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NBO analysis, hybrid density functional theory (B3LYP/6-311+G��//B3LYP/6-311+G��) and ab initio molec-
ular orbital (MP2/6-311+G��//B3LYP/6-311+G��) based methods were used to study the impacts of the
anomeric effects (AE) associated with electron delocalization, total dipole differences and steric repulsion
effects on the conformational properties of 1,7-dioxa-spiro[5,5]undecane (1), 1,7-dithia-spiro[5,5]unde-
cane (2) and 1,7-diselena-spiro[5,5]undecane (3). Both methods showed the greater stability of confor-
mations A (in which two heteroatoms having each an electron pair oriented antiperiplanar to the
carbon–heteroatom bond) compared to their corresponding conformations B (with only one electron pair
oriented antiperiplanar to the carbon–heteroatom bond) and C (without electron pair oriented antiperi-
planar to the carbon–heteroatom bond). B3LYP/6-311+G�� method showed that total Gibbs free energy
difference (GC � GA and GB � GA) values (i.e. DGC–A and DGB–A) between conformations A, B and C decrease
from compound 1 to compound 3. The NBO analysis of donor–acceptor (LP?r�) showed that the AE is in
favor of conformations A. The AEC–B, AEB–A and AEC–A values calculated (i.e. AEC–AEB, AEB–AEA, AEC–AEA)
decrease from compound 1 to compound 3. The calculated total dipole moment values decrease from
conformation A to conformation C. The calculated total dipole moment difference (lC � lB, lB � lA,
lC � lA) values between conformations C, B and A increase from conformations C–B to C–A (i.e. DlC–

B < DlB–A < DlC–A). However, the variations of the calculated DlC–B, DlB–A and DlC–A values are not in
the same trend observed for the corresponding DG values. Therefore, the total dipole moment differences
do not seem to be sufficient to account for conformation A preferences in compounds 1–3. Although total
steric exchange energy (TSEE) values in conformations A of compounds 1–3 are smaller than those of
their corresponding conformations B and C, the calculated D(TSEE) values between conformations A, B
and C cannot explain the variations of the total energy differences (e.g., DGC–A and DGB–A) from com-
pound 1 to compound 3. These findings led to the proposal that the AE, due to LPaxM1 ! r�C2—M7 hyper-
conjugation effect, is a reasonable descriptor of the total energy differences between the various
conformations of compounds 1–3 compared to the total dipole moment differences and steric effects.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The saturated heterocyclic compounds comprise a large seg-
ment of organic and inorganic chemistry and are quite widespread
in nature (e.g., in alkaloids, carbohydrates, plant growth regulators,
etc.), the knowledge about the impacts of the stereoelectronic, ste-
ric and electrostatic interactions on the conformational properties
of heterocyclic compounds is of very general interest.

Stereoelectronic effects have been recognized to influence the
conformation and configuration of saturated heterocyclic com-
pounds. The preferred geometry of the saturated heterocyclic
All rights reserved.

.
h).
compounds can be viewed as the result of the maximization of
an interaction between the best donor lone pair and the best
acceptor bond [1–3]. The most dominant conformation-controlling
factor in carbohydrate compounds is known as the anomeric effect
(AE) [4]. It should be noted that the AE is in favor of the axial con-
formation of a six-membered saturated ring in opposition to the
steric effect which normally leads to a preference for the equatorial
conformation [5–7].

Several explanations for the validity of the AE have been pro-
posed in the literature [4–15]. The simplest justification is through
the repulsion of dipole moments aligned in parallel between het-
eroatom sites in the equatorial configuration. An alternative expla-
nation is a stabilizing hyperconjugation contribution between the
unshared electron pair on the endocyclic oxygen atom in a
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heterocyclic ring and the r� orbital for the exocyclic C–M (M is an
electronegative atom) bond in the axial position. These explana-
tions, especially the latter in terms of the hyperconjugation effect,
are still a subject of controversy in the recent literature [14].

