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Nomenclature

benzimpnOH N,N,N’,N'-tetrakis(2-
methylenebenzimidazolyl)-1,3-diaminopropan-2-
ol

bimindH 1,3-bis(2’-benzimidazolylimino)isoindoline

bipy 2,2'-bipyridine

bispicMe,en N,N’-bis[(2-pyridylmethyl)(methyl)]-1,2-
ethanediamine

HPCINOL 1-[bis-(2-pyridylmethyl)amino]-3-chloropropan-
2-ol

bpbpmp 2-[bis(2-pyridylmethyl)aminomethyl]-6-
{[(benzyl)(2-pyridylmethyl)amino|methyl}-4-
methylphenol

bpea N,N-bis(2-methylpyridyl)ethylamine

bpeaph N1,N1'-(1,3-phenylenebis(methylene)bis(N2,N2’-
bis(pyridine-2-ylmethyl)ethane-1,2-diamine)

bpemp 2,6-bis{bis(2-(2-pyridylethyl)amino)methyl}-4-
methylphenol

bpep 2,6-bis{bis(2-(2-pyridylethyl)amino)methyl}phenol

bphpmp 2-[bis(2-pyridylmethyl)aminomethyl]-6-{[(2-
hydroxybenzyl)(2-pyridylmethyl)amino]methyl}-
4-methylphenol

bpia bis(picolyl)(N-methylimidazol-2-yl)amine

bpmapa bis((2-pyridylmethyl)amino)propionic acid

bpmp  2,6-bis{(N,N-bis(2-pyridylmethyl)amino)methyl}-
4-methylphenol
bphba  2-{(N,N-bis(2-pyridylmethyl)amino)methyl}phenol

chedam 4-hydroxypyridine-2,6,dicarboxylic acid

cyclam 1,4,8,11-tetraazacyclotetradecane

cyclam,PrOH 1,3-bis[1,4,8,11-tetraazacyclotetradecane]propa
2-0l

dmaiBrp 4-bromo-2-{[(dimethylamino)ethyl]iminomethyl}-
6-{[(dimethylamino)ethyl](methyl)aminomethyl}phe|

dmamp 2,6-bis{[(dimethylamino)ethyl]aminomethyl}-4-
methylphenol

dmimp 2,6-bis{[(dimethylamino)ethyl]iminomethyl}-4-
methylphenol

dpimp  2,6-bis{(2-pyridylmethyl)iminomethyl}-4-
methylphenol

Hbbml [bis(2-benzimidazolylmethyl)amino]ethanol

Hbpg  bis(2-picolyl)glycylamine

Hsbprol-'Bu-p 2,6-bis(prolin-1-yl)methyl-4-t-butylphenol
Hetsalim ethyl salicylimidate

Hsnta  nitrilo-tris-acetic acid
Hopda  2-picolyldiglycylamine
hpmp  2,6-bis{((2-hydroxybenzyl)(2-

pyridylmethyl)amino)methyl}-4-methylphenol
hppentOH 1,5-bis[(2-hydroxybenzyl)(2-
pyridylmethyl)amino]pentan-3-ol
hppnOH 1,3-bis[(2-hydroxybenzyl)(2-
pyridylmethyl)amino]|propan-2-ol

indH 1,3-bis(2’-pyridylimino)isoindoline

LH N,N-bis(2-pyridylmethyl)-N'-(salicylidene )ethane-
1,2-diamine

LiH N-(2-hydroxybenzyl)-N-(2-pyridylmethyl)-N'-(2-
pyridylmethyliminato)ethane-1,2-diamine

mLH N,N'-bis(2-pyridylmethyl)-N-(2-hydroxybenzyl)-

N'-methylethane-1,2-diamine

pbpmapa «a-phenyl-B-[bis(2-pyridylmethyl)amino]propionic
acid

phen 1,10-phenanthroline

pmpemp 2,6-bis{[2-(2-pyridyl)ethyl(2-
pyridylmethyl)amino]methyl}-4-methylphenol

nol

salen 1,2-bis(salicylideneamino)ethane
salbutOH 1,4-bis(salicylideneamino)butan-2-ol
salpentOH 1,5-bis(salicylideneamino)pentan-3-ol
salpn 1,3-bis(salicylideneamino)propane
salpnOH 1,3-bis(salicylideneamino)propan-2-ol

tacn 1,4,7-triazacyclononane
tpa tris-2-picolylamine = tris(2-methylpyridyl)amine
Abbreviations
CAT catalase
EPR electron paramagnetic resonance
ESI-MS electrospray ionization mass spectrometry
FAB-MS fast atom bombardment mass spectrometry
GSH glutathione
SOD superoxide dismutase
SCE saturated calomel electrode
NHE normal hydrogen electrode
1. Introductory remarks

Reactive Oxygen Species (ROS) are generated in the respira-
tory chain by successive reductions of dioxygen to superoxide
radical and hydrogen peroxide (Scheme 1) [1-3]. While H,0, is
not a strong oxidant by itself, it can form the highly reactive
hydroxyl radical by Fenton-like reactions in the presence of metal-
lic traces. In general, concentrations of these species are tightly
controlled since they are useful in several biological events as apo-
ptosis or redox signaling; but increased levels of ROS have been
observed in several pathologies, including ischemia, reperfusion-
related injuries and neurodegenerative diseases [4-7]. Superoxide
dismutases (SOD), catalases (CAT) and the glutathione (GSH) perox-
idase are the enzymes involved in defense against oxidative stress.
Two CAT families exist. The most abundant CAT contain a iron(III)-
protoporphyrin prosthetic group [8]. In the other family, the active
site is made of a dinuclear Mn core (MnCAT) [9,10]. The present
review is focused on functional mimics of the MnCAT and thus on
non-porphyrinic complexes. A number of families of Mn-based cat-
alysts that employ different oxidation states during catalysis are
described, the properties of which are commented on, stressing
the role of bridging and terminal ligands on redox potentials and
catalysis.

2. Manganese catalase

Catalase enzymes are present in most aerobic forms of life
and are responsible for the decomposition of hydrogen peroxide
to molecular oxygen and water [11,12]. Although most catalases
contain the iron-protoporphyrin IX prostetic group, some bacte-
ria utilize a non-heme Mn containing catalase [13-16]. Two crystal
structures at atomic resolution have been obtained for MnCAT iso-
lated from Lactobacillus plantarum [10] and Thermus thermophilus
[9,17]. The active site of these enzymes contains two Mn ions triply
bridged by a 11 3-carboxylato from a Glu residue and two solvent-
derived single atom bridges, the exact nature of which is yet to be
established. In the Mn, "™ form of L. plantarum and T. thermophilus,
the Mn. - -Mn separation is 3.03 [10] and 3.14A [9], respectively.
EPR and EXAFS studies have suggested that the Mn.--Mn separa-
tion is significantly longer in the reduced Mn,!! form of the enzyme
(3.53 A), consistent with water and/or hydroxide as the bridging
oxygen atoms [18,19]. Furthermore, the Mn2 subsite is coordinated
to one His and one bidentate carboxylate from a Glu residue. The
Mn1 subsite is bound to one His and one monodentate Glu car-
boxylate, with the sixth coordination site occupied by a terminal
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Scheme 1. Simplified view of the oxygen reduction route showing the enzymes involved in ROS detoxification.

water molecule in octahedral coordination geometry (Fig. 1). Ter-
minally bound water molecules are easily displaced from the metal
complexes and this apical site likely serves as the initial substrate
binding site during catalysis [20].

Dismutation of H;0, by MnCAT shows saturation kinetics on
substrate, described by the Michaelis-Menten model depicted in
Scheme 2.

According to this model, initial rates (r;) vs. [H,0,]; plots can be
fitted to Eq. (1), the Michaelis-Menten equation.

r. _ Kea[MnCAT][H30]i _ Vimax[H201;

= = 1
! Km + [H202]; Km + [H202]; )

In this equation, ke, is the catalytic rate constant (also known
as turnover number), Ky (k_1Kkcat/k1) is a measure of the enzyme
affinity for H,O, (the lower the Ky, value, the higher the affin-
ity for H,0,) and Vpax is the maximal rate attained for a given
enzyme concentration. For MnCAT, the turnover-limiting step (the
slow step in the catalytic cycle associated to k¢t ) is the reduction of
H,0, [21]. Turnover numbers of 2.6 x 104,2.6 x 10° and 2 x 10° s~!
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Fig. 1. Active site of dimanganese catalase from L. plantarum (adapted from PDB ID
1JKU).
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Scheme 2. Michaelis-Menten model.

and Ky 15, 83 and 350 mM were reported for MnCAT from Ther-
moleophilum album [22,23], T. thermophilus [21] and L. plantarum
[22], respectively. Turnover numbers of MnCAT, although quite fast,
are significantly slower than those of heme-CAT that are close to
the diffusion-limited rate.

