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Abstract

Molecular orbitals are critical in the rationalization of several chemical reactions. Thus, the Frontier
molecular orbital theory, proposed by Fukui's group, postulated the importance of the highest
occupied molecular orbital (HOMO) and the unoccupied molecular orbital of lowest energy (LUMO)
for chemical reactions. It should be kept in mind, however, that there are limitations of this theory
and new perspectives about the chemical reactivity have recently been arisen based on composition
and location of other frontier molecular orbitals. In this review, we have reported the development of
the Frontier Effective-for-Reaction Molecular (FERMO) concept, which describes the breaking and
formation of new chemical bonds and can be in turn provide important clues that modulate chemical
reactivity of atoms and molecules.

1 Introduction

In 1916, the famous chemist Gilbert N. Lewis set some fundamentals for what is known about
chemical bonding today (Lewis, 1913, 1916). According to Lewis, with a brilliant intuition, the
reactivity was due to availability of electrons, being that the difference of the properties presented by
substances was directly correlated to the mobility of the electrons of their molecules.

On the other hand, quantum mechanics emerged shortly after Lewis's pioneering work and played a
crucial role in this study (Chemistry: molecules, matter, and change by Atkins, P. W. (Peter
William), 1940-, Jones, Loretta L; Quimica Nova- Teoria do Funcional de DensidadeTeoria do
Funcional de Densidade; Quimica Nova- Teoria do Funcional de DensidadeTeoria do Funcional de
Densidade; Jensen, 1382; Schrodinger, 1926; Allinger, 1976; Atkins and Friedman, 1997; Hoffmann
et al., 2003). For a while, following Schrddinger's proposal in 1926, a precise physical interpretation
for the wave function (V') challenged the early enthusiasts of quantum mechanics. It was up to Max
Born to show, a few months later, that the square of ¥ had a precise physical meaning. According to
Born, |2 for a position X, Y, z expresses the probability of finding an electron in that space location.
This region of probability generates, for example, the form of the atomic orbitals s, p, d and f
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(Chemistry: molecules, matter, and change by Atkins, P. W. (Peter William), 1940-, Jones, Loretta L;
Organic Chemistry - Livro - WOOK; Rauk, 2001). Since the importance of electron pairs for the
chemical reactivity of molecules had already been discussed previously by Lewis et al., the molecular
orbitals rapidly aroused great interest throughout the scientific community, because they could now
be calculated by approximate quantum mechanics methods, presenting a more quantitative
understanding. Therefore, for chemists in general, a great utility of atomic orbitals is related to the
understanding of how atoms combine to form molecules (Da Silva, R.R, 2006).

The great scientific interest in the subject can be easily verified by the expressive number of
publications that deals with the subject (Figure 1): a simple search in the 1ISI Web of Knowledge
(Web of Science), using the term “molecular orbital” as keyword, returns 2,000-2,500 papers by year
from 2005 to 2010. Since 2011, even more papers were annually published (reaching about 3,500 in
2018), showing the increasing importance of this theme. In this respect, the importance of molecular
orbitals for chemistry is undeniable. Understanding why reactions follow one path or another enables
greater planning and control of chemical phenomena at a more fundamental level. In this way,
molecular orbitals are important electronic parameters for description of the chemical reactivity of
compounds, since chemical reactions are modulated by electrons.

3500

3000
2500
2000
1500
1000

500

o
2005 2006 2007 2008 2003 2010 2011 2012 2013 2014 2015 2016 2017 2018 2013

Publications about Molecular Orbitals

Year

Figure 1. Number of papers retrieved with the keyword “molecular orbitals” in the IST Web of
Knowledge database from 2005 to the middle of July 2019.

Understanding the processes involving breaking and formation of new chemical bonds is essential to
the rationalization of reaction mechanisms and represents a challenge that still intrigues and generates
many discussions. Furthermore, the knowledge about these processes also depends on understanding
the nature of chemical bonds. It is important to keep in mind that, since the early work of Linus
Pauling, the concept of chemical bonding has been changing substantially over the years (Pauling,
1931,1960). Thus, issues related to chemical bonding and molecular orbitals are always at the
forefront of chemistry research.

When a concept is solid enough, predictions can be made and tested, which will inevitably lead to
new discoveries. Molecular orbitals still pose a great challenge to chemists, holding some secrets that
can, nowadays, contribute significantly to advancements across all frontiers of chemistry. Thus,
attempting to understand chemical reactions, researchers turned their attention to the analysis of the
orbital molecules (Fukui et al., 1952, 1954; Hoffmann and Woodward, 1965c¢, 1965a, 1965b;
Woodward and Hoffmann, 1965; Bruice, 2004; La Porta et al., 2010a). So, in an update of a previous
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paper (Pereira et al., 2016), we present in the present review some considerations about the
contributions of the frontier molecular orbitals approach to the understanding of chemical reactivity.

2 Discussion
2.1 The Frontier Molecular Orbital Theory

The HOMO-LUMO (HOMO: Highest Occupied Molecular Orbital; LUMO: Lowest Unoccupied
Molecular Orbital) approach for the interpretation of chemical reactivity came up with a Japanese
research group headed by Kenichi Fukui, who was researching on the reactivity of aromatic
compounds (Fukui et al., 1952). The great difference between theirs and previous works from other
researchers was the attention given to the molecular orbitals from Fukui and colleagues. Instead of
interpreting only the energy or performing population analyzes, they analyzed the electron density
over each atom participating in the frontier orbitals. Fukui and his collaborators realized that the
HOMO electron density was very important for the reactivity of these compounds.

The HOMO electronic density was the strategy used by Fukui and his group to predict which the
reaction site for electrophilic substitutions in aromatic hydrocarbons. So, soon the concept of frontier
electrons became wider, leading to the Frontier Molecular Orbital Theory (FMO) (Fukui et al., 1954).
With a series of intuitive postulates, they proposed rules for the interactions between frontier orbitals.
Just as Lewis put the pair of electrons as a determinant of countless reactions, Fukui's group
established that certain chemical reactions, for instance Lewis acids and bases, would be governed by
the frontier orbitals. It was as if Lewis's pair of electrons occupied Fukui's frontier orbital. The two
concepts were equally simple and powerful in the interpretation of chemical reactions. Since then,
molecular orbitals have assumed a determining role in chemistry and the HOMO-LUMO approach
has been applied in several reactions with great success (Fukui et al., 1954; Fukui, 1982).

