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Mechanistic Studies on Peroxide Activation by a Water-Soluble Iron ACHTUNGTRENNUNG(III)–
Porphyrin: Implications for O�O Bond Activation in Aqueous and
Nonaqueous Solvents
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Introduction

Experimental and conceptual aspects addressed here relate
to studies on the mechanism of O�O bond activation by
heme monooxygenases and their biomimetic models. A
unique feature of the enzymatic systems is heterolytic O�O
bond cleavage in the ironACHTUNGTRENNUNG(III) hydroperoxide intermediates,
which results in the formation of a high-valent oxo–
iron(IV)–porphyrin cation radical [FeIV

ACHTUNGTRENNUNG(PC+)(O)], a 2e�-oxi-
dized iron–porphyrin capable of oxidizing organic substrates
in a highly stereospecific manner.[1–3] As biomimetic models

for heme oxygenases, the reactions of ironACHTUNGTRENNUNG(III)–porphyrins
with oxo-transfer oxidants such as peroxy acids
(RC(O)OOH), iodosylbenzene (PhIO), organic peroxides
(ROOH), and H2O2 have been extensively studied.[1–9] The
mechanistic picture that emerged from these studies turned
out to be a complex one. The mode of O�O bond cleavage
(homolysis or heterolysis) in the [Fe(P) ACHTUNGTRENNUNG(OOR)] intermedi-
ates as well as the nature of the actual catalytically active
species were shown to depend on a number of factors, such
as the type of porphyrin catalyst and oxidant, the polarity
and acidity of the solvent, and the axial ligation of the
iron ACHTUNGTRENNUNG(III) center.[5–9] Despite extensive investigations, many
ambiguities with regard to the mechanism of O�O bond
cleavage and subsequent oxygen atom transfer to an organic
substrate remain unresolved.[5,10]

We present herein the results of low-temperature UV/Vis
spectroscopic studies on the reaction of a water-soluble
iron(III)–porphyrin [FeIII

ACHTUNGTRENNUNG(tmps)] (1) (Figure 1), with the oxi-
dants m-chloroperoxybenzoic acid (mCPBA), iodosylben-
zene (PhIO), and H2O2 in aqueous methanolic solutions of
varying pH. The results obtained are discussed with refer-
ence to data on the speciation[11] and electrochemical prop-
erties[12] of 1 as a function of pH. The conclusions reached
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are extended to model water-insoluble ironACHTUNGTRENNUNG(III)–porphyrins
on the basis of reported literature data concerning the redox
and catalytic properties of these systems.

Results and Discussion

Motivation for the choice of the system studied : The water-
soluble complex 1 has a relatively electron-rich porphyrin
ligand,[11,12] which (due to the presence of ortho-methyl sub-
stituents, Figure 1) prevents the formation of m-oxo
dimers[11] and imparts increased stability with respect to oxi-
dative degradation (often encountered with other porphyr-
ins lacking protective ortho-methyl groups).[12–14] These
properties facilitate studies on the electrochemical and
chemical oxidation of 1.[12, 13a] Moreover, the solubility of 1
in water provides a unique opportunity to study its redox
properties as a function of pH and to relate these to its reac-
tivity in catalytic oxidations at different pH values. The
latter aspect is important in view of intriguing literature re-
ports on the pH-dependent catalytic activity of water-soluble
iron ACHTUNGTRENNUNG(III)–porphyrins in selected epoxidation reactions.[5m,n]

The reactivity patterns observed in these studies[5m,n] were
interpreted in terms of a pH-induced changeover in the
mode of O�O bond cleavage in the [FeIII(P) ACHTUNGTRENNUNG(OOR)] inter-
mediates formed by peroxide binding to [FeIII(P)], from het-
erolysis at low pH to homolysis at high pH. The possible
reasons for such a mechanistic changeover were, however,
not assessed. In our view, the reactivity observed originates
from pH-dependent changes in 1) the speciation and/or
2) the electrochemical properties of [FeIII(P)]. In an effort
to resolve the mechanistic questions arising from the report-
ed studies, we have chosen 1, a complex well-characterized
with regard to its speciation[11] and electrochemical proper-
ties[12] at different pH values, and have studied its reactions
with the oxidants mCPBA, PhIO, and H2O2 as a function of
pH, as described below.

Spectroscopic studies on the reactions of 1 with mCPBA,
PhIO, and H2O2 : As reported previously,[11a] the speciation
of 1 in aqueous solutions in the pH range 0–13 is governed
by the pH-dependent equilibrium shown in Equation (1a).
In order to follow the reactions of 1 with the selected oxi-
dants, the use of low temperatures (�30 to �40 8C) was nec-
essary in order to stabilize and characterize the oxidized
porphyrin products formed at various pH values. We there-

fore used a 4:1 (v/v) MeOH/H2O mixture as a cryosolvent
for the low-temperature spectroscopic studies. Spectropho-
tometric titration of 1 in this solvent mixture resulted in
UV/Vis spectral changes closely resembling those previously
observed in pure water (see Figure S1, Supporting Informa-
tion). A pKa of 6.3�0.1 was determined for equilibrium ac-
cording to Equation (1b) (see Figure S1, inset).[15,16]

The reaction of 1 with mCPBA was followed by using low-
temperature stopped-flow spectrophotometry at �35 8C.
These studies clearly revealed a pH-dependent change in
the nature of the products formed, as indicated in Figure 2.
At pH<5, the appearance of a product with a Soret band of
decreased intensity at l=404 nm and a broad, low-intensity
band with a maximum at around l=670 nm (Figure 2a)
clearly indicated the conversion of 1·H2O to the oxo–
iron(IV)–porphyrin cation radical [FeIV

ACHTUNGTRENNUNG(tmpsC+)(O)],[17] a
2e�-oxidized form of 1 (abbreviated as 1++ in the following
text). In contrast, reaction at pH>7.5 gave a product with a
Soret band at l=425 nm and a low-intensity band at l=

545 nm (Figure 2d), previously assigned to [FeIV-
ACHTUNGTRENNUNG(tmps)(O)][12,13] (the 1e�-oxidized form of 1, designated by
1+ hereinafter). Clean isosbestic points indicated that at
pH<5.5 and pH>7.5 the reaction involves a single spectro-
scopically observable step at �35 8C. The spectral changes
observed in the intermediate pH range 5.5<pH<7.5 were
indicative of the formation of a mixture of 1++ and 1+ as re-
action products. The [1++]/[1+] ratio gradually decreased on
increasing the pH, with 1+ being the only observable prod-
uct at pH>7.5.

