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Abstract
Oxoiron(IV) porphyrin π-cation-radical complexes (Cpd I) have been studied as models for reactive intermediates called 
compound I in cytochromes P450, peroxidases, and catalases. It has been well known that the electronic structure and reac-
tivity of Cpd I are modulated by the substituted position and the electron-withdrawing ability of the substituent. However, 
there still remain two major questions: (1) how many electronegative halogen atoms should be introduced in the meso-phenyl 
group to switch the porphyrin π-cation-radical state of Cpd I? (2) How does the electron-withdrawing effect of the substituent 
modulate the reactivity of Cpd I? To answer these two questions, we here performed experimental and theoretical studies on 
the electron-withdrawing effect of the meso-substituent. We gradually increased the electron-withdrawing effect by increas-
ing the number of fluorine atoms in the meso-phenyl group. Spectroscopic analyses of these Cpd I models reveal that the 
porphyrin radical state shifts from having a2u radical character to having a1u radical character with an increase in the number 
of the fluorine atoms in the phenyl group, and the ground state of Cpd I switches from the a2u state to the a1u state when four 
fluorine atoms are introduced in the meso-phenyl group. The switch of the radical state is predicted well by LC-BLYP, but 
not by the commonly used B3LYP. The theoretical calculations indicate that the electron-withdrawing substituent makes Cpd 
I more reactive by stabilizing the ferric porphyrin state (product state) more than the Cpd I state (reactant state), generating 
a larger free energy change in the oxygenation reaction (ΔG) of Cpd I.
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Introduction

High-valent metal-oxo species have been identified as 
reactive intermediates in many metalloenzymes and in 
catalytic oxygenation reactions with transition metal com-
plexes [1–6]. For example, in the reactions of peroxidases, 

catalases, and cytochrome P450, oxoiron(IV) porphyrin 
π-cation-radical species, which are two electron equivalents 
more oxidized than the ferric resting states of these enzymes, 
have been characterized as reactive intermediates and called 
Compound I [1–3]. Because of its biological significance 
and extremely high reactivity, the electronic structure and 
reactivity of Compound I have been studied with synthetic 
model complexes. Groves et al. reported the first example 
of an oxoiron(IV) porphyrin π-cation-radical complex (Cpd 
I), a synthetic model complex of Compound I, from the 
reaction of the iron(III) meso-tetramesitylporphyrin (TMP) 
complex with m-chloroperoxybenzoic acid (mCPBA) [7]. 
Since then, various types of Cpd Is have been prepared with 
various iron porphyrin complexes and oxidants [8–19]. Cata-
lytic oxidation studies reported that iron porphyrins having 
electron-deficient substituents, such as 2,6-dichlorophenyl 
and pentafluorophenyl groups at the meso-positions, are effi-
cient catalysts for alkane and alkene oxygenation reactions 
[20–25]. Cpd I of the tetrakis-2,6-dichlorophenylporphyrin 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0077​5-019-01664​-3) contains 
supplementary material, which is available to authorized users.

 *	 Hiroshi Fujii 
	 fujii@cc.nara‑wu.ac.jp

1	 Department of Chemistry, Graduate School of Humanities 
and Sciences, Nara Women’s University, Kitauoyanishi, 
Nara 630‑8506, Japan

2	 Department of Chemistry, Graduate School of Science, 
Tokyo Metropolitan University, 1‑1 Minamiosawa, 
Hachioji 192‑0397, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00775-019-01664-3&domain=pdf
https://doi.org/10.1007/s00775-019-01664-3


484	 JBIC Journal of Biological Inorganic Chemistry (2019) 24:483–494

1 3

was first prepared by the oxidations of the corresponding 
ferric perchlorate complex with mCPBA, pentafluoroiodo-
sylbenzene, on ozone by Sawyer et al [9]. Cpd I of the tet-
rakis-pentafluorophenylporphyrin was first prepared by the 
oxidations of the corresponding ferric perchlorate complex 
with mCPBA by us [14, 15]. Cpd Is were also prepared from 
more biomimetic porphyrins, which have sterically hindered 
aryl groups at the pyrrole-β positions [16, 17]. The overall 
structure of the pyrrole-β substituted porphyrins resembles 
that of protoporphyrinIX used in many heme proteins.