But it was by solving some challenges such as predicting the stereochemistry of electrocyclic
reactions that the molecular orbitals were confirmed as the great rulers of reactivity of several
compounds. Two very talented chemists, each with their own experience, explained the intriguing
behavior of pericyclic reactions. In 1965, Hoffmann and Woodward developed the theory of
conservation of orbital symmetry to explain the relationship between the structure and the
configuration of substrates and formation of the product under thermal and/or photochemical
conditions, in which the reactions occur (Hoffmann and Woodward, 1965c, 1965a, 1965b;
Woodward and Hoffmann, 1965; Bruice, 2004).

In these works, the authors postulated that, for a system like the formation of 1,3-cyclohexadiene
from 1,3,5-hexatriene, a disrotatory motion would be observed for thermal processes, as in Figure 2
(a), while a conrotatory motion would be observed for photochemical processes like Figure 2 (b).
The mystery about the exclusivity of one or another type of movement, depending on the process
involved, was intimately related to the HOMO symmetry. In this sense, the creation of a new
chemical bond would involve the superposition of different phases of the frontier molecular orbitals.
The conrotatory or disrotatory movement would be only a result of the orbitals seeking a constructive
overlap, which, in other words, would be the overlapping of equal phases. Another important aspect
about the contribution of the work of Hoffmann and Woodward, based on calculations using Huckel's
Extended Theory, is that they have obtained extremely useful results for the understanding of
fundamental aspects of the chemistry involved. Thus, the concept of conservation of orbitals
symmetry is a determinant of many chemical reactions.
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Figure 2. Thermal and photochemical conversion of hexatriene to cyclohexadiene. Disrotatory (a)
and conrotatory (b) movement (adapted from reference (Pereira et al., 2016)).

Over the years, chemists have developed several processes in which molecular orbitals symmetry is
responsible for controlling the reaction course (Klopman, 1968; Dewar, 1971; Pearson, 1986; Birney
and Houk, 1990; Domingo et al., 1998; Svergun et al., 2000; Roque et al., 2002; Harnett et al., 2004;
Polo et al., 2004; Berski et al., 2006; Rhyman et al., 2011). The recognition of the impact brought to
science by the concept of molecular orbitals occurred in 1981, when the Nobel Prize in Chemistry
was awarded to Kenichi Fukui and Roald Hoffmann. It could be said that, at that time, chemists were
living the age of HOMO-LUMO, and molecular orbitals had already been accepted as a determinant
of chemical reactions and sacred those who began to study the subject. However, despite the great
success, the HOMO-LUMO approach was not unanimously accepted. Some wondered if only two
orbitals would be responsible for the reactivity of molecules. Was it all dependent on HOMO and
LUMO alone? Fukui exposed this concern in an article he wrote in commemoration of his Nobel
Prize (Fukui, 1982). According to Fukui, the HOMO or LUMO orbitals could not be suitable for a
given reaction, but, according to him, surely the next orbital or any orbital with energy very close to
HOMO or LUMO could be used (Fukui, 1982). As an example of his argument, Fukui cited the case
of pyridine protonation. In pyridine, the HOMO is clearly an orbital of the n-system of pyridine ring
(Figure 3). Since the proton binds to the nitrogen electron pair, the HOMO would not be related to
this reaction in pyridine. The orbital involved in the reaction would be the third highest occupied
orbital or HOMO-2, which in fact has the typical shape of the nitrogen non-bonding pair, as seen in
Figure 3. As it can be seen, the HOMO-LUMO approach has certain limitations, thus leaving a gap
for the emergence of new theories.



137

138
139

140

141
142
143
144
145
146
147

148

149
150
151
152
153

154

155

156
157
158

- “ HOMO | RN

A 3 HOMO-1

Figure 3. Shapes of the three highest occupied molecular orbitals for pyridine (adapted from
reference (Pereira et al., 2016)).

2.2 The Concept of Localized Reactive Orbital

One of the most intriguing theories involving molecular orbitals was developed by Hiroshi Fujimoto,
who worked with Fukui (Fujimoto et al., 1986; Fujimoto, 1987; Fujimoto and Satoh, 1994; Roque et
al., 2002). The main argument of Fujimoto and colleagues was that molecular orbitals were too
delocalized and thus it was difficult to deal with certain reactions that were entirely localized. Their
strategy was to recombine some molecular orbitals chosen according to certain criteria and locate
their maximum at the reaction site. The procedure was called Localized Reactive Orbital (LRO)
approach (Fujimoto et al., 1986; Fujimoto, 1987; Fujimoto and Satoh, 1994).

2.3 The Concept of Reactive Hybrid Orbital

The same kind of argument used by Fujimoto, according to which localized orbitals would be better
to describe the reactivity of molecules, was employed by Hirao and Ohwada to formulate the concept
of Reactive Hybrid Orbital (RHO) (Hirao and Ohwada, 2003, 2005; Nakamura et al., 2004; Ohwada
et al., 2004). So, according to these authors, when an electron-donor orbital ¢oc is represented by a
linear combination of canonical occupied molecular orbitals (Equation 1):

boc = <§: di‘/%’) / (i d?) @

the energy level Aoc can be identified according to Equation 2:

hoc = (Z d?&-) / <Z d%) @

i

N =

the energy level A,. can be identified according to Equation 2:

Roc = (Z d%ei) / (Z d%) @

where ¢; is the energy level of the canonical molecular orbital ; obtained by solving a Hartree-
Fock-Roothaan equation. The orbital ¢,. is represented by a linear combination of atomic orbitals
like (Equation 3):
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Poc = Z Cu X (3)
u

By extracting from Eguation 3 only the terms containing the atomic orbitals ¢’,. on the atom of the
reaction center (named A), the Equation 4 can be defined:

@'oc = z Cu Xy (4)

UEA

Then, similar functions can be defined for the frontier electron density £,. and for an index p,.,
respectively according to Equations 5 and 6:

ﬁ)c = <¢oc/¢,oc> (5)

and

Poc = —foc/Poc (6)

The value 2f,. corresponds to the electrons in the orbital ¢,. for the atom A. The formula for p,. is
similar to the superdelocalizability based on Huckel approximation. d; values are obtained from
Equation 1, which gives the maximum value of p,., by minimizing 1/p,. numerically according to the
Davidon-Fletcher-Powell method. The ¢,. orbital represented in Equation 1 with the d; value
optimization is specifically called RHO (Hirao and Ohwada, 2003).

