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Introduction

Organic ligand-complexed transition metal-oxo intermedi-
ates are active oxidants in a variety of metal-catalyzed reac-
tions that employ sacrificial oxidants such as hydrogen per-
oxide, peroxy acids, and iodosobenzene. Much research has
focused on 20-membered ring macrocyclic porphyrin–metal
complexes, which are mimics of heme-containing enzymes
found in nature.[1] Metal complexes with corrole ligands, tet-
rapyrrole 19-membered macrocycles that are unsaturated
analogues of the corrin ligand in cobalt-containing coen-
zymes, are relatively little studied.[2] Corrole–metal-oxo spe-
cies are inherently more stable than the corresponding por-

phyrin–metal-oxo species because corroles are tri-anionic li-
gands, whereas porphyrins are di-anionic ligands.

Progress in methods for corrole syntheses[3] resulted in in-
creased interest in corrole–metal complexes in recent
years.[4] Catalytic oxidations with the manganese(iii) com-
plex of tris(pentafluorophenyl)corrole (H3TPFC) using iodo-
sobenzene as the sacrificial oxidant were reported in 2000,[5]

and a biomimetic oxidation with an albumin-conjugated
manganese corrole was recently reported.[6] Perhalogenation
of the corrole macrocycle with bromine or fluorine results in
increased reactivity as judged by turnover numbers and bulk
oxidation velocities for the corrole–manganese complexes
under catalytic conditions with PhIO as the sacrificial oxi-
dant.[7,8] No kinetic information has been reported for cor-
role–manganese-oxo reactions, however, and the mecha-
nisms are not well understood. For example, oxidation of
the (TPFC)MnIII complex with ozone gives the
(TPFC)MnV(O) species, which does not react with styrene
at room temperature,[5] an observation that led Gross and
co-workers to the conclusion that the active oxidant in the
catalytic process has the metal ion in a higher oxidation
state than manganese(v).[5] Moreover, a high-electron
demand triazacorrolazine ligand, which one might expect to
give a quite reactive oxo species, in fact gives a mangane-
se(v)-oxo complex that is stable enough to isolate.[9]

Abstract: Corrole–manganese(v)-oxo
intermediates were produced by laser
flash photolysis of the corresponding
corrole-manganese(iv) chlorate com-
plexes, and the kinetics of their decay
reactions in CH2Cl2 and their reactions
with organic reductants were studied.
The corrole ligands studied were
5,10,15-tris(pentafluorophenyl)corrole
(H3TPFC), 5,10,15-triphenylcorrole
(H3TPC), and 5,15-bis(pentafluoro-
phenyl)-10-(p-methoxyphenyl)corrole
(H3BPFMC). In self-decay reactions
and in reactions with substrates, the

order of reactivity of (Cor)MnV(O) was
TPC > BPFMC > TPFC, which is in-
verted from that expected based on the
electron-demand of the ligands. The
rates of reactions of (Cor)MnV(O)
were dependent on the concentration
of the oxidant and other manganese
species, with increasing concentrations
of various manganese species resulting
in decreasing rates of reactions, and

the apparent rate constant for reaction
of (TPFC)MnV(O) with triphenylamine
was found to display fractional order
with respect to the manganese-oxo spe-
cies. The kinetic results are consistent
in part with a reaction model involving
disproportionation of (Cor)MnV(O) to
give (Cor)MnIV and (Cor)MnVI(O) spe-
cies, the latter of which is the active ox-
idant. Alternatively, the results are
consistent with oxidation by
(Cor)MnV(O) which is reversibly se-
questered in non-reactive complexes by
various manganese species.

Keywords: corroles · kinetics · laser
flash photolysis · manganese

[a] R. Zhang, D. N. Harischandra, Prof. M. Newcomb
Department of Chemistry
University of Illinois at Chicago
845 W. Taylor St. , Chicago, IL 60607 (USA)
Fax: (+1)312-996-0431
E-mail : men@uic.edu

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Spectra of
(Cor)MnV(O), spectrum from reaction of 4a with cis-cyclooctene,
results of laser power studies, and spectrum from reaction of 4a
with 1a.

Chem. Eur. J. 2005, 11, 5713 – 5720 E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5713

FULL PAPER



We recently introduced the use of laser flash photolysis
(LFP) methods for formation and kinetic studies of porphy-
rin–manganese-oxo derivatives[10,11] and for photo-oxidations
that give compound I and analogues, iron(iv)-oxo porphyrin
radical cations.[12] With photochemical production of reac-
tive metal-oxo transients, one has access to time scales that
are much shorter than the fastest mixing experiments, and
kinetics of oxidation reactions of the transients of interest
are not convoluted with the kinetics of reactions that form
the transients. In the present work, we report photolysis re-
actions of triarylcorrole–manganese(iv) chlorate complexes
that result in homolytic cleavage of the O�Cl bond in the
chlorate to give triarylcorrole–manganese(v)-oxo species
and kinetic studies of (Cor)MnV(O) species formed under
various conditions. The kinetic results demonstrate that re-
actions of (Cor)MnV(O) are mechanistically complex, and,
in part, they are consistent with the premise that the pre-
dominant oxidants in these systems are corrole–manga-
nese(vi)-oxo species formed at concentrations too small for
detection.[5] We also observed corrole–manganese concen-
tration-dependent inhibition of the oxidation reactions and
fractional kinetic order with respect to (Cor)MnV(O), how-
ever, which suggests an alternative mechanistic Scheme
where the corrole–manganese(v)-oxo species are the active
oxidants but can be sequestered
in unreactive complexes.

