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ABSTRACT: Iron(III) isoporphyrin, a tautomer of
porphyrin with a saturated meso carbon, is one of the
isoelectronic forms of oxoiron(IV) porphyrin π-cation
radical, which is known as an important reactive
intermediate of various heme enzymes. The isoporphyrin
has been believed to be incapable of catalyzing oxygen-
ation and oxidation reactions. Here, we report that an
oxoiron(IV) porphyrin π-cation radical can be converted
to iron(III) meso-chloro-isoporphyrin in the presence of
trifluoroacetic acid and chloride ion. More importantly,
this study shows the first evidence that iron(III) meso-
chloro-isoporphyrin is an excellent reactive agent for
chlorinating aromatic compounds and olefins. The results
of this study suggest that the mechanism involves
electrophilic chlorination of substrate with iron(III)
meso-chloro-isoporphyrin.

Oxoiron(IV) porphyrin π-cation radicals are generally
known to function as key reactive intermediates in a

variety of oxidation reactions catalyzed by heme enzymes such
as cytochrome P450.1 The oxoiron(IV) porphyrin π-cation
radical complex has several isoelectronic forms which are two
oxidation state equivalents higher than the iron(III) porphyrin
complex: for example, oxoiron(V) porphyrin,2 iron(III)
porphyrin N-oxide,3 iron(III) porphyrin π-dication,4 and
iron(III) isoporphyrin complexes.5 Isoporphyrinstautomers
of porphyrins with a saturated meso carbonwere originally
postulated by Woodward,6 and the first isoporphyrin−metal
complex was reported by Dolphin et al.,7 who prepared a
zinc(II) 5′-methoxy-5,10,15,20-tetraphenylisoporphyrin com-
plex by nucleophilic attack of methanol on zinc(II)
5,10,15,20-tetraphenylporhyrin π-dication complex. Since
then, iron(III) isoporphyrin complexes, particularly meso-
tetraaryl derivatives, have been synthesized chemically and
electrochemically.5 For example, an iron(III) isoporphyrin
complex with a tert-butylperoxy group was prepared by reaction
of iron(III) porphyrin complexes with tert-butyl hydroperoxide,
a two-electron oxidant.5a The reaction of electron-rich iron(III)
porphyrin with nitrogen dioxide also afforded an iron(III)
isoporphyrin complex with hydroxide, and its structure was
confirmed by X-ray crystallography.5b Moreover, an unstable
iron(III) isoporphyrin with a pyridinium group was reported to
be formed from an iron(III) porphyrin π-cation radical complex
with pyridine.5c On the other hand, iron(III) isoporphyrins
have been proposed to be formed in reactions of heme

enzymes.8−12 The iron(III) isoporphyrin complex is two
oxidation state equivalents higher than the iron(III) porphyrin
complex. However, to our surprise, atom-transfer reactions of
isoporphyrin complexes with substrates, such as oxygenation
and halogenation reactions, have not been well studied.8 In this
study, we show that an oxoiron(IV) porphyrin π-cation radical
complex can be converted to iron(III) meso-chloro-isoporphyr-
in complex in the presence of trifluoroacetic acid (TFA) and
chloride ion. Formation of the isoporphyrin complex would be
due to protonations of the oxo ligand of oxoiron(IV) porphyrin
π-cation radical species. More importantly, this study shows
that the iron(III) meso-chloro-isoporphyrin complex is a
reactive reagent for chlorination of aromatic compounds and
olefins.
(TPFP+•)FeIVO(NO3) (TPFP = 5,10,15,20-tetrakis-

