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ective factors affecting the
conformational preferences and the early and late
transition states of the unimolecular retro-ene
decomposition reactions of ethyl cyanate, ethyl
thiocyanate and ethyl selenocyanate†

Hooshang Atabaki,a Davood Nori-Shargh *b and Mohamad Momen-Heravia

The structural and conformational properties of ethyl cyanate (1), ethyl thiocyanate (2), and ethyl

selenocyanate (3) and also their corresponding unimolecular retro-ene decomposition and isomerization

reactions were investigated by means of G3(MP2) and MP2/6-311++G** methods and natural bond

orbital interpretations. We assessed the role and contributions of the hyperconjugative interactions on

the conformational preferences of compounds 1–3 by the deletion of the orbitals overlapping from the

Fock matrices of the gauche- and anti-conformations, where the results obtained showed that the

deletion of these hyperconjugative interactions from the Fock matrices leads to an increase in the anti-

conformations preferences, revealing the significant impacts of the hyperconjugative interactions on the

gauche-conformations preferences going from compound 1 to compound 3. The hyperconjugative

interactions, Pauli exchange-type repulsions (PETR), and electrostatic model associated with the dipole–

dipole interactions were in favor of the gauche-conformation of compound 1. Contrary to the

conclusions published in the literature, there is no fact that justifies the anti-conformation preference in

compound 1. Accordingly, we concluded that there are two rotamers (i.e., gauche- and anti-

conformations) with literally the same populations for compound 1. The unimolecular retro-ene

decomposition reactions of compounds 1–3 were more feasible than their corresponding cyanate /

isocyanate isomerization reactions. The Pauli exchange-type repulsions have determining impacts on the

retro-ene decomposition reactions of these compounds. The correlations between the activation Gibbs

free energies and the advancements of the transition states (dBav) of the retro-ene decomposition

reactions of compounds 1–3 according to the Hammond–Leffler postulate were also analyzed.

Interestingly, the variations of the bond lengths in the transition state structures of the retro-ene

decomposition reactions of compounds 1–3 were in accordance with the Hammond–Leffler postulate.
Introduction

Organyl cyanates and their thio- and seleno-analogs (as ambient
functional groups) are widely used in the pharmaceutical
industry, medicine, organic synthesis, etc.1–3 It is worth noting
that the thiocyanate anion could be converted to the hypoth-
iocyanite ion (OSCN�) in the human body, which is an antibi-
otic. The lactoperoxidase system is effective against
staphylococci, Escherichia coli, and pseudomonads.4–6 It uses
hydrogen peroxide to catalyze oxidation of the thiocyanate
nce, Islamic Azad University, Mashhad

ce, Islamic Azad University, Arak Branch,

ac.ir; nori_ir@yahoo.com

tion (ESI) available. See DOI:

hemistry 2017
anion to the antibiotic to function in the airway lumen. The
antileshmanial potential of selenocyanates has also been
assayed and established.7

Since cyanates and their thio- and seleno-analogs play
important roles in human safety and organic syntheses, the
exploration of effective factors on the structural and confor-
mational behaviors of their organyl derivatives could be of
interest to synthetic and theoretical chemists. Due to the
instability of covalent (organyl) cyanates,8–14 there is little pub-
lished information about their structures.15–18

Sakaizumi and co-workers performed microwave spectros-
copy to investigate the conformational behavior of ethyl cyanate
(1) and, based on their results, the anti-conformation of
compound 1 was found to be more stable than its gauche-
conformation.18 They claimed that they could not calculate the
energy difference between the anti- and gauche-conformations
of ethyl cyanate due to the weakness of the lines from the
RSC Adv., 2017, 7, 22757–22770 | 22757
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gauche-conformation. In addition, due to the insufficient
number of isotope substituents, no geometrical data could be
derived.18

In 1998, Leszczynski and co-workers performed ab initio
calculations at the MP2 level of theory with a triple-z basis set
augmented with polarization and diffusion functions to inves-
tigate the structure and conformational stability of ethyl cyanate
(1).19 In addition, they investigated the relative stabilities of the
rotational conformers of compound 1 at the MP4 level using
MP2 optimized reference geometries. Based on the results ob-
tained, they pointed out that the anti-conformation of
compound 1 was predicted to be slightly more stable (0.14 kcal
mol�1) than its gauche-conformation.19

In 2003, Pasinszki and co-workers performed mid-infrared
spectroscopy and quantum mechanical calculations to study the
structure, conformation, and isomerization of gaseous ethyl
cyanate (1),20 and their results indicated the presence of two
conformations of ethyl cyanate in gas phase, the gauche- and the
anti-conformations. Also, they mentioned that the anti-conforma-
tion of ethyl cyanate is more stable than its gauche-conformation
by about 0.16 kcal mol�1 (as calculated at the CCSD(T)/6-
311+G(2d,2p)//B3LYP/6-311+G(2d,2p) level of theory), which is
similar to the result obtained by Leszczynski and co-workers.19 It is
worth noting that Pasinszki and co-workers20 mentioned that
the conversion of ethyl thiocyanate to its isothiocyanate isomer
in the gas phase could not be take place via a unimolecular
process at ambient temperature [B3LYP/6-311+G(2d,2p):
DGs

(ethyl cyanate/ethyl isocyanate) ¼ 52.31 kcal mol�1], which is in the
line with the results obtained by Faustov and co-workers21 for
methyl cyanate [G2(MP2, SVP): DGs

(methyl cyanate/methyl isocyanate) ¼
62.6 kcal mol�1].

In addition to ethyl cyanate (1), the conformational behavior
of ethyl thiocyanate (2) has been the subject of several infrared,
Raman, and microwave investigations.22–27 In 1964, Hirsch-
mann and co-workers performed infrared spectroscopy to study
the conformational properties of the liquid and solid states of
ethyl thiocyanate (2) and they concluded that the molecule
exists in the gauche- and anti-conformations.22 They calculated
an enthalpy difference of 0.49 � 0.03 kcal mol�1 between the
more stable anti- and higher energy gauche-conformations.

