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Superoxide radicals are one of the most toxic reactive oxygen species and its damaging effects lead to a
variety of detrimental health conditions including cardiovascular diseases, neurodegenerative disorders
and other types of age-related diseases. Following Nature example, chemists have designed manganese
complexes that mimic the protecting action of the superoxide dismutases (SOD), metalloenzymes that
catalyze the conversion of superoxide radical to the less toxic oxygen and hydrogen peroxide. This review
provides an overview of the different SOD mimic manganese complexes developed mainly over the last
decade, with particular attention to those factors that could be playing a crucial role in determining their
activity.
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1. Introduction

Many disease states affecting humans and many other mam-
mals are the result of a failure to control and limit the overproduc-
tion of an undesired metabolic by-product. One example of these
potentially harmful products are the reactive oxygen species
(ROS). All mammals consume oxygen as the ultimate oxidant sup-
porting cellular respiration and although the routine reduction of
oxygen by the mitochondrial electron-transport chain to produce
water is a relatively safe process, a considerable portion of the oxy-
gen is metabolized through successive one-electron reduction
ll rights reserved.
reactions generating ROS [1]. One of these ROS is the superoxide
radical (O��2 ), formed following a one-electron reduction of molec-
ular oxygen (1–5% of the total oxygen consumed by humans is con-
verted to O��2 ) [2,3]. This radical ion has both reducing and
oxidizing properties, reacting mainly with metal ions and iron–sul-
fur clusters, and it can be readily converted to even more toxic spe-
cies such as peroxynitrite (formed at diffusion controlled rates
from the reaction of superoxide and nitric oxide radicals) [4,5],
which is a strong oxidizing, nitrating and nitrosylating agent. Con-
sequently, superoxide radicals are potentially dangerous for all cel-
lular systems.

Superoxide dismutases (SODs) are metalloenzymes that cata-
lyze the conversion of superoxide radical (O��2 ) to oxygen (O2)
and hydrogen peroxide (H2O2) at rates approaching the diffusion-
controlled limit (Eq. (1)). Therefore, they play a crucial role in pro-
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tecting biological systems against the damage mediated by this
deleterious radical [2,3,6,7]. Since the identification of Erythrocu-
prein as a SOD, the first metalloenzyme to be classified as such
[8], different metalloenzymes have been discovered that catalyze
the same overall reaction. They use different metal ion cofactors
and based on this, SODs can be classified into four major groups:
Copper–Zinc SOD (CuZn-SOD), Manganese SOD (Mn-SOD), Iron
SOD (Fe-SOD) and Nickel SOD (Ni-SOD) [3,9,10].

2O��2 þ 2Hþ !SOD
H2O2 þ O2 ð1Þ

Mammals possess two different classes of SODs to keep the le-
vel of superoxide radicals under control: the CuZn-SOD which is
present in the cytoplasm, nuclear compartments and in the inter
membrane space of the mitochondria (SOD1) [11,12] or in extra-
cellullar space (SOD3) [13], and the Mn-SOD, that is located in
mitochondrial matrix (SOD2) [14]. However, there are circum-
stances where the production of superoxide radicals is excessive
and the endogenous SODs cannot eliminate them leading to a vari-
ety of disease states. In recent years, oxidative stress, defined as an
impairment in the balance between generation and clearance of
ROS by these and other antioxidant enzymes (such as catalase
and glutathione peroxidase) has been implicated in a variety of
degenerative processes, diseases, and syndromes [15–19]. Some
of these include cardiovascular diseases; chronic and acute inflam-
matory conditions; central nervous system disorders, cancer and a
variety of other age-related diseases. Evidence shows that the for-
mation of superoxide radicals (O��2 ) is a common denominator
associated with all these conditions [16]. Superoxide dismutase en-
zymes (SODs) have demonstrated therapeutic efficacy in animal
models of some of these disease states including myocardial [20–
22], cerebral ischemia–reperfusion injury [23–26], neurodegenera-
tion [27], inflammation [28], and cancer [29,30]. Indeed, bovine
CuZn-SOD preparations (Palosein� and Orgotein�) are available
for the treatment of inflammatory diseases in horses and dogs,
and have had limited use in humans (Orgotein�). The potential
therapeutic application of the SOD enzymes for the treatment of
human diseases faces several limitations; chiefly among them
being the lack of oral activity, the immunogenicity when the SOD
derives from non-human sources, short half-lives (they are quickly
eliminated from the blood stream), the inability to gain access to
the intracellular space of cells where the superoxide radical is pro-
duced, and manufacturing costs.

Considering the above, it is not surprising to see the interest of
the chemistry community in developing low molecular weight cat-
alysts that mimic the natural SOD enzyme’s ability of eliminating
superoxide radicals under physiological conditions. These types
of molecules (SOD mimics) would be expected to have consider-
able therapeutic potential and could also become important probes
to elucidate the physiologic and pathologic significance of the
intracellular superoxide radical. Of the four metals found in the ac-
tive center of the SODs and known to catalyze the disproportion-
ation of superoxide radical to hydrogen peroxide and oxygen,
manganese has been the preferred metal for the development of
this type of complexes. The main reason for that is its low toxicity
compared to the others metals since the free aquated metal ion
Mn(II) is less prone to Fenton chemistry (to react with hydrogen
peroxide and generate hydroxyl radical, Eq. (2)) [31–33].
Additionally, it has been shown that high intracellular Mn(II)
concentrations can provide protection against oxidative stress
[34–37]. Recently, studies by Culotta and coworkers show how
Mn(II) can act as an antioxidant backup for the CuZn-SOD [38].

Mnþ þH2O2 !Mðnþ1Þþ þ OH� þ OH� ð2Þ

After a general overview of the native Mn-SOD and the different
methods employed to measure SOD activity, this review will focus
mainly on the development of manganese complexes that show
SOD activity and therefore, have the potential of becoming new
therapeutic agents for treatment of oxidative stress related dis-
eases and/or important mechanistic probes. Understanding the
reactions of superoxide radical with metal centers can help in gain-
ing insights into the mechanism of action of the native SODs and
conceiving whether and how metal complexes can be used as
pharmaceuticals or mechanistic probes.

2. Native Mn-SOD

Mn-SODs (SOD2), first discovered by Fridovich and co-workers
[39], are found in the mitochondria of eukaryotic cells and in the
cytoplasm of many bacteria, typically as tetramers and dimers,
respectively. These enzymes share a high degree of sequence and
structural homology with the Fe-SODs, metalloenzymes found in
prokaryotes and in the chloroplast of some plants [40,41]. Indeed,
whereas the binuclear CuZn-SODs and Ni-SODs belong to different
lineages, the Mn-SODs and Fe-SODs are evolutionary related. The
active center of these enzymes contains a single Mn (or Fe) coordi-
nated by two histidines and an aspartic acid in the equatorial
plane, and a histidine and a solvent molecule in the axial positions
forming a distorted trigonal bipyramidal geometry (Fig. 1). A
hydrogen-bond network extends from the water bond molecule
and comprises several residues, among them Gln143 and Tyr34
(based on human MnSOD sequence numbering). This network is
postulated to play a crucial role in facilitating proton transfer upon
reduction of the superoxide radical to H2O2 and, in particular
Gln143, in controlling the redox potential of the metal center.
The latter is a critical element for proper activity as explained later
on. This active center is localized in an hydrophobic environment
at the end of a tunnel where positively charged amino acids are
postulated to provide electrostatic guidance for the approach of
the superoxide radical (electrostatic tunneling) [10,42].

The overall mechanism by which these SODs catalyze the dis-
proportionation of superoxide radicals has been called a ‘‘ping-
pong’’ mechanism since the metal center, the redox active species,
cycles between the oxidation states M(III) and M(II) with the sub-
sequent oxidation and reduction of the superoxide radical (Eqs.
(3a) and (3b) where M corresponds to metal). Metal reduction is
coupled to proton uptake most likely by the coordinated solvent
molecule (axial position in Fig. 1) that cycles between the hydroxo
and aqua forms in the oxidized and reduced metal oxidation state,
respectively [43,44]. The catalytic mechanism of Mn-and Fe-SODs
is still a topic of discussion and different mechanisms have been
proposed (see Refs. [9,10] for recent reviews).

