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ABSTRACT

This study aimed at investigating factors affectihg stability as well as structural properties different indole
isomers based on Density Functional Theory (DFT3uations at B3LYP/6-311+G** theoretical level. portant
thermochemical parameters (enthalpy, entropy aré &nergy of Gibbs) were employed to determinettislity
on this isomer series. Qualitative relationshipsween relative stabilities for indole, isoindolecaimdolizine were
obtained. In addition, the length of bond's averaggs used as parameter to corroborate thermochdndata.
Finally, HOMO-LUMO gaps A4E), electro-negativity (), hardness i), softness {), electrophilicity () and
structural parameters were also calculated in taee theoretical level. The results show that irmliodi is the most
stable than isoindole and indole systems, respalgtiv
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INTRODUCTION

The indole ring can be found in a large numberarhpgounds with biological and industrial importarte]. The
indole structure is present in many organic compgwsuch as in the amino-acid tryptophan, and argel variety
of alkaloids, including drugs or drug candidatethvimteresting and promising therapeutic use, nt@l nervous
system disorders, respiratory disorders, obessigaporosis, neurodegenerative disorders and dierebisorders,
acute and chronic pain, osteoarthritis, rheumadoildritis, cancer, asthma, bronchitis, Pick’s digeand glaucoma,
heart diseases, obesity or antithrombotic with pidé for the treatment and prevention of thromeuasholic
diseases [1]. In industry, they are widely useckemly as dyes, perfume fixatives and have podéais corrosion
inhibitors [1,2].

Isoindole compounds that are able to undergo mivéecular hydrogen bonding are significant contidosi in

diverse applications for example, high-energy rémiiadetectors, ultra-violet photostabilizers, flescent probes
and laser dyes [3]. Substituted isoindoles, splgdiddsubstituted ones, can be used as organic-égfitting diodes
(OLEDs), because they are more stable than thesubstituted ones [3,4]. Additionally, this composanithve

prominent effects on molecular structures and pitageein terms of lipophilicity, membrane permeéabil water

solubility and rationales for drug design [3].

Indolizines are important chemical compounds havarg important place both in organic synthesis amd i

biochemistry as they represent promising molecwi#is potential applications in the fields of phaweaticals, total
synthesis, organic materials as novel fluorescens@s and as key intermediates in organic syrstH&si In
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addition, indolizine showed potent anti-mitotic amati-proliferative activity, and that this compalioan serve as
important tool for the development of anticancer#peutics [5,6].

Theoretical methods based on quantum chemistryuseéul for predicting important properties that,general,
confirm the experimental data [7]. The thermochenarameters, especially the enthalpies of folonathave
great importance, because they are needed, forpeato calculate the amount of energy involvedtiemical
processes, to calculate other thermodynamic fumstand to evaluate and interpret the stabilityhef molecules

[1].

In the present work, computational techniques, dase B3LYP/6-311+G** theoretical level, were empdalyto
obtain additional thermochemical knowledge abouwtole, isoindole e indolizine systems and their citral
stability. Furthermore, the properties of struckugaometry, frontier orbitals (HOMO and LUMO), eggrgap,
electronegativity, electrophilicity, hardness, sefts for all compound were determined using B3LY3/6+G**
level of theory [8].

EXPERIMENTAL SECTION

In this study, all calculations were performed gsihe SPARTAN version 14 program [8]. Starting getnies of
compound were taken from ARGUSLAB program [9]. Thelecular structure of the compound in the grouates
was optimized using 6-311+G level** of theory [10]1

In Density Functional Theory (DFT) calculations,bhigls functional were used, the Becke's three grad+
corrected exchanges terms. For the compounds,ticibrrequencies were calculated using DFT/B3LY Rhvé-
311+G level** basis set [10,11]. The DFT method welsosen for this study because it is faster, less
computationally intensive, takes electron correlatinto account and has a precise accuracy in depnog
experimental data [12]. In addition, highest ocedpimolecular orbital (HOMO), lowest unoccupied ncolar
orbital (LUMO), energy gap4E = Enomo - ELumo), electronegativity «), hardness ), softness {), and
electrophilicity ) of the compounds were calculated using 6-311+@l1e of theory [8]. The Equations are
shown below:

I+A
W~ —x=——— (Electronegativity)

2

n~ (Chemical hardness)

I
{ = o (Chemical Softness)

2
Y = 2_71 (Electrophilicity index)

wherel andA is ionization potential and electron affinitys -Eomo andA = E ymo, respectively [8,13]. Molecules
which have a large HOMO-LUMO energy gap are calleatd" and which have a small HOMO-LUMO energy gap
are called "soft" [8].