Because the pKa of mCPBA (7.6)[18] coincides quite close-
ly with the intermediate pH range in which its reactivity
toward 1 was found to change, the observed reaction pattern
could possibly reflect the difference in reactivity of
RC(O)OOH and RC(O)OO� toward 1. We thus performed
similar pH-dependent studies in which 1 was oxidized with
iodosylbenzene and H2O2 (which do not exhibit pH-depen-
dent equilibria in the pH range 5–8). When PhIO was used
as the oxidant, the pattern of spectral changes was fully
analogous to that observed with mCPBA, indicating the for-
mation of 1++ and 1+ at pH<5.5 and >7.5, respectively,
and a mixture of 1++ and 1+ at 5.5<pH<7.5 (compare Fig-
ure 3a and b for UV/Vis spectral evolutions at pH 4 and 9).
The use of H2O2 as the oxidant resulted in slow decomposi-
tion of 1 at pH<5.5 (Figure 3c). However, the spectral
changes observed in this pH range resembled those record-

Figure 1. Structures of [FeIII
ACHTUNGTRENNUNG(tmps)] and [FeIII

ACHTUNGTRENNUNG(tmp)].
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ed for the reaction of 1 with a
large excess of mCPBA at
pH 5 (see Figure S2, Support-
ing Information), that is, under
conditions that led to initial
formation of 1++ followed by
porphyrin destruction by
excess mCPBA. This suggests
that decomposition of 1 by
H2O2

[19] at pH�5.5 involves in-
itial formation of 1++ . As ob-
served with mCPBA and PhIO,
the spectral patterns that ac-
companied the reaction with
H2O2 gradually changed in the
pH range 5.5–7.5, and at
pH>7.5 indicated the forma-
tion of 1+ in a single kinetical-
ly observable step (Figure 3d).

The aforementioned results
reveal a consistent reactivity
pattern for all three oxidants
studied, in which 1++ and 1+

are the products at pH�5.5
and at pH>7.5, respectively,
and a mixture of 1++ and 1+ is
formed in the intermediate pH
range. This observation can be
related to previous reports on
pH-dependent changes in the
catalytic activity of water-solu-
ble [FeIII(P)] porphyrins,[5m,n]

which pointed to a gradual
change in the nature of the
product formed upon oxida-
tion of [FeIII(P)], from the cat-
alytically active 2e�-oxidized
form [FeIV

ACHTUNGTRENNUNG(PC+)(O)] at low pH
to the catalytically inactive
1e�-oxidized [FeIV(P)(O)] at
high pH. Our own measure-
ments performed on 1 under
catalytic conditions (oxidation
of cis-stilbene by mCPBA in
the presence of 1) indicated ef-
ficient and stereospecific oxi-
dation of cis-stilbene to cis-stil-
bene oxide at pH 5, which
clearly proceeded through
transient formation of 1++ as
the catalytically active species
(see the Experimental Sec-
tion). The catalytic activity of
1 was, however, completely
lost at pH 8 (whereupon for-
mation of 1++ was not ob-
served). These results conform

Figure 2. Spectral changes accompanying the reaction of mCPBA (1J10�3
m) with 1 (�2J10�5

m) in MeOH/
H2O (4:1) at selected pH values at �35 8C: a) pH 5.1, b) pH 6.5, c) pH 7.0, d) pH 8. (pH 5.1: MES buffer
(0.01m); pH 6.5–8: EPPS buffer (0.01m).)

Figure 3. Evolution of UV/Vis spectra accompanying the reaction of 1 with PhIO (a, b) and H2O2 (c, d) in
MeOH/H2O (4:1, v/v) at �35 8C: a) 2J10�3

m PhIO, pH 4.0 (adjusted with HNO3 in solutions of 1 and PhIO
before mixing); b) pH 9.0 (0.01m CAPS), 5J10�4

m PhIO; c) pH 5.0 (0.01m MES), 0.1m H2O2; d) pH 9.0
(0.01m CAPS), 0.05m H2O2.
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to the reactivity patterns described earlier[5m,n] for other
water-soluble [FeIII(P)] systems.[20]

Because the intermediate pH range in which the nature of
the oxidized products formed by 1 gradually changed lies
close to the pKa of 6.3 characterizing the equilibrium ac-
cording to Equation (1b), it could be suggested in a first ap-
proximation that the mechanism of oxidation of 1 is altered
in response to a change in the axial ligation of 1 from [FeIII-
ACHTUNGTRENNUNG(tmps) ACHTUNGTRENNUNG(ROH)2] to [FeIII

ACHTUNGTRENNUNG(tmps)(OR)]. In fact, several litera-
ture reports on water-insoluble [FeIII(P)(X)]/ROOH systems
have provided evidence of a significant influence of the
axial iron ligation on the O�O bond cleavage mode in the
[Fe(P) ACHTUNGTRENNUNG(OOR)(X)] species (as discussed in more detail lat-
er).[5f,j,k] Such an explanation, however, seems highly unlikely
when data on the speciation of 1 as a function of pH are
considered. Because only one pH-dependent equilibrium
[Eq. (1a) or (1b), for water and MeOH/H2O as solvent, re-
spectively] is observed for 1 in the pH range 1–14, coordina-
tion of two negatively charged RO� ligands (where R=H or
CH3) to the (relatively electron-rich) FeIII center in 1 is evi-
dently difficult and does not occur to any appreciable extent
at [RO�]�0.1m. Thus, the formation of a [FeIII(P)(OR)-
ACHTUNGTRENNUNG(OOR)] intermediate with two anionic axial ligands is
highly unlikely in the studied pH range. Spectrophotometric
titration data also indicate that coordination of ligands such
as H2O/MeOH (pKa=15.7 and 15.5, respectively) to the
FeIII center in 1 lowers their pKa values by about 9 pH units
(to a value of the order of 6.5–6.7) in water and in the aque-
ous methanol solvent employed. A similar shift of around
8 pH units has been estimated for H2O2 upon its coordina-
tion to the ferriheme center of peroxidase (pKa(free
H2O2)=11.6; pKa(coord. H2O2)�3.2–4).[21] It can thus be
safely assumed that the pKa values of the oxidants H2O2 and
mCPBA (pKa=7.6)[18] decrease by around 8 pH units upon
coordination to [FeIII