SOD�MðIIIÞðOH�Þ þ O��2 þHþ ! SOD�MðIIÞðOH2Þ þ O2 ð3aÞ

SOD�MðIIÞðOH2Þ þ O��2 þHþ ! SOD�MðIIIÞðOH�Þ þH2O2 ð3bÞ

Net reaction:

2O��2 þ 2Hþ ! H2O2 þ O2 ð1Þ

Optimal SOD activity in aqueous solution requires redox poten-
tials reasonably close to 0.36 V vs. Normal Hydrogen Electrode
(NHE) (0.12 vs. Saturated Calomel Electrode, SCE), the intermediate
value between the one-electron reduction potential for oxygen
(�0.16 V vs. NHE, �0.40 V vs. SCE, pH 7.0) and the one-electron
reduction potential of superoxide radical (0.89 V vs. NHE, 0.65 V
vs. SCE, pH 7.0) [45]. This value is optimal for the disproportion-
ation reaction since it allows for equal rate constant for each half
reaction (kcat � kox � kred � 2 � 109 M�1 s�1) [46,47]. Consistent
with this, the majority of redox potentials of SODs fall into the
range of 0.2–0.45 V vs. NHE (Fig. 2) [46,48–51]. These enzymes
illustrate very well how the protein scaffold proficiently fine-tunes



Fig. 1. Pymol representation showing (A) the Human mitochondrial Mn-SOD (PDB 1N0J) and (B) a close-up vision of the active metal center.
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the redox properties of their metal center to achieve the required
redox potential. What it is even more remarkable if one considers
the different electronic and redox properties of manganese and
iron, is the fact that both SODs, Mn-SOD and Fe-SOD, achieve a
similar redox potential using practically the same active center
[51]. However, with the exception of a small number of the so-
called cambialistic SODs (active with either metal) [52–56], neither
Fe-substituted Mn-SOD nor Mn-substituted Fe-SOD typically show
catalytic activity [40,41,57–59]. This intriguing behavior has been
proposed to be the result of an inappropriate metal redox poten-
tial. Recent reviews cover the research carried out towards the
understanding of this fascinating metal ion functional specificity,
summarizing interesting findings both at the level of native SODs
and related synthetic models [51,60–62].
3. Determination of SOD activity

Several methodologies have been employed to determine the
SOD activity and they can be divided mainly into two groups: di-
rect and indirect methods.

3.1. Direct methods

They allow precise measurement of the catalytic rate constants
for disproportionation of superoxide radicals since excess of super-
oxide radical over the SOD/SOD mimic can be utilized. They in-
clude two fast kinetic techniques: pulse radiolysis and stopped
flow analysis. In pulse radiolysis, the superoxide radical is gener-
ated ‘‘in situ’’ very rapidly by pulse irradiation of oxygen saturated
aqueous solution in the presence of formate. This fast production
Fig. 2. Redox potentials for the reduction and oxidation of superoxide radical and for se
(sub-microsecond scale) allows a large time window for determin-
ing the reaction kinetics. The process of the reaction is monitored
by UV–Vis spectroscopy following the changes in absorbance of
the superoxide radical and/or transient species [63–65]. The
stopped-flow methodology involves the rapid mixing of two solu-
tions, one containing generally potassium superoxide in dimethyl
sulfoxide (DMSO) and the other the SOD/SOD mimic in buffer
(1:10–1:20 DMSO:buffer) or in DMSO containing a low amount
of water (around 0.06%). The time-scale here falls into the millisec-
onds range (limited by mixing time). Monitoring is again per-
formed using UV–Vis spectroscopy [66–68]. The requirement of
DMSO medium could be criticized as being not a biological envi-
ronment. However, it has been pointed out that aprotic media
may represent more closely the ‘‘hydrophobic biological matrix’’
of organelles such as mitochondria [69], which indeed is the major
source of superoxide radicals in aerobic organisms. Under less
protic conditions, causing a longer half-life of superoxide radicals,
efficient superoxide disproportionation is even more desirable.
3.2. Indirect methods

These assays are based on the competition between SOD/SOD
mimic and an active redox indicator for superoxide radicals. Basi-
cally, upon reaction with the superoxide radical, the reporter mol-
ecule is reduced affording either a spectrophotometric or
fluorescent change. A SOD/SOD mimic will therefore diminish the
concentration of superoxide radical and the subsequent response
of the indicator. Different sources and indicators of superoxide rad-
icals have been used. The method most often employed, known as
McCord-Fridovich (McCF), involves the enzymatic generation of
veral SOD in aqueous solution at pH 7.0 ((a) Ref. [158]; (b) Ref. [48]; (c) Ref. [46]).
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the superoxide radicals by the system xanthine/xanthine oxidase
and the use of Cytochrome C (cyt c) or nitro blue tetrazolium
(NBT) as indicators [8,70a]. Since the reduced form of NBT is only
sparingly soluble in water, new tetrazoilum salts have been devel-
oped and are used as a reporters [71–73]. However, the important
drawback of using NBT to determine SOD activity is the fact that
NBT itself can mediate the formation of superoxide radicals
[70b,c]. The spin trap 5,5-dimethyl-1-pyrroline 1-oxide (DMPO)
has been also employed as an indicator in combination with elec-
tron paramagnetic resonance (EPR) spectroscopy [74]. Other types
of indirect methods are those based on autooxidation reactions,
where the scavenger molecule is both the source of superoxide
radicals and the indicator. Organic substrates such as pyrogallol
[75], 6-hydroxydopamine [76] or adrenaline [77] have been em-
ployed in these assays. Photochemically reduced flavins have been
also employed to generate superoxide radicals. In these cases, NBT
is normally used as indicator [78]. Recently, an alternative way of
superoxide generation, namely gamma irradiation of an aqueous
solution of ethanol using a 60Co source, has been successfully ap-
plied in combination with soluble tetrazolium salts as indicators
[79]. Usually, by indirect methods one determines the IC50 (con-
centration of SOD/SOD mimic that causes 50% of the inhibition of
the indicator reduction by the superoxide radical). Although used
as a feature characterizing the SOD activity of the SOD/SOD mimic,
IC50 values strongly depend on the concentration of the detector
used and are thus not appropriate for establishing comparison be-
tween values reported in the literature. However, when the rate
constant for the reaction of superoxide radical with the indicator
is known, it is possible to calculate a catalytic rate constant (kca-

t(IC50)) from the measured IC50 value which will be independent
of the indicator concentration. Namely, at the IC50 concentration
the superoxide radical reacts with the indicator (kindicator) and with
the SOD/SOD mimic at the same rate [80–83]. Therefore, the fol-
lowing equation can be used:
KcatðIC 50Þ ¼ kindicator½indicator�=IC50: ð4Þ

Compared with the direct methods, the indirect assays are more
commonly used to determine the SOD activity of SOD mimics due
to their convenience. However, since the actual rate constant for
the disproportionation of superoxide radicals cannot be directly
determined, they present several inherent problems that could
limit their ability to generate reliable rate data and often affect
the interpretation of the results if they are ignored. Thus, special
attention must be given to the following facts: (1) SOD mimics
could be reacting with the indicator giving a positive result by sim-
ply reducing the reporter or a negative result by oxidizing the re-
duced reporter; (2) when using the xanthine/xanthine oxidase
system, SOD mimics could also generate positive results by directly
inhibiting the action of the enzyme; (3) SOD activity generates
hydrogen peroxide and considering that redox-active complexes
can react with this product, an apparent catalytic cycle may be ob-
served as a result of hydrogen peroxide acting as either a reductant
or an oxidant. Although sometimes catalase has been added to the
reaction mixture to scavenge the hydrogen peroxide and avoid the
above redox cycle, the best option would always be the direct
study of the putative reactivity of the SOD mimic with the hydro-
gen peroxide. Considering all the above, parallel studies that will
asses all these points should be carried out to unambiguously
determine the SOD activity of any putative SOD mimic. Another
important issue that must be taken into account when using the
xanthine/xanthine oxidase system as a source of superoxide
radicals is the fact that these radicals are being produced in a
stationary state mode at low concentrations (about 10�11 M) and
very often the amount of putative SOD mimic vs. substrate (super-
oxide radical) is larger [84,85]. In these cases, a false catalytic activ-
ity could be obtained if there is a fast stoichiometric reaction
between the SOD mimic and the substrate.

4. Manganese SOD mimics

The challenge of this field is how to design appropriate ligands
to form stable metal complexes at the same time that they allow
the adequate platform for facilitating the redox cycle of the metal
ion. The following chemical features must be realized if the de-
signed manganese center has to catalyze the disproportionation
of superoxide radical: (1) the metal ion redox potential has to lie
between the potential for oxidation (�0.16 V vs. NHE) and reduc-
tion (0.89 V vs. NHE) of superoxide radicals (Fig. 2); (2) the manga-
nese ion must be able to cycle between the Mn(III) and Mn(II)
oxidation states faster than the rate of the spontaneous dispropor-
tionation of superoxide radical; (3) the ligand must have high affin-
ity for both the reduced and oxidized state of the metal to obtain
complexes that are stable under physiological conditions (avoid
the release of metal during the redox cycling); (4) a minimum of
one coordination site must be available for binding of the superox-
ide radical if an inner-sphere SOD catalytic pathway applies.

