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a  b  s  t  r  a  c  t

A  manganese-based  hybrid  mesoporous  material  (denoted  as  5) was  synthesized  by  covalent  grafting
of  [MnII(1)2](OAc)2 (3)  (1 =  [3-(2-pyridyl)pyrazol-1-yl]acetic  acid amide)  onto  the surface  of  SBA-15,
and  characterized  by means  of  XRD,  N2 adsorption–desorption,  FT-IR,  Raman,  EPR and  UV–vis  spec-
troscopic  techniques.  Catalytic  tests  showed  that  5  could  act  as  an efficient  heterogeneous  catalyst  for
the epoxidation  of  a wide  range  of  alkenes  (including  terminal  ones)  under  mild  reaction  conditions  when
eywords:
poxidation
ybrid materials
anganese acetate

yrazolylpyridine

peracids  (e.g.,  meta-chloroperbenzoic  acid)  are  used  as  oxidants.  Moreover,  the  catalytic  performance  of
5  is  solvent-dependent,  it exhibits  higher  catalytic  activity  and  selectivity  to epoxides  when  the  reaction
is  carried  out  in aprotic  solvent  like  CH3CN.  UV–vis  and  electrochemical  measurements  revealed  that
high-valent  Mn  species  are  easily  formed  during  the  reaction  course,  when  meta-chloroperbenzoic  acid
is used  as oxidant  and  CH3CN  is  used  as  solvent,  being  probably  the main  reason  for  the  high  activity  of
5  and  its  selectivity  toward  epoxide  formation.
. Introduction

Epoxidation of alkenes is an important reaction since the
poxides are key building blocks for the synthesis of fine chemi-
als and modern industrial processes [1,2]. Particularly, terminal
lkenes are a challenging class of substrates to epoxidize owing
o their relatively electron-deficient nature [3,4]. By using oxi-
ants such as peracids, some electron-deficient and aliphatic
erminal alkenes can be epoxidized even without adding cata-
ysts. However, relatively high reaction temperatures (normally
ccompanied with low epoxide selectivity) and extended reac-
ion times are usually required in this uncatalyzed process [5–7].
hese drawbacks might be overcome if a suitable catalyst is
dopted into the reaction system [8–12]. It was reported that Mn-
ontaining complexes are active homogeneous catalysts for the
poxidation of terminal alkenes with peracids as the oxidants.
or example, Kim et al. reported that a catalyst, which is com-
osed of [Re4Q4(CN)12]4− cluster anions (Q = Se or Te) surrounded

y saloph-MnIII (saloph= N,N′-o-phenylenebis-salicylidenaminato)
omplexes through bridging CN ligands, exhibits very high activity
or the epoxidation of various alkenes (including terminal alkenes)

∗ Corresponding author. Tel.: +86 431 85155390; fax: +86 431 88499140.
∗∗ Corresponding author. Tel.: +49 631 2052752; fax: +49 631 2054676.
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using meta-chloroperbenzoic acid (m-CPBA) as oxidant at room
temperature [13]. Stack et al. described a highly active homoge-
neous epoxidation catalyst system with peracetic acids as oxidants
based on in situ prepared mononuclear manganese (II) complexes
by mixing Mn(CF3SO3)2 and aromatic bidentate nitrogen ligands
like 2,2′-bipyridyl or 1,10-phenanthroline [14,15].

Recently, more work has been focused on the heterogenization
of homogeneous Mn-complexes catalysts, since such heteroge-
neous systems are more environmentally benign with respect to
waste production and catalyst separation and recovery [16–20].
Moghadam et al. reported that Mn(porphyrin)Cl and Mn(saloph)Cl
complexes covalently grafted on multi-wall carbon nanotubes
showed moderate activity in the epoxidation of terminal olefins
when NaIO4 was used as oxidant [21,22]. Assis et al. designed a
polymer-supported catalyst by immobilizing Mn(salen)Cl onto chi-
tosan membrane, and found that this catalyst was active for the
epoxidation of cyclooctene and styrene with m-CPBA, although
obvious decrease in activity was observed after recovery [23]. In
another work reported by Stack et al., [MnII(phen)2](CF3SO3)2 was
immobilized onto mesoporous SBA-15 via a metal-template/metal-
exchange route [24]. This material could be used as efficient and
recyclable heterogeneous epoxidation catalyst with peracetic acid

as the oxidant, and exhibited a greater substrate scope, a more effi-
cient use of oxidant, and a higher reactivity than its homogeneous
analogues. In spite of these considerable progresses, it is still an
interesting and significant subject to develop novel heterogeneous

dx.doi.org/10.1016/j.molcata.2011.12.018
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:jiamj@jlu.edu.cn
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ystems based on inexpensive and non-toxic metal catalysts, allow-
ng an efficient epoxidation of electron-deficient alkenes under

ild conditions.
Our previous work suggested that pyrazolylpyridine ligands

ave special coordination ability allowing to generate active and
table Mo-  or W-based heterogeneous epoxidation catalysts with
-BuOOH or H2O2 as the oxidant [25–27].  In this work, SBA-
5 supported manganese complexes of the type [MnII(1)2](OAc)2
1 = pyrazolylpyridine ligand) are prepared by a post grafting

ethod. Their catalytic properties for the epoxidation of alkenes
mainly for terminal alkenes) with peracids as oxidants are investi-
ated. Furthermore, the influence of different reaction parameters –
uch as the oxidants and solvents – on the catalytic performance of
he grafted Mn-complexes has been studied and will be discussed.

