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ABSTRACT: There have been two known categories of porphyrins: a
meso-substituted porphyrin like meso-tetramesitylporphyrin (TMP)
and a pyrrole-β-substituted porphyrin like native porphyrins and
2,7,12,17-tetramethyl-3,8,13,18-tetramesitylporphyrin (TMTMP). To
reveal the chemical and biological function of native hemes, we
compare the reactivity of the oxoiron(IV) porphyrin π-cation radical
complex (Compound I) of TMP (TMP-I) with that of TMTMP
(TMTMP-I) for epoxidation, hydrogen abstraction, hydroxylation,
sulfoxidation, and demethylation reactions. Kinetic analysis of these
reactions indicated that TMP-I is much more reactive than TMTMP-I
when the substrate is not sterically bulky. However, as the substrate is
sterically bulkier, the difference of the reactivity between TMP-I and
TMTMP-I becomes smaller, and the reactivity of TMP-I is
comparable to that of TMTMP-I for a sterically hindered substrate. Since the redox potential of TMP-I is almost the same as
that of TMTMP-I, we conclude that TMP-I is intrinsically more reactive than TMTMP-I for these atom transfer reactions, but the
steric effect of TMP-I is stronger than that of TMTMP-I. This is contrary to the previous result for the single electron transfer
reaction: TMTMP-I is faster than TMP-I. DFT calculations indicate that the orbital energies of the FeO moiety for TMTMP-I
are higher than those for TMP-I. The difference in steric effect between TMP-I and TMTMP-I is explained by the distance from the
mesityl group to the oxo ligand of Compound I. Significance of the pyrrole-β-substituted structure of the hemes in native enzymes is
also discussed on the basis of this study.

■ INTRODUCTION

High-valent iron oxo species have been identified as the key
intermediates in the reactions of iron-containing catalysts, as
well as metalloenzymes.1−6 The oxoiron(IV) porphyrin π-
cation radical species called Compound I and oxoiron(IV)
porphyrin species called Compound II have been identified in
the catalytic cycles of peroxidases, catalases, and cytochrome
P450s.1−6 Synthetic model complexes of Compound I and
Compound II have also been prepared to study the electronic
states and reactivity of these complexes.5,6 Nonheme oxoiron-
(V) and oxoiron(IV) complexes have also been synthesized by
using various synthetic ligand systems.3 All of these synthetic
and enzymatic studies revealed that the reactivity of the high-
valent oxoiron species is changed by the structural and
electronic effects of the ligands. For example, oxoiron(IV)
complexes of 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetra-
decane have been reported to be stable even at room
temperature,7 but those of tris((N-methylbenzimidazol-2-
yl)methyl)amine react with cyclohexane even at −40 °C
(structures of ligands: see the Appendix in the Supporting
Information).8 Recently, much attention has been directed to
reveal how the ligand controls the reactivity of the high-valent

iron oxo species and to develop a ligand system that can make
the iron oxo species much more reactive.2,3

The ligand effect on the reactivity can be seen in heme
enzymes. Many heme enzymes have the same heme (iron
protoporphyrin IX) but various heme proximal (axial) ligands
(e.g., histidine in peroxidases, tyrosine in catalases, and
cysteine in cytochrome P450s).9 The axial ligand is highly
conserved in each family having the same biological function.9

It has been believed that the axial ligand tunes the reactivity of
Compound I. Green et al. reported a high pKa value of the oxo
ligand in Compound II of cytochrome P450, and they
proposed that it is due to the strong donor effect from the
thiolate axial ligand and the origin of the strong oxidizing
power of Compound I for hydroxylation of unactivated C−H
bonds.10 We reported a pronounced axial ligand effect of
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imidazole and phenolate ligands on the reactivity of synthetic
Compound I model complexes; the reactivity increased about
400-fold with the coordination of imidazoles and phenols.11

The axial ligand effect on Compound I could be explained by
the stability of the ground spin state of the product state.12 A
similar axial ligand effect has also been observed for the
corrolazine (5,10,15-triazacorrole) ligand system.13

A significant ligand effect has been reported not only for the
axial ligand but also for the equatorial ligand.2,3,14−32 The effect
of the equatorial ligand has been comprehensively studied by
using synthetic porphyrin ligands.2,3,14−32 These studies
revealed that introduction of electron-withdrawing substituents
into porphyrin ligands increases reactivity of high-valent oxo
species.14−17,19,21−28 For example, reactivity of Compound I
becomes higher as the number of halogen atoms in the meso-
phenyl group is larger.14−16,19,22,23 The introduction of the
electron-withdrawing substituents increased the redox poten-
tials of Compound I.22,25−29 Linear correlations could be
found between the activation energy and the redox potential of
Compound I.27,28,32 The steric and electronic effect of the
substituent changed the selectivity of the oxygen transfer
reactions.24,30,31 These porphyrin ligand effects have been
studied by using meso-tetraarylporphyrins, in which the
sterically hindered aryl groups bind at the meso-position of a
porphyrin. Groves et al. reported the first example of the
synthetic Compound I model complex (TMP-I) from meso-
tetramesitylporphyrin (TMP) shown in Figure 1.33 However,

this substitution pattern is different from those of iron
porphyrins in native enzymes, in which the substituents bind
at the pyrrole-β position of a porphyrin (Figure 1). The
synthetic Compound I model complex from a nativelike
porphyrin was first synthesized by using 2,7,12,17-tetramethyl-
3,8,13,18-tetramesitylporphyrin (TMTMP) shown in Figure
1.34 The spectroscopic property of Compound I of TMTMP
(TMTMP-I) was similar to those of Compound I in native
enzymes. The redox potential of TMTMP-I is very close to
that of TMP-I; thus, reactivity of TMTMP-I was expected to
be close to that of TMP-I. A previous result of the competitive
epoxidation reaction of TMP-I and TMTMP-I with cyclo-
hexene suggested that reactivity of TMP-I is close to that of
TMTMP-I. However, a recent study on the rate of single
electron transfer (ET) reactions showed a significant difference
between TMP-I and TMTMP-I.35 The ET rates of TMTMP-I
are 1 to 2 orders magnitude faster than those of TMP-I, and
the estimated reorganization energy (λ) for TMP-I is about 0.2
eV larger than that of TMTMP-I. These results suggest that a
further study is needed to reveal biological significance of the
pyrrole-β-substituted structure of the native hemes in many
enzymes.

