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The nature of the transition state structures of the decomposition of 3-pyrroline
(1), 2,5-dihydrofuran (2) and 2,5-dihydrothiophene (3) were investigated using ab
initio Molecular Orbital (MO) and Density Factional Theory (DFT) methods. The
energy barrier of the decomposition of compound 1 is smaller than compound 2 and
compound 2 is smaller than compound 3. The energy barriers for the decomposi-
tion of compounds 1-3 are 46.20, 50.17, and 61.34 kcal mol L, respectively, which is
calculated by B3LYP/6-31G* /| HF | 6-31G* level of theory. Which is in good agree-
ment with reported experimental data. Contrary to the previously reported data,
the distance between the cis-2-and-5-hydrogen atoms in compound 1 is greater than
compound 2. The transition-state structures of the decomposition of compounds 1-
3 are formed by interaction of the cis-2-and-5-hydrogen atoms. Also, the rings of
compounds 1-3 in the transition state structures are puckered.

Keywords Ab initio calculations; decomposition; dehydrogenation; dihydrofuran; dihy-
drothiophene; molecular modeling; pyrroline

INTRODUCTION

The kinetic thermal decomposition of 3-pyrroline (1), 2,5-dihydrofuran
(2) and 2,5-dihydrothiophene (8) have been studied perviously.!=* The
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decomposition involves the intramolecular elimination of molecular hy-
drogen. In compound 2, it has been suggested that the mechanism of the
reaction involves hydrogen atom elimination from the C2 and C5 carbon
atoms in the ring by means of six central transition states.! A similar
mechanism has been shown to be predominate in the thermal decompo-
sition of cyclopentene.® An analogous transition state was involved for
the decomposition of cyclohexa-1,4-diene, in which the formation of free
radicals was shown to be energetically unfavorable.® Wellington et al.
have mentioned that the cis-2-and-5-hydrogen atoms distances in com-
pounds 1-3 is 3.00, 3.45, and 3.90 A, respectively. They believed that
the smaller distance between eliminated hydrogen atoms in compound
1 is one of the reasons for the smaller barrier energy for the decompo-
sition of compound 1. However, because bond length of C—N (1.462 A)
in compound 1 is longer than C—0O (1.407 A) in compound 2, the dis-
tance of the cis-2-and-5-hydrogen atom in compound 2 is greater than
compound 1. Consequently, it seems that other factors affect the decom-
position of compound 2. The main goal of this work is to understand the
influence of the affective factors on the transition—state structures of
the decomposition of compounds 1-3 to molecular hydrogen, related
diene heterocyclic compounds, and barrier heights of these reactions
(see Scheme 1). To gain further insight on this subject, we have inves-
tigated the ground state and transition state structures of compound
1-3 by performing MO and DFT using the Gaussian 98 package of
programs.” ! Successful application of DFT-based methods have broad-
ened the applicability of the computational methods and now represent
an interesting approach for determining activation barrier and molec-
ular energies.” !* The B3LYP functional method combines Becke’s
three-parameter exchange function with the correlation function of Lee
et al.”8

H H

M == (S e
X

H X H

X=NH(1) 0@2);, SG)
SCHEME 1

CALCULATION

Ab initio calculation were carried out using HF/6-31G*/HF/6-31G*,
MP2/6-31G*//HF/6-31G*, and BSLYP/6-31G*//HF/6-31G* level of theory
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with the Gaussian 98 package of programs,'! was implemented on a

Pentium-PC computer with 500 MHZ processor. Initial structure ge-
ometries of compounds 1-3 were obtained by a molecular mechanics
program PC-MODEL (88.0)!2? and for reoptimization of geometries, we
used the PM3 method of MOPAC 6.0 computer program was used.?14
Energy minimum geometries were located by minimizing the energy
with respect to all geometrical coordinates and without imposing any
symmetry constraints.

The GAUSSIAN 98 program was finally used to perform ab initio cal-
culations at the HF/6-31G* level in order to obtain the energy-minimum
structures and MP2/6-31G*//HF/6-31G* and B3LYP/6-31G*//HF/6-31G*
methods for single-point energy calculations.

The nature of the stationary points for the configurations of com-
pounds 1-3 was determined by means of the number of imaginary fre-
quencies. For minimum state structures only real frequency values, and
in the transition state only single imaginary frequency values, were
accepted.

The structure of the transition state geometries was located using
the optimized geometries of the equilibrium structures according to the
procedure Dewar et al.! These structures were then reoptimized by the
QST2 subroutine at the HF/6-31G* level. The vibrational frequencies
of ground states and transition states were calculated by the FREQ
subroutine.

RESULTS AND DISCUSSION

Corrected Zero-Point (ZPE®) and total electronic (E.) energies (where
Ey = E.+ ZPEP®) for compounds 1-3, as calculated at the ab initio HF/6-
31G* level are given in Table I. For single-point energy calculations
both ab initio MP2/6-31G*//HF/6-31G* and the DFT methods (B3LYP/6-
31G*//HF/6-31G*) were used.