Results

We studied the three triarylcor-
role–manganese systems shown
in Scheme 1. Using abbrevia-
tions that follow those estab-
lished by Gross, the 5,10,15-
tris(pentafluorophenyl)corrole
system, labeled “a” in this
work, is (H3TPFC), and the
5,10,15-triphenylcorrole system
labeled “c” is (H3TPC). The 5,15-bis(pentafluorophenyl)-10-
(p-methoxyphenyl)corrole system (b) is abbreviated
(H3BPFMC). Each of the corrole ligands was known,[3,13,14]

as were the manganese(iii) complexes 1a[5] and 1c,[15] but
the manganese derivative 1b is new.

Oxidation of the neutral triarylcorrole–manganese(iii)
species 1 with tris(4-bromophenyl)aminium hexachloroan-
timonate gave the corrole–manganese(iv) chloride salts 2,
2a[7] and 2c[15] were known. The by-product of the oxidation
reaction, Ar3N, would interfere with kinetic studies, and
complexes 2 were purified by crystallization followed by re-
peated silica gel chromatographies until no amine could be
detected in the UV-visible spectrum. We note that silica gel
chromatography of corrole–manganese(iv) chlorides has not
been reported previously, but UV-visible spectra and thin
layer chromatography showed that the method does not
result in exchange of the tightly bound chloride anion; it is
well known that porphyrin–metal(iii) chloride complexes

can be successfully purified by silica gel chromatography.[16]

Exchange of the counterion in 2 with Ag(ClO3) gave the
corresponding chlorate salts 3 that were the desired photo-
chemical precursors. Chlorate salts 3 were prepared in situ
and used in LFP studies immediately after preparation; they
were identified only by their UV-visible spectra. The UV-
visible spectra of the various corrole species 1, 2, and 3 are
listed in Table 1. The neutral corrole complexes 1 and chlo-
ride salts 2 displayed split Soret bands, but the chlorate salts
3 did not, as illustrated in Figure 1 for the (TPFC) salts.

Irradiation of chlorate complexes 3 with 355 nm light
from a Nd/YAG laser gave results shown in Figures 2 and 3.
In Figure 2, we show the spectrum produced by LFP of pre-

Scheme 1.

Table 1. UV-visible absorbances for corrole manganese complexes.[a]

Complex Soret bands (log e) Q bands (log e)

(TPFC)MnIII (1a) 399 (4.59), 416 (4.62) 484 (4.30), 596 (4.04)
(BPFMC)MnIII (1b) 399 (4.29), 419 (4.26) 488 (4.10), 583 (3.72), 631 (3.76)
(TPC)MnIII (1c) 403 (4.42), 438 (4.30) 500 (3.86), 651 (3.55)
(TPFC)MnIV(Cl) (2a) 363 (4.42), 415 (4.67) 589 (3.63)
(BPFMC)MnIV(Cl) (2b) 360 (4.15), 411 (4.32) 600 (4.17)
(TPC)MnIV(Cl) (2c) 358 (4.49), 433 (4.66) 603 (3.61)
(TPFC)MnIV(ClO3) (3a) 429 (4.70) 595 (3.79)
(BPFMC)MnIV(ClO3) (3b) 421 (4.36) 592 (3.57)
(TPC)MnIV(ClO3) (3c) 439 (4.67) 611 (3.45)

[a] Spectra in CH2Cl2 solutions.

Figure 1. UV/Vis spectra of (TPFC)MnIVCl (2a) (dashed line) and
(TPFPC)MnIV(ClO3) (3a) (solid line).
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cursor 3a ; the Soret band from 3a was bleached, and new
signals were produced that were blue-shifted. Addition of a
scaled spectrum of the bleached precursor to the LFP spec-
trum gave the product spectrum of (TPFC)MnV(O) (4a),
which is the same as the spectrum of 4a formed by chemical
oxidation of the neutral corrole–manganese(iii) species 1a
(Figure 2b). The spectrum of photogenerated 4a also match-

ed that reported previously from ozone oxidation of the spe-
cies 1a.[5] In Figure 3, we show spectra of 4b and 4c formed
by LFP of the corresponding chlorate salts, which match the
UV/vis spectra obtained by chemical oxidation of the re-
spective (Cor)MnIII species 1b and 1c (Supporting Informa-
tion).

