proposed that dinitrogen sulfide
(N2S) is the active species generated in situ, which
donates sulfur to alkenes. They proposed that the episul-
fidation process takes place via either pathway A or
pathway C (Scheme 2). In pathway A, formation of a

three-membered zwitterionic species is followed by deni-
trogenation. By contrast, pathway C proceeds through a
(2+3) dipolar cycloaddition and denitrogenation. Detec-
tion of the (2+3) adduct 1,2,3-thiadiazoline in pathway
C by 1H NMR was unsuccessful, suggesting that pathway
A is more reasonable than pathway C.3g In addition to
pathways A and C, however, we speculate that a con-
certed pathway B involving the simultaneous sulfur
addition and N2 extrusion is also possible since this
episulfidation is very similar to the epoxidation of alkenes
by performic acid, dioxirane, which were found to proceed
via a concerted SN2-type mechanism.5 To differentiate
these three competitive pathways and gain more insight
into the reaction mechanism, we performed CCSD(T)//
MP2/6-31+G* calculations6-10 to investigate the model
reaction between ethene and N2S.

First, we investigated the mechanism of thermolysis
of 5-phenyloxy-1,2,3,4-thiatriazole by studying the de-
composition reaction of 5-methoxy-1,2,3,4-thiatriazole.11,12

Our calculations indicated that this is a concerted retro-
(2+3) dipolar cycloaddition process with an activation
energy of 28.9 kcal/mol and reaction energy of 1.9 kcal/
mol.13 This unimolecular decomposition is favorable due
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to the entropy gain (25.8 eu) involved in the overall
reaction. The geometries of the reactant and transition
state are given in Figure 1. Another point worthy of
mention is that the methoxy group in the reactant prefers
the s-cis C7-O6-C5-N4 conformation in order to avoid
the lone pair repulsion between O6 and N4 (see Figure
1).16

The potential energy surface for episulfication of
ethene with N2S is shown in Figure 2 together with the
computed structures. Pathway A can be ruled out since
no zwitterionic species with a three-membered ring or

their transition state could be located in both the gas
phase and solvent. Both transition states and intermedi-
ates in pathways B and C can be located. Intrinsic
reaction coordinate (IRC)17 calculations have been per-
formed to confirm that these transition states are con-
nected to their respective reactants and products shown
in Figure 2. It is interesting to note that the final
products in pathway C are vinylthiol and N2 instead of
episulfide and N2, as proved by IRC calculations.18-20 The
generation of vinylthiol is understandable: in TS6, the
migrated hydrogen is elongated to 1.14 Å and is very close
to the sulfur atom (1.98 Å). The concerted pathway B
with synchronous formations of the two C-S bonds is
the most favorable pathway since the activation barrier
is 13.1 kcal/mol lower than that for pathway C (11.8 vs
24.9 kcal/mol). In addition, the SN2-like reaction is
exothermic by 42.8 kcal/mol while the (2+3) reaction is
slightly endothermic. The denitrogenation step from 5
to produce vinylthiol and N2 in pathway C is also
unfavorable since this step has an activation energy of
14.7 kcal/mol. We must emphasize here that all efforts
at both the UMP2 and UB3LYP levels to locate the
diradical transition states involved in pathways A-C
were unsuccessful.21

The solvent effects have been considered by using the
PCM model15 at the B3LYP/6-31+G* level. The geom-
etries for both TS3 and TS4 optimized in acetonitrile are
very similar to their counterparts in the gas phase
(Figure 2). TS3 is still favored more than TS4 in solvent
by 12.9 kcal/mol in terms of activation energy (11.4 kcal/
mol in terms of free energy of activation). The activation
energy of the episulfidation in acetonitrile is lower than
that in the gas phase by 0.4 kcal/mol (1.6 kcal/mol in
terms of free energy of activation).

Figure 2 shows that the PES obtained at the B3LYP/
6-31+G* level is very close to that of the CCSD(T)//MP2/
6-31+G* level, suggesting that the former method is
appropriate to evaluate the episulfidation process. There-
fore, we used the DFT method to investigate the realistic
reaction between E-cyclooctene and N2S (Figure 3). It is
expected that (2+3) cycloaddition between E-cyclooctene
and N2S is more efficient than the reaction between
ethene and N2S since E-cyclooctene is a very good
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FIGURE 1. The potential energy surface for decomposition
of 1. The geometries (distances in Å) were computed at the
MP2/6-31+G* level and energies (in kcal/mol) were computed
at the CCSD(T)//MP2/6-31+G* level. The relative energies of
MP2/6-31+G* and B3LYP/6-31+G* are given in parentheses
and brackets, respectively.
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the activation barrier for the former (2+3) cycloaddition
is favored by 6.5 kcal/mol over the latter (19.8 vs 26.3
kcal/mol). Despite the easier (2+3) cycloaddition, the
direct episulfidation via the SN2-type path is still favored
by 13.4 kcal/mol (Figure 3).