The electronic structure and reactivity of Cpd Is have 
been studied with various spectroscopic methods by many 
groups [7–19, 26–32]. To date, there are two known types of 
porphyrin π-cation-radical states[16, 17], with the porphyrin 
π-cation radical having an unpaired electron in the a1u orbital 
or in the a2u orbital (Fig. 1). The identity of the porphyrin 
radical state of Cpd I is modulated by the substituted position 
of the substituent and its electron-withdrawing ability. The 
Cpd I of TMP, having an electron-donating mesityl group 
at the meso-position, has been shown to have an unpaired 
electron in the a2u orbital: the a2u radical state [7]. However, 
the Cpd I bearing very strong electron-withdrawing pen-
tafluorophenyl groups at the meso-positions has been known 
to be in the a1u radical state [14, 15]. On the other hand, both 
Cpd Is having mesityl and pentafluorophenyl groups at the 
pyrrole-β positions have been reported to be in the a1u radi-
cal states [16, 17]. A detailed study revealed that the elec-
tron-withdrawing effect of the meso-substituent stabilizes 
the a2u orbital relative to the a1u orbital, while that of the 
pyrrole-β substituent stabilizes both the a1u and a2u orbitals 
[33]. The electron-withdrawing effect of the substituent also 
modulates the reactivity of Cpd Is. Competitive cyclohexene 
epoxidation reactions of Cpd Is showed that, as the electron-
withdrawing effect of the substituent at the meso-position 
and the pyrrole-β position becomes stronger, Cpd I becomes 
more reactive [16, 17]. Recently, these results were further 
confirmed by detailed kinetic analysis [34].

The above-mentioned results on the electron-withdraw-
ing effect of the substituent leave the following two ques-
tions: (1) how many electronegative halogen atoms should 
be introduced in the meso-phenyl group to switch the por-
phyrin π-cation-radical state of Cpd I? (2) How does the 
electron-withdrawing effect of the substituent modulate 
the reactivity of Cpd I? To answer these two questions, we 
here conducted an experimental and theoretical study on 
the electron-withdrawing effect of the meso-substituent. To 
shed light on the question (1), we gradually increased the 
electron-withdrawing effect of the substituent by increas-
ing the number of fluorine atoms in the meso-phenyl group 
(Fig. 2). Spectroscopic analysis of these Cpd Is reveals that 
the identity of the porphyrin radical state shifts from the 
a2u radical character to the a1u radical character by increas-
ing the number of the fluorine atoms in the phenyl group, 
and the ground state of Cpd I switches from the a2u state to 
the a1u state when four fluorine atoms are introduced in the 
meso-phenyl group. Theoretical calculations indicate that 
the electron-withdrawing substituent makes the Cpd I more 
reactive by stabilizing the ferric porphyrin state (product 
state) more than the Cpd I state (reactant state), hereby gen-
erating a larger free energy change of the reaction (∆G) for 
the oxygenation reaction of Cpd I.

Experimental section

Instrumentation

UV–visible absorption spectra were recorded on an Agilent 
8453 spectrometer (Agilent Technologies) equipped with a 
USP-203 low-temperature chamber (UNISOKU). 1H NMR 
spectra were measured on a JNM-ECA600 and Lambda-400 
spectrometer (JEOL). The chemical shifts were referenced 
to tetramethylsilane (TMS) using the residual peaks of the 
deuterated solvents, chloroform (7.24 ppm) and toluene-CH3 

Fig. 1   Spin density distribution 
of the a1u orbital (left) and the 
a2u orbital (right)
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(2.09 ppm). The concentrations of the NMR samples were 
1–2 mM. EPR spectra were recorded at 4 K on Bruker 
E500 X-band spectrometer with a single mode cavity con-
nected an Oxford Instrument EPR910 helium-flow cryostat 
(Bruker). The concentration of EPR samples was ~ 2 mM. 
Measurements were carried out under the following condi-
tions: microwave frequency, 9.657 GHz; microwave power, 
1.003 mW; modulation amplitude, 10 G; time constant, 
82 ms. Ozone gas was generated by the UV irradiation of 
oxygen gas (99.999%) with an ozone generator PR-1300 
(Clear Water) and used without further purification.

Materials

Anhydrous organic solvents were obtained commercially 
and stored in a glove box. Dichloromethane was purified by 
passing through an alumina column just before use in the 
glove box. Other chemicals were purchased commercially 
and used without further purification.

meso‑Tetraarylporphyrins

The meso-tetraarylporphyrins (1–5) were prepared from 
pyrrole and the corresponding benzaldehydes according 
to a previously published procedure [35]. The porphyrins 
were purified by silica gel column with dichloromethane as 
the eluent. Yield: 1: 11%, 2: 35%, 3: 56%, 4: 20%, 5: 10%. 
Spectroscopic data. UV–Vis (nm) in dichloromethane. 1: 
416, 510, 542, 586, 640. 2: 413, 508, 536, 584, 637. 3: 412, 
507, 536, 584, 637. 4: 412, 506, 536, 583, 636. 5: 412, 506, 
583, 635. 1H NMR (400 MHz, ppm from TMS) in CDCl3 at 
298 K: 1: 8.84 (py-H), 6.92 and 6.90 (m-H), 4.06 (p-OCH3), 
− 2.78 (NH). 2: 8.85 (py-H), 7.78 (p-H), 7.36 (m-H), − 2.78 
(NH). 3: 8.87 (py-H), 7.15 (m-H), − 2.86 (NH). 4: 8.90 (py-
H), 7.62 (m-H), − 2.89 (NH). 5: 8.89 (py-H), − 2.93 (NH).