Diverse design strategies have been developed to obtain low
molecular weight Mn-complexes that show SOD activity. Studies
so far have focused on elucidating important structure activity
relationships (SAR) for the catalytic disproportionation of superox-
ide radicals with special attention to the metal-centered redox
potentials, the electrostatic properties and the hydrophobic envi-
ronment around the metal site. Except for some family of manga-
nese complexes, biological data (either in vitro or in vivo) are not
always available although this practice is becoming more standard.
As a consequence, if a lot of information has been already gathered
regarding important factors to consider when designing SOD mim-
ics and testing for their activity, little is still known regarding the
action and the molecular mechanisms by which these SOD mimics
might function in vivo. Indeed, recent studies carried out by differ-
ent groups showed how manganese complexes previously demon-
strated to have SOD activity in vitro were not able to (a)
functionally substitute the SOD enzymes in SOD-deficient strains
of Escherichia coli (E. coli) and Saccharomyces cerevisiae (S. cerevisi-
ae) [86a], and (b) efficiently protect human lymphoblastoid cells
against radiation-induced damage [86b]. These results highlight
how crucial it is the purity of the manganese complexes used
[86b,c] and the fact that in vivo studies do not always parallel
the in vitro observed SOD activity most likely by mislocalization
of the manganese complexes (they were not at the right cellular
compartment where superoxide radicals were produced), inade-
quate concentration of the active form (not enough amount of
the suitable chemical form to disproportionate the superoxide rad-
icals) or loss of the metal (low stability). In the latter case, the com-
plexes could be acting as simple manganese carriers and the
observed SOD activity be the result of the action of manganese it-
self [79,87,88]. Clearly, to achieve a better understanding of the
molecular basis by which SOD mimics might function and provide
defense against oxidative stress will require a strong collaboration
between chemists and biologists. Determining the key chemical
properties of the SOD mimics which are responsible for the biolog-
ical effect is fundamental, as well as detailed pharmacokinetic and
toxicology data (which are also limited so far).

This section will mainly cover those manganese complexes that
have been reported to react with superoxide radicals over the last
decade, with emphasis on in vitro studies. Previous reviews cover
research on this topic with emphasis on the use of manganese
complexes, mainly porphyrin, salen and macrocyclic derivatives,
to treat the conditions of oxidative stress related diseases (in vivo
studies) [89–93].
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4.1. Macrocyclic ligands

Riley and co-workers have employed a combination of molecu-
lar mechanics calculations and synthesis to generate different se-
ven-coordinate Mn(II) SOD mimic complexes using the
macrocycle 1,4,7,10,13-pentazazcyclopentadecane as a template
ligand. This work, which has been the subject of several previous
reviews [90,94,95], led to the discovery of the complex M40403
(Fig. 3), the prototypical complex of the family. This Mn(II) SOD mi-
mic catalyzes the disproportionation of the superoxide radical with
a rate constant value of 1.64 � 107 M�1 s�1 (Table 1). Later studies
carried out by the group of Anderson and collaborators indicated a
value of 3.55 � 106 M�1 s�1 (see paragraph below and Table 1). The
complex M40403 showed therapeutic activity in animal models of
inflammation and ischemia by protecting them against tissue dam-
age [96,97]. This complex was introduced into human clinical trials
in 2001 and has advanced to Phase II clinical studies in the USA
[95,98]. Based on structure–activity relationship studies together
with different kinetic and mechanistic studies, both in H2O and
D2O, the authors stated that these type of Mn(II) complexes func-
tion via a catalytic cycle where the rate-determining step is the
oxidation of Mn(II) to Mn(III), independently if an inner- or out-
er-sphere mechanism applies [95,99,100]. In both cases, a minimal
barrier to electron transfer is needed and therefore, a good catalyst
will be one in which the Mn(II) center is constrained in a geometry
that promotes rapid electron transfer, i.e. the pseudo-octahedral
geometry required by the Mn(III). It was postulated that the se-
ven-coordinate Mn(II) complex (having a planar macrocyclic li-
gand conformation with two trans-axial substituents, normally
chloride anions) must have enough conformational flexibility to
reorganize from the planar into a folded conformation that will sta-
bilize the necessary pseudo-octahedral geometry in the corre-
sponding Mn(III) complex. Indeed, the ligand M40401 that was
designed to favor folding into an octahedral geometry once coordi-
nated to Mn(II) showed a higher SOD activity while ligand
M40404, lacking this ability, showed no measurable catalytic rate
Fig. 3. Schematic of the mangan
(Fig. 3, Table 1) [94,95,97]. Nonetheless, recent studies have ques-
tioned the crucial role of this high conformational flexibility in
determining the degree of SOD activity. The water-exchange rate
constants and their corresponding activation parameters, mea-
sured by temperature and pressure dependent 17O NMR tech-
niques [101–103], revealed that a sort of eight-coordinate
transition state could exist and thus, an associative interchange
substitution mechanism could be expected [103]. These results im-
ply that this type of seven-coordinate Mn(II) complexes can remain
in their planar conformation with no need for a six-coordinate
intermediate. Indeed, later on and consistent with these observa-
tions, these authors have shown how seven-coordinate Mn(II)
complexes of acyclic and rigid ligands are very efficient in catalyz-
ing the disproportionation of superoxide radicals (see Section 4.4,
Acyclic multidentate ligands). This group and coworkers have also
demonstrated how two related Mn(II) pentaazamacrocyclic com-
plexes, Mn(pyane)Cl2 and Mn(pydiene)Cl2 (Fig. 3), react with NO
catalyzing its dismutation into NO�/HNO and NO+ species
[104,105]. This results differs from previous reports where it was
claimed that this type of cyclic polyamines selectively react with
superoxide radical, lacking reactivity with NO [95]. Thus, authors
speculate that the protective effect of Mn(II) pentaazamacrocyclic
SOD mimics against oxidative stress may well be the result of
their capacity to remove both superoxide radical and NO species,
which subsequently will reduce the formation of the toxic
peroxynitrite.

An alternative mechanism for the Mn(II) complexes M40403,
M40401 and M40404 has been proposed recently by Anderson
and co-workers where the rate of oxidation of Mn(II) is not the
rate-determining step [106]. The similar Mn(III)/Mn(II) redox
potentials determined for these complexes (0.525, 0.464 and
0.452 V vs. NHE for M40403, M40401 and M40404, respectively)
do not correlate with their different SOD activity (Table 1). UV–
Vis spectroscopy and pulse radiolysis studies indicate the forma-
tion of an intermediate (described as [Mn(III)(L)O2]+, L = pentaza-
macrocyclic ligand) upon reaction of the seven-coordinate Mn(II)
ese macrocyclic complexes.



Table 1
Redox potentials and SOD activity of different manganese complexes.

Complex Redox potential1 SOD activity2 Ref.

E1/2 vs. NHE (solvent) (V) IC50 (lM) Kcat(IC50)
3 (M�1 s�1) kcat (M�1 s�1) Method4

Section 4.1. Macrocyclic ligands

M40403 0.525 (ACN)a 1.64 � 107 (7.4) S.-f. [97]
3.55 � 106 (7.4) P.r. [106]
2.6 � 106 (8.0)

M40404 0.452 (ACN)a Inactive S.-f. [95]
P.r. [106]

M40401 0.464 (ACN)a 1.6 � 109 (7.4) S.-f. [97]
2.35 � 108 (7.4) P.r. [106]
1.78 � 108 (8.0)

MnL1Cl2 0.392 (Water)b 8.33 (7.4) Rb. (NBT) [107]
MnL2Cl 0.769 (MeOH)d 5.36 (7.4) Rb. (NBT) [107]

0.939c (MeOH)d

MnL3 0.49e (Water)f 306 sg McCF (NBT) [108]
MnL4 1.15h (Water)f 390 sg McCF (NBT) [108]

Section 4.2. Salen derivatives/Schiff’s base ligands

EUK-8 � 0.13 (Water)i 1.3 6.0 � 105 McCF (NBT) [110,88]
1.3 McCF (cyt c) [112]
1.5 McCF (cyt c) [158]

EUK-134 1.3 6.0 � 105 McCF (cyt c) [112]
1.54 McCF (cyt c) [114,86b]

EUK-189 1.4 6.0 � 105 McCF (cyt c) [112]
McCF (cyt c) [158]

MnL5 3.86 McCF (cyt c) [114]
MnL6I 0.62 (9.8) McCF (cyt c) [118]
MnL6II 0.50 (9.8) McCF (cyt c) [118]
MnL6III 0.55 (9.8) McCF (cyt c) [118]
MnL6IV 0.54 (9.8) McCF (cyt c) [118]
MnL6V 0.59 (9.8) McCF (cyt c) [118]
MnL6VI 0.51 (9.8) McCF (cyt c) [118]
MnL7 �0.169j (Water)k 1.93 (7.4) 6.76 � 106 McCF (cyt c) [119]

1.70 (7.4) 9.10 � 106 McCF (NBT)
[MnL8]� �0.0778j (Water)l 0.77 3.6 � 106 Rb. (NBT) [120]
[MnL9]� �0.0471j (Water)l 1.14 2.4 � 106 Rb. (NBT) [120]
[MnL10]� 0.205j (Water)l 2.34 1.2 � 106 Rb. (NBT) [120]
MnL11 0.425j (MeOH)a 1.43 1.91 � 106 Rb. (NBT) [121]