To clarify whether the reactivity of Compound I is altered by
the position of the substituent, the meso-position and the
pyrrole-β-position, we study here the reactivity of TMP-I and
TMTMP-I toward epoxidation, hydrogen abstraction, hydrox-
ylation, sulfoxidation, and demethylation reactions. The
present kinetic study clearly shows that the intrinsic reactivity
of TMP-I is much higher than that of TMTMP-I, but the
steric effect of TMP-I for these reactions is greater than that of
TMTMP-I. We conclude that the TMP-I is more reactive than
TMTMP-I for the oxygen- or hydrogen-atom transfer reaction,
but TMTMP-I is more reactive than TMP-I for the single
electron transfer reaction. The factors controlling the reactivity
and the steric effect for TMP-I and TMTMP-I are studied
from the activation parameters and the DFT calculations.

■ RESULTS

Epoxidation Reactions. TMP-I and TMTMP-I were
prepared by the oxidation of iron(III) nitrate complexes of
TMP and TMTMP with ozone gas at low temperature,
respectively.11,12 The spectroscopic characterizations of TMP-I
and TMTMP-I have been reported previously.11,16 Figure 2

Figure 1. Structures of Compound I of TMP (TMP-I), native heme
(protoheme), and TMTMP (TMTMP-I).

Figure 2. Absorption spectral change for the reactions of (a) TMP-I
and (b) TMTMP-I with norbornene in dichloromethane at −50 °C.
Red line, immediately after the addition of norbornene; and blue line,
after the reaction. Gray broken line, after the addition of norbornene
at constant time interval. (a) TMP-I (0.1 mM), norbornene (19.6
mM), and time intervals of 100 s. (b) TMTMP-I (0.1 mM),
norbornene (19.9 mM), and time intervals of 585 s. Inset: time course
of the absorbance in the reactions. (a) Black circle, at 507 nm; red
circle, at 667 nm. (b) Black circle, at 502 nm; red circle, at 632 nm.
Solid line: simulation line obtained from a least-squares curve fit with
a single exponential function.
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shows the absorption spectral change for the reactions of
TMP-I and TMTMP-I with 200 equiv of norbornene in
dichloromethane at −50 °C. With the addition of norbornene,
the absorption spectra of TMP-I and TMTMP-I change to
those of their respective initial iron(III) porphyrin complexes.
The time courses of the absorbance for the reactions are
simulated well with a single-exponential function, providing
apparent rate constants. The second-order rate constants were
estimated to be 2.20 × 10−1 M−1 s−1 for TMP-I and 1.97 ×
10−2 M−1 s−1 for TMTMP-I from the dependence of the rate
constants on the concentration of norbornene (Table 1 and
Figures S1 and S2). Product analyses of the reaction for TMP-
I and TMTMP-I showed the formation of norbornene oxide in
86% and 28% yields, respectively. The rate constant for TMP-I
is 1 order magnitude greater than that for TMTMP-I. To
investigate whether TMP-I is more reactive than TMTMP-I
for other olefins, we examined the epoxidation reactions of
styrene, 4-methoxystyrene, cyclopentene, cyclohexene, and
cyclooctene (Figures S3 and S4). The second-order rate
constants were estimated from the dependence of the apparent
rate constants on the concentration of olefins (Figures S5−
S14) and are summarized in Table 1. As observed for
norbornene, the second-order rate constants of styrene, 4-
methoxystyrene, cyclopentene, and cyclohexene for TMP-I are
larger than those for TMTMP-I, but that of cyclooctene for
TMP-I is almost identical to that for TMTMP-I. For cyclic
olefins, the reaction rate constant of TMP-I is decreased with
an increase in the ring size, but that of TMTMP-I is
unchanged. These results can be explained by the difference
of the steric effect between TMP-I and TMTMP-I. Since the
meso-position is nearer to the FeO moiety than the pyrrole-β
position, the reaction space around the oxo ligand of TMP-I is
smaller than that of TMTMP-I (see the Discussion section).
The product analyses of these reactions also afforded the
corresponding epoxides in moderate yields (Table 1). The
yields of the epoxides for TMP-I are higher than those for
TMTMP-I. In addition, TMP-I afforded cyclohexene oxide, 2-
cyclohexen-1-ol, and 2-cyclohexen-1-one from cyclohexene,
but TMTMP-I formed only cyclohexene oxide.
Hydrogen Abstraction Reactions. We further compared

the reactivity of TMP-I with TMTMP-I for hydrogen
abstraction reactions by using 1,4-cyclohexadiene, 1-methyl-
1,4-cyclohexadiene, 1,4-dihydronaphthalene, and 9,10-dihy-
droanthracene at −50 °C. The absorption spectral changes
for the reactions of TMP-I with these substrates are shown in
Figure S15. As observed for the epoxidation reactions, the
absorption spectra of TMP-I change to those of the initial
iron(III) nitrate complex of TMP with clear isosbestic points
upon the addition of these substrates. Product analyses of these
reactions showed the formation of the corresponding aromatic
compounds in moderate yields (Table 2). The reaction rate
constants for the hydrogen abstraction reactions were also
estimated from time course of the absorbance, and the second-

order rate constants are estimated from the dependence of the
rate constant on the concentration of these substrates (Figures
S16−S19). The second-order rate constants are summarized in
Table 2. The reaction rate constant decreases with an increase
in the molecular size of the substrate: 1,4-cyclohexadiene <
1,4-dihydronapthalene < 9,10-dihydroanthracene.
The absorption spectrum of TMTMP-I also changes with