Ferric chloride complexes

The ferric chloride complexes of 1–5 were prepared by the 
insertion of iron into the free base porphyrins of 1–5 with 
ferrous chloride and sodium acetate in acetic acid. Gen-
eral procedure: acetic acid (100 mL) and sodium acetate 
(600 mg) were placed in a 300 mL of two-neck eggplant 
sharp flask and degassed by bubbling argon gas for 30 min. 
Ferrous chloride tetrahydrate (600 mg) was added to the 
solution under anaerobic conditions. The mixture was heated 
at 40 °C under the continuous bubbling of argon gas and 
then the free base of the porphyrin (1–5) (200 mg), dissolved 
in chloroform (70 mL), was added dropwise to the mixture. 
The mixture was heated at 60 °C for 3 h under an argon 
atmosphere. The progress of the reaction was monitored by 
TLC. After confirming the progress of the reaction, the reac-
tion mixture was cooled to room temperature and poured 
into water (300 mL). The iron porphyrin was extracted three 
times with dichloromethane (150 mL × 3). The extracted 
dichloromethane solution was washed several times with 
water (150 mL), then a saturated sodium hydrogen carbonate 
solution, and then an HCl solution. After evaporation of the 
solvent, the remaining iron porphyrin was purified using a 
silica gel column and dichloromethane, then a dichlorometh-
ane–methanol mixture as eluents. The purified iron porphy-
rin solution was washed with water, a sodium hydroxide 
solution (1 M), and then an HCl solution (3 M). Yields: 
1: 81%, 2: 53%, 3: 30%, 4: 65%, 5: 71%. Spectroscopic 
data. UV–Vis (nm) in dichloromethane. 1: 374, 414, 507, 
579, 643. 2: 368, 412, 505, 578, 639. 3: 363, 412, 504, 578, 
635. 4: 353, 411, 504, 630. 5: 352, 411, 504, 630. 1H NMR 
(400 MHz, ppm from TMS) in CDCl3 at 298 K: 1: 79.91 
(py-H), 13.13 and 11.88 (m-H), 4.93(p-OCH3). 2: 81.54 (py-
H), 13.8 and 12.5 (m-H), 7.42 (p-H). 3: 80.0 (py-H), 13.11 
and 11.88 (m-H). 4: 80.6 (py-H), 7.35(p-H). 5: 80.6 (py-H).

Fig. 2   Structures of 1-Cpd I–5-
Cpd I used in this study
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Ferric trifluoroacetate complexes [36]

The ferric trifluoroacetate complexes of 1–5 were synthe-
sized from reaction of ferric hydroxide complexes, which 
were prepared from the reactions of ferric chloride com-
plexes of 1–5 with sodium hydroxide solution (1 M), with 
2 equiv of trifluoroacetic acid, respectively, and purified by 
recrystallization from dichlorometane–hexane. Spectro-
scopic data. UV–Vis (nm) in dichloromethane. 1: 411, 507, 
575, 640. 2: 407, 506, 577, 639. 3: 407, 506, 576, 637. 4: 
409, 506, 573, 633. 5: 406, 506, 633. 1H NMR (400 MHz, 
ppm from TMS) in CDCl3 at 298 K: 1: 75.6 (py-H), 12.6 and 
11.6 (m-H), 4.96 (p-OCH3). 2: 75.7 (py-H), 13.2 and 12.0 
(m-H), 7.76 (p-H). 3: 76.2 (py-H), 12.7 and 11.6 (m-H). 4: 
76.2 (py-H), 7.64 (p-H). 5: 76.3 (py-H).

Preparation of Cpd I

The ferric porphyrin complex (100 µM) in dichloromethane 
was prepared in a 1 cm quartz cuvette in a low-temperature 
chamber set on a UV–visible absorption spectrometer. After 
stabilization of the temperature of the solution at − 80 °C, 
O3 gas was slowly bubbled into the solution with a gas-tight 
syringe. The oxidation process was monitored using the 
absorption spectrometer. After confirming the generation 
of the oxoiron(IV) porphyrin π-cation-radical complex, the 
excess O3 gas in the cell was removed by bubbling argon gas 
with a gas-tight syringe.

NMR and EPR samples were prepared in sample tubes 
by the oxidations of ferric porphyrin trifluoroacetate com-
plexes with mCPBA. Ferric porphyrin complex (2 mM) 
was dissolved in dichloromethane (dichloromethane-d2 for 
NMR) and transferred into a sample tube. The sample was 
cooled at − 60 °C and 4 equiv. of mCPBA in dichlorometh-
ane (dichloromethane-d2 for NMR) was added. The sample 
color changed from brown to green.

DFT calculations

The DFT, TD-DFT, and Hartree–Fock calculations were 
performed using the Gaussion09 program package [37]. 