Although MnCATs have been isolated in four oxidation states
ranging from Mny!! to Mn,™!V, biochemical and spectroscopic
studies have shown that these enzymes disproportionate H,0,
by cycling between the Mn,!! and Mn,!!' oxidation states [24,25].
Hence, removal of the catalytically inactive mixed valence Mn, !
and Mn, ™"V states may be crucial in high efficient enzymatic CAT
activity. At pH 7, the electrochemical potentials (vs. NHE: normal
hydrogen electrode) for the two-electron O,/H,0, and H,0,/H,0
couples are +0.28 and +1.35V, respectively. To efficiently catalyze
the H,0, disproportionation, the protein environment controls the
reduction potential of the dimanganese active site to a value much
lower than that of the Mn3*/Mn2* couple (1.54 V). The fact that the
two Mn ions of the active site of MnCAT possess the same NOs
coordination sphere provides a symmetrical environment that sta-
bilizes the homovalent diMn core and facilitates the observed redox
activity based on shuttling between Mn,"/Mn, ! states during dis-
proportionation of H,0,. Also, carboxylato bridges electronically
shield the diMn center, thus promoting two-electron Mn,'!/Mn, !
over one-electron Mny " /Mn,™M/Mn, ™ processes [11].

Because of the fast kinetics of this enzymatic reaction, each inde-
pendent step of the catalytic cycle of MnCATs has not yet been
characterized. However, based on reactivity, structural and spec-
troscopic studies of MnCAT and derivatives, a mechanism for the
H, 0, disproportionation by MnCAT (shown in Scheme 3) has been
proposed involving distinct coordination modes for peroxide sub-
strate in each of the two oxidation states of the enzyme during
turnover [26].

In this mechanism, oxidation state changes are accompanied by
structural changes involving the groups binding the Mn atoms. Ini-
tial peroxide binding to the Mn,"" form of the enzyme occurs at a
terminal site on one of the Mn centers by displacement of the labile
water ligand with concomitant protonation of the p-oxo bridge,
followed by reduction of the dimanganese center and release of
0,. The second equivalent of H,0, binds to the Mn,! form of the
enzyme as a bridging 11 1-hydroperoxo, protonation of which facil-
itates heterolytic O—O bond cleavage coupled to cluster reoxidation
with loss of water, closing the catalytic cycle. Terminal and bridg-
ing peroxide binding to the Mn,™ and Mn,! forms of the enzyme,
respectively, are supported by X-ray studies of the azide and halide
inhibited enzyme: azide binds to the oxidized Mn,'! state of the
enzyme as a terminal ligand [ 10] and halides bind the reduced Mn,!!
state replacing the p-oxygen bridges by the p.-chloride ones [9,25].

In MnCAT, a web of hydrogen bonds contributes to stabilize
the diMn core with the pair of solvent bridges, making MnCAT
active over a wide pH range of 5-12, with activity nearly inde-
pendent of pH in the 7-10 pH range, and falling to zero at more
extreme pH values [27-29]. The loss of catalytic activity at pH<5
was attributed to protonation of the bridges and formation of an
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Scheme 3. Mechanism of catalytic disproportionation of H,O, by MnCAT adapted
from Ref. [26].

open form of the enzyme, thus supporting that the active site of the
enzyme must contain a closed cluster mediated by a pair of solvent
bridges [20].

3. Manganese catalase mimics

Biomimetic compounds provide a unique way for testing
mechanisms in MnCAT enzymes. Comparison of the activity of
structurally characterized complexes can help delineating the func-
tional roles of the bridging ligands and structural motifs that play
a key role in the mechanism of H,0, disproportionation by these
enzymes. In particular, the fine-tuning of Mn redox states appears
as a critical feature when using artificial compounds to mimic
the enzymatic activity. A challenge of bioinorganic chemistry is to
rationalize the involvement of the Mn,!!/Mn, !, Mn, " /Mn, 1V or
Mn,"/Mn,!V couples in the H,0, disproportionation catalyzed by
diMn complexes on the basis of structural differences of the Mn,
centers provided by the ligands.

Due to the potential use as catalytic scavengers of H,0, for
preventing oxidative stress injuries, numerous and diverse Mn
compounds exhibiting CAT-like activity have been reported [12].
However, more detailed mechanistic studies have been performed
on complexes of binucleating ligands involving either alkoxo or
phenolato which provide an internal bridge to stabilize the diman-
ganese unit. In this review, the relevant features of these functional
mimics and their CAT activity are presented and some insights into
the role of the bridging ligands, endogenous bases, and first- and
second-sphere effects on the redox potentials and catalysis are dis-
cussed. These systems will be compared to diMn complexes with
N/O ancillary ligands and different bridging motifs, with regard to
redox properties and catalase activity. Effect of water on complexes
with exchangeable ligands and implications on their CAT activity
will be illustrated with some chosen examples. Drawn structures
of complexes discussed in this review are based on reported crys-
tal structures, unless otherwise mentioned. The various ligands to
which references will be made are summarized in Scheme 4.

4. Alkoxo-bridged diMn catalysts

Dinucleating diamine and diimine, which provide one alkoxo
oxygen for the endogenous bridging of two metal ions, have
been employed with success in the synthesis of functional mimics
for MnCAT [30-38]. Kinetic and mechanistic studies of the H,0,
disproportionation by these complexes have revealed some struc-
tural features that control the Mn oxidation states involved in
the catalase activity. Four alkoxo-bridged diMn systems dispro-
portionate H,O, with saturation kinetics, through a redox cycle
involving the Mn!!l;/Mn!'; couple [30-38]. These complexes con-
tain polydentate ligands derived from 1,3-diaminopropan-2-ol or
1,5-diaminopentan-3-ol, that modulate the Mn---Mn separation
to 3.2-3.3A and 2.95 A, respectively, and possess Mn!!,(-OR),4*
[33,34], Mn',(1-OAc)(4-OR)(H20)%* [32,36], Mn"y(u-OAc) (-
OR)3* [37] or Mn",(u-OAc)(u-OR),3* [30,37] cores with the
remaining coordination sites of the two Mn ions occupied by
donor atoms of the ligand (Fig. 2). These compounds have
been proposed to undergo alkoxide-shift [38], carboxylate-shift
[30,37] (that is the replacement of the coordinated ligand by
the substrate) or possess one labile position [31,35], thus offer-
ing a terminal coordination site to H,O,. For complexes of
X-hppentOH and benzimpnOH, ESI-MS, UV-vis, EPR and param-
agnetic 'TH NMR spectroscopies demonstrated that the starting
compounds undergo methoxo (or water)/oxo exchange in basic
medium, with retention of bound acetato either as a bridge or
shifted to a terminal position. Based on spectroscopic results, the
oxo-bridged complexes, [Mn!!,(u-0)(u-AcO)(X-hppentO)] and
[Mn,"(14-0)(OAc)(OH)(benzimpnO)]* [30,31] were proposed as
the active forms of the catalysts during H,0, disproportionation. A
striking point that results from comparison of these systems con-
cerns the turnover-limiting step. For X-hppentOH, X-hppnOH and
X-salpnOH systems the rate determining step of the cycle corre-
sponds to reduction of the catalyst with simultaneous oxidation of
H,0, (oxidative half-reaction), with endogenous ligands acting as
internal bases facilitating deprotonation of peroxide during its oxi-
dation, in agreement with the fact that the rate is not affected by
addition of an external base.

