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ABSTRACT
Using interwoven experimental and theoretical methods, detailed
studies of several structurally defined 1:1 Cu–O2 complexes have
provided important fundamental chemical information useful for
understanding the nature of intermediates involved in aerobic
oxidations in synthetic and enzymatic copper-mediated catalysis.
In particular, these studies have shed new light on the factors that
influence the mode of O2 coordination (end-on vs side-on) and
the electronic structure, which can vary between Cu(II)–superoxo
and Cu(III)–peroxo extremes.


Introduction
Numerous aerobic oxidations performed by biological1


and synthetic2 metal catalysts use copper, which is
particularly well-suited for this purpose because of a
favorable combination of redox and coordination chem-
istry properties. A common, fundamentally important
reaction step is the seemingly simple interaction of O2


with a Cu(I) site to yield a Cu–O2 species that is activated
toward O–O bond scission or attack at an organic sub-
strate. Understanding the nature of Cu–O2 species and the
mechanisms of their generation thus represents a signifi-
cant research goal, toward which extensive studies of the
reactions of Cu(I) complexes with O2 have been aimed.3


For the most part, these studies have focused on (µ-
peroxo)– or bis(µ-oxo)–dicopper complexes that result
from trapping of initially formed 1:1 Cu–O2 adducts by a


second equivalent of the Cu(I) reagent (Scheme 1).
Because of the rapidity of this trapping reaction and/or
the thermodynamic stability of the resulting dicopper
species, the 1:1 adducts generally have only been observed
as fleeting intermediates in low-temperature stopped-flow
kinetic studies of Cu(I) complex oxygenations.3,4 Recently,
however, several examples of such 1:1 adducts have been
isolated as crystalline solids and characterized in detail
via experiment and theory, thus providing new insights
into geometric, spectroscopic, electronic structural, and
reactivity properties. We summarize this work herein, with
a specific view toward comparing and contrasting the
properties of structurally defined CuO2 moieties and
evaluating how these properties depend on the nature of
the ancillary supporting ligands (for complementary
perspectives, see refs 3 and 5). Possible implications for
understanding copper-promoted aerobic oxidations in
biology and catalysis are then discussed.


Synthesis and Structures
Use of low temperatures and suitably sterically hindered
supporting ligands to inhibit decomposition and dicopper
complex formation was key to the successful isolation and
structural characterization of the 1:1 Cu–O2 adducts
shown in Figure 1. Complexes 1,6 3,7,8 and 49 feature side-
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FIGURE 1. Cu–O2 (1:1) complexes, of which all except 1b and 3a
have been structurally defined by X-ray crystallography.
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on (η2) coordination of the O2 fragment, whereas it is
bound end-on (η1) in 2.10 Comparison of the core geom-
etries of 1a, 2, and 4 (Figure 2) reveals significant differ-
ences in metal–ligand and O–O bond distances that are
indicative of different oxidation levels for the Cu ion and
the O2 moiety. In 1a and 2, the Cu–N and –O distances
and geometries are typical for Cu(II) compounds. The O–O
distances fall in the range characteristic of superoxide
complexes (∼1.2–1.3 Å),11 the value of 1.22(3) Å for 1a
being so short that is similar to that of free O2 (1.21 Å).
Indeed, vibrational spectroscopic data and results from
theory (see below)12,13 suggest that this distance is un-
derestimated in the X-ray structure of 1a, perhaps due to
librational disorder of the O2 moiety like that identified
in an analogous cobalt complex.12,14 In 4, an O–O distance
of 1.392(3) Å, which is significantly longer than those in
1a and 2, is consistent with a peroxide assignment (typical
O–O distance of ∼1.4 Å).11 In addition, a comparison of
the Cu–N distances in 4 to those of a range of four-
coordinate (�-diketiminate)Cu(II) complexes revealed those
in 4 to be generally shorter, supporting a Cu(III) formula-
tion.8 The CuO2 core parameters of 3a from EXAFS
experiments13 and 3b from X-ray crystallography are
similar to those of 4 [e.g., for 3b, O–O distance of 1.39(1)
Å], but detailed interpretation of the data for 3b was
limited by disorder problems. In sum, the X-ray crystal
structures clearly differentiate between the end-on and
side-on O2 binding modes and suggest, at least to first
order, that 1a and 2 may be considered as Cu(II) super-


oxides, whereas 3 and 4 may be formulated as Cu(III)
peroxides. To further evaluate these oxidation level as-
signments and CuO2 core bonding, detailed spectroscopic
and theoretical studies were required, the results of which
are described below.


Electronic Structure and Bonding
a. Cu and O2 Fragment Oxidation States. Among the


various experimental data that may be used to understand
the electronic structure of the 1:1 Cu–O2 adducts, the O–O
stretching frequency (ν(O–O)) and the edge features in
X-ray absorption spectra (XAS)13,15 are especially informa-
tive for ascertaining the O–O bond order and the Cu
oxidation state, respectively (Table 1). The ν(O–O) values
for 1a,b16 and 217 are similar to the usual values for
superoxide complexes (∼1075–1295 cm-1),11,18 whereas
the values for 3a,b7,19 and 49 are significantly lower, albeit
above the region typical for peroxides (∼750–930 cm-1).
Such intermediate values have been noted previously for
metal–O2 adducts,11,18 and the existence of a “more or less
continuous range of values”11c that span the range of
700–1300 cm-1 for such species has been noted.20 To
better place the ν(O–O) data for 1–4 into perspective, we
previously presented a correlation between these values
and the associated O–O distances that was applicable to
a range of side-on metal–O2 adducts characterized via
both theory and experiment and included simple oxygen
species such as O2, O2


-, and O2
2-.12 This correlation is


better expressed by recourse to Badger’s rule (eq 1),21 an
empirical relation between an equilibrium internuclear
distance (re) and the associated stretching frequency (ν)
that has been applied with success recently in analyses
of Fe–O and S–S bonding.22,23


re )
C


νe
2⁄3


+ d (1)


Here we apply it to a range of compounds greater than
that analyzed in ref 12 yet limited to side-on metal–O2


adducts excepting 2 and some simple oxygen species
uncoordinated to any metal. The data (listed in Table S1
of the Supporting Information) are plotted as O–O dis-
tance versus 1/ν2/3 in Figure 3 and are in good agreement
with a linear fit to eq 1, giving a C of 70.7 and a d of 0.671
with an R2 of 0.96. This fit excludes the experimental data
point for 1a, which is deemed an outlier due to its
unreasonably short O–O distance equivalent to that of free
O2.


In further studies aimed at defining the electronic
structures of the similarly side-on bound adducts 1b and
3a, a direct experimental comparison of their Cu oxidation
states was accomplished through X-ray absorption spec-
troscopy (Table 1).13 Both the K- and L3-pre-edges for 1b
were ∼2 eV lower than those for 3a, supporting their
respective assignments as Cu(II) and Cu(III) complexes.
Accentuating this point, the pre-edge 1s f 3d energy for
1b falls into the range observed for a set of bona fide Cu(II)
complexes (8978.8 ( 0.4 eV),15,24 whereas that for 3a is
similar to those of other Cu(III) compounds (8981 ( 0.5
eV;cf.datafor[(Me3tacn)2Cu2(µ-OH)2]2+and[(Me3tacn)2Cu2(µ-


FIGURE 2. Cores of 1:1 Cu–O2 adducts determined by X-ray
crystallography, with atoms as arbitrary spheres (1a) or 50% thermal
ellipsoids (2 and 4) and selected bond distances (angstroms) and
angles (degrees) indicated. Cu atoms are colored green, N atoms
blue, and O atoms red.
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O)2]2+ in Table 1).15 Similar comparisons of L3-edges (2p
f 3d transitions) are even more striking due to the high
resolution of L-edge data (Figure 4).25 In general, differ-
ences in XAS edge energies may be traced to different
charges at the absorbing atom (Q) and/or ligand fields
(LF).26 On the basis of calculations and correlations with
XPS data, LF contributions were deemed to dominate the
XAS edge energy disparities between 1b and 3a, with the
Q for the Cu(III) site in 3a being essentially the same as
the Cu(II) center in 1b because of compensation by the
strongly electron donating �-diketiminate ligand.13


Computational studies on Cu–metal and other metal–
O2 complexes have been particularly useful in defining
geometrical and electronic structural features having a
bearing on oxidation state. As depicted in Figure 3, the
theoretical data (all of which derive from density func-
tional calculations with the mPWPW91 functional27 and
basis sets of polarized double- to triple-� quality) follow
Badger’s rule particularly well and are in excellent agree-
ment with experiment in most instances. In cases of
disagreement, challenges associated with librational mo-
tion and structural disorder may render the experimental
data less reliable than the theoretical (cf. 1a, as noted
above).12 The theoretical and experimental data taken


together comprise a collection of bond lengths and
vibrational frequencies that smoothly span the range from
superoxide-like to peroxide-like, and this smooth progres-
sion suggests that the assignment of standard “integer”
metal and O2 fragment oxidation states is not necessarily
a straightforward procedure; covalent character in the
metal–O2 bonding leads to species that may be regarded
as valence-bond hybrids of the limiting superoxide and
peroxide extremes.


The covalent communication between the metal and
O2 fragment and its impact on the apparent oxidation
state have been analyzed in detail for a simplified model
of 3 as illustrated in Figure 5.28 The 11b2 and 12b2 orbitals
are bonding and antibonding combinations of the in-
plane O2 π* orbital and the Cu dxz orbital (taking the z
axis as the C2ν symmetry axis and the x axis as being
parallel to the O–O bond vector). In the singlet state, the
3a2 out-of-plane O2 π* orbital is empty (it is singly
occupied in the higher-energy triplet state), and multi-
configurational treatments predict that the singlet ground
state is well-represented by


1A1 ) c1| · · · 11b2
2〉 - c2| · · · 12b2


2〉 (2)


where c1 and c2 are configuration weights that indicate
the relative importance of each determinant and ensure
normalization. When the diketiminate ligand is rendered


Table 1. Selected Structural and Spectroscopic Data


compound O–O distance (Å) ν(O–O) (cm-1) (∆18O) K-edge 1s f 3d (eV) L3-edge 2p f 3d (eV) ref


1a 1.22(3) 1112 (52) – – 6, 16
1b – 1043 (59) 8978.6 930.8 13, 16
2 1.280(3) 1117 (58) – – 10, 17
3a – 968 (51) 8980.7 932.7 13, 19
3b 1.39(1) 961 (49) – – 7
4 1.392(3) 974 (66) – – 9
La2Li1/2Cu1/2O4 – – – 932.8 13
[(TMPA)Cu(OH2)]2+ – – – 930.8 9
[(Me3tacn)2Cu2(µ-OH)2]2+ 8978.7 15
[(Me3tacn)2Cu2(µ-O)2]2+ – – 8980.5 – 15


FIGURE 3. Plot of O–O distance (Å) vs 1/ν2/3 (cm2/3) for a range of
side-on MO2 complexes and H2O2, O2


-, O2, and O2
+. Experimental


and calculated data are depicted as blue circles and black squares,
respectively, and are listed in Table S1. The data for complexes 1a,
2, 3b, and 4 are labeled, with a parenthetical t denoting values
calculated via theory. The line is a fit to eq 1 (see the text).


FIGURE 4. Normalized Cu XAS data showing the ∼2 eV difference
between the L3-edge transition energies for 1b and the Cu(II)
complex [(TMPA)Cu(OH2)]


2+ vs those for 3b and the Cu(III) com-
pound La2Li1/2Cu1/2O4. Adapted from ref 13.
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poorly electron donating by fractionally increasing the
atomic charge of the nitrogen atoms (or by changing a
backbone carbon nucleus to nitrogen; data not shown),
c1 and c2 are found to be roughly equal in magnitude such
that the 11b2 and 12b2 orbitals may be considered to be
similarly populated. Algebraically, this situation is equiva-
lent to a two-electron in two-orbital open-shell singlet,
where the two orbitals are formed from positive and
negative linear combinations of 11b2 and 12b2. In this
case, those linear combinations correspond to an isolated
Cu dxz orbital and an isolated O2 π* orbital, which would
be the ionic valence bond picture associated with a classic
Cu(II) superoxide species. Consistent with this analysis,
the O2 bond length is predicted to be in the shorter range
typical of a superoxide. As the electron donating character
of the ligand is increased by fractionally decreasing the
nitrogen nuclear charge (or changing a backbone carbon
nucleus to boron; data not shown), the opposite effect is
observed. The ratio of c1 to c2 becomes large, and the 11b2


orbital simultaneously localizes more heavily on the O2


fragment. The resulting closed-shell wave function cor-
responds to a Cu(III)–peroxide species, and consistent
with this picture, the O2 bond length is predicted to be
correspondingly long. Variation between these two ex-
tremes proceeds smoothly with variation in nitrogen
nuclear charge (Figure 5), illustrating the degree to which
covalent communication mediates charge flow and the
ligand influences the Cu–O2 interaction. It is noteworthy
that the distance between the Cu and O2 fragment is not
particularly sensitive to variation in the ligand’s electron
donating capabilities, in contrast to a prior suggestion.29


b. End-On versus Side-On Coordination. In addition
to the assignment of the Cu and O2 fragment oxidation
states, a separate structural feature of key interest is the
mode of binding of O2 to Cu. While side-on coordination
dominates among the complexes shown in Figure 1, end-
on bonding has been identified by X-ray crystallography
in the active site of peptidyl R-hydroxylating monooxy-
genase (PHM),30 and in 2, and it has been suggested on
the basis of spectroscopic data for several complexes that


have not been structurally characterized.31,32 Determining
the factors that influence the O2 binding mode is an
important research objective, especially in view of the
potential relationship between the O2 coordination ge-
ometry and reactivity with substrates.


Theory can provide key insights into these questions,
but it proves technically extremely challenging to model
end-on versus side-on coordination because the varying
degrees of multideterminantal character associated with
these different binding modes can lead to significant
errors in DFT predictions of singlet state energies relative
to one another or to corresponding triplet states.33,34 A
protocol that we have found particularly effective is using
DFT to obtain molecular structures and then to correct
singlet energies relative to those of triplets (which as single
determinants are well treated by DFT) based on multi-
reference second-order perturbation theory (CASPT2),35


the latter being designed to handle multideterminantal
character in a rigorous fashion. The utility of this approach
was first demonstrated in a mechanistic study of the
activation of molecular oxygen to generate 3a.8 Temper-
ature-dependent stopped-flow kinetics data in varying
nitrile/THF mixtures indicated that the oxygenation reac-
tion follows a two-term rate law (eq 3), and a Hammet
study using para-substituted benzonitriles revealed sub-
stituent effects on the bimolecular rate constant (k2).
These and other results were interpreted to indicate that
there are two competing pathways in the reaction (Scheme
2). The rate-determining step for one is exchange of THF
solvent for nitrile prior to oxygenation, while for the other
pathway, coordination of O2 to the Cu(I)–nitrile complex
is rate-controlling. CASPT2-corrected DFT calculations
(including continuum solvation) provided insight into the
structures of the rate-determining transition states and
predicted activation enthalpies and entropies within


FIGURE 5. Calculated frontier molecular orbitals for the simplified
(�-diketiminate)CuO2 complex shown, with a plot of Cu–O (red) and
O–O (blue) distances as a function of the charge on the N donor
atoms. Adapted from ref 28.


Scheme 2. Proposed Dual-Pathway Mechanism for the Oxygenation
Yielding 3a
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experimental error for both pathways, although raw, i.e.,
uncorrected, DFT predictions were substantially in error.8


rate) k1[Cu(I)]+ k2[O2][Cu(I)] (3)


Interestingly, in the pathway involving rate-determining
solvent exchange, the initial coordination of O2 is calcu-
lated to be end-on. While this structure is predicted to be
a local minimum, it is separated by a rather low barrier
(1.8 kcal/mol) from the more stable side-on product that
is isolated, and the free energy difference (4.7 kcal/mol)
is such that no observation of the end-on isomer would
be expected at equilibrium. Nonetheless, the relatively
small energy differences between the end-on and side-
on structures suggested that it might be possible to access
the former by suitably modifying the �-diketiminate
ligand. One �-diketiminate modification involved incor-
poration of a thioether arm, to model the N2S(thioether)
donor set in the active site of PHM. However, only side-
on coordination upon oxygenation of a Cu(I) precursor
was indicated by the spectroscopic data [ν(O–O) ) 994
cm-1] and by theoretical calculations, which predicted
only weak binding of the thioether sulfur atom to copper
(Figure 6).36 Further ligand perturbations considered with
computational modeling involved the introduction of an
ancillary ligand whose steric and/or electronic require-
ments might bias the binding of O2 in 3 to favor end-on
coordination; again, however, no simple, solventlike ligand
could be identified that led to the prediction of a ther-
modynamically stable end-on oxygenated product.37 Fi-
nally, given that the end-on geometry is likely to have
more Cu(II)–superoxide character that would be stabilized
relative to the Cu(III)–peroxide alternative by a less
electron donating supporting ligand, we examined ver-
sions of the �-diketiminate in 3 with one or two CF3


replacements for the methyl groups on the backbone.38


CASPT2-corrected DFT calculations predict that each CF3


group does indeed perturb the end-on–side-on equilib-
rium such that with two such groups it is reversed; i.e.,
end-on coordination is favored. Unfortunately, theory also
predicts that each CF3 group reduces the standard state
binding free energy such that it becomes positive with two
CF3 substituents. Experimental studies appeared to con-
firm that prediction: with a single CF3 group, O2 coordina-
tion was observed to be side-on [ν(O–O) ) 977 cm-1],


while with two CF3 groups, it did not prove possible to
isolate a 1:1 Cu–O2 adduct.38


Reactivity
Studies of the reactivity of Cu(II)–superoxos 1 and 2 have
yet to be reported, but some investigations of 3a have
been performed (Scheme 3). The observation that the
oxygenation leading to 3a is irreversible at low tempera-
tures has been key to these studies, as this allowed the
reactivity of 3a to be assessed in the absence of any free
O2 or precursor Cu(I) complex. The complex is a poor
oxidant, as revealed by (a) its lack of reactivity with a range
of potential H-atom donors, including phenols, and (b)
the fact that no phosphine oxide was produced upon
addition of phosphines and, instead, loss of O2 and
formation of a Cu(I)-phosphine adduct occurred.39 Ad-
dition of Cu(I) complexes resulted in the production of
bis(µ-oxo)dicopper complexes 5 that feature disparate
supporting N-donor ligands,7 while reaction of the ger-
mylene Ge[N(TMS)2]2 yielded a novel heterobimetallic
[Cu(µ-O)2Ge]3+ core (6).40 In an unusual transformation,
reaction of 3a with [Cu(MeCN)4]+ in the presence of 3,5-
diphenylpyrazole led to 7,39 which features a Cu(II)–semi-
quinonato unit resulting from hydroxylation41 and rear-
rangement of a ligand aryl group (possibly via an NIH shift
similar to ones observed for dicopper compounds).42 Since
7 does not form in the absence of added Cu(I) reagent, it
appears that a peroxo- or bis(µ-oxo)dicopper intermediate
is involved in the aryl oxidation process, although mecha-
nistic information is lacking.


FIGURE 6. Calculated structure of the CuO2 adduct with a thioether-
modified �-diketiminate ligand (selected interatomic distances
shown; blue for N, red for O, green for Cu, and yellow for S).


Scheme 3. Summary of the Reactivity of 3aa


a S-H ) phenols, thioanisole, cyclohexene, ferrocene, or HBF4. pzH )
3,5-diphenylpyrazole. PR3 ) PPh3 or PMePh2. TMS ) trimethylsilyl. L )
tetramethylpropanediamine, 1,4,7-trimethylcyclononane, or a �-diketimi-
nate with o-methyl substituents.
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The basis for the poor oxidizing power of 3a and 4 was
examined theoretically in studies that also evaluated
Cu(III)–oxo species that would result from cleavage of the
O–O bonds.43 Predicted reduction potentials and pKb


values of 3a and 4 showed them to be difficult both to
reduce and to protonate compared to the corresponding
Cu(III)–oxo alternative. As a result, new O–H bonds that
form when these species abstract hydrogen atoms from
substrates were predicted to be quite weak, and the
transition states for these abstractions were predicted to
have large activation enthalpies. The Cu(III)–oxo species
were predicted to be much more reactive because of a
more favorable combination of reduction potential and
basicity.


The lack of oxidizing power exhibited by 3a and 4 is
associated with the strongly electron donating character
of the �-diketiminate and anilido-imine ligands. While this
character does promote binding of dioxygen to the Cu(I)
precursors, it renders the subsequent adducts relatively
unreactive toward reduction and protonation, and thus,
reaction with hydrocarbon substrates is thermodynami-
cally unfavorable. Theory suggests that C–H bond activa-
tion reactivity will thus be enhanced by ligands (a) having
less donating power, to increase Cu(II)–superoxide char-
acter at the expense of Cu(III)–peroxo character, and (b)
designed to favor end-on coordination over side-on, since
the former motif is also predicted to be somewhat more
oxidizing than the latter for otherwise equivalent ligands.
In addition, Cu(III)–oxo species should prove quite reac-
tive if they can be synthetically accessed.


Implications for Oxidation Catalysis
Evidence has been accumulating that supports the notion
that 1:1 CuO2 species participate in biological oxidations,1


such as those catalyzed by the enzymes PHM,30,44 amine
oxidase,45,46 quercetinase,47 and superoxide dismutase.48


Lessons learned in the studies of synthetic models like 1–4
can inform those focused on the metalloproteins. For
example, the CASPT2-corrected DFT method shown to be
applicable to the model compounds discussed above was
used to examine in detail the preference for end-on versus
side-on coordination with various combinations of bio-
logically relevant N-, O-, and S-containing ligands.43 The
(N)2(S) combination found in PHM was predicted to lead
most preferentially to end-on coordination with a singlet
ground state, while other combinations that strengthened
the donating ability of the ligand environment (e.g., by
deprotonating an acidic ligand) changed the preference
to side-on. To further appreciate the utility of the CASPT2-
corrected DFT method, it is instructive to compare these
results to prior work on PHM active site models using
more conventional DFT protocols. Prior to the appearance
of the activated PHM crystal structure, side-on binding
was predicted to be preferred with biologically relevant
ligands based on restricted DFT results,49 the latter
theoretical formalism tending to be heavily and inac-
curately biased in favor of side-on coordination.33 In a
more recent study,50 unrestricted DFT was employed


together with molecular mechanics in modeling the PHM
active site, and the end-on binding mode was found to
be preferred, but with the triplet state significantly lower
in energy than the singlet, reflecting the problems of
unrestricted Kohn–Sham DFT applied to multidetermi-
nantal singlets.33,34,51 Finally, we note that if one does not
care about the relative energetics of the singlet and triplet
states, unrestricted DFT can certainly still be useful for
the prediction of various structural and vibrational prop-
erties, as demonstrated, for example, in reported observa-
tions similar to those described above for the factors
influencing end-on versus side-on O2 coordination to
Cu(I) supported by various tripodal and tetrapodal ligand
sets.52


In conclusion, our understanding of putative CuO2


intermediates in catalytic reactions has been deepened
through the detailed investigations of the structurally
defined complexes 1–4. Identification of a previously
unforeseen Cu(III)–peroxo moiety provides precedence for
the notion that such a species may be involved in catalysis,
although in 3 and 4 poor oxidative reactivity derives from
low reduction potentials and basicities. Such an electronic
structure may be differentiated experimentally and by
theory from an alternative Cu(II)–superoxo formulation
as seen in 1 and 2, and we are beginning to understand
how supporting ligands influence where a CuO2 unit may
lie on the continuum between these extremes. Unam-
biguous evidence now shows that end-on and side-on
CuO2 adducts are possible and may be energetically
similar, although knowledge of how binding mode differ-
ences relate to oxidative reactivity is rudimentary;43 this
presents a challenge for future research.53


We are grateful to the co-workers whose names are presented
in the references for their contributions to the work described
herein. Financial support for the work described herein was
provided by the National Institutes of Health (GM47365) and the
National Science Foundation (CHE-0610183).


Supporting Information Available: Selected O–O dis-
tances, stretching frequencies (ν), and 1/ν2/3 values for O2


n


species. This material is available free of charge via the
Internet at http://pubs.acs.org.


References
(1) Selected reviews: (a) Isabel, B.; Carrondo, M. A.; Peter, F. L.


Reduction of dioxygen by enzymes containing copper. J. Biol.
Inorg. Chem. 2006, 11, 539–547. (b) Whittaker, J. W. Free Radical
Catalysis by Galactose Oxidase. Chem. Rev. 2003, 103, 2347–2363.
(c) Solomon, E. I.; Chen, P.; Metz, M.; Lee, S.-K.; Palmer, A. E.
Oxygen binding, activation, and reduction to water by copper
proteins. Angew. Chem., Int. Ed. 2001, 40, 4570–4590. (d) Halcrow,
M.; Phillips, S.; Knowles, P. Amine oxidases and galactose oxidase.
In Subcellular Biochemistry, Volume 35: Enzyme-Catalyzed Elec-
tron and Radical Transfer; Holzenburg, A., Scrutton, N. S., Eds.;
Plenum: New York, 2000; pp 183–231. (e) Fontecave, M.; Pierre,
J. L. Oxidations by Copper Metalloenzymes and Some Biomimetic
Approaches. Coord. Chem. Rev. 1998, 170, 125–140. (f) Solomon,
E. I.; Sundaram, U. M.; Machonkin, T. E. Multicopper Oxidases and
Oxygenases. Chem. Rev. 1996, 96, 2563–2605. (g) Klinman, J. P.
Mechanisms whereby mononuclear copper proteins functionalize
organic substrates. Chem. Rev. 1996, 96, 2541–2561.


Mononuclear Cu–O2 Complexes Cramer and Tolman


606 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 7, 2007







(2) Illustrative examples: (a) Punniyamurthy, T.; Velusamy, S.; Iqbal,
J. Recent Advances in Transition Metal Catalyzed Oxidation of
Organic Substrates with Molecular Oxygen. Chem. Rev. 2005, 105,
2329–2364 and references cited therein. (b) Markó, I. E.; Gautier,
A.; Dumeunier, R.; Doda, K.; Philippart, F.; Brown, S. M.; Urch, C. J.
Efficient, Copper-Catalyzed, Aerobic Oxidation of Primary Alcohols.
Angew. Chem., Int. Ed. 2004, 43, 1588–1591. (c) Murahashi, S.-I.;
Komiya, N.; Hayashi, Y.; Kumano, T. Copper complexes for
catalytic, aerobic oxidation of hydrocarbons. Pure Appl. Chem.
2001, 73, 311–314. (d) Gupta, R.; Mukherjee, R. Catalytic Oxidation
of Hindered Phenols by a Copper(I) Complex and Dioxygen.
Tetrahedron Lett. 2000, 41, 7763–7767.


(3) (a) Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. P. Structure and
Spectroscopy of Copper-Dioxygen Complexes. Chem. Rev. 2004,
104, 1013–1045. (b) Lewis, E. A.; Tolman, W. B. Reactivity of
Copper-Dioxygen Systems. Chem. Rev. 2004, 104, 1047–1076. (c)
Hatcher, L.; Karlin, K. D. Oxidant types in copper-dioxygen chem-
istry: The ligand coordination defines the Cun-O2 structure and
subsequent reactivity. J. Biol. Inorg. Chem. 2004, 9, 669–683. (d)
Osako, T.; Terada, S.; Tosha, T.; Nagatomo, S.; Furutachi, H.;
Fujinami, S.; Kitagawa, T.; Suzukib, M.; Itoh, S. Structure and
dioxygen-reactivity of copper(I) complexes supported by bis(6-
methylpyridin-2-ylmethyl)amine tridentate ligands. Dalton Trans.
2005, 3514–3521. (e) Itoh, S.; Fukuzumi, S. Dioxygen activation by
copper complexes. Mechanistic insights into copper monooxyge-
nases and copper oxidases. Bull. Chem. Soc. Jpn. 2002, 75, 2081–
2095. (f) Schindler, S. Reactivity of Copper(I) Complexes Towards
Dioxygen. Eur. J. Inorg. Chem. 2000, 2311–2326. (g) Que, L., Jr.;
Tolman, W. B. Bis(µ-oxo)dimetal “diamond” cores in copper and
iron complexes relevant to biocatalysis. Angew. Chem., Int. Ed.
2002, 41, 1114–1137.


(4) Karlin, K. D.; Tolman, W. B.; Kaderli, S.; Zuberbühler, A. D. Kinetic
and thermodynamic parameters of copper-dioxygen interaction
with different oxygen binding modes. J. Mol. Catal. A: Chem. 1997,
117, 215–222.


(5) Itoh, S. Mononuclear copper active-oxygen complexes. Curr. Opin.
Chem. Biol. 2006, 10, 115–122.


(6) Fujisawa, K.; Tanaka, M.; Moro-oka, Y.; Kitajima, N. A Monomeric
Side-On Superoxocopper(II) Complex: Cu(O2)(HB(3-tBu-5-iPrpz)3).
J. Am. Chem. Soc. 1994, 116, 12079–12080.


(7) Aboelella, N. W.; Lewis, E. A.; Reynolds, A. M.; Brennessel, W. W.;
Cramer, C. J.; Tolman, W. B. Snapshots of Dioxygen Activation
by Copper: The Structure of a 1:1 Cu/O2 Adduct and Its Use in
Syntheses of Asymmetric Bis(µ-oxo) Complexes. J. Am. Chem.
Soc. 2002, 124, 10660–10661.


(8) Aboelella, N. W.; Kryatov, S. V.; Gherman, B. F.; Brennessel, W. W.;
Young, V. G., Jr.; Sarangi, R.; Rybak-Akimova, E. V.; Hodgson, K. O.;
Hedman, B.; Solomon, E. I.; Cramer, C. J.; Tolman, W. B. Dioxygen
Activation at a Single Copper Site: Structure, Bonding, and
Mechanism of Formation of 1:1 Cu/O2 Adducts. J. Am. Chem. Soc.
2004, 126, 16896–16911.


(9) Reynolds, A. M.; Gherman, B. F.; Cramer, C. J.; Tolman, W. B.
Characterization of a 1:1 Cu/O2 Adduct Supported by an Anilido-
Imine Ligand. Inorg. Chem. 2005, 44, 6989–6997.


(10) Würtele, C.; Gaoutchenova, E.; Harms, K.; Holthausen, M. C.;
Sundermeyer, J.; Schindler, S. Crystallographic Characterization
of a Synthetic 1:1 End-On Copper Dioxygen Adduct Complex.
Angew. Chem., Int. Ed. 2006, 45, 3867–3869.


(11) (a) Vaska, L. Dioxygen-Metal Complexes: Toward a Unified View.
Acc. Chem. Res. 1976, 9, 175–183. (b) Valentine, J. S. The dioxygen
ligand in mononuclear group VIII transition metal complexes.
Chem. Rev. 1973, 73, 235–245. (c) Gubelmann, M. H.; Williams, A. F.
The structure and reactivity of dioxygen complexes of the transition
metals. Struct. Bonding (Berlin, Ger.) 1983, 55, 1–65. (d) Hill,
H. A. O.; Tew, D. G. Dioxygen, Superoxide and Peroxide. In
Comprehensive Coordination Chemistry; Wilkinson, G., Gillard,
R. D., McCleverty, J. A., Eds.; Pergamon: Oxford, 1987; Vol. 2, pp
315–333.


(12) Cramer, C. J.; Tolman, W. B.; Theopold, K. H.; Rheingold, A. L.
Variable Character of O-O and M-O Bonding in Side-on (η2) 1:1
Metal Complexes of O2. Proc. Natl. Acad. Sci. U.S.A. 2003, 100,
3635–3640.


(13) Sarangi, R.; Aboelella, N.; Fujisawa, K.; Tolman, W. B.; Hedman,
B.; Hodgson, K. O.; Solomon, E. I. X-ray Absorption Edge Spec-
troscopy and Computational Studies on LCuO2 Species: Superox-
ide-CuII versus Peroxide-CuIII Bonding. J. Am. Chem. Soc. 2006,
128, 8286–8296.


(14) Egan, J. W., Jr.; Haggerty, B. S.; Rheingold, A. L.; Sendlinger, S. C.;
Theopold, K. H. Crystal structure of side-on superoxo complex of
cobalt and hydrogen abstraction by a reactive terminal oxo ligand.
J. Am. Chem. Soc. 1990, 112, 2445–2446.


(15) DuBois, J. L.; Mukherjee, P.; Stack, T. D. P.; Hedman, B.; Solomon,
E. I.; Hodgson, K. O. A Systematic K-edge X-ray Absorption
Spectroscopic Study of Cu(III) Sites. J. Am. Chem. Soc. 2000, 122,
5775–5787.


(16) Chen, P.; Root, D. E.; Campochiaro, C.; Fujisawa, K.; Solomon, E. I.
Spectroscopic and Electronic Structure Studies of the Diamagnetic
Side-On Cu(II)-Superoxo Complex Cu(O2)[HB(3-R-5-iPrpz)3]: Anti-
ferromagnetic Coupling versus Covalent Delocalization. J. Am.
Chem. Soc. 2003, 125, 466–474.


(17) Schatz, M.; Raab, V.; Foxon, S. P.; Brehm, G.; Schneider, S.; Reiher,
M.; Holthausen, M. C.; Sundermeyer, J.; Schindler, S. Combined
Spectroscopic and Theoretical Evidence for a Persistent End-On
Copper Superoxo Complex. Angew. Chem., Int. Ed. 2004, 43, 4360–
4363.


(18) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds, Part B, 5th ed.; Wiley-Interscience: New
York, 1997; pp 154–168.


(19) Spencer, D. J. E.; Aboelella, N. W.; Reynolds, A. M.; Holland, P. L.;
Tolman, W. B. �-Diketiminate Ligand Backbone Structural Effects
on Cu(I)/O2 Reactivity: Unique Copper-Superoxo and Bis(µ-oxo)
Complexes. J. Am. Chem. Soc. 2002, 124, 2108–2809.


(20) Suzuki, M.; Ishiguro, T.; Kozuka, M.; Nakamoto, K. Resonance
Raman Spectra, Excitation Profiles, and Infrared Spectra of
[Co(salen)]2O2 in the Solid State. Inorg. Chem. 1981, 20, 1993–1996.


(21) Badger, R. M. The Relation Between the Internuclear Distances and
Force Constants of Molecules and Its Application to Polyatomic
Molecules. J. Chem. Phys. 1935, 3, 710–714.


(22) Green, M. T. Application of Badger’s Rule to Heme and Non-Heme
Iron-Oxygen Bonds: An Examination of Ferryl Protonation States.
J. Am. Chem. Soc. 2006, 128, 1902–1906.


(23) Brown, E. C.; Bar-Nahum, I.; York, J. T.; Aboelella, N. W.; Tolman,
W. B. Ligand Structural Effects on Cu2S2 Bonding and Reactivity
in Side-On Disulfido-Bridged Dicopper Complexes. Inorg. Chem.
2007, 46, 486–496.


(24) Kau, L.-S.; Spira-Solomon, D. J.; Penner-Hahn, J. E.; Hodgson, K. O.;
Solomon, E. I. X-ray absorption edge determination of the oxida-
tion state and coordination number of copper. Application to the
type 3 site in Rhus vernicifera laccase and its reaction with oxygen.
J. Am. Chem. Soc. 1987, 109, 6433–6442.


(25) de Groot, F. High-Resolution X-ray Emission and X-ray Absorption
Spectroscopy. Chem. Rev. 2001, 101, 1779–1808.


(26) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. Ligand
K-Edge X-ray Absorption Spectroscopy: A Direct Probe of Ligand-
Metal Covalency. Acc. Chem. Res. 2000, 33, 859–868 and references
cited therein.


(27) (a) Perdew, J. P.; Wang, Y. Accurate and Simple Density Functional
for the Electronic Exchange Energy: Generalized Gradient Ap-
proximation. Phys. Rev. B 1986, 33, 8800–8802. (b) Perdew, J. P.
Unified Theory of Exchange and Correlation Beyond the Local
Density Approximation. In Electronic Structure of Solids ’91;
Ziesche, P., Eschrig, H., Eds.; Akademie Verlag: Berlin, 1991; pp
11–20. (c) Adamo, C.; Barone, V. Toward reliable adiabatic con-
nection models free from adjustable parameters. Chem. Phys. Lett.
1997, 274, 242–250.


(28) Gherman, B. F.; Cramer, C. J. Modeling the Peroxide/Superoxide
Continuum in 1:1 Side-on Adducts of O2 with Cu. Inorg. Chem.
2004, 43, 7281–7283.


(29) Pantazis, D. A.; McGrady, J. E. On the Nature of the Bonding in
1:1 Adducts of O2. Inorg. Chem. 2003, 42, 7734–7736.


(30) Prigge, S. T.; Eipper, B. A.; Mains, R. E.; Amzel, L. M. Dioxygen
Binds End-On to Mononuclear Copper in a Precatalytic Enzyme
Complex. Science 2004, 304, 864–867.


(31) Chaudhuri, P.; Hess, M.; Weyhermüller, T.; Wieghardt, K. Aerobic
Oxidation of Primary Alcohols by a New Mononuclear Cu(II)-
Radical Catalyst. Angew. Chem., Int. Ed. 1999, 38, 1095–1098.


(32) Jazdzewski, B. A.; Reynolds, A. M.; Holland, P. L.; Young, V. G.,
Jr.; Kaderli, S.; Zuberbühler, A. D.; Tolman, W. B. Copper(I)-
phenolate complexes as models of the reduced active site of
galactose oxidase: Synthesis, characterization, and O2 reactivity.
J. Biol. Inorg. Chem. 2003, 8, 381–393.


(33) de la Lande, A.; Moliner, V.; Parisel, O. Singlet-triplet gaps in large
multireference systems: Spin-flip-driven alternatives for bioinor-
ganic modeling. J. Chem. Phys. 2007, 126, 035102–035107.


(34) Kinsinger, C.; Gherman, B.; Gagliardi, L.; Cramer, C. How useful
are vibrational frequencies of isotopomeric O2 fragments for
assessing local symmetry? Some simple systems and the vexing
case of a galactose oxidase model. J. Biol. Inorg. Chem. 2005, 10,
778–789.


(35) Andersson, K.; Malmqvist, P.-Å.; Roos, B. O.; Sadlej, A. J.; Wolinski,
K. Second-order perturbation theory with a CASSCF reference
function. J. Phys. Chem. 1990, 94, 5483–5488.


Mononuclear Cu–O2 Complexes Cramer and Tolman


VOL. 40, NO. 7, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 607







(36) Aboelella, N. W.; Gherman, B. F.; Hill, L. M. R.; York, J. T.; Holm,
N.; Young, V. G.; Cramer, C. J.; Tolman, W. B. Effects of Thioether
Substituents on the O2 Reactivity of �-Diketiminate-Cu(I) Com-
plexes: Probing the Role of the Methionine Ligand in Copper
Monooxygenases. J. Am. Chem. Soc. 2006, 128, 3445–3458.


(37) Heppner, D. E.; Gherman, B. F.; Tolman, W. B.; Cramer, C. J. Can
an Ancillary Ligand Lead to a Thermodynamically Stable End-On
1:1 Cu-O2 Adduct Supported by a �-Diketiminate Ligand. Dalton
Trans. 2006, 4773–4782.


(38) Hill, L. M. R.; Gherman, B. F.; Aboelella, N. W.; Cramer, C. J.;
Tolman, W. B. Electronic tuning of �-diketiminate ligands with
fluorinated substituents: Effects on the O2-reactivity of mono-
nuclear Cu(I) complexes. Dalton Trans. 2006, 4944–4953.


(39) Reynolds, A. M.; Lewis, E. L.; Aboelella, N. W.; Tolman, W. B.
Reactivity of a 1:1 copper–oxygen complex: Isolation of a Cu(II)-
o-iminosemiquinonato species. Chem. Commun. 2005, 2014–2016.


(40) York, J. T.; Young, V. G.; Tolman, W. B. Heterobimetallic Activation
of Dioxygen: Characterization and Reactivity of Novel Cu(I)-Ge(II)
Complexes. Inorg. Chem. 2006, 45, 4191–4198.


(41) Laitar, D. S.; Mathison, C. J. N.; Davis, W. M.; Sadighi, J. P.
Copper(I) Complexes of a Heavily Fluorinated �-Diketiminate
Ligand: Synthesis, Electronic Properties, and Intramolecular Aero-
bic Hydroxylation. Inorg. Chem. 2003, 42, 7354–7356.


(42) Nasir, M. S.; Cohen, B. I.; Karlin, K. D. Mechanism of Aromatic
Hydroxlation in a Copper Monooxygenase Model System. 1,2-
Methyl Migrations and the NIH Shift in Copper Chemistry. J. Am.
Chem. Soc. 1992, 114, 2482–2494.


(43) Gherman, B. F.; Heppner, D. E.; Tolman, W. B.; Cramer, C. J. Models
for dioxygen activation by the CuB site of dopamine �-monooxy-
genase and peptidylglycine R-hydroxylating monooxygenase. J. Bi-
ol. Inorg. Chem. 2006, 11, 197–205.


(44) Klinman, J. P. The Copper-Enzyme Family of Dopamine �-Mo-
nooxygenase and Peptidylglycine R-Hydroxylating Monooxyge-
nase: Resolving the Chemical Pathway for Substrate Hydroxylation.
J. Biol. Chem. 2006, 281, 3013–3016.


(45) Juda, G. A.; Shepard, E. M.; Elmore, B. O.; Dooley, D. M. A
Comparative Study of the Binding and Inhibition of Four Copper-
Containing Amine Oxidases by Azide: Implications for the Role of
Copper during the Oxidative Half-Reaction. Biochemistry 2006, 45,
8788–8800.


(46) Prabhakar, R.; Siegbahn, P. E. M.; Minaev, B. F. A theoretical study
of the dioxygen activation by glucose oxidase and copper amine
oxidase. Biochim. Biophys. Acta 2003, 1647, 173–178.


(47) Siegbahn, P. E. M. Hybrid DFT study of the mechanism of quercetin
2,3-dioxygenase. Inorg. Chem. 2004, 43, 5944–5953 and references
cited therein.


(48) Smirnov, V. V.; Roth, J. P. Mechanisms of Electron Transfer in
Catalysis by Copper Zinc Superoxide Dismutase. J. Am. Chem.
Soc. 2006, 128, 16424–16425.


(49) Chen, P.; Solomon, E. I. Oxygen Activation by the Noncoupled
Binuclear Copper Site in Peptidylglycine R-Hydroxylating Mo-
nooxygenase. Reaction Mechanism and Role of the Noncoupled
Nature of the Active Site. J. Am. Chem. Soc. 2004, 126, 4991–5000.


(50) Kamachi, T.; Kihara, N.; Shiota, Y.; Yoshizawa, K. Computational
Exploration of the Catalytic Mechanism of Dopamine �-Monooxy-
genase: Modeling of Its Mononuclear Copper Active Sites. Inorg.
Chem. 2005, 44, 4226–4236.


(51) (a) Cramer, C. J.; Dulles, F. J.; Giesen, D. J.; Almlöf, J. Density
functional theory: Excited states and spin annihilation. Chem. Phys.
Lett. 1995, 245, 165–170. (b) Gräfenstein, J.; Kraka, E.; Filatov, M.;
Cremer, D. Can Unrestricted Density Functional Theory Describe
Open Shell Singlet Biradicals. Int. J. Mol. Sci. 2002, 3, 360–394. (c)
Cramer, C. J. Essentials of Computational Chemistry: Theories and
Models, 2nd ed.; John Wiley & Sons: Chichester, U.K., 2004; pp
274–278. (d) Cramer, C. J.; Wloch, M.; Piecuch, P.; Puzzarini, C.;
Gagliardi, L. Theoretical Models on the Cu2O2 Torture Track:
Mechanistic Implications for Oxytyrosinase and Small-Molecule
Analogues. J. Phys. Chem. A 2006, 110, 1991–2004. (e) Cramer,
C. J.; Kinal, A.; Wloch, M.; Piecuch, P.; Gagliardi, L. Theoretical
Characterization of End-On and Side-On Peroxide Coordination in
Ligated Cu2O2 Models. J. Phys. Chem. A 2006, 110, 11557–11568.
(f) Neese, F. A critical evaluation of DFT, including time-dependent
DFT, applied to bioinorganic chemistry. J. Biol. Inorg. Chem. 2006,
11, 702–711.


(52) de la Lande, A.; Gérard, H.; Moliner, V.; Izzet, G.; Reinaud, O.;
Parisel, O. Theoretical modelling of tripodal CuN3 and CuN4


cuprous complexes interacting with O2, CO or CH3CN. J. Biol.
Inorg. Chem. 2006, 11, 593–608.


(53) Smirnov, V. V.; Brinkley, D. W.; Lanci, M. P.; Karlin, K. D.; Roth,
J. P. Probing metal-mediated O2 activation in chemical and
biological systems. J. Mol. Catal. A: Chem. 2006, 251, 100–107.


AR700008C


Mononuclear Cu–O2 Complexes Cramer and Tolman


608 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 7, 2007












The Road to Non-Heme
Oxoferryls and Beyond†


LAWRENCE QUE, JR.
Department of Chemistry and Center for Metals
in Biocatalysis, University of Minnesota,
Minneapolis, Minnesota 55455


Received February 1, 2007


ABSTRACT
Oxoiron(IV) species are often implicated in the catalytic cycles of
oxygen-activating non-heme iron enzymes. The paucity of suitable
model complexes stimulated us to fill this void, and our synthetic
efforts have afforded a number of oxoiron(IV) complexes. This
Account provides a chronological perspective of the observations
that contributed to the generation of the first non-heme iron(IV)–oxo
complexes in high yield and summarizes their salient properties
to date.


1. Introduction
Oxoferryl species are often postulated as the key oxidizing
intermediates in the dioxygen activation mechanisms of
iron enzymes.1–4 Evidence that such species were involved
in the reactions of heme peroxidases was found as many
as 40 years ago, and extensive spectroscopic investigations
have established the existence of the FeIVdO unit in many
cases. By extension, it is widely accepted that an oxoferryl
species is a key intermediate in the mechanism of cyto-
chrome P450.1,5 However the evidence for its existence is
not as compelling as for the heme peroxidases, and efforts
persist to put this mechanistic hypothesis on firmer
ground.


Non-heme iron oxygenases also activate dioxygen but
catalyze an array of oxidative transformations more
diverse than those associated with their heme counter-
parts.2–4 To date, high-valent iron intermediates have been
trapped in five cases, and structures proposed for these
species are shown in Figure 1. In the 1990s, rapid freeze-
quench studies of the R2 protein of the class I ribonucle-
otide reductase (RNR R2) from Escherichia coli and
methane monooxygenase (MMO) provided evidence for
intermediates X and Q,2 respectively, with X having an
FeIII–O–FeIV unit6,7 and Q postulated to have an FeIV


2(µ-
O)2 diamond core.8 Within the last four years, FeIVdO
intermediates have been characterized for taurine/2-
oxoglutarate dioxygenase (TauD), prolyl 4-hydroxylase,


and the halogenase CytC3, monoiron enzymes that re-
quire 2-oxoglutarate as a cosubstrate.9–12 In all cases, the
iron(IV) center has been found to be in the high-spin S )
2 state, presumably due to the weak ligand field exerted
by a combination of histidine and carboxylate ligands.


2. Precedents in the 1990s
The pioneer in the coordination chemistry of iron(IV) with
biomimetic non-heme ligands was T. J. Collins, in whose
group was developed a series of oxidatively robust tetra-
amido macrocyclic ligands (TAMLs; Figure 2) that in their
tetraanionic forms were capable of supporting high-valent
metal centers.13 This effort led in 1990 to the isolation of
[FeIV(TAML1)Cl]–, the first and only example to date of a
crystallographically characterized high-spin iron(IV) com-
plex.14 Subsequently, Collins’ work resulted in a number
of exciting developments and applications that have been
reviewed recently.15 Among those particularly relevant to
this Account are the formation of an oxo-bridged di-
iron(IV) complex from the reaction of O2 and an iron(III)
precursor reported in 200516 and the trapping and char-
acterization of the first oxoiron(V) complex reported in
2007.17


Also in the 1990s, Ingold and co-workers obtained
indirect evidence that oxoiron(IV) species could form in
solution from studies of Fe(TPA)-catalyzed alkane func-
tionalization with tBuOOH as an oxidant.18 In subsequent
experiments, the putative (TPA)FeIVdO species could be
intercepted intermolecularly by the addition of thioanisole
to form the corresponding sulfoxide19 (Figure 3, R ) H)
or intramolecularly when a 6-Ph substituent was intro-
duced (Figure 3, R ) Ph) to afford a hydroxylated arene
ring.20,21 On the other hand, direct evidence of the
existence of oxoiron(IV) species could be obtained by
ESIMS (electrospray ionization mass spectrometry) analy-
sis of metastable FeIII–OOH species supported by neutral
tetra- and pentadentate nitrogen ligands, revealing
(L)FeIVdO fragments derived from the molecular ions in
the gas phase.22,23


The most compelling precedent that an oxoiron(IV)
center could be supported by a neutral TPA ligand came
from the generation and characterization of a family of
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FIGURE 1. Structures proposed for high-valent intermediates of
TauD,10 MMO,8 and RNR R2.6,7
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[Fe2(µ-O)2(5-R3-TPA)2](ClO4)3 complexes, initially inves-
tigated by R. Leising and Y. Dong24 and crystallographi-
cally characterized subsequently by H. Hsu25 (Figure 4).
The crystal structure of the R ) Et complex revealed a
diiron complex with a centrosymmetric Fe2(µ-O)2 dia-
mond core. Despite the fact that it was formally an
iron(III)iron(IV) complex, Mössbauer analysis showed the
two irons to be electronically identical,24 requiring the
[Fe2(µ-O)2]3+ core to be valence-delocalized, with each
iron having an oxidation state of 3.5.


3. Non-Heme Oxoiron(IV) Complexes
Generated and Identified
Given these precedents in the 1990s, an obvious question
that may occur to the reader is why it has taken so long
to prepare mononuclear non-heme oxoiron(IV) com-
plexes. The biggest impediment to progress in identifying
and trapping a transient iron(IV)–oxo species was the lack
of a convenient spectroscopic signature that would readily
signal its presence in a reaction mixture. Although oxo-
iron(IV) porphyrin complexes had been well characterized
for some time,26 their UV–vis spectra were dominated by
intense porphyrin ligand transitions that obscured weaker
bands that may be associated with the FeIVdO unit. The
expected silence of the d4 electronic configuration made
EPR useless as an initial probe. While Mössbauer spec-
troscopy is often the tool of choice for establishing iron
oxidation state,27 this technique when applied to milli-
molar samples requires 57Fe-enriched complexes to be
synthesized. This presents a significant experimental


barrier, as 57Fe is not inexpensive and a procedure for
synthesis on a submicromole scale must be developed.
Typically, the synthesis of 57Fe-enriched complexes is
carried out only after there is some compelling evidence
that something will be learned from the Mössbauer
experiment.


In 1998, R. Ho in my lab carried out the reaction of
[FeII(TPA)(NCMe)2]2+ with stoichiometric peracid in MeCN
at -40 °C and observed a transient absorbance at 720 nm
(Figure 5A). However, the new band had a low intensity
with an estimated ε of ∼200 M-1 cm-1 assuming all iron
in the sample was converted to the new species. The
appearance of the near-IR band led us to suspect the
formation of a new species, but we had no clue at that
time that it might be an oxoiron(IV) complex, given our
naive expectation that an oxoiron(IV) unit should give rise
to an intense oxo-to-iron(IV) charge transfer band in the
visible region.


Four years later, W. Nam of Ehwa Womans University
came to spend his sabbatical at the University of Min-
nesota. The students he brought along to Minnesota and
mine worked together to make the observations that led


FIGURE 2. Structures of TAML ligands.


FIGURE 3. Reactions of [FeII(TPA)(NCCH3)2]
2+ complexes with


tBuOOH.


FIGURE 4. Crystal structure of the [Fe2(µ-O)2(5-Et3-TPA)2]
3+ cation


based on crystallographic data reported in ref 24.


FIGURE 5. Reaction of [FeII(TPA)(NCMe)2]
2+ with stoichiometric


peracid in MeCN at –40 °C to form a new transient species with a
λmax of 720 nm (A) and its subsequent decay at 10 °C (B). Reprinted
with permission from ref 28. Copyright 2003 National Academy of
Sciences.
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to the generation of the first well-characterized oxoiron(IV)
complexes. M. H. Lim re-examined the reaction of [FeI


-


I(TPA)(NCMe)2]2+ with stoichiometric peracid in MeCN
at -40 °C and reproduced the earlier observations.28 She
further found conditions that allowed the new species with
a λmax at 720 nm to persist for 24 h at this temperature
and noted its subsequent decay at higher temperatures.
The decay product had a visible spectrum (Figure 5B)
easily attributed to a complex with a (µ-oxo)(µ-carbox-
ylato)diiron(III) core that had been characterized in our
lab since the late 1980s.29 Very importantly, the conversion
of the 720 nm species to this byproduct showed isosbestic
behavior. This key observation led us to realize that the
new species did not in fact possess an intense chro-
mophore and that it represented a substantial fraction of
what was present in the reaction solution!


Further spectroscopic work identified the new species
as an oxoiron(IV) complex.28 ESIMS analysis of solutions
containing the 720 nm species showed the most promi-
nent ion to have an m/z value (461) and isotope distri-
bution pattern consistent with the composition [Fe(O)-
(TPA)(ClO4)]+. With strong preliminary evidence for a
novel intermediate, the 57Fe-enriched iron(II) precursor
complex was quickly synthesized and a 57Fe-enriched
sample of the new species was generated to ascertain the
iron oxidation state of the new species. Its Mössbauer
spectrum revealed a quadrupole doublet representing a
large fraction (80%) of the sample with an isomer shift of
0.01 mm/s and a quadrupole splitting of 0.92 mm/s,
parameters that can be assigned to an iron(IV) center.
Subsequent high-field analysis assigned the iron center
to be S ) 1 FeIV. In this manner was the first high-yield
synthesis of a non-heme oxoiron(IV) complex ascertained.


With a convenient near-IR spectral signature in hand,
work on other oxoiron(IV) complexes proceeded, and a
number of complexes were subsequently generated.30


J.-U. Rohde, J.-H. In, and M. Hee Lim collaborated on the
corresponding TMC complex and found that the oxo-
iron(IV) species formed very readily by treatment of
[FeII(TMC)(OTf)2] with PhIO. This oxoiron(IV) complex
was unexpectedly quite stable, having a lifetime of at least
a month at -40 °C (t1/2 ∼ 10 h at 25 °C), which allowed
diffraction-quality crystals to be obtained.31 The crystal
structure of [FeIV(O)(TMC)(NCMe)]2+ shown in Figure 6
(top) represents the first for this class of complexes.
Subsequently, J. Kaizer also obtained diffraction-quality
crystals for [FeIV(O)(N4Py)]2+, another thermally stable
complex (t1/2 ∼ 60 h at 25 °C) (Figure 6, bottom).32,33 The
FedO units in the two complexes exhibit bond lengths of
1.646 and 1.636 Å, respectively, comparable to those of
oxoiron(IV) porphyrin intermediates34,35 and flanked by
the 1.813(3) Å distance of Borovik’s oxoiron(III) complex36


and the 1.58 Å distance of Collins’ oxoiron(V) complex.17


DFT calculations paint a picture of a highly covalent
iron–oxo double bond with significant unpaired spin
density on the oxo atom.37–39


Figure 7 shows a sampling of the tetradentate and
pentadentate non-heme ligands that can support the S )
1 oxoiron(IV) unit.28,31,32,40–48 These complexes can in


general be prepared by the reaction of the iron(II) precur-
sor with an oxygen atom donor such as a peracid or PhIO
but can in some cases be obtained from the decomposi-
tion of corresponding FeIII–OOR species by O–O bond
homolysis.42,49 For several complexes that have not been
crystallized, EXAFS analysis has been used to establish the
presence of a short (∼1.65 Å) FedO bond.42,43,50,51 From
this collection of ligands, it is clear that the FeIVdO unit
can be supported by a combination of four amine and/
or pyridine ligands in a planar or nonplanar arrangement,
with the oxo either cis or trans to a fifth variable ligand
site in the case of a tetradentate ligand. The fifth ligand
can be NCMe, an amine, a carboxylate, a halide (or
pseudohalide), or a thiolate, affording complexes with a
range of properties. Our oxoiron(IV) work was in fact
precedented by that of Wieghardt and co-workers, who
first observed this new type of complex in 2000 in the
reaction of the iron(III) complex of the pentadentate
cyclam acetate ligand with O3 at -80 °C.40 However, the
low yield of complex formation (<25%) prevented a
definitive structural assignment.


Mössbauer spectroscopy played an absolutely essential
role by establishing the iron oxidation state of this new
class of complexes. A. Stubna and E. Münck at Carnegie
Mellon University were enthusiastic collaborators in our


FIGURE 6. Structures of [FeIV(O)(TMC)(NCCH3)]
2+ (top) and


[FeIV(O)(N4Py)]2+ (bottom) based on crystallographic data reported
in refs 31 and 33, respectively.
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efforts. With a d4 electronic configuration, a mononuclear
iron(IV) center would be expected to exhibit a simple
quadrupole doublet in dilute solution at 4.2 K. This was
indeed observed for the non-heme oxoiron(IV) complexes,
and the quadrupole doublets were characterized with
isomer shifts that range from 0.2 mm/s for the amine-
rich TMC complexes to -0.04 mm/s for the pyridine-rich
N4Py complex (Table 1). However, the isomer shift value
alone is insufficient for establishing the oxidation and spin
state of the iron center. By application of a large magnetic
field, the quadrupole doublet splits into many more peaks
due to magnetic hyperfine interactions between the d
electrons and the 57Fe nucleus that further characterize
the iron center. Analysis of these features allows an S ) 1
and an S ) 2 iron(IV) center to be distinguished.


We now turn to the nature of the near-IR band that is
found in all non-heme S ) 1 oxoiron(IV) centers charac-
terized thus far and serves as a convenient spectroscopic
signature. As shown in the bottom panel of Figure 8, this
feature has a moderate extinction coefficient of ∼400 M-1


cm-1 and shifts from 824 nm for [FeIV(O)(TMC)(NCMe)]2+


to 739 nm for [FeIV(O)(BnTPEN)]2+ and to 695 nm for
[FeIV(O)(N4Py)]2+. On the basis of a MCD analysis of
[FeIV(O)(TMC)(NCMe)]2+ by A. Decker and E. Solomon of
Stanford University,38 these bands were assigned to three
of the five ligand field transitions expected of a low-spin
iron(IV) center with C4v symmetry. The progressive blue
shift observed upon replacement of amine ligands with
pyridines is consistent with increasing ligand field strength
in the series TMC, BnTPEN, and N4Py. Upon replacement
of the axial MeCN with azide or thiolate, some of these


transitions red-shift (Figure 11 bottom), as would be
expected for the replacement of the strong field MeCN
ligand with weaker field anionic ligands.52,53


It is interesting to note that the visible regions of
dicationic TMC, BnTPEN, and N4Py complexes show no
intense feature that one might attribute to an oxo-to-
iron(IV) charge transfer transition (Figure 8, top). This
transition presumably is at higher energy than what we
had naively expected. Indeed, the onset of intense transi-
tions in the near-UV region can be observed below 400
nm. However, when the axial MeCN ligand of [FeIV(O)-
(TMC)(NCCH3)]2+ is replaced by pseudohalides like azide
or thiocyanate, an intense feature near 400 nm appears
that must be ligand-to-metal charge transfer (LMCT) in
nature.53 The assignment for this band is unclear at
present. Laser excitation into this band for the azide
complex results in the observation of an enhanced Raman
mode at 812 cm-1 {vs 834 cm-1 for [FeIV(O)(TMC)-
(NCCH3)]2+ obtained by IR}, with an 18O isotope shift
expected for the ν(FedO) mode, but no vibrational feature
that can be associated with the azide ligand.53 While this
observation may lead one to associate the near-UV band
with the oxo-to-iron(IV) LMCT band, two observations
suggest caution in making this assignment. Such an
assignment would then require an energy shift of ap-
proximately 10000 cm-1 for the oxo-to-iron(IV) LMCT
band upon replacement of MeCN (λmax ) 282 nm) with
the pseudohalides (λmax ) 407 nm for azide). Furthermore,
the corresponding azide-to-iron(IV) LMCT transition might
also be expected to appear in this region, as observed for
[FeIV(TMC-acetate)N3]2+.54,55 Clearly, more work is needed
to clarify this question.


The ligand exchange chemistry discussed above sug-
gests that a synthetic complex with the RS–FeIVdO unit
like that proposed in cytochrome P450 cycle5 might be
obtainable via replacement of the axial MeCN of [FeIV(O)-
(TMC)(NCMe)]2+ with a thiolate ligand. This substitution
was accomplished by the use of a pentadentate ligand
named TMCS, first synthesized by J. Halfen at the Uni-
versity of Wisconsin Eau Claire to serve as a model for
the superoxide reductase active site,56 wherein one of the
methyl groups on the TMC ligand was replaced with a
mercaptoethyl tail (Figure 7). Stimulated by discussions
with W. Nam, M. Bukowski found conditions for generat-
ing [FeIV(O)(TMCS)]+ in high yield from the reaction of
[FeII(TMCS)]+ with peracid.43 Its visible spectrum shown
in the bottom panel of Figure 8 exhibits characteristic
ligand field transitions in the near-IR region. In addition,
there are two more intense bands near 500 nm, which
cannot yet be assigned, due to photoreduction that
occurred in resonance Raman experiments. EXAFS analy-
sis revealed a short Fe–O bond of 1.70 Å and an Fe–S bond
of 2.33 Å, establishing the presence of the unique com-
bination of an oxidizing FedO unit and a reducing thiolate
group in a synthetic complex.


The oxoiron(IV) complexes obtained thus far exhibit a
large range of thermal stabilities with lifetimes at room
temperature ranging from less than seconds to days. The
most thermally stable are exemplified by the macrocyclic


FIGURE 7. Sampling of the oxoiron(IV) complexes prepared since
2000.
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TMC and the pentadentate N4Py and BnTPEN complexes,
which have half-lives at 25 °C of 10, 60, and 6 h,
respectively.32,52 In contrast, the complexes of nonplanar
tetradentate TPA and �-BPMCN ligands are much less
stable and typically studied at lower temperatures, as they
have half-lives of 10 min or less at 25 °C. The difference
between the two sets of complexes is the absence of an
available coordination site cis to the oxo group in the more


stable complexes. The presence of a cis-labile ligand in
the case of the TPA complex may have promoted thermal
decay to its (µ-oxo)(µ-carboxylato)diiron(III) thermody-
namic sink that was so useful for its identification (Figure
5B).


Interestingly, replacement of the MeCN ligand in
[FeIV(O)(TMC)(NCMe)]2+ and [FeIV(O)(TPA)(NCMe)]2+ with
anionic ligands resulted in the destabilization of the
oxoiron(IV) complexes.43,51–53 This observation is coun-
terintuitive, as it belies the conventional wisdom that
increasing negative charge should stabilize high oxidation
states. However, the flip side of a decreased stability is a
greater reactivity. The reactivity properties of these non-
heme oxoiron(IV) complexes will not be discussed in detail
here but are the focus of W. Nam’s Account in this issue.


One aspect of the oxoiron(IV) reactivity I would like to
highlight in this Account is the ability of [FeIV(O)(N4Py)]2+


and [FeIV(O)(BnTPEN)]2+ to attack the aliphatic C–H
bonds of a range of hydrocarbon substrates, despite their
high thermal stability.32 N.-Y. Oh of W. Nam’s group
observed that [FeIV(O)(N4Py)]2+ converted to
[FeII(N4Py)(NCMe)]2+ in the nearly quantitative oxidation
of triphenylmethane to triphenylmethanol (see Figure 1
of ref 32). E. Klinker then collected the data to show a
correlation between the measured second-order rate
constants for C–H bond cleavage, normalized on a per
hydrogen atom basis, with bond dissociation energies
(BDEs) of the target C–H bond on the substrate (Figure
9). Remarkably, even cyclohexane, with a C–H bond
strength of 99.3 kcal/mol, can be oxidized by these
oxoiron(IV) complexes, albeit slowly. This linear correla-
tion strongly implicates the cleavage of the C–H bond as
the rate-determining step. In support, respective KIE
values of 30 and 50 were observed for the oxidation of


Table 1. Properties of Selected S ) 1 Non-Heme Oxoiron(IV) Complexes


r(Fe–O) (Å)a λmax (nm) ε (M-1 cm-1) δFeIV (mm/s) ∆EQ (mm/s) ref


[FeIV(O)(TMC)(NCMe)]2+ 1.646(3) 282 10000 0.17 1.24 31
820 400


[FeIV(O)(TMC)(N3)]+ 407 360 0.17 0.70 53
850 130


1050 110
[FeIV(O)(TMC)(NCS)]+ 387 3500 0.18 0.55 53


850 200
1010 170


[FeIV(O)(TMC)(O2CCF3)]+ 836 250 52
[FeIV(O)(TMCS)]+ 1.70 460 1300 0.19 0.22 43


570 1100
850 230


1050
[FeIV(O)(TPA)(NCMe)]2+ 1.67 724 300 0.01 0.92 28
[FeIV(O)(TPA)(O2CCF3)]+ 1.66 745 300 0.02 0.92 51
[FeIV(O)(TPA)(Cl)]+ 1.65 778 300 0.04 0.95 51
[FeIV(O)(TPA)(Br)]+ 1.66 800 400 0.06 0.95 51
[FeIV(O)(BPMCN)(NCMe)]2+ 1.66 753 280 0.07 1.02 42
[FeIV(O)(N4Py)]2+ 1.636(3) 695 400 –0.04 0.39 32, 33
[FeIV(O)(BnTPEN)]2+ 1.67 739 400 0.01 0.87 32
[FeIV(O)(N2Py3)]2+ 715 400 0.015 0.68 46
aqueous FeIVdOb 0.38 –0.33 57
TauD intermediate Jb 1.62 0.31 –0.88 10
prolyl hydroxylase intermediate Jb 0.30 –0.82 11
halogenase CytC3 intermediate Jb 0.30 –1.09 12


0.22 –0.70


a Values in bold type are derived from X-ray crystallography, while other values are derived from EXAFS analysis. b These intermediates
have S ) 2 iron(IV) centers.


FIGURE 8. Electronic spectra of oxoiron(IV) complexes: (top)
[FeIV(O)(TMC)(NCCH3)]


2+ (—), [FeIV(O)(BnTPEN)]2+ ( · · · ), and
[FeIV(O)(N4Py)]2+ (– – –) and (bottom) [FeIV(O)(TMC)(NCCH3)]


2+ (—),
[FeIV(O)(TMC)(N3)]


+ (– – –), and [FeIV(O)(TMCS)]+ ( · · · ). The inset
shows the expanded near-IR regions.
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ethylbenzene. Notably, the BnTPEN complex is 1 order
of magnitude more reactive than the N4Py complex, which
in turn is more reactive than the TMC complex, in line
with the oxo transfer reactivity scale determined by Nam
and co-workers.58


Some quantitative insight into the oxidizing capabilities
of this class of oxoiron(IV) complexes was recently ob-
tained from the determination of the redox potential of
[FeIV(O)(N4Py)]2+.59 The electrochemical behavior of
[FeIV(O)(N4Py)]2+, however, was not straightforward to
figure out. Sastri et al. reported the cyclic voltammetry of
this complex and found a reduction wave (Ep,c) in a MeCN
solution to be near -0.5 V versus ferrocene with no
corresponding oxidation wave.58 The Ep,c value seemed
to us quite negative for a FeIV/III potential, considering
that the FeIII/II potential of the iron(II) precursor
[FeII(N4Py)(NCMe)]2+ was found to be +0.61 V.60 As an
alternative strategy, M. Collins on sabbatical from Viterbo
University carried out bulk electrolysis in aqueous MeCN
in my lab to generate [FeIV(O)(N4Py)]2+ from its iron(II)
precursor. Electrolysis at potentials slightly above +0.61
V generated [FeIII(N4Py)(OH)]2+, as indicated by the
appearance of a yellow chromophore (λmax ) 320 nm).
At even higher potentials, the yellow color converted to
the pale green color (λmax ) 695 nm) characteristic of
[FeIV(O)(N4Py)]2+.32 Its FeIV/III potential of +0.90 V versus
ferrocene was then determined by spectropotentiometry
by following the disappearance of the 320 nm band and
the appearance of the 695 nm band as a function of
applied potential (Figure 10). This redox potential is
significantly more positive than those of oxoiron(IV)
centers supported by anionic ligands such as tetramesi-
tylporphyrinate (0.69 V)61 and trisureaylate (0.34 V),62


thereby providing a strong rationale for the greater alkane
oxidation reactivity of [FeIV(O)(N4Py)]2+.


4. Further Challenges
All the synthetic mononuclear oxoiron(IV) complexes
characterized thus far with one exception have S ) 1 FeIV


centers, unlike the S ) 2 centers found for the oxoiron(IV)
intermediates of TauD, prolyl hydroxylase, and halogenase
CytC3.9–12 In general, the synthetic complexes have N5O


ligand sets that favor a low-spin iron(IV) configuration,
and introducing one or two carboxylate ligands appears
to be insufficient to cause a shift to the high-spin
state.51,52,63 The only mononuclear complex characterized
to date is the fleeting species obtained from the reaction
of [Fe(H2O)6]2+ and ozone in acidic aqueous media called
Z by Bakac and co-workers.57 Species Z is formulated as
[(H2O)5FeIVdO]2+ and can be recognized by its unique
Mössbauer properties in low and high applied fields that
distinguish it from the low-spin oxoiron(IV) complexes
discussed above.


In the 1990s, we found that an S ) 2 oxoiron(IV) center
can be supported by sterically hindered tetradentate N4


ligands within a diiron framework.64,65 These complexes
are a variation of the earlier described iron(III)iron(IV) TPA
complexes with valence-delocalized S ) 3/2 Fe2(µ-O)2


cores.24,25 By introducing R-methyl substituents onto the
TPA ligand, one could generate iron(III)iron(IV) complexes
with S ) 1/2 ground states that were derived from
antiferromagnetic coupling of valence-localized high-spin
iron(III) and iron(IV) ions. The resonance Raman spec-
trum of the 6-Me3-TPA complex exhibited a feature at 840
cm-1 that was assigned to the FedO stretch {compared
with 834 cm-1 for [FeIV(O)(TMC)(NCMe)]2+ 31}, thereby
providing evidence for the isomerization of the Fe2(µ-O)2


core to a ring-opened FeIII–O–FeIVdO structure having a
terminal FeIVdO unit.65 Thus, related mononuclear high-
spin FeIVdO complexes should be synthetically accessible.


The search for non-heme oxoiron(IV) complexes has
also led to the characterization of [FeIV(�-BPMCN)-
(OH)(OOtBu)]2+ and [FeIV(TMC-acetate)X]2+ (X ) N3, F,
and Cl) by the Que and Wieghardt groups, respectively
(Figure 11).42,54,55 These non-oxoiron(IV) complexes dem-
onstrate that two anionic ligands can substitute for the
oxo group to stabilize an iron(IV) center supported by a
neutral N4 ligand set. These complexes set the stage for
even more interesting chemistry.


There are of course iron oxidation states beyond
iron(IV). In our efforts to model Rieske dioxygenases,4 K.
Chen and M. Costas identified the first non-heme iron
complexes to catalyze the cis dihydroxylation of olefins.66,67


In these experiments, H2
18O labeling results strongly


implicated an FeV(O)(OH) oxidant. Just prior to the


FIGURE 9. Correlations of the logarithms of second-order rate
constants (normalized on a per hydrogen basis) of the reactions of
[FeIV(O)L] complexes with hydrocarbon substrates with C–H bond
dissociation energies. Reprinted with permission from ref 32.
Copyright 2004 American Chemical Society.