clear isosbestic points upon the addition of these substrates,
but the absorption spectra of the final reaction products are not
identical with that of the initial iron(III) porphyrin complex of
TMTMP (Figure S20). The absorption spectra of the final
reaction solutions show a new peak around 780 nm, and the
new peak becomes significant for 1,4-dihydronaphthalene and
9,10-dihydroanthracene. This peak was not unchanged when
tetra-n-butylammonium iodide is added to the final reaction
solution at −50 °C but changed to the spectrum of an iron(III)
porphyrin complex when the final solution was allowed to
warm to room temperature. Product analyses indicate that the
yields of the corresponding aromatic compounds from the
reactions of TMTMP-I with 1,4-cyclohexadiene and 1-methyl-
1,4-cyclohexadiene are lower than those of TMP-I, and no
product is obtained from the reaction with 9,10-dihydroan-
thracene (Table 2). The reaction rate constants for the
reactions of TMTMP-I with these substrates were also
estimated using absorption spectroscopy (Figures S21−S24
and Table 2). The rate constants for TMTMP-I with 1,4-
cyclohexadiene and 1-methyl-1,4-cyclohexadiene are much
smaller than those for TMP-I, but the reaction rates of
TMTMP-I are close to those of TMP-I for more sterically
hindered substrates such as 1,4-dihydronaphthalene and 9,10-
dihydroanthracene.

Hydroxylation Reactions. Previously, we showed that
TMP-I reacts with xanthene and tetraline to afford xanthydrol
and 1,2,3,4-tetrahydro-1-naphthol, respectively.36 To compare
the reactivity of TMP-I and TMTMP-I for the hydroxylation
reaction, we examined the reactions with xanthene and
tetraline. With the addition of xanthene, the absorption

Table 1. Second-Order Rate Constants for the Reactions of TMP-I and TMTMP-I with Olefins in Dichloromethane at −50 °C

substrate TMP-I k2 × 102/M−1 s−1 (yield/%) TMTMP-I k2 × 102/M−1 s−1 (yield/%)

norbornene 22.0 (86) 1.97 (28)
styrene 2.23 0.538
p-methoxystyrene 86.2 (52) 19.6 (7)
cyclopentene 13.5 (32) 4.59 (18)
cyclohexene 3.89 (68) 1.85 (54)
cyclooctene 2.98 (64) 3.00 (48)

Table 2. Second-Order Rate Constants for the Hydrogen
Abstraction and Hydroxylation Reactions of TMP-I and
TMTMP-I in Dichloromethane at −50 °C

substrate
TMP-I k2/M

−1 s−1
(yield/%)

TMTMP-I k2/M
−1 s−1

(yield/%)

1,4-cyclohexadiene 5.60 (49) 0.489 (18)
1-methyl-1,4-
cyclohexadiene

7.54 (64) 1.45 (22)

1,4-
dihydronaphthalene

3.42 4.64

9,10-
dihydroanthracene

0.522 (28) 0.461 (<1)

xanthene 1.04 (75)b 1.35
tetralinea 2.16 × 10−2 (16) 2.77 × 10−2 (1)
aAt −30 °C. bRef 36.
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spectrum of TMP-I changes to that of the initial iron(III)
porphyrin complex with clear isosbestic points, but the
absorption spectrum of TMTMP-I changes to that of the
iron(III) porphyrin complex, concomitant with the formation
of the new peak at around 780 nm at −30 °C (Figure S25).
These spectral changes were close to those observed for the
hydrogen abstraction reactions of 1,4-dihyrdonaphthalene and
9,10-dihyrdoanthracene (Figure S20). The second-order rate
constants, estimated from the absorption spectroscopy
(Figures S26−S29), are summarized in Table 2. The reaction
rates of TMTMP-I for xanthene and tetraline are close to those
of TMP-I. Product analysis showed that the hydroxylation
products were produced from the reactions of TMP-I,
xanthydrol (75%) from xanthene and 1,2,3,4-tetrahydro-1-
naphthol (16%) from tetraline, but the hydroxylation products
hardly formed from the reactions of TMTMP-I. These results
are the same as the hydrogen abstraction reactions.
Previously, we reported a significant deuterium kinetic

isotope effect (KIE) for the reaction of TMP-I with
xanthene.36 The KIE value for xanthene was reported to be
34. To compare the proton transfer process, we further
determined the KIE value for TMTMP-I. The KIE value for
xanthene-d2 was estimated to be 9.9 (Figure S27), smaller than
that of TMP-I. These KIE values suggest the participation of
H-transfer processes in the rate-limiting steps. The smaller KIE
value for TMTMP-I would be related to the formation of the
complex having a peak at around 780 nm.
Sulfoxidation Reactions. We compared the reactivity of

TMP-I with TMTMP-I for the sulfoxidation reactions of
thioanisole and p-chlorothioanisole at −80 °C. The reactions
were too fast to follow with an absorption spectrometer at −50
°C. TMP-I and TMTMP-I react with these sulfides to produce
the corresponding initial iron(III) porphyrin complexes
(Figure S30). The reaction rate constants of these sulfox-
idation reactions, estimated from the time courses of the
absorbance (Figures S31−S36), are summarized in Table 3.

The sulfoxidation reactions of TMP-I with thioanisole and p-
chlorothioanisole are about 4-fold faster than those of
TMTMP-I. This is consistent with the results of the
epoxidation and hydrogen abstraction reactions for sterically
less-hindered substrates. Furthermore, we examined the
reactions of TMP-I and TMTMP-I with tert-butyl methyl
sulfide to investigate the steric effect. As observed for the other
reactions, the reaction of TMTMP-I is faster than that of
TMP-I for tert-butyl methyl sulfide (Table 3).

