
 

 

ACADEMIA ROMÂNĂ 

Revue Roumaine de Chimie 

https://www.icf.ro/rrch/ 

 

Rev. Roum. Chim., 

2023, 68(1–2), 61–74 

DOI: 10.33224/rrch.2023.68.1-2.06 

 
 

STUDY OF INFLUENCE OF ANOMERIC EFFECT ON CONFORMATIONAL 

PREFERENCES USING HYBRID DENSITY FUNCTIONAL THEORY (DFT) 

AND NATURAL BOND ORBITAL (NBO) INTERPRETATION 

Marjan DANESHPAJUHa and Neda HASANZADEH a,*  

 

aDepartment of Chemistry, Ahvaz Branch, Islamic Azad University, Ahvaz, Iran 

 
Received December 14, 2022 

  

 
For the relationship between thermodynamic parameters, 

global hardness, global electronegativity, anomeric 

effect, structural parameters, and structural properties of 

dodecahedro-spiro [isochromene-3,2'-pyran] (A), 

dodecahedro-spiro [isothiocromene-3,2'- thiopyran) (B), 

dodecahedro-spiro [isochroman-3,2'-thiopyran] (C) and 

dodecahedro-spiro [isothiochrome-3,2'-pyran] (D) 

computational methods (B3LYP / 6-311 ++ G **) were 

used. Results show that the calculated Gibbs free energy and enthalpy differences between the axial- and equatorial- stereoisomers 

[i.e. ΔG = Geq – Gax, ΔH = Heq- Hax] decrease from compound A to compound B and from compound C to compound D. NBO results 

show that the anomeric effect associated with the electron delocalization is in benefit of the axial-stereoisomers and with the decrease 

of the anomeric effect, the values of global hardness (η), and global electronegativity (χ), from compound A to compound B and from 

compound C  to Composition D is also decrease. The correlations between the global hardness, global electronegativity, anomeric 

effect, structural parameters, and thermodynamic parameters [ΔH, ΔG, and ΔS] of compounds A-D  have been investigated. Also, it 

can be concluded that the stability energy obtained from the numerical values of the anomeric effect and the values calculated 

theoretically (B3LYP / 6-311 ++ G **) confirmed each other. 
 

 
INTRODUCTION* 

 Stereoelectronic effects on the configuration 

and conformation of acetals have been known for a 

long time, notably in carbohydrates, where these 

effects were initially found and described in terms 

of anomeric and exo-anomeric effects.1 The energy 

difference of any two conformers is calculated 

according to their equilibrium distribution under a 

set of experimental parameters.  

 From the law of thermodynamics, ΔE = −RT 

lnK; where ΔE is the difference in the energies of 

the two conformers, R is the gas constant, and T 

the reaction temperature in Kelvin at which the 

ratio of the conformers at equilibrium is K.2  

 
 

 The conformational equilibrium of alicyclic 

compounds has been taken into account in recent 

years. There is a wealth of information about 

cycloalkanes that has been derived through 

theoretical methods and is in fair accord with 

experimental findings.3,4 Contrary to the cyclohexane 

area’s abundance of data, heterocyclic systems’ 

conformational characteristics have received less 

attention.5,6 Since saturated heterocyclic compounds 

make up a significant portion of organic and 

inorganic chemistry and are found in nature in a 

variety of forms – including alkaloids, carbohydrates, 

and plant growth regulators – knowledge about the 

conformational properties of these compounds should 

be of very broad interest. 

  

* Corresponding author:  nhzadeh_212@yahoo.com; (https://orcid.org/0000-0003-3353-8678) 
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Fig. 1 – Cyclization reaction  6-hydroxy-1-((1R,2S)-2-(hydroxymethyl) cyclohexyl)hexan-2-one under thermodynamic and acidic 

conditions.13 

 

Stereoelectronic interactions are well recognized 

to have a significant impact on the conformational 

characteristics of heterocyclic molecules.7,8 

Anomeric effect (AE) is the most important 

conformation-controlling element in carbohydrate 

compounds.9 It should be noted that the AE is in 

favor of the axial conformation of a six-membered 

saturated ring in opposition to the steric effect, 

which normally leads to a preference for the 

equatorial conformation. The best donor lone pair 

must be antiperiplanar to the best acceptor bond in 

this situation, according to the stereoelectronic 

preference.9  

 The AE must be viewed as the difference 

between the sum of the endo- and exo-Anomeric 

Effects (exo-AE and endo-AE, for example) in the 

equatorial conformer and the same sum for the 

axial conformer.10 Additionally, it has been 

suggested that the equatorial conformer is only 

stabilized by exo-AE interactions because it lacks 

endo-AE [Eq. (1)].  
 