FIGURE 10. Difference spectral changes observed in the conversion
of [FeIII(OH)(N4Py)]2+ to [FeIV(O)(N4Py)]2+ in wet MeCN as a function
of applied potential. The inset shows the plot of ∆A vs potential for
the respective bands at 305 and 695 nm. Reprinted with permission
from ref 59. Copyright 2006 American Chemical Society.
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submission of this Account, a paper appeared in which
Collins and co-workers reported spectroscopic evidence
for an oxoiron(V) complex.17 The FeVdO unit supported
by the tetraanionic TAML2 ligand persisted for hours at
-60 °C (Figure 2). This exciting result, coupled with
Wieghardt’s generation of a nitridoiron(VI) species,68


demonstrates that high-valent iron chemistry is alive and
well and at the threshold of further discoveries.


This Account was based on work in my laboratory that was
supported by the National Institutes of Health (Grants GM-33162
and GM-38767) and the Department of Energy (Grant DOE DE-
FG02-03ER15455). I thank all my co-workers and collaborators
who have contributed to this work.


References
(1) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, J. H. Heme-


Containing Oxygenases. Chem. Rev. 1996, 96, 2841–2887.
(2) Wallar, B. J.; Lipscomb, J. D. Dioxygen Activation by Enzymes


Containing Binuclear Non-Heme Iron Clusters. Chem. Rev. 1996,
96, 2625–2658.


(3) Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kemsley, J. N.; Lee,
S.-K.; Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y.-S.; Zhou, J.
Geometric and Electronic Structure/Function Correlations in Non-
Heme Iron Enzymes. Chem. Rev. 2000, 100, 235–349.


(4) Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L., Jr. Oxygen
Activation at Mononuclear Nonheme Iron: Enzymes, Intermediates,
and Models. Chem. Rev. 2004, 104, 939–986.


(5) Denisov, I. G.; Makris, T. M.; Sligar, S. G.; Schlichting, I. Structure
and Chemistry of Cytochrome P450. Chem. Rev. 2005, 105, 2253–
2278.


(6) Sturgeon, B. E.; Burdi, D.; Chen, S.; Huynh, B.-H.; Edmondson, D. E.;
Stubbe, J.; Hoffman, B. M. Reconsideration of X, the Diiron
Intermediate Formed During Cofactor Assembly in E. coli Ribo-
nucleotide Reductase. J. Am. Chem. Soc. 1996, 118, 7551–7557.


(7) Riggs-Gelasco, P. J.; Shu, L.; Chen, S.; Burdi, D.; Huynh, B. H.; Que,
L., Jr.; Stubbe, J. EXAFS Characterization of the Intermediate X
Generated during the Assembly of the E. coli Ribonucleotide
Reductase R2 Diferric-Tyrosyl Radical Cofactor. J. Am. Chem. Soc.
1998, 120, 849–860.


(8) Shu, L.; Nesheim, J. C.; Kauffmann, K.; Münck, E.; Lipscomb, J. D.;
Que, L., Jr. An Fe2


IVO2 Diamond Core Structure for the Key
Intermediate Q of Methane Monooxygenase. Science 1997, 275,
515–518.


(9) Bollinger, J. M., Jr.; Price, J. C.; Hoffart, L. M.; Barr, E. W.; Krebs,
C. Mechanism of Taurine: R-Ketoglutarate Dioxygenase (TauD)
from Escherichia coli. Eur. J. Inorg. Chem. 2005, 4245–4254.


(10) Krebs, C.; Price, J. C.; Baldwin, J.; Saleh, L.; Green, M. T.; Bollinger,
J. M., Jr. Rapid Freeze-Quench 57Fe Mössbauer Spectroscopy:
Monitoring Changes of an Iron-Containing Active Site during a
Biochemical Reaction. Inorg. Chem. 2005, 44, 742–757.


(11) Hoffart, L. M.; Barr, E. W.; Guyer, R. B.; Bollinger, J. M., Jr.; Krebs,
C. Direct Spectroscopic Detection of a C-H-cleaving High-Spin
Fe(IV) Complex in a Prolyl-4-hydroxylase. Proc. Natl. Acad. Sci.
U.S.A. 2006, 103, 14738–14743.
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ABSTRACT
High-valent iron(IV)–oxo species have been implicated as the key
reactive intermediates in the catalytic cycles of dioxygen activation
by heme and non-heme iron enzymes. Our understanding of the
enzymatic reactions has improved greatly via investigation of
spectroscopic and chemical properties of heme and non-heme
iron(IV)–oxo complexes. In this Account, reactivities of synthetic
iron(IV)–oxo porphyrin π-cation radicals and mononuclear non-
heme iron(IV)–oxo complexes in oxygenation reactions have been
discussed as chemical models of cytochrome P450 and non-heme
iron enzymes. These results demonstrate how mechanistic devel-
opments in biomimetic research can help our understanding of
dioxygen activation and oxygen atom transfer reactions in nature.


1. Introduction
Heme and non-heme iron enzymes catalyze a diverse
array of important metabolic transformations that require
the binding and activation of dioxygen.1–5 Our under-
standing of the catalytic reactions of the enzymes, espe-
cially the nature of active oxidizing species, has improved
recently with the intensive mechanistic studies of the
enzymes and their model compounds. One example is the
fact that a catalytic cycle of dioxygen activation and
oxygen atom transfer by cytochrome P450 enzymes (CYP
450) has been proposed (Figure 1a), and high-valent
iron(IV)–oxo porphyrin π-cation radicals, termed com-
pound I and two oxidizing equivalents above the resting
ferric state (see the structure in Figure 1a), are believed
to transfer their oxygen atom to organic substrates. Very
recently, a high-valent iron(IV)–oxo porphyrin π-cation
radical has been characterized in CYP 450, but its detailed
physical and chemical properties remained elusive in
future studies.6 In iron porphyrin models, a number of
iron(IV)–oxo porphyrin π-cation radicals have been syn-
thesized and characterized with various spectroscopic
techniques, and their reactivities have been extensively


investigated in various oxygenation reactions, including
alkane hydroxylation and olefin epoxidation, in an effort
to unveil mechanistic details of dioxygen activation and
oxygen atom transfer reactions by CYP 450.1,7


High-valent iron(IV)–oxo species have been invoked as
key reactive intermediates in non-heme iron enzymes as
well.4,8,9 Very recently, non-heme iron(IV)–oxo intermedi-
ates have been identified as active oxidizing species in the
catalytic cycles of Escherichia coli taurine:R-ketogultarate
dioxygenase (TauD) (Figure 1b), prolyl-4-hydroxylase, and
halogenase CytC3.10–12 The intermediates were character-
ized with various spectroscopic techniques, such as Möss-
bauer, resonance Raman, and X-ray absorption spec-
troscopies, showing that the intermediates have a high-
spin (S ) 2) iron(IV)–oxo unit with double bond character
between the iron ion and oxygen atom. The activation of
C–H bonds by the iron(IV)–oxo species was proposed to
occur via a hydrogen atom abstraction mechanism (i.e.,
KIE of ∼37).13 In biomimetic studies, the first indirect
evidence for the existence of a mononuclear non-heme
iron(IV)–oxo intermediate was reported by Wieghardt and
co-workers, but the structure was characterized only with
Mössbauer spectroscopy.14 In 2003, Münck, Nam, Que,
and their co-workers reported the isolation of a mono-
nuclear non-heme iron(IV)–oxo complex bearing a mac-
rocyclic ligand.15 The intermediate has been well-char-
acterized with various spectroscopic techniques and X-ray
crystallography, revealing that the intermediate has an
iron(IV)–oxo unit with Fe–O double bond character and
a low-spin (S ) 1) FeIV oxidation state. Since then, a
number of mononuclear non-heme iron(IV)–oxo com-
plexes bearing tetradentate N4 and pentadentate N5 and
N4S ligands have been synthesized and studied in the
oxidation of various substrates, such as PPh3, thioanisoles,
N,N-dialkylanilines, aromatic compounds, alkylaromatic
compounds, olefins, alcohols, and alkanes.8,15–28 Thus, the
success of generating and isolating mononuclear non-
heme iron(IV)–oxo complexes opened a new area in the
biomimetic studies of non-heme iron enzymes. In this
Account, we describe our recent results from the reactivity
studies of heme and non-heme iron(IV)–oxo complexes
in the oxygenation of organic substrates and their reaction
mechanisms.


2. High-Valent Iron–Oxo Porphyrin Complexes
In 1979, Groves and co-workers published the first


article on the catalytic olefin epoxidation and alkane
hydroxylation by a synthetic iron(III) porphyrin complex,
Fe(TPP)Cl (TPP ) meso-tetraphenylporphyrin), and iodo-
sylbenzene (PhIO).29 In the reactions, olefins and alkanes
were preferentially oxidized to the corresponding epoxides
and alcohols, respectively. Since then, iron(III) porphyrin
complexes bearing functional aryl groups at meso posi-
tions have been synthesized and used as catalysts in a
variety of oxidation reactions, with the intention of
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developing biomimetic catalysis which shows shape se-
lectivity and regio-, stereo-, and enantioselectivity with a
high efficiency under mild conditions; iron(III) porphyrins
with electron-withdrawing substituents on the phenyl
groups, such as Fe(TPFPP)Cl [TPFPP ) meso-tetrakis(pen-
tafluorophenyl)porphyrin], Fe(TDFPP)Cl [TDFPP ) meso-
tetrakis(2,6-difluorophenyl)porphyrin], and Fe(TDCPP)Cl
[TDCPP ) meso-tetrakis(2,6-dichlorophenyl)porphyrin],
exhibited good catalytic activities in oxygenation reactions
with very high turnover numbers and a resistance against
the destruction of porphyrin ligands.30,31 The electron-
deficient iron porphyrins were also excellent catalysts in
the oxygenation of hydrocarbons by H2O2, a biologically
relevant and environmentally benign oxidant, in protic
and aprotic solvents.32–34 In the catalytic oxygenation
reactions, iron(IV)–oxo porphyrin π-cation radicals (2),
which are formed via O–O bond heterolysis of iron
(III)–hydroperoxo species (1), have been proposed as
reactive species (Scheme 1, pathways A and D). In addition
to the porphyrin ligand effect, the catalytic oxygenation
of hydrocarbons by H2O2 was also markedly affected by
the anionic axial ligands of iron(III) porphyrins and the
presence of base added externally, indicating that the
electron donating ability of the axial ligands as well as the
electron richness of porphyrin ligands is an important


factor in activating the hydroperoxide O–O bond by iron
porphyrin catalysts.35,36


Our research team has also been involved in elucidating
mechanisms of O–O bond cleavage of (Porp)FeIII-OOR
(R ) acyl, H, and alkyl) intermediates under various
reaction conditions (Scheme 1, pathways A and B). While
our current understanding of the O–O bond cleavage
mechanism is quite advanced in the case where peroxy-
acids are used as oxidants, in which the O–O bond of
peroxyacids is cleaved heterolytically by the iron porphyrin
complexes,37 the situation is less clear in the cases of
biologically important oxidants such as hydrogen peroxide
and alkyl hydroperoxides. Traylor and co-workers pro-
posed that the O–O bond of 1 is heterolytically cleaved to


FIGURE 1. Proposed catalytic cycles of CYP 450 (a) and TauD (b).


Scheme 1. Proposed Mechanisms for the Reactions of Iron
Porphyrin Complexes
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form 2 as reactive species in the epoxidation of olefins by
H2O2 and tert-alkyl hydroperoxides in protic solvents
(Scheme 1, pathway A).32 In contract, Bruice and co-
workers provided evidence that the initial step of the O–O
bond cleavage of 1 is homolysis in aqueous and aprotic
solvents, resulting in the formation of 3 and a hydroxyl
radical (Scheme 1, pathway B).38 Recently, we have
provided experimental results which show that the hy-
droperoxide O–O bond can be cleaved both heterolytically
and homolytically, depending on the conditions such as
the electronic nature of iron porphyrin complexes (i.e.,
electronic properties of porphyrin and axial ligands) and
the substituent of hydroperoxides, ROOH [R ) C(O)R′, H,
and CR3 for peracids, H2O2, and alkyl hydroperoxides,
respectively].39 Other factors such as solvents also influ-
ence the modes of O–O bond cleavage (e.g., heterolysis
in protic solvents and homolysis in aprotic solvents).


2.1. Reactivities of Iron(IV)–Oxo Porphyrins. In 1981,
Groves and co-workers reported the synthesis and char-
acterization of an iron(IV)–oxo porphyrin π-cation radical
intermediate in the reaction of Fe(TMP)Cl (TMP ) meso-
tetramesitylporphyrin) and m-chloroperbenzoic acid (m-
CPBA) in CH2Cl2 and CH3OH at –78 oC; the green species,
formulated as [(TMP)+•FeIVdO]+ on the basis of various
spectroscopic measurements, was found to be a compe-
tent oxidant in olefin epoxidation.40 Since then, iron(IV)–oxo
porphyrin π-cation radicals bearing electron-rich and
-deficient porphyrins and with different axial ligands have
been prepared and studied in various oxidation reactions,
in an effort to understand the electronic effects of por-
phyrin and axial ligands on the chemical properties of the
iron–oxo intermediates.41 As electron-deficient iron(III)


porphyrin complexes are better catalysts in catalytic
oxygenation reactions,30,31 iron(IV)–oxo porphyrin π-cat-
ion radicals bearing electron-deficient porphyrin ligands
exhibit high reactivities in hydrocarbon oxygenations.41


This result indicates that the oxidizing power of iron–oxo
porphyrins is controlled by the electronic nature of
porphyrin ligands and that iron–oxo species with electron-
deficient porphyrins are more powerful oxidants in the
oxygenation of organic substrates (Scheme 2).42


The axial ligands bound trans to the iron–oxo moiety
also markedly influence the reactivities of iron(IV)–oxo
porphyrin π-cation radicals in olefin epoxidation and
alkane hydroxylations. For example, Gross and Nimri
reported a pronounced axial ligand effect on the epoxi-
dation of olefins by (TMP)+•FeIV(O)(X), in which
(TMP)+•FeIV(O)(X) complexes bearing ligating anionic
ligands (e.g., F–, Cl–, and CH3CO2


–) showed a greater
reactivity than those bearing nonligating anions (e.g.,
CF3SO3


– and ClO4
-) in the epoxidation of styrenes.43 Very


recently, we have demonstrated that iron(IV)–oxo por-
phyrin π-cation radicals, (TPFPP)+•FeIV(O)(Cl) (4) and
(TPFPP)+•FeIV(O)(NCCH3) (5) (Scheme 3), exhibit diverse
reactivity patterns depending on the identity of axial
ligands, such as in the selectivity of cis- versus trans-olefins
(reaction a) and of styrene versus para-substituted sty-
renes (reaction b) in olefin epoxidation, the oxidizing
power in alkane C–H bond activation (reaction c), the
kinetic isotope effect (reaction d), and the regioselectivity
of aromatic ring oxidation versus C–H bond hydroxylation
in ethylbenzene hydroxylation (reaction e) and of CdC
epoxidation versus C–H bond hydroxylation (reaction f)
in olefin oxygenation.44 These results demonstrate un-


Scheme 2. Correlation between Electron Richness of Iron–Oxo Complexes and Their Reactivities


Scheme 3. Effects of Axial Ligands on the Reactivities of Iron(IV)–Oxo Porphyrin π-Cation Radicals44
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ambiguously that iron(IV)–oxo porphyrin π-cation radicals
can exhibit diverse reactivity patterns under different
circumstances. Theoretical calculations provided plausible
explanations for the role of axial ligands in tuning the
reactivities of iron–oxo species,45,46 in which the electron
donating ability of axial ligands influences the Fe–O bond
strength in the transition state45 or the spin states of
iron(IV)–oxo intermediates.46 Since the electron donating
property of the axial thiolate ligands in CYP 450 and
chloroperoxidase (CPO) is believed to play a key role for
the unique spectroscopic features of CPO and the strong
oxidizing power of CYP 450 in the activation of C–H
bonds,47 continued extensive research is in progress to
elucidate the axial ligand effects on the chemical and
physical properties of iron(IV)–oxo intermediates in heme
enzymes.


2.2. Multiple-Oxidants Hypothesis. In addition to the
iron(IV)–oxo porphyrin π-cation radicals, oxidant–iron(III)
porphyrin adducts (1) are proposed as active oxidants in
electrophilic oxygenation reactions (see Scheme 1). Thus,
there has been an intriguing, current controversy over the
involvement of an iron(III)–hydroperoxo species as a
“second electrophilic oxidant” in oxygenation reactions
by heme and non-heme iron enzymes and their model
compounds.48–51 The primary evidence for proposing the
multiple-oxidants hypothesis was that products and/or
product distributions derived from the catalytic oxidations
by CYP 450 and iron porphyrin models were different
depending on reaction conditions such as catalysts (e.g.,
CYP 450 and their mutants), oxidants (e.g., H2O2, peracids,
and iodosylarenes), and axial ligands of iron porphyrin
catalysts (e.g., ligating and nonligating anions).44,49,51


However, as we have discussed in the previous section,
iron(IV)–oxo porphyrin π-cation radicals can exhibit di-
verse reactivity patterns under different circumstances,
leading us to postulate that the different products and/or
product distributions observed in iron porphyrin-cata-
lyzed oxygenation reactions do not arise from the involve-
ment of multiple oxidizing species but from a single
oxidant under different environmental circumstances.44


More strong experimental evidence for excluding the
possibility of a “second electrophilic oxidant” in oxygen
atom transfer reactions was obtained from the reactivity
studies of iron(III)–hydroperoxo species in nucleophilic
and electrophilic reactions, by using in situ-generated
mononuclear non-heme iron(III)–hydroperoxo complexes
that have been well characterized with various spectro-
scopic techniques.52 In this study, non-heme iron(III)–hy-
droperoxo intermediates did not exhibit any reactivities


in both nucleophilic (e.g., aldehyde deformylation) and
electrophilic (e.g., oxidation of sulfide and olefin) reactions
(Scheme 4), demonstrating that non-heme iron(III)–hy-
droperoxo species are sluggish oxidants and that the
oxidizing power of the intermediates cannot compete with
that of iron(IV)–oxo complexes. Similarly, reactivity, spec-
troscopic, and theoretical studies of a non-heme iron
(III)–alkylperoxo complex, [(TPA)FeIII-OOtBu]2+, revealed
that this intermediate is not capable of oxygenating
substrates and that a high-valent iron(IV)–oxo intermedi-
ate, which is generated via O–O bond homolysis of the
Fe(III)-OOR species, is an active oxidant that effects the
oxygenation of organic substrates.53


3. Mononuclear Non-Heme Iron(IV)–Oxo
Complexes


While the first paper on the synthesis and characteriza-
tion of an iron(IV)–oxo porphyrin π-cation radical ap-
peared in 1981,40 the first well-characterized mononuclear
non-heme iron(IV)–oxo complex was reported in 2003.15


The late discovery of the non-heme iron–oxo species was
duetothedifficultyincharacterizingnon-hemeiron(IV)–oxo
intermediates by routine spectroscopies like a UV–vis
spectrophotometry; the generation of iron(IV)–oxo por-
phyrin π-cation radicals exhibits distinct UV–vis spectral
changes of Soret and Q-bands in heme models. Nonethe-
less, the first high-resolution structure of an iron(IV)–oxo
species was obtained in non-heme iron models (Figure
2);15,23 the success of growing single crystals for X-ray
crystallography analysis results from their greater thermal
stability. With non-heme iron(IV)–oxo complexes firmly
established by crystallography, significant progress has
been made in the chemistry of non-heme iron(IV)–oxo
intermediates over the past 4 years; ∼15 non-heme
iron(IV)–oxo complexes appeared in the literature in that
time. In this Account, the reactivities of mononuclear non-
heme iron(IV)–oxo complexes in a variety of oxidation
reactions are discussed with a brief introduction about
the synthesis and characterization of the intermediates.


3.1. Generation and Characterization of Non-Heme
Iron(IV)–Oxo Complexes. Wieghardt and co-workers re-
ported for the first time the generation of an iron(IV)–oxo
intermediate in the reaction of [FeIII(cyclam-
acetato)(CF3SO3)]+ and O3 in acetone and water at
–80 °C; the green species was characterized as a low-spin
(S ) 1) Fe(IV)–oxo intermediate based on Mössbauer
analysis.14 Subsequently, Münck, Nam, Que, and their co-
workers reported the first X-ray crystal structure of a


Scheme 4. Reactions of Mononuclear Non-Heme Iron Intermediates52
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mononuclear non-heme iron(IV)–oxo complex that was
generated in the reaction of FeII(TMC)(CF3SO3)2 and PhIO
in CH3CN at –40 °C (Figure 2).15 The pale green interme-
diate, characterized with various spectroscopic methods,
such as UV–vis spectroscopy, electrospray ionization mass
spectrometry, EPR, Mössbauer, resonance Raman, and
magnetic circular dichroism, was assigned as
[(TMC)FeIVdO]2+ with a low-spin (S ) 1) Fe(IV) center
and a 1.646 Å Fe–O distance.15,21,54 Since then, a handful
of non-heme iron(IV)–oxo complexes have been synthe-


sized using macrocyclic tetradentate N4, tripodal tet-
radentate N4, and pentadentate N5 and N4S ligands
(Figure 3 for ligand structures).5,8,14–28,55 The structural
analysis of the intermediates by X-ray crystallography for
[(TMC)FeIVdO]2+ and [(N4Py)FeIVdO]2+ (Figure 2) and
extended X-ray absorption fine structure (EXAFS) for
others revealed a short Fe–O bond distance of ∼1.64 Å,
indicating double-bond character between the iron ion
and the oxygen atom.15,23 The Fe–O double-bond char-
acter was further supported by ν(Fe–O) frequencies (e.g.,


FIGURE 2. X-ray crystal structures of [FeIV(TMC)(O)(NCCH3)]
2+ (left) and [FeIV(N4Py)(O)]2+ (right). Atom colors: gray for carbon, blue for nitrogen,


red for oxygen, and purple for iron. This figure is adapted from ref 8.


FIGURE 3. Structures of iron(IV)–oxo complexes and ligands. Abbreviations: cyclam-acetate, 1,4,8,11-tetraazacyclotetradecane 1-acetate;14


TMC, 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane;15 TMCS, 1-mercaptoethyl-4,8,11-trimethyl-1,4,8,11-tetraazacyclotetradecane;22


TATM, 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane; TAPM, 1,4,8,12-tetramethyl-1,4,8,12-tetraazacyclopentadecane;25 TAPH, 1,4,8,12-
tetraazacyclopentadecane;25 TPA, tris(2-pyridylmethyl)amine;16 QBPA, (2-quinolylmethyl)bis(2-pyridylmethyl)amine; BPMCN, N,N-bis(2-
pyridylmethyl)-N,N-dimethyl-trans-1,2-diaminocyclohexane; N4Py, N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine;17 R-TPEN,
N-R-N,N′,N′-tris(2-pyridylmethyl)ethane-1,2-diamine;17,27,28 Bispidine, 3,7-dimethyl-9,9′-dihydroxy-2,4-di(2-pyridyl)-3,7-diazabicyclononane-1,5-
dicarboxylate.55,60
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∼830 cm-1) of [FeIV(TMC)(O)(X)]n+ complexes.15,21 Möss-
bauer analysis indicates a low-spin (S ) 1) Fe(IV) oxidation
state for all of the synthetic non-heme iron(IV)–oxo
complexes except [(H2O)5FeIVdO]2+ which has a high-spin
(S ) 2) state of Fe(IV) in acidic aqueous media.57 In
enzymes, an iron(IV)–oxo intermediate identified in TauD
has a 1.62 Å Fe–O distance and a high-spin (S ) 2) Fe(IV)
center.10 Interestingly, low-spin Fe(IV)–oxo complexes
exhibit characteristic near-IR absorption bands between
650 and 1050 nm with low extinction coefficients (εmax of
250–400 M-1 cm-1),8 and it turns out that the IR features
serve as a convenient spectral signature in forecasting the
formation of low-spin iron(IV)–oxo species.


Various oxygen atom donors were used in generating
the iron(IV)–oxo complexes, such as PhIO,15,17,18,21,25,55


peracids (e.g., m-CPBA and peracetic acid),15,16,18,22,28


KHSO5,18 O3,14,56 and NaOX (X ) Cl or Br)27 as single-
oxygen atom donors, hydroperoxides (e.g., H2O2 and tert-
butyl hydroperoxide),15,18,57 and molecular oxygen (Scheme
5).19 While two-electron oxidation of Fe(II) to the Fe(IV)–oxo
species was proposed in the reactions of single-oxygen
atom donors (reaction a),15,16 Fe(III)–OOR species was
homolytically cleaved to form Fe(IV)–O species in the
reactions of hydroperoxides (reaction b).53,57 In the case
of O2 activation (reaction c), we found that the structures
of iron(II) complexes and solvents (e.g., alcohols) are
important factors in generating iron(IV)–oxo species by
activating O2.19 A mechanism was proposed in which two
molecules of an iron(II) complex react with O2 to give two
molecules of an iron(IV)–oxo species. This mechanism is
similar to the O2 activation by iron(II) porphyrins58 and
relevant to the catalytic cycle of methane monooxygenases
(MMOs).59 In the latter reaction, a dinuclear non-heme
iron(II) complex activates O2 to form a di(µ-oxo)diiron(IV)
intermediate that effects the hydroxylation of organic
substrates, including CH4.


The stability of non-heme iron(IV)–oxo complexes is
dependent on ligand structures. For example,
[(TMC)FeIVdO]2+ and [(N4Py)FeIVdO]2+ are thermally
stable even at room temperature,15,17 whereas
[(TPA)FeIVdO]2+ is stable only at low temperatures (e.g.,
-40 °C).16 Also, the stability of iron(IV)–oxo species is
markedly dependent on the pH of reaction solu-
tions;18,56,60 [(N4Py)FeIVdO]2+ is stable at low pH (i.e., pH
5–6) but decays at a fast rate with an increase in the pH
of the reaction solutions.18 Further, iron–oxo complexes
exhibit different reactivities in oxidation reactions, de-
pending on the ligand structures. While [(TMC)FeIVdO]2+


oxygenates Ph3P to Ph3PO,15,21 [(N4Py)FeIVdO]2+ shows


the capability of oxidizing the C–H bonds of cyclohexane
at room temperature.17 Furthermore, as we have observed
in iron(IV)–oxo porphyrin π-cation radicals,43,44 the reac-
tivity of non-heme iron(IV)–oxo complexes is markedly
influenced by the axial ligands bound trans to the iron–oxo
group.21,22,61 As a conclusion, we have demonstrated that
the stability and reactivity of non-heme iron(IV)–oxo
intermediates are sensitive to the structure of iron com-
plexes, the axial ligand bound to iron ion, and the pH of
reaction solutions. With the results, we were able to
investigate the reactivities of nonheme iron(IV)-oxo com-
plexes in a variety of oxidation reactions in detail.


3.2. Non-Heme Iron(IV)–Oxo Complexes in Oxidation
Reactions.Thefirstclearexamplethatnon-hemeiron(IV)–oxo
complexes are capable of transferring their oxygen atom
to organic substrates was the oxidation of Ph3P by
[(TMC)FeIVdO]2+, yielding Ph3PO quantitatively (Figure
4, P-oxidation).15 Subsequently, it was demonstrated that
an iron(IV)–oxo complex, [(TPA)FeIVdO]2+, reacts with
cyclooctene to give cyclooctene oxide at –40 °C (Figure 4,
alkene epoxidation).16 Similarly, Girerd and co-
workers reported the epoxidation of olefins by
[(Bn-TPEN)FeIVdO]2+, in which cyclooctene oxide and
trans-stilbene oxide were produced in the epoxidation of
cyclooctene and cis-stilbene, respectively.27 More recently,
we have shown that non-heme iron(IV)–oxo complexes,
[(TPA)FeIVdO]2+, [(Bn-TPEN)FeIVdO]2+, [(TPA)FeIVdO]2+,
and [(TMC)FeIVdO]2+, are capable of oxygenating sulfides
to the corresponding sulfoxides (Figure 4, S-oxida-
tion).18,19,52 In the sulfide oxidation, the relative reactivi-
ties of the iron–oxo species were in the following
order: [(TPA)FeIVdO]2+ > [(Bn-TPEN)FeIVdO]2+ >
[(N4Py)FeIVdO]2+ > [(TMC)FeIVdO]2+.52 The reaction
rates were significantly dependent on the electron donat-
ing ability of para substituents (i.e., Hammett F values
between -1.4 and -2.5).18,52


The most striking observation made in oxygenation
reactions by non-heme iron(IV)–oxo complexes was the
hydroxylation of alkanes by [(N4Py)FeIVdO]2+ and
[(Bn-TPEN)FeIVdO]2+ (Figure 4, aliphatic hydroxylation).17


The iron(IV)–oxo complexes bearing pentadentate N5
ligands were thermally stable even at room temperature
but capable of hydroxylating C–H bonds as strong as those
in cyclohexane. More significantly, a large KIE of >30 was
observed in the hydroxylation of ethylbenzenes, C8H10 and
C8D10.17 Such a large KIE implies that the C–H bond
activation by non-heme iron(IV)–oxo species occurs via
a hydrogen atom abstraction mechanism (Scheme 6).62


In non-heme iron enzymes, large isotope effects were
observed in H-atom abstraction reactions by the iron(IV)
intermediates of the monoiron TauD (i.e., KIE of ∼37)13


and the diiron MMO (i.e., KIE of >50).63


A large KIE of ∼50 was also observed in the oxidation
of benzyl alcohol by non-heme iron(IV)–oxo complexes,
[(TPA)FeIVdO]2+ and [(N4Py)FeIVdO]2+ (Figure 4, alcohol
oxidation).20 Such a large KIE value indicates that non-
heme iron(IV)–oxo intermediates activate alcohols exclu-
sively by H-atom abstraction from the R-CH group of


Scheme 5. Generation of Iron(IV)–Oxo Complexes Using Different
Oxidants
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benzyl alcohol (Scheme 7, pathway A) and that C–H bond
cleavage is the rate-determining step. The mechanism of
the alcohol oxidation was further investigated with an 18O-
labeled iron(IV)–oxo complex, [(N4Py)FeIVd18O]2+, to
understand whether the final step of the alcohol oxidation
occurs via a gem-diol dehydration or a dual-hydrogen
abstraction process. The product formed in the 18O-
labeled experiment contained only a trace amount of 18O,
supporting the possibility that the alcohol oxidation by
non-heme iron(IV)–oxo complexes occurs via a dual-
hydrogen abstraction mechanism (Scheme 7, pathway C),
not via a gem-diol dehydration process (Scheme 7, path-
way B).20


In contrast to the alkane hydroxylation and alcohol
oxidation, we have obtained a low KIE value of ∼0.9 in
the hydroxylation of aromatic compounds by non-heme
iron(IV)–oxo complexes (Figure 4, aromatic hydroxyla-
tion).64 In the hydroxylation of anthracene by
[(N4Py)FeIVdO]2+ and [(Bn-TPEN)FeIVdO]2+, anthraquino-
ne was produced in high yields. We also found the


electron donating ability of para substituents on an-
thracene influences reaction rates significantly, affording
a large Hammett F value of –3.9. Such a large negative F
value implies that the iron–oxo group attacks the aromatic
ring via an electrophilic pathway. Further, the calculated
kH/kD values of ∼0.9, determined kinetically in the hy-
droxylation of anthracene and deuterated anthracene,
indicate an inverse KIE in the aromatic ring oxidation
reactions; the observation of the inverse KIE is consistent
with the sp2-to-sp3 hybridization change during the ad-
dition of an electrophilic iron–oxo group to the sp2 center
of the aromatic ring to form a σ adduct.65 On the basis of
the large negative Hammett F and inverse KIE values, we
have proposed that the aromatic ring oxidation does not
occur via a hydrogen atom abstraction mechanism but
involves an initial electrophilic attack on the π-system of
the aromatic ring to produce a tetrahedral radical or
cationic σ-complex.64,65


Non-heme iron enzymes participate in oxidative N-
dealkylationreactionsinnature,andhigh-valentiron(IV)–oxo
species have been invoked as an active oxidant that effects
the oxygenation of organic substrates.66 We therefore
performed oxidative N-dealkylation of N,N-dialkylamines
with non-heme iron(IV)–oxo complexes. In the ox-
idative N-dealkylation of N,N-dimethylaniline by
[(N4Py)FeIVdO]2+ and [(TMC)FeIVdO]2+, N-methylaniline
was produced as a major product with the concurrent
formation of CH2O.26 Detailed mechanistic studies were
carried out in an effort to understand whether the oxida-
tive N-dealkylation occurs via an electron transfer–proton
transfer (ET–PT) mechanism or a hydrogen atom transfer
(HAT) (Scheme 8).67 On the basis of the results of a linear
free energy correlation (e.g., Hammett F values of ap-
proximately –2.5), inter- and intramolecular kinetic isotope
effects (e.g., KIE values of <5), and product analysis with
mechanistic probes, the oxidative N-dealkylation reactions
by non-heme iron(IV)–oxo complexes were proposed to
occur via an ET–PT mechanism (Scheme 8).26


FIGURE 4. Oxidation reactions mediated by mononuclear non-heme iron(IV)–oxo complexes.


Scheme 6. Alkane Hydroxylation by an Iron(IV)–Oxo Complex17


Scheme 7. Proposed Mechanism for Alcohol Oxidation by Iron(IV)–
Oxo Species20
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In addition to the oxygenation of organic substrates,
we have reported the first example of the transfer of an
oxygen atom between non-heme iron(IV)–oxo and iron(II)
complexes (i.e., complete intermetal oxygen atom trans-
fer).24 This observation is contrary to the case of iron
porphyrins, in which the reaction of iron(IV)–oxo and
iron(II) porphyrins resulted in the generation of µ-oxo-
bridged iron(III) porphyrin dimers (i.e., incomplete inter-
metal oxygen atom transfer).68 The oxygen atom transfer
was found to depend on the oxidizing power of the
iron(IV)–oxo complexes (Scheme 9); the oxidizing power
of iron(IV)–oxo complexes was determined to be on the
order of [(Bn-TPEN)FeIVdO]2+ > [(N4Py)FeIVdO]2+ >
[(TMC)FeIVdO]2+ in sulfide oxidation reactions.52 Detailed
investigations aimed at illustrating the mechanism of
completeintermetaloxygenatomtransferfromiron(IV)–oxo
to iron(II) complexes are currently underway in this
laboratory.


4. Concluding Remarks
In this Account, efforts to understand the reactivities and
mechanisms of iron(IV)–oxo porphyrin π-cation radicals
and non-heme iron(IV)–oxo complexes in oxygenation
reactions over the past 7 years have been reviewed. In the
part of iron(IV)–oxo porphyrin π-cation radicals, we have
demonstrated that there are significant porphyrin and
axial ligand effects on the catalytic oxygenation of hydro-
carbons by hydroperoxides, the activation of the hydro-
peroxide O–O bond, and the oxidizing power of iron–oxo
complexes in oxygenation reactions. A current controversy
about the multiple-oxidants hypothesis in catalytic oxy-
genation reactions (i.e., ferric–hydroperoxide species as
a “second electrophilic oxidant”) has been addressed, and
we have proposed that ferric–hydroperoxo species are not
active oxidants in electrophilic oxidation reactions.


Our non-heme iron(IV)–oxo studies were initiated with
the success of obtaining the first crystal structure of a
mononuclear non-heme iron(IV)–oxo complex with the
groups of Que and Münck. Despite a short history of non-


heme iron(IV)–oxo species, significant developments were
made in characterizing the intermediates and understand-
ing their reactivities in a variety of oxygenation reactions.
The reactions depicted in Figure 4 clearly demonstrate
that mononuclear non-heme iron(IV)–oxo complexes are
involved in diverse oxygenation reactions. The next chal-
lenging target in biomimetic studies of non-heme iron
enzymes is to understand the reactivities of the recently
discovered non-heme iron(V)–oxo intermediate.69


As mentioned above, we have observed the great
advances in elucidating the chemistry of heme and non-
heme iron(IV)–oxo complexes. However, continued ex-
tensive research is needed to clarify the currently unan-
swered questions in both enzymatic and biomimetic
reactions, such as the role(s) of the axial–thiolate ligand
of (Porp)+•FeIV(O)(S-Cys) in activating C–H bonds of
hydrocarbons by CYP 450, the involvement of multiple
oxidants in the catalytic oxygenation of organic substrates
by heme and non-heme iron complexes, and the effect(s)
of the heme and non-heme ligands and the axial ligands
on the reactivities of iron(IV)–oxo species in oxygenation
reactions. Especially, it is of interest to understand why
enzymes with iron active sites utilize heme and non-heme
ligands in oxygenation reactions [e.g., the role(s) of heme
and non-heme ligands in governing and tuning the
oxidizing power of iron–oxo intermediates]. Without a
doubt, our next Account will provide exciting discoveries
to answer the currently unanswered questions and new
mechanistic insights into the oxygenation reactions by
heme and non-heme iron(IV)– and iron(V)–oxo complexes.


I thank the past and present students and collaborators whose
names appear in the list of references. Financial support from the
Ministry of Science and Technology of Korea through the Creative
Research Initiative Program is greatly acknowledged. This Account
is dedicated to Professor Joan S. Valentine, who was my Ph.D.
advisor at the University of California (Los Angeles, CA) and has
been a great supporter for my independent research career. “Joan,
I could not have this honorable Account without your endless
help.”
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ABSTRACT
This Account focuses on our recent developments in synthetic
heme/copper/O2 chemistry, potentially relevant to the mechanism
of action of heme–copper oxidases (e.g., cytochrome c oxidase) and
to dioxygen activation chemistry. Methods for the generation of
O2 adducts, which are high-spin heme(FeIII)–peroxo–CuII com-
plexes, are described, along with a detailed structural/electronic
characterization of one example. The coordination mode of the
O2-derived heme–Cu bridging group depends upon the
copper–ligand environment, resulting in µ-(O2


2–) side-on to FeIII


and end-on to CuII (µ-η2:η1) binding for cases having N4 tetraden-
tate ligands but side-on/side-on (µ-η2:η2) µ-peroxo coordination
with tridentate copper chelates. The dynamics of the generation
of FeIII–(O2


2–)–CuII complexes are known in some cases, including
the initial formation of a short-lived superoxo (heme)FeIII(O2


•–)
intermediate. Complexes with cross-linked imidazole–phenol “co-
factors” adjacent to the copper centers have also been described.
Essential investigations of heme–copper-mediated reductive O–O
bond cleavage chemistry are ongoing.


Introduction
The allure of the highly pigmented heme prosthetic groups
found in our own blood oxygen-carrier hemoglobin and
cytochrome P450 monooxygenases (P450) has historically
stimulated interest in heme/O2 chemistry.1 While there has


been a long time interest in copper ion (and complexes) as
reagents for oxidative transformations of synthetic utility, the
probing of copper(I) complex dioxygen reactivity with a
relevance toward copper proteins (e.g., O2-carrier hemocya-
nins, copper monooxygenases, or oxidases) is more recent.2–5


This Account, in a sense, focuses on a melding of these
two subjects, heme/O2 and copper/O2 coordination chem-
istries. From (a part of) our own research programs, this
has led to the generation of a series of heme–copper/O2


adducts, in fact, FeIII–peroxide(O2
2–)–CuII complexes (1–5


in Chart 1). Such heterobinuclear assemblies are inher-
ently interesting entities, because they comprise new
classes of species made up of two redox-active metal ions
bridged by an O2-derived ligand.


The inspiration for our studies comes from the existence
of ubiquitous aerobic organism heme–copper oxidases,
including cytochrome c oxidase (CcO).6,7 These possess a key
binuclear active site, with heme (a3) and a proximal (∼4.4–5.3
Å) copper ion (CuB) (see Chart 1), where the reduction of
dioxygen is coupled to enzyme proton translocation across
the membrane (eq 1) in which the enzyme resides, with the
resulting proton/charge gradient utilized by ATP synthetase.
In short, metabolism of foodstuffs (respiration) leads to the
production of reducing equivalents (reduced cytochrome c),
which react with dioxygen breathed in and is transported
to the CcO active site; the overall result is the transduction
of the thermodynamically available energy (from O2 reduc-
tion to water), leading to the biosynthesis of ATP as the
critical form of transportable and utilizable energy for the
organism.


O2 + 4e-(cyt c)+ 8Hin
+f 2H2O+ 4Hout


+ (1)


As for any metalloprotein, the reactions occurring at
this heme–Cu center cannot be divorced from the inherent
chemistry of the metal ions. Our interests,6 as well as that
research coming from complementary investigations by
Collman et al.7 and Naruta et al.,8,9 consist of the design,
generation, and interrogation of small-molecule model
systems. Their study may serve to sharpen or focus
relevant questions (and answers) about the protein active-
site structure and mechanism of the reaction. Elucidation
of the synergism between Cu/O2 and heme/O2 chemistries
as pertains to CcO O2 binding and reduction is a signifi-
cant goal. How/why is the CcO active site perfectly suited
for O2-reductive cleavage? Why are there three Nimidazole


ligands (Chart 1) for copper; what is the purpose/function
of the His–Tyr cross-link; and why are the active-site iron
and copper juxtaposed at ∼5 Å (Chart 1)? How is CcO
chemistry the same or different than seen for multicopper
oxidases (affecting the four-electron reduction of O2) or
heme-only P450s or peroxidases?1


Practical or fundamental considerations pertaining to
heme/Cu/O2 chemical studies relate to fuel-cell applications,
i.e., the reductive cleavage of O2 to water at a cathode with
a catalyst; such efforts have been promulgated by Collman
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et al.7 Further, dioxygen activation,10,11 including metal-ion-
mediated enhancement of the substrate oxidation/oxygen-
ation reactivity of ground-state (triplet) O2, necessarily
involves eventual O–O bond reductive cleavage. Thus, any
research leading to insights into this process has consider-
able fundamental importance.11,12


Initial Heme–FeII/Ligand–CuI/O2 Reactivity;
FeIII–Oxo–CuII Complexes
Historically, attempts at modeling the CcO heme–copper
active site typically focused on structural models for the


oxidized “resting” state and the generation of FeIII–CuII


complexes with various bridging ligands.13 Our own initial
discovery involving dioxygen chemistry came when we
reacted a porphyrinate–iron(II) complex, (F8)FeII or
(F8)FeII(pip)2 (pip ) piperidine), with O2 in the presence
of 1 equiv of [(TMPA)CuI(MeCN)]+ (Scheme 1); the latter
was chosen because we had separately established its
independent CuI/O2 chemistry.14 The product was the
novel µ-oxo complex [(F8)FeIII–O–CuII(TMPA)]+ (7), with
the µ-oxo ligand derived from molecular oxygen; a new
isotope-sensitive infrared band appeared at 856 cm–1.6,15,16


Chart 1


Scheme 1
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The finding was surprising, given the substantial thermo-
dynamic stability of widely known µ-oxo complexes
(P)FeIII–O–FeIII(P) (P ) porphryinate). In fact, we and Lee
and Holm17 have shown that such µ-oxo heme–copper
complexes are kinetically stable and can also be formed
by self-assembly synthesis, such as by adding (F8)FeIII–OH
to [(TMPA)CuII(MeCN)]2+ plus triethylamine (Scheme 1).6


The X-ray structure of [(F8)FeIII–O–CuII(TMPA)]+ (7)
reveals a linear FeIII–O–CuII coordination (∠ Fe–O–Cu )
178.2°), with very short Fe–O (1.740 Å) and Cu–O (1.856
Å) bonds.15 Mössbauer spectroscopy and magnetic sus-
ceptibility measurements indicate that 7 is a S ) 2 system,
with high-spin iron(III) strongly antiferromagnetically
coupled [J ) –87 cm–1 (solid), where H ) –2JS1S2] to a S
) 1/2 CuII ion center.15 A 1H nuclear magnetic resonance
(NMR) spectrum of 7 at room temperature exhibits
resonances ranging from +65 ppm downfield to –104 ppm
upfield. From detailed 1H and/or 2H NMR spectroscopic
studies,18 the upfield (from the diamagnetic region and δ
) 0 ppm) resonances are assignable to the CuII(TMPA)
ligand hydrogen resonances, while the pyrrole hydrogens
on the iron–porphyrinate shift downfield, and this behav-
ior is ascribed to a S ) 2 molecular ground state.


[(F8)FeIII–O–CuII(TMPA)]+ (7) and other µ-oxo ana-
logues [with 6L, LMe2N, or LH ligands; see Chart 1 or
Scheme 4 (LH), below] reversibly protonate to give cor-
responding µ-hydroxo analogues.6 For the acid–base
conjugate pair [(F8)FeIII–(OH)–CuII(TMPA)]2+ (8) and 7,
the apparent pKa for the acid form is estimated to be 8 (
2.5 in a MeCN solvent.6 For the related complexes, with
binucleating 6L ligand, [(6L)FeIII–O–CuII]+/[(6L)FeIII–
(OH)–CuII]2+, and with tridentate ligand LH, [(F8)FeIII–
(OH)–CuII(LH)]2+/[(F8)FeIII–O–CuII(LH)]+, pKa values are
∼9 and ∼9.6, respectively.6 Thus, the µ-oxo groups in these
complexes are very basic, but measurable differences were
observed depending upon the ligand architecture or
copper–ligand denticity.


The protonation of [(F8)FeIII–O–CuII(TMPA)]+ (7),
[(6L)FeIII–O–CuII]+, and [(F8)FeIII–O–CuII(LH)]+ is slow
relative to the NMR timescale. Thus, the addition of less
than 1 equiv of acid reveals resonances (e.g., porphyri-
nated pyrrole) because of the individual µ-oxo and µ-hy-
droxo forms. Protonation causes bending (see Scheme 1)
and rehybridization (i.e., sp for oxo and sp2 for hydroxo)
of the M-µ-oxo-M′ core, consistent with relatively slow


proton-transfer chemistry.19,20 The bending/rehydridiza-
tion is accompanied by bond elongation [see for example
Table 1 for FeIII–O(H) and CuII–O(H) bond lengths in 7
versus 8]. The extent of antiferromagnetic coupling in the
S ) 2 systems 7 and 8 is as a consequence also influenced;
complex 7 (with ∠ Fe–O–Cu ∼ 180° and shorter/stronger
M–O bond distances) possesses a greater electronic
interaction (via the µ-oxo ligand) between iron and copper
ions than complex 8.6 The proton itself makes the oxygen
ligand a poor donor because its valence orbitals are greatly
lowered in energy, and this would significantly lower J.


Generation/Characterization of the Heme/Cu
Dioxygen Adduct [(F8)FeIII–(O2


2–)–CuII(TMPA)]+


(1)
In fact, our real interest was in dioxygen chemistry and
O2 adducts. It seemed likely that such an entity would
precede the formation of [(F8)FeIII–O–CuII(TMPA)]+ (7).
In fact, our first success came with the use of the ligand
6L and the low-temperature solution detection and char-
acterization of [(6L)FeIII–(O2


2–)–CuII]+ (2) (Chart 1).21


Meanwhile, Collman et al.22 had earlier described the first
heme–copper–dioxygen adduct with a superstructured
porphyrin possessing a triazacyclononane chelate for
copper. Naruta et al.23 also earlier published results on
an adduct similar to 1 (and 6; Chart 1), possessing a
modified TMPA moiety.


Going back, we found that when a 1:1 mixture of
(F8)FeII and [(TMPA)CuI(RCN)]+ were reacted with dioxy-
gen at –40 °C, [(F8)FeIII–(O2


2–)–CuII(TMPA)]+ (1) (Chart 1)
is cleanly generated;24 no homonuclear peroxo products,
such as [{(TMPA)CuII}2(O2


2–)]2+ or [(F8)FeIII–(O2
2–)–


FeIII(F8)], form. The subsequent peroxo–oxo complex
transformation, 1f [(F8)FeIII–O–CuII(TMPA)]+ (7) (Scheme
1) involves the evolution of 0.5 equiv of dioxygen, indica-
tive of a peroxide disproportionation reaction,24 for which
we still have little insight. Complex 1 possesses moderate
stability at room temperature in a MeCN solvent; it can
be isolated as a solid.25,26 Further characterization includes
the fact that (a) its formation occurs in a Fe/Cu/O2 ) 1:1:1
ratio (spectrophotometric titration with O2), (b) solution
mass spectral data give the correct O2-derived moiety (for
which m/z increases by four when formed using 18O2),
(c) frozen solution resonance Raman (rR) spectroscopy


Table 1. Core Structural Parameters (Å) for Heme–X–Copper Complexes (X ) O2
2–, O2–, or OH–)


heme–X–copper compound method Fe · · · Cu Fe–O Cu–O Fe–X–Cu reference


[(F8)FeIII–(O2
2-)–CuII(TMPA)]+ (1) EXAFS 3.72 1.94 1.87 150 26


[(P)FeIII–(O2
2-)–CuII(TMPA)]+ DFT


a
4.01 1.88


2.07
1.96 170 26


[(P)FeIII–(O2
2–)–CuII(TMPA)]+ DFTb 3.70 1.89


1.90
1.85 161 26


[(F8)FeIII–O–CuII(TMPA)]+ (7) X-ray 3.60 1.74 1.86 178 15
[(F8)FeIII–O–CuII(TMPA)]+ (7) EXAFS 3.55 1.72 1.83 176 19
[(F8)FeIII–(OH–)–CuII(TMPA)]2+ (8) EXAFS 3.66 1.87 1.89 157 19
[(TMP)FeIII–(O2


2–)–CuII(5Metpa)]+ (6) X-ray 3.92 2.03
1.89


1.92 166 33


[(6L)FeIII–(O2
2–)–CuII]+ (2) EXAFS 3.97 1.84 1.84 26, 34


[(2L)FeIII–(O2
2–)–CuII]+ (5) EXAFS ∼3.6 ∼1.9 1.90 35


a
Density functional theory (DFT) fully optimized structure.


b
Structure with constrained Fe · · · Cu ) 3.7 Å.
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indicates that νO–O ) 808 cm–1 and ∆18O2 ) –46 cm–1 (413
nm excitation),27,28 (d) typical high-spin ferric Mössbauer
spectroscopic parameters (∆EQ ) 1.14 mm/s; δ ) 0.57
mm/s) are observed, and (e) NMR spectroscopic data (–40
°C, MeCN) giving a pyrrole peak at 68 ppm downfield and
pyridyl-H resonances at –11 and –20 ppm upfield are
reminiscent of the µ-oxo complex [(F8)FeIII–O–CuII-
(TMPA)]+ (7) and characteristic of S ) 2 species; in
addition, an Evans method magnetic moment determi-
nation gave µB ) 5.1.24


In low-temperature oxygenation reactions of (F8)FeII


with [(TMPA)CuI(RCN)]+, stopped-flow UV–vis spectroscopy
revealed the presence of heme–superoxo [(S)(F8)FeIII–
(O2


•–)] (9) intermediates, (λmax, 537 nm; S ) acetone; νO–O


) 1178, and νFe–O ) 568 cm–1 for S ) THF) (Scheme 2),
identifiable from separate studies;29,30 this formed within the
mixing time (1 ms) prior to the formation of [(F8)FeIII–(O2


2–)–
CuII(TMPA)]+ (1).24 The known14,31 copper superoxo species
[(TMPA)CuII(O2


•–)]+ may also form, but its detection (λmax,
410 nm) is made very difficult by the presence of the strong
heme-based absorptions. A complementary study carried
out in EtCN indicates that the heme and copper complexes
undergo independent O2 chemistry (i.e., with known kinetic
behavior) and the formation of the heterobinuclear µ-peroxo
species 1 occurs as indicated in Scheme 2.28


Alternative Synthesis of [(F8)FeIII–(O2
2–)–


CuII(TMPA)]+ (1)
As depicted in Scheme 1, 1 can be also generated in
solution or isolated as a solid via a Lewis-acid/Lewis-base
reaction. Cobaltocene reduction of the heme–superoxo
complex [(THF)(F8)FeIII(O2


–)]) affords a η2-peroxo por-
phyrinate–FeIII complex [(F8)FeIII(O2


2–)]– of the type de-
scribed by Valentine and coworkers.32 The addition of
[(TMPA)CuII(MeCN)]2+ with labile MeCN ligand affords
the adduct [(F8)FeIII–(O2


2–)–CuII(TMPA)]+ (1).25


Structural/Electronic Descriptions of [(F8)FeIII–
(O2


2–)–CuII(TMPA)]+ (1) and Analogues
The core structure of [(F8)FeIII–(O2


2–)–CuII(TMPA)]+ (1)
was investigated using extended X-ray absorption fine
structure (EXAFS) spectroscopy on solid as well as in


solution samples, in collaboration with Solomon and
coworkers.26 The Cu K-edge first shell was fit with one
short (strong) Cu–O/N bond contribution at 1.87 Å, while
the second shell was fit to four Cu–N/O contributions at
2.04 Å; these correspond to the CuII–peroxo and CuII–
TMPA moieties, respectively. The heme environments
could be described from Fe K-edge EXAFS with one
Fe–O/N contribution (a peroxo O atom) at 1.94 Å and four
Fe–N heme–nitrogen contributions at 2.1 Å. From further
outer-shell analysis of both Cu and Fe K-edge data, the
Fe · · · Cu distance was determined to be 3.72 Å. From
knowledge of Naruta’s 2003 breakthrough X-ray structure
of the close analogue [(TMP)FeIII–(O2


2–)–CuII(5Metpa)]+


(6), having µ-η2:η1 peroxo ligation (i.e., side-on bound to
FeIII and end-on bound to CuII; Chart 1),6,33 the expecta-
tion was that 1 was likely to have a similar structure. Our
EXAFS analysis indeed was consistent with this structural
formulation and was further supported by theoretical
calculations (vide infra).


As it turns out, the EXAFS derived Fe · · · Cu distance
in [(F8)FeIII–(O2


2–)–CuII(TMPA)]+ (1) is 0.2 Å shorter than
that observed for the close analogue [(6L)FeIII–(O2


2–)–
CuII]+ (2)26 and [(TMP)FeIII–(O2


2–)–CuII(5Metpa)]+ (6)
(Table 1). Apparently, the presence of an ether linkage to
the 6-pyridyl position of the TMPA-like ligand in 2 and
an amide linkage to the 5-pyridyl position of the copper
ligand in 6 (Chart 1) for both complexes imposes archi-
tectural constraints that lead to a preferred Fe · · · Cu
distance of ∼4.0 Å. In the case of [(TMP)FeIII–(O2


2–)–
CuII(5Metpa)]+ (6), the steric (and/or electronic) effects
created by the presence of methyl groups at the 5-Me-
substituted TPA ligand as well as at the mesityl substitu-
ents of the porphyrin ring (Chart 1) may also contribute
to the larger Fe · · · Cu distance {Note, we have shown for
µ-oxo complexes [(L′)FeIII–O–CuII]+ with varying ligand
constraints (i.e., L′ ) 6L or a variation with 5-pyridyl
linkage to the TMPA-like moiety) that structural and
physical properties can be measurably altered}.6


Spin-unrestricted density functional theory (DFT) cal-
culations were performed on the “model” complex
[(P)FeIII–(O2


2–)–CuII(TMPA)]+ (P ) unsubstituted porphy-
rinate).26 The peroxo ligand was found to be coordinated
to iron with a side-on ligation, while the copper binds in
an end-on fashion, for an overall µ-peroxo-η2:η1 coordina-
tion mode. In the optimized structure, the calculated
Fe · · · Cu distance was ∼0.3 Å longer than that observed
experimentally for complex [(F8)FeIII–(O2


2–)–CuII(TMPA)]+


(1) (see Table 1). However, calculations on the same
[(P)FeIII–(O2


2–)–CuII(TMPA)]+ compound but with a 3.7 Å
Fe · · · Cu constrained distance resulted in a similar energy
(i.e., with only a 3.5 kcal/mol difference), and importantly,
the overall µ-η2:η1-peroxo coordination mode was re-
tained. The differences found in the optimized calculated
structure with respect to the EXAFS experimental results
(vida supra) were attributed to the fact that the 2,6-
difluorophenyl substituents on the porphyrin ring and the
perchlorate counterion were not considered in the
calculations.
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Solomon’s DFT calculations also provided an electronic
description of the interactions/bonding within such a
[(P)FeIII–(O2


2-)–CuII(TMPA)]+ complex with µ-peroxo-
η2:η1 moiety.26 The CuII–peroxide bond was found to be
dominated by electron donation from the π*σ orbital of
the peroxide into the half occupied Cu dz


2 orbital (Figure
1). In fact, there are similarities of the CuII–peroxide
bonding to that previously described for [{(TMPA)CuII}2-
(O2


2–)]2+,36 with peroxide in a trans-µ-1,2 geometry. In the
case of the side-on bound η2-peroxo–FeIII moiety, the
main interactions are a combination of σ and δ bonds,
with the former arising from the donor interaction of the
peroxide π*σ with the Fe dxz orbital, with the δ bond
resulting from the mixing of the peroxide π*v with the Fe
dxy orbital (Figure 1); the electronic structure here (such
as in 1) is in fact very similar to that also calculated for
previously well-known mononuclear [(P)FeIII–(η2-O2


2–)]–


complexes.37,38 An important finding from the DFT cal-
culations was the description of the origin of the antifer-
romagnetic coupling between the high-spin FeIII (S ) 5/2)
and CuII (S ) 1/2) through the µ-η2:η1 peroxide ligand for
[(P)FeIII–(O2


2-)–CuII(TMPA)]+. The peroxide π*σ interac-
tion with both the half-occupied Cu dz


2 orbital (η1) and
the high-spin Fe dxz orbital (η2) provides an effective
superexchange pathway (Figure 1).


Structural Changes Due to Tridentate N3
Ligation for Copper
Because the presence of tri- versus tetradentate chelates
profoundly influences the copper–O2 adduct structure,
spectroscopy, and reactivity,2–5 we sought to probe such
effects in heme/Cu/O2 chemistry. As discussed above,
[(F8)FeIII–O–CuII(TMPA)]+ (7) possesses a near-linear bridg-
ing FeIII–O–CuII unit. However, the geometry is very


different for the analogue with tridentate LMe2N chelate,
complex [(F8)FeIII–O–CuII(LMe2N)]+, which is formed either
from an acid–base synthesis or thermal transformation
and the loss of 1/2 equiv O2 from µ-peroxo complex
[(F8)FeIII–(O2


2–)–CuII(LMe2N)]+ (4)30 (Chart 1); [(F8)FeIII–O–
CuII(LMe2N)]+ has a severely bent metal–oxo core (Chart
2).


Pophyrinate–FeIII–(O2
2–)–CuII Complexes with


Tridentate Cu Chelates
As indicated in Chart 1, heme–peroxo–copper complexes
also form with three N ligands bound to copper. These
are generated in the same manner as discussed for 1 or
2, by the oxygenation of reduced component mono-
nuclear heme and copper complexes [producing
[(F8)FeIII–(O2


2–)–CuII(LMe2N)]+ (4)]30 or binuclear FeII–CuI


assemblies [giving [(2L)FeIII–(O2
2–)–CuII]+ (5)]35,39 (Chart


1 and Scheme 3). These peroxo complexes are also S ) 2
spin systems, with high-spin FeIII coupled to CuII. In
Figure 2, NMR and rR spectroscopic data are highlighted
for [(2L)FeIII–(O2


2–)–CuII]+ (5). The latter confirms the
peroxo formulation, with νO–O ) 752 and 747 cm–1, for 4
and 5, respectively (Chart 1). The striking finding is that
these values are considerably reduced from those ob-
served for 1 and 2 with tetradentate Cu chelates, with


FIGURE 1. (Top) Electronic description for the antiferromagnetic
coupling between FeIII and CuII in [(P)FeIII–(O2


2–)–CuII(TMPA)]+ (P
) unsubstituted porphyrinate).26 We show only the spin-up unoc-
cupied molecular orbital (MO) R-195 (LUMO) of the fully optimized
model complex [(P)FeIII–(O2


2–)–CuII(TMPA)]+ and a schematic rep-
resentation of its major contributions. (Bottom) Depiction of the δ
bond of the η2-peroxo–FeIII moiety.
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values lowered by 50–60 cm–1 (Chart 1). This indicates a
weakened O–O peroxo bond, because of a different
heme–peroxo–copper core structure (vide infra).


Side-On/Side-On Peroxo Ligation with
Tridentate Ligands for Copper
Chemical reasoning/logic and preliminary EXAFS data
reveal that [(F8)FeIII–(O2


2–)–CuII(LMe2N)]+ (4) and
[(2L)FeIII–(O2


2–)–CuII]+ (5) possess a µ-η2:η2-peroxo liga-
tion (Chart 1 and Scheme 3). In peroxo–dicopper(II)
complexes, tetradentate Cu ligands lead to end-on
µ-1,2-peroxo ligation, but with tridentate chelates, side-
on µ-η2:η2-peroxo coordination is common (Chart 3).3,4


The former possesses relatively normal νO–O values,
typically above 800 cm–1 (Chart 3). However, the latter
side-on complexes have reduced (<760 cm–1) νO–O


values (Chart 3), ascribed to back bonding from copper
to the peroxo antibonding π* orbital, which consider-
ably weakens the O–O bond.40 Thus, the µ-η2:η1-peroxo
ligation (end-on to CuII) now established for complexes
1 and 6 (vide supra) possessing tetradentate chelates
is in accordance with the expectations. Further, high-
spin heme–FeIII peroxo complexes [(P)FeIII(O2


2–)]– ex-
hibit νO–O stretching frequencies very close to 800 cm–1


(Chart 3).37 Thus, to achieve a lowering of the O–O
stretching frequency from the 800 cm–1 region [for 1
and 6 or [(P)FeIII(O2


2–)]–] to near 750 cm–1 as seen in 4
and 5, these latter complexes likely possess side-on/
side-on µ-η2:η2-peroxo heme–copper coordination (Chart
3). EXAFS spectroscopic analysis carried out on
[(2L)FeIII–(O2


2–)–CuII]+ (5) gives a Fe · · · Cu distance of
3.6 Å, consistent with this conclusion; this distance is
typically observed for µ-η2:η2 dicopper(II) complexes.4


Dynamics and Intermediates in Heme–Peroxo–
Copper Complex Formation
Collman et al.41 and more recently Naruta et al.9 have
generated heme–superoxide (FeIII–O2


•–) moieties, which
are stable in the presence of a neighboring CuI complex
(Chart 4); they do not readily “close” with further electron
transfer to give µ-peroxo products. Compound 10 (Chart
4) was generated by the oxygenation of the fully reduced
heterobinuclear FeII/CuI complex and is relatively stable


FIGURE 2. (A) Resonance Raman spectra of [(2L)FeIII–(O2
2–)–CuII]+


(5), formed by the oxygenation of [(2L)FeII · · · CuI]+ with 16O2 and 18O2,
respectively. The lower part represents the difference spectrum
showing νO–O ) 747 cm–1 and ∆(18O2) ) –40 cm–1. 1H NMR spectra
(acetone-d6) of (B) [(2L)FeII · · · CuI]+ (δpyrrole ∼ 50 ppm; room
temperature) and (C) [(2L)FeIII–(O2


2–)–CuII]+ (5) (δpyrrole ∼ 110 ppm;
–90 °C).


Chart 3
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at room temperature; this then may model the initial O2


intermediate observed in CcO (referred to as “Oxy” or
intermediate A).41 Complex 11 formed after conversion
of a µ-peroxo FeIII–(O2


2–)–CuII intermediate initially ob-
servable at –70 °C.9


In low-temperature stopped-flow kinetic/spectroscopic
studies, we also observe short-lived FeIII–O2


•– · · · CuI spe-
cies or mixtures forming prior to the generation of
µ-peroxo FeIII–(O2


2-)–CuII products 1,24,28 2,21 4,30 and 5
(Chart 1).39 A particularly nice comparison of complexes
and data (Scheme 4) comes from studies employing a
variety of tridentate ligands for copper.


The reaction of (F8)FeII and [(LMe2N)CuI]+ with O2 leads
first (–90 °C) to the heme–superoxo complex [(EtCN)-
(F8)FeIII(O2


•–)] (9).29 This subsequently decays to form
[(F8)FeIII–(O2


2–)–CuII(LMe2N)]+ (4) (Scheme 4).30 For the
case of [(2L)FeIICuI]+, the FeII/O2 reaction is measurably
faster (because of an increase in ∆Sq); a transient FeIII–
superoxo/CuI species [(EtCN)(2L)FeIII–(O2


•–) · · · CuI-
(EtCN)]+ (12) then decays via the reaction with the
CuI–ligand moiety to give [(2L)FeIII–(O2


2–)–CuII]+ (5)
(Scheme 4). The kinetics of the formation of [(solvent)-
(P)FeIII(O2


•–)] (e.g., 9) are independent of the presence of
any copper complex.39 The activation enthalpies for the
formation of 4 and 5 are essentially the same (∼36 kJ/
mol); both involve electron-transfer reduction and binding
by CuI (Scheme 4). This is despite the formation of 4 being
an intermolecular reaction but in particular involving a


strongly reducing ligand–copper(I) complex [(LMe2N)-
Cu(EtCN)]+ (with dimethylamino 4-pyridyl substituents),
while the other reaction to form 5 involves the intramo-
lecular reaction of the much less electron-donating (to
copper) bis[2-(2-pyridylethyl]amine moiety (Scheme 4).39,42


A heme–peroxo–copper complex analogue to 4 or 5
does not form when a mixture of (F8)FeII and [(LH)CuI


-


(EtCN)]+ is oxygenated (Scheme 4).39 Nitrile solvent
binding inhibits the O2 reaction and makes such a
complex with the LH chelate a poor reductant; in contrast,
LMe2N renders [(LMe2N)CuI(EtCN)]+ a sufficiently good
reductant to lead to µ-peroxo product [(F8)FeIII–(O2


2–)–
CuII(LMe2N)]+ (4). However, if the LH chelate is tethered
to the porphryin periphery (as in 2L), the intramolecular
nature of the subsequent reaction of the [(LH)CuI(EtCN)]+


fragment with the heme–superoxo moiety leads to
successful redox chemistry, giving [(2L)FeIII–(O2


2–)–CuII]+


(5).


Heme–Peroxo–Copper Complexes with the
Imidazole–Phenol Cross-Link
Because the His–Tyr moiety bound to copper in the CcO
active site appears to play a key role in the reductive O–O
cleavage process,6 we designed and introduced imida-
zole–phenol moieties within either tri- or tetradentate
chelates for copper.43 For example, low-temperature
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oxygenation of [CuI(LN4OR)]+ with (F8)FeII leads to the
formation of heme–peroxo–copper species [(F8)FeIII–
(O2


2-)–CuII(LN4OR)]+ 3 or 13 (Scheme 5),44 which possess
similar νO–O values, also close to that seen for
[(F8)FeIII–(O2


2-)–CuII(TMPA)]+ (1) (νO–O ) 808 cm-1; Chart
1), without any imidazole–phenol group. Thus, the phenol
moiety in [(F8)Fe–(O2


2-)–CuII(LN4OH)]+ (3) does not
interact with the µ-peroxo group. Also, we have not
observed O–O cleavage products (i.e., phenoxy radical or
FeIVdO), with those possibly facilitated by the phenol
donation of a hydrogen atom within 3.


Other research groups have also generated interesting
imidazole–phenol or similar copper chelates for
study,6,9,45,46 as relevant to CcO active-site chemistry.6 For
Naruta’s complex 11 (Chart 4), O–O cleavage also is not
triggered.9


Reductive Cleavage of the O–O Bond
Thus, heme–copper/O2 reactivity studies should also
aim to probe reductive O–O cleavage chemistry. In CcO,
this takes place between the detectable A (“Oxy”,
FeIII–superoxo complex) and PM (FeIVdO, i.e., ferryl)
enzyme states (Scheme 6). Four electrons are required
to break an O–O bond, eventually producing two water
molecules (eq 1). However, only three electrons are
readily available from the reduced bimetallic site (two
from iron, FeII f FeIV, and one from copper, CuI f


CuII). The tyrosine cross-linked to the CuB histidine–
imidazole ligand (see Chart 1) or a nearby tryptophan
may provide the fourth electron.6,47 Calculations12


suggest that an “unstable” µ-peroxo or (protonated)
hydroperoxo heme–copper structure that forms (having
an associated water network from the tyrosine; Chart 1
or Scheme 6) is reduced by the tyrosine, leading to O–O
bond cleavage.


Thus, can synthetic FeIII–(O2
2–)–CuII or FeIII–(O2


•–) · · ·
CuI assemblies, such as those described in this Account,


be subjected to conditions that lead to reductive O–O
bond cleavage, to probe this reaction that is key to CcO
function and important in general for metal-ion-mediated
O2 activation (vide supra)? As described above, syntheti-
cally appended imidazole–phenol “cofactors” adjacent to
copper centers have not yet yielded O–O reductive cleav-
age chemistry. However, Collman et al.46 recently reported
that their FeIII–(O2


•–) · · · CuI complex 10 (Chart 4) reacts
with exogenously added hindered phenols, leading to
phenoxyl radicals and the formation of a FeIVdO (ferryl)
species, as observed in the enzyme. We have also recently
described very similar chemistry advances,48 as well as the
fact that the addition of a reductant [a copper(I) complex],
proton source, and bulky imidazole (as an axial heme
ligand) to [(F8)FeIII(O2


2–)]– (Scheme 1) triggers O–O bond
cleavage, resulting in ferryl and cupric hydroxide forma-
tion. Systematic investigations aimed at obtaining detailed
insights into these kinds of O–O cleavage chemistries are
in progress.


Summary/Conclusions
In this Account, we have tried to overview our work and that
of others in the generation and characterization of heme/
copper/O2 adducts, studied to provide basic insights into
dioxygen reactivity at heme–Cu centers. Information ob-
tained may be relevant to CcO enzyme active-site chemistry.
A number of FeIII–(O2


2–)–CuII or FeIII–(O2
•–) · · · CuI as-


semblies have been generated; dynamics of their formation
have been studied; and physical and electronic structures
and bonding have been elucidated in some cases. Consider-
able future efforts are needed to firm up structural formula-
tions discussed, fully elucidate electronic structure, and
compare and contrast reactivity patterns for heme/copper/
O2 adducts as influenced by copper–ligand denticity, bi-
nucleating ligand architectural variations, or the presence
of a heme axial “base” (i.e., an imidazole or a pyridine
donor). While we now have some notions of the heme–
Cu–O2 structure in high-spin environments, what structures
form as low-spin systems and how do high-spin versus low-
spin systems react? Such considerations are likely relevant
to the O–O reductive cleavage process, and indications are
that such heme–Cu-mediated chemistry is amenable to
detailed investigation.


Note Added in Proof New chemistry relevant to the
above discussion on O–O bond cleavage was recently
published by Collman and coworkers {Science 2007, 315,
1565–1568; J. Am. Chem. Soc. 2007, 129, 5794–5795}. These
reports describe synthetically derived heme–copper as-
semblies possessing a copper–ion ligated imidazole–phe-
nol moiety. The authors ascertain from their chemical and
spectroscopic data that O2-reactions of their fully reduced
complexes lead to reductive O–O cleavage, affording a
ferryl–copper(II)-phenoxyl radical species, as proposed for
cyt. c oxidase turnover chemistry.


Scheme 5
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ABSTRACT
The activation of dioxygen and its analogues, such as hydrogen
peroxide, by metalloporphyrins leads to the generation of high-
valent metal–oxo species. This process is critically important to
heme-catalyzed reactions, such as for cytochrome P450, and
synthetic porphyrin-catalyzed oxidations. We have synthesized a
new ring-contracted porphyrinoid system called a corrolazine that
is designed to stabilize high oxidation states, including high-valent
metal–oxo species. The corrolazine ligand stabilizes manganese(V)
terminal oxo and terminal imido complexes for isolation, both of
which are only transiently observed with normal porphyrin mac-
rocycles. Examination of both oxygen atom transfer and hydrogen
atom abstraction reactions for the Mn(V)–oxo complex has led to
a number of mechanistic insights regarding these transformations.
The activation of H2O2 to give the Mn(V)–oxo complex exhibits
some dramatic and unexpected axial ligand effects that call into
question the normal role of axial ligands in O–O bond cleavage
pathways.