Molecules with larger electrophilicity index, meagigectron acceptor, and molecules with smallertedpailicity
index, means electron donor [10].

RESULTS AND DISCUSSION

The relation between stability of three isomersolety analogues (Figure 1) is investigated emptpyiiferent
parameters such as length of bonds, energy of Glursiness, softness electronegativity and eleailiojpy. In
addition, a comparison between data and resulis §fioantum mechanics calculation was performed pia&xthe
stability of the indole's analogues and their fetatvith aromaticity.

= N
y o= OO
o Co- OO
H

Indole Isoindole Indolizine
Figure 1. Different Indole analogues
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An alternative, total energy, is the heat of a hiptical reaction that creates a molecule from kection of
separated nucleus and electrons [14]. Like the be&drmation, total energy cannot be measuredctireand is
used solely to provide a standard method for esprigsand comparing energies [14]. Total energiesavays
negative numbers and, in comparison with the eaergi chemical bonds, are very large. It is usechtoulate the
thermochemistry of a balanced chemical reactioacfent 1 + reactant 2 + . — product 1 + product 2 + . . .):

AE(reaction): Eproductl+ Eproduth+ e T I-:c=eactant 1~ Ereactant 27 .

A negativeAE indicates an exothermic (thermodynamically favéapbeaction, while a positiveE an endothermic
(thermodynamically unfavorable) reaction [10,14].

Gibbs energies determination, in order to take @r@ecount of the role of entropy was calculatedtisty from the
equilibrium constantK.g), which according to the Boltzmann equation, igtexl to the Gibbs energy!@), as
below [14]:

Keq= exp(-4G/RT)

HereR is the gas constant afidis the temperature (in KelvinAG has two components, the enthalpy of reaction
(AH) and the entropy of reaction9) [10,14]. These are defined as follows:

AG =4AH - T4S
where 4H and4S parameters are determined by the equations:
AH = 4E = Eproductl"’ Eproduct2+ e T Efeactant 1= Ereactant 27 .

4S8 = %roductl"’ Sproduth"’ e T Saactant 1= Seactant 27 e
In general terms, free Gibbs energy is related witthility of a molecule, if this energy value imall, then that
molecule has a good stability [1,10,11]. Among ¢hsemers, it is founded that the most stabledslinine system,
which has the smallest amount of free Gibbs endadligwed by isoindole and indole (Table 1).

Table 1. CalculateddG values for indole's analogues by DFT-B3LYP/6-311+G

Compound | AH (kJ mol-1) | AS (kJ mol-1) | *AG (kJ mol-1)
Indole 8.485 43.329 -12753.083
Isoindole 8.790 43.978 -13096.66
Indolizine 11.292 57.931 -17252.343

*: values calculated by the equatiadi® = 4H - T4S, where T= 298.15 kelvin.

In general, all the optimized geometries for thenpounds kept good planarity. This result is a gieditation for
the validity of the computational method [11]. Angoeeveral methods to explain the stability of moles, the
length of bonds appears as one of the most efiepwvameters that can be used to justify this ptppE0].

For this type of study, the length of bond's averpgrameter was measured and specified for eachatord and
the results are shown in Figure 2. The similarityhe derivatives to the parent molecule explaives gimilarity in
bond lengths in all molecules [11].

Indolizine

Isoindole

Indole

1.4123 & 1.3987 A 13928 A

Figure 2. Measured average amounts (in A) for lengtof bonds for indole's analogues
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In according with Karimi et al. [10], smaller lehgdf bonds mean that the molecule has a betteiligtatn sense,
it was observed that the indolizine system is tlostnstable compound in this study, because hdsalse amount of
length bonds, which is 1.3928 Angstrom (A). Therefathis result corroborates with the free ener§\Gibbs

values, suggesting a good stability for this conmabu

Based on the measured average amount) ior length of bonds, the stability follows thisder:

Indolizine > Isoindole > Indole
The hardness is related with the stability of aenaole, for example, if a molecule is very "hardy,that is very
stable [10]. It measures the resistance of a comghdo changes in the electron density distributiorio electron
charge transfer [11].
Considering the results in Table 2 the highest tiegavalues of hardness, 2.15 electronvolt (eV)obg to
isoindole and indolizine. And the least negativedhass value belongs to indole, with the amouniic&1 eV. The

calculated results for molecule's hardness caifyjube good stability for the indolizine compound.

