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a b s t r a c t

The synthesis and characterization of a binuclear carboxylated bridged manganese complex containing
the heptadentate ligand N,N′-bis(2-hydroxybenzyl)-N,N′-bis(2-methylpyridyl)-2-ol-1,3-propanediamine
(H3bbppnol) is reported. This complex was characterized by elemental analysis; infrared, electronic
(UV–vis) and EPR spectroscopy; and conductivity measurements. The complex was immobilized on silica
by either adsorption or entrapment via a sol–gel route. The obtained solids were characterized by thermo-
eywords:
anganese

ol–gel
ilica
PR
upported catalyst

gravimetric analyses (TG and DSC), UV–vis and infrared spectroscopy, and X-ray diffraction. The catalytic
performance of the binuclear manganese complex in epoxidation reactions was evaluated for both homo-
geneous and heterogeneous systems. The catalytic investigation revealed that the complex performs well
as an epoxidation catalyst for the substrates cyclohexene (26–39%) and cyclooctene (29–74%). The solids
containing the immobilized complex can be recovered from the reaction medium and reused, maintaining
good catalytic activity.
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. Introduction

Oxygenation of organic substrates has been extensively stud-
ed, and hydrocarbon oxidation is especially interesting because
f the industrial importance of this type of reaction. Among such
xidation reactions, epoxidation is extremely important for the
reparation of highly functionalized organic compounds [1–3].

Transition metal complexes have attracted a lot of attention
rom researchers as possible oxidation catalysts for the selective
xidation of hydrocarbons in mild conditions [4–9]. In fact, there
re countless studies on iron and manganese complexes as oxi-
ation catalysts because these metals are less damaging to the
nvironment compared with many other transition metal species
8,10–12].

Manganese 1,4,7-trimethyl-1,4,7-triazacyclononane complexes,
rstly described by Wieghardt et al. [13], are highly active for

atalytic oxidation in homogeneous and heterogeneous media
14–16].

The binuclear manganese(IV) complex [Mn2
IV(�-O)3(Me3-

acn)2](PF6)2 is a highly active oxidation catalyst [17,18]. Feringa

∗ Corresponding author at: Departamento de Química, Universidade Federal do
araná, Centro Politécnico, Jardim das Américas, C.P. 19081, 81531-990 Curitiba,
razil. Tel.: +55 41 3361 3299; fax: +55 41 3361 3186.
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nd co-workers [19] have reported that the use of carboxylic acids
t co-catalyst levels improves the selectivity of the binuclear man-
anese(IV) Me3-tacn compound toward cis-dihydroxilation and
poxidation. They have confirmed that the reaction control arises
rom the in situ formation of carboxylate-bridged dinuclear com-
lexes.

The dimeric Mn2(2-OHsalpn)2�-alkoxo species prepared by
ecoraro and co-workers [20] have been isolated as the binu-
lear structure containing two �-alkoxo bridges; their coordination
phere is completed by two ligand molecules. These species may
lso exist in the solvated form, thus leading to an unsaturated
oordinative structure where one of the alkoxo groups remains
onocoordinated to the metal, leaving one position free for the

pproach of reactive ligands. The interaction of these systems with
xidant molecules has been reported.

In the present work, the synthesis and characterization of
he binuclear carboxylated bridged manganese complex con-
aining the heptadentate ligand N,N′-bis(2-hydroxybenzyl)-N,N′-
is(2-methylpyridyl)-2-ol-1,3-propanediamine (H3bbppnol) (1) is
eported (Fig. S1—supplementary material) [21]. The heptadentate
igand contains an alcohol group between the two halves of the
olecule, which induces formation of a binuclear manganese struc-
ure. Besides the coordination sites available for the ligand, each

anganese atom can bind other molecules, such as carboxylate,
ater or other solvent molecules. These open sites can also bind

n oxidant molecule, thus forming an active intermediate species

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:sueli@quimica.ufpr.br
dx.doi.org/10.1016/j.molcata.2008.10.037
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or the oxidation of organic substrates, like the ones observed for
he Me3-tacn systems. An alternative coordination site for the oxi-
ant molecule is the �-alkoxo bridge, which can also undergo the
earrangement proposed by Pecoraro and co-workers [20].

The catalytic performance of complex 1 in both homogeneous
nd heterogeneous media was evaluated in epoxidation reactions.
he complex was immobilized on silica gel by either adsorption or
ia a sol–gel process using TEOS [22].

. Experimental

.1. Materials

All chemicals were of analytical and spectroscopy grade and
ere purchased from Aldrich, Sigma, Acros or Merck. Silica gel

Merck 70-230 mesh ASTM) was activated at 100 ◦C under vacuum
or 6 h. Iodosylbenzene (PhIO) was synthesized by hydrolysis of
odosylbenzenediacetate [23]. The solid was carefully dried under
itrogen atmosphere and kept at 5 ◦C. The purity was periodically
ontrolled by iodometric assay [24].

