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ABSTRACT: The disproportionation reaction of oxoiron(IV)
porphyrin complex (II) to oxoiron(IV) porphyrin n-cation
radical complex (I) and iron(III) porphyrin complex (III)
have been proposed in various reactions (Figure 1). However,
there have been no report that clarifies the disproportionation
reaction spectroscopically. Here, we show direct evidence for
the disproportionation reaction of II with absorption, *H
NMR, and EPR spectroscopy. Kinetic study of the dispropor-
tionation reaction with stopped flow technique can be ana-
lyzed as the second-order reaction for the concentration of
proton and the first-order for the concentration of IL. These
results allow us to propose the mechanism of the dispropor-
tionation reaction, involving the sequential addition of two
protons to the oxo ligand of II, to give an iron(III) porphyrin
n-cation radical species, which reacts with another II to afford
I and III (Figure 4).

High valent iron oxo species have been known as reactive
intermediates in the catalytic reactions of heme and nonheme
iron enzymes."* Oxoiron(IV) porphyrin n-cation radical spe-
cies have been characterized in the reactions of cytochrome
P450, catalases, and peroxidases, and referred to as Com-
pound I (Comp I).*S Much attention has been directed to-
ward the reactions of Comp I because it catalyzes many chem-
ically attractive reactions, such as C-H bond activations. The
reaction of Comp I with various substrates have been studied
by using heme enzymes and their model complexes.! On the
other hand, oxoiron(IV) porphyrin species have been found
in the reactions of peroxidases and referred as Compound II
(Comp II)." * Oxoiron(IV) porphyrin complexes have also
been synthesized with synthetic iron porphyrin complexes.
Comp II usually catalyzes one-electron oxidations of phenols
and amines in the reactions of peroxidases. This reactivity is in
contrast to those of oxoiron(IV) species of nonheme iron
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Figure 1. Disproportionation Reaction of Oxoiron(IV) por-
phyrin complex.

enzymes and their model complexes, which catalyze various
oxygenation reactions as catalyzed by Comp L.

Compared with Comp I and nonheme oxoiron(IV) com-
plexes, oxoiron(IV) porphyrin complex was initially thought
to be poor oxidant that can react with only reactive substrates
like triphenylphosphine.® Later, Groves et al. reported that ox-
oiron(IV) meso-tetramesitylporphyrin (TMP-II) is capable
of epoxidation reaction.” Nam et al. reported that oxoiron(IV)
meso-tetrakis(pentafluorophenyl)porphyrin (TPFP-II) is
able to oxidize alkane to alcohol (eg: triphenylmethane to tri-
phenylmethanol), as well as epoxidations of olefins, at room
temperature.® Newcomb et al. also reported that oxoiron(IV)
meso-tetrakis(2,6-dichlorophenyl)porphyrin ~ (TDCP-II)
and TPFP-II oxidize olefins, but TDCP-II is more reactive
than TPFP-I1.° The reactivity of oxoiron(IV) porphyrin com-
plex has been reported to be unique and different from the re-
activity of oxoiron(IV) m-cation radical complex.”® In some
studies, the unique reactivity has been explained by the dis-
proportionation reactions of oxoiron(IV) porphyrin com-
plexes.”'® Oxoiron(IV) porphyrin (II) disproportionates to
oxoiron(IV) porphyrin 7-cation radical (I) and iron(III) por-
phyrin (III) in the presence of water (proton) and the com-
pound-I formed acts as a reactive species for oxygenation re-
actions (Figure 1). Similar disproportionation reactions have
been also proposed in the reactions of oxomanganese(IV)
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porphyrin complexes.'"> Although the disproportionation
reaction has been proposed in many studies,”'* it has been
never studied spectroscopically. Since the disproportionation
reaction could be catalyzed by water, we expected that the dis-
proportionation reaction can be observed when an acid is
added to oxoiron(IV) porphyrin complex. Here, we show the
first evidence on the disproportionation reaction of ox-
oiron(IV) porphyrin complex with absorption, NMR and
EPR spectroscopy. Kinetic analyses of the disproportionation
reactions allow us to propose a reaction mechanism involving
the successive addition of two protons to the oxo ligand of ox-
oiron(IV) porphyrin complex, followed by the oxidation of
oxoiron(IV) porphyrin complex to oxoiron(IV) porphyrin n-
cation radical complex.