However, for the benzimpnOH complex, the oxidation of the
Mn,!! complex to the oxo-bridged-Mn,!!! form with concomitant
reduction of H,0, (reductive half-reaction) occurs in the slow
step of the catalytic cycle [31]. This fact was explained by the
higher redox potential of the Mn"l/Mn!" couple in [Mn,"(4-OAc)( -
OH,)(benzimpnO)]2* with respect to the other alkoxo-bridged
complexes (Table 1, entries 1-5), which is a consequence of
the increased N/O ratio in the coordination sphere of Mn
(N303 vs. N;O4 or NOs). A similar behavior was exhibited by
[Mn,"(cyclam,iPrOH)(14-03SCF3)]%*, a robust complex with Mn in
a N40, coordination sphere with high stability of the Mn,!"" oxi-
dation state (Table 1, entry 6), and that disproportionates 20,000
equivalents of H,O, [39]. Another interesting observation is that
complexes [Mny"(-OAc)(u-OMe)(X-hppentO)]* are stable over
a ~1V potential range [30] while [Mn(u-OAc)(-OMe)(hppnO)]*
and [Mn"(X-salpnO)], are stable in a narrower AE range (~0.6 V),
and the Mn"l;/Mn"Mn"V couple is shifted to significantly lower
potentials, as shown for [Mn,"(u-OAc)(u-OMe)(hppnO)]* in
Fig. 3(a). This figure illustrates cyclic voltammograms of the
Mn'", /Mn""Mn!V' couple taken at different scan rates [37]. The
increased stability of the diMn!!! oxidation state was interpreted
as the result of the increase in the chelate ring size provided by the
length of the linkers between the central alcohol and the N-amino
groups of the ligands (see Section 5.1 for other examples) [40,41].

These four classes of complexes disproportionate H,0, with
saturation kinetics (entries 1-4 of Table 2), with similar kcac
values but significantly higher than kc,; obtained for com-
plexes possessing Mny(u-OAc),2* or Mny(u-OPh),2+°r4*) cores
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(0.02-0.2s71) [43] (entries 7-9, Table 2). In every case, ket and
Ky values were obtained from non-linear fit of experimental
data to the Michaelis—-Menten equation (solid lines in Fig. 4 are
good examples of this kind of fit). Ky values in Table 2 also
reflect the relative affinity of the alkoxo-bridged catalysts for
the substrate: complexes with one labile position>complexes
undergoing alkoxide-shift >complexes undergoing carboxylate-
shift.

1233

X-salpentOH yields another family of alkoxo-bridged diMn com-
plexes (Fig. 5) that employ the Mn'!l;/Mn!V, couple to dismutate
H,0, [42,44-47]. Complexes of this family contain polyden-
tate Schiff-base ligands derived from 1,5-diaminopentan-3-ol that
modulate the intermetallic distance to 2.91-2.94A, possess a
Mn!,(-OAc)(u-OR),3* core with two labile coordination sites
in cis-position to each other and dismutate H,O, with saturation
kinetics (entry 5 in Table 2).
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Scheme 4. Ligands and their abbreviations.
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Kinetic studies of H,0, disproportionation catalyzed by Mn,!!
complexes of X-salpentOH showed that the catalysts that are
easier to oxidise react faster (electron-donating>H >electron
withdrawing substituent). The complex with X=3-OMe reacted
faster than expected from its redox potential, a fact attributed
to the contribution of the ortho-OMe group in the deprotonation

of H,0,, activating it toward O—O bond cleavage [42]. Although
the redox potentials of complexes of X-salpentOH (entry 5 in
Table 1, and Fig. 3(b)) fall in the same range as those of complexes
of X-salpnOH or X-hppnOH, the H,0, disproportionation cycle
involves interconversion between the Mn'l; and [Mn!V=0],
forms. Both the short Mn---Mn separation and the occurrence
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of two labile coordination sites has been thought to facilitate
the w-bridging mode of peroxide leading to O—O cleavage and
formation of the [Mn!V=0], form of catalyst. This should not be
the case for complexes of X-hppentOH because, despite the short
Mn. - -Mn distance (2.95A), saturation of the coordination sphere

of the Mn ions by non-labile donors enforces peroxide to bind
Mn as a terminal ligand (through ligand-shift). X-salpnOH and
benzimpnOH mimics combine long intermetallic distance and
none (or one) labile site on the Mn ions, thus favoring terminal
binding of peroxide. In line with these facts, and although no
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Fig. 2. Alkoxo-bridged diMn complexes that employ the Mn,"/Mn,™ cycle to disproportionate H,0,.
Table 1

Redox potentials (vs. SCE) of alkoxo- and oxo-bridged diMn complexes.

Complex Mn, Mn, "/ Mn, "V Mn,V/ Solvent Donor set Mn-Mn Ref.
Mn,! Mn, LI Mn, " Mn, "V around Mn  distance
1 [Mn"(X'-salpnO)]; ~037to 0.2-0.7 CH5CN N20y4 3.25 [33]
0.11
2 [Mny"(-OAc)(i-OH, )(benzimpnO)]2* 0.79b 1.25 CH3CN N303 3.54 [32]
3 [Mnp"(u-OAC) u-Y)(X2-hppnO)J* _05to 0.19-0.34 CH3CN N>O4 32 [37]
-0.22
4 [Mny"(p-OAc)(u-OMe)(X3-hppent0)]* —0.13to >1 DMF N2O4 2.95 [30]
0.03
5 [Mny"(u-OAc)(1-OMe)(X?-salpentO)(MeOH ), |* ~0.19to 0.31-0.61 DMF NOs 291-294  [42,44-47]
0.1
6  [Mny"(cyclamPrO)(14-03SCF;)]* 0.79 1.1 15 CH;CN N4O» 3.844 [39]
7 [(OAc)Mn"(bbml),Mn"(OAC)]* —0.45%¢ 0.55 0.85 DMF N303 3.21 [48]
8 [Mnp"™V(u-0)(tpa) IP* 0.25 1.17 CH;CN N4O; 2,643 [96]
9 [Mny"V(u-0)(bpg)]* ~0.04 0.73 CH;CN N303 2.66 [96]
10 [an“"“’(u—o)z(pda)z]‘ —-0.06 0.67 CH3CN/H20 N204 - [96]
11 [Mnp"V(u-0)(X5-bispicMeen), J* 0.1-0.3 097-132  CHsCN N4O; 2,678 [100,101]

a Irreversible.
b Bielectronic redox couple.
¢ Tentative assignment.

Y =0Ac or OMe. X =aromatic ring substituents: X' =5-OCH3, H, 5-Cl, 3,5-diCl, 5-NO3; X? =OMe, H, Cl; X3 =0Me, H, Br; X* =0Me, Me, H, Cl, Br, NO;; X =H, OEt, Me, Cl, NO,.

mechanistic studies have been performed, a Mn,!'/Mn,!' redox
cycle can be expected for [(OAc)Mn!!(bbml),Mn"(OAc)]?*, a com-
plex with a Mn"';(4-OR),#* core, Mn- - -Mn distance of 3.21 A and
two terminal acetato trans to each other, which disproportionates
H,0, in acetonitrile:H,O solution with initial turnover rate of
0.858 s~ in the presence of imidazol [48].

5. Phenoxo-bridged diMn complexes
5.1. Electrochemical properties

Dinucleating ligands which provide one phenoxo oxygen for
the endogenous bridging of two metal ions, and two arms with
polydentate chelating donor sets have proved to maintain the
integrity of the dinuclear center through variable oxidation states
[49-54]. It has been observed that the aromatic ring connecting
the chelating arms provide a rigid spacer for a bridged dinuclear
complex that confers an entropic advantage in concerted reactions
of the two metal ions with the substrate [55]. A comparison of the

electrochemical behavior of these phenoxo-bridged complexes
illustrate some of the chemical implications of first- and second-
sphere effects on the redox properties of the metal centers that are
relevant to the fine-tuning of Mn redox states of functional mimics.

5.1.1. Nature of the donor set around the Mn ion

Among dinuclear Mn complexes bridged by phenoxo oxygen
atoms, the donor set around each Mn ion has a major effect in
modulating the Mn oxidation state. An increase of the O/N ratio
in the first-coordination sphere stabilizes Mn in higher valence
state. Thus, the negative charge of the three phenolate groups in
[Mny(*Bu-hpmp)(1-OAc), I* [52,53] results in significant stabiliza-
tion of the higher oxidation states of the Mn ions compared to
[Mn",(bpmp)(4-OAc),]* (Fig. 6) that has only one bridging phe-
noxo group of the bpmp ligand (Table 3, entries 1 and 5) [49,50].

