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ABSTRACT: A hypochloritoiron(III) porphyrin species
has been proposed as a key intermediate in an
antimicrobial defense system in neutrophils and in heme-
catalyzed chlorination reactions. We report herein the
preparation, spectroscopic characterization, and reactivity
of the bis(hypochlorito)iron(III) porphyrin complex
[(TPFP)FeIII(OCl)2]

− (1) and the imidazole−hypochlor-
itoiron complexes (TPFP)FeIII(OCl)(1-R-Im) [R = CH3
(2), H (3), CH2CO2H (4)], in which TPFP is 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrinate. The structures of
1−4 were confirmed by absorption, 2H and 19F NMR,
EPR, and resonance Raman spectroscopy and electrospray
ionization mass spectrometry at low temperature. The
reactions of 1 and 2 with various organic substrates show
that 1 and 2 are capable of chlorination, sulfoxidation, and
epoxidation reactions and that 1 is much more reactive
with these substrates than 2.

Myeloperoxidase (MPO) and chloroperoxidase (CPO) are
unique heme peroxidases that catalyze the oxidation of

Cl− to hypochlorite ion (OCl−).1−3 MPO is located in the
azurophil granules of neutrophils and produces OCl− or HOCl,
which works as an antimicrobial agent, fromH2O2 and Cl

−.1,2 On
the other hand, CPO is an enzyme of Caldariomyces fumago and
catalyzes chlorination reactions in the biosynthesis of the
chlorinated metabolite caldariomycin.1,3 It has been proposed
that ferric MPO and CPO initially react with H2O2 to form an
oxoiron(IV) porphyrin π-cation radical species known as
compound I.4 This reacts with Cl− to form a transient
hypochloritoiron(III) porphyrin intermediate, which finally
releases HOCl upon protonation of the heme-bound OCl−.1−5

In addition, hypochloritometal complexes have been proposed as
key intermediates in catalytic oxygenation reactions catalyzed by
transition-metal complexes.6 Because of its significant impor-
tance, a hypochloritoiron(III) porphyrin intermediate has been
examined for detection in MPO and CPO reactions and in the
synthesis of its model complex.5,7,8 Although previous reports
have indicated the possibility of forming hypochloritoiron(III)
porphyrin intermediates,8,9 spectroscopic evidence for such
species has not been reported to date. The reactivity of
hypochloritoiron(III) porphyrin complexes has also received
much attention in relation to those of other terminal oxidant−

metal complexes containing OCl−, hydroperoxide, or iodosylar-
ene as the oxidant.10 Herein we report the preparation,
spectroscopic characterization, and reactivity of the bis-
(hypochlorito)iron complex [(TPFP)FeIII(OCl)2]

− (1) and
the imidazole (Im)−hypochloritoiron complexes (TPFP)-
FeIII(OCl)(1-R-Im) [R = CH3 (2), H (3), CH2CO2H (4)], in
which TPFP is 5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrinate (Scheme 1).

Figure 1 shows absorption spectral changes for the reaction of
(TPFP)FeIIIOH with tetrabutylammonium hypochlorite
(TBAOCl) in 1:1 CH2Cl2/MeCN at −60 °C. (TPFP)FeIIIOH
shows a Soret band at 403 nm and a visible band at 564 nm, in
accordance with the previous report.11 Upon the addition of 4
equiv of TBAOCl, (TPFP)FeIIIOH is quickly converted to a new
compound, 1, which exhibits a Soret band at 422 nm and a visible
band at 534 nm. The absorption spectrum of 1 is close to that of
the iodosylbenzene (O−I−Ph) adduct of iron(III) porphyrin
complex.12 1 could also be prepared from (TPFP)FeIIIOH and
NaOCl/MeCN solution [Figure S1 in the Supporting
Information (SI)]. 1 was found to be stable for 1 h at −60 °C
but slowly decomposed to give an oxoiron(IV) porphyrin
species, (TPFP)FeIVO, exhibiting a Soret band at 414 nm and
a visible band at 546 nm with clear isosbestic points at −40 °C
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Scheme 1. Syntheses of 1−4 at −60 °C
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(Figures 1 and S2).9,11,13 The time course of the absorbance for
the decomposition reaction was fitted to a single-exponential
function (Figure S2). These results suggested that 1 is a
hypochloritoiron(III) porphyrin complex.
Insights into the structure of 1 were gained from further