(pentafluorophenyl)porphinato) was prepared by ozone
oxidation of (TPFP)FeIII(NO3) in dichloromethane (DCM)
at −90 °C.13 Upon addition of 20 equiv of TFA and 2 equiv of
tetra-n-butylammonium chloride (TBACl) in turn, (TPFP+•)-
FeIVO(NO3) was quickly converted to a new compound, 1,
which exhibits Soret bands of decreased intensity at 359 and
411 nm and an intense absorption at 939 nm (Figure 1). The
absorption spectral features of 1 are similar to those of
isoporphyrin complexes.5,7,14 The small peak at 630 nm and the
shoulder peak around 503 nm suggest that (TPFP)FeIII(X), (X
= NO3 or Cl) is formed concomitantly as a minor byproduct. 1
is stable for hours at −90 °C but quickly decomposes to
(TPFP)FeIIICl at room temperature. 1 could be also prepared
by oxidation in a mixture of (TPFP)FeIII(NO3), TBACl (2
equiv), and TFA (20 equiv) with ozone gas at −90 °C (Scheme
1 and Figure S1). A similar compound, 2, is formed when a
mixture of (TDBP)FeIIICl (TDBP = 5,10,15,20-tetrakis(3′,5′-di-
tert-butylphenyl)porphinato), TBACl (2 equiv), and TFA (20
equiv) is oxidized by ozone gas in DCM at −40 °C (Figure S2).
However, the ozone oxidation of (TDBP)FeIIICl did not yield
an oxoiron(IV) porphyrin π-cation radical species. 2 is stable
for hours at −40 °C but almost completely decomposes to
ferric porphyrin after 1 h at room temperature.
To confirm the isoporphyrin structures and iron oxidation

states of 1 and 2, we conducted NMR, EPR, and electrospray
ionization mass spectrometry (ESI-MS) measurements. The
formation and decomposition of 1 were monitored by 2H NMR
spectroscopy (Figure S3). The pyrrole-deuterated (TPFP+•)-
FeIVO(NO3) has a deuterium NMR signal at −86.7 ppm at
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−80 °C. The large upfield shift of the pyrrole signal is
consistent with the a1u porphyrin π-cation radical state as
reported previously.15 Upon addition of TFA (20 equiv) and
TBACl (2 equiv) in turn at −80 °C, this 2H NMR signal
disappears, and four new 2H NMR signals corresponding to 1
appear at ∼110−140 ppm. The 2H NMR spectrum of 1 is
consistent with the isoporphyrin structure.5a Upon increasing
temperature to 25 °C, the four signals of 1 disappear, and a new
signal appears at 80 ppm, identical to the shift of the pyrrole β-
deuterium signal of (TPFP)FeIIICl. The same structural
information was also obtained by 19F NMR spectroscopy
(Figure S4). Similarly, the porphyrin structure of 2 was
investigated by 1H NMR (Figure S5). As observed for 1, 2 also
has four 1H NMR signals of the pyrrole β-protons in the large
downfield region of 90−110 ppm at −40 °C and decomposes
to (TDBP)FeIIICl upon warming up to 25 °C. 1 and 2 have
EPR signals at g = 6.0 and 2.0 at 4 K (Figure S6), indicating
ferric high-spin states. This is consistent with the large
downfield shifts of the pyrrole β-proton (deuterium) signals
of 1 and 2. The structures of 1 and 2 were further studied by

ESI-MS at low temperature (Figures S7 and S8). The spectrum
of 2 clearly exhibits a major ESI-MS peak at m/z 1186.82 and
an isotope pattern fully consistent with the ion
[C76H92N4FeCl2]

+. This formula is identical to that of
chloroiron(III) meso-chloroisoprophyrin cation (see Scheme
1). On the other hand, a strong ESI-MS peak with an isotope
pattern consistent with an iron complex was detected at m/z
1078.86 for 1. The MS number and isotope pattern are
consistent with the ion [C44H8N4F20FeOCl]

+. One of the
possible structures for this ion formula is oxoiron(IV) meso-
chloro-isoporphyrin cation or iron(IV) hypochlorite, which is
one oxidation equivalent higher than 1 and (TPFP+•)FeIVO-
(NO3). This ion may be produced by oxidation of 1 in the
ionization process. Although the origin of the ESI-MS peak of 1
is not clear, the spectroscopic data shown here are consistent
with iron(III) meso-chloroisoporphyrin structure.
The addition of TFA is essential to produce 1. Previously,