The ligand N,N′-bis(2-hydroxybenzyl)-N,N′-(2-methylpyridyl)–
,3-propanediamine-2-ol (H3bbppnol) was synthesized and char-
cterized according to a previously published procedure [21]. The
tructural formula of H3bbppnol is shown in Fig. S1 (supple-
entary material). (1H NMR (ı CDCl3): 8.9 (m, 2H, two phenolic

rotons); 6.9–8.3 (m, 16H, phenyl and py); 3.9–4.4 (m, 9H, N–CH2–R
nd R2–CH–OH); 2.6–3.0 (d, 4H, (N–CH2)2).)

.2. Instrumentation

FTIR spectra were recorded on a Biorad 3500 GX spectropho-
ometer in the 400–4000 cm−1 range, using KBr pellets. KBr was
rushed with a small amount of the solid, and the spectrum was
ollected with a resolution of 4 cm−1 and accumulation of 32 scans.
V–vis spectra were recorded in the 200–800 nm range on an HP
452A Diode Array Spectrophotometer. A cell with a path length
f 1 cm was employed in all the analyses. Solid UV–vis spectra
ere recorded in the 200–800 nm range on an NIR Diode Array

pectrophotometer, Perkin-Elmer Lambda 19, using KBr pellets. Ele-
ental analyses were determined on the CHN Perkin-Elmer 2400

nalyzer. Metal contents were measured using a Shimadzu Model
100 Atomic Absorption Spectrometer graphite stove. Solid-state
agnetic susceptibilities of powdered samples were measured
ith a Faraday-type magnetometer in 298 K. Cyclic voltamme-

ry and coulometry were performed on an EG&G Princeton PARC
73A Potentiostat (working electrode: glassy carbon for voltam-
etry and a platinum grid for coulometry, reference electrode:
g/AgCl, counter electrode: platinum, and support electrolyte:

etrabutylammonium hexafluorophosphate). The molar conduc-
ivities of the complexes in acetonitrile solutions were measured
n a Digimed D-20 equipment (platinum electrode K = 1 cm−1).
W-EPR experiments were performed at X band using a Bruker ESP-
00E spectrometer equipped with a rectangular TE102 resonator
Bruker 4102 ST). The experiments were carried out at liquid nitro-
en boiling temperature (77 K) using an on-top reservoir quartz
nger dewar. All samples were put in 3 mm inner diameter EPR
uartz tubes. CW-EPR spectra were simulated using the EasySpin
oftware package for Matlab® platform [25]. The search for the best
arameter set was optimized using simplex algorithm. For the XRD
easurements, self-oriented films were placed on neutral glass
ample holders. The measurements were performed in the reflec-
ion mode using a Shimadzu XRD-6000 diffractometer operating
t 40 kV and 40 mA (Cu K� radiation � = 1.5418 Å), with a dwell
ime of 2◦ min−1. A Shimadzu GC-17A gas chromatograph equipped
ith a DBWAX column (stationary phase: polyethyleneglycol), cou-
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led to an integrator Shimadzu CBM-102 (with a flame ionization
etector), was used for quantitative analysis in the oxidation exper-

ments. Thermal analyses were carried out using a TGA Instruments
himadzu TGA-50 thermogravimetric analyzer equipped with a
latinum cell and a 50 mL min−1 gas flow.

.3. Synthesis of [Mn2(bbppnol)(�-AcO)2] (1)

Triethylamine (6.0 mmol) and Mn(AcO)2·4H2O (4.0 mmol) were
dded to a H3bbppnol methanol solution (2.0 mmol). The deep
ed-brown solution was heated to 50 ◦C and magnetically stirred
or 30 min. A brown precipitate was obtained after the solution
as cooled down. The solid was filtered off and washed with cold

ther. Yield: 38%. Anal. calc. for C33H37N4O7Mn2 (709.44 g mol−1):
, 53.16; H, 5.27; N, 7.51; Mn 15.48. Found: C, 53.37; H 4.85; N, 7.5;
n 15.05. UV–vis acetonitrile solution: �, nm (ε, mol−1 L cm−1) 394

1710) 496 (980).

.4. Immobilization of complex 1 on silica (Si-1)

Silica gel (0.60 g) was suspended in acetonitrile (5 mL) under
ild magnetic stirring. Complex 1 (1.44 × 10−4 mol ≈ 0.102 g)

iluted in a minimum amount of acetonitrile was added to the
uspension under reflux (85 ◦C). After 6 h of reaction, the resulting
olid (Si-1) was filtered off and washed exhaustively with acetoni-
rile in a Soxhlet extractor for 6 h. The color of the silica became
eep red brown. The solution obtained after Si-1 was filtered off
t the end of the immobilization reaction, together with the wash-
ngs from the Soxhlet procedure, was quantitatively analyzed by
V–vis spectroscopy, in order to determine the amount of com-
lex 1 that remained in the reaction solution and thus calculate the
mount of 1 that was effectively immobilized on silica. Si-1 was
ried at room temperature for 24 h and characterized by UV–vis and

R spectroscopy, thermogravimetric analysis, and X-ray diffraction
XRD).