 Anomeric Effect = (exo - AEeq) –  

 – (exo - AEax + endo – AEax)      (Eq. 1) 
  

Acidic isomerization of cis and trans bicyclic 

acetal compounds was investigated at 80°C and the 

results showed that the mixture of these two 

compounds in equilibrium contains 57% cis and 

43% trans In 1981, Deslongchamps and co-

workers studied, in detail, the methyl-substituted 

Spiro-compounds obtained from decan-1, 9-diol-5-

one. Two isomers are possible for these 

compounds.11,12  

 The distribution related to the energy difference 

shows that the stability of the axial stereoisomer is 

more than that of the equatorial stereoisomer. 

Since the equatorial stereoisomer lacks both 

anomeric and steric effects, its stability energy is 

lower. This result has also been confirmed 

experimentally.11,12  

 Deslongchamps and coworkers by evaluating 

numerical values of anomeric effect in reaction 1, 

concluded that.11 Basically, from the cyclization of 

reaction 6-hydroxy-1-((1R, 2S)-2-(hydroxymethyl) 

cyclohexyl) hexane-2-one (Figure 1), two rigid 

isomer acetal compounds 1((3R, 4aS)-8a-

methyldodecahydro spiro [isochromene-3, 2’-

pyran]) and 2 ((3S, 4aS)-8a-methyldodecahydro-

spiro [isochromene-3, 2’-pyran]) are obtained (Fig. 1).  

 In these isomers, there are two and one 

anomeric effect, respectively. In stereoisomer 1, 

each ring of the spiroacetal has an axial OR group, 

each of which contributes to stability by (2 × 0.4) 

kcal mol-1. In stereoisomer 2, while one 

spiroacetal ring has an axial CH2 group that 

contributes with (2 × 0.9) kcal mol-1, the other 

pyroacetal ring has an axial OR group that 

contributes with (2 × 0.4) kcal mol-1 to 

Consistency helps.11,13  

 When anomeric effects and steric effects are 

combined, the net relative energy of each isomer is 

obtained. Thus, by evaluating numerical values of 

the anomeric effect, the isomer 1 is mainly formed. 

Also, cyclization under acidic conditions (0.1 N 

HCl/CH3OH) produces only compound 1.11 

Pearson is referring to the maximal hardness 

principle.14  

Although the maximum hardness principle has 

been successfully applied to the study of some 

chemical and physical transformations,15-18 there 

are various exceptions to this principle.19 The 

concept of absolute electronegativity (χ) has been 
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determined by Parr and co-workers.20,21 According 

to this concept, a molecule with a large χ value is a 

Lewis acid and one with a small χ value is a Lewis 

base. The (isolations) separations of the highest 

occupied and lowest unoccupied molecular orbitals 

(i.e. HOMO and LUMO) determine the important 

properties of the molecules such as the hardness 

(η) and electronegativity (χ).20-22 Molecules with 

small HOMO–LUMO gaps are soft and the 

electron distributions are easily distorted, so the 

corresponding polarizabilities are high.   

 Molecules with high HOMO – LUMO gaps 

have limited electronic deformation capabilities. 

The resistance to the deformation of the charge 

cloud of the molecules is characterized as 

hardness. The electron cloud is tightly retained 

by the nucleus in hard species. A low-lying 

LUMO characterizes a soft acid, while a high 

energy HOMO characterizes a soft basic. 

 Another form of substitution interaction is the 

polarization effects formed by the electronic 

distribution of the group. These effects can be 

significant in the gas phase. Since the polarizability 

is resulting from the distortion of electronic 

distribution, we expected that there are correlations 

between the anomeric effect associated with the 

electron delocalization, maximum hardness, and 

the electronegativity concepts.  

 It’s worth noting that the interaction between 

donor (nonbonding and bonding) and acceptor 

(anti-bonding) orbitals is important in molecular 

structures, stability, and reactivity, and has gotten a 

lot of attention recently.23,24 The anomeric effect 

which originally denoted the preference of 

electronegative substituents at the anomeric centers 

of pyranoses for the axial conformations arises as a 

result of stereoelectronic interactions.25-29  

In this work, we investigate quantitatively the 

stabilization energies (E2) associated with 

LP1Y1→ σ*C2-X7, LP2Y1 → σ*C2-X7, LP1Y1 → 

σ*C2-C3, LP2Y1 → σ*C2-C3, LP1Y1 → σ*C2-C11, 

LP2Y1 → σ*C2-C11, LP1X7→ σ*C2-Y1, LP2X7→ 

σ*C2-Y1, LP1X7→ σ*C2-C3, LP2X7→ σ*C2-C3, 

LP1X7→ σ*C2-C11 ,and LP2X7→ σ*C2-C11 electron 

delocalizations and their influences on the 

structural parameters, anomeric effect and 

conformational properties of compounds A–D.  

