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Abstract: Conformational preference, structural, thermodynamic and electrostatic parameters of 2,6-dicyanooxane, 2,6-
dicyanothiane, 2,6-dicyanoselenane and their corresponding isodicyano isomers were Studied by means LC-WPBE, LC-BLYP,
B3LYP, M06-2X and MP2 methods with the 6-311+G** basis set, natural bond orbital (NBO) interpretation and atoms in
molecules theory (AIM). All levels of theory used in this work showed that the axial-equatorial conformations of theses
compounds are most stable compared to their corresponding axial-axial and equatorial-equatorial forms.
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Introduction

Heterocycles are an important class of organic Over the past half-century or so modern
compounds largely represented in nature and in daily experimental and theoretical methods and the sustained
life applications. The knowledge of their properties and efforts of several groups worldwide have yielded a
chemical behavior is crucial for understanding their clearer picture of the anomeric effect. It is now

functions in biological systems and predicting their recognised as representing a fundamental and
features in new materials. Often, heterocyclic dominant stereoelectronic interaction that determines
compounds are able to undergo chemical structure and energetics in both ground and transition

transformation into other, more stable, heterocycles states [8-12]. One of the most important recent
[1]. Nowadays, with the development of continuously developments in computational chemistry is the rise of
more affordable and reliable quantum chemical the use of density functional theory (DFT) [13-22].
methods heterocyclic properties can be described on The introducing of gradient-corrected (nonlocal)
the basis of theoretical calculations [2].In this way functionals and hybrid approaches has quickly led to
many researches focused on the tetrahydropyran as a the development of new mathematical expressions for
heterocylic compound and derivation s [3-7]. exchange and correlation terms which are useful in
calculating  geometries,  energies,  vibrational
frequencies and other important molecular properties
[23-26]. It appears that new DFT methods may give
equal or greater accuracy and efficiency for medium-
sized or larger molecular systems at lower

The classical anomeric effect was for long time
considered an intriguing phenomenon that nonetheless
played a key role in determining the structure and
reactivity of carbohydrates and related organic

compounds. computational costs than ab initio [27]. Many studies

have been done on determination factors of
*Corresponding author. Tel: +98 (863 366 3041); E-mail: conformation preference in heterocylic compounds
peyvandghanbarpour@yahoo.com [28-30]. In 2010 Mo performed the reaserches on the
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conformation preference of dimethoxymethane,
substituted tetrahydropyrans, and reference molecules
(dimethyl ether, tetrahydropyrans and substituted
cyclohexanes). He concluded that hyperconjugative
interactions are not responsible for the anomeric effect
and he interpreted the result in terms of electrostatic
interactions [31]. There is no general consensus about
the actual origin of the conformation preference, but
the factors of multiple steric (i.e. Pauli exchange) and
stereoelectronic interactions (associated with dipole—
dipole interactions and donor—acceptor electron
delocalization) are discussed as a possible factor [32-
34]. There are no published data about impacts of the
structural parameters, hyper-conjugative anomeric
effect (HCAE), dipole—dipole interactions , and steric
repulsions on the conformational preferences in
compounds 1-6, accordingly in the present work, we
investigate the impacts of the above mentioned factors
on the conformational behaviors of compounds 1-6 by
means of the long-range corrected density functional
(LC-BLYP [35], LC-oPBE [36]), hybrid meta
exchange—correlation functional(M06-2X) [37] hybrid
density functional (B3LYP) [38-40] theory based
methods, second-order Mt Iller—Plesset perturbation
theory (MP2) calculations [41,42] with 6-311+G**
[43-46] basis set on all atoms ,natural bond orbital
(NBO) interpretation [47] and AIM analysis [48].
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Results and discussion
Structural parameters:

The structural parameters [bond lengths (r), bond
angles (0), torsion angles (¢) and their differences: Ar,
A® and A¢ parameters] for the axial-axial, axial-
equatorial and equatorial-equatorial conformations of
compounds 1-3 and 4-6, as calculated at the LC-
WPBE/6-311+G**, B3LYP/6-311+G**, LC-BLYP/6-
311+G**, M06-2X/6-311+G** and MP2/6-311+G**
levels of theory, are summarized in Table 1. The omi-c2
bond lengths in the axial- equatorial conformations of
compounds of 1- 6 are shorter than the omi-ce bond
lengths.Also the oco-cn and oco-ne bond lengths in the
axial-equatorial conformations of compounds 1- 6 are
longer than ocs.cn and oce.nc bond lengths. The hyper-
conjugative interactions between the non-bonded lone
pairs of the six-membered rings [LPM, M = O, S, Se]
and the o*cacn and o*conc anti-bonding orbitals
(LPale—)G*cz.CN) and (LPaxM1—>G*c2.Nc(ax)) are
responsible for decrease the owmic2 bond lengths by
increasing their double bond characters. Also the
mentioned hyper-conjugative interactions cause to
increase oco-cn and oco-ne bond lengths compared to
the ocs-cn and ocsnc bond lengths in axial-equatorial
conformations of compounds 1- 6.
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Scheme 1: Schematic representation of the axial- axial, axial-equa
1-3.
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Scheme 2: Schematic representation of the axial- axial, axial-equatorial and equatorial-equatorial conformations of compounds

4-6.

The evidence which illustrates the importance of the
hyperconjugative interaction impacts on the structural
parameters is the decrease of the A[O 6.1-2(axeq)-€ 6-1-
2eqeq] and A[@ e1-23@xeq-@ 6-12-3eqeq)] Parameters
ongoing from the axial-equatorial conformations of
compound 1 to compound 3 and from compound 4 to
compound 6. Note that the strong LPxMi—c*co
en@yand LPaxMi—6*ca-ncax) electron delocalizations in
the axial-equatorial conformations of compounds 1-3
and 4-6, respectively, increase the double bond
characters of the M;—C, bonds compared M1-Cgs and &
6-1-2, decreasing the (¢ 6.1-2.3) torsion angle values in the
axial-equatorial conformation compared to those in
their corresponding equatorial-equatorial forms.

Natural Bond Orbital analyses (NBO):

A second-order perturbation theory analysis was

performed on the NBOs to estimate the stabilization
energy of donor—acceptor orbital interactions. In this
way, the anomeric effect was analyzed and a
guantitative measure of the energy associated with
orbital interactions was estimated. The calculation
results for all conformations of the compounds 1-6 are
given in Table 5 and 6. The results show that the
summation of stabilizing interactions in the axial- axial
forms is higher than those in the other forms.
We deleted electron delocalizations [ie. LPymi—>7*c=n,
LPm1i— G*CEN, LPMl—)TC*Nzc, LPvi—> o *NEC, M= O, S,
Se] from the Fock matrixes of the axial-axial, axial-
equatorial and equatorial- equatorial conformations
(Tables 7 and 8). The NBO analysis show that the
hyper-conjugative anomeric effect (HCAE) have not
determinant impacts on the conformation preferences
in compounds 1-6.

Based on results, the HCAE: o associated with the
HC-endo-AEs and HC-exo-AEs in the axial-axial,
axial-equatorial and equatorial-equatorial

conformations Z(HCAE) axax -Z(HCAE)ax,eq parameters
decrease ongoing from compound 1 to compound 3 but
increase from compound 4 to compound 5 and
decrease compound 5 to compound 6. Also (HCAE
eq.eq ~2(HCAE)ax,eq decrease ongoing from compound 1
to 2 but increase compound 2 to compound 3, and
decrease from compound 4 to compound 5 and
increase compound 5 to compound 6. The variations of
Y(HCAE) axax -Z(HCAE)ax,eq parameter on going from
compounds 1 to 2 and XE(HCAE eqeq -Z(HCAE)ax,eq
parameter ongoing from compounds 4 to 5 correlate
very well with the differences energies between the
axial-axial, equatorial-equatorial and axial-equatorial
conformations of compounds 1-2 and 4-5,respectively.
But the variations of HCAE values from compound 2
to 3 and also from compound 5 to compound 6 do not
justify solely their variations of the axial-equtorial
conformation preferences between conformations of
the mention compounds.
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Table 1. B3LYP/6-311+G**, LC-oPBE6-311+G**®, | C-BLYP/6-311+G**®, M06-2X/6-311+G**© and MP2/6-311+G**® calculated bond lengths (A) for the conformations of compounds 1-6.

1 2 3 4 5 6
Geometry axax  axeq  eqeq ax,ax ax,eq eg.eq ax,ax ax,eq eq.eq ax,ax ax,eq eq,eq ax,ax ax,eq egeq  axax - axeq eq,eq
Bond lengths (A)
g 1413 1.426 1.430 1.853 1.852 1.859 2.005 2.004 2.011 1.420 1.413 1.425 1.848 1.846 1.861 2.001 1.999 2.012