.5. Heterogenization of 1 on silica by the sol–gel process (SG-1)

The SG-1 catalyst was prepared by adaptation of the method-
logy described by Stober [22,26], through hydrolysis of TEOS
n ethanol, in the presence of NH4OH as catalyst, as well as
.9 × 10−5 mol of 1. The matrix was also prepared in the absence
f 1 for use in control reactions. The reaction mixture was kept
t 40 ◦C under magnetic stirring for 30 min. The precipitated solid
G-1 was extensively washed with water, methanol, and acetoni-
rile. To determine the amount of 1 that was immobilized in TEOS,
he amount of the manganese complex that remained in the reac-
ion solution and combined washings was quantified by UV–vis
pectroscopy. After the washing procedure, SG-1 was dried at room
emperature for 24 h.

.6. Oxidation of cyclooctene and cyclohexene by iodosylbenzene
PhIO) catalyzed by 1 (homogeneous catalysis), and Si-1 and SG-1
heterogeneous catalysis)

Catalytic oxidation reactions were carried out in a 2 mL thermo-
tatic glass reactor equipped with a magnetic stirrer, inside a dark
hamber. In a typical reaction employing the heterogeneous cata-
yst, Si-1 (5 mg) or SG-1 (40 mg), and the solid iodosylbenzene were
egassed with argon for 10 min inside a 2 mL vial. The solid mixture

as suspended in 0.35 mL of solvent (dichloromethane/acetonitrile

1:1)), and then 0.15 mL of the substrate, cyclooctene or cyclohex-
ne, was added, resulting in a Si-1 or SG-1/oxidant/substrate molar
atio of 1:10:1000. The oxidation reaction was carried out for a
ertain time (1 and 6 h), under magnetic stirring. Sodium sulfite
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its profile is similar to that of 1. However, the absence of the band
around 520 nm suggests that some modifications to the structure
of 1 take place during the entrapment process, although the basic
structure is maintained. The basic medium used in the prepara-
tion of the gel solid may have promoted substitution of the acetate
S.T. Castaman et al. / Journal of Molecu

as added after the reaction, in order to eliminate the remaining
odosylbenzene. The solid catalyst was separated from the reac-
ion products present in the solution by centrifugation and was
hen exhaustively washed with dichloromethane and acetonitrile.
ll the extracted solution and supernatant were transferred to a vol-
metric flask and analyzed by gas chromatography. Product yields
ere based on PhIO and were calculated by the internal standard
ethod. The solid catalyst was thoroughly washed and dried for

euse in another reaction. In order to check the reproducibility of
he determinations, all reactions were repeated two to three times
ecause a micromethod was employed to measure catalytic activ-

ties. Only average results are reported. The same procedure was
ollowed for the control reactions using: (a) the substrate only, (b)
ubstrate + oxidant, and (c) substrate + oxidant + silica. The proce-
ure for the reactions carried out in homogeneous medium was
imilar to that employed for the heterogeneous catalysis. A solution
f 1 was prepared using dichloromethane/acetonitrile 1:1 as sol-
ent (≈1 × 10−6 mol L−1), and the same catalyst/oxidant/substrate
olar ratio of 1:10:1000 was used. Quantitative analysis of the reac-

ion products was carried out by gas chromatography (GC), using
he internal standard method.

. Results and discussion

.1. Synthesis and characterization of [Mn2(bbppnol)(�-AcO)2]
1)

The heptadentate ligand H3bbppnol, which has an alcohol group
etween the nitrogen atoms of propanediamine, facilitates the for-
ation of binuclear compounds with the alkoxo group bridging the
etal atoms [8,21]. The presence of carboxylate groups in the metal

alt employed in the synthesis promotes the formation of acetate
ridges, thus closing the coordination sphere of the manganese
toms. The molar conductivity measured for a 1 × 10−3 mol L−1 ace-
onitrile solution of 1 is 32 S cm−2 mol−1, which indicates that it is
non-electrolyte [27]. The infrared spectra of 1 on KBr disks dis-
lays strong bands at 1585 and 1448 cm−1, attributed to the acetate
roups. The difference between the symmetric and asymmetric
ands (� = 137 cm−1) is indicative of bridging modes of the car-
oxylate groups [28]. The electronic spectrum of the complex is
imilar to those observed for manganese(III) complexes containing
henolate ligands, and the intense bands are attributed to LMCT p�
phenolate) → d�* (MnIII) [29,30]. The EPR spectrum of an acetoni-
rile solution of 1 in 10 K has 20 lines in g = 2.0, typical of a binuclear

ixed-valence MnIIIMnII complex (Fig. S2—supplementary mate-
ial) [31–37].

Powdered sample 1 magnetic susceptibility measurement at
93 K (Faraday method) has shown an effective magnetic moment
�eff) of 5.34�eff/�B per manganese center pointing to 4.43 elec-
rons per Mn. These data are coherent with a MnIIIMnII center.