ACHTUNGTRENNUNG(tmps)]. This implies that the oxidant-
bound intermediate formed by coordination of H2O2 and (in
particular) mCPBA is deprotonated at pH>4, as proposed
in Scheme 1. No change in the axial ligation of the [Fe-
ACHTUNGTRENNUNG(tmps) ACHTUNGTRENNUNG(OOR)] intermediate (presumably a five-coordinate
high-spin complex)[22] is therefore expected in the intermedi-
ate pH range of 5.5–7.5 in which the reactivity change is ob-
served. The main conclusion from the reaction sequence in
Scheme 1 is that although the change in the axial iron liga-
tion in 1 [governed by Eq. (1a)/ ACHTUNGTRENNUNG(1b)] is likely to influence
the equilibrium constant K (initial oxidant coordination), it
is not expected to influence the mode of the subsequent O�
O bond cleavage, as the same [FeACHTUNGTRENNUNG(tmps)ACHTUNGTRENNUNG(OOR)] intermedi-
ate is involved in this step at pH>4.

We propose that the observed reactivity pattern for the
reaction of 1 with mCPBA, PhIO, and H2O2 results from
pH-induced changes in the redox properties of 1 rather than
its different ligation at low and high pH. The underlying ra-
tionale for this has come from consideration of the E8’
versus pH diagram for electrochemical oxidation of 1 in
aqueous solution depicted in Figure 4.[23] As shown in the di-
agram, oxidation of 1 may be porphyrin-centered (P!PC+)
and/or metal-centered (FeIII!FeIV). As the former does not

involve release or uptake of protons, E8’PC+ /P is relatively pH-
insensitive.[24] This is in contrast to the pH-dependent FeIII!
FeIV oxidation, a process that is coupled to acid–base equi-
ACHTUNGTRENNUNGlibACHTUNGTRENNUNGria involving the formation of the oxo ligand. Due to the
pH dependence of E8’FeIV/FeIII, the relative positions of
E8’FeIV/FeIII and E8’PC+ /P and the nature of the most thermody-
namically stabilized oxidized form of 1 change with pH. The
diagram in Figure 4 can thus be divided into three sections,
in which the first (thermodynamically most favored) oxida-
tion is given by Equations (2)–(4), respectively.

Section I ðpH < 3:5Þ
½FeIIIðPÞðH2OÞ2	 ! ½FeIIIðPCþÞðH2OÞ2	 þ e� ð2Þ

Section II ð3:5 < pH < 6:5Þ
½FeIIIðPÞðH2OÞ2	 ! ½FeIVðPCþÞðOÞðH2OÞ	 þ 2 e� þ 2 Hþ ð3Þ

Section III ðpH � 7Þ
½FeIIIðPÞðOHÞ	 þ H2O ! ½FeIVðPÞðOÞðH2OÞ	 þ e� þ Hþ ð4Þ

Scheme 1. Suggested reaction pathways for the formation of the [Fe-
ACHTUNGTRENNUNG(tmps) ACHTUNGTRENNUNG(OOR)] intermediate at low and high pH.

Figure 4. Schematic representation of the pH dependence of E8’ for elec-
trochemical oxidations of 1 in aqueous solution (constructed on the basis
of data reported in ref. [12], see Figure S3, Supporting Information).
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In the context of chemical oxidation involving O�O bond
cleavage of coordinated peroxide, the diagram in Figure 4
suggests that 1 as a redox partner may favor O�O bond ho-
molysis (1e� oxidation) at pH<3.5 and pH>7, as in these
pH ranges its 1e� oxidation is thermodynamically most
facile. In contrast, heterolysis of the O�O bond (2e� oxida-
tion) should be favored in the pH range 4–7, in which
E8’PC+ /P�E8’FeIV/FeIII. The mode of O�O bond cleavage is, how-
ever, expected to depend not only on the redox properties
of 1 at a given pH, but also on the oxidative power of the
oxidant. A strong oxidant (e.g., mCPBA) with E8’ exceeding
both E8’FeIV/FeIII and E8’PC+/P may thus effect an initial 2e� oxi-
dation of 1 to 1++ (O�O bond heterolysis) at pH>7, while
O�O bond homolysis (1e� oxidation to 1+) should occur in
this pH range for weaker oxidants with E8’FeIV/FeIII<E8’<
E8’PC+ /P (such oxidants, however, may effect 2e� oxidation of
1 at pH 4–7, either through direct O�O bond heterolysis or
by two sequential 1e� oxidations, due to the condition
E8’FeIV/FeIII�E8’PC+ /P).

Importantly, the E8’ versus pH dependence depicted in
Figure 4 also implies the possible occurrence of redox equi-
ACHTUNGTRENNUNGlibACHTUNGTRENNUNGria involving comproportionation/disproportionation of
high-valent iron–porphyrins, as shown in Equation (5) for
the redox interconversion of 1++ and 1+ .

The position of the equilibrium according to Equation (5)
(i.e., the value of Kdisp) depends on the difference between
E8’PC+ /P and E8’FeIV/FeIII [Eqs. (5a)–(5c)], and (due to the [H+]-
sensitivity of the latter potential) is pH-dependent.

