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Abstract: 
 
Iron–porphyrins (i.e., hemes) are present throughout the biosphere and perform a wide range of 
functions, particularly those that involve complex multiple-electron redox processes. Some 
common heme enzymes involved in these processes include cytochrome P450, heme/copper 
oxidase or heme/non-heme diiron nitric oxide reductase. Consequently, the (hydr)oxo-bridged 
heme species have been studied for the important roles that they play in many life processes or 
for their application for catalysis and preparation of new functional materials. This review 
encompasses important synthetic, structural and reactivity aspects of the (hydr)oxo-bridged heme 
constructs that govern their function and application. The properties and reactivity of the 
bridging (hydr)oxo moieties are directly dictated by the coordination environment of the heme 
core, the nature and ligation of the second metal center attached to the (hydr)oxo group, the 
presence or absence of a linker, and the degree of flexibility around that linker within the 
scaffold. Here, we summarize the structural features of all known (hydr)oxo-bridged heme 
constructs and use those to categorize and thus, provide a more comprehensive picture of 
structure–function relationships. 
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INTRODUCTION

The characterization of a large class of oxo- 
and hydroxo-bridged (i.e., m-oxo and m-hydroxo) iron   
por phyrin complexes has generated considerable interest 
in their application for catalysis and preparation of new 
functional materials. Additionally, iron porphyrins (i.e., 
hemes) are present throughout the biosphere and perform 
a wide range of functions involving dioxygen (O2) 

chemistry, such as O2 transport or storage, O2-mediated 
catalysis (e.g., peroxidase, catalase, cytochromes P450 
(CYPs)), and reduction of O2 to water (i.e., cytochrome c 
oxidase (CcO)). Consequently, the (hydr)oxo-bridged iron 
porphyrin species have been studied for the important roles 
that they play in many life processes [1, 2]. The current 
examples of these synthetic and biological m-(hydr)oxo 
iron porphyrin constructs that are crystallographically 
characterized can be classified into three categories based 
on the nature of the second metal center attached to the 
m-(hydr)oxo moiety (i.e., in homo- or heterobinuclear 
arrangements) and its surrounding ligand environment 
(i.e., homo- or heteroleptic frameworks), see Fig. 1.

The most common structures of m-(hydr)oxo iron 
porphyrin are the m-(hydr)oxo heme dimers in which 
the homobinuclear ferric sites are found in homoleptic 
ligand environments (Fig. 1a). The m-oxo heme dimers, 
[(P)FeIII–O–FeIII(P)], can form from ferrous heme 
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dioxygen chemistry [3] or by hydrolysis of ferric hemes 
in the presence of a base. No specific preference for 
one method over the other has been established over 
the years, and these methods will not be recounted 
here. These oxo-bridged species are known for their 
substantial thermodynamic stability. While in the past 
they were viewed as catalytically inactive species, recent 
reports have described them as promising oxidative 
catalysts capable of mimicking cytochrome P450 
mono-oxygenase activity despite the lack of selectivity 
for a wide range of substrates including hydroxylation of 
C−H bonds, epoxidations, and sulfoxidation of thioether 
substrates. These reports are discussed in detail under 
the Catalysis and Other Reactions sections. Additionally, 
there is a growing intertest in application of m-oxo heme 
dimer complexes for development of functional molecular 
materials such as non-linear optics (NLO), dynamic 
macrocyclic polymers and hydrogels, molecular cages and 
sensors. Many studies have also proven that the m-oxo heme 
dimer complexes of ferriprotoporphy rin IX (i.e., the heme 
cofactor of hemoglobin) contribute to important biological 
functions associated with some infectious diseases such as 
periodontitis (i.e., gum disease) and malaria, vide infra.

The second group of m-(hydr)oxo iron porphyrin 
complexes comprises those with two ferric centers, one 
bearing a porphyrin ring and the other with a different 
ligand scaffold (i.e., homobinuclear complexes in 
heteroleptic ligand environments, Fig. 1b). There are only 
three examples of [(P)FeIII–O–FeIII(L)]n+ constructs that 
are crystallographically characterized. These complexes 
are among synthetic models for the active site of nitric 
oxide reductase (NOR) which contains a m-oxo-bridged 
heme/non-heme moiety in the oxidized active site. 
These constructs were also studied for photooxidation of 
various substrates.

Other examples of m-(hydr)oxo iron porphyrin 
complexes encompass all the heterobinuclear complexes 
in which the m-(hydr)oxo moiety bridges between a ferric 
heme and a non-iron metal center (e.g., copper, cobalt, 
and chromium; see Fig. 1c). In particular, m-(hydr)oxo 
heme-copper complexes have drawn more attention as 

biomimetic models of heme-copper oxidases such as 
CcO. Despite the significant thermodynamic stability of 
m-oxo heme dimers [(P)FeIII–O–FeIII(P)], the kinetically 
stable heterobinuclear [(P)FeIII–O–CuII(L)]n+ constructs 
can be generated through the reaction of O2 with 
equimolar amounts of the corresponding reduced heme 
and copper complexes. They can also be synthesized 
by the acid−base reaction of ferric heme hydroxide 
compound, [(P)FeIII–OH], and cupric complex, [(L)CuII] 
in the presence of a base.

The m-oxo heme-copper complexes are able to readily 
oxidize nitric oxide (NO(g)) to nitrite, which occurs 
through an electrophilic attack of NO(g) on the bridging 
oxo group accompanied by electron transfer (formally 
from NO(g) to the ferric heme). Detailed spectroscopic, 
kinetic-thermodynamic, and density functional theory 
(DFT) studies of this NO(g) oxidase activity revealed 
details of the reaction pathway at the molecular level, 
which will be briefly discussed, vide infra.

Oxo‑bridged homobinuclear homoleptic systems: 
[(P)FeIII–O–FeIII(P)]

The m-oxo heme dimers have been extensively studied 
over the past several decades. In 1969, Fleischer and 
coworkers [4], and shortly afterward Hoard and coworkers 
[5]–with higher resolution data–reported the first X-ray 
crystal structure for such oxo-bridged complexes (i.e., 
[(TPP)FeIII–O–FeIII(TPP)]) [6–8]. Since then, over 50 
additional structural datasets of various m-(hydr)oxo 
heme dimers have been deposited in the Cambridge 
Structural Database (CSD). Table 1 summarizes some 
of the relevant structural parameters for these complexes 
that are obtained exclusively by X-ray crystallography.

In all known m-(hydr)oxo heme dimers, each ferric 
center is pentacoordinated, bearing a porphyrin ring and 
a single bridging (hydr)oxo ligand that connects the two 
ferric centers. The FeIII–O–FeIII core in these compounds 
is generally near-linear due to the steric requirements for 
two heme groups coming into close proximity [9, 10]. 
Notably, significant p-bonding interactions are present 
between the bridging oxo and the d orbitals of the attached 
ferric sites, thus their hybridization considerably deviates 
from sp3 [11]. Both crystallographic and Extended X-ray 
Absorption Fine Structure (EXAFS) spectroscopic 
studies have confirmed that the Fe···Fe distances in m-oxo 
heme dimers are around 3.5 Å and the ferric sites are 
displaced toward the oxo-bridge by about 0.5 Å from the 
plane defined by the four porphyrin nitrogen atoms. For 
example, the ferric centers in [(TPP)FeIII–O–FeIII(TPP)] 
show larger out-of-plane displacement (i.e., 0.50 Å) 
from the plane of the four coordinating nitrogen 
atoms compared to the corresponding five-coordinate 
monomer [(TPP)FeIII(H2O)]+ (i.e., 0.19 Å) [12]. Due 
to strong interactions of ferric sites with the bridging 
oxo moiety, the Fe–O bond lengths are also generally 
shorter in m-oxo heme dimers compared with ferric 

Fig. 1. Schematic bridging structures of m-(hydr)oxo iron 
porphyrin constructs with homo- or heterobinuclear centers in 
homo- or heteroleptic frameworks
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Table 1. Selected structural features and spectral data for oxo- and hydroxo-bridged heme complexes

Complex 〈(P)Fe–O–M 
(°)e

〈Twist
(°)d

(P)Fe–O
(Å)ϡ

(P)Fe··M
(Å)ᴐ

Fe-Np 
(Å)a,g

DN4··Fe  
(Å)Λ

Abs. 
(nm)b

Refs.

[(TPP)Fe–O–Fe(TPP)] 174.6 35.4 1.763 3.52 2.087 0.496 408a [4, 5]

[(TPP)Fe–(OH)–Fe(TPP)](B(C6F5)4) 169.2 29.2 1.821 3.63 2.045 0.411 ––– [17]

[(TPPBr4)Fe–O–Fe(TPPBr4)] 178.7 34.3 1.758 3.52 2.070 0.502 419i [25, 134]

[(TTP)Fe–O–Fe(TTP)] 178.3 30.5 1.740/
1.741

3.48 2.068/
2.102

0.490/
0.564

––– [135]

[(TMPyP)Fe–O–Fe(TMPyP)](ClO4)8 175.2 32.5 1.750 3.50 2.081 0.465 ––– [18]

[(p-CTPP)Fe–O–Fe(p-CTPP)] 180.0 29.2 1.744 3.49 2.081 0.490 ––– [136]

[(TBPP)Fe–O–Fe(TBPP)] 174.5 31.0 1.761 3.52 2.080 0.494 408b [75]

[(FF)Fe–O–Fe] 161.1 24.3 1.787 3.53 2.081 0.537 409c [37]

[(TPPF5)Fe–O–Fe(TPPF5)] 178.5 36.2 1.777 3.55 2.088 0.542 404j [70, 137]

[(F8TPP)Fe–O–Fe(F8TPP)] 178.3 14.4 1.759 3.52 2.085 0.514 400d [119]

[(Porphen)Fe–O–Fe(Porphen)] 156.8 22.7 1.782 3.49 2.090 0.518 ––– [20]

[(OC2OPor)Fe–O–Fe(OC2OPor)] 180.0 28.6 1.764 3.53 2.068 0.461 410b [21]

[Ru(OEP)(CO)]4[Fe(trans-4-Py2T2P)]2O 177.3 29.8 1.762 3.52 2.083 0.469 394d [82]

[Ru(OEP)(CO)]4[Fe(cis-4-Py2T2P)]2O 171.4 25.8 1.747 3.48 2.057 0.483 394d [82]

[(DEsP)Fe–O–Fe(DEsP)] 166.7 29.5 1.760 3.50 2.072 0.442 ––– [138]

[(OEP)Fe–O–Fe(OEP)] 172.2 17.3 1.756 3.50 2.076 0.482 385d [16, 139]

[(OEP)Fe–O–Fe(OEP)] 176.2 16.8 1.755 3.51 2.083 0.500 ––– [16]

[(OEP)Fe–(OH)–Fe(OEP)](ClO4) 146.2 8.4 1.938 3.71 2.039 0.381 362d [16]

[(ODM)Fe–O–Fe(ODM)] 178.6 2.4 1.752 3.50 2.065 0.511 414d [9]

[(din-OEP)Fe–O–Fe(din-OEP)] 172.6 18.9 1.756 3.50 2.087 0.482 378b [140]

[(din-OEP)Fe–O–Fe(din-OEP)] 167.8 1.7 1.757 3.49 2.089 0.469 ––– [141]

[(trn-OEP)Fe–O–Fe(trn-OEP)] 180.0 0.2 1.758 3.52 2.085 0.456 361b [140]

