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Computational Insights into the Role of the Frontiers
Orbital in the Chemistry of Tridentate Ligands

F. A.La Porta'*",J. O. S. Giacoppoz, P. H. Ramos’, M. C. Guerreiro’, T. C. Ramalho®

'Department Physical Chemistry, Paulista State University, CEP 14801-970, Araraquara, SP, Brazil
’Department of Chemistry, Federal University of Lavras, CEP 37200-000, Lavras-M G, Brazil

Abstract The FERMO concept emerges as a powerful and innovative implement to investigate the role of molecular
orbitals applied in the description of breakage and formation of chemical bonds. In this work, Hartree-Fock (HF) and Density
Functional Theory (DFT) calculations were carried out for a series of four tridentate ligands and their behavior was analyzed
using molecular orbital (M O) energies. It was observed that HOMO energies are inadequate to describe the Pearson’s Hard
and Solf acid-base (HSA B) pricinple behavior of these compounds. By using the frontier effective-for-reaction molecular
orbital (FERMO) concept, the reactions that are driven by HOMO, and those that are not, can be better explained,
independent ofthe calculation method used, since both HF and Kohn-Sham methodologies lead to the same FERM O.
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1. Introduction

Among the various organic ligands that are used in the
synthesis ofcoordination compounds, several studies have
been developed with tridentate ligands[1-6].These ligands
coordinate to the metal through three atoms and
spectroscopic properties are of interest in various areas
ofscience such as molecular magnetic materials, lasers in
optical fiber and luminescent sensors[7-12]. Molecular
orbitals (MOs) and their properties, like energies and
symmetries, are very useful for chemists. According to
Fukui, the MO properties have used the frontier electron
density for predicting the most reactive position in
n-electron systems[13-15]. Hoffmann and Woodward set
out orbital symmetry rules to explain several types of
reactions in conjugated systems, and the frontier MOs
gained importance for the better understanding of chemical
reactions. The concept of frontier orbital, introduced by
Fukui around 1952, relates reactivity with the properties of
two molecular orbitals: HOMO and LUMO. One
application of the HOMO-LUMO argument is the
description ofthe acid-base behavior of compounds[13-17].

Thus, given the limitations of HOMO-LUMO argument
and the new approaches proposed in the literature to
understand the chemical reactivity, one must move forward
the role of molecular orbitals in chemistry, giving rise to a
new idea: the Frontier Effective-for-Reaction Molecular
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Orbital (FERMO)[18-28].

The FERMO concept comes from a dose of intuition,
together with the criteria for the composition and location to
correctly determine the reactant molecular orbital. This
concept can be understood as a complement to the
HOMO-LUMO argument. Another important feature in
FERMO is that both HF and Kohn-Sham orbitals take the
same conclusions about reactivity[23-30].

In line with those expectations, the goal of the current
work is devoted to investigating which MO is the best for
describing the reactivity for some systems formed by
tridentate ligands, such as the 2-6 pyridinedicarboxy lic acid
in light of the FERM O concept.

2. Computional Methods

In recent years, theoretical methods based on the Density
Functional Theory (DFT) have emerged as an alternative to
traditional ab initio methods in the study of structure and
reactivity of chemical systems[31,32]. In this work, all
calculations were carried out with the Gaussian03
package[33]. Each tridentate ligands ofall 5 compounds was
fully optimized using DFT with the B3LYP functional
[34,35] employing the 6-31G(d,p) basis set. No symmetry
constraint was imposed during the optimization process.
Those optimized geometries were used in all subsequent
calculations. This theoretical level was also used for the
frequency calculations. Furthermore, ab initio MP2 energy
calculations were computed using the 6-31G(d,p) basis set in
gas-phase. The MO figures were prepared using the Gauss
View 2.1 package[33] with a contour value 0f 0.020.