The potentials for the Mny™/Mn,™ and Mn,™M/Mn,! cou-
ples of [Mny(*Bu-hpmp)(u-OAc);]|* are lowered by 0.8 and 1V
compared with [Mn,(bpmp)(4-OAc),]* and a third metal centered
oxidation attributable to the Mn,!!!/Mn, !V couple is also observed
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Table 2
Kinetic parameters for catalyzed H, 0, disproportionation.
Catalyst keat (s71) Ky (mM) Solvent, T (°C) Ref.
DiMn catalysts that disproportionate H,0, with saturation kinetics?
1 [Mn,(14-OAc),(X!-hppnO)]* 3.4-23 150-600 DMF, 25 [37]
2 [Mny(-OMe)(OAC)(X2-hppentO)]* 1.31-2.8 88-170 DMF, 10 [30]
3 [Mn(X3-salpnO)]» 42-219 10-120 CH5CN, 25 [38]
4 [Mn;(1-0)(OAc)(OH)(benzimpnO)]* 2.7 6 MeOH:H;0, 25 [31]
5 [Mny(-OMe)(1u-OAc)(X*-salpent0)S, |* 0.75-7.9 16-78 DMF, 25 [42,44-47]
6 Mn, "M (11-OAc),(bphpmp)]* 2.48 83b NR, 25 [64]
7 [Mnj(X5-bphba),Cl,] 0.017-0.075 20-151 H,0, 25 [65]
8 [Mn",(etsalim)4(Hetsalim), |>* + 5 equiv. OH~ 0.038 21 EtOH, 25 [86]
9 [Mn"(bpia)(;-OAc)]2* 0.237 45 DMF, 25 [90]
10 [Mnp ™V (11-0),(p-OAc)(Mes-tacn)(OAc), | 5.5¢ - Acetate buffer (pH 4.6), 20 [98]
11 [Mn, "™V (1-0),(pu-OAc)(Mes-tacn)(bipy)]?* 13.2¢ - Acetate buffer (pH 4.6), 20 [98]
12 [Mn'"5(u-Cl)atpa |2 107 3100 CH5CN, 25 [102]
13 [Mn"(1-0)(salpn)], 250 250 Cl,CHa/CH;CN, 25 [105,106]
Catalyst Keat M~1s71) Solvent, T (°C) Ref.
DiMn catalysts that disproportionate H>0, with second order kinetics®
14 [Mny"(bprol-'Bu-p)(1-OAc)(H20), > 0.29 DMF, 20 [72]
15 [Mn""(bpbpmp)(t-OAc)2(H20)]%* 14.5¢ CH3CN, 0 1771
16 [Mna"™V (12-0)(tpa), I3 0.065¢ CH5CN, 0 [96]
17 [Mny"™V(1-0)2(bpg)2 1* 0.29¢ CH3CN, 0 [96]
18 [Mn2"™V (-0, (pda)y ]~ 1.6° CH3CN, 0 [96]
19 [Mnp "™V (1-0),(X8-bispicMe,en), ** 14-35¢ Phosphate buffer (pH 7.5-8), 30 [100]

NR, not reported.
2 Saturation kinetics: rates described by the Michaelis—-Menten model.

> mmol.

¢ Vmax/[cat]'

4 Second order kinetics: r; =k [catalyst] [Hy0,].

¢ Values estimated from reported rate data.

S=solvent. X =aromatic ring substituents: X' =0Me, Cl; X2 =0OMe, H, Br; X? =5-0CH3, H, 5-Cl, 3,5-diCl, or 5-NO,; X* =0Me, Me, H, Cl, Br, NO;; X®> =O0Me, Me, H, NO,; X6 =H,
OEt, Me, Cl, NO,.

Table 3
Redox potentials vs. SCE of phenolato-bridged diMn complexes, in CH3CN.
Complex Mn,"/Mn, ™1 Mn, ™ /Mn, ™ Mn, " /Mn, ™V Mn coordination sphere Ref.
1 [Mn," (bpmp)(1-OAc), ] 0.47 1.03 1.752 N303 [49,50]
2 [Mn,"(pmpemp)(i-OAc), ] 0.59 1.2 - N303 [60]
3 [Mny"(bpemp)(u-OAc), |* 0.65 1.222 - N303 [63]
4 [Mn,"(bpep)(-OAc) |* 0.73 1.32 - N303 [59]
5 [Mn," (tBu-hpmp)(u-OAc) |* ~0.32 0.04 0.95 N,04 [52,53]
6 [Mn, "™ (bp-*Bu-hpmp)(1-OAc), |* —0.21 0.6 0.97 N303, N2O4 [51]
7 [Mn,"™(bphpmp)(it-OAc), | -0.23 0.74 - N303, N,04 [64]
8 [Mn,"(X-bphba),Cl,]° 0.43-0.75¢ - - N30,Cl [65]
9 [Mn,"(bpbpmp)(11-OBz)2(H,0)]* 0.51 1.282 - N303/N2030y [78]
10 [Mn, ™" (bpbpmp)(1-OAc),(H,0)]2* 0.45 1.182 - N303/N>030y [78]

a Irreversible.
b bis(phenolato)-bridged.
¢ CH3CN/DMF. X =0Me, Me, H, NO,.

below 1V [52,53]. The nature of the N-donor group also mod-
ulates the stability of a given oxidation state of the Mn ion in
phenoxo-bridged diMn complexes. This is illustrated by LH and LiH
(Fig. 7), which afford Mn,!! complexes with the Mn,!'(z.-OPh),2*
core that can be oxidized to the Mn,"" complex at 0.46 [56] and
0.58V [57] (vs. SCE, CH3CN), respectively, without alteration of
the dinuclear structure. The imine/phenolato or imine/pyridine
fragments in these complexes stabilizes the high oxidation states
of the metal and the oxidation to the Mn,' complex occurs at
potential about 0.5 V lower than for other diphenoxo bridged Mn,!
complexes with amine/phenolato fragments (i.e. [Mn,!'(mL), ],
0.89V [58]).

5.1.2. Size of the metallacycle

The chelate ring size is another factor to limit the stability of
the oxidation states in dinuclear Mn complexes. This effect is illus-
trated by the dinucleating ligands bpmp, bpemp and pmpemp,
which differ in their chelate arm lengths (Fig. 6). While bpmp
and pmpemp afford Mn," and Mn,"!! in stable forms [49,59,60],

bpemp only yields complex in the Mn,!! state in a stable form
[61-63]. These stabilities were rationalized by the difference in
the coordination geometry and radii requirements of the Mn'' and
Mn'" ions. Chelating ligands that preclude short bonds or impose
rigid distortion to the octahedral geometry angles, destabilize the
Mn'" state with respect to reduction. Therefore, the redox poten-
tials increase with the chelate ring sizes of the ligand in the order
bpmp < pmpemp < bpemp (Fig. 6, Table 3, entries 1-3).

5.1.3. Nature of the substituent on phenolato ligand(s)

For a number of phenolato-bridged dinuclear Mn complexes it
has been established that the redox potentials are decreased by
inductive effects of electron-donating substituents on the pheno-
lato ring with a linear correlation of the Hammett constant op and
the redox potential. The introduction of a p-methyl substituent on
the phenolato ring causes the decrease of the redox potentials of
the Mny"/Mn,™ and Mn,™/Mn,"! couples of [Mn;(bpemp)(u-
OAc);|* by 0.08V relative to those of [Mny(bpep)(iu-OAc),]*
(Table 3, entries 3 and 4) [59,63]. Introduction of tert-butyl
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Fig. 3. Cyclic voltammograms of (a) [Mn,"(-OAc)(u-OMe)(hppnO)]* in CH3CN:
scan rates=100-2000mV/s (shown in different colors); (b) [Mny"(u-OAc)(u-
OMe)(5-Me-salpentO)]* in DMF: scan rate =100 mV/s.