[(tn-OEP)Fe–O–Fe(tn-OEP)] 175.1 24.2 1.772 3.54 2.095 0.545 369 b [140]

[(tn-OEP)Fe–O–Fe(tn-OEP)] 176.9 21 1.772 3.54 2.088 0.528 369 b [140]

[(TCPP)Fe–O–Fe(TCPP)] 179.8 33.6 1.760 3.52 2.083 0.462 361h [71]

[(PPIXDME)Fe–O–Fe(PPIXDME)] 170.4 27.2 1.748 3.48 2.078 0.416 ––– [10]

[(DEP)Fe–O–Fe] 152.0 1.0 1.780 3.45 2.083 0.522 344d [46]

[(ETA)Fe–O–Fe] · CH3CN 147.9 16.1 1.774 3.41 2.068 0.519 ––– [43]

[(ETA)Fe–O–Fe]·C7H8 151.2 16.3 1.768 3.42 2.077 0.500 ––– [43]

[(ETA)Fe–(OH)–Fe](SbF6) 152.1 16.4 1.937 3.76 1.976 0.292 376d [142]

[(ETA)Fe–(OH)–Fe](I3) 142.5 12.9 1.934/
1.897

3.63 2.007/
2.051

0.405/
0.451

380d [143]

[(ETA)Fe–(OH)–Fe](BF4) 148.6 14.8 1.925/
1.967

3.75 2.020/
1.967

0.363/
0.307

380d [144]

[(ETA)Fe–(OH)–Fe](ClO4) 141.2 10.8 1.911/
1.922

3.62 2.063/
2.054

0.469/
0.422

372d [144]

[(ETE)Fe–O–Fe] 150.9 0.6 1.783 3.45 2.080 0.532 394d [45]

[(ETE)Fe–(OH)–Fe](ClO4) 143.8 5.6 1.943 3.69 2.048 0.401 371d [145]

[(ETE)Fe–(OH)–Fe](I5) 142.4 2.5 1.924/
1.920

3.64 2.056/
2.048

0.456/
0.437

377d [145]

[(ETE)Fe–(OH)–Fe](TNP) 147.3 3.2 1.914 3.67 2.062 0.460 363d [48]

[(DPD)Fe–O–Fe] 158.8 1.5 1.782 3.5 2.105 0.565 395a [38,40]

[(DPXM)Fe–O–Fe] 155.2 3.7 1.789 3.49 2.087 0.566 ––– [41]

[(DPA)Fe–O–Fe] 165.7 0.7 1.759 3.49 2.085 0.483 ––– *

(Continued )
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axial ligand distances in corresponding monomer 
complexes. The m-oxo heme dimers are also electron 
paramagnetic resonance (EPR)-silent because of strong 
antiferromagnetic coupling between the two high-spin 
(S = 5/2) ferric sites [13]. 57Fe Mössbauer spectroscopy, 
Evans nuclear magnetic resonance (NMR) method, and 
superconducting quantum interference device (SQUID) 
magnetometry measurements have confirmed the large 
antiferromagnetic coupling constants (J = -120 to  
-140 cm-1) for these bridging complexes that is directly
correlated with their nearly linear Fe–O–Fe cores and
relatively short Fe–O distances (~1.75 Å) [14, 15].

The bridging oxo moieties in m-oxo heme dimers 
are commonly basic and, upon protonation, which is 
generally accompanied by varying degrees of re-hybridi-
zation, form the corresponding bent m-hydroxo heme 
dimers [16]. For comparison, the Fe–O–Fe angle of 
172° in [(OEP)FeIII–O–FeIII(OEP)] is significantly decre-
ased upon protonation (i.e., Fe–(OH)–Fe angle of the 

corresponding m-hydroxo heme dimer is 146°) [16], 
while in some cases such as [(TPP)FeIII–O–FeIII(TPP)] 
protonation of the bridging oxo only slightly changes the 
Fe–O(H)–Fe core angle (i.e., <5°; see Fig. 2 and Table 1) 
[17]. It is noteworthy that the two porphyrin cores in  
[(TPP)FeIII–(OH)–FeIII(TPP)]+ adopt ruffled-type confor-
mations in which opposite pyrrole rings are counter-rotated 
in a way that the meso carbons are alternatively displaced 
upward and downward with respect to the mean of the 
porphyrin planes (Fig. 2).

Another important structural parameter in m-(hydr)oxo 
heme dimers is the Np–Fe–Fe′–N′p dihedral angle (i.e., 
twist angle). The two possible extreme conformations 
are eclipsed (i.e., D4h symmetry and twist angle = 0°) and 
staggered (i.e., D4d symmetry and twist angle = 45°). The 
smaller average twist angle for [(OEP)FeIII–O–FeIII(OEP)] 
(~17°) compared with that of [(TPP)FeIII–O–FeIII(TPP)] 
(~35°), and other meso-substituted m-oxo heme dimers 
can be interpreted in terms of steric hindrance between 

Table 1. (Continued )

Complex 〈(P)Fe–O–M 
(°)e

〈Twist
(°)d

(P)Fe–O
(Å)ϡ

(P)Fe··M
(Å)ᴐ

Fe-Np 
(Å)a,g

DN4··Fe  
(Å)Λ

Abs. 
(nm)b

Refs.

[(DPX)Fe–O–Fe] 175.8 3.0 1.763 3.52 2.074 0.512/
0.452

––– *

[(6L)Fe–O–Fe(X)](PF6)
å 166.6 ––– 1.785 3.56 2.074 0.537 416d [104]

[(5L)Fe–O–Fe(Cl)](ClO4) 157.5 ––– 1.767 3.48 2.084 0.503 413d [103, 146]

[(F8TPP)Fe–O–Fe(Cl)(TMPA)](ClO4) 156.6 ––– 1.777 3.47 2.095 0.464 411d [103, 104]

[(NCH3TPP)Fe-O-Fe(TPP)](ClO4) 165.3 30.2 1.741/
1.767

3.48 2.107/
2.067

0.546/
0.441

414l [97, 147]

[(TMP)Fe–O–Cu(5MeTPA)] (B(C6F5)4) 172.8 ––– 1.760 3.61 2.115 0.601 442k [115]

[(TMPP)Fe–O–Cu(TMPA)](B(C6F5)4) 173.5 ––– 1.720 3.54 2.102 0.548 443e [129]

[(F8TPP)Fe–O–Cu(TMPA)](ClO4) 178.2 ––– 1.740 3.60 2.105 0.554 435e [108, 125]

[(F8TPP)Fe–O–Cu(MePY2)](B(C6F5)4) 142.5 ––– 1.756 3.41 2.094 0.553 438e [125]

[(F8TPP)Fe–O–Cu(LMe2N)](B(C6F5)4) 143.5 ––– 1.747 3.42 2.096 0.550 449f [120]

[(F8TPP)Fe–O–Cu(AN)](CF3O3S) 149.5 ––– 1.746 3.44 2.090 0.507 440g [124]

[(6L)Fe–O–Cu](B(C6F5)4) 171.1 ––– 1.749 3.59 2.103 0.579 424c [110]

[(OEP)Fe–O–Cu(Me6tren)](ClO4) 176.6 ––– 1.744 3.57 2.112 0.581 427d [109]

[(OEP)Fe–(OH)–Cu(Me5dien) 
(OClO3)](ClO4)

157.1 ––– 1.928 3.81 2.042 0.414 ––– [118]

[(TPP)Fe–O–Cr(Pip)(TPP)] 177.7 29.7 1.751 3.53 2.097 0.533 427a [131]

[(TMPP)Fe–O–Cr(Py)(TPP)] 178.0 32.0 ––– 3.60 ––– ––– 424a [130]

[(F8TPP)Fe–O–Co(TMPA)](ClO4) 171.6 ––– 1.747 3.58 2.110 0.562 437d [132]

{Au8(μ-PAnP)4[(TPyP)Fe–O–Fe 
(TPyP)]}(CF3O3S)8

157.8 19.9 1.752 3.44 2.030 0.428 412 [80]

[(TPP)Fe–O–Fe(TPP)] · C60 173.7 30.3 1.758 3.51 2.078 0.467 ––– [77]

[(TPP)Fe–O–Fe(TPP)] · C70 180.0 29.0 1.756 3.51 2.083 0.490 ––– [78]

[(OEP)Fe–O–Fe(OEP)] · C60 150.2 28.7 1.773 3.43 2.098 0.515 ––– [76]

ΛIron displacement from the porphyrin’s nitrogen plane (N4); 
aNitrogen atoms forming porphyrin core (Np); 

bUV-vis absorption (Soret band); gAverage of eight (or four) 

Fe–N bond distances; dDegree of torsion (twist) between two porphyrin rings; eDegree of bending in the heme iron–oxo–metal ((P)Fe–O–M) moiety; ϡ Bond distance 

between the heme-iron and bridging O-atom; average of two bonds unless two distances are stated; ᴐHeme iron to metal bond distance; *CSD Private Communication; 
åLigand X- represents chloride or methoxide; aBenzene; bChloroform; cToluene; dDichloromethane; Acetone; f6% Propionitrile : 94% Dichloromethane; gTetrahydrofuran; 
hn-Dimethylformamide; iBenzonitrile; jMethanol; kAcetonitrile; lDichloroethane; m10% Methanol : 90% Chloroform.
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the bulky peripheral substituents which is absent in 
the m-oxo heme dimer bearing the OEP frameworks. 
The facing porphyrin rings in all derivatives of  
[(TPP)FeIII–O–FeIII(TPP)] are also considerably rotated 
with respect to each other so that peripheral phenyl rings 
are almost staggered, see Fig. 2. Thus, the twist angle 
is a sensitive function of the peripheral substituents and 
interplanar spacing. 

In addition to the extensive number of studies on 
organic-soluble m-oxo heme dimers, many synthetic 
water-soluble derivatives have also been prepared  
[18, 19]. For these derivatives the bulky peripheral 
groups can also deter the aggregation process while 
water solubility can be achieved through charged 
peripheral substituents such as the negatively charged 
 sulfo nates in [(TPPS)FeIII–O–FeIII(TPPS)]8- or the  
positi vely char ged methylpyridinium groups in 
[(TMPyP)FeIII–O–FeIII(TMPyP)]8+. The structural 
features of the water-soluble m-oxo heme dimers are mostly 
comparable with their organic-soluble counter parts, see 
Table 1.

A large variety of additional modifications on the heme 
cores have led to a number of other novel m-oxo heme dimer 
structures. For example, efforts for introduc tion of a poten-
tial second metal binding site in a phenan throline-strapped 
porphyrin framework or attempts for providing a 

bar rier above the porphyrin ring in “capped” porphyrins 
resulted in the discovery of the very bent m-oxo moiety 
in [(Porphen)FeIII–O–FeIII(Porphen)] [20] and perfectly  
linear arrangement in [(OC2OPor)FeIII–O–FeIII (OC2OPor)] 
[21], see Table 1.

The electronic absorption spectra of m-oxo heme dimers 
are blue-shifted relative to their corresponding ferric heme 
monomers. For example, in dichloromethane (DCM), 
the Soret band of dimeric [(OEP)FeIII–O–FeIII(OEP)] is 
at 385 nm while that of monomeric [(OEP)FeIII(ClO4)] 
is at 389 nm. Additionally, the UV-vis spectrum of the 
protonated dimer, [(OEP)FeIII–(OH)–FeIII(OEP)] shows 
a strongly blue-shifted Soret band at 362 nm [16], see 
Table 1. These blue shifts of the electronic absorption 
spectra are ascribed to the excitation coupling between 
the two heme chromophores which are diagnostic of 
dimeric constructs with the cofacial orientations.

