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Abstract To investigate the effects of the substituents,
substituent positions and axial chloride ligand on the
geometric and electronic properties of the iron tetraphenyl-
porphyrin (FeTPP), a series of the substituented iron
tetraphenylporphyrins and their chlorides, FeT(o/p-R)PP
and FeT(o/p-R)PPCI (R = —H, -Cl, -NO,, -OH, -OCHs),
were systematically calculated without any symmetry
constraint by using DFT method. For geometric structure,
the substituent position and axial CI ligand change the
configuration of the iron porphyrin obviously. The ortho-
substituents prefer making the phenyls perpendicular to the
porphyrin ring; the axial chloride draws the central Fe
ion ~0.500 A out of the porphyrin plane toward the ligand.
With regard to electronic properties, it is found that E; ymo
could be related to the catalytic activity. The electron-
withdrawing group always lowers the energies of both
frontier orbitals, while the electron-donating one heightens
them simultaneously, but they affect the Eyomo and Erumo
in the same sequence, -NO, < —CI < —H < —OH < —OCHj.
The substituent effects on the central Fe ion were explored
by calculating NBO charge distribution, spin density and
natural electron configuration.
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Introduction

Metalloporphyrins, as one of the most promising organo-
metallic complexes, have drawn lots of attention for several
decades due to their biological significance and applications
[1-3]. Inspired by cytochrome P450 enzymes, many
researchers have explored the metalloporphyrin as a model
compound to catalyze the oxidative hydroxylation of
alkanes under mild conditions [4—11]. During the process
of seeking the most effective metalloporphyrin catalyst, it
has been revealed that the nature of the porphin macro-
cycle, the axial ligand, and the central metal ion can
determine the catalytic characteristics of these complexes.
In particular, it has been proved that the catalytic
performance of metalloporphyrins can be successfully
modulated with different substituents [12—15]. For exam-
ple, some halogenated iron tetraphenylporphyrins (FeTPPs)
are far more active as the catalysts than non-halogenated
ones, and the catalytic activity is increased with the degree
of halogenation [11]. Besides, other substituents can also be
introduced into the iron tetraphenylporphyrin, promoting
the performance of the complex as a catalyst. Wang et al.
[16] developed a synthetic technology of p-nitrobenzoic
acid with molecular oxygen by using metalloporphyrins
M"™T(o/p-R)PPCI (R = —Cl, -OH, -NO,, -CH;, -OCHj;
M = Fe, Co, Mn) as biomimetic catalysts. The results show
that the catalytic activities are dependent on the nature of
the substituted groups and the central metal ions of
metalloporphyrins. For the same center metal ions, the
more powerful electron-withdrawing groups engender the
higher catalytic activities of the metalloporphyrins. Liu et
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al. [17] used 15 iron (III) porphyrin compounds with
different substituents and different axial ligands to catalyze
cyclohexane hydroxylation under room temperature and
atomsphere pressure, then chose it as a model reaction to
perform quantitative structure-activity relationship (QSAR)
studies. Meanwhile, the theoretical investigations on the
substituented iron tetraphenylporphyrin have also been
carried out. Lii et al. [18] performed the geometric structure
optimization of iron tetraphenylporphyrin chloride, FeTPPCI,
and a number of its halogenated complexes by PM3 semi-
empirical quantum calculation. Liao et al. [19] employed a
number of density functionals to investigate the electronic
structures of some tetraphenyl-substituted, four-coordinate
iron(Il) porphyrins, including FeTPP, iron tetra(e, &, &, o-
orthopivalamide)phenylporphyrin (FeTpivPP) and haloge-
nated iron porphyrins (FeTPPX,, X = F, Cl; n=20, 28).
Despite these research works, a systematical theoretical
investigation on the rule of substituent effects is still rare to
date, especially using density functional theory (DFT)
method. Besides, it seems to remain uncertain with regard
to the electronic nature of the substituent effects, e.g., how
the substituents influence the interaction between the
central metal ion and the porphyrin ring, which is critical
for exploring the interaction between the catalyst and the
substrate. So in this work, a comprehensive calculation for
FeT(o/p-R)PP and FeT(o/p-R)PPCI (R = —H, -Cl, -NO,, -
OH, -OCHj;) (shown in Fig. 1) was carried out. Two typical
electron-withdrawing substituents, -Cl and -NO,, as well as
two typical electron-donating ones, -OH and -OCH3, were
chosen as the representatives to investigate the effects of the
various substituents, different substituent positions at the
phenyl and axial chloride ligand on the geometric and
electronic structure of FeTPP. The properties were exten-
sively considered, including bond length, bond angle,
dihedral angle, the energies of frontier orbitals, charge
population, spin density and electronic configuration of
central Fe ion. The information could provide a deeper
sight into the substituent effects observed in the metal-