1413*  1.410* 1.413* 1.813* 1.812* 1.818* 1.949* 1.949* 1955%*  1405* 1.399%  1.409° 1.809¢  1.807*  1.821%* 1.946% 1.946° 1.957°
1.407°  1.404°  1.406° 1.810° 1.808° 1.815° 1.944° 1.944° 1.950° 1.399°  1.393°  1.402° 1.805° 1.804° 1.816°  1.941°  1.940° 1.951°
1417¢  1.413° 1.417° 1.833° 1.832°¢ 1.838° 1.976° 1.977° 1.982° 1.409¢ 1.402° 1.412°¢ 1.829°¢ 1.828¢  1.840°¢ 1975° 1.974¢  1.984°¢
1.427¢  1.425¢ 14279  1.827¢ 1.826¢ 1.831¢ 1.978¢ 1.979¢ 1.983¢ 1.416% 1.410¢ 1.421¢ 1.821¢ 1.820¢ 1.832¢ 19749 1.973¢ 1.984¢
r.3 1.538 1538 1537 1.543 1.542 1.541 1.540 1.540 1.538 1533 1533 1.532 1.537 1.537 1.532 1.535 1.535 1.530
1525% 1.525% 1524* 1529* 1529* 1528* 1529* 1529* 1527* 1520* 1.521*  1.519* 1.524®  1524® 1521%® 1524% 1524%  1.520°
1519 1519° 1517°  1.524° 1.524° 1.522° 1.523° 1.524° 1521° 1514 1515°  1512° 1.519° 1.519° 1514> 1518 1518° 1.513°
1532¢ 1.532¢ 1531° 1536° 1536° 1534° 1535° 1536° 1.533° 1527¢ 1527¢  1.525°¢ 1531¢ 1531°¢ 1.526° 1530¢ 1.530¢ 1.525°
1532¢ 1532¢ 1.530¢  1.537¢ 1.537¢ 1.535¢ 1.537¢ 1.537¢ 1.534¢ 1527¢ 1527¢  1525¢ 1.531¢ 1.532¢ 1527¢  1531¢ 1.533¢ 1.526¢
l3.4 1.532 1.533 1.534 1.533 1.533 1.533 1.534 1.534 1.534 1531 1533 1.535 1.532 1.532 1.534 1.533 1.533 1.534
1520* 1522% 1523%  1522%  1522% 1522* 1522* 1523* 1522°® 1519* 1521* 1523° 1521* 1521* 1522* 1521* 1522*  1.523°
1515° 1517° 1.517°  1516° 1517 1516 1517 1517 1517 1514> 1516 1.517° 1.515° 1.516° 1516° 1516° 1.517° 1.517°
1532°¢ 1529°¢ 1529¢  1528°  1529°¢  1528° 1528° 1529°¢ 1.529° 1.526°¢ 1.528° 1.530° 1.527°¢ 1.528° 1.528° 1528° 1528° 1.529°
1529¢ 1530¢ 1.531¢  1.529¢ 1.530¢ 1.530¢ 1.530¢ 1.531¢ 1.531¢ 1528¢ 1529¢  1531¢ 1.528¢ 1.529¢ 1530¢  1529¢ 15319 1.531¢
l4s 1.532 1.535 1.534 1.533 1.534 1.533 1.534 1.535 1.534 1531 1535 1.535 1.532 1.534 1.534 1.533 1.535 1.534
1.520* 1523 1523* 1522* 1523* 1522* 1522* 1523* 1522* 1519* 1.523%*  1.523% 1521*  1523* 1522%® 1521* 1523% @ 1.523°
1515° 1517° 1517° 1516° 1517 1.516° 1517 1.518° 1517 1514> 1517°  1517° 1.515° 1.517° 1516° 1516 1.518° 1.517°
1527¢ 1529¢ 1529°¢ 1528° 1529° 1528° 1528° 1529° 1529° 1526° 1.529° 1.530° 1.527¢ 1529¢ 1528° 1528° 1529¢  1.529°¢
1529¢ 1531¢ 1531¢  1.529¢ 1.531¢ 1.530¢ 1.530¢ 1.532¢ 1.531¢ 1528% 1.531¢  1.531¢ 1.528¢ 1.531¢ 1530 1.529¢ 1.532¢ 1.531¢
Is56 1.538 1.538 1.537 1.543 1.541 1.541 1.540 1.539 1.538 1533 1531 1.532 1.537 1.533 1.532 1.535 1.530 1.530
1525% 1524* 1524*  1529*  1529*  1528* 1529* 1528* 1527°® 1520* 1518* 1519° 1524 1521* 1521* 1524* 1520* 1.520°
1519° 1518° 1.517°  1.524° 1523 1.522° 1523 1.522° 1.521° 1514> 1512°  1512° 1.519° 1.515° 1514> 1518> 1514° 1.513°
1532¢ 1.531¢ 1531° 1536° 1535° 1534° 1535° 1534° 1533° 1527¢ 1.525¢  1.525°¢ 1531¢ 1527°¢ 1526° 1530°¢ 1526°¢ 1.525°
1532¢ 1531¢ 1.530¢ 1.37¢ 1.536¢ 1.535¢ 1.537¢ 1.536¢ 1.534¢ 15279 15249 15259 1.531¢ 1.528¢ 15274 15319 15289 1.526¢
le1 1.431 1.435 1.430 1.853 1.860 1.859 2.005 2.010 2.011 1420 1.432 1.425 1.848 1.862 1.861 2.001 2.011 2.012
1431* 1.417* 1.413* 1.813* 1.819* 1.818* 1.949* 1955%* 1955*  1.405* 1.415%*  1.409°% 1.809*  1.821*  1.821* 1.946* 1.956°  1.957°
1.407° 1411° 1.406° 1.810° 1.815° 1.815° 1.944° 1.949° 1.950° 1.399°  1.408°  1.402° 1.805° 1.817° 1.816°  1.941>  1.949° 1.951°
1417¢ 1.421°¢ 1.417°¢ 1.833° 1.838° 1.838° 1976° 1.982°¢ 1981° 1.409¢ 1.419¢ 1.412° 1.829¢ 1.840° 1.840° 1.975° 1.984°¢  1.984°
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l2-c=N

le.c=N

I'c=N(x)

Fc=N(eq)

l2-N=C

le-N=C

rN=C(a><)

1.427¢
1.480
1.478°
1.472°
1.484°
1.481¢
1.480
1.478°
1.472°
1.484°
1.481¢
1.153
1.146°
1.138°
1.148°¢
1.176¢

1.431¢
1.481
1.479°
1.473"
1.484°
1.481¢
1.466
1.465°
1.458"
1.469°
1.467¢
1.153
1.146°
1.138°
1.148°¢
1.176¢
1.152
1.1452
1.137°
1.147¢
1.175¢

1.427¢
1.466
1.465°
1.459°
1.469°
1.470¢
1.466
1.465°2
1.459°
1.469°¢
1.470¢

1.152
1.145°2
1.137°
1.147¢
1.175¢

1.827¢
1.463
1.463°
1.458"
1.466°
1.466¢
1.463
1.463°
1.458"
1.466°
1.466¢
1.153
1.146°
1.138°
1.149°¢
1.177¢

1.831¢
1.463
1.463°
1.457°
1.465°
1.466¢
1.457
1.458°
1.452°
1.460°
1.461¢
1.154
1.146°
1.139°
1.149°¢
1.177¢
1.153
1.146°
1.138°
1.148°
1.176¢

1.831¢
1.458
1.458%
1.452°
1.461°
1.462¢
1.458
1.458°2
1.452°
1.461°
1.462¢

1.153
1.146°
1.138°
1.148°¢
1.176¢

1.978¢
1.457
1.459°
1.453
1.461°
1.461¢
1.457
1.459°
1.453
1.461°
1.461¢
1.154
1.146°
1.139°
1.149°¢
1.178¢

1.981¢
1.456
1.458°
1.453
1.461°
1.461¢
1.453
1.455°
1.449°
1.457°¢
1.458¢
1.154
1.147°
1.139°
1.150°¢
1.178¢
1.154
1.146°
1.139°
1.149¢
1.177¢
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1.983¢
1.453
1.455%
1.499°
1.457°¢
1.458¢
1.453
1.4552
1.449°
1.457°¢
1.458¢

1.154
1.146%
1.138°
1.149°¢
1.177¢

1.416¢
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1.426°

1.443

1.438°2
1.432°
1.443°¢
1.440¢
1.418

1.415°
1.410°
1.419°¢
1.4174
1.172

1.165°%
1.157°

1.421¢

1.418

1.415°
1.409°
1.419°¢
1.416¢
1.418

1.415°
1.409°
1.419°¢
1.4164

1.821¢

1.425
1.4232
1.419°
1.429°¢
1.425¢
1.425
1.423°
1.419°
1.425°¢
1.425¢
1.172
1.166°
1.157°

1.832¢

1.428
1.426°
1.422b
1.428°¢
1.428¢
1.418
1.417°
1.412°
1.419°¢
1.419¢
1.172
1.165°2
1.157°

1.832¢

1.418
141772
1.412°
1.418°¢
1.419¢
1.418
1.416°
1.412°
1.418°¢
1.419¢

1.974¢

1.419
1.420°
1.416°
1.420°¢
1.421¢
1.419
1.420°
1.416°
1.420°¢
1.421¢
1.173
1.166°
1.158°

1.981¢

1.422
1.422°
1.418°
1.423°¢
1.422¢
1.415
1.416°
1.411°
1.417°
1.417¢
1.172
1.165°2
1.157°

1.984¢

1.415

1.416°
1.411°
1.417°¢
1.417¢
1.415

1.416°
1.411°
1.417°
1.417¢
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I'N=C(eq)

A [r1—2(ax,eq)' r1—2(ax,ax)]

A[rJ.-Z(ax,eq)‘rl-z(ecl‘eq)]

AlF2-c=N@x,eq)T2-C=N@xax)]

AlF2-c=N@x.eq)T2-C=N(eqeq]

Al r2-N=C(a><,eq)'r2-N=C(ax,a><)]

A["2-N=(:(a><,ec|)'r2-N=C(eq,eq)]

-0.005
-0.003%
-0.003°
-0.004°¢
-0.002¢

-0.004
-0.003*

-0.0024°
-0.004°¢
-0.002¢

0.001
0.001%
0.001°
0.000°
0.000¢

0.015
0.014*
0.014°
0.010°
0.013¢

-0.001
0.000%
0.000°
0.001°
0.001¢
-0.007
-0.006°
-0.006°
-0.005°¢
-0.004¢
-0.001
-0.001°%
0.000°
0.000°
0.000¢
0.003
0.003#
0.004°
0.004°
0.003¢
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1.168°
1.188¢
1171
1.165°
1.157°
1.168°
1.187¢
-0.007
-0.006%
-0.006°
-0.007°¢
-0.006¢
-0.012
-0.01¢
-0.009°
-0.010°¢
-0.011¢

0.005
0.005°%
0.004°
0.006°¢

0.005¢
0.025

1.172

1.165°2
1.157°
1.168°
1.187¢

1.169°¢
1.189¢

1.169°¢
1.189¢
1172
1.165°2
1.157°
1.169°¢
1.188¢
-0.002
-0.002°2
-0.001°
-0.001°¢
-0.001¢
-0.015
-0.014¢
-0.012°
-0.012°¢
-0.012¢