Electrochemistry. A number of studies have suggested 
that the stepwise first and second one-electron reduction 
of the m-oxo diferric heme dimers are metal-centered. 
The first electrochemical reduction yields a paramagnetic 
ferric-ferrous m-oxo heme dimer intermediate (g = 1.95) 
followed by the second reduction step to generate a fully 
reduced high-spin ferrous–ferrous m-oxo heme dimer 
intermediate [22–26]. These dimer species have been 
postulated based on a combination of electrochemical 
analysis and the data obtained from surface-enhanced 
Raman scattering (SERS), UV-vis absorption and EPR 
spectroscopies. However, there appear to be some 
disagreements in the literature over the exact nature of 
the bridging group (i.e., m-oxo or -hydroxo) in these 
dimeric intermediates [27].

Furthermore, cyclic voltammetry of m-oxo heme 
dimers such as [(TPP)FeIII–O–FeIII(TPP)] show two 
chemically reversible one-electron oxidation processes 
and in most cases both oxidations appear to take 
place on porphyrin cores rather than iron centers 
[15]. The products of these oxidations have not been 
structurally characterized, but spectroscopic and magnetic  
measure ments strongly support formation of the 
porphyrin p-cation radical with strong antiferromagnetic 
coupling to the ferric center [28–30]. 

Tethered systems. Cofacial or “Pacman” type porphyrin 
systems have a rich history in catalyzing multielectron 
redox reactions of small molecules (e.g., four electron 
reduction of O2 to water) [31, 32]. Consequently, the 
chemistry of tethered m-(hydr)oxo heme dimers where 
the two porphyrin rings are covalently connected have 
drawn considerable interest in recent years and have been 
meticulously reviewed elsewhere [33–36]. Both “rigid” 
and “flexible” linkers of variable lengths have been used 
for controlling the Fe···Fe distance and degree of opening 
and closing within the cofacial cleft, see Chart 1. 

Reed and coworkers reported the first example of a 
bis-iron(III)-m-oxo cofacial porphyrin [37]. The urea- 
linked bis-tetraphenyl porphyrin (FF) accommo dates 
a bent Fe–O–Fe angle of 161° possibly due to the 

Fig. 2. Side-by-side views of m-oxo and m-hydroxo heme 
dimers, [(P)FeIII–O(H)–FeIII(P)]n+ (n = 0 or 1), with the OEP or 
TPP frameworks, displaying their structural differences such as 
the Fe–O–Fe moiety angles and twist angles
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hydrogen-bonding network of two water molecules 
between the bridging oxo moiety and hydrogen atoms 
of the urea linker, see Chart 1. The FF scaffold also 
allows significant rotational flexibility for the tethered 
porphyrin rings as evidenced by the twist angle of 24°. 
Later, Nocera and coworkers prepared a host of bis-
iron(III)-m-oxo cofacial porphyrins bearing rigid linkers 
such as dibenzofuran (i.e., DPD, DPDM and DPDF) and 
xanthene (i.e., DPX and DPXM) [38–42]. Unlike other 
m-oxo heme dimers, rotation of the two heme cores with 
respect to each other is restricted by the rigid dibenzofuran 
or xanthene linker (Chart 1), thereby creating an almost 
eclipsed conformation with a twist angle of less than 4° 
(Table 1). Interestingly, these tethered platforms with 
rigid linkers can house a variety of Fe–O–Fe angles, from 
a near-linear m-oxo structure in DPX (i.e., 176°) to a bent 
Fe–O–Fe angle of 155° in DPXM. 

To bring the two ferric sites in closer contact, Rath 
and coworkers prepared alternative cofacial constructs 
bearing linkers with different degrees of flexibility  
(i.e., ethane-, ethene-, and pyrrole-bridged m-oxo heme 
dimers, see Chart 1) [43–46]. Perhaps the most striking 
features of these bis-iron(III)-m-oxo constructs are their 
small cleft size which directly translates to the very 
bent Fe–O–Fe angle of about 150° and shorter Fe···Fe 
distance (i.e., ≤ 3.45 Å) compared to other known m-oxo 
heme dimers, see Table 1. The highly flexible ethane 
linker in the ETA framework allows for the heme cores to 
make a 16° twist angle to minimize the steric hindrance 
of the ethyl groups. In turn, the relatively less flexible 
pyrrole linker in the DEP framework or the rigid ethene 
linker in the ETE scaffold restricts the free rotation of 
the attached heme cores, thus holding them in a fully 
eclipsed conformation (i.e., twist angle of ≤1°). A series 
of bis-iron(III)-m-hydroxo cofacial porphyrins of this 
group (i.e., ETA, ETE, and DEP) have been generated 
from protonation of the corresponding m-oxo complexes 
by addition of strong Brønsted acids with non- or 
weakly coordinating conjugate bases (e.g., BF4

-, PF6
-, 

SbF6
-, ClO4

-, and I-). In these tethered systems, further 
bending of the Fe–O(H)–Fe angle upon protonation is 
also observed; consequently, the two heme cores further 
approach each other. The extreme closeness of the two 
heme chromophores leads to even more substantial 
blue-shifting in the bis-iron(III) m-hydroxo cofacial 
porphyrins compared to their m-oxo counterparts. 
Another interesting observation is the lack of equivalency 
of the spin states in the attached heme cores of these 
tethered m-hydroxo systems. The computational and 
spectroscopic studies point to varying degrees of 
interaction between the linked ferric hemes and different 
counter anions that may result in subtle environmental 
perturbations in one of the ferric sites. These asymmetric 
interactions are generally governed by the size, charge, 
and nature of the anions, which consequently can lead to 
increased ring deformation and modulation of the spin 
state of one of the two ferric heme cores. For instance, the 

bis-iron(III)-m-hydroxo cofacial porphyrins with I3
- or I5

- 
counterions, possess one high-spin ferric site (S = 5/2) 
along with a second ferric site with admixed-intermediate 
spin state (S = 3/2 with a minor contribution from S = 5/2).

The stochiometric reaction of a weaker acid such as 
2,4,6-trinitrophenol (HTNP) with [(ETE)FeIII–O–FeIII] 
gen erates the m-hydroxo adduct, [(ETE)FeIII–(OH)–FeIII]· 
(TNP) in which the planar structure of the phenoxide 
group fits within the cofacial cleft cavity, therefore 
forming a fairly strong hydrogen bond with the bridging 
hydroxo moiety (i.e., O1···O8 distance is 2.58 Å and C–O8 
bond length is 1.24 Å) [47], see Fig. 3. Interestingly, 

the two ferric centers in this adduct are equivalent 
in the solid state (high-spin state; S = 5/2) and both 
convert to intermediate spin (S = 3/2) in solution as 
observed by 1H NMR spectroscopy. The results from 

Chart 1. Schematic representation of tethered m-oxo heme 
dimers bearing “rigid” or “flexible” linkers

Fig. 3. X-ray crystal structure of the bis-iron(III)-m-
hydroxo cofacial porphyrin, [(ETE)FeIII–(OH)–FeIII], and 
2,4,6-trinitrophenoxide adduct with a fairly strong hydrogen 
bond between the phenoxide group and the bridging hydroxo 
moiety. Recreated with permission from [48]. Copyright 2016 
John Wiley & Sons, Inc.
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several DFT calculations were also in agreement with 
the experimentally observed ferric spin crossover 
triggered by hydrogen bonding. Further titration of the  
[(ETE)FeIII–(OH)–FeIII] · (TNP) with the second 
equivalent of the phenol results in breakage of the 
bridging hydroxo moiety and formation of one water 
molecule. This is accompanied by coordination of one of 
the resulting phenoxide groups to each ferric site forming 
[(ETE)FeIII

2(TNP)2] [48]. Hendrickson and Wollmann 
also reported a similar observation for the reaction of 
excess organic acids with the untethered m-oxo complex, 
[(TPP)FeIII–O–FeIII(TPP)] [49, 50]. 

Catalysis. Several tethered and untethered m-oxo 
heme systems have been studied for both photochemical 
and thermochemical catalytic oxidations of a variety of 
substrates under different conditions. In all cases, the 
ferryl heme species are widely invoked as key oxidizing 
intermediates that are formed during the catalytic cycles 
proceeded by heterolytic cleavage of the Fe–O–Fe moiety 
[15]. Furthermore, a common unwanted side reaction is 
self-degradation of the heme sites due to attack of these 
highly reactive intermediates on the porphyrin ring itself.

The first examples of the photolysis of m-oxo heme 
dimers were provided by Richman and Peterson in the 
1980s. The authors showed that direct excitation of the 
O → Fe ligand-to-metal charge transfer (LMCT) band  
(lmax = 320 nm) leads to photochemical disproportionation 
of [(TPP)FeIII–O–FeIII(TPP)] into the corresponding 
ferrous and oxo-ferryl monomers (i.e., [(TPP)FeII] and 
[(TPP)FeIV=O]) [51–53]. The resulting ferryl heme 
monomer represents a strong oxidant that is capable of 
substrate oxidation through an oxygen atom transfer 
reaction [54]. Subsequently, the second equivalent of 
ferrous heme is formed, and the m-oxo heme dimer is 
regenerated in the presence of O2, thus the process becomes 
catalytic. By photolyzing [(TPP)FeIII–O–FeIII(TPP)] in 
the presence of O2, catalytic oxidation of a wide range of 
substrates such as alkyl and aryl phosphines, amines and 
olefins was accomplished [55, 56]. 

Furthermore, the picosecond absorption studies of 
the photoexcitation of [(TPP)FeIII–O–FeIII(TPP)] by 
Rentzepis and coworkers revealed the presence of a 
very short-lived intermediate with a lifetime of <100 ps 
which was described as an excited state localized to a 
monomer unit. Subsequently, this intermediate converts 
mainly to the photodissociated pair [(TPP)FeIII]+ 
plus [(TPP)FeIII–O]- and, to a lesser extent, forms 
the photodisproportionation products, [(TPP)FeII] 
and [(TPP)FeIV=O], see Scheme 1. In the absence of 
substrates, the recombination of the photoproducts takes 
place in less than 5 ns, regenerating the starting m-oxo 
heme dimers [57]. Later, resonance Raman (RR) studies 
further confirmed the formation of the five-coordinate 
low-spin oxo-ferryl (i.e., [(TPP)FeIV=O]) from the 
photodisproportionation of [(TPP)FeIII–O–FeIII(TPP)] in 
a detergent micelle at room temperature (e.g., FeIV=O 
vibrational frequency (vFeO) is at 843 cm-1) [58].

