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ABSTRACT

Photodisproportionation of a bis-corrole-diiron(IV)-µ-oxo dimer gave a corrole-iron(III) species and a corrole-iron(V)-oxo species that
can be detected and studied in real time. Air oxidation of the corrole-iron(III) species regenerated the bis-corrole-diiron(IV)-µ-oxo dimer,
allowing the development of a photocatalytic method for organic oxidations using molecular oxygen and visible light.

Catalytic oxidations of organic substrates by macrocycle-iron
complexes have been objects of research interest for de-
cades.1-4 Porphyrin- and corrole-iron complexes are
models for heme-containing enzymes and serve as efficient
two-electron, oxo-transfer catalysts with peroxy compounds
functioning as the terminal or sacrificial oxidants.1-4 Most
commonly, a macrocycle iron(III) species is oxidized to an
iron-oxo species with a formal oxidation state on iron of
+5, and the intermediate high-valent iron-oxo complex then

oxidizes an organic substrate. Catalytic oxidations ac-
complished with iron in a formal +4 oxidation state, which
might disproportionate to give a higher valent iron-oxo
species,5 are possible. In this regard, cofacial bis-por-
phyrin-diiron(III)-µ-oxo complexes6,7 have drawn consid-
erable attention because these systems can effect organic
oxidations in catalytic cycles using molecular oxygen as a
terminal oxidant and photodisproportionation of the µ-oxo
dimer to give transient porphyrin-iron(IV)-oxo species.8-11
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In catalytic porphyrin-iron-oxo chemistry, the transient
with iron in the formal +5 oxidation state exists mainly as
an iron(IV)-oxo complex with the porphyrin oxidized to a
radical cation.12-15 True metal(V)-oxo complexes, which
are generally rare and elusive, are known to be more reactive
than the metal(IV)-oxo ligand radical cation valence tau-
tomers. For example, porphyrin-manganese(V)-oxo com-
plexes display higher reactivity than the analogous iron(IV)-
oxoporphyrin radical cation,5,16-18 and a recently reported
oxoiron(V) complex supported by a tetraanionic ligand
showed unprecedented reactivity.19 We reported photoin-
duced ligand cleavage reactions that generated highly reactive
corrole- and porphyrin-iron-oxo intermediates that are
best described as iron(V)-oxo species.20-22 In this work,
we report a catalytic oxidation system based on a cofacial
bis-corrole-iron(IV)-µ-oxo complex, which employs a
photodisproportionation reaction that gives an iron(III) and
putative iron(V)-oxo species. The highly oxidized iron
atoms in this system result in a more powerful oxidant than
is formed in the cofacial bis-porphyrin systems.

The target oxidant in this study was the corrole-iron-oxo
transient 2, which was expected to be formed by photodis-
proportionation, or homolytic cleavage of an iron-oxygen
bond,23 of the bis-corrole-diiron(IV)-µ-oxo dimer 1 (Scheme
1). Irradiation of the corrole-iron(IV) chlorate 3 was found

to give a highly reactive oxidant that was tentatively assigned
the iron(V)-oxo structure 2 based on its unique UV-vis
spectrum and its very high reactivity.20 As discussed below,

the same transient was formed by photolysis of dimer 1, as
determined by its spectral and kinetic behavior. The result
supports the original assignment of the structure of the
oxidant as an iron(V)-oxo species,20 but it is the oxidizing
properties of the intermediate and not its detailed structure
that is most important.

The bis-corrole-diiron(IV)-µ-oxo complex 1 was re-
ported in 2001 by Simkhovich et al.24 It was prepared by
the reported method from the corresponding corrole by metal
insertion to give the corrole-iron(III) dietherate complex
initially followed by recrystallization from aerobic solutions
of acetonitrile and cycloheptane to give 1. Complex 1 was
characterized by UV-vis, 1H NMR, and 19F NMR spectra
that matched those previously reported.24 The UV-vis
spectra of complex 1 and its corrole-iron(III) precursor are
shown in Figure 1A.