. Experimental

.1. Materials

Triblock copolymer EO20–PO70–EO20 (P-123) (Aldrich),
etraethylorthosilicate (TEOS, Aldrich), Mn(OAc)2·4H2O
Acros), (3-aminopropyl)triethoxysilane (Sigma–Aldrich), meta-
hloroperbenzoic acid (m-CPBA, Acros), n-dodecane (Merck),
nhydrous acetonitrile (MeCN) (Aldrich), 1-octene (Acros),
yclooctene (Acros), styrene (Alfa Aesar), a-methylstyrene (Alfa
esar), trans-stilbene (Alfa Aesar), were used as received without
ny further pretreatment. Other commercially available chemicals
ere laboratory-grade reagents from local suppliers.

.2. Characterization methods

Powder XRD diffraction patterns were recorded on a Shimadzu
RD-6000 diffractometer (40 kV, 30 mA)  using Ni-filtered Cu K�
adiation. Microanalyses (C,H,N) were performed with a Perkin-
lmer 2400. N2 adsorption/desorption isotherms were measured
t −196 ◦C using a Micromeritics ASAP 2010N analyzer. Samples
ere degassed at 150 ◦C for 8 h before measurements. Specific sur-

ace areas were calculated using the BET model. Pore volumes
re estimated at a relative pressure of 0.94 (P/Po), assuming full
urface saturation with nitrogen. Pore size distributions are eval-
ated from desorption branches of the nitrogen isotherms using
he BJH model. FT-IR spectra (KBr pellets) were recorded using a
icolet Impact 410 spectrometer. Raman spectra were recorded
n a Bruker RFS100/S FT instrument (Nd:YAG laser, 1064 nm exci-
ation, InGaAs detector). EPR spectra were recorded with a JEOL
ES-FA200 at X-band frequency (� ≈ 9.44 GHz, microwave power

 mW,  modulation frequency 100 kHz). The UV–vis spectra were
ecorded on a Shimadzu 3600 instrument. The solution of sam-
les in CH3CN (or CH3CH2OH) was poured into a 1 cm quartz cell
or UV–vis adsorption with CH3CN (or CH3CH2OH) as the refer-
nce. UV–vis spectra of the solid samples were recorded in the
pectrophotometer with an integrating sphere using BaSO4 as the
tandard. Electrochemical measurements were performed with a
HI660B electrochemical station in a conventional three-electrode
ell under nitrogen atmosphere at room temperature. In CH3CN
edium, the electrolyte was 0.1 M Bu4NClO4 and potentials were

eferred to an Ag/10 mM AgNO3 reference electrode in CH3CN,
.1 M Bu4NClO4 electrolyte. Potentials referred to that system can
e converted to the ferrocene/ferricinium couple by subtracting
7 mV.  The working electrode was a platinum disk (5 mm in diam-
ter) polished with 2 �m diamond paste (Mecaprex Presi) for cyclic

oltammetry. Inductively Coupled Plasma Atomic Emission Spec-
roscopy (ICP-AES) analyses were conducted on a Perkin Elmer
mission spectrometer. Each 10–20 mg  sample of vacuum-dried
aterial was dissolved in 1 mL  of boiling 5% KOH solution and then
2 2

Scheme 1. Synthesis of [MnII(1)2](OAc)2 (3).

diluted to 10 mL  with deionized water. A 5 mL  aliquot was acidi-
fied with 1 mL  of concentrated HNO3 before diluted to 10 mL  with
deionized water. Each solution was filtered through a polyether-
sulfone filter and then submitted for metal analysis [24].

2.3. Preparation of catalysts

2.3.1. Synthesis of ligands
[3-(2-Pyridyl)pyrazol-1-yl]aceticacid methylester (1) and

(3-triethoxysilylpropyl)[3-(2-pyridylpyrazol)-1-yl]acetamide (2)
were prepared according to procedures published in the literature
[25,28].

2.3.2. Preparation of complex [MnII(1)2](OAc)2 (3)
Mn(OAc)2·4H2O (0.7 mmol) and ligand (1) (1.4 mmol) were dis-

solved in dry CH3CN (25 mL). The mixture was stirred at room
temperature for 4 h. The solvent was  evaporated under vacuum
in a rotary evaporator at a bath temperature of 65 ◦C resulting in a
brown solid, which was washed with cold diethyl ether and dried
at 80 ◦C (see Scheme 1). Elemental analysis for complex 3 Found:
C, 50.8; H, 4.71; N, 13.6; Mn,  9.2%. Calcd.: C, 51.4; H, 4.6; N, 13.8;
Mn,  9.1%. FT-IR (KBr, cm−1, selected peaks): 2857, 2922, and 2963:
�(CH2); 1750: �(C O); 1632: �(C N), 545: �(Mn  N).

