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The crystal structure of a dimeric bis(µ-carboxylato)MnIIMnII

complex (2) with a tetradentate N-centered tripodal ligand,
N,N-bis[(1-methylimidazol-2-yl)methyl]glycinate, is pre-
sented. The carboxylates are bridging monodentate. This
complex shows some striking differences to the previously
published parent compound 1 obtained with the closely re-
lated ligand N-[(1-methylimidazol-2-yl)methyl]-N-(2-pyrid-
ylmethyl)glycinate. The carboxylato bridges in both struc-
tures are shown to be disrupted in solution. The reactivities
in solution of compounds 1 and 2 toward superoxide were

Introduction

Superoxide (O2
2) is the product of single-electron reduc-

tion of dioxygen. It is the first species in the dioxygen reduc-
tion cascade en route to hydrogen peroxide (H2O2) and the
hydroxyl radical (HO·), and is known to be involved in ox-
idative stress.[125] Superoxide dismutases (SODs)[6] are
metalloenzymes that actively protect cells against oxidative
stress. They catalyze the dismutation of superoxide anion
O2

2 to hydrogen peroxide and oxygen. These enzymes can
be classified into two major structural families, namely
copper2zinc SODs and manganese or iron SODs.[1,5,729]

SODs based on nickel have also been described,[10,11] but
these have been much less well studied. Many complexes
have been isolated and studied as superoxide scavengers.
Such complexes contain either copper,[12216] iron,[17225] or
manganese.[23,26245] In our laboratory, two families of li-
gands have been developed with a view to obtaining iron
or manganese complexes that might possibly react with su-
peroxide. One family has been based on heptadentate polya-
mine hindered ligands,[19,38] while the other has been de-
signed so as to reproduce the chemical environment of the
active site in Mn and Fe SODs. In these enzymes, the first
coordination sphere is a common feature, with an N3O1 set
of ligand donors made up of three histidines and one mon-
odentate carboxylate group, one histidine being more dis-
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studied. In anhydrous DMSO solutions, a pathway involving
a bis(µ-oxo)MnIIIMnIV complex was identified. In water solu-
tions, IC50 values were measured by the Fridovich test
(1.7 ± 0.2 µM for 2 and 2.0 ± 0.2 µM for 1), which showed these
complexes to be good superoxide scavengers. Association
constants for the complexes were estimated by means of a
method based on IC50 measurements of the complexes under
several conditions (alone and in the presence of excess li-
gand). They were found to be consistent with literature data.

tant than the other ligands.[46250] Nitrogen-centered tri-
podal tetradentate ligands have been synthesized with three
appended moieties [two aromatic amines (pyridine or N-
methylimidazole) and one carboxylate group], chosen in or-
der to mimic the three closer ligands. Iron complexes have
already been reported.[21,22] Manganese complexes are now
being studied. Compound 1, involving manganese(II) and
N-[(1-methylimidazol-2-yl)methyl]-N-(2-pyridylmethyl)gly-
cinate, hereafter referred to as IPG [acronym for (imidazo-
lyl)(pyridyl)glycinate], has been described previously. It was
shown to crystallize from MeOH with an infinite helical
polymeric structure.[51] We describe herein the crystal struc-
ture of compound 2, obtained from the closely related
ligand N,N-bis[(1-methylimidazol-2-yl)methyl]glycinate [BIG;
acronym for bis(imidazolyl)glycinate] and manganese(II). It
crystallizes from water as a dinuclear bis(µ-carboxylato)-
MnIIMnII complex. The reactivities in solution (anhydrous
DMSO and aqueous buffer) of compounds 1 and 2 toward
superoxide have been investigated and the results are re-
ported herein.

Results

Synthesis of the Ligands

A given N-centered dissymmetric tripod can be synthe-
sized by several pathways, depending on the order in which
the different moieties are introduced. The yield-limiting step
is usually the tertiarization of the amine. When this step is
performed by reductive amination, improved yields over
other synthetic methods are achieved, as previously re-
ported in the case of N-[(1-methylimidazol-2-yl)methyl]-N-
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(2-pyridylmethyl)glycinate (IPG).[51] We report here a high-
yielding, one-step synthesis of the ligand N,N-bis[(1-methyl-
imidazol-2-yl)methyl]glycinate (BIG). A three-step syn-
thesis of BIG has been published previously, which involved
the preparation of N,N-bis[(1-methylimidazol-2-yl)-
methyl]amine from N-methyl-2-carboxyimidazole and fur-
ther N-alkylation by treatment of the secondary amine with
ethyl bromoacetate.[21] The overall yield for the aldehyde to
ester conversion by this new pathway was improved from
10% to 75% using a one-step reductive amination with
NaBH3CN (see Scheme 1).

Scheme 1. Ligands IPG and BIG and the synthetic pathway leading
to BIG: (i) EtOOCCH2NH3Cl, NaBH3CN, anhydrous MeOH; (ii)
H2O/EtOH, K2CO3, room temp., 48 h

Preparation of the Complexes

MnII complexes were obtained from these two ligands
with PF6

2 as the counteranion, either in anhydrous meth-
anol or in water. With BIG, crystals were successfully grown
from aqueous solution providing the dimeric compound 2.
Experimental details are given in the Exp. Sect. (see also
Table 1). With IPG, as previously described, crystals suit-
able for X-ray analysis were slowly grown from anhydrous
methanolic solution (compound 1), providing a polymeric
inorganic helix.[51]

Solid-State Characterization of Complex 2 2 Comparison
with Complex 1

The X-ray structure of compound 1 has been described
previously. It was shown to form infinite polymeric helices
in the solid state, linked through carboxylato bridges in a
rather unusual syn-anti geometry (see Figure 1). The MnII

ion is hexacoordinated. Although the two tetradentate li-
gands IPG and BIG are very similar (see Scheme 1), the
structure of compound 2 shows drastic differences from
that of compound 1. The structure of complex 2 revealed
the formation of a dinuclear complex, in which the two
MnII centers are linked by two oxygen atoms of the double
carboxylate monodentate bridge (µ-η1-carboxylato)
through a diamond-shaped core. In the crystal structure,
the charge of the [(BIG)MnII(µ-OCO)2MnII(BIG)]21 cation
is balanced by the presence of two PF6

2 anions. Selected
distances and angles are presented in Table 2 and a per-
spective view of the structure is shown in Figure 2.