Fig. 1 The structures of (a) FeT a
(o/p-R)PP and (b) FeT(o/p-R) Ro
PPCIl (R=-H, -Cl, -NO,, -OH, -
OCHj3)
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loporphyrin catalysis. It is hoped that the work would be
instructive for the modulation and design of metallopor-
phyrin catalysts.

Computational methods

All calculations were carried out using Gaussian09 program
package [20]. The hybrid Becke-Lee-Yang-Parr (B3LYP)
functional [21, 22] and the 6-31 G(d) basis set were used
for complete geometry optimization without any symmetry
constraint. The level has been proved suitable for geometry
optimization of iron porphyrins [23-29]. The following
frequency analysis revealed that all the structures obtained
in this work had no imaginary vibration, indicating that the
lowest energy structures for all of the complexes were truly
local minima in the potential energy surfaces. The natural
electron configuration (NEC) was studied by natural bond
orbital (NBO) analysis [30] using NBO module contained
in Gaussian09 program on the basis of the minimized
structures. According to our practice, it was found that there
was a severe convergence problem during the calculation of
iron porphyrins. Thus the quadratic convergence SCF
method, termed “SCF = QC” in the Gaussian program,
was employed. Although the algorithm was rather time-
consuming, it was more reliable for reaching a convergence
point and it appeared to be the only effective way to solve
the problem in terms of the methods we had tried.

For iron porphyrins, it is well accepted that the spin
multiplicity, M, has a substantial influence on their total
energies. Usually, the structure with the lowest energy is
thermodynamically reasonable, which is a prerequisite for
the theoretical investigation. Thus FeT(o/p-R)PP with M=
1, 3, 5 and FeT(o/p-R)PPCI1 with M=2, 4, 6 were examined
and the spin state with the lowest energy was obtained. The
spin state with the lowest energy is the triplet for FeT(o/p-
R)PP, whereas the sextet for FeT(o/p-R)PPCIL. The results
for FeT(o/p-R)PP confirm the previous experimental and

ortho: Ro=-H
Ri=-H, -Cl, -OH, -NO,, -OCH

para: Ri=-H

Ro=-H, -Cl, -OH, -NO,, -OCHj Re
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theoretical studies [19, 31-39]. For FeT(o/p-R)PPCI,
Scheidt and Reed [40] have pointed out that the coordina-
tion of strong or moderate field ligands usually results in
low-spin state, while the coordination of weak field ligands
is inclined to cause high-spin state. Since the chloride
ligand could be considered as a weak field ligand [17], the
results of FeT(o/p-R)PPCI in this work are reasonable and
agree with earlier reports [1, 17, 41, 42]. In a word, the
reasonable spin states have been predicted, which provides
the evidence for the validity of the theoretical level we
used. Only the spin states with the lowest energies were
chosen for further discussion.

Results and discussion
Geometric properties

Despite no symmetry constraint, the optimized structures of
FeT(o/p-R)PP and FeT(o/p-R)PPCI are still highly sym-
metrical, thus only average values of selected geometrical
parameters are given, including bond lengths, bond angles
and dihedral angles. The data about bond lengths are listed
in Tables 1 and 2 (other geometrical parameters are given in
Online resources 1-4). The atom notation is shown in
Fig. 2.