Introduction
Naturally occurring porphyrins are critically important
cofactors in the biological processing of dioxygen and its
congeners, such as in O2 transport (hemoglobin), peroxide
removal (peroxidases and catalases), oxygen reduction
(cytochrome c oxidase), and oxidative catalysis (cyto-
chrome P4501). Man-made porphyrins and their ana-
logues provide convenient systems for testing mechanistic
hypotheses regarding these fundamental processes, and
have been designed to reproduce these functions for
practical applications. In particular, the activation of O2


and H2O2 by various metalloporphyrins to give high-valent
metal–oxo complexes has been of intense interest because
of the relevance to heme enzymes and because of the
potential usefulness of these reactions in catalytic oxida-
tion chemistry.2 Significant synthetic efforts have been
directed at varying the peripheral substituents of the
porphyrin ligand with the aim of tuning the properties at
the metal center. Our group has taken a different ap-
proach; we have focused on modifying the basic porphy-
rinoid nucleus itself.


In 1998, we became interested in the ring-contracted
porphyrinoid known as a corrole, which is missing one
meso carbon atom (Figure 1). This molecule retains the
tetrapyrrolic, aromatic structure of a porphyrin but is a
3– donor ligand when fully deprotonated. Our initial
interest in these molecules stemmed from a few earlier
reports that indicated corroles could stabilize high-valent
oxidation states in transition metals,3–5 including a struc-
turally characterized oxo-bridged diiron(IV) complex.6


From these papers, it seemed to us that corroles were ideal
candidates for generating high-valent metal–oxo com-
plexes and activating H2O2, O2, and other biologically
relevant oxidants. However, at this time, the syntheses of
corroles were very laborious, and we set out to find a facile
synthetic route for preparing a corrole-type ligand. We
eventually targeted the meso-nitrogen-substituted ana-
logues of corroles, which we now call “corrolazine” (Cz),
because we recognized the possibility of an easy synthetic
route involving a one-step “ring contraction”. This strategy
proved to be correct, and we reported the successful
synthesis of the first corrolazine in 2001.7 At about the
same time, other groups reported facile syntheses for
conventional corroles,8,9 and the field of corrole chemistry
has since expanded enormously.


This Account will highlight recent advances in the
chemistry of metallocorrolazines, emphasizing high-valent
species and reactivity relevant to oxygen-derived processes
in biology. An earlier review on corrolazines provides a
broader perspective.10 We have shown that corrolazines
are indeed capable of stabilizing high-valent oxidation
states. A room-temperature-stable manganese(V)–oxo cor-
rolazine complex was isolated, which can be generated
from the activation of H2O2 under appropriate conditions.
Mechanistic insights were obtained regarding oxygen
atom transfer, hydrogen atom abstraction, and O–O bond
cleavage reactions, all of which pertain to biologically
relevant processes surrounding O2 activation.


Corrolazine Synthesis
We were motivated to attempt the synthesis of the first
corrolazine by reports of the direct conversion of phtha-
locyanine (Pc) to its ring-contracted corrole analogue,
triazatetrabenzcorrole (TBC).11–13 This one-step ring con-
traction was very attractive from a synthetic standpoint,
and we speculated that the Pc starting material could be
substituted with a tetraazaporphyrin precursor. Following
the Pc methodology, the first corrolazine was prepared
via the PBr3-induced ring contraction of octakis(tert-
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FIGURE 1. Core structures of porphyrin, corrole and corrolazine (Cz).
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butylphenyl)-substituted tetraazaporphyrin (Figure 2), giv-
ing the phosphorus complex [(TBP8Cz)PV(OH)]OH
(TBP ) 4-tert-butylphenyl).7 Removing the phosphorus
from the central cavity proved to be a difficult challenge.
Metals are typically removed from porphyrinoid cavities
by treatment with acid; however, treatment with many
different acids failed to produce any metal-free Cz. Similar
difficulties were encountered in attempts to prepare
metal-free TBC.13 To overcome this critical roadblock, we
developed the reductive demetalation strategy shown in
Figure 2. Treatment of [(TBP8Cz)PV(OH)]OH with Na/NH3


at –78 °C followed by protonation gives the key, metal-
free compound TBP8CzH3. With this compound in hand,
the door was open to transition metal corrolazine
chemistry.


Reversible Oxygen Binding
The cobalt(III) complex (TBP8Cz)CoIII was easily synthe-
sized from TBP8CzH3, and in the presence of strong
axial ligands, five- and six-coordinate complexes
[(TBP8Cz)CoIII(PPh3) and (TBP8Cz)CoIII(pyr)2] were struc-
turally characterized. From these structures, it was found
that the metal-binding cavity of the Cz ligand is signifi-
cantly smaller than porphyrins or even the conventional
corroles. Despite the small central core, it was clear that
the Cz ligand was competent to bind transition metal ions
either out of plane as seen for [(TBP8Cz)CoIII(PPh3)] or
completely in plane as seen for [(TBP8Cz)CoIII(pyr)2].14


Although cobalt(II) porphyrins are well known to
reversibly bind O2,15 reports of cobalt corroles exhibiting
reversible O2 binding were curiously absent. It was sug-
gested that cobalt(II) corroles were incapable of binding
O2 on the basis of electronic arguments.16 Reduction
of (TBP8Cz)CoIII by NaBH4 in pyridine gives


[(TBP8Cz)CoII(py)]-. This complex reversibly binds O2 at
low temperatures as monitored by EPR spectroscopy
(Figure 3).17 The CoIII–superoxo complex is favored at
temperatures ofe240 K. Reversible O2 binding is observed
for our complex but not for the conventional corroles most
likely because a dz2 ground state is present in
[(TBP8Cz)CoIII(py)]-, which is a prerequisite for O2 bind-
ing. For cobalt(II) corroles, the ground state appears to
be different.16,18 These results were an early indication that
the corrolazine platform could exhibit properties that were
novel compared to those of the conventional corroles.


A Mn(V)–Oxo Complex
As in the case of cobalt, a manganese(III) corrolazine was
easily prepared from TBP8CzH3.19,20 The X-ray structure
of this complex (Figure 4) reveals that a molecule of MeOH
from the crystallization solvent is coordinated as an axial
ligand. Spectroscopic evidence suggests that in the ab-
sence of MeOH the Mn is four-coordinate.21 Neutral (e.g.,
R3PO) and anionic axial ligands (e.g., Cl-) bind very tightly
to this complex [Ka(Cl-) ) 1.3(4) × 107 M-1], consistent
with the starting material being four-coordinate. The five-
coordinate chloride complex has been structurally char-
acterized (vide infra).


The first high-valent metallocorrolazine of relevance to
oxygen-derived porphyrinoid species was obtained with
the synthesis of a manganese(V)–oxo complex,
(TBP8Cz)MnV(O).19,20 The two-electron oxidation of
(TBP8Cz)MnIII by mCPBA or PhIO takes place with O atom
transfer to give the high-valent metal–oxo species,
(TBP8Cz)MnV(O) (Figure 4). This complex exhibits a
remarkable stability; it is isolable at room temperature and
can be purified without special precautions by standard
silica gel chromatography. Only one other type of ligand


FIGURE 2. Synthesis of the first corrolazine, TBP8CzH3.


FIGURE 3. Reversible O2 binding.
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is able to stabilize a MnV–oxo complex for isolation,22,23


and a MnV–oxo porphyrin has been described that is
stable for ∼1 min at room temperature.24,25 Corrole
MnV–oxo complexes have also been reported but exhibit
limited stability in solution.26,27


Characterization of (TBP8Cz)MnV(O) was carried out
by MALDI-MS, NMR, resonance Raman, and XANES/
EXAFS.19,20 The NMR spectrum is diamagnetic, which
indicates a low-spin MnV (d2) complex. The triply bonded
terminal oxo ligand gives rise to a peak in the RR spectrum
at 979 cm-1 in CH2Cl2, which shifts as predicted for a
simple diatomic oscillator to 938 cm-1 after facile ex-
change with H2


18O. Although crystals of sufficient quality
for XRD have eluded us, structural information was
obtained through XANES/EXAFS data and revealed a short
Mn–O bond of 1.56(2) Å. There is also an intense XANES
pre-edge feature (Figure 5) that is characteristic of MdE
species with d0–d2 electron counts (M ) Mn, Ti, V, or Cr;
E ) O or N). Taken together, these data provided a
definitive characterization for the structure and oxidation
state of (TBP8Cz)MnV(O). Thus, this complex is a rare
example of a stable, well-characterized MnV–oxo complex,
and its spectroscopic signatures provide important bench-
mark information for the identification of MnV–oxo spe-
cies proposed as intermediates in biological systems and
catalytic reactions.28


Spectroelectrochemical measurements of (TBP8Cz)-
MnIII and (TBP8Cz)MnV(O) showed that the MnIII complex
can be electrochemically oxidized to the MnV–oxo com-
plex in pyridine with H2O as the presumed O atom
source.19 This result suggests that outer-sphere oxidants
may be used in combination with H2O to prepare high-
valent metal–oxo corrolazines, but this idea has not yet


been tested. Electrochemical or chemical (Cp2Co) reduc-
tion of the MnV–oxo complex does not give a MnIV–oxo
complex but rather leads to production of (TBP8Cz)MnIII,
or a MnIII–O–MnIV species as seen by EPR spectroscopy.
The terminal MnIV–oxo complex is apparently unstable
and has thus far eluded characterization. Cyclic voltam-
metric measurements reveal a reversible MnV/MnIV couple
at -0.05 V versus the SCE, which indicates that the
MnV–oxo complex is a rather mild oxidant for such a high-
valent species. However, (TBP8Cz)MnV(O) was in fact
found capable of selective oxidation chemistry, as de-
scribed below.


Oxygen Atom Transfer (OAT) Reactions
Initial experiments established that rapid and quantitative
OAT takes place between (Cz)MnV(O) and PPh3 to give
OPPh3 and (Cz)MnIII.29 Isotopic labeling of the terminal
oxo ligand with 18O (via exchange with H2


18O) provided
a probe for the mechanism of this reaction. Significant
incorporation of 18O was found in the OPPh3 product by
gas chromatography–mass spectrometry (GC–MS), indi-
cating a direct OAT mechanism. The MnV–oxo complex
was also competent to oxidize PhSMe to PhS(O)Me, but
only 45% conversion was observed after 24 h at room
temperature. This reaction was significantly slower than
with PPh3 as the substrate, but sulfoxidation was still a
thermodynamically favorable process.30 No reaction be-
tween (Cz)MnV(O) and cis-stilbene took place after 48 h
at room temperature, suggesting that the MnV–oxo com-
plex was not thermodynamically competent for epoxida-
tion of this substrate. With alkenes, we had seemingly
reached the limit of OAT reactivity for (Cz)MnV(O).


Interestingly, a dramatic enhancement in the apparent
reactivity of (Cz)MnV(O) was observed under catalytic
conditions. We examined the sulfoxidation reaction where
the MnIII complex was added as a catalyst and PhIO was
added as the external oxidant (Figure 6). These conditions
yielded 86% sulfoxide in only 5 h at room temperature,
equivalent to 165 turnovers. This rapid rate appeared
inconsistent with the results from the stoichiometric
reaction of (Cz)MnV(O) with the same substrate. Even
more surprisingly, the catalytic oxidation of cis-stilbene


FIGURE 4. Synthesis of (TBP8Cz)MnV(O) and X-ray structure of
(TBP8Cz)MnIII(HOMe).


FIGURE 5. XANES spectra for (TBP8Cz)MnV(O) (red) and
(TBP8Cz)MnIII (blue).
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led to the production of 29% epoxide in 4 h, with a
significant preference for cis- over trans-epoxide product.
This result was in clear conflict with the complete lack of
reactivity between isolated (Cz)MnV(O) and cis-stilbene.
It seemed impossible that (Cz)MnV(O) could be the active
oxidant in these catalytic transformations, and we were
inspired to postulate mechanistic alternatives that did not
rely on direct OAT between (Cz)MnV(O) and substrate.


A proposed mechanism that brings together the ex-
perimental observations is shown in Figure 7. The initial
formation of (Cz)MnV(O) is followed by a second equiva-
lent of PhIO adding trans to the terminal oxo ligand. This
coordinated PhIO adduct functions as the active oxidant,
and it is the coordinated O atom from PhIO, not the
terminal oxo ligand, that is transferred to substrate. The
MnV–oxo species is serving as a Lewis acid to activate PhIO
toward OAT. There is precedent for metal-bound PhIO
complexes with both porphyrin and non-porphyrin (e.g.,
salen) coligands.31–34 Additional confirmation of the mech-
anism in Figure 7 was obtained through 18O labeling
experiments, where it was shown that the terminal O atom
does not transfer to substrate but the O atom in the bound
PhIO does become incorporated into the oxidized product.


The proposed active oxidant in Figure 7 is formally a
combination of the two species critical to heme enzyme
and porphyrin-catalyzed oxidations (Figure 8, A and B).
Species B is usually invoked as the active oxidant,1,2 but
some evidence suggests A (the so-called “second oxidant”
for cytochrome P450) is responsible for substrate oxidation
in certain cases.35,36 Interestingly, much of the product
distribution data for porphyrin-catalyzed reactions can be
rationalized by invoking the active oxidant in Figure 7.
Thus, this type of species could play a role in certain
porphyrin-catalyzed oxidations. The proposed mechanism
in Figure 7 may also explain observations regarding PhIO
epoxidations catalyzed by Mn corroles, where again the


active catalytic species is not the expected MnV–oxo
complex.26,27 We were excited to learn that the importance
of the mechanism in Figure 7 has been underscored by
recent work from Abu-Omar and co-workers, who provide
compelling evidence that an analogous mechanism ap-
plies to the related NR group transfer in manganese
corrole-catalyzed aziridinations.37 Through elegant double-
labeling and kinetic experiments, the active oxidant is
shown to be most likely [(tpfc)MnV(NTstBu)(ArINTs)], a
MnV terminal imido complex with the catalytically active
NR group coordinated trans to the imido ligand. It will
be of interest to see if the active oxidant shown in Figure
7 becomes more prevalent in future mechanistic proposals
for porphyrin, and especially corrole-catalyzed, oxidation
chemistry.


Hydrogen Atom Abstraction Reactions
In parallel with OAT reactions, the process of hydrogen
atom abstraction by high-valent metal–oxo porphyrinoid
compounds is of widespread importance for proposed
mechanisms of heme enzymes (e.g., cytochrome P450)
and numerous synthetic porphyrin-catalyzed oxidations.2


We knew from electrochemical measurements that the
reduction potential of (Cz)MnV(O) (-0.05 V vs the SCE)
was relatively low, suggesting that this complex would at
best have a weak affinity for a H atom, given that the
thermodynamics of H atom abstraction can be divided
into the affinity for an electron and proton.38 We were
surprised to discover that in fact (Cz)MnV(O) reacted
rapidly with a series of substituted phenols introduced as
H-atom donors.39 The phenol 2,4,6-t-Bu3C6H2OH yields
a stable phenoxyl radical that can easily be detected by
EPR spectroscopy and was thus selected as a first test case.
The oxidation of this substrate by (Cz)MnV(O) rapidly
produced the radical as seen by EPR. However, there was
no evidence for the generation of (Cz)MnIV(OH), which
would be the logical product from a reaction between
(Cz)MnV(O) and the phenol. Instead, isosbestic conversion
of the MnV complex to (Cz)MnIII as monitored by UV–vis
spectroscopy was observed upon addition of excess
phenol. These data suggested that the putative
(Cz)MnIV(OH) species does not accumulate. Quantitative
confirmation of net H-atom abstraction was obtained by
employing 2,4-t-Bu2C6H2OH, which produced the ex-
pected ortho-linked bis(phenol) dimer in 80% yield.


Mechanistic insights into these reactions were obtained
by kinetic analysis of a series of para-substituted phenols
(4-X-2,6-t-Bu2C6H2OH, where X ) H, Me, OMe, or CN).
The kinetics indicated a second-order rate law, and a
Hammett plot with a F of -1.26 was obtained, consistent
with concerted H-atom abstraction as the rate-determin-
ing step.40 A linear correlation of log k′′ with BDE(O-H)
was found and provided a second indication of a rate-
limiting H-atom abstraction mechanism.38 This mecha-
nism (step I, Figure 9) was also strongly supported by the
observation of a significant kinetic isotope effect (kH/kD)
of 5.9 (ArO–H vs ArO–D) and a dramatic decrease in rate
upon steric congestion (nearly 40 times faster for 2,4-t-


FIGURE 6. Catalytic sulfoxidation (top) and catalytic epoxidation
(bottom) with a MnIII corrolazine as catalyst and PhIO as an added
oxidant.


FIGURE 7. Proposed mechanism for OAT reactions catalyzed by
manganese corrolazine with PhIO as an added oxidant.
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Bu2C6H3OH than for 2,4,6-t-Bu3C6H2OH). Other possible
pathways, such as electron transfer followed by rate-
limiting proton transfer (ET/PT, steps II and III), or the
opposite pathway (PT/ET, steps IV and V), were deter-
mined not viable on the basis of a combination of kinetic
and electrochemical data. Hydrogen atom abstraction also
occurred with C–H bonds similar in strength to the O–H
bonds in phenols (e.g., dihydroanthracene), albeit at much
slower rates.39


The thermodynamics of the H-atom abstraction step
(I) can be assessed on the basis of the component ET/PT
pathways. Assuming that the O–H bond formed in the
putative (Cz)MnIV(OH) species needs to be similar to or
stronger than the O–H bond broken in the phenols
[BDE(ArO–H) ∼ 80 kcal/mol] for a thermodynamically
favored process, a lower limit for BDE(MnO–H) of
∼80 kcal/mol can be estimated. The BDE for the Mn
complex is then related to the thermodynamic quantities
in eq 1:


BDE) 23.06E1⁄2 + 1.37pKa +C (1)


where E1/2 comes from step II, the pKa comes from step
III, and C is a constant.38 Thus, if a value of 80 kcal/mol
is estimated for the BDE of (Cz)MnIV(OH) and E1/2(MnV/
MnIV) ) -0.05 V,19 eq 1 predicts a pKa of 22 for (Cz)-
MnIV(OH). Even if a value as low as 70 kcal/mol is
assumed for the (Cz)Mn(OH) bond strength, a pKa of 15
is predicted, indicating that the deprotonated
[(Cz)MnIV(O)]- is highly basic. This “back-of-the-enve-
lope” calculation provides an explanation for the some-
what surprising reactivity of (Cz)MnV(O) toward H-atom
abstraction. Significant driving force for H-atom abstrac-
tion comes from the affinity for the proton (i.e., the
basicity) of the incipient [(Cz)MnIV(O)]- species. It is


unusual to think of a high-valent metal–oxo species as a
strong base, but in this case, the overall anionic charge
of this complex makes this concept more reasonable.


Interestingly, these results fall in line nicely with recent
ideas regarding the mechanism of cytochrome P450
(Figure 10). Mössbauer data and DFT calculations on P450
from Green and co-workers suggest that the ferryl inter-
mediate (Cpd II) is protonated, giving a metal–hydroxo
complex {[(porph)(RS)FeIV(OH)]}, in agreement with their
earlier results on the related thiolate-ligated heme enzyme
chloroperoxidase (CPO).41,42 Protonation of P450-II and
CPO-II implies that the FeIV–oxo unit is basic, and this
enhanced basicity may arise from the additional negative
charge provided by the proximal thiolate ligation found
in P450 and CPO. Thus, Cpd I is reactive enough to oxidize


FIGURE 8. Simplified mechanism of porphyrin-catalyzed OAT reactions.


FIGURE 9. Oxidation of 2,4,6-t-Bu3C6H2OH by [(TBP8Cz)MnV(O)] as monitored by UV–vis spectroscopy and possible mechanistic pathways for
the initial H-atom abstraction step.


FIGURE 10. Hydrogen atom abstraction mechanism for cytochrome
P450 showing the component ET and PT steps.
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inert C–H bonds without accessing an exceedingly high
redox potential. This concept provides a possible explana-
tion for the long-standing question of how such a powerful
oxidant can occur in a protein without destroying the
protein itself through indiscriminate oxidation. To our
knowledge, the reactivity of (TBP8Cz)MnV(O), which is at
the same redox level as Cpd I, provides the first demon-
stration of this concept in a well-characterized met-
alloporphyrinoid complex. There is also a satisfying paral-
lel between the proposed role of the negatively charged
thiolate ligand in Cpd II and the extra negative charge
provided by the corrolazine ligand.


Mn(V)–Imido Corrolazine
The nitrogen-based, isoelectronic analogue of (TBP8Cz)-
MnV(O) is a terminal imido complex, (Cz)MnV(NR), where
the NR donor carries a formal charge of -2. Terminal
imido complexes have been postulated as the active
intermediates in synthetically important NR group transfer
reactions but have proven to be elusive with respect to
direct characterization.43–45 Initial attempts to prepare
(TBP8Cz)MnV(NR) relied on the thermal activation of alkyl
or benzyl azides in the presence of (TBP8Cz)MnIII, but
these methods failed to give the desired product. During
the course of our studies, Abu-Omar and co-workers
discovered that the thermal or photolytic activation of aryl
azides in the presence of Mn(III) corrole led to the
synthesis of (corrole)MnV(NAr), the first example of a well-
characterized Mn(V)–imido complex.46


Following this method, we successfully prepared the
high-valent imido complex (TBP8Cz)MnV(NMes) (Mes )
mesityl).47 As found for the oxo analogue, this complex
was easily purified by standard bench-top chromatogra-
phy and definitively characterized by XRD (Figure 11). The
crystal structure revealed a short Mn–Nimido bond distance
[1.595(4) and 1.611(4) Å for two independent molecules]
and a linear Mn–Nimido–C angle [179.7(4)° and 176.9(4)°],
characteristic of a Mn–N triple bond. Comparison with a
Mn–Nimido bond distance of 1.613(4) Å and a Mn–
Nimido–C angle of 170.4(4)° for (tpfc)MnV(NMes) suggests
there is slightly better π-overlap between the imido ligand
and the dxz/dyz orbitals of the manganese in the corrolazine.


Analysis of (TBP8Cz)MnV(NMes) by 1H NMR showed a
diamagnetic spectrum, indicative of an authentic low-spin
MnV complex. Interestingly, the peaks for the aryl protons
of the Cz ligand are not separated on the basis of their
relation to the NMes axial ligand, indicating that free
rotation occurs about the Cpyrrole–Caryl bonds despite the
apparent steric crowding of the eight para-tert-butylphen-
yl substituents. A similar 1H NMR spectrum is seen for
(TBP8Cz)MnV(O), where the aryl proton resonances are
equivalent with respect to the terminal oxo group.


The MnV–imido complex proved to be remarkably inert
to reduction. Addition of alkenes to the imido complex
did not yield aziridine products, even under forcing
conditions (e.g., prolonged heating with excess cy-
clooctene). The Mn(V)–oxo complex was also inert to the
analogous epoxidation of alkenes, so this result was


perhaps not totally unexpected. However, the imido
complex was also unreactive toward hydrogen atom
transfer agents such as phenols or even TEMPO-H, which
has a very weak O–H bond (BDE ) 70 kcal/mol), in
contrast to the MnV–oxo complex. Cyclic voltammetric
measurements provided an important clue regarding this
apparent lack of reactivity. The first reduction wave for
(TBP8Cz)MnV(NMes) does not appear until -1.36 V versus
Ag/AgCl and is assigned to a Cz ring reduction. There is
no evidence of a metal reduction process. Confirmation
of the inertness of (Cz)MnV(NMes) came from a lack of
reactivity with an excess of the strong one-electron
reductant Cp2Co (E1/2 ) -0.95 V). The lack of reactivity
with H-atom transfer agents was now more understand-
able, since part of the thermodynamic driving force for
H-atom abstraction comes from the favorability of the
putative MnV/IV couple (eq 1), which is totally absent for
(TBP8Cz)MnV(NMes).


Interestingly, the corrole analogue (tpfc)MnV(NAr) is
relatively easy to reduce (E1/2 ) -0.36 V vs Ag/AgCl).48


Typically, substitution of the more electronegative nitro-
gen atoms for carbon atoms at the meso positions on
going from corrolazine to corrole makes the molecule
more difficult to reduce,10 but the opposite trend is seen
here. It is possible that the π-donation from the imido
ligand to MnV in (TBP8Cz)MnV(NMes) is better than that
in the corrole complex, as suggested by the structural
parameters. This effect may compensate for the electron-
poor nature of the meso-N-substituted ring system, mak-
ing it more difficult to reduce the corrolazine complex.


The first reversible oxidation wave (E1/2 ) 0.71 V) for
(TBP8Cz)MnV(NMes) is shifted to a lower potential com-
pared to the first oxidation for (TBP8Cz)MnV(O) (1.02 V)19


or (tpfc)MnV(NMes) (1.21 V.)48 Chemical oxidation of


FIGURE 11. Synthesis and X-ray structure of (TBP8Cz)MnV(NMes).
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(TBP8Cz)MnV(NMes) with [(4-BrC6H3)3N]•+SbCl6 led to a
new species characterized as a π-cation–radical complex,
[(TBP8Cz•+)MnV(NMes)]+, which appeared to be stable in
solution and could be quantitatively reduced back to the
neutral MnV complex using Cp2Co. A MnVI complex does
not appear to form in this case, as opposed to the
oxidation of the related nitrido corrole species
[(corrole)MnVdN]-, which has been reported to give a
MnVI species as seen by EPR spectroscopy.49 These results
emphasize that the potential “innocence” of the corrole/
corrolazine ligand needs to be evaluated on a case-by-
case basis.


O–O Bond Cleavage of Hydrogen Peroxide
Our success in isolating the MnV–oxo and MnV–imido
complexes demonstrated that the TBP8Cz platform was
capable of stabilizing high-valent species which are nor-
mally fleeting intermediates with conventional porphyrin
ligands. Thus, we believed the corrolazine system would
be useful for testing mechanistic concepts regarding O–O
bond cleavage from dioxygen-derived oxidants (e.g.,
H2O2), since the expected high-valent product should be
directly observable. Addition of H2O2 to (Cz)MnIII does
not give (Cz)MnV(O). However, we discovered a dramatic
axial ligand effect for this reaction, where the (Cz)MnIII


complex does react with H2O2 after coordination by an
anionic axial ligand.


Addition of Et4NCl to (TBP8Cz)MnIII gives Et4N-
[(TBP8Cz)MnIII(Cl)], which was characterized by XRD
(Figure 12).50 This complex is the first example to our
knowledge of a structurally characterized anionic corrole
complex and demonstrates the corrolazine’s versatility in
stabilizing both high-valent complexes and relatively low-
valent, electron-rich species. Binding studies revealed that
the Cl- ligand is tightly coordinated in solution.19 Forma-
tion of the chloride complex in situ by addition of 1.1
equiv of Et4NCl to (TBP8Cz)MnIII in CH2Cl2, followed by
treatment with excess H2O2 (30% aqueous), led to the
rapid formation of the MnV–oxo complex as seen by
UV–vis, and isolation by chromatography gave a yield of
63%. The proposed mechanism for this reaction (Figure


13) involves coordination of H2O2 followed by heterolytic
O–O bond cleavage and two-electron oxidation of the
metal center. Homolytic cleavage is also possible but
would lead to formation of a MnIV–O(H) complex that is
likely unstable (vide supra) and not observed.


Addition of a series of para-substituted arylthiolate
ligands (p-X-C6H4S-Na+, where X ) H, OMe, CH3, Cl, or
NO2) also induced the activation of H2O2 by the MnIII


complex. These anionic donors were chosen because they
allowed for a comparison of electronic effects among a
series of structurally similar axial ligands and because they
would be good mimics for the thiolate donor found in
P450, which has been postulated to provide an important
electronic “push” effect in the enzyme’s critical O–O bond
cleavage step. Smooth conversion of a MnIII species to a
MnV–oxo species was seen with these thiolate donors, and
a kinetic analysis of these reactions gave a Hammett plot
with a F of 0.63 ( 0.08 (Figure 14). The positive slope
indicates that there is an increase in reaction rate with
the electron-withdrawing nature of the arylthiolate donor.
We were surprised by this trend, because it is the opposite
of what would be expected for the normal push effect in
metalloporphyrins, in which electron-donating axial ligands
should increase the rate of O–O bond cleavage through
either heterolytic or homolytic mechanisms.51,52 We there-
fore sought another way of confirming this inverse axial
ligand effect. Cumene hydroperoxide is a useful probe for
distinguishing between heterolytic and homolytic O–O
bond cleavage,53,54 and a normal push effect should result
in greater heterolytic cleavage with an increased level of
donation of electron density from the axial ligand. As seen
in Figure 15, the O–O bond cleavage is significantly
influenced by the identity of the axial ligand, and that
influence is the opposite of what is expected. The ratio of
heterolytic to homolytic cleavage product clearly increases
with the electron-withdrawing nature of the axial ligand
for the para-substituted arylthiolate donors. It was also
satisfying to find the same trend among a different type


FIGURE 12. ORTEP diagram of [(TBP8Cz)Mn(Cl)]- showing 50%
probability thermal ellipsoids. Hydrogen atoms have been removed
for the purpose of clarity.


FIGURE 13. Activation of H2O2 with (Cz)MnIII in the presence of
anionic axial ligands to give (Cz)MnV(O).


FIGURE 14. Hammett plot for the reaction of [(TBP8Cz)MnIII(L)]- with
H2O2 (L- ) p-X-C6H4S


-), where the slope ) F) 0.63 ( 0.08. kX′′ is
the observed second-order rate constant for the p-X-substituted
phenols except for kH′′ , where X ) H.
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of donor atom with the series of halide ligands, where the
ratio clearly increases with an increase in electronegativity
(F-


EN ) 4.2, Cl-EN ) 2.8, and Br-EN ) 2.7). Thus, the
inverted push effect appears to hold for both different
peroxides (H2O2 vs ROOH) and different types of axial
ligands (ArS- and X-). Recently, a similar inverse electron
demand was observed for certain iron porphyrins and
H2O2/ROOH.55–57 The origin of this effect for the MnIII


corrolazine remains to be determined.


Concluding Remarks
Metalloporphyrinoid compounds provide a rich molecular
landscape for the study of biologically relevant mecha-
nisms, the discovery of new catalysts, and the develop-
ment of new materials and medicinal agents. We have
synthesized a new porphyrinoid system that involves
contraction of the tetrapyrrolic core, resulting in a smaller
cavity and third negative charge. We are beginning to
understand the unique properties imparted to the internal
metal ion by this ligand, including its ability to stabilize
high-valent states. The dramatic stability of a MnV–oxo
corrolazine allows for its bench-top isolation but still does
not prevent it from functioning in selective oxidations.
This balance between the stability and reactivity of high-
valent metallocorrolazines needs to be further exploited.
The isolation, trapping, or spectroscopic identification of
a MnIV–oxo complex would be an important advance,
since this species appears to be significantly less stable
and hence potentially a much better oxidant than the
MnV–oxo complex. Since it has been shown that H2O2 can
be activated with the right type of metallocorrolazine, an
important goal to pursue is finding appropriate mid- to
low-valent metal complexes that can react with the
ultimate oxidant, O2, to give high-valent metal–oxo species.


Recently, an iron corrolazine, (TBP8Cz)FeIII, has been
shown to catalyze the rapid and efficient oxidation of
thioether substrates to sulfoxide with H2O2 as the oxidant,
while in the absence of substrate, it efficiently catalyzes
the disproportionation of H2O2.58 Further study of this iron
corrolazine may lead to the identification of high-valent
iron–oxo species of biological relevance and catalytic
interest. We hope this work demonstrates that new
metalloporphyrinoid species can be prepared and impor-
tant mechanistic insights can be obtained via direct
modification of the porphyrin nucleus and we hope it
encourages others to continue the quest for novel por-
phyrinoid systems.
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ABSTRACT
The monovalent oxidation state of nickel has received a growing
amount of attention in recent years, in part due to its suggested
catalytic role in a number of metalloprotein-mediated transforma-
tions. In coordination chemistry, nickel(I) is suitable for reductive
activation of dioxygen, provided ligands are used that stabilize this
less common oxidation state against disproportionation reactions.
Two distinct molecular systems have been explored, which have
provided access to new nickel–dioxygen structure types, namely,
monomeric side-on and end-on superoxo and trans-µ-1,2-peroxo-
–dinickel complexes. The geometric and electronic structures of
the complexes have been established by advanced spectroscopic
methods, including resonance Raman and X-ray absorption spec-
troscopies, and augmented by density functional theory analyses.


Background and Significance
Metal-mediated dioxygen activation continues to fascinate
and inspire chemists and biologists due to its practical
importance in industrial and biological oxidation reactions.1


Inspiration comes from a myriad of sources, biology fore-
most among them. Enzymes, in particular the ubiquitous
cytochrome P450 family,2 have evolved into what are in
effect Nature’s Fenton reagents, with additional levels of
sophistication leading to impressive regio- and chemose-
lectivity. The two most essential features differentiating
enzymatic oxidation catalysis from Fenton chemistry are
utilization of the terrestrial pool of dioxygen rather then the
corresponding reduced forms (i.e., superoxides and perox-
ides) and the ability to abrogate toxic radical formation.
These attributes allow enzymatic catalysis to achieve a
remarkable degree of control during function beyond that
available from synthetic systems.


Examination of synthetic systems that activate dioxygen
has focused on copper and iron complexes due to the
prevalence of these first-row metal ions in enzymes that
bind and activate (mono- and dioxygenases) dioxygen.3


An extensive range of structure types and patterns of
reactivity have been defined over the past two decades.


In contrast, Nature predominantly sequesters nickel for
reactions that involve transformation of one-carbon sub-
strates most essential to early life, i.e., CO, CO2, and
methyl equivalents in anoxic environments.4 In particular,
acetyl coenzyme A synthase,5 carbon monoxide dehydro-
genase,6 and methyl coenzyme M reductase7 are the nickel
proteins found in anaerobic organisms that catalyze
reactions required for autotrophic growth. It is intriguing
to consider why Nature has neglected nickel for aerobic
oxidation catalysis, given its significant bioavailability and
in light of the fact that heavier group-ten congeners have
demonstrated synthetic utility in this regard. However,
recent biological stimulus for nickel dioxygen chemistry
stems from the discovery of two nickel-dependent en-
zymes that utilize dioxygen and its reduced form, super-
oxide, in catalysis. Nickel superoxide dismutases (SOD)
have been found in several Actinomycetes8–10 and ho-
mologous proteins from cyanobacteria.11 The SODs cata-
lyze the disproportionation of superoxide to hydrogen
peroxide and dioxygen. Half of the reaction is equivalent
to the microscopic reverse of dioxygen activation. A novel
aspect of the Ni SOD active site is the presence of Cys
ligation, residues not previously found at the active site
of SODs, presumably because of their oxidative propen-
sity.12 The mechanism is proposed to entail inner sphere
superoxide ligation and dismutation via the Ni3+/2+ redox
couple.13–15 Also of relevance in this context is the
occurrence of a nickel dioxygenase.16 The mononuclear
enzyme from Klebsiella pneumoniae catalyzes oxidative
C–C bond rupture of acireductone, generating formic acid,
CO, and methylthiopropionate.17 The metal likely serves
as a Lewis acid, binding the cis-�-keto-enolate substrate,
activating it for direct attack by O2.18 Thus, Ni–O2 inter-
mediates and Ni-based redox processes are not involved
in catalysis, a hypothesis verified in model studies.19


While nickel complexes are generally inert to dioxygen,
the metal’s supporting ligand can engender such reactiv-
ity. Highly electron rich ligands bound to Ni2+ reduce the
Ni3+/2+ redox potential so that the oxidation reaction
becomes thermodynamically favored. For example, nick-
el–peptide complexes, in which main chain amides ligate
the metal, are readily oxidized to Ni3+.20 Similarly, certain
Ni2+–thiolate complexes are susceptible to sulfur oxida-
tion, yielding sulfoxides, sulfones, and sulfonates.21 Di-
recting the strong oxidants generated upon reaction with
O2 toward exogenous substrates remains a significant
challenge,22,23 in large part because of the kinetic prefer-
ence for ligand oxidation.24,25


In light of the chemistry emerging from nickel–oxygen
species, synthetic strategies aimed at discovery of new
nickel–dioxygen structure types have received renewed
attention. The most common approach involves the use of
hydrogen peroxide and Ni2+ salts (Figure 1). For example,
Hikichi and co-workers were able to prepare the first bis-
µ-oxo–dinickel complex by reaction of [(Tp*)Ni]2(µ-OH)2


with hydrogen peroxide.26 Similarly, Shiren and co-workers
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described formation of a bis-µ-superoxo species by exposing
{[(Me3-tpa)Ni]2(µ-OH)2}2+ to excess hydrogen peroxide.27 In
related work, Suzuki and co-workers isolated a dinickel (µ-
OOR)2 complex en route to the ligand C–H activation
product.28 Finally, Walton and co-workers prepared a struc-
turally unique µ6-peroxo–hexanickel complex.29


An attractive alternative entails reaction of a reduced
metal precursor with dioxygen, the strategy which we have
employed in our work, and for which a notable previous
example exists.30 While investigating the metal-catalyzed
oxygenation of isocyanide to isocyanate, Otsuka intercepted
a Ni2+–peroxo complex, Ni(O2)(tBuNC)2.30,31 This product
is formed via oxidative addition of O2 to Ni(tBuNC)4.


A bioinspired strategy aimed at efficient and controlled
harnessing of the oxidative power of dioxygen relies in
part on the design of molecular systems that make
dioxygen more reactive toward substrate hydrocarbons,
while avoiding autoxidation and overoxidation. Further,
the design of such systems depends on a detailed under-
standing of the structure–function correlations of metal–
dioxygen adducts. Isolation and characterization of unique
structure types are of paramount importance. Under this
framework, we began our investigations into the activation
of dioxygen by nickel complexes. These studies employ
monovalent nickel so higher oxidation states of nickel-
–oxygen adducts can be accessed. The strategy appears
limited only by the ability to prepare and isolate stable
monovalent precursors. Fortunately, judicious choice of
the polydentate ligand affords the requisite starting ma-
terials. We describe two such systems in this Account,
which led to the interception and characterization of new
Ni–Ox structure types.


O2 Activation Using Tripodal
Thioether-Supported Nickel(I)
The tripodal thioether borato ligands developed in these
laboratories effectively stabilize transition metal ions in


their lower oxidation states.32,33 Chemical reduction of
[PhTtR]NiCl {PhTtR ) phenyl[tris(alkylthiomethyl)]borate,
where R ) tBu or Ad} by MeLi in the presence of a neutral
donor to trap the incipient [PhTtR]Ni+ fragment affords
yellow to orange complexes [[PhTtR]Ni(L), where L ) CO,33


CNtBu, PPh3, or PMe3]. These thermally stable species are
characterized by paramagnetically shifted 1H NMR and
EPR spectral signals, the latter detectable only at low
temperatures, ca. 10 K. Subambient addition of dry
dioxygen to a toluene solution of [PhTttBu]Ni(CO) leads
to a dramatic change in color to deep purple, indicating
formation of the bis-µ-oxo dimer, [(PhTttBu)Ni]2(µ-O)2 (1)
(Scheme 1).34 The thermally unstable product decays at
room temperature with a t1/2 of 5 min. 1 displays two
intense optical features: λmax (ε) ) 410 (12000 M-1 cm-1)
and 565 nm (16000 M-1 cm-1). The latter feature is
ascribed to a O f Ni CT transition which is ca. 100 nm
red-shifted compared to those of similar Ni2(µ-O)2 rhombs
supported by nitrogen donor ligands. Resonance Raman
spectra of 1 reveal a very intense, isotope sensitive feature
at 590 cm-1 (560 cm-1 in samples of 1 prepared from 18O2,
consistent with the downshift calculated for a simple
harmonic oscillator). The band is assigned as the totally
symmetric ν(Ni–O) mode of the Ni2(µ-O)2 core. The
excitation profile of the Raman band parallels the 565 nm
electronic absorption band, supporting assignment of the
latter as a OfNi CT transition. Furthermore, the frequen-
cy of the vibrational band is similar to that of bands found
in other M2(µ-O)2 cores (M ) Mn, Fe, or Cu). The Ni
coordination sphere of 1 is identified by Ni K-edge EXAFS
experiments. There are two oxygen scatters at a short
distance (1.82 Å) and three sulfurs at 2.34 Å. The Ni · · · Ni
vector is clearly discernible at 2.83 Å. The short Ni–O and
Ni · · · Ni distances are in agreement with those metrics
determined by X-ray diffraction analysis of [(TpMe3)Ni]2(µ-
O)2


26 and related Cu2(µ-O)2 cores.35 Lastly, a low-quality
X-ray crystal structure of 1 confirms the molecular con-


FIGURE 1. Previous Ni–Ox structure types derived from Ni2+ salts and H2O2.


Scheme 1
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nectivity proposed on the basis of the sum of the
spectroscopic characteristics. Unfortunately, the quality
of the X-ray data does not permit any quantitative
comparisonswitheitherEXAFS-orDFT-derivedparameters.


Complex 1 exhibits very limited reactivity with exog-
enous substrates, presumably due to limited access to the
oxidizing core, i.e., a kinetic barrier. At low temperatures,
where 1 persists, it does not react with PPh3, PMe3, or
olefins. 1 oxidizes NO to nitrite, generating [PhTttBu]Ni-
(NO2). The low reactivity of 1 implies that the dimer is
not in equilibrium with the monomer, [PhTttBu]Ni(O), as
the latter, albeit unprecedented, structure is anticipated
to be highly reactive. There is no evidence of a monomer
in solution. Samples of 1 prepared from a mixture of 16O2


and 18O2 contain only [(PhTttBu)Ni]2(µ-16O)2 and [(PhTttBu)-
Ni]2(µ-18O)2, as revealed by resonance Raman measure-
ments with no indication of the mixed labeled dimer
expected to result from a dimer–monomer equilibrium.


Mononuclear Dioxygen Adduct
We reasoned that ligand modification designed to prevent
dimer formation would be a productive approach likely
leading to a new type of Ni–Ox complex with a core more
accessible to substrate oxidation and providing funda-
mental insight into the mechanism by which 1 forms from
[PhTttBu]Ni(CO) and O2. Thus, 1-adamantyl cages were
installed as terminal thioether substituents in the tris(thio-
ether)borato framework leading to [PhTtAd].36 Satisfyingly,
the Ad for tBu replacement proved to be straightforward
with respect to synthesis of the ligand and desired nickel
precursors using the procedures developed for the prepa-
ration of [PhTttBu]Ni(CO). The electronic donor charac-
teristics of the two tripodal ligands are identical as
evidenced by the ν(CO) values determined for [PhTttBu]-
Ni(CO) (1999 cm-1) and [PhTtAd]Ni(CO) (1997 cm-1).
However, the desired steric impediments to dimer forma-
tion are apparent as oxygenation of [PhTtAd]Ni(CO) pro-
ceeds distinctly to a mononuclear adduct, [PhTtAd]Ni(O2)
(2) (Scheme 2).37


Like 1, complex 2 is stable only at low temperatures.
The composition and structure of 2 were determined from


its unique spectroscopic features, which are distinct from
those of 1, and supported by DFT calculations and its
reactivity. The electronic absorption spectrum of 2 con-
tains the following features: λmax (ε) ) 310 (5900 M-1


cm-1), 386 (2900 M-1 cm-1), 450 (2500 M-1 cm-1), and
845 nm (350 M-1 cm-1). Unfortunately, resonance Raman
spectral experiments were unsuccessful in identifying any
oxygen isotope sensitive vibrational features in 2, perhaps
due to a weak [NiO2]+ absorption chromophore.


The magnetic characteristics of 2 include paramag-
netically shifted 1H NMR spectral resonances and an S )
1/2 EPR signal at 4 K. The rhombic EPR signal with
effective g values of 2.24, 2.19, and 2.01 is in accord with
the unpaired electron residing in the dz2 orbital, an
assignment supported by DFT calculations. The coordina-
tion sphere in 2 has been defined by Ni EXAFS measure-
ments; crystals suitable for single-crystal X-ray diffraction
have yet to be isolated. The three Ni–S distances average
to 2.26 Å, and the two Ni–O distances are 1.85 Å. While
the assignment of coordination number by EXAFS pre-
cludes unequivocal establishment of end-on versus side-
on O2 ligation, the data are fit much better assuming the
latter motif. The mode of O2 ligation in 2 is supported
further by computational analysis of hypothetical end-
on and side-on [PhTtAd]Ni(O2) species. Semiempirical
INDO/S-CI computations on DFT-minimized structures
yielded principal g values for the side-on O2 complex (g
) 2.29, 2.22, and 2.09) that are in much better agreement
with the experimentally determined effective g values.
Furthermore, the DFT computations determined the side-
on complex to be energetically favored by ∼10 kcal/mol
compared to an end-on complex. Thus, the assignment
of 2 as a side-on dioxygen complex is supported by its
lower energy relative to the end-on isomer and the fact
that parameters derived from calculations of the side-on
structure are in better agreement with the observables
from two independent experimental measurements, i.e.,
Ni EXAFS and EPR data.37


Next, we turn our attention to understanding the
electronic structure of 2. The ν(O–O) vibrational energy
provides insight into the extent of charge transfer ac-


Scheme 2


Dioxygen Activation at Monovalent Nickel Kieber-Emmons and Riordan


620 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 7, 2007







companying O2 ligation.38 However, as mentioned previ-
ously, resonance Raman experiments failed to detect this
mode. Therefore, DFT computations were used to provide
insight. The computed O–O distance of 1.38 Å implies
superoxo character as calculations on peroxo complexes
generally yield O–O distances longer than 1.4 Å. The Ni
XAS displays a pre-edge 1s f 3d transition at 8331.4 eV.
The value is intermediate between that of the Ni+ precur-
sors and the Ni3+ dimer, 1, and is, therefore, consistent
with a Ni2+ description. Relevant natural orbitals reveal
the HOMO to be the predominant σ-bonding orbital,
showing nearly equal contributions from Ni dx2–y2 and O2


π* orbitals. Inspection of the SOMO, largely Ni dz2,
provides a rationale for the EPR spectral features and the
lack of discernible hyperfine broadening of the signal of
[PhTtAd]Ni(17O2). Conversely, 61Ni (I ) 3/2)-enriched
samples of 2 show significant hyperfine coupling in g3,
A3 (61Ni) ) 31 G. While we described the geometric and
electronic structure parameters as being consistent with
a Ni2+–superoxo formalism, others have suggested greater
charge transfer on the basis of the computed O–O bond
length and, thus, a molecule further along the continuum
toward a Ni3+–peroxo complex.39


As anticipated, the reactivity of 2 is more extensive than
that displayed by 1, likely because the oxidizing core in
the former is more accessible. Additionally, the inherent
thermodynamic preferences for oxidation should be dis-
tinct between the two structures. In a stoichiometric
reaction, 2 oxidizes PPh3 to OPPh3 with incorporation of
the 18O label into OPPh3 confirming O2 as the source. 2
transforms NO to nitrate in forming [PhTtAd]Ni(NO3).
Lastly, 2 oxidizes [PhTttBu]Ni(CO) to the nonsymmetric
dimer, [PhTtAd]Ni(µ-O)2Ni[PhTttBu]. The latter reaction
highlights the synthetic utility of 2 for the preparation of
nonsymmetric and mixed metal complexes. In a concep-
tually related example, a heterobinuclear NiCu(µ-O)2


species was prepared by the condensation of the
Cu3+–peroxo complex, [((Pri)2C6H3NC(CH3))2CH]Cu(O2),
with the [PhTttBu]Ni(CO) precursor.40


Interception and characterization of 2 upon oxygen-
ation of the Ni+ precursor implicate an analogous species,
[PhTttBu]Ni(O2), as an intermediate on the pathway to
formation of 1. Thus, with a complete understanding of
the spectral characteristics of 2 in hand, we revisited the
oxygenation reaction leading to 1. Indeed, the reaction
proceeds via an intermediate with optical and EPR spectral
characteristics similar to those observed for 2. [PhTttBu]-
Ni(O2) decays yielding 1, thus indicating that [PhTttBu]-
Ni(O2) is an intermediate on the pathway to bis-µ-oxo
dimer formation.


Next, we address the process of dimerization leading
to 1, specifically the issue of whether a µ-η2:η2-peroxo
intermediate was along the reaction trajectory (Scheme
2). This canonical mechanism is inspired by the well-
established dioxygenation pathway for Cu+ and is used
as a framework for considering similar Ni+-based reac-
tions. While the µ-η2:η2-peroxo structure type remains
unprecedented for nickel, there are a number of examples
of dicopper complexes beginning with the landmark


studies of Kitajima.41 Of further interest is the observation
that for certain Cu complexes the µ-η2:η2-peroxo and bis-
µ-oxo isomers are in equilibrium and, therefore, neces-
sarily similar in energy.42 Lacking experimental evidence
in support of a µ-η2:η2-peroxo–dinickel complex, we
explored the conversion from µ-η2:η2-peroxo to the bis-
µ-oxo isomer via a series of DFT computations.43 The
molecular structure and energy of putative [(PhTt)Ni]2(µ-
η2:η2-O2) (with methyl thioether substituents) were de-
termined using a symmetry-unrestricted DFT geometry
optimization. The final structure contained an O–O bond
length consistent with a bridging peroxide ligand (1.489
Å). Additional structures along a hypothetical reaction
pathway were generated by increasing the O–O distance
incrementally, with other degrees of freedom fully relaxed.
The results, summarized in Figure 2, reveal a significant
stabilization of 1 by 32 kcal/mol with a minimum activa-
tion barrier (2.0 kcal/mol) for the conversion. Thus,
compared to copper, the Ni2(µ-O)2 core is greatly stabi-
lized relative to its Ni2(µ-η2:η2-O2) isomer. The difference
between the Cu and Ni cases may be appreciated by
examining the degree of M dxy f (O2)2- σu* donation in
the M2(µ-η2:η2-O2) structures. More effective back dona-
tion weakens the O–O bond, with the limit amounting to
rupture of this bond, i.e., formation of the bis-µ-oxo
isomer. The lower effective nuclear charge of Ni2+ (Zeff )
7.2) relative to that of Cu2+ (Zeff ) 7.85) means the Ni
d-orbitals are much higher in energy. This results in a
smaller energy gap with the peroxo σu* and more effective
back donation.


While this rationale emphasizes the importance of
electronic effects in governing formation of the bis-µ-
oxo–dinickel complex, steric control plays a predominant
role in directing the course of structure formation in
metal–dioxygen chemistry. Thus, in this case, introduction
of the appropriately sized ligand substituents may provide
an opportunity to access a Ni2(µ-η2:η2-O2) core. Using the
[PhTtR] ligand class, this challenge is significant as the
desired substituent should be larger than tert-butyl, as
[PhTttBu] leads to 1, yet smaller than 1-adamantyl, which
leads to monomeric 2.


FIGURE 2. Relative total energies of molecules derived from DFT
point calculations along a hypothetical reaction trajectory from µ-η2:
η2-peroxo– to bis-µ-oxo–dinickel cores. Each point reflects the total
energy at a fixed O–O distance.
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O2 Activation Using a Ni(I)–Tetraazamacro-
cycle Complex
To access a peroxo species via the strategy of dioxygen
activation by monovalent nickel, we hypothesized that
elimination of vacant cis coordination sites on the metal
would enforce “end-on” dioxygen coordination and pre-
clude over-reduction to the thermodynamically favorable
bis-µ-oxo–dinickel core. To meet this demand, we em-
ployed a ligand shown previously to be capable of sup-
porting nickel(I), tmc [1,4,8,11-tetramethyl-1,4,8,11-tetra-
azacyclotetradecane (Scheme 3)].44 Prior efforts from this
laboratory focused on oxidation of [Ni(tmc)]OTf (OTf )
CF3SO3


-) by thiols, disulfides, and organocobalt rea-
gents.45,46 [Ni(tmc)]OTf is prepared by chemical reduction
of [Ni(tmc)](OTf)2, typically with sodium mercury amal-
gam. Unless specified, the following studies were per-
formed using the RRSS isomer exclusively.


Addition of excess dioxygen to a solution of [Ni(tmc)]-
(OTf) (3) results in formation of a green solution over the
course of hours. On the basis of IR, 1H NMR, and ESI MS
analyses, the product was determined to be [Ni(tmc)(O-
H)]OTf (6).47 Independent preparation of 6 via the me-
tathesis of [Ni(tmc)](OTf)2 with KOH supports the assign-
ment. Oxygenation of 3 in d3-acetonitrile yielded [Ni(tm-
c)(OD)]OTf, whereas oxygenation with 18O2 resulted in
incorporation of 18O into the product. In sum, these
experiments indicate the source of the oxygen in the
hydroxo ligand is dioxygen and the hydrogen is derived
from acetonitrile solvent.


Addition of excess dioxygen to 3 at low temperatures
and tracking of the reaction progress optically reveal the
formation of two transient intermediates. The first ob-
served intermediate is the peroxo-bridged dimer 5 (Scheme
3).47 The deep red color of 5 [λmax (ε) ) 465 nm (2100
M-1 cm-1/Ni)] forms nearly instantaneously upon oxy-
genation. The lifetime of 5 (t1/2 ) 5 min at -60 °C) is long
enough to permit its spectroscopic evaluation. The most
important data to support the assignment as a µ-1,2-


peroxo–dinickel complex are the resonance Raman and
magnetic (NMR and EPR) spectral characteristics. Optical
excitation of samples of 5 near the dominant absorption
feature (λex ) 503 nm) reveals two oxygen isotope-
sensitive features. The intraperoxide stretch is found at
778 cm-1 (735 cm-1 in samples prepared from 18O2). The
energy and magnitude of isotope sensitivity are within the
range of values expected for a peroxo ligand. The ν(Ni–O)
band appears at a much lower intensity and frequency
[479 cm-1 (18O2-derived sample, 456 cm-1)]. Complex 5
is EPR silent while exhibiting a paramagnetic 1H NMR
spectrum, indicative of an integer spin state, e.g., a dimer.
Density functional theory provides insight in support of
this conclusion, vide infra.48 The energy of the Raman
band is somewhat low compared to those of trans-µ-1,2
peroxo complexes of Co49 and Cu.50


Interestingly, DFT predicts an anti-ferromagnetically
coupled diamagnetic MS ) 0 ground state for 5, in contrast
to the observed paramagnetism. Evaluation of the NMR
spectral characteristics by measurement of the tempera-
ture dependence of 5 reveals non-Curie chemical shift
behavior, a hallmark of a species with a low-lying, and
thermally accessible paramagnetic excited state.51 DFT
affirms this notion, predicting a low J value of ∼220 cm-1,
and consequently a relatively inefficient superexchange
pathway when compared to Cu systems ( J ∼ 600 cm-1).52


In summary, 5 is the trans-µ-1,2-peroxo–nickel dimer with
a diamagnetic S ) 0 ground state.


The second intermediate observed optically is 4, a
green-brown mononuclear nickel–superoxo adduct.53 This
species has a much longer lifetime then 5, exhibiting a
half-life of hours at room temperature. Resonance Raman
excitation into the dominant absorption envelope (λex )
364 nm) enhances an oxygen isotope sensitive feature at
1131 cm-1. The energy and isotope sensitivity (1065 cm-1


in samples prepared with 18O2) of this feature are con-
sistent with assignment as a superoxo, ν(O–O) mode.
Complex 4 is EPR active, displaying a rhombic signal with
g values of 2.29, 2.21, and 2.09, in accord with an S ) 1/2


ground state. The Ni K-edge X-ray absorption spectrum
of 4 contains a weak 1s f 3d pre-edge feature at 8333.9
eV, providing support for the Ni2+ formulation.


It was initially surprising that the 1:1 adduct 4 was
forming after observation of the corresponding dimer, 5.
The most straightforward interpretation is that addition
of dioxygen to both 3 and 5 is rate-limiting, indicating
that [Ni(tmc)]+ reacts with [Ni(tmc)O2]+ faster than it
reacts with dioxygen. This interpretation is substantiated
by the fact that attempts to observe the formation of 4 en
route to 5 by cryogenic stopped-flow experiments have
proven to be unsuccessful. Complex 5 forms upon addi-
tion of dioxygen to 3 with isosbestic behavior. Low-
temperature addition of 3 to solutions of 4 and vice versa
result in rapid formation of 5. Lastly, subjecting 4 to an
extended Ar purge at low temperatures does not promote
O2 loss, which suggests a substantially stabilized dioxygen
adduct. Collectively, these observations suggest that the
formation of 5 is under kinetic control and binding of O2


is rate-limiting.


Scheme 3
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Comparison of “Side-On” and “End-On”
Ni2+–Superoxo Complexes
Despite differences in O2 coordination geometry in their
molecular structures, 2 and 4 share similar electronic
structures. Both species can be formally described as
Ni2+–superoxo complexes. A low-spin (LS) MS ) 1/2


configuration is observed by EPR spectroscopy in both
cases, with the majority of unpaired spin density localized
on the nickel, not on the dioxygen. This scenario is not
unexpected, as illustrated qualitatively by the key bonding
interactions (Figure 3), derived from DFT computations.


In the case of 2, the interaction is dominated by in-
plane overlap of the singly occupied Ni dx2–y2 orbital with
the singly occupied O2 π* orbital leading to coupling of
these electrons. The nickel dz2 orbital is strongly destabi-
lized in the square pyramidal geometry, and consequently,
it is the singly occupied molecular orbital (SOMO). The
orbital description accounts for the EPR signal, particularly
the observed 61Ni hyperfine splitting and lack of discern-
ible 17O2 coupling. Two ligand-to-metal charge transfer
(LMCT) O2-related absorption features are expected and
observed. However, the most dominant feature in the
spectrum is the result of the thioether LMCT at high (305
nm) energy.


The electronic description of 4 is akin to that of 2. In
this case, the coordinate system is defined differently with
the dioxygen ligand residing along the z vector. The Ni
dx2–y2 orbital is the SOMO due to strong interaction with
the amines of the macrocycle. Interestingly, and due to


the sterics imposed by tmc, overlap of the O2 π* orbital
pair with the symmetry appropriate Ni orbitals results in
weaker transitions at higher energy. Direct comparison
of the observed g-tensors in both 2 and 4 is uninformative
because of the differences in coordination geometry and
supporting ligand. Further, due to the fact that resonance
Raman data are not yet available for 2, assessing the level
of reduction of O2 is confined to the results of DFT
analysis, notably the O–O bond lengths. In this context, 2
possesses a significantly more reduced dioxygen moiety
compared to 4. Experiments in which a more direct probe
of the extent to which O2 is reduced for further compari-
son of these structure types are underway, most notably
ligand modification to aid in nucleation of single crystals.


Future Directions
Research objectives emphasized in this Account have
included establishing the geometric and electronic struc-
tures of new complexes derived from the reaction of
nickel(I) precursors with dioxygen. The strategy represents
a compelling and different approach to preparing such
metastable, reactive intermediates inspired by the rich
biomimetic studies of copper complexes. These investiga-
tions have only touched upon exogenous substrate oxida-
tions, reasoning that a thorough understanding of the
complexes’ structures and spectroscopic characteristics
are requisite. Nonetheless, a number of earlier studies
utilizing nickel(II) and oxygen atom transfer reagents, e.g.,
iodosylbenzene, demonstrated that the resulting oxidant


FIGURE 3. Optical spectrum of 2 with LMCT transitions denoted by arrows (left). The inset shows a qualitative MO diagram. Bonding description
derived from natural orbitals (bottom left). Optical spectrum of 4 with LMCT transitions denoted by arrows (right). The inset shows a qualitative
MO diagram. Bonding description derived from natural orbitals (bottom right).
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is potent for a range of intermolecular transformations
utilizing a diverse substrate scope.54–56 Efforts to establish
the compositions of these intermediates will provide a
deeper understanding of the structure–function correla-
tions that define contemporary chemistry and perhaps
yield insight into the rationale governing the absence of
nickel-based aerobic enzyme oxidants. The development
of nickel reagents for stoichiometric and catalytic oxida-
tions represents an attractive area of endeavor, in part
given the utility of its heavy metal congener, palladium,57


in oxidation catalysis. The significantly lower cost of nickel
makes this objective economically alluring.


Summary
The activation of dioxygen by monovalent nickel com-
plexes has provided access to a range of new geometric
and electronic structure types as deduced by in situ
spectroscopic examination of thermally sensitive inter-
mediates, supported by complementary reactivity studies
and density functional theory calculations. On the basis
of the results obtained for the two different systems
described herein, several general observations are war-
ranted. Ligand design is significant in both stabilizing the
lower-valent oxidation state and directing the course of
the reactions with O2. Precursors with available cis
coordination sites favor side-on O2 ligation and access to
O–O bond rupture via formation of bis-µ-oxo–dinickel
species. Theoretical analysis of a putative µ-η2:η2-peroxo–
dinickel complex established the species to be significantly
destabilized relative to its bis-µ-oxo isomer and provided
a rationale for differences in the relative energetics of the
dicopper and dinickel adducts. Complexes possessing a
planar tetradentate ligand lead to end-on peroxo dinickel
and superoxo species. The side-on and end-on
Ni2+–superoxo adducts have similar electronic structures,
with the former containing a somewhat more reduced O2


ligand, and promote the transfer of an oxygen atom to
PPh3.
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ABSTRACT
Intermediates in the reaction cycle of an oxygenase are usually very
informative with respect to the chemical mechanism of O2 activa-
tion and insertion. However, detection of these intermediates is
often complicated by their short lifetime and the regulatory
mechanism of the enzyme designed to ensure specificity. Here, the
methods used to detect the intermediates in an extradiol dioxy-
genase, a Rieske cis-dihydrodiol dioxygenase, and soluble methane
monooxygenase are discussed. The methods include the use of
alternative, chromophoric substrates, mutagenesis of active site
catalytic residues, forced changes in substrate binding order,
control of reaction rates using regulatory proteins, and initialization
of catalysis in crystallo.


Introduction
Oxygen is activated by enzymes in a tightly controlled
manner to ensure that the subsequent reactions occur
with high specificity. Loss of this control often leads to
devastating results for the enzyme and the organism in
which it is found. One consequence of this control is that
intermediates in the oxygen activation reaction are often
short lived, thereby lessening the chance that the overall
metabolic reaction will deviate from its prescribed course.
This presents a problem for the chemist interested in
biological oxygen activation strategies in that the most
useful intermediates in understanding this chemistry are
those most difficult to detect, trap, and study. The


challenge considered in this Account is to develop strate-
gies for finding the fleeting species that nature goes to
the greatest lengths to hide from view. Here, the strategies
for detection of the reactive oxygen species of three non-
heme iron-containing families of enzymes are described.


Extradiol Aromatic Ring-Cleaving Dioxygenases
Overview of the Structure and Mechanism. Complex


aromatic compounds are converted in bacteria to simple
single- or double-ring compounds, generally containing
ortho- or para-oriented hydroxyl functions.1 The rings of
these compounds are opened by dioxygenases, most of
which contain mononuclear Fe(II) or Fe(III) in the active
site.2 Those that contain Fe(II) cleave catecholic substrates
adjacent to the vicinal hydroxyl groups by incorporating
both atoms from O2 to yield muconic semialdehyde
derivatives. The X-ray crystal structures of these extradiol
dioxygenases show that the iron is bound by two His side
chains and one Glu or Asp side chain occupying one face
of the iron coordination.3,4 The opposing face is occupied
by up to three solvent molecules. This so called “2-His-
1-carboxylate facial triad” (2H-D/E) binding motif was first
recognized in the extradiol dioxygenase family, but it is
now known to be utilized by many types of enzymes that
bind Fe(II) and activate O2.5 Although the reactions
catalyzed by the 2H-D/E family are very diverse, the
oxygen activation process begins in a similar manner in
most cases, and it can be appreciated by studying the
extradiol dioxygenase mechanism.


Numerous spectroscopic and X-ray crystallographic
studies have shown that catecholic substrates bind directly
to the active site Fe(II) as an asymmetric chelate in which
only one of the two OH functions is deprotonated.2,4,6–9


This directly displaces two solvents from the “catalytic”
face of the facial triad. The third solvent bond to the iron
(if present) is weakened or broken by the donation of
charge from the anionic catecholic ligand. In our proposed
mechanism6,7 (Figure 1), the binding of the aromatic
substrate and O2 to the Fe(II) in adjacent sites is important
for two reasons. First, it serves to juxtapose the substrates
properly so that the oxygen is positioned adjacent to the
substrate bond that will be cleaved. Second, the iron
provides a conduit for a shift in electron density from the
aromatic substrate to the bound oxygen. This simulta-
neously activates both substrates by giving them radical
character so that the subsequent attack of oxygen on the
aromatic substrate is spin allowed. The resulting Fe–alkyl-
peroxo intermediate might undergo ring cleavage by a
variety of mechanisms, but our initial proposal was for a
Criegee rearrangement.6 In this process, the O–O bond
of O2 breaks simultaneously with the insertion of one O
atom into the ring to yield a lactone. This is subsequently
hydrolyzed to yield the bound, ring-open product by the
second O atom from the original O2. The rearrangement
would be facilitated by active site catalysts that push
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electron density into the ring or draw density out of the
proximal oxygen of O2.


Kinetic Approaches to the Identification of Interme-
diates. The mechanistic proposal for the extradiol dioxy-
genase family predicts the existence of many intermedi-
ates, but their discovery was slowed by the lack of an
optical spectrum from Fe(II) in the 2H-D/E motif. One
way to address this problem was to shift the focus from
the iron to the substrate so that intermediates could be
detected by changes in a substrate chromophore. The
natural substrates for these enzymes are colorless in the
visible, but the alternative substrate 4-nitrocatechol (4NC)
has a chromophore that shifts dramatically depending
upon its state of ionization, its environment, and whether
the ring is intact.


In our search for intermediates, we have used the
homotetrameric enzyme homoprotocatechuate 2,3-dioxy-
genase (HPCD), which cleaves 3,4-dihydroxyphenylacetate
(HPCA) between carbons 2 and 3. 4NC is cleaved in the
same position at 4% of the HPCA rate. Upon rapid
anaerobic mixing of 4NC with HPCD, three kinetically
resolvable substrate binding steps were observed as shown
in Figure 2.10 Nominally, these are (i) rapid binding of 4NC
monoanion (solution state at pH 7) in the active site,
resulting in small spectral intensity changes, (ii) binding
4NC to the Fe(II) and simultaneous deprotonation to
cause a substantial spectral shift, and (iii) a further
structural reorganization to yield a species termed E-4NC(3).
The second half of the reaction cycle was investigated by
rapidly mixing preformed E-4NC(3) with O2. Two reaction
steps could be directly observed. (i) An intermediate with
the ring intact was first converted to the ring-open
product, and (ii) the product was then released in the
overall rate-limiting step. These steps correlate with the
final two steps of the postulated cycle shown in Figure 1.


Although the observation of two new intermediates
prior to product release was very exciting, the fact that


the rate constants for these steps were not dependent on
O2 concentration suggested that the true O2 binding and
activation steps occurred too rapidly to be observed. This
was addressed by mutating active site residues with
potential to be catalysts for these steps.11 In particular,
mutation of His200 (Figure 4 below shows the position of
His200) to residues that cannot catalyze acid–base reac-
tions proved to dramatically slow the rates of all the
reactions after 4NC is bound. The H200N mutant permit-
ted the observation of two additional steps in the second
half of the reaction cycle (Figure 2), both of which
exhibited O2 concentration dependence. The rate constant


FIGURE 1. Proposed extradiol dioxygenase mechanism. R )
-CH2COOH (HPCA) or –NO2 (4NC) for the studies described here.
Single-hydroxyl deprotonation during binding results in a bound
monoanion in the case of HPCA (shown) and a bound dianion for
4NC. FIGURE 2. Intermediates discovered in the reaction cycle of the


H200N mutant of HPCD when using 4NC as the substrate (rate
constants at 4 °C and pH 7.5). The substrate binding steps occur at
similar rates for the wild-type enzyme. The H200N reaction diverges
from the normal cycle after the alkylperoxo intermediate to yield a
quinone rather than a ring-open product. When using HPCA, the
normal ring-open product is obtained (see refs 10 and 11 for
experimental conditions).


FIGURE 3. Oxy intermediate formation by the H200N mutant of HPCD
using HPCA as the substrate. The inset shows the O2 concentration
dependence of intermediate formation.11
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of the faster of these steps had a linear O2 dependence,
showing that it is the true O2 association step. The
following step was very slow, suggesting that it might be
possible to detect the initial oxy complex of the reaction
cycle.


Model compounds for Fe–superoxo and –peroxo spe-
cies typically exhibit weak optical spectra due to oxygen-
to-iron charge transfer.12 To search for such a spectro-
scopic signature, the experiments with the H200N mutant
were repeated using the colorless HPCA instead of 4NC.
Although faster than the reactions using 4NC, the O2


binding reactions using HPCA could still be observed as
shown in Figure 3, now manifested as the rapid formation
of a new intermediate absorbing at 610 nm.11 Thus, the
first oxy intermediate of the extradiol dioxygenase family
was discovered by the combined use of a slow chro-
mophoric substrate to map the kinetic behavior of the
cycle, and then a site-directed mutant to stabilize the
target species.


In Crystallo Approach. A quite different approach to
the discovery of intermediates was suggested by the
observation that enzymatic reactions often progress more
slowly in a crystal.13 A crystal of HPCD was soaked in 4NC
and exposed to a very low concentration of O2 prior to
being flash-frozen.14 Remarkably, as illustrated in Figure


4, the 1.9 Å crystal structure showed that three of the four
subunits contained different intermediates of the catalytic
cycle, allowing them to be structurally characterized.


In the first subunit, 4NC was chelated to the iron as
expected, but a new elliptically shaped electron density
was observed in the small molecule binding site of the
iron. A molecule of O2 fit the density well, whereas
solvent(s) present at full or partial occupancy did not.
However, the best evidence that the new ligand is O2


stemmed from examination of the structure of the bound
4NC. This aromatic molecule is expected to be planar, but
the structure in the enzyme active site was distinctly
buckled with the C2-hydroxyl group moving out of plane
(Figure 4, inset). A likely explanation for this is that the
4NC gives up an electron to become a semiquinone. The
only diatomic molecule present that can bind to Fe(II) and
accept the electron from 4NC is O2. The bond length of
each oxygen–Fe(II) bond was the same (∼2.4 Å), showing
that the oxygen binds in an unusual side-on configuration.
The Fe–O bond lengths were longer than those observed
for the side-on bound Fe(III)–(hydro)peroxo complex of
naphthalene 1,2-dioxygenase (NDO) (1.99 and 1.74 Å,
respectively)15 (discussed below), consistent with the
formation of an Fe(II)–superoxo species in HPCD.


The structure in the second subunit exhibited continu-
ous electron density from the iron through the oxygen to


FIGURE 4. X-ray crystal structure of the intermediates of the HPCD reaction cycle. PDB entries 1F1X for E, 1Q0C for ES, and 2IGA for other
intermediates. The inset shows that the aromatic ring of 4NC becomes progressively less planar as the E–semiquinone–superoxo and alkylperoxo
intermediates form.14 The right-most structure is the oxidized H200E mutant complex (unpublished data).
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carbon 2 of 4NC. The oxygen had shifted toward the 4NC
so that only the proximal oxygen remained bound to the
iron, while the distal oxygen assumed the proper orienta-
tion for a bond to a tetrahedral carbon. These structural
features are consistent with those expected for the alkyl-
peroxo intermediate of the reaction cycle.