A notable structural feature of the dinuclear MnII com-
plex is the heptacoordination of the manganese atom. The
coordination environment of the metal ion consists of the
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Table 1. Summary of crystal data, intensity measurements, and
structure refinement for 2

Empirical formula C24H42F12Mn2N10O9P2

Molecular mass 1014.47
Crystal system monoclinic
Space group P21/c
a [Å] 9.240(4)
b [Å] 28.978(11)
c [Å] 15.586(6)
β [°] 95.49(4)
V [Å3] 4154.1
Z 4
F(000) 2064
Dcalcd. [Mg m23] 1.622
µ (Mo-Kα) [mm21] 0.796
Crystal size [mm] 0.28 3 0.15 3 0.10
T [K] 293
No. of reflns. measd. 13461
θ range [°] 1.41 , 2θ , 29.07
hkl ranges 29 # h # 10

239 # k # 38
221 # l # 21

No. of unique reflns. 7525
No. of reflns. obsd. I . 2σ(I) 4729
No. of parameters/restraints 585/84
R1 [I . 2σ(I)][a] 0.075
Weight 1/[σ2(Fo

2) 1 (0.1636P)2 1 35.99][b]

wR2[c] 0.26
Max. Fourier diff. [e/Å3] 0.5, 20.3

[a] R1 5 Σ||Fo| 2 |Fc||/Σ|Fo|. 2 [b] P 5 (Fo
2 1 2Fc

2)/3. 2 [c] wR2 5
{Σ[w(Fo

2 2 Fc
2)2/Σ[w(Fo

2)2]}1/2.

Figure 1. The polymeric association of the cationic chain of com-
pound 1 with two adjacent monomeric units; hydrogen atoms have
been omitted for clarity

three nitrogen donors N1A, N1B, N provided by the two
imidazole rings and the tripodal N atom, and the oxygen
atoms (O1, O2) of the carboxylate groups grafted onto the
tripodal N ligand, which bridge the two metal centers. The
sixth and seventh coordination sites of each metal ion are
occupied by two water molecules (Figure 2). In the IR spec-
trum, the presence of coordinated water was confirmed by
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Table 2. Selected bond lengths [Å] and angles [°] for 2 [the corresponding values for 1 are given in brackets; data from ref.[51]]; a) for 1,
N1A refers to the imidazole N and N1B to the pyridine N; b) O(1) refers to the closest carboxylato oxygen atom and, in the case of
both 1 and 2, it is a carboxylato group belonging to the ligand capped over Mn9

2.235(8) Mn92N(1A9) 2.204(8) [2.13(2)]Mn2N(1A)
Mn2W(2) 2.228(7) Mn92W(29) 2.436(6)
Mn2N(1B) 2.244(8) Mn92N(1B9) 2.253(9) [2.23(2)]
Mn2O(1) 2.250(5) Mn92O(1) 2.278(6) [2.13(2)]
Mn2O(2) 2.213(6) Mn92O(2) 2.272(5) [2.18(2)]
Mn2W(1) 2.360(7) Mn92W(19) 2.285(7)
Mn2N 2.483(8) Mn92N9 2.519(7) [2.36(2)]
N(1A)2Mn2W(2) 84.8(3) N(1A9)2Mn92W(19) 84.4(3)
N(1A)2Mn2N(1B) 107.7(3) N(1A9)2Mn92N(1B9) 108.0(3) [147.5(6)]
W(2)2Mn2N(1B) 89.8(3) W(19)2Mn92N(1B9) 94.4(3)
N(1A)2Mn2O(1) 115.0(3) N(1A9)2Mn92O(2) 113.8(3)
W(2)2Mn2O(1) 150.2(2) W(19)2Mn92O(2) 148.8(2)
N(1B)2Mn2O(1) 103.7(3) N(1B9)2Mn92O(2) 102.8(3)
N(1A)2Mn2O(2) 162.6(3) N(1A9)2Mn92O(1) 160.3(3)
W(2)2Mn2O(2) 82.8(2) W(19)2Mn92O(1) 82.4(2)
N(1B)2Mn2O(2) 84.5(3) N(1B9)2Mn92O(1) 87.6(3)
O(1)2Mn2O(2) 72.5(2) O(2)2Mn92O(1) 72.7(2) [88.3(6)]
N(1A)2Mn2W(1) 82.5(3) N(1A9)2Mn92W(29) 79.8(2)
W(2)2Mn2W(1) 84.2(2) W(19)2Mn92W(29) 83.4(2)
N(1B)2Mn2W(1) 167.7(3) N(1B9)2Mn92W(29) 171.8(2)
O(1)2Mn2W(1) 77.2(2) O(2)2Mn92W(29) 75.8(2)
O(2)2Mn2W(1) 84.0(2) O(1)2Mn92W(29) 84.3(2)
N(1A)2Mn2N 70.5(3) N(1A9)2Mn92N9 70.2(3) [75.7(6)]
W(2)2Mn2N 140.7(2) W(19)2Mn92N9 143.0(2)
N(1B)2Mn2N 70.2(3) N(1B9)2Mn92N9 69.7(3) [74.0(6)]
O(1)2Mn2N 69.0(2) O(2)2Mn92N9 68.1(2) [162.4(6)]
O(2)2Mn2N 126.3(2) O(1)2Mn92N9 127.9(2) [75.5(6)]
W(1)2Mn2N 120.7(2) W(29)2Mn92N9 116.5(2)

the appearance of two narrow lines at 3656 and
3580 cm21.[52] These lines were absent in the IR spectrum
of compound 1, in which the MnII ions do not bear coord-
inated water molecules. Moreover, when compound 2 was
recrystallized from D2O, these two lines were shifted to give
one composite band at 3650 cm21. This further confirms
the assignment to coordinated water. The M2Ntripodal dis-
tance is of the same order as has previously been found
for similar compounds consisting of tripodal amines and
MnII.[38,51,53,54] This distance is shorter than the sum of the
van der Waals radii (2.82 Å), indicating that the manganese
ion is linked to the Ntripodal atom.

The bis[Mn(µ-OCO)] core is characterized by
Mn2O2Mn angles of 108.4(2)° and 106.4(4)° and an
Mn2Mn distance of 3.672(2) Å. This distance is of the
same order of magnitude as those reported for the MnII(µ-
OCO)2MnII core with a double monodentate bridging carb-
oxylate group [3.712(2) and 3.726(4) Å].[54] A relevant fea-
ture is the planarity of the diamond-shaped core, the four
atoms Mn, O1, O2, Mn9 being rigorously coplanar (mean
displacement 0.001 Å from the least-squares mean plane).
A striking finding of the crystal structure determination of
the dinuclear complex is a complex intra- and intermolecu-
lar hydrogen-bond network that connects the various hy-
drogen-bond acceptors (COO2) and the donors/acceptors
(water molecules included in the cell).

The free oxygen atoms of the carboxylate groups, O9C
and O9C9, and the water molecules W19, W2 coordinated
to the metal centers Mn and Mn9 are linked by strong intra-
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molecular hydrogen bonds (from 2.66 Å to 2.74 Å). An-
other strong intramolecular hydrogen bond is evident be-
tween one water molecule W1 coordinated to the Mn ion
and the other water molecule W29 linked to the second
metal center Mn9. Small differences are observed for the
bis(µ-OCO) bridges. Oxygen atom O9C, which is not coord-
inated to the metal ion, is involved in only one intramolecu-
lar hydrogen bond, while the free oxygen atom O9C9 of the
second carboxylate bridge is intra- and intermolecularly hy-
drogen-bonded in a twofold network.