Contrary to the conclusion obtained by Hirschmann and co-
workers concerning the anti-conformation preference in ethyl
thiocyanate (2), the microwave spectrum analysis of this
compound (by Bjørseth and Marstokk) revealed only one rota-
tional isomer (the gauche-conformation).23 The discrepancy
between the results of the vibrational spectroscopy23 and the
microwave investigations of ethyl thiocyanate (2)23 prompted
Ellestad and Torgrimsen to reevaluate the vibrational spectrum
of this compound and their results showed only the gauche-
conformation.24

In 1984, Durig and co-workers reanalyzed the vibrational
spectrum of gaseous and solid ethyl thiocyanate (2) and also the
Raman spectra of its liquid and solid sates.25 From the variable-
temperature Raman study of the liquid state of ethyl thiocya-
nate (2), they concluded that the gauche-conformation of ethyl
thiocyanate (2) is more stable than its anti-conformation (an
enthalpy difference of 1.68 � 0.07 kcal mol�1).25 In 1986,
22758 | RSC Adv., 2017, 7, 22757–22770
Braathen and Gatial analyzed the infrared spectrum of ethyl
thiocyanate (2) isolated in argon and nitrogen matrices at 12 K
and they found that the gauche-conformation was about 1.0 �
0.07 kcal mol�1 more stable than its anti-conformation.26

To the best of our knowledge, there is only one report pub-
lished outlining the rotational spectral data from the structural
parameters of ethyl selenocyanate (3).27 Evaluations of the
experimental data published about the conformational prop-
erties of ethyl cyanate (1), ethyl thiocyanate (2), and ethyl sele-
nocyanate (3) imply an anti-conformation preference in
compound 1 and the gauche-conformation preference in
compounds 2 and 3, but there is no published information
about the origin of the conformational behaviors of compounds
1–3.

The purpose of the present study was to explore the roles and
contributions of the effective factors on the conformational
behaviors of compounds 1–3 and also their retro-ene decom-
position reactions, which take place earlier than their corre-
sponding cyanate / isocyanate isomerization reactions.19,20 In
this work, we examined the role and contributions of the
generalized manifestation of the anomeric effect,28–48 the steric
exchanges [total steric exchange energies, TSEE, which is
considered to represent the Pauli exchange-type repulsions
between lled orbitals (or the quasi-classical “Lennard-Jones
repulsion”) between hard-shell sphere atoms],49–53 the electro-
static model associated with the dipole–dipole interactions, and
also the attractive electrostatic interactions between two adja-
cent atoms on the conformational preferences and unim-
olecular retro-ene decomposition reactions of compounds 1–3.
Importantly, the potential energy surfaces of the retro-ene
decomposition reactions of compounds 1–3 in accordance
with the Hammond–Leffler postulate were analyzed and the
correlations between the early and late transition state struc-
tures, the advancements of the transition states (the average
bond orders values, dBav), and the steric effects associated with
the Pauli exchange-type repulsions were explored.

In order to explore the contributions of the hyperconjugative
interactions on the anomeric relationships in compounds 1–3,
we deleted the LP1X3/s*C4�C5

;LP2X3/s*C4�C5
;LP1X3/

s*C4�H6
; LP2X3/s*C4�H7

; sC4�C5/s*X3�C2
; sC4�H7/s*X3�C2

; sX3�C4

/s*C2hN1
; sX3�C4/p*

C2hN1
; and sC5�H8/s*X3�C4

hyperconjuga-
tive interactions [which are changed by the rotations around the
X–CH2 bonds, where X ¼ O (1), S (2), Se (3)] from the Fock
matrices of the gauche- and anti-conformations. Then, by
rediagonalization and comparison of the current Fock matrices
with their original forms (Scheme 1), we evaluated the contri-
butions of the hyperconjugation interactions mentioned above
on the anomeric relationships in compounds 1–3. It is worth
noting that the procedure mentioned above is an efficient
approach and can be performed to evaluate the role and
contributions of some specic hyperconjugative interactions on
the conformational properties of chemical compounds.28,29,47

Computational details

The modied version of Gaussian-2 (G2), which uses second-
order Møller–Plesset perturbation theory (MP2)
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic representation of the gauche- and anti-conformations of compounds 1–3 [X¼O (1), S (2), Se (3)] and their corresponding
unimolecular retro-ene decomposition reactions.
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calculations54–56 instead of MP4 for the basis set extension
corrections, and also the MP2 method with the 6-311++G**
basis set57–65 on all atoms (MP2/6-311++G**) were performed to
optimize the structural parameters of the gauche- and anti-
conformations and the transition state structures of the unim-
olecular retro-ene decomposition and cyanate / isocyanate
isomerization reactions of compounds 1–3 and also to calculate
their corresponding electronic energies and thermodynamic
functions together with the GAMESS US package of
programs.66,67

The natural bond orbital (NBO) interpretation was per-
formed to examine quantitatively the impacts of the plausible
hyperconjugative interactions and the Pauli exchange-type
repulsions on the conformational and structural properties
and also the potential energy surfaces of the retro-ene decom-
position of compounds 1–3. In addition, the bonding and
antibonding orbital occupancies and energies, the total natural
resonance theory (NRT) bond orders (natural bond orders, nbo)
of the gauche- and anti-conformations, and also the transition
state structures of the retro-ene decomposition reactions of
compounds 1–3 were analyzed by means of natural bond orbital
interpretation with the NBO 5.G program.68

The stabilization energies (second-order perturbative esti-
mations of donor–acceptor electronic interactions) in the NBO
basis are inversely proportional to the energy differences
between the donor (i) and acceptor (j) orbitals, D3ij, and
directly proportional to the magnitudes of the orbital overlap
integrals (Sij):69–71
Stabilization or resonance energy f ðSij2=D3ijÞ
Accordingly, the stabilization or resonance energy (second-
order perturbational energies, E2) associated with i / j elec-
tron delocalization can be explicitly estimated by the following
equation:

E2 ¼ qi
Fði; jÞ

2

3j � 3i
(1)

where qi is the ith donor orbital occupancy, 3i and 3j are the
orbital energies (diagonal elements), and F(i,j) is the off-diagonal
natural bond orbital Fock matrix element. Note that the
substantial desirable orbital overlapping can be reached by
adjusting the corresponding off-diagonal terms when going
from one compound to the next.72,73
This journal is © The Royal Society of Chemistry 2017
The impacts of the hyperconjugative interactions
(which change with the rotation around the C4–X3 bonds:
LP1X3/s*C4�C5

; LP2X3/s*C4�C5
;LP1X3/s*C4�H6

;LP2X3/

s*C4�H7
; sC4�C5/s*X3�C2

; sC4�H7/s*X3�C2
; sX3�C4/s*C2hN1

; sX3�C4

/p*
C2hN1

; sC5�H8/s*X3�C4
electron delocalizations) on the

conformational behaviors of compounds 1–3 were assessed by
deletions of these electron delocalizations from the Fock
matrices of their gauche- and anti-conformations (Fig. 1 and 2).
It is worth noting that the natural bond orbital interpretation is
a capable and sufficient theoretical approach to assess quanti-
tatively the impacts of the hyperconjugative interactions asso-
ciated with the electron delocalizations, the electrostatic
interactions, and the steric effects on the dynamic behaviors
and reactivity of chemical compounds.74
Results and discussion
1. Conformational preference and retro-ene decomposition
reactions in compounds 1–3