The UV/Vis spectra of oxo species 4 have split Soret
bands that are distinct and considerably blue-shifted from
the Soret band of the chlorate complexes 3 (Table 2). Thus,
the photolysis reactions of the chlorate complexes 3 pro-
duced neutral oxo-species 4 by homolytic cleavage of the
O�Cl bond in the chlorate counterion. The photo-induced
fragmentation reactions of chlorates 3 are directly analogous
to the photochemical cleavages of porphyrin–manganese(iii)
chlorates, which give neutral porphyrin-manganese(iv)-oxo
derivatives by homolytic cleavage of the O�Cl bonds in the
chlorates.[11]

The photochemical reaction giving 4a in CH2Cl2 was
shown to be a one-photon process in variable power experi-
ments. Specifically, the slope of a plot of the logarithm for
formation of 4a, as determined by signal intensity at
350 nm, versus the logarithm of laser power from 24 to
85 mJ was 1.14 � 0.24 (error at 2s) (Supporting Informa-
tion). The quantum yields for formation of oxo complexes 4
are given in Table 2. These values were determined with
benzophenone as the actinometric standard, where the
quantum efficiency for formation of the benzophenone trip-

let with 355 nm light is taken to be 100%.[17] The photo-in-
duced cleavages of the chlorate salts 3 are reasonably effi-
cient processes, and they would result in about 10% conver-
sion if 40 mJ of 355 nm light was used. The quantum yields
for reactions of 3 are similar to those found for photo-in-
duced homolytic cleavages of the O�Cl bonds in porphyrin–
manganese(iii) chlorate complexes.[11]

The photochemically-generated corrole–manganese(v)-
oxo species 4 in CH2Cl2 solutions decayed, initially giving
corrole–manganese(iv) species. In the example in Figure 4,
one of the split Soret bands of 4a overlaps with the major
Soret band of chloride salt 2a and the single Soret band of
chlorate salt 3a, with the result that the decrease in absorb-
ance at 400 nm over the course of the decay reaction is
somewhat less than the decay observed at 350 nm. The for-
mation of manganese(iv) species in these reactions does not
implicate one-electron reactions because the decay reactions
are relatively slow. Reaction of oxo species 4 in two-electron
reactions to give 1 followed by comproportionation of 1
with another molecule of 4 is possible, and the reaction of
1a with 4a was demonstrated (Supporting Information).

The decay reactions of species 4 were complex. The half-
lives of 4 when they were produced at about 5O10�7

m con-

Figure 2. a) LFP spectrum observed upon irradiation of (TPFC)MnIV-
(ClO3) in CH2Cl2 (3a) (dashed line), spectrum of chlorate salt 3a scaled
to give zero absorbance at 450 nm (dotted line), and spectrum of 4a from
addition of the two spectra (solid line). b) Spectrum of (TPFC)MnV(O)
(4a) formed by reaction of the neutral complex 1a with PhIO.

Figure 3. a) Spectrum of (BPFMC)MnV(O) (4b). b) Spectrum of
(TPC)MnV(O) (4c). The dashed lines are the LFP results, the dotted
lines are scaled spectra of the precursors 3, and the solid lines are spectra
of derivatives 4 obtained by addition of the other two spectra.

Table 2. Spectra of corrole–manganese(v)-oxo derivatives 4 formed by
LFP.[a]

(Cor)MnV(O) Absorption bands[b] (log e)[c] Quantum
yield[d]

(TPFC)MnV(O) (4a) 350 (4.62), 410 (4.65), 525 (4.01) 1.6O10�2

(BPFMC)MnV(O)
(4b)

354 (4.34), 410 (4.36), 535 (3.76) 1.7O10�2

(TPC)MnV(O) (4c) 356 (4.34), 415 (4.47), 550 (3.77) 3.2O10�2

[a] In CH2Cl2 solutions. [b] Absorption bands in nm. [c] The molar extinc-
tion coefficients were determined with samples of 4 prepared by oxida-
tion of 1 with PhIO. [d] From photolysis of precursors 3, in units of mol/
einstein of 355 nm light.
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centration at ambient temperature in CH2Cl2 were in the
range of 1–10 seconds, but the rates of decay were depen-
dent on the concentrations of manganese species. Table 3

lists apparent pseudo-first-order rate constants for decay of
4. We note that we solved the kinetic data for first-order
decay in order to illustrate concentration effects, but the re-
actions are not cleanly first-order in oxidant. When the con-
centrations of species 4a increased, the apparent rate of
decay decreased. From the LFP studies, one cannot deter-
mine if the kinetic inhibition was due to oxo species 4a or
its precursor 3a (or both) because the concentrations of 4a
and precursor 3a changed linearly, but stopped-flow studies
with 4a formed by stoichiometric oxidation of precursor 1a
by m-chloroperoxybenzoic acid (MCPBA) showed that any
manganese species tested had a suppressing effect on the
rates of decay. Thus, an increase in concentration of 4a in
the absence of other manganese species resulted in a de-
crease in the rate of decay. Addition of manganese(iv) salts
2a and 3a also reduced the rate of decay of 4a ; the differ-
ence in effects of the two manganese(iv) salts likely reflects
differences in the strengths of the axial ligand bonds. We
note that, in the extreme examples in Table 3, the apparent
rate constants for decay of oxo species 4a differed by nearly

four orders of magnitude, and extrapolation of the results to
high concentrations of manganese species would lead to the
conclusion that concentrated 4a should appear to be rela-
tively stable. As discussed later, this concentration-depen-
dent kinetic suppression effect likely was an important
factor in the paradoxical reactivity behavior previously re-
ported for (TPFC)MnV(O).[5,7,8, 18]