Two- or threefold connected arrangements of the four
water molecules coordinated to the metal centers and the
water molecule W, cocrystallized, are seen in the crystal
structure. The main features of the three-dimensional hy-
drogen-bond scheme are reported in Table 3.

Studies in Solution: Reactivity of the Complexes Toward
Superoxide

Reactivity was studied in both anhydrous media and
aqueous buffer. The studies in anhydrous media were mo-
tivated by the fact that the two complexes 1 and 2 display
different levels of hydration. Direct reaction of the com-
plexes with superoxide could be monitored in anhydrous
media. DMSO was chosen as it solubilizes KO2 up to a
relatively high concentration in comparison to other solv-
ents (see Exp. Sect. for details).[55,56] In aqueous buffer, an
indirect test (namely the Fridovich test) was used. In order
to investigate the reactions of O2

2 with complexes 1 and 2
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Figure 2. The molecular structure of the cation of complex 2; hy-
drogen atoms have been omitted for clarity

Table 3. Details of hydrogen-bonding features related to the MnII

dinuclear complex 2 (Å, °)

Intramolecular hydrogen bonds

O9C···W19 2.665(9) C8C2O9C2W19 103.1(6)
O9C9···W2 2.698(9) C8C92O9C92W2 102.7(6)
W1···W29 2.736(8) Mn2W12W29 101.5(3)

Mn92W292W1 99.2(2)

Intermolecular hydrogen bonds

W1···W29[a] 2.768(9) Mn2W12W29[b] 122.6(3)
W19···W1[a] 2.889(9) Mn92W192W1[a] 104.1(3)
W19···W 2.742(13) Mn92W192W 122.6(4)
W29···O9C9[b] 2.716(9) Mn92W292O9C9[b] 103.6(3)

[a] 5 2x, 1 2 y, 2 2 z. 2 [b] 5 1 2 x, 1 2 y, 2 2 z.

in solution, their molecular properties in solution first
needed to be characterized.

Anhydrous DMSO Solutions

Both complexes are soluble in DMSO. Mononuclear spe-
cies are present in solution, as shown by EPR spectroscopy
and mass spectrometry. The EPR spectra of 1 and 2 in
DMSO (1024 to 5 3 1023 mol·dm23 based on MnII con-
tent) each show the sharp, six-line signal typical of mono-
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nuclear MnII with an average separation of 102 Gauss (some
smaller lines can be seen in between, which are known to
be due to ∆mI 5 61 forbidden transitions)[57259] (see Fig-
ure 3A). Electrospray ionization mass spectrometry (ES)
showed a peak at m/z 5 392 for 1 and at m/z 5 395 for 2.
These peaks correspond to [(L)Mn 1 DMSO] (L being
either IPG or BIG). For the sake of simplicity, the soluble
species are referred to hereafter as MnIPG for 1 and as
MnBIG for 2 and concentrations are given in terms of the
MnII content.

Figure 3. EPR spectra for the reaction of MnIPG (6.5 3 1024 
based on MnII content) with potassium superoxide: A: 0 equiv. of
O2

2; B: 0.5 equiv. and 1 equiv. of O2
2 [T 5 8 K, attenuation 44 dB

(A) or 15 dB (B), modulation 5 G, gain 3.2 3 105, tc 5 100 ms,
sweep time 200 s]

The cyclic voltammograms of both MnIPG and MnBIG
in deoxygenated DMSO showed no reversible wave in the
electroinactivity window of the solvent (22.25 to 0.95 V vs.
SCE), neither on platinum nor on glassy carbon working
electrodes. Similarly, in acetonitrile, no wave was recorded
in the range 21.8 to 1.8 V vs. SCE. Such behavior is not
uncommon for MnII complexes.[38,60]

When the cyclic voltammogram of MnIPG or MnBIG in
DMSO was recorded without deoxygenation, an irrevers-
ible cathodic wave was observed, corresponding to the re-
duction of dioxygen to superoxide. It is known that, in an-
hydrous DMSO, the redox couple O2/O2

2 displays a revers-
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ible wave at E1/2 5 20.73 V vs. SCE.[18,24,55,60,61] We verified
that under our experimental conditions, in the absence of
any complex, this reversible wave was indeed observed. Its
reversibility confirmed the anhydrous nature of the solvent
under the experimental conditions. The fact that the O2/
O2

2 wave became irreversible in the presence of the com-
plexes gave a first indication that the complexes do indeed
react with superoxide.

When the DMSO solution was saturated with oxygen,
another reduction peak appeared at a more positive poten-
tial (1400 mV) than the O2/O2

2 cathodic peak. Some sim-
ilar pre-peaks have previously been reported for MnII com-
plexes,[38,60] which were attributed to the reduction of di-
oxygen weakly bound to the metal center.[60]

Reactivity of MnIPG and MnBIG Towards Superoxide in
Anhydrous DMSO

Incremental amounts of superoxide were added to an an-
hydrous DMSO solution containing either MnIPG or
MnBIG (1024 to 5 3 1023 mol·dm23 based on MnII con-
tent) and the course of the reaction at room temperature
was monitored by UV/Vis spectrophotometry (room temp.),
EPR (X-band) spectroscopy (100 K or 8 K), and cyclic vol-
tammetry (room temp.). In all these experiments, special
care was taken to maintain the anhydrous character of the
DMSO solutions. Saturated solutions of KO2 in DMSO
were obtained as described in the Exp. Sect. Equivalents of
superoxide added are given per manganese ion.

(a) Treatment of MnIPG with superoxide produced, after
the addition of 1 equiv., a light-brown solution giving a
typical UV/Vis spectrum as shown in Figure 4, featuring
bands at 300, 360, and 510 nm. EPR spectra were recorded
at 100 K and 8 K. The MnII signal intensity decreased on
going from 0 to 0.5 equiv. of O2

2. At 0.5 equiv., a small
multi-line signal was observed, which appeared more clearly
at 8 K (Figure 3B). On going from 0.5 to 1 equiv., this
multi-line signal decreased and was no longer observed bey-
ond 1 equiv. Above 1.5 equiv., a signal due to superoxide
was recovered. The superoxide content was estimated to be
approximately 0.5 equiv. and 0.9 equiv. when 1.5 equiv. and
2 equiv., respectively, of superoxide had been added (see
Exp. Sect.).