TheMP2/6-311++G** and G3MP2 calculated zero-point energies
(ZPE), corrected zero-point energies (Eo ¼ Eel + ZPE), enthalpy,
entropy, Gibbs free energy, and their differences (i.e., DZPE,
DEo, DH, DS and DG) for the gauche- and anti-conformations of
compounds 1–3 and also their corresponding retro-ene
decomposition reactions are summarized in Table 1 and ESI-
1.† According to the results of this work and the previously
published data, there is no signicant difference between the
energies of the gauche- and anti-conformations of compound 1.
Since the energy difference between the gauche- and anti-
conformations of compound 1 is negligible; we may expect the
presence of two rotamers (i.e., gauche- and anti-conformations)
at ambient temperature with literally the same populations for
compound 1. In order to justify this claim, we examined the
contributions of the stabilization energies associated with the
hyperconjugative interactions, the electrostatic model associ-
ated with the dipole–dipole interactions, and the steric effects
on the conformational behaviors of compound 1. Surprisingly,
the factors mentioned above were in favor of the gauche-
conformation of compound 1, contradicting the preference of
the anti-conformation of compound 1 compared to its gauche-
conformation. Therefore, the conclusion published in the
literature concerning the anti-conformation preference in
compound 1 could be questioned.18

The MP2/6-311++G** results showed that the gauche-confor-
mation preference increases signicantly from compound 1 to
RSC Adv., 2017, 7, 22757–22770 | 22759
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Fig. 1 MP2/6-311++G** calculated comparative potential energy profiles of the unimolecular isomerization and retro-ene decomposition
reactions of compounds 1–3. DG and DG‡ values are in kcal mol�1.
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compound 2, while it increase only slightly from compound 2 to
compound 3. Seemingly, compared with the experimental data
published about the conformational preferences in compounds 2
and 3,22–27 the MP2/6-311++G** method gives more reliable
results concerning their conformational preferences than the
results obtained at the G3(MP2) level (Table 1).
Fig. 2 MP2/6-311++G** calculated comparative potential energy profi
accordance with the Hammond–Leffler postulate. DG, DG‡, and DTSEE‡

22760 | RSC Adv., 2017, 7, 22757–22770
The results of this work (Fig. 1) and the previously published
data indicate that the alkyl cyanate / alkyl isocyanate unim-
olecular isomerization reactions could not take place at
ambient temperature.20,21 In this work, we examined the
potential energy surfaces of the cyanate / isocyanate unim-
olecular isomerization reactions of compounds 1–3 (Fig. 1) and
les of the retro-ene decomposition reactions of compounds 1–3 in
values are in kcal mol�1. Dm‡ values are in Debye.

This journal is © The Royal Society of Chemistry 2017
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Table 1 MP2/6-311++G**(a) and G3MP2(b) calculated zero-point energies (ZPE, in Hartree), relative ZPE (DZPE in kcal mol�1), corrected
electronic energies (Eo, in Hartree),DEo, thermodynamic parameters [DH, DG (in kcal mol�1)] andDS (in cal mol�1 K�1) at 25 �C and 1 atm pressure
for the gauche- and anti-conformations of compounds 1–3

Geometry

MP2/6-311++G** G3MP2

DZPE DEo DH DS DG DZPE DEo DH DS DG

1-gauche 0.00 0.00 0.00 0.000 0.00 0.00b 0.00b 0.00b 0.000b 0.00b

1-anti �0.14 0.09 0.20 1.192 �0.15 0.09b 0.05b 0.12b 0.371b 0.01b

(0.05)a (�0.16)c

(�0.14)b

(�0.11)c

1-TS �4.017 31.21 30.79 �3.373 31.80a �4.733 31.27 31.10 �1.951 31.68b

2-gauche 0.08 0.00 0.00 0.000a 0.00a 0.02b 0.00b 0.00b 0.000b 0.00b

2-anti 0.00 1.12 1.25 1.871a 0.69a 0.00b 0.86b 0.93b 0.672b 0.73b

(1.06)a

(1.02)b

1.00 � 0.07d

1.68 � 0.07e

2-TS �4.145 39.86 39.39 �3.829 40.53a �4.580 40.538 40.40 �1.307 40.79b

3-gauche 0.07a 0.00a 0.00a 0.000a 0.00a 0.02b 0.00b 0.00b 0.000b 0.00b

3-anti 0.00 1.19a 1.30a 1.480a 0.86a 0.00b 0.90b 0.96b 0.787b 0.72b

(1.07)a

(1.36)b

3-TS �4.046 39.58 39.09 �4.064 40.29a �4.474 40.99 40.82 �1.310 41.21b

a From MP2, ref. 19. b From MP4, ref. 19. c From CCSD(T)/6-311+G(2d,2p)//QCISD/6-311+G(d,p), ref. 20. d From infrared spectroscopy, ref. 26.
e From Raman spectroscopy, ref. 25.
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also their corresponding retro-ene decomposition reactions
(Fig. 2) at the MP2/6-311++G** level of theory. Based on our
ndings and also the published theoretical data in the litera-
ture,20,21 we found that the retro-ene decomposition reactions of
compounds 1–3 proceed through pathways with lower activa-
tion barriers (with more stable transition states) and produce
less stable products compared to their corresponding cyanate
/ isocyanate unimolecular isomerization reactions. Accord-
ingly, the retro-ene decomposition reactions of compounds 1–3
could be kinetically controlled at lower temperatures. At higher
temperatures, the cyanate / isocyanate unimolecular isomer-
ization reactions of compounds 1–3 may proceed through
pathways with greater activation barriers (with less stable
transition states) and the major products are the thermody-
namically more stable systems.

Fig. 1 shows that the barrier heights of the unimolecular
cyanate / isocyanate unimolecular isomerization reactions
increase signicantly from compound 1 to compound 2, but
decrease from compound 2 to compound 3. It is worth noting
that the unimolecular cyanate / isocyanate unimolecular
isomerization reaction of compound 1 is evidently endo-
thermic, but the corresponding endothermicity decreases
drastically from compound 1 to compound 2, while it does not
change signicantly from compound 2 to compound 3.

