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Abstract: This manuscript focuses on the quantum chemistry of five-coordinated iron
porphyrin compounds [Fe (T'PrP) X] (X=F,CL,I). Iron porphyrins are the core structures of
heme enzymes, such as cytochrome P450 monooxygenase, peroxidase or catalase, whose
active centers are iron porphyrin structures. The synthetic metalloporphyrin model has been
widely applied to the study of mechanisms and intermediates of heme enzyme-related
biological reactions, and metalloporphyrin catalysis provides new synthetic methods for
important chemicals. In this paper, the geometric configuration of selected molecules was
optimized using Gaussian 09 software. The geometric configuration optimization process
was calculated using the heterogeneous density generalized theory B3LYP. To better
investigate the electronic structure and orbital distribution of [Fe(T'PrP) X] (X=F,CLI),
based on the molecular structure of the previous step, the Sddall basis group and Sddall
pseudopotential were used for the Fe atoms and the all-electron 6-311G++(d,p) basis group
was used for the rest of the atoms.

1. Introduction

Iron (111) haloporphyrin plays a key role in the biological olfaction of heme enzyme, and provides
a greener way for the oxidation of organic compounds. For example, fluorinated porphyrin, as a
component of photonic materials, has multifunctional photophysics, electron absorption property and
antioxidant degradation. [1-7]. IThe use of metalloporphyrin models has brought important insights
into the mechanism and intermediates of biological reactions [8-11]. Bionic models are advantageous
because they are easier to obtain and handle than biocatalysis systems, and halogenated
metalloporphyrin is one of the earliest, most effective and powerful catalytic systems. [12, 13]

[Fe(TE'PrP) X] where X = F, CI, Br, I and ClO4 compounds that have been experimentally,
while the F, C1 and Br complexes adopt high spin S=5/2 states, the | complexes exhibit a mixed
intermediate spin state in CD2C12 solution. Depending on the strength of the axial ligand field, iron
(1) porphyrin complexes containing anionic axial ligands typically show high spin (S=5/2) or mixed
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intermediate spin (S=3/2, 5/2) states. Halides as axial ligands always exhibit a high spin (S=5/2) state,
while halides containing perchlorate exhibit a mixed intermediate spin (S=3/2, 5/2) state. However,
if porphyrins are replaced by porphyrin analogues such as porphyrins, the situation is completely
different; Not only perchlorate but also iodine complexes show a fairly pure intermediate spin state.
These results are attributed to short Fe-NP bond lengths, narrow cavity regions surrounded by four
nitrogen atoms, and small deviations of iron atoms from the mean porphyrin plane. Even in porphyrin
complexes, conditions for a stable intermediate spin state can be met if the porphyrin ring is deformed.

In this study, we used the density functional theory [14] to investigate the structure of the electrons
of the five-coordinated iron porphyrin compounds from the perspective of theoretical chemistry. The
studied system is shown in Figure 1, where the iron atom is coordinated to the four nitrogen atoms of
the porphyrin ring and also to the halogens (F, CI, 1) to form a five-coordinated iron structure with
isopropy! substitution on the four sides of the iron porphyrin [15].
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Figure 1: The five-coordinated iron porphyrin system studied in this study

2.1. Conformation Optimization

Gaussian 09 software was used to optimize the geometric configuration of selected molecules. The
geometric configuration optimization process was calculated using the heterogeneous density
functional theory B3LYP. Past studies have shown that the B3LYP generalized function is more
reliable for geometry optimization and quantum calculations of electronic structures of iron
porphyrins. [16-21] For fluoro- and chlorine-substituted five-coordinated iron porphyrins, the
Lanl2DZ basis group and the Lanl2DZ pseudo-potential*® are used for the Fe atoms, and the all-
electron 6-31G(d,p) basis group is used for the rest of the atoms. For iodine-substituted five-
coordinated iron porphyrins, the Lanl2DZ group and Lanl2DZ pseudopotential are used for the Fe
and iodine atoms, and the all-electron 6-31G (d,p) group is used for the rest of the atoms. In this study,
the structure of the five-coordinated iron porphyrins in a nonpolar CH2Cl2 solvent was considered, so
the solventization model was used in the optimization process. In this study, IEFPCM in Gaussian
program was used as the solvent model, customizing the nonpolar CH2Cl2 solvent dielectric constant
of 9.08. After optimization, we used Gaussview program to read the molecular geometrical
configuration and molecular orbitals.