spectroscopic studies. Figure 2 shows 2H and 19F NMR spectra

for the reaction of (py-d8-TPFP)Fe
IIIOH with TBAOCl at −60

°C, where py-d8-TPFP denotes TPFP labeled with 2H at the
eight pyrrole β positions. (py-d8-TPFP)Fe

IIIOH showed a large
downfield shift of the pyrrole β-2H signal at 110.2 ppm (from
tetramethylsilane), which is typical for a high-spin FeIII porphyrin
complex. Upon the addition of 4 equiv of TBAOCl, this signal
disappeared, and a new signal appeared at −4.3 ppm. The
disappearance of this signal upon thermal decomposition at −40
°C was accompanied by the appearance of a new 2H NMR signal
at 3.9 ppm, which is consistent with the pyrrole β-2H signal for
(py-d8-TPFP)Fe

IVO.9a,11 These results clearly indicate that
the pyrrole β-2H NMR signal at −4.3 ppm corresponds to 1. 19F

NMR spectra of the same samples afforded more structural
information for 1 (Figure 2). (py-d8-TPFP)Fe

IIIOH showed two
19F NMR signals for the meta position of the meso-
pentafluorophenyl groups, which is reasonable for five-
coordinate (TPFP)FeIIIOH. The 19F NMR signals correspond-
ing to the ortho and meta positions of 1 were both observed as
single peaks, indicating a symmetric axial coordination environ-
ment. This suggests that 1 is the bis(hypochlorito)iron complex
[(TPFP)FeIII(OCl)2]

−. The 19F NMR spectrum of (TPFP)-
FeIVO formed by thermal decomposition of 1 indicated an
asymmetric axial ligand environment. The absence of other
signals except for solvent peaks in the 2H and 19F NMR spectra of
1 indicated the absence of other side products.
The oxidation and spin states of 1 were studied by electron

paramagnetic resonance (EPR) spectroscopy. 1, prepared from
(TPFP)FeIIIOH and 4 equiv of TBAOCl in 1:1 CH2Cl2/MeCN,
has an EPR spectrum with a small g anisotropy (g = 2.256, 2.137,
and 1.964) at 4 K, indicating low-spin FeIII (Figure 1 inset).
These EPR signals disappeared upon thermal decomposition to
give (TPFP)FeIVO, confirming the assignment as 1. The EPR
spectrum of 1 is similar to those of end-on low-spin
peroxoiron(III) porphyrin complexes.14 This is quite reasonable
because OCl− and O2

2− have similar electron configurations with
occupied π* orbitals. The low-spin FeIII state of 1 is consistent
with its 2H and 19F NMR shifts. The same EPR spectrum was
obtained when 1 was prepared from (TPFP)FeIIIOH and
NaOCl/MeCN solution (Figure S3).
1 was further characterized by resonance Raman (rR)

spectroscopy. Figure 3 shows the rR spectra of 1 prepared

from TBA16OCl and TBA18OCl and their difference at −60 °C.
The difference spectrum clearly reveals two sets of isotope-
sensitive bands. One of these appeared at 780 cm−1 with 16OCl−

and shifted to 747 cm−1 with 18OCl−. The observed shift (Δν =
33 cm−1) is in good agreement with the calculated value of 30
cm−1 expected for a diatomic O−Cl oscillator.15 Upon thermal
decomposition to (TPFP)FeIVO, the 780 cm−1 band of
16OCl− disappeared, and a new band appeared at 828 cm−1,
which shifted to 791 cm−1 for the decomposition of 18O-labeled 1
(Figure S4). The 828 cm−1 band could be easily assigned as the
ν(FeO) band of (TPFP)FeIVO. Moreover, in the
accumulation of rR spectra, the band at 780 cm−1 gradually
disappeared and the ν(FeO) band at 828 cm−1 gradually