The MP2/6-311++G** results showed that the retro-ene
decomposition reaction barrier height increases drastically
from compound 1 to compound 2, but it does not change
signicantly going from compound 2 to compound 3 (Fig. 2). It
is worth noting that the retro-ene decomposition reaction of
compound 1 is exothermic. On the contrary, the retro-ene
decomposition reactions of compounds 2 and 3 are
This journal is © The Royal Society of Chemistry 2017
endothermic and the endothermicity increases from compound
2 to compound 3 (Table 1 and ESI-1†).
2. Assessing the impacts of the hyperconjugative
interactions on the conformational preferences and retro-ene
decomposition reactions of compounds 1–3

The contributions of the generalized anomeric effects associ-
ated with the hyperconjugative interactions (HCGAE) on the
conformational preferences in compounds 1–3 were analyzed
and the corresponding results are given in Table 2. The NBO-
MP2/6-311++G** analysis showed that the LP2X3/s*C4�C5

[X ¼
O (1), S (2), Se (3)] and sC4�H7/s*C3�C2

electron delocalizations
have the greatest impact on the magnitudes of the total hyper-
conjugative anomeric effects (HCAEtotal) of compounds 1–3.
Seemingly, the HCAEtotal values in compounds 1–3 are
controlled by the LP2X3/s*C4�C5

and sC4�H7/s*C3�C2
electron

delocalizations. Based on the results obtained, the HCGAEtotal
(HCGAEanti � HCGAEgauche) values associated with the
LP1X3/s*C4�C5

; LP2X3/s*C4�C5
;LP1X3/s*C4�H6

;LP2X3/s*C4�H7
;

sC4�C5/s*X3�C2
; sC4�H7/s*X3�C2

; sX3�C4/s*C2hN1
; sX3�C4/

p*
C2hN1

; and sC5�H8/s*X3�C4
hyperconjugative interactions are

in favor of the gauche-conformations of compounds 1–3
compared with their corresponding anti-conformations. It is
worth noting that the HCGAEtotal values decrease slightly from
compound 1 to compound 3, revealing that the generalized
anomeric effects associated with the hyperconjugative interac-
tions are in favor of the gauche-conformations in compounds 1–
3 but are not solely responsible for the variations of the gauche-
conformations stabilities compared with their corresponding
anti-conformations going from compound 1 to compound 3.
RSC Adv., 2017, 7, 22757–22770 | 22761
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Table 2 NBO-MP2/6-311++G** calculated hyperconjugative generalized anomeric effect (HCGAE, in kcal mol�1) associated with the hyper-
conjugative interactions and off-diagonal elements (Fij, in atomic unit) for the gauche- and anti-conformations of compounds 1–3

Hyperconjugative interactions

1 2 3

Gauche Anti Gauche Anti Gauche Anti

HCGAE(C4–X3 strengthening)
LP1X3/s*C4�C5

0.79 — 0.91 — 0.68 —

LP2X3/s*C4�C5
4.50 1.00 4.01 — 3.13 —

LP1X3/s*C4�H6
5.08 5.45 5.31 5.24 4.05 3.92

LP2X3/s*C4�H7
2.94 5.45 0.86 5.24 0.00 3.92

sC4�H6/s*X3�C2
0.00 2.48 0.00 0.75 0.00 0.52

sC4�H7/s*X3�C2
3.64 — 1.86 — 1.54 —P

HCGAE(C4–X3

strengthening)
16.95 14.38 12.95 11.23 9.4 8.36

HCGAE(C4–X3 weakening)
sX3�C4/s*C2hN1

2.84 2.49 3.06 3.12 2.43 2.45

sX3�C4/p*
C2hN1

12.34 12.75 7.59 7.55 6.76 6.63

sC3�H8/s*X2�C4
6.50 5.66 6.71 5.39 7.24 5.95P

HCGAE(C4–X3 weakening) 21.68 20.9 17.36 16.06 16.43 15.03P
HCGAE 38.63 35.28 30.31 27.29 25.83 23.39

HCGAEtotal �3.35 �3.02 �2.44

Fij
LP2X3/s*C4�C5

0.066 0.035 0.058 — 0.051 —

sX3�C4/p*
ChN 0.121 0.122 0.079 0.079 0.073 0.072
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Therefore, the roles and contributions of other factors (e.g., the
electrostatic model and steric effects) should be accounted for
(Table 2).

In order to estimate quantitatively the impacts of the
hyperconjugative interactions on the conformational prefer-
ences in compounds 1–3, we deleted the hyperconjugative
interactions (in which the overlapping of their corresponding
orbitals change with the rotations around the X3–C4 bonds:
LP1X3/s*C4�C5

; LP2X3/s*C4�C5
;LP1X3/s*C4�H6

;LP2X3/

s*C4�H7
; sC4�C5/s*X3�C2

; sC4�H7/s*X3�C2
; sX3�C4/s*C2hN1

; sX3�C4

/p*
C2hN1

; and sC5�H8/s*X3�C4
electron delocalizations) from

the Fock matrices of the gauche- and anti-conformations. Then,
with rediagonalization and comparison of the current Fock
matrices with their original forms, we found that the anti-
conformations of compounds 1–3 became more stable than
their corresponding chiral gauche-conformations, revealing that
the anomeric relationships in compounds 1–3 may have
a hyperconjugative interactions origin (Table 3).

Since the X3–C4 [X ¼ O (1), S (2), Se (3)] bonds break in the
transition state structures of the retro-ene decomposition
reactions, we may expect that the retro-ene decomposition
reaction barrier heights may decrease going from compound
1 to compound 3. The results obtained in this work, however,
do not conrm this expectation. Based on the results obtained
at the MP2/6-311++G** level of theory, the retro-ene decom-
position reaction barrier height increases drastically from
compound 1 to compound 2, but does not change signi-
cantly going from compound 2 to compound 3 (Table 1, ESI-1
and ESI-2†).
22762 | RSC Adv., 2017, 7, 22757–22770
3. Orbital amplitudes (electron densities) associated with
the hyperconjugative interactions

The impacts of the hyperconjugative generalized anomeric
effect (HCGAE) on the retro-ene decomposition reactions
barrier heights of compounds 1–3 were investigated. Seemingly,
the LP2X3/s*C4�C5

and sX3�C4/p*
C2hN1

electron delocaliza-
tions have the greatest impact on the easiness of the breaking of
the X3–C4 bonds, thus we analyzed their corresponding donor–
acceptor orbital amplitude proles (or electron densities) (Fig. 3
and 4). Fig. 3 shows that the mixings of the lobes of the donor
LP2X3 nonbonding and acceptor s*C4�C5

antibonding orbitals
decrease from the gauche-conformations of compound 1 to
compound 3, revealing that the variations of the off-diagonal
elements control the variations of the mixing of the doubly
occupied orbitals of LP2M3 [X ¼ O (1), S (2), Se (3)] with the
adjacent unoccupied orbitals of the CH2–CH3 bonds
ðLP2M3 þ s*CH2�CH3

Þ. A same trend was observed for mixing of
the lobes of the donor sX3–C4

bonding and acceptor p*
C2hN1

antibonding orbitals, which is in accordance with the Mulliken
(or Wolerg–Helmholtz) approximation.47,48 Based on the
Mulliken (or Wolerg–Helmholtz) approximation, the desir-
able orbital overlapping between the donor and acceptor
orbitals are reachable by substantial adjustments of their off-
diagonal terms.