The AE in six membered saturated heterocyclic compounds
must be considered as the difference between the sum of the
endo-AE and exo-AE in the equatorial conformer and the same
sum for the axial conformer [15]. Accordingly, based on the num-
bering used (see Scheme 1), we have calculated the AE for confor-
mations A, B and C of compounds 1–3 as follow:

AEC—B ¼
X
ðendo-AEþ exo-AEÞC �

X
ðendo-AEþ exo-AEÞB ð1Þ

AEB—A ¼
X
ðendo-AEþ exo-AEÞB �

X
ðendo-AEþ exo-AEÞA ð2Þ

AEC—A ¼
X
ðendo-AEþ exo-AEÞC �

X
ðendo-AEþ exo-AEÞA ð3Þ

In 1980, Deslongchamps and co-workers prepared 1,7-dioxa-
and 1-oxa-7-thiaspiro[5,5]undecanes and related compounds by
the acid cyclization of the appropriate ketone dithiol or hydroxyl
ketone thiol precursors [16,17]. Also, they determined the configu-
ration and conformation of products obtained by 13C NMR analysis
[18]. They explained the experimental results by taking into ac-
count the anomeric and exo-anomeric effects and the usual steric
interactions [16–18].

Although the importance of the hyperconjugative interactions
in six membered sulfur-containing heterocycles [19–25] and the
corresponding spiro-systems has investigated [16–18], there is
no published experimental or quantitative theoretical data about
the donor–acceptor delocalization effects on the conformational
properties of compounds 1–3. In this work, the contributions of
the total dipole moments, steric effects and the AE associated with
the electron delocalization on the conformational and structural
properties of compounds 1–3 were investigated computationally
using hybrid density functional theory (B3LYP/6-311+G��//B3LYP/
6-311+G��), ab initio molecular orbital (MP2/6-311+G��//B3LYP/6-
311+G��) based methods and natural bond orbital (NBO) interpre-
tation (see Scheme 1) [26–31].

2. Computational details

Hybrid DFT and ab initio molecular orbital calculations were
carried out, respectively, using the B3LYP/6-311+G��MP2/6-
311+G��//B3LYP/6-311+G�� levels of theory with the GAUSSIAN
03 package of programs [26]. The main purpose of the present
work was to study the impacts of the stereoelectronic interaction
effects, electrostatic interactions and total steric exchange energies
(TSEE) on the conformational behaviors of compounds 1–3.

In order to estimate quantitatively the magnitude of the plausi-
ble donor–acceptor hyperconjugative interactions in the various
conformations (A, B and C) of compounds 1–3, we conducted
Scheme 1. Schematic representation of
NBO analyses for these compounds. In the NBO analysis the elec-
tronic wavefunctions are interpreted in terms of a set of occupied
Lewis and a set of unoccupied 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, stabiliz-
ing the wave function and giving a set of molecular orbitals equiv-
alent to canonical molecular orbitals.

An NBO analysis was then performed for the various conforma-
tions (i.e. A, B and C) of compounds 1–3 by the NBO 5.G program
contained in the PC-GAMESS interface [31]. The bonding and anti-
bonding orbital occupancies in the axial and equatorial conforma-
tions of compounds 1–3, and also the stabilization energies
associated with endo-AEs and exo-AEs were calculated using NBO
analysis. The stabilization energies associated with LP ? r� elec-
tron delocalizations are proportional to S2/DE where S is the orbital
overlap and DE is the energy differences between the LP and r�

orbitals [1,32]:

Stabilization or resonance energy aðS2=DEÞ

In addition, the stabilization energy (E2) associated with i ? j
delocalization, is explicitly estimated by the following equation:

E2 ¼ qi
F2ði; jÞ
ej � ei

where qi is the ith donor orbital occupancy, ei, ej are diagonal ele-
ments (orbital energies) and F(i, j) off-diagonal elements, respec-
tively, associated with the NBO Fock matrix. Therefore, there is a
direct relationship between F(i, j) off-diagonal elements and the
orbital overlap (S).