As can be seen from Table 1, the calculated bond lengths
of FeTPP, such as Cp-Cp, Co-Cp, N-Cy and Cy-Cp,, are
1.359 A, 1.439 A, 1.385 A and 1.398 A, respectively. They
are in excellent agreement with earlier research works [33—
35]. The Fe atom locates in the porphyrin plane. Fe-N bond
length, 1.987 A, is longer than the calculated value of
1.970 A by Liao et al. [33, 34], the experimental data of
1.972 A [35, 43] and 1.966 A [32], which is probably
caused by LYP correlation at B3LYP level [44]. Table 2
shows that for FeTPPCI, the Fe-N and Fe-Cl bond lengths
are 2.088 A and 2.237 A, which are in agreement with the
experimental values 2.060-2.078 A and 2.211 A [45]. The
axial chloride ligand mainly influences the Fe-N bond

length and distance of Fe atom out of the plane defined by
four porphyrin nitrogen atoms, that is, the Fe-N bond is
elongated by ~0.01 A and the Fe atom is drawn 0.500 A
out of the plane toward the ligand, compared with the
counterparts of FeTPP.

With regard to the effects of the various substituents and
substitution positions at the phenyl, the differences caused by
these factors are usually in the magnitude order of 10~ A for
both FeT(o/p-R)PP and FeT(o/p-R)PPCI, indicating the bond
lengths keep almost constant with the changes of the
substituents and substitution positions at the phenyl.

Other geometric parameters, such as bond angles and
dihedral angles (Online resources 1-4), also exhibit
insensitivity to the substituents, substitution positions at
the phenyl and the axial Cl ligand. The only exception is
the dihedral angle of C-C;,-Cpeni-Cpenz- For both FeT(o/p-
R)PP and FeT(o/p-R)PPCI, the Cy-C;;-Cpen1-Cpena Of iron
porphyrins with para-substituented groups is in the range
from 64° to 69°, while the phenyls with ortho-substituented
groups prefer to be perpendicular to the plane of the
porphyrin ring. It should be ascribed to more severely
electronic and steric repulsions between the ortho-
substituented group at the phenyl and the porphyrin ring.
The results provide evidence for greater steric hindrance
caused by ortho-substituents. The phenyls perpendicular to
the plane of the porphyrin ring could make the self-
aggregation harder. It is well accepted that the self-
aggregation of metalloporphyrins could easily occur and
bring about degradation of catalytic ability [16]. So in this
sense, it is reasonable to infer that Fe porphyrins with
ortho-substituents might exhibit better performance than
those with para-substituents. The conclusion is in agree-
ment with the experimental results [16].

Properties of frontier orbitals
According to the frontier molecular orbital theory, the

frontier orbitals (HOMO and LUMO) of reactants can
determine the way in which the molecule interacts with

Table 1 Selected bond lengths

(in A) of FeT(o/p-R)PP with FeT(o/p-R)PP Cp-Cp Co-Cp N-Cq CoCr Cim-Crent Cp-H Fe-N d?
M= FeTPP 1.359 1.439 1385  1.398 1.495 1.080  1.987  0.000
FeT(p-Cl)PP 1.358 1.440 1385  1.397 1.497 1.080  1.989  0.000
FeT(p-OH)PP 1.358 1.439 1384  1.398 1.495 1.080  1.989  0.000
FeT(p-NO,)PP 1.358 1.440 1384 1397 1.496 1.080  1.990  0.000
FeT(p-OCH3)PP  1.359 1.439 1385  1.398 1.495 1.080  1.987  0.000
FeT(o-CI)PP 1.358 1.440 1383 1.394 1.499 1.080  1.988  0.000
FeT(0-OH)PP 1358 1.440 1384  1.394 1.499 1.080  1.988  0.000
*distance of Fe atom out of the FeT(0-NO,)PP 1.358 1.439 1380  1.395 1.500 1.080  1.993  0.000
plane defined by four porphyrin = FeT(0-OCH;)PP  1.358 1.440 1383  1.395 1.500 1.080  1.989  0.000

nitrogen atoms
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Table 2 Selected bond lengths (in A) of FeT(o/p-R)PPCI with M=6