2.0 — -

T T T T T T 1
500 550 600 650 700 750 800
wavelength / nm

Absorbance

0.5+

0.0 —

I I I I I I 1
450 500 550 600 650 700 750 800
Wavelength / nm

Figure 2. Absorption spectral change for the reaction of
TMP-II with AcOH in dichloromethane at -60 °C. Red
line: TMP-II (0.12 mM), blue line: after the addition of
AcOH (0.34 mM), blackline: further addition of TBAI (0.12
mM). Inset: absorption spectrum (green line) after subtrac-
tion of half intensity of the black spectrum from the blue
spectrum (blue line — 0.5xblack line).

TMP-II was prepared by ligand metathesis of bis-perchlo-
rateiron(III) TMP 7i-cation radical over moist basic alumina
at low temperature.” Figure 2 shows absorption spectral
change for the reaction of TMP-II with acetic acid (AcOH,
0.34 mM) in dichloromethane at -60 °C. The absorption
spectrum (red line in Figure 2) of TMP-II having an absorp-
tion peak at 545 nm changes to new one having absorption
peaks at 499, 568, and 674 nm (blue line in Figure 2). Titra-
tion of AcOH showed that no further spectral change was ob-
served when more than 3.0 equiv of AcOH was added and the
overall spectral change consists of two steps having clear isos-
bestic points: 0 ~ 0.71 equiv and 0.95 ~ 3.1 equiv (Figure S1).
The analysis of the first step suggests the binding of one-mol-
ecule of AcOH with the binding constant of 8 x 10* M™* (Fig-
ure S2). The absorption spectral feature of the product is close
to that of the 1:1 mixture of oxoiron(IV) TMP n-cation radi-
cal complex (TMP-I) and iron(1II) TMP complex (TMP-
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Figure 3.’HNMR (left) and EPR (right) spectral changes for
the reaction of TMP-II with AcOH in dichloromethane at —
60 °C. Pyrrole-f deuterium labelled TMP-II was used for *H
NMR measurements. Concentration of TMP-II: ~2 mM for
*HNMR and ~1 mM for EPR. Temperature: —60 °C for *H
NMR and 3.7 K for EPR. Measurement conditions were un-
changed during the experiments to compare the signal inten-
sities. (a: red) TMP-IL, (b: blue) after the addition of 2.5
equiv of AcOH (5.0 mM) to the solution (a), (c: black) after
addition of TBAI (5.0 mM) to the solution (b).

III) (Figure S3). To confirm the formation of TMP-I, tetra-n-
buthylammonium iodide (TBAL 1 equiv to the initial TMP-
IT), which can reduce TMP-I to TMP-III, was added to the
solution. The absorption spectrum changes to that of TMP-
III after the addition of TBAI (black line in Figure 2). The for-
mation of TMP-I s also confirmed by the difference spectrum
(Inset in Figure 2). These results suggest that TMP-II rapidly
disproportionates to TMP-I and TMP-III with the addition
of AcOH.