Representative structural parameters for ground states and transi-
tion structures of compounds 1-3, as calculated by HF/6-31G* level of
theory, are given in Table II. Theoretical calculations provide structural
parameters for isolated molecule at OK. Therefore, theoretical calcu-
lations are not reported, in principal, to reproduce the experimental
values quantitively.!® Nevertheless, it is possible to carry out ab ini-
tio calculations at the Hartree-Fock, from which many properties and
structures can be obtained with an accuracy that is competitive with
experiments.!”~20

HF/6-31G* results show that the distances between the cis-2-and-
5-hydrogen atoms in compounds 1-3 is 3.524, 3.939, and 3.525 A,
respectively. The distance between the cis-2-and-5-hydrogen atoms in
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TABLE II HF/6-31G*-Calculated Structural Parameters for the
Ground State and Transition State Structures of the
Dehydrogenation Reaction of 3-Pyrroline (1), 2,5-dihydrofuran (2),
and 2,5-dihydrothiophene (3). Bond Lengths are in (A) and (°)

Compound 1 2 3
State (GS) (TS) (GS) (TS) (GS) (TS)
Bond lengths (A)
rie 1.500 1.395 1.407 1.354 1.829 1.759
ro-3 1.498 1.429 1.504 1.420 1.504 1.420
r3-4 1.339 1.356 1.314 1.360 1.316 1.363
ro.7 1.107 1.529 1.087 1.527 1.084 1.555
dg-7 3.524 1.052 3.525 1.015 3.939 0.995
Torsion angles (°)
01-2-3 105.3 105.6 104.7 107.6 105.6 109.0
09-3-4 111.1 106.2 109.6 105.1 117.1 1104
09-1-5 107.2 101.1 111.4 101.8 94.6 84.0
01-2-7 108.2 89.3 109.7 87.0 110.0 87.6
09-7-6 60.0 111.1 56.6 110.8 54.8 115.9
Torsion angles (°)
$1-9-3-4 1.8 23.7 0.0 21.7 0.0 28.0
$9-3-4-5 0.0 0.0 0.0 0.0 0.0 0.0
P4-5-1-2 2.9 374 0.0 34.5 0.0 36.2
$1-9-7-6 -37.9 —34.7 -35.4 —35.7 —45.6 —43.6
Po-7-6-5 0.0 0.0 0.0 0.0 0.0 0.0

compound 3 is greater than compound 1 and 2. Consequently, in the
transition-states structure of the dehydrogenenation of compound 3,
the ring must be more folded than the transition state structures
of compounds 1 and 2. This fact may be a reason for the higher
energy barrier of the decomposition of compound 3 in comparison
to compounds 1 and 2. The energy barrier for dehydrogenation of
compound 1 is 69.07, 46.12, and 46.20 kcalmol~!, as calculated by
HF/6-31G*//HF/6-31G*, MP2/6-31G*//HF/6-31G*, and B3LYP/6-1G*//
HF/6-31G* levels of theory, respectivel (see Figure 1). MP2/6-31G*//
HF/6-31G*- and B3LYP/6-31G*//HF/6-31G*-calculated energy barrier
for dehydrogenation of compound 1 is in agreement to the reported
experimental data (44.6 kcal mol~1)* than the HF/6-31G*//HF/6-31G*
results.

The dehydrogenation energy barrier of compound 3 is 85.11, 60.52,
and 61.34 kcal mol™!, as calculated by HF/6-31G*//HF/6-31G*, MP2/6-
31G*//HF/6-31G*, and B3LYP/6-31G*//HF/6-31G* levels of theory, re-
spectively. MP2/6-31G*//HF/6-31G* calculated energy barriers is in
good agreement to reported experimental data (55.0 kcal mol—1).4



09: 48 28 January 2011

Downl oaded At:

440 D. Nori-Shargh et al.

) 69.07 (HF)
L AE"(kcalmol"): 46.11 (MP2)
46.20 (B3LYP)

73.86 (HF)
AEU (keal mol') =4 50.51 (MP2)
50.17 (B3LYP)

2:

85.10 (HF)
3: DE; ecal moly =4 60.52 (MP2)
61.33 (B3LYP)

H><_><H
H X H

FIGURE 1 Calculated HF/6-31G*//HF/6-31G*, MP2/6-31G*//HF/6-31G*, and
B3LYP/6-31G*//HF/6-31G* profile for decomposition of compounds 1-3.

In compounds 1 and 2, the distances between the cis-2-and-5-
hydrogen atoms is 3.524 and 3.525 A, respectively, was calculated
by HF/6-31G*//HF/6-31G* level of theory. These values are almost
equal and do not affect the energy barriers of molecular hydrogen
eliminations.

The calculated structural parameters for the transition structures
of compounds 1-3 revealed that the ring puckering in compound 3 is
greater than compound 1, and compound 1 is greater than compound
2. The torsion angle of ¢1234 in the transition state structures of com-
pounds 1-3 is 23.7, 28.0, and 21.7 A, respectively, as calculated by the
HF/6-31G* level of theory. It seems the ring folding in the transition
state structure of compound 2 is greater than compound 1 and in com-
pound 1 is greater than compound 2. Also, the aromatic character in
pyrrole is more than furan and furan is more than thiophene. Conse-
quently, it can be concluded that the aromatic character of the tran-
sition state structure of compound 1 is more than compound 2, and
in compound 2 is more than compound 3. Therefore, the energy of the
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transition state structure of compound 1 is lower than compound 2, and
compound 2 is lower than compound 3, in comparision to the ground
state structures of compounds 1-3.

CONCLUSION

Ab intio and density functional theory calculations provide a picture
from both structural and energetic points of view for the decomposition
of compounds 1-3. The results calculated by HF/6-31G*//HF/6-31G*,
MP2/6-31G*//HF/6-31G*, and B3LYP/6-31G*//HF/6-31G* levels of the-
ory show that the barrier height of the decomposition of compound 1
is lower than compound 2, and compound 2 is lower than compound 3.
The reason of this fact may be the greater resonance stabilization in
the transition structure of compound 1, compared to in comparison 2
and 3. Also, in the ground state structure of compound 1, the distance
between the cis-2-and-5-hydrogen atoms is smaller than that in com-
pounds 2 and 3, and may be this fact facilitate the molecular hydrogen
elimination from compound 1. Also, the greater aromatic character in
the transition state structure of the compound 1 facilitate the molecular
hydrogen elimination, compared to compounds 2 and 3.
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