When complex 1 was dissolved in acetonitrile solution
and irradiated with 355 nm laser light, a short-lived transient
2 was formed. Figure 1B shows a time-resolved UV-vis
spectrum of transient 2 acquired at ambient temperature over
10 ms following 355 nm laser irradiation of 1. In a time-
resolved difference spectrum, the only observable species
are those that increase or decrease in concentration on the
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Scheme 1

Figure 1. (A) Spectra of dimer 1 (solid line) and its iron(III)
precursor (dashed line). (B) Difference spectra at 1, 2, 3, 4, 5, and
10 ms of the reaction after the laser pulse; difference spectrum )
spectrum (t ) 0) - spectrum (t ) time).
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time-scale of the measurements, 10 ms in this case. Positive
peaks are from species decaying with time, and negative
peaks are from species forming with time. Thus, Figure 1B
shows that species 2 with a Soret band at λmax ≈ 415 nm
decays in about 10 ms to give a product with a Soret band
at λmax ≈ 370 nm. This time-resolved spectrum for 2 and
the rate of decay are essentially indistinguishable from those
for the putative iron(V)-oxocorrole species formed by
photolysis of chlorate complex 3.20 The photolysis of 1 had
a quantum yield of 4 × 10-4 (see the Supporting Information
for details), which is similar to that reported for the photolysis
of a bis-porphyrin-diiron(III)-µ-oxo complex.8

Kinetic studies were accomplished by generating transient
2 in the presence of organic substrates at high concentrations
and measuring the rates of reactions under pseudo-first-order
conditions. The pseudo-first-order rate constants obtained are
listed in Table S1 in the Supporting Information. The kinetics
are described by eq 1, where kobs is the observed pseudo-
first-order rate constant, k0 is the background rate constant
for decay in the absence of substrate, kox is the second-order
rate constant, and [substrate] is the concentration of substrate.
As shown in Figure 2, plots of kobs versus the concentrations

of substrate were linear. Values for the second-order rate
constants solved according to eq 1 are collected in Table 1.

The rate constants for decay in acetonitrile and for reactions
with cis-cyclooctene and ethylbenzene were the same when
2 was produced from both precursors, confirming that the
same oxidizing species was produced from both routes.

kobs ) k0 + kox[substrate] (1)

Comparison of the kinetics of reactions of the corrole-
iron-oxo species 2 to those of various porphyrin-metal-oxo
complexes (Table 2) suggests that it is a true iron(V)-oxo

species.14 Corrole and corrolazine25 macrocycles are trianionic,
whereas porphyrins are dianionic, and iron(V)-oxocorrole
complexes will be less unstable than iron(V)-oxoporphyrin
complexes but still high in reactivity.15 The 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin-manganese(V)-oxo
complex17,18 and putative 5,10,15,20-tetraphenylporphyrin-
iron(V)-oxo complex22 are 2 orders of magnitude more
reactive in ethylbenzene oxidations than 2, but complex 2 is
100 times more reactive than an iron(IV)-oxoporphyrin
radical cation.26 Importantly, transient 2 is much more
reactive than the corresponding porphyrin-iron(IV)-oxo
species.5 The high potential energy of complex 2 is indicated
by the small kinetic isotope effect for oxidation of ethyl-
benzene and ethylbenzene-d10 (kH/kD ) 3.6), which is
consistent with a highly exothermic reaction, and by the small
slope in the correlation of the logarithms of the rate constants
for oxidations of a series of arene C-H bonds with the bond
dissociation energies (Figure 3), which is similar to that found

Figure 2. Observed rate constants for reactions of 2 with cis-
cyclooctene (black), cumene (blue), ethylbenzene (green), and
toluene (red).