Reactions of oxo species 4 in CH2Cl2 with alkenes, Ph3P,
and Ph3N were studied. The amounts of transients 4 pro-
duced in LFP studies were in the range of 10–50 pmol;
therefore, products could be characterized spectroscopically
but not isolated. Previous studies led to conflicting reports
that (TPFC)MnV(O) (4a) either does[8] or does not[5] react
with alkenes, but we observed reactions of transients 4 with
alkenes. Corrole–manganese complex 1a is known to cata-
lyze oxidation of alkenes to the expected epoxide products
under turnover conditions with PhIO as the sacrificial oxi-
dant,[5,8] and we confirmed these results in studies with cis-
cyclooctene and cis-stilbene (see below). Triphenylphos-
phine is known to be oxidized to Ph3P(O) by 4a produced
under any conditions.[5] We also studied reactions of species
4 with Ph3N, which typically reacts with metal-oxo species
by one-electron transfer; the triphenylamminium radical
cation was observed spectroscopically (lmax �650 nm) in
our studies, confirming that one-electron reduction of 4 oc-
curred at least in part.

As expected from the decay reactions in the absence of
substrates, reactions of 4 with substrates displayed complex
kinetics. Nonetheless, apparent pseudo-first-order decay rate
constants for 4 increased linearly as a function of substrate
concentration (Figure 5), thus permitting calculation of ap-

parent second-order rate constants for reactions with the re-
ductants via Equation (1) where kobs is the observed pseudo-
first-order rate constant, k0 is a background decay rate con-
stant, kox is the apparent second-order rate constant for re-
action with substrate, and [Sub] is the concentration of sub-
strate. Apparent second-order rate constants for reactions
with the various substrates are listed in Table 4, where we

Figure 5. Kinetic decay traces at 350 nm for reaction of 5O10�7
m 4a in

the presence of (from the top) 0.044, 0.088, 0.18, and 0.35 mm Ph3P. The
inset shows observed pseudo-first-order decay rate constants as a func-
tion of substrate concentration.

Figure 4. Decay spectrum for species 4a reacting in CH2Cl2 solution over
10 s. In this representation, decaying signals show as positive absorbances,
and growing signals show as negative absorbances.

Table 3. Manganese species concentration effects on decay of corrole–
manganese(v)-oxo species 4.[a]

Oxo species[b] (m conc) Additive (m conc) kobs [s�1][b]

4c (6O10�7) 3c (2O10�5) 1.5
4b (5O10�7) 3b (2O10�5) 0.14
4a (0.6O10�7) 3a (0.25O10�5) 0.26
4a (1.2O10�7) 3a (0.5O10�5) 0.23
4a (2.5O10�7) 3a (1O10�5) 0.16
4a (5O10�7) 3a (2O10�5) 0.10
4a[c] (1.6O10�5) none 1.6O10�3

4a[c] (2.9O10�5) none 5.4O10�4

4a[c] (1.6O10�5) 3a (1.8O10�5) 5.2O10�5

4a[c] (1.6O10�5) 2a (1.8O10�5) 8.1O10�4

[a] Observed first-order decay rate constants in CH2Cl2 at 20 � 2 8C.
[b] Oxo species 4 produced in LFP experiments unless noted. [c] Oxo
species produced by MCPBA oxidation of 1a.
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used the same initial concentration of each oxo species 4 for
all reactions.

kobs ¼ k0 þ kox½Sub� ð1Þ

Manganese concentration effects for reactions of 4 with
substrates mirrored those found for decay in the absence of
reactive substrate. In a series of LFP experiments, we pro-
duced varying concentrations of 4a by changing the concen-
trations of precursor 3a, and measured apparent pseudo-
first-order rate constants for reaction of 4a in the presence
of 0.8 mm Ph3N. The observed rate constants decreased as
the concentration of 4a increased (Figure 6). When the data
was plotted in log–log format (inset in Figure 6), the slope

was about �0.4, where a slope of �0.5 would be found for a
reaction that is one-half order in 4a. The experimental data
cannot be fit precisely for half-order reactions of 4a, but the
results indicate that the kinetic order for 4a is less than one.
This behavior implicates one or more kinetically important
aggregation phenomena.

A dramatic suppression of the rate of reaction of oxo spe-
cies 4a with cis-cyclooctene as a function of increased 4a
concentration was demonstrated. In a series of stopped-flow

mixing studies, 4a at a concentration of 2O10�5
m was pro-

duced by MCPBA oxidation of 1a and allowed to react with
cis-cyclooctene at concentrations ranging from 0.1 to 1.4m
(Supporting Information). The complexity of the reactions
was indicated in the time-resolved spectra that did not con-
tain isosbestic points, but it is noteworthy that the only de-
tectable manganese product was (TPFC)MnIII (see Figure
S2 in Supporting Information). Analysis of the data via
Equation (1) gave an apparent second-order rate constant of
kox=0.12 � 0.02m�1 s�1, which can be compared with the
value obtained for more dilute 4a given in Table 4. Thus, a
about 40-fold increase in concentration of 4a resulted in a
33-fold decrease in the apparent second-order rate constant.