Figure 4. UV/Vis spectra for the reaction of MnIPG (1024  based
on MnII content) with potassium superoxide
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The reactivity of MnIPG toward superoxide was also in-
vestigated by cyclic voltammetry. This was performed by
studying the evolution of the O2/O2

2 wave.
In anhydrous DMSO, the redox couple O2/O2

2 shows a
reversible wave at E1/2 5 20.73 V vs. SCE.[18,24,55,60,61] The
same reversible wave was observed from a deoxygenated
0.1  Bu4NPF6/DMSO solution (15 min argon bubbling) to
which a solution of KO2 in the same electrolyte had been
added (Figure 5). This wave remained stable upon further
deoxygenation, indicating that it was due to superoxide and
not to dioxygen that might have resulted from superoxide
disproportionation. To ensure that superoxide was stable
under the experimental conditions, successive amounts of
superoxide in 0.1  Bu4NPF6/DMSO (see Exp. Sect.) were
added to a 0.1  Bu4NPF6/DMSO solution in the electro-
chemical cell in the absence of any complex. The intensity
of the anodic wave was seen to remain stable over 5210 min
and to vary linearly with the superoxide concentration.

Figure 5. Cyclic voltammograms of a solution containing O2/O2
2;

solid line: 5 3 1024  O2
2; dashed line: 5 3 1024  MnIPG (based

on MnII content) 1 5 3 1024  O2
2; potentials are reported vs. Ag/

AgClO4 in DMSO (10.252 V vs. SCE)

When the cyclic voltammogram of MnIPG was recorded
without deoxygenation of the solution, the O2/O2

2 reduction
wave became irreversible, showing no re-oxidation of su-
peroxide at the electrode, not even at 200 mV.s21. Moreover,
the O2/O2

2 cathodic peak was slightly shifted to a more pos-
itive potential (see Figure 5), indicating an EC process. This
shows that compound MnIPG reacts with superoxide pro-
duced at the electrode. When superoxide was added to the
deoxygenated solution of MnIPG, no O2/O2

2 wave was ob-
served on going from 0.1 to 1 equiv. The superoxide wave
appeared clearly after 2.523 equiv. of superoxide had
been added.

(b) MnBIG was found to display a similar behavior upon
superoxide addition, but with a different stoichiometry. The
brown color and the UV band at 300 nm appeared after
addition of 2 equiv. of superoxide. The multi-line EPR sig-
nal appeared after the addition of 1.5 equiv. and an EPR-
silent species was obtained after the addition of a further
0.5 equiv.

In cyclic voltammetry, the O2/O2
2 wave was absent when

superoxide was added to a deoxygenated solution of 2.
After addition of 2 equiv. of superoxide, an irreversible
cathodic wave appeared at 1.2 V vs. SCE, which intensified
on adding further incremental amounts of superoxide. It
was verified that the ligand BIG displays the same wave.
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Reactivity of MnIPG and MnBIG Towards Superoxide in
Aqueous Buffer

The reactivity of our complexes towards superoxide was
investigated in aqueous phosphate buffer (pH 5 7.8) by me-
ans of the xanthine/xanthine oxidase assay (hereafter re-
ferred to as the X/XO assay). This test, developed by Frido-
vich et al., is based on kinetic competition for superoxide
reduction between the putative superoxide scavenger and
ferricytochrome c.[7] The reduction of ferricytochrome c
was monitored spectrophotometrically at 550 nm. This test
requires several preliminary checks in order to improve its
reliability (see Exp. Sect.).[5,35,38,62]

Compounds 1 (MnIPG) and 2 (MnBIG) in potassium
phosphate buffer at pH 5 7.8 were found to inhibit the
reduction of ferricytochrome c, as shown in Figure 6. In-
hibition percentages were measured for several complex
concentrations and IC50 values were then deduced by two
graphical methods (see Figure 7 and the Exp. Sect. for de-
tails).[7,35,63] The effects of chelators such as bovine serum
albumin (BSA) and ethylenediaminetetraacetate (EDTA)
were investigated in order to gain some insight into the
stabilities of the complexes. BSA has been reported to be a
powerful biological chelating agent capable of suppressing
the SOD-like activity of copper complexes.[5,14] We have
used it previously to test the activity of an (tris{2-[N-(2-
pyridylmethyl)amino]ethyl}amine)MnII bis(hexafluoro-
phosphate) (MnTPAA) in the X/XO assay. It was found
that BSA (5 mg/mL) had no effect on the MnTPAA activ-
ity.[38] Similarly, BSA (5 mg/mL) showed no effect on the
MnIPG activity. A small effect was observed for MnBIG in

Figure 6. X/XO assay; 02120 s: xanthine (200 µ), ferricytochrome
c (22 µ), xanthine oxidase; after 120 s: xanthine (200 µ), ferric-
ytochrome c (22 µ), xanthine oxidase, and compound MnBIG
(concentration c, based on MnII content); the arrow indicates the
addition of compound MnBIG

Table 4. Effect of chelators on the IC50 value [µ]

Compound IC50app IC50 with EDTA (3 m) IC50 with BSA IC50spe (IC50 measured with excess ligand)

MnBIG 3.7 6 0.6 90.0 6 0.7 5.6 6 0.1 1.7 6 0.2
MnIPG 3.0 6 0.5 62.3 6 0.7 2.8 6 0.3 2.0 6 0.2
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Figure 7. IC50 determination in the case of compound MnIPG; A:
% inhibition versus concentration; B: (p1 2 p2)/p2 versus concen-
tration

that its IC50 value was increased by a factor of 1.5 in the
presence of BSA (5 mg/mL). The results suggest, at least
for MnIPG, that as previously concluded for MnTPAA,[38]

activity might be retained in vivo.
To further investigate the stabilities of the complexes, ac-

tivity was measured in the presence of an excess of EDTA
(3 m, i.e. 1000 equiv.). The IC50 values of MnIPG and
MnBIG were found to be increased by factors of 20 and 25,
respectively (see Table 4), indicating low stabilities towards
EDTA. Such contrasting behavior towards EDTA and BSA
has previously been reported for (salen)MnIII complexes. It
was interpreted in terms of EDTA binding Mn from the
complex rather than merely reacting with free Mn released
by the complex.[5]

These experiments indicate that some decoordination
might occur at concentrations in the range of the IC50. Li-
gands IPG and BIG were tested and were found to show
no activity in the X/XO assay. IC50 values reported so far
in this article are apparent IC50 values (IC50app) due to both
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Table 5. IC50 values; comparison with literature data

Compound IC50 [µ] Ref.
IC50app IC50spe

[a]

MnII(ClO4)2 1 EDTA[b] 167 6 3 this work
FeIIIBIG 140 [92]

MnIITPAA[c] 50 [38]

MnIIIDFB[c] 10.4 [35]

MnII(PA)2(PAH)(H2O)[c] 6.5 [30]

MnII(ClO4)2 4.5 6 0.5 this work
MnBIG[d] 3.7 6 0.6[e] 1.7 6 0.2[f] this work
MnIPG[d] 3.0 6 0.5[e] 2.0 6 0.2[f] this work

MnII(OBz)(3,5-iPr2pzH)[HB(3,5-iPr2pzH)3] 0.75 [33]