FeT(o/p-R)PPCI Cp-Cp Co-Cp N-Cq Co-Cm Cun-Chent Cp-H Fe-N Fe-Cl d

FeTPPCI 1.360 1.441 1.381 1.403 1.498 1.080 2.088 2237 0.500
FeT(p-C1)PPCI 1.360 1.441 1.380 1.403 1.497 1.080 2.088 2234 0.500
FeT(p-OH)PPCI 1.361 1.441 1.381 1.404 1.495 1.080 2.088 2.238 0.501
FeT(p-NO,)PPCI 1.360 1.442 1.380 1.403 1.497 1.080 2.089 2.228 0.499
FeT(p-OCH;)PPCI 1.360 1.441 1.381 1.403 1.497 1.080 2.088 2.239 0.501
FeT(o-C1)PPCI 1.360 1.442 1.379 1.400 1.500 1.080 2.087 2.231 0.503
FeT(0-OH)PPCI 1.360 1.441 1.380 1.401 1.500 1.080 2.087 2.238 0.505
FeT(0-NO,)PPCI 1.360 1.441 1.378 1.400 1.501 1.081 2.088 2.223 0.506
FeT(0-OCH;)PPCl 1.360 1.441 1.380 1.400 1.500 1.080 2.086 2.241 0.505

other species. Thus the properties of the frontier orbitals are
critical for any chemical reaction. Koopmanns’ theorem
shows that the energy of the HOMO directly corresponds to
the ionization potential (IP) and the energy of the LUMO
has been used to estimate the electron affinity (EA),
namely, -Egomo = IP and -Erymo = EA [31, 46]. Besides,
the HOMO-LUMO gap (AEy.1), equaling to the difference
in energy between the HOMO and LUMO, is also a vital
stability index [47]. A small HOMO-LUMO gap implies
high chemical activity for the molecule in chemical
reactions [48-52]. Tables 3 and 4 show the data for FeT
(o/p-R)PP with M=3 and FeT(o/p-R)PPCl with M=6 (It
should be noted that the data refer to alpha orbitals).

As shown in Tables 3 and 4, it can be found that the
electron-withdrawing group, as a substituent at the phenyl
or an axial ligand, always lowers both Eyomo and Erymo,
whereas the electron-donating one raises them simulta-

Fig. 2 Labeling diagram of the iron tetraphenylporphyrin
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neously. Both the values of Eyomo and Epyvo are in the
same sequence of - NO, < —Cl < —-H < —OH < —OCHj;,
which could be interpreted by the changes of the electron
density of frontier orbitals caused by the substituent groups.
The electron-withdrawing group may disperse the electron
density in the porphyrin [17], making the electrons more
delocalized in the 7-conjugated electronic system of the
porphyrin. As a result, the electronic repulsion is decreased,
which lowers the energy levels of the frontier orbitals. The
contrary effect might be found when the electron-donating
group is introduced into FeTPP. With regard to the effect of
substituent positions, ortho-substituents systematically
make the energies of HOMO/LUMO higher than para-
substituents. For the substituent locating at the phenyl para-
position, the direct steric and electronic interactions
between the p-substituents and the porphyrin core could
be neglectable [53, 54]. But obviously, the electronic
interaction between the o-substituents and the porphyrin
ring is so powerful that the electron density in the 7t-
conjugated electronic system of the porphyrin is increased,
thus raising the energy levels of the frontier orbitals.
Earlier researches have pointed out that the catalytic
activity of iron porphyrins is directly related to the Fe(III)/

Table 3 Eyomo, ELumo and HOMO-LUMO gap (in a.u.) of FeT(o/p-
R)PP with M=3

FeT(o/p-R)PP Enomo Erumo AEu.L

FeTPP —0.18346 —0.07526 0.10820
FeT(p-NO,)PP —0.21793 —0.11199 0.10594
FeT(p-C1)PP —0.19668 —0.08951 0.10717
FeT(p-OH)PP —0.17951 —0.07324 0.10627
FeT(p-OCH;)PP —0.17465 —0.07155 0.10310
FeT(0o-NO,)PP —0.19280 —0.08767 0.10513
FeT(o-Cl)PP —0.19053 —0.08023 0.11030
FeT(o-OH)PP —0.17504 —0.06523 0.10981
FeT(0o-OCH;)PP —0.17390 —0.06349 0.11041
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Table 4 Eyomo, ELumo and HOMO-LUMO gap (in a.u.) of FeT(o/p-
R)PPCI with M=6