4. HCGAEtotal decomposition into the X3–C4 bonds
strengthening and weakening components

It is worth noting that HCGAEtotal could be decomposed into
two components: the rst component has an impact on the
This journal is © The Royal Society of Chemistry 2017
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Table 3 HF/6-311++G**//MP2/6-311++G** calculated total SCF energies, energies of deletions associated with the deletion of
LP1X3/s*C4�C5

; LP2X3/s*C4�C5
; LP1X3/s*C4�H6

; LP2X3/s*C4�H7
; sC4�C5/s*X3�C2

;sC4�H7/s*X3�C2
;sX3�C4/s*C2hN1

; sX3�C4/p*
C2hN1

; and sC5�H8/
s*X3�C4

electron delocalizations and their corresponding energy changes (in a.u.) in the gauche- and anti-conformations of compounds 1–3

Geometries

1 2 3

Gauche Anti Gauche Anti Gauche Anti

Total SCF energies �245.8535160 �245.854611210 �568.521273696 �568.521085748 �2570.781555431 �2570.781318328
Energies of deletions �245.801561 �245.807529571 �568.479413418 �568.483811670 �2570.745744656 �2570.749046882
Energy changes (EC) 0.051955(32.60)a 0.047082(29.54)a 0.041860(26.27)a 0.037274(23.39)a 0.035811(22.47)a 0.032271(20.25)a

D(ECgauche � ECanti) 3.06a 2.88a 2.22a

a Values are in kcal mol�1.

Fig. 3 Calculated profiles of the orbital amplitudes (electron densities) for the LP2X3/s*C4�C5
[X ¼ O (1), S (2), Se (3)] negative hyperconjugative

interactions that shorten the X3–C4 bonds in the gauche-conformations of compounds 1–3. E2 values are in kcal mol�1.
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decrease of the X3–C4 bond orders [HCGAE(X3–C4 strength-
ening)], while the second one has an opposite impact
[HCGAE(X3–C4 weakening)] (see Table 2). The calculated
HCGAE(X3–C4 strengthening) values associated with the
LP1X3/s*C4�C5

; LP2X3/s*C4�C5
;LP1X3/s*C4�H6

;LP2X3/

s*C4�H7
; sC4�C5/s*X3�C2

; and sC4�H7/s*X3�C2
electron delocaliza-

tions and the HCGAE(X3–C4 weakening) values associated
with the sX3�C4/s*C2hN1

; sX3�C4/p*
C2hN1

; and sC5�H8/

s*X3�C4
hyperconjugative interactions decrease from compound
Fig. 4 Calculated profiles of the orbital amplitudes (electron densities) f
actions that lengthen the X3–C4 bonds in the gauche-conformations of

This journal is © The Royal Society of Chemistry 2017
1 to compound 3, while their differences (D[HCGAE(X3–C4

weakening) � HCGAE(X3–C4 strengthening)]) increase signi-
cantly from compound 1 to compound 2, but decrease slightly
from compound 2 to compound 3. Surprisingly, the variations
of the D[HCGAE(X3–C4 weakening) � HCGAE(X3–C4 strength-
ening)] parameters justies the variations of the retro-ene
decomposition reactions barrier heights going from
compound 1 to compound 3 (Table 2 and Fig. 2).
or the sX3�C4/p*
C2hN1

[X ¼ O (1), S (2), Se (3)] hyperconjugative inter-
compounds 1–3. E2 values are in kcal mol�1.

RSC Adv., 2017, 7, 22757–22770 | 22763

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra00520b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

11
:5

9:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
5. Retro-ene decomposition reactions of compounds 1–3 in
connection with the Hammond–Leffler postulate

The MP2/6-311++G** results showed that the retro-ene
decomposition reaction of compound 1 is exothermic and its
transition state structure more closely resembles the gauche-
conformation (with an early transition state). On the contrary,
the retro-ene decomposition reactions of compounds 2 and 3
are endothermic and their transition state structures more
closely resemble their corresponding products (with late tran-
sition states). In order to assess the validity of the Hammond–
Leffler postulate for the retro-ene reactions of compounds 1–3,
we examined the total natural resonance theory (NRT) bond
orders (natural bond orders, nbo) of the reactants, the transi-
tion state structures, and the products of the retro-ene reactions
of compounds 1–3 (Table 4). The examinations of the bond
orders of the transition state structures revealed that the bond
orders of the retro-ene decomposition reaction of compound 1
more resemble the gauche-conformation (Fig. 5), which is in
agreement with the Hammond–Leffler postulate. Interestingly,
the bond orders of the six-membered cyclic transition state
structures of the retro-ene decomposition reactions of
compounds 2 and 3 are closer to their corresponding products.

Although the C–X (X ¼ O, S, Se) bond dissociation energy
decreases when going from C–O to C–Se bonds, the barrier
heights of the decomposition and isomerization reactions of
ethyl selenocyanate (3) are signicantly greater than those in
ethyl cyanate (1) and also are close to the corresponding values
for ethyl thiocyanate (2). It is worth noting that six bonds
(N1jC2, C2jX3, X3/C4, C4jC5, C5/H9, H9/N1) are involved in
the transition state structures of the retro-ene decomposition
reactions of compounds 1–3. The C5/H9 bond in the transition
state structure of the retro-ene decomposition reaction of
compound 1 has a signicant covalent character, while there is
Table 4 NBO-MP2/6-311++G** calculated total natural resonance theo
bond orders for every bond (dBi), average values of dBi (dBav) for the groun
of compounds 1–3 [X ¼ O (1), S (2), Se (3)] and also their corresponding

1 2

Gauche TS P Gauche

WBI
N1–C2 2.9248 2.4089 2.0061 2.9301
C2–X3 1.0710 1.5524 1.9861 1.0652
X3–C4 0.9897 0.5908 0.0000 0.9906
C4–C5 1.0200 1.1547 2.0154 1.0234
C5–H9 0.9910 0.8173 0.0000 0.9908
N1–H9 0.0000 0.0355 0.9731 0.0000

dBi

dBN1–C2
0.5614

dBC2–X3
0.5261

dBX3–C4
0.4031

dBC4–C5
0.1353

dBC5–H9
0.1753

dBN1–H9
0.0365

dBav 0.3063
ASy 0.3733
Sy 0.6267

22764 | RSC Adv., 2017, 7, 22757–22770
no considerable bond order for the H9/N1 bonds. Importantly,
the bond orders of the C5/H9 bonds decrease going from the
transition state structures of compound 1 to compound 3, while
the bond orders of the H9/N1 bonds increase inversely. Also,
the bond orders of the C–C bonds in the transitions state
structures increase signicantly from the transition state
structures of compound 1 to compound 3. It can thus be
concluded that the variations of the barrier heights of the retro-
ene decomposition reactions of compounds 1–3 could not be
controlled only by the X3–C4 (X ¼ O, S, Se) bonds and therefore
the contributions of the other bonds involved in the retro-ene
decomposition reactions and their corresponding angle
strains should be considered.

