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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-

* Corresponding author. E-mail: nocera@mit.edu.

Joel Rosenthal received a B.S. degree with honors in chemistry and mathematics
from New York University in 2001. As an undergraduate, Joel carried out research
with Professor David I. Schuster on the photochemical addition of enones to
fullerenes. As a Fannie and John May Hertz Foundation Fellow at the Mas-
sachusetts Institute of Technology (MIT), he pursued graduate studies with
Nocera centered on the study of proton-coupled electron transfer in model
donor–acceptor systems and the design of discrete catalysts for water–oxygen
interconversion. Following the completion of his Ph.D. studies, Joel has assumed
a position in the laboratory of Professor Stephen J. Lippard at MIT as a NIH
postdoctoral fellow to design sensors for in vivo metalloneurochemistry studies.

Daniel G. Nocera is the W. M. Keck Professor of Energy and Professor of
Chemistry in the Department of Chemistry at The Massachusetts Institute of
Technology. He received his undergraduate degree from Rutgers University in
1979. He pursued graduate studies at the California Institute of Technology with
Harry B. Gray and received his Ph.D. in 1984. Nocera began his independent
research career at Michigan State University and then moved to MIT in 1997.
His research interests are focused on biological and chemical energy conversion
with a primary focus in recent years on the photogeneration of hydrogen and
oxygen from water using light.

Scheme 1

Acc. Chem. Res. 2007, 40, 543–553

10.1021/ar7000638 CCC: $37.00  2007 American Chemical Society VOL. 40, NO. 7, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 543
Published on Web 06/27/2007



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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