The following peaks are observed in the cyclic voltammogram
f 1: E1 = +1.3 V (�Ep = 122 mV), E2 = +0.25 V (�Ep = 90 mV),
nd E3c = −0.5 V vs Ag/AgCl (E1 = +0.8 V, E2 = −0.25 V, and
3c = −1.0 V vs Fc+/Fc), attributed to the redox processes
nIVMnIII–MnIIIMnIII–MnIIIMnII–MnIIMnII. The observation of

hree oxidation processes indicates that the coordination envi-
onment formed by the ligand and the acetate groups promotes
ccessibility of the metal centers to various redox states. This fact
ay be useful in catalytic reactions like the oxidation of organic

ubstrates.

The redox behavior of 1 is similar to that observed for the

inuclear complex with a phenol group bridging the manganese
enters synthesized by Lomoth and co-workers [31,38]. The Lomoth
omplex was isolated as a MnIIIMnIII complex with II,II → II,III and
I,III → III,III potentials at −0.3 and 0.0 V vs SCE. The potentials of
talysis A: Chemical 300 (2009) 89–97 91

he redox processes are closer than the potentials observed for 1
−0.5 and +0.25 V). This shows that the mixed-valent specie in 1
as larger stability domain than the analogous phenolate bridged
omplex. The potential difference between the oxidative and reduc-
ive electron transfer for 1 is larger by ca. 450 mV in comparison
o the Lomoth complex (�E = 750 mV vs �E = 300 mV) which con-
uces to a larger comproportionation constant Kcom of 4.8 × 1012

s 1.2 × 105 based on the equation.[MnIIMnII] + [MnIIIMnIII] ↔
[MnIIIMnII], �E =

(
RT
nF

)
ln Kcom. In the coulometry experiments,

.97 electrons are transferred during the oxidation process at +0.5 V
s Ag/AgCl, which indicates formation of the MnIIIMnIII species. The
yclic voltammetry profile of the solution obtained after the oxi-
ation process is the same as that of the precursor complex. The
lectronic spectrum of the obtained solution displays bands at 506
nd 684 nm, which are more intense than those observed for the
ixed valence species MnIIMnIII. A spectroelectrochemical exper-

ment for the oxidation process (Fig. S3—supplementary material)
lso gives evidence of the increase in the absorbance of the bands
bserved for 1. These results give an indication that the oxidized
nIIIMnIII complex has the same structure as 1.
The techniques used for the characterization of 1 support the

inuclear structure proposed for it, with the alcohol and carboxy-
ate groups bridging the two metal centers (Fig. 1).

.2. Characterization of Si-1 and SG-1

Loading of complex 1 in the solids was determined by mea-
uring the difference between the absorbance of the complex in
he solution prepared before the immobilization process and the
bsorbance of the solution and combined washings from the Soxh-
et procedure obtained after complex immobilization. The catalyst
oadings in Si-1 and SG-1 were 2.7 × 10−4 mol g−1 (19.2% weight)
nd 3.4 × 10−5 mol g−1 (2.6% weight), respectively.

The infrared spectra of the heterogeneous catalysts Si-1 and SG-
are very similar and their profile is typical of the silica matrix.

trong Si–O stretching vibrations are observed at 460 cm−1, which
orresponds to ı(Si–O–Si). The band at 960 cm−1 is due to �(Si–OH),
hile the band 1090 cm−1 is assigned to �as(Si–O–Si) [28,39].

he absence of bands typical of the manganese complex can be
ttributed to the low loading of 1 in the matrices.

The reflectance electronic spectrum of the Si-1 displays bands
t 380, 480 and 520 nm, which is very similar to the spectrum
btained for 1 in the solid state (380, 480 and 530 nm) (Fig. 2).
he similarity between the UV–vis spectra of Si-1 and complex 1
uggests that the immobilization process does not alter the basic
tructure of the manganese compound. As for the reflectance elec-
ronic spectrum of SG-1, it displays bands at 380 and 480 nm, so
Fig. 1. Proposed structure for complex 1.
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ig. 2. Reflectance electronic spectrum of the solids 1, Si-1 and SG-1 in KBr pellets.

ridges in 1 for other groups like hydroxo, which are also present
n the solid structure. However, the low loading of 1 in this solid
oses some difficulty to the correct interpretation of the spectrum
rofile.

The X-ray powder diffraction (XRD) patterns of the silica and
ol–gel blank (without catalyst) and Si-1 and SG-1 were recorded
t 2– values ranging between 3◦ and 60◦. In all the cases, the typical
iffraction pattern of amorphous samples was observed. Analysis
f the diffractograms revealed that Si-1 and SG-1 are structurally
imilar to the corresponding matrices without any catalyst. Thus,
he immobilization and entrapment processes do not change the
morphous diffraction pattern of the silica support.

Thermogravimetric analyses (TGA and DSC) were carried out
nder air for 1 (Fig. 3a), SG-1 (Fig. 3b), and Si-1 (Fig. 3c). Analyses
or the silica obtained by sol–gel (SG) and pure silica (Si) were also
erformed. There is a mass loss between 25 ◦C and 150 ◦C for all the
nalyzed solids, which corresponds to the loss of water molecules
eakly bound to the materials. This loss varies between 4.7% of the

otal mass for Si-1 (Fig. 3c) to 8.4% for pure silica (Si). As for the
hermal analysis of the pure complex 1 (Fig. 3a), there is a total
eight loss of 75.20% between 150 ◦C and 1000 ◦C due to com-
ustion of organic material, with formation of MnO2. The main
xothermic event corresponding to this weight loss takes place at
round 400 ◦C.