Demethylation Reactions of N,N-Dimethylanilines.
We also examined the reactions of TMP-I and TMTMP-I with
N,N-dimethylanilines. The formation of N-methylanilines and
their yields from the reactions were confirmed by HPLC
analysis of the reaction products. The yields of N-methyl-p-
nitroaniline and N-methylaniline are shown in Table 3.
For N,N-dimethyl-p-nitroaniline, whose redox potential is

higher than those of TMP-I and TMTMP-I, the reactions of
TMP-I and TMTMP-I could be followed with an absorption
spectrometer at −50 °C. As observed for other substrates, the
absorption spectra of TMP-I and TMTMP-I change to those
of the corresponding iron(III) porphyrin complexes with clear
isosbestic points (Figure S37). The second-order rate
constants, estimated from the absorption spectral change
(Figures S38 and S39), are shown in Table 3. The reaction rate
of TMP-I is larger than that of TMTMP-I.
For the reactions with N,N-dimethylaniline and N,N-

dimethyl-p-bromoaniline, whose redox potentials are lower
than those of TMP-I and TMTMP-I, we followed the
reactions using a rapid-mixing stopped flow system at −20
°C because the reactions were too fast to follow with an
ordinary absorption spectrometer. The absorption spectral
changes for the reactions of TMP-I and TMTMP-I with N,N-
dimethyl-p-bromoaniline and N,N-dimethylaniline are shown
in Figure S37. The absorption spectral changes show the
formation of the iron(III) porphyrin complex with clear
isosbestic points within 100 ms after mixing of TMP-I with
N,N-dimethyl-p-bromoaniline and N,N-dimethylaniline, and
mixing of TMTMP-I with N,N-dimethyl-p-bromoaniline. No
intermediate is detected in the reactions, indicating that the
initial step, the step from Compound I to Compound II, is the
rate-limiting step for these demethylation reactions. The
second-order rate constants estimated from the absorption
spectral changes for these reactions (Figures S40−S42) are
summarized in Table 3. However, a reliable second-order rate
constant cannot be estimated for the reaction of TMTMP-I
with N,N-dimethylaniline. The reaction was too fast to follow
even with a stopped flow system, and only the last process of
the reaction could be observed (Figure S37). Moreover, the
absorption spectral change for the reaction of TMTMP-I with
N,N-dimethylaniline is different from those of other
demethylation reactions; the spectral change for TMTMP-I
results from the reaction from Compound II to iron(III)
porphyrin, but those for other reactions result from the
reaction from Compound I to iron(III) porphyrin. The rate-
limiting step for the reaction of TMTMP-I with N,N-
dimethylaniline changes to the step from Compound II to
iron(III) porphyrin. Therefore, the estimated reaction rate for
the reaction of TMTMP-I with N,N-dimethylaniline cannot
compare directly with the rates for other reactions. The
reaction rate from Compound I to Compound II for the
reaction of TMTMP-I with N,N-dimethylaniline would be
much larger than the reaction rate (∼3 × 105 M−1 s−1)
estimated from the observed spectral change from Compound
II to iron(III) porphyrin.
To study the reaction mechanism, we studied the deuterium

KIE for the demethylation reactions. The kinetic data for the
reactions of TMP-I and TMTMP-I with deuterium labeled
N,N-dimethyl-p-nitroaniline are summarized in Figures S43
and S44. The estimated KIE values, kH/kD, for the reactions of
TMP-I and TMTMP-I with N,N-dimethyl-p-nitroaniline were
4.4 and 2.1, respectively. These KIE values suggest the
participation of H-transfer processes in the rate-limiting steps.

Table 3. Second-Order Rate Constants for the Reactions of
TMP-I and TMTMP-I with Sulfides and N,N-
Dimethylanilines in Dichloromethane

substrate
E1/2/V
vs SCE

TMP-I
k2/M

−1 s−1
(yield/%)

TMTMP-I
k2/M

−1 s−1
(yield/%)

thioanisolea 1.34d 90.7 22.3
p-chlorothioanisolea 1.37d 55.6 12.9
tert-butyl
methylsulfideb

3.21 × 102 1.75 × 103

N,N-dimethyl-p-
nitroanilinec

0.96e 4.14 (66) 0.919 (32)

N,N-dimethyl-p-
bromoanilineb

0.51e 7.33 × 104 9.97 × 105

N,N-dimethylanilineb 0.57e 1.60 × 105 (63) very fast (45)
aAt −80 °C. bAt −20 °C. cAt −50 °C. dRef 37. eRef 38.
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As observed for the hydroxylation reaction, the KIE value for
TMTMP-I was smaller than that for TMP-I and can be related
to the formation of the complex having the peak at around 780
nm.
Activation Parameters. In order to obtain information on

the transition states of the reactions of TMP-I and TMTMP-I,
we estimated the activation parameters for the hydrogen
abstraction reaction of 1,4-cyclohexadiene from the reaction
rates in the temperature range from −50 to −80 °C. Eyring
plots for these reactions are shown in Figure 3, and the

enthalpy of activation (ΔH⧧) and the entropy of activation
(ΔS⧧) calculated from the Eyring plots are 17.7 kJ mol−1 and
−148.8 J K−1 mol−1 for TMP-I and 21.2 kJ mol−1 and −154.4 J
K−1 mol−1 for TMTMP-I, respectively. The ΔH⧧ value for
TMP-I is 3.5 kJ mol−1 smaller than that for TMTMP-I, and
the |ΔS⧧| value for TMP-I is 6.0 J K−1 mol−1 smaller than for
TMTMP-I. The negative ΔS⧧ values indicate the associative
rate-limiting step for the hydrogen abstraction reaction;
Compound I and the substrate tightly bind in the transition
state. The ΔS⧧ values for the hydrogen abstraction reactions
are larger than those for the epoxidation reactions but close to
those of hydroxylation reactions. The −T ΔS⧧ values at a
temperature over 140 K are larger than the ΔH⧧ values,
indicating the entropy control for the hydrogen abstraction
reaction. The free energy of activation (ΔG⧧) for TMP-I is
smaller than that for TMTMP-I, indicating that TMP-I is
more reactive than TMTMP-I at any reaction temperature.
DFT Calculations. To explain the difference of the