MnIIIporphyrins 0.026 to 8 [23,43]

MnSOD T. thermophilus 0.0023

[a] IC50spe values were measured in the presence of excess ligand (15 equiv.). 2 [b] This value was measured for a sample of MnII(ClO4)2

in the presence of excess EDTA (3 m). 2 [c] TPAA: tris{2-[N-(2-pyridylmethyl)amino]ethyl}amine; DFB: desferrioxamine B; PA: picolin-
ato; HB(3,5-iPr2pzH)3 hydrotris(3,5-diisopropyl-1-pyrazolyl)borate. 2 [d] IC50 values are reported in terms of Mn concentration. 2 [e]

This value is an average for three replicates performed for each of the two determination procedures. 2 [f] This value is an average for
two replicates performed for each of the two determination procedures.

the complexes and free MnII. The IC50 value for Mn(ClO4)2

(4.5 µ) was found to be higher than those for the com-
plexes under the same experimental conditions. Thus,
IC50app values represent an overestimation of the real IC50

values (specific IC50) that would have been measured with-
out decoordination. To suppress this possible free MnII

contribution to the inhibition, IC50 values were measured in
the presence of an excess of the ligand (15 equiv.), thereby
providing specific IC50 values (IC50spe). These specific IC50

values are reported in Table 4 and are compared with liter-
ature data in Table 5.

Discussion

The ligands IPG and BIG form two structurally distinct
compounds with manganese(II). These two compounds re-
flect the rich structural diversity of (carboxylato)manganese
complexes, as has been stressed by Iikura et al.[54] The coor-
dination sphere about the manganese(II) ions adopts vari-
ous geometries (see Table 2, Figure 1 and 2) and has various
coordination numbers (6 or 7 for these two examples). This
structural variety stems from the carboxylato moiety, which
is µ-η2-carboxylato-syn-anti in the polymeric helix adopted
by 1 and µ-η1-carboxylato in the dimeric structure of 2 in
the solid state.

Reactivity in Anhydrous DMSO

Complexes 1 and 2 have different levels of hydration. In
the reaction with superoxide, this hydration level is of crit-
ical importance as two protons are necessary for the su-
peroxide reduction step producing H2O2. The ping-pong
mechanism proposed for the enzyme suggests an inner-
sphere electron-transfer, the first step being the binding of
superoxide to the metal center.[49] Two concomitant path-
ways (inner- and outer-sphere electron transfer) have also
been proposed for macrocyclic MnII derivatives.[34,37,39,44]

With compound 1, which does not have any coordinated
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water molecules, it is possible to test the reactivity in anhyd-
rous media and thus, in the case of an inner-sphere mechan-
ism, we may expect to characterize an Mn2superoxide ad-
duct or a derivative thereof. This can be compared with the
reactivity of complex 2, as the presence of water should lead
to some effective reaction with superoxide.

MnIPG reacts with 1 equiv. of superoxide, producing an
EPR-silent species. After addition of 0.5 equiv., a g 5 2, 16-
line signal is observed in the EPR spectrum (see Figure 3).
This indicates that a dimeric Mn2Mn S 5 1/2 ground-state
compound is obtained. This signal displays a width of 1200
G and an average spacing of 75 G. Such a spectrum is typ-
ical of bis(µ-oxo)MnIIIMnIV complexes.[61,64275] The con-
version of MnII to bis(µ-oxo)MnIIIMnIV species has been
estimated to be 70% based on a comparison with the spec-
trum of a fully characterized MnIIIMnIV compound.[76] The
MnIIIMnIV species further reacts with 0.5 equiv. of superox-
ide leading to an EPR-silent species, which could be either
an MnIIIMnIII or an MnIVMnIV species. This is consistent
with the UV/Vis spectrum, as a possible assignment for the
300 and 360 nm bands is an ORMnIV LMCT.[74,77,78]

Scheme 2 provides a rationalization of these experimental
observations.

Scheme 2. Possible mechanism for bis(µ-oxo)MnIIIMnIV dimer
formation (after reaction of potassium superoxide with MnIPG)

The fact that the superoxide signal is recovered upon ad-
dition of 1.5 equiv. of superoxide shows that the silent EPR
species formed at 1 equiv. of superoxide do not react with
superoxide, at least in anhydrous media. A similar mechan-
ism has previously been proposed for manganese2



C. Policar et al.FULL PAPER
porphyrins.[61] A (µ-peroxo)MnIIMnIII species could also
produce a g 5 2, multi-line signal if the ground state had
S 5 1/2. However, as has been pointed out in the literature,
a much larger spectrum would be expected.[65] Moreover,
such a (µ-peroxo)MnIIMnIII species would be expected to
be unstable, whereas we found the multi-line signal to per-
sist after the EPR tube had been left at room temperature
for 5 min.

MnBIG exhibited the same pattern of spectroscopic and
voltammetric characteristics, but only after 1 equiv. of su-
peroxide per manganese ion had already been consumed.
This observation has to be related to its level of hydration.
The presence of water allows the production of hydrogen
peroxide, either by direct reaction with superoxide or by
reaction with an Mn2superoxide adduct. When the
amount of superoxide was increased, an irreversible cath-
odic wave appeared at 1.2 V vs. SCE, which was shown to
be due to the ligand BIG. This probably indicates destruc-
tion of the complex with release of the ligand.

Reactivity in Aqueous Buffer

The use of the X/XO assay to determine catalytic SOD-
like activity is controversial. It has been shown, first by
others, using stopped-flow techniques,[5][62] and then by us,
using pulsed radiolysis,[38] that such an indirect test can give

Table 6. Association constants with MnII estimated for BIG and IPG and comparison with literature data; constants are given for the
equilibrium MnII/L (1:1)

Ligand Denticity log K (T [°C]/ionic strength) Ref.

Pyridine monodentate 0.14 (25/0.5) [79]

Acetic acid 0.8 (25/0.16) [80]

2-Aminomethyl-6-methylpyridine bidentate 1.95 (25/0.1) [81]

-Tartaric acid 2.49 (25/0.1) [80]

-2-Aminopropanoic acid (-alanine) 2.5 (25/0.1) [81]

Diglycolic acid 2.53 (25/0.1) [80]

2,29-Bipyridine 2.62 (25/0.1) [79]

2-(Aminomethyl)pyridine 2.66 (20/0.1) [79]

Ethylenediamine 2.67 (25/0.1) [79]

Phthalic acid 2.74 (25/0) [80]

Aminoacetic acid (glycine) 2.8 (25/0.1) [81]

4-(2-Aminoethyl)imidazole (histamine) 3.0 (25/0.2) [79]

1,10-Phenanthroline 4.0 (25/0.1) [79]

Diethylenetriamine tridentate 3.99 (30/0.1) [79]

Di(2-picolyl)amine (DPA) 4.16 (25:0.1) [79]

