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ABSTRACT: Kinetic studies of the oxidation of the bis[1-hydroxy-2-(salicylideneam-
ino)ethane]manganese(II) complex by hydrogen peroxide in acetonitrile solutions, at

are described. A first-order dependence on the total manganese and the per-(30.0 6 0.2)7C,
oxide concentrations was verified, leading to the rapid formation of a Mn(III) intermediate,
monitored by stopped-flow measurements, at with a rate constant394 nm, k 5 (1.15 6f

The participation of hydroxyl radicals in the process was detected5 21 3 210.03) 3 10 mol dm s .
by spin-trapping EPR spectra. The final product was monitored both by EPR spectra, and
spectrophotometrically by the slow decay of the intermediary Mn(III) species, with a rate
constant It was identified as the corresponding mononuclear Mn(IV)21k 5 (2.60 6 0.09) s .d

complex, and characterized by different spectroscopic techniques. Comparative results of the
reactivity of the starting complex versus molecular oxygen, leading to the same final product,
were also discussed. q 1998 John Wiley & Sons, Inc. Int J Chem Kinet 30: 889–897, 1998

INTRODUCTION

Manganese is an essential trace element in many mi-
croorganisms, plants, and animals. Having multiple
accessible redox states, manganese can play a funda-
mental role in multielectron redox processes, in addi-
tion to a purely structural role in some enzymes [1].
In the last two decades there has been an increasing

interest in manganese redox enzymes, particularly on
Mn-superoxide dismutase, Mn catalase, and Mn oxy-
gen-evolving complex of Photosystem II (PS II) [2,3].
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Additionally, there was also a lot of interest in the
preparation, characterization, and reactivity studies of
manganese complexes, as models for the structural and
functional properties of those enzymes [4]. In all these
systems different reactive species of oxygen are im-
plicated, as important partners in the redox chemistry
of manganese.

The accepted mechanisms for the enzymatic reac-
tions of Mn superoxide dismutase involve fundamen-
tally the Mn(II) and Mn(III) redox states, in a mono-
meric structure. However, in the case of catalase and
PS II systems, binuclear Mn(II,II), Mn(III,III),
Mn(III,IV), and/or Mn(IV,IV) species were also char-
acterized [5]. In addition, spectroscopic studies for
structural characterization of the manganese sites in
the PSII suggested a trimeric Mn cluster together with
a mononuclear Mn, as an alternative model to previ-
ously described dimeric, or tetrameric structures [6].
Therefore, a better knowledge of the structure and
electronic properties of manganese sites in these en-
zymes led to more emphasis on kinetic and mechanis-
tic studies of redox reactions occurring at different
manganese centers. This increasing interest in the re-
activity of manganese compounds included certainly
model complexes.

Different ligands have been used in the mimetic
studies, particularly Schiff base compounds that are
capable of stabilizing high oxidation states of this
metal [7]. Although most of these studies are con-
cerned to dimers or clusters, monomeric species can
also be very important to clarify the influence of the
structure in the catalytic pathways. Therefore, mono-
nuclear manganese complexes with this type of ligand
have been investigated with different aims, including
magnetic properties [8,9], kinetic aspects of their in-
teraction with hydrogen peroxide [10,11], and cata-
lytic activity in the oxidation of some substrates [12–
15]. Most of the investigations on the reactivity
toward hydrogen peroxide are related to manga-
nese(III) complexes [16]; kinetic studies based on
Mn(II) species are usually less prevalent.

We described, in this article, kinetic studies of the
oxidation of a Schiff base-manganese(II) complex by
hydrogen peroxide, leading to the corresponding
mononuclear Mn(IV) complex as the final product,
which was characterized by different spectroscopic
techniques. The formation of an intermediary Mn(III)
species, monitored by stopped-flow measurements,
and of hydroxyl radicals identified by spin-trapping
EPR spectra was detected. Comparative results of the
reactivity of the starting complex versus molecular
oxygen, forming the same final product, were also dis-
cussed.

EXPERIMENTAL

Material

The bis[1-hydroxy-2-(salicylideneamino)ethane]man-
ganese(II) complex, was preparedII[Mn (sal-mea) ],2

under strict anaerobic conditions, in a glover box, as
previously reported [17]. The corresponding manga-
nese(IV) complex, was pre-IV[Mn (sal-mea) ] . 2H O,2 2

pared by further oxidation with molecular oxygen
[18], or with hydrogen peroxide, as described in this
article, being characterized by UV/Vis, IR and EPR
spectroscopies, and by magnetic susceptibility mea-
surements.

