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Stereoelectronic Effects on the Conformational Properties
of 1,3-Dioxane, 1,3-Dithiane, and 1,3-Diselenane: An Ab
Initio Study and NBO Analysis

Davood Nori-Shargh!? and Shamsi Rafatpanah!
LChemistry Department, Graduate Faculty, Arak Branch, Islamic Azad
University, Arak, Iran

2Chemistry Department, Science and Research Campus, Islamic Azad
University, Hesarak, Poonak, Tehran, Iran

NBO analysis, density functional theory (DFT: B3LYP/6-31G*//B3LYP/6-31G*)
and ab initio molecular orbital (MO: MP2/6-31G*//B3LYP/6-31G*) based meth-
ods were used to study the stereoeletronic effects on the conformational properties
of 1,3-dioxane (1), 1,3-dithiane (2) and 1,3-diselenane (3). The obtained B3LYP/6-
31G*//B3LYP/6-31G* and MP2/6-31G*//B3LYP/6-31G* results show that the ring
flipping barrier heights [via rotation about C—M bond, (M = O (1), M =S (2) and
M = Se (3))] decrease from compound 1 to compound 3.

Based on the optimized ground state geometries using B3LYP/6-31G** method,
the NBO analysis of donor-acceptor (bond-antibond) interactions revealed that the
stabilization energies associated with the electronic delocalization from the equa-
torial non-bonding Lone Pair orbitals [LP(e)y1] to o* co_pg antibonding orbitals,
decrease form 1 to 8. The LP(e)y;; — 0*co_p3 resonance energies for compounds
1-3 are 12.66, 6.73 and 5.33 kcal mol~!, respectively. The LP(e)y;; — 0*c9_13
delocalizations could fairly explain the decrease of occupancies of LP(e)y; non-
bonding orbitals and the increase of occupancies of o* co_pr3 anti-bonding orbitals,
from compound 1 to 3. The electronic delocalization from LP(e)y;; non-bonding or-
bitals to o* c9_p3 anti-bonding orbitals increase the ground state structure stability,
therefore, the decrease of LP(e)y;; — 0*co_pm3 delocalizations could fairly explain
the easiness of ring flipping processes from compound 1 to 3.

Keywords Ab initio; molecular modeling; NBO; 1,3-dioxane; 1,3-dithiane; 1,3-
diselenane

INTRODUCTION

Conformational equilibria in alicyclic molecules have been studied in
the past several years. Theoretical treatments of cycloalkanes have also
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[Numbering used for compounds 1-3 (1: M=0; 2: M=S and 3: M=Se)]

SCHEME 1 Schematic representation of ring flipping process for compounds
1-3. [Numbering used for compounds 1-3 (1: M =0;2: M = S and 3: M = Se).]

provided values in reasonable agreement with experimental.’™® Con-
trary to the abundance of information in the cyclohexane area, there
has been a paucity of data concerned with conformational properties in
heterocyclic systems.®~® The knowledge about conformational proper-
ties of heterocyclic compounds should be of very general interest since
saturated heterocyclic compounds comprise a large segment of organic
and inorganic chemistry and are quite widespread in nature, e.g., in
alkaloids, carbohydrates, and plant growth regulators, among other
compounds.

Microwave spectroscopy,” gas electron diffraction datal® and vibra-
tional spectroscopic studies!! were consistent with the chair conforma-
tion of 1,3-dioxane. Although, there are very few detailed experimental
and theoretical studies in mono hetero systems; however, it has been
estimated from experimental studies on substituted 1,3-dioxanes that
the twist form of 1,3-dioxane is of higher energy relative to its chair
than in cyclohexane.'?"1® A wide range of AG:_, values (2-9 kcal mol!)
derived from studies on substituted 1,3-dioxanes has been reported for
1,3-dioxane.13"1°

There is no experimental or theoretical published data about the
donor-acceptor delocalization effects on the conformational properties
of compounds 1-3. In this work, the structural properties and the dy-
namic behaviors of compounds 1-3 were investigated computationally
using both ab initio MO and DFT methods (see Scheme 1).20—24

Also, the stabilization energies (E3) associated with
LP(e)y1 —»o*c2_m3 delocalizations (see Figures 1-3) and their
influences on the dynamic behavior of compounds 1-3 were quantita-
tively investigated by the NBO (Natural Bond Orbital) analysis.?%26
The successful application of density functional theory (DFT) based
methods broadened the applicability of the computational methods
and now represents an interesting approach for determining activation
barrier and molecular energies.2!™24 On the other hand, the BSLYP
method combines Becke’s three-parameter exchange function with the
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FIGURE 1 Schematic representation of delocalization from LPequatoriai nOD
bonding to o* antibonding orbitals in compounds 1-3.

correlation function of Lee et al.2122 Also, NBO (natural bond orbital)
analysis was used to investigate the nature of the bonds and resonance
energies in compounds 1-3.25:26

Computational Details

Ab initio calculations were carried out using MP2/3-21G*//B3LYP/6-
31G* and B3LYP/6-31G*//B3LYP/6-31G* levels of theory with the
GAUSSIAN 98 package of programs!® implemented on a Pentium—PC
computer with 1.7 GHz processor.