2.2. Energy and Orbital Analysis

To better investigate the electronic structure and orbital distribution of [Fe (T' PrP)X] (X=F,Cl,I),
based on the molecular structure in the previous step, the Sddall group and Sddall pseudopotential
were used for the Fe atom, and the all-electron 6-311G++ (d,p) group was used for the rest of the
atoms. For iodine-substituted five-coordinated iron porphyrins, the Sddall group and Sddall
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pseudopotential were used for the Fe and iodine atoms, and the all-electron 6-311G++ (d,p) group
was used for the rest of the atoms. The solventization was performed using IEFPCM as the solvent
model, customizing the nonpolar CH2Cl2 solvent dielectric constant of 9.08 and the temperature
defined as 298 K. In addition, natural orbital NBO calculations were performed in this study to obtain
the electronic arrangement of Fe atoms at various multiple weights.

3. Results and Discussion
3.1. Geometric Structure Optimization

3.1.1. Optimized geometry of [Fe (T'PrP) F] molecules

(c) (S=5/2; Fe-F:1.794;0.00eV)

Figure 2: Optimized geometry of [Fe (T'PrP) F] molecule

The optimized geometries of the [Fe (T'PrP) F] molecules in the duplex, quadruplet and
hexadruplet states are shown in Figure 2. The length of Fe-N bond increases gradually with the
increase of the multiplet degree. For example, the Fe-N bond of the doppelganger state (S = 1/2) is
about 1.95-1.98 A, the Fe-N bond of the quadruplet state (S = 3/2) is about 1.97-1.99 A, and the Fe-
N bond of the sextuplet state (S = 5/2) is about 2.06-2.08 A. In terms of system energy, the [Fe(T'PrP)F]
molecule of the sextuplet state (S=5/2) has the lowest energy, and the quadruplet state (S =3/2) system
energy is 0.06 eV higher than that of the sextuple state (S=5/2), and the duple state (S=1/2) system
energy is 0.87 eV higher than that of the sextuple state (S=5/2), so the most stable of the nonpolar

27



CH2ClI2 solvents is the sextuple state (S=5/2) at 298 K. This conclusion is consistent with the results
of the NMR measurements from literature experiments.

3.1.2. Optimized geometry of [Fe (TiPrP) CI] molecules

-
(¢) (S=5/2; Fe-Cl:2.341; 0.00eV)

Figure 3: Optimized geometry of [Fe (T'PrP) CI] molecule

The optimized geometries of [Fe (T'PrP)CI] molecules in the duplex, quadruplex and hexa states
are shown in Figure 3. Similar to [Fe (T'PrP)F], for the [Fe(T'PrP)CI] system, the lowest energy
electronic state is also the six-fold state (S=5/2), which is in agreement with the experimental NMR
measurements. In the six-fold state [Fe (T'PrP)CI] system, the Fe-N coordination bond length of Fe-
N with the porphyrin ring is 2.06-2.07 A, and the Fe-Cl bond length is 2.341 A

3.1.3. Optimized geometry of [Fe (T'PrP) 1] molecules

The optimized geometries of [Fe (T'PrP) 1] molecules in the duplex, quadruplex and hexa states
are shown in Figure 4. The Cartesian coordinates of the structures of the various electronic states are
shown in Appendix 1. Unlike [Fe (T'PrP)F] and [Fe(T'PrP)CI], the most stable electronic state for the
[Fe(T'PrP)I] system is also the quadruplet state (S=3/2), which is consistent with the conclusions
obtained from experimental NMR measurements. In the quadruplet state [Fe(T'PrP)I] system, the Fe-
N coordig\ation bond length of Fe-N with the porphyrin ring is 1.94-1.96 A and the Fe-1 bond length
is 3.059 A.
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(c) (S=5/2; Fe-1:2.793; 0.06eV)

Figure 4: Optimized geometry of [Fe (T'PrP)I] molecule
3.2. Electronic Structure Analysis