For the calculations, the iron-dipicolinic acid complexes
were calculated and characterized by DFT. The energy
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minima were identified by building potential energy surfaces,
obtained along the reaction pathway at the B3LYP/6-31g(d,p)

and (8s6p4dlf) level[34]. Furthermore, after each
optimization, the nature of the stationary point was
established by calculating and diagonalizing the Hessian
matrix (force constant matrix). The unique imaginary
frequency associated with the transition vector (TV) was
characterized. This computational procedure has been used
previously in similar systems with success[36-39]. For all
calculations of the structures of this work were calculated in
gas phase and was not considered the effect of the solvent.

3. Results and Discussion

In this work, we report the study to show how the FERMO
concept can be used to explain the hard and soft behavior for
the tridentate ligands (Figure 1). These ligands were chosen
because a large number of their experimental and theoretical
studies are available in the literature[40-47]. Therefore, these
investigations lead to new perspectives and ideas about the
reactivity.

Reactions involving electron donation and acceptance are
related to MO energies, since electrons are occupying and
will occupy a MO and a frontier one, as stated by Fukui. By
exploration of Pearson’s hard-soft acid-base (HSAB)
concept, Klopman proposed the concept of charge or frontier
controlled reactions[48,49]. Following the Pearson’s
principle that soft molecules have smaller HOM O-LUMO
gaps when compared with hard ones, it can be stated that soft
reaction sites in a molecule will have a smaller
FERMO-LUMO gap than harder ones. Clearly, the
HOMO-LUMO gap itself can not describe the hardness
difference between the two binding sites in the same
molecule. The very chemically intuitive Frontier
Effective-for-Reaction Molecular Orbital (FERMO) concept
was introduced to solve HOMO-LUMO limitations and

better exp lain the chemical behavior of molecules.
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Figure 1. Structure of the tridentate ligands

Table 1 shows the FERMO-LUMO energy gaps for the
studied compounds. Thus, this concept can be understood as
a comp lement to the HOM O-LUMO argument.

In the FERMO concept, MO composition and shape are
taken into account to identify the MO that will actually be
involved in a given reaction. A molecule could have as many
FERMOs as it has reactions sites and it could be the HOMO
or any other frontier MO. Reactions involving electron
donation and acceptance are related to MO energies, since
electrons are occupying and will occupy a MO and a frontier
one, as stated by Fukui[13-15]. Based on the MO location
and composition, we can identify the FERMOs for 5
tridentate ligands studied, shown in Figure 2. The MO shape
and the atomic composition are very important parameters
for analyzing FERMO. Upon analyzing orbital localization
and composition more deeply, it can be observed that there is
a MO with energy quite close to the HOMO energy value
and with large ligands contribution (Table 1). Thus, it is
supposed that this orbital could better describe the acid/base
behavior than HOMO.

Table 1. 2 FERMO-LUMO gap for studied molecules (all values in eV), Tridentate ligands contribution (%), MO numeration and orbital energy for all
molecules studied using MP2/6-31g(d,p) in gas-phase
Molecules Contribution (%) Y2 FERMO-LUMO gap MO numeration Energy (a.u.)
HOMO - - 43 -0,375
N-FERMO* 54,80 683 41 -0434
: COO FERMO 65,64 7,16 40 0457
COO FERMO’ 84,24 743 39 -0478
HOMO - - 47 -0,376
N-FERMO* 56,58 6,83 45 -0437
2 COO FERMO’ 80,00 7,13 44 -0458
COO FERMO’ 22,67 743 43 -0,480
HOMO - - 29 -0,350
N-FERMO* 68,76 7.89 29 -0,350
3 N-FERMO® 69,01 8,19 28 -0371
N-FERMO 82,66 8.25 27 -0,375
HOMO - - 46 -0,280
4 O-FERMO* 26,87 5,12 46 -0,280
N-FERMO* 31,87 5,58 45 -0,314
N-FERMOP 60,70 6,56 43 -0,387

*(a) Soft site; (b) Hard site
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Figure 2.