Table 2. Values for electronegativity £), electrophilicity (w), hardness f), softness{) calculated in electron volt (eV)

Parameters | Indole | Isoindole| Indolizine
EHOMO -2.75 -5.2 -5.34
ELUMO -0.13 -0.9 -1.04
u -1.44 -3.05 -3.19
[0 -0.791 -2.16 -2.366
n -1.31 -2.15 -2.15
C 1.049 1.209 1.241

The electronic chemical potential is defined asrtbgative of electronegativity of a molecule [1The smaller the
electronic chemical potential valug){ the more stable is the compound. Table 2 lisés dalculated electronic
chemical potential values for the three studied poumds. It is clear that since indolizine has thedstyu value (-
3.19 eV), it is expected to be the most stableanisibindole (-3.05 eV) and indole (-1.44 eV) system

The electrophilicity parametet] is calculated using the electronic chemical ptg¢ior electronegativity,() and
the chemical hardness)([11]. In a chemical process, it measures the a@apaf a species to accept electrons and
therefore measures the stabilization in energy aftg/stem accepts additional electronic chargels fmong these
compounds, the indolizine has the lowestalue (-2.66 eV), suggesting that indolizine isttngest electrophile.
The electrophilic order can be considered as:

Indolizine > Isoindole > Indole

The most important orbitals in a molecule are tioatfer molecular orbitals, called HOMO and LUMQ18-17].
HOMO implies that the outermost orbital filled bigetrons, and behaves as an electron donor whilQWan be
thought as the first empty innermost orbital uefillby electron and behaves as an electron acd&pi@;13]. The
energy of the HOMO is directly related to the i@tian potential and represents the ability of etatigiving. But,
LUMO energy is directly related to the electronraff and represents the ability of electron acirept

Quantum chemical calculations, in particular, malac orbital calculations by density functional @ahtions, may
be called on to furnish data to parameterize ewcglirenergy functions for use in molecular mechaind/or
molecular dynamics calculations. Most important@aita relating to torsional motions [14]. The fuoetchosen to
represent the energy of rotation about a singlalbweds to reflect the inherent periodicity, it tmepeat itself in
360°. In this step was selected a truncated Foseiées of calculations, as below:

Etorsion (w) - ktorsionl (1 _ COS@ _ weq)) + ktorsionz (1 _ COSZ(U _ weq)) + ktorsionS (1 - cos3 &) _ weq)) + .. ktorsionN (1 _
cosN@ - 0®9)

where,w®is the ideal dihedral angle aRfs°", Korsion2 [orsion3 gngkorsio™N are energetic parameters for each bond
[14].

The formed energy gap between HOMO and LUMO ineigahe molecular chemical stability [8,14,15]. The

energy gap between HOMO and LUMO s a critical paeter to determine molecular electrical transpoopprties

[8].
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The gaps of energy of the one electron excitatomfHOMO to LUMO for indole, isoindole and indoing were
calculated about -2.62, -4.3 ad -4.3 eV, respélgtivighis large HOMO-LUMO gap is an indication ofggstability
and a high chemical hardness for isoindole andliride systems. For all systems, 3D-plots of HOM@ &4 UMO
were shown in Figure 3.

LUMO (-0.9 eV)

LUMO (-0.13 eV)

LUMO (-1.04 eV)

IAE gap = -2.62

AE gap = -4.3

AE gap = -4.3

HOMO (-2.75 eV)

HOMO (-5.2 eV)

¢

HOMO (-5.34 eV)

Figure 3. 4Exomo- Lumo gaps for indole, isoindole and indolizine systems
CONCLUSION

In indole's analogues, the indolizine is the mtale system. This can be justified by the caltmtadf energy 4G,
4H and49), average of length of bonds, as well as hardsefieéss{ and(), electronic potentials((andw) and
HOMO-LUMO energies gapE).
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