0.003
0.003#
0.003°
0.003°¢

0.003¢
0.010

1172
1.165°
1.157°
1.169°¢
1.188¢

1.169°¢
1.190¢

1.169°¢
1.190¢
1.173
1.166°
1.158°
1.169°¢
1.190¢
-0.002
0.000%
-0.001°
-0.001°¢
-0.001¢
-0.013
-0.011¢
-0.011°
-0.010°¢
-0.011¢

0.003
0.002?2
0.002°
0.003°

0.001¢
0.007

1.173

1.166°
1.158°
1.169°¢
1.189¢
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A[F1-2(ax,eq) T 1-6axax)] -0.005
-0.003*
-0.003"
-0.004°
-0.002¢
Al 1-2(axe0) T 1-6(eq.eq)] -0.004
-0.003%
-0.002°
-0.004¢
-0.002¢

-0.001
-0.001%
-0.002°
-0.001°
-0.001¢
-0.007
-0.006°
-0.007°
-0.006 ¢
-0.005¢

-0.001
0.000%
0.000°
0.001°
0.001¢
-0.007
-0.006°
-0.006°
-0.004 ¢
-0.004¢
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0.023#
0.023°
0.024°¢

0.024¢
-0.007
-0.006*
-0.006°
-0.007°¢
-0.006¢
-0.012
-0.010°
-0.009°
-0.010°¢
-0.011¢

0.009%
0.010°
0.010°¢

0.009¢
1.848
1.809°
1.805°
1.829°¢
1.821¢
-0.015
-0.014¢
-0.012°
-0.012°¢
-0.012¢

0.006%
0.007°
0.006°

0.005¢
-0.002
0.000?
-0.001°
-0.001°
-0.001¢
-0.013
-0.011¢
-0.011°
-0.010°¢
-0.011¢

Table 2. B3LYP/6-311+G**, LC-0PBE6-311+G**@, LC-BLYP/6-311+G**®), MO06-2X/6-311+G**)

conformations of compounds 1-6.

and MP2/6-311+G**@

calculated Bond angles (°)for the

1 2 3 4 5 6
Geometry ax,ax ax.eq e€g,eq ax,ax ax,eq eg,eq ax,ax ax,eq eq,eq ax,ax ax,eq eg,eq ax,ax ax,eq eqg,.eq ax,ax ax.eq eg,eq
Bond angles (degree)

0123 112.6 111.7 111.7 112.7 112.7 112.4 112.3 111.7 112.2 1131 112.2 111.3 113.0 1125 112.4 112.4 112.0 112.2
112.8* 111.8* 111.6* 112.9* 112.3* 1125%* 1125%* 112.0* 112.3* 113.1%* 112.2* 111.3* 113.1% 112.6% 112.4°% 112.7% 112.2° 112.3%
112.5°  111.6° 111.4° 1129° 112.4° 1126° 1125° 112.0° 112.4° 112.9° 112.0° 111.2° 113.2° 1127° 1126 112.7° 1123 112.4°
112.7¢  111.8¢ 1115°¢ 112.7¢ 112.3° 1125°¢ 1124°¢ 111.8°¢ 112.2¢ 113.1°¢ 112.3° 111.2°¢ 113.0¢ 1125°¢ 1124°¢ 1124°¢ 112.0°¢ 112.1°
11259 11169 11169 11269 112.1¢ 11249 11219 11169 11219 113.4% 11249 111.6¢ 113.3¢  1128¢ 1126 11279 112.3¢ 1123

02-3-4 111.0 110.8 110.8 113.7 113.2 112.2 114.6 114.1 1131 1111 111.0 109.5 113.8 1135 112.2 114.6 114.4 113.1
110.5* 110.3* 109.2* 112.9* 112.6* 111.7* 113.7* 113.4* 1125* 110.6* 1105* 109.1* 113.1* 112.8* 111.7*% 1139 113.7% 112.4°%
1105° 110.4° 109.3° 113.0° 112.7° 1118 113.8° 1134° 1126° 110.7° 1105° 109.3° 113.1° 1129° 111.8° 113.9° 113.7° 1126°
110.2¢ 110.1° 109.1°¢ 112.8°¢ 1125°¢ 111.6° 113.6° 113.3° 1125° 1104°¢ 110.3° 109.0¢ 1129°¢ 112.7° 111.6°¢ 113.7°¢ 1135° 1124°
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0345

0456

0561

O6-1-2

6 1-2-c=N

0 1-2N=C

110.4¢
109.5
109.0°
109.1°
108.9°
108.7¢
111.0
110.5°
110.5°
110.2°
110.4¢
1126
112.82
112.5°
112.7¢
112.5¢
117.6
117.1°
117.7°
116.9°
115.5¢
1125
112.4°
112.2°
112.3¢
1123

110.1¢
1105
110.0°
110.1°
109.8°
109.6¢
109.8
109.5°
109.6°
109.4°
109.6¢
1117
111.82
111.6°
111.7¢
111.7¢
113.7
113.1°
113.8"
113.2°
111.9¢
1109
110.7°
110.5°
1105°
110.5¢

109.1¢
1105

11042
110.4°
110.2¢
109.1¢
109.8

109.22
109.3°
109.1°
109.1¢
1117

111.62
111.4°
1115°¢
111.6¢
113.7

111.32
112.1°
111.4°¢
110.3¢
1109

107,52
1075
107.3¢
106.8¢

112.7¢
1129

112.32
112.4°
112.3¢
112.1¢
1137

112.92
113.0°
112.8¢
112.7¢
1127

112.92
112.9°
112.7¢
112.6¢
101.0

100.72
100.6°
99.8°

99.3¢

1125

112.72
112.7°
112.1°¢
11254

112.2¢
113.8
113.2°
113.3
113.2¢
113.0¢
112.6
112.0%
112.2°
112.0°¢
112.0°
112.2
112.32
112.4°
112.2¢
112.2¢
97.3
96.92
97.0°
96.3°¢
95.9¢
110.8
110.72
110.8°
110.1°¢
110.3¢

111.5¢
114.0
113.32
113.4°
113.3¢
113.1¢
1122
111.72
111.8°
111.6°
111.5¢
112.4
112,52
112.6°
1125°¢
112.4¢
96.3
96.12
96.2°
95.6°
95.6¢
107.3
10752
107.7°
107.1¢
107.2¢

113.5¢
1138
11332
113.4°
113.4°
113.3¢
1146
113.72
113.8°
113.6°
113.5¢
112.3
11252
112.5°
112.4°¢
112.1¢
97.6
97.42
97.3°
96.2°
95.6¢
1117
112.0°
112.1°
111.3°
111.6¢

113.1¢
1147
114.2°
1142
114.2°¢
114.2¢
1134
112.8°
112.9°
112.8°
112.9¢
1119
112.1°
1122
112.0°
111.8¢
94.0
93.6°
93.8°
92.6°
92.29
110.2
110.2°
110.3°
109.4°
109.5¢
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112.4¢
114.9
11432
1143
114.4°
114.2¢
1131
11252
112.6°
1125°
112.4¢
1122
112.32
112.4°
112.2°¢
112.1¢
935
93.22
93.4°
92.7°¢
92.6¢
106.8
107.32
107.4°
106.9°
106.8¢

110.3¢
109.2

108.7°
108.8
108.6°
110.3¢
1111

110.6°
110.7°
110.3¢
110.3¢
113.1

113.22
112.9°
113.1°
113.4¢
118.7

118.42
118.8
118.1°¢
117.1¢

1115

111.4%
111.2°
111.2°
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110.1¢
110.3

109.8°
109.9°
109.6°
109.4¢
109.8

109.4°
109.6°
109.4°
109.6¢
1116

11172
111.5°
111.6°
111.9¢
114.4

113.92
114.5°
113.9°
112.7¢

110.6
110.3#
110.2°
110.2°

109.0¢
110.8

11042
110.4°
110.2°
109.8¢
109.5

109.1°
109.3°
109.0°
109.0¢
1113

111.32
111.2°
111.2°¢
111.6¢
111.9

11142
112.2°
111.4¢
110.4¢

106.7
106.92
106.9°
106.7¢

112.6¢
112.6

112.12
112.2°
112.2°¢
111.7¢
113.8

113.1°8
113.1°
112.9°¢
112.6¢
113.0

113.1°
113.2°
113.0¢
113.3¢
1015

101.2°
101.0°
100.0°
100.0¢

1125

112.4*
112.3
111.9°

112.3¢
1136
113.0°
113.1°
113.1°
112.8¢
1125
111.9°
112.1
111.9¢
111.9¢
112.4
11242
112.5°
112.3¢
112.5¢
97.7
97.22
97.3"
96.4°
95.9¢

111.6

111.4%
111.3°
110.9°

111.4¢
114.0
113.32
113.3°
113.3¢
112.9¢
1122
111.72
111.8°
111.6°
111.4¢
1124
11242
112.6°
112.4°¢
112.6¢
96.4
96.0°
96.2°
95.6°
95.4¢

106.9

107.0®
107.0°
106.7¢

113.5¢
1137
113.1°
113.2°
1134°¢
113.0¢
1146
113.92
113.9°
113.7¢
113.5¢
1124
112.72
112.7°
112.4°¢
112.7¢
97.8
97.72
97.6°
96.1°¢
96.2¢

112.0

112.1¢
112.0°
111.6°

113.0¢
1146
114.0°
114.1°
114.1°
113.8°
1132
112.6°
112.7°
112.7¢
112.4¢
1121
112.2°
112.3°
112.1°
112.2¢
94.4
94.0°
94.1°
93.0°
92.5¢

111.3

111.1%
111.1°
110.5°

112.3¢
114.8
114.2°
114.2°
114.3°¢
114.0¢
113.1
112.4°
112.6°
112.4¢
112.3¢
112.2
112.32
112.4°
112.1°¢
112.3¢
94.1
93.6°
93.8°
93.2¢
92.7¢

106.9

107.08
107.1°
106.9°
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A[ 0 6-1-2(ax,eq)~ % 6-1»2(ax,ax)]

A[ 0 6-1-2(ax,eq)- 0 6-1-2(eq,eq)]

-3.9
-4.0°
-3.9°
-3.7°¢
-3.6¢

2.0

1.82

1.7°
1.8¢
1.6¢

-3.7
-3.8%
-3.6°
-3.5°¢
-3.44

1.0
0.8¢

0.8°
0.7°¢
0.3¢

-3.6
-3.82
-3.5P
-3.6¢
-3.4¢

0.4+
0.4°
-0.1°¢
-0.4¢

111.3¢

P. Ghanbarpour

109.9¢

4.3
-45°
-4.3°
4.2¢
-4.4¢
25
258

2.3°
25°¢
2.3¢

106.0¢

112.4¢

110.9¢

-3.8
-4.0°
-3.7°
-3.6¢
-4.19

13

1.2

11°
0.8°
0.5¢

106.6¢

111.8¢

110.8¢

-3.4
-3.78
-3.5°
-3.1°¢
-3.7¢

0.3
0.4¢

0.3°
-0.2¢
-0.2¢

106.6¢

Table 3. B3LYP/6-311+G**, LC-wPBE6-311+G**®, LC-BLYP/6-311+G**®), M06-2X/6-311+G**© and MP2/6-311+G**® calculated Torsion angles (degree)for the

conformations of compounds 1-6.