The third unique subunit contained the ring-cleaved
product complex. Strong electron density near the iron
showed the formation of the diagnostic carboxylate func-
tion of the product that rotates out of the former plane of
the ring to optimize the bond with the iron. In contrast
to the iron-bound portions of the product, little electron
density was observed for some of the distal atoms. This
was expected because of the large increase in flexibility
gained after the ring opens.


The observation of different structures in nominally
identical subunits apparently derives from both the great
decrease in rate caused by reaction in a crystal and crystal
packing forces that cause the subunits to take on slightly
different structures. These differences are very subtle,
suggesting that the enzyme can exert exquisite control
over the key oxygen binding, activation, and insertion
steps of the catalytic cycle.


Implications for Oxygen Activation. The kinetic and
in crystallo studies show that oxygen activation occurs in
a stepwise fashion. The ability to bind O2 follows from
substrate-initiated solvent release and the transfer of an
electron from the substrate to oxygen. The structural
studies show that the attacking species is likely to be this
Fe(II)–superoxo moiety, yielding an alkylperoxo interme-
diate. Thus, the attack occurs before the O–O bond is
broken. The chemical nature of the O–O bond cleavage
and insertion reaction(s) that follows the observed inter-
mediates remains unknown, although the important
participation of the perfectly aligned His200 as an active
site acid and the inhibitory effects of the electron-
withdrawing nitro substituent of 4NC are consistent with
the Criegee rearrangement chemistry originally proposed.


Rieske cis-Dihydrodiol-Forming Dioxygenases
Overview of the Structure and Reaction. Like the


extradiol dioxygenases, the Rieske cis-dihydrodiol-forming
dioxygenases utilize aromatic compounds as substrates
and incorporate both atoms of oxygen from O2.16 How-
ever, the reaction differs in that no ring cleavage occurs
and the reaction requires two electrons supplied by a
NAD(P)H-coupled reductase. There are several subclasses
of Rieske dioxygenases differing in the number of electron
transfer components and the subunit structure of the
oxygenase component. However, all have an oxygenase
component that has a Rieske Fe2S2 cluster and a 2H-D/
E-type mononuclear iron center in the R-subunit. At least
three R-subunits compose the complete oxygenase com-
ponent, and they are spatially arranged to juxtapose the
Rieske cluster of one subunit with the mononuclear iron
site of the next subunit.17 It is believed these pairs of metal
centers form the functional active site. X-ray crystal-
lographic studies show that the substrate binds near the


mononuclear iron center, and thus, this is the likely site
of oxygen activation and insertion.18


Kinetic Approaches to the Identification of Interme-
diates. Although the overall stoichiometry of the reaction
is two electrons per cis-dihydrodiol formed, there has been
debate over the source of these electrons during catalysis
and the timing of their delivery. Under one scenario, the
Rieske cluster and the mononuclear iron together donate
two electrons to O2 bound to the latter. Then, either the
resulting Fe(III)–(hydro)peroxo species or the equivalent
Fe(V)–oxo–hydroxo species formed by O–O bond cleavage
attacks the aromatic substrate.19 A second possibility is
that the reductase directly or indirectly donates another
electron before the attack on the substrate to yield either
an Fe(II)–(hydro)peroxo or an Fe(IV)–oxo–hydroxo spe-
cies.20


One way to evaluate the timing of electron donation
was to carry out a single-turnover reaction (Figure 5).19


Using NDO, it was found that the fully reduced oxygenase
component alone could produce the cis-dihydrodiol prod-
uct in stoichiometric yield. At the end of the reaction, each
of the metal centers was oxidized by one electron; thus,
it appears that two rather than three electrons are required
to activate oxygen. It was found that the enzyme had to
be denatured to release the product, fostering the proposal
that reduction of the mononuclear iron is required for
rapid product release. Thus, the role of the “third electron”
is to reduce the mononuclear iron at the end of the
reaction to release product and establish the starting state
for the next cycle.


There are several other indications that the reaction is
tightly regulated by conformational changes that respond
to substrate or product binding and the oxidation state
of the metal centers. For example, when the Rieske cluster
of NDO is oxidized, NO binds to the reduced mononuclear
iron site to give a characteristic S ) 3/2 EPR spectrum.19


In contrast, the equivalent O2 complex apparently does
not form since the Mössbauer spectra of aerobic Rieske
dioxygenase samples show no evidence for oxidation or


FIGURE 5. Single-turnover (STO) and peroxide shunt reaction cycles
of NDO.19 Reprinted with permission from ref 26. Copyright 2003
American Society for Biochemistry and Molecular Biology.
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an oxygen complex.21 Reduction of the Rieske cluster
causes a different result in that neither NO nor O2 can
bind to the mononuclear iron.19 Addition of substrate
allows both small molecules to bind and, in the case of
O2, product formation. These results suggested that the
redox state of the Rieske cluster caused a cross-subunit
boundary effect that alters the access of small molecules
to the mononuclear iron. The presence of substrate
appears to make the binding site available. Three different
types of experiments suggest how this might occur. MCD
studies of the mononuclear iron site in phthalate dioxy-
genase showed that the binding of substrate near the iron
caused the coordination number to change from 6 to 5,
presumably opening a site for small molecules.22,23 We
showed using pulsed ENDOR techniques, that the distance
between the bound substrate and the iron changes when
the oxidation state of the Rieske cluster is changed.24


Finally, the recently determined crystal structure of 2-oxo-
quinoline 8-monooxygenase showed that when the oxida-
tion state of the Rieske cluster changes, a space for O2 or
NO is opened near the mononuclear iron.25


The role of substrate in the O2 activation process was
examined using benzoate 1,2-dioxygenase (BZDO). The
effect of substrate on the oxidation rate of the Rieske
cluster was observed after the fully reduced BZDO oxy-
genase was rapidly mixed with O2.21 The rate of return of
the chromophore of the oxidized cluster showed the
apparent rate of transfer of an electron to the mono-
nuclear iron site. The electron transfer reaction was very
slow in the absence of substrate, and its rate increased to
a rate significantly faster than the enzyme turnover
number when substrate was added. It is likely that the
electron transfer process itself over the 12 Å separating
the metal centers occurs much faster than the reaction
monitored by stopped flow. This suggests that the oxygen
binding or activation occurs as part of the electron transfer
process and is rate-limiting. Intriguingly, it was found that
changes in the ring substituents of substrate dramatically
changed the rate constant for electron transfer. One way
to interpret these results is to postulate that substrate
directly participates in the oxygen activation process in
some manner.


The observation that the two-electron reduced oxyge-
nase component can carry out a single turnover when
exposed to O2 suggests that H2O2 might be able to provide
both the electrons and the oxygen in a “peroxide shunt”
reaction. As shown in Figure 5, central pathway, this is
the case for NDO.26 At the end of the reaction, both metal
centers were oxidized and product was tightly bound in
the active site, effectively limiting the reaction to one
turnover. Use of 18O-labeled peroxide showed that both
oxygens in the product derived from the peroxide. NDO,
as isolated, has an oxidized Rieske cluster, but the mono-
nuclear iron is reduced. Since the mononuclear site was
oxidized during turnover, a third electron was consumed,
opening the possibility that the peroxide shunt utilizes a
new mechanism. However, BZDO can be isolated with the
mononuclear site in the Fe(III) state21 and gives similar


peroxide shunt results, suggesting that peroxide causes
adventitious oxidation of the mononuclear iron of NDO.27


The peroxide shunt reaction of BZDO is similar to that
of NDO in yield and specificity, but it is notably slower.
Even at high H2O2 concentrations, the formation of
product in near-stoichiometric yield requires 1 h.27 We
believe that this is due to the redox-coupled regulatory
system of the Rieske dioxygenases described above.
Substrate used to stabilize BZDO during purification is
trapped in the active site due to the Fe(III) oxidation state.
Moreover, substrate is in the wrong position in the fully
oxidized enzyme to allow small molecule binding. Thus,
substrate (or product after a turnover cycle) must slowly
dissociate before peroxide can bind to form the activated
enzyme (Figure 6).


The slow turnover of the BZDO peroxide shunt was
exploited in monitoring the EPR and Mössbauer spectra
of the Fe(III) site during the reaction. As shown in Figure
7, it was found that the intense g ) 7.7 resonance from
the S ) 5/2 Fe(III) site disappeared within 2 min of
addition of H2O2, but the g ) 8.5 signal characteristic of
the product complex appeared slowly over the next hour.27


The Mössbauer spectra revealed only Fe(III) throughout
the reaction. Further investigation showed that the ap-
parently EPR silent intermediate had an unusual inverted
zero-field splitting causing the ground state to have
vanishingly low EPR intensity. Interestingly, EPR and
Mössbauer spectra with similar parameters and negative
zero-field splitting have been observed for Fe(III)–peroxo
model complexes.12,28 Thus, it seems likely that the
activated oxygen species of the Rieske dioxygenases is a
similar peroxo adduct, although the slightly smaller isomer
shift (δ ) 0.5 mm/s vs 0.64 mm/s in the models) suggests
that it is protonated. It was detected by forcing the
formation of the species in a form of the enzyme that does
not readily exchange small molecules or substrates in the
normal cycle.


FIGURE 6. Peroxide shunt reaction of BZDO slowed by a combina-
tion of substrates with incorrect forms of the enzyme.27
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In Crystallo Approach. The first X-ray crystal structure
of a Rieske dioxygenase was of NDO by Ramaswamy and
his collaborators.17 It was subsequently found by this
group that incubation of the crystal of the fully reduced
enzyme with substrate and O2 in a cryosolvent mixture
slightly below 0 °C resulted in the formation of an oxy
complex that could be flash-frozen and structurally char-
acterized (Figure 8).15 This was the first such complex for
the 2H-D/E family, and like that described above for
HPCD, the oxygen bound side-on. On the basis of the
Fe–O bond lengths, the complex is likely to be an
Fe(III)–(hydro)peroxo species like that subsequently found
in the BZDO peroxide shunt reaction. Thus, the approach
of slowing the reaction by conducting it in a crystal
allowed a key activated oxygen species to be trapped.


Implications for Oxygen Activation. Although both the
extradiol dioxygenases and the Rieske dioxygenases form
peroxy intermediates, their mechanisms of oxygen activa-
tion are clearly different. The requirement for the input
of two external electrons in the Rieske dioxygenase case
suggests an activation mechanism more akin to those of
cytochrome P450 (P450) or methane monooxygenase
(MMO).29 These enzymes activate O2 by forming an
Fe(III)–hydroperoxy intermediate that subsequently un-
dergoes heterolytic O–O bond cleavage before reacting
with substrates. The kinetic and structural studies of the
Rieske dioxygenases show that a similar Fe(III)–(hydro)-


peroxy species is formed, but it remains unclear whether
the O–O bond must break before reaction with aromatic
substrates. The Rieske dioxygenases have been shown to
carry out many of the reactions of P450 and MMO,30,31


implying O–O bond cleavage before attack. On the other
hand, the apparent dependence of the oxygen activation
reaction on substrate type described above suggests that
a direct attack on substrate by the peroxy adduct as it is
formed must also be considered.


Methane Monooxygenase
Overview of the Structure and Mechanism. Methan-


otrophic bacteria catalyze the oxidation of methane to
methanol with the incorporation of one atom from O2.
This is the first step in a pathway leading to complete
oxidation of CH4 to CO2 that satisfies the carbon and
energy needs of the bacterium. Although all methano-
trophs can elaborate a membrane-bound, copper-con-
taining form of MMO, many type II and X methanotrophs
produce exclusively a soluble, iron-containing form (sMMO)
in a low-copper environment. The sMMO consists of three
protein components: a reductase (MMOR), a regulatory
protein (MMOB), and an oxygenase (MMOH). MMOH has
an (R�γ)2 subunit structure with a bis-µ-hydroxo dinuclear
Fe(III) cluster in the active site in the R-subunit. Kinetic
and spectroscopic studies have shown that the oxygen
activation and substrate hydroxylation reactions occur at
this site.29,32 The O2 is activated through a reductive
process that results in O–O bond cleavage and generation
of a high-valent iron–oxo reactive species prior to the
binding of substrate. Thus, the mechanism of this non-


FIGURE 7. EPR (top) spectra of intermediates in the peroxide shunt
of BZDO reacting with benzoate. Mössbauer (bottom) spectrum and
simulation (red) of the nearly EPR silent intermediate after 4 min of
reaction. Adapted from ref 27.


FIGURE 8. X-ray crystal structure of the oxy intermediate of NDO
(PDB entry 1O7N).15
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heme enzyme is similar to that of heme-containing P450
in terms of the steps in O2 activation but differs in the
timing of substrate association. This appears to be a
manifestation of the overarching need for specificity in
methanotrophs.


Kinetic Approaches to the Identification of Interme-
diates. Early experiments showed that the two-electron
reduced form of MMOH in the absence of MMOR and
MMOB could turn over once to yield methanol from
methane with incorporation of oxygen from O2, directly
demonstrating that the diiron cluster is sufficient to
activate O2.29,33 The binding of O2 with the reduced diiron
cluster of MMOH was found to be accelerated 1000-fold
by the addition of MMOB.29 This shifted the rate-limiting
step of the single-turnover cycle from O2 association to
product release, thereby allowing many intermediates in
theoxygenactivationprocesstobedetectedandcharacterized.


For the sMMO from Methylosinus trichosporium OB3b,
analysis of the O2 concentration dependence of the
transient kinetic phases detected in the O2 binding process
showed that two intermediates must occur as illustrated
in Figure 9.29 Initially, O2 binds rapidly and effectively
irreversibly to the diferrous enzyme (but not the cluster)
to yield an intermediate termed O in which both irons
remain Fe(II). Then, the oxygen complex with the diiron
cluster forms, resulting in oxidation of the irons to yield
an Fe(III)Fe(III)–peroxo (or possibly superoxo) intermedi-
ate termed P*. Donation of a proton yields the Fe(III)-
Fe(III)–hydroperoxo species P.34 Finally, donation of a
second proton results in O–O bond cleavage which yields
the unique Fe(IV)Fe(IV)–bis-µ-oxo species Q.33 Each step
in this process occurs more slowly than the last, allowing
each intermediate to accumulate. P and Q have been
trapped, allowing the oxidation state of their diiron cluster
and their overall structure (Figure 10) to be studied using
spectroscopic approaches.29,32,35 Each has an optical
chromophore that allows their reaction with substrates
to be monitored.


Q decay is linearly accelerated by increasing concen-
trations of nearly all substrates, in particular methane,
confirming it as the reactive species.33,36 The ability of Q
to directly oxidize substrates was further indicated by two
experiments. First, the reaction with nitrobenzene resulted
in the formation of nitrophenol in the active site (inter-
mediate T) at the same rate as Q decay.33 Second, a
deuterium kinetic isotope effect (KIE) of 50 was observed
for the Q decay reaction with methane.29


Analysis of the temperature dependence of the Q decay
reaction with substrates suggested that it occurs in two
steps, nominally, substrate binding (QS) followed by
transfer of oxygen to form bound product.36 Significantly,
the binding reaction appears to occur slowly in compari-
son to that typically observed for enzyme reactions. This
makes the binding reaction rate-limiting for all saturated
hydrocarbon substrates except methane (Figure 11, left).
Consequently, methane is the only one of these substrates
that exhibits a deuterium KIE in the Q decay reaction. As
expected, the similarly small and stable fluoromethanes
also exhibit a large KIE for this reaction. 37 The binding
rate is affected by the formation of a complex between
MMOH and MMOB.29,36,38 Mutations in the MMOB
surface were found to significantly increase the apparent
binding rate of large substrates and the dissociation rate
of large products (Figure 11, right).39 Thus, it was possible
to unmask the deuterium KIE for the Q reaction with
ethane using an MMOB mutant in which four key surface
residues were simultaneously changed.40


Q is one of the most powerful oxidizing species in
nature on the basis of its ability to break the C–H bond of
methane. Nevertheless, it appears to react rather slowly


FIGURE 9. Intermediates in the reaction cycle of sMMO.


FIGURE 10. Proposed structure of sMMO P and Q from spectro-
scopic studies. Although P is clearly a peroxy adduct, its precise
structure has not been definitively established.
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due to the encapsulating enzyme structure, which severely
restricts access of substrate to the activated oxygen. We
speculate that this complex system has been established
to allow the enzyme to selectively oxidize methane, the
only growth substrate for the methanotroph.39,41 The size
restriction into the active site gives a kinetic advantage to
methane. Moreover, the large KIE found for methane (and
not other substrates even when the access restrictions are
eased) suggests that quantum tunneling is also enhanced
for methane C–H bond cleavage to further increase its
kinetic advantage.36,40–42


Implications for Oxygen Activation. The discovery of
Q and the ease with which its kinetic behavior can be
monitored have allowed the study of the O2 activation
process in unprecedented detail. The stepwise nature of
the process leading to the breaking of the O–O bond after
protonation is very clear from the intermediates observed
during the formation of Q. The chemical nature of the
subsequent oxygen insertion process is less clear, but the
ability to experimentally and computationally approach
it has fostered many new ideas and theories. Our original
proposal for this reaction followed from that for P450 in
which Q would abstract a hydrogen atom from the
substrate to yield a substrate radical and an Fe(III)-
Fe(IV)–OH enzyme intermediate (R).29 Other proposals32


based on computations and the difficulty of observing
rearranged products from diagnostic radical clock sub-
strates include (i) formation of a methane carbon–iron
bond intermediate, (ii) concerted oxygen insertion, and
(iii) formation of a bound radical intermediate with a very
short lifetime. Although the nature of the reaction remains
controversial, one experiment that derives from the need
for the enzyme to protect the reactive oxygen of Q gives
some additional insight. The MMOB surface mutant T111Y
appears to remove most restrictions to entry of methane
and ethane into the MMOH active site. Moreover, the large
deuterium KIE characteristic of tunneling is lost in the
methane reaction. As a result, the reaction of Q with
normal and deuterated forms of these substrates was
observed without the usual protective effects of the
enzyme structure. In this experiment, the resulting Polanyi
plot relating bond energy to reaction rate is similar to that
expected for reactions known to occur by hydrogen atom


abstraction as proposed for P450 and in our original
proposal for MMO.41


Conclusions
Oxygen activation by the three non-heme iron-containing
oxygenases described here proceeds along distinctly dif-
ferent mechanistic paths. Accordingly, quite different
strategies were required in each case to seek out and
characterize the intermediates carrying the activated form
of oxygen. For extradiol dioxygenases, a combination of
mutagenesis and a slow substrate was sufficient to stabi-
lize the oxy intermediate. Knowledge of the regulatory
mechanism of Rieske dioxygenases was required to define
a method to approach the oxy intermediate in a way that
forced the structure of the enzyme itself to stabilize the
species. Finally, an understanding of the requirement to
protect the reactive oxygen species of sMMO and the role
of MMOB in this process allowed this key intermediate
to be trapped and characterized. In each case, some form
of peroxo adduct was an intermediate in the activation
process. However, the means by which these species are
formed and their fate lead to the diversity of reaction
outcomes represented in this set of enzymes. Finally, the
studies described here show that use of enzyme crystals
to slow and then visualize activated oxygen species is a
powerful new approach with potential applications
throughout this exciting field.
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ABSTRACT
The molecular mechanism of the monooxygenase (phenolase)
activity of type 3 copper proteins has been examined in detail both
in the model systems and in the enzymatic systems. The reaction
of a side-on peroxo dicopper(II) model compound (A) and neutral
phenols proceeds via a proton-coupled electron-transfer (PCET)
mechanism to generate phenoxyl radical species, which collapse
each other to give the corresponding C–C coupling dimer products.
In this reaction, a bis(µ-oxo)dicopper(III) complex (B) generated
by O–O bond homolysis of A is suggested to be a real active species.
On the other hand, the reaction of lithium phenolates (deproto-
nated form of phenols) with the same side-on peroxo dicopper(II)
complex proceeds via an electrophilic aromatic substitution mech-
anism to give the oxygenated products (catechols). The mechanistic
difference between these two systems has been discussed on the
basis of the Marcus theory of electron transfer and Hammett
analysis. Mechanistic details of the monooxygenase activity of
tyrosinase have also been examined using a simplified enzymatic
reaction system to demonstrate that the enzymatic reaction mech-
anism is virtually the same as that of the model reaction, that is,
an electrophilic aromatic substitution mechanism. In addition, the
monooxygenase activity of the oxygen carrier protein hemocyanin
has been explored for the first time by employing urea as an
additive in the reaction system. In this case as well, the ortho-
hydroxylation of phenols to catechols has been demonstrated to
involve the same ionic mechanism.


Introduction
Tyrosinase (EC 1.14.18.1), catechol oxidase (EC 1.10.3.1),
and hemocyanin are the members of the type 3 copper
protein family involving a magnetically coupled dinuclear
copper reaction center.1,2 Each copper ion is ligated by
three histidine imidazoles, holding molecular oxygen in
a side-on binding mode to give a (µ-η2:η2-peroxo)dicop-
per(II) complex (A) as the common active-oxygen species


(Chart 1).3–5 In spite of having the same side-on peroxo
dinuclear copper(II) species, however, these copper pro-
teins exhibit different chemical reactivity toward exog-
enous substrates. Namely, tyrosinase catalyzes ortho-
hydroxylation of phenols to the corresponding catechols,
so-called phenolase activity, as well as dehydrogenation
of catechols to the corresponding o-quinones, which is
called catecholase activity (Scheme 1).1,2 o-Quinone for-
mation from tyrosine is the initial step for the synthesis
of melanin pigments in nature.6 On the other hand,
catechol oxidase exhibits only catecholase activity without
showing the monooxygenase activity.4 Furthermore,
hemocyanin has only the reversible dioxygen binding
ability, thus acting as the oxygen storage and carrier
protein of mollusks and arthropods.1,2,5 These differences
in the chemical reactivity among the type 3 copper
proteins can be attributed to the different architectures
of the enzyme active sites as in the case of heme proteins
which dictate a wide variety of functions at similar
iron–porphyrin reaction centers.7 The chemical reactivity
of the metalloproteins is thereby controlled by the ar-
rangement of amino acid side chains in the active sites.


Scheme 2 shows a proposed catalytic mechanism of
tyrosinase. The native enzymatic reaction involves many
fundamental catalytic steps such as binding of dioxygen
to deoxy-tyrosinase [dicopper(I) form] to generate peroxo
species A (oxy-tyrosinase) (path a), association of the
substrate with oxy-tyrosinase (paths b and e), oxygen atom
transfer from A to the substrate to give catecholate product
(path c), and dehydrogenation of catechol to o-quinone
(paths d, f, and g).8 Among these processes, the oxygen-
ation of phenols by the peroxo species (path c) is most
attractive from the viewpoints of synthetic organic chem-
istry and catalytic oxidation chemistry. However, the
mechanism of the oxygen atom-transfer process has yet
to be fully clarified due to the complicated side reactions
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such as nonenzymatic transformation of the o-quinone
products to melanin pigments.6 Moreover, such side
reactions have precluded adaptation of the enzymatic
reaction (oxygenation of phenols to catechols) to synthetic
organic chemistry.


In this Account, we summarize our recent research
activity aiming at understanding the mechanistic details
of phenolase activity of tyrosinase (path c) both in the
model systems and in the enzymatic systems. Develop-
ment of a simplified catalytic system of tyrosinase by
prohibiting the melanin pigment formation process (side
reactions) has enabled us to perform direct comparison
of the mechanisms between the model reaction and the
enzymatic reaction. This provided profound insights into
the molecular mechanism of dioxygen activation chem-
istry at the dinuclear copper reaction centers. Further-
more, the monooxygenase activity of oxygen carrier
protein hemocyanin has been evaluated for the first time
to demonstrate that a small perturbation of the protein
matrix triggers the induction of different chemical func-
tions of the type 3 copper proteins.


Model Reactions
One of the greatest successes in bioinorganic chemistry
is the correct prediction of the active-oxygen species of
tyrosinase and hemocyanin by using simple model
compounds.1,2,9,10 Kitajima and his co-workers reported
the first crystal structure of the side-on peroxo dicopper(II)
complex (A) supported by hydrotris(pyrazolyl)borate
ligands.9 The spectroscopic features of the model com-
plexes matched well those of oxy-hemocyanin, strongly
suggesting the same side-on binding mode of the peroxo


ligand in the proteins.9,10 This was confirmed in 1994 by
the X-ray structural determination of oxy-hemocyanin
almost 5 years after the discovery of A in the model
systems.5a So far, the (µ-η2:η2-peroxo)copper(II) complexes
supported by a variety of tridentate N3 and bidentate N2


ligands have been reported to provide important informa-
tion about the effects of the ligand on the structure and
physicochemical properties of the peroxo complexes.11–14


C–C Coupling Reaction of Phenols. Reactions of the
peroxo complexes A and phenol derivatives have widely
been investigated in the model systems to gain insight into
the catalytic mechanism of tyrosinase.12,15,16 In most
cases, however, the reaction of A and neutral phenols
afforded C–C coupling dimer products (Scheme 3) rather
than the oxygenation product catechols.12,15,16 The results
clearly indicate that the reactions of neutral phenols and
the peroxo complex A involve phenolic O–H bond activa-
tion generating phenoxyl radical intermediates. The gen-
erated phenoxyl radical species spontaneously collapse
each other to give the C–C coupling dimer products. Then,
an important question arises; what is the major factor
controlling the reaction pathways between catechol for-


Scheme 2


Scheme 3
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mation (Scheme 1) and the C–C coupling reaction (Scheme
3)?


To address this issue, we have also investigated the
reactions of phenols with a (µ-η2:η2-peroxo)copper(II)
complex (A) supported by tridentate ligand LPy2 and also
with a bis(µ-oxo)dicopper(III) complex (B in Chart 2)
prepared by using bidentate ligand LPy1.16 To protect the
ligands from oxidative N-dealkylation of the ligand side
arm by the Cu2O2 species, the benzylic position of the
ligands is deuterated as shown in Chart 3.17,18


Treatment of para-substituted phenols p-X-C6H4OH
with the peroxo complex A supported by LPy2 at -80 °C
under anaerobic conditions gave the corresponding C–C
coupling dimer in ∼50% yields based on peroxo complex
A.16 This result clearly indicates that peroxo complex A
formally acts as a one-electron oxidant for ArOH to
produce an equimolar amount of ArO•, which spontane-
ously dimerizes to give the C–C coupling dimer product
in nearly 50% yields based on A. Figure 1 shows the plots
of log kA


2 (the second-order rate constant for the C–C
coupling reaction) against the E0


ox values of the phenol
substrates.16


The log kA
2 values increase with an increase in driving


force of electron transfer from phenols to A, i.e., with a
decrease in the E°ox values (Figure 1). According to the
Marcus theory of electron transfer [log k ) log Z - (F/
2.3RT)(E°ox - E°red)], a plot of log k versus the free energy
change of electron transfer (∆G°et), which is given by
F(E°ox - E°red), should be linear with a slope of -26.1 at
-80 °C, provided that the driving force of electron transfer
(-∆G°et) is much smaller than the reorganization energy
of electron transfer (λ).19 A plot of log kA


2 versus E°ox for
the one-electron oxidation of phenols by A afforded a
good linear correlation as expected for an electron transfer
reaction (part A in Figure 1).16 However, the absolute value
of the negative slope of the experimental data (-18.8 at
-80 °C) was somewhat smaller than that of the theoretical
value (-26.1 at -80 °C).16


The electron transfer from ArOH to A may be followed
by proton transfer from the resulting cation radical
intermediate ArOH•+ to an intermediate D [Cu2/O2]+ to
generate a phenoxyl radical ArO• and the product complex
E [Cu2/O(OH)]2+ (Scheme 4). Intermediate D is either a
(µ-oxo)(µ-oxyl radical)dicopper(II) or a bis(µ-oxo)dicop-


per(II,III). The phenoxyl radicals ArO• thus produced may
readily collapse each other to give the C–C coupling dimer
product in ∼50% yield based on A as experimentally
observed.


If the electron transfer from phenols to the peroxo
complex A in Scheme 4 were the rate-determining step,
followed by a fast proton-transfer step, the slope of the
Marcus plot in Figure 1 (part A) would be close to the
theoretical value of -26.1, when the electron transfer is
exergonic (when the free energy change of electron
transfer is negative).19 Thus, the smaller negative slope
of -18.8 observed in Figure 1 (part A) suggests that the
electron transfer from phenols to A is endergonic and
coupled with the proton transfer (PCET) as shown in
Scheme 4. This is supported by the observed kinetic
deuterium isotope effects on the second-order rate con-
stants kA


2 [kA
2(H)/kA


2(D) ) 1.2–1.6 depending on the
substrates].16 The distinct kinetic deuterium isotope effects
(1.2–1.6) clearly indicate that the electron transfer is
indeed coupled with proton transfer via a concerted
mechanism rather than a two-step mechanism. The
kA


2(H)/kA
2(D) values are significantly smaller than the


Chart 2


Chart 3


FIGURE 1. Plots of log kA
2, log kB


2, and log kC
2 against the oxidation


potentials (E°ox) of ArOH (1, 4-MeOC6H4OH; 2, 2,4-tBuC6H3OH; 3,
4-PhOC6H4OH; 4, 4-PhC6H4OH; 5, 4-tBuC6H4OH; 6, 4-MeC6H4OH; 7,
2,4,6-tBuC6H2OH; 8, 4-FC6H4OH; 9, 2,6-tBuC6H3OH; 10, 4-ClC6H4OH)
for the reactions of ArOH with (µ-η2:η2-peroxo)dicopper(II) complex
(A), bis(µ-oxo)dicopper(III) complex (B), and cumylperoxyl radical
(C) in acetone at -80 °C. Reproduced from ref 16. Copyright 2003
American Chemical Society.


Scheme 4
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kinetic deuterium isotope effects observed in the hydrogen
atom-transfer reaction (HAT) from toluene and dihy-
droanthracene to permanganate (kH/kD ) 6 ( 1 and 3.0
( 0.6, respectively)20 but are nearly the same as that
reported for the concerted PCET reaction between gua-
nine and Ru(bpy)3


3+ (kH/kD ) 1.4).21 DFT studies by
Mayer and co-workers have also suggested that the
concerted PCET mechanism is more likely than the HAT
mechanism for the oxidation of a phenol to a phenoxyl
radical species.22


Oxidation of phenols by the bis(µ-oxo)dicopper(III)
complex B supported by LPy1 also proceeded under the
same experimental conditions to give the same C–C
coupling dimer product in nearly 50% yield.16 A plot of
log kB


2 versus E°ox for the oxidation of phenols by B in
Figure 1 (part B) also gave a good linear correlation with
virtually the same slope (-18.4) as that in the case of A.
Furthermore, kinetic deuterium isotope effect values
[kB


2(H)/kB
2(D) ) 1.2–1.5] were also nearly the same as those


of the reactions with A. These results clearly indicate that
electron transfer from phenols to B is also coupled with
the subsequent proton transfer (PCET) as in the case of A
(Scheme 4).


Cumylperoxyl radical Ph(CH3)2COO• (C) has been
demonstrated to act as a hydrogen atom acceptor in the
reaction with N,N-dimethylanilines, where a one-step
hydrogen atom-transfer (HAT) mechanism has been con-
firmed.23 In the reactions of the same series of phenols
with C, however, the log kC


2 values are rather constant
irrespective of the E°ox values (slope ) -0.95) as shown
in Figure 1 (part C). The weak rate dependence of log kC


2


on E°ox is similar to the case of the HAT reaction with
N,N-dimethylanilines.23 The contrasting results in Figure
1 (parts A and B vs part C) confirm that the electron-
transfer step is definitely involved in the oxidation of
phenols by the (µ-η2:η2-peroxo)dicopper(II) complex (A)
and the bis(µ-oxo)dicopper(III) complex (B).


The identical slope of the log k2 versus E°ox plots
between the reactions of A and B suggests that a common
active-oxygen species is involved in these reactions. In
such a case, bis(µ-oxo)dicopper(III) complex B may be the
actual active species, and the rate difference between the
two systems can be attributed to the difference in the
absolute concentration of B. Although the peroxo complex
A is the major species in the tridentate ligand system LPy2,
the actual reactive species bis(µ-oxo) complex B may exist
as a minor component in the rapid equilibrium between
them. This is consistent with the previous report that the
bis(µ-oxo)dicopper(III) complex B coexists as a minor


product when the (µ-η2:η2-peroxo)dicopper(II) complex
is prepared using 2-(2-pyridyl)ethylamine tridentate ligands
[(PyCH2CH2)2NR].24


Oxygenation of Phenolates to Catechols. In contrast
to the reaction of neutral phenols with the side-on peroxo
dicopper(II) complex A, the reaction of phenolates (depro-
tonated form of phenols) with A gave the oxygenated
product (catechols), where neither the corresponding
o-quinone derivative nor the C–C or C–O coupling dimer
was obtained.25,26 For example, the reactions of lithium
phenolates with various para substituents (X ) tBu, Me,
Br, Cl, F, COMe, or COOMe) and the (µ-η2:η2-peroxo)di-
copper(II) complex (A) supported by LPy2 gave the corre-
sponding catechols in fairly good yields (60–99%).26 The
isotope labeling experiments using 18O2 have confirmed
that the origin of the incorporated oxygen atom of the
catechol product is molecular oxygen.26 In contrast to
such efficient catechol formation with the peroxo complex
A, no catechol was formed when a bis(µ-oxo)dicopper(III)
complex B supported by LPy1 was employed under the
same experimental conditions.26


The reaction rate was first-order with respect to the
concentration of the peroxo complex A, and a plot of the
observed first-order rate constant kobs versus the substrate
concentration afforded a Michaelis–Menten type satura-
tion curve.26 This can be attributed to formation of a
complex between the substrate and the peroxo species A
prior to the oxygen atom-transfer reaction as illustrated
in Scheme 5.


The reactivity of the substrates increases with an
improvement in the electron donating ability of the para
substituent as seen in Table 1. Notably, a plot of log kox


versus E°ox (the one-electron oxidation potentials of
lithium phenolates) afforded a linear correlation with a
small negative slope of -2.8 at -94 °C. The absolute value
of the slope is significantly smaller than that (-18.8) of a


Scheme 5


Table 1. Formation Constants (Kf) and Rate
Constants (kox) for the Reactions between


[CuII
2(LPy2)2(µ-O2)](PF6)2 and p-X-C6H4OLi in


Acetone at -94 °C
X Kf (M-1) kox (s-1)


tBu –a –a


Me –a –a


Br 465 0.93
Cl 570 0.76
F 948 0.63
COMe 493 0.086
COOMe 940 0.083


a Too fast to be determined accurately.
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similar plot (log kA
2 vs E°ox) for the C–C coupling reaction


of neutral phenols involving an electron-transfer step
(Figure 1, part A). The value is, on the other hand, larger
than that (-0.95) of the HAT reaction of phenols with
cumylperoxyl radical (C) (Figure 1, part C). These results
may suggest that the oxygenation reaction of phenolate
by the side-on peroxo complex A involves neither electron
transfer nor hydrogen atom transfer but proceeds via an
ionic mechanism such as an electrophilic aromatic sub-
stitution mechanism as illustrated in Scheme 6. In this
case, the C–O bond formation (the first process in Scheme
6) is the rate-determining step, and the subsequent proton
migration from the generated intermediate (the second
process) is much faster, since there was no kinetic
deuterium isotope effect, when p-Cl-C6D4OLi was used
instead of p-Cl-C6H4OLi (kox


H/kox
D ) 1.0 ( 0.1).26


The electrophilic aromatic substitution mechanism in
Scheme 6 was further supported by the Hammett analysis
(plot of log kobs vs Hammett constant σ+), which gave a
negative slope (Hammett F value) of -1.8.26 This value is
fairly close to the F value (-2.1) of the aromatic ligand
hydroxylation reaction of a (µ-η2:η2-peroxo)dicopper(II)
complex (A) in a dinuclear copper model system shown
in Scheme 7.27 Karlin and co-workers unambiguously
demonstrated that the aromatic ligand hydroxylation
involves the electrophilic aromatic substitution mecha-
nism.27


As has been demonstrated above, the oxidation of
neutral phenol by the Cu2–O2 complexes (A and B)
proceeds via a PCET mechanism, whereas the oxygenation
of phenolates by A involves an ionic mechanism (elec-
trophilic aromatic substitution mechanism). Moreover, the
reaction of the phenolates and B produced neither the
C–C coupling dimer nor the oxygenation product (cat-
echol). These results indicate that the one-electron reduc-
tion potentials (E°red) of A and B are lower than the one-
electron oxidation potentials (E°ox) of phenol(ate)s, even
though the accurate values of E°red have yet to be
determined. In the oxidation of neutral phenols, the initial
electron transfer from the phenol substrates to Cu2–O2


complexes may be energetically uphill, whereas the
subsequent proton transfer to generate the phenoxyl
radical may be highly downhill in rendering the overall
reaction to completion. In the case of phenolate sub-
strates, the electron transfer from the phenolate to the
Cu2–O2 complexes may also be uphill to prohibit forma-
tion of the phenoxyl radical, whereas the anionic reaction
(electrophilic aromatic substitution reaction) proceeds
much faster to oxygenate phenolates to catechols as
illustrated in Scheme 6. This may be the reason why
neutral phenols afforded the C–C coupling dimer whereas
phenolate substrates gave the oxygenation products,
catechols.


Monooxygenase Mechanism of Tyrosinase
Little had been known about the mechanistic details of
the monooxygenase (phenolase) activity of tyrosinase,
since the enzymatic reaction is very complicated involving
many fundamental catalytic processes (paths a–g in
Scheme 2) and is blinded by significant side reactions such
as nonenzymatic transformation of o-quinone products
to melanin pigments.6 To overcome such problems, we
have recently developed a simplified catalytic system of
mushroom tyrosinase using a borate buffer as the reaction
medium and NH2OH as the sacrificial reductant (Scheme
8).28 In this system, borate anion of the buffer solution
forms a stable complex with the primary oxygenation
product catechol29 to prevent its overoxidation to o-


Scheme 6


Scheme 7 Scheme 8
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quinone (paths d, e, and g in Scheme 2). This eventually
prohibits melanin pigment formation to simplify the
catalytic cycle significantly.28 In this case, however, no
reduction of met-tyrosinase [hydroxo-bridged dicopper(II)
resting state] to deoxy-tyrosinase [dicopper(I) form] (paths
d and g) proceeds because a native electron donor
(catechol) is absent due to the formation of the complex
with borate anion as mentioned above.28 Thus, NH2OH
was added as an external reductant to reconstruct the
reduction process from met-tyrosinase to deoxy-tyrosi-
nase.28 By using this simplified catalytic system, we have
succeeded in examining the oxygen atom-transfer process
from peroxo intermediate A to the phenol substrates (path
c) without the interference by the side reactions.28


The catalytic reaction was followed by monitoring the
O2 consumption rate (vapp) using an ordinary O2 electrode
to exhibit a Michaelis–Menten type saturation dependence
of vapp on the substrate concentration.28 Then, the kinetic
parameters (KM and Vmax) for several para-substituted
phenols were determined, and the log Vmax values of the
enzymatic reaction are plotted against Hammett σ+


together with the log kox values of the model reactions
(Figure 2).28


The log Vmax values of the enzymatic reactions increase
as the electron donor ability of the para substituents of
the substrates increases (Figure 2). This clearly indicates
that the peroxo intermediate of oxy-tyrosinase exhibits an
electrophilic nature as in the case of the model systems.26,27


More importantly, the F value of the Hammett plot of the
enzymatic reaction (-2.4) is fairly close to that of the
model reaction (-1.8) (Figure 2).26 Such a good agreement
of the Hammett F values between the enzymatic and
model reactions demonstrates clearly that the phenolase
reaction of tyrosinase proceeds via the same mechanism
as the model reactions, that is, an electrophilic aromatic
substitution mechanism (Scheme 6).28


Although the crystal structure of mushroom tyrosinase
is not yet available, the X-ray structure of bacterial


tyrosinase from Streptomyces castaneoglobisporus3a re-
ported by Sugiyama and co-workers gives us valuable
insight into the enzymatic reaction.3b Figure 3 shows the
active site structure of oxy-tyrosinase with a caddie protein
ORF378 (colored blue) which assists in the transportation
of two Cu(II) ions into the tyrosinase catalytic center.3a


As clearly seen in Figure 3, there is a large space for
substrate binding just above the Cu2–O2 core, which is
occupied by caddie protein ORF378 in the crystal.3a


Interestingly, a tyrosine residue (Tyr98) from the associ-
ated caddie protein extends into the active site pocket of
tyrosinase, suggesting a similar orientation of bound
substrate.3a In this case, the phenol moiety of Tyr98 is not
hydroxylated since its hydroxyl group is more than 3.4 Å
from the Cu2O2 unit, and a closer approach to the active
site is prevented by the attachment to the caddie protein.3a


This suggests that direct coordination of the substrate to
the copper ion is prerequisite for the monooxygenation
reaction as demonstrated by the model studies (Scheme
6).26 In other words, the enzymatic reaction involves an
ionic mechanism (electrophilic aromatic substitution
mechanism) rather than a PCET mechanism which does
not require direct coordination of phenols to copper of
A. One of the histidine ligands for copper may act as a
base to accept protons dissociated from the coordinated
substrate as suggested by Sugiyama and his co-workers
in their crystallographic studies on tyrosinase.3a They
suggested that His54, which has a flexibility of geometry,
is the most plausible candidate for that.3a,30


FIGURE 2. Plots of log Vmax [enzymatic reactions (b)] and log kox
[model reactions (O)] vs Hammett constants σ+ of the para
substituents. Reproduced from ref 28. Copyright 2003 American
Chemical Society.


FIGURE 3. Active site structure of bacterial tyrosinase from S.
castaneoglobisporus. Oxy form with caddie protein ORF378 (colored
blue) (PDB entry 1WX4).3a
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Monooxygenase Activity of Hemocyanin
The oxygen carrier protein hemocyanin is a large multi-
subunit protein whose structure varies significantly de-
pending on the source of the protein.31,32 Arthropod
hemocyanin subunits have an M of ∼75 kDa and associate
into oligomers of hexamers in vivo.31–33 On the other
hand, molluskan hemocyanin subunits contain seven or
eight oxygen-binding sites, termed functional units, having
an M of ∼400 kDa, which associate in multiples of 10 to
yield cylindrical supramolecular assemblies.31,32,34 Each
subunit (functional unit) involves a type 3 copper center
where O2 is bound as a side-on peroxo form.5 In contrast
to tyrosinase and catechol oxidase, hemocyanin itself
exhibits no redox reactivity toward external substrates in
spite of having the same side-on peroxo dicopper(II)
species (A).1,2,8


In this context, arthropod hemocyanins have recently
been demonstrated to exhibit catecholase activity (Scheme
1), when they are treated with NaClO4,35 hydrolytic
enzyme (trypsin or chymotrypsin),36,37 or an antimicrobial
peptide.38 In these cases, conformational changes and/
or partial hydrolysis of the protein may occur to open the
active site pocket, allowing incorporation of substrate.
However, mechanistic details about the enzymatic func-
tions of arthropod hemocyanins have yet to be addressed.
The redox reactivity of molluskan hemocyanin has been
investigated even less thoroughly.39


We have recently found that molluskan hemocyanin
from Octopus vulgaris exhibits phenolase (monooxyge-
nase) activity toward phenol substrates, when it is treated
with a typical denaturant urea.40 The peroxo speceis A of
oxy-hemocyanin, which is stable in the presence of a high
concentration of urea (8 M) under anaerobic conditions
(Ar) at 25 °C, readily reacts with phenols to give the
corrresponding catechols (oxygenated product) in a 0.5
M borate buffer solution.40 In the absence of urea, the
reaction proceeds much slower.40 In this case, the reaction
could be followed by monitoring the decay of peroxo
species A as shown in Figure 4, and the reactivities of
variously para-substituted phenols were kinetically exam-
ined as in the case of tyrosinase system. The plot of log
kapp vs the Hammett σ+ gave a linear correlation, from
which a Hammett F value was determined (-2.0). Notably,
this value is very close to the Hammett F value of the
phenolase reaction of mushroom tyrosinase (-2.4).40 This
indicates that the oxygenation of phenols by oxy-hemocy-
anin involves the same mechanism as the phenolase
reaction of tyrosinase, that is, an electrophilic aromatic
substitution mechanism. This mechasnim is consistent
with the absence of a kinetic deuterium isotope
effect [kapp(H)/kapp(D) ) 1.0] with deuterated substrate
p-ClC6D4OH.40


In contrast to the active site of tyrosinase (Figure 3),
there is not enough space for substrate binding in the
active site of octopus hemocyanin (Figure 5).5c In addition
to the six His residues (copper ligands), Phe2567, Phe2698,
Leu2830, and Thr2692 cover the Cu2O2 core of oxy-
hemocyanin. Added urea may induce a conformational


change in the protein matrix to move some of the amino
acid residues away, allowing the substrate approach and
binding.41


Concluding Remarks
The ortho-hydroxylation reaction of phenols to catechols
by (µ-η2:η2-peroxo)dicopper(II) complex A has been in-
vestigated in detail both in the model system and in the
native enzymatic system.16,26,28,40 It has been demon-
strated that, in both systems, coordination of phenolic
oxygen to one of the copper ions of the Cu2O2 core is
essential for inducing the transfer of the oxygen atom from
the peroxo complex A to the substrate via an electrophilic
aromatic substitution mechanism. In the model system,
however, coordination of neutral phenols to the copper
ion of A may not occur due to the weak nucleophilicity


FIGURE 4. Spectral change observed upon addition of p-cresol (16
mM) to Octopus hemocyanin (0.17 mM) in 0.5 M borate buffer (pH
9.0) containing 10% MeOH and 8 M urea at 25 °C under Ar. The
inset shows the time course of the absorption change at 348 nm.
Reproduced from ref 40. Copyright 2006 American Chemical
Society.


FIGURE 5. Active site structure of the Odg functional unit of oxy-
hemocyanin from Octopus dofleini (PDB entry 1JS8).5c
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of the phenol oxygen. Thus, proton-coupled electron
transfer (PCET) from the phenol to peroxo species A
occurs mainly to give phenoxyl radical species, thus
affording the C–C coupling dimer products.15,16 Once the
phenolic proton is removed to give phenolate, the coor-
dinative interaction of the substrate to copper becomes
possible for induction of formation of the C–O bond
between the peroxo ligand and the ortho carbon of the
substrate.26 No phenoxyl radical formation is observed in
the reaction of phenolates, probably because the oxidation
potentials of phenolates (E°ox) are higer than the reduction
potential of A (E°red).


In the active sites of tyrosianse and hemocyanin
(Figures 3 and 5), there seems to be no specific amino
acid residue which can act as a base to abstract a proton
from the phenol substrate. Nonetheless, hydrophobic and/
or π-π stacking interactions may help incorporation of
the phenol substrate to enhance its coordination of
phenolic oxygen to copper ion. In such a case, a released
proton may be accepted by one of the imidazole residues
of the copper ligands.3,30,42


Recently, Stack and co-workers demonstrated in their
model system that the coordination of phenolate to the
copper ion of (µ-η2:η2-peroxo)dicopper(II) complex A
induced homolytic cleavage of the O–O bond to give a
bis(µ-oxo)dicopper(III) species B, which may act as a real
active-oxygen species for the ortho-hydroxylation reac-
tion.43 They suggested that the C–O bond formation
process between the phenolate substrate and B also
involved an electrophilic ionic mechanism.43 It should be
noted, however, that the reaction of phenolate and the
bis(µ-oxo) species B itself generated by using ligand LPy1


did not result in the oxygenation reaction at all.26 The
bis(µ-oxo)dinickel(III) complex generated by using Karlin’s
m-XYL(py) ligand (see Scheme 7) did not afford the
aromatic ligand hydroxylation reaction, either.44 This
shows a sharp contrast to the (µ-η2:η2-peroxo)dicopper(II)
system supported by the same ligand (see Scheme 7).
Moreover, the DFT calculation studies on the tyrosinase
reaction have demonstrated that the cleavage of the O–O
bond of the side-on peroxo ligand of A in the enzymatic
system is very endothermic by 23 kcal/mol.45 This result
ruled out the possible contribution of B in the enzymatic
reaction.42,45 Thus, the involvement of bis(µ-oxo) species
in the aromatic hydroxylation reaction remains to be
examined in more detail.


We gratefully acknowledge the contributions of our co-workers
listed in the reference papers. We also thank the Ministry of
Education, Culture, Sports, Science and Technology, Japan, for the
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ABSTRACT
The selective reduction of oxygen to water requires four electrons
and four protons. The design of catalysts that promote oxygen
reduction therefore requires the management of both electron and
proton inventories. Pacman and Hangman porphyrins provide a
cleft for oxygen binding, a redox shuttle for oxygen reduction, and
functionality for tuning the acid–base properties of bound oxygen
and its intermediates. With proper control of the proton-coupled
electron transfer events, O–O bond breaking of oxygen, and more
generally oxygenated substrates, may be achieved with high
efficiencies. The rule set developed for oxygen reduction may be
applied to a variety of other small molecule activation reactions of
consequence to energy conversion.


Introduction
The proton-coupled reduction of oxygen to water powers
aerobic organisms. Oxygen reduction is coupled to in-
tramembrane proton translocation, the free energy of
which is used to drive the phosphorylation of ADP to
generate ATP.1,2 Molecular oxygen is typically reduced
along the two pathways shown in Scheme 1. Complete
O2 reduction (4e- + 4H+, horizontal pathway) generates
2 equiv of water, whereas partial reduction (2e- + 2H+,
diagonal pathway) yields H2O2. The 2e-/2H+ (E° )-0.695
V) and 4e-/4H+ (E° ) -1.229 V) reductions of O2 are both
exergonic, but more than half a volt of energy is available
from the latter reaction.3 It should therefore come as no
surprise that the mammalian fuel cell, cytochrome c
oxidase (CcO), evolved to drive complete O2 reduction
selectively in order to maximize the energy available for
ATP synthesis and to avoid the production of toxic reactive
oxygen species such as peroxide and superoxide.4–6 For


the same energetic reasons, maximum power generation
from non-natural fuel cells relies on the incorporation of
catalysts that perform the reduction of O2 completely and
selectively and with no overpotential.7


Designers of synthetic O2 reduction catalysts have
explored bimetallic cooperativity on the tenet that two
metal centers working in concert might better promote
chemical transformations along multielectron pathways
by avoiding nonproductive and uncontrollable one-
electron/radical side reactions. Pioneering studies of
Chang and Collman led to the development of the Pacman
porphyrins,8,9 which are cofacial bisporphyrins anchored
by a single rigid pillar. Such systems readily provide a face-
to-face geometry with little lateral displacement between
porphyrin subunits while allowing for the binding of
oxygen within the Pacman “bite” of the cofacial cleft.
Cofacial Pacman systems were confined to the two spac-
ers, diporphyrin anthracene (DPA) and diporphyrin bi-
phenylene (DPB), shown in Chart 1.8 Cofacial DPA and
DPB bisporphyrins containing either cobalt or iron are
effective electrocatalysts for mediating the direct 4e-/4H+


reduction of oxygen in strongly acidic media.8,10,11 The
unique reactivity of the singly pillared DPA and DPB
bisporphyrins as compared to that of doubly strapped
bisporphyrin counterparts has been ascribed to their
ability to maintain the face-to-face arrangement of por-
phyrin subunits while maintaining vertical flexibility via
the Pacman effect.8 Nevertheless, the DPA and DPB
systems of Chart 1 differ in vertical pocket size by only
∼1 Å,12 offering a limited range of conformational flex-
ibility for examination of structure–reactivity relationships.


With an interest in examining the structural limits of
vertical flexibility within the Pacman motif, we sought to
develop methods for the facile assembly of new cofacial
bisporphyrins that exhibit variable pocket sizes with
minimal lateral displacements. To this end, the second-
generation Pacman bisporphyrins based on the DPX
(diporphyrin xanthene) and DPD (diporphyrin dibenzo-
furan) architectures shown in Chart 1 were targeted. The
dialdehyde pillars needed for cofacial assembly are more
easily obtained than for DPB and DPA, thereby streamlin-
ing the synthesis of the Pacman class of compounds.
These second-generation cofacial bisporphyrins display
an active multielectron catalysis that involves a proton-
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coupled electron transfer (PCET) reactivity. PCET reactivity
can be further accentuated by removal of one porphyrin
subunit from the DPX or DPD pillar and replacement by
an acid–base functionality appropriately positioned over
the remaining porphyrin platform. Much like the Pacman
porphyrin constructs, these “Hangman” porphyrins ex-
hibit an active multielectron activation chemistry driven
by proton transfer. The PCET chemistry of these new
Pacman and Hangman porphyrin constructs, especially
as PCET pertains to oxygen activation, is the subject of
this Account.


Xanthene- and Dibenzofuran-Bridged Pacman
Assemblies
Installation of xanthene and dibenzofuran spacers into
pillared cofacial bisporphyrin architectures was adapted
from the resourceful use of these spacers by Rebek13 and
Cram14 for supramolecular cleft design. The xanthene-
bridged cofacial bisporphyrin and the dibenzofuran-
bridged homologue are furnished from the three-branch
approach of Figure 1,15 which borrows from methods
originally developed for the preparation of DPA and DPB
Pacman derivatives. The first synthetic branch consists of
the regioselective dilithiation of 9,9-dimethylxanthene or
dibenzofuran in the presence of dry DMF followed by
hydrolysis of the intermediate imidate salt. Both the


xanthene and dibenzofuran dialdehyde bridges (salmon
panel) are afforded in high yield via this facile one-pot
reaction. The second branch of Figure 1 entails the
synthesis of R-free pyrrole ethyl ester (blue panel) via a
five-step procedure using a Barton–Zard strategy, whereas
the third branch delineates the preparation of the ap-
propriate dipyrrylmethane dialdehyde (yellow panel) by
a typical seven-step methodology.16 The Pacman is con-
structed by the convergent three-branch coupling of
dicarboxaldehyde bridges with the appropriate R-free
pyrrole ethyl esters and dipyrrylmethane dialdehydes. The
free-base cofacial bisporphyrins H4(DPD) and H4(DPX) are
obtained in 15 and 16 steps, respectively, in an overall
yield of 3%. For comparison, the related DPA- and DPB-
bridged bisporphyrins H4(DPA) and H4(DPB) are synthe-
sized in 20 and 23 steps, respectively. The economy of
synthesis for the DPX and DPD Pacman porphyrins arises
from the one-pot synthesis of the dialdehyde pillars
(salmon panel), as compared to the DPA and DPB
systems, which require five to eight synthetic steps to
deliver the respective dialdehydes.


The span in the cleft size of the DPX and DPD Pacman
architectures is in evidence from their molecular struc-
tures. M(II) ions reside in Npyrrole squares, which are
confined in a face-to-face arrangement by the xanthene
and dibenzofuran bridges with little lateral displacement.
Figure 2 summarizes the average dimensions of the
molecular clefts that are conferred by the DPX and DPD
bridges.17 The DPD spacer engenders clefts with dimen-
sions of ∼7.5 Å, whereas the DPX gives a cleft dimension
of ∼4 Å.18 We note, however, that the DPD framework
itself is extremely flexible and is able to span large vertical
dimension. The metal–metal distances of DPD can range
from 3.504 Å for Fe2O(DPD), which clamps its Pacman
bite around a bridging oxo ligand, to 7.775 Å for Zn2-
(DPD),19 which allows the DPD platform to attain its
natural splayed conformation. The spring action of the
Fe2(III,III) µ-oxo Pacman clefts20,21 has been exploited for
the selective photochemical oxidation of olefins22 and
hydrocarbons.23 Pacman porphyrins bearing DPX and
DPD pillars have electronic excited states24,25 from which
a photochemistry may be derived. Ultrafast laser studies
reveal that a mixed-valence Fe(II)Fe(IV)dO intermediate
is produced upon light excitation:


The intermediate may be trapped by substrate prior
to reclamping. Transient absorption measurements show
that the spring action of the bisporphyrin cleft is impor-
tant in stereoelectronically controlling the side-on attack
of the substrate on the photogenerated ferryl oxidant.


The pocket sizes of bisporphyrins may be further tuned
by the selective introduction of sterically demanding aryl


Chart 1
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groups trans to the rigid xanthene or dibenzofuran bridge.
Aryl-substituted dipyrrylmethane dialdehydes are conve-
niently supplied via a three-step procedure from a pyrrole
and an aldehyde.26 The convergent three-branch approach
shown in Figure 1 permits bulky groups such as meth-
oxyaryls to be installed in the meso position, opposite the


bridge [diporphyrin xanthene methoxyaryl (DPXM) and
diporphyrin dibenzofuran methoxyaryl (DPDM)].27 By
employing appropriate substituents along the periphery
of the macrocyclic superstructure, we are able to tune the
pocket sizes of the Pacman motif over a series of metal–
metal distances ranging from 4.0 to >8.0 Å.17


FIGURE 1. Flow diagram detailing the three-branch convergent methodology for the synthesis of cofacial Pacman bisporphyrin architectures.


FIGURE 2. Schematic representation of the crystallographic metrics obtained for several DPX and DPD Pacman derivatives. The value dct–ct
corresponds to the intermetallic distance for the Pacman complexes.
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Oxygen Reduction by Cobalt Pacman
Complexes
Dicobalt(II) cofacial bisporphyrins are prominent among
molecular catalysts for mediating the selective 4e-/4H+


reduction of oxygen to water. As discussed by Taube,28


these systems attain their reactivity by fulfilling two
general requirements. (i) They bypass one- and two-
electron redox transformations through bimetallic redox
cooperativity, and (ii) they hinder the protonation and
release of the two-electron peroxo-type intermediates.
This reactivity model, however, does not rationalize all
observations. Electron transfer of porphyrins at electrode
surfaces is not necessarily rate-determining, and hence,
a bimetallic cooperativity is not needed for some O2


reduction electrocatalysts.29 Additionally, enhanced reac-
tivity of some porphyrin electrocatalysts is observed when
the second coordination site is empty or replaced with
an appropriate Lewis acidic metal ion.17,30–32 With the goal
of augmenting our current understanding of O2 reduction,
the electrocatalytic and homogeneous O2 reduction chem-
istries of the four second-generation Pacman complexes
shown in Chart 1 for M ) Co(II) were examined.


Electrochemical Reduction. The redox properties of
the Co2(II,II) Pacman porphyrins of Chart 1 have been
examined using a thin-layer cyclic voltammetric tech-
nique. A single, reversible oxidative wave at +0.33 V (vs
Ag/AgCl) is observed for Co2(DPD) (Figure 3), consistent
with two noninteracting metal centers resulting from the


FIGURE 3. Thermal ellipsoid plots (top) for Co2(II,II) Pacman porphyrins that function as O2 reduction catalysts and overlay of cyclic voltammetric
responses (blue) and rotating Pt ring-disk voltammograms (crimson) (bottom) for reduction of O2 at pyrolytic graphite disks coated with (a)
Co2(DPX), (b) Co2(DPD), (c) Co2(DPXM), or (d) Co2(DPDM). The amount of H2O2 product produced from O2 reduction can be calculated from
the ratio of the ring current, due to H2O2, with respect to the total reduction current at the catalyst-coated graphite disk.
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large vertical cleft dimension (d ) 8.62 Å). Conversely, the
more compressed structure engendered by the xanthene
spacer of Co2(DPX) (d ) 4.53 Å) results in mixed-valence
behavior, as two reversible electrochemical oxidations are
observed at +0.28 and +0.17 V versus Ag/AgCl. The
splitting of the oxidation processes arises from strong
interactions between two proximate porphyrin π sys-
tems.33 The redox properties of the parent DPX and DPD
systems are not significantly perturbed by introduction
of the sterically demanding methoxyaryl group trans to
the spacer. The mixed-valence behavior of Co2(DPX) is
displayed by Co2(DPXM) at comparable potentials (E° )
+0.14 and +0.33 V vs Ag/AgCl).34 Moreover, cyclic voltam-
mograms of Co2(DPDM) in nitrobenzene (Figure 3) give
a single, reversible two-electron oxidative wave at a
potential identical to that of the splayed derivative Co2-
(DPD) (E° ) +0.33 V vs Ag/AgCl).


The selectivity for the direct 4e-/4H+ versus 2e-/2H+


reduction of oxygen to water by the Co2(II,II) suite of
Pacman porphyrins was evaluated using rotating ring-disk
electrochemistry (RRDE). Current–potential responses for
catalytic oxygen reduction at a rotating graphite disk/
platinum ring electrode coated with each of the complexes
of Chart 1 are summarized in Figure 3. Dicobalt(II)
Pacman complexes of both DPX and DPD are selective
catalysts for the direct reduction of O2 to H2O over H2O2


with 72% and 80% selectivities, respectively.33,34 This
selectivity is markedly attenuated by the installation of a
methoxyaryl group onto the Pacman motif. Co2(DPXM)
catalyzes the reduction of oxygen at a positive potential
of +0.24 V (vs Ag/AgCl); however, only 52% of the reaction
proceeds along the 4e-/4H+ pathway to produce water,
while DPDM catalyzes oxygen reduction at a potential of
+0.25 V (vs Ag/AgCl) with 46% going directly to water.34


Chemical Reduction. Oxygen reduction catalysis may
be independently examined by chemical means using
ferrocene as the chemical reductant and proton sources
of varying acidities.35 Such homogeneous O2 reduction
experiments are powerful because they allow conversions
to be investigated stoichiometrically as well as catalytically.


O2 reduction is monitored by following the conversion
of ferrocene to ferrocenium via the two-electron (path A)
and four-electron (path B) pathways shown in Figure 4.
The number of electron equivalents that are consumed
in this reaction can be easily assessed by monitoring the
rise in ferrocenium absorbance. For the complete four-
electron reduction of O2 to water, the concentration of
ferrocenium at the end of the reaction is equal to 4 times
the initial concentration of O2 in solution. Conversely, for
the 2 equiv reduction of O2 to H2O2, the concentration of
ferrocenium at the end of the reaction is only 2 times the
initial concentration of O2 in solution. Catalytic systems
that produce intermediate amounts of both H2O2 and H2O
will form ferrocenium at concentrations between the these
two extremes. In this manner, the efficacy of O2 reduction
by the various catalysts of Chart 1 may be ascertained.


Figure 4 shows the time courses for ferrocenium
production for each of the catalysts in air-saturated
benzonitrile solutions of ferrocene (0.1 M) and HClO4 (0.02


M). Given that the concentration of O2 in air-saturated
benzonitrile is measured to be 1.7 × 10-3 M-1, one would
expect to observe the final concentration of ferrocenium
to approach 4 × (1.7 × 10-3 M-1) or 6.8 mM for a catalyst
that is completely selective for the four-electron pathway
(path B). Conversely, a system that is completely selective
for the two-electron pathway that produces H2O2 would
generate a final ferrocenium concentration of 2 × (1.7 ×
10-3 M-1) or 3.4 mM. The five traces approach varying
asymptotic values, indicating differences in catalyst per-
formance. All four Co2(II,II) Pacman porphyrin catalysts
that were studied display a greater selectivity for the
reduction of oxygen to H2O as compared to the mono-
meric control catalyst, CoOEP. As for the electrocatalytic
reduction of oxygen, the Co2(II,II) DPX-spaced Pacman
catalyst shows the highest selectivity for the reduction of
O2 to H2O. The presence of H2O2 was independently
confirmed by a standard sodium iodide assay;36 we note
that control experiments show that oxidation of ferrocene
by H2O2 on the time scale of the experiment is slow. The
amount of H2O2 measured was consistent with the
conversion yields of the stoichiometric reaction. In the
case of Co2(DPX), reduction of O2 to water was complete
and no H2O2 was therefore detected. As shown by the
comparative bar graph in Figure 5, the results of the
homogenous O2 reduction experiments are in agreement
with those obtained via the electrocatalytic approach.
Pacman systems Co2(DPX) and Co2(DPD) are far more
selective for the 4e-/4H+ pathway in generating water
than the corresponding methoxyaryl-substituted homo-
logues. Given that the structural flexibility and redox


FIGURE 4. Reduction of O2 by ferrocene and perchloric acid under
homogeneous conditions using the Pacman systems of Chart 1.
Spectroscopic monitoring of the increase in ferrocenium concentra-
tion allows for the selectivity of each catalyst’s performance along
both 4e-/4H+ and 2e-/2H+ reduction pathways.
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behavior of the cofacial bisporphyrin systems are largely
unperturbed by trans-aryl substitution, more subtle elec-
tronic and protonation factors were considered as causes
for this change in catalytic selectivity.


A PCET Mechanism for O2 Reduction by
Pacman Constructs


The disparate efficiencies for production of H2O from O2


between the Co2(II,II) methoxyaryl-substituted Pacman
architectures and the parent DPD and DPX complexes
imply that the selective reduction of O2 to H2O as opposed
to H2O2 steps beyond the idea of redox cooperativity
between proximate metal centers. With the knowledge
that O2 reduction requires both proton and electron
equivalents, the role of proton delivery in determining O2


reduction pathways catalyzed by bimetallic systems was
interrogated.34 DFT calculations show an inversion in the
nature of the HOMOs for the O2 adducts of methoxyaryl-
modified and unmodified DPX and DPD Pacman porphy-
rins. Figure 6 shows the results for the oxygen adducts of
the Co2(II,II) DPX/DPXM congeners. The resting state for
oxygen binding is the Co2(II,III) superoxo species; this is
experimentally observed by EPR spectra, which show a
symmetric 17-line spectrum for a symmetrically bound
superoxide within the mixed-valence cleft of the Pacman
porphyrin.33 For [Co2(DPX)(O2)]+, the DPX superoxo spe-
cies consists of localized molecular orbitals with significant
π*(Co–O) and π*(O–O) character on the [Co2O2] core.
Conversely, the HOMO of the corresponding [Co2-
(DPXM)(O2)]+ intermediate is localized conversely on the
porphyrin π system with no electron density observed on
the superoxo. Moreover, Mulliken population analysis
reveals that the oxygen atoms of the superoxo within the
DPX cleft are ∼20% more negatively charged than when
in the DPXM cleft. Since protonation is expected to occur
at the more basic site, the oxygens of the DPX molecule
are predicted to be the target of protonation.


Taken together, these results have led to the mecha-
nistic model shown in Figure 7. The cycle emphasizes the
role of PCET activation for O–O bond cleavage. Our results
indicate that the basicity (pKa of conjugate acid ∼ 12.5 in
PhCN) of the superoxo complex is the key determinant
of the selectivity for O2 reduction. Proton transfer to the
[Co2O2]+ superoxo core of [Co2(bisporphyrin)(O2)]+ trig-
gers a two-electron transfer, bypassing one-electron pro-
duction of a [Co2(bisporphyrin)(O2)] peroxo-type inter-
mediate. Protonation followed by a two-electron transfer
provides the necessary equivalents to result in O–O bond
cleavage. The net result is a three-electron transfer process
that leads to O–O bond cleavage, producing an oxo-
hydroxy species (outer cycle of Figure 7). Subsequent
reduction by an additional electron produces the fully
reduced water product. This model is supported by the
pKa dependence of the Co2(DPX) reduction chemistry as
summarized in Figure 5. Oxygen reduction is observed
when the reduction is performed with acids possessing
pKa values of <12 in benzonitrile (e.g., HClO4, CH3SO3H,
or CF3CO2H); selective reduction is not observed if pKa >
12 (e.g., CHCl2CO2H or CH2ClCO2H).


The observations of the selective reduction of O2 to H2O
by the Pacman porphyrins of Chart 1 concur with the
chemistry of CcO. Spectroscopic and kinetic studies of
partially and fully reduced enzymes establish that the O–O
bond is broken upon the addition of three electrons and
one proton to produce the oxo-hydroxy product.37,38 We
believe that superoxide of the cofacial porphyrins is
susceptible to release. Hence, if the superoxo is not
sufficiently basic, one-electron reduction of
[Co2(bisporphyrin)(O2)]+ ensues in the absence of a
proton and peroxide is produced (inner cycle of Figure
7). Protonation of the superoxo permits the system to
bypass peroxo-type intermediates and in doing so drive
the necessary three-electron equivalents that result in O–O
bond cleavage.


The overall mechanism in Figure 7 is satisfying on
several counts. First, as mentioned above, a proper
stoichiometry of one proton and three electrons needed
for O–O bond cleavage is satisfied. Second, it clearly
identifies the importance of the superoxo as the “resting
state” for catalysis, a fact long known for the O2 reduction
chemistry of Pacman porphyrins.39 Finally, the mecha-
nistic cycle clarifies some perplexing observations that
porphyrin templates bearing a distal metal-binding cap
exhibit comparable selectivities for the four-proton, four-
electron pathway with or without a second redox-active
metal ion bound in the distal cap.17,30,31 The mechanism
shown in Figure 7 suggests that the second functional site,
whether that be another porphyrin, a metal complex, or
a metal-free coordination sphere, is to adjust the pKa of
the protonated dioxygen adduct. Since a cooperative redox
activity is not required from two cofacial porphyrins, the
second site may be redox-inactive or completely absent.


FIGURE 5. Efficiency of H2O production (left) from O2 by Co2(II,II)
Pacman systems under homogeneous (Mets’ blue) and electrocata-
lytic (Mets’ orange) conditions. Effect of acid strength (right) on the
course of O2 reduction by Co2(DPX) as measured under homoge-
neous conditions. No reaction is observed when the acid pKa > 12.
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PCET O–O Bond Catalysis at Hangman Redox
Platforms


The Pacman porphyrins highlight the importance of
properly controlling the proton inventory in achieving
selective substrate activation, particularly for substrates
involving O–O bond activation. We sought to better
control proton transfer at redox platforms, leading us to
replace one porphyrin subunit of Pacman porphyrins with


an acid–base group. This new active site, which we call a
Hangman porphyrin, “hangs” an acid–base group above
a PFeIII(OH) (P ) porphyrin) redox platform via a xan-
thene or dibenzofuran spacer.


This new class of porphyrin compounds is obtained
by the convergent approach shown in Figure 1, but with
the xanthene aldehyde ester as the initial building block
of the pillar.40 In this way, one appendage of the bridge
is selectively protected. Treatment of this xanthene de-


FIGURE 6. HOMO of the superoxide complexes of (a) [Co2(DPX)(O2)]
+ and (b) [Co2(DPXM)(O2)]


+. Co2DPX has significant electron density at
the bound oxygen and consequently is able to accept a proton to drive O–O bond cleavage by PCET, and water is obtained. This is not the
case for Co2DPXM, which cannot be protonated, thus leading to peroxide as the oxygen reduction product.


FIGURE 7. Cycle for O2 reduction by cofacial bisporphyrins. Protonation of the superoxo intermediate (highlighted with a box) is the key to
efficient reduction of O2 to H2O. The pKa value of the superoxide complex corresponds to the conjugate acid in benzonitrile. The top Co(III)
ion (highlighted in violet) does not need to undergo a change in oxidation state to facilitate the O2 reduction chemistry.
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rivative with aryl aldehydes and pyrrole under standard
Lindsey conditions affords a family of meso-substituted
porphyrins bearing a singly functionalized xanthene spacer.
Direct modification of the protected ester after macro-
cyclization proceeds smoothly to furnish the acid–base
group. Alternatively, the ester can be converted directly
or indirectly to a variety of other acid–base groups shown
in Chart 2. Similar methodologies may be employed to
incorporate other redox platforms, such as salens,41,42 into
the Hangman architecture.


The unique structural motif of the Hangman architec-
ture captures the essence of heme hydroperoxidase
enzymes by precisely positioning an acid–base functional
group over the face of heme. The heme hydroperoxides
may be divided into subclasses of peroxidases, catalases
and cytochrome P450 monooxygenases The hanging
acid–base group mimics amino acid residues that orient
water in the distal cavities of these enzymes to finely tune
heme electronic structure and redox potential, as well as
providing a proton relay during multielectron catalysis.
For example, Figure 8 shows the distal side of cytochrome
P450 (BM-3 structure), where a water channel is estab-
lished by a threonine residue which holds the terminal
water molecule in place above the heme.43 The same
structure is captured by the Hangman porphyrin motif.