2.3.3. Preparation of the mesoporous SBA-15 Materials
Mesoporous SBA-15 was prepared according to the literature

using a triblock copolymer as the surfactant template [29]. In a typ-
ical synthesis, the triblock copolymer (P-123) (8.0 g) was dissolved
in distilled water (60 mL)  and 2 M HCl (240 mL) with stirring at
40 ◦C. Once the solution was visibly homogeneous, TEOS (18 mL)
were added into that solution with stirring at 40 ◦C for 6 h. The
mixture was  aged at 100 ◦C for 48 h without stirring. The resulting
material was  filtered, washed with deionized water and ethanol,
air-dried, and finally calcined, first at 350 ◦C for 2 h and then at
550 ◦C for 6 h to remove the template.

2.3.4. Preparation of the hybrid material 5
Mn(OAc)2·4H2O (0.15 mmol) and (3-triethoxysilylpropyl)[3-(2-

pyridyl)pyrazol-1-yl]acetamide (2) (0.30 mmol) were dissolved in
dry CH3CN (25 mL)  in a 150 mL  Schlenk flask under N2. The solution
was stirred at room temperature for 12 h to form a brown solution.
Approximately 40 mL  of toluene were added before the addition
of SBA-15 (1.0 g) (pre-activated by heating to 160 ◦C under vac-
uum for 3 h). The mixture was  heated to reflux for 24 h under N2.
The resulting solid (denoted as 5) was filtered, washed, Soxhlet-
extracted with chloroform for 24 h, and dried in the vacuum at 70 ◦C
(see Scheme 2).

2.3.5. Preparation of reference sample 6

The mesoporous support SBA-15 (1.0 g), was first pre-activated

by heating to 160 ◦C under vacuum for 3 h. After cooling and release
of the vacuum, 2 (0.21 mmol  in 40 mL  of toluene) was  added under
a N2 atmosphere and the mixture was  heated to reflux for 24 h.
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Scheme 2. Preparation of hyb

he resulting solid (denoted as 4) was filtered, washed, Soxhlet-
xtracted with chloroform for 24 h, and dried in the vacuum at
0 ◦C. After that, hybrid material 4 (1.0 g) was stirred with 0.040 g
n(OAc)2·4H2O (dissolved in 60 mL  of CHCl3) at room temperature

or 24 h. The resulting sample 6 was filtered off, Soxhlet-extracted
ith CHCl3 to remove untethered species and dried in vacuum

see Scheme 2). The composition of the grafted samples 5 and 6
s summarized in Table 1.

.4. Representative epoxidation conditions

Epoxidation of alkenes was typically performed according to
he following procedure: substrate(0.5 mmol), the heterogeneous
atalyst (25 mg,  equiv. to 0.0035 mmol  of Mn,  0.7 mol% relative
o the alkene) suspended in the solvent (2 mL), and n-dodecane
0.5 mmol, internal standard) were combined in a 10-mL glass flask
ith a stir bar. The mixture was pre-cooled to the indicated temper-

ture, and then oxidant (1.0 mmol, e.g., m-CPBA) was  added in four
oughly equal portions over a 2 min  period, the mixture was stirred
or an additional 28 min. Gas chromatography was employed to

onitor the progress of the epoxidation reaction. After comple-
ion of the reaction, the catalyst was removed by filtration, washed
ith acetone, and dried in air. The remaining catalyst used in subse-
uent trials was assumed to fully retain all of the initial manganese.
solated epoxides: The epoxide product was extracted into pentane
3 mL  × 4 mL), washed with 1 M NaHCO3 (aq) and dried over sodium
ulfate. The organic solvent was removed under vacuum by rotary

able 1
haracteristics of support and catalysts, specific surface area, SBET (m2 g−1); pore
olume VBJH (cm3 g−1); pore diameter DBJH (nm) the C, H, N analyses of the hybrid
aterials; C(Mn), initial concentration of Mn  species (mmol  g−1).

Entry Materials SBET VBJH DBJH Ligand 1
(mmol  g−1)

C(Mn)
(mmol  g−1)

1 SBA-15 1160 1.72 6.8 – –
2  5 629 1.04 6.4 0.28 0.14
3 6  702 1.16 6.3 0.20 0.14
6

esoporous materials 5 and 6.

evaporator. The crude product was purified by a silica gel column
with dichloromethane as the eluent to give the desired epoxides
as a colorless liquid. The epoxides were characterized by GC–MS or
1H NMR  spectrum, and compared with the known compounds.