2.4 The Triadic Analysis

Vianello and colleagues introduced the triadic formula (Vianello and Maksi¢, 2006), which also uses
the concepts of frontier molecular orbitals, with the difference that such calculations are based on an
equation with three terms like the Equation 7 for the interpretation of acidities:

PA(A™)q = —IE(AT)° + E(e)( + (BAE),
+ 313.6 kcal/mol

Equation 7 describes the protonation of the anionic conjugated base A~, in which pPA(47), is the
proton affinity of A~ at the site a and 1E(4-)%°" determines the n™ Koopman’s ionization energy of
the anion A~ calculated in the approximate electronic density. Since ionization is not a sudden event,
a reorganization of the nuclei-electrons system occurs, denoted by the relaxation energy term E(ei)™.
given by Equation 8:

()

E(e)™ = [E(A)KP _ [E(4AH)xd  (8)

in which —IE(A7)4% is the first adiabatic ionization energy. The term (BAE), is the effect of the
bond association energy between hydrogen and a cation radical. The electron affinity of the proton is
313.6 kcal/mol. Thus, the proposal from Vianello et al. has a term related to the ionization energy,
another one related to the relaxation energy and a third term related to association energy between the
first ones. This methodology is currently widely used in the global description of deprotonation
processes (Vianello and Maksi¢, 2006; Vianello et al., 2006, 2007).

2.5 The Frontier Effective-for-Reaction Molecular Orbital

In line with that, the limitations of the arguments of HOMO-LUMO approach and the new
approaches proposed in the literature to understand chemical reactivity, it became necessary to
extend the role of molecular orbitals in chemistry. The FERMO (Frontier Effective-for-Reaction

6
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Molecular Orbital) concept emerged as a tool to explore the role of molecular orbitals and chemical
reactivity as well as breaking and formation of chemical bonds (Da Silva et al., 2006a, 2006b,
2006c¢). As noted by Fukui, the HOMO and LUMO orbitals could not be suitable for a given reaction,
but certainly any close orbital with energy very close to those for HOMO or LUMO. The FERMO
concept was proposed by Da Silva and Ramalho (Da Silva et al., 2006a, 2006b, 2006c) and its
approach arose from composition and localization criteria, along with some chemical intuition, to
correctly determine the frontier molecular orbital that regulates chemical reactions. This theoretical
approach could be understood as a complement to the HOMO-LUMO approach, so the HOMO wiill
only be the orbital that rules a reaction if it fulfills the requisite to be the FERMO.

This concept has attracted attention and has been successfully applied in the description of chemical
processes as acid-base behavior, in organic and inorganic complexes, in pericyclic reactions and in
the study of biological systems (Figure 4) (Porta; Da Silva et al., 2006a, 2006¢, 2006b; Ramalho and
Pereira, 2009; da Costa and Trsic, 2010; T. Santiago et al., 2010; La Porta et al., 2010a, 2011; A. La
Porta et al., 2012; De Almeida et al., 2013; Soleymani and Dashti Khavidaki, 2017; Soleymani,
2018). In this sense, this review will focus now in a quantitative and detailed description of the
FERMO in the understanding of chemical reactivity. The following discussion is divided into five
subsections. In the first one, it is described the acid-base behavior for some important classes of
compounds commonly used in organic chemistry. In the second subsection, the results obtained for
the understanding of some organic and inorganic compounds are presented. The third subsection
shows a detailed investigation on the reactivity and selectivity of pericyclic reactions. The fourth
subsection is related to the case of biological systems. Finally, the main conclusions are summarized
in the fifth subsection.

Acid-base

behaviour
Inorganic ‘ Pericyclic
complexes I i I reactions

Biological
systems

Figure 4. Some applications of the FERMO concept studied (adapted from reference (Pereira et al.,
2016)).

Despite the major advances in the understanding of the role of molecular orbitals in the study of
chemical reactivity, it is not easy yet to find didactic, well-founded and critical papers based on the
perspective of FERMO in scientific literature. So, we took it as motivation for preparing this review,
which aims to present the basic ideas of this concept as well as some of its applications in different
areas of chemistry. We hope that this study will be useful to the general public, providing the readers
(particularly students and researchers) interested in understanding this model.
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2.5.1 Acid-base Behavior

Proton transfer is one of the most important processes of changing organic molecules. In this sense,
the acidity of organic compounds, measured in several solvents, is fundamental for the study of
reaction mechanisms in organic chemistry (Li et al., 2006). In this context, Da Silva and Ramalho
have shown in their works that the molecular orbitals responsible for acid-base reactions in phenols
and alcohols, in many cases, may not be rationalized in the light of the HOMO-LUMO approach (Da
Silva et al., 2006a, 2006b). In these same works, it was observed that the molecular orbital that best
described the acid-base behavior in the protonation reaction of the anionic conjugated bases for these
compounds was not the HOMO (Figure 5), but rather the pypy orbital, which was the FERMO for this
reaction in each molecule, as shown in Figure 6. In this sense, it is observed that the FERMO concept
take into account each shape as well as atomic composition of molecular orbitals to determine which
orbitals can describe a chemical reaction

Figure 5. HOMO orbitals for the anions isopropoxide (left) and phenoxide (right) (adapted from
reference (Da Silva et al., 2006a)).

= [5)
q
H!“)\C ' ©
4

9
Figure 6. pypy orbitals for the anions isopropoxide (left) and phenoxide (right) (adapted from
reference (Da Silva et al., 2006a)).

The orbitals of Figures 5 and 6 indicate that the HOMO-LUMO orbitals are not always responsible
for all chemical reactions, as previously quoted by Fukui (Fukui et al., 1952). Another important
consideration for employing the FERMO concept is that both Hartree-Fock (HF) or Kohn-Sham (KS)
orbitals lead to the same conclusions about chemical reactivity. This brings us back to the discussion
about the validity of the interpretation of KS orbitals. In Figures 7 and 8, there are two
representations of the HF and KS molecular orbitals for the p-cyanophenoxide and p-
methylphenoxide anions (Ramalho and Pereira, 2009). Moreover: based on these results, we can
observe that both calculation methodologies used (MP2 and DFT) point to the same molecular orbital
as the FERMO in the protonation reaction of these anions (HOMO-2 and HOMO-1 with MP2 and

8
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DFT, respectively). Thus, this is a very intuitive concept, presenting the same molecular orbital shape
for the same reactive site or class of compounds

Chemical Optimized

LUMO HOMO HOMO-1 HOMO-2 HOMO-3
structure structure

Figure 7. Representation of molecular orbitals of the anions p-cyanophenoxide and p-
methylphenoxide calculated at MP2 level (adapted from reference (Ramalho and Pereira, 2009)).