Figure 3. Model structure Fe-PDC

Another important point is the correspondence between
FERMO shapes and the geometry of these ligands in
coordination compounds, independent of the calculation
method used, since both HF and Kohn-Sham methodologies
lead to the same FERM O[24].The complexation of metallic
ions with the 2-6 pyridinedicarboxylic acid (Figure 3) has
been extensively studied[42,44-37]. This is due to the fact
that PDC is a versatile chelating agent that can act as a
bidentate, tridentate, meridian or bridge bonding with
different metallic ions[44-47]. PDC also presents other
important characteristics, such as low toxicity and its
diversified biological activity being present in many natural
products such as oxidative degradation product of vitamins,
coenzymes and alkaloids[50,51]. The use of organic iron
complexes in catalysis has been pointed to as advantageous
by some authors, considering the stabilization of the iron in a
wider pH range in relation to that in the absence of
complexes. Another advantage is that most of the chelating
agents are natural products that are easily degraded by
microorganisms. Therefore, this alteration in the Fenton
reaction does not represent an environmental concern and

Surface plots for FERMOs at the MP2 level for the tridentate ligands

can be directly compatible with the biodegradation
process[52,53]. Thus, in order to investigate this possibility,
we have performed thermodynamic stability calculations for
this scenario.

Most Fe'* complexes with tridentate ligands are also
octahedral, and the complex with d° configuration can
generate the Jahn-Teller distortion, i.e., distortion of the
octahedral complex. That observation is in very good
agreement with experimental studies[54].

The FTIR (Figure 4) showed bands that confirm the
formation of the complex compared with the free ligand
spectrum. In the IR spectra, the complex is observed at 1686
cm’', a vibration regarding the carboxylate ion (COO"). The
disappearance ofthe deformations corresponding to C-OH in
and out of the plane at 1418 cm™ and 923 cm! therefore this
indicates the deprotonation of the carboxylic group in the
formation of the complex. The strong absorption in the
region of 3100-2500 ¢cm’' in the non-coordinated ligand is
due to the COOH group stretching, superimposed with the
C-H band. The theoretical results are in good agreement with
the experimental data for complex iron-PDC[46,55].

Non-bonded interactions play an important role in the
complex stabilization[56]. For instance, studies with 69
additional published crystal structures of organic, inorganic,
and organometallic compounds containing divalent sulfur
(S bonded to two ligands, Y and Z, different from H)
revealed that, in the lattice, electrophiles tend to approach
the sulfur atom roughly 20° from a line perpendicular to the
Y-S-Z atoms plane, whereas nucleophiles tend to approach
approximately along the extension of one of the sulfur
covalent bonds[57,58]. We believe that these regularities
portray features of the electron distribution and indicate the
preferred direction of approximation of electrophiles and
nucleophiles, as well as the preferred direction for
non-bonded interactions.
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Figure 4.

In order to shed more light on the reaction Fenton-/ike
mechanism and to understand the role of Fe-PDC in this
catalytic process, theoretical calculations were performed.
Initially, a potential energy surface along the dihedral
C-N-Fe-N was carried out to identify the transition
structures and intermediaries involved. In an ab initio
calculation of the type reported here, there is a primary
consideration: the choice of the basis set and the form of the
exchange-correlation functional. From our calculation, a
good agreement between the calculated and experimental
geometry for complex Fe-PDC was observed with the
theoretical approach used.

Our theoretical results indicate that the chemical bond
between oxygen and the iron atom in the Fe-PDC complex
is predominantly electrostatic, small variation along the
dihedral C-N-Fe-N are favored with little energy cost. Thus,
a chemical bond between iron and hydroxyl peroxide is

T T T T 1
1500 2000 2500 3000 3500

Frequency

FTIR spectrum (a) the free ligand and (b) Fe-PDC

feasibly. In this line, the hydrogen peroxide coordinates
with iron atom. We can, in principle, justify the formation
of hydroxyl radicals, because direct coordination of Fe with
peroxide molecule lead to formation of a reactive
peroxo-comp lex (Figure 5).

The generated peroxo-complex (Figure 6) has two
possible reaction pathways. The first one, is the formation
of the *OOH + H' species and the second one is the
formation of *OH + OH". From our calculations, it is clear
that second way is more stable thermodynamically.