Nocera and coworkers have done considerable 
research on the photophysics of a number bis- 
iron(III)-m-oxo “Pacman” porphyrin systems [32]. 
In order to understand the effect of a spring-loaded 
cleft on the photoinduced oxygenation of substrates, 
a comparative reactivity study of two tethered (i.e., 
DPD and DPX) and one untethered (i.e., etioporphyrin 
abbreviated as Etio) bis-iron(III)-m-oxo porphyrin 
systems was performed [39]. The results of the 
stoichiometric oxygenation reactions of dimethyl 
sulfide (DMS) revealed that the product quantum yields 
for formation of both dimethyl sulfoxide (DMSO) and 
dimethyl sulfone (DMSO2) increase in the order of: [(DPX)
FeIII–O–FeIII] < [(Etio)FeIII–O–FeIII(Etio)] < [(DPD)
FeIII–O–FeIII]. According to this observation, the authors 
proposed that the signifi cant vertical flexibility of the 
DPD platform triggers the “molecular spring” action of 
[(DPD)FeIII–O–FeIII], which can hinder recombination 
and regeneration of the starting bis-iron(III)-m-oxo 
porphyrin system to some extent and/or support a side-on 
approach of substrate to the oxo-ferryl intermediate. 
Subsequently, the transient absorption study showed 
that the cage escape yield is generally low, even for the 
untethered system [40]. The results suggested that the 
quantum yields of photocatalytic oxidation of substrates 
may be significantly increased if the escape yield of 
photodisproportionation intermediates (i.e., FeII/FeIV=O 
pair) can be improved.

Later, a modified DPD platform bearing three 
pentafluorophenyl groups in the meso positions of the 
porphyrin rings (DPDF) was investigated [42]. The 
electron-withdrawing peripheral substituents enhance the 
oxidizing power of the photogenerated oxo-ferryl species, 
therefore the corresponding bis-iron(III)-m-oxo porphyrin 
system catalyzes the aerobic photochemical oxidation 
of phosphines, sulfides, olefins, and hydrocarbons with 
higher turnover numbers [42, 59]. Notably, the presence 
of the ancillary pentafluorophenyl groups in the [(DPDF)
FeIII–O–FeIII] system also lowers the susceptibility of the 
porphyrin to oxidative decomposition and induces the 

Scheme 1. Two chemically feasible photoproducts (i.e., the 
photodisproportionation products (top) and photodissociated pair 
(bottom)) resulting from LMCT excitation of m-oxo heme dimers
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photoreaction at longer wavelengths in the visible region 
(lexc > 425 nm) [42, 59]. The photochemical efficiency of
substrate oxidation also diminishes with an increase in 
the steric bulk of the substrates, due to limited access to 
cleft of the “Pacman” scaffold and active oxidant.

Turning next to the ethane- and ethene-bridged 
m-oxo heme dimers, Rath and coworkers reported both 
stoichiometric and catalytic photochemical oxidation 
of organophosphites (i.e., P(OR)3; R = Me, Et) under 
anaerobic and aerobic conditions, respectively. The 
[(ETE)FeIII–O–FeIII] platform with the rigid ethene linker 
shows higher photochemical catalytic efficiency [43–45].

The first reports of related studies on thermo-
chemical catalytic oxidation of hydrocarbons (e.g., 
hydro xyl ation of cyclohexane or 2-methylbutane) using  
[(TPP)FeIII–O–FeIII(TPP)] with iodosobenzene (PhIO) as 
a terminal oxidant were published by Guo in 1994. The 
author also evaluated the effect of peripheral substituents 
(electron-donating vs. electron-withdrawing), reaction 
temperature, solvent, and exposure to air on the catalytic 
activity of the m-oxo heme dimers [60–62]. Later, the 
application of m-oxo heme dimers for direct aerobic 
oxidation of other hydrocarbons (e.g., cyclopentane, 
cyclooctane, ethylbenzene or toluene), with the O2 
serving as the terminal oxidant, was investigated 
[63–65]. Guo and coworkers subsequently examined 
the influence of dioxygen pressure and flow rate in the 
homogeneous liquid-phase aerobic oxidation of toluene 
to benzaldehyde, benzyl alcohol, and benzoic acid under 
conditions similar to those of commercial operations. 
Their results from semi-batch and continuous operation 
mode reveal that at O2 partial pressure lower than 
0.070 MPa at 190 °C, the oxidation of toluene is directly 
limited by the concentration of dissolved O2, whereas 
the oxidation rate of toluene is zero-order with respect 
to O2 at higher partial pressures. Moreover, they showed 
that the sequential decrease of temperature in a series of 
three stirred-tank reactors could significantly increase the 
selectivity and yield of benzaldehyde and benzyl alcohol 
up to about 17 and 44%, respectively [66, 67].

Despite extensive reports on the thermochemical 
oxidation of substrates using m-oxo heme dimers, the 
intricate nature and mechanism of formation of the 
putative ferryl intermediate(s) involved are still unclear. 
The m-oxo heme dimers are generally regarded as 
thermally inert species that show little or no tendency 
toward thermochemical disproportionation. However, 
a recent study by Meyer and coworkers shows that a 
non-heme bis-iron(III)-m-oxo with macrocyclic tetra-
carbene (LNHC) ligation, [(LNHC)FeIII–O–FeIII(LNHC)]4+, 
thermally disproportionates in an acetonitrile solution 
into the oxo-ferryl and ferrous components. The 
disproportionation equilibrium for this m-oxo complex in 
the dark, although very small (i.e., Keq = 7.5 × 10-8 M), 
is non-zero and translates to a Gibbs free energy change 
(DG°) of about 40 kJ . mol-1 (i.e., 9.6 kcal . mol-1) at 
room temperature [68]. A similar disproportionation 

equilibrium may be responsible for the observed 
thermochemical reactivity of m-oxo heme dimers toward 
a wide range of substrates.

Other reactions. The m-oxo heme dimers have also 
been explored for other redox and acid-base reactions. 
For example, Webster and coworkers reported that 
m-oxo heme dimers, such as [(TPP)FeIII–O–FeIII(TPP)], 
can readily catalyze the hydrophosphination of styrene 
derivatives and effect one or two consecutive activation 
reactions on the primary phosphines to form secondary 
or tertiary products in modest to excellent yields [69], 
see Fig. 4. The electron-deficient analogue of the TPP 
platform with the pentafluorophenyl meso-substituents 
in [(TPPF5)FeIII–O–FeIII(TPPF5)] has been utilized for an 
oxidative desulfurization process of a model oil containing 
the representative refractory sulfur compounds in 
petroleum such as dibenzothiophene and its derivatives. 
The catalytic system operates in a biphasic medium at 
room temperature and in the presence of H2O2 as the 
terminal oxidant forming the corresponding sulfoxides 
and sulfones [70].

Another example of the m-oxo heme dimers 
developed for catalyzing redox processes is [(TCPP)
FeIII–O–FeIII(TCPP)]. Here, the peripheral carboxylic 
groups form a network of hydrogen bonds between 
porphyrin planes of neighboring m-oxo heme dimers 
creating a two-dimensional (2D) array. Subsequently, 
the 2D arrays are stacked along the (001) direction 
supporting the interlayer p–p interactions (interlayer 
distance is about 3.7 Å) and ultimately form a continuous 
three-dimensional (3D) porous network, see Fig. 5. 

Fig. 4. Hydrophosphination of some activated alkenes 
with activated primary (H2PPh) or secondary (HPPh2) phos-
phines catalyzed by [(TPP)FeIII–O–FeIII(TPP)] as reported 
in [69]
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The resulting coordination network exhibits moderate 
heterogeneous catalytic activity for the oxidation of 
alcohols to aldehydes. Remarkably, the m-oxo heme 
dimer scaffold plays a dual role as both the catalyst and 
supramolecular synthon in the catalytic network [71].

Reactivity of a series of m-oxo heme dimers 
toward various nitrogen oxides (e.g., nitric oxide 
(NO(g)), dinitrogen tetroxide (N2O4), and dinitrogen 
trioxide (N2O3)) have also been studied by Fanning, 
Scheidt and coworkers [72, 73]. The reaction of 
the [(TPP)FeIII–O–FeIII(TPP)] complex with NO(g) 
in toluene yields the nitro-nitrosyl complex,  
[(TPP)FeIII(NO2)(NO)], while its reaction with N2O4 or 
N2O3 in toluene produces the corresponding ferric heme 
nitrate (i.e., [(TPP)FeIII(NO3)]) [72]. Moreover, the m-oxo 
heme dimers can serve as precursors for the preparation 
of a host of bridged heme dimer species through the 
acid–base reactions. An example for such species is the 
first structurally characterized heme hyponitrite adduct, 
[(OEP)FeIII–(N2O2

2–)–FeIII(OEP)], which was generated 
by the reaction of the corresponding m-oxo heme dimers 
(i.e., [(OEP)FeIII–O–FeIII(OEP)]) with hyponitrous 
acid (H2N2O2) accompanied by the release of a water 
molecule [74].

Applications in functional molecular materials. 
The m-oxo heme dimer is a versatile platform for 
additional substitutions and the construction of 
preorganized frameworks; therefore there is a growing 
intertest in the potential application of m-oxo heme 
dimer complexes in the field of functional molecular 
materials. It has been shown that the nonlinear optical 
properties of the m-oxo heme dimers are superior in 
comparison with the corresponding monomers due 
to their more delocalized p-conjugated systems. For 
example the self-assembled nanostructures of the 
[(TBPP)FeIII–O–FeIII(TBPP)] complex are endowed 
with remarkable third-order nonlinear optical (NLO) 

properties and show almost an order of magnitude 
larger two-photon absorption (TPA) cross-section 
value than that of the monomer [75].

Additionally, efforts for development of photo-
active materials for photovoltaic and light-harvesting  
applica tions have led to interesting m-oxo-heme-dimer- 
fullerene supramolecular architectures. These fullerene- 
adducts generally exhibit intense charge transfer (CT) 
bands in the visible range due to effective overlap of 
their highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) between 
the concave surfaces of the five-coordinate porphyrin 
moieties and spherical fullerene molecules. Balch and 
coworkers cocrystallized the [(OEP)FeIII–O–FeIII(OEP)] 
complex with fullerene in benzene. The Fe–O–Fe angle 
in [(OEP)FeIII–O–FeIII(OEP)] · C60 · C6H6 is markedly 
bent at 150° and a benzene molecule inserted into the 
space between the two porphyrin rings, see Fig. 6. Thus, 
the significant variation for the Fe–O–Fe angle in the 
supramolecular assembly and starting m-oxo heme dimer 
(〈Fe–O–Fe = 172°) reveals that the bridging oxo moiety 
in these platforms is rather flexible and can be varied 
by a combination of intermolecular interactions and 
crystal packing forces [76]. Cocrystallization of  [(TPP)
FeIII–O–FeIII(TPP)] with the spherical C60 fullerene also 

Fig. 5. Stacking of hydrogen bonded 2D layers of the  
[(TCPP)FeIII–O–FeIII(TCPP)] units through p–p interactions 
(about 3.5 to 3.9 Å) among the dimers of each layer. Adapted 
with permission from [71]. Copyright 2015 Royal Society of 
Chemistry

Fig. 6. Molecular structures of [(P)FeIII–O–FeIII(P)] · C60 
complexes in which a μ-oxo heme dimer is packed between two 
fullerene molecules. Recreated with permission from [76, 77]. 
Copyright 2003 American Chemical Society and 2016 John 
Wiley & Sons, Inc.
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forms a neutral solid-state supramolecular architecture 
with significantly modified optical properties. The 
Fe–O–Fe angle in the [(TPP)FeIII–O–FeIII(TPP)] · C60 
is similar to that of the parent compound, see Fig. 6 
and Table 1 [77]. Moreover, the complexation of the  
[(TPP)FeIII–O–FeIII(TPP)] with the ellipsoidal C70 
fullerene has been studied by Lyubovskaya and 
coworkers. A close examination of molecular packing 
of [(TPP)FeIII–O–FeIII(TPP)] · C70 reveals that at room 
temperature, freely rotating C70 molecules occupy the 
large cavities formed by the m-oxo heme dimers, whereas 
at lower temperature (T ≤ 100 K) the appearance of 
additional Van der Waals forces significantly reduces the 
size of those vacancies, thus hindering the rotation of C70 
molecules [78].