2,29,299-Terpyridine 4.4 (25/0.00220.1) [81]

Oxybis(propanedioic acid) tetradentate 4.51 (25/0.1) [80]

Triethylenetetramine 4.9 (25/0.1) [79]

BIG 5.3 (25/0.13) this work
Tris(2-picolyl)amine (TPA) 5.6 (20/0.1) [79]

Tris(2-aminoethyl)amine (TREN) 5.8 (25/0.1) [79]

N-(2-Carboxyphenyl)iminodiacetic acid 5.85 (25/0.1) [81]

N,N9-Di(2-picolyl)ethylenediamine 5.9 (25/0.1) [79]

IPG 6.0 (25/0.13) this work

N,N,N9,N9-(2-Aminoethyl)ethylenediamine hexadentate 9.26 (25/0.1) [79]

N,N,N9,N9-Tetrakis(2-picolyl)ethylenediamine (TPEN) 10.3 (20/0.1) [79]
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positive results both in the case of a catalytic scavenger and
in the case of a stoichiometric superoxide scavenger. As a
matter of fact, a small amount of superoxide is produced
in the X/XO assay. For compounds displaying high IC50

values (in excess of 1 µ), the conditions required to probe
catalytic behavior may not be fulfilled as ncomplex .. nsup-

eroxide in the experiment. However, this test remains relevant
for several reasons. The X/XO system provides a stationary
state of superoxide of low concentration, which is closer to
what is usually encountered in vivo.[14] Moreover, it pro-
vides a simple means of investigating the reactivities of
complexes towards superoxide in aqueous buffers and of
assessing the effect of additional compounds (e.g.,
chelators).[14,15,23,42,43]

The X/XO assay has proven that complexes 1 and 2 react
with superoxide in aqueous solution. Experiments per-
formed in the presence of excess chelators (BSA, EDTA)
have shown that the complexes are partially decoordinated
in the IC50 concentration range. Specific IC50 (IC50spe)
values were thus measured using an excess of the ligand.
MnBIG and MnIPG show very close specific IC50 values,
which is consistent with the two ligands being closely re-
lated. Their IC50spe values fall at the low end of the range
of those reported in the literature for MnII complexes (see
Table 4). Much lower IC50 values have been reported for
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Mn2porphyrin compounds (see Table 4), but in these cases
the manganese ion is in an MnIII oxidation state. The IC50

value measured for MnBIG is more sensitive to the pres-
ence of chelators (EDTA, BSA, or BIG) (see Table 4). Qual-
itatively, this indicates that MnBIG has a smaller associ-
ation constant KBIG than MnIPG (KIPG). Association con-
stants could be roughly estimated from the apparent and
specific IC50 values. Apparent IC50 values depend on the
proportion of complex and MnII in the solution, and hence
on the association constant. The apparent IC50 values could
be approximated as the weighted average of the specific
IC50 values for both compounds and MnII: IC50app(n) 5
IC50spe(n)·(1 2 α) 1 IC50spe(MnII)·α (n 5 MnIPG or
MnBIG), α being the dissociation coefficient. This led to
KIPG 5 106·0 and KBIG 5 105·3, respectively. Literature data
on association constants of MnII complexes involving li-
gands of various denticity are reported in Table 5, together
with our results from the present work.[79281] The Kass

values estimated here for BIG and IPG are of the expected
order of magnitude for tetradentate ligands and MnII.

As already mentioned, this X/XO assay is unable to dis-
tinguish between a catalytic and a stoichiometric scavenger
for compounds showing IC50 values greater than 1 µ. Dir-
ect measurements of SOD activity using an excess of su-
peroxide are necessary.[5] Pulsed-radiolysis kinetic analysis
is now underway.

Conclusion

The preparation of compound 2 from MnII and N,N-
bis[(1-methylimidazol-2-yl)methyl]glycinate (BIG) and its
solid-state structure have been described. This compound
has been shown to crystallize as an MnIIMnII dimer with a
double carboxylato monodentate bridge (µ-η1-carb-
oxylato). Its geometry differs from that of compound 1, an
MnII compound prepared with the closely related ligand
N-[(1-methylimidazol-2-yl)methyl]-N-(2-pyridylmethyl)-
glycinate, IPG, which was previously shown to crystallize
as a helical polymer.[51] Both these bridged structures are
disrupted in DMSO, leading to monomeric species. In solu-
tion, compounds 1 and 2 have been shown to react with
superoxide, both in anhydrous media and in aqueous buffer.
They have been shown to form bis(µ-oxo) dimers in anhyd-
rous media, such dimers being unreactive toward superox-
ide. IC50 values obtained in solution for these two com-
pounds are among the best reported for MnII complexes,
showing that the metal environment is appropriate for reac-
tion with superoxide. However, the dimer formation, as seen
under anhydrous conditions, might represent a pathway for
inhibition of the activity toward superoxide in aqueous so-
lution. We are currently working on modification of the li-
gand in order to prevent this possible dimerization and to
enhance the stability of the complexes.

Experimental Section

General: IR spectra (KBr) were recorded with a Bruker IFS 66 FT-
IR spectrometer. 2 1H NMR spectra were recorded with Bruker
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AM 200 and AM 250 spectrometers. 2 X-band electron paramag-
netic resonance (EPR) spectra were recorded with a Bruker ER
200E spectrometer. 2 Cyclic voltammetry experiments were per-
formed with an EG&G Princeton Applied Research Model 362
potentiostat connected to an Ifelec IF 2502 xy recorder. 2 Elec-
tronic absorption spectra were recorded with a Safas 190 DES
double-mode spectrophotometer. 2 Chemical reagents were pur-
chased from either Aldrich or Acros and were used without further
purification. Extra-dry DMSO was purchased from Acros.[82] Xan-
thine oxidase and ferricytochrome c were purchased from Sigma.

Syntheses and Characterization

[(Ethoxycarbonyl)methyl]bis[(1-methylimidazol-2-yl)methyl]amine:
Under argon at 0 °C, sodium cyanoborohydride (5 mmol, 0.32 g)
was added to a deoxygenated solution of 1-methylimidazol-2-car-
boxaldehyde[83] (4.7 mmol, 0.52 g) and glycine ethyl ester hydro-
chloride (ClNH3CH2COOEt) (4.7 mmol, 0.65 g) in anhydrous
MeOH (10 mL). After 2 h at 0 °C, the mixture was stirred for 12 h
at room temperature. The solution was then cooled to 0 °C and
acidified to pH 5 5.5 with CF3COOH, whereupon 1-methylimida-
zol-2-carboxaldehyde (7 mmol, 0.775 g) (in anhydrous MeOH,
2 mL) and sodium cyanoborohydride (9 mmol, 0.48 g) were added.
After 2 h at 0 °C, the solution was stirred for 12 h at room temper-
ature. It was then filtered, the methanol was evaporated, and the
residual oil was extracted from the aqueous phase (pH 5 8) with
CH2Cl2. The combined organic phases were dried with Na2SO4

and concentrated. A yellow oil was obtained, which was purified by
column chromatography (SiO2; MeOH/CH2Cl2, 1:9). Yield (1.1 g,
75%). 2 1H NMR (CDCl3): δ 5 1.17 (t, 3 H, J 5 7.25 Hz,
CH3CH2COO), 3.34 (s, 2 H, NCH2COOEt), 3.52 (s, 6 H, CH3Nim),
3.80 (s, 4 H, Im-CH2N), 4.04 (q, 2 H, J 5 7.25 Hz, CH3CH2COO),
6.80 (d, 2 H, J 5 2.25 Hz, Him), 6.84 (d, 2 H, J 5 2.25 Hz, Him).