The stabilization energies (E2) associated with LPaxM1 ! r�C6—M7

(endo-AE) and LPaxM7 ! r�C6—M1 (exo-AE) electron delocalizations
(see Figs. 1 and 2), total steric exchange energies (TSEE) and their
influences on the conformational properties of compounds 1–3
were quantitatively investigated by the NBO analysis [31]. It has
to be noted that the NBO analysis is a sufficient approach to inves-
tigate the stereoelctronic interactions on the reactivity and dy-
namic behaviors of chemical compounds [33].
3. Results and discussion

3.1. Conformation preference

Zero-point (ZPE) and total electronic (Eel) energies
(Eo = Eel + ZPE) for conformations A, B and C of compounds 1–3,
as calculated by the density functional theory B3LYP/6-311+G��
conformations of compounds 1–3.
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Fig. 1. Schematic representation of the electron delocalization between non-bonding and anti-bonding orbitals in conformations A, B and C of compounds 1–3.

Fig. 2. Schematic representation of the correlation between the second order perturbation energies (i.e. stabilization energies E2) and the energy gaps between donor and
acceptor orbitals in conformations A and B of compounds 1–3.
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level of theory are given in Table 1. For single-point energy calcu-
lations, ab initio molecular orbital (MP2/6-311+G��//B3LYP/6-
311+G��) method was used (see Table 1). Table 2 shows the value
of the thermodynamic functions H, S, G and the DG, DS and DH
parameters. The calculated DS values are relatively small, so that
the calculated DH and DG parameters are close to the DEo values.
The absolute values of the thermodynamic properties certainly
cannot be calculated at the accuracy level shown in this table;
the correction for anharmonicity in a C–H bond may alone be on
the order of 0.2 kcal mol�1 (the value in the C–H radical). However,
the quantities of interest here are the relative values of the thermo-
dynamic functions for different conformations of the same mole-
cule. We expect that the errors in such differences will be very
small and that even the corresponding errors between the different
closely related compounds will be minimal. The smooth variation
among the calculated values supports this expectation [34].

According to the B3LYP/6-311+G�� (with fully geometry optimi-
zation) and MP2/6-311+G��//B3LYP/6-311+G�� (single point) calcu-
lations, the conformation stability increases on going from
conformations C to B and B to A. Gibbs free energy difference



Table 1
B3LYP/6-311+G��//B3LYP/6-311+G�� and MP2/6-311+G��//B3LYP/6-311+G�� calculated electronic energies Eel, zero-point energies ZPE (from B3LYP/6-311+G�� level), Eo

(Eo = Eel + ZPE) and relative energies DEo (in hartree), for the various conformations (i.e. A, B and C) of compounds 1–3.

Method B3LYP/6-311+G��//B3LYP/6-311+G�� MP2/6-311+G��//B3LYP/6-311+G��

Geometery ZPE Eel Eo DEo
a Eel Eo DEo

a

1-C 0.242976 �503.173205 �502.930229 0.013005 �501.7066942 �501.4637182 0.0137651
(8.16)b (8.64)b

1-B 0.243178 �503.180529 �502.937351 0.005883 �501.7141732 �501.4709952 0.0064881
(3.69)b (4.07)b

1-A 0.243164 �503.186398 �502.943234 0.000000 �501.7206473 �501.4774833 0.000000
(0.00)b (0.00)b

2-C 0.236589 �1149.129563 �1148.892974 0.006747 �1146.9116146 �1146.6750256 0.0076404
(4.23)b (4.79)b

2-B 0.236574 �1149.132841 �1148.896267 0.003454 �1146.9152292 �1146.6786552 0.0040108
(2.17)b (2.52)b

2-A 0.236602 �1149.136323 �1148.899721 0.000000 �1146.919268 �1146.682666 0.000000
(0.00)b (0.00)b

3-C 0.233715 �5155.793529 �5155.559814 0.004599 �5151.4099609 �5151.1762459 0.0050201
(2.89)b (3.15)b

3-B 0.234012 �5155.795887 �5155.561875 0.002534 �5151.4121737 �5151.1781617 0.0031043
(1.59)b (1.95)b

3-A 0.234062 �5155.798471 �5155.564409 0.000000 �5151.415328 �5151.181266 0.000000
(0.00)b (0.00)b

a Relative to the most stable form.
b Numbers in parenthesis are in kcal mol�1.

Table 2
B3LYP/6-311+G�� calculated thermodynamic functions [enthalpies, Gibbs free energies (in hartree) and entropies (in cal mol�1 K�1)], for the various conformations (i.e. A, B and C)
of compounds 1–3.