B3LYP was used for molecular geometry optimization in the 
quartet ground state and potential energies along the reac-
tion pathway. LC-BLYP and Hartree–Fock were additionally 
used for comparison of stability between the a1u and a2u 
radical states. For basis sets, we used cc-pVTZ set for Fe, 
Cl, O, N, and 6-31G(d) for C of porphyrin ring and VDZ 
for the other atoms.

Results and discussion

Spectroscopic characterization of Cpd Is

The ferric trifluoroacetate complexes of 1–5 were oxidized 
to the corresponding Cpd Is of 1–5, 1-Cpd I–5-Cpd I, by 
ozone gas or m-chloroperoxybenzoic acid (mCPBA) in 
dichloromethane at low temperature (− 60 ~ − 80 °C). To 
investigate the a1u/a2u porphyrin π-cation-radical character, 
1-Cpd I–5-Cpd I were characterized using absorption, 1H 
NMR and EPR spectroscopy. The spectroscopic data, as 
well as the redox potentials, for 1-Cpd I–5-Cpd I are sum-
marized in Table 1. It has been known that the absorption 
spectra of Cpd Is show strong absorption peaks resulting 
from π-cation-radical character at around 650–700 nm. Fig-
ure 3 shows absorption spectra of 1-Cpd I–5-Cpd I. These 
absorption spectra having strong absorption peaks near 
680 nm are very close to those of Cpd Is reported previously 
[7–19]. The absorption spectral changes have clear isosbestic 
points in the oxidation processes, indicating almost quantita-
tive formation of 1-Cpd I–5-Cpd I. Figure 4 shows 1H NMR 
and EPR spectra of 1-Cpd I–5-Cpd I. The paramagneti-
cally shifted 1H NMR signals in the upfield and downfield 
regions are assignable to the pyrrole-β proton signals and the 
m-proton signals of the meso-phenyl groups, respectively, 
on the basis of the 1H NMR shifts of Cpd Is reported previ-
ously [9, 14–17]. As the electron-withdrawing effect of the 
meso-phenyl group becomes stronger, the paramagnetic shift 
of the pyrrole-β proton signal becomes larger, while that of 
the m-proton signal becomes smaller. These changes can be 
interpreted by the change in the a1u/a2u porphyrin π-cation-
radical character and this is discussed in the next section.

Table 1   Spectroscopic and 
electrochemical data for 1-Cpd 
I–5-Cpd I 

Redox Potentials of 1-Cpd I–5-Cpd I were referred from ref. [21]. The experimental errors for the redox 
potentials are ± 0.004 V

Cpd I Absorption/nm at 
− 80 °C

1H NMR/ppm at − 60 °C EPR at 3.8 K E(Cpd I/II) IP

m-H py-H V vs SCE (eV)

1 675 32.9, 32.6 − 54.1 4.25, 3.66, 2.00 1.120
2 678 26.3, 26.1 − 52.3 4.12, 3.69, 2.00 1.177 4.14
3 679 22.7, 22.5 − 56.3 4.02, 3.70, 2.00 1.214 4.38
4 676 − 70.3 4.02, 3.70, 1.99 1.294 4.63
5 676 − 72.6 3.99, 3.67, 2.00 1.358 4.84
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EPR spectra of 1-Cpd I–5-Cpd I show three signals with 
gx and gy ~ 4 and gz ~ 2 at 3.8 K. These EPR spectra are con-
sistent within a quartet (S = 3/2) ground state, confirming 
the oxoiron(IV) porphyrin π-cation-radical states for 1-Cpd 
I–5-Cpd I due to ferromagnetic coupling of iron(IV) spins 
(S = 1) with porphyrin π-cation-radical spin (S = 1/2). As 
the electron-withdrawing effect of the meso-phenyl group 
is stronger, the gx signal shifts to the gy signal and the 

g-anisotropy becomes smaller. The change of the g value can 
be interpreted by the change of the strength of the magnetic 
interaction (J/D value) between the ferryl iron spin and the 
porphyrin π-cation-radical spin [26], which is caused by the 
change in the a1u/a2u porphyrin π-cation-radical character. 
Details are discussed in the next section.

The EPR spectrum for 5-Cpd I resembles an axial spec-
trum (gx = gy) and close to that of Compound I of ascorbate 

Fig. 3   Absorption spectral 
change for the oxidation of 
iron(III) porphyrin trifluoro-
acetate complexes of 1–5 with 
ozone gas in dichloromethane at 
− 80 °C. (a) 1, (b) 2, (c) 3, (d) 4, 
(e) 5. Black line: iron(III) por-
phyrin trifluoroacetate complex, 
green line: Cpd I, gray line: in 
the oxidation

(a) (b)

(c)

(d)

(d)
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peroxidase (ASP-I) [38]. The present EPR spectrum for 
5-Cpd I is different from that previously prepared from 
ferric perchlorate complex, which affords the EPR signal 
around g = 2 [14]. As shown in the EPR spectra of com-
pounds I of various heme enzymes [33, 38], the axial ligand 
changes the EPR spectrum of compound I by changing the 
spin interaction. Thus, the change would be due to the differ-
ence in the axial ligands: perchlorate and trifluoroacetate. In 
addition, the similarity of the EPR spectra between 5-Cpd I 
and ASP-I suggests the a1u radical state for ASP-I.