 In addition, the correlations between the 

anomeric effect associated with the above electron 

delocalizations, global hardness, global 

electronegativity, and thermodynamic parameters 

(ΔH, ΔG, and ΔS)] of the axial- and equatorial-

stereoisomers of compounds A-D have been 

investigated computationally using hybrid density 

functional (B3LYP/6-311++G**) based method 

and natural bond orbital (NBO) interpretations.30-32 

Finally, the results of stability calculations are 

compared with the quantitative and numerical 

results2,11 of the compounds. The results of the 

present work confirm that there is a direct 

relationship between the global electronegativity 

and the anomeric effect for compounds A–D. 

Moreover, in this work, the following items are 

examined: 

• Which of these isomers (the axial- and 

equatorial-stereoisomers compound A to 

compound D) is more stable? 

• Is changing the type of atom and its position 

effective in the stability of stereoisomers? 

What are the reasons for its stability? 

 

 
What is the reason for the stability of isomers?                     Axial?                                            Equatorial? 

Fig. 2 – Cyclization under thermodynamic conditions with change of oxygen and sulfur heteroatoms.  

X=Y=OH=A, X=Y=SH=B, [Y=OH &X=SH] = C, [Y=SH & X=OH] = D. 
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Table 1 

B3LYP/6-311++G** calculated thermodynamic functions [H, G (in hartree)], [S (in kcal mol-1)]), parameters  

[ΔH, ΔG (in kcal mol-1) and ΔS (in cal mol-1 K-1)] at 25 °C and 1 atm pressure, for the axial-  

and equatorial-stereoisomers of compounds 1–3 

B3LYP/6-311++G** 

Compound Geometries H S G ΔH ΔS ΔG 

A 
O-ax-O -658.91941 111.634 -658.97245 0.00 0.00 0.00 

O-eq-O  -658.90057 114.222 -658.95484 11.82 2.588 11.05 

 

B 
S-ax-S  -1304.8609 118.219 -1304.917 0.00 0.00 0.00 

S-eq-S  -1304.8554 119.416 -1304.9121 3.45 1.197 3.1 

 

C 
O-ax-S  -981.8805 117.39 -981.93627 0.00 0.00 0.00 

O-eq-S  -981.87462 117.52 -981.93045 3.69 0.13 3.659 

 

D 
S-ax-S -981.88116 115.552 -981.93606 0.00 0.00 0.00 

S-eq-S -981.87643 116.628 -981.93185 2.96 1.076  2.64  

 

RESULTS AND DISCUSSION 

Conformational properties 

 Table 1 shows the calculated Gibbs free energy, 
enthalpy, and entropy differences (i.e. ∆G, ∆H, and 
∆S) from the B3LYP/6-311++G** level of theory 
for the axial and equatorial stereoisomers of 
compounds A-D. Calculations showed that ΔG = 
Gax- Geq and ΔH = Hax- Heq parameters 
decreased from compound A to compound B and 
from compound C to compound D. Calculations 
showed that axial and equatorial stereoisomers had 
the highest and lowest stability, respectively. Also, 
the entropy differences between the axial and 
equatorial stereoisomers [i.e. ΔS=Sax - Seq] 
decreased from compound A to compound B and 
increased from compound C to compound D. 
 The B3LYP/6-311++G** results revealed that the 
axial stereoisomers of compounds A-D are more 
stable than their equatorial stereoisomers (see Table 1). 
 Importantly, the hybrid DFT results revealed that 
the energy differences between the axial and 
equatorial stereoisomers of compound A are more 
than those for the corresponding stereoisomers of 
compound B and compound C are more than those 
for the corresponding stereoisomers of compound D.   

 
Anomeric effects 

 The electron delocalizations have noticeable 

effects on the energies and structural parameters of 

the axial- and equatorial-stereoisomers of 

compounds A-D. Effectively, NBO scheme, the 

energy differences between the various forms of 

the molecules arise from nonbonding–anti bond 

and bond–anti bond charge transfers. The NBO 

interpretation was performed on lone pair–anti 

bond and bond–anti bond interactions for the cis 

and trans-stereoisomers of compounds A-D.  

 Table 2 shows the decomposition of these 

delocalization energies with various lone pair–anti 

bond (LP →σ*) and bond–anti bond (σ→ σ*) 

interaction energies. In the axial-stereoisomers of 

compounds A-D, the LP2Y1, LP2X7 nonbonding 

orbitals (as the electron abundant components) are 

antiperiplanar with respect to σ*C2-X7, σ*C2-Y1 

antibonding orbitals (as the electron-deficient 

components), therefore, the LP2Y1 → σ*C2-X7, 

LP2X7→ σ*C2-Y1 electron transfers are favorable 

filled-empty interactions such as the donor-

acceptor interaction and are the dominant term in 

determining the anomeric effect in these forms (see 

Figure 1). 

 The NBO analysis of donor-acceptor 

interactions showed that the stabilization energies 

associated with LP2Y1 → σ*C2-X7 electron 

delocalizations for the axial-stereoisomers decrease 

from compound A to compound B and from 

compound C to compound D.  

On the other hand, in the axial-stereoisomers, 

the stabilization energies associated with LP2X7→ 
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σ*C2-Y1   decrease from compound A to compound 

B but increase from compound C to compound D. 