Concerning SG-1 (Fig. 3b), an exothermic weight loss is also
bserved around 400 ◦C, compatible with the loss of complex 1. This
uggests that it is really possible to entrap 1 in the silica obtained
y the sol–gel process. The peak at 400 ◦C in Fig. 3b is less intense
han that observed in the case of complex 1 (Fig. 3a) because of the
ow loading of 1 in SG-1. Indeed, the thermogram in Fig. 3b shows
n exothermic weight loss between 150 ◦C and 450 ◦C correspond-
ng to 2.2% of the SG-1 mass. If we consider the loading of 1 in SG-1
3.61 × 10−5 mol of complex 1/g of silica gel), this value is consistent
ith the mass percent of 1 (2.56%) in SG-1.

As for Si-1 (Fig. 3c), one intense peak at 380 ◦C is also observed,
hich can be assigned to loss of the immobilized complex 1. This

oss is around 14%, in agreement with the loading of complex 1 in Si-
(2.72 × 10−4 mol/g, which corresponds to 19% of 1 immobilized on
ilica). The differences in the thermal processes regarding the pure
omplex 1, and the two solids SG-1 and Si-1 may be attributed
o the different interactions taking place between 1 and the solid

atrices. In fact, complex 1 may be adsorbed on the solid surface
n Si-1, while it is confined inside the pores in SG-1.

h
(
n
(
s

ig. 3. Thermogravimetric analyses (TGA and DSC) for complex 1 (a), SG-1 (b), and
i-1 (c).

.3. Alkene oxidation

The catalytic activity of 1 in solution (homogeneous catalysis),
nd immobilized on silica (Si-1) or entrapped in a silica matrix by
he sol–gel route (SG-1) (heterogeneous catalysis) was investigated
n the oxidation of cyclooctene and cyclohexene using iodosylben-
ene as oxidant. Results are presented in Table 1.

Complex 1 catalyzes the oxidation of cyclooctene and cyclo-

exene by PhIO in both homogeneous and heterogeneous media
Si-1 and SG-1). Control reactions carried out in the absence of 1 do
ot give evidence of considerable activity for any of the substrates
oxidized product yields below 6%). All the reactions revealed the
elective formation of epoxide, with no allylic products forma-
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Table 1
Results obtained in the oxidation of cyclooctene and cyclohexenea by
iodosylbenzeneb catalyzed by complex 1 (homogeneous catalysis), and Si-1
and SG-1 (heterogeneous catalysis).

Catalystb Reaction
time (h)

Cyclohexenec Cyclooctenec

Run Epoxide yield (%) Run Epoxide yield (%)

1 1 1 26 7 37
6 2 33 8 74

Si-1 1 3 39 9 42
6 4 35 10 36

SG-1 1 5 27 11 29
6 6 34 12 74

a Conditions: reaction vessel purged with argon for 10 min.; substrates:
cyclooctene or cyclohexene, solvent (dichloromethane/acetonitrile (1:1)) at room
temperature.

b Manganese complex/iodosylbenzene/substrate molar ratio = 1:10:1000.
c Yields based on starting PhIO. Control experiments yielded about 4–6%
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a
ide decomposition promoted by 1 in homogeneous media, and also
yclooctenoxide in the case of both homogeneous and heterogeneous catalysis,
hile for cyclohexenoxide the yields were 1.2–3.0% (homogeneous catalysis) and

.0–4.0% (heterogeneous catalysis).

ion. The product yields (Table 1) obtained in the epoxidation of
yclooctene and cyclohexene by 1 in both homogeneous and het-
rogeneous systems are similar to those observed by us [40–42] and
thers for metalloporphyrin systems [43–45]. This suggests that
omplex 1 is an active catalyst for epoxidation reactions under the
onditions reported here.

Even noncatalyzed cyclooctene oxidation processes commonly
ead to epoxide as the sole product [8,9,46]. However, noncatalyzed
yclohexene oxidation reactions are poorly selective, leading to
ajor alcohol and ketone production and minor epoxide forma-

ion [43]. Despite catalyzed epoxidation reactions can lead to better
electivities even some second and third generation porphyrin-
ased catalysts, which are considered efficient catalytic systems,
an produce epoxide, alcohol and ketone in similar yields [47]. The
ystems studied in this work are selective for the epoxide in the case
f both substrates. These results suggested a metal-oxo intermedi-
te as the catalytically active specie as has generally been proposed
or catalytic systems leading to the preferential formation of epox-
de [46,48–50].

