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bstract

In this work we have prepared a manganese(II) complex using the tridentate ligand N,N-bis(2-pyridylmethyl)amine (bpma). The manganese
omplex was characterized by elemental analysis, conductivity measurements and infrared, electronic (UV–vis) and EPR spectroscopic techniques.
he analysis of the complex obtained has shown that the formula is [Mn(bpma)2](ClO4)2 (1), which was confirmed by the X-ray structure.
he structure shows two different conformers with pseudo-octahedral geometry. The synthesized manganese complex displays efficiency in
isproportion reactions of hydrogen peroxide producing water and dioxygen in catalase-like activity. Compound 1 has shown a high reactivity with
nitial velocity for generation of dioxygen of 1.34 × 10−5 mol s−1 in the absence of heterocyclic base, and 4.46 × 10−5 mol s−1 in basic medium.
xidation of cyclohexene by oxygen donor iodosylbenzene (PhIO), using the complex in homogeneous and heterogeneous media as catalyst, has
lso been investigated. In homogeneous catalysis it was observed that the major product was the epoxide. However, in heterogeneous media the
eaction becomes more selective towards alcohol formation. Oxidation reactions using H2O2 as oxidant have shown low yields probably due the
ydrogen peroxide decomposition promoted by complex 1.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Manganese is an essential trace element for the healthy exis-
ence of many bacteria, plants and for humankinds [1]. The
hemistry of manganese has received considerable attention
ue to the fact that manganese is believed to be catalyti-
ally active in a variety of metalloenzymes [2]. In fact, many
atalytic studies have been developed in recent years, where
anganese complexes have been found to exhibit a diver-

ity of catalytic oxidation reactions on organic substrates in
rganic solvents [3]. In these reactions the most important
opics of catalysis research has been to find an efficient cata-

yst for the selective insertion of an oxygen atom into organic
ubstrates [4]. In order to increase the selectivity these reac-
ions have been performed by means of manganese complexes

∗ Corresponding author. Tel.: +55 41 3361 3299; fax: +55 41 3361 3187.
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mmobilized in microporous solids such as zeolite Y [5].
anganese complexes with pyridine and (pyridylmethyl)amine

igands have been presented in the literature and used in
xidation catalysis and H2O2 decomposition. The dinuclear
anganese compounds used by Feringa and co-workers [6,7]
ere able to catalyze the oxidation of several alkenes to the

orresponding epoxides using H2O2 as oxidants. Also mononu-
lear Mn(II) complexes in homogeneous and heterogeneous
edia have been employed [8–10]. Nature has developed
ays to counter the toxic effects of H2O2 by its dispropor-

ion to water and dioxygen. Heme enzymes that carry out this
wo-electron process are termed catalases [11]. Non-heme Mn-
ontaining catalases (Mn-CAT), the so-called pseudocatalases,
re known to be produced by various bacteria such as Lactobacil-
us plantarum, Thermus thermophilus and Thermoleophilum

lbum [12]. Binuclear manganese complexes ([Mn(II)2(�-
2CCH3)3L2]+) with bis(pyridylmethyl)amine ligands were

tudied for their ability to disproportionate hydrogen per-
xide [13,14]. Manganese is also an essential component

mailto:sueli@quimica.ufpr.br
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Table 1
Selected crystal data and structure refinement for [Mn(bpma)2](ClO4)2

Empirical formula C24H26Cl2MnN6O8

Formula weight 652.35
Temperature (K) 293(2)
Wavelength 0.71073
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions (Å, ◦) a = 23.936(5)

b = 9.064(2)
c = 26.143(4)
β = 91.25(3)

V (Å3) 5670.5(19)
Z 8
Calculated density (g/cm3) 1.528
μ (Mo K�) (mm−1) 0.712
F (0 0 0) 2680
Theta range for data collection (◦) 2.52–25.00
Index ranges 0 ≤ h ≤ 28, 0 ≤ k ≤ 10, −31 ≤ l ≤ 31
Reflections collected/unique 5098/4969 [Rint = 0.0198]
Refinement method Full-matrix least-squares on F2