We may expect that the decrease of the 

stabilization energies associated with LP2Y1 → 

σ*C2-X7 electron delocalizations and the increase of 

the stabilization energies associated with LP2X7→ 

σ*C2-Y1 electron delocalizations may increase the 

C2–Y1 bond lengths and decrease the C2–X7 bond 

lengths on going from the axial-stereoisomers of 

compound A to compound D. The structural 

parameters resulted at the B3LYP/6-311++G** 

level of theory confirm these expectations. 

 The anomeric effect is considered as the 

difference between the sum of the anomeric effects 

in the equatorial- and axial-stereoisomers (Eq. 2):10 

 

 

anomeric effectcis-trans=Ʃ(anomeric effecteq)– 

 –Ʃ(anomeric effectax) (Eq. 2) 
 

Based on Eq. (2), the anomeric effect eq-ax 

associated with LP1Y1 → σ*C2-X7, LP2Y1 → σ*C2-

X7, LP1Y1 → σ*C2-C3, LP2Y1 → σ*C2-C3, LP1Y1 → 

σ*C2-C11, LP2Y1 → σ*C2-C11, LP1X7→ σ*C2-Y1,  

LP2X7→ σ*C2-Y1, LP1X7→ σ*C2-C3, LP2X7→ σ*C2-C3, 

LP1X7→ σ*C2-C11 ,and LP2X7→ σ*C2-C11 electron 

delocalizations decrease from compound A to 

compound D (see Table 2). The calculated Gibbs 

free energy, enthalpy, and corrected electronic 

energy differences between the axial- and 

equatorial-stereoisomers of compounds A–D (i.e. 

G = Geq - Gax, H = Heq - Hax parameters) show 

that the axial-stereoisomers' stabilities decrease 

from compound A to compound B, and from 

compound C to compound D (see Table 1).   

 It should be noted that there are two prominent 

anomeric effects in the axial compound A (Aax), 

which are 12.73 and 15.13 kcal mol-1, respectively. 

But in the equatorial compound A (Aeq), these values 

decrease, which are 9.66 and 12.29 kcal mol-1, 

respectively. The same trend can be observed in the 

stereoisomers of compounds B, C, and D. 

 Therefore, by decreasing the values of the 

anomeric effect in axial stereoisomers from 

compound A to compound D, their stability also 

decreases. Therefore, the changes of the anomeric 

effect are in line with the stability changes  

(ΔG = Geq - Gax, ΔH = Heq - Hax) of compounds 

A to D (see Table 1 and Table 2). 

Dipole moments 

 In the gas phase, it’s generally plant that the 

overall energy of a conformation with a larger 

dipole moment is lesser than that of the other 

form with a lower dipole moment.33 The 

calculated dipole moments for the axial- and 

equatorial-stereoisomers of compounds A-D are 

given in Table 2. Based on the results obtained at 

the B3LYP/6-311++G** level of theory, the dipole 

moment values of the axial-stereoisomers increase 

from compound A to compound D.   

 Therefore, the variations of the energy 

differences between the axial- and equatorial-

stereoisomers of compounds A-D can be explained 

by the variations of dipole moment values [Δ(µeq -

µax)] (see Table 1 and Table 2). Accordingly, 

axial-stereoisomers compound A more stable than 

axial-stereoisomers compound B and axial-

stereoisomers compound C is more stable than 

axial-stereoisomers compound D. 

Total steric exchange energies (TSEE) 

 The NBO interpretation was used to investigate 

the total steric exchange energy (TSEE) values in 

the axial- and equatorial-stereoisomers of 

compounds A-D. It should be noted that the steric 

exchange repulsion (as the energy difference due to 

orbital orthogonalization)34-36 is in accordance with 

a well-established physical picture of steric 

repulsions.37,38 Based on the results obtained, the 

total steric exchange energy (TSEE) values 

increase from the axial-and-stereoisomers of 

compound A to compound D. Using the total steric 

exchange energy (TSEE) values calculated, a ‘‘Δ’’ 

parameter was defined as Δ [TSEEeq - TSEEax]. Δ 

[TSEEeq - TSEEax] parameters increase from 

compound A to compound B and from compound 

C to compound D.  

 The increase of Δ[TSEEcis - TSEEtrans] 

parameters from compound A to compound D is in 

the same trend observed for the decrease of the 

energy differences between the axial- and 

equatorial-stereoisomers on going from compound 

A to compound D. Accordingly, axial-

stereoisomers compound A more stable than axial-

stereoisomers compound B and axial-stereoisomers 

compound C more stable than axial-stereoisomers 

compound D. 

HOMO, LUMO energy gaps and hardness 

 The energies of the highest unoccupied and 

lowest occupied molecular orbitals (LUMO and 

HOMO) of the axial and equatorial stereoisomers 

of compounds A-D, as calculated at the B3LYP/6-
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311++G** level of theory, are given in Table 3. 