X-ray crystallography reveals that the hanging group plays
the role of threonine on the distal side of the Hangman
porphyrin by preorganizing a water molecule above the
Hangman cleft.44 Spectroscopic experiments show that the
water binding is chemically reversible with an energy of
5.8 kcal/mol.45 The Hangman construct is thus a faithful
model of metalloenzymes with engineered distal sites but
with greatly reduced complexity since secondary and
tertiary protein structure are not required to impose the
proton transfer network proximate to the heme redox
center.46


The diversity of biological redox processes performed
by the heme hydroperoxidase enzymes is achieved by O–O
bond activation via Compound I (Cpd I),47 which is two
redox levels above FeIII with a ferryl FeIVdO and associated
radical (e.g., a porphyrin π radical cation, P•+, in horse-
radish peroxidase and catalase, or an oxidized tryptophan
in cytochrome c peroxidase). It is generated by heterolysis
of an O–O bond in H2O2 or O2. Heterolytic cleavage to
release H2O is accomplished by an internal redox dispro-
portionation coupled to the delivery of a H+, from a
precisely positioned acid–base residue in the active site
cavity, to the distal oxygen atom in a FeIII–OOH complex.48


We have confirmed a parallel oxygen activity for the
Hangman porphyrins using cryogenic stopped-flow meth-
ods.49 No O–O bond homolysis is observed, even under
conditions that are known to favor the FeIVdO group of
Compound II (Cpd II) formation in non-Hangman model
heme cofactors such as tetramesitylporphyrin.50 Stopped-
flow spectra show that the presence of the H+ donor
pendent group exerts kinetic control over O–O bond
activation by exclusively favoring a proton-coupled 2e-


heterolysis, to produce Cpd I, over the competing 1e-


homolysis pathway attendant to Cpd II formation (Figure
9). Formation of Cpd I is thus accomplished by coupling
proton transfer to a two-electron redox event of the heme
cofactor, in much the same way the proton is used to drive
the two-electron reactivity of the superoxide Pacman
complex in Figure 7. A similar reactivity is observed for
redox platforms other than porphyrins as well. O–O bond
heterolysis to produce Mn(V)dO intermediates is pre-
ferred for salens adorned with hanging acid groups.51


Chart 2


FIGURE 8. Graphical juxtaposition of the structurally characterized hydrogen-bonded water channel of P450 (left) and a monomeric iron(III)
Hangman heme model system (right). The pendant carboxylic acid of the Hangman system plays a role analogous role of the distal threonine
of the enzymatic system, which acts to preorganize the bound water molecule within the enzymatic heme cleft.
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This proton-controlled, two-electron (heterolysis) ver-
sus one-electron (homolysis) redox specificity sheds light
on the catalytic performance of Hangman cofactors.
Figure 9 summarizes the PCET O–O bond chemistry at
porphyrin and salen redox platforms. Facile P450 like
epoxidation of olefins is observed at high rates of turnover
(>103) when manganese Hangman complexes are em-
ployed. In the absence of substrate, the Cpd I-type
intermediate reacts with peroxide to generate oxygen and
water in a catalase-like reactivity, also at an exceptionally
high rate of turnover (>103).45 The hanging group not only
provides a site for proton transfer but also preorganizes
substrate within the Hangman cleft. Oxidation and cata-
lase activities are lost when the scaffold is extended and
the proton must transfer over a long distance or when
the pKa of the hanging acid–base group is increased.45,52


A similar reactivity is observed for Hangman salen com-
plexes of manganese.41,42


The studies on these Hangman porphyrins and salen
macrocycles clearly demonstrate that exceptional O–O
bond catalysis may be achieved when redox and proton
transfer properties of a cofactor are controlled indepen-
dently. A key requirement is that the proton transfer
distance is kept short, which is accomplished by ortho-
gonalizing redox and proton transfer coordinates53 in the
Hangman construct. The benefit of this approach is that
a multifunctional O–O bond activity of a single redox
scaffold is achieved by additionally controlling the proton
equivalency at the redox platform. This observation is
evocative of natural heme-dependent proteins that em-
ploy a conserved protoporphyrin IX cofactor to affect a
myriad of chemical reactivities of the heme hydroperoxi-
dases.


Summary and Outlook
The effective utilization of the dioxygen molecule in
biological and chemical catalysis is predicated on the dual
control of electron and proton inventories. With regard
to O2 reduction, the coupled management of proton and
electron equivalents is critical for selecting the 4e-/4H+


pathway to produce water over the 2e-/2H+ pathway to
produce peroxide. A substantial body of previous work on
DPA and DPB Pacman porphyrins has clarified important
structural attributes of an effective catalyst architecture,
including the restriction of macrocyclic subunits to a face-
to-face arrangement with minimal lateral displacements
while allowing sufficient vertical flexibility for binding and
activation of the O2 substrate. We have shown that this
property of dimensional control may be augmented by
using the scaffold to tailor the secondary coordination
sphere of a redox-active center for PCET reactivity. The
ability to bring these two features of oxidation–reduction
and protonation states together by use of the xanthene
and dibenzofuran scaffolds offers a powerful new tool for
oxygen activation. As observed in biological energy trans-
duction, the proper proton inventory can drive the reduc-
tion of oxygen by promoting the addition of three elec-
trons to dioxygen, thereby driving O–O bond cleavage. The
pKa of the oxygen-bound species may be affected elec-
tronically by the presence of the second porphyrin of the
Pacman motif such that protonation drives a 1e- f 1H+


f 2e- cascade to effect O–O bond cleavage. These results
are general and may be pertinent to other redox-active
macrocycles. Kadish and co-workers have shown that the
selective reduction of O2 to water54 can be accomplished
using Co2(III,III) biscorrole Pacman55 and porphyrin–cor-


FIGURE 9. Cycle for both catalase and epoxidation reactivity from a single Fe(III) Hangman platform. The initial reaction steps are identical
for both reaction pathways: H2O2 binding and heterolytic O–O bond cleavage to generate a Cpd I-type intermediate. This ferryl intermediate
can then oxidize either a second equivalent of H2O2 to generate O2 (catalase reactivity) or an organic substrate such as an olefin via an
oxygen atom transfer reaction. The epoxidation chemistry is typically observed only when the iron Hangman center is replaced with the
corresponding manganese derivative.
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role Pacman assemblies56 even when the porphyrin mac-
rocycle is unmetallated.57 The role of the second macro-
cycle in tuning the pKa of the oxygen-bound species may
be fulfilled by a noncoordinated Brönsted or Lewis acid–
base site. On this latter count, the Hangman porphyrins
come to the fore. The Hangman construct allows for
precise control over the proton donating ability of an
acid–base group poised over a redox-active metallopor-
phyrin redox site. Working in concert, the acid–base
hanging group and redox macrocycle can catalytically
promote O–O bond cleavage at high efficiencies. By
faithfully reproducing the presence of an acid–base group,
the oxidation catalysis of heme hydroperoxidase cofactors
is captured outside the protein milieu.


Finally, the O–O bond activation process, especially that
involving the conversion of oxygen to water, is of profound
consequence to one of the greatest challenges facing our
planet in the coming century, the development of a clean
and renewable fuel source.58–61 Most directly, new cata-
lysts are needed for O2 reduction at the cathode of fuel
cells. The O2 reduction (and attendant proton transport)
process is a singularly limiting factor governing power
efficiencies in fuel cells,62 yet the O2 reduction problem
steps beyond fuel consumption and points the way to the
design of new sources of supply and storage. As first noted
by Babcock,63 the O2 bond breaking chemistry of Nature’s
biofuel cell, CcO, is the reverse of the O2 bond making
chemistry of Nature’s solar energy converter, Photosystem
II (PS II). Oxygen binding in CcO binding is followed by
the reaction with the side chain to produce a tyrosyl
radical and the Fe4+–oxo ferryl and Cu2+–hydroxy species.
In PS II, the reverse occurs; a tyrosyl radical produces an
oxo, proximate to hydroxide to form a transient peroxy
species, which then yields O2. The key intermediate in the
critical bond-forming step of water oxidation or bond-
breaking step of oxygen activation is a preorganized oxo/
hydroxyl intermediate. To this end, the O2 f H2O reduc-
tion process provides a guidepost for the design of
catalysts that can promote the H2O f O2 oxidation
process of solar-driven water splitting.
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ABSTRACT
Non-heme carboxylate-bridged diiron centers in the hydroxylase
components of the bacterial multicomponent monooxygenases
process four substrates during catalysis: electrons, protons, dioxy-
gen, and hydrocarbons. Understanding how protein–protein in-
teractions mediate the transport of these substrates to the diiron
center to achieve the selective oxidation of the hydrocarbon is a
significant challenge. In this Account, we summarize our current
knowledge of these processes with a focus on the methane
monooxygenase system. We also describe recent results for the
toluene/o-xylene monooxygenase and phenol hydroxylase systems
from Pseudomonas sporium OX1. The observation in these latter
systems of a diiron(III) oxygenated intermediate having different
Mössbauer parameters from analogous species in other carboxyl-
ate-bridged diiron proteins is discussed. The results indicate that
the ability of the protein framework to tune the reactivity of the
diiron center at structurally similar active sites is substantially more
complex than previously recognized.


Introduction
The biological activation of small substrates, such as
dioxygen and dinitrogen, is carried out by large proteins
comprising multiple subunits and containing metal co-
factors. Examples of these enzymes include nitrogenase,
cytochromes P450, tyrosinase, hydrogenase, cytochrome
c oxidase, and the non-heme carboxylate-bridged diiron
proteins. Members of the last family, which include the
BMMs, RNR-R2, and ∆9D, activate dioxygen at structurally
homologous diiron centers housed within a four-helix
bundle. The metal atoms in this bundle are coordinated
by the side chains of two E(D/H)XXH motifs.1 The BMMs
exquisitely couple the consumption of electrons and
protons to dioxygen activation and substrate hydroxyla-
tion. Understanding the management of four substrates


(electrons, protons, dioxygen, and hydrocarbons) in these
enzyme systems is a central goal of our research.


In the carboxylate-bridged diiron systems studied thus
far, the resting state of the enzyme, which is unreactive
toward dioxygen, is a diiron(III) cluster with bridging oxo
or hydroxo ligands. Catalysis is initiated by two-electron
reduction of this form to generate the reactive diiron(II)
state. In systems where crystal structures of the diiron(III)
and diiron(II) enzymes, or analogues thereof, are available,
reduction is often accompanied by shifting of a dangling,
or non-bonded, oxygen atom of a terminal carboxylate
ligand to a position bridging the metal ions. The hydroxo
or oxo bridges are lost in the process, presumably as water
following their protonation.1,2 The resulting diiron(II) form
rapidly reacts with dioxygen to form a peroxodiiron(III)
intermediate, which has been characterized by a number
of spectroscopic methods (Table 1).1 In MMO and RNR-
R2, this intermediate evolves to higher-valent species Q
and X, respectively, which carry out methane hydroxyla-
tion or the one-electron oxidation of aromatic amino acid
residues (Figure 1). In MMOH, both the peroxodiiron(III)
(Hperoxo) and Q intermediates are reactive toward sub-
strates,3 similar to the reactivity observed for oxygenated
intermediates in the cytochrome P450 family and some
dicopper systems.4 Part of our ongoing research program
has been to develop a more detailed picture of the
differential reactivity of the Hperoxo and Q intermediates
in MMOH. The catalytic cycle is closed as the oxygenated
intermediates return to the resting diiron(III) state fol-
lowing substrate hydroxylation.


In the present Account, we describe the most recent
results on the BMMs MMO, ToMO, and PH. Our discus-
sion begins with a description of the protein components
and their interactions. We then proceed through the stages
of the catalytic cycle, examining first the ET events,
followed by dioxygen activation and, finally, substrate
hydroxylation.


BMM Protein Components
The BMMs are subdivided into different families, but all
contain at least three components in the enzymatic
system, a hydroxylase, an NADH oxidoreductase, and a
regulatory protein. A fourth, Rieske protein, is also utilized
in toluene/alkene monooxygenases.5 In MMO, ToMO, and
PH, the hydroxylase is a dimer of three polypeptide chains,
(R�γ)2, with each R-subunit housing the carboxylate-
bridged diiron center, the site of substrate hydroxylation.
The oxidoreductase component shuttles electrons from
NADH through its bound FAD and [2Fe–2S] cofactors to
the hydroxylase either directly, as in MMO and PH, or
indirectly via the Rieske component. The cofactor-less
regulatory proteins bind to the hydroxylase and couple
electron consumption to hydrocarbon oxidation.6–8 The
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precise mechanistic consequences of these protein–pro-
tein interactions on ET and dioxygen activation are the
subject of ongoing research. Very recently, the structure
of PHH complexed to its regulatory protein, PHM, was
solved, providing the first detailed picture of such an
interaction.9


Component Interactions
The assembly of protein complexes during the catalytic
cycle must be finely orchestrated to ensure that electron
consumption is linked to substrate hydroxylation. For
example, reactive oxygenated diiron intermediates in the
hydroxylase must not undergo adventitious reduction by
the reductase/Rieske protein components.5 The regulatory
protein is proposed to compete with the reductase for a
shared binding site on the hydroxylase,7 thereby protect-
ing oxygenated intermediates formed at the diiron center
from undesired reductive quenching following dioxygen
activation.9 On the other hand, ET from these reducing
components to the resting, diiron(III) state of the hy-
droxylase must occur to initiate catalysis. In this section,
we discuss studies of the structures and interactions
between the regulatory proteins and their respective


hydroxylases and then turn our attention to the ternary
system comprising the regulatory, hydroxylase, and re-
ductase/Rieske components.


Crystal structures of BMM hydroxylases from MMO,
ToMO, and PH have been solved to date. Three structur-
ally conserved features of note are hydrocarbon access
routes, a likely ET pathway to the diiron core, and a pore
through the four-helix bundle housing the diiron center
for possible dioxygen or proton translocation. Soaking or
pressurizing crystals of these proteins with substrate or
product analogues has revealed the first of the three
shared features, a potential pathway for the entrance or
egress of hydrocarbon substrates or products. Soaking
ToMOH crystals with the product analogue p-bromophe-
nol revealed a large channel that delineates an access
pathway from the exterior of the protein through the
R-subunit to the active site (Figure 2).10 When MMOH
crystals were treated with xenon, bromomethanes, or
iodoethane, these small hydrophobic species were de-


Table 1. Spectroscopic Parameters for Peroxodiiron(III) Intermediates at Non-heme Diiron Centers


Opticala Mössbauera


λmax (nm) ε (M-1 cm-1) δ (mm/s) ∆EQ (mm/s)


MMO (M. caps.) 700 1800 0.66 1.51
MMO (M. trich.) 725 2500 0.67 1.51
RNR-R2 D84E 700 1500 0.63 1.58
RNR-R2 D84E/W48F 700


stearoyl-ACP ∆9-desaturase 700 1200 0.68 1.90
700 0.64 1.06


frog M ferritin 650 0.62 1.08
cis-µ-1,2-peroxo Fe2


III 694 2650 0.66 1.40
ToMO (Pseudomonas sporium OX1)b 0.54 0.67


a All parameters except those for ToMO are taken from ref 1. b Reference 23.


FIGURE 1. Dioxygen activation at non-heme carboxylate-bridged
diiron centers. Reaction of the reduced diiron(II) state with dioxygen
affords a peroxide-bridged intermediate, which can evolve to a high-
valent species or decay to the resting diiron(III) state. In MMOH,
intermediate Q can oxidize substrates, denoted as S, or decay via
other pathways to the resting state. The peroxo intermediate in RNR-
R2 oxidizes Trp48 to form X, which then oxidizes Tyr122 to restore
the resting diiron(III) state.


FIGURE 2. Substrate access channel and the conserved pore in
ToMOH. The access channel (magenta) delineates a path from the
diiron center (orange atoms) to the protein surface through the
R-subunit (grey). The conserved pore (green), which is gated by
Asn202, extends from the active site pocket to the protein surface.
One half of the dimer is depicted.
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tected in a series of adjacent hydrophobic pockets within
the protein that trace a pathway from the protein surface
to the diiron center.11 The distinct pockets are capable of
forming a contiguous pathway, as evidenced by structures
of crystals soaked with ω-halogenated primary alcohols.
In these structures, several residues, including Leu110 and
Leu289, shift to allow the substrate analogues to traverse
the protein cavities.12 The structure of MMOH crystals
soaked with 6-bromohexan-1-ol revealed another property
of note. Residues 212–216 in helix E of the R-subunit
unwind to extend the π-character of this helix, reorienting
Thr213 and Asn214, residues strictly conserved among the
BMMs. The structure of PHH complexed to PHM contains
a similarly extended π-helix, providing strong evidence
that the binding of regulatory proteins to their respective
hydroxylases gives rise to specific conformational changes
in helix E that affect the configuration of the active site
pocket.9 The environment around the diiron cluster had
been predicted from XAS studies of ToMOH and MMOH
in complex with their regulatory proteins13 to undergo
conformational changes, and the PHH–PHM structure
provides the first evidence for the nature of these changes.


PHM binds in the canyon region of PHH, specifically
on helices E and F, and covers a hydrogen-bonding
network from the exterior to the iron-coordinated histi-
dine residues. This feature is the second one conserved
among the BMMs (Figures 3 and 4). The locus on PHH
where PHM binds, and the predominantly hydrophobic
contacts between the proteins, agrees with the predictions
of early NMR line-broadening studies carried out on
MMOB and MMOH from M. caps.14 The binding site of
regulatory proteins in the BMMs may be conserved
throughout the family. The hydrogen-bonding network
that is covered by PHM, and presumably MMOB, is
spatially homologous to the proposed ET pathway in other
non-heme diiron proteins.10 Binding of BMM regulatory


proteins to this surface would interfere with ET for the
reasons described above.5


The third structurally conserved feature among BMMs
is a small pore through the four-helix bundle, which is
proximal to the proposed ET pathway and extends from
the active site pocket to the protein surface. In most of
the crystal structures of BMM hydroxylases, this pore is
closed, with a strictly conserved asparagine residue (214,
202, and 204 in MMOH, ToMOH, and PHH, respectively)
serving as a gate to the opening. Crystallographic studies
reveal this asparagine residue to shift in a redox-depend-
ent manner. Its side chain is oriented away from the active
site in the oxidized form and points inward in the reduced
or Mn(II) reconstituted forms of the hydroxylase. This
motion correlates with the carboxylate shift that occurs
upon reduction of the dimetallic center (Figure 5).1,2


Computational studies predict that dioxygen activation at
the diiron(II) core of MMOH is accompanied by dissocia-
tion of this carboxylate group from its bridging position.15


The asparagine gate is open, and the pore provides direct
access to the diiron center due to the increased π-char-
acter of helix E in the bromohexanol-soaked structure of
MMOH.12 In the R-subunits of PHH, helix E adopts
π-character similar to that in the MMOH bromohexanol-
soaked structure, orients Asn204 away from the active site,
and opens the pore.9 PHM is bound only to one face of
the PHH dimer and restricts access through this pore for
the R-subunit to which it is bound, but for the other, the
pore allows access to the diiron center (Figure 6). The
opening of the pore by the shift in Asn204 on the face
opposite that to which PHM binds may be an allosteric
effect transmitted through the protein dimer interface,
arise from interactions with the N-terminus of the �-sub-
unit of the adjacent monomer, or be a consequence of
crystal packing. Residue Asn204 in PHH interacts with the
hydroxyl side chain of a serine residue of the regulatory
protein (Figure 4), suggesting that mechanical strain
created when the latter binds to the hydroxylase could
promote rearrangement of the shifting carboxylate.9 The
hypothesis16 that the regulatory protein binds to the
hydroxylase and provides a sieve for methane access to
the active site at that position is inconsistent with the
PHH–PHM structure, and with the observation of CH2Br2,
Xe, and other methane substrate analogues bound in the
hydrophobic cavities of MMOH during structure deter-
minations of crystals exposed to these agents. Finally, we
note the possibility that dioxygen or protons may enter
the active site via the pore.


Among the BMMs, component interactions in MMO
isolated either from M. caps. or M. trich. have been the
most extensively studied. Similar interactions were pro-
posed for the binding of MMOB and MMOR to MMOH
from studies using chemically modified MMOH.17 Both
MMOR and MMOB bind to MMOH with a 2:1 stoichiom-
etry in the M. caps. system, with MMOR binding being
an order of magnitude stronger to MMOH than MMOB.7


In M. trich., MMOB binds 30-fold more weakly to reduced
versus oxidized MMOH.16 The Kd values determined from
the formation and dissociation rate constants of these


FIGURE 3. Crystal structure of PHH in complex with PHM shows
the binding of the regulatory protein in the canyon region. The
surface of PHH is rendered translucent with the R-, �-, and
γ-subunits depicted in grey, purple, and blue, respectively. The iron
atoms are depicted as orange spheres and denoted by arrows. PHM
(red) binds to the R-subunit in a location similar to that predicted
for binding of other regulatory proteins to their hydroxylases.
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complexes disagree with the thermodynamic ones, indica-
tive of rapid pre-equilibrium complex formation followed
by a slower structural change,7,16 such as an allosteric
effect being transmitted to the other binding site on the
dimer. Component binding to one face of the hydroxylase
could effect a structural change in the canyon region on
the opposite half of the dimer, as noted previously in the
PHH–PHM structure. In agreement with the stoichiometry
mentioned above, a ratio of 2 MMOB:1 MMOH affords
maximal activity for steady-state hydroxylation in the M.
caps. system. Moreover, enzymatic inhibition occurs at
higher ratios of MMOB, suggesting that MMOB saturates
the binding sites on MMOH, inhibiting the association of
MMOR with MMOH.


Electron Transfer to the Oxidized Hydroxylase
An early study of ET from NADH to the diiron(III) centers
in oxidized MMOH, premixed with MMOR and variable
equivalents of MMOB, demonstrated that all but one of
the ET events are enhanced by MMOB.7 More recently,
an investigation of the reaction of chemically reduced
MMOR or MMOR-Fd with MMOH–MMOB mixtures
showed the opposite effect, in which MMOB served to
inhibit ET.18 These two apparently contradictory effects
of MMOB on ET may be a consequence of a slow
structural change associated with MMOB or MMOR
binding to MMOH.18 The conclusion that hysteresis may


FIGURE 4. PHM binds to PHH at the proposed ET pathway and interacts with Asn204. (A) The surface-exposed residues, Arg235 and Lys68,
of the conserved hydrogen-bonding network in the R-subunit are highlighted in yellow on a surface-rendered diagram of PHH. The R-, �-,
and γ-subunits are depicted in grey, purple, and blue, respectively. (B) Diagram A with PHM (red) included. PHM covers this network when
complexed to PHH and may prevent the reductase from binding at this locus. (C) A cutaway view, perpendicular to that in A and B, shows
that this network, which extends from the iron atoms (orange spheres) to the surface, lies at the interface between the two proteins. PHM
also interacts with Asn204 (green sticks), the side chain of which is oriented away from the diiron center as in the oxidized form of the
hydroxylase and forms a hydrogen bond with Ser72 of the latter.


FIGURE 5. Redox-state-dependent conformations of residues in the
active site pocket of MMOH. The amino acid residues depicted in
gray correspond to the reduced state. Residues Glu243 and Asn214
shift upon oxidation (yellow) with Glu243 changing its coordination
mode to the dimetallic center.


FIGURE 6. A surface-rendered representation of the pore in the
R-subunit of PHH to which PHM is not bound. Asn204 (blue) is
oriented away from the diiron center, opens the pore (red), and
allows access from the protein exterior to the diiron center (orange
spheres). Four iron-binding ligands, Glu108, Glu139, His236, and
His141, are identified. This structural change may arise from PHM
binding at the opposing face, interactions with the N-terminus of
the �-subunit from the opposing monomer (purple), or packing in
the crystal.
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control the activity of MMOH was similarly drawn from
an analysis of the product distributions when various
substrates were hydroxylated by MMO from M. trich.19


The interaction of MMOH with either MMOR or MMOB
may depend on the presence or absence of the other
component. The two may bind either concurrently, on
opposing canyon regions of MMOH, or in rapid succession
at the same canyon region on one side of the hydroxylase.


These two scenarios for the interaction of the compo-
nents during the catalytic cycle are illustrated in Figure
7. In the half-sites reactivity mechanism, the reductase
binds on one canyon surface for ET while the regulatory
protein binds on the other canyon surface for dioxygen
activation and substrate hydroxylation (Figure 7A). Hys-
teresis would reflect binding of the regulatory and the
reductase components to the opposite faces of the hy-
droxylase, thereby predisposing each diiron center to
traverse opposite segments of the catalytic cycle. RFQ
Mössbauer experiments performed to investigate the
reaction of reduced MMOH,20 PHH,21 and ToMOH22 with
dioxygen consistently have recorded a maximal conver-
sion of ∼50% of the initial diiron(II) protein to the
oxygenated intermediates. This result suggests that the
oxidative phase of the catalytic cycle can occur only at


one active site of the dimer, irrespective of whether both
active sites are fully reduced. Half-sites reactivity has also
been proposed in other non-heme diiron proteins, in
particular ∆9D23 and RNR-R2,24 and may be a conserved
feature in these systems. A different scenario, depicted in
Figure 7B, is that the regulatory protein binds loosely to
the hydroxylase and is displaced partially or shifts in the
presence of the reductase to form a ternary complex that
is competent for ET and catalysis. Further work is neces-
sary to acquire a more complete understanding of the
nature of these component interactions and their role in
catalysis.


Formation and Reactivity of Activated Dioxygen
Intermediates


Steady State Studies. The mechanism of hydrocarbon
hydroxylation by the BMMs under steady state conditions
has been examined primarily with radical clock substrate
(RCS) probes. These hydrocarbons often contain strained
rings that open with a characteristic lifetime following the
loss of a hydrogen atom. Radical-derived ring-opened
products will be observed only if their recombination rate
is slower than ring expansion, in which case the lifetime
of the radical can be estimated from ratios of the rear-
ranged to unrearranged product alcohols. In general, only
unrearranged products arising from rapid recombination
of bound radical species are observed for most of the RCS
probes tested in MMO, and their lifetime has been
estimated to be <150 fs.1,25 In addition to ring expansion
from H-atom abstraction from the substrate, some RCS
probes can ring-open following hydride abstraction to
yield products that differ from the radical-derived ones.
Norcarane, methylcubane, and 1,1-dimethylcyclopropane
are examples of such RCS probes, and the major products
formed in steady state catalysis by ToMO,26 T4MO,27 and
MMO1 with these substrates are the unrearranged alco-
hols. Little or no rearranged products, either radical- or
carbocation-derived, are observed for these substrates in
reactions with T4MO and MMO, in agreement with the
other RCS experiments mentioned above. For the oxida-
tion of norcarane by MMO, ring-expansion products from
both intermediates formed and the product ratios placed
a lower limit of 20 ps on the radical lifetime, significantly
greater than the value determined from any other probe.
Oxidation of this RCS by T4MO afforded a radical-
rearranged product (4.5% of the total), and no carbo-
cation-derived product could be detected, contrary to the
results from the oxidation of both 1,1-dimethyl- and 1,1-
diethylcyclopropane.27 A recent reexamination of the
norcarane reaction for MMO and ToMO revealed that
desaturation of the substrate by BMMs can explain these
discrepancies.26 Evidence for both a hydride and an
H-atom transfer mechanism suggests that more than one
reactive oxygenated intermediate may be involved.


Transient Kinetic Studies. In the oxidative phase of
the catalytic cycle (Figure 1), the regulatory protein is
required for the formation of detectable intermediates28


and tunes the regioselectivity of substrate hydroxylation.29


FIGURE 7. Component interactions in the BMMs depicting a half-
sites mechanism (A) and a non-interacting sites model (B). In
diagram A, one active site is undergoing reduction while the second
is activating dioxygen. In diagram B, a ternary complex may form
but is not obligatory for catalysis and may have implications for ET
and dioxygen activation. The regulatory component is depicted as
B, and the reductase (MMO and PH) or Rieske (ToMO) component
as R. Adapted from ref 7.
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Transient, pre-steady state kinetic studies have been
performed with chemically reduced mixtures of the hy-
droxylases and their regulatory proteins to study the
reactivity of individual intermediates during the reaction
of dioxygen with the reduced BMM hydroxylases. In
particular, we have utilized single- and double-mixing
stopped-flow methodologies in such investigations whereby
a solution of reduced hydroxylase with its regulatory
protein is mixed rapidly with dioxygen and allowed to age
for a time period that maximizes the formation of an
intermediate of interest, and the aged solution is subse-
quently mixed with buffer containing substrate. Loss of
an optical absorption band characteristic of the interme-
diate,3 or of an infrared band of a substrate,30 is measured
as a function of substrate concentration. Among the
BMMs, this strategy has been the most effective for
investigating the reactions of MMOH with dioxygen since
both Hperoxo and Q have characteristic absorption bands.
The effect of substrates on the decay rate of each
intermediate can be readily monitored by recording a
change in these optical features. Initial studies of MMO
in which propylene, methane, and acetylene were used
as substrates indicated that Hperoxo reacts only with
propylene whereas Q reacts with all three substrates.3


Previous steady-state studies revealed that terminal alk-
enes are epoxidized by MMO with no C–H bond activa-
tion.31 Although Q oxidizes propylene faster than Hperoxo,
a judiciously chosen substrate might react more rapidly
with Hperoxo than Q to confirm that Hperoxo is a reactive
species. We extended our work to include ethyl vinyl ether
and diethyl ether and discovered that both of these
substrates react more rapidly with Hperoxo than with Q.4


From a detailed investigation of the oxidation of these
substrates, it appears that Hperoxo is a more electrophilic
oxidant than Q, preferring to react by a two-electron, or
a hydride abstraction, pathway, whereas one-electron
oxidation processes are preferred by Q (Figure 8). This
difference in reactivity may explain the carbocation-
derived products in the RCS probe experiments because
reaction of Hperoxo with these substrates could form
transient carbocations.


In contrast to what we observe for Hperoxo, peroxodi-
iron(III) intermediates in ferritin, mutants of RNR-R2, ∆9D,
and model compounds have no observed reactivity to-
wards hydrocarbons. These species have been character-
ized by rR spectroscopy, from which it appears that the
peroxide moiety bridges the dimetallic center in a µ-1,2
fashion. Although a rR spectrum has not yet been obtained
for Hperoxo, computational methods predict that a µ-η2:
η2-peroxo butterfly structure is more stable than the
alternative µ-1,2 geometry of the bound peroxide.32 The
occurrence of such a binding mode in Hperoxo may explain
why it reacts with electron-rich hydrocarbons and why a
Q-type species is only observed in MMO. The difference
in reactivity between Hperoxo and Q parallels the known
differences between (µ-η2:η2-peroxo)dicopper(II) species,
which react by two-electron processes, and high-valent
di(µ-oxo)dicopper(III) centers, which prefer sequential
one-electron oxidations, in the dicopper complexes. From


theoretical studies on MMOH, compression of the diiron
cluster by the protein scaffold at the active site favors
formation of a (µ-η2:η2-peroxo)diiron(III) structure and its
subsequent conversion to Q.32 It will be interesting to
learn whether such an effect may be absent in other BMM
hydroxylases, where the peroxo spectral parameters differ
and a diiron(IV) species has not yet been observed.


Until recently, no intermediates were reported during
stopped-flow optical spectroscopic study of the reactions
of reduced ToMOH or PHH, complexed with their respec-
tive regulatory proteins, with O2-saturated buffer. Com-
parison of the crystal structures of ToMOH and MMOH
reveal that Ile100 in the former is analogous to a leucine
residue in the latter that is proposed to gate substrate
access to the diiron site during catalysis.33 We therefore
prepared an I100W mutant in the R-subunit of ToMOH
with the aim of retarding access of any buffer components
to the diiron site that might quench high-valent interme-
diates before they could build up to an observable
level.10,33 The reaction of the reduced ToMOH I100W
mutant and ToMOD with dioxygen was studied by stopped-
flow optical spectroscopy and by RFQ EPR and Mössbauer
spectroscopy. These methods revealed intermediates in
the ToMO system for the first time. One of the species
contains a mixed-valent diiron(III,IV) cluster coupled to
a tryptophanyl radical involving the mutated residue.22


The other, a diiron(III) intermediate, was subsequently
also encountered in experiments on the wild-type hy-
droxylase.34


The transient, neutral tryptophanyl radical that forms
during oxygenation of the I100W ToMOH mutant has an
absorption maximum at 500 nm and an EPR signal at g ≈
2.0, which forms and decays with rate constants similar
to those encountered in the optical studies. This EPR
spectrum is comparable to that of the X–W•+ couple in
the RNR-R2 D84E mutant.22 To determine whether the


FIGURE 8. Proposed mechanism for reaction of Q and Hperoxo with
substrates. Q reacts by sequential one-electron oxidations (upper).
Reaction of Hperoxo with ethyl vinyl ether proceeds by a two-electron
mechanism, in which a transient carbocation is stabilized by the
proximal oxygen atom (middle). Hydroxylation of diethyl ether by
Hperoxo is also proposed to proceed by a two-electron process, in
which hydride abstraction forms a transient carbocation that
recombines with the coordinated hydroxide (lower). Adapted from
ref 4.
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reaction of the ToMOH mutant with dioxygen proceeds
by the same mechanism as that proposed for RNR-R2,
which involves either a peroxodiiron(III) or a short-lived
di(µ-oxo)diiron(IV) center that is postulated to abstract an
electron from a nearby residue, we investigated the diiron
center during the course of the reaction by RFQ Möss-
bauer spectroscopy. The results confirmed that, in the
ToMOH mutant, the neutral tryptophanyl radical is coupled
to a mixed-valent diiron(III,IV) cluster, the Mössbauer
spectrum of which is well-modeled by the same param-
eters used to fit the X–W+• species in the aforementioned
RNR-R2 mutant.


Mössbauer spectra at reaction times preceding the
formation of the X-analogue in the ToMOH I100W mutant
display a quadrupole doublet that forms rapidly upon the
mixing of ToMOHred complexed with ToMOD and dioxy-
gen and that could be kinetically linked to formation of
the mixed-valent diiron(III,IV) species. The early diiron(III)
intermediate is diamagnetic, as evidenced by the lack of
an EPR signal and indifference of the Mössbauer spectrum
to an applied magnetic field in the RFQ samples.34 Thus,
an intermediate having no distinctive optical absorption
bands forms during oxidation of the reduced I100W
mutant and evolves to a mixed-valent center, possibly by
one-electron abstraction from Trp100.


Investigation of the oxygenation of reduced native
hydroxylase by RFQ Mössbauer spectroscopy revealed the
same diiron(III) intermediate with isomer shift, δ, and
quadrupole splitting, ∆EQ, parameters similar to those for
the I100W diiron(III) transient.34 This intermediate is
longer-lived than that in the I100W mutant, presumably
because it lacks a nearby redox-active residue. From
double-mixing RFQ Mössbauer spectroscopy, we deter-
mined that phenol, a substrate in this system, induces the
diiron(III) intermediate to decay to the diiron(III) resting
state of ToMOH more rapidly than in its absence. No
additional diiron intermediates were observed. In single-
turnover experiments, phenol is oxidized exclusively to
catechol, implying that the diiron(III) transient is kineti-
cally competent, catalytically relevant, and possibly the
key active oxidant in the system.


The Mössbauer δ and ∆EQ parameters for the oxygen-
ated ToMOH intermediate and the absence of distinguish-
able visible or near-IR optical absorbance bands are
noteworthy differences from peroxodiiron(III) clusters
characterized in carboxylate-bridged diiron proteins and
model complexes (Table 1). We tentatively assign this
novel species as a peroxodiiron(III) center, where the
peroxide moiety has a different binding mode or proto-
nation state from those previously observed, although we
have no direct evidence for the presence of an O2


2- unit.
A diiron(III) intermediate with very similar Mössbauer
parameters has recently been observed in the native PHH
isolated from the same organism.21


The foregoing mechanism for dioxygen activation in
ToMO parallels the related processes in MMO and RNR-
R2. The diiron(II) state reacts with dioxygen to afford a


peroxodiiron(III) intermediate, which can be an active
oxidant. This transient reacts with aromatic substrates
or abstracts an electron from the nearby W (Scheme
1). Protein matrix effects and/or regulatory component
interactions may trigger the peroxodiiron(III) interme-
diate to evolve into the high-valent intermediate Q in
MMO. An analogous mechanism is proposed for RNR-
R2, where a peroxo-bridged transient or a short-lived
diiron(IV) intermediate abstracts an electron from
nearby redox active residues in the native system5 or
hydroxylates a nearby phenylalanine in the D84E/Y122F
double mutant.35 If such a diiron(IV) transient forms
in ToMOH, it must be short-lived since RFQ Mössbauer
samples do not indicate the occurrence of such a
species. The inability of ToMO and PH to hydroxylate
methane under steady state conditions suggests that
Q-type intermediates do not arise in these systems.
Furthermore, NIH shift experiments on the related
T4MO system reveal that a transient arene epoxide or
cationic substrate intermediate is formed,36 reminiscent
of the two-electron oxidations of unsaturated substrates
by Hperoxo and not the one-electron oxidations afforded
by Q.


Summary and Outlook
Oxygenated diiron intermediates and the nature and
effects of protein–protein interactions have been studied
in the BMM family. Hperoxo and Q in MMOH have
demonstrated reactivity toward substrates, oxidizing them
by different mechanisms. Recent investigations of ToMOH
and PHH have revealed the presence of kinetically com-
petent, oxygenated diiron(III) intermediates, spectroscopi-
cally different from previously reported oxygenated di-
iron(III) intermediates at other carboxylate-bridged diiron
centers, highlighting the ability of the four-helix bundle
motif and possibly the surrounding protein matrix to
determine the active species involved in catalysis. The
chemical and structural consequences of component
interactions on dioxygen activation and ET were investi-
gated by transient, steady state, and crystallographic
methods, and the last approach has afforded the first
definitive structural information about any hydroxylase–
regulatory protein complex in these systems. Many im-
portant questions still remain for the BMM family of
enzymes, however. The pathways by which electrons and
protons access the diiron cores during reduction is still


Scheme 1
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an open question, although a conserved hydrogen bond-
ing network is suggested to be the ET pathway by
comparison to other carboxylate-bridged diiron proteins.
A definitive structural assignment of the oxygenated
intermediates in the BMMs is essential for a mechanistic
understanding of dioxygen activation in these systems.
The structural and chemical effects of protein complexes,
which are important for catalysis, on ET or proton
translocation, dioxygen activation, and substrate hydroxyl-
ation are incompletely understood. Ongoing research is
focused on understanding these components of the
catalytic cycle and their role in modulating the reactivity
of these similar diiron cores.


Abbreviations
BMM, bacterial multicomponent monooxygenase; ∆9D,
stearoyl-ACP ∆9 desaturase; EPR, electron paramagnetic
resonance; ET, electron transfer; FAD, flavin adenine
dinucleotide; Hperoxo, peroxodiiron(III) intermediate in
MMOH; M. caps., Methylococcus capsulatus (Bath); M.
trich., Methylosinus trichosporium OB3b; MMO, soluble
methane monooxygenase; MMOB, regulatory protein in
MMO; MMOH, hydroxylase component of MMO; MMOR,
NADH oxidoreductase component of MMO; MMOR-Fd,
truncated MMOR containing only the ferredoxin do-
main; NADH, reduced nicotinamide adenine dinucle-
otide; PH, phenol hydroxylase; PHH, hydroxylase com-
ponent of PH; PHM, regulatory protein of PH; RCS,
radical-clock substrate; RFQ, rapid-freeze quench; RNR-
R2, ribonucleotide reductase R2 subunit (Class 1); rR,
resonance Raman; T4MO, toluene 4-monooxygenase;
ToMO, toluene/o-xylene monooxygenase; ToMOC, Rieske
component in ToMO; ToMOD, regulatory protein in
ToMO; ToMOH, hydroxylase in ToMO; XAS, X-ray
absorption spectroscopy.


Work from our laboratory covered in this Account was sup-
ported by the National Institute of General Medical Sciences.
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ABSTRACT
High-valent non-heme iron–oxo intermediates have been proposed
for decades as the key intermediates in numerous biological
oxidation reactions. In the past three years, the first direct
characterization of such intermediates has been provided by studies
of several RKG-dependent oxygenases that catalyze either hydroxyl-
ation or halogenation of their substrates. In each case, the
Fe(IV)–oxo intermediate is implicated in cleavage of the aliphatic
C–H bond to initiate hydroxylation or halogenation. The observa-
tion of non-heme Fe(IV)–oxo intermediates and Fe(II)-containing
product(s) complexes with almost identical spectroscopic param-
eters in the reactions of two distantly related RKG-dependent
hydroxylases suggests that members of this subfamily follow a
conserved mechanism for substrate hydroxylation. In contrast, for
the RKG-dependent non-heme iron halogenase, CytC3, two distinct
Fe(IV) complexes form and decay together, suggesting that they
are in rapid equilibrium. The existence of two distinct conformers
of the Fe site may be the key factor accounting for the divergence
of the halogenase reaction from the more usual hydroxylation
pathway after C–H bond cleavage. Distinct transformations cata-
lyzed by other mononuclear non-heme enzymes are likely also to
involve initial C–H bond cleavage by Fe(IV)–oxo complexes, fol-
lowed by diverging reactivities of the resulting Fe(III)–hydroxo/
substrate radical intermediates.


Introduction
A large, functionally and mechanistically diverse family
of enzymes utilize similar, mononuclear non-heme Fe(II)
centers to couple the activation of oxygen to the oxidation
of their substrates.1–3 In most cases, oxygen is inserted
into an unactivated C–H bond of the substrate (hydroxyl-
ation), but many other outcomes, including halogenation,


desaturation, cyclization, epoxidation, and decarboxyla-
tion, are known.3,4 Each of these reactions is a two-
electron oxidation. The remaining two reducing equiva-
lents required for the four-electron reduction of oxygen
are often provided by a cosubstrate. The reducing cosub-
strates used by various family members include R-keto-
glutarate (RKG) (in the RKG-dependent enzymes3), tet-
rahydrobiopterin (in the pterin-dependent aromatic amino
acid hydroxylases5), reduced nicotinamides [in the Rieske
dioxygenases and (S)-2-hydroxypropylphosphonic acid
epoxidase1], and ascorbic acid (in 1-aminocyclopropane
1-carboxylic acid oxidase6). A few of the enzymes oxidize
their substrates by four electrons and thus do not require
a reducing cosubstrate. This subset includes the extradiol
dioxygenases,1 isopenicillin N-synthase (IPNS),7 and two
enzymes, 4-hydroxymandelate synthase and (4-hydroxy-
phenyl)pyruvate dioxygenase (HPPD), which effect distinct
four-electron oxidations of their common substrate.8 The
latter two reactions are mechanistically similar to those
catalyzed by the RKG-dependent enzymes, because both
involve oxidative decarboxylation of an R-keto acid moiety
to provide two electrons.


This remarkable array of oxidative transformations is
made possible by the tuning of a largely conserved
mononuclear non-heme iron cofactor unit, which is
coordinated by as few as two protein ligands and thus has
as many as four sites available to coordinate substrates.
In the most common coordination sphere, three protein
ligands of a (His)2-(Asp/Glu) motif, known as the “facial
triad” because they occupy one face of an octahedron,
leave three remaining sites on the opposite face for
substrate coordination.9 Reaction mechanisms proposed
for these enzymes have invoked several intermediates
following the addition of oxygen to the Fe(II) center.1,2


Two types of intermediates have been proposed: Fe-
coordinated (su)peroxo complexes with an intact O–O
bond, [Fe–O2]2+/3+, and high-valent Fe(IV)–oxo interme-
diates [or even Fe(V)–oxo for the Rieske dioxygenases],
[FedO]4+/5+. In particular, the high-valent Fe–oxo inter-
mediates have been suggested to initiate substrate oxida-
tion. In most cases, activation of the substrate involves
abstraction of the H-atom of the target C–H bond by the
Fe(IV)–oxo intermediate to yield a substrate radical and
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an Fe(III)–OH complex (Scheme 1). The so-called oxygen
rebound, which was originally proposed for heme en-
zymes10 and formally involves recombination of a coor-
dinated hydroxyl radical equivalent with the substrate
radical, yields the hydroxylated product and a coordina-
tively unsaturated Fe(II) center. In addition to substrate
hydroxylation, many other outcomes following H-atom
abstraction by the Fe(IV)–oxo intermediate are docu-
mented. These include transfer (formally as the radical)
of a ligand of the Fe center to the substrate radical.
Examples include transfer of a halogen atom in the RKG-
dependent halogenases4 and transfer of a thiyl group in
IPNS.7


Alternative reactivities that do not involve radical
recombination with a ligand include desaturation and
cyclization of the substrate. Formally, these reactions
involve abstraction of a second H-atom by the Fe(III)–OH
complex to yield the desaturated or cyclized product and
an Fe(II)–OH2 complex. However, other pathways are
possible, making delineation of the mechanisms of these
alternative outcomes a high priority for future studies.


Other substrate oxidations by high-valent Fe–oxo in-
termediates that do not involve H-atom abstraction
include electrophilic attack on the aromatic ring of the
substrate by the pterin-dependent hydroxylases5 and cis
dihydroxylation of an aromatic substrate by the Rieske
dioxygenases.1,2


Significant insight into the geometric and electronic
structures of high-valent non-heme Fe–oxo complexes and
their reactivity was obtained in parallel from elegant
studies of inorganic complexes11–15 (see ref 1 for a recent
review), but these studies will not be reviewed here due
to the brevity of this Account.


First Non-Heme Fe(IV)–Oxo Intermediate
A powerful approach to studying the mechanism of a
metalloenzyme-catalyzed reaction is the direct detection
of intermediates and their detailed characterization by a
combination of kinetic and spectroscopic methods. Using
this approach, one monitors changes in the geometric
and/or electronic structure of the metal center during the
reaction. This methodology had been used successfully
in the 1990s to study O2 activation by the non-heme diiron
proteins methane monooxygenase and the R2 subunit of
class I ribonucleotide reductase but was only recently
applied to the mononuclear non-heme iron enzymes. The
first direct detection of an intermediate in the reaction of
a mononuclear non-heme iron enzyme with dioxygen was
reported for HPPD.16 A transient absorption feature at
490 nm that forms with a second-order rate constant of
140 mM-1 s-1 and decays with a first-order rate constant
of 7.8 s-1 was noted. More detailed spectroscopic char-
acterization of the associated intermediate has not yet
been reported. Shortly after this work, we reported the
detection and characterization of two transient states in
the reaction of taurine:RKG dioxygenase (TauD). The RKG-
dependent oxygenases are the largest and functionally
most diverse subgroup of mononuclear non-heme iron
enzymes.3 They catalyze many important reactions, in-
cluding steps in the biosyntheses of antibiotics17 and
collagen,18 the sensing of oxygen,19–23 the repair of alky-
lated DNA,24,25 and the regulation of transcription by
demethylation of histones.26–28 A chemical mechanism
was initially proposed more than 20 years ago by Ha-
nauske-Abel and Günzler specifically for the enzyme
prolyl-4-hydroxylase (P4H),29 but its success in accom-


Scheme 1. Reactions Proposed To Be Mediated by High-Valent Fe–Oxo Intermediates
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modating ensuing experimental data for many other RKG-
dependent hydroxlases led to its becoming adopted as a
consensus mechanism for the subfamily (Scheme 2).1–3,30


Two iron-based intermediates were detected in TauD
by stopped-flow (SF) absorption and freeze-quench (FQ)
Mössbauer spectroscopies. The first intermediate, termed
J, forms with second-order kinetics (first-order in O2 and
enzyme concentrations; k ) 130 mM-1 s-1). It is charac-
terized by an absorption feature that is maximal at
∼318 nm and a new Mössbauer quadrupole doublet with
unusual parameters (isomer shift, δ, of 0.30 mm/s and
quadrupole splitting, ∆EQ, of –0.88 mm/s).31 It has a nearly
axial S ) 2 ground state with a positive zero-field splitting
parameter, D, of 10.5 cm-1.31,32 The large substrate
deuterium kinetic isotope effect (2H-KIE) on decay of J
(kH/kD ≈ 50) implied that it is the hydrogen-abstracting
intermediate,33,34 which the Hanauske-Abel and Günzler
mechanism predicted to be an Fe(IV)–oxo complex.1,2,29


The presence of the Fe(IV)–oxo group in J was confirmed
by resonance Raman spectroscopy, which revealed a band
at 821 cm-1 that shifted to 787 cm-1 upon use of 18O2,35


and X-ray absorption spectroscopy, which demonstrated
a short (1.62 Å) interaction between the Fe and one of its
ligands.36 A recent comparison of experimentally deter-
mined spectroscopic parameters with those predicted by
DFT calculations for several model structures suggested
that J has either a trigonal bipyramidal or octahedral
coordination environment.37 The second accumulating
state is an Fe(II)-containing TauD·product(s) complex (V
in Scheme 2).38


A Consensus Mechanism for the
rKG-Dependent Dioxygenases
The TauD work proved that (1) a non-heme Fe(IV)–oxo
complex could be trapped and characterized despite its


Scheme 2. General Mechanism of rKG-Dependent Dioxygenases


FIGURE 1. Comparison of the spectroscopic features of the Fe(IV)–oxo intermediates from TauD (top), P4H (middle), and CytC3 (bottom). (A)
Comparison of the kinetics of the Fe(IV)–oxo intermediates monitored by SF absorption spectroscopy using unlabeled (red) and selectively
deuterated substrates (blue). (B) Set of 4.2 K, 53 mT (left) and 4.2 K, 8 T (right) Mössbauer spectra of the Fe(IV)–oxo intermediates.
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anticipated high reactivity and (2) the lifetime of the
Fe(IV)–oxo intermediate could be extended to a remark-
able degree by deuterium substitution of the target C–H
bond, due to the large 2H-KIE. We next applied this insight
to a prolyl-4-hydroxylase (P4H), because the hydroxylation
of proline residues is biologically significant (e.g., in
collagen biosynthesis and oxygen sensing). The mono-
meric P4H from Paramecium bursaria Chlorella virus 1,
which was known to modify peptide substrates containing
a (Pro-Ala-Pro-Lys)n motif, was selected.39 The combined
stopped-flow absorption and freeze-quench Mössbauer
data for the reaction of the P4H·Fe(II)·RKG·(Pro-Ala-Pro-
Lys)3 complex with O2 demonstrated the accumulation of
two kinetically competent intermediates.40 The first in-
termediate is a high-spin Fe(IV) complex, which exhibits
a large substrate 2H-KIE on its decay (kH/kD ≈ 210/3.4 ≈
60), suggesting that it abstracts hydrogen from the sub-
strate. The second accumulating state contains a high-
spin Fe(II) center and is presumably an Fe(II)·product(s)
complex. The spectroscopic properties of these two
intermediates are strikingly similar to those of the TauD
intermediates (Figure 1), suggesting that the distantly
related RKG-dependent dioxygenases employ the same
chemical mechanism and supporting the prevailing view
of a conserved mechanism for the hydroxylase subfamily.


Alternative Reactivities of rKG-Dependent
Dioxygenases
Studies by Stubbe and co-workers on thymine hydroxylase
shed light on alternative reactivities that can occur in the
Fe(II)/RKG reaction manifold. This enzyme catalyzes three
oxidations of the methyl group of thymine to the hy-
droxymethyl, aldehyde, and carboxylic acid in three
separate O2 activation events, each of which involves
cleavage of a C–H bond (Scheme 3A). The authors
demonstrated that the enzyme can catalyze epoxidation


of an olefin, conversion of an alkyne to a ketene, and
successive S-oxidations of a thioether to sulfoxide and
then sulfone (Scheme 3B).41–43 These substrates lack C–H
bonds at the position that would normally be targeted by
the Fe(IV)–oxo complex, and the alternative transforma-
tions that ensue parallel those previously seen for high-
valent heme iron enzyme intermediates and inorganic
model complexes. It is therefore tempting to speculate that
the alternative oxidations are also effected by the Fe(IV)–oxo
intermediate, but it is still conceivable that fundamentally
different mechanisms might be operant [e.g., interception
of an earlier intermediate, such as an Fe(III)–superoxide
complex like I in Scheme 2].


rKG-Dependent Halogenases
The recent discovery of a new class of halogenating
enzymes that carry out chlorination of unactivated carbon
centers in the biosyntheses of several natural products of
nonribosomal peptide origin established yet an another
reactivity for the Fe(II)/RKG-dependent oxygenases.44–47


Aliphatic halogenases chlorinate the terminal methyl
groups of amino acids tethered via a thioester linkage to
the phosphopantetheine cofactor of peptidyl-carrier pro-
teins (PCPs). They require iron, RKG, oxygen, and chloride
for their activity. Initial insight into their catalytic mech-
anism was derived from the crystal structure of SyrB2,
which chlorinates the γ-methyl group of L-threonine in
syringomycin biosynthesis.48 The Fe center is coordinated
by two protein-derived histidines, bidentate RKG, water,
and chloride. The carboxylate of the “facial triad” that
normally coordinates the Fe(II) center is replaced with an
alanine in the protein primary structure, presenting a
coordination site for the chloride ligand. On the basis of
this observation, a Cl-Fe(IV)–oxo intermediate was pro-
posed as the C–H bond-cleaving intermediate, and chlo-
rination was proposed to proceed via “chlorine rebound”


Scheme 3. Reactions Catalyzed by the rKG-Dependent Hydroxylase Thymine Hydroxylase (TH)
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rather than “oxygen rebound” (Scheme 4). This hypothesis
was tested experimentally for the non-heme iron haloge-
nase, CytC3 from soil Streptomyces.49 CytC3 chlorinates
the γ-methyl group of L-2-aminobutyric acid (L-Aba)
tethered to the PCP domain CytC2, L-Aba-S-CytC2 (Scheme
5).47 Evidence of the accumulation of two transient states
of the catalytic cycle was obtained in the reaction of the
CytC3·Fe(II)·RKG·Cl–·L-Aba-S-CytC2 complex with oxygen-
saturated buffer. The first intermediate absorbs at 318 nm.
Decay of A318 is markedly slowed by use of a deuterated
substrate, L-4,4,4-d3-Aba-S-CytC2, demonstrating a 2H-KIE
on decay of the intermediate and implicating it as the C–H
bond-cleaving complex (see Figure 1). Mössbauer spectra
revealed the presence of two high-spin Fe(IV) intermedi-
ates. Their proportions are constant with reaction time,
suggesting that they are in rapid equilibrium. These results
contrast with those of the RKG-dependent hydroxylases,
for which the C–H bond-cleaving state comprises only one
high-spin Fe(IV)–oxo complex. We speculated that the two
intermediates are distinct conformers of the Cl-Fe(IV)–oxo
complex and that the occurrence of two Fe(IV) complexes
prior to C–H bond cleavage may also indicate the presence
of two Fe(III)–OH complexes after H-atom abstraction.
The presence of two conformers might be the key factor
allowing halogenation in preference to the conventional
hydroxylation outcome. Ongoing efforts are directed
toward (i) elucidating the structures of the two conformers
by employing other spectroscopic methods (e.g., X-ray
absorption, resonance Raman, and magnetic circular
dichroism) and (ii) defining the factors that affect the ratio
of the two Fe(IV) complexes by perturbing the reaction
conditions or by using modified substrates.


Exclusive halogenation (rather than hydroxylation) was
also observed in an inorganic non-heme iron complex,
in which the Fe center is coordinated to chloride and
hydroxide.50 The reaction is thought to proceed via
hydrogen atom abstraction followed by rebound of the
coordinated ligand. It was proposed that the preference
for chlorination reflects the lower reduction potential of


chlorine radical (Cl• + e- f Cl-, 1.36 V) relative to
hydroxyl radical (HO• + e- f HO-, 2.02 V).50


The second intermediate observed during the reaction
of the CytC3 halogenase is an Fe(II) complex that is
spectroscopically distinct from the reactant. In analogy
to the hydroxylases, it is presumably a product(s) complex.
The accumulation of two intermediate states in the CytC3
system, the C–H bond-cleaving Fe(IV)–oxo intermediate
and the Fe(II)–product(s) complex, underscores the mecha-
nistic similarity of the RKG-dependent hydroxylases and
halogenases and suggests that halogenation activity may
have evolved from hydroxylation by iron ligand replace-
ment (among other less apparent adaptations). Figure 1
further emphasizes these striking similarities by showing
the kinetics of formation and decay of the Fe(IV)–oxo
complexes in TauD, P4H, and CytC3 with both protium-
and deuterium-containing substrates (left panel) and their
Mössbauer spectra (center and right panels).


Mechanistic Diversity of Presumptive
Fe(IV)–Oxo Intermediates in �-Lactam
Biosyntheses
Nature has exploited the versatility of mononuclear non-
heme iron enzymes in the biosynthetic pathways of a wide
variety of �-lactam antibiotics.17 Isopenicillin N-synthase
(IPNS) is one of the more well-understood mononuclear
non-heme iron enzymes due to the extensive studies by
Baldwin and co-workers. IPNS catalyzes the four-electron
oxidation of δ-(L-R-aminoadipoyl)-L-cysteinyl-D-valine (ACV)
tripeptide to isopenicillin N.51 Elegant biochemical and
crystallographic studies provided convincing evidence that
the reaction proceeds via two successive two-electron
oxidations (Scheme 6).7,52 The first oxidation is thought
to involve cleavage of the CCys,�–H bond by a formally
Fe(III)–superoxo intermediate, followed by formation of
the �-lactam ring, possibly by attack of the valine amidate
on the thioaldehyde. This view is supported by several
lines of evidence. First, the crystal structure of the
IPNS·Fe(II)·ACV complex with NO as a surrogate for
oxygen revealed the O-atom of the NO group to be in the
proximity of the target CCys,�–H bond.53 Second, with the
substrate analogue δ-(L-R-aminoadipoyl)-L-cysteinyl-D-R-
hydroxyvaleryl ester (Scheme 7A), CCys,�–H bond cleavage
but not formation of the �-lactam ring was observed.54


Third, with ACV containing C�-deuterated cysteine as the
substrate, a kinetic isotope effect on kcat/KM (selection
effect) of 1.4 was measured.52


The second oxidation is proposed to involve CVal,�–H
bond cleavage by an Fe(IV)–oxo intermediate. Recombi-
nation of the resultant substrate radical with the coordi-
nated sulfur (formally as the thiyl radical) results in
formation of the thiazolidine ring of the substrate (Scheme
6). This sequence of events, i.e., cleavage of the CVal,�–H
bond by the Fe(IV)–oxo intermediate followed by transfer
of a coordinated ligand other than the hydroxide, is
analogous to that envisaged for the halogenases.


Scheme 4. Hydroxylation versus Halogenation Rebound Reactions


Scheme 5. Reaction Catalyzed by the Halogenase CytC3
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Although none of the proposed intermediates has been
directly detected, there is convincing evidence of the
intermediacy of a �-valinyl radical from studies of sub-
strate analogues (Scheme 7). For example, formation of
the [6.2.0] (Scheme 7B) ring system in the reaction of IPNS
with the cyclopropane-containing substrate provides evi-
dence that supports generation of a cyclopropylcarbinyl
radical, lending credence to the proposed H-atom ab-
straction by the Fe(IV)–oxo intermediate.55


Substrate analogues in which the D-valine residue is
modified provided further insight into the reactivity of the
presumptive Fe(IV)–oxo intermediate in IPNS. Of particu-
lar interest are conversion of the thioether of the D-S-
methylcysteine-containing analogue to the sulfone56 and
oxidation of the olefinic D-allylglycine- and D-vinylglycine-
containing substrates to yield desaturated and oxygenated
bicyclic products (Scheme 7C–E).57,58 Isotopic labeling
studies demonstrated that the O-atom incorporated into


the hydroxylated bicyclo[5.2.0] product of the D-allylgly-
cine-containing substrate is derived from dioxygen (Scheme
7D).59


Clavaminate synthase (CAS) from Streptomyces cla-
vuligerus performs three two-electron oxidation reactions
in the biosynthesis of clavulanic acid: hydroxylation,
oxidative ring closure, and dehydrogenation (Scheme
8).60–65 The hydroxylation reaction is believed to proceed
via the canonical mechanism involving H-atom abstrac-
tion by the Fe(IV)–oxo intermediate, followed by hydroxyl
radical rebound. It has been proposed that a different
mode of reactivity of the Fe(III)–OH/substrate radical state
yields the second and third reactions.17,66 For the dehy-
drogenation reaction, the Fe(III)–OH intermediate could
abstract a second H-atom from the substrate radical,
yielding a hexacoordinate Fe(II)–OH2 complex and the
olefinic product.67 Similarly, the cyclization reaction could
proceedbysuccessiveH-atomabstractionsbytheFe(IV)–oxo


Scheme 6. Proposed Mechanism of IPNS


Scheme 7. Alternative Reactions of the Proposed Fe(IV)–Oxo Intermediate in IPNS
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and Fe(III)–OH intermediates (the latter from the hydroxyl
group of the substrate) and a radical coupling step.17 It
has been proposed that subtleties in the structures of the
CAS·intermediate complexes favor the proposed second
H-abstraction steps over other possible pathways for
decay of the Fe(III)–OH/substrate radical states (e.g.,
oxygen rebound).


Deacetoxycephalosporin C synthase (DAOCS) from S.
clavuligerus is an Fe(II)-containing RKG-dependant oxi-
dase that catalyzes expansion of the five-membered
thiazolidine ring of penicillin N to the six-membered
dihydrothiazine ring of cephalosporins (Scheme 9).68 It
is believed that ring expansion is initiated by abstraction
of hydrogen from the C2-methyl substituent by a ferryl
species. This primary alkyl substrate radical then converts
to the more stable tertiary radical in the ring expansion.
The intermediacy of an episulfide species, with radical
character localized on the sulfur, was proposed for this
transformation.69 Subsequent abstraction of the second
hydrogen from C3 of the substrate, perhaps carried out
by an Fe(III)–OH species, results in the formation of the
endocyclic double bond and generation of the cepha-
losporin nucleus.70–73 The delicate balance of desaturation
and hydroxylation pathways observed in CAS can also be
observed in DAOCS upon use of the [3-2H]penicillin N
substrate, in which the hydrogen target of the second
abstraction is substituted with deuterium.73 In this case,
hydroxylation of the six-membered ring occurs, presum-
ably by recombination of the more stable tertiary radical
with the hydroxyl radical from the Fe(III)–OH intermediate.


Carbapenem synthase (CarC) from Pectobacterium
carotovorum is a bifunctional RKG-dependent enzyme
that epimerizes the unactivated C5 position of its (3S,5S)-
carbapenam-3-carboxylate substrate and installs a double
bond between C2 and C3, resulting in the formation of
the carbapenem binucleus (Scheme 10).17 Isotopic label-
ing studies by Townsend and co-workers showed that the


C5-bound hydrogen is exchanged during the CarC-
catalyzed epimerization.74 The epimerization consumes
RKG, despite the fact that the substrate is not oxidized in
the transformation.75 The resulting (3S,5R)-carbapenam-
3-carboxylate is converted to (5R)-carbapenem-3-carboxy-
late by the same enzyme.75 Computational studies sug-
gested that the reaction is initiated by abstraction of the
hydrogen atom of C5, presumably by the Fe(IV)–oxo
intermediate generated by decarboxylation of RKG.76 The
Fe(III)–OH intermediate may serve as the source of the
hydrogen atom in the formation of the (3S,5R)-carba-
penam-3-carboxylate intermediate and regenerate the
Fe(IV)–oxo complex.17 The Fe(IV)–oxo intermediate may
then abstract the H-atom from C3, forming a stabilized,
captodative C3 radical. Subsequent desaturation across
the C2–C3 linkage via H-atom abstraction from C2 by the
Fe(III)–OH species would be directly analogous to the
mechanisms proposed for DAOCS and CAS.17


Summary and Outlook
The first examples of non-heme Fe(IV)–oxo enzyme
intermediates have recently been detected in several RKG-
dependent oxygenases. In each case, a large 2H-KIE on
the decay of the intermediate has established that it is
the C–H bond-cleaving complex. The spectroscopic pa-
rameters of the Fe(IV)–oxo complexes observed in hy-
droxylases TauD and P4H are almost identical, suggesting
a conserved mechanism for substrate hydroxylation. The
presence of two Fe(IV)–oxo complexes, which are appar-
ently in rapid equilibrium and are presumably different


Scheme 8. Reaction Catalyzed by CAS


Scheme 9. Reaction Catalyzed by DAOCS


Scheme 10. Reaction Catalyzed by CarC
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conformers, in CytC3 may be relevant to the divergent
reactivity of the halogenases. Ongoing efforts are aimed
at elucidating the molecular structure of the Fe(IV)
complexes by a combination of spectroscopic and com-
putational methods. We anticipate that further insight into
the factors that determine the outcome of the oxidations
catalyzed by high-valent Fe–oxo intermediates may be
obtained from studies of other mononuclear non-heme
enzymes (e.g., enzymes involved in the biosyntheses of
�-lactam antibiotics) for which alternative reaction path-
ways have been proposed.
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ABSTRACT
One of the common biochemical pathways of binding and activa-
tion of dioxygen involves non-heme iron centers. The enzyme
cycles usually start with an iron(II) or diiron(II) state and traverse
via several intermediates (detected or postulated) such as (di)-
iron(III)–superoxo, (di)iron(III)–(hydro)peroxo, iron(III)iron(IV)–oxo,
and (di)iron(IV)–oxo species, some of which are responsible for
substrate oxidation. In this Account, we present results of kinetic
and mechanistic studies of dioxygen binding and activation reac-
tions of model inorganic iron compounds. The number of iron
centers, their coordination number, and the steric and electronic
properties of the ligands were varied in several series of well-
characterized complexes that provided reactive manifolds modeling
the function of native non-heme iron enzymes. Time-resolved
cryogenic stopped-flow spectrophotometry permitted the identi-
fication of kinetically competent intermediates in these systems.
Inner-sphere mechanisms dominated the chemistry of dioxygen
binding, intermediate transformations, and substrate oxidation as
most of these processes were controlled by the rates of ligand
substitution at the iron centers.


Introduction
Aerobic organisms have developed numerous metal-based
reactions for dioxygen binding and activation for biologi-
cal energy production and for efficient and selective
organic substrate oxidations. Iron is most commonly used
in oxidative metalloenzymes, and iron–peroxo or high-
valent iron–oxo intermediates are involved in oxygen


activation with iron oxidases and oxygenases. In contrast,
free radical pathways (Fenton chemistry) are common for
iron salts and traditional inorganic iron compounds,
producing HO• radicals as active but unselective oxidants.
Mimicking enzymelike “hydroxyl-radical free” oxidations
with synthetic iron complexes requires a detailed under-
standing of the oxidation mechanisms and reproduction
of their key features. Identifying kinetically competent,
reactive intermediates is critical in designing metalloen-
zyme functional models and ultimately in synthesizing
useful, selective, and efficient catalysts utilizing dioxygen
and hydrogen peroxide as terminal oxidants.


Our group focuses on the detailed characterization of
the formation and reactivity of various non-heme iron–
peroxo and iron–oxo intermediates (Scheme 1). Previous
synthetic, spectroscopic, structural, and computational
studies established the chemical nature of these iron-
based intermediates1 and provided necessary background
information for interpreting mechanistic data. Available
mechanistic insights were traditionally obtained by analy-
sis of product distribution in catalytic or stoichiometric
substrate oxidations, combined with quantum chemical
calculations on iron–peroxo and high-valent iron–oxo
complexes.1 These studies suggest that the structure,
oxidation state, spin state, and protonation state of metal-
based intermediates all influence their reactivity. However,
the reactivity profiles of these intermediates, which define
their intrinsic selectivity with respect to oxidation of
various substrates, were rarely studied in direct experi-
ments.2 The cryogenic stopped-flow technique, which
detects “in real time”, on a millisecond time scale, rapidly
accumulating and decaying intermediates (often unstable
at room temperature), allows us to uncover structure–
reactivity correlations for individual reaction steps in-
volved in oxygen and peroxide activation. Rapid mixing
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of reactants occurs in a stainless steel cell immersed in a
cooling bath maintained at temperatures down to -90 °C
inside a Dewar flask with liquid nitrogen (Figure 1). This
technique provides kinetic and mechanistic insights ul-
timately applicable to the rational design of selective
oxidation catalysts.


In this Account, we summarize the results of kinetic
and mechanistic studies of (1) O2 coordination to diiron(II)
centers yielding diiron(III)–peroxo intermediates, (2) gen-
eration of diiron(III)–peroxo intermediates from mono-
nuclear iron(II) complexes and O2, (3) reaction of di-


iron(III)–peroxo species with substrates, (4) “peroxide
shunt” pathways generating diiron(III)–hydroperoxo and
Fe(III)Fe(IV) intermediates from diiron(III) precursors and
H2O2, and (5) olefin epoxidation and aromatic hydroxyl-
ation with H2O2. In most of these studies, various ami-
nopyridine ligands were utilized, along with sterically
hindered carboxylates for comparison (Scheme 2). The
rich chemistry of iron complexes with the aminopyridine
tripodal ligand TPA and its derivatives, extensively studied
by L. Que and co-workers,3,4 yielded spectroscopically and
even structurally characterized iron(III)–peroxo and high-
valent iron(IV)–oxo intermediates in both mononuclear
and dinuclear systems, thus enabling systematic studies
of rates and mechanisms of their formation and subse-
quent reactions with substrates.


Reactions of Diiron(II) Complexes with O2
Oxygen activation with non-heme diiron enzymes involves
the electronically complementary reaction (FeII)2 + O2f


(FeIII)2(µ-O2
2-), which generates no radicals, producing


instead a potentially reactive peroxo intermediate. Sub-
sequent reactions may lead to substrate oxidation. For


Scheme 2. Ligands Employed in the Studies of Oxygen Activation


FIGURE 1. Cryogenic stopped-flow instrument (SF-43 from Hi-Tech
Scientific).


Scheme 3. Modeling the Dioxygen Activating Cycle of RNR R25
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example, a dihydroxo-bridged complex [FeII
2-


(µ-OH)2(TLA)2]2+ mimicked the catalytic cycle of ribo-
nucleotide reductase (Scheme 3): the initially formed
metastable peroxo intermediate could undergo acid-
promoted conversion to an FeIIIFeIV species capable of
oxidizing phenols.5 Significant steric crowding about iron
sites, created by methyl-substituted pyridine donors,
resulted in the relative stabilization of the intermediates.
In this section, we discuss dioxygen binding to
[FeII


2(µ-OH)2(TLA)2]2+ and analogous complexes with
TPA, BQPA, and BnBQA (Scheme 1); the reactions of
Fe(III)Fe(IV) species with substrates will be addressed
later.


Dinuclear complexes [FeII
2(µ-OH)2(L)2]2+ (L ) TLA,


TPA, BQPA, and BnBQA) react with O2.5–7 In selected
solvents, the oxygenation of complexes with TLA, BQPA,
and BnBQA at low temperatures gives diiron(III)–peroxo
species; the yield of these species could often be increased
in the presence of organic bases. Under other conditions,
the oxo-bridged iron(III) oligomers [FeIII


n(O)n(L)n]n+ (n )
2 or 3) formed.7


In all cases, the reaction was first-order in both
diiron(II) complex and O2 and had a low activation
enthalpy and a strongly negative activation entropy (Table
1), in agreement with expectations for an associative
process.6,7 Both extrusion of water from the diiron–bis-
hydroxo core and O–H bond breaking (hydrogen atom
transfer or proton-coupled electron transfer) are post-rate-
limiting steps, because oxygenation rates did not depend
on the concentration of H2O or D2O.6


Kinetic evidence points to O2 coordination to one of
the iron(II) centers in Fe2(OH)2 cores as being the rate-
limiting step in the overall oxygenation process and
implies the initial formation of a diiron–superoxo inter-
mediate (Scheme 4). Indeed, such an intermediate
was recently observed in the oxygenation of
[Fe2(OH)2(TLA)2]2+ at a low temperature (-80 °C),12 and
the activation parameters of its formation were essentially
identical to the activation parameters of the formation of
a more stable µ-1,2-peroxo intermediate (Scheme 4 and
Table 1).