Hydrogen peroxide was kindly supplied by Per-
óxidos do Brasil Ltda, 35% in weight and free from
stabilizers. Stock solutions of this reagent were pre-
pared by dilution, and analyzed spectrophotometri-
cally by the vanadate method, based on the formation
of a vanadium(V)-peroxo complex [19,20]. N,N-di-
methylformamide and acetonitrile were purchased
from Merck (chromatographic grade), and dried with
molecular sieves before the kinetic measurements. All
other chemicals from different sources were of ana-
lytical grade, and used as supplied. Nanopure water
from a Barnstead instrument was used in the prepa-
ration of all aqueous solutions.

Methods

Magnetic susceptibilities were measured with a Fara-
day balance from Cahn, model DTL 7500, at room
temperature. Calibrations were made with

from Aldrich ([HgCo(SCN) ] x 5 16.44 34

at 207C) [21], and corrections were610 CGS units/g,
applied for the diamagnetism calculated from Pascal’s
constants. Effective magnetic moments were calcu-
lated by the equation where1/2m 5 2.828 (x T) ,eff M

is the magnetic susceptibility per formula unit.xM

IR spectra were performed on KBr (Merck) pellets
with a Perkin-Elmer 783 spectrometer, in the range

and electronic spectra were recorded214000–200 cm ,
in a Beckman DU-70 spectrophotometer.

EPR spectra of the manganese complexes at differ-
ent time of reaction were obtained in a Varian E-109
spectrometer, equipped with a variable-temperature
controller, and a 20mW microwave power. All the
spectra were registered at using frozen aceto-100 K,
nitrile solutions of the complex, to which hydrogen
peroxide has been added. The reaction course was fol-
lowed by taking the frozen sample out of the Dewar
flask, stirring it in a ultrasonic laboratory cleaner dur-
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Figure 1 Reactivity of the complexII[Mn (sal-mea) ]2

toward hydrogen peroxide. II[Mn (sal-mea) ] 5 2.00 32

in aque-24 23 23 2310 mol dm , [H O ] 5 3.30 3 10 mol dm ,2 2

ous acetonitrile solution (33% water v/v), at T 5 (30.0 6
Spectra after: (a) 0.5; (b) 30; (c) 60; (d) 90; (e) 150;0.2)7C.

and (f) of reaction.180 min

ing controlled time intervals, and rapidly replacing it
into the Dewar flask.

Free radical species were detected by the spin trap-
ping method, using 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) as scavenger. EPR spectra of the formed ad-
ducts were registered in a Bruker ER 200D-SRC in-
strument, at room temperature, using standard flatted
cells. The reagent DMPO was previously purified by
distillation as recommended [22]. The reaction was
initiated by the rapid dissolution of the solid manga-
nese(II) complex in the aqueous acetonitrile solution
of hydrogen peroxide, containing DMPO.

Kinetic Measurements

Fast kinetic runs were carried out in a SL-Aminco in-
strument, model DW-2000, equipped with stopped-
flow accessory, monitoring the increasing band at

attributed to a Mn(III) species. For these ex-394 nm,
periments, a solution of the starting manganese(II)
complex in acetonitrile was prepared, and kept under
flux of nitrogen, just before being introduced in the
stopped-flow chamber using a syringe.

Other kinetic measurements were performed in a
Beckman DU-70 instrument, with thermostatted cell
compartment, monitoring the decay of the band at

In these kinetic experiments, the reaction was394 nm.
initiated by the addition of the solid Mn(II)-complex
to the thermostatted appropriated solutions, in sealable
cells for anaerobic applications. All the kinetic mea-
surements were obtained at (30.0 6 0.2)7C.

RESULTS AND DISCUSSION

The bis[1-hydroxy-2-(salicylideneamino)ethane]man-
ganese(II) complex can be oxidizedII(Mn C H N O )18 20 2 4

to the corresponding monomeric Mn(IV)-complex by
molecular oxygen [17,18]. When hydrogen peroxide
was used as the oxidizing agent the same product was
obtained more quickly, but with lower purity. In con-
trast to the 90% yield obtained in the reaction with
oxygen, part of the obtained material was manga-
nese(IV) dioxide, and the final product was purified
by recrystallization in acetonitrile, with ca. 60% yield.