FeT(o/p-R)PPC1 Enomo ELumo ABpy

FeTPPCI ~0.18823 ~0.08764 0.10059
FeT(p-NO,)PPCl ~0.22169 -0.12171 0.09998
FeT(p-C1)PPCI ~0.20106 ~0.10078 0.10028
FeT(p-OH)PPCl ~0.18198 ~0.08464 0.09734
FeT(p-OCH;)PPCI ~0.18110 ~0.08191 0.09919
FeT(0-NO,)PPCI ~0.19690 ~0.09629 0.10061
FeT(o-C1)PPCI ~0.19513 ~0.09208 0.10305
FeT(0-OH)PPCl ~0.17960 ~0.07580 0.10380
FeT(0-OCH;)PPCI ~0.17914 ~0.07489 0.10425

Fe(Il) reduction potential of the porphyrin complex [11] and
there is a positive linear correlation between the EAs of these
species and their condensed-phase reduction potentials [14].
Taking -E;ymo = EA into account, the result of Epymo
could be directly compared with the experiment. Virtually,
the sequence of -NO, < —Cl < —H < —OH < —OCHj nearly
reproduces the tendency of ref. [16]. It is mainly because
the role of the LUMO in the biomimetic catalytic
oxidation should be more important than the HOMO,
since the oxidant, such as molecular oxygen, is activated
by the coordination with the central metal ion. The LUMO
of the iron porphyrin serves as an electron acceptor to
accept the electron from the HOMO of the oxidant. The
lower Erymo 1s favorable for lessening the energy gap
between the LUMO of the iron porphyrin and the HOMO
of the oxidant, making the electron density transfer
between them more easily. Thus the catalytic activity is
improved.

In addition, it could also be found by comparing the AEy.¢
of Tables 3 and 4 that the axial chloride ligand systematically
decreases the HOMO-LUMO gap, indicating that an axial
electron-withdrawing group could indeed improve the
chemical activity of FeTPP. The finding is positive for

Table 5 NBO charges of Fe and N atoms and the spin density of Fe
in FeT(o/p-R)PP with M=3

explaining the better catalytic performance of chloridized
iron porphyrins observed in the experiments [11, 16, 17].

NBO charge distribution

The central Fe ion in the iron porphyrin is the active site in the
catalysis, so its electronic properties are preconditions for
deeply understanding the interaction between the catalyst and
the substrate. Introducing different substituents in the porphin
ring could change the properties of the iron ion, then give rise
to a profound effect at a macroscopical level. Hence, NBO
charge distribution, spin density and natural electron config-
uration of the central Fe ion were calculated to explore the
substituent effects on the central metal ion.

Tables 5 and 6 list the NBO charges of Fe and N atoms.
The charges of Fe atom in FeT(o/p-R)PP range from
1.030~1.190, whereas the counterparts in the iron porphy-
rin chlorides are about 1.44. The isolated iron ion usually
carries +2 or +3 charge. But the calculated charges of Fe in
FeT(o/p-R)PP and FeT(o/p-R)PPCl are much lower than
these two valences, clearly indicating that the electron density
has transferred from the porphyrin ligand to the iron ion.

Regarding the substituent effects on the charge, it is
firstly noted that the axial chloride ligand exhibits remark-
able electron-withdrawing and leveling effects (seen in
Table 6). The charges of Fe in iron porphyrin chlorides are
nearly 0.4 bigger than those in unligated iron porphyrins,
while the differences originating from various substituents
and different substituent positions are all in the order of
107, revealing that the axial ligand totally covers other
effects on the charge of Fe atom. Besides, due to Fe atom
out of the porphyrin plane drawn by the axial ligand, the
overlaps between iron and nitrogens in the porphyrin ring
are decreased and the electron transfer from nitrogens to
iron atom is handicapped, so there are more negative
charges (~0.02) carried by nitrogens in the porphyrin ring.
More static charges located at Fe and N atom enhance the
Fe-N bonds in a form of the ionic bond.