Geometries H S G DHa DSa DGa

1-C �502.919600 94.577 �502.964537 0.01299 �0.069 0.013023
(8.15)b (8.17)b

1-B �502.926765 94.361 �502.971599 0.005825 �0.285 0.005961
(3.65)b (3.74)b

1-A �502.932590 94.646 �502.977560 0.000000 0.000 0.000000
(0.00)b (0.00)b

2-C �1148.881059 101.274 �1148.929177 0.016788 0.501 0.006551
(4.26)b (4.11)b

2-B �1148.884374 101.040 �1148.932382 0.003473 0.267 0.003346
(2.18)b (2.01)b

2-A �1148.887847 100.773 �1148.935728 0.000000 0.000 0.000000
1148.935728 (0.00)b (0.00)b

3-C �5155.546905 108.838 �5155.598618 0.004769 1.635 0.003992
(2.99)b (2.51)b

3-B �5155.549101 107.696 �5155.600271 0.002573 0.493 0.002339
(1.61)b (1.47)b

3-A �5155.551674 107.203 �5155.602610 0.000000 0.000 0.000000
(0.00)b (0.00)b

a Relative to the most stable form.
b Numbers in parenthesis are in kcal mol�1.

82 D. Nori-Shargh et al. / Computational and Theoretical Chemistry 974 (2011) 79–85
(GC � GA and GB � GA) values between conformations A, B and C
(i.e. DGC–A and DGB–A) of compound 1 are 8.17 and 3.74 kcal mol�1,
respectively, as calculated at the B3LYP/6-311+G�� level of theory.
Also, DGC–A and DGB–A values between conformations A, B and C of
compound 2 are 4.11 and 2.01 kcal mol�1, respectively. The DGC–A

and DGB–A values between conformations A, B and C of compound
3 are 2.51 and 1.47 kcal mol�1, respectively. B3LYP/6-311+G��

method showed that the calculated DGC–A and DGB–A values
decrease from compound 1 to compound 3 (see Table 2).

3.2. Anomeric effect (AE) associated with electron delocalization

The various conformations of compounds 1–3 benefits from
some donor–acceptor interactions. It has to be noted that confor-
mations A of compounds 1–3 maximize the number of antiperipla-
nar relationship between nonbonded electron pairs (LPaxM) and
carbon–heteroatom bonds (see Fig. 1). The NBO analysis of do-
nor–acceptor (bond–antibond) interactions showed that the stabil-
ization energies associated with LPaxM1 ! r�C2—M7 electron
delocalizations (endo-AE) for conformations A of compounds 1–3
are 12.85, 7.97 and 6.22 kcal mol�1, respectively. Also, the stabil-
ization energies associated with LPaxM1 ! r�C2—M7 electron delocal-
izations (endo-AE) for conformations B of compounds 1–3 are
13.01, 6.45 and 4.82 kcal mol�1, respectively. There is a little
stabilization energy associated with LPaxM1 ! r�C2—M7 electron
delocalization (endo-AE) for conformation C of compound 1
(0.59 kcal mol�1) and there is no this kind of electron delocaliza-
tion for compounds 2 and 3 (see Table 3).

It should be noted that (because of the symmetry) the calcu-
lated endo-AE and exo-AE (i.e. LPaxM7 ! r�C2—M1 electron delocaliza-
tion) for conformations A of compounds 1–3 are the same. There
are little endo-AEs for conformations C and B of compound 1



Table 3
NBO calculated stabilization energies (E2, in kcal mol�1), generalized anomeric effect (GAE, in kcal mol�1), off-diagonal elements (Fij, in a.u.), orbital energies (in a.u.) and orbital
occupancies and bond orders (Wiberg bond index, WBI) and total steric exchange energies (TSEE, in kcal mol�1) based on the calculated geometries using B3LYP/6-311+G�� level of
theory, for the various conformations (i.e. A, B and C) of compounds 1–3.