3. Results and discussion

3.1. Catalyst Characterization

The FT-IR spectra of SBA-15, complex 3, the hybrid materials
5 and 6 are shown in Fig. 1. In the 2800–4000 cm−1 region, the
sharp band at 3740 cm−1 in the spectrum of the SBA-15 support
is assigned to free surface Si OH groups (Fig. 1b). For the hybrid
materials 5 and 6, the relative intensities of these Si OH vibrations
obviously decrease compared with the neat SBA-15, indicating that
the condensation reaction to form Si O Si bonds between the
organosilane moieties and the surface Si OH groups of SBA-15
has occurred under our experimental conditions [27]. The bands
at 2857, 2922, and 2963 cm−1, being absent in the spectrum of the
neat support but present in the spectra of the hybrid materials 5
and 6, are attributed to �(CH2) of the propyl arm of the ligand.

In the region of 1250–1800 cm−1, SBA-15 support exhibited a
broad band at around 1635 cm−1 due to the �(O H) of adsorbed
water. The C N groups in the hybrid materials, should give a char-
acteristic band overlapped by this O H bending vibration band
[30]. The bands centered at around 1635 cm−1 in the spectra of
the hybrid materials shifted slightly to higher wavenumbers and
increased in intensity. Moreover, some additional weak peaks,
appearing at 1550, 1437, 1403 and 1360 cm−1, are due to the pres-
ence of the organic ligands in the hybrid materials. Compared with
the complex 3, hybrid materials 5 and 6 show less and weaker bands
related to the complex. The relatively low resolution for the intro-
duced complex in the hybrid materials should be due to the strong

IR absorbance of the siliceous base materials in a similar region.

Raman spectroscopy characterization has also been carried out
on 5 and 6. However, the resolution of the Raman spectra is very
poor owing to the relatively low loading of ligand and complex in
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Fig. 1. FT-IR spectra of complex 3 (a); SBA-15 (b); 5 (c) and 6 (d).

he hybrid materials. The complexation of ligand with Mn  species
an be confirmed by comparing the Raman spectra of ligand 1 and
omplex 3 (Fig. 2), in which significant changes can be observed
n the region between 1630 and 1430 cm−1 in the bands assigned
o ring skeletal stretching modes of the ligand N C C N fragment
31–33].

The powder XRD patterns of the hybrid materials 5, 6 and of neat
BA-15 are shown in Fig. 3. The SBA-15 sample shows three peaks,
ndexed as the (1 0 0), (1 1 0) and (2 0 0) diffraction peaks associated

ith typical two-dimensional hexagonal symmetry of the SBA-15
aterial (Fig. 3a) [29].
For the hybrid materials 5 and 6 the relative intensities of the

rominent diffraction peak (1 0 0) decreased somewhat after intro-

ucing the chelate ligand and the manganese complex. However,
he main reflections of the XRD pattern can still be observed.
ccording to the related references [29,34],  the intensity reduc-

ion may  be mainly due to contrast matching between the silicate
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ig. 2. Selected region of the Raman spectra of the free ligand 1 (a) and the corre-
ponding manganese complex 3 (b).
Fig. 3. Powder XRD patterns of SBA-15 (a); 5 (b) and 6 (c).

framework and organic moieties which are located inside the chan-
nels of SBA-15.

The N2 adsorption/desorption isotherms of the hybrid materials
5, 6 and SBA-15 are shown in Fig. 4. Obviously, the hybrid mate-
rials 5 and 6 maintain the characteristics of type IV isotherms and
show a uniform pore size distribution in the mesoporous region.
Compared to SBA-15, a pronounced decrease in BET surface area,
pore volume, and pore size of the hybrid materials occurs. This
should be mainly caused by the introduction of ligand and/or the
manganese complexes (Table 1). It should be mentioned here that,
the ratio of ligand/Mn ratio in 6 is less than 2:1, which is slight
lower than that of 5 (2:1). In this case, a considerable amount of
mono-ligand coordinated Mn-complexes should be present in 6,
while bis-ligand coordinated Mn-complexes are dominant in 5, as
showed in Scheme 2.

3.2. Catalysis

The catalytic properties of 5 and 6 in the epoxidation of styrene
are shown in Table 2. For comparison, the reaction results of the
homogeneous manganese(II) acetate complex [MnII(1)2](OAc)2 (3)
are also given. When m-CPBA was  used as oxidant in combination
with CH3CN as solvent, all catalysts were active for the epoxida-
tion of styrene. The complex 3 was found to be the most active
catalyst for epoxidation of styrene with a TOF of 841 h−1, which
was much higher than that of homogeneous manganese(II) acetate

(TOF 531 h−1). The hybrid catalysts 5 and 6 were also quite active,
with TOFs of 583 and 612 h−1, respectively. Besides, 5 showed very
high selectivity to styrene epoxide, and a 96% selectivity of styrene

Table 2
Epoxidation reactivity of various catalysts with styrene.a

Entry Catalysts Conv. (%) TOF (h−1) Product sel. (%)b

SO BA PA

1 Mn(OAc)2·4H2O 90 531 83 13 4
2  3 >99 841 93 5 2
3  5 >99 612 96 3 1
4 6  95 583 94 5 1

a Reaction conditions: 0.5 mmol of olefin, 1.0 mmol  of m-CPBA, 0.5 mmol of n-
dodecane (internal standard), 0.7 mmol% of Mn,  and 2 mL of CH3CN; reaction
temperature 0 ◦C; reaction time (30 min); TOF, average turnover frequency in the
first  10 min  per active site.