The water-soluble m-oxo heme dimer  
[(TMPyP)FeIII–O–FeIII(TMPyP)]8+ has also been used 
to induce aggregation of the solid or hollow gold 
nanospheres into a plasmonic nanoparticle network. 
Detailed spectroscopic and microscopic measurements 
of the resulting plasmonic nanoparticle networks 
supported the “edge-on” configuration in which both 
heme planes of the m-oxo heme dimer align parallel 
to the interparticle axis, thus separating the gold 
nanoparticles by about 1.5 nm, which consequently 
leads to a red-shifted coupled plasmon mode [79]. Here, 
four methylpyridinium groups (two from each porphyrin 
ring) are electrostatically adsorbed on the surface of 
each nanoparticle, see Fig. 7.

Yip and coworkers have recently reported 
a pH-responsive molecular cage that can 
reversibly undergo conformational transitions 
shown in Fig. 8. The molecular cage,  
{Au8(m-PAnP)4[(TPyP)FeIII(H2O)2]2(CF3O3S)2}

8+, 
readily self-assembles from two cofacial  
[(TPyP)FeIII(H2O)2] complexes and four gold clips, 
[Au2(PAnP)Cl2]. Under basic conditions, the formation 

of a bridging oxo moiety leads to contraction of the 
cage and twisting of the two heme cores to minimize 
the steric hindrance. In the resulting m-oxo heme dimer, 
{Au8(m-PAnP)4[(TPyP)FeIII–O–FeIII(TPyP)]}8+, the two 
ferric heme sites stay tethered by the four gold clips. The 
formation of the oxo-bridge accompanies significant 
conformational changes both in the height of the 
molecular cage (i.e.,  contraction from 8.6 to 4.4 Å) 
and the twist angle for the two porphyrin rings (i.e., 
going from a nearly eclipsed conformation to a bridged 
structure with a dihedral angle of 20°) [80]. A recent 
report by Schiemann and coworkers also explained 

Fig. 7. Plasmonic nanoparticle networks with “edge-on” 
configuration where the Fe–O–Fe bond of a m-oxo heme 
dimer is perpendicular to the interparticle axis of two gold 
nanoparticles, as reported in [79]

Fig. 8. The pH-responsive molecular cage reversibly under-
goes conformational transitions; e.g., the presence of a base 
promotes the formation of the m-oxo gold-clip complex, 
{[Au8(m-PAnP)4[Fe2(m-O)(TPyP)2]}(CF3O3S)8, thus inducing 
contraction of the porphyrin interplane distance. Recreated 
with permission from [80]. Copyright 2018 John Wiley & 
Sons, Inc.
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a new class of m-oxo heme dimer structures bearing a 
nitroxide (i.e., stable cyclic radical) pendant arm on each 
heme core, in which the dynamics of the heme cores 
and appendages were studied by EPR spectroscopy as 
well as quantum chemistry based molecular dynamics 
simulations. The internal structure and dynamics of these 
m-oxo heme dimers in solution resemble the motion of a 
step motor [81].

Other mixed-metal self-assemblies have also been 
developed using a similar approach where coordination 
bonds such as metal-pyridyl interactions are employed 
to assemble highly ordered porphyrin structures. For 
example, Imamura and coworkers prepared two novel 
hexaporphyrin constructs through introduction of the two 
pyridyl groups into the meso positions of each porphyrin 
ring in the m-oxo heme dimer. Each pyridyl group 
coordinates to a ruthenium porphyrin unit forming the two 
hexaporphyrins, [Ru(OEP)(CO)]4[Fe(cis-4-Py2T2P)]2O 
and [Ru(OEP)(CO)]4[Fe(trans-4-Py2T2P)]2O [82]. 

Shinkai and coworkers reported another class of 
modified m-oxo heme dimers for the boronic-acid-based 
saccharide recognition. Here, the peripheral boronic 
acid substituents on the porphyrin rings can act as 
the sugar-binding sites. Remarkably, these highly 
selective and sensitive “sugar tweezers” exhibit large 
association constants (104 to 105 M-1) with D-glucose 
and D-galactose. The saccharide-binding process 
triggers chiral twisting of the two heme sites which 
can be readily monitored by circular dichroism (CD) 
spectroscopy [83, 84].

Further work has also demonstrated that the 
m-oxo heme dimers can serve as useful platforms for 
construction of responsive materials such as dynamic 
macrocyclic polymers, hydrogels, or ion-sensitive 
membrane electrodes [85]. These m-oxo constructs are 
especially promising for pH sensing due to the ability 
of the bridging oxo moiety to reversibly undergo 
protonation and deprotonation, thus bond breakage 
(i.e., opening process) or formation (i.e., closing 
process) at various pH values can take place. For 
example, Deffieux and Schappacher have investigated a 
reversible unimolecular macrocyclization method (i.e., 
end-to-end cyclization reaction) using polystyrenes or 
poly(ethylene oxide)s with terminal ferric heme groups. 
For the linear ferric precursors, macrocyclization takes 
place through hydrolysis of ferric heme ends which 
is followed by intramolecular condensation to form a 
stable bis-iron m-oxo porphyrin and an assembly of a 
cyclic polymer ring. The addition of hydrochloric acid 
to the green cyclic polymer solution, in turn, regenerates 
the red-brown linear polymer chain with the ferric heme 
chloride end groups, see Scheme 2 [86, 87]. The authors 
also explored a reversible on-and-off switching between 
the linear and cyclic polymer architectures using a 
redox process. Here, upon exposure to air, the terminal 
ferrous heme groups of the linear precursor instantly 
react with O2 to form the bis-iron m-oxo porphyrin 

closing the polymer ring [87]. In another study, a similar 
approach was extended to the dynamic hydrogels 
through the incorporation of the terminal ferric heme 
groups on a 4-arm poly(ethylene oxide) derivative. 
Hydration of the modified polymer in the presence of a 
base results in formation of bis-iron m-oxo porphyrins, 
thus chemical crosslinking and swelling of the gel. Here 
again, acidification of the hydrogels leads to breakage 
of the Fe–O–Fe crosslinks that regenerates a dynamic 
network [88]. 

Additionally, ultrafine nanorods of the organic-soluble 
m-oxo heme dimer, [(TPP)FeIII–O–FeIII(TPP)] [89], 
and nanocomposites of graphitic carbon nitride 
sheets modified with the m-oxo heme dimer (i.e.,  
[(TPP)FeIII–O–FeIII(TPP)]-g-C3N4) [90] have been deve-
loped as photocatalysts for heterogeneous hydrogen 
evolution reactions in aqueous media.

Biological relevance. The m-oxo heme dimer     
com plexes of ferriprotoporphyrin IX have been proven 
to play critical roles in the molecular mechanism of the 
chronic infectious gum disease called periodontitis as 
well as the mechanism of action for antimalarial activity 
of both quinoline- and non-quinoline-based drugs. The 
black-pigmented periodontopathogen, Porphyromonas 
gingivalis, is a heme-using bacterium responsible for 
the adult periodontitis and displays optimum growth at 
pH = 7.5–8. Several proteins expressed by P. gingivalis 
are engaged in the degradation of the host hemoglobin 
and final uptake of the ferriprotoporphyrin IX cofactor. 
Interestingly, Smalley and coworkers have shown that 
P. gingivalis is capable of promoting the formation of
m-oxo heme dimers through various pathways. The
stacking of the [(PPIX)FeIII–O–FeIII(PPIX)] complexes
through weak p-bonding interactions eventually leads
to larger molecular aggregates which deposit on the

Scheme 2. Reversible on-and-off switching between the 
linear and cyclic polymer architectures as a function of pH, 
accompanied by a color change
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bacterial cell surface, protecting P. gingivalis against 
hydrogen peroxide through catalase activity [91, 92].

Several other studies have indicated that the  
degrada tion of hemoglobin by the malaria parasite, 
Plasmodium falciparum, also releases the ferri proto-
porphyrin IX. The released ferric heme is toxic to 
P. falciparum (i.e., due to the lack of a heme oxygenase
pathway in the parasite), so it is mostly detoxified by
sequestration into the nontoxic crystalline hemozoin (i.e.,
the optically dense “malaria pigment” in the infected red
blood cells) [93]. A combination of X-ray crystallography,
NMR, resonance Raman, Mössbauer, and UV-vis
absorption spectroscopies has revealed that antimalarial
drugs significantly inhibit the hemozoin crystallization
process through the strong “head-on” interactions with the
uncrystallized [(PPIX)FeIII–O–FeIII(PPIX)] complexes,
see Fig. 9 [94–96]. The large amounts of soluble drug- 
bound m-oxo heme dimer adducts oxidatively damage and
eventually kill the parasites.

Oxo‑bridged homobinuclear heteroleptic systems: 
[(P)FeIII–O–FeIII(L)]

The inherent stability of homobinuclear, homoleptic 
m-oxo heme complexes, [(P)FeIII–O–FeIII(P)], has been 

extensively evaluated, vide supra [15, 34, 36]. The 
very same stability that has enabled the synthesis of a 
plethora of m-oxo heme dimers imposes a hurdle for 
the synthesis of homobinuclear, heteroleptic complexes 
as is evident by the limited examples of this class of 
constructs. The first novel approach toward the synthesis 
of an asymmetric bis-iron(III)-m-oxo complex, differing 
in the metal coordination environment, was employed by 
WysŁouch and coworkers. The authors reported the first 
example of an N-substituted porphyrin, and thereupon 
formation of the [(NCH3TPP)FeIII–O–FeIII(TPP)]+   

com plex. Methylation of a nitrogen within the 
porphyrin ring decreases the Fe–O–Fe’ angle by about 
9° compared to that of the parent m-oxo complex,  
[(TPP)FeIII–O–FeIII(TPP)], see Table 1. The interaction 
between the ferric and methylated nitrogen atom 
is also weaker than other Fe–N bonds in the  
[(NCH3TPP)FeIII–O–FeIII(TPP)]+ complex [97].

The synthesis of another category of the  
[(P)FeIII–O–FeIII(L)] constructs was inspired by the heme/
non-heme diiron core of the nitric oxide reductase (NOR) 
active site. NOR catalyzes the two-proton, two-electron 
reduction of two nitric oxide (NO(g)) molecules to nitrous 
oxide (N2O) and water; this reaction plays a crucial 
role in bacterial denitrification [98, 99]. The presence 
of a m-oxo heme/non-heme diiron center in the fully 
oxidized state of the NOR active site was confirmed 
by Moënne-Loccoz and coworkers using resonance 
Raman and EPR spectroscopies [100–102]. The ligand 
frameworks for the bioinspired synthetic models of 
NOR are developed based on the meso-substituted 
porphyrin, F8TPP, scaffold and the tripodal nitrogen 
ligand, tris(2-pyridylmethyl)amine (TMPA) that are 
able to accommodate the heme and non-heme iron 
sites, respectively. The asymmetric m-oxo complexes of 
these NOR synthetic models can be prepared by either 
acid–base chemistry of the fully oxidized constructs or 
by reaction of the fully reduced binuclear systems with 
O2 [103, 104]. The first example of a synthetic m-oxo 
heme/non-heme diiron system was developed by Karlin 
and coworkers via an acid-base self-assembly reaction 
of the oxidized components, [(F8TPP)FeIII(OH)] and  
[(TMPA)FeIII(Cl)2]

+, in the presence of a base, forming 
[(F8TPP)FeIII–O–FeIII(Cl)(TMPA)]+ [103].