It is worth noting that the variations of the bond orders of
the transition state structures of the retro-ene reactions of
compounds 1–3 are reected in their structural parameters.
Based on the results obtained at the MP2/6-311++G** level of
theory, the C-C bond lengths and the H/N distances decrease
going from the transition state structures of the retro-ene
reactions of compound 1 to compound 3 (Fig. 6). As the C–C
bond lengths and the H/N distances decrease, the C–H bond
lengths increase inversely, leading to the formation of the late
transition structures that resemble their corresponding prod-
ucts (Fig. 1 and 2). Accordingly, the variations of the bond
lengths in the transition state structures of the retro-ene
decomposition reactions of compounds 1–3 are in accordance
with the Hammond–Leffler postulate (Table ESI-3†).
6. Exploring the impacts of the attractive electrostatic
interactions between two adjacent atoms on the retro-ene
decomposition reactions of compounds 1–3

In order to assess the impacts of the attractive electrostatic
interactions on the retro-ene decomposition reactions of
ry (NRT) bond orders (natural bond orders, nbo), relative variation of the
d states, transition states, and products of the decomposition reactions
asynchronicity (Asy) and synchronicity values

3

TS P Gauche TS P

2.3596 2.0929 2.9447 2.4249 2.1856
1.5257 1.8968 1.0501 1.4746 1.7951
0.3736 0.0000 0.9852 0.3230 0.0000
1.4747 2.0154 1.0255 1.5254 2.0154
0.4308 0.0000 0.9905 0.3839 0.0000
0.3876 0.9662 0.0000 0.4481 0.9606

0.6814 0.6848
0.5538 0.5698
0.6229 0.6721
0.4549 0.5050
0.5652 0.6124
0.4012 0.4665
0.5466 0.5851
0.0018 0.0736
0.9816 0.9264

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 MP2/6-311++G** calculated total natural resonance theory (NRT) bond orders (natural bond orders, nbo) of the transition state structures
of the retro-ene decomposition reactions of compounds 1–3.

Fig. 6 MP2/6-311++G** calculated structural parameters (bond lengths, Å) of the transition state structures of the retro-ene decomposition
reactions of compounds 1–3.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

11
:5

9:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
compounds 1–3, we examined the natural atomic charges (NAC)
of the X3 and C4 atoms (Scheme 1). The results obtained showed
that the natural atomic charge of the O atom is negative, while
the S and Se atoms possess positive charges.

Effectively, the calculated natural atomic charge differences
between the X3 and C4 atoms in the gauche-conformations (D
[NAC(X3) � NAC(C4)]) increase from compound 1 to compound
3 (Table 5). The smaller D[NAC(X3) � NAC(C4)] parameter in
compound 1 compared to those in compounds 2 and 3 leads to
an early transition state (smaller dBav value). The greater
attractive electrostatic interactions between the two adjacent
S3–C4 and Se3–C4 atoms in compounds 2 and 3, respectively,
(greater D[NAC(X3)� NAC(C4)] parameters) lead to the relatively
late transition states (greater dBav values) together with the
increased overall synchronicity in the retro-ene decomposition
reactions of compounds 2 and 3. This fact could also be ratio-
nalized by the smaller sS3�C4/p*

ChN and sSe3�C4/p*
ChN elec-

tron delocalizations in the gauche-conformations of compounds
2 and 3 compared with that in compound 1. Note that the
This journal is © The Royal Society of Chemistry 2017
greater sO3�C4/p*
ChN electron delocalization in the gauche-

conformation of compound 1 facilitates more O3–C4 bond
breaking in the retro-ene decomposition reaction of compound
1 compared with the smaller sX3�C4/p*

ChN electron delocal-
izations in compounds 2 and 3 (Table 2).
7. Assessing the synchronicities and advancements of the
transition states (dBav) of the retro-ene decomposition
reactions of compounds 1–3

To gain further insights into the nature and mechanisms of the
retro-ene decomposition reactions of compounds 1–3 and the
applicability of the Hammond–Leffler postulate in these reac-
tions, we examined their synchronicity indices by calculating
the bond orders [total natural resonance theory (NRT) bond
orders (natural bond orders, nbo)] of the gauche, transition
state, and product structures.75–78

The synchronous or asynchronous nature of the mecha-
nisms of the retro-ene decomposition reactions of compounds
RSC Adv., 2017, 7, 22757–22770 | 22765
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Table 5 MP2(FC)/6-311++G(d,p) calculated dipole moments (m, in Debye) and total steric exchange energies for the gauche- and anti-
conformations and also for the transition state structures of the decomposition reactions of the gauche-conformations of compounds 1–3.
Natural atomic charges (NAC) are given for the gauche- and anti-conformations

Compound 1 2 3
Geometry Gauche Anti TS Gauche Anti TS Gauche Anti TS
m 5.05 5.24 4.63 4.52 4.84 3.51 4.71 5.06 3.56

(4.72 � 0.33)a (4.01 � 0.12)b (4.47 � 0.10)c

(4.92)d (4.60)e (5.13)d (5.17)e (3.98)f (4.27)f (4.13)f (4.46)f

(4.59)f (4.68)f

D(manti � mgauche) 0.19 0.32 0.35
D(mTS � mgauche) �0.42 �1.01 �1.15
TSEE 132.76 135.71 157.01 123.91 121.86 183.82 133.21 126.79 188.85
D(TSEEanti � TSEEgauche) 2.95 �2.05 �6.42
D(TSEETS � TSEEgauche) 24.25 59.91 55.64

NAC
X3 �0.60116 �0.60663 0.28657 0.28134 0.40735 0.40180
C4 0.07274 0.07204 �0.43066 �0.42671 �0.48241 �0.47864
N1 �0.49298 �0.48980 �0.36828 �0.36510 �0.37473 �0.37081
D[NC(X3) � NC(C4)] 0.67390 0.67867 0.71723 0.70805 0.88976 0.88044

a From rotational spectrum, ref. 18. b Frommicrowave spectrum, ref. 23. c Frommicrowave spectrum, ref. 27. d From B3LYP/6-311+G(2d,2p), ref. 20.
e From QCISD(full)/6-311+G(d,p), ref. 20. f From MP2 with a triple-x basis set augmented with polarization and diffusion function, ref. 19.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

11
:5

9:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
1–3 were also considered by the synchronicity, Sy, as calculated
from eqn (2):

Sy ¼ 1 � ASy (2)

where ASy is the asynchronicity (eqn (3)):