0.360j (DMF)a

MnL12I 0.327j (DCM)d 0.29 4.09 � 107 McCF (NBT) [122]
1.056c,j (DCM)d

[MnL12II]+ 0.285j (ACN)d 0.39 3.04 � 107 McCF (NBT) [122]
0.927c,j (ACN)d

MnL13I 0.341j (DCM)d Inestable in air [122]
0.968c,j (DCM)d

[MnL13II]+ 0.410j (ACN)d 1.12 1.06 � 107 McCF (NBT) [122]
0.896c,j (ACN)d

MnL14 0.143j (ACN)d 0.76 1.56 � 107 McCF (NBT) [122]
0.802c,j (ACN)d

Section 4.3. Porphyrins/porphyrazines/phthalocyanine/biliverdins/corroles

[MnT-4-PyP]+ �0.200 (Water)m 3.4 � 104 McCF (cyt c) [126]
[MnT-2-PyP]+ �0.280 (Water)m 1.9 � 104 McCF (cyt c) [126]
[MnTM-4-PyP]5+ 0.060 (Water)m 0.67 3.8 � 106 McCF (cyt c) [127]
[MnTM-3-PyP]5+ 0.052 (Water)m 0.65 4.1 � 106 McCF (cyt c) [127]
[MnTM-2-PyP]5+ 0.220 (Water)m 0.043 6.0 � 107 McCF (cyt c) [127]
[MnTE-4-PyP]5+ 0.070 (Water)m 7.2 � 106 McCF (cyt c) [126]
[MnTE-3-PyP]5+ 0.054 (Water)m 7.2 � 106 McCF (cyt c) [130]
[MnTE-2-PyP]5+ 0.228 (Water)m 0.045 5.7 � 107 McCF (cyt c) [125]
[MnCl1TE-2-PyP]5+ 0.293 (Water)m 0.025 1.0 � 108 McCF (cyt c) [124]
[MnCl2TE-2-PyP]5+ 0.343 (Water)m 0.020 1.3 � 108 McCF (cyt c) [124]
[MnCl3TE-2-PyP]5+ 0.408 (Water)m 0.010 2.6 � 108 McCF (cyt c) [124]
[MnCl4TE-2-PyP]5+ 0.448 (Water)m 0.0065 4.0 � 108 McCF (cyt c) [124]
[MnBr8T-2-PyP]+ 0.219 (Water)m 4.3 � 105 McCF (cyt c) [128]
[MnTPP]+ �0.27 (Water)m 6.7 � 104 McCF (cyt c) [126]
[MnPc]+ �0.03 (Water)m 6.5 � 105 McCF (cyt c) [126]
[MnT-2,3-PyPz]+ 0.09 (Water)m 2.9 � 106 McCF (cyt c) [126]
[MnBM-2-PyP]3+ 0.05 (Water)m 0.78 3.3 � 106 McCF (cyt c) [125]
[MnTrM-2-PyP]4+ 0.12 (Water)m 0.61 4.3 � 106 McCF (cyt c) [125]
[MnTBAP]3� �0.194 (Water)m 1.45 � 103 McCF (cyt c) [143]
[MnBV2�]2 �0.30 (Water)m 0.050 2.5 � 107 McCF (cyt c) [88]

0.46c (Water)m

[MnBVDME]2 �0.23 (Water)m 0.047 5.0 � 107 McCF (cyt c) [88]
0.45c (Water)m

[MnMBVDME]2 �0.26 (Water)m 2.3 � 107 McCF (cyt c) [126]
0.44c (Water)m
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Table 1 (continued)

Complex Redox potential1 SOD activity2 Ref.

E1/2 vs. NHE (solvent) (V) IC50 (lM) Kcat(IC50)
3 (M�1 s�1) kcat (M�1 s�1) Method4

[MnBVDT2�]2 �0.26 (Water)m 2.5 � 107 McCF (cyt c) [126]
0.47c (Water)m

MnL15 0.84c (Water)n 5.9 4.8 � 105 McCF (cyt c)
<105 P.r. [145]

MnL16 0.91c (Water)n 3.2 8.7 � 105 McCF (cyt c) [145]
MnL17 0.88c (Water)n 1.2 2.2 � 106 McCF (cyt c) [145]
MnL18 0.76c (Water)n 1.5 1.8 � 106 McCF (cyt c) [145]

7.8 � 106 P.r.

Section 4.4. Acyclic multidentate ligands
[Mn(TMIMA)2]2+ 0.64/0.28o (Water)p 1.6 3.6 � 106 McCF (cyt c) [146]
[MnBMPG]+ 0.44/0.17o (Water)p 1.2 4.8 � 106 McCF (cyt c) [146]
[MnIPG]+ 0.76/0.27o (Water)p 3.0 1.9 � 106 McCF (cyt c)

P.r.
[146]

3.8 � 106

[MnBIG]+ 0.76/0.33o (Water)p 3.7 1.5 � 106 McCF (cyt c)
P.r.

[146]

1.4 � 106

[Mn(PI)2]2+ 0.34/0.20o (Water)p 0.87 6.6 � 106 McCF (cyt c) [146]
[MnL19]+ 0.282/0.116o (Water)q 0.81 7.0 � 106 McCF (cyt c) [148]
[Mn(PhIIm)2]+ 1.26 4.1 � 106 McCF (cyt c) [150]
[Mn(PhI)2]+ 1.74 3.4 � 106 McCF (cyt c) [150]
MnL20 �0.170r (DMF)d 2.93 9.3 � 105 Rb. (NBT) [151]
[MnL21]3+ �0.07 (DMF)s 3.3 (8.0) 9.3 � 105 McCF (XTT) [152]

0.51c (DMF)s 5.5 (8.0) 5.6 � 105 McCF (XTT)t

[MnL22]2+ 0.37j (DMSO)a 1.2 � 107 S.-f.
McCF (cyt c)

[102]

0.013 1.9 � 108

MnL23 0.66j (DMSO)a 6.1 � 106 S.-f. [153]
MnL24 29.9 (7.4) 3.8 � 105 McCF (NBT) [83]
MnL25 24.7 (7.4) 4.6 � 105 McCF (NBT) [83]

Section 4.5. Peptide-based ligands
MnL26 8.08 (7.4) McCF (NBT) [157]

a 0.1 M Bu4NPF6 (Tetrabutylammonium hexafluorophosphate).
b 0.1 M NaClO4.
c Half-wave redox potential for the Mn(IV)/Mn(III) couple.
d 0.1 M TBAP (Tetrabutylammonium perchlorate).
e Onset potential of the first observed oxidation peak, V vs. Ag/AgCl, KCl saturated.
f pH 7.0, 0.1 M KNO3.
g Time required to oxidize 50% of NBT (maximum NBT oxidation was unchanged); control value = 294 s.
h Anodic potential, V vs. Ag/AgCl, KCl saturated.
i pH 7.9, 0.1 M NaCl.
j Half-wave redox potential vs. Ag/AgCl.
k 0.05 M KCl.
l 0.1 M KNO3.

m 0.05 M Phosphate buffer, pH 7.8, 0.1 M NaCl.
n 0.01 M Phosphate buffer, pH 7.4.
o Anodic potential/cathodic potential V vs. SCE.
p 0.05 M Collidine buffer, pH 7.5.
q 0.05 M PIPES buffer, pH 7.5.
r Half-wave redox potential vs. SCE.
s 0.2 M Bu4NBF4 (Tetrabutylammonium tetrafluoroborate).
t In the presence of catalase.
1 Half-wave redox potential for the Mn(III)/Mn(II) couple unless noted otherwise. Reference electrodes: NHE = normal hydrogen electrode, SCE = saturated calomel electrode,

Ag/AgCl = silver/silver chloride electrode. For comparisons, these conversion factors can be employed to estimate values vs NHE: E1/2 = E1/2, (SCE) + 0.2412; E1/2 = E1/2, (Ag/AgCl) +
0.197 (Electrochemical Methods: Fundamentals and Applications, A.J. Bard and L.R. Faulkner, John Wiley & Sons, New York, 2nd Ed.). Solvent abbreviation: ACN = acetonitrile,
MeOH = methanol, DMF = dimethylformamide, DCM = dichloromethane, DMSO = dimethyl sulfoxide.

2 pH = 7.8 unless noted otherwise.
3 Values determined from IC50values using Eq. (4) in text.
4 Pulse radiolysis = P.r.; Stopped-flow = S.-f.; McCord-Fridovich assay (indicator) = McCF (indicator); Riboflavin photoreduction assay (indicator) = Rb. (indicator).
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complexes with the superoxide radical. This intermediate oxidizes
the second superoxide radical molecule with subsequent reduction
of the metal center. Authors claim that the SOD activity is governed
by the geometry of the intermediate [Mn(III)(L)O2]+ and its reactiv-
ity with the second superoxide radical molecule, the step proposed
as rate-determining in this catalytic cycle.

Using 1,4,7-triazacyclononane (tacn) as a template, Li and
coworkers designed two new ligands wearing benzimidazole as a
pendant arm: 1-(benzimidazol-2-yl-methyl)-tacn and 1,4-bis
(benzimidazol-2-yl-methyl)-tacn [107]. These ligands coordinated
to Mn(II) and the X-ray crystal structures show a six-coordinate
Mn(II) ion bonded to the tacn ring, the nitrogen of the benzimidazole
pendant arms and two chloride anions (MnL1Cl2) or one (MnL2Cl)
forming a distorted octahedron (Fig. 3). The pH titrations indicate
that these Mn(II) complexes have good thermodynamic stability
and kinetic inertness in aqueous solution. The electrochemical stud-
ies in methanol revealed a quasi-reversible Mn(II)/Mn(III) redox
process for complex MnL1Cl2 (0.151 V vs. SCE, 0.392 V vs. NHE,
Table 1) and two redox processes for MnL2Cl that correspond to
the Mn(II)/Mn(III) and Mn(III)/Mn(IV) couples (0.527 V vs. SCE,
0.769 V vs. NHE and 0.697 V vs. SCE, 0.939 V vs. NHE, respectively;
Table 1). Both complexes MnL1Cl2 and MnL2Cl showed SOD activity
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at pH 7.4 with IC50 values of 8.33 lM and 5.36 lM, respectively. The
addition of BSA (up to 0.2 mg/L) had no effect. Based on the redox
potentials, the Mn(II)/Mn(III) pair seems to be responsible for the
SOD activity. The higher hydrophobic environment created around
the metal center in MnL2Cl (two benzimidazole arms) is postulated
to be the origin of its higher activity relative to MnL1Cl2. Catalase
activity was also reported for these complexes and the overall low
SOD activity of these Mn(II) complexes could be due to their conver-
sion into OH- or O-bridged dinuclear Mn(III) or Mn(IV), favoring cat-
alase vs. SOD activity.

