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Ab initio Molecular Orbital (MO), Density Functional Theory (DFT), and Natu-
ral Bond Orbital (NBO) population analysis were used to investigate the mech-
anism of the decomposition of ethylisothiocyanate (1), iso-propylisothiocyanate
(2), and tert-buthylisothicyanate (3). HF/6-31G∗∗//HF/6-31G∗∗ and B3LYP/6-
31G∗∗//HF/6-31G∗∗ results indicate that for the decomposition of compounds 1–3,
the six-membered transition state structures via concerted [2+4]elimination mech-
anisms have lower energies than the four-membered transition state geometries
via [2+2]eliminations. The results at B3LYP/6-31G∗∗//HF/6-31G∗∗ and HF/6-
31G∗∗//HF/6-31G∗∗ levels of theory revealed that the barrier height for the de-
composition of compound 1, through the six-membered transition state structure
via the concerted [2+4] elimination mechanism, is 46.31 kcal mol−1 and 59.51
kcal mol−1 , while the barrier height for the four-membered transition state struc-
ture via [2+2] elimination is 71.06 kcal mol−1 and 72.09 kcal mol−1 , respectively.
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nori ir@yahoo.com

75

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
3
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



76 D. Nori-Shargh et al.

[2+4]elimination mechanism by B3LYP/6-31G∗∗//HF/6-31G∗∗ method
(46.31 kcal mol−1) is in a good agreement with the reported experimental
results (45.35 kcal mol−1). The obtained barrier heights via the [2+4]elimination
mechanism at the B3LYP/6-31G∗∗//HF/6-31G∗∗ and HF/6-31G∗∗//HF/6-
31G∗∗ levels of theory show also that the decomposition energy barriers via the
[2+4]elimination mechanism for compound 1–3 are in the following order: 1 > 2 >

3. The obtained order of energy barriers could be explained by the number of
electron-releasing methyl groups substituted to the Csp3 atom (which is attached to
the N atom). NBO analysis shows that the occupancies of σCsp3-N bonds decrease
in the following order: 3 < 2 < 1 and the occupancies of σ*Csp3-N bonds increase
in the opposite order. This fact illustrates a comparatively easier unsymmetrical
dissociation of the σCsp3-N bond in compound 3 compared to compound 2, and in
compound 2 compared to compound 1.

Keywords Isothiocyanate; decomposition; molecular modeling; ab initio; natural bond
orbital

INTRODUCTION

The experimental study of the kinetic of pyrolysis of isothiocyanate
compounds, investigated by Barroeta and Maccoll,1 showed that the
decomposition reaction is a unimolecular process. However, they were
not able to define clearly which of the two product tautomeric forms
(thiocyanic acid or isothiocyanic acid) is produced by the pyrolysis pro-
cess of ethylisothiocyanate (1), iso-propylisothiocyanate (2), and tert-
buthylisothicyanate (3). They were inclined to believe in a four-centered
transition state structure, in which a nitrogen–hydrogen interaction
takes place by way of the unpaired sp2 electrons in the former atom.
Barroeta and Umana2 have studied the transition-state structure for
the pyrolysis of ethylisothiocyanate by the activation entropy and fre-
quency factor calculations. Their results supported a six-membered
transition state rather than a four-membered transition state
structures.

Although, Schnider and Rabinoviotch have suggested a polar transi-
tion state structure for the pyrolysis of ethylisothiocyanide,3 Casanova
and colleagues4 have presented evidence, which is contrary to this
suggestion.

The successful application of density functional theory (DFT) based
methods have broadened the applicability of the computational meth-
ods and now represents an interesting approach for determining
activation barrier and molecular energies.5−9 The B3LYP method com-
bines Becke’s three-parameter exchange function with the correla-
tion function of Lee and colleagues.6,7 Therefore, in this work, ab
initio molecular orbital (MO),5 DFT (B3LYP) methods6−9 and NBO
analysis10−13 were performed for the investigation of the pyrolysis
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Ab Initio and NBO Studies 77

reactions of ethylisothiocyanate (1), isopropylisothiocyanate (2), and
tert-butylisothiocyanate (3), and also for addressing, particularly, the
arisen questions about these reactions (see Scheme 1).

SCHEME 1

CALCULATIONS

Ab initio calculations were carried out using HF/6-31G∗∗//HF/6-31G∗∗

and B3LYP/6-31G∗∗//HF/6-31G∗∗ levels of theory with the GAUSSIAN
98 package programs5 implemented on a Pentium-PC computer with
a 550 MHz processor. Initial structural geometries of compounds 1–3
were obtained by a molecular mechanic program PCMODEL (88.0)14

and for future reoptimization of geometries, the AM1 method of a
MOPAC 6.0 computer program was used.15 Energy minimum geome-
tries were located by minimizing energy, with respect to all geometrical
coordinates without imposing any symmetrical constraints.

The GAUSSIAN 98 program finally was used to perform ab initio
calculations at the HF/6-31G∗∗ level in order to obtain the energy mini-
mum structures and B3LYP/6-31G∗∗//HF/6-31G∗∗ levels for single-point
energy calculations.

The nature of the stationary points for compounds 1–3 has been fixed
by means of the number of imaginary frequencies. For minimum state
structures, only real frequency values, and in the transition state, only
a single imaginary frequency value, was accepted.16

The structure of the molecular transition-state geometries was lo-
cated by using the optimized geometries of the equilibrium molecular
structure, according to the procedure of Dewar and colleagues (keyword
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SADDLE).17 These structures were then reoptimized by the QST2
option at the HF/6-31G∗∗ level. The vibrational frequencies of ground
and transition states were calculated by FREQ subroutine.