The reactivity of the studied complex contrasts with
that of related ligands described in the literature, which
usually give the bis-(m-oxo)dimers in high yields [23].
Flexible polydentate ligands probably facilitate di-
merization, or even polynucleation via bridging
groups, such as a phenolic function correctly placed,
which can lead to tetramanganese structures [24].

In our studies, the final oxidized product, obtained

as dark reddish crystals, was identified as the complex
(or )IV IVMn (sal-mea) . 2H O Mn C H N O . 2H O2 2 18 18 2 4 2

by elemental analyses, UV/Vis, IR, and EPR spec-
troscopies, and magnetic susceptibility measurements
(vide Table I). The IR spectrum was very similar to
that of the initial Mn(II) complex [17], with charac-
teristic stretching bands at 21n 1620–1640 cm ,C N"
and at 1300 and The deter-21n 1050–1060 cm .C O9
mined effective magnetic moment of is also4.13 mB

consistent with an octahedral monomeric Mn(IV)
complex.

The initial Mn(II) complex shows some oxidation
even when dissolved and kept in solution under nitro-
gen, exhibiting bands at ca. 390 and charac-470 nm,
teristic of higher oxidation state of the metal. Elec-
tronic spectra registered in aqueous acetonitrile
solutions, prepared by rapid addition of the solid man-
ganese(II) complex to the solution containing hydro-
gen peroxide, showed three bands, in the range

as shown in Figure 1. The absorption250–450 nm,
band at is rapidly formed, and exhibits a sub-394 nm
sequent slow decay. In addition, the band at 270 nm
also decays, and that at shifted to higher wave-310 nm
lengths. Two other weaker bands were observed at

(vide Table I), in agreement with re-475 and 554 nm
sults obtained for the same complex prepared by oxi-
dation with molecular oxygen [17,18].

Kinetic Studies

The reaction of the complex with hy-II[Mn (sal-mea) ]2

drogen peroxide was then monitored spectrophoto-
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Table I Characterization of the Final Product in the Oxidation of the [MnII(sal-mea)2] Complex by Hydrogen
Peroxide, Compared to the Initial Complex

Complex Elemental %C Analysis %N %H %Mn B.M.m ,eff

[MnII(sal-mea)2],
or MnC18H20N2O4

56.40 (calcd)
56.48 (found)

7.31 (calcd)
7.14 (found)

5.26 (calcd)
5.14 (found)

14.33 (calcd)
13.33 (found)

5.99

[MnIV(sal-mea)2].2 H2O,
or MnC18H18N2O4

51.81 (calcd)
52.72 (found)

6.71 (calcd)
6.94 (found)

5.31 (calcd)
5.12 (found)

13.16 (calcd)
12.38 (found)

4.13

IR bands / 21cm
nC!H nC"N dCH2 (phenol)nC!O nC!O

[MnIV(sal-mea)2].2 H2O,
or MnC18H18N2O4

3050 (ring)
2900

1620–1640 1440–1470 1300 1050–1060

UV/Vis bands,
l /nmmax

in Me2SO
21 21e/M cm

EPR
parameter

g0 (at 100 K)
under nitrogen 2.037

[MnII(sal-mea)2],
or MnC18H20N2O4

310
394
470

5400
(2150)
(570)

(solid)

[MnIV(sal-mea)2].2 H2O, 270 19100 2.609
or MnC18H18N2O4 390

475
554

6120
2634
1337

(solid)

metrically. Fast kinetic runs were performed by
stopped-flow technique, showing the formation of an
intermediary species at in less than This394 nm, 1 s.
initial step was studied under second-order conditions,
with [H2O2] and in the rangeII[Mn (sal-mea) ]2

From curves of 1/Absorb-24 230.3–0.6 3 10 mol dm .
ance (at ) vs. time (see Fig. 2), values of394 nm kobs

were obtained. A linear dependence of with thekobs

concentration of the complex, wasII[Mn (sal-mea) ],2

observed in the concentration range studied, with
although some5 21 3 21k 5 (5.2 6 0.2) 10 mol dm s ,f

tendency to a more complex order probably occurs
with higher concentrations.