Bencine and collaborators have used another polyazamacrocycle,
the 1,4,7,10-tetraazacyclododecane (cyclen), to prepare two ligands
(cyclen-1,7-diacetic acid and 4,10-dimethyl-cyclen-1,7-diacetic
acid) [108]. These macrocycles bound Mn(II) with high affinity and
six-coordinate Mn(II) complexes (MnL3 and MnL4, Fig. 3) were pos-
tulated based on potentiometric pH titrations and similar reported
systems. They showed high stability at physiological pH and tem-
perature. No detectable release of Mn(II) was observed, even in a
simulated environment reproducing the metal ion composition of
biological fluids. Cyclic voltammetry experiments revealed irrevers-
ible redox processes with two broad overlapped oxidation peaks for
MnL3, with an onset potential for first peak (assigned to a Mn(II) to
Mn(III) process) of 0.49 V (vs. Ag/AgCl, silver/silver chloride elec-
trode), and a single sharp oxidation peak for MnL4 at 1.15 V (vs.
Ag/AgCl). Further characterization of the latter revealed an oxidation
process (Mn(II) ? Mn(III)) whose rate is chemically controlled
(rearrangement of metal coordination sphere to accommodate
Mn(III) is slower than electron transfer) [109]. These complexes be-
have as superoxide radical scavengers since their high oxidation
potentials and the irreversibility of the process preclude them of
being SOD catalysts. They are capable of scavenging the superoxide
radical generated by both exogenous (xanthine/xanthine oxidase/
NBT, no interference observed with activity of xanthine oxidase)
and endogenous (activated macrophages, RAW264.7 cells) path-
ways, being MnL4 the more promising complex (effective in the
nM–lM range). The authors showed how its activity correlates with
Fig. 4. Schematic of the manganese salen
its higher intracellular distribution. Further analysis of the pharma-
cological properties of MnL4 reveals a safe toxicity profile, a de-
crease of the levels of oxidative stress key markers on cultured
cells and a reduction of the anti-inflammatory effects in animal
models of acute and chronic inflammation. Authors state that
MnL4 primarily acts as a superoxide radical scavenger not interfer-
ing with other inflammation-triggered metabolic pathways.

4.2. Salen derivatives/Schiff’s base ligands

Manganese (III) salen derivatives have been developing as SOD
mimics since it was shown by Malfroy, Jaconsen and coworkers
that this type of complexes were able to exhibit SOD activity
[110]. Work done until 1999 has been already reviewed and two
compounds, EUK-8 and EUK-134 (Fig. 4), are considered the proto-
type molecules of this family of complexes [89,90]. They posses
SOD (Table 1) and catalase activity, and substantial body of biolog-
ical data suggest these Mn(III) salen complexes have protective ef-
fects in a range of disease models related to oxidative stress
[89,111,112]. The replacement of the methoxy group in EUK-134
by an ethoxy generated the complex EUK-189, a more lipophilic
analog with similar SOD activity (Fig. 4, Table 1) [112]. Although
the mechanism of action is not known, it is postulated that the ori-
gin of their biological effect is the result of the combination of both
reactions, SOD and catalase. However, it should be noted that EUK-
8 and EUK-134 have been reported to lose SOD activity in the pres-
ence of EDTA [86,93]. Paradoxically, prooxidant activity damaging
free DNA has been reported but co-administration of either gluta-
thione or alpha-lipoic acid was shown to inhibit it [113]. Giblin and
coworkers developed a family of symmetrically and unsymmetri-
cally substituted bipyridine analogs of EUK-134 (based on the
6,60-bis(2-hydroxyphenyl)-2,20-bipyridine unit, Fig. 4) and ob-
tained some Mn(III) complexes which enhanced catalase activity
but lower SOD activity [114]. Specifically, the SOD activity of the
best candidate (MnL5, Fig. 4) was 2.5 times lower than that of
the parent EUK-134 complex (259 Units/mM = IC50 of 3.86 lM
/Schiff’s base derivatives complexes.
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vs. 650 Units/mM = IC50 of 1.54 lM, where 1 Unit refers to one
International Unit for SOD activity, Table 1) under the same exper-
imental conditions. Later on, two new series of EUK-8 analogs
were designed by Doctrow and coworkers by either modifying
the salen ring or the ethano bridge [115]. In this case, all the com-
plexes showed comparable SOD activity (mean IC50 value of
0.7 lM) but increased catalase activity with the derivatives con-
taining symmetrical 3- and 5-alkoxy substituents showing the best
cytoprotective activity protecting cultured cells from hydrogen
peroxide. Some complexes also showed neuroprotective activity
in a rodent stroke model. No metal redox potentials were reported
for any of these new series of complexes and thus no relationship
can be established between their activity and their redox proper-
ties. It was observed that these complexes get commonly inacti-
vated under the catalase assay conditions, most likely through
the formation of higher oxidation species, and their SOD activity
decreases in the presence of EDTA (Bovine serum albumin seems
not to affect their SOD activity), being indicative of the loss of
Mn(II). To increase the stability, Baudry and collaborators intro-
duced a polyethylene glycol (PEG) modification in the positions 3
and 30 of the ligand EUK-134 to generate the cyclic ligand EUK-
207 [116]. The corresponding Mn(III) complex showed increased
biological stability and similar SOD and catalase activities [117].
This type of modification was also used by the group of Lim who
PEG-ylated the 5 and 50 positions of EUK-134 obtaining Mn(III)
complexes (MnL6a–f, Fig. 4) which SOD activities were 2- to 3-fold
higher (IC50 = 0.50–0.62 lM, Table 1) [118].

The general low water solubility of manganese (III) salen
derivatives complexes has prompted the development of new li-
gands. Vecchio and coworkers modified the structure of EUK-8
to improve its water solubility properties by introducing a cyclo-
dextrin unit [119]. The resulting Mn(III) complex (MnL7) showed
good solubility in water and a slightly better SOD activity than
the EUK-8 complex under the same experimental conditions
(1.93 vs. 2.46 lM (cyt c), 1.70 vs. 2.10 lM (NBT), Table 1). How-
ever, its catalase activity was decreased. The redox potential for
the Mn(III)/Mn(II) couple became a little more positive than that
of the parent complex (�0.169 V vs. �0.187 V vs. Ag/AgCl). Inter-
estingly, the reoxidation step seemed to be partially allowed sug-
gesting that the reduced species could either be decomposing or
undergoing a partial ligand–metal dissociation process. It is wor-
thy to note that the values reported in this study for the redox
potential and SOD activity of EUK-8 were determined under dif-
ferent conditions that those shown in Table 1. A different strategy
was employed by Signorella and coworkers that introduced sulfo-
nato groups in the salicylic unit obtaining the ligands 1,3-bis(5-
sulphonatosalicylidenamino)propane (L8) and 1,3-bis(5-sulpho-
natosalicylidenamino)propan-2-ol (L9) [120]. They coordinate
Mn(III) in a tetragonal environment as previous salen analogs
with the ligand arranged in the equatorial plane (Fig. 4). The alco-
hol group present in the propane backbone of ligand L9 does not
participate in metal coordination and although it seems not to
have an effect on the overall geometry of the complex, it affects
the Mn(III)/Mn(II) metal redox potential (quasi-reversible redox
processes, �0.0471 V and �0.0778 V vs. Ag/AgCl for [MnL9]�

and [MnL8]�, respectively). Both complexes showed SOD activity
with IC50 values of 1.14 ([MnL9]�) and 0.77 ([MnL8]�) lM. The
corresponding calculated kcat(IC50) values are 2.4 � 106 and
3.6 � 106 M�1 s�1. The Mn(III) complex of the related ligand
1,2-bis(5-sulphonatosalicylidenamino)ethane ([MnL10]�) had a
redox potential value of 0.205 V (vs. Ag/AgCl) and SOD activity
with an IC50 of 2.34 lM (Table 1). For this series of complexes,
the higher the metal redox potential, the lower the SOD activity
is. This fact reveals a catalytic cycle where the oxidation of the
metal should be the rate-determining step (this trend is also ob-
served for some porphyrins and acyclic multidentate ligands, see
Sections 4.3 and 4.4). These complexes showed also catalase
activity. Recently, this group has demonstrated how the use of
the asymmetry bridging linker 2-butanol generates a ligand
(1,4-bis(salicylidenamino)butan-2-ol) that acts as a pentadentate
unit stabilizing Mn(IV) instead of Mn(III) (MnL11, Fig. 4) [121].
In methanol and dimethylformamide the complex converted to
the corresponding Mn(III) in equilibrium with its dimer and two
redox processes were observed in these media: one quasi-revers-
ible oxidation wave at 0.425 (methanol) and 0.360 (dimethyl-
formamide) V vs. Ag/AgCl corresponding to the couple Mn(III)/
Mn(IV), and another nonreversible reduction wave at around
�0.450 (methanol) and �0.400 (dimethylformamide) V vs. Ag/
AgCl corresponding to the couple Mn(III)/Mn(II). Similar behavior
is also observed for Mn(III) porphyrin complexes, see Section 4.3.
The redox potential for Mn(III)/Mn(II) is too negative and thus,
the SOD activity observed at pH 7.8 (IC50 = 1.43 lM, kcat(IC50) =
1.91 � 106 M�1 s�1, Table 1) is the result of the accessibility of
the Mn(IV) oxidation state allowing the complex to redox cycle
between Mn(III)/Mn(IV) and disproportionate the superoxide rad-
ical. Catalase activity is also reported for this complex.