Chemical Optimized

LUMO HOMO HOMO-1 HOMO-2 HOMO-3
structure structure
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Figure 8. Representation of molecular orbitals of the anions p-cyanophenoxide and p-
methylphenoxide calculated at DFT level (adapted from reference (Ramalho and Pereira, 2009)).

It is important to keep in mind that, in spite of the physical and chemical meanings of some virtual
orbitals being very dependent on the calculation method employed, the variation in the HOMO-



LUMO or FERMO-LUMO energy barriers can be used as a reactivity index. For example, following
Pearson’s principle, it is well-known that soft molecules will have lower energy values for the
HOMO-LUMO gap when compared to hard sites. In this way, the HOMO-LUMO energy can be
used.

Thus, once again looking at the shape of molecular orbitals, based on the composition and location
criteria, the HOMO problem can be better understood.

The FERMO concept was also successfully applied in describing the acid-base behavior for a series
of amines, being pointed out the HOMO as the FERMO for aromatic and aliphatic amines but not for
heterocyclic amines, whose FERMO corresponded to the HOMO-2 (Figure 9) (La Porta et al.,
2010b). 1t is known that amines have great importance and play an essential role in organic
chemistry, and its basicity is directly related to the availability of the nitrogen electron pairs. In this
context, molecular orbitals and their properties, such as energy and symmetry, are very important to
better understand their reactivity and represent a fundamental step in the rational planning of some
important synthesis routes.

NH,

Figure 9. FERMO shapes for aromatic (A: aniline), heterocyclic (B: 3,5-dimethylpyridine) and
aliphatic (C: ethylamine) amines (adapted from reference (La Porta et al., 2010a)).

Another important contribution of this work was the use of Chemometrics which, through an
exploratory analysis using PCA and regression analysis using PLS, along with the FERMO approach,
allowed a more detailed analysis of data. So, in this quantitative description based on chemometric
methods and ab initio calculations, it was possible to correlate the energies of frontier orbitals with
pKp values for the compounds classified into aliphatic, aromatic and heterocyclic amines (Figure 10)
(La Porta et al., 2010a). For this study, it was verified that the energy of the FERMO shows a better
correlation with basicity and acidity constants when compared to the HOMO energy. In addition, this
work showed that the B3LYP functional produces good results for the description of the acid-base
behavior, when the FERMO concept is used in the study of organic compounds.

m  aromatic ring-containing aliphatic am ine 10d o Calibration p
*  LOO cross-validation 7
o 4

C2

[
>
Fitted/Predicied pKp,

% PCA model PLS model

2 3 a4 s ] 7 s o 1w

PC1 Expermental picy,

A

Figure 10. PCA (A) and PLS (B) models employed in the study of aromatic, heterocyclic and
aliphatic amines (adapted from reference (La Porta et al., 2010a)).

In this same line of thought, the FERMO approach was applied with great success in describing the
acid-base behavior for a series of phosphines (T. Santiago et al., 2010). The HOMO-n and LUMO+n

10



314  (n=0-4) energies were obtained from MP2 calculations in the form of an a x b matrix with a lines
315  for phosphines and b columns for the energy of frontier molecular orbitals. It is remarkable that these
316  results can be used to investigate the effect of the solvent on acid-base processes, using parameters
317  from theoretical calculations of orbital energies. By analyzing more deeply the location and

318  composition of the molecular orbitals of phosphines, it can be observed that the FERMO has great
319  contribution of the phosphorus atom (above 54%; see Table 1). Thus, this orbital, shown in Figure 11
320  for the compound trimethylphosphine, describes better the acid-base behavior.

321
322

323  Figure 11. The FERMO shape of trimethylphosphine (adapted from reference (T. Santiago et al.,
324 2010))
325  Table 1. Percentual contribution of the phosphorus atom for the FERMO and its orbital energy in

326  studied phosphines through MP2/6-311G (d, p) in solution (adapted from reference (T. Santiago et
327  al., 2010)).

Contribution FERMO Contribution FERMO

Entry Compounds (%) (Hartree) =NtTY Compounds (%) (Hartree)

P TN

H;C_ _CHj
1 1|) 81.25 -0.33033 6 71.68 -0.29692
CH;4
/\ P/\ @\ /@
2 80.87 -0.32209 P 67.90 -0.29729

H,C_ _CH;,
3 Pk 81.62 -0.32574 ©\ /© 53.90 -0.31453
P
H
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H,C CH,
P

e p/\
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(o]
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1
O

CHj
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328  In these works, the FERMO argument was used in a qualitative manner. However, in a very recent
329  paper (Braga et al., 2019), Braga and colleagues investigated, in a quantitative way, which molecular
330  orbital would be better for the description of acidity in amines, carboxylic acids, alcohols and
331  phosphines. For so, they developed a more quantitative methodology for the characterization of
332 FERMO orbitals in chemical reactions based on projection operators. A projection operator could, in
333  principle, be understood as the projection of a “shadow” of a selected molecular orbital in the
334  subspace of an arbitrary set of atomic orbitals (Azevedo and Da Silva, 2013). This parameter is
335  precisely a quantitative characterization of the shapes of molecular orbitals given in a set of atomic
336  orbitals and, consequently, a set of atoms.

337 In this work, 30 different organic compounds were selected for studying their chemical reactivity,
338  considering their protonation reactions to the corresponding cathionic conjugated acids. They were
339  grouped in anilines, pyridines, aliphatic amines, carboxylic acids, alcohols and phosphines, as shown
340 inFigure 12.

O

— ! . {
~ R—OH
N/ N R Rz/ R,

\ ‘/ \ ’ \( ot 31: R = CH,CF;

R, X 15: X =N; R, = R, = CH,CH, 23 R=H 32: R =n-Pr
R 16: X =N; R, = n-Pr; R =H 24 R - CH, 33:R = i-Pr
X =N-R. = iPr R. = ) 4: R =n-
10: R, H: Ry = 3-CH, XN PR, - R-FCH, o T
1:R, =H;R,=3-SCH;  13:X=N;R=H :X=N; R, =n-Bu; R, =H 26: R = CICH, 36 R = i-Bu
12: R, =CH;;R,=2-CH;  14:X=CH;R=CH,CH, 19*X=NiR;=s-Bu;R,=H 27:R=F5C TR
20: X=N; R, =i-Bu; R, =H 28: R = n-Pr :R=1rBu
21: X=N;R;=+Bu;R,=H 29: R = 3-CH;-C4H, 38: R=n-C¢H,;
22: X=N;R; =CH,CH=CHy; R, =H  30.R = 4-CH;-C4H,
39: X =P; R; = CHj; R, = C¢H;
ds selected for the study from Braga and colleagues

341 Figure 12. Structures of the organic compoun
342  (adapted from reference (Braga et al., 2019)).

343  Employing the FERMO energies instead of those for their HOMO orbitals, a correlation with a R
344  value equal to 0.94 was obtained. This result indicates that the energy of the FERMO is proportional
345  the proton affinity and, consequently, the basicity of the neutral forms of amines, carboxylic acids,
346  alcohols and phosphines in the gas phase, as shown in Figure 13. Based on the localization degree of
347  each molecular orbital, it was possible to infer that the orbital which governs the protonation reaction
348  corresponded to that pointed out by the new quantitative algorithm proposed by the authors as the
349 FERMO, showing again that the molecular orbital composition is also a critical parameter to
350 investigate the appropriate orbital (Braga et al., 2019). So, both shapes and atomic composition of
351  molecular orbitals were essential parameters for the determination and analysis of the FERMO.