Potassium N,N-Bis[(1-methylimidazol-2-yl)methyl]glycinate (BIG):
A solution of N,N-bis[(1-methylimidazol-2-yl)methyl]glycine ethyl
ester (0.5 g) in ethanol (12 mL) was added to a solution of potas-
sium carbonate (0.52 g) in water (35 mL). The resulting solution
was stirred for 2 d at room temperature. The ethanol was then
evaporated and the aqueous phase was washed with CH2Cl2 (2 3

10 mL). After concentration to dryness, residual K2CO3 was re-
moved by extracting the carboxylate with anhydrous MeOH. Yield:
95%. 2 1H NMR (D2O): δ 5 3.10 (s, 2 H, NCH2COOK), 3.45 (s,
6 H, CH3Nim), 3.80 (s, 4 H, Im-CH2N), 6.86 (d, 2 H, J 5 2.25 Hz,
Him), 6.89 (d, 2 H, J 5 2.25 Hz, Him).

[Mn(BIG)(H2O)2]2·2PF6 (2): The pH value of a 2 3 1023  solu-
tion of BIG in water was adjusted to 828.5 by the addition of HCl.
After evaporation of the water, the solid was dried overnight under
reduced pressure in the presence of P2O5, and then KCl was re-
moved by extraction of the ligand with anhydrous methanol. Typic-
ally, dimer crystals were obtained as follows: MnBr2 (0.52 mmol,
112 mg) in deoxygenated doubly distilled water (15 mL) was added
to a solution of the ligand (160 mg) in deoxygenated doubly dis-
tilled water (10 mL). The resulting mixture was allowed to stand
for 2 h at 40 °C. Then, after cooling, a deoxygenated solution of
NH4PF6 (3 equiv., 260 mg) in doubly distilled water (10 mL) was
added dropwise. The resulting solution was left to stand for 3
weeks, allowing crystals to grow (see crystal data below). For fur-
ther characterization and experiments, these crystals were ground
and dried in vacuo over P2O5 for 48 h. Yield: 260 mg (55%). 2

[C12H16N5O2Mn(H2O)]2·2PF6: calcd. C 30.01, H 3.78, N 14.58, F
23.74, P 6.45, Mn 11.44; found C 30.43, H 3.66, N 14.61, F 23.38,
P 6.88, Mn 11.46. 2 IR (KBr): ν̃ 5 3656 and 3682 (νlinked water),
1590 (νasCO), 1382 (νsCO), 838 (PF6), 738 (νimid. deform.), 553 cm21

(PF6) (strong bands only).
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Crystal Data for 2: Mn2C24H40N10O8·2PF6·H2O,[84] Mr 5 1014.47,
monoclinic, space group P21/c, a 5 9.240(4), b 5 28.978(11), c 5

15.586(6) Å, β 5 95.49(4)°, V 5 4154.1 Å3, Z 5 4, Dcalcd. 5

1.622 g.cm23, λ 5 0.71073 Å, T 5 293(2) K, µ(Mo-Kα) 5

0.796 mm21, F(000) 5 2064. A prismatic crystal of dimensions 0.28
3 0.15 3 0.10 mm was mounted on an Enraf2Nonius Kappa-
CCD diffractometer. A full sphere of data was collected by ϕ axis
rotation with an increment of 1.5° over 360° and 170 s exposure
per degree. ‘‘Dezingering’’ was accomplished by measuring each
frame twice. The θ range for data collection was 1.41 to 29.07°.
Data were analyzed using Kappa-CCD software.[85] Cell dimen-
sions were refined with HKL Scalepack.[86] Data reduction was
performed with Denzo.[86] Of a total of 13461 collected reflections,
7525 were independent (Rint 5 0.046) and 4729 unique reflections
had I $ 2σ(I). The structure was solved by direct methods (pro-
gram SHELXS-86[87]) and was refined on F2 for all reflections by
least-squares methods using SHELXL-93.[88] Hydrogen atoms were
included in calculated positions by using a riding model and were
assigned isotropic thermal parameters 1.2 times that of the atoms
to which they were bound. The asymmetric unit consists of one
dimeric MnII complex, two PF6 counteranions, and a water solvent
molecule. The counteranions are subject to disorder. Two sites
could be located on the difference Fourier map for each PF6 anion.
Several models for this disorder were tested. The best convergence
was obtained with occupancies of 0.8 and 0.2. Refinement was pur-
sued with restraints. The final conventional R1 factor was found to
be 0.075 for 4729 data, 84 restraints, and 585 parameters, and 0.13
for all data, wR2 5 0.26 (all data); the largest peak and hole in the
final difference map were within 10.5 and 20.3 eÅ23. A selection
of bond lengths and angles is presented in Table 2. A perspective
view of the Mn dimeric complex is shown in Figure 2. The hydro-
gen-bond network includes both intra- and intermolecular hydro-
gen bonds in the crystal structure, involving both the water molec-
ules coordinated to the metal center (first coordination sphere), the
noncoordinated oxygen atoms of the bis(µ-carboxylato) bridges of
the dimeric complex, and the water solvent molecule included in
the crystal structure. Structural data have been deposited with the
Cambridge Crystallographic Data Centre (CCDC) under the de-
pository number CCDC-150159. Copies of the data can be ob-
tained free of charge on application to the CCDC, 12 Union Road,
Cambridge CB2 1EZ, U.K. [Fax: (internat) 1 44-1223/336-033;
E-mail:deposit@ccdc.cam.ac.uk].