3.2.1. [Fe (T' PrP) F] and [Fe(T' PrP)CI] Natural Orbital Analysis

From the energy analysis of the previous system, it is known that the most stable electronic states
of [Fe(T' PrP)F] and [Fe(T' PrP)CI] are sixfold (S=5/2), i.e.The whole molecular system has five
single electrons, and it is known from the orbital analysis that these five single electrons are mainly
arranged in the five d-rails from Fe to the porphyrin ring, and the electrons are arranged in the Fe
valence electrons as (dxy)* (dyz)* (dxz)* (dx2-y2)* (d22)%. The five d orbitals of the Fe atom are not simple
due to the fact that the coordination case of Fe is pentacoordinated, not a uniform potential field and
the difference in d orbital symmetry. For the [Fe (T'PrP) F] system, the dxy orbital energy is the lowest,
and the dyz and dx; energies are comparable, being 2.83 kcal/mol and 2.90 kcal/mol higher than dxy ,
respectively. The dxz-y2 orbital energy is 3.19 kcal/mol higher than the lowest dxy, and the dz2 orbital
energy is the highest, being 12.65 kcal/mol higher than dxy. The [Fe(T'PrP)CI] system The orbital
arrangement and valence electron distribution of [Fe(T'PrP)F] system are similar to those of
[Fe(T'PrP)F] system. The valence electron orbitals and valence electron arrangement of F-substituted
and Cl-substituted Fe are shown in Figure 5, and their arrangement and orbital energy order are
consistent with the experimentally determined structures.
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Figure 5: Energy distribution of d orbitals and valence electron arrangement of Fe atoms in [Fe
(T'PrP)F] and [Fe(T'PrP)CI] systems

3.2.2. Natural Orbital Analysis of [Fe (T'PrP) I

From the energy analysis of [Fe(T'PrP)I] system, it is known that the most stable electronic state
of [Fe(T'PrP)I] is the quadruplet state (S=3/2), i.e. The whole molecular system has three single
electrons. From the results of natural orbital analysis, it is known that the Fe valence electron
arrangement has six electrons and the electronic grouping is (dxy)?(dyz)*(dxz2)*(dx2-y2)*(dz2) . The five
d orbitals of Fe atoms are not simple because of the coordination case of Fe is five-coordinated, not
uniform potential field and the difference of d orbital symmetry. Fe-I bond bond length is 3.059A and
Fe-I bonding is weak.The electronic grouping of Fe is closer to the four-coordinated case, and the
energy difference of d orbital energy level of each Fe is large, as in Figure 6. For the [Fe(T'PrP)I]
system, the dxy orbital energy For the [T'PrP)I] system, the dzxz-y2 orbital energy is higher than the
lowest dxy by 18.17kcal/mol, the d orbital energy is higher than the lowest dxy by 18.65kcal/mol, and
the dyz and dx: energies are higher than dxy by 20.26kcal/mol and 20.28kcal/mol, respectively.
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Figure 6: D-orbital energy distribution and valence electron arrangement of Fe atoms in the [Fe
(T'PrP)I] system

30



4. Conclusion

The length of Fe-N bond increases gradually with the increase of the multiplet degree. For example,
the Fe-N bond of the doppelganger state (S=1/2) is about 1.95-1.98 A, the Fe-N bond of the tetraplex
state (S=3/2) is about 1.97-1.99 A and the Fe-N bond of the sextuplex state (S=5/2) is about 2.06-
2.08 A. In terms of system energy, the [Fe(T'PrP)F] molecule of the sextuplex state (S=5/2) has the
lowest energy, the tetraplex state ( S=3/2) system energy is higher than that of the sextuple state
(S=5/2), and the duple state (S=1/2) system energy is higher than that of the sextuple state (S=5/2),
so the most stable of the nonpolar CH2Cl2 solvents is the sextuple state (S=5/2) at 298 K. This
conclusion is consistent with the results of the NMR measurements of the literature experiments.

Similar to [Fe (T'PrP)F], for the [Fe(T'PrP)CI] system, the lowest energy electronic state is also
the six-fold state (S=5/2), which is in agreement with the experimental NMR measurements. Unlike
[Fe(T' PrP)F] and [Fe(T' PrP)CI], for the [Fe(T'PrP)I] system, the most stable electronic state is also
the quadruplet state (S=3/2), which is consistent with the experimental NMR measurements.

The most stable electronic states of [Fe (T'PrP)F] and [Fe(T'PrP)CI] are sixfold (S=5/2), i.e. and
the whole molecular system has five single electrons, which are mainly arranged in the five d orbitals
from Fe to the porphyrin ring as shown by the orbital analysis, and the electrons in the Fe valence
electron arrangement are (dxy)'(dyz)*(dxz)}(dx2y2)* (dz2)*. The five d orbitals of the Fe atom are not
concise due to the fact that the coordination situation of Fe is five-coordinated, not a uniform potential
field and the difference in d-orbital symmetry.
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