352
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361  Figure 13. PA values as well as FERMO energies for the selected compounds. The dotted line
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corresponds to the linear fit (adapted from reference (Braga et al., 2019)).
2.5.2 Organic and Inorganic Complexes

The FERMO concept and Pearson's principle of hardness and softness were also successfully
employed on four ambidentate ligands (that can bind to metals in two distinct ways). In this work, Da
Silva and Ramalho (Da Silva et al., 2006c), following Pearson’s principle which states that soft
molecules have lower energy values for the HOMO-LUMO barrier when compared to hard sites,
reported that, in the light of the FERMO approach, it can be observed that a soft reaction site in a
molecule will have a lower FERMO-LUMO energy barrier than a harder. Clearly, the HOMO-
LUMO energy barrier cannot describe the hardness difference between these two binding sites on the
same molecule. Thus, a molecule can have as many FERMO orbitals as there are reaction sites,
which, in this case, could be the HOMO or any other frontier molecular orbital.

For this study, the authors used as ambidentate ligands the anions SCN", NO,  and CH3;COCH," and
the neutral molecule dimethylsulfoxide (DMSO). These ligands were chosen due to the great amount
of theoretical and experimental work reported in the literature. Thus, based on the location as well as
composition of molecular orbitals, it was possible to find the shape of the FERMO for these ligands
(Figures 14 and 15).

Figure 14. The FERMO shapes for NO,, CH3COCH; and DMSO. NO; nitrogen-FERMO (A) and
oxygen-FERMO (B); CH3COCH; carbon-FERMO (C) and oxygen-FERMO (D); DMSO sulfur-
FERMO (E) and oxygen-FERMO (F) (adapted from reference (Da Silva et al., 2006c)).

§=322% N=455%

$=808% N=17.6%

Figure 15. FERMO orbitals for the anion SCN™ at HF level. Sulfur-FERMO (A) and nitrogen-
FERMO (B) (adapted from reference (Da Silva et al., 2006c)).

The results obtained through the FERMO concept also explained the bond formation angle, because a
proper orbital orientation is required for the formation of a new bond. All results of this work are in
agree with experimental X-ray results.

Another interesting study involves the application of the FERMO concept to the description of
Pearson's principle of hardness and softness for four tridentate ligands (once they can bind metals in
three different ways). The shapes of the frontier orbitals that govern reactions of these ligands are
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Figure 16. FERMO shapes for the studied tridentate ligands (adapted from reference (A. La Porta et
al., 2012)).

The complexation of metal ions with 2,6-pyridinedicarboxylic acid (PDC), corresponding to
compound 40 in Figure 16, has been extensively studied (Lainé et al., 1995; Chatterjee et al., 1998;
Wang et al., 2004; Gonzalez-Baré et al., 2005; Lima et al., 2005), since PDC is a very versatile
chelating agent, which acts as a bidentate, tridentate or bridged-bond ligand with different metal ions
(Hseu et al., 1991; La Porta et al., 2014). In addition, PDC has also other features such as low
toxicity and a biologically diversified activity, present in many natural products, such as oxidative
degradation products of vitamins, coenzymes and alkaloids (Crans et al., 2000; Khan et al., 2009). In
this way, we performed chemical reactivity studies between iron(l11) ions and the ligand PDC in the
light of the FERMO concept.

The theoretical results indicated that the chemical bond between oxygen and iron atoms in the Fe-
PDC complex is predominantly electrostatic, and a small variation along the C-N-N-C dihedral is
favored (Figure 17) (La Porta et al., 2014). The use of iron complexes in catalysis has been
considered promising due to stabilization of iron in a wider pH range compared to the free ion in
solution. Another promising characteristic is that most chelating agents can be easily degraded by
microorganisms. This finding makes this organometallic complex an interesting material for catalytic
applications.
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Figure 17. Potential energy surface for the C-N-N-C dihedral angles of the Fe-PDC complex
(structures visualized along the N-Fe-N bond) (adapted from reference (La Porta et al., 2014)).

Most of the complexes between Fe* and tridentate ligands are also octahedral, and the complex with
d” configuration can generate Jahn-Teller distortion. This observation is in very good agreement with
experimental studies (Daniele et al., 1997).

Molecular modeling of transition metal complexes is complicated because of the partially filled d
orbitals of metal ions which are responsible for both structures and multiplicity of coordination
compounds with a wide variety of coordination numbers and possible geometries. In this case, the
coordination geometry of a coordination compound always presents a relation between size and
electronic structure of the metal ion, and type, size, geometry and rigidity of coordinated ligands.
Thus, the structure of a coordination compound is strongly influenced by the linker structure
(Nakamura and Yamago, 2002; Comba et al., 2008).

In a recent study on methane dehydrogenation reactions with niobium ions (Nb* and Nb*) (De
Almeida et al., 2013), the FERMO concept was used to evaluate the process of charge transfer in the
reaction mechanisms involved. In this work, it was possible to observe that the FERMO of Nb?* ion
has a higher contribution of C and Nb atoms (Figure 18), besides having lower energy than the
FERMO of Nb" ion. This can be evidenced by a factor that corresponds to the variation between the
energy values of FERMO for molecular precursor (MP) and transition state (TS1) structures in each
of the cases, due to Equation 9 below:

AErgrmo = |Ergrmo (MP) — Epgruo(TS1)|  (Equation 9)

3

Figure 18. FERMO orbitals for molecular precursors (MP) and transition state (TS1) structures of

the studied methane dehydrogenation reactions by niobium ions (adapted from reference (De
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Almeida et al., 2013)).