By variation of the peroxide concentration, under
pseudo-first-order conditions, the dependence on the
concentration of this reagent was also verified. Curves
of ln Absorbance (at ) vs. time were recorded,394 nm
and the corresponding rate constants were calculated,
as shown in Figure 3. The determined values obeyed
to the expression: wherek 5 k 1 k [H O ], k 50 f 2 2 0

and21 5(1.27 6 0.04) s k 5 (1.15 6 0.03) 3 10f
21 3 21mol dm s .

The subsequent slow decay of this band at
attributed to a Mn(III) species, exhibited also394 nm,

a first-order dependence on the initial Mn(II) concen-
tration, as shown in Figure 4. Using the initial rate
method, the rate constant was21k 5 (0.87 6 0.03) sd

calculated. The influence of the peroxide concentra-
tion was then verified (vide Fig. 5), obeying a similar

expression: with rate constantsV 5 k 1 k [H O ],i 0 2 2

and24 21k 5 (1.29 6 0.05) 3 10 s k 5 (2.05 60

This second step corre-22 21 3 210.07) 3 10 mol dm s .
sponds probably to the further oxidation of the inter-
mediary Mn(III) complex to the final Mn(IV) product,
similarly to that observed in the reaction with molec-
ular oxygen [17].

The formation of the final wasIV[Mn (sal-mea) ]2

also monitored by EPR spectroscopy, in frozen ace-
tonitrile solution as described in the Experimental sec-
tion. The obtained spectra are shown in Figure 6.
While the initial Mn(II) complex has a theg 5 2.037,0

isolated Mn(IV) product exhibited mea-g 5 2.609,0

sured in the solid state at No resolved hyperfine100 K.
structure from was observed in the solid state, as55Mn
well as in acetonitrile solution (ca. ) for230.05 mol dm
both complexes, indicating spin-coupling of very
closed species. This same final product was isolated,
and characterized in the reaction of the initial Mn(II)
complex with molecular oxygen [17].

However, in contrast with the reaction with oxygen,
when the oxidant used was hydrogen peroxide there
was no evidence for the formation of a previous in-
termediary species with a zero-field splitting, at circa

of reaction, attributed to a very unstable din-2.0 min
uclear manganese(II) complex, [L2Mn(II). . . .
Mn(II)L2], and observed only in frozen solutions [17].
Additionally, linear curves of the ln (EPR Signal) vs.
time corroborated the previously described first-order
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Figure 2 (A) Experimental curve of 1/Absorbance (at
) vs. time, for II394 nm [Mn (sal-mea) ] 5 0.59 32

and Re-24 23 24 2310 mol dm , [H O ] 5 0.47 3 10 mol dm .2 2

action at in aqueous acetonitrile solution(30.0 6 0.2)7C,
(25% water v/v). (B) Influence of the initial
[ concentration in the oxidation rate con-IIMn (sal-mea) ]2

stant.

Figure 3 (A) Experimental curve of ln Absorbance (at
) vs. time, for and26 23394 nm [H O ] 5 1.88 3 10 mol dm ,2 2

(B) dependence of the oxidation rate constant with the hy-
drogen peroxide concentration. Reaction monitored by the
increasing band at II394 nm. [Mn (sal-mea) ] 5 0.62 32

in aqueous acetonitrile solution (25% water24 2310 mol dm ,
v/v), at T 5 (30.0 6 0.2)7C.

dependence on (data not shown, based on[Mn]total

spectra in Fig. 6).

Intermediates of Reaction

In order to verify the probable formation of reactive
oxygen species during the oxidation of the Mn(II)
complex, experiments were performed in the presence
of the spin scavenger DMPO. The formation of the
DMPO-OH adduct, monitored by EPR, indicated that
hydroxyl radicals certainly participate in this reaction.
In Figure 7, spectra registered during the reaction with
hydrogen peroxide in acetonitrile solutions are shown.
In this case, maximum concentration of the adduct was
observed at the very beginning of the reaction.

For comparison, the reaction was also performed
using molecular oxygen as the oxidant. In this case,

evidence for the formation of carbon centered radicals,
in addition to the hydroxyl radicals, were obtained, as
shown in Figure 8. Those radicals are probably formed
in the first stages of the reaction, derived from the
scavenger DMPO, which is present in high concentra-
tion and which can also suffer ox-23(0.100 mol dm ),
idative attack by the very reactive Mn(III) species
formed. Radicals derived from the ligands are un-
likely, since the final product was obtained in high
yield (ca. 90%).