RESULTS AND DISCUSSION

Zero point (ZPE) and total electronic (Eel) energies (E0 = ZPE +
Eel) for ground- and transition-state structures of the [2+2] and
[2+4]elimination reactions for compounds 1–3, as calculated by the ab
initio HF/6-31G∗∗ level of theory, are given in Table I. The DFT-based
method (B3LYP/6-31G∗∗//HF/6-31G∗∗) was used for single-point energy
calculations.

According to the B3LYP/6-31G∗∗//HF/6-31G∗∗ calculation, the energy
barriers for decomposition of compounds 1–3, via six-membered tran-
sition state structures ([2+4]eliminations), to the related alkenes and
thiocyanic acid products are 46.31, 41.80, and 37.37 kcal mol−1, re-
spectively. These energy barriers via four-membered transition state
structures ([2+2]eliminations) to the related alkenes and isothiocyanic
acid products are 71.06, 43.83, and 45.29 kcal mol−1, respectively, as
calculated by the same level of theory (see Table I).

The calculated results show that the decomposition of compounds 1–
3 via six-membered transition state structures ([2+4]elimination) re-
quire lower activation energy barriers compared to the four-membered
transition state structures ([2+2]eliminations). Accordingly, based on
these calculations, the corresponding decomposition reactions should
proceed via [2+4]elimination paths. The obtained energy barriers for
[2+4]elimination paths also are in good agreement with the previously
reported experimental data (see Table I).

The decomposition energy barriers via the [2+4]elimination mech-
anism for compounds 1–3 are in the following order: 1 > 2 > 3, as
calculated by both B3LYP/6-31G∗∗//HF/6-31G∗∗ and HF/6-31G∗∗//HF/6-
31G∗∗ levels of theory. This trend can be explained by the number of
electron-releasing methyl groups substituted to the Csp3 atom (which
is attached to the N atom).

NBO analysis shows also that the increase of the number of the
attached methyl groups to the Csp3 atom (which is attached to the
N atom) of the occupancies of σCsp3-N bonds decrease in the follow-
ing order: 3 < 2 < 1. The occupancies of σ*Csp3-N bonds increase in
a parallel manner in the opposite order (see Table II). This fact illus-
trates the easier unsymmetrical dissociation of the σCsp3-N bond in com-
pound 3 (and also its relatively lowest energy barrier) compared to
compound 2, and in compound 2, the dissociation was easier than in
compound 1.
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TABLE II NBO-Calculated Occupancies of σCsp3-N Bonding
and σ∗

Csp3-N Antibonding Orbitals for Compounds 1–3

compound

bond 1 2 3

σCsp3-N 1.98655 1.98308 1.97935
σ*Csp3-N 0.02029 0.03130 0.04232

Representative structural parameters for ground and transition
state structures, as calculated by the HF/6-31G∗∗ level of theory, are
shown in Figures 1–3. It is known that theoretical calculations pro-
vide structural parameters for isolated molecules at 0 K, which are
not reported, in principle, to reproduce quantitatively the experimental
values.17 Nevertheless, it is possible to carry out ab initio calculations at
the Hartree-Fock level, from which many properties and structures can
be obtained with an accuracy that is competitive with experiments.18−22

HF/6-31G∗∗ results show that compounds 1–3 have linear structure
(see Scheme 2 and Figure 1). Also, HF/6-31G∗∗-calculated structural pa-
rameters show that the angle strain in the [2+4]elimination transition-
state structure is greater than in the [2+4]elimination reaction (see
Figures 2–3). This fact could explain the higher-barrier energy for the
[2+2]elimination compared to the [2+2]elimination.

SCHEME 2

CONCLUSION

Ab initio and DFT calculations performed in this article provided a pic-
ture from both structural, energetic, and mechanistic points of view for
compounds 1–3. HF/6-31G∗∗//HF/6-31G∗∗ and B3LYP/6-31G∗∗//HF/6-
31G∗∗ results indicated that, for the decomposition of compounds 1–
3, the six-membered transition state structures via the concerted
[2+4]elimination mechanism is energetically more favorable than the
four-membered transition-state geometries via the [2+2]elimination.
The decomposition barrier heights via the [2+4]elimination mechanism
for compounds 1–3 are in the following order: 1 > 2 > 3, as calculated
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84 D. Nori-Shargh et al.

by the B3LYP/6-31G∗∗//HF/6-31G∗∗ and HF/6-31G∗∗//HF/6-31G∗∗ levels
of theory.

The resulted order of barrier heights could be explained by the num-
ber of electron-releasing methyl groups substituted to the Csp3 atom
(attached to the N atom), as confirmed by the NBO analysis. Effectively,
the NBO analysis shows that the occupancies of σCsp3−N bonds decrease
for compounds 1–3 as 3 < 2 < 1, and the occupancies of σ*Csp3−N bonds
increase in the opposite order. This fact illustrates the easier unsym-
metrical dissociation of the σCsp3−N bond in compound 3 compared to
compound 2, and also the easier unsymmetrical dissociation in com-
pound 2, compared to compound 1.

Finally, it can be seen that from a thermodynamical point of view,
thiocyanic acid generally is more stable than isothiocyanic acid, and
from a kinetical point of view, the [2+4]elimination mechanisms
(with lower barrier heights) are preferred to the [2+2]elimination
mechanisms. In conclusion, from both thermodynamic and kinetic
points of view, the [2+4]elimination mechanism should be consid-
ered as the preferred mechanism in the thermal decomposition of
compounds 1–3.
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