Switching of the a1u/a2u porphyrin π‑cation‑radical 
state

The 1H NMR and EPR data of the high-valent complexes 
are reasonably interpreted by the change in the porphyrin 
π-cation-radical character from the a2u radical state to the a1u 

radical state by increasing the electron-withdrawing effect 
of the meso-phenyl group. As shown in Fig. 1, the meso-
position has a large spin density in the a2u orbital, but is 
at a node in the a1u orbital. Therefore, the 1H NMR signal 
of the m-proton of the meso-phenyl group shows a large 
paramagnetic shift when Cpd I is in the a2u radical state, 
but that affords a very small paramagnetic shift when it is in 
the a1u radical state. On the other hand, both the a1u and a2u 
orbitals have spin density at the pyrrole-β position, but the 
spin density in the a1u orbital is larger than that in the a2u 
orbital. Thus, the paramagnetic shift of the pyrrole-β proton 
in the a1u radical state would be larger than that of the a2u 
radical state. In fact, a previous 1H NMR study reported 
that Cpd I of TMP affords the m-proton signal at 58.7 and 
59.7 ppm and the pyrrole-β proton signal at − 13.5 ppm at 
− 60 °C [39]. These NMR shifts are quite reasonable for the 
a2u porphyrin radical state for Cpd I of TMP. 1-Cpd I shows 

Fig. 4   1H NMR (left) spectra in dichloromethane-d2 at –60  °C and 
EPR (right) spectra in dichloromethane at 3.8 K for 1-Cpd I–5-Cpd 
I. The intense peaks in the diamagnetic region result from solvent 

and mCPBA used for the preparation. The sharp signals around 1000 
gauss in EPR spectra are due to unoxidized iron(III) trifluoroacetate 
complexes
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the m-proton signals at 32.6 and 32.9 ppm and the pyrrole-β 
proton signal at − 54.1 ppm, which are, respectively, smaller 
and larger than those of the Cpd I of TMP, respectively. 
Previously, the pyrrole-β proton signal of 5-Cpd I, prepared 
from the ferric perchlorate complex of 5, was observed at 
− 96 ppm at − 80 °C [14]. Taking into account the differ-
ence in temperature and axial ligand, the present NMR shift 
(− 72.6 ppm at − 60 °C) for 5-Cpd I is comparable to the 
shift in the previous study. These changes are consistent 
with an idea that 1-Cpd I has a a2u ground state, but the 
a1u radical state is mixed into to the ground a2u state. As we 
proposed previously, the energy gap between the a2u radi-
cal state and the a1u radical state would change to be small 
by the electron-withdrawing effect of the meso-substituent. 
The 1H NMR shifts for 1-Cpd I–5-Cpd I indicate that, as 
the electron-withdrawing effect of the meso-phenyl group 
is stronger, the a1u radical character becomes stronger. The 
drastic change in the pyrrole-β proton NMR shift can be 
found between 3-Cpd I and 4-Cpd I, indicating that the 
ground radical state switches from the a2u radical state to 
the a1u radical state at the boundary between 3-Cpd I and 
4-Cpd I. The changes in the relative energies of the a2u radi-
cal state and the a1u radical state are summarized in Fig. 5. 
These changes can be explained by the spin density distribu-
tion in the a1u and a2u orbitals. Since the spin density at the 
meso-position is large in the a2u orbital, but at a node in the 
a1u orbital, the electron-withdrawing substituent at the meso-
position stabilizes the a2u orbital more than the a1u orbital, 
changing from the a2u radical state to the a1u radical state.

EPR data also support the above discussion. The EPR g 
values for 1-Cpd I–5-Cpd I indicate an S = 3/2 ground spin 
states due to ferromagnetic interaction. The EPR spectra for 
1-Cpd I and 5-Cpd I are close to those for Cpd I having the 

radical spin in the a2u and a1u orbitals, respectively [26]. The 
shift of the gx value suggests the change from the a2u radical 
state to the a1u radical state with increasing in the electron-
withdrawing effect. Previous calculations have shown that 
the EPR g⊥ value becomes smaller as the ferromagnetic 
interaction becomes weaker [26, 33]. Therefore, the EPR 
g values indicate that the magnetic interaction between the 
ferryl iron and porphyrin π-cation-radical spins becomes 
weaker as the a1u radical character grows stronger. The pyr-
role N atom position is at the node, but the pyrrole-α and -β 
positions have large spin density in the a1u orbital (Fig. 1). 
On the other hand, large spin density can be found at the 
pyrrole N and the meso-positions in the a2u orbital (Fig. 1). 
Therefore, the distance between the porphyrin π-radical spin 
and the ferryl iron spin in the a1u orbital is longer than that 
in the a2u orbital, resulting in the weak magnetic interaction 
for the a1u radical complex.