The HOMO – LUMO energy gap (∆E) values were 

calculated for the axial and equatorial  

 

stereoisomers of compounds A-D. DOS plots 39also 

demonstrate the energy gaps (∆E) calculated for 

them (see Error! Reference source not found.). 
 

 

Table 2 

NBO-B3LYP/6-311++G** calculated stabilization energies (E2, in kcal mol-1) associated with the electron delocalizations,  

off-diagonal elements (Fij, in a.u.), orbital energy (E, in a.u.), orbital occupancies (e), dipole moments (µ, in Debye) for the axial and 

                                                                      equatorial conformations of compounds A-D 

Compounds A (X=Y=O) B (X=Y=S) C (Y=O& X=S) D (Y=S &7 X=O) 

AE O-ax-O O-eq- O S-ax-S S-eq- S O-ax-S O-eq-S S-ax-O S-eq-O 

LP1Y1 → σ*C2-X7 0.88 0.56 1.06 - - - 0.51 - 

LP2Y1 → σ*C2-X7 12.73 9.66 8.80 2.56 15.78 8.19 9.74 3.97 

LP1Y1 → σ*C2-C3 2.45 4.20 1.85 1.61 4.09 4.55 1.48 1.45 

LP2Y1 → σ*C2-C3 4.04 - 0.74 0.75 1.34 - 1.01 - 

LP1Y1 → σ*C2-C11 0.92 - - 0.68 0.74 - - - 

LP2Y1 → σ*C2-C11 - 4.82 1.00 4.35 1.52 4.98 0.62 3.89 

LP1X7→ σ*C2-Y1 - 0.81 0.97 1.55 1.34 0.82 - 1.37 

LP2X7→ σ*C2-Y1 15.13 12.29 8.43 6.68 9.45 8.15 14.66 12.91 

LP1X7→ σ*C2-C3 0.65 0.93 - - - - 0.53 1.05 

LP2X7→ σ*C2-C3 1.37 - 1.22 - 0.85 - 2.03 - 

LP1X7→ σ*C2-C11 3.56 2.55 1.74 1.63 1.34 1.48 4.11 2.97 

LP2X7→ σ*C2-C11 1.55 4.79 0.57 2.98 0.77 3.07 0.86 4.05 

∑ 43.28 40.61 26.38 22.79 37.22 31.24 35.55 31.66 

AEtotal=∑(AE)eq-∑(AE)ax 2.67 3.59 5.98 3.89 

Fij(a.u.)  

LP2Y1 → σ*C2-X7 0.077 0.068 0.050 0.028 0.072 0.054 0.063 0.041 

LP2X7→ σ*C2-Y1 0.063 0.075 0.049 0.044 0.062 0.057 0.070 0.067 

orbital occupancies (e)  

LP2Y1 1.90996 1.91874 1.91823 1.93263 1.89901 1.91728 1.91963 1.93420 

LP2X7 1.90471 1.90877 1.91667 1.91749 1.91780 1.91509 1.90021 1.90561 

σ*C2-X7 0.07732 0.06214 0.07686 0.04797 0.09938 0.06740 0.07569 0.05105 

σ*C2-Y1 0.08209 0.07803 0.07791 0.07091 0.07316 0.07510 0.09497 0.09000 

μ (Debye) 0.4593 1.6134 1.0770 2.2900 1.0997 2.2462 0.5513 1.8589 

∆μ (μeq-∆μax) 1.1541 1.213 1.1465 1.3076 

TSEE 963.57 961.47 989.62 985.70 964.82 964.51 966.48 964.94 

∆ TSEE 2.1 3.92 0.31 1.54 
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The energies of the HOMOs (eHOMO) 

increase from the axial-stereoisomers of 

compound A to compound B and from compound 

C to compound D while the energies of the 

corresponding LUMOs (eLUMO) decrease. This 

trend was also observed for the equatorial-

stereoisomer. Con eficacia, the energy gaps 

between the HOMO and LUMO (i.e. eLUMO-

eHOMO) decline from the axial-and equatorial-

stereoisomers of compound A to compound B and 

from compound C to compound D. 

It is important to keep in mind that hardness can be 

interpreted in terms of the separations of the frontier 

molecular orbitals (i.e. the HOMO-LUMO gap). 

The following equation 3 describes the relationship 

between a molecule’s hardness (η) and the energy 

gap between the HOMO and LUMO: 

 η = 0.5 (I – A)  (Eq. 3) 
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Fig. 3 – Calculated Frontier molecular orbitals (∆E: energy gap between LUMO and HOMO) and Calculations DOS 39 of the axial- and 

equatorial-stereoisomers of compounds A-D (X=Y=OH=A, X=Y=SH=B, [Y=OH &X=SH] = C, [Y=SH & X=OH] = D). 

 

In equation 3, I and A are ionization potential 

and electron affinity of the molecules, espectively. 