Initial estimation of the structural geometries of the compounds 1-3
was obtained by a molecular mechanic program PCMODEL (88.0)%7
and for further optimization of geometries, PM3 method of MOPAC
7.0 computer program was used.?®?° GAUSSIAN 98 program was

930(BILYP) [ A b (kealmoly- | 86 (BSLYP)

10.57 (MP2) 6.06 (MP2)

1:A E:F (kcal mol™)=

9.28 (B3LYP) 2AE (keal mor') 4.61 (B3LYP)
9.76 (MP2) 3.28 (MP2)

2:A E* (kcal mol™")—

819 (BLYP) 3. A b (kealmoll)= 4 335 (B3LYP)
9.28 (MP2) 3.02 (MP2)

3:A E* (kcal mol™) —

FIGURE 2 Schematic representation of stabilization energy (resonance en-
ergy) (E) from donor (LPeguaterial) to acceptor (¢*) for bonding and antibonding
orbitals.
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finally used to perform ab initio calculations at the B3LYP/6-31G**
level. Energy minimum molecular geometries were located by min-
imizing energy, with respect to all geometrical coordinates without
imposing any symmetrical constraints. 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 fre-
quency values, and in the transition-state, only single imaginary fre-
quency value was accepted.??31 The structures of the molecular tran-
sition state geometries were located using the optimized geometries
of the equilibrium molecular structures according to the Dewar et al
procedure (keyword SADDLE).?2 These geometry structures were reop-
timized by T'S subroutine at the B3LYP/6-31G** level. The vibrational
frequencies of ground states and transition states were calculated by
FREQ subroutine.

NBO analysis was then performed using BSLYP/3-21G* level by the
NBO 3.1 program?>26 included in GAUSSIAN 98 package of programs.

The bonding and antibonding orbital occupancies in the ground state
structures of compounds 1-3, and also the stabilization energies asso-
ciated with LP(e)y; —o*ce_m3 delocalizations were calculated using
NBO analysis. In the NBO analysis?>26 the electronic wavefunctions
are interpreted in terms of a set of occupied Lewis and a set of un-
occupied non-Lewis localized orbitals. The delocalization effects (or
donor—acceptor charge transfers) can be estimated from the presence
of off-diagonal elements of the Fock matrix in the NBO basis. The NBO
program searches for an optimal natural Lewis structure,which has the
maximum occupancy of its occupied NBOs, and in general agrees with
the pattern of bonds and lone pairs of the standard structural Lewis
formula. Therefore, the new orbitals are more stable than pure Lewis
orbitals, stabilizing the wave function and giving a set of molecular
orbitals equivalent to canonical molecular orbitals.

RESULTS AND DISCUSSION

Corrected zero point (ZPE°) and total electronic (E.) energies (E, =
Eq+ ZPE) for ground and transition state geometries of compounds
1 and 4, as calculated by the density functional theory B3LYP/6-31G*
level of theory are given in Table I. For single-point energy calculations,
ab initio molecular orbital (MP2/6-31G*//B3LYP/6-31G*) method was
used (see Table I).

MP2/6-31G*//B3LYP/6-31G* results showed that the energy barriers
of ring flipping (Chair—Twist-Boat) processes in compounds 1-3 are
10.57, 9.76, and 9.28 kcal mol ™!, respectively. Also, the energy barrier
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TABLE IT NBO Calculated o Bonding Orbitals, 0* Anti-Bonding
Orbitals, Lone Pairs Occupancies, and the Stabilization Energies
Associated with the LP(e) vy = 0*c2—-m3 Delocalization, Based on
B3LYP/6-31G* Optimized Energy-Minimum Geometries of
Compounds 1-3

Compound 1 2 3
State C C C
Occupancies

0% co_M1 0.04947 0.04145 0.03515
o* co—M3 0.04947 0.04145 0.03815
LP(e) M1 1.90479 1.92481 1.93714
LP(e) m3 1.90479 1.92481 1.93713
Stabilization energies (donor— acceptor)

LP(e) M1 —0*c2-m3 12.66 6.73 5.33
LP(e) M3 —>U*M1,cg 12.66 6.73 5.33

of ring flipping (Chair— Twist-Boat) processes in compounds 1-3 are
9.30, 9.28, and 8.15 kcal mol !, respectively, as calculated by B3LYP/6-
31G*//B3LYP/6-31G* level of theory. These results revealed that the
ring flipping (Chair— Twist-Boat) processes energy barriers decrease
from 1 to 3.