Recently described non-porphyrinic manganese complexes
ave shown variable catalytic efficiency in oxidation reactions
sing iodosylbenzene as oxidant. MnIII(salen) complexes have been
xtensively studied. Kochi has reported selective cyclohexene epox-
dation reactions (36–67% epoxide yields) depending on salen
ubstituents [50]. Nam and co-workers [51] have studied the influ-
nce of ligand nature of counterions on the product selectivity. For
he Mn(salen)Cl system the epoxide yields (based on the added oxi-
ant) were around 27% for cyclohexene epoxide, similar to the yield
btained in run 1, Table 1. However, their system was not selective
ecause there was formation of allylic products as well (20% yield
or cyclohexenol and 29% yield for cyclohexenone). Better results
ere obtained for Mn(salen)CF3SO3 (45% for epoxide). These results

uggest that the ligands structures and the metal ion present in the
tructure of the catalyst complex affect not only catalytic activity
ut also product distribution in olefin epoxidation reactions.

Chattopadhyay et al. [52] have studied the effect on catalytic
fficiency of the presence of a second metal in the vicinity of a
n(III) center in Mn(III)salen similar complexes. They observed

hat the second metal (Cu(II), Fe(III), Zn(II), Ni(II), Co(II), Mn(III)) has
detrimental effect on catalyst efficiency in the case of styrene and
tylbene epoxidations. These authors demonstrated that, among
he binuclear compounds, MnIIIMnIII leads to the best results. They
ttributed the decrease in substrate conversion to a possible PhIO
ecomposition in the presence of bimetallic complexes, which

b
v
a
i
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hould result in the formation of unwanted products instead of the
hI and MnV O species.

Comparing the catalytic efficiency of the binuclear complex
in homogeneous system with those of some recently reported
ononuclear manganese complexes coordinated with ligands con-

aining N,O donor sets, used without co-catalysts, the former
isplays similar catalytic efficiency, but higher selectivity for the
poxide in the case of cyclohexene oxidation by PhIO (epoxide
ields around 25–40% based on PhIO) [4,53]. Therefore, factors such
s the complete structure of the complex, the distance between the
etal centers, and the presence of labile sites to coordination of the

xidant molecule must be considered when the effect of catalyst
uclearity is analyzed.

Table 1 shows that the catalytic results obtained in the presence
f complex 1 depend on the reaction conditions. In the case of the
eactions carried out for 1 h, all the catalysts (homogeneous com-
lex 1 and heterogeneous Si-1 and SG-1) display similar catalytic
erformance, leading to epoxide yields ranging between 30 and
2%. When the reaction time is increased to 6 h, differences in the
atalytic activities of the three systems become more evident. In
he case of the more inert substrate cyclohexene, a longer reaction
ime does not affect the final yield; there is improvement of around
% for complex 1 (runs 1 and 2) and SG-1 (runs 5 and 6), while for
i-1 the increase in reaction time promotes a decrease in epoxide
roduction (runs 3 and 4). As for cyclooctene, a less inert substrate,

onger reaction times result in increasing epoxide yields in the case
f complex 1 (37–74%) and SG-1 (29–74%). As observed for cyclo-
exene, longer reaction times promote a reduction in product yields

n the case of Si-1.
Apparently, heterogenization of 1 by its entrapment into silica

el via the sol–gel process does not significantly affect epoxide
ields. In most of the conditions, immobilization of 1 does not
nfluence the epoxidation results. Only in the case of the reaction
sing Si-1 for 6 h is there a decrease in substrate conversion (36%
ompared with 74% in homogeneous system, runs 10 and 8, respec-
ively). Considering all the runs, SG-1 leads to results similar to the
nes obtained with 1 in homogeneous solution.

The observed results for heterogeneous catalysis are in the
ame range of those described for porphyrins and Jacobsen cata-
ysts. The use of entrapped catalysts in zeolite, silica, alumina and
ther porous solids, in epoxidation of cyclooctene and cyclohex-
ne with PhIO as oxidant, result in a large variety of epoxide yields.
nIII(salen) immobilized in alumina by a sol–gel method promoted

he epoxidation of cyclooctene with 16% of cyclooctenoxide yield
54]. Similar results (11%) were obtained by Jacobs for the cyclo-
exene epoxidation using the same catalyst immobilized in zeolite
55]. Better results were obtained by Mayoral and co-workers using
lay-supported MnIII(salen) catalysts (33–64% for epoxidation of
yclohexene) [56].

The epoxide yields obtained using 1 immobilized in silica matrix
y sol-gel route are similar to those obtained for iron tetraphenyl-
orphyrin in the same solid and reactions conditions [26] and more
elective than the same porphyrin immobilized in porous vycor
lass [57].

Attempts were made to use hydrogen peroxide (H2O2) and
ert-butylhydroperoxide (TBHP) as oxidant in homogeneous and
eterogeneous media, but products were obtained in lower yields
cyclooctenoxide (1–14%) and cyclohexenoxide (0–4%) after 6 h of
eactions) than in the case of PhIO. These low product yields are
ttributed to the competitive parallel reaction of hydrogen perox-
y the supported systems. This proposal is based on the obser-
ation that large quantities of molecular oxygen are produced in
ll the three reaction systems (homogeneous and heterogeneous),
ndicating that catalase-like reactions in which the catalytic active
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21-line hyperfine pattern about g = 2, arising from S = 1/2 ground
state, typical of mixed valence center MnIIMnIII. Similar signals for
others MnIIMnIII complexes have been observed just at very low
temperatures [32–35,67].
Fig. 4. Recycling studies performed with the SG-1 and Si-1 catalysts in the oxid

pecies could be involved in the decomposition of hydrogen per-
xide into molecular oxygen and water through the well described
–O homolysis are taking place [58,59].