By considering the validity of Koopmans’ 

theorem, the hardness can be written as:14,15,40 

 η = 0.5 ( LUMO- HOMO)  (Eq. 4) 

The results obtained showed that the axial 

stereoisomers of compounds A-D are harder than 

their corresponding equatorial. Parr and co-workers 

defined the concept of absolute electronegativity 

(χ).20 According to this concept, a molecule with a 

large χ value is a Lewis acid and a small χ value is 

a Lewis base (Eq.5). 

 χ = -0.5 ( LUMO + HOMO)  (Eq. 5) 

The global electronegativity (χ) of the 

equatorial-stereoisomer of compounds A-D are 

larger than their axial form. The global 

electronegativity (χ) value decreases from the 

equatorial-stereoisomer of compound A to 

compound B but increases from compound C to 

compound D. Effectively, the global 

electronegativity (χ) values decreases from the 

axial-stereoisomer of compound A to compound B 

and from compound C to compound D. 

 It’s worth noting that a molecule’s Lewis acid 

or base character is defined by its global 

electronegativity χ. Lewis acids are defined as 

molecules with large χ values, while Lewis bases 

are defined as molecules with small χ values. 
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Table 3 

B3LYP/6-311++G** calculated energies (in hartree) of HOMO (εHOMO), LUMO (εLUMO), εLUMO – εHOMO, global hardness (η), global electronegativity (χ),  

∆[η(eq) - η(ax)] and ∆ [χ (eq)  -χ (ax)] parameters for the axial and equatorial conformations of compounds A-D 

 Gas εHOMO εLUMO εLUMO–εHOMO I A η χ ∆[η (ax) - η (eq)] ∆ [χ (ax)  -χ (eq)] 

A 
O-ax-O -0.25511 -0.00805 0.24706 0.25511 0.00805 0.12353 0.13158 0.00 0.00 

O-eq- O -0.25275 -0.01225 0.2405 0.25275 0.01225 0.12025 0.1325 0.0033 (2.06)a -0.0009 (-0.58)a 

           

B 
S-ax-S -0.2073 -0.01144 0.19586 0.2073 0.01144 0.09793 0.10937 0.00 0.00 

S-eq- S -0.20958 -0.01465 0.19493 0.20958 0.01465 0.097465 0.112115 0.0005 (0.29)a -0.0027 (-0.72)a 

           

C 

O-ax-S -0.21613 -0.01081 0.20532 0.21613 0.01081 0.10266 0.11347 0.00 0.00 

O-eq- S -0.21573 -0.01398 0.20175 0.21573 0.01398 0.100875 0.114855 0.0018 (1.12)a -0.0014 (-0.87)a 

           

D 
S-ax-O -0.21585 -0.01084 0.20501 0.21585 0.01084 0.102505 0.113345 0.00 0.00 

S-eq- O -0.21718 -0.01332 0.20386 0.21718 0.01332 0.10193 0.11525 0.0006 (0.36)a -0.0019 (-1.19)a 

a numbers in parenthesis are in kcal mol-1 
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Based on the global electronegativity (χ) values, 
the Lewis acid characters of the equatorial-
stereoisomers decrease from compound A to 
compound B but increase from compound C to 
compound D. Using the hardness values obtained, 
“∆” parameters could be found as ∆ (ηax – ηeq). The 
calculated ∆ (ηax – ηeq) parameters decrease from 
compound A to compound B and from compound 
C to compound D.  

The variations of Δ[ηax – ηeq] parameter from 
compound A to compound D are in the trend 
observed for Gibbs free energy, enthalpy, and 
corrected electronic energy differences between the 
axial- and equatorial -stereoisomers [i.e. ΔG = Geq - 
Gax, ΔH = Heq - Hax] (see Tables 1 and 3). It is 
noteworthy that Δ [χax – χeq] parameter decreases 
from compound A to compound D.  

This fact justifies that with the increase of the 
Lewis acid character from the equatorial- 
stereoisomers of compound A to compound D, the 
energy difference between the axial- and equatorial-
stereoisomers decreases. Therefore, the variations of 
the energy differences between the axial- and 
equatorial-stereoisomers of compounds A-D can be 
explained by the variations of Δ [χax – χeq] parameters.
 The charge distribution and locations of 
negative and positive charges are displayed using 
Molecular Electrostatic Potential (MEP) 
computations. Different colors represent changes in 
electrostatic potential on the surface. The MEP 
maps are colored red (electron-rich), orange 
(partially negative charge), yellow (slightly 
negative charge), blue (positive charge or electron 
poor), and green (positive charge or electron poor) 
(neutral). The MEP surfaces of molecules A-D 
were computed using B3LYP/6-311++G** level of 
theory calculations.41 

The negative sites (red color) of this molecule 
are largely centered on oxygen atoms, as seen in 
Fig. 4. Sulfur atoms are also yellow, indicating 
somewhat electron-rich areas. The hydrogen atoms 
are pale blue, indicating weak interaction areas. 
Additionally, the green-colored zones depict 
locations with zero potential and neutral sites, such 
as hydrogen atoms in rings and carbon chains. 
According to MEP calculations, the electron 
density near oxygen is higher due to its strong 
electronegativity, making it an ideal place for 
Electrophile attacks. 