The obtained values were 0.03427 and 0.00424 a.u. (atomic units) for Nb* and Nb**, respectively.
These values showed a good correlation with Gibbs free energy values. Finally, it is worth to mention
that these results of molecular orbital analysis are in agreement with other analyzes also carried out
during the study involving structural and energetic parts and dehydrogenation mechanisms (De
Almeida et al., 2013).

Niobium compounds were again investigated in a related work (Almeida et al., 2016), in which
Almeida and collaborators reported the use of the HOMO-LUMO and FERMO-LUMO energy
differences to provide information about the methane C-H bond activation by niobium oxides (NbO,
NbO*, NbO?*, NbO,, NbO,* and NbO,**). The calculations for HOMO, LUMO and FERMO orbitals
were performed for all niobium oxides. The localized FERMO for the methane C-H bond activation
by niobium-oxo as well as for the niobium ions (De Almeida et al., 2013) were quite similar and
showed besides a major contribution of niobium d orbitals and a small participation of oxygen s
orbitals.

The energy gap between HOMO and LUMO orbitals (Enomo-Lumo) show a rather poor linear
correlation with Eponging and Eat energies for the hydrogen abstraction from methane by niobium
oxides (Figure 19, left side). Enonding and Eac are respectively the energy differences between isolated
structures of niobium oxides and methane and their adduct before activation (bonding energy) and
between transition states and reactant adducts (activation energy). These results can be explained by
the fact that in several cases, the HOMO-LUMO approach fails to rationalize the reactivity of the
chemical systems. However, the results show that the Ergrmo-Lumo Values have a good and strong
correlation with Eponding and Eact (Figure 19, right side) (Almeida et al., 2016).
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Figure 19. Correlation of the energy differences Exomo-Lumo and Erermo-Lumo With the Eponding and
Eact values of the hydrogen abstraction from methane by niobium oxides (adapted from reference
(Almeida et al., 2016)).

There is an increase in Ergrmo-Lumo compared to Egomo-Lumo, Which is followed by a more favorable
initial electrostatic interaction between methane and charged niobium oxides, as well as a decrease in
Eact values. 0.08964 and 0.07661 atomic units are the highest Ergrmo-Lumo Values, calculated
respectively for doubly charged monoxide and dioxide, for which the best kinetic and
thermodynamic parameters were computed in the mentioned work. Methane is known to show a high
Enomo-Lumo, a fact that has been used to explain its high chemical inertia (Crabtree, 1995).

According to the hardness and softness acid base principles (HSAB), the inert methane is a hard acid
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(high Exomo-Lumo and Erermo-Lumo) and therefore should only react to hard species (those with high
Enomo-Lumo OF Erermo-Lumo). These characteristics are therefore in complete agreement with the
results obtained for niobium oxides (Almeida et al., 2016).

Therefore, the orbital FERMO analyses showed that the reactive molecular orbital is energetically
more stable in NbO?* and NbO,*, leading to the highest Erermo-.Lumo gaps. This feature is in
agreement with the HSAB principles since, in these cases, NbO** and NbO,** can be considered as
hard species, like methane (Almeida et al., 2016).

2.5.3 Pericyclic Reactions

Another subject that is worth mentioning is the study of pericyclic reactions, which can be defined as
a concerted reorganization of chemical bonds, through a cyclic arrangement of continuously
interconnected atoms ((PDF) Solomons Fryhle - Organic Chemistry - 10 Edition.pdf | Yasin Senol -
Academia.edu). In this process, the reaction occurs through a conjugate transition state with usually
six atoms in the cyclic arrangement, but it may contain another number of atoms ((PDF) Solomons
Fryhle - Organic Chemistry - 10 Edition.pdf | Yasin Senol - Academia.edu; Bruice, 2004). The main
kinds of pericyclic reactions are: a) electrocyclic; b) cycloaddition; c) sigmatropic rearrangement; d)
queletropic; and e) "ene" reactions.

Cycloaddition reactions can be particularly considered as one of the most important and of great
interest in synthetic organic chemistry. In a cycloaddition reaction, two different molecules, both
containing © bonds, form a cyclic molecule by rearrangement of n electrons, in addition to creating
two new ¢ bonds. This interaction between two different m systems is usually intermolecular. The
cycloaddition reactions are classified according to the number of m electrons interacting in the
reaction, taking into account only the m electrons participating in the electronic rearrangement
(Jhaumeer-laulloo; Domingo et al., 1998; Gothelf and Jgrgensen, 1998; Nakamura and Yamago,
2002; Aurell et al., 2004; Polo et al., 2004; Ess and Houk, 2008; La Porta et al., 2011).

1,3-dipolar cycloaddition reactions are processed by a concerted [3+2] mechanism (Aurell et al.,
2004; La Porta et al., 2011). Their importance is related to the ease of formation of five-membered
heterocyclic compounds. Through the molecular orbital energies for each compound, we can also
calculate some global properties, which gives us an idea about their reactivities. In general, the
energy difference between reactants and products is not very high in 1,3-dipolar cycloaddition
reactions, and their activation energies are not usually very high. This allows these reactions to
proceed at room temperature. Thus, the HOMO-LUMO approach correctly describes pericyclic
reactions.

In a paper from La Porta et al. (La Porta et al., 2011), the FERMO concept was successfully
employed to the study of four different 1,3-dipolar cycloaddition reactions (named A-D) between
methyl acrylate or propiolate and substituted nitrilium or azomethine ylides or nitrilimine
compounds, proceeding through the corresponding TS-4-1-type or TS-5-11-type transition states
(Figure 20). Initially, calculations were made to obtain the minimum energy of the A-D studied
systems for fully relaxed molecules in gas phase. The H, CHs, CF3, and Ph substituents have been
selected in order to address small and huge groups, as well as electron-withdrawing and donating
effects in reactants.
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Figure 20. Investigated 1,3-dipolar cycloaddition reactions between insaturated esthers and
nitrogenated ylides or nitrilimine compounds (adapted from reference (La Porta et al., 2011)).

Through simple calculations, it was possible to identify the FERMO for all the studied cases. Based
on composition and location of molecular orbitals, the FERMO was identified as the HOMO for A, B
and C reactions, whereas, in D reaction, the FERMO was an orbital other than HOMO but with very

close energy (Figure 21).

HOMO FERMO
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"‘; %\ s 90 y %
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Figure 21. HOMO (left) and FERMO (right) shapes and their respective contributions in the reactive
sites for the studied A (up) and D (down) system cycloaddition reactions (adapted from reference (La

Porta et al., 2011)).