½FeIVðPCþÞðOÞ	 þ e� ! ½FeIVðPÞðOÞ	
E�0

PCþ=P

ð5aÞ

½FeIVðPÞðOÞ	 þ e� þ nHþ ! ½FeIIIðPÞðLÞ	
E�0

FeIV=FeIII ¼ f ðpHÞ
ð5bÞ

Therefore, Equation (5)= [Eq. (5b)]�ACHTUNGTRENNUNG[Eq. ACHTUNGTRENNUNG(5a)], and

log ðKdispÞ ¼ ðDE�0Þ=0:059 ðat 25 �CÞ
DE�0 ¼ E�0

FeIV=FeIII�E�0
PCþ=P

ð5cÞ

It follows from Equation (5c) that in the intermediate pH
range, in which DE8’ values are small, 1++ and 1+ may co-
exist in solution (�0.059<DE8’<0.059; 0.1<Kdisp<10),
whereas for large DE8’ one of the redox forms (1++ when
E8’FeIV/FeIII@E8’PC+ /P ; 1

+ when E8’FeIV/FeIII !E8’PC+ /P) is strongly
favored by the redox thermodynamics. For the present
system, the occurrence of the pH-dependent equilibrium
[Eq. (5)] was demonstrated in an independent experiment
involving oxidation of 1 with mCPBA in MeOH/H2O (4:1,

v/v) at �35 8C. Addition of mCPBA (5J10�4
m) to a solution

of 1 (1.2J10�5
m) in this solvent mixture at pH 4.5 led to the

formation of a bright-green complex 1++ (see Figure S4a,
Supporting Information). Subsequent addition of hydroxide
(7J10�4

m) resulted in conversion of 1++ to 1+ (Figure S4b).
Upon addition of acid (HNO3), the color reverted to the
bright-green characteristic of 1++ (the resulting UV/Vis
spectrum was indicative of the formation of a mixture of
1·H2O and 1++). Several interconversions between 1++ and
1+ could be achieved by subsequent additions of acid and
base (Figure S4c). Reported examples of analogous proton-
dependent redox equilibria involving various oxidized forms
of iron–porphyrins in organic solvents are discussed in the
following text.

We propose that the occurrence of redox equilibria such as
that described by Equation (5) may, under specific condi-
tions, determine the nature of the iron–porphyrin observed as
the final product of [FeIII(P)] oxidation. With regard to the
water-soluble complex 1, we further suggest that the final
product derived from reaction with ROOH at a given pH
may differ from that initially formed by O�O bond cleavage
in [FeIII(P) ACHTUNGTRENNUNG(OOR)]. If, for example, 1++ is formed by the re-
action of 1 with a strong oxidant at pH>7, it will tend to
decay to 1+ (the thermodynamically favored redox form at
this pH). Because at pH>7 E8’FeIV/FeIII<E8’PC+ /P and Kdisp !1,
this may occur through comproportionation [Eq. (5)]. Alter-
natively, 1++ may decay to 1+ through other redox reactions
involving 1 [Eq. (6a)] or other components of the system
[Eq. (6b)].

2 ½FeIVðPCþÞðOÞ	 ! ½FeIVðPÞðOÞ	 þ oxidatively decomposed 1

ð6aÞ

½FeIVðPCþÞðOÞ	 þ D !½FeIVðPÞðOÞ	 þ Dþ

ðD ¼ electron donorÞ
ð6bÞ

Particularly explicit examples of redox processes changing
the nature of the oxidized iron–porphyrin formed by initial
O�O bond cleavage, and their important influence on the
subsequent catalytic activity, can be found in studies on the
redox and catalytic properties of [FeIII(P)] centers in heme
oxygenases and in metmyoglobin.[21,25] As indicated by these
studies, binding of ROOH to [FeIII(P)] in peroxidases is fol-
lowed by heterolytic O�O bond cleavage to form [FeIV-
ACHTUNGTRENNUNG(PC+)(O)]. This product is relatively stable in the absence of
a reducing substrate, and was characterized by various spec-
troscopic techniques.[21,25b,c] In contrast, oxidation of the sim-
ilar histidine-ligated [FeIII(P)] center in metmyoglobin by
various ROOH invariably led to [FeIV(P)(O)] being formed
in a single kinetically observable step, initially suggesting
that homolytic O�O bond cleavage occurs with this hemo-
protein.[25d,h] However, subsequent studies revealed that the
O�O bond in the [Fe(P)ACHTUNGTRENNUNG(OOR)] intermediate formed by
metmyoglobin in reactions with mCPBA, H2O2, or organic
peroxides undergoes heterolytic cleavage to give [FeIV-
ACHTUNGTRENNUNG(PC+)(O)]. The latter is then rapidly reduced to [FeIV(P)(O)]
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by an imidazole residue of histidine (His64) present in the
proximity of the heme.[25d,h,i] A similar instability of [FeIV-
ACHTUNGTRENNUNG(PC+)(O)] formed by initial heterolytic O�O bond cleavage
in the presence of easily oxidizable amino acid residues in
the surrounding heme has been demonstrated for a number
of other hemoproteins.[25d–f] The rate of such subsequent
redox steps (which determines the lifetime of the initially
formed [FeIV

ACHTUNGTRENNUNG(PC+)(O)]) is greatly influenced by the type and
location of amino acids that may act as reductants toward
the oxidized heme.[25d–h]

For model [FeIII(P)] complexes that lack the protein enve-
lope, conversion of an initially formed oxidation product to
other species may [in addition to reactions with external re-
ductants, Eq. (6b)] easily involve the interaction of two
[Fe(P)] molecules [Eqs. (5) and (6a)], if these processes are
favored by the redox thermodynamics. For the reactions of
1 with mCPBA, H2O2, and PhIO in aqueous methanol re-
ported here, a comproportionation reaction following the in-
itial formation of 1++ may indeed be expected at pH>7.5.
In the coordinating solvent used, the K value for the binding
of the oxidant to 1 will be small,[26] with the coordination
pre-equilibrium shown in Equation (7) shifted strongly to
the left.

Because E8’FeIV/FeIII<E8’PC+ /P at pH>7, [FeIII(P)] (the predom-
inant form in equilibrium K) will act as a reductant toward
[FeIV

ACHTUNGTRENNUNG(PC+)(O)] if the latter is formed by heterolytic O�O
bond cleavage at this pH, leading to the formation of
[FeIV(P)(O)] as the final oxidation product.