Watanabe et al. demonstrated the formation of a porphyrin π-
dication from iron(III) porphyrin N-oxide complex with TFA.4

It was proposed that iron(III) porphyrin π-dication is formed
by protonation of the oxygen atom of the porphyrin N-oxide
with TFA, followed by dissociation of a water molecule. In this
study, TFA also functions as proton donor and protonates the
oxo ligand of (TPFP+•)FeIVO(NO3). In fact, 1 is formed even
when hydrochloric acid is used instead of TFA, but 1 could not
be formed with acetic acid. When TFA is titrated into a solution
of (TPFP+•)FeIVO(NO3), (TPFP

+•)FeIVO(NO3) is converted
to a new species, and an isosbestic point is present until 1.4
equiv of TFA is added (Figure S9). Further addition of TFA
produces the spectrum shown in Figure 1 (blue line). When
TBACl is added after addition of 2 equiv of TFA, only a small
amount of 1 is produced (Figure S10). The featureless
absorption spectrum after addition of 20 equiv of TFA is
consistent with iron(III) porphyrin π-dication. The Soret band
at 384 nm rules out the formation of porphyrin N-substituted
compounds, which have Soret bands at ∼440 nm.3b After
addition of 20 equiv of TFA, the 2H NMR spectrum also
exhibits NMR signals at ∼120 ppm, indicating the formation of
ferric high-spin species (Figure S11).4 Therefore, 1 appears to
be produced from an oxoiron(IV) porphyrin π-cation radical
via iron(III) porphyrin π-dication species (Scheme 2). The

protonation of the oxo ligand stabilizes the iron d-orbitals,
resulting in formation of a porphyrin π-dication by intra-
molecular electron transfer from the porphyrin π-cation radical
to the iron center.
To examine the chlorinating ability of 1 and 2, we conducted

chlorination reactions of various organic compounds. 1 was
mixed with 50 equiv of 1,3,5-trimethoxybenzene at −90 °C.
After being stirred for 3 min, the reaction mixture was allowed
to warm to room temperature. The absorption spectrum of the
final reaction solution was almost identical to that of
(TPFP)FeIIICl. The formation of (TPFP)FeIIICl from the
reaction was further confirmed by 1H NMR and EPR

Figure 1. UV−visible absorption spectral change during the reaction
of (TPFP+•)FeIVO(NO3) with TBACl and TFA in CH2Cl2 at −90 °C.
Black line, (TPFP+•)FeIVO(NO3); blue line, after addition of TFA (20
equiv); red line, after addition of TBACl (2 equiv). The spectra at
300−460 and 460−1050 nm were measured with sample concen-
trations of 2.0 × 10−4 M in a 0.05 cm quartz cuvette and 5.0 × 10−4 M
in a 0.1 cm quartz cuvette, respectively.

Scheme 1. Formation of Iron(III) meso-Chloro-isoporphyrin
from Iron(III) Porphyrin and Its Chlorination Reactions
(Anions Omitted for Clarity)

Scheme 2. Formation of 1 via the Iron(III) Porphyrin π-
Dication Complex with Protonation of the Oxo Ligand
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measurements. After completion of the reaction at room
temperature, the reaction product was analyzed by GC-MS. As
shown in Figure 2, 1 is used to chlorinate 1,3,5-trimethox-

ybenzene to obtain 1-chloro-2,4,6-trimethoxybenzene in 79%
yield. No other products, such as 1-chloromethoxyl-3,5-
dimethoxybenzene (a main product of a reaction with chlorine
radical), are detected.16 The chlorination reactions of anisole
and cyclohexene were also examined under the same
conditions. As shown in Figure 2, anisole is chlorinated by 1
to form 4-chloroanisole and 2-chloroanisole in 34% and 20%
yields, respectively. A ratio (1.7) of the para and ortho isomers
formed by 1 was close to those formed by CPO (1.9) and
hypochlorous acid under acidic aqueous conditions (1.8),16 but
different from that (∼10) by (TPFP+•)FeIVO(NO3).