It has to be noted that the MP2/6-31G*//B3LYP/6-31G* and
B3LYP/6-31G*//B3LYP/6-31G* calculated energy barriers of ring flip-
ping (Chair—Twist-Boat) processes for compound 1 is in excellent
agreement with the experimentally determined value of 9.9 + 0.2 kcal
mol1.33

Based on the BSLYP/6-31G* optimized ground state geometries, the
NBO analysis of donor-acceptor interactions showed that in compounds
1-3, the stabilization energies associated with the electronic delocal-
ization from the equatorial non-bonding Lone Pair orbitals (LP(e)y1)
to o*co_m3 antibonding orbitals decreased from compound 1 to com-
pound 3 (see Table II). NBO results show that the LP(e)y1 —0*co_m3
resonance energies for compounds 1-3 are 12.66, 6.73, and 5.33 kcal
mol 1, respectively. As we expected, the NBO results show that the
LP(e)ym1 —o0*ce_m3 resonance energies in the ground state structures
of compounds 1-3 were more than the LP(a)y; —o0*c2_m3 delocaliza-
tions.

Also, the LP(e)y1 —o0*ce_ms delocalizations could fairly explain the
decrease of LP(e)y; non-bonding orbitals occupancies, as well as the
increase of the o*c2_Mm3 anti-bonding orbitals occupancies, from 1 to 3.
NBO results show that in compounds 1-3, the occupancies of LP(e)y
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FIGURE 3 Calculated energy profile of ring-flipping process for compounds
1-3(1: M=0;2: M=S and 3: M = Se).

non-bonding orbitals are 1.90479, 1.92481, and 1.93714, and also the
occupancies of o*c2_Mm3 anti-bonding orbitals are 0.04947, 0.04145, and
0.03815, respectively (see Table II).

The more LP(e)y1 —0*ce_m3 stabilization energy could increase the
ground state structure stability. Based on this argument, it could be
expected that the ring flipping (Chair— Twist-Boat) processes energy
barriers (AE,) should be decreased from compound 1 to compound 3.
(see Figure 3 and Tables I-II). Therefore, it can be concluded that in
compounds 1-3, the ring flipping (Chair— Twist-Boat) processes bar-
rier heights are controlled by LP(e)y1 —0*co_Mm3 resonance energies.

Representative structural parameters for the ground and transition
state structures of compounds 1-3, as calculated by B3LYP/6-31G**
level of theory, are shown in Table III.

Although, due to the nature of the various approximations involved
in theoretical calculations, it is not expected, in principal, to obtain ex-
actly the experimental values.?* However, it is possible to carry out the-
oretical calculations, from which many properties and structures can be
obtained with an accuracy that is competitive with experiments.35-38

The lengthier C—M bond could increase the torsional and bond an-
gle strains in transition state structures, which could increase the TS
structure energies (e.g., ring flipping [Chair— Twist-Boat) processes
barrier heights). For example, BSLYP/6-31G* results show that ¢g456
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dihedral angles in the transition state structures of compounds 1-3
are 72.3°, 77.0° and 84.8°, respectively. Also, the 6512 bond angle in
the transition state structures of compounds 1-3 are 110.7°, 108.7°,
and 101.6°, respectively. Based on these structural parameters, it can
be concluded that the lengthier C-M bond could increase the torsional
and bond-angle strains in transition state structures, from 1 to 3. The
obtained results revealed that the energy barriers of the ring flipping
processes decrease from 1 to 3. Therefore, the increase of the torsional
and bond-angle strains in transition state structures, is confronted
to the decrease of the LP(e)y1 —0*c2_m3 resonance energies. Conse-
quently, the lengthier C-M bond is not only responsible to the ring
flipping (Chair— Twist-Boat) processes in compound 1-3, and it seems
that the LP(e)y1 —0*c2_m3 delocalizations play a more important role
in these processes.

CONCLUSION

The above reported DFT calculations and NBO analysis provided a
reasonable picture from structural, energetic and bonding points of
view for the ring-flipping process in compounds 1-3. Effectively, the
results of DFT level of theory showed that the ring-flipping process
barrier heights decreased, from compounds 1-3.

In addition, NBO results revealed the following, as well:

¢ the resonance energy associated from the electronic delocalization
from LP(e)y; non-bonding orbitals to o*ce_m3 anti-bonding orbitals
(LP(e)y1 —o0*ce_m3) decreased from compound 1 to 3; and

e the o*ce_m3 bonding orbitals occupancies decreased via
LP(e)y1 —o0*c2_m3 delocalizations from compound 1 to 3.

It can be concluded that the ground state structure stability in-
crease by the increase of the electronic delocalization from LP(e)y;
non-bonding orbitals to o*ce_m3 anti-bonding orbitals. Therefore, the
decrease of LP(e)y; —0*c2_m3 delocalization from compound 1 to 3,
could fairly explain the easiness of ring flipping processes from com-
pound 1 to 3.
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