Despite the complications of concentration effects, two
trends appear to be important in Table 4, where the initial
concentrations of species 4 were constant in all studies. For
any given reductant, the reactivities of oxo species 4 are in-
verted with the more electron-demanding ligand (TPFC)
giving the least reactive oxo species 4a and the least elec-
tron-demanding ligand (TPC) giving the most reactive oxo
species 4c. The second feature is subtle. In the two-electron
oxo-transfer reactions, oxidations of the alkenes and reac-
tions with Ph3P, the difference in the apparent second-order
rate constants for species 4a and 4c are effectively constant
even through the absolute reactivities of Ph3P with oxo spe-
cies 4 are 4–5 orders of magnitude greater than the reactivi-
ties of the alkenes. Mechanistic models with different reac-
tive oxidants are possible, as discussed later, but these re-
sults suggest that only one active oxidant was involved in
the LFP reactions.

Collman and co-workers reported evidence that corrole–
manganese species 1a can effect oxidations via a complex of
the sacrificial oxidant PhIO with manganese as well as by
reaction of the metal-oxo species 4a.[18] We briefly evaluated
that model by conducting competitive oxidation reactions
with cis-cyclooctene and cis-stilbene. Thus, mixtures of the
two alkenes and a catalytic amount of 1a or 1c in CH2Cl2
were treated with a limited amount of PhIO, the reactions
were allowed to proceed essentially to complete consump-
tion of the PhIO, and the amounts of epoxides formed in
the reactions were determined by GC and 1H NMR meas-
urements. The relative rates of oxidation of the substrates
under catalytic turnover conditions differed considerably
from the ratios of rate constants found in the LFP studies.
The ratio of LFP rate constants for reactions of 4a with cy-
clooctene and with stilbene was 0.4, but cyclooctene was
oxidized 1.4 times faster than stilbene in the catalytic turn-
over reactions. Similarly, the LFP rate constant ratio for re-
action of 4c with cyclooctene and stilbene was 0.5, whereas
the product ratio from the two alkenes under catalytic turn-
over conditions was 1.5. The complex concentration effects
on kinetics preclude a simple explanation, but the active ox-
idants under catalytic turnover conditions with PhIO appear
not to be the same as those produced by photochemical gen-
eration of (Cor)MnV(O).

Table 4. Rate constants for reactions of corrole–manganese(v)-oxo spe-
cies 4.[a]

Oxo species Substrate kox [m�1 s�1]

4a Ph3N (1.35 � 0.1)O104

Ph3P (4.9 � 0.2)O105

cyclohexene 16 � 2
cyclooctene[b] 4 � 1
cis-stilbene 9 � 2

4b Ph3N (3.0 � 0.6)O104

Ph3P (7.2 � 0.4)O105

4c Ph3N (5.2 � 0.4)O104

Ph3P (8.0 � 0.4)O105

cyclohexene 33 � 5
cyclooctene[b] 11 � 2
cis-stilbene 20 � 2

styrene < 1

[a] Apparent second-order rate constants for reactions of 5O10�7
m 4 at

20 � 2 8C in CH2Cl2 solutions. [b] cis-cyclooctene.

Figure 6. Observed apparent pseudo-first-order rate constants for reac-
tion of 4a in CH2Cl2 in the presence of 0.8 mm Ph3N. The concentrations
of precursor 3a are listed; under the LFP conditions used, the conver-
sions of 3a to 4a were ca. 2.5% efficient. The inset shows the data in
log-log format.
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Discussion

Photochemical activation of transition metal complexes to
produce reactive oxidants has been known for years,[19] but
the use of laser flash photolysis (LFP) methods to produce
and study reactions of manganese-oxo transients in real
time was introduced only recently.[10,11] From a mechanistic
perspective, direct kinetic studies of transition metal-oxo de-
rivatives offer some advantages over product and turnover
studies. The kinetics of oxidation reactions by the metal-oxo
species can be determined under pseudo-first-order reaction
conditions with respect to the reductant, thus providing pre-
cise rate constants, and the kinetics of oxidations by photo-
generated metal-oxo species are not convoluted with the
rate constants for formation of the reactive transients by re-
action of the sacrificial oxidant with the low-valent metal
species.