In view of the above stated points, the observed reaction
pattern for chemical oxidation of 1 in the pH range 4–10
can be interpreted as follows. Oxidation of 1 by mCPBA,
PhIO, and H2O2 in the pH range 4–5.5 involves heterolysis
of the O�O bond (or O�I bond in the case of PhIO) leading
to the formation of 1++ . In the intermediate pH range, 5.5–
7.5, the reaction may still involve O�O bond heterolysis.[27]

However, irrespective of the actual bond cleavage mode, the
final iron–porphyrin products formed in this pH range com-
prise a mixture of 1++ and 1+ . Their relative concentrations
at a given pH are determined by the pH-dependent equilib-
rium [Eq. (5)]. At pH>7.5, 1+ is the sole final product. This
product may be formed by direct O�O bond homolysis in
[FeIII(P)ACHTUNGTRENNUNG(OOR)] (a reaction mode favored by a low E8’FeIV/

FeIII value), or (in the case of initial 2e� oxidation of 1)
through a subsequent comproportionation step, which is
thermodynamically favored at this pH. Our experimental re-
sults obtained under catalytic conditions (oxidation of cis-
stilbene by mCPBA in the presence of 1) are consistent with
these conclusions, because a change in the nature of the oxi-
dized iron–porphyrin from 1++ at pH 5 to 1+ at pH 8 would

be expected to drastically lower the catalytic activity of the
system, as is indeed observed experimentally.[28] We further-
more propose that pH-dependent equilibria analogous to
those discussed here for 1 may also be responsible for re-
ported changes in the catalytic activities of other water-solu-
ble iron ACHTUNGTRENNUNG(III)–porphyrins.[5m,n]

Factors influencing the redox properties of [FeIII(P)] in non-
aqueous solvents. Significance for mechanistic studies on
O�O bond activation : The E8’ versus pH profile in Figure 4
nicely visualizes the changes in the relative positions of
E8’FeIV/FeIII and E8’PC+ /P as a function of [H+] for complex 1.
Electrochemical studies on water-insoluble [FeIII(P)] in or-
ganic solvents cannot provide analogous data because 1) a
convenient pH scale cannot be applied and 2) the oxo
ligand is not available in electrochemical oxidations in dry
organic solvents.[29] Nevertheless, careful consideration of lit-
erature data reported for such systems reveals a number of
analogies with the diagram in Figure 4. Firstly, proton sensi-
tivity of E8’FeIV/FeIII in nonaqueous media analogous to that
observed for 1 can be inferred from the reported studies
(see below). This is not surprising in view of the different
abilities of O2� and its protonated forms OH� and H2O to
stabilize the FeIV center. Because this ability decreases in
the order O2�@HO�@H2O,[30–41] H+-dependent stabiliza-
tion of the oxo ligand in [FeIV(P)(O)] or [FeIV

ACHTUNGTRENNUNG(PC+)(O)]
(which may be converted to OH� or H2O at high [H+]) is
expected to affect the relative positions of E8’FeIV/FeIII and
E8’PC+ /P in organic solvents in an analogous manner to that
depicted for 1 in Figure 4.

We have shown for complex 1 that pH-induced changes in
E8’FeIV/FeIII and E8’PC+ /P may result in pH-dependent redox in-
terconversions of high-valent iron–porphyrins. A good illus-
tration of similar H+-dependent redox equilibria in organic
solvents may be found in studies on the hydrated iron–por-
phyrin radical [FeIII

ACHTUNGTRENNUNG(tmpC+) ACHTUNGTRENNUNG(H2O)(X)] (X=ClO4
� or H2O) in

CH2Cl2 at �70 8C reported by Latos-Grazynski et al.[14] In
these studies, addition of the proton scavenger 2,4,6-colli-
dine (equivalent to an increase in pH in Figure 4) induced
disproportionation of [FeIII

ACHTUNGTRENNUNG(tmpC+)ACHTUNGTRENNUNG(H2O)(X)] to [FeIV-
ACHTUNGTRENNUNG(tmpC+)(O)(X)] and [FeIII

ACHTUNGTRENNUNG(tmp)(OH)] (a shift from Section I
to Section II in Figure 4).

2 ½FeIIIðPCþÞðH2OÞðXÞ	 þ 3 coll !
½FeIVðPCþÞðOÞðXÞ	 þ ½FeIIIðPÞðOHÞ	 þ 3 collHþ þ X

ð8Þ

Sawyer et al.[42] reported redox interconversions correspond-
ing to shifts between all three sections in Figure 4.
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Goff et al.[40] observed disproportionation of [FeIV(P)(F)2] to
[FeIV

ACHTUNGTRENNUNG(PC+)(O)] in the presence of water, which served as a
donor of O2� and protons [Eq. (10)].

Other examples can be found in the literature for various
[FeIII(P)] systems.[28b,35,43]

As mentioned above, the influence of pH on the relative
positions of E8’FeIV/FeIII and E8’PC+ /P observed for 1 can be
traced to different stabilization of FeIV by O2�, HO�, and
H2O. In this sense, it reflects a more general phenomenon
observed for iron–porphyrin complexes: the strong influence
of axial ligation on the stabilization of higher oxidation
states of Fe (indicated experimentally by numerous electro-
chemical studies,[32,33,38, 41,43–45] and further substantiated by
theoretical calculations).[30, 36,39, 46–48] Electrochemical studies
on [Fe(P)(X)] in organic solvents have clearly shown that X
may influence the relative positions of E8’FeIV/FeIII and E8’PC+ /P

by varying the degree of FeIV stabilization in the oxidized
iron–porphyrin complex. When X is a weak ligand (e.g.,
ClO4

� or CF3SO3
�), the relationship E8’FeIV/FeIII@E8’PC+/P was

found experimentally.[32,33, 49] The introduction of ligands of-
fering moderate stabilization of FeIV (e.g., Cl�, F�, OH�, im-
ACHTUNGTRENNUNGidACHTUNGTRENNUNGaz ACHTUNGTRENNUNGoles[36,37]) was found to lower the E8’FeIV/FeIII potential,
such that E8’FeIV/FeIII�E8’PC+ /P.