Adapted from Refs. [37,42].
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Fig. 4. Fit of initial rate values to the Michaelis-Menten equation for (a) [Mny( -
0Ac),(5-OMe-hppnO)]* and (b) [Mny"(u-OAc)(i1-OMe)(5-OMe-hppentO)]*, in
DMF. Vertical bars: standard deviation from at least 5 independent experiments.
Adapted from Refs. [30,37].
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Fig. 5. Alkoxo-bridged diMn complexes that employ the Mn,"/Mn;"V redox cycle
to dismutate H,0,.

substituents on terminal phenol rings results in a decrease of 0.14V
in the Mn, " /Mn, "' couple (Table 3, entries 6 and 7) [51,64]. The
redox potentials of complexes with the Mn,!(1-OPh),2* core also
correlate with the insertion of electron-withdrawing or -donating
substituents (redox potentials increase from OMe to NO,, Table 3,
entry 8) [65].

5.1.4. Water content and formation of (.-0xo0 species

Charge accumulation in oxidation processes performed in
non-aqueous solvents precludes the formation of stable oxi-
dation states beyond the Mn,!!' one. Electrochemical, EPR and
XAS investigations on [Mn,"(bpmp)(4-0OAc);|* and [Mn,"M('Bu-
hpmp)(-0Ac),]* have shown that the presence of water induces
changes in the coordination mode between the two Mn ions that
facilitates the redox transition to yield [Mny"(bpmp)(14-OAc)( -
0)]?* and [Mn,""V(tBu-hpmp)(u-OAc)(p-0)]* at potential <1V
[66]. Thus, higher oxidation states can be accessed at much lower
potentials than in the absence of water due to the formation of
J-oxo bridged species. The oxidation potential at which this the
water insertion occurs depends on the N/O ratio in the coordi-
nation sphere of the Mn ions and on the water content [51,67].
For [Mn,!'(bpmp)(u-OAc),]*, when the water content is high,
exchange of the acetato bridges by water derived ligands is favored
for the lower oxidation states and the potential required for the
formation of di-u-oxo-bridged Mn"'"Mn!V dimers drops below the
potential of the Mny™/Mn,™ of the di-acetato complex [67].
Similarly, for [Mn,"(*Bu-hpmp)(-OAc),|*, the presence of water
enhances the stability of the Mn'Mn!V state and leads oxidation to
occur at lower potentials to yield [Mn,™V(*Bu-hpmp)(u-0)]* or
even bis-oxido-Mn, ™V species [53].

5.2. Symmetrical MnCAT mimics

A number of pentadentate phenol-based dinucleating ligands
with two imino, two amino or imino/amino chelating arms (dmimp,
dmaiBrp, dmamp (Fig. 8), dpimp) afford complexes with the
Mn!l,(-OPh)(4-0,CR),* core that have two vacant sites (one
on each Mn) available for binding peroxide and Mn.--Mn sep-
aration of 3.2-3.3 A [68-70]. Based on 80 isotopic labeling
experiments, FAB-MS and electronic spectroscopy it has been
proposed that these catalysts cycle between Mn,! and Mn,!V
oxidation states to disproportionate H,O, in DMF [68-71]. A sim-
ilar behavior might explain the catalase activity exhibited by
the (u-phenoxo)(u-carboxylato)dimanganese(Il) complex formed
with the N,03; pentadentate phenol-based ligand bprol-'Bu-p,
[Mny,"(bprol-tBu-p)(u-OAc)(H,0),1?* (Fig. 8), which possess two
labile sites on each Mn ion [72]. This complex reacted without a lag
period (the period of time prior to the beginning of the reaction) and
at similar rate (Table 2, entry 14) as the other complexes with pen-
tadentate phenol-based ligands having the N4O donor set. Under
the same reaction conditions, complexes of diaminophenolate lig-
ands with two labile positions trans to each other and Mn.--Mn
separation of 3.598 A, react at similar rate but after a lag period
much longer than for the other phenolato-bridged complexes with
intermetallic distance of 3.2-3.3 A and two cis vacant sites [73]. It
has been proposed that deformation of the initial core structure of
the diaminophenolate complexes was required to provide two cis
vacant sites to form active cis-{Mn"l(OH)}, and cis-{Mn!V(=0)},
intermediates.

Phenolato-bridged diMn complexes of heptadentate ligands
are much less efficient to disproportionate H,0O, than those of
the pentadentate ones. The activity of [Mn!',(bpmp)(0,CR),]",
with R=Me or Ph, in acetonitrile is much lower than that of
the diMn!! complexes with the pentadentate diaminophenolate
ligands [70,74]. However, Mn'',(bpmp)Cl,*, with a Mn: - -Mn dis-
tance of 3.923 A exhibits much higher catalase activity, similar to
that of the pentadentate diaminophenolate ligand [75]. EPR mon-
itoring of the reaction in acetonitrile, showed that this complex
employs Mn"Mn!! and Mn'"'Mn!V oxidation states to catalyze H,0,
disproportionation. These results are quite different from those
reported for phenolato-bridged diMn complexes formed with pen-
tadentate ligands where the formation of a Mn'V=0 species in
DMF solution had been observed during H,0, disproportionation
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Fig. 8. Complexes with one and two vacant sites on each Mn ion that show similar CAT activity. The structure of [Mn,"(bprol-Bu-p)(«-OAc)]?* is based on spectroscopic

measurements.

[71]. The authors suggested that the long Mn..-Mn distance in
Mn!,(bpmp)Cl,* may be flexible in solution, leading to facile for-
mation of the peroxide adduct with w1, bridging mode analogous
to that proposed for asymmetric phenolato-bridged complexes that
also cycle between Mn"Mn" and Mn"Mn!V levels (see below) [76].
The formation of such an adduct should be less favorable for the bis-
acetato-bridged compound, that must proceed through shift of the
acetato group.

5.3. Asymmetric MnCAT mimics

The two Mn ions of the active site of MnCAT possess the same
NOs coordination environment. This symmetrical environment sta-
bilizes the homovalent diMn core, which is consistent with the
observed redox activity based on shuttling between Mn,!//Mn,!!
states during disproportionation of H,0,. Based on this fact, most
MnCAT mimics have been designed using symmetrical ligands.

However, diMn complexes of dissymmetric phenolato ligands dis-
proportionate H,0,, although they involve Mny!"!!/Mn, MV redox
cyclesin the catalysis. The finding that mixed valence dissymmetric
phenolato-bridged diMn complexes can dismutate 100% of H,0,
[64,77], is in clear contrast to the previous affirmation [73] that
hold that two electronically equivalent Mn ions were essential to
dismutate H, 0, efficiently.

Hexadentate ligands have been used to obtain phenolato-
bridged diMn complexes with a labile position on one of the
Mn ions to facilitate the initial binding to the substrate. Such
catalysts show turnover rates significantly higher than those
of heptadentate ligands for which initial peroxide binding is
enforced to occur through ligand exchange [77]. Bpbpmp pro-
vides an accessible coordination site on one Mn of the pair,
occupied by one exogenous water or methanol molecule. Three
complexes, [Mn, ' (bpbpmp)(1t-02CR),2(S)]* (R=Me or Ph, S =water
or methanol) and [Mn,™"(bpbpmp)(11-OAc),(H,0)]%* (Fig. 9) [78],
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Fig. 9. Assymmetric phenoxo-bridged MnCAT mimics.

were obtained and characterized with water bound to Mn! of
the mixed valence complex. In these complexes the Mn..-Mn
distance is in the range of 3.42-3.44A in the reduced form,
and 3.5A in the mixed valence complex, for which the shorter
Mn—OPh bond length is compensated by the larger Mn—O—Mn
angle. The asymmetry of the coordination of the Mn pair gives
rise to an increased redox stability domain of the mixed valence
state (Table 3, entries 9-10), larger than analogous Mn,MH-
tetrapyridinephenolato complexes, which are stable in a range of
0.51-0.54V [79]. Bphpmp also affords a diMn complex with large
stability domain of the Mn, ™!l state. This heptadentate N50, lig-
and has one soft side with a NpyNpyNymine donor set and one harder
side NpyNamineOphenolate to stabilize the dinuclear mixed-valence
complex [Mrlz""F'(bphpmp)(M—OAc)Z]+ with Mn- - -Mn distance of
3.497 A, stable over a range of about 1V (Table 3, entry 7) [64].