The group of Ghosh have synthesized tridentate Schiff’s base li-
gands containing a phenolato and a pyridine donor in addition to
the imine group [122]. In all cases, bis complexes were obtained
(MnL12, MnL13 and MnL14, Fig. 4), however while the L12 and
L13 coordinated to both Mn(II) and Mn(III), ligand L14 was only
capable of stabilizing Mn(III). The X-ray crystal structure of MnL12I

and [MnL12II]+ revealed a manganese ion coordinated to two li-
gands in a distorted octahedral fashion. Two redox waves were de-
tected for each complex, one in the range 0.14–0.40 V vs. Ag/AgCl
that was ascribed to the Mn(II)/Mn(III) couple, and a second one
in the range 0.80–1.06 V vs. Ag/AgCl ascribed to the Mn(III)/Mn(IV)
couple. The first set of values is appropriated for SOD activity and
thus, all the complexes, with the exception of MnL13I, showed
activity with IC50 values ranging from 0.29 to 1.12 lM (Table 1).
The complexes MnL12I, [MnL12II]+ and [MnL13II]+ showed also
nuclease activity in the presence of hydrogen peroxide.

4.3. Porphyrin and corrole derivatives

Manganese porphyrins were introduced as SOD mimics more
than 30 years ago when a study, by Pasternack and co-workers,
showed that the Mn(III) tetrakis(4-N-methylpyridyl)porphyrin
complex had SOD activity ([MnTM-4-PyP]5+, Fig. 5) [123]. Since
then, Fridovich, Batinić-Haberle, Spasojević, Rebouças and cowork-
ers have pioneered the development of manganese complexes of
substituted porphyrins and have optimized their properties to
achieve compounds with potency approaching that of the SOD en-
zymes. Recent reviews cover in detail this work thus, this section
will give only a general overview [93]. To understand the structure
activity relationships (SAR) that govern the SOD activity of these
compounds, these groups studied the correlation between the
metal-centered redox potential and the rate constant for the dispro-
portionation of O��2 (kcat) for different Mn(III) porphyrins (P), phthal-
ocyanines (Pc), porphyrazines (Pz) and biliverdin IX (BV) derivatives
(Fig. 5, Table 1) [88,124–126]. The rate constants were determined
at pH 7.8 and 25 �C by competition kinetics using cyt c as the refer-
ence. All the cyclic voltammograms showed reversible or quasi-
reversible redox waves, ascribed to the Mn(III)/Mn(II) or Mn(III)/
Mn(IV) redox couple. For the first three type of ligands, the log kcat

increases linearly with the Mn(III)/Mn(II) redox potential E1/2,
predicting a 10-fold increase in kcat for a 120 mV increase in redox
potential, observation that is in agreement with the Marcus equa-
tion for outer-sphere electron-transfer reactions. Metal reduction
is considered the rate-limiting step and the more positive the
potential, the easier the reducibility of the Mn(III) complexes and
the better the ability to disproportionate the superoxide radical.



Fig. 5. Schematic of the manganese porphyrin/corrole derivatives complexes.
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Ortho N-alkylpyridiniumyl porphyrins are more potent SOD mimics
than the para and meta derivatives, reflecting their higher electron
withdrawing power. However, as the +2 oxidation state is stabilized
(series [MnClnTE-2-PyP]5+, Fig. 5 and Table 1), the SOD activity of
the metal complex increases at expenses of their stability and some
of the complexes are not very stable under physiological conditions
[124,126]. Complexes with very negative Mn(III)/Mn(II) redox
potentials (E1/2 < –190 mV vs. NHE) show very low or none SOD
activity [125,126]. Despite their favorable redox potentials and
SOD activities, only the ortho and meta isomers significantly pro-
tected SOD-deficient E. coli and allowed growth in an aerobic mini-
mal medium. Previous work showed that the lower toxicity of these
isomers compared to the para is related to their lower DNA binding
affinity [127]. A different behavior is observed for the biliverdin IX
derivatives that, due to their coordination properties (dimer struc-
tures, [MnBV2�]2, [MnBVDME]2, [MnMBVDME]2, [MnBVDT2�]2,
Fig. 5), stabilize the Mn(IV) oxidation state. As a consequence, the
Mn(III)/Mn(IV) oxidation occurs at potential values (0.44–0.47 V vs.
NHE, Table 1) appropriate for the disproportionation of the superox-
ide radical while those for the Mn(III)/Mn(II) couple are too negative
(Table 1) to catalyze the reaction [88,126]. Similar redox behavior is
also observed for corrole complexes (see below). All these complexes
showed SOD activity with kcat(IC50) ranging from 2.3 to 5 � 107

M�1 s�1 (Table 1). Due to their pentacoordinate geometry, the Mn(III)
biliverdin complexes are inert towards nitric oxide and hydrogen
peroxide what makes these complexes more selective towards
superoxide radicals than porphyrins known to be reactive towards
those species. Mn(III) biliverdin complexes are also efficient
SOD mimics in vivo facilitating the aerobic growth of SOD-deficient
E. coli.

Later on, this SAR was refined to account for the effect of elec-
trostatics and charge distribution and differently charged/sized
Mn porphyrin complexes were studied [87,128,129]. In addition
to the appropriate redox potential, the presence of positive charges
and their close placement and distribution related to the metal
center (ortho vs. meta/para, in-plane or below/above the porphyrin
ring) was found to be essential for the electrostatic facilitation of
the disproportionation of superoxide radical. This explain cases
where despite similar redox potentials very different SOD activities
were observed (Table 1): penta-charged Mn(III) meso-tetrakis(N-
ethylpyridinium-2-yl)porphyrin ([MnTE-2-PyP]5+, E1/2 = 0.228 V
vs. NHE; kcat(IC50) = 5.7 � 107 M�1 s�1) vs. singly charged Mn(III)
beta-octabromo meso-tetrakis(2-pyridyl)porphyrin ([MnBr8T-2-
PyP]+, E1/2 = 0.219 V vs. NHE; kcat(IC50) = 4.3 � 105 M�1 s�1) [128].
These results highlight the importance of mimicking the electro-
static tunneling of the SOD enzymes themselves and how both
electrostatics and the spatial placement of the positive charge
should be considered as crucial factors in the design of SOD mim-
ics. Deviations of the Marcus plot are also observed for a series of
Mn(III) meso-tetrakis(N-alkylpyridyl)porphyrins (alkyl being
methyl, ethyl, n-propyl, n-butyl, n-hexyl, and n-octyl) where de-
spite the favorable increase of the redox potential with the increase
in chain length (E1/2 from 0.220 to 0.367 V vs. NHE), a ‘‘V’’ shape
dependence was observed for log kcat(IC50) vs. E1/2 [130]. The rate
constant decreases from methyl (log kcat(IC50) = 7.79) to n-butyl
(log kcat(IC50) = 7.25) and then increases to n-octyl (log kcat(IC50) =
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7.71). This behavior originates from interplay of solvation and ste-
ric effects that modulate electronic effects.

Overall, all these SAR studies revealed that for the Mn(III) por-
phyrin and derivatives with lower redox potential (E1/2), the reduc-
tion of the Mn(III) is the rate-determining step in the catalytic
reaction. Thus, the higher the redox potential, the higher the SOD
activity is. However, further increase on the redox potential leads
to the stabilization of the Mn(II) oxidation state and indeed to
the formation of the corresponding Mn(II) complexes. From this
point, the oxidation of the Mn(II) complexes becomes the rate-
determining step and the kcat value starts to decrease as the redox
potential increases [93,131,132]. This trend is observed for other
families of manganese complexes (see Sections 4.2 and 4.4).