Complex 1 is highly stable under the oxidation reaction condi-
ions. In fact, the solution obtained at the end of the homogeneous
xidation reactions were analyzed by UV–vis spectroscopy and they
isplayed the same bands, with similar intensity, as the starting
omplex in solution. The immobilized catalyst is also highly stable
ince no complex or destroyed residues were observed by UV–vis
nalysis of the reaction solution obtained after the oxidation reac-
ion. In other words, 1 is not leached from the support.

.4. Catalyst recycling

Product and catalyst separation from the reaction medium
till remains troublesome in the case of homogeneous systems
60]. Besides the easier removal of the catalyst from the reaction

edium, catalyst reuse is one of the great advantages of heteroge-
eous catalysis. Therefore, investigating heterogeneous processes

s of utmost importance because it can provide insights into the
fficiency of the metal complex anchoring process and furnish
nformation on catalyst stability during the catalytic cycle. In order
o investigate the possibility of several recycling runs for Si-1 and
G-1, the solid catalysts were separated from the reaction mix-
ure by centrifugation after the reaction, washed exhaustively with

ethanol and acetonitrile in a Soxhlet extractor for 6 h, dried at
oom temperature, and used again in a fresh reaction. The catalyst
as recycled five times for cyclooctene and cyclohexene epoxida-

ions. In general, no substantial loss in the catalytic activity of the
mmobilized catalyst was observed compared with that of fresh
ample, as shown in Fig. 4. Therefore, recycling is possible in the
ases of Si-1 and SG-1.

.5. In situ spectroscopic and electrochemical studies

To investigate the intermediate active species formed in the
eaction between complex 1 and the oxidant, UV–vis spectra of
he complex in the presence of PhIO were recorded. After addi-
ion of PhIO, the color of the solution containing 1 changes to dark
rown. The maximum absorbance observed at 470 nm for com-
lex 1 shifts to 486 nm, and there is an increase in the intensity
Fig. 5a). After 40 min, the absorbance returns to the initial level,
ut the spectrum profile is not the same. Similar results have been
eported for manganese(III)–salen complexes [50,61,62], binuclear
n(II) complexes with Schiff base ligands [4], and Mn–tmtacn com-

lexes [63]. In the presence of cyclohexene, the same behavior is
bserved (Fig. 5b). However, after 48 h the spectrum is identical
o that of the starting complex, indicating that 1 is restored in the

olution.

The reactivity of 1 toward PhIO was also accompanied by
lectrochemical studies. The addition of the oxidant to an acetroni-
rile solution of 1 promotes a change in the potentials. The wave
ttributed to the MnIIMnIII → MnIIIMnIII process disappears, and

F
m
m

of cyclooctene and cyclohexene by iodosylbenzene, after 6 h of reaction time.

new peak occurs at −0.2 V with the corresponding oxidation
rocess at −0.01 V (Fig. 6). Electrochemical processes around the
otential observed in these experiment have been attributed to the
nIV → MnIII reduction of manganese coordinated to oxide ligands

ike Mn O or Mn–O–Mn sites of well characterized complexes with
henol-Schiff base ligands [64–66].

The changes in oxidation states for the complex in the reaction
edia were monitored using EPR spectroscopy at 77K. The EPR

pectrum of 1 in dichloromethane/acetonitrile (1:1) mixture shows
road features attributed to superimpositions of all the possible
pin states (S = 1/2, 3/2, 5/2, 7/2 and 9/2) (Fig. 7a). The spectrum at
0 K (Fig. S2—supplementary material) have shown a characteristic
ig. 5. UV–vis spectra of the reaction media in dichloromethane/acetonitrile/
ethanol = 0.25:0.25:1. (a) 1/PhIO molar ratio = 1:10 and (b) 1/PhIO/cyclohexene
olar ratio = 1:10:1000.
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Fig. 6. (a) Cyclic voltammogram of 1 in acetonitrile (1 × 10−3 mol L−1). (b) Cyclic
voltammogram of 1 in acetonitrile/methanol (1 × 10−3 mol L−1) after addition of
P
C
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Fig. 7. Time series of the 77K EPR spectra of 1 in dichloromethane/acetonitrile
(
r
m
0

w
o
l
s

a
[
t
t
d
b
M
E

T
S

M
M

g

hIO (1:10). Working electrode: vitreous carbon; Reference electrode: Ag/AgCl;
ounter electrode: platinum wire; Supporting electrolyte: TBAPF6 (0.1 mol L−1);
can rate: 100 mV s−1.