Data/restraint/parameters 4969/0/372
Goodness-of-fit on F2 1.058
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f photosynthetic oxygen evolution, most likely participat-
ng as the oxidant of water [15]. We are presenting here the
ynthesis, structure and spectroscopic characterization of a
anganese(II) complex [Mn(II)(bpma)2](ClO4)2 (bpma = N,N-

is(2-pyridylmethyl)amine). The reactivity of the complex for
2O2 disproportionation, as a functional model for Mn-CAT,

nd the catalytic activity of the complex for the oxidation of
yclohexene by oxygen donor iodosylbenzene (PhIO) in homo-
eneous and heterogeneous media have also been investigated.

. Experimental

All reagents were utilized without previous purification. The
igand N,N-bis(2-pyridylmethyl)amine (bpma) was synthesized
ccording to a method described previously [16].

.1. Synthesis of the Mn(II) complex

The complex [Mn(bpma)2](ClO4)2 was prepared by means
methanol (2 mL)/ethanol (4 mL) solution of the ligand bpma

1.59 g, 8 mmol) adjusted to pH 7.9 by adding drops of NaOH
olution (40%, w/v) solution, with an aqueous solution (2 mL)
f Mn(O2CCH3)2·4H2O (0.98 g, 4 mmol). The resulting light
rown solution was then stirred at room temperature for 1 h,
fter which an aqueous solution (2 mL) of sodium perchlorate
1.84 g, 12 mmol) was added. After 5 days two small light brown
rystals had formed which were collected by filtration. After a
eek more amorphous solid has formed. Yield: 2.59 g, 70%.
nal. calculated for MnC24N6O11H32Cl2: C, 40.81; H, 4.57; N,
1.90. Found for the amorphous solid: C, 40.29; H, 3.46; N,
0.87. UV–vis data in CH3CN (λmax, nm (ε, mol−1 L cm−1)):
40 (1417), 364 (1028), 450 (396). IR (cm−1) as KBr pellet (vs,
ery strong; s, strong; m, medium; w, weak): 3289 (vs) ν(N–H);
606 (s), 1571 (w), 1488 (m), 1436 (s), ν(C C) and ν(C N),
101 (vs), 1081 (s), ν(Cl–O); 767 (s), 622 (s) δ(C–H) of pyridine
roup. Λm (CH3CN, 298 K) 249 S cm−2 mol−1 for complex 1:2.

.2. Immobilization of the complex

The immobilized compound was prepared by the slow addi-
ion of solid Mn2+Y zeolite (0.33 g, 4.2% Mn2+) to a bpma
0.5 mmol) solution in toluene (37 mL)/methanol (3 mL), with
tirring, followed by reflux for 48 h at 90 ◦C. The mixture was
entrifuged and the resulting yellow solid was washed in Soxh-
et for 6 h with CH2Cl2, and then with toluene for 10 h, to
emove unreacted ligand. The washed yellow solid was dried
t 50 ◦C. The preparation of solid Mn2+Y zeolite, obtained from
he exchange reaction between NaY zeolite and Mn2+, was con-
ucted as described in the literature [9].

.3. Physical measurements

Electronic absorption spectra were recorded on a Hewlett-

arckard 8452A spectrometer. Infrared spectra were recorded
n a BOMEM model Hartmann & Braun MB-series Michelson
pectrometer. X-band EPR spectra were collected on a Bruker
SP300 spectrometer at 77 K. A Perkin-Elmer 2400 elemental

2

e

inal R indices [I > 2 σ(I)] R1 = 0.0576, wR2 = 0.1343
indices (all data) R1 = 0.1114, wR2 = 0.1817
argest diff. peak and hole (e Å−3) 0.655 and −0.871

nalyzer was used to collect micro analytical data (C, H, N).
Shimadzu GC-14B gas chromatograph using a cromatopac

-R6A column was used to identifying oxidation products of
atalysis.