reactivity between TMP-I and TMTMP-I, we performed
density functional theory (DFT) calculations. Details of the
DFT calculations are described in the Experimental Section.
Optimized structures of the model complexes and their bond
lengths and bond angles are shown in Figure S45 and Table S1,
respectively. Figure 4 shows energies of molecular orbitals near
the HOMO and iron d orbitals. The energies of these orbitals
are summarized in Tables S2 and S3. These model complexes
have lower symmetry than the D4h because of the substitution
of the porphyrin ring and the coordination of the axial ligand,
but we here denote the molecular orbitals with symmetry
labels of the D4h symmetry. The ground states of the model
complexes for TMP-I and TMTMP-I are calculated to be the
quartet (S = 3/2) state having unpaired electrons in dxz, dyz,

and porphyrin π orbitals. The unpaired electrons of porphyrin
ligands in TMP-I and TMTMP-I are calculated to occupy the
a2u and a1u orbitals, respectively (Figure S46). These results are
consistent with the previous spectroscopic studies, indicating
the accuracy of the present calculations.16,39 The energy of the
a2u orbital for TMP-I is just slightly lower than that of the a1u
orbital for TMTMP-I. This is consistent with the previous
result that the redox potential of TMP-I is almost the same as
that of TMTMP-I. On the other hand, the calculated energies
of the iron d orbitals for TMP-I are eventually lower than
those of TMTMP-I (Figure 4 and Table S2). Since the
energies of the iron d orbitals are modulated by the energies of
the occupied porphyrin orbitals interacting with these iron d
orbitals, these results suggest that the energies of the occupied
porphyrin orbitals for TMP are lower than those for TMTMP.
This is confirmed by the DFT calculations of free bases of
TMP and TMTMP (Table S3). The calculated energies of the
occupied orbitals, interacting with the iron d orbitals, for the
free base of TMTMP are higher than those for TMP. The
difference of the energies of these porphyrin orbitals would
result from the difference of the electron densities between the
meso-position and the pyrrole-β-position. When significant
electron density is present at the substituted position, the
porphyrin orbital is destabilized due to the electronic repulsion
between the porphyrin and the substituent. This is confirmed
by the electron distribution of these porphyrin orbitals shown
in Table S3.

■ DISCUSSION
Comparison of Reactivity between TMP-I and

TMTMP-I. To compare the reactivity between TMP-I and
TMTMP-I for various substrates studied here, we calculated
logarithms of the values for the second-order rate constants of
TMP-I over those of TMTMP-I, log(kTMP‑I/kTMTMP‑I). The
calculated results are summarized in Figures 5, 7, and 8. The
log(kTMP‑I/kTMTMP‑I) value becomes positive when TMP-I is
more reactive than TMTMP-I, but the value becomes negative
when TMTMP-I is more reactive than TMP-I. As shown in

Figure 3. Eyring plots for the reactions of TMP-I (blue) and
TMTMP-I (red) with 1,4-cyclohexadiene in dichloromethane. The
solid lines indicate the simulation of the least-squares fits with a linear
function.

Figure 4. Comparison of orbital energies of TMP-I and TMTMP-I
estimated by the DFT calculation. The average of the orbital energies
for the α-spin and β-spin are used for the orbital energies of occupied
orbitals.
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Figure 5, the log(kTMP‑I/kTMTMP‑I) values for the epoxidation
reactions are positive except for cyclooctene (almost 0). As the
size of the cyclic olefin is larger, the log(kTMP‑I/kTMTMP‑I) value
for cyclic olefin becomes smaller. These results would be
explained by the difference of the steric effect around the oxo
ligand between TMP-I and TMTMP-I (Figure 6). Since the o-

methyl group of the mesityl group at the meso-position in
TMP-I is closer to the oxo ligand than that at the pyrrole β-
position in TMTMP-I, the reaction space around the oxo
ligand of TMP-I is smaller than that of TMTMP-I. When the
alkene moiety of the substrate is not sterically bulky, the
difference of the steric effect hardly affects the reaction rate.
Therefore, for such a substrate, the log(kTMP‑I/kTMTMP‑I) value
reflects the difference of the intrinsic reactivity between TMP-I
and TMTMP-I; TMP-I is more reactive than TMTMP-I for
the epoxidation reaction. As the substrate is bulkier, the steric
effect resulting from the o-methyl group of TMP-I becomes
more significant than that of TMTMP-I. This is confirmed by
the reaction rates in Table 1. The reaction rate of TMP-I for
cyclic olefins drastically decreases with an increase in the ring
size, while those of TMTMP-I do not. All of these results
indicate that TMP-I is intrinsically more reactive than
TMTMP-I for the epoxidation reaction although the steric
effect of TMP-I is stronger than that of TMTMP-I.

The above discussion can also be applicable to the hydrogen
abstraction and sulfoxidation reactions. As shown in Figures 7

and 8, the log(kTMP‑I/kTMTMP‑I) values for the hydrogen
abstraction and sulfoxidation reactions indicate positive values
when the substrates are less hindered. However, the log-
(kTMP‑I/kTMTMP‑I) values for the sterically hindered substrates
such as 1,4-hydronapthalene and 9,10-dihydroanthracene
indicate values close to 0, and the large negative value is
obtained for tert-butyl methyl sulfide. These results clearly
indicate that TMP-I is intrinsically more reactive than
TMTMP-I even for the hydrogen abstraction and sulfoxidation
reactions although the steric effect of TMP-I is stronger than
that of TMTMP-I. This is also true for the hydroxylation
reactions. The log(kTMP‑I/kTMTMP‑I) values are close to 0 for
these substrates. Since the structures of tetraline and xanthene
are close to those of 1,4-hydronapthalene and 9,10-
dihydroanthracene, respectively, these values mainly reflect
the difference of the steric effect, rather than the intrinsic
reactivity, between TMP-I and TMTMP-I.

Figure 5. Comparison of the reactivity of TMP-I with TMTMP-I for
the epoxidation reaction. The numbers in the figure are log(kTMP‑I/
kTMTMP‑I) values.