ASy ¼
�

1

2n� 2

�Xn

i¼1

jdBi � dBavj
dBav

(3)

where n is the number of bonds involved in the reaction and dBi
is the relative variation of the bond index for every bond (eqn
(4)) involved in the transition state (TS) structure in a chemical
reaction:

dBi ¼ BTS
i � BR

i

BP
i � BR

i

(4)

From the calculated dBi values, we can measure the degree of
advancement of the transition state structures along the reac-
tion paths. dBav is the average value (eqn (5)) and is dened as:

dBav ¼ 1

n

Xn

i¼1

dBi (5)

The calculated total natural resonance theory (NRT) bond
orders (natural bond orders, nbo), dBi, dBav, ASy, and Sy values
are given in Table 4. A low synchronicity was found for the retro-
ene decomposition reaction of compound 1 compared with
those in compound 2 and compound 3. This fact could be
justied by the bond orders of the C5/H9/N1 moiety in the
transition state structure of compound 1 (Fig. 6). The exami-
nation of the bond orders of the C5/H9/N1 moiety in the
transition state structure of compound 1 revealed that the C5/
H9 bond had a signicantly covalent character, while there was
no considerable bond order for the H9/N1 bond. This fact may
22766 | RSC Adv., 2017, 7, 22757–22770
lead to an early transition state structure. Contrary to
compound 1, we found high synchronicity indices for the retro-
ene decomposition reactions of compounds 2 and 3. Impor-
tantly, the decrease of the C5/H9 bond orders and also the
increase of the H9/N1 bond orders in the C5/H9/N1 moieties
of the transition state structures of compounds 2 and 3
compared with that in compound 1 led to their greater
synchronicity indices. Despite the low synchronicity found for
the retro-ene decomposition reaction of compound 1, the
intrinsic reaction coordinate (IRC) analysis asserted the one-
step nature of this reaction.
8. Pauli exchange-type repulsions

Natural steric analysis, which states that steric exchange
repulsion is the energy difference due to orbital orthogonali-
zation, can be used to express the well-established physical
picture of steric repulsions.49–53 All occupied orbitals effects are
included in the Pauli exchange-type repulsion (or steric
exchange energy) and therefore it typically contains contribu-
tions from covalent (intrabond) groups.

NBO-MP2/6-311++G** analysis was used to calculate the
steric repulsion contributions in the anti- and gauche-confor-
mations and also in the transition state structures of the retro-
ene reactions of 1–3. Based on the results obtained, Pauli
exchange-type repulsion of the anti-conformation of compound
1 was found to be greater than that in its gauche-conformation,
thus favoring the gauche-conformation. Contrary to the trend
observed for compound 1, the exchange components of the
gauche-conformations of compounds 2 and 3 were greater than
those in their anti-conformations, thus favoring their corre-
sponding anti-conformations. Accordingly, the exchange
component tends to increase the anti-conformation preference
compared to its gauche-conformation when going from
compound 1 to compound 3. Based on the results obtained, the
This journal is © The Royal Society of Chemistry 2017
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calculated total steric exchange energy differences between the
anti- and gauche-conformations [D(TSEEanti � TSEEgauche)]
decrease going from compound 1 to compound 3. Accordingly,
the conformational preferences for the exchange component
does not justify solely the conformational preferences in
compounds 1–3 (Table 5).

It is worth noting that the Pauli exchange component values
of the transition state structures of the retro-ene decomposition
reactions of compounds 1–3 are greater than those in their
corresponding anti- and gauche-conformations. Most impor-
tantly, the calculated total exchange energy differences between
the transition state structures of the retro-ene decomposition
reactions of compounds 1–3 correlate well with their corre-
sponding Gibbs free energy differences, revealing that the
variations of the exchange component have a signicant impact
on the barrier heights of these reactions (Fig. 2).
9. Impact of the electrostatic model associated with the
dipole–dipole interactions on the conformational preferences
and the retro-ene decomposition reactions of compounds 1–3

In the conformations or congurations of a molecule with
larger dipole moments (m), a larger polarizability may result
from the local dipole moments repulsive interactions, there-
fore, it is acceptable that a conformation or conguration of
a molecule with the largest resultant dipole moment (in the gas
phase or in the nonpolar media)35 may possess the largest
electrostatic energy compared to its structural isomers with
smaller diploe moments.

The calculated dipole moments for the gauche- and anti-
conformations of compounds 1–3 and the transition state
structures of their corresponding retro-ene decomposition
reactions are given in Table 5. Based on the results obtained, the
dipole moments of the gauche-conformations of compounds 1–
3 are smaller than those in their corresponding anti-confor-
mations, revealing that the electrostatic model associated with
the dipole–dipole interaction is in favor of the gauche-confor-
mations of compounds 1–3. It is worth noting that the electro-
static model associated with the dipole–dipole interactions, the
Pauli exchange-type repulsions, and the hyperconjugative
interactions are in favor of the gauche-conformation of
compound 1. Since the results of this work and previously
published data19,20 indicate that there is a small energy differ-
ence between the gauche- and anti-conformations of compound
1, we suggest a re-evaluation of the conformational properties of
compound 1 by spectroscopic techniques (e.g., gas electron
diffraction or microwave spectroscopy).

Importantly, the transition state structures of the retro-ene
decomposition reactions of compounds 1–3 possess smaller
dipole moments compared to their corresponding gauche-
conformations. Based on the calculated dipole moments for the
transition state and the gauche-conformations, the D[m(TS) �
m(gauche)] parameters for compounds 1–3 possess negative
values and slightly increase from compound 1 to compound 3,
revealing that the rationalization of the retro-ene decomposi-
tion reactions solely in terms of the electrostatic model associ-
ated with the dipole–dipole interaction fails to fully account for
This journal is © The Royal Society of Chemistry 2017
compounds 1–3. This fact contradicts the conclusions proposed
by some researchers who claimed that “the isomer with larger
molecular dipole moment is the less stable one”.35
10. Kinetic parameters of the retro-ene decomposition
reactions of compounds 1–3

The kinetic parameters of the retro-ene decomposition reac-
tions of compounds 1–3 were estimated using the classical
transition state theory (TST).79,80 The Eyring–Polanyi equation
was used to estimate the temperature-dependent rate constant
[k(T)] of the retro-ene decomposition reactions of compounds
1–3 (eqn (6)):

kðTÞ ¼ kBT

h
e
�DGsðTÞ

RT (6)

where kB, R, and h are the Boltzmann constant, the universal gas
constant, and the Planck constant, respectively, and the trans-
mission coefficient was assumed to be equal to unity. The
temperature-dependent rate constants [k(T)] of the retro-ene
decomposition reactions of compounds 1–3 were estimated at
different temperatures (300, 400, 500, and 600 K). The MP2/6-
311++G** results showed that the temperature-dependent rate
constant [k(T)] of the retro-ene decomposition reaction of
compound 1 was greater (106 times) than that of compounds 2
and 3 (Table ESI-4†). The results obtained showed that the rate
constants of the retro-ene decomposition reactions of
compounds 1–3 increase drastically with the increase in the
temperature. The constants of the retro-ene decomposition
reactions of compounds 1–3 at 600 K are much greater than
those at ambient temperature. In accordance with the TST, the
activation energy (Ea) and the Arrhenius A factor were calculated
by the following equations, respectively (eqn (7) and (8)):