Tethered systems. Two covalently tethered bis-Fe(III) 
m-oxo heme/non-heme systems, with 5L and later 6L 
ligand platforms, that are closely related to the parent 
untethered system, [(F8TPP)FeIII–O–FeIII(Cl)(TMPA)]+, 
were also reported by Karlin and coworkers. For  
[(5L)FeIII–O–FeIII(Cl)]+, the ligand scaffold facilitates 
intra molecular gener ation of a m-oxo bridge between 
two uni quely coordinated metal sites, see Fig. 10  
[103, 105]. Both [(F8TPP)FeIII–O–FeIII(Cl)(TMPA)]+ 
and [(5L)FeIII–O–FeIII(Cl)]+ deviate from the near-linear 
Fe–O–Fe tendencies observed in the related m-oxo 
heme dimers. While the [(F8TPP)FeIII–O–FeIII(F8TPP)] 
dimer exhibits an angle of 178°, the Fe–O–Fe’ cores in 

Fig. 9. During hemoglobin degradation in P. falciparum, the 
toxic heme cofactor is released. Thus, the malarial parasite 
crystallizes the heme to nontoxic hemozoin. An effective 
antimalarial drug prevents the hemozoin crystallization 
process through strong “head-on” interactions with the   
uncrystallized m-oxo heme dimer (i.e., forming the soluble 
drug/[(PPIX)FeIII–O–FeIII(PPIX)] adduct) as described in [93]
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the untethered and tethered heme/non-heme systems 
are considerably bent (i.e., 157° and 158°, respectively) 
[103].

The X-ray crystal structure of the second 
tethered system, [(6L)FeIII–O–FeIII(Cl)]+, much like  
[(5L)FeIII–O–FeIII(Cl)]+, reveals an intra molecular 
bridging Fe–O–Fe’ moiety that is less bent (i.e.,  
〈Fe–O–Fe’ = 167°) than those of the m-oxo complexes
of the 5L or untethered analogues (Fig. 10) [104]. Here,
the length of the linker and anchoring location to the
pyridyl ring of the non-heme site directly dictates the
flexibility of the tethered non-heme iron chelate and
the degree to which the Fe–O–Fe’ moiety bends.

Catalysis. Later, Karlin, Meyer and coworkers   
inves tigated the photophysics of [(6L)FeIII–O–FeIII(Cl)]+ 
for both stoichiometric and catalytic oxidation of 
substrates. Anaerobic and aerobic conditions were probed 
and the transfer of the bridging oxo ligand to various 
substrates was investigated by 18O-labeling experi-
ments. Under an anaerobic condition, with a suitable 
substrate present, the photodisproportio nation can take 
place to generate the proposed transient inter mediates, 
[(6L) FeIV=O...FeII(Cl)] or [(6L)FeII...O=FeIV(Cl)], followed 

by oxidation of the substrate and formation of the 
reduced diiron complex, [(6L)FeII...FeII(Cl)]+. In turn, 
the intermediates can readily undergo recombin-
ation to regenerate the starting m-oxo complex,  
[(6L)FeIII–O–FeIII(Cl)]+, when no substrate is available 
for the oxygen transfer (OAT). In benzene, oxygen atom 
transfer does not occur without an exogenous substrate such 
as triphenylphosphine, since the very strong C–H bonds in 
benzene are not reactive enough toward photooxidation 
by the heme/non-heme complex. By contrast, toluene and 
tetrahydrofuran (THF) both enable the photoreduction 
of [(6L)FeIII–O–FeIII(Cl)]+ to [(6L)FeII...FeII(Cl)]+ as both 
contain more reactive C–H bonds than those found in 
benzene. Here, the transiently formed ferryl-oxo species 
homolytically cleaves the C–H bond of toluene or THF. 
Exposing these OAT reactions to the air regenerates the 
m-oxo complex from the reduced form, [(6L)FeII...FeII(Cl)]+. 
The newly reformed [(6L)FeIII–O–FeIII(Cl)]+ complex 
thus serves as a catalyst for the continued oxidation of 
triphenylphosphine, toluene, or THF [106].

Additionally, [(6L)FeIII–O–FeIII(Cl)]+ was subjected 
to neat chlorinated substrates (e.g., 1,2-dichlorobenzene 
and chlorobenzene) and exogenous chlorinated substrates 
(e.g., benzyl chloride) in benzene. Upon photolysis, the 
aromatic C–Cl bond cleavage reactions proceed to form 
biphenyl trichlorides or biphenyl monochlorides from 
dichlorobenzene and chlorobenzene, respectively, while 
the photochemical oxidative dechlorination of the benzylic 
C–Cl bond in benzyl chloride leads to the formation of 
benzaldehyde in 70% yield. After initial dechlorination, 
however, the fully oxidized m-oxo heme/non-heme 
complex was not regenerated; instead, the chlorinated 
complex, {[(6L)FeIII(Cl)...FeIII(Cl)]2O}2+, involving two 
tethered systems with a heme/non-heme bridging oxo was 
formed and characterized via UV-vis spectroscopy and 
electron spray ionization mass spectrometry (ESI-MS) 
[106]. The “additional” chloride ligand in the complex 
compared to the starting m-oxo compound is derived from 
the substrates and hinders the reformation of the parent 
[(6L)FeIII–O–FeIII(Cl)]+ complex under aerobic conditions 
[106].

Recently, a bis-iron(III) m-oxo porphyrin/ 
phthalo cyanine (P/Pc) complex, [(P)FeIII–O–FeIII(Pc)], 
has been shown to catalyze the reduction of O2 to water. 
To increase the efficiency of O2 reduction, iron cores 
and highly flexible linkers were both incorporated 
into the ligand scaffold, see Fig. 11. The formation of 
the m-oxo complex was corroborated by both EXAFS 
and DFT studies, supporting the presence of a greatly 
bent Fe–O–Fe moiety (146°); furthermore, fitting of  
Fe K-edge EXAFS data gave Fe–O and Fe–Fe distances of 
1.81 and 3.47 Å, respectively, both of which were slightly 
elongated compared to those of the corresponding m-oxo 
heme dimer. Electrochemical studies were conducted 
on the m-oxo phthalocyanine/porphyrin complex as 
well as the corresponding bis-iron(III) m-oxo porphyrin 
and phthalocyanine dimers. The onset potentials for O2 

Fig. 10. Structures of tethered and untethered synthetic m-oxo 
heme/non-heme diiron complexes discussed in this review
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reduction (Eo vs. a reversible hydrogen electrode (RHE)) 
were reported as increasingly positive in the order of: [(P)
FeIII–O–FeIII(P)] (Eo = 0.59 V) < [(Pc)FeIII–O–FeIII(Pc)] 
(Eo = 0.68 V) < [(P)FeIII–O–FeIII(Pc)] (Eo = 0.78 V). The 
bis-iron(III) m-oxo porphyrin/phthalocyanine complex 
clearly exhibits the lowest overpotential compared 
to its homobinuclear, homoleptic counterparts. After 
quantification of O2 electroreduction products (e.g., 
H2O and H2O2), it was determined that the four-electron 
reduction of O2 to water (i.e., with the yield of  
88%) was the primary reaction catalyzed by the  
[(Pc)FeIII–O–FeIII(Pc)] complex, selectively [107].

Oxo‑bridged heterobinuclear heteroleptic systems: 
[(P)FeIII–O–M(L)]n+

Further interesting progress in the field of heme 
chemistry includes the development of a class of oxo- 
bridged, heterobinuclear complexes bearing a copper 
site in addition to the heme core, [(P)FeIII–O–CuII(L)]+. 
Such complexes are broadly embraced as synthetic 
models for the active site of cytochrome c oxi dase in 
which heme-a3 and CuB are adjacent to one another. 
As a crucial component of the electron transport chain, 
CcO catalyzes the four electron, four proton reduction 
of dioxygen to water and simultaneously generates the 
electrochemical gradient across the membrane, necessary 
for ATP production [108–110]. Karlin and coworkers 
have done significant work on synthetic heme/Cu models 
over the years and demonstrated that the related m-oxo 
heme/Cu complexes can be prepared by dioxygen or 
acid−base chemistry [111–113].

The first example of such m-oxo complexes was 
[(F8TPP)FeIII–O–CuII(TMPA)]+, which was obtained 
from the reaction of an equimolar mixture of the 
[(F8TPP)FeII] and [(TMPA)CuI(MeCN)]+ complexes 
with O2 at room temperature. Interestingly, despite the 
known substantial thermodynamic stability of the m-oxo 
iron dimer, [(P)FeIII–O–FeIII(P)], the kinetically stable 
m-oxo heme/Cu complexes, [(P)FeIII–O–CuII(L)]+, are 
formed. Here, the bridging oxo moiety is derived from 
O2 via fast thermal disproportionation of a binuclear 
peroxide intermediate (i.e., [(P)FeIII–(O2

2-)–CuII(L)]+) at 
room temperature, with the concomitant release of half 
of an equivalent of O2 [108, 114]. One exception has been 
reported for synthesis of [(TMP)FeIII–O–CuII(5MeTPA)]+ 
where the m-peroxo complex remains stable for several 
months; over an extended period of time, it only very 
slowly converts to its m-oxo counterpart [115]. Later, it 
was shown that [(P)FeIII–O–CuII(L)]+ can also be formed 
via mixing [(P)FeIII(OH)] and [(L)CuII]2+ species [108] or 
alternatively [(P)FeIII] and [(L)CuII(OH)]+ species [109] 
in the presence of a base.

Furthermore, X-ray crystallography and Fe 
and Cu-edge EXAFS studies on the reported  
[(P)FeIII–O–CuII(L)]+ complexes with the tripodal 
tetradentate chelates indicated a near-linear Fe–O–Cu 
arrangement. Mössbauer, EPR, and magnetic susceptibility 
studies also revealed the strong antiferromagnetic coupling 
of the high-spin FeIII (S = 5/2) and CuII (S = 1/2) sites through 
the m-oxo moiety, rendering an overall spin state of  
S = 2 [108, 109]. The m-oxo heme/Cu complexes also 
exhibit the very distinctive red-shifted Soret absorption 
bands (i.e., lmax ~435−455 nm, see Table 1) compared 
to those of classical high-spin ferric hemes. The weaker 
affinity of Cu(II) for the bridging oxo, and therefore the 
greater degree of p charge donation available onto the 
ferric center by the oxo group, is likely responsible for 
the characteristic red-shift.