The disproportionation of TMP-II was further confirmed
by ’H NMR and EPR spectroscopy. Figure 3 shows ’H NMR
spectra for the reaction of pyrrole-f§ deuterated TMP-II with
AcOH at -60 °C. The pyrrole-§ deuterium signal for TMP-II
is observed at 6 ppm from TMS and this is consistent to the
previous report.” When AcOH is added to the solution of
TMP-II, new *H NMR signals are observed at 109 ppm and -
11 ppm at the same intensities. These *H NMR shifts are close
to those for acetate complexes of TMP-III and TMP-I, re-
spectively.'® The acetates formed after the protonation may
work as the axial ligands of TMP-I and TMP-IIIL. The signal
intensities indicate the formation of TMP-I and TMP-III at
about 1:1 ratio. With the addition of TBAI, the ’H NMR sig-
nal for TMP-I disappeared and the intensity of the signal for
TMP-III becomes twice, confirming the assignments. The
disproportionation reaction was also studied by EPR spec-
troscopy. As expected from S = 1 state of TMP-IL, no EPR sig-
nal is observed in the perpendicular mode except for a small
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peak at g ~ 6 resulting from TMP-III formed by the decom-
position of TMP-II in the preparation of EPR sample (less
than 7 % from EPR signal intensity). When AcOH is added,
new EPR signals are observed. EPR signals at g = 5.9 and 2.0
are identical to those of TMP-III and small signals at g = 4.4,
3.6, and 1.98 are identical to those of TMP-L."* Comparison
of the signal intensities with authentic samples also supports
the formation of these complexes at 1:1 ratio although the sig-
nal intensities are significantly different (Figure S4). When
TBAI was further added to the EPR sample, the EPR signals
resulting from TMP-I disappeared and the intensity of the
EPR signals for TMP-III becomes twice. All of these NMR
and EPR measurements support the disproportionation reac-
tion of TMP-II to TMP-I and TMP-III with AcOH. While
the disproportionation reaction of TMP-II has been pro-
posed in many studies, this is the first spectroscopic evidence
on the disproportionation reaction.

To study the function of AcOH, we examined the reactions
with other acids. We added trifluoroacetic acid (TFA), hydro-
chloric acid (HCl in diethyl ether) and 2,6-lutidinium triflate
(LutH"), instead of AcOH. Similar absorption spectral
changes are observed even when 2.0 equiv of TFA is added to
TMP-II in dichloromethane at -60 °C (Figure SS). The dis-
proportionation reaction is also confirmed by *H NMR and
EPR spectroscopy (Figure S6). The total amount of TFA for
completion of the disproportionation reaction is smaller than
that (3.0 equiv) of AcOH. TMP-II also undergoes the dispro-
portionation reaction with the addition of 2.0 equiv of HCI
(Figure S7 and S8). The NMR shifts in Figure S6 and S8 sug-
gest the coordination of trifluoroacetate and chloride as the
axial ligands, respectively. The disproportionation reaction
was also observed when more than 4 equiv of LutH" was
added to TMP-II (Figure S10). These results suggest that an

10 -
8 —
_ k=7.3X10°M%s™
‘o 6
8
x
4
2 —
k=3.3X10°M3s™
0 —
T T T T |
0 1 0 20 30 40 x1 0'3
[ACOH] /M

Figure 4. Dependence of the rate constant of the dispropor-
tionation reaction of TMP-II on the concentration of acetic
acid in dichloromethane at —-20 °C. Red circle: AcOH, blue
circle: CD3;CO,D. Red and blue lines are simulation curves
with the second-order function, ke, = k[AcOH]?.

added acid works as a proton donor and, as an acid becomes
weaker, more acid is required to disproportionate TMP-II.