b SO, styrene oxide; BA, benzaldehyde; PA, phenylacetaldehyde.
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Table 3
Effect of oxidant on the epoxidation of styrene catalyzed by 5.a

Entry Oxidant T (◦C) t (h) Conv. (%) TOF (h−1) Product sel. (%)b

SO BA PA

1 m-CPBA 0 0.5 >99 612 96 3 1
2  m-CPBA 25 0.5 >99 771 91 6 3
3  tert-BuOOH 25 48 95 5c 22 78 n.d.
4 NaClOd 25 12 99 16c 52 42 6
5 NaIO4

e 25 24 92 8c 65 32 5
6  H2O2 25 24 n.d. n.d. n.d. n.d. n.d.
7  H2O2

f 25 24 96 10c 96 1 2

a Reaction conditions: olefin (0.5 mmol), oxidant (1.0 mmol), n-dodecane (internal
standard, 0.5 mmol), catalyst (0.7 mmol% of Mn, 25 mg), and CH3CN (2 mL); TOF,
average turnover frequency in first 10 min  per active site.

b SO, styrene oxide; BA, benzaldehyde; PA, phenylacetaldehyde.
c TOF, average turnover frequency in first hour per active site.

with m-CPBA as the oxidant and 5 as the catalyst: 91% of conver-
sion with >99% selectivity to epoxide and 87% isolated yield could
be obtained at 0 ◦C after 30 min reaction time (entry 7). Besides,
trans-stilbene could be epoxidized in a stereospecific manner with

Table 4
Effect of solvent on the epoxidation of styrene catalyzed by 5 at 0 ◦C.a

Entry Solvent Conv. (%) TOF (h−1) Product sel. (%)b

SO BA PA

1 CH3OH 49 284 93 4 3
2 C2H5OH 34 257 94 4 2
3  CH3COOC2H5 74 465 93 7 n.d.
4  CH2Cl2 91 573 94 5 1
5  CH3CN >99 612 96 3 1
ig. 4. N2 adsorption/desorption isotherms at 77 K and pore size distribution pro-
les (inset) of SBA-15 (a); 5 (b) and 6 (c).

poxide (with >99% conversion of styrene) could be achieved after
0 min  reaction.

The catalytic activity of 5 was further studied in the epoxida-

ion of styrene using different oxidants, including NaClO, NaIO4,
-BuOOH and H2O2 (30%). When t-BuOOH, NaClO and NaIO4 were
sed as oxidants, 5 also showed high activity for the epoxida-
ion of styrene at room temperature. However, large amounts of
d NaClO (pH 11.5, 0.55 M)  [30].
e NaIO4 [21,22].
f H2O2 (1.0 mmol); imidazole (0.07 mmol), NaHCO3 (0.5 mmol) [36].

by-products (benzaldehyde and phenylacetaldehyde) were pro-
duced in these systems. Similar results have been reported for
Mn(porphyrin)- and Mn(salen)-based heterogeneous epoxidation
catalysts [21–23].  When H2O2 (30%) was used as the oxygen source,
no detectable conversion of styrene could be observed after 24 h
reaction. This might be due to the fact that 5 possess a strong ability
for the decomposition of H2O2 to water and oxygen [35]. Notably,
the rapid decomposition of hydrogen peroxide could be effectively
inhibited over catalyst 5 when some additives like imidazole and
NaHCO3 were introduced into the reaction system, thus very high
styrene conversion and epoxide selectivity could be achieved under
the same reaction conditions (Table 3, entry 6). It should be men-
tioned here that the selectivity of epoxide decrease somewhat
(from 96% to 91%) with m-CPBA as the oxidant when the reaction
temperature increases from 0 ◦C to 25 ◦C (Table 3, entry 2).

The effect of various solvents on the epoxidation of styrene was
also investigated for catalyst 5. Table 4 summarizes the results of a
comparative study on the epoxidation of styrene with the catalyst
of 5 and m-CPBA in protic (CH3OH and C2H5OH) and aprotic sol-
vents (CH3COOC2H5, CH2Cl2 and CH3CN). As expected, the catalytic
activity was related to the solvent. It is found that the conversion of
styrene was  much higher in aprotic than in protic solvents (Table 4).