It is well-known that the Kohn-Sham DFT is a leading
method for electronic structure calculations in chemistry
mainly due to its high efficiency and relatively low
computational cost[59,60]. It is important to mention that
the orbital concept at the DFT level is questionable
theoretically[ 16, 20-22]. In fact, some authors have
analysed the behavior of HF and KS orbital energies in
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many molecules and compared the results with the
experimental IP, showing that KS orbital energies differ
significantly fromexperimental IP, while HF energies are in
good agreement with them[56]. On the other hand, our
previous findings[23] pointed out that KS orbitals are
suitable for being used in qualitative MO theory in
combination with the FERMO concept. It should also be
kept in mind, however, that, despite the recent
improvements in DFT, there are still difficulties in using
DFT to properly describe intermolecular interactions,
especially van der Waals forces (dispersion) and charge
transfer excitations, in part, due to lack of exact
Hartree-Fock exchange in some functionals[62-65].
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Figure 5. PES for the Fe-PDC complex structure
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Figure 6. Catalytic cycle proposed model structures

Currently, the development of methods designed to
overcome this problem, by alterations to the functional or
by the inclusion of additive terms, is a very important
research topic in DFT. It is also well-known that the hybrid
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functionals, such as the B3LYP functional used in this work,
yield unsatisfactory atomization energies mainly for metals,
whose the error can vary between 25% and 40%[62-64].

On the other hand, for large gap systems with
well-localized electrons, the agreement with experimental
and conventional functionals is quite reasonable[65,66]. In
this way, our results using B3LYP combined with the
FERMO concept could then be justified, because the
respective errors for the constituents of the reaction cancel
each other, as electrons are localized for all reactants and
the product[23-30]. This conclusion is in line with previous
work of other groups[67,68].

Thus, we may notice that the FERMO idea is to use the
MO calculations with a valence bond theory (VB)
interpretation. In MO theory, the electrons in a molecule
occupy delocalized orbitals made from linear combination
of AOs. However, it should be kept in mind that the VB
approaches are quite useful in analyzing enzymatic
reactivity[69,70] photochemistry[70,71], chemical
dynamics,[71] and theories of conductivity, where the
localized representation seemed indispensable.

In fact, it is well known that the VB methods allow
generating new ideas on chemical bonding. Recently, there
has been an intense surge of concepts related to localized
representation, for example, multiple bonding between
transition metals[13, 72,73] and the development of natural
resonance theory[74].

In this previous study[30], the molecular dynamics direct
calculations rein forces the idea of the FERMO concept, and
leads us to new perspectives on the role of frontier orbitals.
Because the molecular orbital responsible for the chemical
bond formation has electrons with higher kinetic energy.

Another interesting factor that we observe is that the
shape of molecular orbital effective for the reaction
(FERMO) is maintained throughout the reaction. So, the
FERMO concept might remove the limitations of the
HOMO-LUMO argument, employing a small dose of
chemical intuition.

For instance, the Pearson’s Hard and Soft Acid-Base
Principlecan also invoke the FERMO concept. The hardness
of a molecule is defined as the difference between HOMO
and LUM O energy, thus, according to that definition, only a
single value of hardness would exist for a given molecule.
By using the FERMO concept, we can identify different
values each reaction site.

4. Conclusions

Overall, the FERMO concept has been successfully
applied to describe to the Pearson’s hard and soft principle
in a very simple and chemically intuitive way. The results
of'this study demonstrated that the complex of iron and acid
dipicolinico solid is a good catalyst for the oxidation of
quinoline by a Fenton-like mechanism. The results obtained
by first principles calculation suggest that proposed
mechanism is thermodynamic favorable. Vibrational
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analysis confirm the formation of the complex Fe-PDC
compared with the free ligand spectrum. Thus, the FERMO
concept cay be useful to explain acid-base reactions in a
wide range of applications. Nevertheless, it is the FERMO
concept (the shape of the reactant orbital) that really
provided chemical insight about which is the MO related to
acid-base reactions. Understanding the behavior of the
mo lecular orbital is crucial to understand the chemistry.
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