Orbital occupancies 

LP2Y1 → σ*C2-X7 and LP2X7→ σ*C2-Y1 electron 
delocalizations have the most impact on the 

anomeric effects of the axial- and equatorial-
structures of compounds A-D. The magnitude of 
the electron delocalization from the donor to the 
acceptor orbitals affects their orbital occupancies. 
The NBO results showed that the LP2Y1-bonding 
orbital occupancies in the axial-stereoisomers 
increased from compounds A to compound B and 
from compound C to compound D (see Tables 1 
and 3). While the σ*C2-X7 anti-bonding orbitals 
occupancies decreased. 

In addition, the LP2X7-bonding orbital occupan-

cies in the axial-stereoisomers increased from 

compounds A to compound B but decreased from 

compound C to compound D. While the σ*C2-X7 

anti-bonding orbitals occupancies decreased from 

compounds A to compound B but increased from 

compound C to compound D.  

The increase of the LP2Y1  and LP2X7 (non-

bonding) and the decrease of the σ*C2-X7 and σ*C2-X7 

anti-bonding orbitals occupancies from the axial-

stereoisomers of compound A to compound D can 

be explained by the decrease of LP2Y1 → σ*C2-X7 

and LP2X7→ σ*C2-Y1 electron delocalization. 

Structural parameters 

 Representative structural parameters for the 

axial- and equatorial -stereoisomers of compounds 

A-D, as calculated at the B3LYP/6-311++G** 

level of theory, are illustrated in Figure 4. If what, 

we do not expect that the results of the theoretical 

calculations will be the same as the experimental 

ones (because of the differences in the definition of 

bond length values), it is may carry out theoretical 

calculations to obtain the structural parameters and 

many other properties (with remarkable accuracy) 

that are comparable with the results of the 

experimental techniques.42 

The B3LYP/6-311+G** results revealed that 

the rC2-Y1 bond length in the equatorial-

stereoisomers of compounds A-D are longer 

compared to those in their corresponding axial-

stereoisomers. Based on the results obtained at the 

B3LYP/6-311++G** level of theory, the rC2-Y1 

bond length values of the axial-stereoisomers 

increase from compound A to compound B and 

from compound C to compound D. 

 Also, the rC2-X7 bond length values of the axial-

stereoisomers increase from compound A to 

compound B but decrease from compound C to 

compound D. 
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Fig. 4 – MEP maps of the axial- and equatorial-stereoisomers of compounds A-D calculated using the B3LYP.6-311++G** level of 

theory (X=Y=OH=A, X=Y=SH=B, [Y=OH &X=SH] = C, [Y=SH & X=OH] = D). 

  
The decrease of LP2Y1 → σ*C2-X7 and LP2X7→ 

σ*C2-Y1 electron delocalization from the equatorial-
stereoisomers of compounds A-D causes the 
decrease of the C2-Y1 and C2-X7 bond orders which 
leads to the expanded bond lengths. This fact can 
be justified by the increase in the anomeric effect. 

COMPUTATIONAL DETAILS 

 DFT (B3LYP/6-311++G**) calculations were 
performed to optimize the structures of the axial- 
and equatorial-structures of compounds A–D with 
the PC-GAMESS program suite.30,31,43 The energy 
minimum molecular geometries of the axial- and 

equatorial- stereoisomers of compounds A-D were 
located by minimizing their corresponding 
energies with respect to all geometrical 
coordinates. In these calculations, we did not apply 
any symmetry constraints. 

The number of imaginary frequencies has 
been used to differentiate the nature of the 
stationary points. To determine the nature of 
ground state structures, only real frequency 
values were accepted.34 

The NBO 5. G program contained in the PC-
GAMESS interface was used to analyze 
quantitatively the magnitude of the plausible 
hyperconjugative interactions in the axial- and 
equatorial- stereoisomers of compounds 1–3.32 
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In the natural bond orbital (NBO) explanation, 
the localized natural Lewis structure (NLS) 
representation of the electronic wave function 
can be determined by the Lewis-type natural 
bond orbitals. 