1 2 3 4 5 6
Geometry ax,ax ax,eq eg,eq ax,ax ax,eq eg,eq ax,ax ax,eq eq,eq ax,ax ax,eq eg,eq ax,ax ax,eq eg,eq ax,ax ax,eq eq,eq
Torsion Angles ()

P1-2-34 51.3 53.6 53.6 57.6 60.5 61.6 58.4 61.6 62.1 50.1 52.6 56.2 56.9 59.8 61.6 58.0 60.7 61.7
52.22 54.7¢2 56.9° 58.6° 61.5° 625 59.5* 6267% 63.2° 51.0?% 53.62 57.12 58.0° 60.7°2 62.6* 59.0* 61.7% 63.0°
51.9° 54.3° 56.5° 58.6° 61.4° 62.2° 59.4° 624° 629° 50.9° 53.3° 56.6° 58.0° 60.6° 62.3° 59.0° 61.6° 62.6°
52.7¢ 55.0¢ 57.1¢ 59.4¢ 62.0¢ 62.9°¢ 60.5¢ 63.4°¢ 635°¢ 51.6° 54.0°¢ 57.3°¢ 59.1¢ 61.5°¢ 63.0¢ 60.5° 627° 63.2°¢
53.9¢ 56.3¢ 58.0¢ 60.3¢ 62.9¢ 63.2¢ 6149 64.1¢ 63.8 52.3¢ 55.3¢ 58.0¢ 59.2¢ 62.3¢ 63.4¢ 6049 6359 63.7¢

P2-3-4-5 -54.7 -52.0 -52.0 -62.2 -59.4 -59.9 -65.8 -62.8 -63.6 -54.9 -51.7 -52.1 -62.5 -59.6 -60.3 -66.0 -63.1 -64.6
-55.72 -52.9*  -52.9° -62.5% -59.2¢  -59.9* -65.3* -62.0* -62.8* -56.0* -52.6° -52.8% -62.6* -59.3% -60.1* -65.5* -62.2%  -63.6°
-55.7° -52.9°  -52.9° -62.3* -59.2° 598" -65.2° -620° -62.8° -559° -526° -52.8° -625° 593" -60.0° -65.3° -62.2° -636°
-56.2¢ -53.3¢  -b3.2¢ -62.8° -59.5° -60.5° -65.5¢ -62.1¢ -634°¢ -56.4¢ -53.1¢ -53.1° -62.6°¢ -59.5¢ -60.7° -65.4°¢ -625° -64.3°¢
-55.94 -535¢  -54.09 -62.3¢ -595¢ -60.5¢ -65.3¢ -62.0¢ -636¢ -56.7¢ -53.3¢ -53.6¢9 -63.39 -594¢ -60.7¢ -66.19 -62.99 -64.2¢

2189



Iranian Journal of Organic Chemistry Vol. 9, No. 4 (2017) 2181-2203

P3-456

Pas561

P56-1-2

P6-1-2-3

A[ ¢ 6-1-2-3(ax,eq)~ ¢6-1-2-3(ax,ax)]

Al ¢6-1-2-3(ax,eq)~ P 6-1-2-3(eq,eq)]

54.7
55.7°
55.7°
56.2°
55.9¢
-51.3
-52.2
-51.9
52.7°¢
-53.9¢
49.4
50.0°
49.8°
50.6°
52.4¢
-49.4
-50.0%
-49.8°
-50.6°
52,44

52.7
53,57
53.5°
53.8°¢
53.7¢
-55.5
-56.3*
-55.8°
-56.4°
-56.9¢

58.7
59.3%
58.9°
59.2¢
60.0¢
-57.4
-58.2*
-57.9°
-58.2°¢
-59.5¢
-8.0
-8.2¢
-8.1°
-7.6°¢
-7.1¢

3.0
34¢
3.2°

3.6°
2.7¢

52.7
52.92
53.0°
53.2¢
53.6¢
-55.5
61.6°
-56.5°
-57.1¢
-58.0¢
58.7
61.6°
61.1°
61.8°¢
62.2¢
-60.4
-61.6°
-61.1°
-61.8°¢
-62.2¢

62.2
62.5°
62.3°
62.8°¢
Ty,yd
-57.6
-58.6%
-58.6°
-59.4°
-60.2¢
47.5
48.92
49.0°
49.9°¢
51.4¢
-47.5
-48.92
-49.0°
-49.9°¢
-51.49

59.5
59.4°
59.4°
59.7°
59.3¢
-61.1
-62.1°
-61.8"
-62.6°
-62.7¢
54.9
56.4°
56.1°
56.8°
57.5¢
-54.3
-55.9°
-55.6°
-56.3°
-57.4¢
-6.8
-7.0°
-6.6°
-6.4°
-6.0°
13
09°
0.8°

0.5°
-0.1¢

59.9
59.9¢
59.8°
60.5°¢
60.5¢
-61.6
-62.52
-62.2°
-62.9°¢
-63.2¢
55.6
56.8°
56.4°
56.8°¢
57.3¢
-55.6
-56.8¢
-56.4°
-56.8°¢
-57.3¢

65.8
65.3°
65.2°
65.5°
65.3¢
-58.4
-59.52
-59.4°
-60.5¢
-61.4¢
451
47.2°
473"
48.4°
49.9¢
-45.1
-47.2°
-47.3°
-48.4°¢
-49.9¢

62.8
62.1°
62.0°
62.1°
61.8¢
-62.1
-63.1°
-62.8°
-63.8°
-64.0¢
52.7
54.8°
54.4"
555¢
56.2¢
-52.1
-54.28
-53.9°
-55.0°
-56.1¢
7.0
-7.0°
-6.6"
-6.6°
-6.2¢
0.4
0.3?
0.1°
-0.4¢
-1.3¢

63.6
62.8°
62.8°
63.4°¢
63.6¢
-62.1
-63.2¢
-62.9°
-63.5°¢
-63.8¢
52.5
54,57
54.0°
54.6°¢
54.8¢
-52.5
-54.52
-54.0°
-54.6°¢
-54.8¢

54.9
56.0°
55.9°
56.4°
56.7¢
-50.1
-51.02
-50.9°
51.6°
-52.3¢
46.8
47.32
475"
48.2°
48.3¢
-46.8
-47.3°
475"
-48.2¢
-48.3¢
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53.1
53.9¢
53.9°
54.3°¢
54.1¢
-55.5
-56.4¢
-55.9°
-56.4°¢
-56.7¢
58.0
58.6%
58.4°
58.5¢
58.8¢
-56.2
-56.9¢
-56.8°
-57.1°¢
-58.0¢
-9.4
-9.6%
-9.3°
-8.9°¢
-9.7¢
55
552
5.0°

55°¢
4.4°

52.1
52.8¢
52.8°
53.1°¢
53.6¢
-56.2
-57.1¢
-56.6°
-57.3°¢
-58.0¢
61.7
62.4%
61.8°
62.6°¢
62.4¢
-61.7
-62.42
-61.8°
-62.6°¢
-62.4¢

62.5
62.6°
62.5°
62.6°
63.3¢
-56.9
-58.02
-58.0°
-59.1°
-59.2¢
46.1
47.7°
47.8"°
49.3°
48.7¢
-46.1
-47.72
-47.8°
-49.3¢
-48.7¢

60.2
60.0°
59.9°
60.1°
59.9¢
-61.1
-62.2°
-61.9°
-62.7¢
-63.0°
54.1
55.8°
55.5°
56.5°
56.9¢
-53.1
54.7¢
5450
-55.6°
-56.49
7.0
7.0
-6.7"
-6.3°¢
7.7¢
2.3
228
1.8°

1.2¢
0.8¢

60.3
60.17
60.0°
60.7°
60.7¢
-61.6
-62.6°
-62.3°
-63.0¢
-63.4¢
55.4
56.97
56.3°
56.8°¢
57.2¢
-55.4
-56.92
-56.3°
-56.8¢
-57.2¢

66.0
65.5°
65.3
65.4°¢
66.1¢
-58.0
-59.0°
-59.0°
-60.5¢
-60.4¢
44.4
463
46.4°
48.6°
47.7¢
-44.4
-46.3°
-46.4"
-48.6°
-47.7¢

63.6
62.8°
62.7°
62.9°
63.3¢
-62.0
-63.2°
-62.9°
-63.8°
-64.4¢
51.9
54.1°
53.7°
54.8°
55.3¢
-50.7
-53.0°
-52.7°
-53.9°
-54.5¢
6.3
-6.7°
-6.3°
-5.3¢
-6.8°
0.6
0.8°
0.5°
-0.2¢
-0.4°

64.6
63.6°
63.6°
64.3°¢
64.2¢
-61.7
-63.0°
-62.6°
-63.2¢
-63.7¢
513
53.87
53.2°
53.7¢
54.1¢
-51.3
-53.82
-53.2°
-53.7°¢
-54.1¢
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Table 4. LC-wPBE/6-311+G**,

LC-BLYP/6-311+G**(a),

MP2/6-311+G**(b),

B3LYP/6-311+G**(C) and MO06-2X/6-

311+G**(d), calculated zero-point energies (ZPE), corrected electronic energies (Eo), thermodynamic functions (H, G in hartree, S
in cal mol*K1) and parameters [AZPE, AEo, AH, AG (in kcal mol'%)] and AS (in cal moltK?)] at 25°C and 1 atm pressure for the
conformations of compounds 1-6.