Table 1. Second-Order Rate Constants for Reactions of 2a

source substrate kox (M-1 s-1)

1 none 208 s-1b

cis-cyclooctene (5.4 ( 0.3) × 103

dihydroanthracene (4.9 ( 0.2) × 103

cumene (7.7 ( 0.5) × 102

ethylbenzene (5.8 ( 0.4) × 102

toluene (4.0 ( 0.1) × 102

3c none 200 s-1b

cyclohexene (7.4 ( 0.3) × 103

cis-cyclooctene (5.9 ( 0.2) × 103

ethylbenzene (5.7 ( 0.3) × 102

ethylbenzene-d10 (1.6 ( 0.2) × 102

a Reactions at 22 °C in acetonitrile. b Pseudo-first-order decay rate
constant in the absence of substrate. c Preliminary results from 3 were
reported in ref 20.

Table 2. Rate Constants for Reactions with Ethylbenzenea

oxidantb kox (M-1 s-1) ref

(TPFPP)MnVO(X) 1.3 × 105 18
(TPP)FeVO(ClO4) 8 × 104 22
2 600 this work
(TPFPP)•+FeIVO(ClO4) 6 26
(TPFPP)FeIVO <0.01c 5

a Second-order rate constants at ambient temperature. b TPFPP )
5,10,15,20-tetrakis-(perfluorophenyl)porphyrin; TPP ) 5,10,15,20-tetraphenyl-
porphyrin. c Too slow to measure.

Figure 3. Correlations of logarithms of statistically corrected rate
constants for oxidations of cumene, ethylbenzene, and toluene with
C-H bond dissociation energies (BDE) of the substrates. The lower
set of data is for corrole-iron-oxo complex 2, and the upper set is
for the putative tetramesitylporphyrin-iron(V)-oxo complex (ref 22).
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for oxidations by a putative porphyrin-iron(V)-oxo com-
plex.22

The elements of a highly reactive, yet economical and
green, catalytic oxidation system exist in the reactions
discussed above. A proposed catalytic mechanism is shown
in Scheme 2. Photodisproportionation of complex 1 gives

one molecule of a corrole-iron(III) species 4 in addition to
the highly reactive iron-oxo transient 2. Oxidation of an
organic substrate by 2 gives a second molecule of 4.
Autoxidation of the corrole-iron(III) complex 4 then returns
the bis-corrole-diiron(IV)-µ-oxo complex 1 (Scheme 2).

The potential for a catalytic system was evaluated in the
aerobic oxidation of cis-cyclooctene (Scheme 2). The reaction
system consisted of 1 µmol of 1 in 5 mL of acetonitrile
containing 5 mmol of cyclooctene. Dry air was bubbled
through the solution as it was irradiated with 400-500 nm
light. After 48 h of photolysis, cis-cyclooctene oxide was
obtained as the only identifiable oxidation product (>95%
by GC) with ca. 200 turnovers of catalyst. The catalyst was
unchanged as evaluated by UV-vis spectroscopy. Control

experiments demonstrated that no epoxide was formed in
the absence of either the catalyst or light. The results cannot
be ascribed to the chemistry of singlet oxygen, which is
characterized by efficient “ene” reactions of alkenes.27

Further investigations of substrate scope, optimization of
reaction conditions, and mechanisms of the oxidation reaction
are currently underway.

In summary, photocleavage of a bis-corrole-iron(IV)-µ-
oxo dimer proceeds by homolysis of an Fe-O bond to give
an iron-oxo transient that is spectroscopically and kinetically
indistinguishable from the species formed by photolysis of
the corresponding corrole-iron(IV) chlorate complex. This
transient is most likely a corrole-iron(V)-oxo species as
judged by its high reactivity in comparison to porphyrin-
iron-oxo complexes. The autoxidation of corrole-iron(III)
species in aerobic solutions to give the bis-corrole-iron(IV)-
µ-oxo dimer combined with the photochemical homolytic
cleavage of the dimer represents an attractive green catalytic
cycle.
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