Figure 1. Absorption spectral changes for the formation and
decomposition of 1 at −60 °C. Black line, (TPFP)FeIIIOH (5.0 ×
10−5 M in a 0.1 cm UV cell); red and blue lines, 1 before and after
thermal decomposition, respectively. Inset: EPR spectra of the
corresponding complexes (5.0 × 10−4 M) at 4 K.

Figure 2. (left) 2H and (right) 19F NMR spectra of 1 and 2 2H-labeled at
the pyrrole β positions in 1:1 CH2Cl2/MeCN at −60 °C: (a) (py-d8-
TPFP)FeIII(OH) (5.0 × 10−4 M); (b) 1 prepared from (py-d8-
TPFP)FeIII(OH) and TBAOCl (4 equiv); (c) (py-d8-TPFP)Fe

IVO
formed from thermal decomposition; (d) 2 prepared from 1 and 1-
MeIm (20 equiv); (e) 2 prepared from 1 and 1-d3-MeIm (20 equiv). S =
solvent peak; * = free 1-d3-MeIm.

Figure 3.Resonance Raman spectra of (a) 1 and (b) 18O-labeled 1 in 1:1
CH2Cl2/MeCN at −60 °C and (c) the difference spectrum (a − b).
Peaks labeled with * originated from the solvent. λex = 441.6 nm. Each
spectrum shown is the sum of five spectra for five independent samples,
each obtained with an exposure time of 60 s. For details, see the SI.
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appeared (Figure S5). This is probably due to photo-
decomposition of 1 by the laser irradiation. These observations
clearly indicate that the band at 780 cm−1 results from 1 and is
assignable to the O−Cl stretching mode of the heme-bound
OCl−. The other isotope-sensitive band appeared at 459 cm−1

with 16OCl− and shifted to 434 cm−1 with 18OCl−. The observed
shift (Δν = 25 cm−1) is in good agreement with the calculated
value of 26 cm−1 expected for a triatomic O−Fe−O oscillator.15

This band, which also disappeared upon thermal or photo-
decomposition (Figure S6), can be assigned as the O−Fe−O
symmetric stretch of the heme-bound hypochlorites in 1.
We also performed electrospray ionization mass spectrometry

(ESI-MS) analysis of 1, but no negative ion peak corresponding
to [(TPFP)FeIII(OCl)2]

− was observed (Figure S7).
All of these spectroscopic data for 1 strongly support the

formation of a bis(hypochlorito)iron(III) porphyrin complex,
[(TPFP)FeIII(OCl)2]

−, by the reaction of (TPFP)FeIIIOH with
TBAOCl or NaOCl/MeCN solution.
To make a model complex for the hypochloritoiron(III)

porphyrin intermediate of MPO, we prepared hypochloritoiron-
(III) porphyrin complexes with Im derivatives as axial ligands
(2−4 in Scheme 1). When 20 equiv of 1-methylimidazole (1-
MeIm) was added to 1, which had been prepared from
(TPFP)FeIIIOH and 4 equiv of TBAOCl in 1:1 CH2Cl2/
MeCN at −60 °C, the absorption spectrum of 1 slowly changed
to a new spectrum corresponding to 2 over the course of 2 h with
clear isosbestic points (Figures 4 and S8). The absorption