Mechanism of Reaction

Based on the reported kinetic results and in the de-
tected intermediates of the reaction, the following
mechanism (Scheme I) was suggested, where L 5

ligand, and step (2) is very rapid.(sal-mea)
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Figure 4 (A) Curve of the decay in the absorbance
at versus time. II394 nm [Mn (sal-mea) ] 5 0.50 32

in aque-24 23 23 2310 mol dm , [H O ] 5 3.30 3 10 mol dm ,2 2

ous acetonitrile solution (33% water v/v), at T 5 (30.0 6
(B) Dependence of the initial decay rate of this band0.2)7C.

with the concentration.II[Mn (sal-mea) ]2

Figure 5 Influence of the [H2O2] concentration on the de-
cay rate of the band at II394 nm. [Mn (sal-mea) ] 5 2.00 32

in aqueous acetonitrile solution (33% water24 2310 mol dm ,
v/v), at T 5 (30.0 6 0.2)7C.

Figure 6 EPR spectra, after different times of reaction with
hydrogen peroxide (see Experimental section), of the

complex, in aqueous acetonitrile solutions.II[Mn (sal-mea) ]2

Measurements at using (1) Gauss, (2)3100 K Gain 5 10
Gauss. Spectra after: (a) 0.5; (b) 1.0; (c) 1.3; (d)4Gain 5 10

1.7; (e) 2.0; (f) 2.5; (g) 2.5; (h) 3.3; (i) 6.0; and (j) 80 min
of reaction.

k1II III D[L Mn ] 1 H O 99: [L Mn OH] 1 OH (1)2 2 2 2

k2II III?[L Mn ] 1 OH 99: [L Mn OH] (2)2 2

k3III IV[L Mn OH] 1 H O 99: [H L Mn ]2 2 2 22 2

D1 2H O 1 OH (3)2

k4III IV?[L Mn OH] 1 OH 99: [H L Mn ]2 22 2

1 2H O (4)2

Scheme I

Accordingly to this scheme, the formation and sub-
sequent decay of the intermediary complex

with maximum absorption atIII[L Mn OH], 394 nm,2

can be expressed as:
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Figure 7 EPR spectra of the DMPO adducts formed
with reactive species in solution, during the oxidation
of the complex by hydrogen perox-II[Mn (sal-mea) ]2

ide. II 24 23[Mn (sal-mea) ] 5 7.53 3 10 mol dm ; [H O ] 52 2 2

in22 23 236.74 3 10 mol dm ; [DMPO] 5 0.100 mol dm ;
aqueous acetonitrile solution (25% water v/v), at room tem-
perature. (a) Gauss; (b) Gauss.3 4Gain 5 10 Gain 5 10

Figure 8 EPR spectra of the DMPO adducts formed
with reactive species in solution, during the oxidation
of the complex by molecular oxygen.II[Mn (sal-mea) ]2

II 24 23[Mn (sal-mea) ] 5 7.53 3 10 mol dm ; [DMPO] 52

in aqueous acetonitrile solution (25% wa-230.100 mol dm ;
ter v/v), at room temperature. (a) Gauss, (b)3Gain 5 10

Gauss.4Gain 5 10

IIIV 5 [L Mn OH]/dtf 2
II5 k [L Mn ][H O ]1 2 2 2

II ?1 k [L Mn ][ OH]2 2
III2 k [L Mn OH][H O ]3 2 2 2
III ?2 k [L Mn OH][ OH] (5)4 2

By considering stationary state for the hydroxyl radi-
cal,

II?d[ OH]/dt 5 k [L Mn ][H O ]1 2 2 2
II ?2k [L Mn ][ OH]2 2
III1k [L Mn OH][H O ]3 2 2 2
III ?2k [L Mn OH][ OH]4 2

5 0 (6)

and

II IIIk [L Mn ][H O ] 1 k [L Mn OH][H O ]1 2 2 2 3 2 2 2?[ OH] 5
III IIk [L Mn OH] 1 k [L Mn ]4 2 2 2

(7)

At the very beginning of the reaction, the decay of the
Mn(III) species can be neglected, and, therefore:

II II ?V 5 k [L Mn ][H O ] 1 k [L Mn ][ OH] (8)f 1 2 2 2 2 2

?[ OH] 5 k [H O ]/k (9)1 2 2 2

and, by substitution of the expression (9) in (8),

III IIV 5 d[L Mn OH]/dt 5 2k [L Mn ][H O ] (10)f 2 1 2 2 2

The mass balance for leads to:[Mn]total

II III[Mn] 5 [L Mn ] 1 [L Mn OH], (11)total 2 2

or

II III[L Mn ] 5 [Mn] 2 [L Mn OH] (12)2 total 2

and, by substituting the expression (12) in (10), the
rate reaction becomes:
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Figure 9 Curve of ln (at ) vs. for theAbs 394 nm t ,max max

formation of with different concentrations ofIII[L Mn OH]2

hydrogen peroxide. II 24[Mn (sal-mea) ] 5 0.62 3 10 mol2

in aqueous acetonitrile solution (25% water v/v), and23dm ,
T 5 (30.0 6 0.2)7C.

IIId[L Mn OH]/dt 5 2k [H O ]([Mn]2 1 2 2 total
III2 [L Mn OH]) (13)2

Integrating this expression:

IIIB td[L Mn OH]2 5 2k [H O ] dtE E 1 2 2IIIB ([Mn] 2 [L Mn OH]) 00 total 2

where

[B ] 5 0 at time zero, and0
III[B] 5 [L Mn OH] at time t,2

ln [B] 5 ln[B ] 2 2k [H O ]Dt (14)0 1 2 2

Since Mn(II) ions react with hydroxyl radicals to pro-
duce Mn(III) ions, in aqueous solution, with k .

[25], the first step is kineti-8 21 3 211.4 3 10 mol dm s
cally responsible for the formation of the intermediate

and from Figure 3,III[L Mn OH], k 5 2k 5 (1.15 62 f 1
5 21 3 210.03) 3 10 mol dm s .

By considering a simplified scheme of first-order
consecutive reactions (Scheme II) [26]:

k kf dII III IV[L Mn ] 99: [L Mn OH] 99: [H L Mn ]2 2 22 2

[A] [B] [C]

Scheme II

2kf t 2kd t[B] 5 {k /(k 2 k )}[A] (e 2 e )f d f 0

or

kd/(kf2kd)[B] 5 [A] (k /k ) , andmax 0 d f

t 5 {1/(k 2 k }ln (k /k ) (15)max d f d f

Therefore,

ln [B] 5 ln[A] 1 ln(k /k ) * k /(kmax 0 d f d f

2 k ) 5 ln[A] 2 k t . (16)d 0 d max

From a curve of ln vs. for different con-[B] t ,max max

centrations of [H2O2] at pseudo-first-order conditions,
a value for the decay rate constant of the intermediate
Mn(III) species, was esti-21k 5 (2.60 6 0.09) s ,d

mated (Fig. 9). This value is in good agreement with
the value, calculated from21k 5 (0.87 6 0.03) s ,obs

Figure 4, based on the standard kinetic measurements.
Therefore, the rate for the decay of the Mn(III) com-
plex is quite negligible, when compared to its forma-
tion rate.

These results indicated a faster reaction with hy-
drogen peroxide ( 21 5 21k 5 5.4 s or 1.15 3 10 molf

) than with molecular oxygen (3 21dm s k 5 1.65 3f

or ), in contrast with din-23 21 21 3 2110 s 8.62 mol dm s
uclear manganese(II) complexes that usually exhibit
higher rate constants in autoxidation to the corre-
sponding Mn(III) species. For example, the [ (glu-IIMn2

conate)4 (m-H2O)2] complex shows k 5 2.8 3
in the reaction with O2 [27], vs.4 21 3 2110 mol dm s

for the reaction with the per-21 3 21k 5 1.41 mol dm s
oxide [28]. Additionally, dimeric compounds seem to
prefer di-electronic transfer, when two metal centers
are simultaneously oxidized, in a concerted nonradi-
calar mechanism, forming bis(m-oxo) compounds
[29]. On the other hand, in the case of monomeric
species, mono-electron transfer can be kinetically fa-
vored, leading frequently to the generation of signifi-
cant amounts of free radical species as observed in our
system. Mostly, when the involved ligands are not
highly flexible [23,29], dimeric products would be un-
stable. Similar to the manganese porphyrin systems
[30], in our studied complexes the metal-ligand bond-
ing would need to suffer a critical distortion to achieve
a structure in which the oxo (or alkoxo) ligands have
a cis orientation, in a bis(m-oxo) manganese dimer.
Therefore, mononuclear species of Mn(III) and
Mn(IV) were obtained.
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instrument.
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