Figure 6. CPK models of the optimized structures of TMP-I (left)
and TMTMP-I (right) by the DFT calculations. The distances
between the o-methyl carbon atoms facing each other in TMP-I and
TMTMP-I are 9.75 and 11.53 Å, respectively.

Figure 7. Comparison of the reactivity of TMP-I with TMTMP-I for
the hydrogen abstraction reaction and hydroxylation reaction. The
numbers in the figure are log(kTMP‑I/kTMTMP‑I) values.

Figure 8. Comparison of the reactivity of TMP-I with TMTMP-I for
the sulfoxidation reaction (yellow bars) and the demethylation
reaction (blue bars). The numbers in the figure are log(kTMP‑I/
kTMTMP‑I) values.
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For the demethylation reactions of N,N-dimethylanilines, a
positive log(kTMP‑I/kTMTMP‑I) value is observed for N,N-
dimethyl-p-nitroaniline, while a negative log(kTMP‑I/kTMTMP‑I)
value is observed for N,N-dimethyl-p-bromoaniline (Figure 8).
The value for N,N-dimethylaniline would also be negative
because the reaction of TMTMP-I is faster than that of TMP-
I. Since these substrates are not sterically bulky, these results
cannot be explained by the steric effect as discussed above.
These values can be rationalized with the reaction mechanism
of the demethylation reactions of these N,N-dimethylanilines.
Previous studies of the demethylation reactions of N,N-
dimethylanilines proposed that the reaction proceeds via the
single electron transfer process followed by the H-atom
(hydrogen or proton) transfer process.29,38 When the redox
potential of a N,N-dimethylaniline is lower than that of
Compound I (TMP-I, 0.88 V; TMTMP-I, 0.88 V), the rate-
limiting step of the reaction is the electron transfer process
from a N,N-dimethylaniline to Compound I. However, when
the redox potential of a N,N-dimethylaniline is higher than that
of Compound I, the rate-limiting step involves the H-atom
transfer process. Therefore, the rate-limiting step would be a
single electron transfer reaction for N,N-dimethylaniline and
N,N-dimethyl-p-bromoaniline, but it would be the H-atom
transfer reaction for N,N-dimethyl-p-nitroaniline. The present
KIE values for N,N-dimethyl-p-nitroaniline support this
reaction mechanism. The negative log(kTMP‑I/kTMTMP‑I) values
for N,N-dimethyl-p-bromoaniline and N,N-dimethylaniline are
consistent with our recent result that TMTMP-I is superior to
TMP-I for the single electron transfer reaction.35 The positive
value for N,N-dimethyl-p-nitroaniline is also reasonable with
the present result that TMP-I is superior to TMTMP-I for the
hydrogen abstraction reaction.
The absorption spectral change for the reaction of TMTMP-

I with N,N-dimethylaniline suggests the change of the rate-
limiting step of the reaction from the electron transfer process
to the H-atom transfer process because the redox potential of
N,N-dimethylaniline is lower than that of TMTMP-I. The rate
constant for the electron transfer reaction of TMTMP-I with
N,N-dimethylaniline can be estimated to be 1 × 108 M−1 s−1

from the redox potential of N,N-dimethylaniline and a Marcus
plot for TMTMP-I.35 The estimated rate supports the change
of the rate-limiting step because this rate is much larger than
the rate of the demethylation reaction.
All of the present results indicate that TMP-I is intrinsically

much more reactive than TMTMP-I for the epoxidation,
hydrogen abstraction, hydroxylation, sulfoxidation, and deme-
thylation reactions while the steric effect of the mesityl group
in TMP-I is intrinsically more significant than that in
TMTMP-I. This conclusion seems to conflict with our
previous proposal that the reactivity of TMP-I is comparative
to that of TMTMP-I.16 We deduced this proposal from the
absorption spectral change, which showed that both TMP-I
and TMTMP-I react with cyclohexene under the competitive
reaction in the TMP-I and TMTMP-I mixture. This result is
also supported by the present individual kinetic analysis (Table
1), where the reaction rate constant of TMP-I is close to that
of TMTMP-I for sterically hindered substrates such as
cyclohexene and cyclooctene. As discussed in the above
paragraphs, the apparent reactivity of TMP-I for cyclohexene
accidentally coincides with that of TMTMP-I due to a
decrease in the reactivity of TMP-I by the steric effect.
The reaction mechanisms of Compound I with various

substrates have been studied to understand the reactivity of

Compound I in many groups. For example, Groves et al.
proposed the rebound mechanism for the hydroxylation
reaction, in which the hydrogen atom is abstracted from a
substrate by the oxo ligand of Compound I, followed by the
rebound between the formed iron-bound OH group and the
substrate radical.40,41 The large hydrogen/deuterium kinetic
isotope effects for the hydroxylation reactions indicate the
participation of the hydrogen abstraction process in the rate-
limiting step; the hydrogen atom (one electron−one proton)
transfer process is involved in the rate-limiting step of the
hydroxylation reaction.36,42−49 This rate-limiting step can be
applicable to the hydrogen abstraction reaction. For the
epoxidation reaction, the rate-limiting steps of these mecha-
nisms also involve the electron transfer process and the O−C
bond formation process in some manner although many
reaction mechanisms have been proposed.27,32,45,50−52 A
previous study for the sulfoxidation reaction with TMP-I
proposed the direct oxygen atom transfer mechanism.37

Therefore, the O−S bond formation process and the electron
transfer process must be involved in the rate-limiting step. As
mentioned in a previous paragraph, the demethylation reaction
of N,N-dimethylaniline proceeds via the single electron transfer
process followed by the H-atom (hydrogen or proton) transfer
process, and the nature of the rate-limiting step is changed by
the redox potential of the aniline.29,38 Considering a recent
study on the single electron transfer reaction and the reaction
mechanisms discussed above, we conclude that TMP-I is
intrinsically much more reactive than TMTMP-I when the
bond formation process with the oxo ligand is involved in the
rate-limiting step while TMTMP-I is intrinsically more reactive
than TMP-I when only the single electron transfer process is
involved in the rate-limiting step (Scheme 1).