The remaining non-Lewis-type natural bond 
orbitals can be used to estimate departure from a 
single localized Lewis structure or donor-acceptor 
electronic interactions (i.e. from the Fock matrix’s 
off-diagonal components in the NBO basis). The 

NBO program looks for an optimal natural Lewis 
structure that has the highest occupancy of its 
occupied NBOs and is in general agreement with 
the pattern of bonds and lone pairs (i.e. 
nonbonding orbitals) in the standard structural 
Lewis formula. Therefore, the resulting optimal 
natural Lewis electronic structures are more stable 
than pure Lewis orbitals and give a set of 
molecular orbitals equivalent to canonical 
molecular orbitals.32   

 

  

  

  

  

Fig. 5 – B3LYP/6-311++G** calculated bond lengths (in Angstrom)  

for the axial and equatorial conformations of compounds A-D. 
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The NBO calculations were used to estimate 

quantitatively the stabilization energies associated 

with the anomeric effects, bonding, nonbonding 

and antibonding orbital occupancies, and energies 

in the cis- and trans-stereoisomers of compounds 

1–3. The resonance energy of LP → σ* is 

proportional to S2/∆E. In this regard, S is the 

orbital overlap and ∆E is the energy difference 

between the donor (LP) and acceptor (σ*) orbitals. 

Stabilization or resonance energy α S2/∆E). 

 Therefore, it can be said that: The stabilization 

energies associated with the donor-acceptor 

electron delocalizations are proportional to the 

orbital overlap and the energy difference between 

the donor (i) and acceptor (j) orbitals (Ɛj- Ɛi).32 The 

stabilization energy (E2) (Eq. 6) associated with  

i → j delocalization is explicitly estimated by the 

following equation: 

 

2

2

( , )
i

j i

F i j
E q

 
=

−
 (Eq. 6) 

where qi is the it donor orbital occupancy, Ɛi, Ɛj are 

diagonal elements (orbital energies) and F (i, j) are 

off-diagonal elements associated with the non-

Lewis-type natural bond orbitals.44 So far, 

comprehensive research has been conducted on the 

NBO calculations.42,45-47 The NBO interpretations 

were used to investigate quantitatively the 

stabilization energies (E2) associated with the 

electron delocalizations in the axial- and 

equatorial-configurations of compounds A-D. It is 

worth noting that the NBO interpretation is a 

sufficient approach to investigate quantitatively the 

impacts of the electron delocalizations on the 

reactivity and dynamic behaviors of chemical 

compounds. 

CONCLUSIONS 

 The B3LYP/6-311++G calculations reported 

above and natural bond orbital (NBO) 

interpretations provided a reasonable picture from 

energetic, hardness, electronegativity, structural, 

bonding, and stereoelectronic points of view for 

the conformational properties in compounds A-D. 

The results obtained showed that: 

The energy differences between the axial- and 

equatorial-stereoisomers decrease from compound A 

to compound B and from compound C to 

compound D, while the calculated global hardness 

differences between the axial- and equatorial-

stereoisomers (i.e. Δ [ηax - ηeq]) decrease from 

compound A to compound B and from compound 

C to compound D. Accordingly, compounds A and 

C obey the maximum hardness principle. 

The variations of the calculated global 

electronegativity (χ) differences between the axial- 

and equatorial-stereoisomers (i.e. Δ [χax – χeq]) are 

in the trend observed for the energy differences 

between these stereoisomers. 

The total steric exchange energy differences 

between the axial- and equatorial-stereoisomers (Δ 

[TSEEax -TSEEeq]) increase from compound A to 

compound B and from compound C to compound D. 

The anomeric effect related to the delocalization 

of electrons is in favor of the axial stereoisomers and 

decreases from compound A to compound B and 

from compound C to compound D. There are two 

anomeric effects in the axial compound, while there 

is one anomeric effect in the equatorial compound A. 

the reason for the arrangement of atoms in space). In 

compound B, due to the changes of oxygen to sulfur, 

the strength of the anomeric phenomenon decreases 

in compound Bax (axial stereoisomers of compound 

B) compared to compound Aax ((axial-stereoisomers 

of compound A). Therefore, the variations of ΔG = 

Geq- Gax, ΔH = Heq- Hax parameters from compound 

A to compound D can be justified by the variations of 

the anomeric effect. So, changing the type of atom 

and its position effective in the stability of 

stereoisomers. 

The bond length of rC2-Y1 and rC2-X7 in the axial 

compound is somewhat different from the 

equatorial compound. The reason is that there are 2 

anomeric effects in the axial compound A (Aax), 

while there is only one anomeric effect for the 

equatorial compound (Aeq). In axial- and 

equatorial-stereoisomers of compound B, the 

length change of rC2-Y1 and rC2-X7 bonds is similar to 

axial and equatorial stereoisomers of compound A 

(the anomeric effect decreases with the change of 

atom from oxygen to sulfur). Similar conditions 

exist for axial and equatorial stereoisomers of C 

and D compounds. 

The results of the present work confirm that 

there is a direct relationship between the global 

electronegativity, maximum hardness, the total 

steric exchange energy, dipole moment, 

thermodynamic parameters, and the anomeric 

effect for compounds A-D. 

Therefore, based on this research, it can be 

concluded that the stability energy obtain from the 

numerical values of the anomeric effect and the 

values calculated theoretically (DFT and NBO) 

confirmed each other. 
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