Chemical reactivity can be described in terms of long-range forces through the electrostatic potential
(Marcus, 1993; Oliveira and De Aradjo, 2007; Williams, 1991). The AQ charge transfer involved in
the studied reactions (La Porta et al., 2011) could be calculated according to Equation 10 and Scheme
1. In general, the charge transfer occurs by mean of the interaction between ligand orbitals of the

charge donor molecule and anti-ligand orbitals of the proton donor species.
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Scheme 1. Load transfer system between atoms 1 and 3 from insaturated esthers and atoms 4 and 5
from nitrogenated ylides or nitrilimine compounds in the studied reactions (adapted from reference
(La Portaetal., 2011)).

In this case, the charge is transferred from the atom Z to the species XY and AQ XY (z...xy) is the sum
of point charges of the atoms X and Y, which represent the active site of this isolated molecule XY,
AQ Z (Williams, 1991).

It is important to point out that there are many methods that describe the molecular electron
distribution in terms of atomic charges, such as Milliken population analysis, GAPT dipolar model,
AIM molecular partition and CHELPG charges (Oliveira and De Aradjo, 2007; Williams, 1991). In
this context, there is an appreciable number of papers applying these methodologies to the study of
charge transfer and intermolecular stabilization energy phenomena (Marcus, 1993; Oliveira and De
Araujo, 2007; Cormanich and Freitas, 2009; Oliveira, 2013; Williams, 1991)).

In addition, in this same work from La Porta and collaborators (La Porta et al., 2011), it is proposed
the use of the difference between the sum of the module of charge transfers in the system as a new
Arermo reactivity index, as described in Equation 11. This new reactivity index allows us to gather
information about thermodynamic properties for these reactions with good correlation mainly with
free energy values. The lower its value, the more effective is the charge transfer in the system, due to
a greater interaction between orbitals.

Apgrmo = Z|AQA — AQg| (11)

However, in order to calculate this electronic parameter, the implementation and interpretation of
point charges is often used. An appropriate explanation for the concentration of atomic charges in
donors can be demonstrated by the CHELPG charge transfer data and the Argrmo index results,
which explains very well the regioselectivity of these reactions (Table 2). A qualitative analysis of
charge transfer allows us to gain important insights into the mechanism of 1,3-dipolar cycloaddition
reactions (Marcus, 1993; Georgescu and Gérard, 1999; Aurell et al., 2004; Oliveira and De Aradjo,
2007; Cormanich and Freitas, 2009; Oliveira, 2013; Williams, 1991).
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Table 2: AQ charge transfer values obtained from CHELPG method and Argrmo index obtained for
the studied reactions (adapeted from reference (La Porta et al., 2011)).

AQCHELPG AFERMO
Model
4-regioisomer 5-regioisomer 4-regioisomer 5-regioisomer

AQp 0.178 0.125 0.033 0.041
A

AQg 0.211 0.166

AQp 0.106 0.142 0.132 0.023
B

AQg 0.238 0.165

AQn 0.022 0.008 0.106 0.168
C

AQg 0.128 0.176

AQp 0.473 0.509 0.283 0.399
D

AQg 0.190 0.110

Another important contribution from La Porta and collaborators (La Porta et al., 2011) was the use of
the ADMP direct molecular dynamics method for calculations. The results obtained through this
technique, in turn, provided detailed explanations at a molecular level for experimentally observed
phenomena and are extremely useful for understanding fundamental aspects of chemistry. In
addition, the shapes of frontier molecular orbitals were followed for the conformations obtained
along the molecular dynamics simulations, showing that the reaction mechanism occurs through a
concerted process (Figure 22). It is remarkable, however, that all these trajectories involved a
concerted reaction path. In Table 3, the atomic contribution of frontier orbitals is presented along the
mapped reaction path.
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Figure 22. Representation of frontier molecular orbitals along the reaction path in the 4- (A) and 5-
regioisomer (B) formation in the studied reaction D (adapted from reference (La Porta et al., 2011)).

Table 3. Percentual contribution of frontier orbitals of typical structures from trajectories for the
formation of products in the reaction D (adapted from reference (La Porta et al., 20115)

FERMO percentual contribution

Molecular 4-regioisomer 5-regioisomer
orbitals 9 g
0fs 10 fs 30fs 45 fs 0fs 10 fs 30fs 45 fs
HOMO 40.13 60.41 55.05 63.23 57.22 58.16 59.17 73.84
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HOMO-1 55.28 47.23 24.61 19.93 63.82 67.11 35.70 0.18

HOMO-2 0.02 0.25 0.26 9.18 0.15 3.55 0.40 14.79
HOMO-3 0.14 0.26 0.44 0.95 0.02 0.06 0.90 0.73
HOMO-4 51.58 39.84 46.94 32.21 41.23 34.95 55.07 26.35

In these results, it was showed that the molecular orbital responsible for describing the studied D
reaction, the FERMO, becomes the HOMO (Figure 22). We believe that the effective molecular
orbital for the reaction is the frontier molecular orbital that has electrons with highest kinetic energy.
This fact explains the increase in the energy of the FERMO orbital, which is in agreement with the
Virial Theorem (Georgescu and Gérard, 1999).

Another important aspect that we can notice is that the shape of the FERMO is maintained
throughout the reaction. In this way, the FERMO concept removes the limitations of the HOMO-
LUMO concept arguments and the new approaches proposed in the literature, and it can be
considered as an innovative tool for studying the role of frontier molecular orbitals in chemical
reactions.

In another work, also involving 1,3-dipolar cycloaddition reactions, the 1,3-dipolar double
cycloaddition reaction between nitrilimine and allenoate was studied. This reaction had already been
investigated experimentally by Liu and collaborators (Liu et al., 2017). However, in this work, it was
studied theoretically at the computational levels B3LYP/6-311G(d,p) and wB97XD/6-311G(d,p) in
both gas phase and dichloromethane solution. The author intended to elucidate global and local
reactivity indices of reactants (Soleymani, 2018).

The mechanism was proposed, which was based on the interaction of nitrilimine with the C,-Cg
double bond of the allenoate in the first step to generate the dihydropyrazoline intermediate.
Thereafter, the second nitrilimine molecule performs the cycloaddition to the Cg-C, double bond of
the dihydropyrazoline intermediate to produce the corresponding spirobidihydropyrazole (Figure 23)
(Liu et al., 2017; Soleymani, 2018).

R: aryl, CO,Et
R": alkyl, aryl

Figure 23. General scheme of the obtaining of spirobidihydropyrazoles from nitrilimines and
allenoates (adapted from (Liu et al., 2017; Soleymani, 2018)).