Despite the precision of the LFP method, the rate con-
stants for reactions of transients 4 obtained in this work are
not true second-order rate constants for reactions of 4. The
concentration-dependent behavior of the rate constants indi-
cates that equilibration reactions were important in the ki-
netics, and one cannot determine with certainty what species
are the active oxidants. For example, oxo-species 4a pro-
duced by ozone oxidation of 1a appeared to be a relatively
stable compound in CH2Cl2 that did not react with styrene,[5]

but 4a appears to be highly reactive with alkenes in CH2Cl2
when formed photochemically in this work, and alkene ep-
oxidation reactions with catalytic 1a and PhIO as the sacrifi-
cial oxidant are facile.[5,7,8,18]

The stability of 4a produced by ozone oxidation of 1a led
Gross and co-workers to conclude that 4a was not the
active oxidant for styrene and that a higher valence manga-
nese species was active under catalytic turnover conditions.[5]

A model for production and reaction of such species is
shown in Figure 7. Two-electron oxidation of neutral cor-
role–manganese(iii) species 1 by PhIO will give the corrole–
manganese(v)-oxo derivative 4, and two molecules of 4
could react in a disproportionation reaction to give (Cor)Mn
VI(O)(X) and (Cor)MnIV(X). It also is possible that 4 will
react with 1 in a comproportionation process that gives two
manganese(iv) species, and we observed that a mixture of
4a and 1a reacted slowly to give manganese(iv) species.
(Cor)MnIV species are cations that might be viewed as ana-
logues of cationic (porphyrin)MnIII species, which are oxi-

dized by sacrificial two-electron oxidants to cationic (por-
phyrin)MnV(O) species.[10,11, 20–22] Therefore, PhIO oxidation
of cationic (Cor)MnIV to cationic (Cor)MnVI(O) might be
expected, and the manganese(vi)-oxo species could be the
active oxidant. Importantly, the recent report of characteri-
zation of a corrole–manganese(vi)-nitrido species shows that
such high oxidation state manganese species are accessi-
ble.[23] In the model in Figure 7, the oxidizing system could
shuttle between (Cor)MnIV and (Cor)MnVI(O) cations after
the initial oxidation of the (Cor)MnIII complex. In the LFP
studies, where sacrificial oxidants are not present, the veloci-
ties of reactions would reflect the populations of (Cor)Mn
VI(O) cations that are determined by the disproportionation
equilibrium constant. In either case, the concentration of the
active oxidant could be too small to permit detection, and
the major species observed spectroscopically might be
(Cor)MnV(O).

The mechanistic model in Figure 7 is similar to that pro-
posed for reactions of neutral porphyrin–manganese(iv)-oxo
species, where the actual oxidants in the systems apparently
are cationic porphyrin–manganese(v)-oxo species formed in
disproportionation equilibria.[11] Much of the experimental
results in the present work can be accommodated by this
model. Perhaps the most compelling results in its support
are the inverted reactivity patterns found for the corrole sys-
tems studied. In porphyrin–metal-oxo chemistry, one typical-
ly observes that more electron-withdrawing ligands give
more reactive metal-oxo derivatives,[24–26] and this was spe-
cifically demonstrated for a series of porphyrin–mangane-
se(v)-oxo complexes in reactions with a variety of sub-
strates.[10,11] For the corrole systems studied here, the reactiv-
ity order is inverted with the system with least electron
demand, the triphenylcorrole complex 4c, apparently react-
ing fastest with any given substrate. If (Cor)MnVI(O) cations
are the actual oxidants, then the equilibrium reactions for
formation of these species should be most favorable for the
ligand that has the least electron demand. Accordingly, the
observed kinetics could reflect the populations of the
(Cor)MnVI(O) cations, which should be largest for the TPC
ligand. Our finding that added (Cor)MnIV salts suppress the
rates of reactions of (Cor)MnV(O) also is consistent with the
reaction model in Figure 7 because the added salts would
drive the equilibrium shown in the Figure to the left.

The mechanistic model in Figure 7 does not, however,
provide a good explanation for the apparent fractional ki-
netic order of 4. The disproportionation equilibrium as
shown would reduce the concentration of active oxidant, but
reactions would still be first-order in species 4. The mecha-
nism also does not readily explain why 4a produced at high
concentration in the ozone oxidation of 1a was relatively
stable.[5] Another aspect of the present results does not fit
this model well. If (TPFC)MnV(O) (4a) is produced by stoi-
chiometric reaction of 1a with MCPBA and then allowed to
react with an alkene, the manganese product predicted by
this Scheme is an unreactive (TPFC)MnIV cation. In prac-
tice, the reaction of 4a with cis-cyclooctene returned neutral
1a, and there was no evidence for accumulation of any

Figure 7. Model for oxidations by corrole–manganese(vi)-oxo species.
The parallelograms represent corrole ligands.
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(TPFC)MnIV species during the reaction (Figure S2 in Sup-
porting Information). Similar behavior was previously re-
ported by Chang and co-workers.[8]

The findings that species 4 has fractional kinetic order
and that increasing concentrations of various manganese
species reduce the velocities of reactions indicate that the
reactive oxo species are sequestered in inactive forms. It ap-
pears possible that the active oxidant can be bound in weak
complexes that are produced without redox reactions
(Figure 8). Fractional kinetic order for 4 is predicted for
such complexation, and this model would predict the forma-
tion of (Cor)MnIII species as the manganese products in re-
actions with substrates. The observed[5] stability of 4a when
produced by ozone oxidation of 1a might reflect a concen-

tration effect on reactivity similar to those we found in this
work but more dramatic due to higher concentrations of 4a.
The inverted reactivity pattern for the corrole systems stud-
ied here also can be rationalized in the context of this
model. As the electron demand is increased in the corrole
ligand, the manganese ions would bear more positive
charge, resulting in more tightly bound complexes and
smaller concentrations of active oxidant.