E2 (kcal mol�1) 1 2 3

C B A C B A C B A

LPaxM1 ! r�C6—M7 0.59 0.55 12.85 – – 7.97 – – 6.22
LPaxM7 ! r�C6—M1 0.59 13.01 12.85 – 6.45 7.97 – 4.82 6.22P

1.18 13.56 25.7 – 6.45 15.94 – 4.82 12.44
AEC–B �12.38 �6.45 �4.82
AEB–A �12.14 �9.49 �7.62
AEC–A �24.52 �15.94 �12.44
Fij

LPaxM1 ! r�C6—M7 0.017 0.077 0.078 – 0.043 0.048 – 0.034 0.039
LPaxM7 ! r�C6—M1 0.020 0.016 0.078 – – 0.048 – – 0.039
l (Debye) 2.8887 1.9097 0.0180 3.4640 2.4215 0.4260 3.3366 2.3431 0.5392
DlC–B 0.9790 1.0425 0.9935
DlB–A 1.8917 1.9955 1.8039
DlC–A 2.8707 3.038 2.7974
TSEE 630.73 623.02 617.75 657.00 650.48 638.59 653.44 646.80 641.65
D(TSEE)C–B 7.71 6.52 6.64
D(TSEE)B–A 5.27 11.89 5.15
D(TSEE)C–A 12.98 18.41 11.79
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(0.59 and 0.55 kcal mol�1, respectively) and there is no this kind of
electron delocalization for conformations C of compounds 2 and 3.

Based on Eqs. (1)–(3), the calculated AEC–B, AEB–A and AEC–A val-
ues decrease from compound 1 to compound 3 (see Table 3). Since
the calculated total Gibbs free energy differences (i.e. DGC–B, DGB–A

and DGC–A) decrease from compound 1 to compound 3, the ratio-
nalization of the conformational preference solely in terms of the
AE succeeds to account for conformation A preferences in com-
pounds 1–3.

It should be remembered that the calculated AE value associ-
ated with electron delocalization (see Table 3) is not the energy
difference between the various conformations rather has the effec-
tive impact on the conformational preferences of compounds 1–3.
Beside of AE, the steric repulsions and dipole–dipole interactions
have impact on the conformational behavior of compounds 1–3.
Therefore, the resulted energy difference between the conforma-
tions attributes to the sum of the impacts resulting from AE, steric
effects and dipole–dipole interactions (see Section 4).

3.3. Orbital energies and off-diagonal elements

The stabilization energies associated with donor–acceptor elec-
tron delocalizations are proportional directly to the orbital overlap
integral (S)2 and inversely to the energy differences between the
donor and acceptor orbitals (1/DE). Therefore, the stabilization
should increase as the acceptor orbital energy decreases and the
donor orbital energy increases.

The energy differences between donor (ELPaxM1) and acceptor
ðEr�C2—M1Þ orbitals [i.e. DðEr�C2—M7 � ELPaxM1Þ] for the most stable
conformations of compounds 1–3 (conformations A) are 0.58574,
0.36482 and 0.30169, respectively, as calculated by the NBO anal-
ysis. Effectively, the energy differences between donor (ELPaxM1)
and acceptor (Er�C2—M7) orbitals [i.e. DðEr�C2—M7 � ELPaxM1Þ] decrease
from conformation A of compound 1 to compound 3 (see Tables
3 and 4). It seems the strong acceptor antibonding orbital of con-
formation A of compound 3 (Er�C2—M7: 0.07834 a.u.), compared to
those in compounds 2 and 1 (0.13274 and 0.29464 a.u., respec-
tively) gives rise to strong endo-AE, but the decrease of the orbital
overlap integral (S) [i.e. off-diagonal elements (Fij)] values could re-
duce the AE (see Table 3). NBO calculated Fij values for the
LPaxM1! Er�C2—M7 electron delocalizations in conformations A of
compounds 1–3 are 0.078, 0.048 and 0.039, respectively. The de-
crease of Fij values could be justified by the increase of the M atom
radius from compound 1 to compound 3. Since the second order
perturbation energy (E2) is related to the Fij, 1/D(Eacceptor � Edonor),
it seems that in conformations A of compounds 1–3 the Fij values
could affect and control the order of the stabilization energies asso-
ciated with LPaxM1 ! r�C2—M7 electron delocalizations.