The catalytic properties of 5 and 6 were explored for the epoxi-
dation of different alkenes using m-CPBA as oxidant at 0 ◦C (Table 5).
For the catalyst 5, cyclooctene was oxidized with >99% of conver-
sion and >99% selectivity to the epoxide after 10 min (TOF 856 h−1).
Oxidation of a-methylstyrene produced 78% of a-methylstyrene
epoxide and 22% of acetophenone at the similar reaction conditions.
Moreover, the terminal alkene 1-octene was  also readily epoxidized
a Reaction conditions:  styrene (0.5 mmol), m-CPBA (1.0 mmol), n-dodecane (inter-
nal standard, 0.5 mmol), 5 (0.7 mmol% Mn,  25 mg), and solvent (2 mL); reaction
temperature (0 ◦C); TOF, turnover frequency in first 10 min  per active site.

b SO, styrene oxide; BA, benzaldehyde; PA, phenylacetaldehyde.
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Table  5
Epoxidation of various olefins with m-CPBA catalyzed by 5 and 6.a

Entry Substrate Catalysts t (min) Conv. (%) TOF (h−1) Epoxide sel. (%)

1 5 10 >99 856 >99
2 6 10 >99 856 >99

3  5 10 >99 856 78
4 6 10 >99 856 71

5 5 30 >99 612 96
6 6 30 95 583 94

7 5 30 91 446 >99
8 6 30 80 427 >99
9 5 60 66 94b >99

10 6  60 54 77b >99

l stan
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a Reaction conditions:  olefin (0.5 mmol), m-CPBA (1.0 mmol), n-dodecane (interna
2  mL); reaction temperature (0 ◦C); TOF, turnover frequency in first 10 min per act

b Turnover frequency in first hour per active site.

omplete retention of configuration (66% conversion with >99%
electivity to the major product after 60 min, TOF 94 h−1). Com-
ared with 5, the catalytic activity and/or epoxide yield of catalyst

 was usually lower under the same reaction conditions.
Fig. 5A shows the kinetic profiles of epoxidation of 1-octene

ith CH3CN as the solvent over 5 and 6. In a duplicate reaction, the
eaching test was also performed to verify the heterogeneity of the
atalytic process (Fig. 5B). It should be mentioned firstly that a blank
eaction (without adding any catalyst) using the mixed solvent gave

 conversion of 1-octene of about 4.5% after a reaction time of 2 h,.
ith 5 as the catalyst, the conversion of 1-octene reached 31% after

 min. After removing the catalyst by filtration, the conversion of
-octene increased to 36% during the following 115 min. In the case
f 6 as the catalyst, the conversion of 1-octene increased from 28
o 47% after removing the catalyst. Taking the result of the blank
eaction into account, it can be concluded here that 5 is truly hetero-
eneous catalyst under the test condition and no obvious leaching

f active catalytic species occurs during the reaction. On the other
and, a small part of active Mn  actives should be leached from the
ybrid 6 catalyst during the reaction course.
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ig. 5. (A) Kinetic profiles of the epoxidation of 1-octene with m-CPBA over 5 and 6
n the presence of CH3CN. (B) Leaching experiments of two Mn-containing catalysts
dashed lines indicate the conversions after the removal of the catalysts). Reaction
onditions are analogous to Table 5.
dard, 0.5 mmol), the heterogeneous catalyst (0.7 mmol% of Mn, 25 mg), and CH3CN
e.

The recycling experiments of 5 and 6 for the epoxidation of 1-
octene were also carried out with m-CPBA as the oxidant and CH3CN
as the solvent (Table 6). After each experiment, the filtered catalysts
were washed with CH3CN and dried at 60 ◦C, then reused without
further treatment. The catalyst 5 showed very good recyclability,
no obvious change in activity could be observed with the increase
of recyclable number, and the conversion of 1-octene still remains
at around 90% after six reaction cycles (Table 6); while the catalyst
6 demonstrated a gradual decrease in activity with increasing the
numbers of recycling experiments. The results of the ICP analysis
provide a further evidence that Mn  species in 5 were very sta-
ble during the reaction process, since the Mn  content for the used
catalyst of 5 (after the 6th reaction) just decreased slightly (from
0.14 mmol  g−1 to 0.13 mmol  g−1) compared with the fresh one. As
for 6, an obvious decrease of the Mn  content (from 0.14 mmol g−1

to 0.10 mmol  g−1) can be observed after the 6th reaction.
Our previous work has shown that pyrazolylpyridines are suit-

able to form active and stable Mo-  and W-based epoxidation
catalysts due to their special coordination abilities [26,27].  As men-
tioned above, the main difference between 5 and 6 is: bis-ligand
coordinated Mn-complexes are dominant in 5, while a consider-
able amount of mono-ligand coordinated Mn-complexes should be
present in 6. Hence, we may  conclude here that that the perfect cat-
alytic features of 5 should be mainly assigned to the presence of a

strong coordinative interaction between the chelate ligand and the
Mn  species.

To understand the nature of catalyst 5, EPR and UV–vis mea-
surements were carried out for fresh and used catalyst 5 (after

Table 6
Recyclability of 5 and 6 in the epoxidation of 1-octene with m-CPBA oxidant.a

Run 5 6

C(Mn)
(mmol g−1)b

Conv. (%) C(Mn)
(mmol g−1)b

Conv. (%)

0 0.14 0.14
1 91 85
2  89 80
3  90 79
4  92 77
5  89 75
6  0.13 90 0.10 72

a Reaction conditions: olefin (2.0 mmol), m-CPBA (4.0 mmol), heterogeneous cat-
alyst (0.7 mmol% of Mn,  100 mg), and CH3CN (8 mL); reaction temperature (0 ◦C).

b Determined by ICP-AES analysis.