.4. X-ray crystallographic analysis

The crystallographic analysis of [Mn(bpma)2](ClO4)2 was
arried out at room temperature with a CAD-4 Enraf Nonius
iffractometer using graphite monochromated Mo K� radiation
λ = 0.71073 Å). Cell parameters were determined from 25 cen-
ered reflections and refined with SET4 instruction and the data
ollection were made using ω–2θ scan technique. Both proce-
ures were done with CAD-4 Express software [17]. Absorption
orrections carried out on the basis on the azimuthal scans of 7
ppropriate reflections were also applied to the collected inten-
ities with the PLATON program [18,19]. The structure was
olved using direct methods with SIR-97 [20]. The structure
as refined by full-matrix least-square procedures on F2 using
HELXL-97 [21]. The program WINGX was used in the refine-
ent and analysis of the crystal structure [22]. Another selected

rystallographic information are summarized in Table 1. The
mages were prepared using Platon [23]. Crystallographic data
or the structural analysis of [Mn(bpma)2](ClO4)2 have been
egistered with the Cambridge Crystallographic Data Center,
CDC 622717. Copies of this information may be obtained

ree of charge from The Director, CCDC, 12, Union Road,
ambridge CB2 1EZ (fax: +44 1223 336 033 or e-mail:
eposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
.5. Studies on catalase-like function

All reactions were carried out at 15 ◦C and the dioxygen
volution was measured volumetrically. Each experiment was

mailto:deposit@ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk/
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onducted by adding of 1 mL of hydrogen peroxide MeCN solu-
ion (concentration from 2 to 7 M) to 1 mL of 1 mM solution of
he complex in a 10 mL flask sealed with a rubber septum. The
eactor was connected to a graduated burette filled with water.

.6. Epoxidation of cyclohexene

Epoxidation of cyclohexene was carried out in homogeneous
nd heterogeneous media. In the homogeneous solution a mix-
ure of 1 mg of catalyst (1.5 �mol, [Mn(bpma)2](ClO4)2), oxi-
ant (iodosylbenzene) at various concentrations (0–150 �mol),
50 �L solvent (CH3CN) and 1.5 mmol substrate (cyclohexene)
ere magnetically stirred in an ice bath for 2 h. After this period

he reaction products were immediately analyzed by GC. The
atalytic studies with heterogeneous catalyst were performed in
similar manner as described for homogeneous catalysis.

. Results and discussion

.1. Characterization of the complex

The IR spectrum of the complex has a well defined N–H
tretching at 3289 cm−1. Strong peaks in the 1081–1101 cm−1

ange are assigned to ν(Cl–O) stretching of the perchlorate ion
resent as counter-ion. The molar conductivity of an acetonitrile
olution of the complex confirms the formation of a 1:2 elec-
rolyte. Based on this data and on elemental analysis the formula
f the complex was formulated as [Mn(bpma)2](ClO4)2·3H2O,
monomeric Mn(II) complex with two bpma ligands, and two
lO4

− ions. The elemental analysis was performed on the amor-
hous portion of the obtained solid. The EPR spectrum of an
MF solution of complex 1 at 77 K has six lines centered at
= 2 with A = 92 G (supplementary material), characteristic of
Mn(II) center in octahedral geometry. The spectrum of the

cetonitrile solution of complex 1 at room temperature has a
arge signal at g = 2 (Fig. 3) and in dichloromethane besides this
ignal additional signals were observed in g = 3.3 and g = 5.4
supplementary material). The signal observed in MeCN and
CM solutions are broad, and the manganese hyperfine splitting

s not resolved. The observation of low- and high-field transi-
ions, and the absence of the fine-structure, are indicative of more
istorted geometry [24]. The differences of the EPR spectra in
ifferent solvents may be indicative of the equilibrium among
he two conformers observed in the crystalline structure.