[38,43,44, 50] Finally, when consider-
ACHTUNGTRENNUNGable stabilization of FeIV was offered by strong s (or s+p)
donors (e.g., in the presence of an R� group[41] or two axial
CH3O

� or F� ligands), E8’FeIV/FeIII !E8’PC+ /P.
[32,40,41] We propose

the schematic diagram shown in Figure 5 to visualize these
general trends.[51] In analogy to the E8’ versus pH profile in
Figure 4, the diagram in Figure 5 can be divided into three
sections, with the corresponding lowest-potential oxidations
for each section being as indicated in Equations (11)–(13).[51]

Section I ðE�0
FeIV=FeIII > E�0

PCþ=PÞ
½FeIIIðPÞðXÞðYÞ	 ! ½FeIIIðPCþÞðXÞðYÞ	 þ e� ð11Þ

Section II ðE�0
FeIV=FeIII � E�0

PCþ=PÞ
½FeIIIðPÞðXÞðYÞ	 ! ½FeIVðPCþÞðXÞðYÞ	 þ 2 e� ð12Þ

Section III ðE�0
FeIV=FeIII < E�0

PCþ=PÞ
½FeIIIðPÞðXÞðYÞ	 ! ½FeIVðPÞðXÞðYÞ	 þ e� ð13Þ

As previously discussed for 1, the redox properties of
[Fe(P)(X)] outlined in Figure 5 imply that the final products
formed by chemical oxidation of [Fe(P)(X)] by ROOH in
organic solvents do not necessarily reflect the actual mode
of O�O bond cleavage, but their formation may involve
subsequent redox processes [Eqs. (5)–(7)]. Thus, oxidation
of [Fe(P)(X)] bearing a strongly basic ligand X that offers
good stabilization of the FeIV center (i.e., a complex from
Section III in Figure 5) by a strong oxidant with
E8’>E8’PC+ /P>E8’FeIV/FeIII may initially give [FeIV

ACHTUNGTRENNUNG(PC+)(O)(X)],
which is then converted to [FeIV(P)(O)(X)] through compro-
portionation [Eq. (7)]. The kinetics and thermodynamics of
the latter process will be tuned by axial iron ligation, which
determines the difference E8’FeIV/FeIII�E8’PC+ /P. To provide sup-
port for the assumption that the nature of X may indeed
tune such equilibria, we oxidized [FeIII

ACHTUNGTRENNUNG(tmp) ACHTUNGTRENNUNG(CF3SO3)] (2)
(Figure 1) with mCPBA in CH2Cl2 at �40 8C and observed
the formation of [FeIV

ACHTUNGTRENNUNG(tmpC+)(O) ACHTUNGTRENNUNG(CF3SO3)] (2++ , l=

396 nm, 600–700 nm;[7a,52] see Figure S5a in the Supporting
Information). Subsequent addition of excess F� resulted in
conversion of 2++ to [FeIV

ACHTUNGTRENNUNG(tmp)(O)(F)] (2+) (assigned on
the basis of its UV/Vis spectrum; l=416 nm (Soret) and
545 nm;[35] Figure S5b). This experiment can be visualized in
the diagram of Figure 5 as a shift from Section II (X=O2�,
Y=CF3SO3

�, E8’FeIV/FeIII�E8’PC+ /P) to Section III (X=O2�,
Y=F�, E8’FeIV/FeIII<E8’PC+ /P) due to a change in the axial liga-
tion of iron(IV). Further examples corresponding to analo-
gous shifts between Sections I, II, and III upon changing the
axial ligands can be widely found in the relevant literature.
For example, Groves et al.[53] reported disproportionation of
[FeIII

ACHTUNGTRENNUNG(tmpC+) ACHTUNGTRENNUNG(ClO4)2] to a mixture of [FeIV
ACHTUNGTRENNUNG(tmpC+)(O)] and

[FeIII
ACHTUNGTRENNUNG(tmp)(L)] upon addition of 1 equiv of CH3O

� (shift I!
II in Figure 5; L denotes anionic ligands available in the
system), while addition of excess CH3O

�, OH�, or CN� re-
sulted in conversion of [FeIII

ACHTUNGTRENNUNG(tmpC+) ACHTUNGTRENNUNG(ClO4)2] to [FeIV-
ACHTUNGTRENNUNG(tmp)(L)2] (shift I!III in Figure 5). In another study,[28b]

conversion of [FeIII
ACHTUNGTRENNUNG(tmpC+) ACHTUNGTRENNUNG(ClO4)2] to [FeIV

ACHTUNGTRENNUNG(tmp)(O)(L)]
(shift I!III in Figure 5) by ligand metathesis in the pres-
ence of wet basic alumina was reported.

We believe that the schematic diagram shown in Figure 5
could provide an explanation for the reported significant in-
fluence of the axial ligand X on the chemical oxidations of
[FeIII(P)(X)] by mCPBA, PhIO, or H2O2 in nonaqueous sol-
vents. As recently reported,[5j,k] such oxidations performed
on selected [FeIII(P)(X)] in toluene, CH2Cl2, or CH3CN/
CH2Cl2 mixtures gave [FeIV

ACHTUNGTRENNUNG(PC+)(O)(X)] when X=ClO4
�,

CF3SO3
� or CH3CN,[54] whereas with X=Cl�, F�, OH� or

Figure 5. Schematic representation of the dependence of E8’FeIV/FeIII and
E8’PC+ /P on the nature of the axial ligands in iron–porphyrin complexes.
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AcO�, the 1e�-oxidized [FeIV(P)(O)(X)] was formed. A
change in the mode of O�O (or O�I) bond cleavage in the
[FeIII(P)]-bound oxidant, from heterolysis with X=ClO4