The bridging oxo moiety can be reversibly protonated 
to give the corresponding m-hydroxo complex,  
[(P)FeIII–(OH)–CuII(L)]+, and with protonation, 
bending of the Fe–O(H)–Cu moiety and lengthening 
of the FeIII−O(H) and CuII−O(H) bonds occurs, which   
conse quently lowers the degree to which the iron atom is 
pulled out of the porphyrin plane [108, 116, 117]. Holm 
and coworkers reported the only crystal structure of a m- 
hydroxo heme/Cu complex utilizing the OEP framework 
(i.e., [(OEP)FeIII–(OH)–CuII(Me5dien)(OClO3)]

+) [118]. 
In this com plex, the Fe–(OH)–Cu angle is about 
157° which is significantly more bent compared to 
the Fe–O–Cu angle (i.e., 177°) in the related m-oxo  
heme/Cu complex based on the OEP scaffold, [(OEP)
FeIII–O–CuII(Me6tren)]+ [108, 118]. Note, however, 
that the cupric ligations in these complexes are 
significantly different from one another. A similar 
degree of bending was reported for the protonation of 
[(F8TPP)FeIII–O–CuII(TMPA)]+, wherein the Fe–O–Cu 
moiety approaches linearity (i.e., 178°) [119] and the 

Fig. 11. Structure of the homobinuclear, heteroleptic bis-
iron(III) m-oxo porphyrin/phthalocyanine complex. Adopted 
with permission from [107]. Copyright 2017 John Wiley & 
Sons, Inc.
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Fe–(OH)–Cu moiety is significantly more bent (i.e., 
157°) as confirmed by EXAFS [116].

Markedly, studies by Karlin and coworkers have 
revealed that changes in the coordination environment 
of the cupric site, tridentate vs. tetradentate ligands, can 
dramatically influence both m-oxo heme/Cu physical 
properties and reactivity [113, 120]. Changing tripodal 
tetradentate chelates (e.g., TMPA, Me6tren, or Me5dien) 
bound to the cupric center to tridentate ligands (e.g., 
LMe2N, MePY2, AN) results in significant bending (i.e., 
〈Fe−O−Cu is 142−150°) and elevated basicity of the
bridging oxo group. As discussed earlier, bending upon
protonation can be explained by varying degrees of
re-hybridization at the bridging oxygen atom, with the
extreme case being a change from sp in a perfectly linear
m-oxo compound to sp2 in a very bent m-hydroxo complex
with an angle of 120°. Consequently, protonation of
the bridging oxo moieties requires varying degrees of
geometric and electronic rearrangements as explained
by Norton and coworkers; thus, the extent of the overall
re-hybridizations can directly dictate the kinetics of the
protonation reactions [11, 121].

The proton transfer chemistry of an oxo-bridged 
heterometallic heme/Cu complex and the corresponding 
m-hydroxo complex has been a matter of great importance 
for understanding the function of the CcO active site. 
Karlin and coworkers have thus determined the pKa of 
the bridging hydroxo moiety through acid−base titration 
experiments in some of the synthetic [(P)FeIII–O–CuII(L)]+ 
systems, such as [(F8TPP)FeIII–O–CuII(TMPA)]+ (Chart 2) 
[116] and [(F8TPP)FeIII–O–CuII(MePY2)]+ (Chart 2)
[122]. The tridentate cupric core in the latter resulted
in a slightly more basic oxo bridge (16.7 < pKa < 17.6
in CH3CN; aqueous pKa ≅ 9.6) compared to that of
the former bearing the tetradentate cupric site (14 <
pKa < 17 in CH3CN; aqueous pKa ≅ 8). A comparison
of the Fe–O–Cu angles shows that the m-oxo complex
of [(F8TPP)FeIII–O–CuII(TMPA)]+ is nearly straight
(178°) while that of [(F8TPP)FeIII–O–CuII(MePY2)]+

is significantly bent (142°), further illustrating the
aforementioned observation that as the Fe–O–Cu core
becomes more bent, the bridging oxo moiety becomes
more basic. However, the linearity of the Fe–O–Cu
core is not the only factor defining the basicity: the
[(F8TPP)FeIII–O–CuII(AN)]+ with a larger Fe–O–Cu core
(i.e., 150°) exhibits more basicity, with estimated aqueous 
pKa of 10.5, than [(F8TPP)FeIII–O–CuII(MePY2)] with a
more bent Fe–O–Cu core (i.e., 142°) [123, 124].

Tethered systems. Karlin and coworkers have also 
prepared several other ligand platforms for the formation 
of synthetic m-oxo heme/Cu complexes. Two of these 
platforms are porphyrins bearing covalently tethered 
tetradentate copper chelates, 6L and 5L, which were 
discussed under the previous class of oxo-bridged heme 
complexes, i.e., oxo-bridged homobinuclear heteroleptic 
systems. Chart 2 depicts the crystal structures of the 
untethered [(F8TPP)FeIII–O–CuII(TMPA)]+ as well as 

its tethered analogues, i.e., [(5L)FeIII–O–CuII]+ and  
[(6L)FeIII–O–CuII]+ [110]. The m-oxo heme/Cu complex of 
the 5L scaffold possesses a very bent Fe−O−Cu core with 
an angle of ~141°, due to the ligand constraints imposed 
by the linker. This bent geometry can translate to partial 
sp2 orbital hybridization of the bridging oxo moiety, 
which can consequently facilitate a faster and more facile 
protonation process to form the m-hydroxo complex upon 
the addition of an acid. The addition of 1 equivalent of 
a weak acid such as N-methylmorpholinium triflate 
with pKa of 16.6 in acetonitrile does not result in proto - 
na tion of the untethered [(F8TPP)FeIII–O–CuII(TMPA)]+ 
complex, while the same acid reacts with both tethered 
systems generating the bridging hydroxo species for 
the 6L platform, [(6L)FeIII–(OH)–CuII]2+ and resulting 
in cleavage of the oxo bridge for the more strained 5L 
platform to form [(5L)FeIII–(OH)...CuII(CF3O3S)]+ [123]. 
Therefore, the m-oxo moiety in [(6L)FeIII–(OH)–CuII]+ or 
[(5L)FeIII–O–CuII]+ is more basic than that in [(F8TPP)
FeIII–O–CuII(TMPA)]+, and a m-hydroxo species appears 
inaccessible in [(5L)FeIII–O–CuII]+.

Another interesting structural observation for  
[(P)FeIII–(O2

2-)–CuII(L)]+, with L being the tetradentate 
TMPA chelate, is seen when comparing the ligand 
arrangements around the cupric centers in the parent 
complex, [(F8TPP)FeIII–O–CuII(TMPA)]+ and its closely 
related analogue [(TMPP)FeIII–O–CuII(TMPA)]+, in 
which only the identity of the peripheral substituents 
on the porphyrin ring varies. Despite the fact that both 
complexes possess similar Fe–O–Cu core angles and 
identical cupric chelate, the copper centers adopt very 
different geometries. The TMPA-copper ligation, for the 
[(TMPP)FeIII–O–CuII(TMPA)]+ complex, occurs within 
a nearly perfect trigonal bipyramidal (TBP) geometry 
(t = 0.9), while for the [(F8TPP)FeIII–O–CuII(TMPA)]+

construct, the copper ligand is sterically hindered due
to the presence of the sizeable fluorine atoms projecting
off the phenyl groups, thus the cupric center adjusts to a
distorted square pyramidal (SP) coordination (t = 0.3)
[108, 125].

Notably, [(6L)FeIII–O–CuII]+ has a slightly more 
TBP-like configuration (t = 0.5) than its untethered 
analogue, i.e., [(F8TPP)FeIII–O–CuII(TMPA)]+. Given 
that the cupric ligand is attached to an aromatic ring 
on the meso position of the ferric heme, the two free 
pyridyl arms settle into a different spatial arrangement 
than those within the untethered heme/Cu complex, see 
Chart 2.

Reactivity toward nitric oxide. Nitric oxide (NO(g)) 
plays a critical role as a versatile signaling molecule in 
living organisms and can be generated through two unique 
pathways that are intimately dependent on physiological 
fluctuations in O2 concentrations. The production of NO(g) 
takes place via the nitric oxide synthase (NOS) pathway, 
requiring L-arginine, during normoxic conditions; hence 
the added O2 requirement for this pathway. An alternate 
pathway for NO(g) generation, required under low O2 
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concentrations (i.e., hypoxic conditions) and those 
associated with cellular stress, is an enzymatic reduction 
of nitrite deemed to be important in the modulation of 
mitochondrial respiration [126].

Previous studies demonstrated that CcO is 
capable of nitrite reduction when exposed to hypoxic 
conditions [127]. Consequently, the initial report by 
Karlin and coworkers introduced a synthetic heme/
Cu assembly mediating the redox interplay between 
nitrite and NO(g) [128]. Further studies revealed that 
the partially reduced form of the heme/Cu assembly 
facilitates nitrite reduction to NO(g) and the cupric 
center serves as a Lewis acid directing the nitrite ion 
to bind to the ferrous heme center through N-atom 
coordination. Additionally, the cupric site facilitates 
the nitrite (N−O) bond cleavage while the ferrous heme 
provides the reducing electron [129]. Interestingly, 
in turn the fully oxidized form of the same assembly 
as a m-oxo heme/Cu complex could oxidize NO(g) 
back to nitrite. NO(g) oxidation to nitrite was 
accomplished through the addition of two equivalents 
of NO(g) to one equivalent of the fully oxidized the 
parent [(F8TPP)FeIII–O–CuII(TMPA)]+ complex to yield  
[(F8TPP)FeII(NO)] and [(TMPA)CuII(NO2)]

+ [128].

Further studies involved similar m-oxo heme/
Cu complexes with variation among the copper 
ligand framework. These complexes included [(F8TPP)
FeIII–O–CuII(AN)]+ and [(F8TPP)FeIII–O–CuII(MePY2)]+. 
Triden tate ligands around the copper center gave similar 
results to those obtained with the tetradentate ligand 
TMPA, however, with an increase in reactivity. Alterations 
in copper-ligand denticity and electronics modulate 
the reactivity of the m-oxo heme/Cu complexes toward 
NO(g). This is perhaps achieved through regulating the 
steric hindrance and electronic environment surrounding 
the copper center and, thus tuning the basicity and 
accessibility of the bridging oxo moiety. Remarkably, a 
higher degree of bending, basicity, and accessibility of 
the bridging oxo moiety results in an increase in NO(g) 
oxidase reactivity.

In order to further comprehend NO(g) reactivity 
with the m-oxo heme/Cu complexes, the parent 
porphyrin ligand F8TPP was replaced by a more 
electron rich analogue, TMPP, bearing strong electron- 
donating peripheral groups. The addition of NO(g) to  
[(TMPP)FeIII–O–CuII(TMPA)]+ enables the detection of an 
inter mediate (Scheme 3, bis-NO intermediate) through 
UV-vis monitoring at -20 °C [125]. This intermediate 

Chart 2. Molecular structures of μ-oxo heme/Cu complexes reported by Karlin and coworkers. Presented pKa values are calculated 
for aqueous media using the estimate that the measured pKa values in acetonitrile are 7.5 ± 1 unites larger than in water
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isosbestically converts to the final products,  
(TMPP)FeII(NO) and [(TMPA)CuII(NO2)]

+, in a first- 
order process with rate constant kdissoc. = 6.7 × 10-3 s-1 at 
-20 °C.