.2. X-ray structure

The ORTEP diagram of the complex cation is shown in
ig. 1. Selected bond distances and angles are shown in Table 2.
he asymmetric unit presents two different conformers of

Mn(bpma)2]2+ with different local symmetry. In both conform-
rs, the ligand bpma is facially coordinated to manganese ion.
onformer 1 (Mn1) has C2 symmetry, where the secondary

mine groups (N1 and N1a) and the pyridine groups (N11 and
11a) are trans to each other, being the equatorial plane defined
y four Npy atoms. Conformer 2 (Mn2) shows a centrosymmetric
tructure with the two secondary amine groups (N2 and N2b) are

i
7
b
c

ig. 1. ORTEP diagram of the two conformers of the cation complex
Mn(bpma)]2+. Symmetry codes: (a) −x + 1, y, −z + 1/2; (b) −x + 3/2, −y + 3/2,
z + 1.

oordinated in the axial positions (N2–Mn2–N2b 180◦) and the
toms N21, N21b, N41 and N41b determine the equatorial plane.
n both conformers, the Mn(II) ions are in distorted octahedral
nvironment. However, the degree of the distortion is signifi-
antly different between them. Around Mn1, the cis angles vary
rom 72.78(16)◦ to 117.75(17)◦ and the average of trans angles
s 143.45◦, while around Mn2 the cis angles are ranging from

7.06(15)◦ to 102.94(15)◦ and the trans angles are 180◦ imposed
y symmetry. Consequently, the bond lengths are smaller and
lose to each other in conformer 2 (average: equatorial 2.224 Å,
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Table 2
Selected bond lengths (Å) and bonds angles (◦) for [Mn(bpma)2](ClO4)2

Bonds lengths (Å) Bonds lengths (Å)

Conformer 1 (Mn1) Conformer 2 (Mn2)
Mn1–N1 2.338(4) Mn2–N2 2.275(4)
Mn1–N11 2.246(5) Mn2–N21 2.222(4)
Mn1–N31 2.214(4) Mn2–N41 2.227(4)

Angles (◦) Angles (◦)

Conformer 1 (Mn1) Conformer 2 (Mn2)
N31a–Mn1–N31 132.9(2) N21–Mn2–N41 86.29(16)
N31–Mn1–N11a 96.62(16) N21b–Mn2–N41 93.71(16)
N31–Mn1–N11 117.75(17) N21–Mn2–N2 77.31(15)
N11a–Mn1–N11 86.8(2) N41–Mn2–N2 77.06(15)
N31a–Mn1–N1 89.00(16) N21–Mn2–N2b 102.69(15)
N31–Mn1–N1 72.78(16) N41–Mn2–N2b 102.94(15)
N11a–Mn1–N1 148.73(16) N2–Mn2–N2b 180.0(2)
N11–Mn1–N1 73.43(17)
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appears indicating the change of the initial geometry of the com-
plex, and perhaps the oxidation state of the metal center, possibly
promoted by the interaction with the H2O2 molecule. After 5 min
a new signal at g = 4 appears (Fig. 3c) and a signal at g = 2 shows a
N1–Mn1–N1 133.8(2)

ymmetry codes: (a) −x + 1, y, −z + 1/2; (b) −x + 3/2, −y + 3/2, −z + 1.

xial 2.275 Å) with respect to than those observed in conformer
(average: equatorial 2.230 Å, axial 2.338 Å).