The EPR spectrum taken just after addition of PhIO in the pres-
nce of cyclooctene (1:10:1000 ratio) lacked the broad features
bserved before. After 15 min a 16-line hyperfine pattern about g = 2
as observed (Fig. 7b), which is consistent to a dinuclear MnIIIMnIV

omplex with antiferromagnetic spin coupling between the man-
anese centers [20,36,68–69]. The spectrum was simulated using
n effective electron spin S = 1/2 arising from antiferromagneti-
ally coupled MnIIIMnIV pair, S = 2 and 3/2, respectively (Fig. 8). An
ffective anisotropic g-tensor in agreement to those found in litera-
ure [4,70] for the binuclear complex was obtained. Two hyperfine
nisotropic A-tensors were determined and assigned to the differ-
nt valence Mn center (Table 2). The best line shape fitting was
chieved using gaussian line shapes. Collinear g and A tensors were
sed.
The EPR spectra time series (Fig. 7c) from 1 to 6 h showed similar
eatures to the starting complex differing by one additional signal
round 140 mT (g = 4.7). Adam et al. [71] have attributed signals at
ca. 2 and ca. 5 to a MnIV(salen) species formed by reaction of PhIO

a
a
r
t

able 2
imulated giromagnetic and hyperfine couplings for the MnIIIMnIV specie formed by reac

Hyperfine couplings (mT) Effecti

Ax Ay Az Aiso gx

n(III) 16.582 15.474 9.7499 13.935
2.0074n(IV) 8.3618 8.0749 7.8506 8.0957

iso refers to the average giso = (gx + gy + gz)/3 and similarly is Aiso = (Ax + Ay + Az)/3.
1:1) mixture after the addition of PhIO in the presence of cyclooctene (1:10:1000
atio). (a) Just complex 1; (b–d) after 15 min, 1 h and 7 h. Experimental parameters:
icrowave frequency, 9.435511 GHz, temperature 77 K, field modulation amplitude,

.36 mT and microwave power, 20 mW).

ith MnIII(salen). The same attributions have also been made by
ther authors [20]. After 7 h (Fig. 7d) a signal with six hyperfine
ines has appeared at g = 2 which is typical of mononuclear MnII

pecies.
As it has been extensively studied by Adam et al. [71], Jacobsen

nd co-workers [72], Collman et al. [61] and Nam and co-workers
51], MnIII(salen) oxidations reactions with iodosylarenes implies
he presence of adducts formed by the manganese complex and
he oxidant (MnIII–OIPh) besides the involvement of multiple oxi-
ants in the oxygen transfer. The active specie are considered to
e a MnV O complex, as proposed by Kochi for porphyrins and
n(salen) systems [50,61]. Unfortunately MnIII and MnV species are

PR inactive. The participation of an MnIV(salen) intermediate has

lso been evidenced by Adam in systems using dichloromethane
s solvent with the formation of MnIVOCl or MnIV O species
esponsible for chlorine or oxygen transfer [71]. In our system
he preferential formation of epoxide and the EPR spectra leads

tion of 1 with PhIO at 77 K.

ve giromagnetic couplings Line width (mT)

gy gz giso

7 2.00382 1.98308 1.99813
2.1992
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Fig. 8. Experimental (thick line) and simulated (thin line) frozen solution spectra
of MnIIIMnIV binuclear complex. Experimental parameters: microwave frequency,
9
p
r

u
s
p
m
o
u
t
p
i

4

g
m
c
[

t
c
h

e
p
r

A

v
A
A
s

A

i

R

[

[
[

[

[

[
[

[
[

[

[

[

[
[
[
[
[

[
[

[

[
[

[

[
[

[

[

[

[

[
[

[

[

[

[

[

[

.435511 GHz, temperature 77 K, field modulation amplitude, 0.36 mT, microwave
ower, 20 mW, conversion time, 655.36 ms per point, time constant, 2.62 s, 2048
esolution points.

s to expect the MnV O, MnIV O or MnIII–OIPh intermediates
pecies as observed for various porphyrin and non-porphyrin com-
lexes [51,61,63,71–75]. The lability of the bridging acetate groups
ay afford vacant coordination points for the oxygen atom. The

bserved dinuclear MnIIIMnIV specie may be formed by intramolec-
lar electron transfer from the arising MnV to MnII center leading
o an unreactive �-oxo complex. A similar mechanism was pro-
osed to Mn(salen) by Kochi [50] and to others dinuclear systems

n oxidation reactions.

. Conclusions

The heptadentate ligand H3bbppnol, which has an alcohol
roup between the nitrogen atoms of the propanediamine, pro-
otes the formation of a binuclear manganese compound. The

haracterization of this complex indicates the structural formula
MnIIMnIII(bbppnol)(�-OOCCH3)2].

The accessibility of various redox states observed by the elec-
rochemical characterization motivated the use of this complex as
atalyst for alkene oxidation reactions in both homogeneous and
eterogeneous media.

The catalytic study reveals that the complex performs well as
poxidation catalyst. The solids containing the immobilized com-
lex can be successfully removed from the reaction media and
ecycled.
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