Previously, we reported the effect of the axial ligand on 
the a1u/a2u porphyrin π-cation-radical state of Cpd I [18]. 
We prepared Cpd I having various inorganic anionic axial 
ligands, such as chloride, nitrate, trifluoroacetate, acetate, 
benzoate, fluoride, etc., and biomimetic axial ligands, 
such as imidazoles and phenolates [19, 39]. These studies 
showed that the a1u/a2u porphyrin π-cation-radical state is 
not switched by the identity of the axial ligand and it is 
determined by the identity of the porphyrin ligand. How-
ever, it still remains unclear for the effect of thiolate axial 
ligand, because Cpd I having thiolate axial ligand has not 
been prepared.

DFT calculations

To confirm the electron-withdrawing effect of the porphy-
rin ligand, we performed the DFT calculations on 2-Cpd 
I–5-Cpd I, as well as Cpd I of meso-tetraphenylporphyrin 
(F0), F0-Cpd I (Fig. 6). Chloride is commonly used as the 
axial ligands of the model complexes to simplify the calcu-
lations. The optimized structures are shown in Figure S1. 
The structural and electronic parameters are summarized 
in Tables S1–S3. The energies of the ground state and the 
excited states are summarized in Table S4. Ionization poten-
tials (IP) for oxoiron(IV) porphyrin complexes of 2–5 are 
listed in Table 1 to compare their redox potentials. The cal-
culated ionization potentials showed linear correlation with 
their redox potentials (Figure S2). Although the molecular 
symmetry of the model complexes is reduced from D4h to 
C4v or C4 by the coordination of the O=Fe–Cl moiety and 
the tilt of the meso-phenyl groups, we here denote here the 
porphyrin orbital containing the π-cation radical with the 
symmetry label from D4h symmetry: the a1u orbital or the a2u 
orbital (Fig. 1). The ground spin states of all the Cpd Is are 
the quartet states, in which the ferryl iron spins (S = 1) ferro-
magnetically couple with the porphyrin π-cation-radical spin 

Fig. 5   Switch of the ground state of Cpd I by the electron-withdraw-
ing effect of the meso-substituent, estimated from their paramagnetic 
shifts of Cpd I of TMP and 1-Cpd I–5-Cpd I. The energies of the 
excited a1u and a2u radical states are uncertain from the present exper-
iments
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(S = 1/2). However, the Mulliken spin populations on the 
meso-C and pyrrole N atoms decrease, while those on the 
pyrrole α-C atom increase as the electron-withdrawing effect 
of the meso-substituent increases (Table S2). These results 
can be attributed to a change in the porphyrin orbital of the 
π-cation radical from the a2u orbital to the a1u orbital with 
an increase in the electron-withdrawing effect. To evaluate 
the energy gap between the a1u and a2u radical states, we 
calculated the energies of these model complexes with three 
different methods: B3LYP, LC-BLYP, and Hartee–Fock. 
F0-Cpd I is calculated to the porphyrin π-cation radical in 
the a2u orbital, the a2u radical state, by all of three methods. 
However, these three methods afford the different results on 
the ground spin state having the electron-withdrawing meso-
substituent (Fig. 7). The calculations based on the B3LYP 
show that the a2u radical states are much more stable than 
the a1u radical states, predicting the a2u ground states for 
all model complexes. Thus, the switching between the a2u 
and a1u radical states is not be predicted by the B3LYP. In 
fact, the previous DFT study on the calculation of 5-Cpd I 

reported to the a2u radical state, although the present experi-
mental study indicate the a1u radical state [40]. On the other 
hand, the switching of the ground state is predicted by the 
Hartree–Fock and LC-BLYP. As the electron-withdrawing 
effect of the meso-substituent increases, the energy gap 
between the a2u and a1u radical states decreases and the a2u 
ground state switches to the a1u ground state at the bound-
ary between 0-Cpd I and 2-Cpd I for the Hartree–Fock 
and between 2-Cpd I and 3-Cpd I for LC-BLPY. Since the 
experimental results suggest the switching between 3-Cpd 
I and 4-Cpd I, the LC-BLPY gives the most precise predic-
tion for the ground state of Cpd I. Although we do not have 
a correct answer why LC-BLPY is better than B3LYP and 
Hartree–Fock for the present calculation, an exchange inter-
action may need to be properly treated in the calculation to 
obtain a correct energy for Cpd I, because these three func-
tionals have difference in treatment of exchange interaction.