Table 6 NBO charges of Fe and N atoms and the spin density of Fe
in FeT(o/p-R)PPCI with M=6

FeT(o/p-R)PP qre N ps (Fe)  FeT(o/p-R)PPCI qre N ps (Fe)
FeTPP 1.177 —0.596/-0.617 2.171 FeTPPCI 1.444 —0.613/-0.614/-0.615 4.211
FeT(p-NO,)PP 1.184 —0.595/-0.615 2.172 FeT(p-NO,)PPCI 1.443 —0.612/-0.613 4210
FeT(p-Cl)PP 1.175 —0.597/-0.615 2.172 FeT(p-Cl)PPCI 1.444 —0.613/0.614 4210
FeT(p-OH)PP 1.037 —0.598 1.997 FeT(p-OH)PPCI 1.443 —0.613/-0.615 4.209
FeT(p-OCH;)PP 1.034 —0.597/-0.598 1.995 FeT(p-OCH;)PPCl 1.444 —0.613/-0.615 4.210
FeT(0o-NO,)PP 1.055 —0.592 1.997 FeT(0-NO,)PPCl 1.440 —0.608 4.208
FeT(o-Cl)PP 1.044 —0.595/-0.596/-0.597 1.995 FeT(o-C1)PPC1 1.444 —0.613/-0.614 4212
FeT(o-OH)PP 1.038 —0.596/-0.597 1.996 FeT(0o-OH)PPC1 1.445 —0.613/-0.614 4213
FeT(o-OCH3)PP 1.035 —0.597 1.996 FeT(o-OCH3)PPCl 1.446 —0.614 4.213
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Table 7 NEC of Fe atom in
FeT(o/p-R)PP with M=3

FeT(o/p-R)PP

NEC

NEC of 3d orbital

FeTPP
FeT(p-Cl)PP
FeT(p-OH)PP
FeT(p-NO,)PP
FeT(p-OCH;)PP
FeT(o-Cl)PP
FeT(0-OH)PP
FeT(0-NO,)PP
FeT(0-OCH;)PP

4S0.3I3d6.244p0.27
480.3l3d6.244p0.27
4SO.473d6.244p0.27
480.3 1 3d6.244p0.27
480.473d6.244p0.27
450.463d6.234p0.27
480.473d6.234p0.27
480.463d6.234p0.26
450,473d6.234p027

(3dxy)l .800(3dxz)1.935(3dyz)].020(3dxz_y2)0.828(3d22)0.657
(3dxy)l.845(3dxz)1.945(3dy2)l.Ol0(3dX27y2)0.783(3d22)0.657
(3dxy)l-009(3dxz)1‘941(3dy2)1-003(3dx2—y2)l-473(3(122)0-809
(3dxy)l .796(3dxz) 1 .934(3dy2) 1 .021(3dxz_y2)0.832(3d22)0.657
(3dxy)l.037(3dxz)1.927(3dyz) 1 .Ol8(3dX2_y2)l.445(3dz2)0.810
(3dxy)l.001(3dxz)1.945(3dyz)0.997(3dxz_y2)l.484(3d22)0.807
(3dxy)0.998(3dxz)1.947(3dyz)0.995(3dxz_y2)l.486(3d72)0.808
(dey)0.995(3dxz)l.948(3dyz)0.995(3dxz_y2)l .491(3d22)0.805
(3dxy)0,995(3dxz)1948(3dyz)0,996(3dxz_y2)l ,487(3d22)0A808

Regardless of the axial chloride ligand, it can be found
from Table 5 that the substituent position also has an
obvious effect on the charge of the central metal ion. The o-
substituents systematically diminish ~0.01 positive charge
of Fe ion in FeTPP, probably because the o-substituent is
closer to the porphyrin ring than the para one. The
electronic repulsion between the o-substituent and the
porphyrin ring would make the ring more electron-riched,
leading to an electron-donating effect for the charge of Fe
ion. However, it is noteworthy that for o-substituents, the
charges caused by electron-withdrawing groups are still
more positive than those caused by electron-donating groups,
indicating that electron-withdrawing groups have tried their
best to disperse the electron density, although failing.