lax-ax

lax-eq

leg-eq

2ax-ax

2ax-eq

2eg-eq

3ax-ax

3ax-eq

H S G ZPE Eo AH AS AG AZPE AE,
-455.893668 91.653 -455.937215 0.146291 -455.903356 2.51 0.00 2.55 0.23 2.51
-454.974863@ 91.141® -455.018167@ 0.147514@ -454.984432@ 264@  000@  267@  021@  264@
-454.942319® 92.378® -454.986211® 0.143600® -454.952197®) 1.93®  000® 2030 0190  1.94®
-456.209418© 92.617¢ -456.253423) 0.142757© -456.219316© 2,699 0000 2700 0199 2690
-456.028559 91.327@ -456.071952 @ 0.145120@ -456.038242@  1.96@  0.00© 211@ 023@ 199@
-455.897661 91.808 -455.941283 0.146172 -455.907357 0.00 0.15 0.00 0.23 0.00
-454.979076@ 91.240@ -455.022428@ 0.147443® -454.988644@ 0.00@ 0.10®  0.00®  0.16®@  0.00@
-454.9453970) 92.706® -454.9894450) 0.143578®) -454.9552930) 0.00®  033®  000® 018®»  0.00®
-456.213713© 92,638 -456.257728©) 0.142701© -456.223599© 0.00©  0.02© 0009  016©  0.00©
-456.031686@  91.827@ -456.075316 @ 0.1447539 -456.041412@  0.00@  050©®  0.00® 0.00® 0.00©
-455.895143 92.056 -455.938882 0.145919 -455.904880 1.58 0.40 1.51 0.00 1.55
-454,976784® 91.487@ -455,020252® 0.147185® -454,986394® 1.44@ 0.35@  1.36@  0.00@ @ 1.41@
-454.9425040 92,9550 -454.986760®  0.143289® 4549525320 1760 058 1680 Qoo  1.730
-456.212040©) 92.780© -456.256123C 0.142449©) -456.221955© 1.05@  0.16©  1.01©@  0.009 1,030
-456.028240 @ 91.874© -456.071893@ 0.144578@  _456037978@  216©@  0.00@ 215@ 011@ 215
-778.793599 94.643 -778.838567 0.143198 -778.803806 1.58 0.00 1.67 0.11 1.60
-777.829320@ 94.109® -777.874034@ 0.144355® -777.839405@ 1.67®  000®@  1.75@  011®@  1,69@
-777.5547720) 95.404® -777.600101® 0.140366® -777.565196® 11200 0.00® 1260  go7®  1.14®
-779.1979720) 95.873¢) -779.2435240) 0.139607© -779.208441© 1.78©9  0.00©  1.88© 0079  1.81
-779.012101@ 94,689 @ -779.057091 @ 0.141332@  -779.022382©®  1.16©@  0.00@ 1290 000@ 118@
-778.796116 94.961 -778.841236 0.143148 -778.806351 0.00 0.32 0.00 0.07 0.00
-777.831990@ 94.373@ -777.876829@ 0.144314® -777.842096® 0.00®  0.26®  0.00®  0.08®  0.00@
-777.556564® 95,8770 -777.602118® 0.140437® -777567017®  poo®  047®  goo® 01200  0.00®
-779.200817© 96.183© -779.246517) 0.139519© -779.211321© 0.009 031 0009 0020  0.009
-779.013955@  95.102@ -779.059141 @ 0.141498©@  -779.024263©®  0.00®  041@  000@ 010@ 0009
-778.793071 95.388 -778.838393 0.143028 -778.803375 1.91 0.74 178 0.00 187
-777.829057@ 94.805@ -777.874102® 0.144180@ -777.839234@ 1.84®  070@  171®  000®  1.80@
-777.553073® 96.434® -777.5988920) 0.140248® -777.563607® 2190 1.03® 20200 goo®  2.14®
-779.198731© 96.319¢) -779.2444960) 0.139487 -779.209267© 1.319 045  127©@ 0000  1.29¢
-779.010300@ 95549 @ -779.055698 @ 0.141391@  -779.020669©@  220@  0.86@ 216@ 004@ 225@
-2781.895619 97.695 -2781.942037 0.142014 -2781.906190 1.68 0.00 1.83 0.15 171
-2781.020344®  97.281® -2781.066565@ 0.143140@  -2781.030803®  174®  000@  1.83@  0.13@  1.75@
-2779.805918®  98.633® -2779.852782® 0.139020®  -2779.816737®  109®  0.00®  124® 120  1.11®
-2782.533108®  99.068© -2782.580179© 0.138476©  -2782.543958©  1.88©  0.00© 2019 0189  1.920
-2782.379405@  97.523@ -2782.425742  0.140699@  -2782.389995@  1.46@  000@ 167@ 037@ 0240
-2781.898294 98.190 -2781.944947 0.141902 -2781.908911 0.00 0.49 0.00 0.08 0.00
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3eqg-eq

dax-ax

4ax-eq

4eq-eq

bax-ax

5ax-eq

5eq-eq

6ax-ax

-2781.023113@
-2779.807659®
-2782.536109
-2782.381740 @
-2781.895786
-2781.020681®
-2779.804466®
-2782.534591©)
-2782.378606 @
-455.837788
-454.924172®
-454.874415®
-456.153069
-455.978318@
-455.840293
-454,926665®
-454.876662
-456.156127
-455.980254
-455.836405
-454.922834@
-454.872030®
-456.1531370
-455.975465 @
-778.727618
-777.768539®
-777.476787®
-779.132300©
-778.952004 @
-778.728587
-777.769600®
-777.4773040)
-779.133900©
-778.952644 @
-778.724735
-777.765906®
-777.4725450)
-779.131200©
-778.948279 @
-2781.827579
-2780.957515®@
-2779.725861®)

97.580®
99.125®
99.514
98.219@
98.752
98.104®
99.869®)
100.002©
99.096 @
92,525
91.889®
93.4720)
93.859©
91.963@
92.841
92.213@
93.699®
93.961¢
92.604 @
93.193
92,543
94.199®
94.169©
92.659 @
95.307
94.755®
96.204®
96.874©
95.415©
95.915
95.265®
96.717®
97.3510
96.145@
96.366
95.7420
97.538®
97.548©)
96.540 @
98.565
97.937@
99.410®

-2781.069476@
-2779.854757®
-2782.583391©)
-2782.428407
-2781.942706
-2781.067293@
-2779.851917®
-2782.582105©
-2782.425690
-455.881750
-454.967831®
-454.918827®
-456.197665©)
-456.022012@
-455.884405
-454,970478®
-454.921181®
-456.200771©
-456.024253 @
-455.880684
-454.966804®
-454.916787®)
-456.197880©
-456.019491@
-778.772901
-777.813560®
-777.522496®
-779.178328)
-778.997339 @
-778.774159
-777.814863@
-777.5232570)
-779.180200©
-778.998326 @
-778.770522
-777.811396®
-777.518889®
-779.1775©
-778.994148@
-2781.874411
-2781.004048@
-2779.773094®

0.143081@
0.139035®
0.138320©
0.140320 @
0.141769
0.142934@
0.138821®
0.138188
0.140104 @
0.145529
0.146739@
0.143610®
0.141963©
0.144641©@
0.145362
0.146598@
0.143584®)
0.141877©
0.144146 ©@
0.144993
0.146244@
0.143150®
0.141516©
0.143771©@
0.142323
0.143436@
0.140223®
0.138653©
0.140605 @
0.142200
0.143349@
0.140264®
0.1385480©
0.140417©@
0.142047
0.143174@
0.140010®
0.1384870
0.14045 @
0.141065
0.142193@
0.138826®
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-2781.033598¢
-2779.818510®
-2782.547010©)
-2782.392413 @
-2781.906488
-2781.031249@
-2779.815416®
-2782.545572¢)
-2782.389391 @
-455.847725
-454.933977@
-454.884534®)
-456.163268©
-455.988191 @
-455.850269
-454,936507®
-454.886799®)
-456.166336©
-455.990209 @
-455.846447
-454.932738@
-454.8822520)
-456.163392
-455.985445 @
-778.738061
-777.778859@)
-777.487426®)
-779.143057©
-778.962508 @
-778.739101
-777.779978@
-777.487986®
-779.144700©)
-778.963235@
-778.735329
-777.776368@
-777.4833500)
-779.142100©
-778.958922 @
-2781.838412
-2780.968218@
-2779.736903®

0.00@
0.00®
0.00©
0.00@
1.57
1.53@
2.00®
0.95@
1.97@
1.57
1.56@
1.410
1.920
1.21@
0.00
0.00@
0.00®
0.000
0.00@
2.44
2.40@
2,910
1.880
3.00@
0.61
0.67@
0.32®
1.020
0.40©@
0.00
0.00®
0.00®
0.009
0.00@
2.42
2.320
2.99®
1.710
2.74@
0.83
0.86@
0.39®

0.30@
0.49®
0450
0.70@
1.06
0826
1.240
0930
1570
0.00
0.00@
0.00®
0.00©
0.00©@
0.32
0.32@
0.230
0100
0.64©
0.35
0.65@
0.730
0310
0.709
0.00
0.00@
0.00®
0.00©
0.00©@
061
051@
051®
048
0.739
1.06
0.48@
1330
067©
1120
0.00
0.00@
0.00®
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0.00@
0.00®
0.00©
0.00©
1.41
1.37@
1.78®
0.81©
1.70@
1.67
1.66@
1.480
1.95©
1410
0.00
0.00@
0.00®
0.00©
0.00©@
2.33
2.30@
2.76®
1.81@
2.99©
0.79
0.82@
0.48®
1.16©
0.62©@
0.00
0.00@
0.00®
0.00©
0.00©
2.28
2.18@
2.740
1.650©
2,620
0.99
1.02@
0.50®

0.09@
0.13®
0.08©
0.13@
0.00
0.00@
0.00®
0.00©
0.00©
0.34
0.31@
0.29®
0.28©
0.55@
0.23
0.31@
0.27®
0.23@
0.23@
0.00
0.00@
0.00®
0.00©
0.00@
0.17
0.16@
0.13®
0.109
0.12@