The scheme for reactions of corrole–manganese-oxo spe-
cies presented by Collman and co-workers also should be
considered.[18] In their model, oxidations are effected by
(Cor)MnV(O) species and also by complexes of the (Cor)-
MnIII species with the sacrificial oxidants ArIO. Goldberg and
co-workers proposed a related model where catalyzed oxi-
dations were effected by PhIO complexes with (corrolazi-
ne)MnV(O).[27] Our limited studies of competitive oxidations
gave results consistent with the formation of a different or
additional oxidant when PhIO was used as a sacrificial oxi-
dant, but the model does not provide a rationalization for
the kinetic results we found when no sacrificial oxidant was
present. The changes in rates as a function of concentrations
of various manganese species require some type of equili-
bria involving these species.

It is interesting to note that the effects found by Collman
and co-workers, different product ratios in competitive oxi-
dations with different ArIO sacrificial oxidants,[18] as well as
those we found, product ratios in catalytic reactions with
PhIO that did not match the ratios of rate constants from
the LFP results, might be explained in the context of oxida-
tions via the mechanism in Figure 7 if both (Cor)MnVI-
(O)(X) and (Cor)MnV(O) are active oxidants. However, a
“two active oxidants” model is not suggested by the obser-
vation that the reactivity ratios for 4a and 4c with alkenes
and with Ph3P were essentially constant.

A considerable amount of kinetic information was accu-
mulated in this work, but the details of corrole–manganese-
oxo oxidations remain elusive. Two mechanistic models, oxi-
dations by (Cor)MnVI(O)(X) produced at low concentra-
tions by disproportionation of (Cor)MnV(O) and oxidations
by “free” (Cor)MnV(O) that equilibrates with inactive “se-
questered” forms, appear to accommodate most of the re-
sults. Both models predict that an increase in the electron
withdrawing effects of the corrole ligand could give manga-
nese-oxo species that are apparently less reactive because
the populations of active oxidants are smaller, thus provid-
ing a rationalization for the inverted reactivity patterns for 4
we found as well as the stability of the high-electron-
demand triazacorrolazine–manganese-oxo species observed
by Goldberg and co-workers.[9] In addition, multiple oxidant
forms might be involved under catalytic turnover conditions,
although a single oxidant form appears to be involved when
the oxo species are formed photochemically, as deduced
from the reactivity patterns in Table 4.

Experimental Section

Materials : Methylene chloride was obtained from Fisher Scientific and
distilled over CaH2 prior to use. Pyrrole (98%) was purchased from
Sigma-Aldrich Chemical Company and distilled before use. Pentafluoro-
benzaldehyde and trifluoroacetic acid (TFA) (99%) were purchased
from Aldrich Chemical Company and used as received. Benzaldehyde
was purchased from Aldrich Chemical Company and distilled under
vacuum prior to use. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
was obtained from Aldrich Chemical Company and used as received. Io-
dosobenzene was purchased from TCI America Company. m-Chloroper-
oxybenzoic acid (MCPBA) (77%) from Aldrich Chemical Company was
purified by crystallization from methylene chloride and dried in vacuum.
All reactive substrates for LFP kinetic studies and catalytic competitive
oxidations were the best available purity (Aldrich) and were passed
through a dry column of active alumina (Grade I) before use. Corrole li-
gands employed in this study, H3TPFC,[3] H3TPC,[13] and H3BPMFC,[14]

were prepared according to the literature procedures, and their character-
ization data (1H NMR, UV/Vis and HRMS-ESI) were consistent with re-
ported values.

Corrole–manganese(iii) complexes (1): The complexes were prepared as
previously described.[5] In a typical procedure, a solution of H3TPFC
(50 mg, 68 mmol) and manganese(ii) acetate tetrahydrate (167 mg,
680 mmol) in DMF was heated at reflux for 30 min. Evaporation of sol-
vent followed by column chromatography on silica gel (hexane/ethyl ace-
tate 5:1), resulted in isolation of the desired corrole–manganese(iii) com-
plex in 90% yield. The UV/Vis spectra of compounds 1 are listed in
Table 1.

(TPFC)MnIII (1a):[5] FAB-MS: m/z : 848.2 [M]+ , 849.2 [M+H]+ .

(BPMFC)MnIII (1b):[5] FAB-MS: m/z : 788.2 [M]+ , 789.2 [M+H]+ .

(TPC)MnIII (1c):[5] FAB-MS: m/z : 578.5 [M]+ , 579.5 [M+H]+ .

Corrole–manganese(iv) chlorides (2): The compounds were prepared by
a previously reported procedure.[7] In a typical preparation, a hexane so-
lution of MnIIITPFC (2.5 mg, 3.2 mmol) was treated with a dichlorome-
thane solution of tris(4-bromophenyl)aminium hexachloroantimonate
(2.6 mg, 3.2 mmol), which resulted in quantitative precipitation of
MnIVTPFC(Cl). Recrystallization from CH2Cl2/hexane was followed by
two column chromatographies on silica gel to remove traces of the amine
by-product. In the purified products (90–95% yield), no amine was de-
tected by UV/Vis at its lmax value of 312 nm. The UV/Vis spectra of com-
pounds 2 are listed in Table 1.