Regardless the charge and fairly hydrophilic nature of these
manganese porphyrins, several of them have already exerted
remarkable protective effects in both in vitro and in vivo models
of oxidative stress injuries where ROS are involved
[93,129,130,132–136]. Further studies along these lines were fo-
cused on the design of new manganese porphyrins with tailored
lipophilicity to improve cell uptake [137]. Recently, they have
shown how enhanced lipophilicity can compensate for lower po-
tency resulting in similar protection of SOD-deficient E. coli
[138]. Some of these studies have proved that increasing the lipo-
philic character of the ligand can enhance in vivo efficacy by
improving their bioavailability and entry in the cell. However, this
could happen at expenses of an increase in toxicity since as the
lipophilic character raises, their surfactant character becomes lar-
ger (toxicity) [132–134]. Another aspect researchers are trying to
improve is their oral bioavailability since orally administered drugs
could be beneficial [139,140].

Carboxylic/glyoxylic esters and amide-substituted analogs of
the [MnTBAP]3� (Mn(III) 5,10,15,20-tetrakis(4-benzoic acid)-por-
phyrin) were developed by Gauuan, Day and coworkers
[141,142]. While the majority of these complexes showed im-
proved catalase activity, only few analogs of these series showed
comparable to improved SOD activity relative to the parent com-
plex. However, it was demonstrated later on how preparations of
[MnTBAP]3� may contain high levels of free manganese impurities
(Mn clusters: Mn oxo/hydroxo/acetate) that could be the origin of
the SOD activity reported. [93,143] Indeed, this study shows that
pure [MnTBAP]3� is not able to disproportionate superoxide radi-
cals in aqueous media (its SOD activity, if any, is too low to be mea-
sured accurately, Table 1) These results underscore again how
important is to work with complexes of high purity [86c,93].

Gross and coworkers decided to explore the SOD activity of dif-
ferent metallocorrole complexes based on their previous results
that show how the iron and manganese complexes of this type of
ligands catalytically decompose peroxynitrite [144,145]. Particu-
larly, they use the 3,17-bis-sulfonated (MnL15, Fig. 5) and a series
of ortho-pyridinium or para-pyridinium ring meso-substituted cor-
roles (MnL16–18, Fig. 5). The electrochemical studies showed how
these Mn(III) complexes redox cycle between the Mn(III) and
Mn(VI) oxidation states (Table 1), the Mn(II) oxidation state was
not observed within the electrochemical window of aqueous solu-
tions. The SOD activity studies, both using the indirect McCord-
Fridovich assay and the direct method of pulse radiolysis, showed
that all these Mn(III) complexes were active (Table 1). Based on the
redox potential values, the authors postulate that the catalytic cy-
cle is initiated by the oxidation of the Mn(III) complex with the
subsequent reduction of the superoxide radical (Eq. (3b)) and it
is completed by its reduction either by superoxide radical (that
oxidizes to oxygen) or hydrogen peroxide (obtaining water and
oxygen). The latter was only proven for the corresponding FeL15
complex. As observed for the porphyrin family, the proximity of
positive charge to the metal center enhances SOD activity and
the electron-donating/-withdrawing properties of the corrole sub-
stituents seem to control the redox potential. Within the series of
pyridinium-substituted corroles, a more positive redox potential is
observed when more electron-withdrawing ortho-pyridinium
rings are present. Contrary to systems that cycle between the
Mn(III) and Mn(II) oxidation states, here a negative shift of redox
potential will favor SOD activity.

4.4. Acyclic multidentate ligands

Morgenstern-Badarau, Policar and co-workers have been devel-
oping manganese complexes of tertiary and secondary amines con-
taining different pendant arms, namely imidazole, pyridine,
carboxylate and phenolate ([MnIPG]+, [MnBIG]+, [MnBMPG]+,
[MnL19]+, [Mn(TMIMA)2]2+, [Mn(PI)2]2+, Fig. 6) [85,146–148].
These ligands were designed to reproduce the chemical environ-
ment found in the active site of the Mn-SOD enzyme, a N3O2 set
of ligand donors (Fig. 1). In general this family of ligands generated
hexacoordinate Mn(II) complexes. Some of these complexes crys-
tallize as helical polymers linked through carboxylato bridges
([MnIPG]+) or as dimers with either the carboxylate ([MnBIG]+)
or phenolate ([MnL19]+) ligands acting as bridges [85,148]. How-
ever, in aqueous solutions these structures are disrupted leading
to monomeric Mn(II) complexes, as shown by EPR and electro-
chemistry experiments. The complexes [MnIPG]+, [MnBIG]+,
[MnBMPG]+, [Mn(TMIMA)2]2+, and [Mn(PI)2]2+ showed no electro-
chemical wave in phosphate buffer but irreversible waves were ob-
tained in collidine buffer at pH 7.5, with values ranging from 0.34
to 0.76 V vs. SCE for the anodic potentials and from 0.17 to 0.33 V
vs. SCE for the cathodic ones [146]. For [MnL19]+, the redox pro-
cess was observed both in PIPES buffer (pH 7.5) with an anodic
and cathodic potentials of 0.282 and 0.116 V vs. SCE, respectively,
and in phosphate buffer (pH 7.8) with values of 0.334 V and 0.037
vs. SCE, respectively [148]. The reactivity towards the superoxide
radical was investigated at pH 7.8 mainly by the McCord-Fridovich
indirect method and all the complexes showed SOD activity (Ta-
ble 1). The reactivity of the complexes [MnIPG]+ and [MnBIG]+

was also studied by pulsed radiolysis and similar values were ob-
tained (Table 1), proving in this way the catalytic nature of the dis-
proportionation of superoxide radicals. A more detailed study of
the reactivity of the complex [MnIPG]+ allowed the authors to pro-
pose a catalytic mechanism where a transient adduct {MnOO}6

([Mn(II)OO�] or [Mn(III)OO2�]) is formed leading subsequently to
a Mn(III) complex [147]. Later studies, using low-temperature
spectroscopies, support the formation of the [Mn(III)OO2�] [149].
A linear correlation with a negative slope was observed between
the anodic potentials and the log kcat(IC50) for these Mn(II) com-
plexes. This indicates that the oxidation of Mn(II) to Mn(III) is
the rate-limiting step and thus, the SOD activity would be im-
proved by stabilizing the Mn(III) oxidation state. Indeed, the com-
plex [Mn(PI)2]2+, that shows one of the highest SOD activity was
also isolated in the Mn(III) state [146]. To further lower the redox
potential of the Mn(III)/Mn(II) couple, this group designed two new
PI-based ligands by introducing an extra carbon in the pedant arm
containing the imidazole group, [Mn(PhIIm)2]+ (Fig. 6) and the
imine reduced version [Mn(PhI)2]+ [150]. This modification fa-
vored a Jahn–Teller tetragonal distortion, as shown by the X-ray
crystal structure of [Mn(PhIIm)2]+, and stabilized the Mn(III) oxi-
dation state. However, these complexes had a lower SOD activity
than that observed for the parent complex (Table 1). This could
be the result of an excessive stabilization of the Mn(III) state and
thus, a harder cycling between the Mn(III) and Mn(II) oxidation
sates. The electrochemical experiments did not allow to obtain
an estimate of the redox potential associated to the Mn(III)/Mn(II)
couple for any of the two complexes.

The group of Guo employed the ligand N,N0-(1,2-pheny-
lene)bis(pyridine-2-carboxaminde) to prepare the complex
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MnL20 (Fig. 6) [151]. The X-ray crystal structure showed a Mn(III)
with an octahedral geometry coordinated to the four nitrogens of
the ligand in the equatorial plane and to one water and chloride
ion as axial ligands. Cyclic voltammetry in dimethylformamide
showed a reversible Mn(III)/Mn(II) redox process with a half-wave
potential value of �0.170 V vs. SCE. Its SOD activity was deter-
mined at pH 7.8 by using the riboflavin photoreduction indirect
method and an IC50 value of 2.93 lM was obtained (Table 1).

Watson and coworkers has used the cis,cis-1,3,5,-triaminocylco-
hexane scaffold to design an aqueous soluble six-coordinate
Mn(III) complex, [MnL21]3+ (Fig. 6) [152]. The complex showed
SOD activity and the second order rate constant was higher when
determined in the absence of catalase (Table 1). This was justified
by the presence of hydrogen peroxide in the solution acting as
reducing agent and thus facilitating the reduction of Mn(III) to
Mn(II). However, the catalase activity of the complex was not ex-
plored. A decrease in the rate constant was observed when the io-
nic strength was increased supporting a rate-determining step
which involves species of opposite charges (most likely the super-
oxide radical and the cationic Mn(III) complex). UV–Vis spectro-
scopic titrations showed that at pH 8.0 the major species in
solution was the monoprotonated [Mn(L21)H]4+. Authors claim
this H+ could be playing an important role in the mechanism of
superoxide radical disproportionation since in the native Mn-SOD
both, electron and proton transfer, are involved in the reaction.
Electrochemical studies in dimethylformamide revealed two qua-
si-reversible metal-center redox processes, Mn(IV)/Mn(III) and
Mn(III)/Mn(II) with E1/2 values of 0.51 V and �0.07 V vs. NHE,
respectively (Table 1). Although both redox couples could be par-
ticipating in the reaction, Mn(III)/Mn(II) is supported as the actual
active one based on the effect that hydrogen peroxide has in the
SOD activity.