0.10
0.11@

0.13®
0.04©
0.00@
0.00
0.00@
0.00®
0.00
0.02@
0.19
0.19®

0.20®

0.00@
0.00®
0.00©
0.00©
1.52
1.47@
1.940
0.90©
1.90@
1.60
1.59@
1.420
1.920
1.27@
0.00
0.00@
0.00®
0.00©
0.00©®
2.40
2.36@
2.85®
1.850
2.99@
0.65
0.70@
0.35®
1.06©
0.46 @
0.00
0.00@
0.00®
0.00©
0.00©
2.37
2.26®
2.91®
1.68¢
2710
0.87
0.90@
0.40®



Iranian Journal of Organic Chemistry Vol. 9, No. 4 (2017) 2181-2203

6ax-eq

6eg-eq

-2782.465490© 100.223©
-2782.317896 @ 98.800@
-2781.828902 99.104
-2780.958894@ 98.465@
-2779.726489® 99.777®
-2782.4674770© 100.627€
-2782.318489 @ 99.122@
-2781.825942 99.723
-2780.956046@ 99.031@
-2779.722446® 100.983®
-2782.465643© 101.144©
-2782.315078 @ 100.022 @

-2782.513109©
-2782.364839
-2781.875990
-2781.005678@
-2779.773896®
-2782.515288©
-2782.365585
-2781.873324
-2781.003099@
-2779.770426®
-2782.513700©

-2782.362602

0.137433€
0.139276 @
0.140948
0.142092®
0.138831®
0.137346©)
0.139461 @
0.140755
0.141897@
0.138502®
0.137147©

0.139175@

-2782.476653©
-2782.328808 ©
-2781.839797
-2780.969655@
-2779.737548®
-2782.478682©
-2782.32941@
-2781.836938
-2780.966902
-2779.733677®
-2782.4769420

-2782.326132 )

1.250)
0.37@
0.00
0.00@
0.00®
0.00@
0.00@
1.86

1.790
2540
1.150

2.140©

0.00©
0.00@
0.54
0.53@
0.37®
0.400
0.32@
1.16

0.57@
157®
0.920

1.22@
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1.379
0.47@
0.00
0.00@
0.00®
0.00@
0.00@
1.67

1.62@
2.18®
1.00©

1.87@

0.18@
0.06 @
0.12
0.12@
0.20®
0.12¢
0.18@
0.00
0.00@
0.00®
0.00©

0.00@

1.270
0.38@
0.00
0.00@
0.00®
0.00@
0.00@
1.79
1.73@
2430
1.09©)

2.06@

Table 5. NBO-LC-wPBE/6-311+G** calculated stabilization energies (E2, in kcal mol) associated
with the HC-endo-AE and HC-exo-AE for the axial —axial,axial-equatorial and equatorial-equatorial

conformations of compounds 1-3.

1 2 3
HC-endo-AE ax,ax axeq egeq ax,ax ax.eq egqeq ax,ax ax.eq eqeq
LPegM1—>0*c2-cNax) - 0.54 - - - _ N N "
LPaxM1—>6*co-cNax) 9.84 9.53 - 7.57 7.35 - 4.16 3.85 -
LPegM1—>6*ce-cNax) - - - - - - - - -
LPaxM1—6*ce-cNax) 9.85 - - 7.71 - - 4.14 - R
LPegM1—>6*c6-CN(eq) - 231 2.32 - - - - - -
LPaxM1—c*ce-cN(eq) - - - - - - - - -
LPegM1—>6*c2-cN(eg) - - 2.32 - - - B} _ ;
LPaxM1—6*c2-cN(eq) - - - - - - - - -
LP M1 conan2) 161 170 - 223 241 - 289 294 -
LPaxM1—m*c=N(ax)(6) 161 - - 224 - - 291 - -
LPegM1—>m*c=Nieq)2) - - - - - - - - -
LPegM1—>m*c=N(eq)(6) - 0.51 - - - - - -
OMLC2 TN (@2) 189 205 - 619 631 - 1132 1153 -
GM1-C6—>TT¥C=N(ax)(6) 1.89 - - 6.20 - - 11.22 - -
OML-C2 —>G*CoN@2) 220 220 - 294 316 - 264 285 -
GML1-C6 —>G*C=N(ax)(6) 2.20 - - 3.07 - - 2.64 - -
OML-C8 —>T*C=NEea)(6) - 260 261 ; 840 824 - 1327 999
OM1-C2 >T*C=N(eq)(2) - - 2.62 - - 8.28 - - 9.99
OML-CE —>G*C=N(eq)6) - 238 239 ; 350 358 ; 308 290
OM1-C2 —>G*C=N(eq)(2) - - 2.38 - - 3.58 - - 2.90
GC3Hax —>G™C2-CoN@w) 382 389 - 412 424 - 488 501 -
GC5-Hax —>G*C6-C=N(ax) 3.79 - - 4.09 - - 4.87 - -
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GC3-Hax —>G*C2-Hax h - 3.62 - - 3.69 - - 343

HC-exo-AE

TC=N(ax)(2)—> G *M1-C2 6.27 6.11 - 3.85 3.54 - 4.44 3.93 -

TC=N(ax)(6)—> O *M1-C6 6.23 - - 3.85 - N 444 N )
TLC=N(eq)(6)—>G*M1-C6 - 6.34 6.34 - 3.96 3.78 - 4.28 3.83
TC=N(eq)(2)—C*M1-C2 - - 6.34 - - 3.78 - - 3.83
GC=N(ax)(2)—>0*M1-C2
GC=N(ax)(6)—>0 *M1-C6
GC=N(eq)(6)—>0 *M1-C6
GC=N(eq)(2)—0*M1-C2
GC2-C=N(ax) —>G*C3-Hax 1.95 1.93 - 1.95 1.95 - 1.85 1.80 -
GCB-C=N(ax) —>G*C5-Hax 1.95 - - 1.94 - - 1.85 - -
0C2-Hax—>G*C3-Hax - - 3.23 - - 3.65 - - 282
GC6-Hax—> G C5-Hax - 3.32 3.23 - 3.69 3.65 - 351 2.82
Z(HCAE) 5513 4541 374  57.95 4851 4223 6425 56.05 4251

Z(HCAE) ax,ax -Z(HCAE)ax,eq 9.72 9.44 8.2

S(HCAE eqeq -X(HCAE)ax,eq -8.01 -6.28 -13.54

Table 6. NBO-LC-wPBE/6-311+G** calculated stabilization energies (E2, in kcal mol) associated
with the HC-endo-AE and HC-exo-AE for the axial-axial,axial-equatorial and equatorial-equatorial
conformations of compounds 4-6.

4 5 6
HC-endo-AE ax,ax ax,eq eqg,eq ax,ax ax,eq eq,eq ax,ax ax,eq e€q,eq

LPegM1—>6*ca-Nc(ax) - - - - 0.57 - - - -
LPaxM1—>6%c2.nc@) 1617  16.33 - 1338 13.17 - 779 722 -
LPegM1—>6*c6-Nc(ax) - - - - - - - - -
LPaxM1—>6%ce-nc@) 16.23 - - 1341 - - 7.78 - -
LPequ—)G*CG_Nc(eq) - 420 423 - 061 090 - - -
LPaxM1—6*ce-Nc(eq) - - - - - - - - -

- - 423 - - 0.90 - - -
LPegM1—c*ca-Nc(eq)
LPaxM1—c*c2-Nc(eq) - - - - - - - - -
LPaxM1—>T*Nc@o2) 072 076 - 095 099 - 116 117 -
LP M1 T*N=c@ () 0.72 - - 0.94 - 1.18 -
LPeqM1—>m*N=C(eq)(2) - - - - - - - - -
LPegM1—>7*N=C(ea)(e) - - - - -
OM1-C2 ST*N=CE)2) 1.05 115 - 363 364 - 633  6.61 -
OM1-C6 —>TT¥N=C(ax)(6) 1.04 - - 361 - - 6.29 - -
OM1C2 —>G*N=C@)2) 154 153 - 239 233 - 234 243 -
GM1-C6 —>G*N=C(ax)(6) 1.55 - - 2.39 - - 2.38 - -
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OM1-C2 >T*N=C(eq)(2) - - 137 - - 4.45 - - 5.38
OML-C6 —STHN=C(eq)6) - 137 136 - 434 443 - 697 538
OML-C2 —>G*N=C(eq)(2) - - 158 - - 2.62 - - 231
OM1-C6 —>G*N=C(eq)(6) - 160 159 - 244 263 - 239 231
53 Hax —G*C2-N=C(ax) 5.62 578 - 604 626 - 710 730 -
GC5-Hax —>G*C6-N=C(ax) 5.58 - - 6.01 - - 7.09 - -
GC3-Hax —>G*C2-Hax - - 3.50 - - 3.62 - - 3.33
HC-exo-AE
GC2-Hax—>G*C3-Hax - - - - - 3.59 - - 2.79
006 Hax—> G C5.Hax - 3.22 - - 341 3.60 - 343 279
TIN=C(a)(2)— O M1.C2 8.91 8.55 - 580 522 - 666  6.01 -
TIN=C(ax)(6)—> G ™*M1-C6 8.86 - - 5.76 - - 6.65 - -
TIN=C(eq)(6)—>O*M1.Cs - 893 885 - 512 5.8 - 600 527
TIN=Cleq)(2)— G M1-C2 - - 8.86 - - 5.29 - - 527
GC2N=C@) —>G*C Hax 1.24 1.24 - 1.27 1.28 - 121 118 -
GCH-N=C@x) —>G*C5 Hax 1.24 - - 1.27 - - 121 - -
Z(HCAE) 7047 5466 3557 66.85 49.38 3731 6517 5071 34.83
Z(HCAE) axax -Z(HCAE)ax,eq 15.81 17.47 14.46
Z(HCAE eqeq -Z(HCAE)ax,eq -19.09 -12.07 -15.88

Total Steric Exchange Energies (TSEE): wif[h the diffe_rences energy between the axial-axial and
axial-equatorial conformations of compounds 1-2 and
The calculation of NBO-LC-wPBE/6-311+G** 4-6 are in line.