J. Tang et al. / Journal of Molecular Catalysis A: Chemical 355 (2012) 201– 209 207

0 10 0 20 0 30 0 40 0 50 0 60 0 70 0 80 0

b

B/mT

a

F
R

t
a
t
8
2
o
c
[
i
h
f
c
d
a
r
[
h
r

t
h

F
r

2.01.51.00.50.0-0.5-1.0

b

c

E/V vs Ag/AgCl

50 µA

a

0.97

1.65

0.73

1.52

Fig. 8. (a) Cyclic voltammograms of a 1 mM acetonitrile solution of complex 3
ig. 6. EPR spectra of the fresh 5 (a) and the used 5 after the 6th reaction (b).
ecording temperature: T = 20 ◦C.

he 6th reaction). EPR spectra of the two samples were recorded
t room temperature using the conventional perpendicular detec-
ion mode (Fig. 6). Both spectra present features between 0 and
00 mT.  The fresh 5 presents three main transitions at geff ≈ 5.7,
.9, and 2.0 (Fig. 6a). 55Mn  hyperfine lines (I = 5/2) are observed
n the geff ≈ 2.0 transition and are separated by 8.5 mT,  which is
onsistent with a high-spin (S = 5/2) mononuclear Mn(II) species
37,38]. The appearance of a weak signal at lower field geff ≈ 8.7
n spectrum of used 5 implies the presence of a trace amount of
igh-valent Mn  species. The diffuse reflectance UV–vis spectra of

resh and used 5 are given in Fig. 7. Strong bands at 248 and 285 nm
an be attributed to the charge transfer transition of pyrazolylpyri-
ine ligand (Fig. 7a). The appearance of weak and broad bands at
bout 330 and 400 nm in the spectrum of the used 5 should be also
elated to the presence of a small amount of high-valent Mn  species
39], thus providing a further evidence that a part of Mn(II) species
as been oxidized to a high-valent state by the oxidant during the

eaction course.

Furthermore, electrochemical measurements were carried out
o monitor the formation of reactive intermediates over the
omogeneous complex Mn(1)2(OAc)2(3) catalyst when different
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ig. 7. The solid reflectance UV–vis spectra of fresh 5 (a) and used 5 after the 6th
eaction (b).
in the presence of 0.1 M tetrabutylammonium perchlorate (T = 25 ◦C, scan rate
100 mV s−1); (b) after addition 2 equiv. of t-BuOOH per molecule of 3; (c) after
addition 2 equiv. of m-CPBA per molecule of 3.

oxidants (i.e., tert-BuOOH and m-CPBA) are used for epoxidation
reaction. The oxidation processes of the homogeneous complex 3
in acetonitrile at room temperature, measured by Cyclic voltam-
metry (CV) are shown in Fig. 8a. For the CV of 3 in CH3CN, two
oxidation processes are detected, which located at Epa = 0.90 V
and 1.65 V vs. Ag/Ag+ 10−2 M.  The shape of the CV of 3 are quite
similar to that of [(L)MnIICl(OH2)] (L = N,N′-dimethyl-N,N′-bis(2-
pyridylmethyl)propane-1,3-diamine) [37], and [Mn(tolylterpy)2]2+

[40]. Hence, the two  oxidation waves can be assigned to the suc-
cessive one-electron abstraction from Mn(II), leading to Mn(III),
and from Mn(III), generating Mn(IV), respectively. The absence of
reversibility of the two processes might be due to the potential high
reactivity of the high valent manganese cation [41].

When two  equiv. of t-BuOOH was  added into the 3 solution, the
two oxidation waves potential (Epa = 0.90 V and 1.65 V vs. Ag/Ag+

10−2 M)  shift considerably toward lower positive potential located
at 0.7 V and 1.5 V vs. Ag/Ag+ 10−2 M after 30 min  (Fig. 8b). The
observed changes in the cyclic voltammograms of the Mn-complex
might be due to fact that the original anionic ligands of metal center
have been replaced (at least partially) by t-BuOO−, and the higher
donor capacity of the ligand t-BuOO− may  result in an easy oxida-
tion of the metal center (Mn  cation) [42,43]. It should be mentioned
that the solution color changed from light yellow to yellow in a few
minutes after the addition of t-BuOOH, indicating that only a small
amount of high-valent manganese species appeared in the solution.

Fig. 8c shows that the oxidation waves turn to very weak (nearly
disappear) when two  equiv. m-CPBA was added into acetonitrile
solution of 3. Besides, it was  found that the solution color changed
from light yellow to brown in a few minutes after the addition of
m-CPBA. Hence, the change in the cyclic voltammograms might
be due to the fact that a great number of high-valent Mn  species
have already appeared in the presence of m-CPBA oxidant (before
electrochemical experiments).