spectrum of 2 shows a Soret band at 412 nm and a visible band at
538 nm. Alternatively, 2 could be prepared from (TPFP)FeIIIOH
by sequential addition of 1 equiv of 1-MeIm and TBAOCl
(Figure S9). Although 1 decomposed to (TPFP)FeIVOwithin
1 h at−40 °C, 2 was found to be stable for hours even at−20 °C.
2 was further investigated by 2H and 19F NMR, EPR, and rR
spectroscopy and ESI-MS. The pyrrole β-2H signal of 2 was
observed at −8.6 ppm at −60 °C (Figure 2d). This signal is
different from those of 1, (TPFP)FeIII(1-MeIm)2, and (TPFP)-
(1-MeIm)FeIVO.16 When 1-MeIm with a 2H-labeled Me
group (1-d3-MeIm) was used for the preparation of 2, a new
paramagnetically shifted 2H signal was observed at 14.2 ppm
(Figure 2e), providing direct evidence for the coordination of 1-
MeIm in 2. The 2H NMR shift of 2 was also different from the
shifts of free 1-d3-MeIm, (TPFP)FeIII(1-MeIm)2, and (TPFP)-

(1-MeIm)FeIVO.16 The 19F NMR signals corresponding to
the ortho and meta positions of 2 were observed as two peaks.
This clearly indicates an asymmetric axial ligand environment
(Figure 2d), consistent with OCl− and 1-MeIm mixed ligand
coordination in 2. The absence of other NMR signals in the
NMR spectra showed that decomposition did not occur upon the
addition of 1-MeIm. 2 exhibited EPR signals at g = 2.352, 2.180,
and 1.937 (Figure 4), with a g anisotropy slightly larger than that
of 1 but still smaller than those of typical low-spin FeIII

complexes.17 The absorption, 2H NMR, and EPR spectra of 3
and 4, which were similarly prepared by addition of imidazole
and 1-imidazole acetic acid to 1 at −60 °C, were very close to
those of 2 (Figures S10 and S11). No ESI-MS peak
corresponding to 2 or 3 was detected because of its neutral
character. However, 4 exhibited a negative ESI-MS peak at m/z
1204.12 (Figure S12). The peak location and isotope pattern
were consistent with the ion [C49H13N6F20FeO3Cl]

−, which is
identical to the negative ion that would be formed by
deprotonation of the 1-carboxymethyl group of 4. The ion
peak shifted by 2mass units tom/z 1206.13 when TBA18OCl was
used to prepare 4, providing direct evidence that one OCl− was
bound to the heme iron even after addition of the imidazole.
Finally, the rR spectra of 2were obtained using various excitation
wavelengths (442, 532, and 590 nm) at −60 °C and found to be
almost identical to that of (TPFP)(1-MeIm)FeIVO, probably
because laser irradiation during the rR measurements caused
rapid decomposition of 2 to give (TPFP)(1-MeIm)FeIVO
(Figures S13−S16). The spectroscopic data for 2−4 are fully
consistent with the formation of iron(III) porphyrin complexes
with OCl− and an Im derivative as the axial ligands.
To investigate the reactivities of 1 and 2, we examined their

reactions with various organic substrates at low temperature
(Scheme 2). 1 was found to react quickly with thioanisole at−60

°C. Upon the addition of 20 equiv of thioanisole, the absorption
and 2HNMR spectra of 1 changed within 1min to spectra typical
of a mixture of ferric porphyrin complexes, which were assigned
as (TPFP)FeIIICl and (TPFP)FeIIIOH on the basis of their 2H
NMR shifts (Figure S17). Product analysis of the reaction
mixture indicated the formation of methyl phenyl sulfoxide
(MPS) in 78% yield. Although a significant yield (41%) of MPS
was also obtained with only TBAOCl at −60 °C, this result
reveals that 1 can oxidize sulfide to sulfoxide. The reaction with
the 18O-labeled 1 produced 18O-labeled MPS (Figure S18),
clearly indicating the transfer of the O atom of heme-bound
OCl− in the reaction. 1 was found to react with 1,3,5-

Figure 4. Absorption spectra of 1 (5.0 × 10−5 M in a 0.1 cm UV cell;
black) and 2 prepared from 1 and 20 equiv of 1-MeIm (red) at −60 °C.
Inset: EPR spectrum of 2 (5.0 × 10−4 M) in 1:1 CH2Cl2/MeCN at 4 K.