� or
CF3SO3

� to homolysis with X=Cl�, F�, OH� or AcO�,[5j,k]

was suggested to explain this observation. It may be pro-
posed on the basis of the diagram in Figure 5 that the iron–
porphyrin product formed in the reaction with an oxidant
does not necessarily reflect the mode of the initial O�O
bond cleavage, but may represent the thermodynamically
most stable redox form of the oxidized porphyrin (deter-
mined by the relative positions of E8’PC+ /P and E8’FeIV/FeIII)
under the given experimental conditions. In this context, the
studied systems can be related to the schematic diagram in
Figure 5 by considering the stabilization of the FeIV center
in [FeIV

ACHTUNGTRENNUNG(PC+)(O)(X)] by O2� and X. An O2� ligand is known
to offer efficient stabilization of FeIV,[30,31] and this can be
further modified by X. When X is a weak ligand (such as
ClO4

�, CF3SO3
�, or CH3CN), axial ligation by O2� and X is

likely to result in a moderate stabilization of FeIV, such that
E8’FeIV/FeIII�E8’PC+ /P. Under such conditions, [FeIV

ACHTUNGTRENNUNG(PC+)(O)(X)]
is stabilized by the redox thermodynamics [Eqs. (5) and
(5c)]. When, however, X provides somewhat better stabili-
zation of FeIV (as expected for Cl�, F�, OH�, and AcO�),[31]

E8’FeIV/FeIII will be lowered, and axial coordination by O2� and
X� is likely to induce the condition E8’FeIV/FeIII !E8’PC+ /P. In
this case, even if there is initial 2e� oxidation of [Fe(P)(X)]
to [FeIV

ACHTUNGTRENNUNG(PC+)(O)(X)] in the reaction with ROOH, the latter
will tend to decay to [FeIV(P)(O)(X)] through compropor-
ACHTUNGTRENNUNGtionation [Eq. (7)].

We further suggest that consideration of redox equiACHTUNGTRENNUNGlibACHTUNGTRENNUNGria
involving interconversions of high-valent iron–porphyrins
may, in certain cases, be important for proper interpretation
of experimental data obtained in mechanistic studies on
[Fe(P)(X)]-catalyzed oxygenations (particularly when such
studies are performed under catalytic conditions and the
actual catalytically active iron–porphyrin form is not amen-
ACHTUNGTRENNUNGable to direct observation but must be inferred from indirect
experimental evidence). Two general cases shown in
Scheme 2 can be considered as possible complications in the
interpretation of mechanistic studies performed under cata-
lytic conditions when redox equilibria are operative.

Scheme 2a refers to conditions under which a redox equi-
librium following initial O�O bond cleavage strongly favors
one of the high-valent iron–porphyrin forms (a condition
that may be encountered when E8FeIV/FeIII and E8P/PC differ
markedly, such that equilibrium according to Equation (5) is
shifted toward one of the products). Because the reactivities
of the immediate and final catalyst forms ([FeIV

ACHTUNGTRENNUNG(PC+)(O)]
and [FeIV(P)(O)] in Scheme 2a) toward an organic substrate
are usually very different,[28] the scheme implies that the
nature and distribution of oxidized products formed from a
substrate will be determined by the ratio k1[S]/kcompr. (which
may vary greatly, depending on S and the actual reaction
conditions determining kcompr.). Scheme 2b refers to condi-
tions under which the redox thermodynamics moderately
favors one of the iron–porphyrin forms resulting from
[Fe(P)(X)] oxidation by ROOH. In such cases, the concen-
tration of species that are catalytically active toward S may
be low (and may elude experimental observation when oxi-
dation of [FeIII(P)(X)] by ROOH is studied in the absence
of S). Ambiguities can then arise when the nature of the
high-valent iron–porphyrin catalytically active toward S is
assessed by combination of the results obtained in the pres-
ence and absence of S. Notably, an example of a catalytic
system involving a “discrete” catalytic activity of [FeIV-
ACHTUNGTRENNUNG(tmpC+)(O)] formed in small amounts by partial dispropor-
tionation of [FeIV

ACHTUNGTRENNUNG(tmp)(O)] has been reported previously.[28b]

Conclusion

Studies on model [FeIII(P)] complexes in solution have
shown that the mechanism of O�O bond activation can be
influenced by many factors. Principally, these include solvent
polarity,[6a,b] the type of porphyrin ligand,[5,6a,b,7a] side reac-
tions (e.g., with the solvent or excess oxidant),[3,5p,9,55] the re-
action temperature,[5o] and the type of oxidant used.[3,6] The
important influences of the acidity of the medium and the
nature of the axial ligand in [Fe(P)(X)] on the rate and
mechanism of O�O bond cleavage in [Fe(P){(H)OOR}] in-
termediates have also been recognized. The pH-dependence
has usually been interpreted in terms of general acid/general
base catalysis of ROOH coordination and heterolytic O�O
bond cleavage, while the influence of X has often been as-
cribed to a “push effect”.[6a,b]

Interpretation of the reactivity patterns reported in the
present work has been focused on consideration of
[Fe(P)(X)] and an oxidant (ROOH) as redox partners,
which (after initial formation of the [Fe(P){(H)OOR}] inter-
mediate) undergo an inner-sphere redox step involving 1e�

(O�O bond homolysis) or 2e� (O�O bond heterolysis)
iron–porphyrin oxidation. In this context, the redox charac-
teristics of [Fe(P)(X)] with regard to oxidation to high-
valent iron–porphyrin forms, and its sensitivity to [H+] and
axial iron ligation, have been considered. Analysis of our
own and other reported data with reference to the schematic
diagrams shown in Figures 4 and 5 leads us to suggest that
the acidity of the medium and axial iron ligation may influ-

Scheme 2. Possible reaction pathways involving redox interconversions of
high-valent oxo–iron–porphyrins under catalytic conditions ([FeIII(P)]+
ROOH+ substrate).
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ence the rate and mode of O�O bond cleavage, as well as
the nature of the final products of [Fe(P)(X)] oxidation ob-
served under given experimental conditions, by tuning the
relative positions of E8’FeIV/FeIII and E8’PC+ /P.