Kinetic studies performed on the H,0, disproportiona-
tion catalyzed by [Mn;"(RCO;),bpbpmp]* (R=CHs or ph)
and [Mny"(OAc),bpbpmp]?* showed that the reaction is
first order on both H,0, and catalyst (Table 2, entry 15),
with [Mny"(OAc),bpbpmp]?* being more reactive than the
Mn,!' analogous [77]. The CAT-like reaction shuttles between
[Mny M Q)bpbpmp(0Ac)]* and [Mn;V(0),(0Ac)bpbpmp]*, the
last formed upon initial oxidation of [Mn;!(OAc),bpbpmp]* [76].
In this reaction, the oxidized form of the catalyst dominates most
of the reaction and therefore the slow redox step is the oxidation
of H,0,, just the reverse as observed in the catalase from L. plan-
tarum [21]. 180 labeling experiments showed that the two O atoms
of the Mn,0, core come from a single H,0, molecule and this
was taken as evidence for the occurrence of a (1, bridging mode
of peroxide. An analogous observation had been made earlier for
the H,0, disproportionation by Mn,!"/Mn, " alcoholato complexes
[38]. These results showed that the same chemistry is performed
by Mn'"Mn"" and Mn," sites, and it has been suggested this may
be a general feature of the Mn;0, cores and therefore possibly
valid for the enzyme. Bpbpmp appears flexible enough to accom-
modate the Mn'V(u-0),Mn' core by allowing a phenolate shift
which frees some coordination positions [76]. A similar behavior
might explain the catalase activity exhibited by the mixed-valence
complex formed with the septadentate asymmetric ligand bph-
pmp, [Mn,"™(0Ac),bphpmp]?* (Ref. [64], Table 2, entry 6), and
probably also [Mny(0),(bpg),]* (see Section 6) formed with N,N-
bis(2-pyridylmethyl)glycine [80]. Such a situation may not be easily
achievable with more conjugated phenolato-based ligands involv-
ing imine donors [71], which react slower and through a different
redox cycle.

When O, evolution rates were compared under the same experi-
mental conditions, it was found that the Mn, ™! catalyst of bpbpmp
is around 10 times more active than comparable Mn;,!' phenolato-
bridged complexes with phenol-based pentadentate ligands, which
in turn are much more active than the complex with the

septadentate bpmp (Fig. 10) [70,71,74,77]. In the last case, there
is no labile position to react with the substrate, so initial per-
oxide binding must occur through ligand exchange, probably
an acetato-shift, and hence the reaction occurs after a long lag
period. The fact that [Mn,"°r LID(hpbpmp)(u-0,CR), 12 shuttle
between Mn"(-0)Mn™! and Mn'V(u-0),Mn!" to disproportion-
ate H,0;, and [Mn,""(14-0,CR),(N4-O-phenolate)]* cycle between
[Mn''(OH)], and [Mn!"V(=0)], states [71], led to the conclusion that
to disproportionate H,0O, these systems use the Mn, pairs, the
redox potentials of which are the best adapted whatever the initial
oxidation states of the Mn ions.

5.4. Macrocyclic MnCAT mimics

Several phenol-based macrocycles afford complexes with the
Mn;,!(14-OPh),(u-OAc), core and Mn. - -Mn distances from 2.98 A
[81] to 3.37 A [82] modulated by the flexibility of the alkyl linkers
between two diiminophenolate moieties.

It has been proposed that these phenol-based macrocy-
cle diMn complexes disproportionate H,0, in DMF and 0°C,
through a catalytic mechanism involving interconversion between
Mn"Mn""(OH) and Mn""Mn!V(=0) states. The increase of the
macrocycle size results in a decrease of catalytic rate and a longer
induction period. The different activity was attributed to the high
substitution lability of the acetato ligand acting as bidentate to
one metal atom in aqueous DMF for the complex with the shorter
alkyl linkers against inertness of the bridging acetato group for the
complex with the longer ones, and to the fact that the ligand with
the shorter linkers is best suited for accommodating Mn in higher
oxidation states [81]. For bis(u-phenoxo)(u-carboxylato)diMn
complexes, the CAT activity showed dependence on the basicity
of the bridging carboxylato, thus suggesting the importance of pro-
tonation prior to dissociation of the bridging carboxylato [83]. In
dinuclear Mn" complexes of macrocyclic ligands with two pendant
arms the sixth coordination position of the Mn ions is occupied
by the donor atom in the pendant arm [84,85]. Efficiency of these
complexes to disproportionate H,0, has been interpreted as the
result of the dissociation of the arm from the Mn ion, where rapid
dissociation of the arm results to an empty site that speeds up the
CAT activity (Fig. 11).

5.5. Diphenoxo bridged MnCAT mimics

CAT activity of a few diphenoxo bridged Mn complexes has
been examined. [Mn!!',(etsalim)4(Hetsalim), ]?*, with the two Mn
jons separated by 3.37A, disproportionates H,0, with satura-
tion Kkinetics (Table 2, entry 8) and turnover numbers up to
3000, but the mechanism or even the oxidation states involved
in catalysis were not established [86]. The CAT activity of Mn,!
complexes with tripodal amine ligands with an N30 donor set
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Fig. 10. Relative CAT activity of phenoxo-bridged diMn complexes.

Fig. 11. Phenoxo-bridged diMn complexes of phenol-based macrocycles.

derived from bis(pyridylmethyl)(2-hydroxybenzyl)amine (bphba)
has been reported [65]. The phenol moiety of the ligands leads to a
bis(;1-phenoxo) bridging motif with Mn-:--Mn in the 3.39-3.49A
range, leaving one vacant site at each Mn center occupied by
chloride ions. These complexes show catalytic activity for H,O,
disproportionation (Table 2, entry 7) and introduction of electron-
donating groups into the aromatic m-system leads to higher
catalytic activity involving lower redox potentials.

6. Dimanganese complexes with oxo/carboxylato bridges

One of the most important structural features of MnCAT is
the carboxylato bridge which is believed to be critical to H0,
disproportionation. Among complexes with the same terminal lig-
ands, the number of bridging acetato/oxo groups directly correlates
with Mn oxidation states and CAT activity [54], i.e. two succes-
sive controlled potential oxidations of [Mn,"(-OAc),(tpa), ?*
at 1.0 and 1.4V (vs. SCE) allowed nearly quantitative forma-
tion of [Mny"(1-0)(1-OAc)(tpa); ]** and [Mn,V(1-0)y(tpa)z]*,
respectively, showing that each substitution of an acetato group
by an oxo one is caused by an overall two-electron oxida-
tion of the corresponding diMn complex [87]. Conversion of
the Mny"(14-OAc),2* core into Mny™(u-0)(u-OAc)®* implies a
noticeable compression of bond lengths along the oxo-bridge,
with Mn---Mn distance decreasing from 4.15 [88] to 3.25-3.29A
[87,89-91]. This is illustrated by the shortening of the Mn---Mn
distances from 4.13A in [Mn!(bpia)(u-OAc)],2*, to 3.25A in
[Mn'",(bpia),(-0)(u-OAc)]?* and 2.624 A in [Mn,"™V(bpia), (-
0),]?* as the acetato groups are replaced by oxo groups and the
Mn oxidation state increases [90]. [Mn!(bpia)(ut-OAc)],2* dispro-
portionates H,O, (in DMF and 25°C) with saturation kinetics
(Table 2, entry 9), whereas [Mn!!!;(bpia),(u-0)(u-OAc)]3*, which
converts into [Mny™V(bpia),(1-0)2]%*, showed second order
kinetics and lower disproportionation rate, in CH3CN and 25°C,
probably because the lower oxidation state of Mn favors disso-
ciation of the acetato ligand for binding the substrate [87]. The