Scheme 2. Reactions of 1 and 2 with Various Organic
Substratesa

aYields are based on TBAOCl used for synthesis of 1 (4 equiv) and 2
(1 equiv). The numbers in parentheses are yields of blank experiments.
For details, see the SI.
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trimethoxybenzene at −60 °C, although this reaction was found
to be much slower than that with thioanisole and required 2 h for
completion. The absorption and 2H NMR spectra of the final
reaction solution showed the formation of a mixture of
(TPFP)FeIIICl and (TPFP)FeIIIOH (Figure S19), and product
analysis showed the formation of 1-chloro-2,4,6-trimethoxyben-
zene in 86% yield. Although the same compound was produced
in 47% yield with only TBAOCl at −60 °C, the result indicates
that 1 can chlorinate aromatic compounds. 1was also mixed with
cyclohexene, but the reaction did not proceed at −60 °C. When
the reaction mixture was warmed to −20 °C, the reaction
proceeded to completion, affording a mixture of (TPFP)FeIIICl
and (TPFP)FeIIIOH (Figure S20). Product analysis showed the
formation of cyclohexene oxide, 2-cyclohexen-1-ol, and 2-
cyclohexen-1-one in yields of 63, 10, and 7%, respectively. 3-
Chlorocyclohexene was not produced in the reaction. At 0 °C,
the yield of cyclohexene oxide increased to 88%, but the yields of
other products were unchanged. The reaction with only
TBAOCl under the same conditions did not form cyclohexene
oxide but instead gave 2-cyclohexen-1-ol and 2-cyclohexen-1-one
in similar yields. The reaction with 18O-labeled 1 resulted in 18O
incorporation only in cyclohexene oxide (Figure S21). In
addition, while 1 reacted with cyclohexene within 3 min at
−20 °C, (TPFP)FeIVO formed from the decomposition of 1
required more than 90 min under the same conditions (Figure
S22). These results indicate that 1 oxidizes cyclohexene to
cyclohexene oxide and that the other products are due to side
reactions such as radical chain reactions with contaminated
oxygen gas. In fact, yields of >100% for 2-cyclohexen-1-ol and 2-
cyclohexen-1-one were obtained when the reaction was carried
out under air. Thus, 1 oxidizes olefins to epoxides.
We also examined the same reactions for 2 (Scheme 2). The

reactivity of 2 with organic substrates was much lower than that
of 1. 2 reacted with thioanisole at −60 °C, but the reaction
required ∼1 h to reach completion (Figures S23 and S24) and
the yield (41%) was close to that of a blank experiment. 2 did not
react with 1,3,5-trimethoxybenzene or cyclohexene at−60 °C. At
0 °C, 2 decomposed with concomitant formation of 1-chloro-
2,4,6-trimethoxybenzene in 38% yield, but this was much lower
than the quantitative yield (∼100%) of the blank experiment
(Figure S25). On the other hand, cyclohexene was oxidized to
cyclohexene oxide (55%), 2-cyclohexen-1-ol (64%), and 2-
cyclohexen-1-one (197%) (Figure S26). The blank and 18O-
labeling experiments showed that 2 oxidized cyclohexene to
cyclohexene oxide and that the other products were due to side
reactions such as radical chain reactions with contaminated
oxygen gas (Figure S27).
In summary, we obtained new hypochloritoiron(III) porphyr-

in complexes by reacting (TPFP)FeIIIOHwith TBAOCl, and the
structures of these complexes were characterized by various
spectroscopic methods. The reactivity study revealed that the
OCl− complexes are capable of sulfoxidation, chlorination, and
epoxidation reactions and that the nature of the other axial ligand
influences the reactivity.
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