.3. Catalase-like activity

The reactivity of complex 1 towards hydrogen peroxide was
nvestigated by measuring changes in UV–vis and EPR spec-
ra, and by volumetric determination of evolved dioxygen. The
atalytic activity of complex 1 was investigated in acetonitrile
olutions in the presence and absence of imidazole (Fig. 2).
he evolution of dioxygen promoted by the complex without

−5 −1
ase has shown an initial velocity of 1.3 × 10 mol s of
2, which indicates a conversion of 0.7 × 103 molecules s−1

f H2O2 per molecule of Mn, complex. The presence of
midazole enhances the initial rate to 4.5 × 10−5 mol s−1

ig. 2. Time-course profiles of dioxygen evolution (mL) from the reaction of

2O2 (1 mL, 30%) with: (�) complex 1 (1.0 × 10−3 mol/L), (�) complex
(1.0 × 10−3 mol/L) with imidazole (1.0 × 10−3 mol/L), (�) just imidazole

1.0 × 10−3 mol/L) in acetonitrile solutions at 15 ◦C.

F
S
a
a

atalysis A: Chemical 269 (2007) 22–29 25

1.1 × 103 molecules H2O2 s−1 per molecule of Mn, complex).
he crystal structure of the manganese catalase from L. plan-

arum reveals the presence of bases in the vicinity of the active
ite and it was proposed that they promote the transfer of
he peroxidic protons during the turnover [24]. Despite the
act that complex 1 has a mononuclear structure, conversion
ates are in the same range observed for a series of dinuclear
anganese complexes [25–28]. However, these values are still
uch smaller than those observed for L. plantarum catalase

2 × 105 molecule s−1), like seen for other Mn catalase mimics
29,30].

The EPR spectrum of the complex in CH3CN solution at room
emperature shows a large signal at g = 2 (Fig. 3a) characteris-
ic of mononuclear Mn(II) complexes in a distorted octahedral
ymmetry [31]. After the addition of H2O2 the spectrum changes
ith enlargement of the signal at g = 2 and a hyperfine structure
ig. 3. X-band EPR spectra of complex 1 at room temperature and CH3CN.
olution: (a) complex 1 solution (1.0 × 10−3 mol/L), (b) a few seconds after the
ddition of H2O2 (1 mL, 30%), (c) 5 min after addition of H2O2 and (d) 20 min
fter addition of H2O2 (ca. 9.5 GHz).
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Fig. 4. Electronic spectra of complex 1 (1.0 × 10−3) in acetonitrile with addition
of H2O2 (50 �L, 30% solution): without H2O2 (©); 30 s after addition of H2O2

(
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ix line splitting typical of octahedral manganese(II) complexes
Fig. 3d).

Selected UV–vis spectra, obtained during the monitoring of
he reaction between complex 1 and hydrogen peroxide, can be
een in Fig. 4. The addition of H2O2 to the complex solution pro-
oted an absorbance increase in the 350–500 nm range, typical

f metal center oxidation. After 4 min the absorbance decreases
orming a new profile different from the initial observed for com-
lex 1. The solution spectra, recorded after 20 min of hydrogen
eroxide addition, did not show appreciable differences indi-
ating that a stable species was produced and that the original
omplex was not regenerated.

Based on EPR and UV–vis spectroscopic changes upon addi-
ion of H2O2 to complex 1 solutions, we propose two interaction

echanisms. It is known that the heterocyclic base accelerates
he homolysis of the O–O bond and stabilizes a Mn(IV) O
ntermediate species [32]. Considering this and the fact that the
eroxide disproportionation involves a four-electron transfer-
ing process, the first mechanism proposed, Scheme 1, assumes
hat the mononuclear Mn(II) complex oxidation produces a

n(IV) intermediate complex which produce the absorbance

ncrease observed in the UV–vis spectra.

The second mechanism (Scheme 2), is similar to that pro-
osed by Naruta and co-workers for manganese(III) porphyrins,
hat assumes a diporphyrinato dimanganese(III) intermediate

2

Scheme 1
—); 1 min after addition of H2O2 (�); 4 min after addition of H2O2 (· · · ·) and

0 min after addition of H2O2 (�).