The hydrogen abstraction reaction and hydroxylation
reactions of TMTMP-I produced a new compound having a
peak at around 780 nm. This can be seen in Figures S4, S20,
and S25. This compound would be an intermediate that kills or
inhibits the hydrogen atom transfer and hydroxylation
reactions because the product yields from the reactions are
always low when it is observed. The identity of this compound
is not clear at present, and further spectroscopic study is
required to clarify.

Factors Controlling the Reactivity of Compound I.
Numerous previous studies revealed that the redox potential of
Compound I is an essential factor for determining the
reactivity.2,3,27,28,32 This is quite reasonable because the
electron transfer process is involved in the rate-limiting step
of most reactions of Compound I. Linear relationships
between the activation energy and the redox potential of
high-valent oxo porphyrin species have been reported.27,28,32

Scheme 1. Reaction Mechanisms Proposed for the Single
Electron Transfer Reaction and the Atom Transfer
Reactions
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However, the redox potential is not the factor for
discriminating the intrinsic reactivity of TMP-I and
TMTMP-I because the redox potentials of these complexes
are approximately the same.29

One of the significant differences between TMP-I and
TMTMP-I is the position of the substituent: the meso-
substituted porphyrin or the pyrrole β-substituted porphyrin.
This structural difference changes the steric effect around the
oxo ligand, as discussed in the previous paragraph. However,
the steric effect is not the factor for determining the intrinsic
reactivity because of the opposite trend to the reactivity. This
structural difference also changes the flexibility of the
porphyrin ligand. TMTMP is more flexible than TMP because
of the absence of the substituent at the meso-position. Since the
meso-position is nearer to the iron center of heme than the
pyrrole-β position, the o-methyl group of the meso-phenyl
group at the meso-position in TMP induces steric repulsion
with the porphyrin plane when the porphyrin plane is
deformed, but that of the pyrrole-β position does not. We
previously proposed that the flexibility of the porphyrin ring of
TMTMP makes the structural change in the single electron
transfer reaction easy, decreasing the reorganization energy (λ)
and increasing the electron transfer rate.35 The difference of
the reorganization energy between TMP-I and TMTMP-I is
also confirmed by the DFT calculations. The flexibility of the
porphyrin ligand would affect the reactivity of Compound I for
the O-atom and H-atom transfer reactions. As expected from
the large negative value of ΔS⧧ for the reaction of Compound
I, TMP-I and TMTMP-I tightly interact with a substrate in the
transition state. The flexible porphyrin ring of TMTMP would
be unfavorable to have the tight transition state, and the
substrate should come closer to the oxo ligand of TMTMP-I
than TMP-I in the transition state. This is also supported by
the larger ΔH⧧ value for TMTMP-I. We propose that the
difference of the flexibility of the porphyrin plane makes TMP-
I more reactive for the atom transfer reaction and TMTMP-I
more reactive for the single electron transfer reaction.
The difference of the energies of the porphyrin σ and π

orbitals would also be another possible factor for changing the
reactivity. The present DFT calculations show a significant
difference in the energies of the molecular orbitals around the
iron-oxo moiety between TMP-I and TMTMP-I (see Figure
4). The energies of the iron d orbitals for TMP-I are lower
than those for TMTMP-I. As discussed in a previous
paragraph, the atom transfer reaction involves the electron
transfer process and the bond formation process in the rate-
limiting step. Since TMTMP-I is faster than TMP-I for the
single electron transfer process, the reactivity for the atom
transfer reaction should be controlled by the bond formation
process. The bond formation occurs at the oxo ligand of
Compound I, whose orbital is linked to the iron d orbital.
Therefore, the stabilization of the iron d orbital would facilitate
the bond formation process in the reaction of TMP-I,
decreasing the activation energy. Since the energies of the
iron d orbitals are determined by the orbital energies of the
ligands coordinating to the iron, the porphyrin σ and π orbitals
interacting with the iron d orbitals should be related to the
difference of the reactivity between TMP-I and TMTMP-I.
This is confirmed by the DFT calculations (Table S3). The
energies of the porphyrin σ and π orbitals, interacting with the
iron d orbitals, for TMP are more stable than those for
TMTMP. After all, the difference in the substituted position of
the porphyrin ring changes the energies of the porphyrin σ and

π orbitals, which further changes the energies of the iron d
orbitals, and finally the reactivity of Compound I.

Chemical and Biological Relevance. This study clearly
shows that the meso-substituted Compound I is more reactive
than the pyrrole-β-substituted Compound I for the O-atom
and H-atom transfer reactions, but this reactivity is reversed for
the single electron transfer reaction. Although further study is
needed to support the present results, this study suggests that
the meso-substituted heme is more suitable than the pyrrole β-
substituted heme to develop a superior heme catalyst. The high
reactivity of the meso-substituted heme would make the
oxidation of a more inactive substrate possible. Since the meso-
position of the heme tends to be more susceptible than the
pyrrole β-position for the substitution reaction, as can be seen
in the heme oxygenase reaction and the nitration reaction of
heme,53,54 the meso-substituted heme would be more
sustainable than the pyrrole-β-substituted heme for the heme
degradation reaction in the catalytic reactions. Moreover, the
meso-substituted heme is easier to synthesize than the pyrrole
β-substituted heme, facilitating the modification and/or
functionalization of heme.
Most heme enzymes in nature have protoporphyrin IX or its