Ea ¼ DHs(T) + RT (7)

A ¼ ekBT

h
e
DSsðTÞ

R (8)

The activation energy (Ea) for the retro-ene decomposition
reactions increases drastically from compound 1 to compound
2, but does not change signicantly going from compound 2 to
compound 3 (Table 6). Interestingly, the results obtained
showed that the calculated Arrhenius A factors for the retro-ene
decomposition reactions of compounds 1–3 are relatively the
same and fall within the range 1011.5 to 1014.5 s�1, which is
acceptable for such unimolecular reactions.81

The calculated entropies of activation (DSs) for the retro-ene
decomposition reactions of compounds 1–3 were used in
support of the reaction mechanisms occurring via a concerted
six-membered cyclic transition state (Table 6). The calculated
activation entropies (DSs) of the retro-ene decomposition of
compounds 1–3 lie between �7.00 and 7.00 cal mol�1 K�1,
demonstrating that their calculated Arrhenius factors are
normal. The DSs value of the retro-ene decomposition reac-
tions decrease when going from compound 1 to compound 3.
By considering the calculated DSs values of the retro-ene
decomposition reactions of compounds 1–3, we can expect
RSC Adv., 2017, 7, 22757–22770 | 22767
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Table 6 MP2/6-311++G** calculated activation energies (Ea, in kcal mol�1), Arrhenius factors (A, in s�1), rate constants (k, in s�1), activation
enthalpies (DHs, in kcal mol�1), activation entropies (DSs, in cal mol�1 K�1), activation Gibbs free energies (DGs, in kcal mol�1), and thermo-
dynamic parameters (DH ¼ Hp � HGS and DG ¼ Gp � GGS: in kcal mol�1, DS ¼ Sp � SGS: cal mol�1 K�1) of the decomposition reactions of
compounds 1–3 at 300 K

MP2/6-311++G**

300 K

Ea A k DHs DSs DGs DH DS DG

1-gauche / [TS]s / 1-P 31.38 3.07 � 1012 2.51 � 10�11 30.79 �3.373 31.80 �6.49 35.667 �17.12
2-gauche / [TS]s / 2-P 39.98 2.44 � 1012 9.45 � 10�18 39.39 �3.829 40.53 20.25 34.088 10.09
3-gauche / [TS]s / 3-P 39.67 2.17 � 1012 1.41 � 10�17 39.08 �4.064 40.29 33.84 11.950 19.41
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their transition state structures to have signicantly greater
rigidity than their corresponding initial states. Accordingly, the
transition state structures of the retro-ene decomposition
reactions of compounds 1–3 had much less freedom of vibra-
tions than their corresponding initial states.
Conclusion

The results obtained at the MP2/6-311++G** and G3(MP2) levels
of theory and the natural bond orbital (NBO) interpretations
provided a reasonable picture from an energetic, structural,
bonding, and stereoelectronic point of view for the conforma-
tional preferences in compounds 1–3 and their corresponding
retro-ene decomposition reactions. The role and contributions
of the hyperconjugative interactions on the conformations
preferences of compounds 1–3 were assessed by the deletion of
the overlapping orbitals [which are changed by the rotations
around the M–CH2 bond [M ¼ O (1), M¼ S (2), M ¼ Se (3)] from
the Fock matrices of the gauche- and anti-conformations. Based
on the results obtained, the deletion of the hyperconjugative
interactions mentioned above from the Fock matrices leads to
an increase in the preference for the anti-conformation,
demonstrating the signicant impacts of the hyperconjugative
interactions on the gauche-conformation preferences in
compounds 1–3. The electrostatic model associated with the
dipole–dipole interactions is in favor of the gauche-conforma-
tions of compounds 1–3, but does not justify the potential
energy surfaces of the retro-ene decomposition reactions of
compounds 1–3.

Since the hyperconjugative interactions, the electrostatic
model associated with the dipole–dipole interactions, and steric
effects are in favor of the gauche-conformation of compound 1,
no fact justies the anti-conformation preference in compound
1. Accordingly, we claim that there is some doubt concerning
the interpretations of the rotational spectra of compound 1. As
experimental data (infrared spectroscopy)20 indicated the pres-
ence of two forms (gauche- and anti-conformations), we suggest
a re-evaluation of the conformational and structural properties
of compound 1 by gas electron diffraction or microwave spec-
troscopy to be carried out with more consciousness.

In accordance with the results of this work and the previ-
ously published theoretical data,20,21 compounds 1–3 were
found to be stable in the gas phase and their corresponding
22768 | RSC Adv., 2017, 7, 22757–22770
cyanate / isocyanate unimolecular isomerization reactions
could not take place at ambient temperature. Based on the
results of this work, the retro-ene decomposition reactions of
compounds 1–3 will occur earlier than their corresponding
unimolecular cyanate / isocyanate unimolecular isomeriza-
tion reactions. Importantly, the exchange component has
a determining role on the retro-ene decomposition reactions of
these compounds. The calculated potential energy surfaces and
the advancements of the transition states (dBav) of the retro-ene
decomposition reactions of compounds 1–3 are in agreement
with the Hammond–Leffler postulate. The greater overall
synchronicities of the retro-ene decomposition reactions of
compounds 2 and 3 compared to that of compound 1 results
from the greater attractive electrostatic interactions between the
two adjacent S3–C4 and Se3–C4 atoms in compounds 2 and 3,
respectively, in comparison to the smaller one (i.e., O3–C4) in
compound 1.

Since the X3–C4 bonds break in the transition state structures
of the retro-ene decomposition reactions of compounds 1–3, we
decomposed the hyperconjugative generalized anomeric effects
(HCGAEtotal) (which have impacts on the strengthening or
weakening of the X3–C4 bonds) into two components. Most
interestingly, the variations of D[HCGAE(X3–C4 weakening) �
HCGAE(X3–C4 strengthening)] parameters correlated well with
the variations of the retro-ene decomposition reactions barrier
heights when going from compound 1 to compound 3. Based on
this nding, this procedure could be an applicable and suitable
approach to investigate the feasibility of various chemical
reactions (especially unimolecular reactions).
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