3.4. Dipole moments

In the gas phase it is generally found that the conformation with
the larger dipole moment has the larger electrostatic energy and
the conformation with the larger dipole moment has an increased
overall energy [35]. Therefore, there is a preference for the confor-
mation with the smallest resultant dipole moment.

Liu [36] [making use of the energy decomposition within the
framework of density functional theory (DFT)] [37] systematically
have looked into the validity of the anomeric effect from an ener-
getic viewpoint. They have pointed out that the energy decompo-
sition analyses shows three energy components (exchange–
correlation, classical electrostatic, and density functional steric)
are directly proportional to the total energy difference between
the axial and equatorial isomers. They also found that the total di-
pole moment changes, is a reasonable descriptor of the total en-
ergy difference, however, these correlations are not strong
enough. It seems using any of the hyperconjugation and electro-
static interactions alone is not adequately convincing to explain
the general validity of the AE. Also, they stressed another explana-
tion in terms of exchange–correlation and electrostatic
interactions.

In this work, we have examined the contribution of the electro-
static interactions (by the calculation of the total dipole moment
values) [36,37] on the total energy differences between the confor-
mations A, B and C of compounds 1–3. Table 3 presents the calcu-
lated dipole moments for the axial and equatorial conformations of
compounds 1–3. B3LYP/6-311+G�� results showed that the dipole
moment values decrease from conformations C to A of compounds
1–3 (see Table 3). Using the dipole moments obtained, a ‘‘D’’
parameter could be found as DlC–B, DlB–A and DlC–A. In com-
pounds 1–3, the corresponding DlC–A values are greater than the
DlB–A values and also the calculated DlB–A values are greater than
the DlC–B values (i.e. DlC–B < DlB–A < DlC–A). However the varia-
tions of the calculated DlC–B, DlB–A and DlC–A values from com-
pound 1 to compound 3 are not in the same trend observed for
the corresponding DGC–B, DGB–A and DGC–A values (i.e. the total



Table 4
NBO calculated donor and acceptor orbital energies, based on the geometries calculated using B3LYP/6-311+G�� level of theory, for the various conformations (i.e. A, B and C) of
compounds 1–3.

LP(ax)O1 LP(ax)O7 r�C6—O7 r�C6—O1 DðEr�C6—O7 � LPðaxÞO1Þ DðEr�C6—O1 � LPðaxÞO7Þ

1-C �0.28843 �0.28843 0.30269 0.30269 0.59112 0.59112
1-B �0.28966 �0.28865 0.28172 0.31841 0.57138 0.60706
1-A �0.29110 �0.29110 0.29464 0.29464 0.58574 0.58574
2-C �0.22680 �0.22680 0.13609 0.13610 0.36289 0.3629
2-B �0.23042 �0.22525 0.13201 0.14233 0.36243 0.36758
2-A �0.23208 �0.23208 0.13274 0.13274 0.36482 0.36482
3-C �0.21734 �0.21734 0.08253 0.08253 0.29987 0.29987
3-B �0.22096 �0.21466 0.08056 0.08523 0.30152 0.29989
3-A �0.22335 �0.22335 0.07834 0.07834 0.30169 0.30169

Table 5
B3LYP/6-311+G�� calculated bond lengths for the various conformations (i.e. A, B and C) of compounds 1–3.