Lastly, the influence of various substituents is
reflected by the data of FeT(o/p-R)PP with p-substitu-
ents. Without the complicated interaction between the
substituent and the porphyrin ring [53, 54] nor the effect of
the axial ligand, the charge of the central iron atom is in accord
with the knowledge of the substituent, that is, the electron-
withdrawing groups are apt to cause more positive charge than
the electron-donating ones.

A more positive Fe charge means that the electron
density around the central metal is dispersed, which is
beneficial to the stabilization of LUMO, as well as the
binding of iron porphyrins with the substrate [17]. Accord-

ing to the analysis of the frontier orbitals, the lower E; ypmo
favors the higher catalytic activity. So the NBO charge of
central metal ion could also reflect the effects of sub-
stituents on the catalytic activity.

Spin density

Although NBO charge distribution provides an obvious
evidence for charge transfer, it cannot clarify what electrons
are transferred. To explore the nature of the transferred
electrons, the spin density, ps, was introduced. The spin
density is defined as the electron density of o electron
minus the electron density of 3 electron. The distributions
of the spin density on the central Fe ion are also contained
in Tables 5 and 6. They are ~2.000 for unligated iron
porphyrins with M=3 and ~4.200 for chlorine-ligated ones
with M=6. The total spin density for the former is 2,
whereas 5 for the latter.

The spin density of Fe atom in FeTPP is 2.171, bigger
than the corresponding total spin density. According to the
definition of the spin density, it could be analyzed that it is
a net result of either « electron increasing or 3 electron
decreasing. Considering the electron transfer from the
ligand to the central metal ion, it is reasonable that the
electrons with parallel spin (« electrons) are donated to the
central metal ion. The earlier reports [36, 55] also found

Table 8 NEC of Fe atom in

FeT(o/p-R)PPCI with M=6 FeT(o/p-R)PPCI NEC NEC of 3d orbital
FeTPPCI 4503735714049 (Bdyy) (B "0(3d,,) 0B dn.y2) 2(3d,2) 2
FeT(p-CI)PPCI 4503735714049 (Bdey) M (B3dy) 0% (3dy,) 2 (B, 0) B (3d ) 250
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FeT(p-OH)PPCI
FeT(p-NO,)PPCI
FeT(p-OCH3)PPCI
FeT(o-Cl1)PPCl
FeT(0o-OH)PPC1
FeT(0-NO,)PPC1
FeT(o-OCH3)PPCI

4S0.373d5.714p0.49
4SOA373d5A714p0.49
4SOA373d5,714p0.49
4504373d5.704p0.49
4504373d5.704p0.49
4SO,373d5.714p0.49
4SO,373d5.704p0,49

(dey)l.l 15(3dxz)1.001(3dyz)1 '099(3dx2-y2)1 .238(3d22)1.255
(3dxy)l,l 11 (3dxz)1‘000(3dyz)1A104(3dx2-y2)1244(3dz2)1 247
(3dxy)l,103(3dxz)1AOOO(3dYZ)1,102(3dX2_y2)1 ,254(3dzz)1248
(3dxy)l,106(3dxz)04999(3dy2)1.104(3dxz_y2)1 ,255(3d22)14241
(3dxy)l.103(3dxz)04999(3dyz)l .102(3dX2_y2)l.260(3d22)]4240
(3dxy)l.l()8(3dxz)0,999(3dyz)l.107(3dX27y2)l.258(3d22)1,237
(3dxy)l.102(3dxz)0,999(3dy2)l.10](3dx27y2)l .259(3dzz)1,243
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that there was an extensive 7 spin transfer in FeTPP,
originating purely from the porphyrin-iron charge transfer.

In terms of the substituent effects for unligated iron
porphyrins, it can be found that « electron transfer remains
only in the cases of FeTPP with p-Cl and p-NO,. The spin
densities of Fe in the rest are 1.995~1.997, slightly lower
than the total spin density. But the nature of transferred
electrons is totally different. Similar to the above analysis, it
could be concluded that there must be the opposite spin
electrons (3 electrons) given to the central metal ion,
despite slightness, that is to say, the electron-donating
groups or ortho-substituents disperse the spin density
located at the Fe atom, making its unpaired electrons
reduced. It would affect the bonding with a substrate.