same relation of acetato/oxo bridging ligands to Mn oxidation
was found for triply bridged diMn complexes with tridentate
ancillary N ligands. Owing to the presence of an additional
acetato bridge with a more pronounced electron-donor charac-
ter than pyridine, the oxidation potentials of bpea complexes
are lower than those of the tpa complexes. [Mny™(u-0)(u-
OAc),(bpea);|** and [Mn,!V(u-0),(u-OAc)(bpea),]** have been
efficiently generated by successive electrochemical oxidation of
[Mn,"(14-OAc)3(bpea),|* at 0.9 and 1.2V (vs. SCE), showing again
that the two-electron oxidation of the diMn cores involves the sub-
stitution of an acetato group by an oxo one [92]. These triply bridged
bpea complexes showed CAT activity, and [Mn;'/(;t-OAc)s(bpea), |*
were far more active than [Mny"(1-0)(p-OAc),(bpea); ]t and
[Mn,"™V(1-0),(-OAc)(bpea), ]2*. For these complexes, spec-
troscopic evidence (EPR, UV-vis) pointed to an active system
shuttling between [Mn,'(-OAc),(bpea),(H0), 2" and [Mn, M ( 14~
0Ac),(bpea),(OH),]?* during catalysis, with the two-electron
oxidation +acetato/oxo exchange competing with H,O, dispropor-
tionation. It was suggested that the lower oxidation state of Mn ions
and the lower charge of the core cation of [Mn;,!!(;-OAc);(bpea), |
favor dissociation of acetato for binding the substrate and result in
CAT activity higher than for the diMn species in higher oxidation
states [93]. Complexes [MnyM(1-0,CR),(1u-0)(bipy),(H20)2]%*
and [Mn,!"(14-0,CR),(1-0)(phen);(H;0);]%* (R=CICH; or CHs),
with Mn.--Mn distance of 3.16A, also showed CAT activity in
CH3CN, favored by the presence of one labile water molecule coor-
dinated to each Mn center [94]. Although kinetic parameters were
not determined, H,O, disproportionation turnovers of 160-280
were found after 1h. Spectroscopic evidence indicated that these
catalysts employ Mn,"'/Mn, ! oxidation states during catalysis and
carboxylato bridges are preserved during the catalytic cycle. Since
in these complexes the two water molecules are trans to each other,
it was proposed that substitution of a water ligand by peroxide
occursinafirst step, with peroxide bound to Mn as a terminal ligand
stabilized by hydrogen bonding with the oxo or carboxylato ligand.

The carboxylato arms of tripodal amine ligands were used to
mimic Glu35 and Glu148 of CAT from L. plantarum when bound to
Mn or Glu178 when unbound (Fig. 1), which have been postulated
to act as proton acceptor groups during H,0O, disproportionation
[95]. The influence of the carboxylato content of three tripodal
amine ligands (Hbpg, Hypda and Hsnta) on the properties and CAT
activity of complexes with bis(u-oxo)bis-manganese(IILIIT) and
(IILIV) cores has been evaluated [96]. It was found that replacement
of pyridine by carboxylato has a dramatic influence on the redox
potentials of the Mn,0O, core (Table 1, entries 8-10). The effect of
pyridine/CO,~ substitution of an in-plane pyridine (about 300 mV)
was more prominent than replacement of a second axial pyridine
(about 60 mV) by a carboxylato, probably due to the more distant
binding of CO,~ to Mn on the elongation Jean-Teller axis. ESI-MS
studies of the reaction of these complexes with 180-labeled H,0,
showed that they incorporate oxo-ligands from H;0,. CAT activ-
ity of these complexes is favored by the lower oxidation state of
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Mn (Mny"'>Mn,"V) and by the increasing content of carboxy-
lato ligands. Therefore, each pyridine/CO,~ substitution enhanced
the H,0, disproportionation rate fivefold, and this increase was
not originated by the shift in redox potentials that were markedly
reduced on the first pyridine/CO,~ substitution but far less on the
second one (Table 1, entries 8-10 and Table 2, entries 16-18).
It had been postulated that, owing to their intrinsic lability, the
carboxylato ligands dissociate, opening a coordination site for an
incoming substrate molecule [92,97]. However, the fact that the
rate enhancement produced by addition of Et3N had a lesser effect
as the number of carboxylato ligands increased has suggested
that the carboxylato ligands play the role of internal bases assist-
ing H,0, dismutation [80,96]. This conclusion is consistent with
the facts that in DMF (a stronger proton acceptor than acetoni-
trile) [Mnp"™V(1-O)(tpa)y**, [Mny"™V(14-O);(cyclam); ]** and
[Mn,"™V(1-0),(bpg),]* disproportionate H,0, with similar rate
and addition of pyridinium bromide as a proton donor decreased
the rate of O, evolution while the spectral properties of the diMn
compounds remained unchanged [80]. These results also agree
with the fact that [Mny"™V(1-0),(u-OAc)(Mes-tacn)(bipy)]?*
reacts twice as fast as [Mny "V (14-0), (u-OAc)(Mes-tacn)(OAc), |2+
in aqueous acetate buffer of pH 4.6 (Table 2, entries 10-11), show-
ing that protonation of terminal carboxylato results in lower CAT
activity [98].

The influence of the carboxylato coordination mode of bpmapa
and pbpmapa ligands on the catalase activity of diMn!' complexes
with the same coordination sphere N3Og43y and Mn. - -Mn distance
of 3.69A, has been studied [99]. These complexes differ in the
coordination mode of carboxylato groups: (11 bidentate vs. mon-
odentate bridging, as shown in Fig. 12, and show ability to catalyze
H,0, disproportionation involving Mn, ™V species.

Compound with the pt1; bidentate carboxylato bridge exhibited
higher activity (rg=1.26 mL O, min~!) than those with monoden-
tate bridging carboxylato ligands (rg =0.185-0.076 mL O, min—1).
Based on spectroscopic studies, relative activities and nitroge-
nous base influences on activity, the authors concluded that in
these complexes the carboxylato bridge acts as an internal base
in H,0, disproportionation, and that the basicity of the carboxy-
lato increases as the O—C—0 angle and the distance between the
weakly bound oxygen of the bridging carboxylato to the Mn ion
decrease. Thus, a (11 bidentate carboxylato bridge that has small
0—C—0 angle and short Mn—O distance exhibits stronger basicity
and leads to a more active CAT mimic than a monodentate bridging
one.

Another group of complexes with the bis(u-0x0)MnyHV
core obtained with X-bispicMe,en disproportionate H0, in
aqueous medium [100]. These tetradentate Ng4-ligands afford
[Mn, ™V ( 1-0),(X-bispicMeen); |3+, that in phosphate buffer, dis-
proportionates H,0, with second order kinetics (Table 2, entry 19).
From EPR and UV-vis studies it was proposed that the CAT activity

P
(0]
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W 1-bidentate CO,” monodentate bridging

Fig. 12. Carboxylato coordination mode in diMn complexes of bpmapa and
pbpmapa.

occurs via the Mn,'!/Mn,!V states, with formation of the active cat-
alyst during the lag period either by dismutation or one-electron
reduction of the starting complex. The observed rise in CAT activity
with increasing electron-withdrawing character of the substituent
(Table 2, entry 19) [100] was proposed to be the result of increas-
ing potentials of the Mn,"/Mn,™V and Mn,"™V/Mn,"V couples
by about 0.2-0.35V on going from Me to NO, (Table 1, entry 11)
[100,101]. This fact is consistent with oxidation of H,O, occurring
in the slow redox step of the catalytic cycle.

Recently, a dichloride-bridged diMn complex, [Mn"y(u-
Cl),tpay ]?*, was synthesized as a functional complex of the chloride
inhibited MnCAT [102,103]. ESI-MS, UV-vis and EPR spectroscopies
showed that upon reaction with excess H,O, the complex trans-
forms into [Mn""Mn"V(u-0),tpay |3+ and disproportionates H,0,
through a catalytic cycle involving Mn"Mn!"V and Mn''Mn'!! oxi-
dation states, with kea; 107 s7! and Ky 3.1 M in CH3CN [102]. It was
observed that H,O molecules compete with H, O, for the active site
of the catalyst resulting in a significant inhibitory effect, with Ky
and kca; decreased twice and 50 times, respectively, in the pres-
ence of water. Similarly, [Mn!,(-Cl)(11-OAc)bpeaph, ]?* converts
into [Mn"Mn"V(-0),bpeaph, ** upon addition of H,0, and dis-
proportionates H,0, employing Mn""Mn!V and Mn''Mn!! levels,
with keat 1.74s~1 in aqueous CH3CN [104]. The high CAT activ-
ity observed for [Mn""Mn'V(14-O),tpa,]?* in anhydrous medium
agrees with that of [Mn!V(u.-O)(salpn)],, a compound that cycles
between the Mn,!' and Mn,!V oxidation levels, with kcar 25051
and Ky 250mM [105,106]. For this complex, the CAT reaction
proceeds with exchange of the bridging oxo groups and both the
resultant ;-oxo atoms originate from the same peroxide molecule.
Although [Mn!V(u-O)(salpn)], and [Mn!Mn!(u-0),tpa,]3* are
among the more reactive catalysts for H, O, disproportionation, the
high Ky, values reflect their poor affinity for the substrate.