Binding of the O2 molecule to the diiron(II) core is
limited by the rates of ligand substitution rather than by
electron-transfer rates. An outer-sphere one-electron trans-
fer is unlikely, because the potential for the O2/O2


- redox
pair in organic solvents is 1 V more negative than those


determined for the FeIIFeIII/FeIIFeII redox pairs.7 Further-
more, the oxygenation rates for a series of diiron(II)
complexes (Table 1) do not correlate with their redox
potentials.7 Instead, the oxygenation rates correlate best
with the length of the weakest Fe–donor atom bond in
the diiron(II) complex, suggesting that dissociation of one
(or more) of the donor atoms initially bound to iron(II) is
involved in O2 binding.


Extreme steric hindrance about iron coordination sites
in complexes with TLA protects the peroxo intermediate
from oxidative decomposition but simultaneously makes
iron(II) centers much less accessible to even a small
incoming O2 molecule, resulting in slow oxygenation
(t1/2 ≈ 30 min at -40 °C).6 A decrease in the steric bulk of
the tetradentate ligands failed to significantly improve
oxygenation rates, presumably because of a more “com-
pact” and symmetric structure of the FeII


2(OH)2 cores: the
less negative activation entropies for these complexes were
offset by the higher activation enthalpies (Table 1) re-
quired to break the shorter Fe–O(H) and/or Fe–N(py)
bonds in the course of oxygen binding.


Understanding the mechanism of associative, entropi-
cally controlled oxygen binding to the six-coordinate
FeII


2(OH)2 complexes allowed us to design the systems
that undergo rapid oxygenation. In agreement with pre-
dicted facile oxygenation in coordinatively unsaturated
iron(II) complexes featuring a vacant or labile site, a
remarkable 1000-fold acceleration of dioxygen binding to


Table 1. Kinetic Parameters for Reactions of Diiron(II) Complexes with Dioxygen


complex solvent T range (°C) k(-40 °C) (M-1 s-1) ∆H‡ (kJ/mol) ∆S‡ (J K–1 mol–1) ref


[Fe2(HPTP)(O2CPh)]2+ MeCN –40 to 0 7300 15.8(4) –101(10) 8
[Fe2(HPTP)(O2CPh)]2+ MeCN/DMSO (9:1, v/v) –40 to 0 2800 8.0(3) –143(10) 8
[Fe2(HPTP)(O2CPh)]2+ CH2Cl2 –80 to 0 67 16.7(2) –132(8) 8
[Fe2(dxlCO2)4(Py)2] CH2Cl2 –80 to –30 215 4.7(5) –178(10) 9, 10
[Fe2(dxlCO2)4(MeIm)2] CH2Cl2 –80 to –30 300 10.1(10) –153(10) 9, 10
[Fe2(dxlCO2)4(THF)2] CH2Cl2 –80 to –30 3.20 14(1) –135(10) 9, 10
[Fe2(OH)2(TLA)2]2+ CH2Cl2 –80 to –40 0.67 17(2) –175(10) 9, 10
[Fe2(OH)2(TLA)2]2+ MeCN –40 to –5 1.94 16(2) –167(10) 7
[Fe2(OH)2(TPA)2]2+ CH2Cl2 –40 to –15 12 30(4) –94(10) 7
[Fe2(OH)2(BQPA)2]2+ CH2Cl2 –40 to –15 3.2 36(4) –80(10) 7
[Fe2(OH)2(BQPA)2]2+ CH2Cl2/NEt3 –70 to –40 2.6 36(4) –81(10) 7
[Fe2(OH)2(BnBQA)2]2+ MeCN –65 to –25 2670 16(2) –108(10) 7
[Fe2(OH)(OH2)(TPA)2]3+ CH2Cl2 –30 to 20 0.32 19(2) –170(10) 11


Scheme 4
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[FeII
2(OH)2(BQPA)2]2+ was accomplished by replacing one


pyridine arm in BQPA with a noncoordinating benzyl
group in BnBQA (Figure 2).7


The addition of a noncoordinating base [e.g., triethyl-
amine, isopropylethylamine, 1,4-diazabicyclo[2.2.2]oc-
tane (DABCO), 1,8-diazabicyclo[4.3.0]non-5-ene (DBU),
or N,N,N ′,N ′-tetramethylguanidine] does not influence the
oxygenation rate but, in some cases {especially for
[Fe2(OH)2(BQPA)2]2+}, increases substantially the yield of
peroxo intermediates, revealing the involvement of a
proton-sensitive step that controls the reactivity of the
initial O2 adduct (Scheme 4). In the absence of base, the
intermediate O2 adduct can oxidize the residual diiron(II)
complex, yielding oxo-bridged diiron(III) products.7 Al-
ternatively, it can rearrange into a potentially reactive
diiron(III)–hydroperoxo intermediate. In the presence of
base, deprotonation the hydroxo bridge in the diiron–O2


adduct or the hydroperoxo ligand in diiron(III)–hydro-
peroxo species is facilitated, promoting formation of a
diiron(III)–peroxo complex.6 Electrophilically activated
diiron(III)–hydroperoxo species may be useful in substrate
oxidations if competing, unproductive reactions with the
starting Fe(II) species can be prevented.


To further study the effects of protonation and
deprotonation on oxygenation reactions, we investi-
gated a novel diiron(II) diamond core complex with
bridging water and hydroxide groups,11 a motif often
present in various forms of soluble methane monooxy-
genase.13 The crystallographically characterized com-
plex [Fe2(OH)(OH2)(TPA)2]3+ is stable both in nonpolar
solvents and in the solid state. In contrast to the effects
of added base, protonation of one hydroxo bridge in
[Fe2(OH)2(TPA)2]2+ did not stabilize peroxide complexes
in oxygenation, presumably due to the increased reac-
tivity of the protonated hydroperoxo intermediate with
another molecule of diiron(II) complex, yielding an oxo-
hydroxo–diiron(III) product (Scheme 5).


[Fe2(OH)(OH2)(TPA)2]3+ has an oxidation potential ca.
1 V higher than that of its bis-hydroxo-bridged analogue,
[Fe2(OH)2(TPA)2]2+. Such a drastic difference in redox
potential between these complexes is accompanied by an
only moderate difference in dioxygen reactivity, indicating
that inner-sphere dioxygen coordination is a rate-limiting
event (an alternative outer-sphere electron transfer path-
way would result in a 108-fold difference in rates).11 The
kinetic parameters [small ∆H‡ and large negative ∆S‡


(Table 1)] strongly support an associative, entropically
controlled mechanism for oxygenation of the hydroxo-
aqua-bridged diiron(II) core, analogous to the mechanism
of binding of O2 to bis-hydroxo-bridged complexes.


The Fe–OH2 bonds in [Fe2(µ-OH)(µ-H2O)(TPA)2]3+ are
longer than the Fe–O(H) bonds in its bis-hydroxo-bridged
analogue. This weakening of the Fe2O2 core upon proto-
nation of the hydroxo bridge may result in facile oxygen-
ation, an effect observed recently for diiron complexes
with carboxylate-rich ligands.14 In the case of TPA-
supported complexes, the activation barrier for binding
of O2 to [Fe2(µ-OH)(µ-H2O)(TPA)2]3+ is indeed lower than
that for [Fe2(µ-OH)2(TPA)2]2+ (Table 1), but enthalpy–en-
tropy compensation results in slightly slower oxygenation


FIGURE 2. Time-resolved UV–vis spectra during the reaction of
[Fe2(OH)2(BnBQA)2]


2+ with O2.


Scheme 5


FIGURE 3. Space filling representation of the X-Ray structure of
[Fe2(µ-OH)(µ-H2O)(TPA)2]


3+.
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of hydroxo-aqua species. Rate-limiting binding of O2 to
the first iron center in [Fe2(µ-OH)(µ-H2O)(TPA)2]3+ likely
involves breaking the Fe–OH2 bond rather than the
Fe–N(py) bond, consistent with an unfavorable activation
entropy. Access to the iron centers, shielded by bulky TPA
ligands, is limited in the starting complex (Figure 3) and
is hardly improved by breaking the aqua bridge inside the
core.


The mechanistic studies and structure–reactivity cor-
relations established for diiron–bis-hydroxo-bridged com-
plexes suggest a strategy for facile oxygenation of diiron(II)
cores: a vacant or labile site at the metal center should
be available. This strategy also works well for other classes
of diiron(II) complexes, such as alkoxo-bridged complexes
with dinucleating aminopyridine ligands, and complexes
with sterically hindered carboxylates.


The oxygenation of diiron(II) complexes with a di-
nucleating ligand HPTP (Scheme 1) is much faster than
the oxygenation of the six-coordinate, sterically hindered
complex [Fe2(OH)2(TLA)2]2+. The ligand HPTP provides
three nitrogen donors per iron, and two additional
coordination sites are occupied by bridging oxygen atoms
(from the alkoxo and carboxylato groups). The sixth
coordination site remains available for facile small ligand
binding. The peroxo intermediates in HPTP systems are
known to be greatly stabilized by coordination of oxygen
donors, such as DMSO, phosphine oxides, or an additional
carboxylate anion.8 We found that coordination of a labile
monodentate ligand (such as DMSO) in the sixth position
does not significantly retard the oxygenation step, but
coordination of a second carboxylate anion (Scheme 6b)
slows O2 binding by a factor of 10. The reactions of
diiron(II)–HPTP complexes with O2 were low-barrier,
entropically controlled, second-order processes.8


Oxygenation of paddle-wheel complexes with the steri-
cally hindered carboxylate ligand dxlCO2


- at low temper-
atures also cleanly produced an intermediate containing
coordinated O2 (Scheme 7).9,10 The nature of capping
ligands L (THF, pyridine, or 1-methylimidazole) exerted
little effect on the kinetic parameters of dioxygen binding
at a vacant iron site, which proceeded in an isokinetic
regime, suggesting a similar rate-determining step.10 Rapid
dioxygen binding (Table 1) to these five-coordinate iron(II)
center(s) again occurs in a bimolecular associative process,
as evidenced by small activation enthalpies and large
negative activation entropies. These mechanistic features


are shared by several classes of diiron(II) complexes
studied in our laboratory.


Reactions of Mononuclear Iron Complexes
with O2
Diiron(III)–peroxo intermediates can be generated from
mononuclear or dinuclear iron(II) complexes. Mechanisti-
cally, the first step of oxygen coordination to an iron(II)
center is usually rate-limiting for dinuclear complexes;
geometric proximity and electronic coupling of the two
irons account for a rapid decomposition of the initially
formed diiron–superoxo complexes into more stable µ-1,2-
peroxo species. Oxygenation of mononuclear complexes
is different: the initially formed superoxo adduct may
attack a second molecule of the Fe(II) complex in a slower,
bimolecular process. Therefore, mononuclear complexes
provide a better chance to study the mechanism of the
second iron–oxygen bond formation step. Excessive steric
bulk, which favors mononuclear iron–dioxygen adducts,
prevents formation of peroxo–dimeric species and there-
fore was avoided in our studies.


To construct a system to generate intermediates of
biological relevance, we have chosen the amide-contain-
ing macrocycle H2pydioneN5 (Scheme 2).15 Unlike the
majority of strongly σ-donating electron-rich amide-
containing ligands that form low-spin complexes, pen-
taaza macrocycle H2pydioneN5 forms exclusively high-
spin iron(II) and iron(III) complexes stabilized by the
pseudo-5-fold symmetry of the relatively large, rigid
ring.15,16 We have obtained and crystallographically char-


Scheme 6


FIGURE 4. Time-resolved UV–vis spectra of the formation of
[Fe2(O2)(HPTP)(BzO)]2+ (a) and the corresponding kinetic traces (both
in the presence and in the absence of PPh3) (b).
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acterized both mono- and dideprotonated versions of the
iron(II) complex in the solid state and shown that the
deprotonation state persists in DMSO solvent. The mono-
deprotonated complex features an intramolecular source
of proton(s) that modulates oxygenation chemistry.


Oxygenation of the dideprotonated complex of Fe(II),
Fe(pydioneN5), in aprotic solvents proceeds via a path
analogous to that of iron(II) porphyrins: via iron(III)–
superoxo and diiron(III)–peroxo species, as evidenced by
spectral changes observed during the reaction (Figure 5).
The reaction is second-order in the iron(II) complex and
shows an inverse dependence of reaction rate on dioxygen
concentration. The presence of 1-methylimidazole stabi-
lizes the diiron–peroxo intermediate: the half-life increases
by 2 orders of magnitude.


The reaction of Fe(pydioneN5) with dioxygen in metha-
nol is distinctly different: it is first-order in both iron(II)
complex and dioxygen, with no spectroscopically observed
intermediate. Similar behavior was observed for the
monodeprotonated complex Fe(HpydioneN5) in various


solvents. The presence of an accessible proton in the
vicinity of the reaction center or from the solvent altered
the oxygenation pathway in these macrocyclic systems
(Scheme 9).


The reactions of Fe(pydioneN5) with O2 (very rapid
initial coordination followed by bimolecular rapid forma-
tion of a diiron–peroxo intermediate) are similar to those
of porphyrins. The extra donor atom in the pentadentate,
sterically unhindered “porphyrin analogue” H2pydioneN5


does not prevent rapid generation of diiron(III)–peroxo
intermediates, which can therefore be readily accessed
from the mononuclear precursors.


Reactivity of Diiron–Peroxo Intermediates
The ability of diiron(III)–peroxo intermediates to oxidize
substrates in formally two-electron processes was estab-
lished for some enzymatic oxidations [e.g., oxidations of
olefins, ethers, or nitroalkanes with Fe2(O2) intermediates
of methane monooxygenase, or oxidations of aromatic
substrates with Fe2(O2) adducts of toluene monooxyge-
nase and related enzymes].17 However, relatively stable
diiron(III)–peroxo species in synthetic model systems did
not transfer an oxygen atom to substrates but demon-
strated nucleophilic reactivity instead.2,18 We hypothesized
that less stable diiron–O2 adducts can oxidize external
substrates. The reactivity of short-lived, metastable inter-
mediates was studied in double-mixing stopped-flow
experiments. Diiron(II) complex was mixed with O2 at low
temperatures, and dioxygen adduct accumulated. A sub-


Scheme 7


Scheme 8


FIGURE 5. UV–vis spectra of the reaction mixture during the reaction
of Fe(pydioneN5) with O2: black for the starting Fe(pydioneN5), red
for the iron–superoxo species, green for the diiron–peroxo species,
and blue fof the decomposition product.
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strate solution was then injected into the mixing cell, and
the decay of the Fe2–O2 intermediate followed. Product
analysis was performed in independent benchtop experi-
ments. Paddle-wheel diiron(II) complexes with sterically
hindered carboxylates (dxlCO2


- family) and diiron(II)
complexes with dinucleating HPTP (Scheme 2) were
studied in detail.


In contrast to essentially the same kinetics of O2


coordination at a vacant site,9,10 the three dioxygen
adducts, tentatively formulated as [FeIII


2(O2)(dxlCO2)4(L)2]
(L ) pyridine, 1-methylimidazole, or THF), exhibited
different reactivity with the substrates: only the peroxo
complex for which L ) THF oxidized triphenylphosphine
into Ph3PO at -80 °C in the absence of free dioxygen in
80% yield. The 18O label from 18O2 was almost quantita-
tively incorporated into the phosphine oxide product. The
rate of decay of the peroxo intermediate increased in the
presence of Ph3P by ca. 104.


Substrate coordination to one of the iron centers in
[FeIII


2(O2)(dxlCO2)4(THF)2] is necessary for productive
phosphine oxidation, as the saturation kinetics suggests
(Figure 6). The reaction was retarded by excess THF,
confirming that phosphine oxidation is not mediated by


THF-derived radicals, and suggesting that THF dissocia-
tion is involved in the rate-limiting step. The observed
first-order rate constants of intermediate decay, measured
at a saturating phosphine concentration, were almost
identical for a series of various para-substituted phos-
phines. Furthermore, the reaction of the THF-derived
peroxo intermediate with pyridine or 1-methylimidazole
displayed activation parameters nearly identical to those
of reactions with triarylphosphines. Thus, a single-
turnover oxygen atom transfer from dioxygen to PPh3 was
kinetically controlled by the dissociation of a monodentate
THF ligand from the diiron(III)–peroxo intermediate. It
can be concluded that diiron(III)–peroxo complexes with
exchangeable ligands can transfer an oxygen atom to
coordinating substrates that are good oxygen acceptors.
Substrate coordination to one of the iron centers precedes
an oxygen atom transfer.10


A very similar mechanism of substrate oxidation was
also determined for the reactions of the diiron complex
containing HPTP and bidentate bridging carboxylate,
[FeIII


2(HPTP)(O2)(O2CPh)]2+.8 In this system, only com-
pounds capable of binding to iron (phosphines, thio-
anisole, and benzyl alcohol) underwent oxidation by the
coordinated peroxide and displayed saturation kinetics
at –40 °C in CH2Cl2. In contrast, noncoordinating
substrates, such as 9,10-dihydroanthracene, did not
react with the µ-1,2-peroxo species. The bis-carboxylate
[FeIII


2(HPTP)(O2)(O2CPh)2]+, lacking open coordination
sites on the iron(III) centers, does not oxidize any of
the substrates mentioned above under the same
conditions.


The mechanistic findings described above demonstrate
the importance of ligand substitution processes in both
oxygen binding to iron(II) and substrate oxidation with


Scheme 9. Oxygenation of [Fe(HpydioneN5)]+


FIGURE 6. Plot of the pseudo-first-order rate constant kobs for the
reaction of Fe2(O2)(dxlCO2)4(THF)2 (0.3 mM) with PPh3 as a func-
tion of [PPh3]0 (b) and added [THF]0 ([) at [PPh3]0 ) 7.5 mM and
193 K.


Scheme 10
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diiron(III)–peroxo complexes. Dioxygen adducts of
diiron(II) model complexes can oxidize strong reducing
agents coordinated to one iron center. The observed
greater reactivity of coordinated phosphines indirectly
supports a nucleophilic nature of these deprotonated,
coordinated peroxo moieties. However, our results show
that even nucleophilic peroxides can transfer an oxygen
atom to a closely positioned substrate. Similar “proximity
effects” were reported by Lippard and co-workers for
tethered substrate oxidations.19


Reactions with H2O2: Peroxide Shunt Pathways
Serious problems limit applications of iron(II)–O2 or
diiron(II)–O2 systems in catalytic oxidations, despite the
appeal of O2 as an oxidant. One problem appeared in the
studies described above: in the absence of a proton source,
diiron(III)–peroxide species can be generated rapidly at a
vacant or labile iron site. However, these intermediates
are nucleophilic and can transfer an oxygen atom to only
good reducing agents localized in the immediate proximity
of the Fe2(III)(O2


2-) moiety. Coordinated hydroperoxides
are known to be electrophilic oxidants, for example, in
epoxidation of electron-rich olefins. In contrast, depro-
tonated peroxides diplay nucleophilic reactivity and pref-
erentially epoxidize electron-rich olefins (e.g., unsaturated
ketones).20 In the presence of a proton source during the
diiron(II) oxygenation step, electrophilic activation appears
to occur, but an excess of diiron(II) complex acts as a rapid
and efficient reducing agent, intercepting the oxidizing
equivalents and preventing external substrate oxidations.
In most favorable cases, Fe(II)Fe(III) and Fe(III)Fe(IV)
species result, with the latter a potentially useful one-
electron oxidizing agent.18 In most cases, various oxo-
bridged diiron(III) complexes form, which no longer react
with modestly reducing substrates or dioxygen. “Peroxide
shunt” pathways [generating peroxo or hydroperoxo
intermediates from iron(III) precursors and H2O2] may
solve both problems and have proven to be successful in
both heme and non-heme iron chemistry.


Hydrogen peroxide was successfully utilized in iron-
catalyzed oxidations, and dinuclear catalysts sometimes
outperform their mononuclear counterparts (“two irons
are better than one”).2 Our interest in bimetallic oxygen
activation prompted us to compare O2–diiron(II) reactivity
with that of analogous systems containing diiron(III)
complexes and H2O2. Kinetic and mechanistic investiga-
tions of this peroxide shunt pathway are limited.2,21


Our detailed rapid-kinetics study of the diiron(III)–TPA
complex, [FeIII


2(µ-O)(TPA)2(OH)(H2O)]3+, showed stepwise
formation of the previously reported diamond-core
FeIIIFeIV(µ-O)2 complexes,4 revealing new intermediates
in this system (Scheme 11).21 A transient diferric peroxo
complex, Bperoxo (λmax ) 700 nm; ε ) 1500), gradually
being converted into a high-valent species, was directly
observed at –40 °C in acetonitrile. The rate of formation
of Bperoxo roughly matched the rates of water substitution
reactions with redox-inactive ligands, such as urea,22,23


supporting the end-on hydroperoxo formulation. Substi-


tution of the second monodentate ligand (hydroxide) into
[FeIII


2(µ-O)-(TPA)2(OH)(H2O)]3+ is much slower and un-
likely to be involved in the reaction with H2O2. Additional
spectroscopic and kinetic characterization of Bperoxo is
ongoing.


The formation of Bperoxo from [FeIII
2(µ-O)(TPA)2-


(OH)(H2O)]3+ and H2O2 (characterized by the observed
rate constant kobs′) is decelerated by water and accelerated
by hydrogen peroxide. Such kinetic dependence implies
the existence of a steady-state intermediate between the
diiron(III) precursor and Bperoxo (Scheme 11), which forms
upon loss of a water molecule from [FeIII


2(µ-O)(TPA)2-
(OH)(H2O)]3+.


The rate of transformation of Bperoxo to [FeIIIFeIV(µ-
O)2(TPA)2]3+ does not depend on H2O concentration but
is proportional to H2O2 concentration (Scheme 11). Hy-
drogen peroxide apparently acts as a reducing agent in
this reaction [the transformation of an FeIII


2(O2)2- species
into an FeIIIFeIV(O2-)2 species corresponds to a net one-
electron reduction] (Scheme 11). A reductant is essential
for the action of diiron enzymes (e.g., ribonucleotide
reductase), presumably to reduce the FeIII


2–peroxo inter-
mediate to the high-valent FeIIIFeIV intermediate.1 The
possible involvement of a second H2O2 molecule in
generating high-valent diiron intermediates in enzymes
and their models is commonly overlooked.


The oxidative properties of the diiron–peroxo interme-
diate [FeIII


2(µ-O)(TPA)2(OOH)(H2O)]3+ and the high-valent
complex [FeIIIFeIV(µ-O)2(TPA)2]3+ were studied using tri-
phenylphosphine and 2,4-di-tert-butylphenol as sub-
strates. Earlier, it was found that [FeIIIFeIV(µ-O)2(TPA)2]3+


oxidizes both substrates within seconds.24,25 The reactivi-
ties of the two intermediates (Bperoxo and FeIIIFeIV) studied
by cryogenic multimixing stopped-flow experiments in our


Scheme 11
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laboratories2 were found to be very different (Scheme 12).
One-electron-reducing substrate (DTBP) rapidly trans-
formed Bperoxo into the FeIIIFeIV species. The reaction of
Bperoxo with Ph3P showed an even higher rate, regenerating
starting diiron(III) complex in a formally two-electron
process. However, when substrates were added to the
high-valent Fe(III)Fe(IV) intermediate, oxidation was 2–3
orders of magnitude slower. Thus, the peroxo–diiron(III)
intermediate Bperoxo appears to be far more reactive than
the high-valent FeIIIFeIV complex (Scheme 12) and is likely
involved, as a kinetically competent intermediate, in
catalytic oxidations of organic substrates with H2O2 in the
presence of diiron(III)–TPA complexes.2 Ongoing mecha-
nistic studies will uncover the role of the second iron in
promoting high reactivity of Bperoxo and related diiron–
hydroperoxo intermediates. Substrate coordination at the
second iron may facilitate productive (and perhaps selec-
tive) oxidations, analogous to our studies on deprotonated
peroxo intermediates derived from diiron(II) and O2.


Substrate Oxidations with H2O2
Applying the principles learned from kinetic studies on
oxidation of good oxygen atom acceptors (such as phos-
phines or phenols), we would like to eventually develop
systems for oxidative catalysis (e.g., alkane or arene
hydroxylation, and alkene epoxidation). Initial results for
the latter two processes are already available. In diiron
systems, at least one vacant or labile site must be present
for H2O2 activation, and an additional vacant site(s) for
substrate coordination is helpful. Monoiron complexes
with one or more vacant or labile site(s) for H2O2 and
substrate binding may also activate H2O2.


An excellent example of a H2O2-activating system is
[FeII(BPMEN)(CH3CN)2]2+, which efficiently catalyzes ole-
fin epoxidation.26,27 We have observed a new reaction
promoted by this complex: stoichiometric oxidation of
substituted benzoic acids into the corresponding salicylic
acids with H2O2. Externally added substrates react readily
under mild conditions, yielding exclusively ortho-hy-
droxylated products (Scheme 13).28 Isotopic labeling
proved that oxygen in the product originates from H2O2.


Thereactionofm-chloroperoxybenzoicacidwith[Fe(BP-
MEN)]2+ was slower and resulted in less chlorosalicylate
complex compared to the analogous reaction with
m-ClC6H4COOH and H2O2 (16% yield vs 74%), highlight-
ing the importance of H2O2 and indicating that peroxy-
benzoate formation is not essential for hydroxylation.
Preliminary results showed no H–D kinetic isotope effect
in benzoic acid hydroxylation with H2O2, thus ruling out
C–H bond breaking at the rate-limiting step.


Scheme 12


Scheme 13
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During the first step of the reaction, benzoic acid
binding and oxidation of Fe(II) into Fe(III) with H2O2 yield
a mononuclear EPR-active iron(III) intermediate (Scheme
14).28 Attempts to isolate this mononuclear, redox-active
Fe(III) species led to crystallographically characterized
dinuclear oxo, carboxylato-bridged [FeIII


2(µ-O)(µ-OOC-
(C6H5))(BPMEN)2]3+, unreactive in aromatic hydrox-
ylation.


Kinetic and spectroscopic evidence suggests that mono-
nuclear [FeIII(BPMEN)(PhCOO)]2+ further reacts with
H2O2, presumably generating a short-lived hydroperoxo
intermediate, which can directly attack the aromatic ring
or produce high-valent iron–oxo intermediates (Scheme
14). Experimental results, however, do not exclude the
possibility of formation of a dinuclear “open-core”
hydroperoxo intermediate similar to Bperoxo supported by
TPA ligands (Scheme 11). Further studies of the scope and
mechanism of aromatic hydroxylation are in progress.


The inability of coordinatively saturated carboxylato-
bridged diiron(III) complexes of BPMEN to serve as
oxidation catalysts was confirmed in an additional study
of olefin epoxidation.29 The open-core iron(III) complex
[Fe2(µ-O)(OH)(OH2) (BPMEN)2]3+ was mildly active in
epoxidation, but addition of acetic acid decreased the
activity. The corresponding acetato-bridged complex [Fe2(µ-
O)(µ-OAc)(BPMEN)2]3+, possible involvement of which in
olefin epoxidation was previously debated,26,27 was
unreactive in our hands. Other coordinatively saturated
complexes bearing monodentate fluoride and/or acetate
anions were similarly unreactive. Although olefin sub-


strates cannot coordinate to the metal centers, the oxidant
(hydrogen peroxide) certainly can, and H2O2 coordination
at a vacant or labile site appears to be necessary for olefin
epoxidation.29


To further study the mechanism of epoxidation with
non-heme iron catalysts and the effects of different iron
coordination spheres on catalysis, we have developed a
series of macrocyclic ligands for iron (L1–L5, Scheme 2)
that enforce a square-pyramidal geometry around high-
spin iron(II) (Figure 7) and resemble the coordination
environment in natural oxygen-activating systems such
as bleomycin.30 The large (0.6–0.7 Å) displacement of iron
from the macrocyclic plane toward the coordinating
appended amino group prevented binding of additional
ligands in the sixth position.


The flexible aminopropyl pendant arm undergoes
reversible protonation (Figure 8), liberating a coordination
site for peroxide binding. Protonation of the arm, which
converts the complex to a low-spin state and pseudo-


Scheme 14


Scheme 15


FIGURE 7. ORTEP plot of [Fe(L2)]2+.


FIGURE 8. Titration of [Fe(L2)]2+ with triflic acid (0–1.0 equiv).
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octahedral geometry (with two labile solvent molecules
in the axial positions), has a profound effect on the
complex reactivity. In the presence of triflic acid, these
complexes efficiently and selectively catalyze cyclooctene
and 1-decene epoxidation with H2O2, under mild condi-
tions, yielding up to 90% of the products in 5 min.
However, in the deprotonated form or in the presence of
coordinating acids like HCl, no epoxidation occurs. Com-
plexes with tetradentate ligands L4 and L5 catalyze olefin
epoxidation to a lesser extent, and the effects of acid,
attributable to electrophilic activation of coordinated
peroxide via proton transfer from the pendant arm in
L1–L3 (Scheme 15), are less pronounced. It follows that
both the availability of a binding site for H2O2 and the
presence of an intramolecular proton source improve
catalytic activity of these mononuclear iron complexes.30


Conclusions
Inner-sphere reactions dominate the formation and re-
activity of various iron–peroxo species. Binding of dioxy-
gen to diiron(II) complexes is an associative, low-barrier,
entropically controlled process. Formation of the first
iron–O2 bond is rate-limiting. Therefore, oxygenation
occurs rapidly at vacant or labile iron(II) sites. Oxygenation
of coordinatively saturated diiron(II) complexes requires
ligand dissociation. The excessive steric bulk of the
multidentate ligands retards dioxygen binding. Mono-
nuclear redox-active iron(II) complexes also provide access
to the diiron(III)–peroxo species in a two-step, bimetallic
reaction.


Diiron(III)–peroxo intermediates are relatively sluggish
oxidants and can transfer an oxygen atom to only strong
reducing agents (e.g., phosphines) coordinated to one of
the irons. Similar proximity effects may account for the
selectivity of enzymatic oxidations at non-heme iron
centers. Electrophilic activation of diiron–peroxo species
is expected to improve their ability to oxidize external
electron-rich substrates. However, proton transfer in the
course of O2 binding is ineffective, because excess of
iron(II) precursor intercepts electrophilic hydroperoxides.
Delivery of a proton to preformed peroxides appears to
be a promising strategy.


Reactions of diiron(III)–TPA complexes with H2O2


yielded a hydroperoxo intermediate that oxidized phos-
phines and phenols much faster than the Fe(III)Fe(IV)
species. This is remarkable, because analogous mono-
nuclear iron(III)–hydroperoxide complexes are believed to
be poor oxidants. The role of the second iron may once
again involve substrate coordination.


Although the importance of vacant sites and ligand
substitution processes in facilitating redox activation of
O2 and H2O2 is somewhat surprising, its realization helps
in designing selective oxidation catalysts and reagents.
Catalytic olefin epoxidation and inner-sphere stoichio-
metric selective aromatic ortho hydroxylation with H2O2


were demonstrated with coordinatively unsaturated iron
complexes with aminopyridine ligands.
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GUEST EDITORIAL


Dioxygen Activation by Metalloenzymes and Models
Dioxygen is essential in life processes, and metalloenzymes activate dioxygen to carry out a variety
of biological reactions including biotransformation of naturally occurring molecules, oxidative
metabolism of xenobiotics, and oxidative phosphorylation. One primary goal in metalloenzyme
research is to understand the structures of active sites and reactive intermediates and the mechanistic
details of dioxygen activation and oxygenation reactions occurring at the active sites. Metalloenzymes
use diverse active sites to activate dioxygen, such as heme iron sites, mono- and dinuclear nonheme
iron sites, mono- and dinuclear copper sites, a heteronuclear heme iron–copper site, and other metal
sites. Despite this diversity of active sites, a common mechanistic hypothesis for dioxygen activation
is emerging. In this unified scheme, dioxygen first binds to a reduced metal center, metal–superoxo
and –peroxo intermediates are then formed, and then O–O bond cleavage of metal–hydroperoxo
species occurs to form high-valent metal–oxo oxidants that carry out substrate oxidations. The
objective of this special issue is to report recent developments in the research areas of dioxygen–
activating metalloenzymes and their models. A number of new reactive intermediates have been
characterized or proposed recently, and new mechanistic insights into O–O bond activation have
been proposed as well. One notable example is the striking advances in identifying reactive
intermediates and understanding their chemical properties in oxidation reactions in non-heme iron
enzymes and their model compounds. Thus, it would be very timely to have a special issue focusing
on the molecular mechanistic aspects of dioxygen activation and oxygen atom transfer in enzymatic
and biomimetic reactions, and this special issue demonstrates the richness of the chemistry associated
with dioxygen activation at metal centers.


The idea of having this special issue in Accounts of Chemical Research stems from the symposium
of “Dioxygen Activation Chemistry of Metalloenzymes and Models” in Pacifichem 2005 that I
organized with Professors Shinobu Itoh and Lawrence Que, Jr. Since we, including speakers and
audience, enjoyed the symposium very much with fruitful discussion, I contacted Professor Joan S.
Valentine, Editor-In-Chief, to propose a special issue dedicated to the topic of “Dioxygen Activation
Chemistry”. I also contacted some of the speakers in the symposium to ask for their contributions
to this issue, and all of them accepted my invitation without a single rejection despite their busy
schedules. Thus, as the guest editor, I thank all the authors for their timely and worthy contributions.
I also thank Ms. Rhea Rever for her tremendous work during the editorial process. My warmest
acknowledgment goes to Professor Joan S. Valentine not only for giving me such a great opportunity
to organize this special issue but also for being a super advisor during my Ph.D. program at UCLA.
Finally, I hope that this issue inspires readers to encounter the fascinating dioxygen activation
chemistry of metalloenzymes and models and, even more importantly, to participate in the joyful
research field that has been continuously developed by bioinorganic chemists.


Wonwoo Nam
Guest Editor


Ewha Womans University, Seoul, Korea
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ABSTRACT
The Account discusses the phenomenon of two-state reactivity
(TSR) or multistate reactivity (MSR) in high-valent metal–oxo
reagents, projecting its wide-ranging applicability starting from the
bare species, through the reagents made by Que, Nam, and
collaborators, to the Mn(V)–oxo substituted polyoxometalate, all
the way to Compound I species of heme enzymes. The Account
shows how the behaviors of all these variegated species derive from
a simple set of electronic structure principles. Experimental trends
that demonstrate TSR and MSR are discussed. Diagnostic mecha-
nistic probes are proposed for the TSR/MSR scenario, based on
kinetic isotope effect, stereochemical studies, and magnetic- and
electric-field effects.


Introduction
High-valent metal–oxo complexes are ubiquitous species
used in nature and in the laboratory for the purpose of
oxygenation of organic compounds. While iron is the most
common metal in these species, there are also complexes
with manganese–oxo, copper–oxo, and other moieties.1


These species are formed in enzymes by O–O bond
activation of O2 or H2O2, depending on the class of
enzymes, or synthetically by use of oxygen donors, e.g.,
PhIdO, which transfer oxygen to the transition metal
(Scheme 1).2


These species, in heme and non-heme systems,2 seem
to share mechanistic features; they cause bond activation
leading to unstable intermediates, e.g., by abstraction of
hydrogen from alkanes, proton abstraction coupled with
electron transfer (PCET) from phenols,3 π-cleavage of CdC
double bonds, etc. The initial bond activation is then
followed by oxygen transfer from the transition meta-
l–oxygen species to the organic intermediate, as in alkane


hydroxylation by cytochrome P450,4 or the radical itself
will undergo oligomerization reactions as in plant per-
oxidases.3


The importance of metal–oxo species cannot be over-
stated, and the interest in their reaction mechanisms
matches this distinction. Since an experimental proof of
mechanism is not a simple matter, mechanistic bioinor-
ganic chemistry has evolved with significant interplay of
experiment and theory. In this sense, theoretical chem-
istry, specifically density functional theory (DFT) and
hybridDFT/molecularmechanics(DFT/MM)calculations,4,5


has been playing an essential role in providing mecha-
nistic data and structures of unstable intermediates and
in deriving useful concepts.


An important role of theory is to provide insight and
paint global pictures. In this sense, the two-state reactivity
(TSR) and multistate reactivity (MSR) concepts4,6 have
emerged in response to intriguing experimental data,
which have indicated that oxygenation reactions by
enzymes like P450 and synthetic transition metal–oxo
reagents behave as though more than one oxidant species
were involved in the process. This apparent observation
has generated lively mechanistic debates,4,7 which are
reminiscent of the heydays of physical organic chemistry,
where intellectual chemistry figured prominently. In
oxygenation reactions by P450, the recognition of TSR and
MSR in 19988 eventually led to resolution of enigmatic
issues and to predictions of novel mechanistic features.4,7


Since, in the meantime, the TSR/MSR scenario has been
repeatedly produced by theory in a variety of processes,
including enzymes3 and synthetic reagents,9 our purpose
here is to highlight the wide-ranging applicability of the
concept and its insight into reactivity, to draw generalities,
and to suggest mechanistic probes of TSR/MSR scenarios.


TSR/MSR Scenarios in Bond Activation
Reactions
Figures 1–5 show TSR/MSR scenarios in five different
systems. All these cases share one common feature; they
involve energy profiles of at least two spin states that
either criss-cross or remain in proximity. This is the
fundamental feature of the TSR/MSR scenario, whereby
different states coproduce different reaction intermediates
and products in a given process. The figures also exhibit
differences, which we would like to understand and
generalize.


Figure 1 depicts the energy profiles for the gas-phase
conversion of H2 to water by FeO+.10 The figure exhibits
doubling of the energy profile into sextet [high-spin (HS)]
and quartet processes [low-spin (LS)], where the LS state
crosses below the HS transition state and hence potentially
mediates the transformation. This figure is an archetype
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of the energy profiles corresponding to the activation of
alkanes by transition metal–oxo cations.6a,c,11,12


Figure 2 shows a C–H hydroxylation reaction by the
active species of the enzyme cytochrome P450, so-called


Compound I (Cpd I). Panel (a) shows the gas-phase
mechanism,13,14 while panel (b) shows the mechanism by
which the bulk polarity of the protein is mimicked using
a low dielectric constant (ε ) 5.7) and the amidic NH–S
interactions with the thiolate ligand of Cpd I in P450s15


are modeled by addition of two NH3 molecules.4,14 Figure
2a exhibits doublet- and quartet-state profiles that are
roughly parallel throughout the H-abstraction step. Sub-
sequently, the doublet intermediate “rebounds” and forms
an alcohol complex in a barrier-free manner, while the
quartet intermediate faces a barrier to rebound. There is
also a low-lying sextet-state surface that behaves like the
quartet surface. Notably, the H-abstraction transition
states (TSH) carry Roman numerals that indicate the
different oxidation states of the iron center. Figure 2b
shows that the interactions of Cpd I with the “environ-
ment” bring more states into the act,14 some with Fe(III)
others with Fe(IV). The doublet states exhibit effectively
concerted processes with barrier-free rebounds, while the
quartet states have stepwise mechanisms with barriers to
rebound. This reactivity scenario was termed MSR to
signify the multitude of states that contribute to product
formation.


Figure 3 shows the MSR scenario in styrene epoxidation
by Cpd I.16 Here too, a few states run parallel through the
CdC activation phase and then produce HS quartet and
LS doublet organic radical and cationic complexes. Thus,


Scheme 1. O–O Bond Activation in Iron-Based Complexes and Enzymes


FIGURE 1. DFT(B3LYP)-calculated TSR scenario in the gas-phase
oxygenation of H2 by FeO+.10 The labels HS and LS indicate the
relative spin quantum number.
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Figures 2 and 3 share a common behavior: the HS
mechanisms are stepwise with sufficiently long lived
intermediates, while the LS mechanisms are effectively
concerted with ultrashort lived intermediates. All heme
systems investigated by us possess similar features ir-
respective of the axial ligand (thiolate as in P450 or
imidazole as in HRP or microperoxidases).


Figure 4 shows a manganese–oxo complex, made from
the polyoxometalate cage [PW12O40]3- via replacement of
one WdO moiety with a MnVdO moiety. Such a reagent
was recently characterized by NMR and shown to possess
a singlet ground state, and to perform C–H and CdC
activations.17 The figure exhibits an MSR scenario in the
allylic hydroxylation of propene, which is mediated by the
triplet and quintet states that cut through the high singlet-
state barrier.


By now we have calculated the reactivity of some 10
different L5FeIVdO reagents made18 with the polydentate
nitrogenous ligands. Figure 5 shows a typical TSR/MSR
scenario, with C–H activation and rebound, in the hy-
droxylation of cyclohexane (CH) by [N4Py]FeIVO2+.9 It is
seen that the quintet state cuts below the barrier of the
ground triplet state and mediates the transformation. Note
that, unlike before, here the HS process is effectively
concerted.


Taken together, Figures 1–5 exhibit an impressive
collage of processes that share the common feature of
spin-state crossing and entanglement. Can we make sense
of these features and generalize the picture? Do these
features have characteristic mechanistic impact? In the
following sections, we address these questions.


Origins of TSR/MSR Scenarios
Transition metals have five d orbitals that are close in
energy, with energy spacing depending on the strengths
of the ligand–metal interactions. Sometimes the ligands
have high-lying orbitals close to the d block orbitals.4


Additionally, during bond activation, the organic substrate
develops high-lying orbitals close to the d block. As such,
the number of closely lying orbitals that are not doubly
occupied is large and becoming larger as the reaction
progresses, hence giving rise to a dense manifold of states.
The other factor is the exchange interaction between the
electrons in d orbitals, e.g., 20 kcal/mol on Fe, which
favors high-spin situations.9,19 Taken together, metal–oxo
reagents involve a dense manifold of states differing in
orbital occupancy, transition metal and ligand oxidation
states, and spin quantum numbers. In general, these states
will remain close along the reaction pathways, and as their


FIGURE 2. DFT(B3LYP/LACVP)-calculated TSR/MSR scenarios in the C–H hydroxylation of 1 by Compound I of P450: (a) in the gas phase and
(b) with NH–S interactions (included in geometry optimization) and bulk polarity effect. Relative energies include ZPEs.
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number increases, when orbitals of the molecule under-
going oxidation become accessible, one obtains the TSR/
MSR scenarios as in Figures 1–5. The following analyses
illustrate these factors.


Figure 6a shows orbitals and low-lying states of
[N4Py]FeIVdO2+.9 This d block spreads into the three-
below-two pattern typical of distorted octahedra; the
group of three has a low-lying δ orbital and two π* orbitals
with antibonding Fe(dπ)-O(pπ) character, while the group
of two involves σ* antibonding orbitals, one with the
equatorial nitrogen lone pairs and one with the two axial
ligands. With oxidation state IV, the d block contains four
electrons; the ground state has the δ2π*1π*1 configuration
with a triplet spin quantum number (S ) 1), and the
corresponding singlet state (S ) 0) lies higher by 8.4 kcal/
mol. These states are analogues of the triplet and singlet
states of O2, and this is common to all iron–oxo com-
plexes, which maintain the stable triplet π*1π*1 FeO
configuration.1,3,4,6,8,9,12,19 A low-lying state is the quintet
(S ) 2)18 δ1π*1π*1σ*xy


1 configuration; its energy relative
to S ) 1 is a balance between the large δ f σ*xy orbital
energy gap, determined by the N–Fe interaction strength,
favoring S ) 1, and the five new d–d exchange interac-
tions19 (20 kcal/mol each) that favor S ) 2.9 On balance,


this creates a small energy gap between the two states and
sets the stage for TSR.


The transformation of these two states along the
reaction pathway is represented by the orbital diagram9


in Figure 6b. It depicts the changes in orbital occupancy
using the oxidation-state formalism; in this formalism, the
substrate undergoing oxidation donates two electrons to
the iron–oxo complex. These diagrams are represented in
three panels, corresponding, from left to right, to the
reactants, the intermediate (2S+1I), and the product
(2S+1P). Thus, with the triplet state as the beginning, as
H-abstraction occurs, one electron shifts from the σCH


orbital of the alkane to a π*(FeO) orbital, and a spin
develops on the alkyl radical due to the singly occupied
orbital, φC, in intermediate 3I. Subsequently, as the alkyl
radical rebounds, the electron shifts from φC to the σ*z2


orbital and generates the alcohol complex, 3P. On the
quintet surface, the H-abstraction is attended by an
electron shift from σCH to σ*z2. Now an electron with spin
up is shifted to increase the rate of exchange on the iron
by four new d–d interactions.9 This large exchange
stabilization lowers the quintet barrier below the triplet
state and leads to their crossing (Figure 5). In the rebound
step, starting from 5I, the electron shifts from φC to the δ
orbital of the iron–hydroxo complex. Since the δ orbital
is low-lying, there will be no barrier to rebound on the
quintet surface. By contrast, on the triplet surface, the


FIGURE 3. B3LYP/LACVP(+ZPE)-calculated MSR scenario during
styrene epoxidation by Compound I.16


FIGURE 4. BLYP-calculated MSR scenario during allylic hydroxylation
of propene by [PW11O39-MnVdO]4- (PW11MnO). Energies are
reported for a gas phase and an acetonitrile solution (ε ) 37.5).17


RC is the reactant complex.
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electron shifts, during rebound, to the high-lying σ*z2


orbital (without much gain of exchange), and therefore,
the triplet state features a significant barrier. As such, we
obtain in Figure 5 a TSR scenario, with a triplet-state
mechanism that has a large H-abstraction barrier and a
significant rebound barrier, and an effectively concerted
quintet mechanism that cuts through the triplet barrier.


The orbital diagram in Figure 6a can be used to explain
also the MSR scenario of the Mn(V)dO complex in Figure
4. Now, the ground state is a singlet with two electrons
on the lowest-lying δ orbital. With no electrons in the
π*(MnO) orbitals, the MndO bond of this state is short
and strong (Figure 4).17 Therefore, the singlet state will
have a high barrier to bond activation. The process will
be mediated by higher-spin states, which possess long and
hence activated MndO bonds.


Figure 7 shows the orbitals and low-lying states of Cpd
I of P450.4,14,20 Here, two porphyrin orbitals, a2u and a1u,
are sufficiently high in energy (recall, the porphyrin
periphery is “antiaromatic”) to intermingle with the d
block orbitals. Since the total oxidation state of the
complex is V, the iron will be FeIV, while the porphyrin
will assume the remaining oxidation equivalent as a cation
radical. With a d4 configuration, and one unpaired elec-
tron on porphyrin, the ground state, nascent from the
δ2π*1π*1a2u


1 configuration, has two spin states: quartet (S


) 3/2) and doublet (S ) 1/2), labeled as 4,2A2u. However,
the dense orbital block generates a manifold of states
squeezed within 26 kcal/mol, e.g., 2A2u where the two
electrons in the π*1π*1 configuration are paired into a
singlet state, 2,4A1u states,21 and FeVdO states, where one
electron from the δ2π*1π*1 configuration goes to fill the
a2u orbital of the porphyrin. In addition, the exchange d–d
interaction plays its role and generates 6,4A2u states with
a δ1π*1π*1a2u


1σ*xy
1 configuration, and within 14 kcal/mol


of the ground states. What a rich manifold of states!
The orbital evolution diagram in Figure 8 focuses on


the species nascent from the doubly degenerate ground
state, 2,4A2u, during C–H hydroxylation (CdC epoxidation).4,7


In the course of H-abstraction (CdC activation), an
electron shifts from the σCH (πCC) orbital to one of the
singly occupied orbitals of Cpd I and generates four
intermediates. Shifting the electron to a2u creates the
2,4Irad(IV) intermediates having FeIV centers, while shifting
it to π*(FeO) generates the 2,4Irad(III) intermediates with
FeIII centers and porphyrin radical cations.


In the rebound (ring closure) steps, the electron will
shift from φC to the heme to form the ferric–alcohol
(epoxide) complexes [2,4P(III)]. In the 2Irad(III) intermedi-
ate, the electron will shift to a2u, while in 2Irad(IV), the
electron will shift to πxz*(FeO), both cases leading to
2P(III). By contrast, in the 4I intermediates, spin conserva-
tion requires shifting electron(s) to higher-lying orbitals.
In 4Irad(IV), the electron will shift to the σ*z2 orbital,
whereas in 4Irad(III), two electrons must shift to avoid spin
frustration: one electron from φC to σ*z2 while another,
with spin down, from the filled π*(FeO) to a2u.6b,7


Since in the doublet manifold the electron is shifted
to low-lying orbitals, these rebound (ring closure) pro-
cesses are barrier-free, whereas the quartet-state processes
which involve shifting electrons to the higher-lying σ*z2


orbital face significant rebound barriers.7 Furthermore,
since the electronic reorganization involving 4Irad(III)
rebound is more complex than that of 4Irad(IV), the
rebound (ring closure) barriers nascent from 4Irad(III) will
be higher than those from 4Irad(IV).7 Reviewing Figures 2
and 3 shows that these are the computed patterns. Thus,
the LS states proceed via effectively concerted mecha-
nisms, while the HS states have stepwise mechanisms,
with radical intermediates whose lifetimes depend on the
oxidation state of iron in the complex; the radical in the
4Irad(III) intermediate is longer-living than the one in the
4Irad(IV) intermediate.


Note that shifting the second electron without creating
the O–C bond would leave behind alkyl cations. Here
again, the resultant doublet 2Icat(III) species collapses to
the alcohol (epoxide) without a barrier (e.g., Figure 3). The
quartet-spin intermediate will be higher in energy and
longer-living and may lead to free carbocations7,13 and
other products as well.16 As such, the reactivity scheme
is rich with radicals and cations, in two spin manifolds
and with different mechanistic behaviors.


FIGURE 5. B3̀LjYP/LACV3P++**//LACVP-calculated TSR/MSR sce-
nario during hydroxylation of cyclohexane by [N4Py]FeIVO2+.9 Relative
energies include ZPEs and solvation energies in acetonitrile (ε )
37.5).
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Features of TSR/MSR Scenarios
While the effect of spin-state crossing on rates is oc-
casionally important,22,23 there are key aspects of TSR/
MSR which arise from the fact that the participating states
have different transition-state structures, different stere-
ochemical or regiochemical preferences, and intermedi-
ates with different lifetimes. As discussed below, these
scenarios will pose a challenge in mechanistic studies
based on single-state reactivity concepts.


Catalysis by Spin Crossover. An example of this effect
is the reaction in Figure 1.6a,c;10–12 Thus, since the HS TS
lies well above the threshold energy of the reactants, the
HS reaction is in fact gas-phase “forbidden” at ambient
temperatures. What enables oxidation of H2 to water, at
all, is the LS surface that cuts through the HS surface and
mediates the bond activation process.6a,c;10 What limits
the efficiency of the reaction is the poor spin-orbit
coupling interaction at the spin-inversion junctions in


FIGURE 6. (a) Energy diagram of d block orbitals of [N4Py]FeIVdO2+ (K) and the low-lying spin states (S ) 1, 2, or 0), with their B3LYP/
LACV3P++**//LACVP relative energies in solution (ε ) 37.5). (b) Orbital occupancy evolution during C–H hydroxylation.
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Figure 1.10,23 Nevertheless, without the LS–HS crossing,
no oxidation would have occurred at ambient tempera-
tures! Note that the hydroxylation reactions mediated by
[N4Py]–FeIVdO2+ (Figure 5),9 PW11O39–MnVdO4- (Figure
4),17 etc.,9 also exhibit “catalysis” by spin crossover.


Different Products from Different States. Another
intriguing TSR feature is the fact that the two spin states
prefer different mechanisms that produce different inter-
mediates and products. This spin-dependent mechanistic
phenomenon has been observed throughout the gamut
of oxidation processes; from the simple reaction of
FeO+ 10,24 to the complex mechanisms of enzymes and
synthetic catalysts.3,4,9,13,17


In P450 oxygenation (Figures 2 and 3), the LS states
lead to products via effectively concerted pathways while
the HS states proceed by stepwise mechanisms with
sufficiently long lived intermediates. As argued,4,7 this
dichotomy is behind the controversial lifetimes of the
radical intermediates quantified by assuming product
formation via a single reactive state. Thus, as illustrated
in Figure 9a, in a single-state scenario the alkyl radical
formed by H-abstraction can either rebound to give an
unrearranged alcohol (U) or first rearrange and then
rebound to form a rearranged alcohol (R). The apparent
lifetime (τapp) of the radical is then determined from the
branching ratio [R/U] of the radical and the speed (kR) of
its rearrangement. However, the use of ultrafast radical
probes (Figure 9b) for quantifying τapp


25 produced unre-
alistically short lifetimes that could not support the


presence of intermediates. Nevertheless, radical interme-
diates abound in this reaction,2b,26 so what could be the
source of this contradiction?


Figure 2 reveals that TSR is the source of these
unrealistic apparent lifetimes. Thus, since the LS doublet
state is effectively concerted, it will produce only unre-
arranged (U) products. By contrast, the stepwise HS
processes will mainly produce the rearranged product (R).
Therefore, the quantity [R/U] is a measure of the relative
yields of the HS and LS processes and not a true measure
of the branching of a single radical species into two
products as required by the equation in Figure 9a. As such,
for very fast radical clocks (as in Figure 9b), the [R/U] ratio
will be determined primarily by the relative H-abstraction
barriers on the HS-quartet and LS-doublet surfaces. Since
2TSH is lower than 4TSH,4,7 the yield of the LS reaction is
higher than the HS yield, and hence, [R/U] will predict a
τapp shorter than the real lifetime of the radical on the
HS surfaces. Furthermore, modeling the rebound barrier
predicts that4,7 the HS barrier will gradually diminish as
the radical center becomes a better electron donor; at
some limiting donor capability, the barrier will vanish,
thus making both HS and LS processes effectively con-
certed. Figure 104,7 depicts the TSR for the substrate where
the methyl group is replaced with an isopropyl group,
making the resulting radical a powerful donor. Now, the
two states generate ferric–alcohol products in effectively
concerted manners and are therefore predicted to produce


FIGURE 7. (a) Energy diagram of key orbitals of Cpd I of P450. (b) Low-lying states and their relative B3LYP energies in the gas phase.
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no rearranged alcohols. Experimentally, the [R/U] quantity
for this probe is <0.01.25


Let us highlight two more consequences of TSR/MSR
scenarios. Thus, during CdC epoxidation (Figure 3), there
are radical intermediates in the HS manifold with two
different oxidation states on iron, namely, 4Irad(IV) and
4Irad(III). As reasoned above, the ring-closure barrier for
4Irad(III) is much larger. With a small barrier, the 4Irad(IV)
state will lead mostly to epoxide products with scrambled
stereochemistry [due to almost free C–C bond rotation in
4Irad(IV)], whereas the 4Irad(III) state will have sufficient
lifetime to produce heme-alkylated and aldehyde com-
plexes that require surmounting significant barriers.4,16


Sometimes, the energy difference between the LS and
HS activation barriers is significant, leading therefore to
a spin-selective single-state reactivity (SSR). An amusing
case is the probe substrate trans-2-phenylmethanecyclo-
propane in Scheme 2. This substrate leads to hydroxyla-
tion of both the methyl and phenyl groups.13 As we
showed in Figure 2, the methyl group hydroxylation
proceeds by TSR and MSR with radical intermediates. By
contrast, the phenyl oxidation proceeds via a LS cationic
Meisenheimer complex.27


Prospective: Probes of TSR and MSR
Experimental probing of TSR/MSR scenarios is challenging
and would require the interplay of experiment and theory.


FIGURE 8. Orbital occupancy evolution during C–H hydroxylation
(CdC epoxidation) by P450 Cpd I.


FIGURE 9. (a) Rebound mechanism and the apparent radical lifetime.
(b) U and R products of ultrafast radical clocks.


FIGURE 10. B3LYP/LACVP results for C–H hydroxylation of 4.13


Scheme 2. TSR and SSR in Two Ends of a Single Molecule
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Devising mechanistic probes for TSR/MSR or spin-selec-
tive chemistry requires both traditional and unconven-
tional methods:


Measurements of [R/U]. Consider the C–H bond hy-
droxylation by the synthetic iron–oxo reagent in Figure
5. Here and in all other related reagents,9 only the triplet-
state surface exhibits a barrier to rebound while the
quintet state features an effectively concerted process. This
means that a fast radical probe (large rearrangement rate
constant) on the triplet manifold will give rise only to R
products, while the quintet-state reaction will lead exclu-
sively to U, thus enabling one to quantify the [S ) 1]/[S )
2] reactivity ratio.


Kinetic Isotope Effect Probes. In 1998, we showed that
HS and LS processes for C–H bond activation exhibit
different semiclassical kinetic isotope effect (KIE) values
due to different TS geometries.10 Figure 11 displays the
spin-dependent O–H–C distances in 2S+1TSH species for
C–Hbondactivationbythreedifferentmetal–oxospecies.9,14,17


In fact, all the cases we studied possess spin-dependent
O–H–C distances.28 Since the KIE is sensitive to the
location of the transition state along the H-transfer
coordinate,28 we expect different KIEs for different spin
sates. This feature of the 2S+1TSH species can serve as a
probe of spin-state reactivity.


Scheme 3 shows two examples of spin-dependent KIEs.
In the gas-phase C–H bond activation of norbornane by
FeO+ (Scheme 3a), the activation of the C–Hendo bond was
found to involve a KIE value much smaller than that of
the C–Hexo bond.29 This difference was demonstrated29


to result from two different spin states: the LS quartet
activating the endo C–H bond and the HS doublet the exo
C–H bond. In the case of C–H bond hydroxylation of N,N-
dimethylaniline by P450 Cpd I (Scheme 3b),28 the com-
puted KIELS value is smaller than the corresponding KIEHS.
Only the KIELS value fits the experimental KIE.30 Theory
shows28 also that 2TSH is 3.7 kcal/mol lower than 4TSH,
and hence, the reaction will proceed exclusively via the


LS state. Similar, yet unpublished, results were obtained
for C–H bond hydroxylation of trimethylamine and the
series of para-substituted N,N-dimethylanilines discussed
in ref 30. All these examples show that KIE measurement
can be a probe of spin-selective chemistry.


A system that should exhibit spectacular KIE features
is the C–H bond hydroxylation by the L5Fe(IV)dO reagents
(Figure 5).18 Here, for most iron–oxo complexes,9 the
quintet state cuts below the triplet barrier and will
participate in product formation. As predicted recently,9


the extent of participation of the quintet state should
decrease as the strength of the C–H bond increases. From
the analogous non-heme enzyme TauD, where the C–H
bond activation proceeds on the quintet state,31 the
observed KIE value is >30.31a This tunneling-like value
occurs since the quintet barrier (for cases with weak C–H
bonds) is small, on the order of the C–H vibration energy
that can propagate the system across the barrier within
the amplitude of a single vibration.9 Therefore, the mea-
surements32 of KIE values of 30–50 in C–H bond activa-
tions of triphenylmethane and ethylbenzene by, for


FIGURE 11. O–H–C distances (B3LYP/LACVP) for the 2S+1TSH species of (a) Figure 2b, (b) Figure 5, and (c) Figure 4.


Scheme 3. KIEs in Two Examples of HS and LS C–H Bond
Activations
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example, [N4Py]FeO2+ originated in fact in TSR. The TSR
prediction9 that the KIE values should be very large for
weaker C–H bonds but normal for cases with stronger C–H
bonds is still awaiting a test. Furthermore, using fast
radical clocks and measuring KIEs for the rearranged and
unrearranged products should reveal major differences in
the KIE values for the R and U products, differences that
are expected to vary also with the strength of the C–H
bond.


Magnetic Field Effects in TSR and MSR. As shown in
Figures 2,3, and 5, the HS and LS species at the intermedi-
ate junction are close in energy. Had the spin inversion
in this junction been faster than the rearrangement, all
the intermediates would have crossed over to the lowest-
energy surface where the reaction is effectively concerted,
resulting in complete stereospecificity. The observation
of rearranged products, for example, in P450
hydroxylations2b,26 suggests that spin inversion is slower
than rearrangement and rebound. As exemplified in Figure
12, for P450 hydroxylation, a magnetic field will lift the
degeneracy of the spin sublevels of the HS-quartet and
LS-doublet states, and hence will induce crossings be-
tween the spin states, and may thereby affect the spin
crossover rates. In such an event, the extent of stereo-
chemical scrambling will vary with the strength of the


applied field. Magnetic field effects were demonstrated
recently for an oxidation reaction of horseradish peroxi-
dase.33


Electric Field and Double-Field Effects in TSR and
MSR. External electric fields affect the relative energies
of spin states.34a For example, when Cpd I reacts with
propene, the electric field strength, its direction, and its
orientation have selective stabilization effects on the HS
and LS transition states of both hydroxylation and epoxi-
dation reactions, as well as on the regiochemical prefer-
ence for epoxidation versus hydroxylation.34a The applica-
tion of electric fields will also change the relative stability
of HS and LS intermediates.34b Therefore, double-field
experiments, combining electric and magnetic fields, can
be utilized to modulate the stereoselectivity and regiose-
lectivity. Electric-field effects, demonstrated in principle
for P450,34a will be truly spectacular34b in highly charged
reagents, such as [N4Py]FeO2+, [TMC(L)]FeO1,2+, etc.,2a,18,35


and the functionalized polyoxometalates, e.g., PW11-
MnO4-.17


Concluding Remarks
This Account focuses on the TSR/MSR concept, its oc-
currence in the reactions of high-valent metal–oxo re-
agents, and its manifestations and potential probes. The
concept applies well beyond. Our ongoing studies reveal
TSR/MSR situations in aziridination and amidation by
heme and non-heme iron–nitrido complexes34b and in
oxidation by vanadium-substituted polyoxometalates. TSR/
MSR is also prevalent in a variety of gas-phase and
organometallic processes.22,36


Concepts are generators of our worlds and the creative
means whereby these worlds may change and evolve. The
TSR/MSR concept can fashion a mechanistic territory in
the surging field of chemical and enzymatic reactivity.


S.S. is supported by the Israel Science Foundation. S.S. thanks
his many co-workers in TSR and especially H. Schwarz and D.
Schröder with whom this odyssey started. The Account is dedicated
to Sigrid Peyerimhoff on her 70th birthday.
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ABSTRACT
A series of myoglobin mutants, in which distal sites are modified
by site-directed mutagenesis, are able to catalyze peroxidase,
catalase, and P450 reactions even though their proximal histidine
ligands are intact. More importantly, reactions of P450, catalase,
and peroxidase substrates and compound I of myoglobin mutants
can be observed spectroscopically. Thus, detailed oxidation mech-
anisms were examined. On the basis of these results, we suggest
that the different reactivities of P450, catalase, and peroxidase are
mainly caused by their active site structures, but not the axial
ligand. We have also prepared compound 0 under physiological
conditions by employing a mutant of cytochrome c552. Compound
0 is not able to oxidize ascorbic acid.


Introduction
Hemoproteins and heme enzymes play a variety of
biological roles, including carriage and storage of O2


(hemoglobin and myoglobin), electron transfer (cyto-
chromes), one-electron oxidation (peroxidase) and mo-
nooxygenation (cytochrome P450) of foreign substrates,


dismutation of H2O2 (catalase), NO synthesis (NOS), four-
electron reduction of O2 (oxidase), sensing of small
molecules such as CO (CooA), etc. Among these enzymes,
we have been studying the enzymes related to oxidation
and oxygenations, i.e., peroxidases, catalases, and cyto-
chromes P450. While the reaction center of these enzymes
is the heme, each enzyme is responsible for its own
function(s) but not for others. It is still not quite clear to
us why only P450 exhibits monooxygenase activity among
the heme enzymes except for chloroperoxidase, since
these enzymes use either H2O2 or O2, 2 e-, and 2 H+ for
the preparation of a very reactive intermediate, OdFeIV


porphyrin π-cation radical, so called compound I, as the
common oxidant. One could attribute different activities
of these enzymes to the difference in their axial ligands,
i.e., histidine in most peroxidases, tyrosine in catalases
except for catalase peroxidases, cysteine in P450s (Figure
1). We believe that the different reactivity is mainly caused
by their active site structures, but not the axial ligand. For
example, the active site of horseradish peroxidase (HRP)
is surrounded by phenylalanine residues to prevent the
direct access of foreign substrates (Figure 2a). In fact,
elimination of one phenyl group in HRP by site-directed
mutagenesis allows the HRP mutant to catalyze sulfoxi-
dation.1 In the case of catalase, the active site is buried
deep inside of the proteins; thus, it is impossible for
catalase to catalyze the P450-type reactions (Figure 2,
MLC). To improve our understanding of the general
reactivity of compound I, we have prepared a series of
myoglobin mutants that afford compound I as an observ-
able species. On the other hand, a heme iron–hydroperoxo
complex, compound 0, has been considered as a potent
oxidant in P450 reactions, while its reactivity is still
controversial.2,3 Through the mutation work of thermo-
philus cytochrome c552, we have observed compound 0
with a lifetime sufficiently long for examination of its
reactivity. In this Account, we discuss the reactivity of
compound I as well as compound 0 as models for the
reactive intermediates of peroxidase, catalase, and P450.


Preparation and Reactivity of Compound 0 and
Compound I


Production of Durable Compound 0 in a Mutant of
Cytochrome c552. Detailed studies on the reactive inter-
mediates (compounds 0, I, and II) are very important for
our understanding of the catalytic reactions of P450,
peroxidases, and catalase. It is also crucial for the design
of hydrogen peroxide-dependent monooxygenases (per-
oxygenases) via utilization of structurally well-defined
hemoproteins. Scheme 1 shows mechanisms of oxygen
activation and reactions catalyzed by heme enzymes,
while some of the intermediates are not well characterized
yet. Although a number of experimental and theoretical
characterizations of electronic structure and reactivities
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of compounds I and II of P450 and peroxidase have been
carried out, the reactivity of compound 0, which is
expected to be a precursor of compound I by the reaction
of ferric heme with H2O2, is still controversial. For
example, possibly due to the transient character of a low
steady state concentration of compound 0 under physi-
ological conditions, clear spectroscopic characterization
of compound 0 has been unsuccessful in the reaction
cycle. In an earlier work, we reported that polyethylene
glycolated HRP could stabilize a peroxide-bound heme
species in chlorobenzene at low temperatures.4 This
implies that the heterolytic O–O bond cleavage of hydro-
peroxide bound to the heme could be repressed by the


exclusion of a proton in the active site since the peroxi-
dases utilize protonation on the distal oxygen of com-
pound 0 for the heterolytic O–O bond cleavage (Scheme
1).5–7 Accordingly, a heme cavity that is hydrophobic but
still accessible by H2O2 might provide an appropriate
environment for producing compound 0 having a lifetime
sufficiently long for observation in aqueous media. On the
basis of these considerations, we have employed cyto-
chrome c552 (cyt c552) from thermophilic bacterium Ther-
mus thermophirus. In fact, we have successfully observed
compound 0 by modifying a hydrophobic heme cavity of
cytochrome c552 under physiological conditions.8 An
analogous result has been reported in the reaction of
myoglobin mutants with H2O2.9 Recently, another study
of detection of compound 0 has been reported with the
reaction of Aplysia limacine Mb with H2O2 by Svistunenko
et al.10 As described in the study, A. limacine Mb is not
furnished with a histidine residue in the heme cavity to
form a hydrogen bond with O2 bound to heme, nor are
any other amino acid residues that render the cavity
hydrophilic placed. Consistent with our results, A. limacine
Mb gives detectable compound 0 via a normal EPR
technique on the reaction with H2O2 at 4 °C.


FIGURE 1. Heme ligands: histidine in cytochrome c peroxidase (CcP) (a, PDB entry 1CCA), tyrosine in catalase (MLC) (b, PDB entry 4BLC),
and cysteine in P450cam (c, PDB entry 2CPP).


FIGURE 2. Active site structures of horseradish peroxidase (HRP,
PDB entry 1ATJ) and catalase (MLC, PDB entry 4BLC).


Scheme 1
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We have prepared an M69A mutant in which the sixth
axial ligand, Met69, is replaced with alanine to render the
heme iron reactive to H2O2 with minimal change in the
other properties of the heme cavity. As shown in Figure
3, the heme cavity of M69A consists of hydrophobic amino
acid residues.


Figure 4 shows time-dependent EPR spectral changes
of 100 µM M69A upon addition of 10 mM H2O2. The
spectra evidence participation of two sets of rhombic low-
spin signals associated with peroxide-bound heme species,
together with the organic radical (g ) 2.007) formed by
internal oxidation of an amino acid residue by compound
I. According to the previous studies of compound 0 by
cryoradiolysis of hemoproteins11,12 and with model
compounds,13,14 the sets of signals in Figure 4 are tenta-
tively assigned to compound 0 (g ) 2.290, 2.150, and 1.950;
[heme·Fe3+–OOH]) and peroxo heme (g ) 2.241, 2.150,
and 1.967; [heme·Fe3+–OO-]-) species. According to the
radiolytic reduction of oxy forms of hemoproteins,
[heme·Fe3+–O2


•] or [heme·Fe2+–O2], at cryo temperatures,
a [heme·Fe3+–OO-]- species is formed as the primary
intermediate, followed by the protonation to yield a
[heme·Fe3+–OOH] species. The tentative assignments of
the EPR signals in Figure 4 are based on these studies. In
the reaction of M69A with H2O2, either one or two protons
of H2O2 must be eliminated for the formation of
[heme·Fe3+–OOH] or [heme·Fe3+–OO-]-, respectively. The
first deprotonation from a [heme·Fe3+–HOOH]+ species
is likely. Equilibrium between water-bound ferric porphy-
rin and its hydroxy form is a rather common event. If the
pKa values of water (∼15) and hydrogen peroxide (∼12)
are taken into account, equilibrium between
[Fe3+–HOOH]+ and [Fe3+–OOH] could, therefore, be
available even without any acid–base catalysts such as the
distal histidine of peroxidases and catalases. In addition,
the deprotonation gives a neutral heme species to shift
the equilibrium from the charged [Fe3+–HOOH]+ to
neutral [Fe3+–OOH] species. By contrast, the formation
of the [Fe3+–OO-]- species is a less favorable process,
since the pKa value of HOO- is more than 15 and
abstraction of a proton from [Fe3+–OOH] induces a
negative charge in the hydrophobic space. Although we
cannot rule out the formation of the [Fe3+–OO-]- species,
this process seems less unlikely; thus, we suggest a
conformational isomer of the [Fe3+–OOH] species gives


two sets of EPR signals. The reaction of the M69A mutant
with D2O2 in place of H2O2 also supports this explanation
(Figure 4b); i.e., no deuterium effect on the intensity ratio
between the signal sets suggests that the migration process
of a proton is not involved between the g ) 2.290
([Fe3+–OOH]) and g ) 2.241 species. Additional mutagen-
esis of Val49 to aspartic acid results in the loss of detectable
compound 0, which strongly supports the crucial role of
hydrophobicity of the heme cavity in retarding the sub-
sequent reaction of compound 0.


As mentioned above, the involvement of the compound
0 species in P450-catalyzed substrate oxygenations such
as hydroxylation and epoxidation is still controversial2,3


due to the difficulty in detecting compound 0 under
physiological conditions.15–17 Therefore, we have exam-
ined the reactivity of compound 0 obtained under the
conditions shown in Figure 4. Upon addition of ascorbic
acid to the solution used for Figure 4a, the signal corre-
sponding to a tyrosine radical of the protein disappeared
immediately to give the signal that can be assigned to the
resting state heme (ferric high-spin) as shown in Figure
4c, while the signals assigned to compound 0 remained
unchanged. The results imply the exclusive reduction of
compound II (EPR silent) and a protein radical by ascorbic
acid. This is the first experimental evidence indicating that
the peroxide-bound heme species is an inactive interme-
diate as an oxidation agent even for oxidatively fragile
ascorbic acid.