. .
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Scheme 2

Table 3
Epoxidation of cyclohexene catalyzed by [Mn(bpma)2](ClO4)2 (homogeneous
reaction) and MnYbpma (heterogeneous reaction)

Catalyst Time (h) Proportion (mol) Conversion (%)a

Epoxide Ketone Alcohol

Complex 1 2 100o:1000s ∼0 ∼0 ∼0
1c:100o:1000s 93 ∼0 ∼0
1c:50o:1000s 68 6 ∼0
1c:25o:1000s 67 ∼0 ∼0

MnYbpma 40 100o:1000s 1 0 3
1c:100o:1000s 8 0 6
1c:50o:1000s 12 5 43

L

c
s
t
a
b
H
n
m
m

3

1c:25o:1000s 9 10 73

egend: c: catalyst, o: oxidante, s: substrate.
a Based on oxidant concentration.

c
b

Fig. 5. Epoxidation of cyclohexene with (c) [Mn(bpma)2](ClO4)2 and
. .

omplex [32,33]. This mechanism which involves oxidized
pecies bridged by hydroxide ions, was similar to that proposed
o manganese diporphyrins linked by rigid structures such as
nthracene. The binuclear Mn(III)Mn(III) structure would not
e detected by EPR and would promote an absorbance increase.
owever, the improvement promoted by the imidazol base could
ot be easily demonstrated in this mechanism. More experi-
ental studies are in course to better understand the operating
echanism.

.4. Epoxidation of cyclohexene
The results of epoxidation of cyclohexene catalyzed by
omplex 1 in homogeneous medium and by the complex immo-
ilized in zeolite (MnYbpma) with PhIO as oxidant, are shown

(cz) MnYbpma. Legend: c = catalyst, o = oxidante, s = substrate.
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n Table 3 and in Fig. 5. The values found for conversion of cyclo-
exene with [MnII(bpma)2](ClO4)2] in homogeneous reaction
ave revealed more selective conversion for epoxide. Conver-
ion rates observed for homogeneous reactions are similar to
hose observed for some metal porphyrins [34–36] and better
hen those observed for some other mononuclear Mn(II) com-
lexes [37–39]. However, the heterogeneous catalyst gives now
ainly alcohol as product. The formation of allylic products is

enerally attributed to a radical mechanism, promoted or not
y the metal center, or generated by the presence of dioxygen.
he role of the intermediate Mn specie as a radical initiator has
een proposed to occur via activation of an allylic C–H bond
36,40,41]. The presence of included dioxygen inside the zeolite
ay be responsible for the preference of the radical mechanism

bserved in this work. In control experiments, without the com-
lex in homogeneous medium, or with the zeolite with Mn(II)
ons (without the ligand), epoxidation did not occur. The reaction
f the Mn(II) zeolite with the oxidant promoted a color change
f the solid from white to black probably due to formation of
anganese oxide. This phenomenon was not observed when
nYbpma zeolite was used demonstrating that the bpma com-

lexation protected the metal center. Low yields of cyclohexene
poxidaton were obtained when hydrogen peroxide was used
s oxidant in homogeneous and heterogeneous media. These
ow conversion rates are attributed to the competitive paral-
el reaction of hydrogen peroxide decomposition promoted by
omplex 1 in homogeneous media, and also by the supported
ystem.

. Conclusions

The complex [Mn(bpma)2](ClO4)2 was synthesized and
tructurally characterized by single-crystal X-ray diffractom-
try. Spectroscopic (UV–vis, EPR and IR) properties, in
greement with crystallographic results, confirmed that a
ononuclear cation molecule with two ligand molecules and

wo perchlorates as counter-ions were obtained. The analysis of
-ray data reveals the formation of two conformers, with dif-

erent degrees of distortions. The complex [Mn(bpma)2](ClO4)2
romoted the H2O2 decomposition in good yields, and this char-
cteristic inhibited the epoxidation of cyclohexene when this
xidant was used. Otherwise, when using PhIO as oxidant good
ields of epoxidation (∼90%) were observed in homogeneous
eactions. For heterogeneous catalysis the reactions were more
elective for alcohol (∼70% yields).
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