Reactivity in Anhydrous DMSO: Glassware was dried for at least
one night at 125 °C and then cooled under a stream of argon.
Solutions were manipulated in a Schlenk apparatus under a flow
of argon and were kept under argon pressure. It was checked that
superoxide disproportionation was negligible under the experi-
mental conditions used (see below). DMSO solutions were pre-
pared immediately prior to use. Saturated solutions of KO2 in
DMSO were obtained by stirring finely ground KO2 in anhydrous
DMSO for 1 h. The slurry was centrifuged for 10 min at 13000 g
and the supernatant, which was slightly yellow, was titrated spec-
trophotometrically at 250 nm (ε 5 2686 21cm21).[89] Concentra-
tions from 5 m up to 6.5 m were reproducibly obtained. We
checked that this concentration was stable by recording UV/Vis
spectra over a period of 10 min, in the course of which a decrease
of less than 10% was usually recorded. This centrifugation proced-
ure was compared with filtration and was found to provide solu-
tions with slightly higher concentrations and improved stabilities
(less decrease over 10 min). For cyclic voltammetry experiments,
saturated solutions of KO2 were prepared in 0.1  Bu4NPF6 in
DMSO. The same superoxide concentration was obtained.
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EPR Experiments: Several concentrations of the complexes were
tested (2 3 1024 mol·dm23, 6.5 3 1024 mol·dm23, and 1 3 1023

mol·dm23). For each concentration, the experiment was performed
in duplicate. Several Eppendorf vials were prepared containing the
complex and 025 equiv. of superoxide with a final volume of 1 mL.
Similar Eppendorf vials were prepared with superoxide alone (with
quantities corresponding to 0.522 equiv.). These tubes were used
to check that the superoxide EPR signal was observed under the
experimental conditions. The intensity of the g 5 2.00 signal was
shown to vary linearly with superoxide concentration and could
thus be used to give a rough estimate of the concentration in each
experiment. After superoxide had been added, the Eppendorf vial
was stirred manually. An aliquot of 100 µL was transferred to an
EPR tube, immediately frozen in an EtOH/liq. N2 bath, and kept
in liq. N2. EPR spectra were then recorded, either at 100 K or at
8 K. To estimate the conversion of MnII to MnIIIMnIV, a calib-
ration curve was constructed. The spectra of a fully characterized
bis(µ-oxo)MnIIIMnIV compound, namely [Mn2O2bispic-
(Me)2en]31,[76] at concentrations of 0.25 3 1024 mol·dm23, 0.5 3

1024 mol·dm23, 1 3 1024 mol·dm23, and 1.5 3 1024 mol·dm23 in
DMSO were recorded. The relative intensity of the six main peaks
was plotted against concentration.

UV/Vis Experiments: Several concentrations were tested (1 3 1024

mol·dm23, 2 3 1024 mol·dm23, 6.5 3 1024 mol·dm23). Successive
equivalents of superoxide were directly added to the cuvette under
magnetic stirring. EPR spectra of the solution from the cuvette
were also recorded.

Cyclic Voltammetry Experiments: Cyclic voltammetry experiments
were performed at room temperature under a stream of argon
either in extra-dry DMSO containing 0.1  Bu4NPF6 or in aceton-
itrile containing 0.1  Bu4NPF6. An Ag/AgClO4 electrode (AgClO4

1022 , Bu4NPF6 0.1 ) in DMSO was used as a reference for
DMSO solutions and was separated from the solution by a glass
frit. Its potential was measured as 10.252 V vs. SCE. Potentials
are reported in the text vs. SCE. The working electrode was a plat-
inum disc (2 mm diameter). Concentrations were 5 3 1024  and
1 3 1023  based on MnII content. When dioxygen-saturated elec-
trolyte was required, dioxygen was bubbled through 0.1  Bu4NPF6

in DMSO for half an hour.[55,60,90]

Xanthine/Xanthine Oxidase2Cytochrome c Assay: Superoxide an-
ion was supplied to the system from the xanthine/xanthine oxid-
ase reaction.

Reliability of the X/XO Test: To check that the tested compounds
do not inhibit the production of superoxide by xanthine oxidase,
the rate of conversion of xanthine to urate was determined by
measuring the increase in absorbance at 290 nm over a period of
2 min in the absence and in the presence of the tested compounds.
At concentrations higher than the IC50 values (which are of the
order of 225 µ, see below), neither MnIPG nor MnBIG was
found to inhibit this conversion. We also verified that ferricytoch-
rome c was stable in the presence of both MnIPG and MnBIG.
Moreover, it was important to ascertain whether the tested com-
pounds react with H2O2 under the experimental conditions, as such
a pathway could have led to side reactions.[62] Catalase can be ad-
ded to the cuvette during the X/XO assay,[38][62] but this introduces
another potential source of cross-reaction and interpretative
errors.[5] Instead, we probed the H2O2 reaction with the complexes
at a concentration in the range of the IC50 under the experimental
conditions of the X/XO assay. The H2O2 concentration was found
to be stable over a period of 20 min (see below).

Xanthine to Urate Assay: To measure the rate of conversion of xan-
thine to urate, xanthine oxidase (XO) (30 µL of 0.77 U·mL21 XO)
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was added to a potassium phosphate buffer solution (50 m, pH 5

7.8) containing 150 µ of xanthine at 25 °C to give a final volume
of 1.0 mL. Urate production was monitored at 290 nm. No differ-
ence in the slope was observed in the presence or absence of the
putative SOD mimics.

Reduction of Ferricytochrome c: The activities were measured on
the basis of the ferricytochrome c reduction.[7,35][62] Assays were
performed at 25 °C in 3 mL of reaction buffer (50 m potassium
phosphate buffer, pH 5 7.8) containing 22 µ ferricytochrome c,
200 µ xanthine, and an amount of xanthine oxidase such as to
give a rate of ∆DO550 nm 5 0.025 min21 (about 0.01 U·mL21) in
the absence of any putative SOD mimic. The reduction of ferric-
ytochrome c was monitored at 550 nm. After 2 min, various
amounts of the relevant putative SOD mimic were added. Rates
were linear for at least 8 min. The rates both in the absence and in
the presence of the complex were determined for each concentra-
tion of complex added. The IC50 value represents the concentration
of the putative SOD mimic that induces 50% inhibition of the re-
duction of cytochrome c. Values were determined as exemplified in
Figure 7, where p1 is the slope before addition of the putative SOD
mimic and p2 is the slope after its addition. The percentage inhibi-
tion is given by %I 5 (p1 2 p2)/p1·100. For each IC50 determina-
tion, %I was measured for several concentrations in the region of
the IC50. The IC50 value was obtained for %I 5 50%. Additionally,
(p1 2 p2)/p2 was also plotted against the complex concentration and
the IC50 value was obtained for (p1 2 p2)/p2 5 1.[63] For tests with
EDTA, this chelator was added to provide a final concentration of
3 m in the cuvette. For tests with BSA, 30 µL of BSA
(50 mg·mL21) was added 4 min after the addition of xanthine oxid-
ase and 2 min after the addition of the putative SOD mimic.

Reaction of Complexes with H2O2 under the X/XO Assay Condi-
tions: H2O2 (10 equiv.) was added to a solution of the complex (2
3 1026 ⁾ in potassium phosphate (50 m, pH 5 7.8). The H2O2

concentration was determined at intervals of 5 min over half an
hour by oxidation of iodide using the Ghormley method (colori-
metric titration).[91]
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