Our study clearly shows that the heme cavity of
thermally tolerant Cyt c552 variants provides the suitable
environment for the successful capture of the compound
0 intermediate that has been considered to be a labile
intermediate and difficult to detect in the reaction with
H2O2 under ambient conditions. This study is in good
agreement with our early study using the modified HRP
in an organic solvent.1 A highly hydrophobic heme cavity
accounts for the suitable environment that affords durable
compound 0. The reaction of the compound 0 species
with ascorbic acid reveals the incompetence of the species
for oxidations even such as an oxidatively fragile substrate,
ascorbic acid.


Reactivity of Compound I for the Peroxidase Reac-
tions. A series of myoglobin mutants, in which distal
histidine was replaced with other amino acid residues,
gave compound I in their reactions with m-chloroperoxy-
benzoic acid (mCPBA) as observable species.18,19 These
compound I species readily oxidize peroxidase substrates
such as guaiacol and ABTS.20 Horseradish peroxidase
(HRP) was reported to catalyze oxidation of thioanisole
to the corresponding sulfoxide,21 while peroxidases typi-
cally catalyze two sequential one-electron oxidations.22


The sulfoxidation involves an oxygen-transfer process
from an oxoferryl species to sulfides, since 18O in H2


18O2


was shown to be incorporated into the sulfoxide.21,23 The
oxygen transfer was suggested to proceed via electron
transfer and/or oxygen coupling (overall two-elelctron oxo
transfer) in competition with typical sequential electron
transfer based on the kinetic study of the reaction of HRP
compound I with p-methoxythioanisole.24,25 Such an


FIGURE 3. Crystal structure of cyt c552 (PDB entry 1C52) and an
expected structure of its M69A mutant.
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electron trasfer–oxygen coupling mechanism was also
proposed for sulfoxidations catalyzed by P450.26–29 We
have studied the mechanisms of sulfoxidation catalyzed
by compound I of heme enzymes, including HRP, the
His64Ser Mb mutant, and OdFeIVTMP+• (TMP)5,10,15,20-
tetramesitylporphyrin dianion).30 The reaction of thioani-
sole and compound I of HRP was directly monitored by
UV–vis spectroscopy. Upon addition of thioanisole, com-
pound I was reduced to the resting state of HRP with
partial accumulation of compound II as an intermediate.
The yield of sulfoxide by a stoichiometric reaction of HRP
compound I with thioanisole was only 25%. On the other
hand, the same sulfoxidation by both His64Ser Mb and
the Fe(TMP) complex exclusively exhibited a two-electron
process, resulting in quantitative formation of sulfoxide.
When 1,5-dithiacyclooctane (DTCO) was employed as a
substrate, the reaction of His64Ser Mb compound I with
DTCO exhibits rapid formation of compound II, which
decayed to the ferric state due to the low oxidation
potential of DTCO. The observed rate constants (log kobs)
of the reactions of compound I of the Fe(TMP) complex,
HRP, and His64Ser Mb with a series of para-substituted
thoanisoles correlated with the one-electron oxidation
potentials (E °ox) of the sufides. A comparison of these
correlations with the established correlation between log
kobs and E °ox for the corresponding electron-transfer
reactions of substituted N,N-dimethylanilines31 has re-
vealed that the initial step of the sulfoxidation reactions
by compound I is the one-electron transfer process. The
major factor discriminating the HRP from Mb mutants
and the Fe(TMP) complex is a closed active site structure
of HRP that prevents the substrate from accessing the
oxygen bound to the heme iron but not the nature of
compound I of HRP.


Reactivity of Compound I for the Catalatic Reactions.
Catalase catalyzes dismutation of 2 mol of H2O2 to 1 mol
of O2 and 2 mol of H2O by its reaction with first H2O2 to
form Compound I, which oxidizes second H2O2 to O2


(Scheme 1). The catalase reaction has been known since
1940s, and it is suggested that the distal histidine is
important for the deprotonation of hydrogen peroxide,32,33


although the detailed mechanism of the H2O2 oxidation
of compound I (catalatic reaction) is not clear. One of the
major reasons is that the rate of formation of compound
I by H2O2 and its rate of reaction with H2O2 are
comparable;32,34,35 thus, the reaction of catalse and H2O2


immediately affords a steady state mixture of compound
I and the resting state. On the other hand, we have
reported that compound I of myoglobin mutants prepared
by their reactions with mCPBA is able to oxidize H2O2


through a mechanism similar to that of catalase.36 More
importantly, this process can be observed as an UV–vis
spectral change (Figure 5).37 To elucidate the detailed
catalatic reaction mechanism, we have determined the
kinetic isotope effect (KIE) on catalatic reactions (k2) of
catalase and Mb mutants in H2O and D2O (Table 1).36


The deuterium isotope effect on the reaction of
Micrococcus lysodeikticus catalase (MLC) was calculated
to be 4.0 on the basis of a complicated kinetic treatment.36


FIGURE 4. EPR spectra of M69A (100 µM) (a) after being mixed with H2O2 (10 mM) in 20 mM MES-NaOH buffer (pH 5.0), (b) after being mixed
with D2O2 (10 mM) in 20 mM MES-NaOD buffer (pD 5.0) under conditions otherwise the same as those for spectrum a, and (c) 10 s after being
mixed with H2O2 (10 mM) in the presence (top) and absence (bottom) of ascorbic acid (400 µM). All the reactions were performed at 25 °C,
and the spectra were recorded at 4 K using a microwave power of 2.5 mW at 9.546 GHz and a field modulation of 0.8 mT at 100 kHz.


FIGURE 5. Spectral changes of Mb compound I showing the
oxidation of styrene, thioanisole, and hydrogen peroxide.
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F43H/H64L Mb also gave a small KIE (2.1) determined
by direct observation of the Mb-I reaction with H2O2.
These results indicate that hydrogen peroxide is easily
deprotonated by the distal histidine and then reacts with
compound I of MLC and F43H/H64L Mb. On the other
hand, in the reactions of H2O2 and Mb-I of L29H/H64L
and H64X (X ) D, A, and S), the KIEs are greatly increased
(10–29) compared with those of F43H/H64L Mb and MLC
(Table 1). Large KIEs are caused due to the tunneling
effect, which is confirmed by the Arrhenius parameter
ratio.38 Evolution of O2 catalyzed by H64D or F43H/H64L
Mbs from a solution containing a 50:50 mixture of H2


18O2


and H2
16O2 shows formation of 18O2 and 16O2 with no


indication of 16O18O. This demonstrates that the catalase
reactions by the Mb mutants proceed without breakage
of the O–O bond that has been found in the deprotonation
process with catalase and chloroperoxidase.39,40 Our
previous studies of myoglobin mutants showed that the
designed histidine (His43) in F43H/H64L Mb serves as a
general acid–base catalyst to form compound I in the
reaction with H2O2.20 On the other hand, the distal
aspartic acid (Asp64) in H64D and the distal histidine
(His29) in L29H/H64L Mb hardly participate as the
catalyst.20,41 The crystal structure of F43H/H64L Mb shows
the distance between the Nε of His43 and the ferric heme
iron to be 5.7 Å, being similar to structurally known
peroxidases and MLC (Figure 6).20,33,42 On the other hand,
the distance in L29H/H64L Mb from the heme iron is too
great (6.6 Å) for it to serve as a general acid–base catalyst.20


Thus, the catalatic reaction of MLC and F43H/H64L Mb,
in which the general acid–base catalyst is located at a
proper position in the active site, could proceed via an
ionic mechanism with a small KIE (<4) (Scheme 2A), while
the other Mb mutants oxidize H2O2 via a mechanism
involving hydrogen abstraction with a large KIE (10–29)
due to absence of the general acid–base catalyst (Scheme
2B). The hydrogen abstraction by compound I has been
proposed for the alkane hydroxylation by cytochrome
P450,itsmodelcomplexes,andevennon-hemeenzymes.43,44


In these reactions, large KIEs in a range of 9–29 are
commonly observed due to a tunneling effect.38


While the histidine residue at position 43 helps the
ionic oxidation of hydrogen peroxide, the absolute k2H


value of F43H/H64L Mb is virtually the same as that for
H64D Mb and L29H/H64L Mb (Table 1). The crystal
structure of H64D/V68A Mb suggests that an Asp residue
at position 64 could help to incorporate hydrogen perox-
ide in the active site because of the enlargement of the
active site as well as hydrogen bonding.45 Although His


at position 29 of L29H/H64L Mb is located too far from
the heme iron to play the role of the acid–base catalyst,
L29H/H64L Mb also provides a larger space for the
accommodation of hydrogen peroxide than the F43H/
H64L mutant, and His29 might help to stabilize Mb-I by
a polar effect.20 Our results suggest that important factors


Table 1. Rate Constants (k2) of the Catalatic Reactions


Mb k2H
a (M-1 s-1) k2D


b (M-1 s-1) k2H/k2D


H64A Mbc (5.26 ( 0.06) × 103 (2.32 ( 0.02) × 102 23
H64S Mbc (6.91 ( 0.01) × 103 (2.38 ( 0.01) × 102 29
H64D Mbc (15.8 ( 0.3) × 103 (8.18 ( 0.02) × 102 18
L29H/H64L Mbc (33.6 ( 0.1) × 103 (3.39 ( 0.03) × 103 10
F43H/H64L Mbc (21.0 ( 0.5) × 103 (10.3 ( 0.1) × 103 2.1
MLCd (1.20 ( 1.98) × 107 (3.08 ( 0.32) × 106 4.0


a In H2O buffer. b In D2O buffer. c Mb, 50 mM sodium acetate buffer (pL 5.0) at 5.0 °C. d MLC, 50 mM sodium phosphate buffer (pL 7.0)
at 5.0 °C.


FIGURE 6. Location of the distal histidine in H64L/F43H Mb (A, PDB
entry 1OFK), H64L/L29H Mb (B, PDB entry 1OFJ), MLC (C, PDB entry
4BLC), and CcP (D, PDB entry 1CCA).


Scheme 2. Ionic (A) and Radical (B) Mechanisms of Oxidation of
Hydrogen Peroxide by Compound I


Reactivities of Oxo and Peroxo Intermediates Watanabe et al.


558 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 7, 2007







for the catalatic reaction are not only the deprotonation
but also enough space and polarity for the accommoda-
tion of hydrogen peroxide at a suitable position in the
active site. In fact, distal cavity mutation of a Trp residue
in catalase-peroxidase completely depressed its catalase
activity but preserved peroxidase activity. It has been
concluded that the indole ring is involved in the binding
of a H2O2 molecule.46,47


Effect of the Substrate Binding Environment for
the Oxidation of the Aromatic Ring by
Compound I
We have reported the hydroxylation of the aromatic ring
by heme protein mutants other than P450s and chloroper-
oxidase.37,48,49 A primary factor regulating the hydroxyla-
tion is likely the presence of an appropriate binding site
that positions the substrate the correct distance from and
the correct orientation with respect to the reactive com-
pound I intermediate. For example, Figure 7 shows crystal
structures of an oxy form of Mb and the resting state of
P450cam, including their substrates (O2 for Mb and d-
camphor for P450cam) at the active sites. Apparently,
d-camphor is captured near the heme and is ready to be
oxidized. On the other hand, the heme vicinity of Mb is
suitable for accommodation of O2 but not suitable for
accepting organic substrates. While we have provided
space, large enough for substrates, immediately above the
heme of the myoglobin mutants by replacing distal
histidine with leucine, there are no amino acid residues
able to capture substrates by specific interaction such as
hydrogen bonding or charge interaction. Therefore, sub-
strates are not expected to remain in the space. To
compare the hydroxylation activity between P450 and
myoglobin mutants under similar conditions, we have
introduced a substrate, tryptophan, near the heme of
myoglobin by site-directed mutagenesis. Substitution of
the Val68 residue in H64D variants of Mb has been shown
to accelerate the peroxygenase reaction rates and increase
the stereoselectivity of the products.45,50 For example,
H64D/V68I Mb exhibits a peroxygenase activity 1600-fold
greater than that of wild-type Mb.45 Thus, we have
prepared Phe43Try/His64Asp/Val68Ile (WDI) Mb for the
comparison of its oxidation activity to that of P450.51


The crystal structure of WDI Mb shows that the C6 and
C7 atoms of the indole ring in tryptophane are located
close to the heme, 4.7 and 4.8 Å, respectively, from the
heme iron (Figure 8). The orientation of the indole ring is
restricted by noncovalent interactions such as π–π, CH–π,
and hydrogen bonding with the adjacent residues.


The reaction of WDI Mb and H2O2 was monitored via
electrospray ionization time-of-flight mass spectropho-
tometry (ESI-TOF MS). One equivalent of H2O2 was
enough to complete the reaction to give an oxidatively
modified myoglobin mutant having a mass increased by
16 Da, from 17360 to 17376 Da (Figure 9). The addition
of 3 equiv of H2O2 resulted in the almost complete
conversion to a species with an increase in mass of 30
Da. The ESI-TOF MS spectrum after the addition of 5
equiv of H2O2 showed a clear conversion to the +30 Da
species (Figure 9). There are several reports describing the
similar mass increase for heme proteins upon reaction
with H2O2, in which modification of the hemes such as
covalent bond formation with the protein52–54 and forma-
tion of d-type chlorin55 accounts for the mass increase.
On the other hand, the mass increase was assigned to the
hydroxylation of Trp43 by NMR and MS analysis for the


FIGURE 7. Crystal structures of Mb and P450cam taken from PDB
entries 1A6M and 2CPP, respectively.


FIGURE 8. Crystal structure of WDI Mb (PDB entry 2E2Y).


FIGURE 9. ESI-TOF mass spectral changes upon addition of H2O2
to WDI Mb.
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digested mutant in our study. Digestion of the H2O2-
treated mutant by Lys-C acromobacter followed by isola-
tion of the modified fragments showed the oxidative
modification in the tryptophan 43 residue. The structures
of the +16 and +30 Da products were determined to be
6-hydroxy-Trp43 and 2,6-dioxoindole-Trp43, respectively,
by NMR and MS analyses of the digested fragments of the
oxidized WDI Mb (Scheme 3). The hydroxylation at C6 in
the indole ring is suggestive of the initial epoxidation of
the C6dC7 bond, since 46% of the hydroxy oxygen in
6-hydroxy-Trp43 came from water; i.e., hydrolysis of the
C6–C7 epoxide followed by aromatization could yield C6-
hydroxyindole with 50% incorporation of water oxygen
into the product (Scheme 3).


To elucidate the mechanistic details of the hydroxyla-
tion, the reaction of WDI Mb with H2O2 was monitored
by stopped-flow experiments. The time-dependent ab-
sorbance change at 408 nm of WDI Mb shows the
completion of the oxidation within a few seconds without


showing preformation of compound I (Figure 10B, inset).
Under similar conditions, H64D Mb reacts with H2O2 to
form compound I in 80 ms (Figure 10A), indicative of the
initial formation of compound I followed by very fast
oxidation of the aromatic ring. A slower formation of
compound I in WDI could be due to the less hydrophilic
environment of the heme vicinity in WDI Mb caused by
the introduction of Trp43. To our knowledge, WDI Mb is
the first enzyme to preferentially oxidize the aromatic ring
of indole (Trp side chain) to produce a 6-OH derivative.
P450 oxidation of indole has been shown to yield the
pigments indigo and indirubin via 3-OH-indole (indoxyl)
as shown in Scheme 4.56


A rapid oxidation of the aromatic ring by a stoichiometric
amount of H2O2 is exactly the function of P450, while the
P450 reactions utilize O2, 2 e-, and 2 H+ instead of H2O2.
Apparently, even myoglobin mutants are able to catalyze the
oxidation of aromatic rings like P450 if we provide substrate
binding sites in the heme cavity of mutants.


Scheme 3. A Plausible Oxidation Mechanism of Trp43 Oxidation


FIGURE 10. Time-dependent spectral changes of reactions of H64D Mb (A) and WDI Mb (B) with H2O2.


Scheme 4. Oxidation of Indole by P450
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Conclusions
In this Account, we have described peroxidase, catalase,
and P450 types of oxidations catalyzed by Mb mutants
without modification of their proximal histidine ligands.
These results support our proposals about the origin of
different reactivities of P450, peroxidases, and catalase
being primarily controlled by their active site structures.
While the rates of compound I formation in Mb mutants
are slower than the rates of peroxidases and catalases in
their reactions with H2O2, it could be explained by the
overall structural differences of the heme enzymes and
our mutants. While we have not discussed roles of
proximal ligands in the heme enzymes, they could modu-
late the rate of formation and reactivity of compound I.
In addition, the direct observation of substrate oxidation
processes by Mb mutants may allow us to examine
detailed oxidation mechanisms. In the case of cytochrome
c552, we have successfully prepared a mutant which gives
compound 0 as a durable intermediate for the study of
its reactivity.
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ABSTRACT
Copper and nickel complexes having various active-oxygen species
Mn–O2 (n ) 1 or 2), such as trans-(µ-1,2-peroxo)CuII


2, bis(µ-
oxo)MIII


2, bis(µ-superoxo)NiII
2, and ligand-based alkylperoxo-MII


n,
can be produced by a series of tetradentate tripodal ligands (TMPA
analogues) containing sterically demanding 6-methyl substituent(s)
on the pyridyl group(s), where TMPA ) tris(2-pyridylmethyl)amine.
Roles of the methyl substituent(s) for the formation of the active-
oxygen species and their oxidation reactivities are reported.


Introduction
Dioxygen-activating nonheme transition-metal centers in
metalloenzymes have structural diversity. They use a
variety of donor atoms provided by proteins together with
exogenous ligands, such as H2O, OH-, O2-, and need
structural flexibility and/or change during the catalytic
cycles. To mimic such structural flexibility and/or change,
a variety of ligands have been developed. Recent advances
in synthetic model chemistry have provided a chemical
basis for structures and physicochemical properties of
various active-oxygen species Mn–O2 (M ) Fe,1–3 Co,4 Ni,4


and Cu,5–11 and n ) 1 or 2). Although metalloenzymes
use mainly manganese, iron, and copper ions, the chem-
istry of other transition-metal complexes is also important
not only to provide an additional chemical basis for
understanding the reaction mechanisms of the metal-
loenzymes but also to develop the artificial oxidation
catalysts. Among those metal complexes, nickel and
copper ions are capable of producing similar Mn–O2


species in the oxidation states of II and III as shown in
Figure 1. Systematic studies of the structures and reac-
tivities of those nickel and copper complexes depending
upon the change in the d electron configurations and the
d orbital energies are of particular importance to gain the
fundamental basis for dioxygen-activation chemistry me-
diated by metal complexes. In this Account, we focus on
the formation of the nickel and copper complexes having


active-oxygen species supported by the N4 tetradentate
tripodal ligands, tris(2-pyridylmethyl)amine (TMPA) ana-
logues, containing 6-methyl substituents on the pyridyl
groups.


Since Karlin et al. synthesized the first structurally
characterized copper–dioxygen complex, trans-(µ-1,2-
peroxo)dicopper(II) (Figure 1e), using a tetradentate
tripodal ligand TMPA,12,13 a variety of Cun–O2 com-
plexes have been developed. Kitajima et al. synthesized
the first example of the peroxo-dicopper(II) models for
the O2 transport protein (hemocyanin) and aromatic
ring oxidation enzyme (tyrosinase), which have a
(µ-η2:η2-peroxo) coordination mode (Figure 1f), using
sterically demanding tridentate Tp derivatives (Tp )
hydrotris(pyrazolyl)borate).5,14,15 Since then, many
(µ-η2:η2-peroxo)dicopper(II) complexes of bi- and tri-
dentate ligands have been developed.6–11 Furthermore,
Tolman et al. discovered the making and breaking of
the dioxygen O–O bond performed by copper com-
plexes; they demonstrated that some (µ-η2:η2-peroxo)-
dicopper(II) complexes of sterically demanding triden-
tate N,N′,N′′ -trisubstituted tacn (tacn ) 1,4,7-triazacy-
clononane) undergo facile interconversion with bis(µ-
oxo)dicopper(III) species (Figure 1g),16,17 which involves
a reversible two-electron redox process. The relative
stability between (µ-η2:η2-peroxo)dicopper(II) and bis(µ-
oxo)dicopper(III) species depends upon various factors,
such as steric and electronic effects as well as solvents,
counteranion, temperature, and so on.18–22 In addition
to copper complexes, Hikichi et al. expanded the bis(µ-
oxo)dimetal chemistry to the cobalt and nickel com-
plexes.4,23,24 They synthesized bis(µ-oxo)MIII


2 complexes
(M ) Co and Ni) of the Tp derivatives in the reaction
of bis(µ-hydroxo)MII


2 complexes with H2O2, which is in
marked contrast to the formation of the
(µ-η2:η2-peroxo)dicopper(II) complexes having the same
ligand system.15


In addition to the bi- and tridentate ligands, a wide
variety of N4 tetradentate tripodal ligands have been
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FIGURE 1. Representative Mn–O2 (M ) Cu and/or Ni, and n ) 1 or
2) species. The framed species are structurally characterized species
derived from TMPA analogues.
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developed,5–10,25,26 which are capable of accommodating
the stereochemical diversity of metal complexes as shown
in Figure 2. Among them, TMPA is one of the most widely
used tetradentate tripodal ligands in inorganic chemistry.
As mentioned, Karlin et al. first demonstrated that cop-
per(I) complexes of TMPA and its analogues,
[Cu(L)(CH3CN)]+, produce trans-(µ-1,2-peroxo)dicop-
per(II) complexes in a trigonal bipyramidal structure via
the formation of end-on superoxo-copper(II) complexes
([Cu(L)(O2)]+).12,13,27,28 Such tetradentate tripodal ligands
tend to form trigonal bipyramidal trans-(µ-1,2-peroxo)di-
copper(II) complexes. However, the introduction of the
methyl substituent(s) into the 6 position of the pyridyl
group(s) can modulate the stereochemical and electronic
effects, which influence the stereochemistry and reactivity
of metal complexes having active-oxygen species. The
6-methyl groups can play various roles, such as (1)
controlling the stereochemistry of metal centers and
modulating the donor properties by steric requirement,
(2) constructing the hydrophobic cavity around the active-
oxygen center, which protects the active-oxygen center
from unfavorable decomposition reactions, and (3) acting
as an oxidation substrate to probe the oxidation ability of
the active-oxygen center. In this Account, we report how
stereochemical and electronic effects of a series of TMPA
analogues, Men–tpa (n ) 1–3) and Me2–etpy, shown in
Figure 2, influence the formation and reactivity of the
nickel and copper complexes having active-oxygen species
(Mn–O2). Such systematic studies for the Fen–O2 species
using Men–tpa ligands have also been reported by Que et
al.1,2,29


Formation and Characterization of
Bis(µ-oxo)dicopper(III) Complexes
TMPA forms an acetonitrile adduct, [Cu(TMPA)(CH3CN)]+


(1TMPA), whereas, Me2–tpa, Me3–tpa, and Me2–etpy do not
form the adducts but form a four-coordinate trigonal
pyramidal [Cu(L)]+ (Figure 2a).30–32 It has been shown
that, in the metal complexes having more sterically
crowded five- and six-coordinate environments, the M–N(6-
methylpyridyl) distances are longer than the M–N(pyridyl)
distances, owing to the steric interaction between the


6-methyl group and adjacent donor atom.29,33,34 However,
no significant elongation of the Cu–N(6-methylpyridyl)
distances relative to the Cu–N(pyridyl) distances is ob-
served in the present trigonal pyramidal copper(I) com-
plexes, indicating that the 6-methyl group(s) has no
significant influence on the steric interaction in the four-
coordinate trigonal pyramidal structure.


The reaction of [Cu(Me–tpa)]+ (1Me–tpa) with dioxy-
gen generated a trans-(µ-1,2-peroxo)dicopper(II) com-
plex [Cu2(O2)(Me–tpa)2]2+ (2Me–tpa) similar to the TMPA
complex.35 This peroxo complex decayed rapidly com-
pared to the TMPA complex. Although the νO–O of
2Me–tpa (833 cm-1) is comparable to that of the TMPA
complex (832 m-1), the νCu–O (550 cm-1) is significantly
lower than that of the TMPA complex (561 cm-1),36


suggesting some stereochemical change in the Me–tpa
complex because of the steric interaction between a
6-methylpyridyl group and peroxide, which seem to be
responsible in lowering the thermal stability of 2Me–tpa.
Such observations were also made for some trans-(µ-
1,2-peroxo)dicopper(II) complexes of sterically demand-
ing ligands, such as Me3Bz3–tren (tris(N-benzyl-N-
methylaminoethyl)amine).37


Unlike 1Me–tpa, the introduction of more 6-methyl-
2-pyridylmethyl pendant(s) and/or a 2-pyridylethyl
pendant significantly influences the reactivity with O2.
The copper(I) complex [Cu(Me2–tpa)]+ (1Me2–tpa)
generates a bis(µ-oxo)dicopper(III) complex
[Cu2(O)2(Me2–tpa)2]2+ (3Me2–tpa) at ∼ -80 °C, as shown
in Figure 3.30 Although the copper(I) complexes of the
Me2–etpy and Me3–tpa also generate bis(µ-oxo)dicop-
per(III) complexes, [Cu2(O)2(Me2–etpy)2]2+ (3Me2–etpy)
and [Cu2(O)2(Me3–tpa)2]2+ (3Me3–tpa), the reactions are
slow compared to that of 1Me2–tpa and, during the
formation, significant oxidative N-dealkylation of
Me2–etpy occurs for 3Me2–etpy,32 and oxidative N-dealkyl-
ation and oxidation of the 6-methyl group of the
6-methyl-2-pyridylmethyl pendant of Me3–tpa take
place for 3Me3–tpa.31 In addition, they did not fully
oxygenate even at -80 °C under 1 atm of O2 (vide infra).


FIGURE 2. Stereochemical diversity of metal centers and tetraden-
tate tripodal ligands. FIGURE 3. Formation, molecular structure, and decomposition of


[Cu2(O)2(Me2–tpa)2]
2+ (3Me2–tpa). Atoms are colored by atom type


(copper, green; oxygen, red; nitrogen, dark blue; and carbon, gray).
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However, the decomposition of 3Me2–etpy can be sig-
nificantly suppressed (stable for days at -80 °C) using
a deuterated ligand Me2–etpy-d4, in which four hydro-
gen atoms of the methylene groups are deuterated, and
in the case of the Me3–tpa complex, a perdeuterated
Me3–tpa-d15 was needed for the formation of bis(µ-oxo)
species (3Me3–tpa-d15), which is stable for 1 day at -80
°C. The results indicate that the decompositions of these
complexes involve the C–H bond cleavage of the meth-
ylene and/or 6-methyl groups and significant kinetic
isotope effects for those C–H bond cleavages.


The crystal structure of the bis(µ-oxo) Me2–tpa complex
revealed that each copper ion has a square planar
structure composed of a N2O2 donor with two 6-methyl-
2-pyridylmethyl pendant arms, which interact weakly with
copper ion in the axial positions [2.48(1) and 2.55(1) Å].30


The average Cu–O (1.803 Å) and Cu · · · Cu [2.758(4) Å]
distances are comparable to those of the bis(µ-oxo)dicop-
per(III) complexes of tri- and bidentate ligands, such as
[Cu2(O)2(Bn3–tacn)2]2+ (tacn ) 1,4,7-triazacyclononane;
1.806 and 2.794 Å)38 and [Cu2(O)2(LME)2]2+ (1.806 and
2.743 Å) (LME ) N-methyl-N-ethyl-N′-methyl-N′-ethyl-1,2-
cyclohexanediamine).39 The crystal structure of [Cu2(O)2-
(Me2–etpy-d4)2]2+ (3Me2–etpy-d4) is similar to that of
3Me2–tpa.32 Thus, the presence of two 6-methylpyridyl
groups prevents the formation of trans-(µ-1,2-peroxo)di-
copper(II) species in a trigonal bipyramidal structure
because of a steric interaction and generates bis(µ-
oxo)dicopper(III) complexes.


The electronic spectrum of 3Me2–tpa in dichloromethane
at -80 °C showed intense absorption bands at 258 nm
(ε ) ∼36 000 M-1 cm-1), with a shoulder at 300 nm, and
at 378 nm (ε ) ∼19 000 M-1 cm-1) and a weak band at
∼490 nm (ε ) ∼330 M-1 cm-1).30 The spectral features
of [Cu2(O)2(Me3–tpa-d15)2]2+ (3Me3–tpa-d15) and [Cu2(O)2-
(Me2–etpy-d4)2]2+ (3Me2–etpy-d4) are similar to that of
3Me2–tpa.31,32 The spectral features of these complexes are
somewhat different from those of the bis(µ-oxo)dicop-
per(III) complexes of the bi- and tridentate ligands, which
exhibit two intense absorption bands at ∼300 and ∼400
nm assigned to the ligand-to-metal charge transfer (LMCT)
transitions from the bridging oxides to CuIII centers (πσ*
f dxy and σ* f dxy, respectively) by Solomon et al.40 The
absorption bands at ∼300 and 378–390 nm of the present
complexes can also be assigned to the πσ* f dxy and σ*
f dxy transitions, respectively. The energies of the latter
σ* f dxy transitions of the present complexes are higher
than those of the bis(µ-oxo)CuIII


2 complexes of the bi- and
tridentate ligands (390–448 nm).7 This high energy shift
seems to be attributable to high denticity of the present
complexes, which increases the d orbital energy, although
the interaction from the apical positions is weak. The
resonance Raman (rR) spectra of [Cu2(O)2(Me2–tpa)2]2+


(3Me2–tpa), [Cu2(O)2(Me3–tpa-d15)2]2+ (3Me3–tpa-d15), and
[Cu2(O)2(Me2–etpy-d4)2]2+ (3Me2–etpy-d4) showed the bands
at 590–579 cm-1, assignable to the symmetric breathing
mode of the Cu2O2 core,40,41 which are almost at the
lowest end of those observed for the bis(µ-oxo)dicop-
per(III) complexes (630–580 cm-1).


Formation and Characterization of
Bis(µ-oxo)dinickel(III) Complexes
As mentioned already, Hikichi et al. first synthesized bis(µ-
oxo)dinickel(III) complexes of Tp derivatives in the reac-
tion of bis(µ-hydroxo)dinickel(II) complexes with H2O2.4,23,24


Similar bis(µ-oxo)dinickel(III) complexes of tridentate
ligands having N3 and S3 (thioether) donors have also been
reported.42–44 Me2–tpa and Me3–tpa also produce the
bis(µ-oxo)dinickel(III) complexes, [Ni2(O)2(Me2–tpa)2]2+


(5Me2–tpa) and [Ni2(O)2(Me3–tpa)2]2+ (5Me3–tpa), in the
reactions of the bis(µ-hydroxo)dinickel(II) complexes (4)
with H2O2.45,46


Unlike the bis(µ-oxo)dinickel(III) complexes of N3


ligands, 5Me2–tpa and 5Me3–tpa are very reactive with H2O2


to oxidize H2O2 to superoxide, which produce bis(µ-
superoxo)dinickel(II) complexes, [Ni2(O2)2(Me2–tpa)2]2+


(6Me2–tpa) and [Ni2(O2)2(Me3–tpa)2]2+ (6Me3–tpa), as shown
in Figure 4. In the case of the Me2–tpa complex, no
5Me2–tpa was observed in the reaction of
[Ni2(OH)2(Me2–tpa)2]2+ (4Me2–tpa) with even 0.2 equiv of
H2O2, indicating that 5Me2–tpa is extremely reactive with
H2O2 compared to 5Me3–tpa. Such a high reactivity of
5Me2–tpa toward H2O2 seems to be partly attributable to
the structural feature of 5Me2–tpa, in which there is a space
around the bis(µ-oxo)NiIII


2 core to which H2O2 can access,
as shown in Figure 4. However, 5Me2–tpa can be isolated
from the thermal decomposition of 6Me2–tpa through
disproportionation of the superoxo ligands (Figure 4). It
is noted that such high reactivity toward H2O2 has not
been reported for the bis(µ-oxo)dinickel(III) complexes of
N3 ligands. The origin of the high reactivity of the present
complexes toward H2O2 compared to those of N3 ligands
is not known at present.


The crystal structures of 5Me2–tpa and 5Me3–tpa are
similar to those of bis(µ-oxo)dicopper(III) complexes,45,46


although the average Ni–N(axial) distance (2.27 Å) is
significantly shorter than those in the copper complexes
(2.51 Å), in the latter of which copper(III) ion having the
d8 electron configuration tends to adopt a square planar
structure. However, the average Ni–N(axial) bond distance
is significantly longer than the average Ni–N(equatorial)
bond distance (2.004 Å), which is attributable to the


FIGURE 4. Formation pathway of bis(µ-oxo)NiIII2 (5) and bis(µ-
superoxo)NiII2 (6) in the reaction of bis(µ-hydroxo)NiII2 (4) with H2O2
and molecular structures of [Ni2(O)2(Me2–tpa)2]


2+ (5Me2–tpa),
[Ni2(O)2(Me3–tpa)2]


2+ (5Me3–tpa), and [Ni2(O2)2(Me2–tpa)2]
2+ (6Me2–tpa).


Atoms are colored by atom type (nickel, yellow; oxygen, red; nitrogen,
dark blue; carbon, gray; and hydrogen, light blue).
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Jahn–Teller effect in a low-spin d7 electron configuration
and partly steric requirement of the 6-methyl substituents.
The in-plane 6-methyl substituents of 5Me3–tpa form a
hydrophobic cavity around a NiIII(µ-O)2NiIII core, which
may suppress the oxidation of H2O2 compared to 5Me2–tpa


as described above. Bis(µ-superoxo)dinickel(II) complexes
of Me2–tpa and Me3–tpa have a distorted octahedral
structure, in which two Ni centers are linked by two µ-1,2-
O–O bridges.


[Ni2(O)2(Me2–tpa)2]2+ (5Me2–tpa) shows an intense ab-
sorption band at 376 nm (ε ) ∼6000 M-1 cm-1),46 and
[Ni2(O)2(Me3–tpa)2]2+ (5Me3–tpa) shows an intense absorp-
tion band at 394 nm (ε ) ∼4000 M-1 cm-1),45 assignable
to the O2--to-NiIII charge-transfer transition [LMCT:
(σg + dx2–y2(+)) f (dxy(–) + σu*)] based on theoretical
calculationsbyRiordanandBrunoldetal.for[(PhTttBu)2Ni2(µ-
O)2] having a S3 (thioether) tridentate ligand [PhTttBu )
phenyltris((tert-butylthio)methyl)borate].47 Such LMCT
transitions have also been observed for the five-coordinate
bis(µ-oxo)dinickel(III) complexes containing tridentate N3


donor ligands (λmax ∼ 405–414 nm).23,24,42,43 As in the case
of the bis(µ-oxo)dicopper(III) complexes, the LMCT tran-
sition energies of the present six-coordinate complexes
are higher than those of the five-coordinate complexes,
such as [Ni2(O)2(TpMe3)2] (λmax ) 410 nm), where TpMe3


) hydrotris(3,4,5-trimethylpyrazolyl)borate.24 This may
also be ascribed to high d orbital energy because of the
increased coordination number from five to six. In addi-
tion, the LMCT transition energy of 5Me2–tpa is higher than
that of 5Me3–tpa, which is also attributable to a stronger
electron donation of Me2–tpa compared to Me3–tpa.


The rR spectra of 5Me2–tpa and 5Me3–tpa showed a
characteristic intense band at 574 and 571 cm-1, respec-
tively, assignable to a symmetric breathing mode of the
Ni2O2 core as observed for the Cu2O2 cores. These values
are lower than those of the bis(µ-oxo)dinickel(III) com-
plexes of the tridentate nitrogen ligands (599–612 cm-1),42,43


suggesting that the Ni–O bonds for the present six-
coordinate complexes 5Me2–tpa and 5Me3–tpa are weaker
than those of the five-coordinate complexes.


The bis(µ-superoxo)dinickel(II) complexes
[Ni2(O2)2(Me2–tpa)2]2+ (6Me2–tpa) and [Ni2(O2)2(Me3–tpa)2]2+


(6Me3–tpa) exhibit the νO–O vibration at 1080–1100 cm-1.45,46


Their electrospray ionization time of flight/mass spectrom-
etry (ESI–TOF/MS) in acetone suggested the formation of a
monomeric superoxo species in the solution state. However,
ESR and X-ray absorption spectra of 6Me2–tpa clearly indi-
cated that the NiII(µ-OO)2NiII core structure remains intact
in solution. This is in marked contrast to a monomeric
superoxo nickel(II) complex of a sterically bulky tridentate
thioether ligand, [Ni(O2)(PhTtAd)], where the superoxo ligand
has been proposed to bind to the nickel center in a side-on
fashion.48


Reversible Four-Electron Redox Process of O2
Performed by Copper Complexes
Interconversion between (µ-η2:η2-peroxo)dicopper(II) and
bis(µ-oxo)dicopper(III) cores has been well-demonstrated


for the complexes of various bi- and tridentate ligands.6,7


The interconversion involves the reversible two-electron
redox process. The most striking feature of the present
complexes of the TMPA analogues having the 6-methyl
substituents is the reversible cleavage and formation of
the dioxygen O–O bond associated with the four-electron
redox process. [Cu2(O)2(Me2–tpa)2]2+ (3Me2–tpa) in dichlo-
romethane at -80 °C exhibits reversible deoxygenation
by bubbling N2 to regenerate the copper(I) complex
1Me2–tpa, as shown in Figure 3.30 This is the first example
of the reversible four-electron redox of dioxygen mediated
by the metal complex.


The copper(I) complex [Cu(Me2–etpy-d4)]+ (1Me2–etpy-
d4) was not fully oxygenated in acetone even at -80 °C
under 1 atm of O2. 1H nuclear magnetic resonance (NMR)
spectrum of 1Me2–etpy-d4 ([Cu] ) ∼19.0 mM) in the above
conditions indicated that the formation ratio of
[Cu2(O)2(Me2–etpy-d4)2]2+ (3Me2–etpy-d4) is 70%.32 A ther-
modynamic study for the oxygenation (2[Cu(L)]+ + O2f


[Cu2(O)2(L)2]2+) showed that enthalpy and entropy changes
are -53 + 2 kJ mol-1 and -187 ( 10 J mol-1 K-1,
respectively, which are significantly unfavorable compared
to those of [Cu(AN)]+ having a linear aliphatic triamine
ligand (AN ) 3,3′-iminobis(N,N-dimethylpropylamine)
reported by Karlin et al.21 Further introduction of a
6-methyl group into Me2–tpa significantly lowers the
dioxygen affinity of the copper(I) complex [Cu(Me3–tpa-
d15)]+ (1Me3–tpa).31 The oxygenation constant (K ) ∼3.8 ×
103 M-2) of 1Me3–tpa-d15 is about 10 times lower than that
of 1Me2–etpy-d4 (K ) 4.0 × 104 M-2) at -80 °C. Thus, the
relative dioxygen affinity of the copper(I) complex is
1Me2–tpa > 1Me2–etpy-d4 > 1Me3–tpa-d15. This trend is well-
correlated with the E1/2(CuII/CuI) values (1TMPA ) -410,
1Me–tpa ) -350, 1Me2–tpa ) -230, 1Me2–etpy ) -90, and
1Me3–tpa )-20 mV versus Fc+/Fc).32 Stepwise introduction
of the 6-methyl-2-pyridylmethyl pendant and/or the 2-py-
ridylethyl pendant causes the positive shift of the E1/


2(CuII/CuI) values. Although the E1/2(CuII/CuI) value is not
a direct measure of the relative stability of copper(III)
species, this seems to be also applicable to the copper(III)
species. Thus, unlike bi- and tridentate ligands, the
present type of the sterically demanding TMPA analogues
preferentially form the bis(µ-oxo)dicopper(III) complexes
and have a unique ability to stabilize both copper(I) and
copper(III) oxidation states; they can take not only a
square planar structure with weak ligation from the axial
positions, which can fit to the copper(III) oxidation state
with the d8 electron configuration, but also a trigonal
pyramidal structure suitable for the copper(I) oxidation
state. Consequently, they are capable of performing
reversible conversion between copper(I) and bis(µ-oxo)-
dicopper(III) species involving a reversible four-electron
redox process. The coexistence of copper(I) and bis(µ-
oxo)dicopper(III) species implies that no appreciable
redox reaction between these two species occurs in these
systems. The hydrophobic cavities formed by the 6-methyl
substituents of the pyridyl groups seem be responsible to
prevent such a redox reaction.
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Oxidation Reactions by Bis(µ-oxo)dicopper(III)
and Bis(µ-oxo)dinickel(III) Complexes
All of the bis(µ-oxo)dimetal complexes are reactive toward
the supporting ligands as found for many bis(µ-oxo)di-
copper(III) and dinickel(III) complexes. The reactivities
highly depend upon the kind of metal ions and the
supporting ligands. As mentioned already, the introduc-
tion of 6-methyl-2-pyridylmethyl pendant(s) and/or the
2-pyridylethyl pendant significantly suppresses dioxygen
affinity, but the oxidation power of the bis(µ-oxo)dicop-
per(III) species toward the supporting ligands becomes
stronger. As mentioned already, [Cu2(O)2(Me3–tpa)2]2+


(3Me3–tpa) and [Cu2(O)2(Me2–etpy)2]2+ (3Me2–etpy) are very
reactive toward the supporting ligands compared to
[Cu2(O)2(Me2–tpa)2]2+ (3Me2–tpa). The order is 3Me3–tpa >
3Me2–etpy > 3Me2–tpa. Decomposition of 3Me2–tpa and
3Me2–etpy in acetone at low temperatures under N2 causes
the selective oxidative N-dealkylation of the 6-methyl-2-
pyridylmethyl pendant.30,32 However, decomposition of
3Me3–tpa at -80 °C under O2 caused hydroxylation of one
of the 6-methyl groups of Me3–tpa (Me2–tpa–CH2OH) and
oxidative N-dealkylation of the 6-methyl-2-pyridylmethyl
pendant.31 In addition, a carboxylate complex
[Cu(Me2–tpa–COO)]+, in which one of the 6-methyl
groups of the Me3–tpa is oxidized to carboxylate, was also
isolated.


In contrast to the selective oxidation of the methylene
group in 3Me2–tpa, the corresponding bis(µ-oxo)dinickel(III)
complex [Ni2(O)2(Me2–tpa)2]2+ (5Me2–tpa) is capable of
oxidizing both methylene and 6-methyl groups.46 This
seems to be attributable to the structural difference
between copper and nickel complexes (vide infra). Ther-
mal decomposition of 5Me2–tpa in acetonitrile under N2


afforded a coupling dimer of the Me2–tpa ligand (Me–
tpa–CH2)2, as shown in Figure 5, together with the
oxidative N-dealkylation of the 6-methyl-2-pyridylmethyl
pendant. The formation of (Me–tpa–CH2)2 clearly indi-
cates the presence of a ligand-based radical (Me–


tpa–CH2•), which is stable enough for coupling with
another Me–tpa–CH2•. Isotope-labeling experiments using
5Me2–tpa and [Ni2(O)2(Me2–tpa-d1)2]2+ (5Me2–tpa-d1) re-
vealed that only an intramolecular ligand coupling occurs.
The result strongly suggests the formation of a
bis(Me–tpa–CH2•)dinickel(II) species generated by step-
wise hydrogen-atom abstractions from two methyl groups
(Figure 5).


Thermal decomposition of 5Me2–tpa under O2 gave no
coupling dimer of Me2–tpa but gave ligand-based alcohol
(Me–tpa–CH2OH), carboxylate (Me–tpa–COO-), and a
trace amount of aldehyde (Me–tpa–CHO) together with a
N-dealkylated ligand. Isotope-labeling experiments using
18O2 indicate that the oxygen source of the oxidized
ligands is 18O2, suggesting that the ligand-based radical,
Me–tpa–CH2•, is very reactive with O2 to produce a peroxyl
radical (Me–tpa–CH2OO•), and this reaction is much faster
than the coupling of Me–tpa–CH2• radicals and the oxygen
rebound from the dinickel center. Although this conver-
sion seems to involve some complicated reactions, such
as radical chain reaction(s) and/or autoxidation, one of
the reactive intermediates having a ligand-based
alkylperoxide, [Ni2(OH)(Me2–tpa)(Me–tpa–CH2OO)]2+


(7Me2–tpa), which can generate the oxidation products
(Me–tpa–CHO, Me–tpa–COO-, and Me–tpa–CH2OH), was
isolated upon decomposition of the bis(µ-superoxo)di-
nickel(II) complex [Ni2(O2)2(Me2–tpa)2]2+ (6Me2–tpa) under
O2 at -20 °C. A further oxidized complex
[Ni2(Me–tpa–CH2OO)2]2+ (8Me2–tpa) was also isolated in the
reaction of [Ni2(OH)2(Me2–tpa)2]2+ (4Me2–tpa) with a large
excess of H2O2 at -40 °C.49


Although the conversion from the ligand-based peroxyl
radical complex to the ligand-based alkylperoxo complex
seems to involve some complicated reactions, such as
radical chain reaction(s), a possible conversion pathway
from 6Me2–tpa is given in Figure 6: (1) disproportionation
of the superoxo ligands in 6Me2–tpa generates O2 and
5Me2–tpa as mentioned already; (2) 5Me2–tpa generates a
ligand-based alkyl radical (Me–tpa–CH2•) by hydrogen-
atom abstraction; (3) the resulting Me–tpa–CH2• reacts
with O2 to produce a ligand-based alkylperoxyl radical
(Me–tpa–CH2OO•); and (4 and 5) the reaction of
Me–tpa–CH2OO• and a superoxo ligand of 6Me2–tpa and/
or hydrogen-atom abstraction of Me–tpa–CH2OO• afford
[Ni2(OH)(Me2–tpa)(Me–tpa–CH2OO)]2+ (7Me2–tpa) and O2.


The bis(µ-alkylperoxo)dinickel(II) complex
[Ni2(Me–tpa–CH2OO)2]2+ (8Me2–tpa) is capable of produc-
ing Me–tpa–COO- (∼62%) and Me–tpa–CH2OH (∼37%).49


Decomposition of 8Me2–tpa in the presence of H2
18O


revealed that the oxygen atoms of both Me–tpa–COO- and
Me–tpa–CH2OH are scrambled with 18O, suggesting the
presence of some intermediate(s) that can react with
water. A possible conversion pathway appears to involve
the pathway shown in Figure 7: (1) the O–O bond cleavage
of the peroxo ligand produces a ligand-based aldehyde;
and (2) disproportionation of the aldehyde gives carboxy-
late and alkoxide via the Cannizzaro reaction, where the
oxygen of aldehyde can be exchanged through acetal.
Unusually facile disproportionation of aldehyde to car-


FIGURE 5. Formation pathway of the ligand-based coupling dimer
[(Me–tpa–CH2)2] upon decomposition of 5Me2–tpa under N2 and the
oxidation products of the 6-methyl group of Me2–tpa upon decom-
position of 5Me2–tpa under O2.
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boxylate and alkoxide appears to be attributable to the
presence of the 6-methyl-2-pyridylmethyl pendant, which
may act as a base to facilitate the Cannizzaro reaction.
However, formation of a larger amount of the carboxylate
ligand than the alkoxide ligand probably suggests that
some other side reaction(s) takes place at the same time.


As in the case of the bis(µ-oxo)dicopper(III) complexes,
the introduction of the 6-methyl-2-pyridylmethyl pendant
destabilizes the nickel(III) oxidation state, leading to a
stronger oxidant. This is in line with the successive posi-
tive shift of the E1/2 (II,III/II,II) values of
[Ni2(OH)2(Men–tpa)2]2+ (450, 550, 640, and 780 mV versus
Fc/Fc+ for TMPA, Me–tpa, Me2–tpa, and Me3–tpa, respec-
tively).46 [Ni2(O)2(Me3–tpa)2]2+ (5Me3–tpa) decomposes within
1 h at -40 °C, whereas [Ni2(O)2(Me2–tpa)2]2+ (5Me2–tpa) is


stable over 1 day under the same conditions. The high
reactivity of 5Me3–tpa may be partly due to the proximity
effect between the in-plane methyl groups and the oxo
groups and partly due to the higher oxidation power of
5Me3–tpa.


Correlation between Reactivities and
Structures of Bis(µ-oxo)dicopper(III) and
Dinickel(III) Complexes
Both bis(µ-oxo)dicopper(III) complexes
[Cu2(O)2(Me2–tpa)2]2+ (3Me2–tpa) and
[Cu2(O)2(Me2–etpy)2]2+ (3Me2–etpy) exhibited selective oxi-
dation of the methylene group of the 6-methyl-2-pyridyl-
methyl pendant in the apical position,30,32 whereas
[Ni2(O)2(Me2–tpa)2]2+ (5Me2–tpa) oxidized both methylene
and methyl groups of the 6-methyl-2-pyridylmethyl pen-
dant.46 The differential reactivities of copper and nickel
complexes are closely related to the Ooxo · · · H distances
and their C–H bond energies. The molecular structure of
3Me2–tpa suggests that the Ooxo · · · H distances for the
methyl groups (∼2.8–3.3 Å) are slightly longer than those
for the methylene groups (∼2.7 Å), as shown in Figure 8.
The short Ooxo · · · H distances for the methylene groups
together with a weaker C–H bond energy seem to be
responsible for the selective oxidation of the methylene
groups. In contrast, the Ooxo · · · H distances for the methyl
groups in the nickel complex 5Me2–tpa (2.3–3.5 Å) are
shorter than those for the methylene groups (2.6–2.7 Å).
Such relative Ooxo · · · H distances seems to be responsible
for the parallel oxidation of the methyl and methylene
groups in 5Me2–tpa. Thus, the oxidation reactivities are
highly dependent upon the d-electron configuration,
which can modulate the stereochemistry of the complexes.
The relative oxidation powers of the copper complexes
toward the supporting ligands are stronger than those of
the corresponding nickel complexes. This is in line with
the general trend that the nickel complexes can access a
higher oxidation state compared to the corresponding
copper complex, owing to a higher d-orbital energy of the
nickel complexes. Selective oxidation of the methyl group
in [Ni2(O)2(Me3–tpa)2]2+ (5Me3–tpa) seems to be due to the
proximity effect of the in-plane methyl group in 5Me3–tpa


(Ooxo · · · H ) 2.2–2.7 Å).


Formation of the Mononuclear Ligand-Based
Alkylperoxo-Copper(II) Complex
Various metal complexes having active-oxygen species have
been synthesized in the reaction of bis(µ-hydroxo)dimetal
complexes with ROOH (R ) H, alkyl, and acyl) similar to
nickel complexes mentioned above. The reaction of
[Cu2(OH)2(Me2–tpa)2]2+ in acetonitrile with H2O2 at -40 °C
produced a ligand-based alkylperoxo complex,
[Cu(Me–tpa–CH2OO)]+ (9Me2–tpa), as shown in Figure 9.50


The reaction of [Cu2(OH)2(Me2–tpa)2]2+ with H2O2 under N2


resulted in the reduction to the copper(I) complex
[Cu(Me2–tpa)]+ (1Me2–tpa), where no bis(µ-oxo)dicopper(III)
species [Cu2(O)2(Me2–tpa)2]2+ (3Me2–tpa) was detected.
1Me2–tpa further reacted with H2O2 to produce a monomeric


FIGURE 6. Possible sequential oxidation pathway of the 6-methyl
group of [Ni2(O2)2(Me2–tpa)2]


2+ (6Me2–tpa) to
[Ni2(OH)(Me2–tpa)(Me–tpa–CH2OO)]2+ (7Me2–tpa). Atoms are colored
by atom type (nickel, yellow; oxygen, red; nitrogen, dark blue; and
carbon, gray).


FIGURE 7. Possible formation pathway from a ligand-based alkyl-
peroxo complex [Ni2(OH)(Me2–tpa)(Me–tpa–CH2OO)]2+ (7Me2–tpa) to
alkoxo and carboxylato complexes.
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ligand-based alkylperoxo complex 9Me2–tpa by the selective
oxidation of a methyl group of Me2–tpa. Although a detailed
formation mechanism of 9Me2–tpa is not known at present,
a possible pathway involves a ligand-based radical Me–
tpa–CH2• as found for the nickel complex. The reaction of
1Me2–tpa with H2O2 may generate an active-oxygen species
(CuII–OH + •OH or CuIIIdO + H2O) by either O–O bond
homo- or heterolysis, which is capable of performing the
selective hydrogen-atom abstraction from the methyl group
to generate the ligand-based radical Me–tpa–CH2•. This is
in marked contrast to the reactivity of complex
[Cu2(O)2(Me2–tpa)2]2+ (3Me2–tpa), which selectively oxidizes
the methylene group of Me2–tpa. Isotope-labeling experi-
ments for the formation of [Cu(Me–tpa–CH2OO)]+ (9Me2–tpa)
using H2


16O2 under a large excess of 18O2 afforded both
[Cu(Me–tpa–CH2


16O16O)]+ and [Cu(Me–tpa–CH2
18O18O)]+,


indicating that Me–tpa–CH2• reacts with not only O2 but also
a reactive species derived from H2O2. Although a further
pathway for the formation of 9Me2–tpa is not known at
present, decomposition of 9Me2–tpa gave the alkoxo- and
carboxylato-copper(II) complexes, [Cu(Me–tpa–CO2)]+ (10)


and [Cu(Me–tpa–CH2O)]+ (11), together with some copper(I)
complexes. The formation pathways for 10 and 11 may be
similar to those observed for the corresponding nickel
complexes (Figure 7) through the Cannizzaro reaction, as
shown in Figure 9.


Concluding Remarks
A variety of nickel and copper complexes having active-
oxygen species (M2–O2) can be generated by TMPA
analogues that have 6-methyl substituents on the pyridyl
groups. In the case of copper complexes, Me2–tpa,
Me2–etpy, and Me3–tpa destabilize the trigonal bipyra-
midal structure by the steric requirement of the methyl
substituents and preferentially generate bis(µ-oxo)dicop-
per(III) complexes. They have a unique ability to stabilize
copper(I) species in a trigonal pyramidal structure and
copper(III) species in a square planar structure with weak
ligation from the axial positions. Consequently, they are
capable of performing reversible conversion between
copper(I) and bis(µ-oxo)dicopper(III). Furthermore, di-
oxygen affinity of the copper(I) complexes can be modu-
lated in the order 1Me2–tpa > 1Me2–etpy-d4 > 1Me3–tpa-d15


as successive introduction of the methyl group and/or
pyridylethyl group. In contrast, the oxidizing powers of
the bis(µ-oxo) species increase in the reverse order. These
trends are well-correlated with the E1/2(CuII/CuI) values
by successive introduction of the methyl group.


The hydrophobic cavity formed by the 6-methylpyridyl
group(s) seems to play an important role in suppression
of some unfavorable decomposition reactions and stabi-
lization of Mn–O2 species. In the equilibrium between the
copper(I) and bis(µ-oxo)dicopper(III) species, the hydro-
phobic cavity could be responsible for the suppression of
the electron transfer between the copper(I) and bis(µ-
oxo)dicopper(III) species. In addition, the hydrophobic
cavity of the bis(µ-oxo)dinickel(III) complexes also plays
an important role in the oxidation of H2O2 by the bis(µ-
oxo)NiIII


2 center. The stabilization of the Mn–O2 species
allows for isolation and structural characterization by
X-ray crystallography at low temperatures. Structural
information between the active center and substrate (the


FIGURE 8. Molecular structures near the bis(µ-oxo)dimetal cores of [Cu2(O)2(Me2–tpa)2]
2+ (3Me2–tpa),30 [Cu2(O)2(Me2–etpy-d4)2]


2+ (3Me2–etpy-
d4),


32 [Ni2(O)2(Me2–tpa)2]
2+ (5Me2–tpa),46 and [Ni2(O)2(Me3–tpa)2]


2+ (5Me3–tpa).45 Reaction sites are shown by arrows. The H atoms are placed at
the calculated positions with the C–H bond ) 0.95 Å. Atoms are colored by atom type (copper, green; nickel, yellow; oxygen, red; nitrogen,
dark blue; carbon, gray; and hydrogen, light blue).


FIGURE 9. Formation of [Cu(Me–tpa–CH2OO)]+ (9Me2–tpa) and oxida-
tion pathway. Atoms are colored by atom type (copper, green;
oxygen, red; nitrogen, dark blue; and carbon, gray).
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methyl and methylene groups of the supporting ligand)
provides additional understanding of the oxidation reaction.


The methyl group of the present ligands also functions
as an oxidation substrate. For the bis(µ-oxo)dinickel(III)
complexes, oxidation of a methyl group affords ligand-
based alcohol and carboxylate. The oxidation starts from
the hydrogen-atom abstraction by the oxo group of the
bis(µ-oxo)NiIII


2 center. A series of reaction intermediates
and products, such as a ligand-based coupling dimer and
a ligand-based alkylperoxo complex, have been detected
and/or isolated, which allow for the elucidation of the
oxidation mechanism.


Although simple modifications of the supporting ligands
presented in this Account provided useful information for
dioxygen-activation chemistry mediated by metal com-
plexes, development of further functional groups, such as
the reaction cavity, which can bind exogenous oxidation
substrates, is needed as a future challenge.


I thank my co-workers and collaborators listed in the references.
Their contributions to this work are greatly appreciated. This work
was partly supported by Grants-in-Aid for Scientific Research from
the Ministry of Education, Science, and Culture, Japan.
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ABSTRACT
Toxic superoxide radicals, generated via adventitious reduction of
dioxygen, have been implicated in a number of disease states. The
cysteinate-ligated non-heme iron enzyme superoxide reductase
(SOR) degrades superoxide via reduction. Biomimetic analogues
which provide insight into why nature utilizes a trans-thiolate to
promote SOR function are described. Spectroscopic and/or struc-
tural characterization of the first examples of thiolate-ligated
FeIII–peroxo complexes provides important benchmark parameters
for the identification of biological intermediates. Oxidative addition
of superoxide is favored by low redox potentials. The trans
influence of the thiolate appears to significantly weaken the Fe–O
peroxo bond, favoring proton-induced release of H2O2 from a high-
spin Fe(III)–OOH complex.


Introduction
The bioinorganic chemistry of iron is rich and diverse,1–6


catalyzing reactions that range from the biosynthesis of
neurotransmitters7 to the transport of O2.8 A number of
iron-promoted biosynthetic pathways involve dioxygen as
the oxidant and/or oxygen atom source.1,5–7 Although O2


oxidations are thermodynamically favored, they are ki-
netically slow because they are spin-forbidden, unless
promoted by a transition metal, such as Fe2+.2,4 The
intermediates formed in these reactions include iron–per-
oxo and oxo species,1,2,4,6 potent oxidants capable of
functionalizing alkanes.6 Adventitious reduction of dioxy-
gen can, on the other hand, result in the formation of toxic
radicals, including superoxide (O2


–•) which has been
implicated in a number of disease states, including
Alzheimer’s, Parkinson’s, and cancer.9 Due to its toxicity,
organisms have evolved elaborate means for the degrada-
tion of O2


–. In aerobic organisms, manganese-, nickel-,


iron-, or copper- and zinc-containing enzymes known as
superoxide dismutases (SODs) function to disproportion-
ate (eq 2) adventitiously formed superoxide.10,11 In


O2
-+ 2H++ e-f


SOR
H2O2 (1)


2O2
-+ 2H+f


SOD
O2 +H2O2 (2)


anaerobic organisms, an iron-containing enzyme super-
oxide reductase (SOR) reduces (eq 1) superoxide;9,12–15


however, this requires an outside source of electrons. A
cysteinate sulfur bound to the iron site, as well as the
positioning of the metal ion on the surface (vs the interior)
of the protein,12 alters the function of Fe-SOR relative to
Fe-SOD.11


Superoxide Reductase Enzyme Active Site
Structure and Mechanism
Superoxide reductases (SORs) are intense blue, cysteinate-
ligated non-heme iron enzymes found in anaerobic
microbes.3,12–14 The FeII active site is redox active, high-
spin (S ) 2), and ligated by four equatorial histidines and
one apical cysteinate trans to an open site.12 The oxidized
FeIII resting state is high-spin (S ) 5/2) and contains a
glutamate (14Glu) coordinated to the sixth (axial) site.12


This conserved 14Glu, as well as a highly conserved lysine
(47Lys), is proposed to be involved in the catalytic mech-
anism, possibly acting as a proton donor, and/or by
attracting the anionic superoxide ion to the active site.12,16


Activity drops significantly in mutants lacking 47Lys.16 The
SOR-catalyzed conversion of superoxide (O2


–) to hydrogen
peroxide (H2O2) requires one electron and two protons.
Protons and solvent both play an important role in the
SOR mechanism.14 Superoxide reduction is favored in the
presence of a proton source [E1/2(O2


–/H2O2) ) 0.83 V at
pH 7.5 vs –0.041 V at pH 14 (vs SCE)], whereas oxidation
(to afford O2) is favored in the absence of a proton source
[E1/2(O2


–/O2) ) –0.80 V at pH 14 vs –0.13 V at pH 0 (vs
SCE)]. Our working hypothesis is that the unusual posi-
tioning of the metal ion on the surface of SOR provides
the active site with a readily available source of protons
which makes O2 formation disfavored in anaerobic bacteria.


The mechanism by which SOR is proposed to reduce
superoxide has been somewhat controversial, particularly
with regard to the number of intermediates involved.14,15,17


The first step is generally agreed to involve the oxidative
addition of O2


– to the open coordination site. Two
transient intermediates (T1 and T2 in Figure 1) are
observed in the reaction between SOR and O2


–,15 and
exogenous ligands (NO, N3


–, and CN–) have been shown
to bind to the SOR iron site,18,19 consistent with an inner-
sphere mechanism. The first intermediate, T1, forms at
nearly diffusion controlled rates15,17 and is proposed to
be an FeIII–peroxo species.17 The second intermediate, T2,
forms more slowly and displays a pH-dependent νFe–O


stretch that shifts with 18OH2 and D2O,20 consistent with
its assignment as an FeIII–OH species.15 This FeIII–OH
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species presumably forms via H2O-induced protonation
of the proximal oxygen of the FeIII–peroxo species, fol-
lowed by H2O2 release and OH– binding.15,20 Why proto-
nation preferentially occurs at the proximal, as opposed
to distal, oxygen is unclear at this point. Reduction of the
FeIII–OH intermediate in the presence of a proton regen-
erates the catalytically active five-coordinate Fe(II) form.
The glutamate-bound resting state (R) shown in Figure 1
eventually forms in the absence of additional substrate
(O2


–) or electrons. Although there is currently no evidence
to suggest that this last step involves a proton, the
difficulty with which Fe–OH bonds cleave relative to
Fe–OH2 bonds would imply that protonation occurs prior
to ligand dissociation. The exogenous electron donor is
currently unknown. Given that the addition of a proton
and electron would be equivalent to the addition of a
hydrogen atom, this introduces the interesting (albeit
remote) possibility that the last step of the SOR mecha-
nism may, perhaps, resemble the Fe(III)–OH intermediate-
induced H-atom abstraction step of lipoxygenases.21–23


Vibrational data to support the assignment of T1 as a
peroxo species have yet to be reported. However, when
H2O2 is added to a mutant form of SOR,13 isotopically
sensitive νO–O (850 cm-1) and νFe–O (438 cm-1) stretches
are observed by resonance Raman, consistent with the
formation of a metal–peroxo species. This mutant peroxo
species was originally proposed to be η2-O2


2– side-on
bound,13 on the basis of data reported for N-ligated
synthetic non-heme iron–peroxo complexes,24 but later
was shown by X-ray crystallography to be an end-on
Fe(III)–OOH species,25 revealing a need for more thiolate-
bound iron–peroxo complexes to provide benchmark
vibrational parameters for interpreting biophysical data.


Relationship between SOR and P450 Active
Sites and Mechanism
The primary coordination sphere of the iron active site
of SOR is structurally12 related to that of the heme enzyme
cytochrome P450.26,27 Both enzymes have an apical cys-
teinate trans to an open coordination site (Figure 2), and
both react with oxygen-derived substrates to afford an
Fe(III)–OOH intermediate. The mechanistic pathways
taken following formation of the Fe(III)–peroxo intermedi-


ate are very different for these two enzymes, however.
With P450, the hydroperoxo O–O bond is cleaved to afford
a high-valent iron–oxo intermediate,6,27,28 whereas with
SOR, the Fe–O(peroxo) bond is cleaved, releasing H2O2.
The cysteinate has been shown to play an important role
in promoting P450-induced O–O bond cleavage,29 yet O–O
bond cleavage has not been observed with SOR. It is not
clear why these two structurally similar systems follow
divergent reaction pathways. Although a porphyrin was
originally thought to be necessary for the stabilization of
a high-valent iron–oxo complex, this was later shown not
to be the case upon structural characterization of the first
non-heme Fe(IV)dO complex.30 Although theoretical cal-
culations have shown that the site of protonation can
influence the reaction pathway,27 controlled, site-specific
protonation with the metal ion sitting on the surface of
the protein seems unlikely. Prior to the development of
spectroscopic methods for probing non-heme iron,31 less
was known about non-heme iron, relative to heme iron,
mechanisms. Solomon has shown that Fe–peroxo spin
states can influence the energetically preferred O–O versus
Fe–O bond cleaving pathways.2,31 We have shown, in
collaboration with Solomon, that the intense S f Fe(III)
charge transfer bands characteristic of Fe(III)–SR com-
pounds make it convenient to detect Cys-ligated non-
heme iron sites and probe their reactivity.32,33


Roles of Cysteinate Residues in Promoting
Metalloenzyme Function
A comprehensive understanding of the influence of thi-
olate ligands on the properties of first-row transition metal
ions is essential if we are to fully understand why nature
utilizes cysteinate residues to promote specific biological
metalloenzyme functions.3,34 Cysteinate-ligated metal-
loenzymes promote a number of critical biological pro-
cesses, including electron transfer,35,36 and strong bond
activation.6 Cysteinates form highly covalent bonds to
transition metals, and this helps to facilitate redox
changes.37 Our work has shown that thiolate ligands
significantly lower redox potentials,38 make low-spin iron
accessible in a non-heme environment,39–41 stabilize iron
in the +3 oxidation state,39–41 and labilize sites trans to
the thiolate, thereby promoting product release,38 even
with the typically inert low-spin Co(III) ion.42,43 Others
have shown that the trans coordinated cysteinate of P450
promotes O–O bond cleavage,6,29 and the subsequent
Fe(IV)dO-promoted H-atom abstraction.44


Biomimetic Models
A precise description of the correlation among the struc-
ture, key properties, and function of metalloenzyme active
sites can be most readily obtained by building small
molecular analogues.34 Synthetic model complexes pro-
vide key parameters needed to fit spectroscopic data (e.g.,
EXAFS) and protein crystal structures.45 Multidentate
ligands are generally required for maintenance of a
relatively rigid, well-defined synthetic active site model.
The incorporation of thiolate ligands into synthetic models


FIGURE 1. Proposed mechanism for SOR-catalyzed reduction of
superoxide via hydroperoxo (T1) and solvent-bound (T2) intermediates.
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can, however, be complicated by their propensity to
oligomerize, as well as autoreduce and form disulfides,46


especially when there is an open coordination site.
Peroxides tend to react with thiolates to form sulfoxides
and sulfones47,48 and with iron to form rust. Despite these
synthetic challenges, much progress has been made in the
biomimetic modeling of cysteinate-ligated non-heme iron
active sites in biology.32,38,40–42,48–57


Reactive Five-Coordinate, Thiolate-Ligated Iron
Complexes
A biomimetic system capable of reproducing the SOR
reaction (Figure 1) would have two requirements. First, it
would require an open coordination site for superoxide
to bind to the metal. Second, it would require that the
+3 oxidation state be reversibly accessible. Given the
challenges associated with the synthesis of mononuclear
thiolate-ligated transition metal complexes, especially
those with higher oxidation states, we initially had to
demonstrate that molecules meeting the criteria listed
above could be synthesized. By incorporating gem-di-
methyls adjacent to the thiolate, we were able to isolate a
number of coordinatively unsaturated, mononuclear five-
coordinate thiolate iron complexes, including [FeIII-
(S2


Me2N3(Pr,Pr))]+ (1) (Figure 3),41 [FeIII(S2
Me2N3-


(Et,Pr))]+,58 and [FeII(SMe2N4(tren))]+ (2) (Figure 4).59 We
found that we could isolate an FeIII–SR complex such as
1 via the in situ oxidation of an FeII–SR precursor at low
temperatures.41,58 Once oxidized, the FeIII thiolates were


found to display rich spectroscopic features, including
intense πS-to-metal charge transfer bands in the visible
region,32 and low-spin EPR signals.33,40 The energy of
these bands was found to be highly dependent on the local
coordination environment and could therefore be used
to monitor reactions.38,41,43,50,52–54 The FeIII–SR bonds
were found to be highly covalent and favor a low-spin
state, an observation that was surprising given the π-donor
properties of thiolates.32


A Functional SOR Model with a cis-Thiolate:
[FeII(SMe2N4(tren))]+


Using a tripodal amine ligand as a scaffold, we were able
assemble a functional SOR model, [FeII(SMe2N4(tren))]+


(2),59 that mimics each step of the proposed SOR mech-
anism (Figure 1). Like the SOR enzyme active site, complex
2 is high-spin (S ) 2) and has a similar N4S1– ligand motif,
but with the open site cis to the thiolate, rather than trans
as in the enzyme. When superoxide is added to 2 in the
presence of a proton donor, biomimetic activity is ob-
served, resulting in the formation of H2O2.50,53 At low
temperatures (less than or equal to –78 oC), a transient
hydroperoxide intermediate, [FeIII(SMe2N4(tren))(OOH)]+


(3), is observed.53 In contrast to 2 which is colorless,
intermediate 3 is tangerine orange and displays an intense
charge transfer band at 452(2900) nm (Figure 5). When
the solution is warmed, its color changes from orange to
burgundy, and the band at 452 nm cleanly converts to a
band at 511(1770) nm (Figure 5). The burgundy species
was shown, via its independent synthesis, to be the


FIGURE 2. Comparison of the thiolate-ligated non-heme, and heme, iron active sites of SOR (left) and P450 (right).


FIGURE 3. ORTEP diagram of thiolate-ligated, five-coordinate
[FeIII(S2


Me2N3(Pr,Pr))]+ (1) synthesized by Kovacs group postdocs
Steve Shoner and Jeff Ellison.


FIGURE 4. ORTEP diagram of thiolate-ligated, biomimetic superoxide
reducing catalyst [FeII(SMe2N4(tren))]+ (2) synthesized by Jason
Shearer, a graduate student in the Kovacs lab.


Contribution of the Thiolate Sulfur to SOR Function Kovacs and Brines


VOL. 40, NO. 7, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 503







solvent-derived methoxide-bound species [FeIII(SMe2N4-
(tren))(OMe)]+ (4). When the reaction between 2 and
superoxide is monitored by stopped-flow at ambient
temperature (in MeOH), intermediate 3 grows in at
diffusion-controlled rates (too fast to measure) and then
cleanly converts to 4 (releasing H2O2) at a rate [65(1) s–1]53


similar to that of the enzyme (50 s-1).60,61 The tangerine
orange species displays a low-spin (S ) 1/2) EPR signal
(Figure 6), which converts to an intermediate-spin (S )
3/2) signal as the solution develops a burgundy color.
These changes to the electronic absorption and EPR
spectra indicated that a transient intermediate forms (at
low temperatures) during the reduction of superoxide but
did not reveal its identity. Vibrational data, obtained at
–78 °C, unambiguously identified this intermediate as a
hydroperoxo species. A Fermi doublet (at 786 and 784
cm-1) is observed in the infrared spectrum of [FeIII-
(SMe2N4(tren))(OOH)]+ (3) in the νO–O stretching region
(Figure 7). This doublet collapses to a sharpened singlet
at 784 cm-1 upon addition of D2O, indicating that a
proton is associated with the moiety responsible for the
vibration.53 Addition of 18O-labeled (23%) superoxide to
2 results in a new shifted νO–O stretch at 753 cm-1, close
to that predicted on the basis of Hooke’s law for a
diatomic oxygen species.