exposed that axial-axial conformations of compounds

1-6 possess smallest TSEE values compared to their

axial-equatorial and equatorial-equatorial

conformations (Table 10). Based on the results

obtained, the calculated total steric exchange energy

differences between the axial-equatorial and axial-

axial forms [i.e. A[TSEEaeq TSEEaxax]] decrease from

compound 1 to compound 3 and also from compound 4

to compound 5,but increase from compound 5 to

compound 6. The A[TSEEaxeq~ TSEEeqeq] parameters

increase from compound 1 to compound 2 and

decrease from compound 2 to compound 3, decrese

from compound 4 to compound 5 and from compound

5 to compound 6. Accordingly, the variations of

A[TSEEaxeq TSEEeqeq] correlate very well with the

differences energy between the equatorial- equatorial

and the axial-equatorial conformations of compounds

1-6, and variations of A[TSEEaeq TSEEaxax]

parameters except that compound 2 to compound 3,
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Table 7. LC-wPBE/6-311+G** calculated total SCF energies, energies of deletions associated with the deletion of LPMI1—n*N=C

delocalizations and their corresponding energy changes (in a.u.) in the axial and equatorial conformations of compounds 1-3.

and LPM1—c*C2-N=C electron

Deletion of LPyi—m*c=y electron delocalizations

1 2 3
Geometries ax,ax ax,eq eq,eq ax,ax ax,eq eq,eq ax,ax ax,eq eq,eq
Total SCF energies -456.049647 -456.053529 -456.050799 -778.947004 -778.949499 -778.946402 -2782.048204 -2782.050812 -380.683981
Energies of deletion -456.041378 -456.051670 -456.047651 -778.938840 -778.944998 -778.944790 -2782.040372 -2782.046598 -380.683239
Energy Changes(EC) 0.008269(5.189)*  0.001859(1.167)? 0.003148(1.975)*  0.008164(5.123)* 0.004500(2.824)*  0.001613 (1.012)*>  0.007832(4.915)* 0.004215(2.645)* 0.000742(0.466)*
A(ECax,eq-ECax,ax) -4.022° -2.299% -2.270°
A(ECaxeq-ECeq,eq) -0.808° 1.812° 2179
Deletion of LPwi— o *c=y electron delocalizations
1 2 3
Geometries ax,ax ax,eq eq,eq ax,ax ax,eq eq,eq ax,ax ax,eq eq,eq
Total SCF energies -456.049647 -456.053529 -456.050799 -778.947004 -778.949499 -778.946402 -2782.048204 -2782.050812 -380.683981
Energies of deletion -456.000548 -456.026047 -456.037268 -778.925181 -778.940381 -778.944727 -2782.031211 -2782.043619 -380.683968
Energy Changes(EC) 0.049099(41.74)*  0.027482(17.245)* 0.013532(8.491)*  0.021823(13.694)* 0.009117(5.721), 0.001676(1.051)* 0.016994(10.664) 0.007193(4.514)* 0.000013(0.008)*
A(ECax,eq-ECaxax) -24.495° -7.973° -6.150°
8.754° 4.670° 4.506°

A(ECax,eq-ECeq,eq)

aV/alues in kcal mol-+*
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Table 8. LC-wPBE/6-311+G** calculated total SCF energies, energies of deletions associated with the deletion of LPM1—n*N=C and LPM1—c*C,-N=C electron
delocalizations and their corresponding energy changes (in a.u.) in the axial and equatorial conformations of compounds 4-6.

Geometries

Total SCF energies
Energies of deletion
Energy Changes(EC)
A(ECaxeq-ECaxax)
A(ECax.eq-ECeq,eq)

Geometries

Total SCF energies
Energies of deletion
Energy Changes(EC)
A(ECaxeq-ECaxax)
A(ECaxeq-ECeq.eq)

Deletion of LPy;—n*x=c electron delocalizations

4 5 6
ax,ax ax,eq eg,eq ax,ax ax,eq eg,eq ax,ax ax,eq eg,eq
-455.993254 -455.995630 -455.991440 -778.880384 -778.881300 -778.877375 -2781.979477 -2781.980745 -2781.977693
-455.987492 -455.992384 -455.990345 -778.876052 -778.881300 -778.876978 -2781.975523 -2781.978743 -2781.977436
0.005763(3.620)*  0.003246(2.040)*  0.001095(0.687)>  0.004332(2.720)*  0.000000(0.000)*  0.000397(0.249)*  0.003954(2.480) 0.002001(1.260)*  0.000256(0.161)?
-1.580° -2.720° -1.220°
1.350% -0.249% 1.100*
Deletion of LPwi— o *x=c electron delocalizations
4 5 6
ax,ax ax,eq eq,eq ax,ax ax,eq eq,eq ax,ax ax.eq eq,eq
-455.993254 -455.995630 -455.991440 -778.880384 -778.881300 -778.877375 -2781.979477 -2781.980745 -2781.977693
-455.926732 -455.954758 -455.970056 -778.849518 -778.881301 -778.874066 -2781.955237 -2781.969984 -2781.975876
0.066522(41.740)*  0.040872(25.650)*  0.021383(13.420)* 0.030866(19.370)* -0.000001(0.000)*  0.003309(2.080)*  0.024240(15.210)*  0.010761(6.750)*  0.001817(1.140)*
-16.900° -19.370° -8.460°
12.230% -2.080? 5.610%

aValues in kcal mol-*
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Bond orders:

The HCAE affects the structural parameters of the
different configurations of a molecule via affecting
their corresponding bond orders. Based on the results
obtained, the calculated bond orders [i.e. Wiberg Bond
Index (WBI)] for M1—C; bonds of the axial-equatorial
conformations of compounds 1-3 and compounds 4-6
are greater than the M;—Cs bonds of the axial-
equatorial conformations of the mention compounds

P. Ghanbarpour

(Table 11). Along of dominant impacts of their HCAE
associated with the LPaMi—>oc*coconey — and
LP.xMi—c*conc@x) electron delocalizations the bond
orders of M1-C2 bonds in the axial-equatorial
conformations of compound 1-6 are greater than their
other conformations.

Table 9. NBO-LC-wPBE/6-311+G** calculated dipole moments (x, in debye) for the axial-axial,axial-

equatorial and equatorial-equatorial conformations of compounds 1-6.

1 2 3
ax,ax  ax,.eq  eq.eq ax,ax ax,eq  eq.eq ax,ax ax.eq eq.eq
u 6.92 5.31 6.78 7.24 5.03 6.16 7.33 5.17 5.37
A eq-faxeq) 1.47 113 0.20
Ataxax-flaeq) 1.60 221 215
4 5 6
ax,ax  ax,.eq  eq.eq ax,ax ax,eq  eq.eq ax,ax ax.eq eq.eq
u 6.88 5.28 6.71 7.01 4.91 6.01 6.95 5.03 5.47
A eq-flaxceq) 1.43 1.10 0.44
Atlaxax-flaxeq) 1.59 2.09 191

Table 10. NBO-LC-wPBE/6-311+G** calculated total steric exchange energies (TSEE, in kcal mol?) for the axial —
axial,axial-equatorial and equatorial-equatorial conformations of compounds 1-6.

1 2 3
ax,ax ax,eq eg,eq ax,ax ax,eq eq,eq ax,ax ax,eq eg,eq
TSEE 349.48 405.83 410.77 397.79 404.58 410.13 401.25 404.20 405.07
A[TSEEax.eq TSEEax,ax] 56.35 6.79 2.95
A[TSEEax.eq TSEEeq,eq] -4.94 -5.55 -0.87
4 5 6
ax,ax ax,eq eg,eq ax,ax ax,eq eq,eq ax,ax ax,eq eg,eq
TSEE 423.04 426.88 431.27 424.97 426.00 426. 39 422.66 423.79 424.15
A[TSEEaxeq” TSEEaxax] -3.84 1.03 113
A[TSEEax.eq TSEEeq,eq] -4.39 -0.39 -0.36

6.

Table 11. NBO-LC-wPBE/6-311+G** calculated bond orders (Wiberg bond indexes, WBI for the axial-axial, axial-
equatorial and equatorial-equatorial conformations of compounds 1-

1

2 3
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ax,ax ax,eq eq,eq ax,ax ax,eq eq,eq ax,ax  ax,eq  eq.eq
WBI
Co-M1 0.9103 0.9148 0.9032 0.9778 0.9755 0.9706 0.9257 0.9269 0.9352
M31-Cs 0.9107 0.8993 0.9033 0.9780 0.9707 0.9707 0.9258 0.9228 0.9352
A[WB|(C2-M1)ax,eq-WB|(Cz-Ml)ax,ax] 0.0045 -0.0023 -0.0088
AIWBI(C2-M1)aseq-WBI(C2-M1)eqeq] 0.0116 0.0049 -0.0183
4 5 6
ax,ax  ax.eq eq,eq ax,ax ax,eq eq,eq ax,ax  ax,eq  eq,eq
WBI
C2-M1 0.9213 0.8992 0.9050 1.0048 1.0044 0.9787 0.9501 0.9418 0.9426
Mi-Cs 0.9218 0.8982 0.9050 1.0050 0.9792 0.9787 0.9502 0.9345 0.9426
A[WBI(C2-M1)ax,eq-WBI(C2-M1)ax,ax] -0.0231 -0.0004 -0.0083
A[WB|(C2'M1)ax,eq-WB|(CZ-Ml)eq.eq] -0.0068 0.0257 -0.0008

Application of the maximum hardness principle for
the conformational properties of compounds 1-3 and
4-6:

The conformational properties of compounds 1-3 and
4-6 may be interpreted by means of the Principle of
maximum hardness. Global hardness (1) in chemical
species are related to the energy gaps between their
frontier molecular orbitals (i.e. the HOMO-LUMO
gap):

N =0.5(&, 5 Eromo)
(1)

The HOMO represents the ability to donate an
electron, LUMO as an electron acceptor represents the
ability to obtain an electron. HOMO and LUMO help
to describe the chemical reactivity and Kinetic stability
of the molecule. The energy of HOMO is directly
related to the ionization potential, LUMO energy is
directly related to the electron affinity. Based on the
maximum hardness principle, the hardest conformation
of a molecule could be its most stable from. LC-
WPBE/6-311+G** results showed that the axial-axial
conformations of compounds 1-3 and 4-6 are hardest
conformation compared to their corresponding other
forms (Table 12). Accordingly the maximum hardness
principle could not be justified the axial-equtorial
conformation preferences between conformations of
compound 1-6.