Compound 1 2 3

State C B A C B A C B A

Bond lengths (Å�)
r1–2 1.427 1.427 1.434 1.840 1.840 1.834 1.988 1.987 1.978
r2–3 1.526 1.526 1.525 1.527 1.528 1.527 1.525 1.526 1.526
r3–4 1.532 1.533 1.534 1.533 1.535 1.534 1.534 1.535 1.535
r4–5 1.536 1.535 1.534 1.539 1.539 1.536 1.541 1.541 1.537
r5–6 1.543 1.532 1.534 1.543 1.542 1.541 1.539 1.539 1.537
r6–7 1.424 1.410 1.428 1.863 1.850 1.863 2.009 2.001 2.013
r7–8 1.427 1.437 1.434 1.840 1.838 1.834 1.988 1.983 1.978
r8–9 1.526 1.525 1.525 1.527 1.526 1.527 1.525 1.524 1.526
r9–10 1.532 1.533 1.534 1.533 1.533 1.534 1.534 1.533 1.535
r10–11 1.536 1.534 1.534 1.539 1.535 1.536 1.541 1.536 1.537
r11–6 1.543 1.543 1.534 1.543 1.542 1.541 1.539 1.537 1.537
r1–6 1.424 1.441 1.428 1.863 1.867 1.863 2.009 2.013 2.013
D[r1–6 � r6–7] – 0.031 – – 0.017 – – 0.012 –
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energy differences). The calculated Dl values are sufficient to ac-
count for conformation A preferences in compounds 1–3 but fail
to account for the decrease of the calculated DGC–A values from
compound 1 to compound 3. Therefore, the electrostatic interac-
tions are not solely responsible for the total energy differences be-
tween the conformations A, B and C of compounds 1–3 and it
seems the AE associated with the electron delocalization is a rea-
sonable descriptor of the total energy differences between the var-
ious conformations of compounds 1–3.

3.5. Structural parameters

Representative structural parameters for the axial and equato-
rial conformations of compounds 1–3, as calculated at the B3LYP/
6-311+G�� level of theory, are shown in Table 5. Although it is
not expected, in principal, to obtain exactly the experimental val-
ues because of the differences in definition of bond length values,
it is possible to carry out theoretical calculations, from which many
properties and structures can be obtained with an accuracy that is
competitive with experiments.

Importantly, the structures of the various conformations of
compounds 1–3 give evidence that in conformations B of com-
pounds 1–3, the C6–M7 bond lengths are significantly contracted
compared to that in conformations A and C (see Table 5). In addi-
tion, the /M7-6–M1-2 dihedral angles of conformations A are smaller
than those in conformations B and C. These facts can be explained
by the large LPaxM7 ! r�C6—M1 electron delocalizations (exo-AE) in
conformations B by increasing p bond character of the C6–M7

bonds.
Using the structural parameters obtained, ‘‘D’’ parameters could

be found as D[r6-M7 � rM1-6]. There is a direct correlation between
the LPaxM7 ! r�C6—M1 electron delocalizations (exo-AE) and D[r6-

M7 � rM1-6] parameters for conformations B of compounds 1–3
(see Tables 3 and 5). These results indicate that with the decrease
of the LPaxM7 ! r�C6—M1 electron delocalizations (exo-AE) from con-
formations C of compound 1 to compound 3, the corresponding
D[r6-M7 � rM1-6] values decrease. Consequently, the calculated
D[r6-M7 � rM1-6] parameter could be proposed as a criterion for
the evaluation of the exo-AE values in conformations B of com-
pounds 1–3.
4. Conclusion

The above reported hybrid-DFT calculations and NBO analysis
provided a reasonable picture from structural, energetic, bonding
and stereoelectronic points of view for the conformational behav-
ior in compounds 1–3. Effectively, B3LYP/6-311+G�� results re-
vealed that the calculated DGC–B, DGB–A and DGC–A values
decrease from compound 1 to compound 3. Similar trend is ob-
served for the calculated AEC–B, AEB–A and AEC–A values. Accord-
ingly, the correlation between the AE and the calculated DGC–B,
DGB–A and DGC–A values is strong enough. Consequently, the ratio-
nalization of the conformational preference solely in terms of the
AE succeeds to account for conformation A preference of com-
pounds 1–3.

Importantly, the variations of the calculated DlC–B, DlB–A and
DlC–A values from compound 1 to compound 3 are not in the same
trend observed for the corresponding DGC–B, DGB–A and DGC–A val-
ues. Therefore, a reasonably correlation between the dipole mo-
ment differences and total energy differences was not found.

The contracted C6–M7 bond lengths in conformation B com-
pared to that in conformations A and C can be explained by the
large LPaxM7 ! r�C6—M1 electron delocalizations (exo-AE) in confor-
mations B by increasing p bond character of the C6–M7 bonds.
Importantly, the calculated D[r6-M7 � rM1-6] parameter could be
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proposed as a criterion for the evaluation of the exo-AE values in
conformations B of compounds 1–3.
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