(TPFC)MnIVCl (2a):[7] LRMS (ESI): m/z : 848.4 [M�Cl]+ .

Figure 8. Oxidant sequestering model for oxidations by corrole–mangane-
se(v)-oxo species.
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(BPMFC)MnIVCl (2b): LRMS (ESI): m/z : 788.2 [M�Cl]+ .

(TPC)MnIVCl (2c):[15] LRMS (ESI): m/z : 578.5 [M�Cl]+ .

Corrole–manganese(iv) chlorates (3): The compounds were prepared in
situ by stirring (Cor)MnIVCl with excess amounts of silver chlorate
(AgClO3) in CH2Cl2 followed by filtration. The formation of chlorate
products 3 was indicated by the change of UV/Vis absorption (Table 1).
The resulting solutions were used for LPF studies immediately after
preparation.

Instrumentation : UV/Vis spectra were recorded on an Agilent 8453 spec-
trophotometer. Laser flash photolysis studies were conducted on an LK-
60 kinetic spectrometer (Applied Photophysics) at ambient temperature
(20 � 2 8C). Solutions of (Cor)MnIV(ClO3) with concentrations of ca. 2O
10�5

m (after mixing) in methylene chloride were irradiated with 355 nm
light from a Nd/YAG laser (ca. 7 ns pulse). Data was acquired and ana-
lyzed with the Applied Photophysics software. Oversampling (64:1) was
employed in some cases to improve the signal to noise ratios. For kinetic
studies, an SC-18 mV stopped-flow mixing unit affixed to the kinetic
spectrometer was employed. For generation of (Cor)MnV(O) species in
mixing studies, an RX2000 rapid kinetics spectrometer accessory (Ap-
plied Photophysics) coupled with the above UV spectrometer was em-
ployed with 400 ms to seconds time scales; solutions of (Cor)MnIII com-
plexes were treated with equivalent amounts of MCPBA or PhIO.

Quantum yields : The values were determined relative to the yield of a
standard by the general method of Hoshino.[17] A solution of the
(Cor)MnIV(ClO3) complex 3 with an absorbance of 0.5 at 355 nm was ir-
radiated with the third harmonic of the Nd/YAG laser (355 nm) at 30 mJ
of power per pulse, and the absorption at lmax for the ca. 350 nm band of
(Cor)MnV(O) product 4 was measured. The molar yield of 4 was deter-
mined from the extinction coefficients found in the mixing studies
(Table 2). The yield of 4 was compared with the yield of benzophenone
triplet formed by 355 nm irradiation of a solution with an absorbance of
0.5 at 355 nm. In this method, the quantum yield for excitation of benzo-
phenone is taken to be 1.0.[17] The quantum yield was calculated from the
ratio of molar yields and ratio of molar extinction coefficients for the
product of interest and the benzophenone triplet.

Kinetics : In LFP studies, solutions of precursor 3 were irradiated by the
laser, and decay of 4 at lmax was monitored. For reactions with substrates,
solutions of 3 were mixed with solutions of substrate at varying concen-
trations, the resulting mixtures were irradiated by the laser after a delay
of < 1 s, and decay of (Cor)MnV(O) (4) was followed at lmax. For stop-
ped-flow mixing studies, 1a in CH2Cl2 solution was oxidized with 1.0
equivalent of MCPBA, and the resulting solution containing 4a was
mixed with CH2Cl2 solutions of cis-cyclooctene. The kinetic results were
complex but could be fit reasonably well for single exponential processes.
For each reaction with substrate, four or five concentrations of substrate
were studied. All kinetic runs are the average of three independent deter-
minations. Apparent second-order rate constants for reactions of 4 with
substrates were determined from the observed decay rate constants with
Equation (1). All errors listed are 2s.

Competitive oxidations : Solutions containing cis-stilbene (0.25 mmol),
cis-cyclooctene (0.25 mmol) and (Cor)MnIII (5 mmol) in CH2Cl2 were pre-
pared. PhIO (0.125 mmol) was added, and the mixture was stirred under
a nitrogen atmosphere at ca. 22 8C until the PhIO was consumed. The re-
action mixture was passed through a short silica gel column and analyzed
by GC after addition of an internal standard or, after concentration, by
1H NMR spectroscopy of a CDCl3 solution. The products were identified
by comparison to authentic samples. The products from cis-stilbene were
cis- and trans-stilbene oxide (cis/trans 5:1), quantitated using their charac-
teristic singlets at d 4.3 and 3.8, respectively, and a trace of benzaldehyde
(<5%). For cis-cyclooctene, the only product detected was cis-cyclooc-
tene oxide. Total yields based on PhIO were ca. 60% as determined by
quantitative GC. The product ratios listed in the text (determined by GC
and/or NMR integration) are the averages of three determinations.
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