Atoms in molecules analyses (AIM):

The AIM analysis for the optimized structures
(Figure 1) has been performed to obtain the topological
properties of the bonds, such as the electron density at

2199

the bond critical point (BCP), p, and its Laplacian,
V2p.The p(r) is indicated the strength of a bond and
V2p(r) is used to describe the characteristic of the bond
[49]. The V*p < 0 values represent shared interactions,

characteristic of covalent bonds and V?p > 0 are

indicative of closed-shell interactions typically found
in ionic bonds and hydrogen bonds as well as in van
der Waals’ interactions. The ellipticity, €, is a measure
of the anisotropy of the electron density curvature at
the BCP. It is zero for a single C-C bond, because the
electron density distribution at this BCP is symmetric.
The calculated AIM descriptors at M1-C; and M;-Cs
bond for the axial-equatorial conformations of
compounds 1-6 at B3LYP method are given in Table
13.Plural show the Laplacian values of the electron
density at 1-6 are negative, indicating that the charge
density has been concentrated in the internuclear
region and all mention bonds are covalent . The
obtained values of p(r), for the M1-C, and M;-Cs bond
in the axial-equatorial conformations of compounds 1-
6, showed that the charge density at the critical point
decrease from M;-C, to M;i-Ce bond, accordingly the
strength of M;-C; bonds are greather than M1-Cs bonds
in the axial- equatorial conformations of compounds 1-
6. This confirms the results of NBO analysis
associated by the hyper-conjugative interactions
(LPsxMi—06*c2cn) and (LPaxMi—6*canciax) that are
responsible for decrease the M;-C, bond lengths
compared to Mi-Cs bond lengths in the axial-
equatorial conformations of compounds 1-6 and the
calculated bond orders for M;—C, bonds of the axial-
equatorial conformations of compounds 1-6 that are
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greater than the Mi1—Cg bonds in the axial-equatorial
conformations of the mention compounds.

Computational Methods:

The physical nature of the wavefunction is not very
intuitive, but its square is physically meaningful
probability of finding simultaneously all Neiec electrons
in volume elements dx,, dx,, ..., dx,__ [50]:

Neiee
|'-P[x1,x2,... ’x""'-eiec') “dxydx, ... dxy_
(1)

Electron density or probability density p(r) is the
probability of finding any of Neec electrons with any
spin in volume element dr defined by the following
multiple integral [51]:

p(l’) = Nelec
.. f|‘{’[:x1,x2, ...,xﬁeiec) dxydxy ..dxy
)

I:'
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The ab initio and semiempirical methods discussed
above are based on a wavefunction that depends on
4Neiec coordinates arising from three spatial coordinates
and spin of each electron out of Neec electrons in the
system. On the other hand, density functional theory
(DFT) is based on the electron density, which is a
function of only three spatial coordinates, no matter
how many electrons the system has [52].

The structural parameters optimizations and the
thermodynamic functions calculation in this work were
carried out using the LC-WPBE, LC-BLYP, B3LYP,
MO06-2X and MP2 methods by means the 6-311+G**
basis set, natural bond orbital (NBO) interpretation and
atoms in molecules theory (AIM) with the GAMESS
US package of programs. It has been found that The
axial-axial conformations of compounds 1-6 are the
most stable compounds here.

Table 12. LC-oPBE/6-311+G** calculated energies (in hartree) of HOMO (¢ HOMO), LUMO (& LUMO), ¢
LUMO-£ HOMO and global hardness (#) for the axial and equatorial conformations of compounds 1-6.

£ HOMO £ LUMO £ LUMO-E HOMO | A n An
lax-ax -0.42883 0.04075 0.46958 0.42883 -0.04075 0.23479 0.00519
lax-eq -0.42290 0.04267 0.46557 0.42290 -0.04267 0.23278 0.00000
leg-eq -0.41997 0.03923 0.45920 0.41997 -0.03923 0.22960 0.00316
2ax-ax -0.38231 0.04048 0.42279 0.38231 -0.04048 0.21139 0.00222
2ax-eq -0.38034 0.04188 0.42222 0.38034 -0.04188 0.21111 0.00000
2eqg-eq -0.37958 0.03876 0.41834 0.37958 -0.03876 0.20917 0.00194
3ax-ax -0.36545 0.03527 0.40072 0.36545 -0.03527 0.20045 -0.00009
3ax-eq -0.36468 0.03318 0.39786 0.36468 -0.03318 0.19893 0.00000
3eqg-eq -0.36462 0.03629 0.40091 0.36462 -0.03629 0.20036 -0.00152
4ax-ax -0.42751 0.04063 0.46814 0.42751 -0.04063 0.23407 0.00556
4ax-eq -0.42155 0.04350 0.46505 0.42155 -0.04350 0.23252 0.00000
4eqg-eq -0.41598 0.04103 0.45701 0.41598 -0.04103 0.22850 0.00402
5ax-ax -0.38352 0.04049 0.42401 0.38352 -0.04049 0.21200 0.00478
5ax-eq -0.37876 0.04167 0.42043 0.37876 -0.04167 0.21021 0.00000
5eq-eq -0.37549 0.03895 0.41444 0.37549 -0.03895 0.20722 0.00299
B6ax-ax -0.36504 0.03713 0.40217 0.36504 -0.03713 0.20108 0.00259
6ax-eq -0.36212 0.03434 0.39646 0.36212 -0.03434 0.19823 0.00000
6eg-eq -0.36013 0.03685 0.39698 0.36013 -0.03685 0.19849 -0.00026
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Table 13. AIM analyses at B3LYP/6-311+G** level for the compounds 1-6. The quantities given are the
electron density (p, a.u.), its Laplacian (¥*p, a.u.), the bond ellipticity (¢,a.u.) at the bond critical point (BCP)
1 2 3 4 5 6
ax-eq ax-eq ax-eq ax-eq ax-eq ax-eq
M1-C2 bond
P 0.256 0.167 0.131 0.265 0.171 0.134
Vi) -0.542 -0.226 -0.070 -0.583 -0.239 -0.073
e 0.049 0.085 0.103 0.120 0.080 0.095
M1-C6 bond
P 0.252 0.165 0.130 0.263 0.167 0.132
Vi) -0.538 -0.217 -0.073 -0.658 -0.226 -0.078
€ 0.086 0.114 0.129 0.157 0.135 0.148
¢ ® 14 © P
¢ - \ / ©-o ..‘
P s o
j o’{ O Po@d @ f ‘ “
€ g Cé .
) \
i ) ?
®
1-ax,Eq 2-ax,Eq 3-ax,Eq
4 ? »
® L.’} ‘. («. & .',
. o, St \ ¢ : :,?;_,n, 3
ts RS Rl
/ ¢ ® ¥ 1"
Os b1 \
¢ E ¢ \
!
o
®
6-ax,Eq

5-ax,Eq

4-ax,Eq

Conclusion
The conformational preference and the influences of
various parameters have investigated in compounds 1-

Figure 1: The AIM analysis for the optimized structures of compounds 1-6
6 using LC-WPBE and NBO analyses. LC-BLYP

B3LYP, M06-2X and MP2 methods are also employed
to support the results of investigating different
parameters . According to the computational results the
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axial- equatorial conformations of compounds 1-6 are
most stable compared to their corresponding other
conformations. The hyper-conjugative interactions
between the non-bonded lone pairs of the six-
membered rings [LPM, M = O, S, Se] and the 6*c2cn
and o*canc anti-bonding orbitals (LPaxMi1—6*co-con)
and (LPaxMi1—c*canc(ax) are responsible for decrease
the owmicc bond lengths compared the owmice bond
lengths and increase ocz-cn and oca-ne bond lengths in
the axial-equatorial conformations compared the cce-cn
and ocenc bond lengths in axial-equatorial
conformations of compounds 1-6. Results of NBO
analysis show that the hyper-conjugative anomeric
effect (HCAE) have not determinant impacts on the
conformation preferences in compounds 1-6. The
obtained results showed that the dipole moments (u )
of the axial-equatorial conformations of compounds 1-
6 have the smallest value compared their other forms.
The axial-axial conformations of compounds 1-6
possess smallest TSEE values compared to their axial-
equatorial and equatorial-equatorial conformations.
The Maximum hardness principle could not be
justified the axial-equatorial conformation preferences
between conformations of compound 1-6. The
variations of X(HCAE egeq -Z(HCAE)axeq, A(tlegeq-
Uaxseq), A[TSEEeqeq TSEEaxeq], parameters correlate
very well with the differences energies between the
equatorial-equatorial and axial-equatorial
conformations of compounds 4-5. The AIM
calculations confirm the results of NBO analysis.

Experimental Section
Conformational preference:

The calculated Gibbs free energy, enthalpy, entropy,
electronic energy, zero point energy and their
differences (i.e. AG, AH, AS, AEo and AZPE) for the
axial-axial, axial-equatorial and equatorial-equatorial
conformations of compounds 1-3 and 4-6, as calculated
at the LC-wPBE/6-311+G**, the LC-BLYP/6-
311+G** and B3LYP/6-311+G**, B3LYP/6-311+G**
and MO06-2X/6311+G** are given in Table 4. The
results of calculations showed that the axial-equatorial
conformations of compounds 1-3 and 4-6 are most
stable compared to corresponding axial-axial and
equatorial-equatorial conformations. The energy
difference between the axial-axial and axial-equatorial
conformations decreases from compound 1 to
compound 2 but increases from compound 2 to
compound 3, decreases from compound 4 to compound
5 but increases from compound 5 to compound 6. This
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energy difference between the equatorial-equatorial
and axial-equatorial conformations increases from
compound 1 to compound 2 but decreases from
compound 2 to compound 3, decreases from compound
4 to compound 5 and from compound 5 to compound
6.
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