7. Mononuclear Mn catalysts

Anumber of mononuclear Mn complexes have shown CAT activ-
ity. The efficiency of these systems seems to be related to the
presence of at least one labile coordination position on the Mn ion
[107]. [Mn!!(bimindH)Cl, ] showed CAT activity with second order
kof4.12M~1s~1in EtCN [108]. A related complex, [Mn'(Hind)Cl,]
disproportionates H,O, with second order kinetics and k of
1.55M~1s~1in CH3CN, in the presence of nitrogenous bases. Inter-
estingly, in aqueous solution of pH 9.6 at 21 °C the complex showed
saturation kinetics with kcat=38s~1 and Ky =489 mM [109]. The
lack of observation of lag period in the aqueous basic medium
points to a rapid formation of the dimer required for the CAT activ-
ity, or better, that the dimer is already present in solution when
H,0, is added. Mn complex of salbutOH showed catalase activity in
methanol and DMF, with kcat=1.6 M~2s~1 and 5.6 M~ s~1, respec-
tively [110]. This complex acts as scavenger of H,0, and O,~, and
this valuable conjunction of properties was proposed to result from
the conversion of [Mn!V(salbutO)X] into [Mn'(salbutO)], in equi-
librium with its monomer [Mn!'(salbutQ)] [110]. HPCINOL yields
mononuclear [Mn"(PCINOL)(17;-NO3)(172-NO3)] [111]. The com-
plex is soluble in water with the dimeric [Mn;(NO3)3(PCINOL), |*
form being predominant in buffered solution of pH 7. The
complex disproportionates H,O, with the highest CAT activ-
ity observed at pH 7.2 and protons induced inactivation at pH
4.6 [112]. Based on EPR, UV-vis and ESI-MS the CAT cycle was
proposed to involve [Mny™V(14-0),(PCINOL),]* and [Mny™MM( -
O)(PCINOL), |*, the last being unstable in protic medium to yield
final mononuclear Mn!' species. The Mn,™!V species is the major
one during the catalytic cycle, so its reduction should be the slow
step. [Mn'/(chedam)(bipy)(H,0)] offers one labile site for binding
the substrate and shows CAT activity in the presence of imidazol
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e (in the absence of the base the complex is inactive) with a moder-
ate rate of oxygen evolution of 0.017 mmol O, s—1 [113]. Complexes
Mn'!(X-ind), constitute an exceptional case exhibiting CAT activ-
ity even when the six coordination sites of Mn!! are occupied by
two tridentate ligands [114]. Disproportionation of H,O, by these
complexes showed saturation kinetics on [H,0,]g with values of
kcat of 0.06-0.26s~1 and Ky of 19-82mM, for ind and 4Me-ind,
respectively, in DMF and 20°C.

Mn-salen complexes have dual SOD/CAT activity, an advanta-
geous property since SOD activity alone would produce cytotoxic
H,0, [115,116]. However, most salen complexes lose activity in
a few minutes under the conditions of the catalase assay [117]. A
Mn-salen complex bearing an ureido group as an auxiliary placed
over the Mn-salen plane exhibited enhanced CAT-like activity
compared to the original Mn-salen complexes in neutral aque-
ous medium [118], with initial rate of 0.5 mM min—! (kcat =8.3s71)
and 32 turnovers. In order to improve the water solubility of
the catalyst, Mn!!l-salen type complexes were conjugated with
cyclodextrines [119]. The conjugation to the dextrine gives these
complexes a marked enhancement of water solubility compared to
Mn-salen compounds and show CAT activity about twice that of
simple complexes, with kcar 0.2-0.4s~1 and Ky of 5-6 mM. Water
soluble anionic [Mn(SO3-salpn(OH))]~ disproportionated up to 250
equivalents of HyO, and showed improved CAT activity with initial
turnover rates of 3s~! at pH 8 [120].

8. Toward biological applications

In a variety of pathological situations the production of perox-
ide overwhelms the activity of endogenous defense systems and
results in cell damage. H,0, has been postulated as playing a
role in acute respiratory distress syndrome, ischemia-reperfusion
injury, atherosclerosis, neurodegenerative diseases and cancer [4].
As CAT mimics act as H,0,-scavengers, their application to attenu-
ate hydrogen peroxide-induced injury has been proposed in cases
where oxidative stress is important in the mechanism of a disease.
However, the use of CAT mimics as therapeutic agents has shown
limitations because of their short half-life in the circulation, anti-
genicity, high costs, and large size that disables the enzyme to cross
the cell membranes. To overcome these limitations, low molecular
weight Mn-based catalytic antioxidants have been tested in several
oxidative stress models in vivo [121-125]. All tested catalysts are
mononuclear complexes, primarily designed as SOD scavengers.
Among them, Mn-porphyrins and Mn-salen compounds have been
the most extensively studied. These complexes are non-selective
antioxidants, which catalyze H,0, and O, ~ disproportionation, and
are also active toward ONOO~ and lipid peroxides [121]. Although
protecting cells from H,0,-mediated toxicity, the CAT activity of
these compounds is low (less than 1% of native CAT) [126]. The slow
rates at which these catalysts scavenge H,0, can result from their
low stability under conditions of the CAT assays (especially in the
case of Mn-salen compounds, as mentioned in the previous section)
and the lack of structural analogies with the active site of MnCAT.
These catalytic antioxidants have been proposed to react through
a mechanism involving mononuclear MnV=0 species [118,127] or
through formation of dimeric species in solution [128], which are
certainly different from that of the native enzyme. Therefore, test-
ing the CAT activity of diMn complexes in biological systems is
still a vacant research area. In the search of diMn mimics with
higher stability and antioxidant activity in aqueous medium, it has
been recently reported that 3-Me-5-SO3-salpentOH affords a water
soluble diMn complex with a triply bridged bis(u-alkoxo)(t13-
carboxylato)diMn!! core that is highly efficient to disproportionate
H,0, in aqueous solution of pH > 8.5 [129]. This compound, cat-
alyzes dismutation of H,O, with saturation kinetics on substrate

and kcat/Kpm=1600s"1M-1, the high efficiency of which is the
consequence of its high affinity for peroxide (Ky; =6.6 mM). Since
efficient CAT activity and substrate affinity are only achieved at
high pH, it has been proposed that the external base contributes
to retain the integrity of the bis(u-alkoxo) doubly bridged diMn
core and favors the formation of the catalyst-peroxide adduct. The
same dependence of k. and Ky on pH was observed for Y42F LPC,
a mutant of L. plantarum catalase, where replacement of Tyr42 by
phenylalanine disrupts the hydrogen-bonded web and leaves the
double solvent bridged diMn core unprotected [20]. Water soluble
diMn mimics of higher stability and improved activity at physio-
logical pH have not been reported up to date.

9. Concluding remarks

Based on the structure, kinetic parameters and redox potentials
of MnCAT mimics, several general features have merged, the more
relevant being the following: (i) Catalytic rates of H,0, dispropor-
tionation by diMn complexes depend not only on redox potentials,
as shown by the similar k¢a¢ values observed for complexes with
large difference in redox potentials, but are strongly affected by
the presence of an intramolecular base to assist in deprotonation
of H,0,. (ii) The affinity for the substrate is enhanced for catalysts
with vacant sites on the Mn ion, just as shown by the trend in Ky
values and lag periods. (iii) The fact that redox potentials of a num-
ber of mimics are in the same range but employ different redox
cycles to dismutate H,0,, indicates that the oxidation states of
Mn during the catalytic cycle also depend on structural factors (i.e.
Mn. - -Mn distance, chelate ring size, ligand flexibility, vacant sites)
that, in turn, are key for controlling the peroxide binding mode.
(iv) In aqueous medium, protonation of the ligands bridging the
two Mn ions causes the catalyst inactivation. Therefore, it is essen-
tial to control the reaction pH to preserve the integrity of the diMn
core, and hence, the catalytic activity.
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