We performed stopped flow experiments to clarify the reac-
tion mechanism. When TMP-II was rapidly mixed with
AcOH in chlorobenzene at 20 °C, the absorption spectral
change with clear isosbestic points was observed and a new in-
termediate could not be detected even in stopped flow time
scale (Figure S11). The spectral change was very close to that
of the second step of the titration experiment (Figure S1).
These results indicate that the sequential protonation of
TMP-II is the rate-limiting step. The time courses of the ab-
sorbance for the disproportionation reactions did not afford
linear correlation on the plot of the inverse of the concentra-
tion of TMP-II over reaction time (1/[ TMP-II]-t plot), but
showed good linear correlation on the plot of logarithm of the
concentration of TMP-II over reaction time (log[ TMP-II]-t
plot) (Figure $12). These results indicated that the dispropor-
tionation reaction is the first-order for the concentration of
TMP-II. To evaluate the reaction-order for AcOH, we inves-
tigated the dependence of the rate constant on the concentra-
tion of AcOH (Figure S13 and Table S1). The rate constant
increased with an increase in the concentration of AcOH and
the dependence of the rate constant can be simulated well with
asecond-order function, ky = 7.3 X 10° M s, (Figure 4). This
indicates that two protons are involved in the disproportiona-
tion reaction.!*'* When deuterium acetic acid (CD;CO,D,
99.5 %-D) was used, the rate constant for the disproportiona-
tion reaction becomes small, indicating involvement of the
proton transfer process in the rate-limiting step, kp = 3.3 X 10°
M?s!. The estimated deuterium kinetic isotope effect (ku/kp
= 2.2) was reasonable for the proton transfer process from
AcOH.'

The results for the present kinetic study can be explained by
the following reaction mechanism (Scheme 1). HX initially
interacts with the oxo ligand of I, as recently reported by Kar-
lin et al.'” This step is an equilibrium process. Then, the sec-
ond HX reacts with the singly-protonated II to afford a doubly
protonated IT, which immediately changes to an iron(III) por-
phyrin 7-cation radical species having X as the axial ligand
with releasing the oxo ligand as a water. This is a key step for
the disproportionation reaction of II. Finally, the formed
iron(III) porphyrin n-cation radical species works as an oxi-
dant and reacts with another II to afford I and IIIL. This
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H-X X-H H-X
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— —
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mechanism is supported by the present and previous stud-
ies.'”** The sequential addition of two protons to the oxo lig-
and of II is consistent to the titration experiment of AcOH
(Figure S1). The binding of two protons has been reported for
nonheme oxomanganese(IV) complexes.'® The conversion
between II and iron(I1I) porphyrin n-cation radical with acid
and base has been reported in many studies.” ' The ex-
change of the axial ligand to X is also reasonable because the
aqua ligand has been known as a very weak axial ligand.”?*
The oxidation of I to I with an iron(III) porphyrin n-cation
radical has been reported by Balch et al.** and also supported
by the redox potentials: Ei/>(IT) < Ey/2(I).* In addition, the
rate law based on this reaction mechanism predicts the first-
order for the concentration of IT and the second-order for the
concentration of HX when the concentration of AcOH is low
(see S.I.). This is also consistent to the present kinetic study.

Finally, we studied the effect of the disproportionation reac-
tion of IT on the oxidation of substrate. We examined the reac-
tion of TMP-II with p-methoxystyrene and cyclooctene in the
absence and presence of AcOH. II has been reported to be a
less reactive compound than the corresponding 157 Therefore,
the reactions of TMP-II with p-methoxystyrene and cy-
clooctenewere are very slow and afforded corresponding
epoxides in 9 and 2 %, respectively. On the other hand, the re-
actions of TMP-II with p-methoxystyrene and cyclooctene in
the presence of AcOH (2.0 equiv) produced corresponding
epoxides in 24 % and 12 %, respectively. The reactions of au-
thentic TMP-I afford the epoxides in 61 % and 39 % yields.
These results indicate that the yields of the epoxides from the
disproportionation reaction of TMP-II are higher than those
from TMP-II and about half for those from TMP-I. These re-
sults clearly indicate that the disproportionation reaction of IT
increases the yield of the product by the formation of I and
may be a significant reaction pathway when II is generated in
the presence of an acid under catalytic conditions.

In conclusion, we show direct evidence on the dispropor-
tionation reaction of oxoiron(IV) porphyrin complex with ab-
sorption, ’H NMR, and EPR spectroscopy. Kinetic study of
the disproportionation reaction indicates the second-order
for the concentration of proton and the first-order for the con-
centration of II. Based on these results, we propose the dispro-
portionation mechanism, involving the sequential addition of
two protons to the oxo ligand of II, followed by the oxidation
of another II to afford I and IIL
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