17 The
chlorination of the methoxy group of anisole was also not
observed. Cyclohexene was chlorinated by 1 to form trans-1,2-
dichlorocyclohexane (36%) as a major product, together with
2-chlorocyclohexanol (15%) and 3-chlorocyclohexene (15%).
4-Chlorocyclohexene and cis-1,2-dichlorocyclohexane, possible
free-radical chlorination products, were not detected. On the
other hand, 1 cannot chlorinate toluene. Similarly, the
chlorination reaction of 2 was also examined. 2 chlorinates
1,3,5-trimethoxybenzene to give 1-chloro-2,4,6-trimethoxyben-
zene in a 32% yield, but is not active with respect to
chlorination of anisole and cyclohexene. The chlorination
reactivity of 1 is higher than that of 2. This is probably due to
the electron-withdrawing effect of the pentafluorophenyl group
of 1.
To reveal the chlorination mechanism, we conducted a

kinetic study of the chlorination reaction of 1 by absorption
spectroscopy at −40 °C (Figure S12). The absorption at 939
nm of 1 slightly decreases in intensity immediately upon
addition of excess 1,3,5-trimethoxybenzene, and then the
absorption spectrum changes to the spectrum of (TPFP)FeIIICl
with clear isosbestic points. The initial reaction process is too
fast to estimate the reaction rate constant by absorption
spectroscopy at −40 °C. The time course for the second
reaction process can be fitted with first-order kinetics in the
presence of excess 1,3,5-trimethoxybenzene. The observed

reaction rate constant is linearly correlated with the
concentration of 1,3,5-trimethoxybenzene (Figure S13). The
second-order rate constant for the second reaction process was
estimated to be 0.38 ± 0.01 M−1·s−1. The activation parameters
for the second reaction process were also determined from the
Eyring plot with reaction rate constants ranging from −30 to
−70 °C (Figures S13 and S14). The activation of enthalpy
(ΔH⧧) and the activation of entropy (ΔS⧧) were estimated to
be 32.5 ± 2.7 kJ·M−1 and −109.6 ± 12.3 J·M−1·K−1,
respectively. The negative ΔS⧧ value indicates an associative
transition state. We also conducted kinetic study of 1 for
various aromatic compounds at −40 °C (Figure S15), and the
results are summarized in Table 1. Apparently, the reaction rate

constant increases with an increase in the number of the
methoxy groups on the aromatic ring. To examine the direct
electron transfer between 1 and substrate in the rate-limiting
step, we plotted the reaction rate constant over the one-
electron oxidation potential (Eox) of substrate (Figure S16). A
good correlation was not identified. All of the present data
indicated that an electrophilic aromatic substitution of 1 may be
involved in the rate-limiting step of the chlorination reaction.
The reaction of 1 with cyclohexene may also be explained by an
electrophilic addition to the CC bond (Figure S17).
There have been several reports of chlorination reactions by

metalloporphyrin complexes.17−20 Dichloromanganese(IV)
porphyrin was shown to effect chlorination reactions to olefins
via a radical mechanism.18 Participation of analogous iron
complexes, such as (TPFP2+)FeIII(Cl)3 and (TPFP

+•)FeIV(Cl)3,
in the present chlorination reactions is ruled out by the absence
of c i s -1 ,2-dichlorocyclohexane from cyclohexene.
Oxomanganese(V) porphyrins were also capable of chlorina-
tion reactions with formation of hypochorite.19 Formation of a
chlorinating agent by (TPFP+•)FeIVO(NO3), formed by the
reverse reaction from 1, is also ruled out by the absence of
oxygenation products. In addition, independence of the
reaction rate on the concentration of chloride ion supports
that 1 chlorinates substrates.
1 also reacts with excess chloride ion much faster than

organic substrates. In fact, when excess TBACl is used to
prepare 1 from (TPFP+•)FeIVO(NO3), 1 is not formed
effectively. Moreover, when 50 equiv of TBACl is further
added after formation of 1 at −90 °C, 1 decomposes to
(TPFP)FeIIICl within a few minutes. The reaction of 1 with
excess chloride ion is expected to result in the formation of a
chlorine molecule. To identify a chlorine molecule from this
reaction, 1,3,5-trimethoxybenzene, anisole, and cyclohexene
were added to the mixture after the reaction of 1 with excess
chloride ion at −90 °C. After the mixture warmed to room