Although we have yet to crystallize our hydroperoxo
intermediate, we have structurally characterized [FeIII-
(SMe2N4(tren))(OOH)]+ (3) using X-ray absorption spec-
troscopy, in collaboration with Rob Scarrow. Fits to the
EXAFS data for 3 require a new short Fe–O bond 1.86(3)
Å in length, which is not present in either the FeII


precursor (2) or the methoxide-bound product 4.53 The
XANES spectrum of 3 is consistent with an oxidized six-
coordinate FeIII intermediate. Addition of an outer-sphere
oxygen at 2.79(6) Å improves the EXAFS fits slightly.53


Together, these data are consistent with the oxidative
addition of superoxide to [FeII(SMe2N4(tren))]+ via an
inner-sphere mechanism to form an end-on FeIII(η1-OOH)
intermediate. Hydroperoxo [FeIII(SMe2N4(tren))(OOH)]+ (3)
represented the first example of a thiolate-ligated peroxo
species, and the first structurally characterized FeIII–OOH
species in any ligand environment.53 The coexistence of
a thiolate (a reductant) and a peroxide (an oxidant) in the
same molecule is quite remarkable. Evidence that the
peroxide binds cis with respect to the thiolate comes from
the isolation and characterization of a number of more
stable derivatives, including [FeIII(SMe2N4(tren))(MeCN)]2+


(Figure 8), [FeIII(SMe2N4(tren))(CN)]+, [FeIII(SMe2N4-
(tren))(N3)]+ (Figure 9), and [FeIII(SMe2N4(tren))(OAc)]+ (5;
Figure 10),54 where it was shown that all ligands bind in
this mode.


Formation of hydroperoxo [FeIII(SMe2N4(tren))(OOH)]+


(3) is proton-dependent. No reaction occurs between
[FeII(SMe2N4(tren))]+ (2) and O2


– in rigorously dried THF


FIGURE 5. Low-temperature detection of the hydroperoxo intermedi-
ate [FeIII(SMe2N4(tren))(OOH)]+ (3) using electronic absorption spec-
troscopy, and its conversion to solvent-bound [FeIII(SMe2N4-
(tren))(OMe)]+ (4) upon warming.


FIGURE 6. X-Band EPR spectrum of tangerine orange [FeIII-
(SMe2N4(tren))(OOH)]+ (3) at 7 K in an MeOH/EtOH (5:2) glass.


FIGURE 7. Low-temperature IR spectrum of 16O-labeled (· · ·) and
18O-labeled (23%; —) [FeIII(SMe2N4(tren))(OOH)]+ (3) showing the
peroxo νO–O Fermi doublet that shifts upon incorporation of 18O.


FIGURE 8. ORTEP diagram of solvent-bound [FeIII(SMe2N4-
(tren))(MeCN)]2+ showing that MeCN binds trans to the imine
nitrogen and cis to the thiolate sulfur.
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until an external proton donor is added. This rules out a
mechanism involving abstraction of H+ or a H-atom from
the ligand. Addition of a variety of proton donors, includ-
ing NH4


+, MeOH, and PhOH, rapidly induces the forma-
tion of [FeIII(SMe2N4(tren))(OOH)]+ (3). The ammonium
ion (NH4


+) mimics the lysine residue proposed to be
involved in the SOR mechanism.50 The rate of formation
of 3 is highly dependent on both the HA concentration
and pKa,62 indicating that a proton is transferred in the
steps prior to or during the rate-determining step. The
proton dependence of this reaction is consistent with
three possible mechanisms involving initial protonation
of O2


–, the thiolate sulfur, or an Fe(II)–superoxo interme-
diate. These should be distinguishable on the basis of
kinetics. Kinetic studies are currently underway in our
laboratory, in an attempt to establish the most probable
mechanism.62


The Fe–O(peroxo) bond of [FeIII(SMe2N4(tren))-
(OOH)]+ (3) can be cleaved via the addition of a second,
more acidic, proton donor.50 This results in the release
of H2O2, via what appears to be a proton-dependent
dissociative mechanism. Nucleophiles, such as OAc–, do
not react with 3, and the rate of H2O2 release is
dependent on the pKa of the proton donor.62 The
addition of HOAc releases H2O2 from 3 six orders of
magnitude faster than NH4


+ does. Noncoordinating
acids (HBF4 and HClO4) cleanly afford a common


eggplant purple intermediate, [FeIII(SMe2N4(tren)-
(MeOH))]2+ (6; λmax ) 565 nm). Acetic acid also reacts
with 3 to form solvent-bound 6 (Figure 11), which then
converts to acetate-bound [FeIII(SMe2N4(tren)(OAc))]+


(5; Figure 10), a model for the Glu-bound oxidized SOR
resting state, upon warming. A solvent-bound [FeII


-


I–OH(H)] intermediate has also recently been identified
in the mechanism of SOR,15,20 as a species distinct from
its FeIII–Glu resting state. Following the release of H2O2


from our hydroperoxo intermediate 3, we can regener-
ate the active catalyst, 2, by adding an external reduc-
tant such as cobaltacene (Figure 12). Subsequent ad-
dition of superoxide results in regeneration of the
hydroperoxo intermediate. Eight turnovers have been
achieved in this stepwise manner.50 The catalytic activ-
ity is most likely limited due to decomposition of the
catalyst by H2O2-promoted oxidation of the thiolate.


FIGURE 9. ORTEP diagram of thiolate-ligated [FeIII(SMe2N4-
(tren))(N3)]


+.


FIGURE 10. ORTEP diagram of acetate-bound [FeIII(SMe2N4-
(tren))(OAc)]+ (5), a mimic for the glutamate-bound SOR resting state.


FIGURE 11. Proton-induced conversion of [FeIII(SMe2N4(tren))(OOH)]+
(3) to solvent-bound [FeIII(SMe2N4(tren)(MeOH))]2+ (6) as monitored
by electronic absorption spectroscopy at low temperatures.


FIGURE 12. Catalytic cycle involving [FeII(SMe2N4(tren))]+ (2)-
promoted reduction of superoxide to afford H2O2, via the sequential
protonation and Cp2Co-promoted reduction of hydroperoxo- and
solvent-bound intermediates.
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Influence of the trans-Thiolate Ligand in
Promoting SOR Chemistry
A few examples of structural SOR models containing a
trans-thiolate have been reported,28,55 and the thiolate
ligand has been shown to lower Fe3+/2+ redox potentials.55


Although none of these structural models has been
reported to react with superoxide, in one case, H2O2


addition was shown to afford a high-valent FeIVdO
species,28 presumably via the cleavage of a transient
FeIII–peroxo O–O bond. A macrocyclic thiolate-ligated
ferrous complex was recently reported,49 which reacts with
ROOH to afford the first example of a thiolate-ligated alkyl
peroxo complex [([15]aneN4)FeIII(SPh)(OOR)]+ (7), with
the thiolate presumably trans to the peroxo. Although 7
is a low-spin complex (g ) 2.20 and 1.97), its νFe–O stretch
(612 cm-1) is significantly lower than those of most low-
spin FeIII–OOR complexes.24 Most likely, this is due to the
trans influence of the thiolate sulfur, although one cannot
conclusively say that ROO– binds in this position. Mac-
rocyclic cyclam ligands have been shown to fold to afford
cis-ligated six-coordinate geometries.63 Recently, we re-
ported a rare example of a functional metalloenzyme
active site model, [FeII(cyclam-PrS)](BPh4) (8; Figure 13),
that like SOR reduces O2


–, presumably via a trans-thiolate-
ligated FeIII–peroxo intermediate.38 The thiolate ligand of
8 was shown to lower the redox potential by 565 mV, alter
the spin state of the peroxo intermediate, and dramatically
weaken the Fe–O(peroxo) bond, favoring O2


– reduction
and H2O2 release.38 Consistent with previous observations
regarding amine substituents,56,64 the secondary amines
of 8 also appear to play an important role in the observed
superoxide reduction chemistry. Upon addition of O2


– (18-
crown-6-K+ salt) and a proton donor (i.e., MeOH) to 8 at
–78 °C in CH2Cl2, a metastable, high-spin (g ) 7.72, 5.40,
and 4.15) burgundy [λmax ) 530(1350) nm] intermediate
(9) is observed (Figure 14). No reaction occurs in the
absence of a proton donor, and O2


– does not convert to
H2O2 under the same conditions in the absence of 8.38


An νO–O stretch (Fermi doublet) is observed at 891 cm-1


in the vibrational (resonance Raman) spectrum of 9, which
shifts to 856 cm-1 in the 18O-labeled (50% label) spectrum.
Addition of D+ (i.e., MeOD) causes the Fermi doublet to
collapse. An intense νFe–S stretch is also observed at 352
cm–1, indicating that the thiolate remains coordinated to
the metal, and an 18O-sensitive νFe–O stretch is observed


at 419 cm-1, which shifts to 400 cm-1.38 Altogether, these
data are consistent with the proton-dependent oxidative
addition of superoxide to 8 which forms a thiolate-ligated
hydroperoxo intermediate [FeIII(cyclam-PrS)(OOH)]+ (9).
The remarkably low νFe–O stretch, and the high-spin state
of this intermediate, strongly suggest that the hydroper-
oxide ligand binds trans to the thiolate, although one
cannot conclusively assign its structure in the absence of
crystallographic evidence.


Although clearly more examples are needed if one
hopes to correlate spectroscopic parameters to peroxo and
thiolate binding modes and ultimately SOR function, with
three examples (3, 7, and 9) now in hand, we38,50,53 and
others25,28,49 are closer to this goal. In comparison to other
reported synthetic iron peroxides,24 the νFe–O stretch of 9
is significantly weakened (419 cm-1 for 9 vs reported
range, 450–639 cm-1),24 but it compares well with the only
reported SOR peroxo stretch (438 cm-1),13 which was
recently shown by X-ray crystallography to contain a


FIGURE 13. ORTEP diagram of trans-thiolate-ligated, biomimetic
superoxide reducing catalyst [FeII(cyclam-PrS)]+ (8) synthesized by
Terutaka Kitagawa, a graduate student in the Kovacs lab.


FIGURE 14. Low-temperature electronic absorption spectrum and
DFT-calculated structure of the hydroperoxo intermediate [FeIII(cy-
clam-PrS)(OOH)]+ (9) formed upon addition of superoxide to reduced
[FeII(cyclam-PrS](BPh4) (8) in the presence of a proton source.


FIGURE 15. Catalytic cycle involving [FeII(cyclam-PrS](BPh4) (8)-
promoted reduction of superoxide to afford H2O2, via the sequential
protonation and Cp2Co-promoted reduction of hydroperoxo- and
acetate-bound intermediates.
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trans-thiolate and end-on hydroperoxo.25 The νO–O stretch
of 9 is unusually high (reported range, 820–860 cm-1). The
DFT-optimized structure of 9 (Figure 14) contains an Fe–O
distance of 1.95 Å and a force constant (kFe–O ) 1.20
mdyn/cm) which is significantly longer (reported range,
1.76–1.86 Å) and weaker (reported force constant range,
2.2–2.1 mdyn/cm) than those of all other reported Fe–(η1-
OOH) species.24 These data strongly support a trans
positioning of the thiolate in 9 and indicate that its
influence is to significantly weaken the Fe–O(peroxo)
bond, favoring Fe–O, as opposed to O–O, bond cleavage.


The Fe–O(peroxo) bond of [FeIII(cyclam-PrS)(OOH)]+


(9) can be cleaved via the addition of proton donors,
resulting in the release of H2O2. A blue acetate-bound
derivative, [FeIII(cyclam-PrS)(OAc)]+ (10), modeling the
glutamate-bound SOR resting state, forms following the
low-temperature addition of acetic acid.38 Once H2O2 is
released, the active catalyst 8 can be regenerated via the
addition of a sacrificial reductant (Cp2Co). Subsequent
addition of superoxide results in regeneration of hydro-
peroxo intermediate 9. Five turnovers have been achieved
in this stepwise manner. In comparison to our cis-thiolate-
ligated hydroperoxo complex 3 which releases H2O2


extremely slowly in MeOH at –78 °C (t1/2 ) 63.9 h),
hydroperoxo complex 9 rapidly releases H2O2 under the
same conditions (within seconds). The macrocyclic amine
ligand in combination with the presumed trans position-
ing of the thiolate converts the spin state from an S ) 1/2


state in cis-ligated 353 to an S ) 5/2 state, promoting faster
Fe–O bond cleavage under similar conditions. If the
thiolate is indeed trans, it would also increase the basicity
of the proximal peroxo oxygen relative to that of the cis-
thiolate-ligated system, and this would be expected to
influence product release rates if Fe–OOH bond cleavage
is proton-induced. The relative rates of proximal oxygen
Fe–OOH protonation (to induce H2O2 release) versus
O–O(peroxide) bond cleavage must play a critical role in
governing whether a SOR or P450 reaction pathway is
followed.


Concluding Remarks
The biological chemistry of iron is exquisitely controlled
by its ligand environment. Supporting ligands play an
important role in determining function by controlling
metal ion redox potential and spin state, as well as the
basicity of bound substrates. Spin states control reaction
pathways by fine-tuning relative bond strengths. Although
there are many parallels between heme and non-heme
iron systems, porphyrin ligands alter reaction pathways
by facilitating oxidation via the delocalization of charge
onto the ligand. Thiolate ligands also have the potential
of facilitating the delocalization of charge.65 As described
in this Account, we are beginning to understand the
functional role of the SOR thiolate ligand in promoting
superoxide reduction. The intense π-thiolate sulfur-to-FeIII


charge transfer band, and its sensitivity to local coordina-
tion environment, provide a convenient method for
monitoring reactions involving thiolate-ligated non-heme


iron complexes.32 By successfully mimicking the individual
proton and electron transfer steps of the SOR catalytic
cycle,38,50 we have begun investigating the molecular level
details of the SOR mechanism and its dependence on the
positioning of the thiolate ligand relative to the substrate
binding site. The thiolate ligand favors superoxide reduc-
tion, regardless of its position in the coordination sphere,
by lowering the redox potential of the metal ion.56 In a
protein environment, the thiolate provides an efficient
electron transfer pathway.35,37 Spectroscopic characteriza-
tion of the first reported examples of SOR peroxo inter-
mediate analogues has allowed us,38,53 and others,49,66 to
determine how the thiolate influences key properties
affecting reaction pathways. Despite the structural simi-
larities between the heme iron enzyme P450 and non-
heme iron enzyme SOR peroxo intermediates, the two
systems follow very different reaction pathways.4 The spin
state favored by the supporting amine ligands influences
the relative strength of the Fe–O(peroxo) versus O–O bond,
and presumably the basicity of the proximal peroxo
oxygen. The combination of a high-spin state and trans-
thiolate affords a labile FeIII–OOH species susceptible to
protonation by protic solvents (e.g., MeOH or H2O),
resulting in facile H2O2 release. The biomimetic analogues
described herein have allowed us to establish many of the
key properties that are critical for the identification and
function of cysteinate-ligated metalloenzymes.
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ABSTRACT
Copper-cluster sites in biology exhibit unique spectroscopic fea-
tures reflecting exchange coupling between oxidized Cu’s and e-


delocalization in mixed valent sites. These novel electronic struc-
tures play critical roles in O2 binding and activation for electrophilic
aromatic attack and H-atom abstraction, the 4e-/4H+ reduction
of O2 to H2O, and in the 2e-/2H+ reduction of N2O. These
electronic structure/reactivity correlations are summarized below.


1. Introduction
Cu proteins play central roles in Fe, Cu, and O2 metabo-
lism, are related to a range of genetic diseases, and are
important in biotechnology, detoxification, and the elimi-
nation of greenhouse gases. Understanding Cu biochem-
istry on a molecular level provides mechanisms to im-
prove or inhibit these processes and enhance drug design.
The Cu proteins involved in O2 binding, activation, and
reduction to H2O and the reduction of N2O to water and
dinitrogen are summarized in Figure 1. The term “coupled”
is used here to refer to the antiferromagnetic (AF) “cou-
pling” between paramagnetic metal centers that can lead
to a diamagnetic Stot ) 0 ground state. If two CuII’s, S )
1/2, directly overlap, they will spin pair. If, however, they
are far enough apart so that their d orbitals do not directly
overlap but have a bridging ligand, this can provide a
superexchange pathway (i.e., a delocalized molecular
orbital) between the two paramagnetic CuII’s that results
in their spin pairing, indirectly through overlap with the
bridge. This is described by the exchange Hamiltonian H
) -2JSASB, which spin couples the two S ) 1/2’s on CuA


and CuB to form total spins Stot ) 1 and 0, where for AF
coupling the Stot ) 0 is lower in energy by 2J (J < 0).


In this paper, we will (1) consider the unique spectral
features of the coupled binuclear Cu proteins, hemocyanin
(Hc), catechol oxidase, and tyrosinase (Ty), that reflect a
novel electronic structure that allows their reversible
binding of O2 (a spin-forbidden process) and its activation
for electrophilic attack on an aromatic substrate by Ty,
(2) contrast this electronic structure to that of the non-
coupled binuclear Cu enzymes (i.e., no magnetic interac-
tion between the two CuII’s S ) 1/2) to evaluate the


contribution of these differences in AF exchange coupling
to the reaction mechanisms, where the noncoupled bi-
nuclear Cu sites in dopamine �-monooxygenase (D�M)
and peptidylglycine R-hydroxylating monooxygenase (PHM)
activate O2 for H-atom abstraction, (3) extend these
studies to the trinuclear Cu cluster site in the multicopper
oxidases, where the exchange coupling among the three
coppers plays a central role in the 4e-/4H+ reduction of
O2 to H2O, and (4) consider how the interactions among
the coppers in the µ4-sulfide bridged tetranuclear Cuz


cluster promote the 2e-/2H+ cleavage of the N–O bond
by N2O reductase.


2. Coupled Binuclear Copper Proteins
From spectroscopy and crystallography, Hc (reversible O2


binding), catechol oxidase (O2 binding and catechol
oxidation to quinone), and Ty (O2 binding, oxidation, and
monooxygenation of phenol to catechol) all have equiva-
lent geometries (µ-η2:η2 CuII


2O2, side-on peroxide-bridged
binuclear CuII sites coordinated to the protein by three
His ligands on each Cu) and electronic structures (vide
infra).1 Their range of functions increases from Hc to Ty,
which has been attributed to differences in substrate
accessibility to their coupled binuclear Cu sites.


2.1. Unique Spectroscopic Features f Novel Elec-
tronic Structure. To understand the unique spectral
features of the oxygenated sites of these proteins, we first
consider what is normal for a CuII–peroxide bond. CuII is
d9 and thus has one half-occupied valence d orbital, either
dx2–y2 for tetragonal or dz2 for trigonal bipyramidal geom-
etries. Peroxide has a doubly degenerate highest occupied
molecular orbital (HOMO) set, which will split in energy
upon binding to CuII, with the πσ* being stabilized to a
deeper binding energy because of σ bonding to the half-
occupied d orbital and the πv* (vertical) not being very
affected by bonding because it is perpendicular to the
CuII–(O2


2-) plane (Figure 2A).2


In a peroxide-bridged binuclear CuII complex as in the
[(TMPA)Cu]2O2 dimer (trigonal bipyramidal at each CuII),
one further has to take symmetric and antisymmetric
combinations of the half-occupied dz2 orbitals on the Cu’s
and then allow for bonding with the occupied peroxide
π* valence orbitals.3 As shown in Figure 2B, only one
combination of dz2 orbitals has net σ overlap with the
peroxide πσ* orbital causing stabilization of the πσ* orbital
and a destabilization of the dz2A + dz2B molecular orbital.
This leads to spin pairing of the two electrons in the dz2


orbitals of the two coppers and the antiferromagnetically
coupled S ) 0, singlet ground state. This also produces a
peroxide πσ* f Cu (dz2A + dz2B) charge transfer (CT)
transition as shown in Figure 3A. Resonance Raman (rR)
excitation into this CT transition produces an O–O stretch-
ing vibration at ∼830 cm–1 (Figure 3B), which is charac-
teristic of peroxide bridging in a “normal” binuclear CuII


complex.3
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We now consider the unique geometric and electronic
structure of oxy-Hc/oxy-Ty. Again, we take the symmetric
and antisymmetric combination of the dx2–y2 half-occupied
valence orbitals of the two coppers (here, the ligand field


of each Cu is square-pyramidal) and allow for their
bonding interactions with the peroxide π* valence orbitals
but in the side-on peroxide-bridged structure of the oxy-
Hc site (Figure 2C). Again, the πσ* orbital is stabilized, and
the Cu dx2–y2A + dx2–y2B is destabilized because of σ
bonding. However, in the side-on bridged structure, there
are two σ-bonding interactions of the peroxide with each
copper and this leads to a very large bonding–antibonding
interaction.4 Thus, a strongly AF-stabilized singlet ground
state and an intense O2


2- πσ* f Cu (dx2–y2A + dx2–y2B) CT
transition, which is shifted to a higher energy, are observed
(green line versus black line in Figure 3A). Importantly,
rR excitation into this CT transition shows a very low O–O
stretching frequency (νO–O) at ∼750 cm–1 (Figure 3B). The
large peroxide σ donation of electron density from the πσ*
orbital (which is antibonding with respect to the O–O
bond) to the CuII’s should increase and not decrease the
strength of the O–O bond. However, there is an additional
bonding interaction that occurs in the side-on peroxide-
bridged structure. The lowest unoccupied molecular
orbital (LUMO) on the peroxide is the σ* (Figure 2C),
which bonds with the occupied dx2–y2A – dx2–y2B combina-
tion of d orbitals on the Cu’s, which is the HOMO. This
back bonding shifts some of the electron density into the
O2


2- σ* orbital, which is strongly antibonding with respect
to the O–O bond and leads to the very low νO–O.4


In summary, the extremely covalent σ bonding between
the two CuII’s through the µ-η2:η2 peroxide πσ* orbital leads
to the AF-coupled singlet ground state, and the back
bonding of the electron density from the Cu (dx2–y2A –
dx2–y2B) HOMO into the peroxide σ* LUMO leads to an
extremely weak O–O bond activated for cleavage.


2.2. Reaction Coordinate for O2 Binding. Deoxy-Hc/
Ty with two d10 CuI centers binds triplet O2 reversibly to
form oxy-Hc/oxy-Ty, which has the AF-coupled singlet
ground state. Thus, this reaction is spin-forbidden. To
obtain a reaction coordinate for reversible O2 binding, we
started with the µ-η2:η2 structure, moved the peroxide out
of the molecular plane, and geometry-optimized the rest


FIGURE 1. Multinuclear Cu sites in biology.


FIGURE 2. Electronic structure of the (A) end-on Cu–O2
2- complex,


(B) end-on bridged [Cu2–O2
2-] complex, and (C) side-on bridged


OxyHc.
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of the structure.5 The structure first butterflies, then goes
to a µ-η1:η2 asymmetric structure, and then to an end-on
bridged structure in the reversible loss of O2 (Figure 4A).
These structures maximize the metal–ligand overlaps
along this reaction coordinate. As the peroxide moves
away from the coppers, its negative charge decreases as
does the positive charge on the coppers. Thus, electron
density is being transferred from the peroxide to the CuII’s.
Importantly, both coppers are reduced at the same rate
even in the asymmetric µ-η1:η2 structure. Thus, the
reversible loss of peroxide as O2 involves simultaneous two
electron transfer.


In Figure 4B, we consider how the spin changes along
this reaction coordinate. On the far left is the AF stabiliza-
tion of the singlet ground state of the side-on peroxide-
bridged structure through its πσ* orbital. However, as the
peroxide moves out of the molecular plane to the butter-
flied structure, the singlet/triplet splitting collapses and
the triplet is in fact slightly lower in energy. This is because
the spin on each Cu covalently delocalizes into a different
peroxide π* orbital. These are close to orthogonal in the


butterflied structure, which favors the triplet ground state.
From here, one electron of the same spin can be trans-
ferred from each π* orbital to each Cu, leading to a loss
of O2 in its triplet 3∑g


- ground state.5


Thus, the stabilization of the triplet ground state of O2


is lost by charge transfer from the remote Cu’s, and the
singlet structure is then stabilized by the formation of an
efficient superexchange pathway (the πσ* orbital overlap)
along the reaction coordinate.


2.3. Reaction Coordinate of Monooxygenation. In
early literature, we found that oxy-Ty had the same
geometric and electronic structure as oxy-Hc but that it
differed from Hc in having substrate access and coordina-
tion directly to the copper in a trigonal-bipyramidal-
distorted structure. This led to the generally accepted
monooxygenation mechanism for oxy-Ty shown in Figure
5.1,6,7 Phenolate substrate binds directly to the side-on
peroxy-bridged oxy-Ty site (oxy-T). The trigonal pyramidal
distortion leads to electrophilic attack and hydroxylation
at the ortho position to produce a bound catecholate
(met-D). Two-electron oxidation leads to the correspond-
ing quinone product and a reduced (deoxy) site capable
of O2 binding for further turnover. The interesting issue
now is whether the side-on oxy-Ty structure directly reacts
with the aromatic ring or whether phenolate coordination
leads to a bis-µ-oxo structure (vide infra) and performs
the electrophilic attack on the ring.


The latter possibility was raised by the results of
Tolman et al., who showed that the side-on peroxy-
bridged structure could convert to the bis-µ-oxo structure
with certain chelating ligands (Figure 6A).8 Cu K pre-edge
X-ray absorption data showed that conversion of the side-
on to the bis-µ-oxo isomer leads to an increase in energy
of the Cu 1sf 3d transition by 1.9 eV, indicating that the
CuII is oxidized to CuIII in the bis-µ-oxo structure.9 The
orbital correlation diagram for this interconversion is given
in Figure 6B. Starting from the side-on bridged structure
on the left, the O–O bond elongates from 1.4 to 2.3 Å in
the bis-µ-oxo structure (the Cu–O distance goes from 1.92
to 1.81 Å). The O2


2- σ* orbital thus drops in energy to
below the HOMO on the coppers, resulting in the oxida-
tion to two CuIII’s and reduction of the peroxide to the
bridged oxide level.10 This produces a low-energy, intense
µ-O2- f Cu (dx2–y2A – dx2–y2B) LUMO CT transition (blue
line in Figure 3A), and rR excitation into this transition
now shows an intense vibrational peak at 600 cm–1,
corresponding to the Cu2(O)2 symmetric stretch (Figure
3B). Thus, we now have two LUMOs that are frontier
molecular orbitals (FMOs) capable of electrophilic attack
on the occupied π orbitals of the aromatic ring (Figure
6C). In the side-on bridged structure, there is a Cu LUMO
with significant peroxide πσ* character because of the
strong donor interaction of the peroxide with the Cu. In
the bis-µ-oxo structure, the Cu-based LUMO now has
significant σ* character because of the strong oxide
σ-donor interaction.


From model studies, both the π* LUMO of the side-on
peroxide and the σ* LUMO of the bis-µ-oxo structures are
capable of electrophilic reactions with aromatic substrates.


FIGURE 3. (A) Absorption and (B) resonance Raman spectra of
{[(TMPA)Cu]2O2}


2+ (end-on; black line), Cu[HB(3,5-i-Pr2pz)3]2(O2) (side-
on; green line), and {[LTMCHDCu]2O2} (bis-µ-oxo; blue line).
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From Figure 7A, in the Karlin bidentate chelate ligand
system,11 an O2 intermediate is trapped at a low temper-
ature with an electron-withdrawing nitro substituent on
the bridging ring. From rR data (Figure 7B), this species
shows a ∼750 cm–1 vibration characteristic of the side-
on peroxo-bridged species, with no indication of a 600
cm–1 feature characteristic of the bis-µ-oxo species (upper
limit of <0.1%).12 As shown in parts B and C of Figure 7,
the ∼750 cm–1 feature decreases as the 1320 cm–1 feature,
characteristic of the C–O stretch of the hydroxylated
phenolate product, increases.


From Figure 8, the Stack diamine-ligated complex
binds O2 as the side-on peroxo-bridged species.13 The
addition of exogenous phenolate leads to the loss of the
∼750 cm–1 νO–O vibration and appearance of the 600 cm–1


feature, characteristic of the bis-µ-oxo species. Thus,
coordination of the phenolate to the Cu likely through a
trigonal bipyramidal rearrangement into the equatorial


plane converts the side-on peroxide to the bis-µ-oxo
species. This goes on to hydroxylate the phenolate to a
mixture of catecholate and quinone products. Thus, both
the side-on peroxo (through a π* electrophilic mechanism)
and the bis-µ-oxo (through a σ* electrophilic mechanism)
binuclear Cu sites can hydroxylate aromatic substrates.


3. Noncoupled Binuclear Cu Enzymes
PHM and D�M, involved in peptidic hormone production
and the control of neurotransmitters, both catalyze sub-
strate C–H bond hydroxylation by H-atom abstraction.14


FIGURE 4. (A) Reaction coordinate of O2 binding by Hc. View along the O–O (top) and perpendicular to the initial Cu2O2 plane (bottom). (B)
Potential-energy surfaces for the interconversion of oxy-Hc and deoxy-Hc in triplet and singlet states. R:d(X–X) is the distance between the
center of the O–O and Cu–Cu vectors. R:d(X–X) < ∼0.6 and > ∼0.6 represents symmetric and nonsymmetric O2 coordination, respectively.


FIGURE 5. Molecular mechanism of the Ty catalysis. The two
possible structures of substrate-bound oxy-T are expanded.


FIGURE 6. (A) Side-on peroxo (left) and bis-µ-oxo (right) correlation,
(B) electronic structure correlation, and (C) FMOs (ie., LUMOs).
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The active sites in these enzymes are noncoupled, in that
they have two CuII’s, which each show spectroscopic
features indicative of an isolated CuII S ) 1/2 center. This
is consistent with the crystallography on PHM, which
shows that the two CuII’s are 11 Å apart with no bridging
ligation (only H2O’s in the interdomain cavity between
the Cu’s).15 Reasonable descriptions of the geometric and
electronic structure of each CuII center have been ob-
tained through a combination of crystallography, extended
X-ray absorption fine structure (EXAFS), magnetic circular
dichroism (MCD) spectroscopy, and density functional
theory (DFT) calculations.16,17 As shown in Figure 9, CuM


is the catalytic center, which has an axial Met, two
equatorial His, and two equatorial H2O/OH- sites for O2


reactivity. CuH has three His and a water ligand in a D2d-
distorted tetragonal geometry and supplies the extra e-


required for catalysis to CuM over a distance of 11 Å. There
has been much discussion as to how this electron transfer
(ET) might take place.18


Thus, the reaction of the noncoupled binuclear Cu
enzymes requires O2 activation by a single Cu center,
which, until recently, was thought to involve a CuM


II–OOH
species.14 However, from spectroscopic and electronic
structure studies on a CuII–hydroperoxide model complex,
this species is not activated for H-atom abstraction.19


From Figure 10A, the FMO only has 2% character on the
distal oxygen for electrophilic attack, and from rR studies
on the model, the νO–O is 843 cm–1 reflecting a strong O–O
bond not activated for cleavage. This led us to studies of
the alternative possibility of a 1e- reduction of O2 to
generate a bound superoxo–CuM


II intermediate. From the
rR data in Figure 10B, the νO–O of a η2 O2Cu model
complex is 1043 cm–1, which is characteristic of a CuII–O2


-


species; from its FMO, which has >60% O character, this
species is strongly activated for electrophilic attack on H–C
bonds.20


These predictions from model studies were strongly
supported by electronic structure calculations of this
reaction coordinate.21 H-atom abstraction by the 2e--
reduced CuM


II–hydroperoxo species (blue curve in Figure
11) is endergonic and, in particular, has an activation
barrier of 37 kcal/mol. Alternatively, H-atom abstraction
by the 1e--reduced Cu–superoxo species (red curve in
Figure 11) is thermoneutral and has an activation barrier
of only 14 kcal/mol, which is consistent with the FMO


FIGURE 7. (A) Conversion of the side-on peroxide intermediate
[Cu2(NO2–XYL)(O2)]


2+ to [CuII
2(NO2–XYL–O-)(OH)]2+. (B and C)


Change in rR with time. The loss of the side-on peroxo stretch
correlates with an increase of the C–O stretch.


FIGURE 8. (A) Reaction of Side-on peroxo {[(DBED)Cu]2O2}
2+. (B and


C) Change in rR with (tBu)2Ph(O)- coordination.


FIGURE 9. Geometry-optimized structures of the resting oxidized
CuM and CuH sites in PHM.


FIGURE 10. Electronic structure of the (A) CuM
II–OOH and (B)


CuM
II–superoxo species. Geometry-optimized structure (left), ac-


ceptor FMO (LUMO) (middle), rR spectra in the νO–O region (right).
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predictions. This would generate a CuM
II–OOH and sub-


strate radical species, which would readily react via direct
OH transfer from the hydroperoxide to generate the
hydroxylated product and a CuM


II–O·- (i.e., cupric–oxyl)
species. This high-energy species would drive a proton-
coupled ET from CuH to complete the reaction cycle.


A comparison of the reaction coordinates for the
coupled binuclear Cu enzymes (Figure 5) and noncoupled
binuclear Cu enzymes (Figure 11) shows an extremely
important role of the differences in the AF exchange
coupling (J) in the reaction mechanism. Rapid ET requires
a large electronic coupling between the donor and ac-
ceptor (HDA), which in turn is related to J ∝ (HDA)2.21 Thus,
large AF coupling leads to rapid ET. This is the case for
the coupled binuclear Cu enzymes, where the large value
of J between the Cu’s via the bridging ligand leads to the
2e- reduction of O2 to form a Cu2O2 species capable of
electrophilic aromatic attack. Alternatively, in these non-
coupled binuclear Cu enzymes, J is very small because
CuM and CuH are separated by an 11 Å solvent-filled cleft.
The reduction of O2 appears to proceed at one Cu via a
1e--reduced CuM


II–O2
- species, which is capable of


H-atom abstraction. Such a CuMO2 species has been
observed in the crystal structure of PHM22 and defined
by rR in a model complex.23 At a later stage of the reaction,
a high-energy species is produced (the CuM


II–oxyl), which
provides the large driving force required for ET from CuH


with its low J (therefore, HDA) with CuM.


4. Trinuclear Cu Cluster in the Multicopper
Oxidases (MCOs)
The MCOs couple four 1e- oxidations of substrates to the
4e-/4H+ reduction of O2 to H2O.1 These can be divided
into two classes: one, as represented by laccase, uses
organic substrates, which weakly to strongly interact with
the protein near the type 1 (T1) Cu (vide infra), and the
second, represented by Fet3p, has specific metal ion
substrate-binding sites near the T1, which tune the metal
ion potential and provide ET pathways to the T1.24 The
minimum structure of a MCO active site is shown in
Figure 12A.


The T1 is a blue copper center capable of rapid ET
through a Cys–His pathway, over 13 Å, to the trinuclear
Cu cluster (TNC), where O2 is reduced to H2O. The TNC
is comprised of a type 3 (T3) copper pair, where each Cu
has three His ligands and the pair is strongly antiferro-
magnetically coupled (i.e., with a singlet ground state)
through an OH- bridge, and a type 2 (T2) center within
3.5 Å of the T3 Cu’s, having two His and an OH- ligand
external to the cluster.25 The T2 Cu is not bridged to the
T3 Cu’s and shows a normal CuII S ) 1/2 electron
paramagnetic resonance (EPR) signal.


The electronic structure of the resting trinuclear CuII


cluster is given in Figure 12B. This shows that all three
Cu’s have open coordination positions oriented inside the
cluster. The coordination unsaturation of this highly
positively charged cluster results from charged carboxylate
residues within 8 Å of the cluster, which destabilize H2O/
OH-/O2- binding in the center of the cluster and thus
tune its redox properties for O2 reduction.26


FIGURE 11. Summary of the 2e- (blue) and 1e- (red and green) reaction coordinates for the noncoupled binuclear Cu enzymes.


FIGURE 12. (A) Active site of the MCOs (AO is shown here). (B)
Electronic structure of the trinuclear Cu cluster (TNC).
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O2 intermediates were trapped to define the mecha-
nism of O2 reduction to H2O by the MCOs. Initially, we
studied a T1-depleted (T1D) derivative in laccase, where
the T1 Cu was replaced by a redox-inactive Hg2+.27


Reduction of the TNC and reaction with O2 led to the first
intermediate. From a combination of isotope ratio mass
spectrometry, circular dichroism (CD), and low-temper-
ature (LT) MCD (which only probes paramagnetic cen-
ters), we determined that this was a peroxy intermediate
with two coppers oxidized and AF-coupled and one
copper reduced.27 The AF coupling required a bridging
ligand, and this was observed in EXAFS data on peroxy
T1D, which showed two Cu’s tightly bridged at 3.4 Å.
Because one Cu was reduced in this intermediate, we
could not directly study its interaction with the peroxide.
Therefore, we prepared the peroxide adduct (PA) of the
oxidized TNC in T1D.28 PA showed the same Fourier
transform (FT)-EXAFS feature at 3.4 Å, indicating a similar
peroxide-binding mode, but now all Cu’s are oxidized.
Upon binding peroxide to the oxidized TNC, all of the
ligand field features of the T2 and T3 CuII’s are perturbed,
indicating an all bridged structure for the peroxide
intermediate. This is consistent with the recent crystal
structure of the peroxide adduct of oxidized CotA29 and
the quantum mechanics/molecular mechanics (QM/MM)
energy-minimized structure of the peroxide intermedi-
ate.30


The reaction of the fully reduced native enzyme (i.e.,
4CuI) with O2 generates the native intermediate (NI). As
shown in Figure 13A, NI exhibits absorption features at
365 and 318 nm as well as an absorption band at 600 nm,
associated with an oxidized T1 Cu.31 Therefore, NI is at
least one more electron-reduced relative to the peroxide
intermediate. Associated with this, NI exhibits an unusual
EPR signal (Figure 13C), with very unusual g values below
2.0. It is different from that of an oxidized T2 CuII and


FIGURE 13. (A) Stopped-flow absorption showing the formation of NI, (B) rapid-freeze quench (RFQ)-LT-MCD spectrum of NI, (C) variable-
temperature (VT-MCD) of NI, and (D) low-temperature X-band EPR spectrum of NI compared to resting T2.


FIGURE 14. (A) Predicted and observed MCD signs for the two
possible structures of NI and (B) ground- and excited-state MCD
spectra of NI, where bands are grouped together according to their
different temperature dependencies.
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broadens when generated with 17O2.32 Thus, it had been
assigned as an OH· bound to a reduced T2 Cu. The most
direct spectroscopic probe of reduced Cu is K-edge X-ray
absorption spectroscopy (XAS) because CuI exhibits a
characteristic feature at 8984 eV, not present in CuII


complexes. It is also not present in NI.31 Therefore, NI is


a fully oxidized TNC but with an EPR signal very different
from that of the fully oxidized TNC of the resting enzyme
(Figure 13C), and dioxygen has been fully reduced to the
H2O level.


NI also has a characteristic derivative-shaped MCD
signal associated with the 365/318 nm absorption bands
known as a pseudo-A term (Figure 13A).31 This has proven
to be a direct probe of the geometric and electronic
structure of NI. The field dependence of the MCD signal
at low temperature gave a saturation magnetization curve,
which fit to the Brillouin function for a S ) 1/2 ground
state, associated with the unusual g values. The temper-


FIGURE 15. Mechanism of O2 reduction to H2O by the MCO’s.


FIGURE 16. (A) Crystal structure (PnN2OR). (B) Geometry-optimized
electronic structure.


FIGURE 17. (A) Cu K-edge XAS spectrum of CuZ (black line)
simulated with 1CuII/3CuI (red line) and 3CuII/1CuI (green line). (B)
EPR spectrum of CuZ from PnN2OR.
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ature dependence of the MCD signal at a fixed high
magnetic field shows a very interesting behavior in Figure
13B. Normally, the MCD intensity of a paramagnetic S )
1/2 center decreases as 1/T. However, the MCD intensity
in Figure 13B first decreases and then increases with
increasing temperature, indicating the Boltzmann popula-
tion of an excited state at 150 cm–1, with a MCD signal
different from that of the S ) 1/2 ground state of NI.


NI has an FT-EXAFS feature, indicating a bridged
Cu–Cu distance of 3.3 Å, which would correspond to a
pair of CuII’s of the trinuclear cluster site having a singlet/
triplet splitting of ∼520 cm–1. Because we are dealing with
a trinuclear CuII site, the singlet ground state of the pair
couples with the third CuII to give a Stot ) 1/2 ground state;
the S ) 1 excited state couples with the S ) 1/2 to form
Stot ) 1/2 and 3/2 excited states. With a single bridge, this
would produce a T2 EPR signal with g values above 2.0
and an excited state at 520 cm–1. NI has a ground-state
EPR signal with g values below 2.0 and an excited state at
150 cm–1. Thus, we allow for additional AF exchange
interactions (i.e., bridging ligands) between additional
pairs of CuII’s of the TNC of NI. Allowing for a second
bridge splits the excited Stot ) 3/2 and 1/2 states but does
not bring the Stot ) 1/2 first excited state below 440 cm–1


(∼1.7J) and does not result in ground-state g values below
2.0. The addition of a third bridge now causes the S ) 1/2


excited state to greatly decrease in energy (this is a result
of “spin frustration” because all three S ) 1/2 cannot be


AF-coupled in a triangle) and the ground-state g values
to decrease below 2.0 (because of antisymmetric exchange
in the all-bridged trimer).33 Thus, the experimental data
on the ground and excited states of NI require all three
CuII’s to be strongly exchange-coupled through bridging
ligands.


There were two possible structures for NI where all Cu’s
are oxidized and bridged by the product of full O2


reduction: a µ3-oxo-bridged structure or a tris OH--
bridged structure, in which the third OH- would derive
from H2O (top in Figure 14A). Model complexes exist with
both structures, and both exhibit MCD pseudo-A terms
(of opposite sign) associated with the hydroxo or oxo to
CuII CT transitions of the trinuclear CuII cluster (bottom
in Figure 14A).34 The mechanism for pseudo-A terms
requires two perpendicular CT transitions being spin-
orbit-coupled in a third direction at one center. For the
tris OH- system, this would involve CT transitions from
two OH- ligands to one CuII center, which provides the
spin-orbit coupling. For the µ3-oxo structure, this involves
oxo CT transitions to two CuII centers, which are spin-
orbit-coupled by the oxo bridge. From the temperature-
dependent MCD spectrum of NI shown in Figure 14B, the
CT transitions forming the pseudo-A term involve different
Cu centers, which is only consistent with a µ3-oxo, all-
bridged structure for NI.


The above spectroscopic studies of O2 intermediates
in the MCOs have led to the molecular mechanism of O2


reduction to H2O in Figure 15. The reduction of O2 by the
fully reduced MCO involves two 2e- steps. From our
kinetic studies, the first is rate-determining and the second
is fast; therefore, it is effectively a 4e- process.1 The second
step involves the 2e- reductive cleavage of the O–O bond.
It has a large driving force because of the 2e- reduction
potential of peroxide, and from mutagenesis studies, it is
proton-assisted with a Glu near the T3, providing the
proton for O–O bond cleavage. The NI is a fully oxidized
form of the enzyme but is different from the resting form
because it has an internal µ3-oxo bridge. These intercon-
vert, and the rate of decay of NI to the resting state is very
slow because of the reorganization of the µ3-oxo bridge
(from O2) to the external position on the T2 CuII. This
decay of NI is too slow to be in the catalytic cycle, whereas
the reduction of NI is fast (>1000 s–1),35 and this is the
catalytically relevant fully oxidized form of the MCOs. ET
from the T1 to the TNC is fast because the µ3-oxo bridge
provides an effective superexchange pathway to the T2
Cu.


5. µ4-Sulfide Bridged Tetranuclear CuZ Cluster
in Nitrous Oxide Reductase
The tetranuclear CuZ cluster catalyzes the 2e-/2H+ cleav-
age of the N–O bond in N2O.36 From the crystal structure,
electrons enter at the mixed valent binuclear CuA center
of one subunit and are transferred over a 10 Å super-
exchange pathway to the CuZ cluster of a second subunit
where N2O reduction occurs at the CuI/CuIV edge (Figure


FIGURE 18. (A) Back-bonding interaction from fully reduced CuZ to
N2O. (B) N–O bond cleavage barrier of CuZ (red and gray lines),
Cu2SH (black line), and hydrogen-bond assisted (blue line).
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16A). The µ4-SCu4 cluster is held in the protein by seven
His ligands, two on CuI–CuIII and one on CuIV. In the
resting crystal structures, there are one or two H2O-
derived ligands at the CuI/CuIV edge.36,37


The initial goal of spectroscopy was to determine the
electronic structure of the crystallographically defined
resting CuZ cluster.38 The CuZ cluster has a sulfide to Cu
CT transition at 640 nm, which shows a pseudo-A term
MCD spectrum. The temperature dependence of the MCD
shows that the ground state has Stot ) 1/2, which can either
reflect a site with 1CuII/3CuI or 3CuII/1CuI. These pos-
sibilities could be distinguished with XAS at the Cu K-edge,
where, from Figure 17A, the CuZ feature at 8984 eV shows
that three Cu’s are reduced in the resting CuZ cluster.39


This leaves one hole on the cluster, and its distribution
could be determined by a combination of X- and Q-band
EPR and S K-edge XAS. Figure 17B shows that the g| value
from Q band lies on a Cu hyperfine line in the X band,
requiring e- delocalization over at least two Cu’s. These
experimental results are supported by geometry-optimized
DFT calculations (Figure 16B), which show dominant CuI


character but significant delocalization of the hole over
the cluster depending upon the nature of the edge
ligand.39


The edge ligand could be detected by rR spectroscopy,
which also elucidated the requirement of a proton for high
activity of N2OR. A structural model consistent with the
results involves an OH- edge ligand, whose orientation
is affected by hydrogen bonding to a protonated Lys at
the CuI/CuIV edge. This protonated Lys appears to play a
significant role in assisting catalysis.


We next focus on the redox state of CuZ required for
catalysis. Reduction of the CuZ EPR signal of the one-hole
form directly correlates with the activity. Thus, the fully
reduced (4CuI) form of the CuZ reacts with N2O in
catalysis.39 Geometry optimization of N2O at the CuI/CuIV


edge shows that it binds as a µ-1,3 bridge, bent with an
angle of 139°. From Figure 18A, this bending greatly lowers
the energy of the π* LUMO of N2O, which leads to
extensive back bonding from fully reduced CuZ into the
N2O, activating the cleavage of the N–O bond.39


Figure 18B evaluates the potential energy surface for
N–O cleavage on the CuZ cluster. The barrier is reduced
from 61 kcal/mol in the gas phase to 18 kcal/mol on CuZ.
This is because the bent N2O reactant is destabilized and,
in particular, the extensive back bonding lowers the TS
energy through stabilization of the CuIV


II –O- bond. Allow-
ing for a protonated ligand to hydrogen bond to this oxo
further lowers the TS to ∼10 kcal/mol. Finally, because


the two e- transferred are donated from CuI and CuIV, it
is interesting to evaluate the role of the additional Cu’s
in the cluster. Eliminating CuII and CuIII (and saturating
the sulfide by protonation) eliminates much of the back
bonding into N2O and increases the barrier for N–O
cleavage to 37 kcal/mol.40


The above considerations lead to the molecular mech-
anism for the 2e-/2H+ cleavage of N2O shown in Figure
19. Hydrogen bonding from the protonated Lys lowers the
barrier for N–O cleavage, which leads to the two-hole
hydroxyl-bridged species. This is rapidly reduced by CuA


to the one-hole species, where protonation of the Lys
again raises the potential and provides a proton to
complete the reaction cycle.40


6. Concluding Comments
Spectroscopic/electronic structure studies on the inter-
mediates and model complexes of copper proteins have
provided fundamental insights into their reactivities.
Among major issues that remain are the structural dif-
ferences over the coupled binuclear copper proteins that
lead to their different reactivities in Figure 1, whether the
side-on structure of oxy-Ty directly reacts with substrates
or converts to the bis-µ-oxo structure along the reaction
coordinate of phenolate binding and hydroxylation in
Figure 5, the reactivity of the CuII O2


- species in H-atom
abstraction and its relevance to the PHM mechanism in
Figure 11, the fundamental differences of the trinuclear
copper cluster in the multicopper oxidases relative to the
coupled binuclear copper protein sites in dioxygen reac-
tivity and the factors involved in the proton-assisted
reductive cleavage of the O–O bond, and trapping and
defining the key intermediates in the reaction mechanism
of N2OR in Figure 19. The field of copper bioinorganic
chemistry has come a long way, but there is still much to
understand.


We thank past students and collaborators who have greatly
contributed to this work and the NIH (DK31450) for funding.
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ABSTRACT
Particulate methane monooxygense (pMMO) is an integral mem-
brane copper-containing enzyme that converts methane to metha-
nol. Knowledge of how pMMO selectively oxidizes methane under
ambient conditions could impact the development of new catalysts.
The crystal structure of Methylococcus capsulatus (Bath) pMMO
reveals the composition and location of three metal centers.
Spectroscopic data provide insight into the coordination environ-
ments and oxidation states of these metal centers. These results,
combined with computational studies and comparisons to relevant
systems, are discussed in the context of identifying the most likely
site for O2 activation.


Introduction
The oxidation of methane to methanol is a challenging
reaction because methane is the most inert hydrocarbon
(104 kcal mol-1 C–H bond) and because methanol reacts
further at high temperatures.1 In nature, methanotrophic
bacteria oxidize methane to methanol in the first step of
their metabolic pathway. Methane hydroxylation is carried
out at ambient temperature by methane monooxygenase
enzymes (MMOs).2,3 There are two forms of MMOs. All
methanotrophs except members of the Methylocella genus
produce an integral membrane MMO called particulate
methane monooxygenase (pMMO). Several strains also
express a cytoplasmic form called soluble methane mo-
nooxygenase (sMMO).2–4 In organisms that possess both
forms, including Methylococcus capsulatus (Bath) and
Methylosinus trichosporium OB3b, differential expression
is regulated by the bioavailable copper concentration.5–7


Both MMOs are metalloenzymes, but that is the extent of
their similarity. The two systems differ in molecular
structure,metalioncomposition,andsubstratespecificity.8–11


Whereas pMMO is more selective toward alkanes and
alkenes that are five carbons or less, substrates for sMMO
include alkanes, alkenes, aromatics, and halogenated
hydrocarbons.12,13


Activation of O2 by sMMO and related enzymes has
been investigated extensively (see the Account by Murray
and Lippard in this issue). In contrast, the metal content,
organization, and location of the active site in pMMO have
been and continue to be controversial. It is only recently
that enough information on pMMO has been obtained
to begin thinking about O2 activation chemistry. In the
past 5 years, there have been significant advances in the
biochemical, spectroscopic, structural, and mechanistic
characterization of pMMO. In this Account, we highlight
recent discoveries, with an emphasis on their relevance
to O2 activation chemistry.


Overall Architecture of pMMO
The 2.8 Å resolution crystal structure of M. capsulatus
(Bath) pMMO revealed its overall architecture for the first
time.14,15 pMMO consists of three subunits, pmoA (�),
pmoB (R), and pmoC (γ), with molecular masses ∼24,
∼47, and ∼22 kDa, respectively. The three subunits
assemble into a cylindrical R3�3γ3 trimeric structure that
is ∼105 Å in height and ∼90 Å in diameter (Figure 1A).
The pmoA and pmoC subunits comprise the bulk of the
membrane-spanning regions and are composed of seven
and five transmembrane helices, respectively. In contrast,
pmoB includes two distinct cupredoxin-like � barrels
linked by two transmembrane helices and a long loop
region. The � barrels from pmoB form a soluble domain
that houses two of the three metal centers identified in
each protomer in the crystal structure (Figure 1B).


In addition to the crystal structure, Dalton and co-
workers determined the structure of M. capsulatus (Bath)
pMMO by electron microscopy (EM).16 Although the 23
Å resolution cryo-EM structure limits detailed compari-
sons with the crystallographic data, two observations are
particularly significant. First, the EM structure represents
an active complex and agrees well with the overall
oligomeric state and architecture of the subunits in the
crystal structure. Thus, the crystal structure of pMMO is
physiologically relevant. Second, the identification of side
“holes” in the soluble regions near the membrane inter-
face are hypothesized to serve as entry points for hydro-
phobic substrates (Figure 1A). A central cavity, present in
both X-ray and EM structures, may function in product
egress.16 Recent cryo-EM studies suggest that the pMMO
trimer forms a larger assembly with methanol dehydro-
genase (MDH), the subsequent enzyme in the methan-
otroph metabolic pathway. In the complex, MDH is
proposed to interact with the soluble �-barrel regions of
pmoB.17
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pMMO Metal Centers
Metal Ion Composition. Early analyses of the pMMO


metal content suggested that copper is the primary metal
involved in methane oxidation.9 Different groups have
reported copper stoichiometries for purified M. capsulatus
(Bath) pMMO of 2 (Dalton laboratory),18 2–3 (our labora-
tory),19 8–10 (DiSpirito laboratory),20 and 15–20 (Chan
laboratory)21,22 copper ions/100 kDa R�γ protomer. Puri-
fied pMMO from M. trichosporium OB3b contains 2
copper ions/100 kDa.23 Iron is generally also present with
reported stoichiometries of 0.75–2.5 ions/100 kDa.18–20,24


The varying metal ion content highlights the difficulty in


the isolation and purification of pMMO. The discovery of
methanobactin, a siderophore-like, copper-binding mol-
ecule associated with some preparations,25–28 resolves
some of the discrepancies, however. The DiSpirito prepa-
ration containing 8–10 copper ions actually includes 6–8
molecules of methanobactin and 2 copper ions20 and is
thus consistent with values obtained by us19 and the
Dalton group.18 Most but not all20 iron-containing pMMO
preparations exhibit spectroscopic features characteristic
of heme, suggesting that the iron derives from contami-
nants in the membrane fractions.19,29


Crystal Structure. Three metal centers were identified
in the crystal structure.14 A mononuclear copper center
is located in the soluble domain of pmoB, ∼25 Å from
the surface of the membrane. The δ nitrogen atoms of
His 48 and His 72 coordinate this copper ion. Residue Gln
404, located ∼3 Å from this site, might hydrogen bond to
coordinated solvent ligands that are not observed at 2.8
Å resolution (Figure 2A). Sequence alignments of pmoB
with homologues from other methanotrophs and am-
monia-oxidizing bacteria reveal that neither His 48 nor
Gln 404 is conserved and that only His 72 is present in
most methanotroph pmoB sequences.8 A dinuclear copper
center in pmoB is located ∼21 Å from the mononuclear
copper site. Residues His 33, His 137, and His 139 together
with the amino-terminal nitrogen of His 33 were modeled
as ligands to the two copper ions, which are separated by
2.6 Å (Figure 2B). It is likely that yet-to-be-identified
exogenous ligands are also present at this site. The ligands
to the dinuclear copper site are all strictly conserved.8


Finally, the crystal structure reveals a zinc ion within the
membrane, ∼19 Å from the dicopper center and ∼32 Å
from the mononuclear copper site. This zinc ion is
coordinated by His 160, His 173, and Asp 156 from pmoC
and Glu 195 from pmoA (Figure 2C). Zinc was used for
crystallization but is not associated with purified pMMO14


and not detected in X-ray absorption spectroscopy (XAS)
samples.29 Thus, this site probably houses a different
metal ion in vivo, perhaps a copper ion. A total number
of 3–4 copper ions/protomer in the crystal structure is
consistent with most earlier metal analyses.9


Spectroscopic Data. Both membrane-bound and puri-
fied pMMO have been studied extensively by spectro-
scopic techniques. Prior to the crystal structure, these data
were used to suggest models for the metal centers.9,15,30


At this point, we are trying to reconcile these data with
the crystal structure to assess the physiological relevance
of the structure and to glean more detailed information
on the metal coordination environments and oxidation
states. Electron paramagnetic resonance (EPR) spectros-
copy has been widely used to investigate pMMO. Chan
and co-workers report a broad isotropic signal at g ∼ 2.1,
which was proposed to derive from a ferromagnetically
coupled trinuclear CuII cluster.31 Because no trinuclear
copper center is present in the structure, alternative
interpretations for this signal, such as methanobactin,24


superposition of a radical signal with a type 2 CuII signal,32


Cu[Fe(CN)6]2-,33 or adventitiously bound copper ions,18


might be more reasonable. All researchers observe a type


FIGURE 1. Structure of pMMO. (A) Surface representation of the
trimer. The pmoB subunit is shown in magenta; the pmoA subunit
is shown in blue; and the pmoC subunit is shown in green. A side
“hole” is marked with the white arrow. (B) Ribbon diagram of one
protomer. Copper ions are shown as cyan spheres, and the zinc
ion is shown as a gray sphere.
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2 CuII signal for both membrane-bound and purified
pMMO.18–20,24,34,35 This signal accounts for 40–50% of the
total copper present, disappears upon chemical re-
duction,18,19,29 and is not altered by the addition of azide
or cyanide.35


The X-ray absorption near edge spectra (XANES) of
purified pMMO samples exhibit a feature at 8984 eV,
attributable to a CuI 1s f 4p transition.19 This peak
increases in intensity upon chemical reduction with
dithionite, indicating that some of the copper ions are
present as CuII in purified pMMO. Treatment with H2O2


diminishes this peak, suggesting that some oxidation can
occur.29 Complete oxidation might require turnover in the
presence of a substrate.34 Extended X-ray absorption fine
structure (EXAFS) data for purified pMMO are best fit with
two Cu–O/N ligand environments, with Cu–O/N distances
ranging from 1.93 to 2.22 Å. A second scattering interac-
tion is best fit with a Cu–Cu interaction at 2.51 Å for as-
isolated pMMO and 2.65 Å for pMMO reduced with
dithionite.29 This Cu–Cu interaction was critical to our


crystallographic model of the dicopper center because 2.8
Å resolution data cannot necessarily resolve two copper
ions at such a close distance. The EXAFS data also support
the presence of exogenous ligands because the coordina-
tion number of 2–4 for the O/N ligands exceeds the two
nitrogen ligands coordinated to each copper ion in the
crystal structure. Furthermore, the pMMO EXAFS re-
sembles that of dicopper model compounds, in which the
copper ions are four- and five-coordinate.29


Possible Oxidation States. When the spectroscopic
data are taken together with the structure, they suggest
several possible schemes for the oxidation states of the
pMMO metal centers (Figure 3).29 We consider these
scenarios in the context of three findings: all pMMO
samples, including those from M. trichosporium OB3b23


and M. capsulatus (strain M),35 exhibit a type 2 CuII signal
that disappears upon reduction, EXAFS data indicate an
increase in the Cu–Cu distance upon reduction, and as-
isolated pMMO contains a mixture of CuI and CuII. An
additional consideration, on the basis of the sequence


FIGURE 2. pMMO metal centers. (A) Mononuclear copper center. (B) Dinuclear copper center. (C) Zinc center. Oxygen atoms are colored
red; nitrogen atoms are colored blue; and carbon atoms are colored according to the subunit as in Figure 1B.


FIGURE 3. Possible scenarios for the oxidation states of the pMMO copper centers based on knowledge from the crystal structure and
spectroscopic data.
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conservation of the metal ligands, is that the mononuclear
copper center observed in the M. capsulatus (Bath) pMMO
crystal structure may not be conserved in pMMOs from
other methanotrophs.8 A caveat to this discussion is that,
although the EXAFS samples did not photoreduce during
data collection, we cannot exclude the possibility of
instantaneous photoreduction upon exposure to X-rays,
which would complicate a comparison of EPR and EXAFS
data.


In the first scenario (scenario 1 in Figure 3), the
dicopper center is occupied by EPR silent, antiferromag-
netically coupled CuIICuII and the mononuclear copper
site is CuII, giving rise to the type 2 signal. Upon reduction,
the dinuclear site would be converted to CuICuI, explain-
ing the increase in the Cu–Cu distance observed by EXAFS.
However, the XANES spectra indicate the presence of CuI


in the as-isolated pMMO, which would only be consistent
with this model if the zinc site were loaded with CuI. If
the mononuclear copper site is not present in all pMMOs,
the spectroscopic data are not compatible with scenario
1. Another possibility (scenario 2 in Figure 3) is that the
dicopper site is CuICuI and the mononuclear copper site
is EPR-active CuII. The zinc site could be occupied by
either CuI or CuII. If pMMOs from other organisms have
the dicopper and zinc sites and lack the mononuclear
copper site, the zinc site would have to be occupied by
CuII. One issue with this scenario is that the increase in
the Cu–Cu distance upon reduction would have to be
attributed to a change other than redox chemistry. Finally,
the dicopper center could be a trapped valence CuICuII


site (scenario 3 in Figure 3). The type 2 signal would then
derive from the dicopper site, and reduction would result
in the loss of the EPR signal as well as an increase in the
Cu–Cu distance. Copper at the mononuclear and zinc sites
could either be CuI or CuII. Because site-directed mu-
tagenesis is currently not an option for pMMO, which is
obtained directly from methanotrophs9 rather than from


a heterologous expression system, other methods to
distinguish among these scenarios, including spectro-
scopic and structural characterization of pMMOs from
other methanotrophs, must be pursued.


In Search of the Active Site
Subunit Localization. Prior to the crystal structure,


experiments using radiolabeled acetylene, a suicide sub-
strate, were used to probe the active-site location. In three
differentstudies,the24kDapmoAsubunitwaslabeled.24,36,37


Similar studies with the related enzyme ammonia mo-
nooxygenase are consistent with this result, with a 28 kDa
subunit acquiring the label.38,39 Some labeling of the 47
kDa pmoB subunit was also observed.24 The labeling is
believed to derive from an activated acetylene intermedi-
ate that covalently modifies residues in the active site or
nearby.37 These data thus suggest that the active site is
located in the pmoA subunit with perhaps some involve-
ment of pmoB. According to the crystal structure, pmoA
is the least involved in metal coordination, contributing
only Glu 195 to the zinc site. If the zinc site represents
the location of the active site, it is curious that pmoC,
which contributes the other three ligands, is not modified.
One way to explain the acetylene-labeling results is to
consider a cluster of hydrophilic residues in pmoA adja-
cent to the zinc site (Figure 4).8,14 These residues, which
include His 38, Met 42, Asp 47, Asp 49, and Glu 100 as
well as Glu 154 from pmoC, are highly conserved and
could conceivably form a metal-binding site that was
depleted during purification and/or crystallization. Label-
ing of pmoB is easier to rationalize because both the
mono- and dinuclear copper centers are located within
this subunit.


The structural data offer an explanation for why pmoA
and pmoB might both be labeled. Dalton and co-workers
suggest that the side “holes” observed in the cryo-EM and


FIGURE 4. Stereoview of the dinuclear copper center, the zinc center, and a conserved patch of hydrophilic residues that could form an
additional metal-binding site. Only residues in the hydrophilic patch are labeled. Oxygen atoms are colored red; nitrogen atoms are colored
blue; sulfur atoms are colored orange; and carbon atoms are colored according to the subunit as in Figure 1B.
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crystal structures represent a route for substrate entry.16


These openings are near the pmoB dicopper center as well
as the zinc site and adjacent pmoA hydrophilic cluster.
One possibility is that labeled acetylene products diffuse
to the two locations, exploiting these “holes”. Diffusion
between these sites in pmoB and pmoA may be further
enhanced by two adjacent cavities (Figure 5). The first is
lined by several conserved hydrophobic residues, includ-
ing Pro 94 from pmoB and Leu 78, Ile 163, and Val 164
from pmoC. The second includes some of the same
residues and extends to the zinc site.14 Although these
observations do not address the exact location of the
active site, they do help solve the puzzle of the acetylene
labeling data. A corollary to this argument is that the active
site probably is not located at the pmoB mononuclear
copper center because there is not an obvious path for
diffusion of acetylene intermediates from this location to
the pmoA subunit.


Active-Site Identity. Detailed knowledge of the identity,
coordination environment, and oxidation state of the
active site is critical to understand how pMMO activates
O2. There are five possibilities for the active site: the pmoB
mononuclear copper center, the pmoC/pmoA zinc center,
the pmoB dinuclear copper center, the pmoA hydrophilic
cluster, and the trinuclear cluster proposed by Chan and
co-workers. At this juncture, the mononuclear copper site
in pmoB seems unlikely because all of the ligands to the
metal at this site are not conserved.8 Because no evidence
for a trinuclear copper cluster was found in the crystal
structure, we will not consider this option either, although
methane hydroxylation at such a site has been investigated
recently by density functional theory (DFT) calculations.40


There is currently no evidence for metal binding at the
pmoA hydrophilic cluster either. The remaining two
options, the pmoC/pmoA zinc center and the pmoB
dinuclear copper center, warrant further discussion.


O2 Activation at a Mononuclear Copper Center. Even
though the pmoB mononuclear copper site has been
discounted, the possibility of O2 activation at a mono-
nuclear copper center remains if the pmoC/pmoA zinc
center contains copper in vivo. In considering this site, it


is important to note that the ligands will likely be different
from those coordinating zinc in the crystal structure. For
example, several potential copper ligands, such as Met 199
from pmoA, are in the vicinity. Binding and activation of
O2 occurs at mononuclear copper centers in the enzymes
peptidylglycine R-hydroxylating monooxygenase (PHM),
which hydroxylates the CR atom of a terminal glycine
residue, and dopamine �-hydroxylase (D�M), which con-
verts dopamine to norepinephrine.41 In PHM, there are
two noncoupled mononuclear copper centers, CuA and
CuB, that are separated by 11 Å. Substrate and O2 bind at
the CuB site, which is coordinated by two histidines, a
methionine, and a solvent molecule.42 Crystals of PHM
soaked with substrate analogues under reducing condi-
tions show electron density at the CuB site that is best
modeled as O2. Surprisingly, O2 binds with an end-on η1


geometry, with distances of 2.1 and 2.8 Å from the copper
ion to the two oxygen atoms.43 This crystallographic model
is consistent with biochemical and computational data,
suggesting that CuII–superoxide is the reactive species,44–46


as well as with the recent characterization of an end-on
η1 superoxo–CuII complex that is able to hydroxylate and
hydroperoxylate phenols.47


Could a similar species be important in pMMO? One
difference is that the C–H bond dissociation energy in
methane is 104 kcal/mol as compared to 87 kcal/mol for
the PHM substrate.46 In addition, DFT calculations suggest
that CuII–superoxide cannot abstract a hydrogen atom
from methane.48 On the basis of calculations using a
model with two imidazoles and one acetate to mimic the
pmoB monocopper center, Yoshizawa and Shiota propose
a mechanism for methane hydroxylation involving a
CuIII–oxo reactive species.48 According to their hypothesis,
the initial reaction of CuI with O2 results in CuII–super-
oxide, which is converted to CuII–hydroperoxide by hy-
drogen atom transfer from a tyrosine residue in the active
site. Abstraction of a hydrogen atom from a second
tyrosine would then yield the CuIII–oxo species and a
water molecule. The idea that tyrosine residues are
involved derives from mechanistic proposals for PHM and
D�M,46 which have actually been ruled out by mutagen-
esis data.49 Yoshizawa and Shiota invoke participation of
specific tyrosine residues near the pmoB mononuclear
copper center. Their proposal could be modified to apply
to the zinc site because two conserved tyrosines, Tyr 196
from pmoA and Tyr 178 from pmoC, are adjacent. At
present, these ideas remain highly speculative.


O2 Activation at a Dinuclear Copper Center. The case
for the dicopper center as the active site is stronger than
that for a monocopper center for several reasons. First,
all of the ligands to this site are highly conserved. Second,
the existence of the dicopper center is clear from both
EXAFS29 and crystallographic data.14 In contrast, the pmoB
monocopper center observed in the crystal structure may
not be conserved, and the existence of a monocopper
center at the crystallographic zinc site has not been
established definitively. Third, a bis(µ-oxo)dicopper core
in copper-loaded zeolites has been demonstrated to
oxidize methane selectively.50 Fourth, there is ample


FIGURE 5. Cutaway view of the pMMO protein surface near the
dinuclear copper and zinc sites showing internal cavities.
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precedence for O2 binding and activation at dinuclear
copper centers. In tyrosinase and catechol oxidase, di-
copper centers catalyze the hydroxylation of tyrosine and
the conversion of catechols to quinones, respectively. The
active sites in these enzymes differ from the pMMO
dicopper center, in that the two copper ions are ligated
by six rather than three histidines and the Cu–Cu distances
are longer.51 In these enzymes, the active species is likely
to be a side-on µ-η2:η2 peroxo dicopper(II) complex.52,53


The isoelectronic species in which the peroxo O–O bond
is cleaved to yield a bis(µ-oxo)dicopper(III) complex has
been characterized in model compounds, although not
yet in biology. Interconversion between the bis(µ-oxo)di-
copper(III) and µ-η2:η2 peroxo dicopper(II) cores has been
observed for many synthetic systems and is the subject
of several theoretical studies.54–56


Could one of these moieties be involved in methane
oxidation by pMMO? By analogy to the above enzymes
and model complexes, O2 could react with a dicopper(I)
center in pMMO to yield either a µ-η2:η2 peroxo dicop-
per(II) or a bis(µ-oxo)dicopper(III) species. Injection of an
electron might then generate the mixed valent bis(µ-
oxo)CuIICuIII complex, which has been suggested to be
more reactive (Figure 6).30,57 Yoshizawa and Shiota have
investigated this possibility by computational methods.48,58


Using a dicopper model ligated by three imidazoles and
one acetate, their results suggest that the mixed valent
species is more reactive than the bis(µ-oxo)dicopper(III)
species and better suited to activation of the C–H bond
in methane. Although the mixed valent species is similar
in reactivity to the mononuclear Cu(III)–oxo complex, its
formation is energetically more favorable.48 One important
caveat to these results is that the assumed starting model
may not represent the dinuclear copper center accurately.
In particular, residue Glu 35 is modeled as a ligand,
although its side-chain oxygen atoms are >4 Å from the
copper ions in the crystallographic model (Figure 2B). In
addition, the Cu–Cu distance of 2.65 Å in reduced pMMO
is significantly shorter than that the >4 Å Cu–Cu distance
observed in reduced catechol oxidase and tyrosinase.51


Catalytic Mechanism. According to DFT calculations,
methane oxidation by the mononuclear CuIII–oxo species
discussed above begins with methane weakly bound to


the monocopper center followed by C–H bond cleavage,
formation of a nonradical intermediate, and recombina-
tion of OH and CH3. A similar mechanism was computed
for the bis(µ-oxo)CuIICuIII complex.48 Chan and co-
workers have investigated the pMMO mechanism using
M. capsulatus (Bath) membrane preparations. Hydroxy-
lation of both chiral ethane59 and chiral butane60 proceeds
with the retention of the configuration. These data
combined with hydrogen/deuterium kinetic isotope ef-
fects are consistent with a concerted, nonradical mech-
anism.59,60 In other studies, the absence of a carbon
kinetic isotope effect for propane oxidation was inter-
preted as evidence of minimal structural change at the
carbon center during transition-state formation in the
rate-limiting step.61


Conclusions
Recent structural, biochemical, and spectroscopic data
have provided the first steps toward understanding O2


activation by pMMO. Although the active site has not yet
been identified, the dinuclear copper site in the pmoB
subunit or an uncharacterized hydrophilic site within the
membrane region is the most likely candidate. Further
structural and spectroscopic studies are necessary to
elucidate the detailed coordination environments of the
metal centers, including the possible presence of exog-
enous ligands. Parallel investigations of pMMOs from
different organisms may also help pinpoint which metal
center activates O2. If possible, mutagenesis approaches
would be extremely informative. Once the active site is
identified, the real quest for understanding the methane
hydroxylation mechanism can be initiated.


This work was supported by the National Institutes of Health
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