derivatives, which can be classified into the pyrrole-β-
substituted porphyrin, in their active sites. Therefore, the
intrinsic reactivity of Compound I in native heme enzymes
would be close to that of TMTMP-I, rather than TMP-I. The
pyrrole-β-substituted structures of the hemes are favorable for
peroxidases because the Compounds I in peroxidases catalyze
the single electron transfer reaction from the substrate to
Compound I.55 On the other hand, the pyrrole-β-substituted
structures of the hemes in cytochromes P450 and catalases are
unfavorable because compounds I of these enzymes catalyze
the O-atom and H-atom transfer reactions.55−57 This
disadvantage would be compensated by other inherent factors
in their heme enzymes. The first one is the axial ligand;
cytochrome P450 and catalase have a thiolate axial ligand from
cysteine and a phenolate axial ligand from tyrosine,
respectively. The σ-donor ability of these axial ligands is
stronger than the axial ligand of peroxidase (histidine), because
the pKa values of thiol and phenol are larger than that of
imidazole. Green et al. proposed that the strong binding of the
thiolate axial ligand in cytochrome P450 increases the pKa of
the oxo ligand of Compound II, enhancing the H-atom
abstraction ability. We revealed in a previous study using
synthetic Compound I model complexes that, as the binding of
the axial ligand is stronger, Compound I changes to being
more reactive for the O-atom and H-atom transfer reactions.
Moreover, the interactions of the heme with amino acid
residues in the heme pocket would also assist in keeping the
reactivity very high. The flexibility of the heme is decreased by
the interactions of the heme in the heme pockets, such as
hydrogen bonds and steric interaction. The binding site of a
substrate, which fixes the substrate not to fluctuate and to be
placed near the oxo ligand of Compound I, also assists in
stabilizing the transition state.

■ EXPERIMENTAL SECTION
Instrumentation. UV−vis absorption spectra were recorded on

an Agilent 8454 spectrometer (Agilent Technologies) equipped with a
USP-203 low-temperature chamber (UNISOKU). 1H NMR spectra
were measured on a Lambda-400 spectrometer (JEOL). The chemical
shifts were referenced to the residual peaks of the deuterated solvents
chloroform (7.24 ppm) and toluene−CH3 (2.09 ppm). The
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concentrations of the NMR samples were 1−3 mM. The reaction
product analyses were performed using a GC-MS QP-2010 SE gas
chromatograph mass spectrometer (Shimadzu) or high-performance
liquid chromatography (HPLC) LC-10AT system with a multidiode
array detector (Shimadzu), attached to an octadodecylsilyl (ODS)
column, 4.6 mm × 250 mm (SHISEIDO). Ozone gas was generated
by the UV irradiation of oxygen gas (99.999%) with a PR-1300 ozone
generator (Clear Water) and used without further purification. The
kinetic analyses for fast reactions were performed using a stopped-flow
rapid mixing system USP-R100 (UNISOKU) with a low-temperature
double mixer USP-SFM-CRD10 (UNISOKU).
Materials. Anhydrous organic solvents were obtained commer-

cially and stored in a glovebox. Dichloromethane was purified by
passing through an alumina column just before use in the glovebox.
Other chemicals were purchased commercially and used without
further purification. TMP and TMTMP were synthesized by reported
methods.58 Syntheses of iron(III) complexes of TMP and TMTMP
were described in a previous report.59 Substrates for the reactions are
purified by passing through active alumina just before use. Deuterium
labeled N,N-dimethyl-p-nitroaniline was prepared from the reaction of
p-nitroaniline with deuterium labeled methyl iodide (99.5% D).60

Kinetic Analysis: General Procedure. 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−vis absorption
spectrometer. After stabilization of the temperature of the solution at
−50 °C, O3 gas was slowly bubbled into the solution with a gastight
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 gastight syringe. An excess of
substrate (more than 10 equiv) was then added to the solution with
stirring, and the progress of the reaction was followed at a constant
time interval using absorption spectroscopy. The reaction rate
constants were determined by simulation of the time course of the
absorbance of the peaks with the commercial program Igor Pro 7
(WaveMetrics). The absorption spectral change followed the first-
order kinetics in the presence of a large excess of the substrate, and
the second-order reaction rate constants (k2) were determined from
the linear dependence of the pseudo-first-order rate constant on the
concentration of the substrate.
Product Analysis: General/Typical Procedure. The ferric

porphyrin complex (1.0 mM) in dichloromethane (0.22 mL) was
prepared in a Schlenk flask and cooled to −50 °C in a temperature-
controlled cooling bath. Ozone gas was slowly bubbled into the
solution until the formation of the Compound I model complexes.
The excess ozone gas was removed by the freeze−thaw method.
Excess substrate (10 equiv) dissolved in dichloromethane was added
to the solution at −50 °C. After completion of the reactions (∼30
min), the reaction products and their yields were analyzed with GC-
MS. The assignments of the products were performed on the basis of
the retention times and the mass numbers of the authentic samples.
The product yields of N-methylaniline and N-methyl-p-nitroaniline
from the demethylation reactions of N,N-dimethylaniline and N,N-
dimethyl-p-nitroaniline were analyzed by HPLC with an ODS column
(4.6 mm × 250 mm) using an acetonitrile−water (8:2) mixture as an
eluent.
Stopped-Flow Rapid Mixing Experiments: General Proce-

dure. The iron(III) complex of TMP or TMTMP (∼50 μM) was
prepared in dichloromethane. The solution of iron(III) porphyrin and
m-chloroperoxybenzoic acid (5 equiv) was placed in sample holders
of a stopped flow and cooled at −20 °C. After cooling for 1 min, the
solutions were rapidly mixed. After aging the mixture until the
formation of Compound I (10−60 s), a solution of substrate (N,N-
dimethylanilines or tert-butyl methyl sulfide) was further rapidly
mixed to initiate the reaction. The reactions were monitored by the
absorption spectral change at constant time intervals. The reaction
rate constants were determined by simulation of the time course of
the absorbance of the peaks. The second-order reaction rate constant
(k2) were determined from the linear dependence of the pseudo-first-
order rate constant on the concentration of the substrate.

DFT Calculations. The DFT calculations were performed using
the Gaussion09 program package. All basis sets were taken from the
Gaussian09 program. We used two combinations of the DFT
functional and basis set. LC-BLYP was used with cc-pVTZ for the
OFeCl and the C and N atoms in porphyrin ring and sto-6g for
the porphyrin substituents (mesityl group and methyl group). All
compounds were fully optimized in the ground state of each spin
multiplicity.
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