To determine how the molecular orbitals were interacting in this reaction, the energy differences
between the frontier orbitals (HOMO / LUMO) of the electron donor (NI) and acceptor (Aln) groups
were calculated. The FERMO concept was also used to describe the reactivity of pyrene active sites
(Soleymani, 2018). Therefore, to determine the FERMO, the relative contribution of the active sites
of NI (Cs and Ny atoms) in the three highest occupied molecular orbitals was calculated. Based on the
composition and location of the molecular orbitals, it was found that the FERMO was once again the
HOMO for the reaction, because the active sites of NI (C; and N, atoms) have a larger contribution
for to HOMO compared to the other occupied molecular orbitals (Soleymani, 2018).

Their results showed that the formation of the experimentally described products can be clearly
explained by Fukui function reactivity indices and transition states studies. Their analysis of the
frontier molecular orbitals showed that the HOMO orbital of nitrilimine (acting as donor) is also the
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FERMO (Soleymani, 2018).

2.5.4. Biological Systems

Heterocyclic aromatic compounds have great importance for medicinal chemistry due to their
biological activities, being mainly used as anticancer, antibacterial, antidepressants, anti-
inflammatories and herbicides, among other applications (Laber et al., 1999; Funakoshi et al., 2002;
Maccioni et al., 2002; Holla et al., 2003; Vicini et al., 2003; Harnett et al., 2004, Ingelman et al.,
2001). There are also compounds with excellent antitumor activities (Nicolaou et al., 1998; Bin and
Panek, 2000; Kamath and Jordan, 2003; Park et al., 2003; Storer et al., 2003), several compounds
that catalyze decarboxylation and condensation reactions (Svergun et al., 2000; Leonardi et al., 2003;
Melnick et al., 2003; Park et al., 2003) and others used in the fight against HIV virus (De Souza and
De Almeida, 2003). In addition, these compounds are often used as precursors in several reactions in
organic synthesis.

Arrang et al. discovered Hs receptors in 1983 (Arrang et al., 1983). Recent studies have shown that,
in human brain, Hs receptors are located in the cognition areas in the hippocampus. In these regions,
the neurotransmitter histamine is associated to other amines synthesized by human organism.
Investigating the role of histamine, it has been found that it inhibits its own release and synthesis in
the central nervous system (CNS) through interaction with Hj receptors. For this reason, efforts have
been directed to the development of potent non-imidazole antagonists of the Hsz receptor (which, in
turn, belongs to the G-protein class), due to their potential therapeutic application in CNS disorders
such as memory and learning deficit, Alzheimer's, epilepsy, sleep disorders and obesity (Arrang et
al., 1985; Martinez-Mir et al., 1990; Haas and Panula, 2003; da Costa and Trsic, 2010).

Da Costa and Trsic have evaluated, for a set of twenty-eight Hs receptor antagonist compounds
(Figure 24), which theoretical parameters together would have a significant correlation with the
binding affinity to Hs receptor (pK;) (da Costa and Trsic, 2010), in order to assist the design of potent
H3 antagonists. In this work, they used the FERMO energy along with reactivity descriptors such as
hardness, softness, electronegativity and electrophilicity indexes, chemical potential (all of them
calculated by substituting the energies of HOMO orbitals with the FERMO energies), and other
descriptors such as dipole moment, polarizability, hyperpolarizability, molecular volume, N* atom
charge (the nitrogen atom of piperidinic ring) and charge density in the N atom in the FERMO
orbital (X rermo) c?), for the analysis of descriptors that influence the binding affinity values.

o)
O IT"\/©/ \G
/©/ U R'/I;] IT]
NC IR

R, R'and R": alkyl, aryl

Figure 24. General structures of Hz antagonists compounds investigated (adapted from (da Costa and
Trsic, 2010)).

Thus, in the statistical analysis for correlation with pK; values, the FERMO energy correlated much
better with these experimental values than with the use of HOMO and LUMO orbitals energies. In
this research, the authors verified that four electronic descriptors, one of them being the FERMO
energy, were considered more appropriate to produce a satisfactory prediction for the theoretical pK;
values. For the analysis of the descriptors that influence the binding affinity values, it was observed
that the FERMO energies behaved in a more pertinent way for the description of Hs binding affinity
than the HOMO energies. Therefore, this result indicates that the energy value of the FERMO is a
critical parameter to be considered in quantitative studies of the structure-activity relationship.
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The FERMO idea uses calculations based on the molecular orbital theory and interprets this data
according to the valence bond theory (Da Silva et al., 2006a, 2006b, 2006¢). In molecular orbital
theory, electrons in a molecule occupy delocalized orbitals obtained from the linear combination of
atomic orbitals. However, it should bear in mind that the valence bond approach is very useful for
analyzing enzymatic reactivity (Nakamura and Truhlar, 2001; Truhlar, 2007), photochemistry
(Brynda et al., 2006; Truhlar, 2007), chemical dynamics (Brynda et al., 2006) and conductivity
theories where a localized representation is imperative.

CONCLUSION

The shape and atomic composition of molecular orbitals are very important indicators for discovering
suitable orbitals for all reactions. Thus, in this review work, we seek to systematically present the
most recent advances in the study of chemical reactivity based on a deep understanding of the
physical properties of the Frontier Effective-for-Reaction Molecular Orbital, FERMO. We can notice
that the FERMO idea is an innovative concept that has been identified as quite promising in the study
of the importance of molecular orbitals for chemical reactivity, and which has been applied with
success for descripting the acid-base behavior, chemical reactions of organic and inorganic
complexes, pericyclic reactions and biological systems. In this sense, in summary, the FERMO
concept is intuitive and based on simple calculations, emerging as a powerful tool that seeks to
describe breaking and formation of chemical bonds. In particular, a molecule can have as many
FERMOs as reaction sites. The results obtained using different approaches of theoretical calculations
reinforce the idea of the FERMO concept, leading to new perspectives on the role of frontier orbitals.
These evidences suggest that the molecular orbital that describes a reaction, being responsible for
bond formation, has electrons with higher kinetic energy. Another interesting factor that can observed
is that the FERMO shape is maintained throughout the reaction course. This evidence helps to
reinforce the idea of this concept and allows us to obtain insights about the orbital responsible for
describing the reaction. Thus, the FERMO concept removes the limitations of the HOMO-LUMO
approach and of the new approaches proposed in the literature. It and can be considered as a powerful
and innovative tool for the study of the role of frontier molecular orbitals. Maybe molecular orbitals
keep a few more secrets that still need to be discovered. Understanding the behavior of molecular
orbitals is fundamental to better understand chemistry. Therefore, these investigations lead to new
perspectives and new ideas about the reactivity of molecules.
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