Guided by DFT calculations (i.e., proposing that
the observed bis-NO intermediate is a ferrous species),
[(TMPA)CuII(NO2)]

+ was mixed with [(TMPP)FeII(NO)]
at -125 °C to determine if a nitrite anion, as bound to a
cupric site, could bind to a ferrous-nitrosyl complex.
Cooling of the mixture resulted in a new UV-vis
spectrum identical to that of the bis-NO intermediate,
supporting that the bis-NO species comprises a
six-coordinate ferrous heme-nitrosyl species joined to
a cupric nitrite entity through the nitrogen atom of the
bridging nitrite. The exact nature of this intermediate was
also confirmed by low-temperature stopped-flow kinetic
and EPR spectroscopies as well as cryo-spray ionization
mass spectrometry (CSI-MS) at -60 °C (see Scheme 3).
Furthermore, the reaction proved to be reversible as
temperatures rose.

An initial transition state was proposed by DFT
calculations in which the formation of a three-membered
chelate ring between the iron, bridging oxo, and the
nitrogen (N) atom of the NO(g) is observed (transition
state, Scheme 3). Formation of this “triangular” structure
happens via the electrophilic attack of the initial NO(g)

molecule, followed by electron transfer from NO(g) to the
ferric heme. The experimentally observed low activation
enthalpy and negative activation entropy derived from the
kinetic studies also support this sequence of events [125].
A mono-NO adduct in which there is a N-bound nitrite to
the resulting ferrous heme and an oxygen atom bound to
the cupric center is the first intermediate. This finding is
of significant relevance to CcO as a similar ferrous heme−
nitro species has been detected in the heme/Cu active-site
of the enzyme by resonance Raman spectroscopy.

To generate the second intermediate, a second NO(g)

molecule attacks the ferrous heme, resulting in the
aforementioned bis-NO adduct. The second NO(g) is
not involved in the redox chemistry and only traps the

ferrous heme formed during the prior step to generate 
a stable ferrous heme nitrosyl product. Remarkably, 
the binding of the second NO(g) is irreversible, and 
addition of the first NO(g) to m-oxo heme/Cu complex,  
[(TMPP)FeIII–O–CuII(TMPA)]+ is about an order of 
magnitude faster than the irreversible binding of the 
second NO(g) [113, 125].

Further broadening the scope of oxo-bridged 
heterobinuclear heteroleptic systems points to complexes 
in which the non-iron metal center is composed of 
either Cr or Co. The first oxo-bridged heme/Cr complex 
crystal structure was deposited by West and coworkers 
for [(TMPP)FeIII–O–CrIII(Py)(TPP)] [130]. Later, 
Tsuchida and coworkers crystallized another complex,  
[(TPP)FeIII–O–CrIII(Pip)(TPP)], which closely resembles 
the former [(P)FeIII–O–CrIII(P′)(L)]+ [131]. Exchanging 
the TMPP ligand for a second TPP had little effect on 
the Fe–O–Cr moiety, both having a near-linear angle 
of about 178°, see Table 1; however, the twist angle 
between the two porphyrins slightly decreases in  
[(TPP)FeIII–O–CrIII(Pip)(TPP)] as opposed to that of 
[(TMPP)FeIII–O–CrIII(Py)(TPP)] (i.e., 30° and 32°, 
respectively), perhaps as a subtle measure to decrease the 
interaction between the phenyl groups of the heme and 
the phenyl groups of the chromium-bound porphyrin. 
The observed change in the twist angle is due to shorter 
the Fe–M distance for [(TPP)FeIII–O–CrIII(Pip)(TPP)] 
than that of [(TMPP)FeIII–O–CrIII(Py)(TPP)] (i.e., 3.53 
and 3.60 Å, respectively) and in part is a consequence 
of the varying nature of the axial ligands binding to the 
chromic cores. As expected, the [(P)FeIII–O–CrIII(P′)(L)]+ 
complexes exhibit considerable antiferromagnetic 
coupling between Cr(III) (S = 3/2) and Fe(III) (S = 5/2) 
consistent with an assignment of 1 as an S = 1 electronic 
ground state species.

In addition to [(P)FeIII–O–CrIII(P′)(L)]+ complexes, 
one oxo-bridged crystal structure involving a cobalt core 
instead of a chromium site has been reported by Karlin 
and coworkers, that of [(F8TPP)FeIII–O–CoII(TMPA)]+ 
[132]. While O2 chemistry with the parent  

Scheme 3. Proposed reaction mechanism for NO(g) oxidase chemistry mediated by μ-oxo heme/Cu assemblies, [(P)FeIII–O–CuII(L)]+, 
producing observed products. Adapted with permission from [125]. Copyright 2015 American Chemical Society
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[(F8TPP)FeIII–O–CuII(TMPA)]+ complex gave a peroxo- 
bridged heme/Cu complex, identification of a 
peroxo-bridged heme/Co complex was not possible. 
Furthermore, there is a greater degree of bending in the  
Fe–O–M moiety than that of in the parent complex, 
[(F8TPP)FeIII–O–CuII(TMPA)]+ (i.e., 〈Fe–O–Co is 172° 
and 〈Fe–O–Cu is 178°, respectively). Lastly, the  
Fe–O distance for [(F8TPP)FeIII–O–CoII(TMPA)]+ 
(1.75 Å) is between those of the parent compounds,  
[(F8TPP)FeIII–O–CuII(TMPA)]+ (1.74 Å) and [(F8TPP)
FeIII–O–FeIII(TMPA)]+, (1.78 Å) and the Co core adopts a 
trigonal bipyramidal surrounding while the cupric center 
in the parent complex accommodates a distorted square 
pyramidal geometry.

Rezzano and coworkers have also reported iron/copper 
porphyrin-based nanostructures with the positively and 
negatively charged porphyrins for sensor application. 
The J-aggregates of those porphyrins are stabilized by 
Fe–O–Cu bonds, electrostatic forces, and p-stacking 
interactions. The Raman features of these supramolecular 
assemblies can be used for sensing a variety of species 
such as H2O2, NO2

-, SO3
2-, and N3

-. The authors proposed 
that the putative [(T4PyP)FeIII–O–CuII(T4PyP)]7+ units are 
stacked by the neighboring [H4TPPS]2- complexes [133]. 
The proposed [(P)FeIII–O–CuII(P)]n+ complex would be 
the only example of an oxo-bridged heterobinuclear 
homoleptic system.

CONCLUSION 

From the results presented herein, it is evident that 
the chemistry of (hydr)oxo-bridged heme complexes 
spans studies in synthetic inorganic chemistry, biology, 
materials science, energy and environmental sciences. 
In order to develop a detailed understanding of their 
structure-function relationships, it is necessary to integrate 
perspectives and techniques from all subdisciplines. We 
have highlighted the recent progress and contributions 
in synthesis, structural and spectroscopic investigations, 
and reactivity and catalytic studies of a variety of  
(hydr)oxo-bridged heme constructs. The wealth of 
(hydr)oxo-bridged binuclear structures in the Cambridge 
Structural Database, and detailed studies of the functions 
and properties of these assemblies explain the increasing 
prevalence of (hydr)oxo-bridged heme constructs 
in a very wide range of industrial applications such 
as homogenous or heterogenous catalysis, sensing, 
optoelectronics, and healthcare-related uses.

As we point out, the properties and reactivity of 
the bridging (hydr)oxo moieties are controlled by the 
coordination environment of the heme core, the nature 
of the second metal center attached to the (hydr)oxo 
group and its and chelating scaffold, and the flexibility or 
rigidity of the entire framework. Further investigations 
and deeper understanding of the properties and 
reactivities of these (hydr)oxo-bridged heme constructs 

are likely to improve their performance and may uncover 
many additional applications. 
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ABBREVIATIONS 

TPP: tetraphenylporphyrin

Porphen: (5,10-(1,10-phenanthroline-2,9-diyl)- 
bis(4-phenylene-2-phenyl)
porphyrinato)

TPPBr4: (2,3,12,13-tetrabromo-5,10,15,20-
tetraphenylporphyrinato

TTP: meso-tetrakis(p-tolyl-porphyrinato)

TMPyP: tetrakis(1-methylpyridinium-4-yl)
porphyrinato

TPPS: tetrakis(4-sulfonatophenyl)porphyrinato

p-CTPP: (5,10,15,20-tetra(4-chlorophenyl)
porphyrinato

TBPP: tetrakis(p-bromophenyl-porphyrinato

FF: Face-to-Face aka 5-(o-aminophenyl)- 
10,15,20-triphenylporphyrin

TPPF5: (5,10,15,20-tetrakispentafluorophenyl)
porphyrinato

F8TPP: tetrakis(2,6-difluorophenyl)porphyrinate

OC2OPor: four-atom-linked capped porphyrin

OEP: 2,3,7,8,12,13,17,18-octaethylporphyrinato

trans-4-Py2T2: 5,15-di(4-pyridyl)-10,20-ditolylpor-
phyrinato

cis-4-Py2T2: 5,10-di(4-pyridyl)-15,20-ditolylpor-
phyrinato

DEsP: diester porphyrin

ODM: 5,15-dimethyl-2,3,7,8,12,13,17,18-
octaethylporphyrin

TCPP: meso-tetra(4-carboxyphenyl)porphyrin

din-OEP: 5,10-dinitrooctaethylporphyrin or 
5,15-dinitrooctaethylporphyrin
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trn-OEP: 5,10,15-trinitrooctaethylporphyrin

tn-OEP: 5,10,15,20-tetranitrooctaethylporphyrin

PPIXDME: protoporphyrin IX dimethyl ester

DEP: diethylpyrrole-bridged bis-porphyrin

ETA: ethane-linked m-oxo 
bis-octaethylporphyrin

ETE: 1,2-bis(2,3,7,8,12,13,17,18-octaethyl-
porphyrinnyl)ethene

DPD: (dibenzofuran-2,9-diyl)-
bis((3,8,12,17-tetraethyl-2,7,13,18-
tetramethylporphyrinato

DPA: 2,8,13,17-tetraethyl-3,7,12,18-tetra-
methylporphyrin-5-yl)anthracene

DPX: 2,8,13,17-tetraethyl-3,7,12,18-tetramethyl-
porphyrin-5-yl)-9,9-dimethylxanthene

6L: 5-(o-O-[(N,N-bis(2-pyridylmethyl)-2-
(6-methoxyl)pyridinemethanamine)
phenyl]-10,15,20-tris(2,6-difluorophe-
nyl)porphine

5L: a,b,g-tris(2,6-Difluorophenyl)-d- 
(((2-(bis(2-pyridylmethyl)amino)
methyl-5-pyridyl)methoxy)phenyl)
porphyrinato

TMPA: tris(2-pyridylmethyl)amine

NCH3TPP: N-methyl-5,10,15,20-tetraphenyl-
porphyrinato

TMP-5MeTPA: 10,15,20-tris(2,4,6-trimethylphenyl)- 
5-(2′-bis((5′′-methyl-2′′-pyridylmethyl)
aminomethyl)pyridine-5′-carboxylic-
aminophenyl)porphyrinate(2-)

MePY2: bis(2-pyridyl-ethyl)methylamine

LMe2N: N,N-bis{2-[2-(N′,N′-4-dimethylamino)
pyridyl]ethyl}methylamine)

AN: 3,3′-imino-bis(N,N-dimethylpropyl-
amine)

Me6tren: tris[(N,N-dimethylamino)-ethyl]amine

Me5dien: 1,1,4,7,7-pentamethyldiethylenetriamine

PAnP: 9,10-bis(di-phenylphosphino)anthracene

TPyP: meso-tetra(4-pyridyl)-porphyrinato

P: porphyrinate dianion

Pc: phthalocyaninate dianion
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