The characteristics of the SN2-like transition state for
concerted pathway B are manifested by the electron
transfer of 0.09 e from ethene, which acts as a nucleo-
phile, to N2S in TS3. The frontier molecular orbital
(FMO) interaction diagram shown in Figure 4 further
confirms the similarity between episulfidation TS3 and
traditional organic SN2 reactions.23 In TS3, one major
interaction in the HOMO-2 corresponds to the nucleo-
philic donation from the alkene’s π orbital to the σ*
orbital of the S-N(N). Another orbital interaction be-
tween the two reactants in TS3 is related to the overlap

of the lone pair of the S atom with the π* orbital of the
alkene in the HOMO-1. This interaction is less significant
than the π-σ* interaction due to the smaller energy gap
of the latter (Figure 5).

Further evidence to support the SN2-like character of
the episulfidation transition state is that electron-donat-
ing substituents on the alkene facilitate the episulfidation
while electron-withdrawing substituents have the op-
posite effect. The activation energies computed at the
B3LYP/6-31+G* level for CH2dCH-R + N2S are 9.3 (R
) OMe), 11.1 (R ) Me), 11.8 (R ) H), and 15.1 (R ) CN)
kcal/mol, respectively. The relative activation energies
for these reactions correlate with the HOMO energies of
CH2dCH-R: the higher the HOMO energy of the al-
kene, the lower the activation energy for the episulfida-
tion reaction.24,25 The very low activation energy for the
SN2-type transition state for E-cyclooctene to N2S is due
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+ N2S are given in Figure S1 of the Supporting Information.

FIGURE 2. The potential energy surfaces of episulfidation of ethene by N2S. The geometries (distances in Å) were computed at
the MP2/6-31+G* level and energies (in kcal/mol) were computed at the CCSD(T)//MP2/6-31+G* level. The relative energies of
MP2/6-31+G* and B3LYP/6-31+G* are given in parentheses and brackets, respectively. The distances in parentheses are optimized
in acetonitrile with the PCM model.

FIGURE 3. The potential energy surface for the episulfidation
of E-cycloctene by N2S computed at the B3LYP/6-31+G* level.

FIGURE 4. FMO interactions in the SN2-like episulfidation
transition state.
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to its relative higher HOMO energy (-8.84 eV) compared
to those of other alkenes.24

The preference for the generation of episulfide instead
of vinylthiol is certainly related to the relative energies
of SN2-like TS3 and (2+3) TS4. Frontier molecular
orbital (FMO) interaction theory26 predicts that in the
reaction of ethene with N2S, the (2+3) step should be
easier than the SN2-like step since the energy gap
between HOMO (ethene) and LUMO (N2S) is smaller
than that between HOMO (ethene) and σ* (N2S), as
shown in Figure 5. Bear in mind that, as a perturbation
method, FMO theory is only useful for reactions with an
early transition state and a correct treatment of the
interactions is restricted to the beginning of the reaction
coordinate.26 Therefore, an understanding of the prefer-
ence for SN2-like reaction pathway B instead of pathway
C lies in appreciating the different geometry distortions
in SN2-like TS3 and (2+3) TS4. In TS3, except for an
elongation of about 0.34 Å for the S-N bond, the
geometries of the ethene and N2S moieties have only
slight changes compared to their free counterparts in the
reactants. The calculated total energy penalty for their
geometry distortions in TS3 is 14.7 kcal/mol (0.4 kcal/
mol for ethene and 14.4 kcal/mol for N2S). In TS4, the
ethene moiety becomes significantly nonplanar and the
N2S moiety has bent to a significant extent. The com-
puted energy penalty for the geometry distortions in TS4
is 39.3 kcal/mol (11.7 kcal/mol for ethene and 27.6 kcal/
mol for N2S). This means that the (2+3) reaction needs
more additional energy (approximately 24.6 kcal/mol) to
achieve the (2+3) transition state compared to SN2-like
TS3. Even though the aromatic stabilization in the (2+3)
TS4 can reduce this energy difference to some extent, it
cannot compensate for all 24.6 kcal/mol.27 It is difficult
if not impossible to estimate the aromatic stabilization

energy (ASE) in TS4. However, it is reasonable to assume
that the ASE in TS4 is much less than that of the parent
aromatic molecule 1,2,3-thiodiazole, which has an ASE
of 17.3 kcal/mol based on the computed homodesmotic
reaction shown in Scheme 3.28 Therefore, the ASE of
the (2+3) transition state TS4 is much less than 24.6
kcal/mol resulting in TS4 being disfavored with respect
to the SN2-type transition state TS3.

In conclusion, episulfication of ethene by N2S is an SN2-
type reaction with simultaneous addition of S to ethene
and extrusion of N2.29 The preference for the SN2-type
TS3 opposed to the (2+3) TS4 is attributed to a large
geometric distortion present in the latter transition state.
The concerted SN2-type mechanism is in agreement with
the fact that the episulfidation reaction is stereoselective
(Scheme 1).3g The present study also shows that N2S does
not possess a distinguished dipolarophilic character when
considering its reactions with alkenes. This is in contrast
to N2O, which behaves like a dipole to react with
alkenes.25
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FIGURE 5. FMO interactions in the SN2-like and (2+3) transition states. Orbital energies are computed at the HF/6-31G*//
B3LYP/6-31+G* level.
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