Ivanovic-Burmazovic group has shown how seven-coordinate
Mn(II) complexes of the acyclic and rigid H2dapsox (2,6-diacetyl-
pyridine(semioxamazide)) ([MnL22]2+) and H2Dcphp (N

02, N
06-

di(pyridin-2-yl)pyridine-2,6-dicarbohydrazide) (MnL23) ligands
are very efficient in catalyzing the disproportionation of superox-
ide radicals, with catalytic rate constants of 1.2 � 107 M�1 s�1

and 6.1 � 106 M�1 s�1, respectively (Table 1) [102,153]. These val-
ues were determined by using direct stopped-flow measurements
in dimethyl sulfoxide (0.06% water). The reactivity of the complex
[MnL22]2+ was also studied in aqueous media at pH 7.8 (phosphate
buffer) using the indirect McCord-Fridovich assay and a rate con-
stant one order of magnitude higher was obtained (1.9 � 108

M�1 s�1, IC50 of 0.013 lM Table 1). This higher value was the result
of a direct reaction between [MnL22]2+ and the indicator cyt c (the
oxidized form of the complex reoxidized the reduced cyt c) [102].
When NBT was used as indicator, no SOD activity was detected due
to the formation of a complex between NBT and [MnL22]2+ that
precipitated from solution. These results highlight how indirect
methods could not always be reliable and can only be applied upon
considering possible cross-reactions that can occur at the same
time in solution. Both Mn(II) complexes, [MnL22]2+ and MnL23,
show a distorted pentagonal-bipyramidal geometry with the
pentadentate ligand coordinated in the equatorial plane and two
solvent molecules (water or methanol) in the axial positions
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[102,153]. Interestingly, the H2Daphp (2,6-bis((2-(pyridin-2-
yl)hydrazono)ethyl)pyridine) ligand binds Mn(II) with the same
overall geometry but shows no SOD activity [153]. While the two
complexes [MnL22]2+ and MnL23 have redox potentials values of
0.37 V and 0.66 V vs. Ag/AgCl, respectively, the Mn(II) complex of
H2Daphp showed no signal in the scan range from �1 to 1.2 V,
which is indicative of a high redox potential (>1.2 V). Despite the
similarity of the ligands H2Daphp and H2Dcphp, their redox prop-
erties are very different. Authors claimed that the simple modifica-
tion, hydrazone (imino nitrogen) vs. hydrazide (amido nitrogen),
led in the latter case to negatively charge amido nitrogens upon
Mn(II) coordination (MnL23, Fig. 6), a key factor since their strong
sigma-donor ability can stabilize the Mn(III) oxidation state
decreasing the Mn(III)/Mn(II) redox potential by at least 0.8 V.
These results show how the redox activity of manganese com-
plexes can be modulated without changing the donor set and coor-
dination geometry, as demonstrated previously for other
manganese systems [125,126,129,154–156]. In addition, they sug-
gest that solvent dissociation and formation of a six-coordinate
intermediate are not crucial for SOD activity (see Section 4.1).

Vajragupta and coworkers have explored how Mn(II) coordina-
tion can enhance the antioxidant properties of curcumin and its
diacetyl derivative [83]. Both Mn(II) complexes (MnL24 and
MnL25, Fig. 6) showed higher SOD activity than the precursors as
determined by the McCord-Fridovich indirect method using NBT
(IC50 values of 29.9 and 24.7 lM for MnL24 and MnL25, respec-
tively, Table 1). Curcumin inhibited only 18.6% of NBT at 270 lM
whereas the diacetyl derivative showed no inhibition at this con-
centration. A lower SOD activity was determined by using the spin
trap DMPO as indicator (MnL24: IC50,DMPO = 1.09 � 10�3 lM
(kcat = 6.9 � 103 M�1 s�1) and MnL25: 2.40 � 10�3 lM
(kcat = 3.1 � 103 M�1 s�1). Stability studies in water at different
pH values revealed that these complexes release around 40% Mn(II)
at pH 7.4. Thus, although the authors added EDTA (up to 5%) or
albumin (up to 1.6%) in the solution when determining the SOD
activity and the results were not considerably different, the
amount of remaining free Mn(II) could be the source of the SOD
activity. Thus, it is not completely clear whether these complexes
have SOD activity by themselves or whether the released Mn(II)
is acting as the active species. Release of Mn(II) was also detected
in human blood/serum. No redox properties were reported.
4.5. Peptide based-ligands

Using the de novo peptide/protein design approach, the group of
Singh and coworkers has prepared an helix-loop-helix polypeptide
containing the four amino acids that define the active center of the
native Mn-SOD (three His and one Asp, Fig. 1) [157]. EPR experi-
ments at pH 8.0 indicated that the peptide bound one Mn(II) with
a Kd of 36 lM. Authors propose that Mn(II) is bound to the de-
signed site, i.e. non-specific binding observed, since for the corre-
sponding peptide missing one His and the Asp no binding was
observed. The SOD activity was evaluated at pH 7.4 (50 mM potas-
sium phosphate) and an IC50 value of 8.08 lM was obtained
(MnL26, Table 1). Based on the fact that neither the apo-peptide
nor the pure Mn(II) showed any activity, the authors suggest that
the observed SOD activity is due to the Mn(II)-peptide complex.
Interesting, Mn(II) ions have been reported to have SOD activity
under the experimental conditions used here [79,88].
5. Conclusions

Different manganese complexes, containing either Mn(II) or
Mn(III), have been designed and reported to show SOD activity
in vitro (Table 1), with some complexes displaying also activity
in vivo. Interestingly, the majority of them do not present neither
the donor set of ligands or atoms (three histidines and one aspartic
acid = three nitrogens and one oxygen) neither the coordination
geometry (distorted trigonal bipyramidal, Fig. 1) found in the ac-
tive center of the native Mn-SOD enzyme. However, all of them
have a redox potential (E1/2, Table 1) in between the redox poten-
tials corresponding to the reduction (0.89 V vs. NHE, 0.65 V vs. SCE)
and oxidation (�0.16 V vs. NHE, �0.40 V vs. SCE) of the superoxide
radical [45]. Complexes with E1/2 close to 0.36 V vs. NHE (0.12 vs.
SCE), the intermediate value between the above potentials, display
higher SOD activity independently if the redox cycle occurs be-
tween the oxidation states Mn(III)/Mn(II) or Mn(IV)/Mn(III). This
is indicative of how crucial is to fine-tune the redox activity of
the manganese ion for the function as SOD catalytic center.
Although the redox potential values are not available for all the
manganese complexes reported here and the SOD activity was
determined under different conditions, a general trend is observed
where for complexes with low E1/2 the SOD activity increases as
the E1/2 values raise (indicating that the reduction of the Mn(III)
or Mn(IV) is the rate-determining step) reaching a certain value
where the reduced state of the metal is stabilized and then a de-
crease in rate is observed as the E1/2 increases (the oxidation of
the Mn(II) or Mn(III) has become the rate-determining step)
[93,120,132,146,153]. The higher SOD activity is observed when
the reduction and oxidation of the metal center by the superoxide
radical proceed at similar rates. Exceptions are observed that call
for different mechanisms where the redox control, even being an
important factor, is not defining the rate-determining step of the
catalytic process, and other elements, such as the coordination
geometry preferences for different oxidation sates and/or interme-
diates, and level of flexibility of the ligand, could govern the SOD
reactivity [106]. A common theme of the most effective SOD mim-
ics is the presence of positive charges that guide the superoxide
radical to the reactive metal center. This electrostatic guidance is
a known key factor in the native enzymes [10,42].

With the exception of a few families of complexes [89–93],
in vivo studies are still very limited. The results obtained so far
highlight the fact that there is not always a direct correlation be-
tween in vitro and in vivo studies. The parameters governing the
SOD activity in both situations could be completely different. Fac-
tors such a lipophilicity and right biodistribution (cellular loca-
tion) can compensate for lower SOD activities. Thus, depending
on the electrostatic, steric, solvation, lipophilicity and stability
properties of these complexes, different potency can be expected
between the in vitro and in vivo results. More studies to under-
stand the pharmacokinetics of these complexes are definitely
needed. Stability under physiological conditions is another key
factor because the release of Mn(II) would give false positive re-
sults since Mn(II) itself shows SOD activity. Indeed, this has al-
ready been proposed to be the case for several Mn(II)
complexes reported to be active [79,87,88]. Control experiments
where the activity of the ligands themselves and Mn(II) are stud-
ied are fundamental. More importantly, the purity of the com-
plexes employed is critical to avoid artifacts and misleading
results [86,93]. Finally, considering that due to their intrinsic nat-
ure these complexes react or have the potential to react with
other ROS (i.e. hydrogen peroxide and hydroxyl radicals) and
RNS (i.e. peroxynitrite) species, specially when tested in vivo, fur-
ther work is required to gain insight into their reactivity and
mode of action. If specificity for superoxide radicals may be desir-
able for mechanistic studies, the ability to eliminate different ROS
or RNS can be beneficial for therapeutic uses. The understanding
of the reactions of superoxide radical with metal centers will help
in conceiving whether and how metal complexes can be used as
pharmaceuticals for treatment of disease states caused by this
radical overproduction. Moreover, this knowledge can guide the
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design of ligands with a wide range of possibilities for fine-tuning
the metal redox potential and the overall charge and lipophilicity.
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