We further studied the effect of the electron-withdrawing 
substituent at the pyrrole β-position. The chemical structures 
of the model complexes, F4 and F8, are shown in Fig. 6. The 

Fig. 6   Structures of the iron porphyrin complexes used for DFT calculations of the electron-withdrawing effect of the pyrrole-β substituent

Fig. 7   Change of the energies of the Cpd I models having the a1u radical state and the a2u radical state on the electron-withdrawing effect of the 
meso-substituent. a B3LYP, b Hartree–Fock, c LC-BLYP
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optimized structures are also shown in Figure S3. The struc-
tural and electronic parameters are summarized in Tables 
S5–S7. The energies of the ground state and the excited 
states are summarized in Table S8. The ground states of 
the Cpd I model complexes of F4 and F8, F4-Cpd I, and 
F8-Cpd I are the quartet state with an unpaired electron 
in the a2u orbital. This is confirmed by the Mulliken spin 
populations of F4 and F8, which are hardly changed by the 
electron-withdrawing effect (Table S6). In contrast to the 
electron-withdrawing effect of the meso-substituent, the 
electron-withdrawing effect of the pyrrole β-substituent does 
not switch the porphyrin π-cation-radical state (Fig. 8). This 
is consistent with the previous experimental results [16, 17]. 
As in the case of the meso-substituent, this has also been 
attributed to the electron densities at the pyrrole β-position 
of the a2u and a1u orbitals (Fig. 2) [16, 17, 19].

Electron‑withdrawing effect of porphyrin ligand 
on the reactivity

To investigate the porphyrin ligand effect on the reactiv-
ity, we performed DFT calculations on the chloroiron(III) 
porphyrin complexes of F0, 2, 3, 5, F4, and F8, which are 
the final product complexes after the epoxidation reactions 
of the corresponding Cpd I. The ground spin states of all 
of the chloroiron(III) porphyrin complexes are the sextet 
states (ferric high-spin states), and this is unchanged by 
the electron-withdrawing effect of the meso-substituent. 
Therefore, the spin state changes from the quartet state to 

the sextet state during the epoxidation reaction. We calcu-
lated the enthalpy changes for the epoxidation reactions of 
these Cpd Is with ethylene and the calculated values are 
listed in Tables S9 and S10. Regardless of whether there is 
a meso-substitution or a pyrrole-β substitution, the enthalpy 
change of the reaction is greater when the electron-with-
drawing effect is stronger. This means that Cpd I becomes 
more reactive with an increase in the electron-withdrawing 
effect. To elucidate the mechanism of how the electron-
withdrawing substituent activate Cpd I, we compared the 
change in the enthalpy of formation between Cpd I and the 
ferric porphyrin complex for F0, F4, and F8. The relative 
energies for the calculations of the enthalpy changes of for-
mation are listed in Tables S11–S13. These energies indicate 
how much Cpd I and ferric complex are stabilized by the 
electron-withdrawing effect of porphyrin ligand. Therefore, 
these calculations show that both Cpd I and ferric porphyrin 
complex become more stable as the number of the fluorine 
atoms at the pyrrole-β position increases. However, the fer-
ric porphyrin complex is stabilized more than Cpd I by the 
same electron-withdrawing effect, because the difference in 
the change of the enthalpy of formation between F0 and 
F8 is 180.9 kJ mol−1 for the ferric porphyrin complex and 
162.9 kJmol−1 for Cpd I (Table S12). The difference (18.0 
kJ mol−1) between these values results in the difference 
(18.0 kJ mol−1) in the enthalpy changes of the epoxidation 
reactions of ethylene by F0 and F8 (Table S13). This means 
that the electron-withdrawing effect of porphyrin ligand 
makes Cpd I more reactive by stabilizing the ferric porphy-
rin more than Cpd I, which produces larger enthalpy change 
of the reaction of Cpd I.

These DFT calculations suggest that the stability of the 
sextet state is the key to revealing the porphyrin ligand effect 
on the reactivity. Therefore, we further calculated the sextet 
state for Cpd I of F0, F4, and F8. The energies of the sextet 
state relative to the quartet ground state are summarized in 
Table S14. The energy gap between the quartet ground state 
and the sextet state decreases as the electron-withdrawing 
effect of the pyrrole β-substituent increases (blue arrow in 
Fig. 9). The change in the energy gap is easily understood by 
the σ-donor effect of the porphyrin ligand. Since the energy 
gap corresponds to the excitation energy of the spin from the 
dxy orbital to the dx2−y2 orbital, it is determined by the energy 
of the dx2−y2 orbital. As the electron-withdrawing effect of 
the substituent increases, the σ-donor effect of the porphyrin 
ligand becomes weaker and the energy gap between the dxy 
orbital and the dx2−y2 orbital decreases due to the stabiliza-
tion of the dx2−y2 orbital (Fig. 9).