With regard to the catalytic efficiency of model
[FeIII(P)(X)]/ROOH systems in the hydroxylation and epox-
idation of organic substrates, the presented results suggest
that stereospecific, two-electron (enzyme-mimetic) oxygena-
tions by [FeIV

ACHTUNGTRENNUNG(PC+)(O)(X)] may be favored by judicious
choice of reaction conditions (with regard to [H+] and/or
the nature of X) under which E8’FeIV/FeIII is close to (or moder-
ately higher than) E8’PC+ /P for a given catalytic system. Under
such conditions, heterolytic O�O bond cleavage in the
[Fe(P)]-bound peroxide may be favored by the porphyrin
catalyst, and [FeIV

ACHTUNGTRENNUNG(PC+)(O)(X)] is the thermodynamically sta-
bilized oxidized form of [Fe(P)(X)]. In contrast, under ex-
perimental conditions favoring a large difference between
E8’FeIV/FeIII and E8’PC+/P (e.g., E8’FeIV/FeIII !E8’PC+ /P for complex 1
at high pH), 1e�-oxidized iron–porphyrin forms are likely to
be formed as final products of [Fe(P)(X)] oxidation. The
latter, however, are not efficient in enzyme-mimetic catalyt-
ic oxygenations involving oxygen-transfer reactions.[59]

Experimental Section

Materials : The iron–porphyrins [meso-tetrakis(2,4,6-trimethyl-3-sulfona-
tophenyl)porphyrinato] (TMPS), ironACHTUNGTRENNUNG(III) hydrate (sodium salt), and
[meso-tetrakis(2,4,6-trimethylphenyl)porphyrinato] (TMP) ironACHTUNGTRENNUNG(III) hy-
droxide were purchased from Frontier Scientific Ltd. Fine Chemicals,
Utah (USA), and were used as received. mCPBA (75%, Acros Organics)
was purified by sequential washing with phosphate buffer (pH 7.4) and
water, followed by recrystallization from n-heptane. PhIO was synthe-
sized from iodobenzene diacetate according to a literature method.[56]

H2O2 (35% aqueous solution) was purchased from Fluka. Methanol
(99.9%, Merck) and dichloromethane (99.99%, Fisher Chemicals) were
used as received. MES, EPPS, and CAPS buffers were purchased from
Sigma-Aldrich. tert-Butylammonium hydroxide (TBAOH, 30-hydrate,
98%) and tert-butylammonium fluoride (TBAF, 3-hydrate, 97%) were
purchased from Fluka. Deionized water was used for the preparation of
aqueous solutions. All other chemicals used in this study were of analyti-
cal reagent grade.

Measurements : pH measurements were performed with a Metrohm 623
pH meter that had been calibrated with standard aqueous buffer solu-
tions. 1H NMR spectra were measured on a Bruker Avance DPX-
300NM spectrometer. UV/Vis spectra were recorded on a Shimadzu UV-
2100 spectrophotometer. Low-temperature time-resolved UV/Vis spectra
were recorded with a Hi-Tech SF-3L low-temperature stopped-flow unit
(Hi-Tech Scientific, Salisbury, U.K.) equipped with a J&M TIDAS 16/
300–1100 diode-array spectrophotometer (J&M, Aalen, Germany).

Spectroscopic measurements : Spectrophotometric titration of 1 in
MeOH/H2O (4:1, v/v) was performed at room temperature. HNO3 and
NaOH were used for pH adjustments. Time-resolved UV/Vis spectra
were recorded by mixing an iron–porphyrin solution buffered to the de-
sired pH ([buffer]=0.02m) with a freshly prepared oxidant solution at
�35 8C in the low-temperature stopped-flow unit and following the ab-
sorbance changes. In order to minimize hydrolysis of mCPBA at pH>6
and decomposition of PhIO, unbuffered solutions of these oxidants were
freshly prepared before each measurement and adjusted to pH 5. Blank
experiments performed at room temperature at each studied pH value
indicated that the originally adjusted pH in the buffered iron–porphyrin
solution did not change upon mixing with a solution of mCPBA or PhIO
in a 1:1 ratio. In experiments involving H2O2, buffered solutions of iron–
porphyrin and oxidant adjusted to the same pH value were used.

Measurement of the catalytic activity of [FeIII ACHTUNGTRENNUNG(tmps)] in the epoxidation
of cis-stilbene : mCPBA (30 mL, dissolved in acetone) was slowly added
in 3 mL aliquots to a solution of 1 (5J10�4

m) and cis-stilbene (5J10�2
m)

in 1:1 MeOH/H2O (0.47 mL) buffered at pH 5 (0.1m acetate buffer) to
give a final concentration of 1J10�2

m. A transient color change (from
orange-brown to bright-green) following each addition of mCPBA indi-
cated the formation of [FeIV

ACHTUNGTRENNUNG(tmpsC+)(O)] as the catalytically active spe-
cies at this pH. The reaction mixture was vigorously stirred during addi-
tion of the oxidant, and for a further 10 min thereafter. The organic con-
tent of the sample was then extracted with chloroform (7 mL). The sol-
vent was evaporated from the extract and the residue was redissolved in
CDCl3 (0.7 mL) containing Si(Me)4 as an NMR reference. Subsequent
NMR measurements indicated the presence of cis-stilbene oxide (d=
4.37 ppm, s, 2H). The absence of a signal at d=3.86 ppm (s, 2H) indicat-
ed that no trans-stilbene oxide had been formed in the reaction. The
yield of cis-stilbene oxide (60% with respect to the amount of mCPBA
used) was calculated from the relative integrals of the 1H NMR signals of
cis-stilbene oxide at d=4.37 ppm and unreacted cis-stilbene (d=6.6 ppm,
s, 2H). The aforementioned experimental procedure was then followed
at pH 8.2 (EPPS buffer, 0.1m[57]). In this case, no significant change in the
greenish-yellow color of the solution of [FeIII

ACHTUNGTRENNUNG(tmps)(OR)] (R=H, CH3)
was observed upon addition of mCPBA, indicating that [FeIV

ACHTUNGTRENNUNG(tmpsC+)(O)]
was not formed in substantial amounts at this pH.[58] Experiments at both
pH values were performed in duplicate to assure reproducibility of the
results.
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