Figure 2. Chlorination of organic substrates by isoporphyrins 1 and 2.
The yields are based on the starting ferric porphyrins. The numbers in
the parentheses show product yields obtained using a chlorinating
agent formed from the reaction of 1 with 50 equiv of TBACl. The
blank experiments, (TPFP)FeIII(NO3) in the presence of TBACl (2
equiv) and TFA (20 equiv), did not give significant amount of
chlorination products (<1−2%).

Table 1. Second-Order Rate Constants for Substrate
Chlorination by 1 at −40 °C

substrate Eox
a k2 (M

−1 s−1)

anisole 1.23b too slow
1,4-dimethoxybenzene 0.94 (3.07 ± 0.03) × 10−4

1,3,5-trimethoxybenzene 1.14c (3.77 ± 0.01) × 10−1

1,2,3,5-tetramethoxybenzene 0.68c (6.91 ± 0.08) × 10−1

cyclohexene 1.48d (1.76 ± 0.06) × 10−2

aThe Eox values shown with SCE and Ag/Ag+ references are calibrated
to be Fc/Fc+ by subscribing 0.53 and 0.57 V, respectively. The Eox
values can shift depending on solvents and temperature. bIn CH3CN,
ref 21. cIn CH2Cl2, ref 22.

dIn CH3CN, ref 23.
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temperature, the reaction products were analyzed by GC-MS.
The products and their yields are shown in Figure 2. The
chlorination products are the same as the products from 1. The
ratio of the p- and o-chloroanisoles is different from the ratio
formed from 1, but close to the ratio obtained in chlorination
reactions using chlorine as reported previously.17 These results
indicate that 1 can react with excess chloride ion to form a
chlorine molecule and (TPFP)FeIIICl.
The chlorination reactions induced by iron(III) meso-chloro-

isoporphyrin complex could be expanded in the development
of a catalytic chlorination reaction. When ozone gas is bubbled
into a mixture of (TPFP)FeIIICl (5.0 × 10−4 M, 1 mol %), TFA
(0.1 M), TBACl (0.05 M), and 1,3,5-trimethoxybenzene (0.05
M) in DCM at room temperature for 1.5 h, 1-chloro-2,4,6-
trimethoxybenzene is produced in 16% yield (turnover number
= 16).24 Moreover, the same product is also produced in 85%
yield (turnover number = 85) when an aqueous solution of
hydrogen peroxide is vigorously stirred with a mixture of
(TPFP)FeIIICl (5.0 × 10−4 M, 1 mol %), TFA (0.1 M), TBACl
(0.05 M), and 1,3,5-trimethoxybenzene (0.05 M) in DCM at
room temperature for 1 h.24 Similar catalytic chlorination
reactions with a heme thiolate complex have been reported by
Woggon et al.,20 who proposed the formation of hypochlorite
as a chlorinating agent in a haloperoxidase reaction. This
process seems not to be involved under our conditions because
the formation of 1 is much faster than the reaction of
(TPFP+•)FeIVO(NO3) with TBACl.17 In addition, isoporphyr-
in could not be formed under their conditions because acetic
acid was used as proton source. Further studies are needed to
optimize the reaction conditions and to clarify the mechanism
of the catalytic reactions.
In summary, this study demonstrates the conversion of

oxoiron(IV) porphyrin π-cation radical to iron(III) meso-
chloro-isoporphyrin in the presence of chloride ion and TFA.
The iron(III) meso-chloro-isoporphyrin complex formed in this
reaction is a reactive agent capable of chlorination of aromatic
compounds and olefins.
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