Mechanism for controlling the reactivity of Cpd I

Previously, we have shown that the axial ligand changes 
the reactivity of Cpd I for oxygenation reactions [39]. The 

Fig. 8   Change of the energies of the Cpd I models having the a1u rad-
ical state and the a2u radical state on the electron-withdrawing effect 
of the pyrrole-β substituent
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main proposals from the study are as follows (Fig. 9). (1) 
The binding of the axial ligand alters the stability of both 
the reactant state (Cpd I) and the product state (the ferric 
porphyrin), but stabilizes the ferric porphyrin state more 
than Cpd I state. This is the origin of the free energy of 
reaction induced by the axial ligand effect. As the bind-
ing strength of the axial ligand increases, the free energy 
of reaction produced by the axial ligand effect is larger. 
Therefore, Cpd I becomes more reactive as the axial ligand 
binds to the ferric iron center more strongly. The essence 
of the axial ligand effect is the stabilization of the fer-
ric porphyrin state. (2) The ground spin state of the fer-
ric porphyrin complex is the key state that controls the 
reactivity of Cpd I, because the stability of the ground 
spin state determines the stability of the complex. It is 
the sextet (ferric high spin) state for most axial ligands, 
with the exception of thiolate ligands (the ferric low-spin 
state) and weakly coordinating axial ligands (the ferric 
intermediate-spin state) [39]. The ground spin state of Cpd 
I is the quartet state for most axial ligands and thus the 
ground spin state switches from the quartet state to the 
sextet state during the oxygenation reactions. As the sub-
strate comes closer to the Fe=O moiety of Cpd I, the Fe=O 
bond becomes longer and the σ- and π-donor effects of 
the oxoligand become weaker. This leads to the stabiliza-
tion of the unoccupied dz2 orbital. The sextet state is stabi-
lized, while the quartet state is destabilized with progress 
in the oxygenation reaction, and finally the ground spin 
state switches. The switching probably occurs just before 
the transition state. This proposal has been supported by 
the experimentally obtained correlation between the free 
energy of activation and the thermodynamic stability of the 

ferric porphyrin state, as well as the energy gap between 
the quartet ground spin state and the sextet-excited state 
in Cpd I estimated from DFT calculations [39].

The axial ligand of Cpd I also affects the excited energy 
from the ground quartet state to the excited sextet state. As 
the axial ligand binds to the ferryl ion stronger, the bond 
between the porphyrin pyrrole N and the ferryl iron becomes 
weaker, and the energy of the unoccupied dx2−y2 orbital 
becomes lower. Since the excitation from the quartet state 
to the sextet state means an electron transition from the dxy 
orbital to the dx2−y2 orbital, the stronger axial ligand makes 
the excitation energy smaller.

Here, we investigate the effect of the porphyrin ligand on 
the reactivity of Cpd I by changing the electron-withdrawing 
effect of the meso-phenyl group. Interestingly, the mecha-
nism of how the porphyrin ligand controls the reactivity 
of Cpd I is the same as the mechanism of the axial ligand 
effect. The DFT calculations of ferric porphyrin complexes 
and Cpd I indicated that electron-withdrawing substituents 
on the porphyrin ligand stabilize the ferric porphyrin more 
than Cpd I. This is the origin of the free energy of reaction 
induced by the porphyrin ligand effect. As the electron-with-
drawing effect of the porphyrin ligand increases, the free 
energy of reaction produced by the porphyrin ligand effect 
increases. As a result, Cpd I becomes more reactive when 
the electron-withdrawing effect of the porphyrin ligand is 
stronger. The switching of the ground spin state from the 
quartet state to the sextet state also occurs during the oxy-
genation reaction and the sextet state, the ground spin state 
of the ferric porphyrin complex, is the key to controlling 
the reactivity of Cpd I. As in the case of the axial ligand 
effect, the switching of the ground spin state results from the 

Fig. 9   Energy diagram showing the mechanism of how the axial 
and porphyrin ligands change the reactivity of Cpd I. In this dia-
gram, L, L′, and L″ indicate a series of the axial ligands or porphy-

rin ligands having different ligand effects. The binding strength of the 
axial ligand and the electron-withdrawing effect of porphyrin ligand 
increase in the order of L < L′ < L″



493JBIC Journal of Biological Inorganic Chemistry (2019) 24:483–494	

1 3

stabilization of the dz2 orbital when transferring the oxygen 
atom of Cpd I to the olefin in the oxygenation reaction.

Various factors have been proposed to explain the effect 
of the axial and equatorial ligands on the reactivity of a 
metal–oxo complex. For example, these are electrophilic-
ity of the oxo ligand, strength or distance of the metal–oxo 
bond, redox potential of a metal–oxo complex, and the pKa 
of the oxo ligand. These factors are changed by the ligand 
effect and consequently alter the activation energy of the 
reaction by changing the stability of the metal–oxo complex 
(reactant state). However, these factors are not necessarily 
correlated with reactivity of compound I. For example, a 
previous study demonstrate that the axial ligand changes the 
reactivity of Cpd I without changing the redox potential and 
Fe=O bond strength [39]. It would depend on the reaction 
mechanism of the rate-limiting step and the nature of the 
transition state whether the factor correlates to the reactivity.
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