For FeT(o/p-R)PPCI, the effect of the axial ligand is
predominant. The spin density of the axial Cl ligand is
ranged from 0.25~0.27. Considering the data listed in
Table 6, there is still about 0.5 spin density distributed on
the porphyrin ring. Compared with the unligated iron
porphyrin, many more opposite spin electrons are transferred
to the Fe atom from the porphyrin. They are favorable for
electron pairing with the spin electrons of Fe atom, thus the
axial chloride ligand might enhance the chemical interaction
between the porphyrin ring and the central iron ion.

Natural electron configuration

To probe which orbitals are involved during charge transfer,
the natural electron configuration of Fe atom is studied and
the data are shown in Tables 7 and 8. It can be observed
from Tables 7 and 8 that there are unneglectable popula-
tions on the 4 s and 4 p orbitals, showing that the iron ion
performed an orbital hybridization of 3 d, 4 s and 4 p before
bonding with the group orbitals of the porphyrin ligand.
For the unligated iron porphyrins, the population of 4 s
orbital is obviously changed owing to the substituent effect,
which is improved by the electron-donating groups or the
ortho-substituents. Combined with the findings of the charge
and the spin density of Fe atom, it could be concluded that
the electron-donating groups or the ortho-substituents let
more 3 electrons transfer to the 4 s orbital of the central Fe
ion. It should be also noted that although the sum of the
population of 3 d orbitals is the same, the population on each
3 d orbital has been changed. The electron-donating groups
or the ortho-substituents deprive the electron density of 3dy,
and allocate it to 3dy,.y> and 3d,,. For FeT(o/p-R)PPCI, the
effect of the axial ligand is still predominant. The nearly
identical natural electron configuration causes the almost
unchanged central Fe atomic charge and spin density. The
electrons are more evenly arranged on each 3 d orbital. The
increment of the electronic population on 3d,, should
originate from the coordination interaction between Fe
(3d,»)-CI (3p,). These orbitals of FeT(o/p-R)PP and FeT(o/

p-R)PPCI should be paid more attention when discussing
different orbital interactions between the substituented iron
porphyrins and the substrate.

Summary

A series of the substituted iron porphyrins, FeT(o/p-R)PP
and FeT(o/p-R)PPCI (R = —H, -Cl, -OH, -NO,, -OCH3),
were fully optimized without any symmetry constraint by
using DFT method to systematically investigate the effects
of the substituents, substituent positions and axial chloride
ligand on both geometric and electronic properties.

For geometric structure, the substituent position and
axial Cl ligand appear to be more powerful for changing the
configuration of the iron porphyrin. The ortho-substituents
are apt to make the phenyls perpendicular to the porphyrin
ring; the axial chloride draws the central Fe atom ~0.500 A
out of the porphyrin plane toward the ligand.

For electronic properties, it is found that E; (0 could be
related to the catalytic activity by means of EA and Fe(IIl)/
Fe(II) reduction potential. The rule of substituent effects on
E; umo might provide a clue for seeking and designing the
better metalloporphyrin catalyst. NBO charge distribution,
spin density and NEC reveal that for unligated iron
porphyrins, the electron-donating groups or the ortho-
substituents let more 3 electrons transfer to the 4 s orbital
of the central Fe ion and deprive the electron density of
3dyy to 3dys.y» and 3d,», while for their chlorides, the axial
Cl ligand has a dominant effect so that the effects of other
factors are totally covered. The results would help
researchers understand different behaviors of FeT(o/p-R)
PP and FeT(o/p-R)PPCl when interacting with the sub-
strate, such as molecular oxygen.

It is hoped that this work could provide a deeper insight
into the role the substituents play in metalloporphyrin
modulation and is meaningful and instructive for both the
experimental and theoretical studies of the metalloporphyr-
ins, especially in the field of catalysis.
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