UV–vis spectroscopy was  also used to monitor the formation of

reactive intermediates of the homogeneous catalyst 3 (dissolved
in CH3CN or CH3CH2OH). First, a small amount of freshly prepared
complex 3 was dissolved in CH3CN (or CH3CH2OH), then 20 equiv.
of oxidant were added to the solution at room temperature. The
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ig. 9. UV–vis spectral changes during the reaction of complex 3 (4 × 10−5 M)  with 

0  min after the addition of oxidant are shown. (A) oxidant: t-BuOOH, solvent: CH3

V–vis spectra were recorded after the addition of the oxidant
see Fig. 9). When CH3CN was used as the solvent, no obvious
hange could be observed after the addition of t-BuOOH for 30 min
Fig. 9A). It was supposed that the reactive intermediates might
ot be spectroscopically observable due to their low concentration
nd/or short lifetime. When m-CPBA was added into the 3 solution,
t could be observed that the solution color changed from light yel-
ow to brown in a few minutes, while an absorption band appeared
t 410 nm,  and its intensity grew rapidly with time (Fig. 9B). On
he basis of related literatures [44,45] as well as the above elec-
rochemical results, the appearance of 410 band might be mainly
ssigned to the formation of a great number of high-valent Mn
pecies (e.g., O MnIV) after the addition of m-CPBA. Besides, if apro-
ic solvent (CH3CN) was replaced by protic solvent (CH3CH2OH),
he absorption band at around 410 nm is nearly undetectable in
he m-CPBA/CH3CH2OH system (Fig. 9C), this might be due to the
act that alcohol could act as a reducing solvent, which can easily

eact with the high valent manganese species upon its forma-
ion.

In previous reports [45–47],  several groups have studied
he reaction mechanism of the epoxidation in the presence of

Scheme 3. Proposed mechanism of the oxyg
iv. of oxidant in different solvents at room temperature. The spectra at 0, 5, 10, 20,
) oxidant: m-CPBA; solvent: CH3CN; (C) oxidant: m-CPBA; solvent: CH3CH2OH.

Mn-containing catalysts, such as MnIII(salen), MnIII(porphyrin) and
MnIII(nonheme). It was reported that when a peroxidic oxygen
donor such as H2O2, t-BuOOH or m-CPBA was  used as the oxidant,
an ROO MnIII-adduct was initially formed, which could epoxidize
olefins directly by a Lewis acid mechanism. Besides, the O O bond
of the ROO MnIII-adduct may  also be cleaved either heterolyti-
cally to form O MnV species or homolytically to yield HO MnIV

species (actually the HO MnIV radical cation). It was believed that
the O MnV species is an active intermediate and responsible for
alkene epoxidation, whereas the HO MnIV complex is invoked in
radical-type oxidations to account for the formation of ring-opened
or aldehyde products in the MnIII(salen) catalyzed epoxidation
reactions [13,48].

On the basis of these reports and our results, we  can say that
the epoxidation of alkenes over catalyst 5 could also occur in dif-
ferent ways when different oxygen donors (oxidants) or solvents
are used (Scheme 3). When m-CPBA was  used as the oxidant for the

epoxidation of styrene (with CH3CN as the solvent), very high selec-
tivity (ca. 96%) to epoxystyrene can be obtained with 5, suggesting
that pathway a or b should give significant contribution. When
t-BuOOH was used as the oxidant, a large number of by-product

en activation for m-CPBA or t-BuOOH.
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benzaldehyde) was obtained (see Table 3, entry 2), implying that a
reater contribution should come from the radical route (pathway
).

These contrasting mechanistic behaviors can be rationalized on
he basis of the physical parameters of the substitutes on O O
ond in these two oxidants (t-BuOOH and m-CPBA). The chloro-
henyl group of m-CPBA has a stronger ability to withdraw electron
ensity from the peroxo unit alkyl group in t-BuOOH. This fea-
ure may  result in an easy homolytic cleavage of the O O bond
radical pathway) after the formation of a t-BuOO-MnII fragment,
hile a heterolytic cleavage of the O O bond is dominant in the m-
PBA case. This point can be confirmed by the rapid formation of
igh valent Mn  species (e.g., O MnIV intermediate) when m-CPBA

s used as oxidant (as suggested by the UV–vis results). Besides,
he type of solvent should be another key factor in influencing the
atalytic performance of 5. In our case, aprotic solvent like CH3CN
eems more suitable for the improvement of the catalytic perfor-
ance of 5.

. Conclusion

Hybrid manganese-based mesoporous material, prepared by
ovalent grafting of [MnII(1)2](OAc)2 (3) onto the surface of SBA-15,
s an efficient heterogeneous catalyst for the epoxidation of alkenes
including terminal alkenes) with m-CPBA as the oxidant under

ild conditions. The catalytic performance of this hybrid catalyst
s solvent-dependent, relatively high catalytic activity and selec-
ivity to epoxides could be obtained when an aprotic solvent (e.g.,
H3CN) is present. UV–vis measurements of the reaction of oxidant

n solution with homogeneous the [MnII(1)2](OAc)2 (3), revealed
hat high-valent Mn  species, which are easily formed when CH3CN
s used as the solvent, should be the main active intermediates for
he epoxidation reaction with m-CPBA as the oxidant.
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